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Abstract 

Pain relief is one of the most fundamental, yet elusive goals of medicine. In the 

mammalian brain, one means of pain suppression is through activation of the opioid 

receptors. The opioids themselves are a broad class of centrally acting ligands that may 

target the 6, K, and/or ^ opioid receptors in the brain or the spinal column in order to 

produce pain relief 

Glycopeptides have been shown to be versatile, non-toxic alternatives to 

morphine-induced analgesia in mice. In order to further explore the limits of 

glycopeptide analgesics, we have synthesized three series of glycopeptide enkephalin 

analogues (linear glycopeptides, lipo-glycopeptides, and amphipathic a-helical 

glycopeptides) in order to explore the pharmacology and glycopeptide-membrane 

interactions associated with high-affinity receptor agonism. The three classes of 

compounds were designed to interact with the cellular membrane to a different degree, 

and in varying modes of action. Each class of compounds has presented different 

challenges, but display diverse in vitro and in vivo profiles. 

Overall, the glycopeptides have shown excellent potential as advanced drug 

candidates. Total synthesis, circular dichroism, 2-D NMR, molecular modeling, 

membrane interaction, in vitro binding, in vivo analgesia and dependence liability studies 

have been performed and will be discussed. 
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Chapter 1: Introduction 
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1.1 Pain Management and Histon: 

Pain relief continues to be one of the most fundamental, yet elusive, goals in 

medicine. Chronic pain is the single most common reason for visiting a doctor, and 

afflicts nearly one-third of the population.' According to the American Academy of Pain 

Medicine, 45% of all Americans will seek medical care for persistent pain at sometime in 

their lives." While physiological pain can serve to protect, chronic pain poses a more 

significant health risk and has been related to an increased incident of suicide. The NIH 

estimates that over 100 billion dollars annually is spent on this problem. (Table 1-1) 

Disease Cases Cost Cost/Case 

Chronic Pain 90 mUUon SlOO billion S1400 
Addiction 30 million SI 60 billion 55,333 
Alzheimer's 4 million S90 billion 522,500 
Stroke 3 million S25 billion 58,333 
Schizophrenia 2 million S32.5 billion 516,250 
Parkinson's 0.5 million S6 billion 512,000 
Spinal Injury 0.3 million SIO billion 533,000 

Table 1-1— Diseases and cost of care 

This not only impacts quality of life, but also the economy. It has been 

documented that 4 billion workdays are lost a year due to pain, resulting in a $79 billion 

dollar loss to the economy.^ 
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Figure 1-1—Morphine and common derivatives 

The use of opioids for the treatment of pain dates back more than 5000 years to 

the time of the ancient Sumerians/ who used opium as an analgesic as early as 3400 B.C. 

The ancient Egyptians were also well aware of the potent properties of the milky fluid 

removed from the opium poppy, as many used to smoke and ingest crude opium 

regularly. 

Of the greater than fifty alkaloids present, morphine (Figure 1-1) is the most 

potent compound naturally obtained from the opium poppy, Papaver somniferum, and 

comprises approximately 10% of its crude weight. The compound was finally isolated in 

pure form in 1803, the first natural product to be isolated in crystalline form from a plant 

Today, the majority of US consumed opium is produced in India, Tasmania, and to a 

lesser extent Afganistan. Some trade names of morphine sulfate are Roxinal, MS Contin, 

Astramorph, Duramorph, and RMS. The annual morphine consumption for selected 
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countries is shown in Figure 1-2.^ The World Health Organization (WHO) has suggested 

that consumption of morphine is directly related to a countr>''s progress in the field of 

pain relief. 

Figure 1-2— Consumption of morphine in 1999 (selected countries) 

1.2 Pharmacological Profile of Morphine; 

At therapeutic doses, morphine elicits analgesia primarily by activation of the 

opioid receptors in the brain and spinal cord, and is specific for the ji receptor. Morphine 

sulfate is a Schedule II narcotic under the United States Controlled Substance Act (21 



U.S.C. 801-886) and has a half-life of 1-5 hours in human serum. Intramuscular 

morphine doses of 10 mg per 70 Kg body weight in humans are considered of therapeutic 

value. Oral does range between 8 and 20 mg, depending on the severity of pain and the 

size and health of the patient, but are substantially less potent than other routes of 

administration. Lethal oral doses in healthy, non-addicted adults range from 120 mg-250 

mgs. (Incidentally, the LD50 value of morphine in rats is 450 mg/Kg s.c., further proof 

that rodents are far more tolerant of the compounds). When swallowed, the compound is 

rapidly destroyed as it passes through the liver almost immediately after absorption. 

Excess ingestion may lead to respiratory depression, xomnolence progressing to stupor or 

coma, skeletal muscle flaccidity, cold and clammy skin, bradycardia, and hypotension. 

•Apnea, circulatory collapse, cardiac arrest and death may also occur.® An overview of 

the effects of morphine is shown in Figizre 1-3. 
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Figure 1-3— Overview of the effects of morphine. 

Intravenous morphine is the preferred post-operative route of administration, as 

analgesia is almost instantaneous. It is highly potent and only require doses half that of 

oral administration (4 to 10 mgs). Doses are continued every four hours for as long as 

necessary, which can lead to tolerance and physical dependence on the drug. However, 

other common routes of administration include intramuscular, subcutaneous, and oral. A 



chart from the WHO, describing how opioids should be administered as related to pain is 

shown in Figure 1-4. 

Opioid for moderate 
to severe pain 
+ a non-opioid 

Opioid for mild to 
moderate pain 

a non-opioid 

Pain persists 
or increases 

Non-opioids 
Pain persists 

I or increases 
J 

Figure 1-4—WHO pain ladder 

In fact, the pain can be separated into three different categories: visceral, somatic 

and neuropathic. "Cancer pain" can even be classified differently firom many other types 

of pain, as therapy side-effects and tumor penetration can inflict all three types of pain 

When broken down, there are numerous chemical pathways by which morphine 

can be modified and removed from an organism. (Figure 1-5) Sulfation at the C-3 

position is the second most prevalent metabolite in humans. This comprises 

approximately 10% of all by-products.® Other processes to aid in the removal of 

morphine from the body include N-dealkylation, oxidation, and N-oxidation. Most other 

routes are relatively minor forms of the drug and are not considered pharmacologically 

important. Glucuronidation of the alkaloid, which occurs in the liver, is the major 

mentioned above and can be dif!icult to manage with many opioids.^ 
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metabolic product in humans.' The C-3 glucuromde is the major isomer of 

glucuronidation,'" accounting far up to 40% of all metabolites, as the 6- and 3.6-

glucuronide are only found in minute quantities (less than 1% of all metabolites). 

Interestingly enough though, the glucuronides have much different analgesia profiles than 

morphine." The 3-glucuronide is far less potent than morphine'" and is not considered a 

potent analgesic, while ±e 6-glucuronide is 37 times more potent than morphine and has 

received a great deal of attention as a possible clinical replacement for morphine.'^ 

The elimination of morphine from the body occurs two phases.'** First, the drug is 

filtered and sent to liver, where glucuronidation occurs. Conjugation of the alkaloid as 

the glycoside renders it highly water-soluble and allows for a much more facile removal. 

It is at this point that it is processed by the kidneys, and excreted in the urine. The entire 

elimination process varies from patient to patient and can take from 6 to 48 hours to 

complete.'^ 
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Figure 1-5— Major metabolites of morphine, a) glucuronidation, b) sulfation, c) 
oxidation, d) N-oxidation, e) N-Demethylation 

In addition to pain relief, morphine also has numerous adverse side-effects. 

Among these are respiratory depression, gut immobility, euphoria, drowsiness, blurred 

vision, nausea, constipation, immunosuppression, loss of appetite and reduced libido. 

Respiratory depression can be the most serious of these, and is potentially fatal. 
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especially in cases of decreased respiratory reserve, (e.g., emphysema, severe obesity, or 

kyphoscoliosis), and in non-clinical situation, such as combat casualties. 

Immunosupression is not normally a problem clinically, except in cases of 

immunocompromised patients, such as AIDS victims. Gut immobility and constipation 

is a problem that all who use morphine experience, and can range from moderate to 

serious and lead to a high degree of discomfort and pain. Separation of the analgesic 

effects of drugs from adverse side effects is considered the "Holy Grail" of narcotic 

research. 

1J .Alternatives to Morphine: 

Clinically viable alternatives to morphine are of continuing interest within the 

medical community.'^ Some substitutes for morphine that are currently used in hospitals 

are fentanyl, oxycodone, and hydromorphone,'^ all of which are mu agonists. 

Interestingly enough, fentanyl is a highly potent analgesic, which is 150 times more 

potent than oral morphine and has a duration of action around 72 hours. However, this is 

not even the most potent opioid known. Etorphine is calculated to be 1000 times more 

potent than morphine and is used as a large animal tranquilizer. (Figure 1-6) Although in 

some cases, clinical improvement is seen and trials on other drugs are being conducted to 

avoid unwanted side-efifects,'^ these drugs also suffer from many of the same side-effects 

as morphine itself. 
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Figure 1-6— Etorphine 

One drug which has been advocated as morphine's replacement in certain 

situations is oral doses of methadone.'^ a mixed mu-delta agonist. Some of the benefits 

of this drug, which happens to be commonly used for the treatment of opioid addiction, 

are excellent oral and rectal absorption, analgesic efficacy with higher potency, lower 

cost, and longer administration inter\als.*° However, questions still remain about the 

drug's bioavailability. Methadone has an initial analgesic effect of 4-6 hours, but has a 

plasma half-life of at least 24 hours and has been observed up to 100 hours.'' This 

discrepancy between the two half-lives, in addition to the fact that metabolites for the 

drug have not been isolated, has lead some to use methadone only as a secondary option 

to morphine." 

Morphine-6-glucuronide is one morphine derivative that has gained much support 

as opioid clinical replacement.^ As stated above, the 3- and 6-glucuronides of morphine 

have been known for many years as "clearance metabolites," and were long assumed to 
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have little or no pharmacological activity. In fact, morphine-6-glucuronide is as much as 

37 times more potent than morphine itself,'"* despite a lower BBB permeability.^ 

Researchers found that moq)hine-6-glucuronide resided predominantly in the aqueous 

cellular exterior, while the unglycosylated parent compound readily penetrated brain 

cells.'^ With this evidence, the higher potency of the glucuronide was rationalized by 

stating that the higher concentration of the glucuronide in the extracellular fluid (ECF) 

led to greater access to the opioid receptors, which are located in the same cellular 

membrane, and greater efficacy. 

1.4 The Opioid Receptors: 

While mankind has oeen using drugs that agonize the opioid receptors for 

thousands of years, the isolation of the receptors themselves is a relatively recent 

discovery."' There are currently three generally accepted opioid receptors, the delta, 

kappa and mu."^ However, other opioid receptors which have not been as well 

characterized, have been suggested. Specifically, an "epsilon" receptor has been 

proposed and was thought to a binding site for |3-endorphin, as it has much different 

activity in the rat vas deferens assayHowever, a highly selective and potent ligand has 

not been discovered for this receptor, nor has the receptor itself been isolated and/or 

cloned. Together, these two facts have hindered general acceptance of the epsilon 

receptor as a true opioid receptor. 
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However, sub-types of the 5, and K opioid receptors have been accepted by the 

scientific conununity. The delta receptors are comprised of two sub-types, 5i and 

Of these subtypes, DPDPE and deltorphin I seem to be specific for the 5i, while DSLET 

and Deltorphin II are 62 specific ligands. The receptors are also divided into two sub

types: the 1^1 and The ^2 sites can be considered as the "classic" mu receptors, 

binding morphine preferentially over the enkephalins, while |ii has been seen to be a 

high-affinity site for bo/h morphine and the enkephalins. Nonetheless, opponents of the 

sub-type hypothesis state that the opioid receptors only show one type (DOR, MOR, 

K.OR) when cloned, and thus state there is no proof for other sub-types of the opio 

receptors. 

The discovery of the human opioid receptors actually preceded the discovery of 

their natural agonists. The endogenous ligands for the opioid receptors, later named the 

enkephalins, were not discovered until 1975.^' This was almost 200 years after the 

discovery of exogenous ligands, such as morphine, which eventually lead researchers to 

the receptors themselves. 

The mouse delta receptor was the first opioid receptor to be cloned in 1988.^^ The 

rat delta receptor was cloned soon afterwards,^^ and showed 97% homology to that of the 

mouse. The next logical step was to clone the human analog. This was accomplished at 

the University of Arizona in 1994,^ with the receptor displaying 93% homology to the 

rodent delta opioid receptors. Cloning of the receptors was achieved using cDNA 

fiagments obtained fi'om the human striatum and temporal cortex. Mu and kappa 
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receptors have also been cloned since that time.^^ and have given great insight into the 

mode of action of these important receptors. 

The opioid receptors are membrane-bound seven trans-membrane helical G-

protein coupled receptors (GPCR) (Figure 1-7) located primarily within the mammalian 

brain, spinal cord, gut and certain cells of the immune system. (Table 1-2). This table 

briefly discusses placement of these receptors within the rat brain, as it is similar to what 

is seen within the human brain. 
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Highest Intermediate concentrations Low concentrations 
concentrations (181-313 amol/mm2) (<100 amoiymm2) 
(>500 amol/mni2) 

• External • Layers V-Vl of the • Hippocampus 
plexiform layer cerebral cortex pyramidal layer 
of the olfactory • Medial nucleus of the • Inferior colliculus 
bulb amygdala • Central nucleus of 

• Nucleus • Corpus striatum the amygdala 
accumbens • Basolateral nucleus • Habenula 

• Olfactory of the amygdala • Globus pallidus 
tubercule • Cortical nucleus of • Hypothalamus 

the amygdala • Glomerular layer 
• Layers I-II of the of the olfactor\' 

cerebral cortex bulb 
• Lateral nucleus of the • Accessory 

amygdala olfactory bulb 
• Layers III-FV^ of the • Substantia 

cerebral cortex gelatinosa of the 
• Granular layer of the spinal cord 

olfactory bulb • Stria terminalis 
• Central gray 
• Superior collicus 
• Substantia nigra 
• Thalamus 
• Lateral geniculate 

bodies 
• Ventral gray of 

the spinal cord 

Table 1-2— Distribution of the 5-opioid receptor in the rat brain 
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Figure 1-7— Primary sequence of the human mu opioid receptor. 

Determination of the specific binding sites within the different receptors has been 

a major goals of many pharmacologists and molecular biologists. As far as the delta 

receptor is concerned, it appears that the 3"^ extracellular loop (ELC3 or e3) is the most 

critical for selective activation. There is only 21% and 13% homology with the human 

mu and kappa receptors, respectively, in this region.^® Mutational analysis, by alanine 

scanning, has indicated that some of the most important residues for binding are Trp'*^, 

Val^^andVal^V^ 
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Figure 1-8 depicts the cycle of activation for GPCR. This involves activation of 

the receptor by an agonist (AR*), which is followed by a series of guanidine nucleotide-

directed events, leading to the activation of a physiological effect (E*) and ended with the 

release of the agonist, and return the receptor to the uncomplexed state. 

Figure 1-8— G-Protein activation of the opioid receptors. Adapted from Ref. 27. 

While much about these receptors and all GPCR has been elucidated, there is still 

much to leam. Specifically, there are no structures derived from experimental high-

resolution data for these membrane-bound receptors. The membrane proteins are very 

difficult to crystallize in their membrane-bound conformation (if at all), and have not 

been examined by NMR. .Ail structures of the GPCR are theories based on 

Agonist + Receptor ̂  
(A) (R) 

Agonist (A) 

E 
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bacterioriiodopsin receptor, which has been crystallized and structurally determined by 

X-ray crystallography.^® This leaves a great amount of work to do in the field. 

Nonetheless, there are nxmieroiis reasons why the delta receptor has become very 

attractive for research into analgesia without side effects. In comparison, the ORL-l 

receptors mediate hyperalgesia as well as analgesia, the epsilon receptor is not well 

characterized (if it exists at all), and kappa agonists are known to produce dysphoria. 

Furthermore, the delta receptor has also been implicated in many disease states and their 

treatment."*' Treatment of cocaine abuse,"*" alcohol abuse"*' and treatment of lung cancer"*" 

are among a few of the ailments that may possibly be treated through activation :: 

delta receptor. In addition, delta-agonists have been found to cause immunostimulation, 

where the opposite is true for mu-selective agonists."*^ Combined, this makes the opioid 

receptors, specifically the delta receptor, very attractive for a broad range of researchers, 

not necessarily those solely interested in analgesia. 

1.5 Membrane Compartment Theory; 

Many studies have been inspired by the work of Robert Schwyzer, who proposed 

the membrane-compartment theory in 1986."" According to Schwyzer, the delta receptor, 

which is the binding site for enkephalins and endorphins, projects into the aqueous 

exterior of the cell. The mu receptor, the morphine binding site, has an active site located 

in the anionic phospholipid head region. The final receptor, the kappa receptor that is the 

dynorphin binding site, is buried within ±e lipid portion of the membrane. (Figure 1-9) 



40 

H20 Aq ueo us Co mp artment 5 ) 
0 

Fixed Anion 
Compartment J 

i K 

Hydrophobic 
Compartment 

R
 

9 DQjak. (Tow PCXflt ou DO-flk. 

Figure 1-9— Membrane compartment theory 

One L aid theorize that the topographic differences between the membrane depth 

of the recer:ors could be exploited and used as a basis for opioid receptor specificity. 

This is s. —lonec -^y numerous examples in the literature."*^ In fact, the simplest 

e.xumples _re in short enkephalin analogue peptides. When Phe" is N-methylated, mu 

binding increases, possibly due to an increased lipophilicity which keeps the compound 

further from the delta receptor. 

However, one may argue that this model is far too simple, since the receptors 

have not been crystallized and it is impossible to tell where the binding site might lay 

with relation to the cellular membrane surface. In fact, the receptors themselves might 

not even be monomeric, as the possibility of delta-mu heterodimers has been 

documented."^ 
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1.6 Message-Address Segment Theory; 

Many smdies of bioactive peptides invoke the "message-address" theory/' This 

theory of membrane-catalyzed peptide-receptor interactions states that the "lipid phase of 

a cellular membrane will act as a matrix for the receptor" and that opioid receptor 

agonists have two segments: a "message" responsible for opioid binding and an auxiliary 

"address" segment. The address segment, located at the C-terminus of opioid peptides, is 

responsible for receptor specificity and is part of the first event of receptor activation."*^ 

This event involves a reversible coordination of the drug to the cellular membrane of 

which the receptor is bound. Once associated with the membrane, the "message" is 

delivered, which actually interacts with and activates the receptor. Subsequent binding to 

the receptor leads to initiation of the neurological response,"*' as shown in Figure 1-8, 

provided the message segment is a receptor agonist. 

The message-address theory of peptide-substrate interactions is not just confined 

to opioid receptor activation, and has been demonstrated to be operative for antimicrobial 

peptides such as the cecropins and magainins,^^ as well as other systems. Membrane 

compartmentalization is most clearly exemplified by studies on the bee venom peptide 

melittin, a very well documented example of the message-address dichotomy.®* 

Numerous researchers have illustrated that all 26 amino acid residues in melittin and 

related analogues can be assigned to either a very basic 6-residue message segment, or a 

amphipathic 20-residue a-helical address segment, which has been observed to aggregate 



42 

in solution via hydrophobic interactions. (Figure 1-10) Studies have shown that both 

portions are necessary for full hemolytic acti\ity: if the message segment is removed, 

membrane association still occurred, but all hemolytic activity was lost/" while removal 

of the address segment resulted in less specific membrane disruption.^^ NMR and lipid 

bilayer studies have provided further evidence of the proposed mechanism. ^ 

X 

^ -5 

Figure 1-10— Structure of melittin. A) Primary structure. B) Tetrameric helices. 
Adapted from Ref 52. 
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Furthermore, this theory may not only be confined to a-helical peptide address 

segments. A glycoside may also impart a high degree of amphiphilicity to a peptide, due 

to its hydrophilic nature. Not only is this type of amphipath much more water-soluble 

than most peptides, it is also much easier to synthesize and purify than many more 

complex analogues. In addition, these glycopeptide amphipaths still retain the full 

agonist activity of the parent peptide, and may possess many other favorable traits, such 

as higher enzymatic stability and better transport profiles in vivo. 

1.7 Enkephalin Analogs—^The Message Segment: 

To date there are several endogenous opioid peptides, all of which have the same 

Tyr-Gly-Gly-Phe (Y-G-G-F) N-terminal tetrapeptide pharmacophore: 1) leu-enkephalin, 

2) met-enkephalin, 3) P-endorphin, 4) dynorphin A. 5) dynorphin B. and 6) Peptide E 

(Table 1-3). These smaller bioactive peptides are obtained from larger proteins, which 

undergo enzymatic cleavage to produce the required opioid agonists. Specifically, the 

enkephalins are obtained from pro-enkephalin, while p-endorphin and a-MSH are 

synthesized from the larger proopiomelancortin (POMC). 

From these native peptide sequences emerged synthetic derivatives that have been 

designed to enhance receptor selectivity and binding afGnity and can have the additional 

features of enhanced stability to peptidases, and enhanced serum half-lives. 
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Met-Enkephalin 
DSLET 
DTLET 
DSTBULET 
DPDPE 
Deltorphin 

Leu-Enkephalin 
DAMGO 
Dermorphin 
beta-Endorphin 

Dynorphin A (1-17) 
Dynorphin A (1-13) 
Dynorphin B 

Delta-Selective Ligands 

Y-G-G-F-M 
Y-dS-G-F-L-S 
Y-dT-G-F-L-T 
Y-dS(OtBuhG-F-L-T 
Y-dPen-G-F-dPen (SS) 
Y-dM-F-H-L-M-D-CONHi 

Mu and Kappa-Selective Ligands 

Y-G-G-F-L 
Y-dA-G-MeF-NH-CHzCHzOH 
Y-dA-F-G-Y-P-S-CONH2 
Y-G-G-F-M-T-S-Q-T-F-L-V-T-T-L-F-K-N-A-I-I-K-N-
A-Y-K-K-G-E 
Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q 
Y-G-G-F-L-R-R-I-R-P-K-L-K 
Y-G-G-F-L-R-R-Q-F-K-V-V-T 

Table 1-3— Endogenous and synthetic opioid peptides (Synthetic sequences are in italics) 

While there is not a strict requirement for the entire Tyr-GIy-Gly-Phe seaiier?- -

for potent opiate agonist activity, Tyr' and Phe^'"* must be conserved, while the prescr . . 

of the flexible glycine residue at position 3 permits the peptide sequence to adopt a |3-tum 

motif. It is these two aromatic amino acids that constitute the main portion of the 

message segment to produce opioid agonism. The necessity of these two residues in this 

exact sequence becomes clearer when the structure of the active opioid peptides is 

compared to morphine itself. Molecular modeling shows how morphine clearly mimics 

the endogenous opioids, and thus elicits a biological response. (Figure 1-11) 
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A) B) 

Figure 1-11— Structural comparison of A) morphine and B) leu-enkephalin 

The central residues, specifically residue 2. can be varied and function mainly as a 

spacer between the two pharmacophore residues, so as to allow the aromatic 

pharmacophore residues to adopt the proper orientation for binding. Many examples of 

successful modifications on this theme are highlighted in Table 1-4. Many of these 

analogues possess an unnatural amino acid residue at the two position. While this 

provides some resistance to enzymatic degradation, the main requirement at this position 

is a non-sterically encumbering side chain, so as not to interfere with the pharmacophore 

residues.^^ 
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IC50(nm) 

GPI MVP ratio 

Tyr-Gly-Gly-Phe-Leu 455 8.8 51.6 

T yr-Gly-Gly-Phe-Met 200 13 15.4 

T yr-D-Ala-Gly-Phe-Leu 32 2.1 15.2 

T yr-D-Ala-Gly-Phe-Met 35 2.6 13.4 

T yr-Gly-Gly-Phe-Met-Thr 380 6.1 62 

T yr-D-Ala-Gly-Phe-Met-Thr 14000 38.0 368.0 

T yr-D-Ala-Gly-Phe-D-Leu 47.8 0.54 88.5 

T yr-D-Ser-Gly-Phe-D-Leu 140 0.85 165 

T yr-D-Ser-Gly-Phe-D-Thr 360 0.58 620 

T yr-D-Thr-Gly-Phe-D-Thr 460 0.15 3000 

Table 1-4— Examples of delta-seiective enkephalin analogues. Adapted from Ref. 55. 

With a few exceptions,^^ deviation from the Tyr'/Phe"* moiety has resulted in a 

multitude of peptides with low binding affinities (high Km). In addition to this, peptide? 

with improper or bulky spacer residues (amino acids 2 and 3) can also impede binding 

and lead to impotent drugs. Excessive steric bulk can also be caused by glycosylation of 

the message segment, which leads to poor binding. This is specifically shown in work 

done by Schiller et al. on glycosylated Leu-enkephalin analogues.^^ (Figure 1-12) In 

these compounds, the researchers glycosylated the drug on the tyrosine side chain. This 

glycosylation within the message segment directly impeded the receptor binding and 

resulted in poor in vitro binding. An example of the DCDCE-type enkephalin analogue 

with a poorly-placed glycosylation site is also shown. 
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Glcp-O 

Cyj 
fS S-, 

HaN-Tyr-Gly-Gly-Phe-Leu-COOH H2N-Tyr-DCys-Ser-Phe-DCys-Gly-CONH2 

^—OPGfc 

5rnM) a MVP (nM) GPI 

3900 7700 520 3700 

MVP rnM) GPI ^nM) 
16,100 >30,000 

Figure 1-12—Examples of glycosylation within the message segment leading to poor 
binding 

In contrast to this, the use of cyclic spacer residues within the message segment to 

constrain the peptide in a favorable geometry for receptor binding has resulted in highly 

potent and selective compounds. A disulfide bond between neighboring penicillamine 

side-chains is an example of this and led to the extremely successful and highly delta-

selective DPDPE. This compound displayed up to 3.000-fold selectivity for the delta-

receptor in mouse vas deferens (MVD) vs. the mu-opiate receptor in the guinea pig ileum 

myenteric plexus (GPI) in muscle contraction studies. Similarly, Schiller et al.^ have 

designed side-chain amide cyclization restraints (e.g. Lys-Glu), which produced mu-

selective agonists. (Figure 1-13) 
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H2N-Tyr-DPen-Gly-Phe-DPen-COOH 

DPDPE 

H 
N-

H2N-T yr-D(jlu-Gly-Phe-Lys-COOH 

Schiller Glu-Lys bridge 

Figure 1-13— Highly selective cyclic peptides 

1.8 The Blood-Brajn Barrier and Enkephalinases: 

As potent and selective as these peptides may be at the desired receptor, none of 

them are effective central analgesics because their entry into the brain is blocked. In 

1885, Dr. Paul Ehrlich was the first to define the blood-brain barrier (BBB) when he 

examined the effect of the dye, trypan blue, on animals after i.v. administration. Upon 

dissection he found that the brain remained a grayish-white color while all other tissues 

were stained blue. He reasoned that the brain and the surrounding cerebrospinal fluid 

(CSF) must be protected from the dye, yet at the same time the BBB must allow the 

passage of essential nutrients, hormones and metabolites. The BBB is responsible for 

protecting the brain and spinal cord from materials in the blood that would be 

neurotoxic.^'*^" Morphologically, the BBB consists of tight-junction endothelial cells that 

comprise the cerebral microvascular tissue. (Figure 1-14) Not only does the BBB 

present a physical obstacle, but a metabolic one as well, possessing oxidative enzymes 

and numerous peptidases, including enkephalinases. (Figure 1-15) This enzymatic 
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gauntlet may be as important as the lipophilic membrane barrier in excluding peptide 

pharmaceuticals. 

Figure 1-14— Cartoon representation of the BBB. 
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Carboxypeptidase 
Enkephalinase B 

H2N-Tyr-Gly'Gly-Phe'Leu(Met)-C00H 

Aminopeptidase 

Enkephalinase 

Figure 1-15— Enzymatic inactivation of enkephalins. Adapted from Ref. 55. 

There are several modes of transport across the endothelial cells of the bm: . 

capillaries.^^ (Figure 1-16) Many pharmaceuticals, such as morphine penetrate the BBB 

by passive difftision." Passive diffusion is limited by the molecular weight and the by 

lipophilicity of the compound. Thus, solely on the basis of passive diffusion, one would 

not predict that large polar molecules such as peptides would ever become useful CNS 

drugs.*^^ Carrier mediated transport may be active, in which ATP is consumed upon 

transport, and is normally unidirectional, or may be facilitative, which is driven by 

concentration gradient, and can function in either direction. Glucose, which is the major 

energy source for the brain, is facilitatively transported via the glucose transporter (Glut-

1).^ Amino acids cross the BBB using several different transporters.^^ Large neutral 

amino acids such as tyrosine and phenylalanine are actively transported via the large 

neutral amino acid transporter (LNAA transporter). Amino acids such as alanine, serine, 

threonine and cysteine penetrate the BBB via their own transporter, termed the Ala-Ser-
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Cys Transporter (ASC transporter). There are other transporters that transport both small 

peptides,^® as well as proteins. 69 

a) Diffusicn 

b) Carrier Mediated Transport 

c) Fluid Phase Endocytosis 

d) Adsorptive Endocytosis 

e) Receptor Mediated Endocytosis 

..... 0 

-O 
-•B 

Figure 1-16— Modes of transport across the BBB 

Molecules can also cross the BBB via endocytosis. One approach that has been 

explored in several contexts is to enhance peptide delivery across the BBB by attachment 

of a "transport vector,"'°"^^ which can bind to a receptor, and transport the peptide 

pharmacophore as well. This approach, which often entails the incorporation of a 

"linker^ so that the peptide can be released after transport, can become quite cumbersome 

and inefficient 
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One major impediment to the development of opioid peptide analgesics has been 

poor bioavailability following systemic administration. The inherent instability of the 

endogenous opioid peptides in serum has been addressed through the introduction of 

unnatural amino acids that are not recognized by peptidases, " and by C-terminal 

amidation. The delivery of small peptides into the central nervous system (CNS) has, 

however, been unsuccessful despite numerous attempts. 

1.9 Glycopeptides as Enkephalin Analogues: 

Theoretically, one could envision many advantages to the use of glycopeptides as 

opioid receptor agonists. First, glycopeptides have a much greater serum half-life than 

normal peptides, which are quickly destroyed by enkephalinases in the bloodstream. 

Glycopeptides have shown half-lives of greater than 500 minutes in bovine serum, where 

the unglycosylated parent compounds showed half-lives of approximately 100 minutes.'^ 

This leads to greater bioavailability and more potent analgesia. 

Glycopeptides are also metabolized differently than many other opioid agonists. 

Glycopeptides are most probably broken down into safe metabolites in the brain and 

bloodstream, specifically into amino acids and sugars. This could be one possible reason 

that the LDso for these compounds is so high (>220mg/Kg in mice). This method of 

disposal from the organism is not different from enkephalins, but is vastly different from 

non-peptidic agonists, such as morphine and Demerol. As discussed above, these drugs 
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must be processed by the liver to be removed from the body via the kidneys. This not 

only can cause liver toxicity, but also leads to a number of the more dangerous side-

effects of the non-peptidic opioids. Due to their high hydrophilicity, the glycopeptides 

are probably directly absorbed and excreted via the kidneys and thus might not ever enter 

the liver. Another possible route of metabolism is en2ymatic degradation to the 

constituent amino acids and sugars, which can be reused by the body if they are 

rroteogenic amino acids. 

However, the greatest advantage to glycopeptides lies in their ability to penetrate 

the BBB. The initial hypothesis which stimulated this work was that the glucose 

transporter at the BBB (GLUT-l) might actively transport the glycopeptides through the 

BBB. The serum and brain half-lives of numerous glycopeptides were all of the same 

magnitude: around 4 hours in serum (>240 min) and greater than 8 hours in rat brain 

homogenate (>500 min). This data, coupled with the similar in vitro profiles, suggests 

that these glycopeptides must effectively penetrate the BBB. Subsequent experiments in 

the Davis Lab showed that ['"^C-Gly'] analogues of previously synthesized first-

generatino glycopeptides entered the brain in significant amounts, but that uptake was not 

affected by the presence or absence of D-Glc, and fiirther. that the uptake was identical in 

the presence of L-Glc.'"* (Figure 1-17) This effectively disproved the original GLUT-l 

hypothesis, as the mechanism appears to be only weakly saturable. The requirements for 

optimal BBB penetration and in vivo potency are still unclear. To date, we believe that 

the glycopeptides are entering the brain via a non-saturable absorptive endocytosis 

mechanism. (Figure 1-16) 
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Figure 1-17— BBB and the glycopeptides 

Mimics of the human enkephalins are not the only analgesic message segment to 

provide the basis for glycopeptide drugs. Opioid peptides isolated from amphibian skin 

glands carry highly potent message segments and provide excellent candidates for 

transformation into glycopeptide analgesia. Specifically, the deltorphins (named for high 

delta specificity) and the dermorphins (named for dermal morphine-like substance) have 

also been identified as ligands for mu-opiate receptors. 

Tomatis has recently synthesized a number of deltorphin and dermorphin-related 

glycopeptides.'^ As seen in the earlier examples, glycosylation was most effective when 



placed within the address segment portion. P-D-glucosyi threonine and tetra-acetyl-P-D-

glucosyl threonine comprised the glycosyl amino acids, with in vitro and in vivo activity 

of specific analogues observed to be comparable or greater than that of morphine. The 

ED50 for the most potent glycopeptide analogue upon i.c.v. administration was 1.3 nmol, 

compared to 3.2 nmol for i.c.v. morphine. Administration produced similarly potency 

compared to morphine (0.53 nM s.c. glycopeptide vs. 10.9 nM s.c for morphine). 

Further study of these compounds showed results similar to those previously disclosed.'^ 

(See Chapter 2 for a more extensive discussion of these compounds) 

1.10 .\inino .Acid Glycoside Synthesis: 

Since the works of Emil Fischer at the tum of the centiury, carbohydrate chemistry 

has gained acceptance within the organic community, but only by fits and starts. 

T7 Recently, carbohydrate chemistry was referred to as "a hostile scientific fi"ontier." 

Glycosylation reactions can be performed with a wide range of substrates and glycosyl 

78 7Q Sn donors, providing variable yields and anomeric selectivities of the product. " This 

field has been extensively reviewed.®Thus, only the most conunonly used methods 

will be discussed here. 

The field of carbohydrate chemistry began with Emil Fischer in the early I900's. 

Since then, nimierous methods for the efficient glycosylation of a variety of substrates 

have been devised. (Figure 1-18) Glycosyl sulfoxides (Figure l-18a) were refined by 

Kahne and co-workers," and are considered one of the most reactive glycosylation 



methods developed. The sulfoxide donor can be synthesized in a number of ways, 

mainly by oxidation of a thioglycoside obtained from the reaction of glucose penta-

acetate and a thiol. This chemistry proved to be very useful during the glycosylation of 

Vancomycin,®^ a potent glycopeptide antibiotic, and Calichamycin,®^ a very potent drug 

for the cleavage of DNA. Glycals®' are also pictured below (Figure l-18b) and have 

ao 

been used in the synthesis of numerous cancer vaccines, including the Globo-H antigen. 

on 

Trichloroacetimidate glycosyl donors were developed by Schmidt and co-workers. 

(Figure 1-I8c) These donors are highly-stable and among the most versatile of glycosyl 

donors. The Koenigs-Knorr glycosylation (Figure l-18d) is one of the oldest 

glycosylation methods and utilizes a glycosyl bromide and heavy metal salt as a 

promoter. Thioglycosides were developed by Fugedi (Figure l-18e) and have served 

effectively as the precursors to the Kahne sulfoxide chemistry, as well as in other 

glycosylation schemes. Finally, 5-pentenyl glycosides might be the most interesting of 

the glycosyl donors outlined.'® When the protecting group "R" is an ester, the glycosyl 

donor is "disarmed" and is unreactive to nucleophiles. However, when the protecting 

group switch is performed and "R" is converted to an ether, the donor becomes 

"armed"/highly reactive and glycosylation proceeds. This "armed-disarmed" 

methodology allows multiple glycosylations and has been used in the one-pot synthesis 

of numerous oligosaccharides.'* 
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Figure 1-18— Examples of glycosylation methods (R'OH signifies the glycosyl 
acceptor), a) Sulfoxides, b) glycols, c) trichloroacetimidates, d) Keonigs-Knorr, e) 

thioglycosides, f) armed-disarmed 5-pentenyl glycosides 

In vivo, the glycosylation of peptides and proteins occurs co-translationally in the 

endoplasmic reticulum (N-linked glycoproteins), or post-translationally in the Golgi 

apparatus (O-Iinked glycoproteins). However, in vitro glycosylation of intact peptides 

has not proven to be a successful approach.'" Thus, glycopeptide construction can be 

separated into two separate, but equally important aspects: 1) Construction of the 

requisite glycosylated amino acid building blocks. 2) Assembly of the amino acids into a 

glycopeptide in a step-wise fashion, typically using solid-phase methods. 
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Figure 1-19— Glycosylation of Na-Fmoc esters 

Several effective syntheses of glycosyl amino acids from serine or threonine 

derivatives have been disclosed. With respect to the final glycopeptide assembly, Na-

Fmoc solid-phase synthetic strategy is optimal. Na-Boc strategies have been far less 

successful, as the repeated acid deprotections required generally cleave the acid labile 
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glycosidic linkages. Likewise, Na-benzylo.xycarbonyl protection (Qjz- or Z-protection) 

has been very useful. Consequently, glycopeptide assembly based on Na-Fmoc amino 

acids or activated Na-Fmoc amino esters have been most successful. (Figure 1-19) Na-

Fmoc benzyl and benzhydryl esters have been utilized as effective glycosyl 

acceptors'^in addition to Na-Fmoc-ailyl esters'^ and pentafluorophenoxy esters.''* 

While each method has advantages and disadvantages, pentafluorophenoxy esters are 

activated esters and can be directly incorporated into solid-phase synthesis schemes, 

although they seem to be less active than HOBT esters formed during amino acid 

activation in situ. 

Unfortunately, while Na-Fmoc-protection is nearly ideal for glycopeptide 

assembly, it is not always ideal for glycosylation of the amino acid. Na-Fmoc protection 

will sometimes provide lower yields, when compared to other nitrogen protecting groups. 

In these instances, alternative Na-protection, followed by conversion to the Na-Fmoc 

amino acid after glycosylation can be the most effective route.'' Benzophenone-derived 

imines have proven to be excellent choices for this process.This functionality not only 

creates a more nucleophilic acceptor by favorable hydrogen-bonding (Figure 1-20), but 

can also be removed simply by hydrogenolysis or by acid-catalyzed hydrolysis. The by

products (PhCH^Ph or Ph2C=0, respectively) are easily separated from the desired amino 

acid glycosides. 
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Figure 1-20— Hydrogen bonding of imines vs. carbamates 

The synthesis of these giycosyl acceptors begins with serine or threonine, (Figure 

1-21) protected as the benzyl or benzhydryl ester.'"' The amino acids can then be further 

protected as the SchifF Base derivative by the use of commercial diphenylketimine in 

CH:C1:. MeCN. or DMF.'°~ In this sequence, glycosylations were conducted with a 

giycosyl bromide as the donor and silver triflate as the promoter, although other 

promoters (e.g. Hg"' or Zn"~ salts) have been used. Deprotection proceeded by 

hydrogenolysis, which not only served to cleave the benzyl/benzhydryl ester, but also to 

remove the imine in high yield. The nitrogen was then re-protected in the same reaction 

vessel with Fmoc-Cl to provide the target giycosyl amino acid, now ready for Na-Fmoc 

solid-phase peptide synthesis. This strategy has been performed with an array of 

carbohydrates, with glycosylation yields ranging from 63%-94%. While the N-protecting 

group switch adds steps to the synthesis, the yields are generally high, making subsequent 

purifications straightforward. In addition, this method has also shown to be effective in 

the synthesis of 2-acetamido-2-deoxy a-glycosides.'°^ 
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Figure 1-21— SchifFbase glycosylation route 

Kihlberg and co-workers have synthesized glycosyl-amino acids directly from the 

Na-Fmoc carboxylic acid. Using Na-Fmoc serine, threonine, or cysteine, and a Lewis 

acid promoter such as BF3*OEt2 or SnCU, (Figure 1-22) the corresponding 

glycosylations proceeded in 33-58% yield.This approach was also used for the 
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glycosylation of Na-Fmoc-protected tyrosine and hydroxyproline.'"^ While this 

procedure eliminates the need for expensive and toxic heavy metal promoters and an 

ester deprotection step, it generally proceeds in lower yields than the previous examples. 

O 
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Figure 1-22— Direct glycosylation of Na-Fmoc amino acids 

More recently, Kartha and Field have demonstrated that direct glycosylation of 

Na-Fmoc amino acids  can a lso  proceed under  iodine-promoted condi t ions .This  

procedure used glycosyl bromides as the precursor to the glycosyl donors and presumably 

proceeded via a highly-reactive glycosyl iodide intermediate. This route has been used 

for the synthesis of several monosaccharide-modified amino acids, but has not been 

demonstrated to be effective for use with oligosaccharide donors, or even some simple 

mono-saccharides such as glucose. 
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More complex glycosyl-amino acids, such as di- and tri-saccharide derivatives, 

have also been synthesized using Schiff-base protection and glycosyl-bromides as 

donors.'"' (See Figure 2-10) 

1.11 Gl ycopeptide Assembly: 

Once glycosyl amino acids are in hand, stepwise assembly can commence. 

Numerous procedures for the synthesis have been devised. Most involve a solid-support, 

which is cleaved at the end of the synthesis to yield the target glycopeptide. Many resins 

are commercially available and suitable for this purpose, including, but not limited to 

Wang,'°® Pal,'°' Rink amide. Rink acid"° and Sasrin'" resins. The amino acid and 

glycosyl amino acid couplings can be accomplished with a variety of coupling agents 

also, such as DCC/HOBT, BOP/HOBT, and HATU."* However, care must be taken 

during synthesis, as there are a number of potential pitfalls: 1) Glycosides are acid-labile 

and subject to cleavage under many conditions. 2) Glycosides can undergo ^-elimination 

under strongly basic conditions. 3) Glycosyl amino acids are very bulky residues, which 

can lead to incomplete coupling of the glycosylated residue and the following amino acid 

residue, as well as extended coupling times. 4) Longer coupling times can lead to 

increased racemization of the amino acid residues. 
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Figure 1-23— Paulsen glycopeptide synthesis 

Paulsen and co-workers reported an elegant glycopeptide synthesis using Na-

Fmoc amino acid anhydrides and Wang resin as a solid-support."^ (Figure 1-23) The 

first coupling relied on Na-Fmoc alanine amino acid anhydride and DMAP. The residue 

was then deprotected with piperidine and acylated with the glycosyl amino acid using 

DCC/HOBT. The Na-Fmoc deprotection was then repeated, and the remaining amino 

acids were coupled to the resin in a similar fashion. All remaining amino acids were Na-

Fmoc protected, except for the final one, which was a Boc-protected amino acid. 



Cleavage from the resin was then effected using 95% TFA. which not only gave the 

protected peptide, but also cleaved the N-terminal BOC group to yield the firee 

glycopeptide. It was notable that the final acid cleavage proceeded in high yield, with no 

apparent glycoside cleavage. 

One drawback to the Paulsen approach is the use of NaOMe/MeOH for cleavage 

of the acetate protecting groups on the carbohydrate after cleavage fi-om the resin support. 

Use of aqueous hydrazine for hydroxyl deprotection can be applied while the assembled 

glycopeptide is still on the resin, and was first used for this purpose by the Kunz group.""* 

Generally speaking, benzoyl protection is more robust than acetate, and should be 

avoided because the increased bulk of the benzoyl protection leads to incomplete 

coupling during peptide formation. Also, these groups were too robust for complete 

cleavage."' In our laboratories. Rink amide resin has been utilized, and assembly has 

been conducted in a fashion similar to the Paulsen synthesis, but has been modified by 

the incorporation of hydrazine treatment to deprotect the carbohydrate while still on the 

resin. The synthesis of SAM-1095. a potent acyclic glycopeptide analgesic, is presented 

(Figure 1-24) as an example for the synthesis of compounds of this type. The 

pharmacology of this drug and related compounds will be discussed in Chapter 2. 
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Figure 1-24— SAM-1095 (glycopeptide 28) synthesis 

After Na-Fmoc deprotection of the resin, acylation of the free amine then 

proceeded with serine P-giucoside using BOP/HOBT. Couplings with glycosyl amino 

acids are generally slower than unglycosylated amino acid couplings, and were allowed 

to react for 2 hours. The resin was then washed, and the deprotection/acylation cycle was 

repeated for the remaining amino acids. After the final residue had been coupled, the 

tyrosine Na-Fmoc protecting group was cleaved, and acetate removal was achieved using 

4:1 hydrazine hydratennethanol. In the final step, the resin was subjected to 90% 

TFA/CH2CI: in the presence of a sliane cation scavenger. This not only cleaved the crude 
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glycopeptide from the resin to produce the C-terminal amide, but also removed the tert-

butyl protection from Tyr and D-Thr, to provide the crude glycopeptide. This was then 

purified by reversed phase HPLC, using a preparative C-18 column. 

1.12 Post-Synthetic Evaluation of Glycopeptides: 

The biophysical and pharmacological testing of the glycopeptides is a crucial part 

of the research performed. Simple glycopeptide synthesis (< 7 residues) can no longer be 

considered novel from a synthetic point of view. Therefore, the in vivo activitj' of these 

compounds becomes the most interesting aspect of the project. In these studies, 

biophysical experiments conducted in water and membrane-mimicking media were 

compared and contrasted to in vitro receptor and in vivo analgesia (antinociception) 

studies. By relating the biophysical and pharmacological studies, a better understanding 

of glycopeptide-membrane interactions can be gained and eventually applied to other 

systems, such as peptide hormone-membrane interactions. 

1.13 Micelles as Membrane Mimics: 

Micelles were used as membrane mimics in our experimentation. The use of micelles 

and liposomes for this purpose is well documented and served as an excellent model 

membrane."^ Micelles vary from liposomes in that the SDS micelles are only 3.5 nm in 

diameter, while liposomes possess a less curved bi-layer surface and aqueous interior. 
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and can range from 100-200nm in diameter. For NMR purposes, micelles were used 

because of their small size which allowed for sharper resonances. Micelles are also 

easier to prepare than liposomes, but either can be used for CD and IR studies. 

These lipid aggregates ser\'e as excellent models of cellular membranes. Kallick 

and coworkers have performed a large body of work in this field and have shown that 

peptides are exceptional substrates to be used in this model system. Studies on 

neuropeptides in water, similar to those discussed previously, have shown that these 

pepiiaes adopt a vastly different conformation in the presence of a membrane. In recent 

research. Kallick has proven by 2-D NMR that Dynorphin A (1-17), a K-selective opioid 

that is relatively unordered in solution,"' adopts an a-helix from residues 3-9 in the 

presence of DPC micelles."® This was vastly different from the aqueous conformation of 

the compounds, in which the compound is largely unstructured. 

A variety of lipids exist for the formation of micelles and liposomes. In these 

studies. commercially available sodium dodecylsulfate (SDS) and 

dodecylphosphocholine (DPC) micelles have been utilized, as they have been shown to 

be reliable membrane-mimics."' Micelles offer certain advantages over liposomes and 

other membrane mimics, such as ease of assembly and handling and can possess either 

anionic (SDS) or zwitterionic neutral head groups (DPC). SDS and DPC micelles were 

used for circular dichorism (CD) experiments, while more expensive per-dueterated 

forms of the micelles were necessary for high-field NMR experiments. 

Assembly of these was achieved using the freeze-thaw method. Briefly, the 

glycopeptide and the lipid, in a desired molar ratio, were dissolved in a small amount (< 
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3mL) of 1:1 CH2CI2: CH3OH. The solvent was then evaporated with argon over thirty 

minutes and dried in a vacuum pump ovemight. The residue was then dissolved in water, 

and sonicated for five minutes, before the appropriate buffer was added. A freeze-thaw 

cycle, where the solution is frozen to -30°C in acetone/dry ice and thawed in 50°C water, 

was then repeated ten times. This ensures, if possible, that the glycopeptide had been 

incorporated into the lipid micelle or liposomes. 

By use of model membranes, numerous observations and important data have 

been recorded and scrutinized. These uses will be expanded on in the following chapters. 

Briefly, model membranes have allowed for membrane-bound conformations of 

glycopeptides to be determined, by NMR, CD, and computational methods. Membrane-

bound conformations can be quite different from solution conformations, and have helped 

to answer questions on the exact role structure plays in giycopeptide-optoid receptor 

activation. This data was compared to in vitro receptor binding data, in order to correlate 

the glycopeptide orientation with its receptor preference, help test the membrane-

compartment theory, and fiirther elucidate the mechanisms of opioid receptor binding. 

1.14 Nuclear Magnetic Resonance: 

NMR is a powerful tool in organic chemistry and was used for in-depth structural 

analysis of glycopeptides and glycopeptide-lipid conjugates. This is a well-precedented 

method for the structural analysis of peptides''" and peptide-lipid conjugates.'^^ These 
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methods have also been used to examine peptides in membrane-mimicicing environments, 

and >vill be discussed more thoroughly in chapters 2 and 4. 

One-dimensional solution-phase NMR was used to characterize the primary 

structure of the glycopeptide. as well as to gain insight into its solution conformation. .A. 

solvent of 90°1) H;0/ 10% D:0, buffered to pH 4.5 with HCl/NaCOOCDj was used to 

observe the solution conformation of glycopeptides. A 500 MHz and 600 MHz Bruker 

.A.vance NMR spectrometers was used to measure amide proton ("'JNHKIH) coupling 

constants and give the first clues to secondary structure. Coupling constants below 6 Hz 

are generally associated with a-helices, as defined by the Karplus relationship,'" while 

those greater than 8 Hz can be assigned to p-tum regions of the peptide. 

.\t this point, NMR studies using per-deuterated micelles were conducted. 

Glycopeptides were incorporated into micelles composed of either per-deutero-

dodecylphosphocholine (DPC) or sodium dodecylsulfate (SDS), and subjected to high 

field N^R analysis. These were then compared to data fi-om the same experiments in 

aqueous media and contrasted to elucidate differences in the two conformations. 

2-D NMR experiments, such as Rotating-Frame Overhauser Enhancement 

Spectroscopy (ROESY),Nuclear Overhauser Enhancement Spectroscopy (NOESY), 

and Total Correlation Spectroscopy (TOCSY),'" were also used to determine secondary 

structure. NOESY and ROESY experiments are based on through space interactions, or 

the Overhauser effect. TOCSY experiments exploit couplings between nuclei in the 

same spin system to give an overall correlation of that system. 
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From the sum of information from the NMR experiments, all protons of the 

amino acids within the glycopeptide were assigned and inter-residue proton distances 

were observed, semi-quantitated, and catagorized. This was achieved using protocols 

designed by Wuthrich.'"^ Protons within each amino acid residue were assigned by spin-

systems using the TOCSY spectrum. Once amino acids were identified, inter-residue 

proton distances were identified and quantified by area of the resonance. These were 

divided into three categories, based upon the area of each peak: strong signals (1.6-2.5A), 

medium signals (1.6-3.3 A) and weak signals (1.6-5.0 A).'"' Non-trivial distance 

constraints were designated to one of these classes by measuring the NOE volume and 

comparing to a rigid standard (Tyr 3',5'H-2',6'H at 2.5 A, Ser piH-(32H at 1.8 A, and 

Ser oH-Ser PH at a max of 3.0 A,). This provided the structural information about the 

conformation of the glycopeptide in water and in micelles and allowed for simulated 

annealing studies to be conducted to detennine the three-dimensional structure of the 

glycopeptide in the medium of choice. 

1.15 Circular Dichroism (CD): 

CD is a classical method for secondary structural determination of peptides and 

proteins. CD provides information on overall secondary structural motifs,'"* and is not 

subject to the "averaging" shown by the slower NMR techniques. Several types of 

secondary structure can be identified by characteristic minima and maxima in their 

spectra. a-Helices are distinguished by characteristic minima at 208 run and 222 nm. 



These values, quantified in terms of per residue molar ellipticity, [0]waveiength, can also be 

used to quantify the percentage of helix present in the sample if one "knows" [9] for a 

putative peptide of 100% helicity. We have used the equation utilized by Kemp and 

coworkers: % a-Helix = [0]222/-4O,OOO(l-2.5/«)*lOO, where [6]:22 is the per residue 

molar ellipticity at 222 nm, and n is the number of residues in the peptide.''^ An 

isobestic point at 203 nm can also be diagnostic for helical structure, assuming only 

helical and random coil structures are present within the sample. 

Temperature-dependent CD experiments have been conducted on all helices 

synthesized. The peptides were be examined in several solvents, and various pH values. 

Experiments were performed in aqueous buffer and compared to SDS and DPC micelles, 

and CF3CH2OH (TFE) to determine the effects medium (aqueous vs. membrane) on 

overall helicity. From these experiments, the effect of changes in helical sequence were 

quantified, and conclusions on the factors that influence helicity in glycopeptides were 

drawn. 

1.16 Molecular Modeling: 

When used in concert with spectroscopic methods, molecular modeling 

calculations are an excellent tool for the determination of the thermodynamically most 

favorable conformation of a large molecule, and can assist in the identification of the 

membrane-bound conformation in this case-'^° 
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Using the MacroModel 7.0 package,'^' with the Maestro interface, force fields 

were calculated to simulate inter-atomic interactions and solvent effects on the 

glycopeptides in order to determine the glycopeptide's thermodynamically most 

favorable conformation. Although this method has not been frequently used on 

glycopeptides, it has been shown to just as reliable for glycopeptides as unglycosylated 

peptides. 

Glycopeptides have been analyzed individually. For Monte Carlo conformer 

generation, glycopeptides were constructed in extended chain conformation. The inter

atomic distance constraints from the previous ROESY/NOESY experiments were used, 

as described above, and conformer generation began. The NMR distance constraints were 

essential for this process, as the glycopeptides are inherently flexible. This will provide 

unreliable results if peptides are not constrained by the observable distances suggested by 

the NMR measurements. 

The backbones of these conformers can be overlaid to observe any similarities or 

variations between the lowest energy conformers. This was the final step of the 

glycopeptide conformational studies, using the NMR, CD and computer-aided modeling 

to generate very reliable estimates of the actual solution and membrane-boimd 

conformations. These were used to understand the pharmacological results and establish 

structure-activity relationships (S.A.R.). Minor differences and overall secondary 

structural motifs were recorded and used to determine optimal conformation for receptor 

binding and overall opioid activity. 
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Radioligand binding studies are a well-accepted method for the determination of 

receptor selectivity/binding of opioid agonists. In these studies, adult rat brains were 

homogenize and incubated wth tightly-binding tritiated ligands.'"'^ For the delta 

receptor, [^H]-pCl-DPDPE was used. For the mu receptor, [^H]-CTOP was utilized. The 

agonist to be tested was then added and the amount of displaced radioligand was 

measured to determine the extent of receptor binding. 

1.18 Smooth Muscle Assays: 

Another bioassay to measure receptor binding utilized smooth muscle tissue. In 

this functional assay, the mouse vas deferens (MVTD) was used as a tissue rich in delta 

receptors, while the guinea pig ileum (GPI) was one rich in mu receptors. The tissues 

were bathed in a solution of the agonist to be tested during electrical stimulation to 

measure binding and determine an ICso concentration. 

This bioassay has been shown to be more "realistic", with reference to in vivo 

receptor agonism. In the GPI/MVD studies, there is an intact membrane to which the 

receptors are attached for the agonist to interact with. This is a better mimic of a living 

brain and spinal cord and thus produces more reliable numbers of predictive value. The 

rat brain homogenate studies do not have intact membranes and are strictly receptor 

binding studies. The presence of a membrane in the GPI/MVD studies is thought to be 
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the reason for why sometimes there is a complete reversal of receptor selectivity- of a 

drug between the two assays. 

1.19 In vivo Pharmamcoiogy: 

All glycopeptides synthesized were initially tested for antinociceptive actions via 

i.c.v. injection. Compounds that produced potent, full agonist effects i.c.v. were further 

tested for antinociceptive action by systemic (i.v., s.c., i.p., i.t.) routes of administration. 

Additional in vivo assessments of tolerance and physical dependence liability 

have been conducted with the most promising compounds. This included glycopeptides 

that produced potent, full agonist effects, following systemic routes of administration. 

Morphine was used as a comparison for all tolerance and physical dependence studies. In 

addition to these, locomotor hyperactivity, hyperalgesia, abdominal constriction, and 

writhing assay have been performed. These assays not only assessed the analgesic 

potential of the compounds, but also quantified the reduced side effects for which is of 

great concern and why these compounds were originally synthesized. 

1.20 BBB Studies: 

To investigate the mechanisms of improved analgesia, studies of the 

bioavailabilty of the peptides to the CNS were conducted. Bioavailabilty of peptide 

drugs to various organs is dependant on a nimiber of factors including metabolic stability. 



76 

protein binding and organ entry. One of the major determinates of bioavailabilit>' to 

target organs is the metabolic stability of the drug. This is of particular importance for 

peptide pharmaceuticals because of the presence of peptidases in the serum, on capillary 

endothelial cells, and in the target organ itself. For brain-targeted delivery the presence 

of the BBB as a metabolic barrier can reduce the ability of enzymatically labile peptides 

such as Met-enkephalin from entering the brain.Investigation of the stability of 

glycosylated and non-glycosylated peptides in serum and brain of both rat and mouse 

were necessary and provided a wealth of information about the compounds. 

Mammalian serum is a protein-rich fluid that contains numerous binding sites for 

peptides. The availabilit>- of a peptide for the brain is dependant on the levels of free 

peptide in the serum, and binding of peptide to serum proteins can reduce the amount of 

available drug for transport. Our collaborators have investigated the protein binding for 

each peptide in both rat and mouse serum and also in a 1% solution of various serum 

albumins. 

The ability of a drug to enter the CNS is a major factor in analgesia. The more 

drug that is delivered the better the analgesia. Using radiolabeled glycopeptides,'̂ ^ an in 

situ perfusion model was used to investigate the transport of each peptide into the CNS. 

(Figure 1-25) This model allowed dissection of the exact transport mechanism by which 

a peptide can enter the CNS. Using inhibitors of known transport systems, assessment of 

the mode of transport employed by glycosylated peptides was performed. The 

combination of these three studies has greatly aided the interpretation of analgesia data, 

and also the design of fiirther peptide modifications. 
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Figure 1-25— In situ BBB perfusion assay. Adapted from Ref. 62 

1.21 Glycopeptide Enkephalin Analogues—Three Types of Address Segment: 

Variation of the message segment of opioid analgesics is a science that has 

been well explored, as discussed above. This portion of all glycopeptides synthesized 

was kept constant, utilizing the Roques "DTLET' enkephalin from the previous section. 

(T yr-DThr-Gly-Phe-Leu~) 
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This agonist was chosen for a number of reasons. First, this linear 

pharmacophore has no disulfide bonds. Thus, a difficult disulfide cyclization is not 

necessary, and over-oxidation and unwanted cleavages were a moot point. Second, the 

Roques pharmacophore is not only a highly delta selective ligand, but also highly potent. 

These advantages make the Roques ligand the optimal choice for the message segment 

for these studies, and a much better option than the DCDCE-type ligand previously used. 

The approach to analgesia that will be reported here revolved around modification 

of the putative address segment of the glycopeptides. (Figure 1-26) It is the address 

segment that is thought to be responsible for receptor specificity. 

Lipo-glyco 
Amphipathic 
a-Helical 

Linear 

I? OJH 

tumu 'mMxmxn 
Figure 1-26— Three types of address segment 

Linear glycopeptides are a simple method of address variation. In this theory, the 

address segment merely consists of a glycosylated amino acid. The address segment is 
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designed to answer a number of questions: does the type of amino acid, carbohydrate 

attached, or type of linkage affect the stability, transport or efficacy of the glycopeptide? 

Intuitively, one would expect this class of compounds, due to their large hydrophilicity, 

to have the lowest level of membrane interaction of the three types of address segment 

presented. In addition, these compounds offer the added advantage in ease of synthesis, 

which permitted the creation of the drugs in larger quantities and allowed more advanced 

dependence and tolerance studies. 

Lipo-glycopeptides are another type of address segment variation that was 

explored. One could envision this as a moderate degree of membrane interaction. 

Analogous to a-helical amphipaths, lipo-glycopeptides are also amphipathic. possessing 

a hydrophilic carbohydrate portion, and a long, lipophilic alkyl chain. The membrane 

dynamics of these glycopeptides are quite interesting. Studies on N-myristoylated 

peptides have demonstrated that long alkyl chains can insert into a membrane, and 

"anchor" the glycopeptide to the cell surface.'^® In accordance with .\dam and Delbruck 

mathematical treatment,'^' this should reduce the ligands "search" for the receptor from a 

three-dimensional volume to a two-dimensional surface, which can be more efficient. 

In addition to a reduction of dimensionality, lipo-peptides and lipo-glycopeptides 

display novel physiological properties.'^® The long lipid chain, in many cases, can 

provide stability in vivo towards enzymatic degradation. These compounds also show 

oral uptake profiles normally not observed in peptide drugs,and can act as 

immunostimulators in vivo.^*° Above all though, these compounds are capable of acting 

as novel drug delivery systems. In a recent publication. Boons attributes this to the 
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amphiphile's unique ability to aggregate in solution in numerous different 

conformations.'^' 

The third approach to membrane interaction involves the use of amphipathic a-

helical giycopeptides as the address segment. In this theory, the alpha helices are used to 

coordinate to the membrane, possibly placing the message segment in a favorable 

orientation and conformation for receptor binding. These giycopeptides were designed 

to mimic P-endorphin, an endogenous opioid agonist with a short message segment and a 

long helical address segment. 

There are numerous advantages to this approach over the previous two. First, use 

of amphipathic a-helices allows for the highest degree of control of membrane 

interaction. Orientation of the heli.\, as well as degree of interaction with the membrane, 

can be controlled by lipophilicity and placement of the amino acid residues within the 

heli.x. .Also, because of the proposed higher degree of interaction, the nature and effect of 

membrane-mimics can be studied by known methods. This is of interest, as it has not 

been attempted on amphipathic a-helical giycopeptides. 

In all, three types of address segments described in this section outline the project 

to be discussed in this dissertation. A flow chart of glycopeptide design and collaborative 

testing is shown in Figure 1-27. The synthetic methods and collaborations discussed 

have provided a systematic way to not only investigate glycopeptide analgesia and 

reduced dependence, but also glycopeptide-membrane interactions. The latter topic has 

not been greatly explored in the literature to this point, as there is much to leam to about 

these important systems. The following experimentation will address many of these 
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issues and provide further knowledge into the biophysics and pharmacology of 

glycopeptide analgesics. 

Chemistry>Phannacology-Physiology Collaboration 
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Qycopeptide Pharmacology m vnto 
(̂ ;S-Binding. MVD/GPI Function) 
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NMR FacUiiy. CO. Poit Lao 

Glycopeptide Analgesia 
(Analgesia iv.. s.c.) 
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Qycopeptde Transport 
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Figure 1-27— Flow chart of glycopeptide testing/collaboration 
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Chapter 2: Linear Glycopeptide Enkephalin Analogues 



2.1 Introduction to linear giycopeptide enkephalins: 

83 

As stated in chapter I, the in vivo glycosylation of certain opioid agonists is 

common occurrence. An excellent example of this is morphine 6-glucuronide, which 

produces potent analgesia. Once thought just to be a clearance metabolite, it has been 

explored as a possible clinical replacement for morphine.'"*• While the enkephalins 

themselves are not viable drug candidates, due to a low resistance to numerous 

enkephalinases in the brain and poor transport across the BBB, glycosylation of the 

enkephalins may provide alternative routes to pain relief. 

The synthesis of enkephalin glycoconjugates dates back to the middle 1980's. 

The glycosidic portion of many of those ground-breaking compounds was covalently 

linked to the C-terminus. (Figure 2-1) These drugs are unnatural "neo-

glycopeptides",'"*^ '"*^ '^^ and not an endogenous motif, as the carbohydrate acted as u . 

address portion. 

O 
II 

Peptide Opioid agonist-CNH 

Figure 2-1— "Neo-glycopeptides" enkephalin analogues 

The first of the neo-glycopeptides were synthesized by the Garcia-Anton group at 

the University of Salamanca in Barcelona, Spain. The message-agonist portion consisted 
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of the mu-selective Tyr-DMet-Gly-Phe-Pro- motif, with the C-terminal amide-linked 

carbohydrate portions consisting of P-D-gluco- and (3-D-galactopyranose. (Figure 2-2, 

Compounds a and b) I.p. administration of the drugs into mice and rats showed the 

compounds to be 200 and 2000 times more potent than morphine, respectively, in each 

animal when measured by the warm water tail flick assay.Further woric in the area led 

to O-linked glycopeptides (Figure 2-2, compound c). This compound v.as similar to 

previously synthesized enkephalin analogues, but possessed a glycosylated 

hydroxyproline, and therefore was no longer among the neo-glycopeptides. This 

compound, the first of the O-linked glycopeptide enkephalin analogues, was touted as 

being 50.000 times more potent than morphine in vzvo.'"' 

O n /C:pn 
Compound Structure 

a H2N-Tyr-DMet-Gly-Phe-Pro-Cf|r"^Ohr^*^'^ 
H OH 

b H2N-Tyr-DMet-Gly-Phe-Pro-CN--^gJ^~~^OH 
H 

c H2N-Tyr-DMet-Gly-Phe-Hyp-CONH2 

Figure 2-2— Garcia-Anton glycopeptide enkephalin analogues. Adapted from Ref. 146 

Further work on compound c focused on identification of the solution structure of 

the glycopeptide. This was the first work of its kind on glycopeptide enkephalin 
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analogues. While indispensable at the time, the results of the study can now be reviewed 

more critically. The studies were performed on a 270 MHz NMR in DMSO, not water or 

a membrane-mimicking environment, and therefore cannot be realistically applied to an 

in vivo system due to the poor spectroscopic resolution and unnatural environment. 

Today, the most accurate results are obtained from higher resolution instruments (500 

MHz or greater), performed using advanced water suppression techniques, and done in 

the presence of membrane-mimics. 

Horvat and co-workers also designed a number of neo-glycopeptides using the 

Leu-enkephalin sequence. In one set of compounds, the address segment consisted of C-

terminal amide-linked glucose.The carbohydrates were linked at the C-6. C-2, and C-

l positions of the sugar and subjected to the usual in vitro receptor assays. (Figure 2-3. 

Compounds d-f) The compounds were shown to be mildly delta-selective, as is the parent 

Leu-enkepha:in message segment. However, amide glycosylation of the drugs created 

compounds :hat were more potent at the mu receptor and less potent at the delta receptor, 

as compared to Leu-enkephalin. This is can be construed as an ".\nii-Schwyzer" result, 

as his theory predicts that glycosylation would increase water-solubility and decrease mu-

receptor interaction. 

Further work focused on C-terminal acid glycosylation, this time using Met-

enkephalin-derived analogues as the message segments. (Figure 2-3, Compound h-j) 

These compounds were similar to the previous set, as they also showed mild delta 

selectivity, decreased delta receptor potency and increased mu receptor potency. While 

no in vivo studies were performed on these compounds, they provided an impetus for 
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future work and proved that glycosylation of neuropeptides does not disrupt receptor 

binding, as long as it is done within the address segment. 

 ̂ GPI fnlMH MVP fnMt M 
d H2N-Tyr-Gly-Gly-Phe-Leu-C0N|^]^[^^^^Q 73 9 49 6 

OH 

6 H2N-Tyr-Gly-Gly-Phe-Leu-COv|^j_l 75 2 55 9 

f HzN-Tyr-Gly-Gly-Phe-Leu-CO  ̂ 195 27.2 

H 0-^^H 

g HjN-Tyr-Gly-Gly-Phe-Leu-COOH 246 11.4 

h H2N-Tyr-Gly-Gly-Phe-Met-C0C>];]^]^^^Q 31.9 29.3 

OH 

i HjN-Tyr-DAIa-Gly-Phe-Met-COOjî ^^v^Q 16.8 4.5 

OH 

j H2N-Tyr-Gly-Gly-Phe-Met-COO;;  ̂  ̂ 42.3 28.1 
O  — O H  

NHAc 

Figure 2-3— Amide linked neo-glycopeptides. Adapted from Ref. 148. 

The enkephalins are not the only analgesic message segment to provide the basis 

for glycopeptide drugs. The morphiceptin tetra-peptide (H-Tyr-Pro-Phe-Pro-NHj) is 



derived from bovine ^-casein,'"" and is very similar to human endogenous mu-receptor 

agonists, namely endomorphin-1 (Tyr-Pro-Trp-Phe-NH^), endomorphin-2 (Tyr-Pro-Phe-

Phe-NHz).'^" This tetra-peptide provided a potent message segment for glycopeptides 

that would possess mu receptor selectivity. Studies performed in this area focused on the 

replacement of the Pro"* in morphiceptin with a hydroxy-proline residue, which would 

allow for glycosylation at this position. Smooth muscle binding assays and analgesia 

studies were performed to determine the efficacy of the new glycoconjugates.'^' (Figure 

2-4, Compounds k-n) From these, it is obvious that glycosylation has a detrimental 

effect on mu-receptor binding. Indeed, the binding affinity of the galactosylated 

compound n was almost four times less potent than the parent aglycone, 25 times less 

potent than morphiceptin. and three orders of magnitude less potent than DAMGO in the 

GPI assay. This decreased binding directly translated to decreased in vivo analgesia for 

both glycosylated compounds (m and n). Using an i.t. dose of 10 ng per rat. morphine 

provided 70-80% analgesia in the warm-water tail immersion test. At an equivalent dose, 

glycopeptide m showed a much decreased analgesic profile, while glycopeptide n 

displayed no analgesic activity at all. The poor analgesic and binding properties of these 

compounds are probably directly related to poor placement of the glycoside moiety. As 

can be seen in Figure 2-4, the glycoside was placed very close to the pharmacophore 

residues of morphiceptin, which probably hindered binding to the receptor and 

subsequently destroyed all analgesic properties. 
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% Analgesia % Analgesia 
Ooioid Aaonists <3PI /uMt (10uQ> (20uq) 

DAMGO 0.009 ND ND 

Morphine 0.085 70-80% ND 

k H-Tyr-Pro-Phe-Pro-NH2 0.392 ND ND 

1 H-Tyr-Pro-Phe-Hyp-NHz 2.54 10-15% 50-60% 

m H-Tyr-Pro-Phe-Hyp-NH, 2.12 5-10% 30-40% 

SSH Q \IZ -OH 
n H-Tyr-Pro-Phe-Hyp-NH, 9.87 0% 0% 

-OH 

-;-U 

OH 

Figure 2-4— Moqihiceptin glycopeptide analogues: The in vivo analgesia assay used 
was the warm-water tail immersion assay, after i.t. injection. DAMGO = H-Tyr-DAla-

Gly-(N-Me)Phe-Glyol. Adapted from Ref. 151. 

Exogenous peptides isolated from amphibian skin glands also carry highly potent 

opioid message segments, and have provided excellent candidates for transformation into 

glycopeptide analgesics. Specifically, the deltorphins (named for high delta specificity) 

and the dermorphins (named for dermal morphine-like substance) have also been 

identified as ligands for delta and mu-opiate receptors, respectively. 

Tomatis and co-workers, as well as the Negri group in Italy and others in India,'^' 

have recently synthesized a number of deltorphin and dermorphin-related 

glycopeptides.'^^ (Figure 2-5, compounds o-bb) As seen in the earlier examples, 

glycosylation was most effective when placed towards the C-terminus, within the address 

segment portion away from the message segment Glycosylation within the message 

segment (compounds s, t, z, aa) produced compounds with poor binding characteristics. 
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(>4000 nM) which were not carried on for in vivo testing. Glucosyl serine and threonine 

and comprised the glycosyl amino acids, in addition to the acetate-protected 

intermediates, which were also tested. In vitro and in vivo activity of specific analogues 

was observed to be comparable or greater than that of morphine. The ED50 for the most 

potent glycopeptide analogue upon i.e.v. administration was 1.3 nM, compared to 3.2 nM 

for i.c.v. morphine. Other routes of administration produced greater potency compared to 

morphine (0.53 ^iM s.c. glycopeptide vs. 10.9 ^M s.c for morphine). 
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Compound Structure 

p-p-D-Glc(OAcU 
o Tyr-DAla-Phe-Asp-Val-Val-Thr-Gly-NH2 

0~(3~D~Glc 
p Tyr-DAIa-Phe-Asp-Val-Val-Thr-Gly-NH2 

0-P-D-GIC(0AC)4 

q Tyr-DAla-Phe-Asp-Val-Val-Ser-Gly-NH2 

0-0-0-Glc 
r Tyr-0Ala-Phe-Asp-Val-Val-Ser-Gly-NH2 

0-p-D-Glc(0Ac)4 
s Tyr-DAIa-Phe-fhr-Val-Val-Gly-NH2 

0-(J-D-Glc 
t Tyr-DAla-Phe-Thr-Val-Val-Gly-NH2 

u Tyr-DAla-Phe-Asp-Val-Val-Gly-NH2 

0-|J-D-G1c(0AC)4 

V Tyr-DAIa-Phe-Gly-Tyr-Pro-Thr-Gly-NH2 

0-P-D-Glc 
w Tyr-DAla-Phe-Gly-Tyr-Pro-Thr-Gly-NHo 

0-P-D-G1C(0AC)4 

X Tyr-DAIa-Phe-Gly-Tyr-Pro-Ser-Gly-NH2 

0-(3-0-Glc 
y Tyr-DAla-Phe-Gly-Tyr-Pro-Ser-Gly-NH2 

0-P-D-G1C(0AC)4 

z Tyr-DAla-Phe-nir-Tyr-Pro-Ser-NH2 

0~P"D-dc 
aa Tyr-DAla-Phe-Thr-Tyr-Pro-Ser-NH2 

bb Tyr-DAIa-Phe-Gly-Tyr-Pro-Ser-NH2 

GPI (u. nW» RJ (8. nM) MVD (S. nM) ICV (nM> se(umolmJKa\ 

— 890 — 10.5 >150 

— 995 — 11.3 96.4 

1900 — 2.7 — 70 

1600 — 3.1 — 44 

2Z1 

3.1 

8.2 

3.5 

>4000 

3400 

2.1 

>4000 

>4000 

510 

18 

40 

5.0 

2.8 

1.3 

0.015 

0.53 

4.6 

1.4 

>150 

3.1 

Figure 2-5— Deltorphin C and dermoqjhin-based glycopeptides. Adapted from 
Ref. 153. 

Specific examination of the per-acylated glycosidic opioids in this system, as 

compared to their un-acylated analogues, revealed some very interesting trends in the 

binding and analgesia of the compounds. First, per-acylation of the glycoside was seen to 

slightly hinder binding of the compounds in the GPI assay, while it slightly enhanced 

binding the MVD assay. Once again, this is contrary to what might be predicted using 

the Schwyzer Membrane Compartment Theory, where the more hydrophilic compound 
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would be thought to have a greater affinity for the delta receptor (MVD assay) as it is 

thought to reside more in the aqueous exterior of the cell. More typical results were seen 

when the per-acylated and un-acylated compounds were compared in vivo via s.c. 

administration. While i.e.v. comparison of the two proved them to be similar, per-

acylated glycosides were noticeably less potent than the free hydroxy compounds via s.c. 

administration. This is easily explained by ±e hydrophilicity/lipophilicity of the drugs, 

as the more lipophilic per-acylated analogues could be sequestered in the fatty tissue into 

which they were injected. This will render the per-acylated compounds less bioavailable 

and decrease subsequent analgesia. 

Further work has focused on a-C-glycosylated deltorphin and dermorphin 

analogues.'^ (Figure 2-6) Once again, while glycosylation decreased receptor affinity, 

sub-cutaneous analgesia of the glycosylated compounds was greater than that of the 

unglycosylated ones. In fact, the glycosylated deltorphin analogues (compounds ee and 

ff) produced analgesia, where the unglycosylated [Ala ]-deltorphin (compound gg) 

produced no measurable analgesia at a dose of 100 |iMole/Kg. 



Compound 

a-O-Gal 
cc Tyr-DAIa-Phe-Gly-Tyr-Pro-Ala-NH2 

a-D-Gal(0Ac)4 
dd Tyr-DAIa-Phe-Gly-Tyr-Pro-Aia-NH2 

a-D-Gal 
ee Tyr-DAla-Phe-Asp-Val-Val-Aia-NH2 

a-D-Gal(0Ac)4 
ff Tyr-DAla-Phe-Asp-Val-Val-Ala-NH2 

gg Tyr-DA]a-Phe-Asp-Val-Val-AJa-NH2 

Figure 2-6— C-linked dermorphin and deltorphin analogues. Adapted from Ref. 154 

As discussed in Chapter 1. glycosyiation can aid in the in vivo transport and 

activity of peptide drugs and produce highly potent analgesics, provided that the 

glycosyiation site is kept at a distance from the pharmacophore residues. If it is not, the 

carbohydrate will impede proper binding and thus decrease the effective analgesia. 

Hence, placement of the glycoside is just as important, if not more important than the 

message segment used. 

2.2 Effects of glycosyiation in vivo: 

In many systems, glycosyiation has been shown to have a large affect on the 

bioavailability of a putative drug, whether it be via biodistribution, renal/hepatic 

metabolism and excretion,BBB permeability, or serum stability.As previously 

discussed, there are many barriers to potent analgesia in vivo. High bioavailability of the 

GPI fu- nM  ̂ MVP (8. nM) SC (uMol/ko) 

6.0 65 6.6 

4.0 55 1.1 

>2000 43 61 

>2000 36 19 

>2000 6.9 >100 
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drug is one of the keys to good analgesia. A potential drug candidate could have 

exceptional binding profiles in vitro and show excellent i.c.v. antinociception, but if it 

immediately filtered fi-om the bloodstream and excreted, it is not a viable drug for clinical 

use. Thus, high bioavailability is one of the goals of this research. 

Glycosylation can increase bioavailability by a number of methods. First, 

glycosylation makes compounds more stable to hydrolysis and enzymolysis in v/vo.'"' 

Our own studies have shown that unglycosylated enkephalin analogues have a serum 

half-life of approximately 100 minutes, while the glycosylated analogues have half-liv es 

158 in serum greater than 500 mmutes. 

The specific carbohydrate used in the analgesics is of concern and could have a 

large effect on how the glycopeptide behaves in vivo. In opioid receptor studies, the 

effect has been varied. However, in other respects, a more definitive answer may be 

found on why one sugar may be more effective than another. 

Glycopeptides, when administered /.v., may be cleared fi-om the body in several 

ways, including hepatic transformation, hydrolysis, and protein adsorption. Another one 

of these pathways is renal uptake. The kidneys are known to process hydrophilic 

compounds in the bloodstream and filter toxins so they can be excreted in the urine. 

During a study of glycosylated oxytocin and vasopressin analogues, researchers in Japan 

found that differently glycosylated analogues showed varying renal uptake profiles.'^' 

They found that glucosyl, mannosyl, and 2-deoxyglucosyl analogues showed higher renal 

uptake profiles, while the galactosyl analogue showed the lowest (Figure 1-7) One 

could theorize from this data that kidneys have a lower affinity for galactosylated 
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compounds. Thus, lower renal uptake could translate to higher bioavailabilty, since the 

compounds will not be removed as quickly 

G 
( A )  ( B )  (C) 

(D) (E) 

Figure 2-7— Uptake of glycosylated vassopressin derivatives into the kidney: a) 
glc-vassopressin (lOnmol/kg), b) gal-vassopressin. c) man-vassopressin, d) vassopressin, 
e) glc-vassopressin (300nmol/kg) 

As discussed in the previous chapter, the GLUT-1 receptor was originally central 

to our hypothesis of glycopeptide transport across the BBB. While this theory has since 

been disproved,'^ glycopeptides are nonetheless still transported across the BBB and the 

effect of this carbohydrate on transport has still to be elucidated. While it has been 

shown that the carbohydrate is not modified during transport,'®' it is known that the role 

of the sugar is more than just to increase the hydrophilicity of the pendant drug. With all 



95 

this data in hand, we believe glycopeptide enkephalin analogues provide an excellent 

class of compounds to begin experimentation into a more potent yet less addictive 

alternative to morphine. 

Linear glycopeptide enkephalin analogues were a logical area to begin 

experimentation in this field of medicinal chemistry. These compounds hold numerous 

advantages o\ er other types of glycopeptides that would eventually be synthesized. First, 

these glycopeptides are usually only six residues long.'" This made the synthesis 

relatively uncomplicated. Because the synthesis was relatively undemanding, it could be 

carried out on a much larger scale to provide gram quantities of the drugs. This should 

eventually allow for advanced pharmacological testing, such as dependence, locomotor 

hyperactivity and oral absorption studies. 

2.3 Synthesis of glycosyl amino acids: 

Synthesis of our glycosyl amino acids began with commercially available serine 

or threonine benzyl ester hydrochloride salt. Schiff-base protection of the amine wa5 

performed using benzophenone imine (Aldrich Co.) in acetonitrile. This proceeded in 

74-89% yield, depending on the amino acid and ester used, and provided the crystalline 

glycosyl acceptors shown. (Figure 2-8) 
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R- O 

HO'  ̂^OR 

NH2*HX 

X = cr or'OTs 

Ph 

NH 

X Ph 

CH2Cl2,MeCN 

R* O 

HO'  ̂^OR 
NC=Ph2 

R R; 

H (Serine) Me 

H (Serine) CH2Ph 

H (Serine) CHPhj 

Me (Threonine) Me 

Me (Threonine) CHPh2 

Yield 

89% 

85% 

74% 

81% 

78% 

Figure 2-8— Synthesis of serine and threonine Schiff bases 

Synthesis of the giycosyl donors was equally as facile. Starting from the per-

acyiated sugars.'®^ pure alpha per-acetyl bromosugars were generally obtained in very 

high yields. (Figure 2-9) The compounds were obtained as brittle foam and used in 

glycosylation reactions without further purification. To our benefit, all of the 

bromosugars synthesized, with the notable exception of the a-bromo-mannose were 

highly stabile and could be stored in an inert atmosphere indefinitely. In the case of the 

maimose bromide, the product was highly unstable. It needed to be under an inert 

atmosphere at all times and only be subjected to completely anhydrous solvents. While 

this was troublesome at first, the rewards were reaped in the yield of the pendant 

glycoside. (Figure 2-10) 
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X 

D-Lactose 

D-Maltose 

D-Maltotriose 

33% HBr/HOAc 

AcO 

Br 

Substrate X Y R Yield 

D-Glucose OAc H OAc 93%  ̂

D-Mannose H OAc OAc 100%' 

OAc 

OAc 

OAc 

H 

H 

H 

92%  ̂

96% 

93% 

Figure 2-9— Synthesis of a-bromo-su^ars— 'Bromo-sugar was unstable and not 
isolated, quantitative by crude weight. 'Compounds synthesized by Scott Mitchell 

With donor and acceptor in hand, glycosylation could commence. Under an inert 

atmosphere, the donor and acceptor were combined, and dissolved in methylene chloride, 

a solvent which was found to promote P-glycoside formation (except in the case of 

mannose). Over a period of 45 minutes, solid silver triflate was added to the reaction 

portionwise, and allowed to stir overnight. This produced the desired glycosyl amino 

acids in varying yields as depicted below. (Figure 2-10) 
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R^^OH R v^O-Carbohydrate 
Ph GIvcosvl Donor Ph  ̂

AK.-k^OR' AgOTf.4AMS B^A^-^OR' 
Ph^N  ̂ CH2CI2 Ph N  ̂

O O 

Amino Acid Doner R' Yield Selectivity (B.a) 

L-Ser(R = H) CHzPh 32% 5:1 
AcOgr 

D-Ser(R = H) CHPh2 26%  ̂ 10:1 
AcO^r 

D-Thr(R = H) CHPhj 40%  ̂ 20:1 
AcO^r 

A O  ̂
L-Ser(R = H) CHjPh 86% 1:20 

AcO 
AcO-tx n . « 

L-Ser (R = H) CH2Ph 65%' 20:1 
AcO AcO-^^--f  ̂
.OAc AcO^  ̂

AcO"^^;;;;  ̂
L-Ser(R = H) CH2Ph 52% 20:1 

-^O 
A^Ol AoO 

^O-^O 
L-Ser (R = H) AcO^--  ̂ OAc CH2Ph 63% 

AcO 
AcO A<  ̂I 

20:1 

AcOgr 

Figure 2-10— Glycosylation of Schiff-base protected amino acids. Yields reported in 
Mitchell PhD Disseration (2000). 

The final step of the process was to perform some protecting group chemistry, in 

order to create a substrate amenable to solid phase glycopeptide synthesis (SPGS). This 

involved hydrogenolysis, to remove the imine and carboxylic ester, which was followed 

by reprotection of the free amine as the Na-Fmoc-carbamate. Generally, the final two 



99 

steps of the sequence proceeded in greater than 90% yield to provide the desired Na-

Fmoc glycoside for glycopeptide synthesis. (Scheme not shown) 

While Schiff base protected amino acids provided a high-yielding route to amino 

acid glycosides, the multi-step synthesis described might be a little excessive if a simple 

Na-Fmoc glycosyl amino acid is all that is required. Kihlberg and co-workers have 

explored this and have devised a one-step synthesis of Na-Fmoc glycosyl amino acids 

from Na-Fmoc serine and P-glucose penta-acetate.'" (Figure 1-22) While yields are 

moderate at best, this does provide a quick route to the desired glycosides. Field has 

expanded on this idea and has used Na-Fmoc amino acids, a-bromosugars and iodine a? 

a promoter to provide a facile route to Na-Fmoc glycosyl amino acids.(Figure 1-22) 

Although the yields are good, this method has failed when applied to other sugars, such 

as glucose. 

Anomeric trichloroacetimidates have been shown in numerous cases to be active 

and versatile glycosyl donors.'^ To this point, however, they have not been utilized tr 

the synthesis of free carboxy glycosyl amino acids. We undertook this task and found 

that the trichloroacetimidates were good substrates for glycosylation reactions using free 

carboxyl Na-Fmoc serine. (Figure 2-11) Glycosylations proceeded in good yield, with 

excellent selectivity for the P-product. This reaction provided the advantage of higher 

yields and purer reaction mixture, when compared to the Kihlberg procedure. The 

trichloroacetimidate method in Figure 2-11 is also applicable to glucose, where the Field 

iodine method'®^ is not. 
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BPj'OE'z. 
 ̂ OH AcO-^-^T  ̂ CH2CI2 

NHFmoc Ac00v^CCl3 OAc NHFmoc 
n 

56%. >20:1 P;a 

Figure 2-11— Trichloroacetimidate glycosyl donors in glycosyl amino acid synthesis 

2.4 LSZ-series— The first ciass of O-Unked glycopeptide enkephalin analogues: 

A relatively non-selective, yet potent C-terminal amide opioid "message," 

DCDCE-NH:, (H;N-Tyr-c-[DCys-Gly-Phe-DCys]-NH2), was chosen as the prototype 

pharmacophore in order to allow the evaluation of any selectivity observed due to the 

influence of the appended carbohydrate moiety, and was thus avoided. Use of an 

e.xtremely selective ligand might mask the effects of the carbohydrate. The initial goal 

was to examine penetration of the BBB, which was initially (and incorrectly) 

hypothesized to work via use of the glucose transporter-1. GLUT-1. 

A series of enkephalin glycopeptides based on H. were evaluated for their opiate 

binding activity in homogenized rat brain by displacement of the ^H-labeled ligands [p-

Cl-Phe"']-DPDPE'^^ (5-ligand) and CTOP'®' (^i-ligand), and by functional GPI/MVD 

assays. (Table 2-1) Glycopeptides 2 and 3 displayed poor in vitro profiles at both the n-

& p-receptors, as predicted. As suggested by the work of Schiller,'^^ placement of the 

glycoside within the putative P-tum region of the pharmacophore destroyed the opiate 

binding activity in either the acyclic (2) or cyclic form (^ of the pharmacophore. 

Attachment of the glycoside at the C-terminus, 5 (LSZ-1025), resulted good binding 
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activity at both the 6- and ^-receptors. The loss in activity was similar to effects caused 

by cleavage of the disulfide ring (4), or inversion of the D-Cys residues (3). This 

example suggests that neither the C-terminal glycine, nor the disulfide linkage is required 

for opioid binding. 

Simple glycoside analogues of 5 were produced, substituting a-D-Glc and P-

D-Gal (7) for P-D-Glc, and all three compounds 5—7 displayed similar 6- and |i-binding 

affinities in vitro. Interestingly, the GPI/MVD functional assay was almost 10 times less 

potent for the galactoside 7. Regardless of the orientation of the sugar (a or P) or the 

h y d r o x y l  o r i e n t a t i o n  a t  C 4  ( e q u a t o r i a l  f o r  G l c ,  a x i a l  f o r  G a l ) ,  t h e  i n  v i t r o  b i n d i n g  d n n  

were similar; the influence of the carbohydrate on binding being an order of magnitude c. 

less, and always in a negative sense at both the |i- and 5-sites. Glycopeptides based on 

DPDPE (8, 9) showed the high 5-selectivity characteristic of DPDPE, but both had 

greatly reduced potencies at the 5-receptor. Cyclization (8 vs 9) was not essential for 

selectivity or potency, and results for 10 indicate that cyclization may not even be 

desirable. The bulky Ser-(P-Glc)^ residue sterically interacts with the adjacent Z)-Pen^ 

residue to disrupt the high affinity interaction with the 5-receptor. When D-Pen^ was 

replaced by L-Cys^, along with the insertion of Phe' to provide DPLCE derivatives 12 

and 1^ potent and extremely 6-selective binding was observed. Compound 13 was the 

most selective and potent of all the cyclic glycopeptides tested, but was not effective in 

producing analgesia {data not shown) probably because some )x-activity is required to 

produce analgesia. 
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Four of these glycopeptides were tested for antinociception in vivo, (5), (^, (7), 

and (11).'^' (Table 2-2) Two routes of administration were studied, intra-

cerebroventriciilar injection (i.c.v.), and intraperitoneal (i.p.). In the first, i.c.v. 

injection, the drug is injected directly into the ventricular space within the brain, and the 

BBB becomes irrelevant, except to the extent that it retains a drug within the brain. The 

Aso values reported in Table 2-2 indicate the amount of drug (nanomoles) required for 

50% effect in the tail flick assay after 20 or 30 minutes. All of the glycopeptides were 

quite potent when administered i.c.v. A\ith the p-glucoside 5 being somewhat more potent 

than the others. 

In the second study, the drugs were administered i.p., and thus required transit 

from the peritoneal space into the bloodstream, and then transit through the BBB. 

Naloxone reversal studies were performed to demonstrate that the effects were due to 

central opiate receptors. Full dose-response curves were taken for each drug at 30,45,60 

and 75 mg/Kg. Despite the similarity in binding and MVD/GPI data, and central 

response when administered i.c.v., drastic differences in the antinociceptive effects were 

observed. The non-glycosylated parent peptide 11, was essentially inactive when 

administered peripherally at 60 mg/Kg. This emphasizes the power of the BBB in the 

exclusion of peptides fix)m the brain, since 11. was the most potent compound of the 

series in binding and MVD/GPI studies. Glycoside ^ bearing the P-Glc moiety, 

displayed profound analgesia after 30 minutes following /.p. administration, and 

extending for at least 120 minutes after administration. 
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Table 1. Opiate Binding Activity in vitro. 

Peptide Ligaad 5 H MM) GPI 
(BM) (DM) (nM) (nM) 

pSH HS-| 
•Cys-- - -

D-Glc-B-<i-.Or 

i-s sn 9 
• y^D-Cy^Sflp Ptio D-Cy^^ty-C  ̂
CK5IC-0-<1-»O)—' 

r-s  ̂ 9 
p-Sai—C-̂  

D-Glc-(H1-'0)—I 

D-Cysr î—Phe-D-Cys-Gly-C-NHj 4000 2000 1900 18.000 

3900 7700 520 3700 

100 48 23 28 

rSH HS-, 9 
H2N-̂ yf-D-Cy9-Gly-Phe-OCy»-S^*-<3ly-C-NH2 9.9 42 24 110 

D-Glc-P-<1-*0)' 

i 
LSZ-10S5 |-S S-| p 

H2N-̂ yr—D-Cys—Gly—Phe-D-Cys—Ser-Gly-C-NH2 
D-Glo-H1-*0)—1 

26-45 46—53 13 60 

i 
LSZ-62 pS S-| 9 

Hj l>*—Ty^P-Cy»~Gly~Ph^D-Cy^Spp Gly-C~NH2 
C3-Glc-a-(1—O)—1 

pS S-, 9 

10 68 34 64 

7 Hj m-T yr—0-Cys—Gly-̂ h^D-Cy^Sp^Gly-̂ NH2 
D-Gal-p-<1-.0)—J 

26 24—30 53—64 125—148 

"ilyPhe-D-Pen-
D-Glc-M1-^)-

} HjN-^yr-D-Pen-Gly—Phe-D-Pen-Spr-<3ly-C-NH2 180 2400 680 125.000 
3H 

*^9 3~r P 
2 HjN—Ty^O-Pen-Gly—Ph»-D-Per>-S»-Gly-0-NH2 85 48.000 560 40.000 

D-Glc-P-<l-»0)-J 

rSH 9 
10 M^M Ty^DCy^Gly—Ph^D^Cy^Spp Gly~0~NH2 4.2 20 6£ 25 

LSZ-016 (—9 9-| p 
11 H^N Ty^&Cyy-Gly~Ph^D-Cy^Sfl̂ <jly^~NH2 6.1 30 55 26 

HO—' 

-S-
12 HjN—Tyr-D-Pen-Gly-Phe-L-Cys-Phe-Sp -̂C-OH 1.99 

3)-J 
419 

9 
23 HjN-̂ yr-D-Pen-Gly-Phs-L-Cya-Phe-Sw-O-NH, <i >*00 2 219 

D-Glc-p-<i->0)—' 

®~l 9 
1* HjN-̂ yf-D-Pert-Gly-PJw-C-Cys-Spf-Gly-C-NHj 

L-Wl 
7.8 1*2 4S 20 

pCI 1—W1-»OH3-Glc 

Table 2-1— DCDCE-Type glycopeptide enkephalin analogues 
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Table I. (continued) Opiate Binding Activsy m litro. 

Pqidde Ligand 5 MVD GPI 
(aM) (nM) (n.M) (n-M) 

fSH HS-| 9 
IS H2N-^yr-D-^»-Glr-Phe-D-Cy»-Sef-Gty-C-NH2 32 19 42 40 

D-Xyl-Hi-'O—I 
fSH HS-, 

1ft Hjr*—Tv^D-Cy9-Glr-Pf^0-Cy9-Se l̂y-C^NH2 43 16 76 61 
D-M an-<i-( 1 

fSH HS-, fl 
17 Ty^O-^^ l̂y r'n^O-Cy*—Sp^Glî <^NH2 62 57 52 67 

D-GIcNACp&-{1-»0)—' 
fSH HS-, 9 

1# HzN—Tyr-0-Cys-Gly—Ptie-O-Cys-Spp-Gly-O-NHz 36 40 43 64 
D-GalNAc-a-<1-»0)—I 

rSH HS-, fl 
11 HzN—Tyr-O-Cys-Glv—Phe-O-Cys-Sef-Gly-C-NHj 26 32 40 80 

D-Gal-IH 1 -̂ )-D-Glc-P-C -•O)—' 
fSH HS-, fl 

22 HjN-^vf-O-Cys-Glv—Phe-D-Cy»-S« l̂V-C-NH2 25 20 91 100 
D-Glc-IHI -^V-O-Gic-Ml —Oh-' 

pSH H&-, 9 
21 H2N-̂ y»-D-Cy»-Gly—Phe-O-Cys-Sef-Gly-O-NHj 105 14 118 186 

D-Gal-a-< 1 -.SHD-GIc-0-<i -•O)—F 
[-SH HS-| p 

HjN-^yf-D-Cia-Gly—Phe-CK:y9-D-Sef-Glr-C-NH2 48 9 41 56 
'—(O-.1)-0-O-Glc 

pSH HS-  ̂ 9 
22 HzN—Tyf-0-Cy»-Glv—Ptie-O-Cys-̂ hf—Gly-0-NH2 <5 65 33 143 

D-Glc-p-(1-̂ )—L 

(-SH HS-| 9 
21 H2N-̂ yr-D-Cy9-Gly-Ph®-D-Cy»-D-Thf-Gly-0-NM2 29 6 28 23 

J—(0-.1)-3-0-Glc 
rSH HS-, 9 

25 HjN—Tyf-O-Cys-Gly—Phe-D-Cys—Qy—S«f-Gly-C-NH2 54 12 22 201 
D-Glc-0-(l-»O)—I 

(-SH HS-|D-Glc-W1-*0)—I 9 
2S Tyr"D-Cy^Gl̂ '̂ h^D-Cy^*Gly^Se^S«^GlyO*NH2 124 26 29 310 

0-Glc-H1-»0)-J 

ff ZL H2N—^Y -̂0-AL»-GLJR"PTÎ AEF-PH»-0-NH2 428 20 876 201 
D-GIC-M1-.0)—1 

ff 
2ft HjN Ty -̂D-ThP-Glir^H^Sp  ̂ C^NH; 2.4 7.6 1.6 34 

9 
22 H2N-^y^*D-Th^Gl̂ ^h^Se^^NH2 2.1 7.5 2.7 25 

HC-J 

Table 2-1 (con*t)~ DCDCE-Type Glycopeptide Enkephalin Analogues 
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Peotide Lieand Analgesia repiwe î igana (picomoles / mouse) @ 60 mg/Kg i.p. 

LSZ*1025 ^0 •• S I  ̂
5 HjN—Tyr-[>cy9-Giy>-Phe-ocy9-Sp-Givr-o-NH2 180 @ 20 min. 72% @ 30 min. 

D-GIc.|H1-«0)—' 
LSZ-62 ,-S S-i 9 

§ Hjî -^yf-D-Cys-Giy-Phe-ocys-Spf-Giy-c-NHz 176 @ 20 min. 34% @ 30 min. 
^GIC"<î  1 —#0  ̂

LS2-86 pS S-| 9 
Z HjN—Tyr-D-Cy»-Gly—Phe-D-Cy»-S«f-Gly-0-NH2 180 @ 30 min. 55% @ 30 min. 

D-Gal-0-{l-»O)—' 

LSZ-916 p9 9-1 9 
H H2t^Tyf-i>cy9-Gijr^he-c>Cy^-sp-Giy-c-NH2 180 @ 20 min. 8.3% @ 30 min. 

Table 2-2— In vivo profiles of selected first generation glycopeptides 

The difference between the acyclic compound 5 and its D-Ser^ epimer 22 is 

remarkable. In the GPI/MVD functional studies the IC50 numbers were similar, but there 

was a significant enhancement of the fa-selectivity and potency from 48 to 9 nM (5-fold 

enhancement). The same trend was observed with the (3-Glc-L-Thr compound 23 and the 

D-Thr epimer 2^ where the (A-binding went firom 65 to 6 nM (10-fold enhancement). In 

the ZyD-serine cases, the GPI/MVD numbers were similar (2-fold enhancement for 

MVD), but in the Z/D-threonine cases, there was also seen an increase in |i-selectivity 

and potency (143 to 23 nM, 6-fold enhancement). Thus, the threonine glycoside 

environment translates into binding that is slightly better than 6 at the 5-receptor and 

much better at the ^-recepto^. In the acyclic series 15—^29 (Table 2-1), virtually no 

differences were observed in binding as the monosaccharide moiety on L-Ser^ was 

changed fi-om P-D-Glc (5) to P-D-Xyl (IS). a-D-Man (16). P-D-GlcNAc (IT), or a-D-

Gal (18). The same minor difference in in vitro binding affinities for the a- & P-
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glucosides 6 and 7 was also obsen-ed for the acyclic analogues H and 18. When the 

monosaccaride P-Z)-Glc 5 was compared with the corresponding p-lactoside 19, the 

differences are even less significant, and the binding affinities are similar for the other 

disaccharide moieties 3-maltoside 20 and mellibioside 21. 

These data show how sensitive the environment is for the pharmacophore 

message, and how that environment can be perturbed by changes in the address segment. 

By inverting the chirality of the amino acid bearing the glycoside, the pharmacology for 

both serine and threonine-glycopeptides has been drastically changed. Since it has 

already been established that £>-amino acids help to stabilize the serum lifetime of these 

peptides by rendering them inert to peptidase activity, it is advantageous that the 

pharmacology was enhanced with the D-forms. Based on these results. D-amino acid 

glycosides may be useful in other types of glycopeptide investigations. 

In all of these glycopeptides of the DCDCE type (e.g. d), the amino acid 

glycoside was adjacent to Z)-Cys^. This places the glycoside near the 14-membered ring, 

which may or may not be optimal for receptor binding. The importance of the glycoside 

placement in the address was examined by placing a glycine spacer between D-Cys^ and 

the amino acid glycoside (25). Using the same spacer, an additional serine glucoside 

(26) was also inserted to examine the effect of multiple amino acid glycosides on the 

pharmacology. Both 25 and 26 displayed similar selectivities and potencies at both 

receptors (-4.5:1 5/(i). However, the numbers were reversed in the GPI/MVD studies 

(-1:10 5/|a). The 6iy-monosaccharide 26 showed the best |i-selectivity enhancement in 

receptor binding studies (-50 fold enhancement of |i/5-selectivity). These results can be 
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rationalized if one considers the differences in the two assay systems. In the first, 

receptors are obtained from homogenized rat brain, and are essentially membrane free. 

The GPI/MVD studies are performed on intact tissues (smooth muscle), in which the 

receptors are embedded in the membrane. Thiis, a peptide that binds to a receptor in the 

rat brain homosenate may have a different bindins behavior in the GPI/MVD assay due 

to the influence of the lipid membrane. The fact that the |a.-binding is preferentially 

destroyed in the GPI assay, and that similar ^-receptors seem to bind well when 

homogenized in detergent, is consistent with Schwyzer's membrane compartment 

hypothesis. 

2.5 Second generation of acyclic glycopeptides: 

The 5-selective opiate DSLET (Table 2-1, peptide 29), designed by Roques et 

was produced in glycosylated form (28) to examine the glycoside-mediated BBB 

penetration in another acyclic context By far, glycopeptides based on this 

pharmacophore were the most potent glycopeptides studied at the time. The P-D-Glc-L-

Ser-glucoside 28 was compared with 6 and the non-glycosylated form 29. When Gacel et 

al. tested the peptide DTLES, the GPI/MVD data were 99 to 0.25 nM for a selectivity of 

roughly 400-fold for the 5-receptor. The corresponding C-terminal amide form 29 

showed much poorer selectivity in both the GPI/MVD and rat brain homogenate receptor 

studies. Thus, the terminal acid played a large role in maintaining the 5-selectivity, 

which supports Schwyzer's membrane compartment hypothesis. Both 28 and 29 were 2 
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nM at the 5-receptor, and ~30 tiM at the ji-receptor. Additional studies have show-n that 

the effects of 28 are reversed by centrally administered naloxone methiodide.' " 

Compound 22 was designed to explore analogues to the biphalin sequence (Y-DA-G-F-

NH-NH-F~).'^^ However, this glycopeptide showed poor in vitro pharmacology in both 

studies. Based on these preliminary results. SAM-1095 (28) appears to be an ideal 

candidate for further smdy, oral delivery for example, since it has been shown that 

glycopeptides display increased absorption from the gut into the bloodstream.'^^ 

Encouraged by the success of these studies, further derivatization of the Roques' 

compounds began. These new glycopeptides were varied at the C-terminal glycoside 

residue, again keeping the pharmacophore constant. (Table 2-3) These glycopeptides 

offered numerous advantages over the DCDCE-type pharmacophore. The biggest 

advantage was that since there were no cystine residues present, cyclization and cleavage 

of the pendent disufide bond were not a problem. This allowed for synthesis and 

purification on a much larger scale than before, and in turn, allowed for more in vivo 

testing. 
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opioid receptor agonist S 
(nm) (nm) 

MVD 
(nm) 

GPI 
(nm) 

ND ND ND ND 

•NHz 2.4 7.6 1.6 33.8 

•NH2 16.8 39.8 0.729 24.55 

-NH2 9.7 11.7 2.318 2445 

0 

•C-NH2 54.4 297.8 5.397 34.36 

ICV Ago IV A50 

(nm) (nmoiyKg) 

Morphine 

P-Glc(l-O)—' Q 

5ly-Phe-Leu-Thr—C-

p-Glc(l-O)—' Q 

31 v-Phe-Leu-Thr —C -

HO 

32 H2N—Tyr-DThr-Gly-Phe-Leu-DSer—C—NHj 54.4 

P-Glc(l-O) ,_J 

P-Lac(l-O)-
|3-Glc(1-0)—] O 

2g HjN—Tyr-DThr-Gly-Phe-Leu-Ser-Ser-C-NH2 5.2 
P-Glc(l-O)—' 

P-Glc(1-0)—I O 
37 HjN—Tyr-DThr-Gly-Phe-Leu-Ser-Thr-C-NH2 11.9 

p-Glc(l-O)—' 
0-Glc(1-O)—j O 

3g H2N—Tyr-DThr-Gly-Phe-Leu-Thr-Ser -C-NH2 
P-Glc(l-O)—' 

P-Glc(1-0)—I O 
22 H2N—Tyr-DThr-Gly-Phe-Leu-Thr-Thr-C-NH2 11.9 

P-Gic(l-O)—' 

40 1.16 53.5 

2.17 

0.02 

40 H2N—Tyr-DThr-Gly-Phe-Leu-Ser—C—NH2 

p-Maltose( 1 -O)—' 
9.9 

|3-Gal(1-0)—j O 

41 H2N—Tyr-DThr-Gly-Phe-Leu-Ser-Ser-Ser-C-NH2 nd 

P-Glc(1-0)—' 1 
P-Glc(l-O)—' 

O II 
42 H2N—Tyr-DThr-Gly-Phe-Leu-Ser—C—NH2 7.4 

ND ND ND 

P-Maltotriose(l-O) .-J 
20.0 7.73 71.73 

6.30 

9.642 

0.02 ND 

65.2 

0.02 ND 

22 H2N—Tyr-DThr-Gly-Phe-Leu-DThr—C-NH2 24.5 31.8 2.198 48.87 0.02 43.0 
&-Glc(1-0)—' 

O 
34 H^N—Tyr-DThr-Gly-Phe-Leu-Ser—C—NH; 

a-Man(l-O)—^ 
O 

25 H2N—Tyr-DThr-Gly-Phe-Leu-Ser-C-NH2 
\—I 

22.9 15.2 3.02 23.25 0.04 31.6 

17.3 40.0 5.72 34.75 0.02 3.2 

0.38 140.8 

129 1.46 107.6 0.12 ND 

7.1 60.3 2.35 160.8 0.09 ND 

88.2 3.22 185.0 0.10 ND 

31 Testing in progress 0.02 13.6 

0.22 ND 

0.02 10.9 

Table 2-3— DTLET-type linear glycopeptide enkephalin analogues 
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The first, and possibly the most important, study was to confirm the theory that 

glycosylation would enhance in vivo analgesia. Synthesis of the unglycosylated parent 

peptides (peptides 29 and ^ was necessary and showed that this ±eory was in fact still 

correct. (Table 2-4). In almost all assays, the three compounds (peptides 29 and ^ 

glycopeptide 28) were almost identical. All in vitro assays reported very similar binding, 

while i.c.v. administration also showed comparable in vivo potency between the 

compounds. Indeed, the three enkephalin analogues were all approximately 50-100 times 

more potent than morphine, regardless of glycosylation. 

The important results came upon i.v. administration of the drugs. While 

glycopeptide 28 was approximately 50% less potent than morphine, the peptide 29 was 

almost 500% less potent. This was attributed to the fact that the glycopeptide crosses the 

BBB to a much greater extent than the unglycosylated analogues. This would later be 

confirmed in BBB studies performed by Richard Egleton in the Davis labs. 

opioid receptor agonist 5 
(nm) (nm) 

MVD 
(nm) 

GPI 
(nm) 

ICVA50 
(pm) 

IVA50 
(^mol/Kg) 

Morphine 
0 

ND ND NO ND 2170 6.30 

2& H2N—T yr-DThr-Gly-Phe-Leu-Ser—C—NH2 

P-Glc(1-0)—J 
2.4 7.6 1.6 33.8 20 9.642 

2S 
0 

H2N—Tyr-DTnr-Gly-Phe-Leu-Ser-C-NH2 
HO—' 

0 

2-1 7.5 2.7 25 40 31.6 

31 HjN—Tyr-DThr-Gly-Phe-Leu-Thr-C-NH2 
HO-^ 

9.7 11.7 2.318 24.45 40 65.2 

Table 2-4— Glycosylated vs. unglycosylated enkephalin analogues 
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True derivatization of the address segment began with the synthesis of all four 

variants of the amino acid portion of the glycoside. Compound 28 (L-Ser at the 

glycosidic amino acid) was compared to the newly-synthesized glycopeptides 30. and 

33. the L-Thr. D-Ser and D-Thr amino acid glycosides, respectively. In previous studies, 

the DTLET (31) peptide was shown to be more potent than the DTLES (29) sequence. In 

addition, it is well known that non-proteogenic amino acids are more stable to enzymatic 

degradation than natural ones. The combination of these two facts, lead to the hypothesis 

that compound M (D-Thr) would be the most potent of the three glycopeptides 28, 30, 

32. Receptor and functional tissue assays provided similar data for the four drugs, with 

moderate delta receptor selectivity throughout the series. In vivo data, however, proved 

the original theory incorrect. .A.I1 four glycopeptides were comparable by i.c.v. 

administration (~20pmole), however i.v. administration showed that the D-Thr analogue 

(33) was approximately four-fold less potent than the parent L-Ser compound (28). The 

fact that all in vitro assays showed the compounds to possess similar binding affinities for 

the receptors and i.c.v. antinociception was identical lead to the conclusion that 

differences in analgesia must be due to events occurring outside the brain. While 

differences in stability cannot be definitively ruled out, the discrepancy in activity can be 

attributed to what is probably a disparity in transport across the BBB. This has been 

observed in similar systems and is generally known that D-amino acids do not cross the 

BBB as well as L-amino acids. 
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opioid receptor agonist 0 
(nm) 

>1 
(nm) 

MVD 
(nm) 

GPI 
(nm) 

ICVA50 
(pm) 

IVA50 
(nmoUKg) 

Morphine 
o 

ND ND NO ND 2170 6.30 

H2N—T yr-DThr-Gly-Phe-Leu-Ser—C—NH2 

P-Glc(l-O)—  ̂
0 

2.4 7.6 1.6 33.8 20 9.642 

H2N—Tyr-DThr-Gly-Phe-Leu-Thr—C—NH2 

0-Glc(1-O)—' 
16.8 39.8 0.729 24.55 20 ND 

0 
HjN—Tyr-DThr-Gly-Phe-Leu-DSer—C-NHj 

P-Glc(l-O)—' 
54.4 297.8 5.397 34.36 20 ND 

0 
H2N—Tyr-DThr-Gly-Phe-Leu-DThr—C—NH2 

P-Glcd-O)—' 
24.5 31.8 2.198 48.87 20 43.0 

Table 2-5— Amino acid linkage study of enkephalin analogues 

From the previous amino acid linkage studies, it appeared that L-serine was the 

best amino acid to glycosylated and use continued experimentation. Variation of the 

carbohydrate itself was the next logical route to pursue. To this point, p-glucose was the 

only carbohydrate used in these linear glycopeptides. The a-mannose (34) and p-lactose 

(35) analogues of glycopeptide 28 were synthesized and designed to explore the effect of 

an alpha-linked glycoside and a disaccharide, respectively. These two drugs were 

drastically different from each other in many respects. First, the rat brain homogenate 

studies showed 34 was the first glycopeptide of the linear series to be }i-selective, albeit 

only very slightly. However, this was not confirmed by the smooth muscle assays, which 

proved both compounds to be 5-selective in that system. This is not an uncommon result 

when comparing these two assays and can be attributed to the fact that the rat brain 

homogenate stiidies do not possess an intact membrane, while the smooth muscle assays 
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do. This difference in drug/membrane interaction could be enough to make the 

compound delta selective in one assay and mu selective in the other. 

In vivo studies, however, show these two compounds to be quite different. While 

34 and ^ had i.c.v A50 values of 40 pM and 20 pM, respectively, 35 was much more 

potent when administered intravenously. Glycopeptide ^ has an i.v. A50 value of 3.2nM, 

which made it two-fold more potent than morphine itself. 

. . 5 n MVD GPI ICVA50 IVA50 
op.o.d receptor agonist (nm) (nm) (nm) (nm) (pr? (^uT,o^g) 

O 
HjN—Tyr-DThr-Gly-Phe-Leu-Ser-C-NH2 2.4 7.6 1.6 33.8 20 9.642 

P-Glc(1-0)—' Q 

24 H2N—Tyr-DThr-Gly-Phe-Leu-Ser-C-NHz 22.9 15.2 3.02 23.25 40 31.6 
a-Man(l-O)—' 

O 
25 H2N—Tyr-DThr-Gly-Phe-Leu-Ser-C-NH2 17.3 40.0 5.72 34.75 20 3.2 

P-Lac(1-0)—' 

Table 2-6— Comparison of different carbohydrates in enkephalin analogues 

The differences between morphine. ^ and ^ are not as easily explained as in 

previous examples, as receptor binding is not the only factor that determines activity. 

The difference in activity could be due to a number of physiological processes, only two 

of which are the presence of specific carbohydrate transport mechanisms within the BBB, 

and differences in renal excretion rates.'As discussed above, it has been shown with 

other glycopeptides that galactose is processed differently by the kidneys and is not taken 

up as quickly as glucose/mannose. Lactose is a Gal-(l-4)-Glc disaccharide, which could 
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possibly be recognized by the kidneys as "galactose-like" and show a similarly slow 

uptake profile, thus rendering it more bioavailable than the parent compound. However, 

differences in serum stability could contribute to the increase activity also. 

The success of disaccharide ^ prompted examination of the activities of bis-

monsaccharide glycopeptides (36-39). Was the high i.v. potency specifically due to the 

lactose ponion. or was it just a result of an increase in hydrophilicity of the compound 

and could two carbohydrates simulate or replace the disaccharide? Based on the i.v. 

potency of the disaccharide, we hypothesized that additional glycosylations with a 

monosaccharide might further enhance systemic bioavailability. This hypothesis was 

tested by synthesizing a number of bis-glycosylated compounds (36-39). Due to a high-

degree of structural similarity between these compounds, a combinatorial approach to 

their synthesis was taken. Houghten's "tea bag" method of simultaneous multiple 

peptide synthesis was the most viable alternative.''' In this procedure, solid-phase resins 

with different C-termini residues are placed in separate, porous polypropylene bags. The 

bags are permeable to amino acid/coupling agent solutions, but heat-sealed so as not to 

allow any resin to escape. 

Synthesis began with the coupling of serine-P-glucoside to a large portion of 

resin. In a separate reaction vessel, threonine-P-glucoside was also coupled to large 

amount of resin. Both batches of resin were then split into equal amounts and placed into 

four separate poly-propylene "tea-bags", as they have come to be known. One of the 

serine bags and one of the threonine bags were then coupled with serine-P-glucoside, 

while the remaining two bags were coupled with threonine-P-glucoside. Thus, in four 
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coupling steps instead of eight, all four permutations at the C-terminus of the bis-

monosaccharides were produced, shown in Figure 2-12. From here, all four bags were 

then sequentially subjected to the same pharmacophore coupling conditions, to produce 

the glycopeptides. The total synthesis of all four compounds is now accomplished in total 

of 11 steps, as opposed to the 36 steps it would have taken for a sequential synthesis of 

each compound separately. 

 ̂ ^V-NHFfTWC 1 
, Q-NHFn«  ̂  ̂

3 Q — 2 i F f T X ) c -Thr-(3-4) 2) Fnwc-Thr (Z4) 3 NH—T^-S* i*sn1-4 2)90%TFA/OCW 

4 ^ -̂NHFmoc 4 T*-T S*î r*sS«nn«( ̂ luCQM) 
Ts'nr*sThf«anii«(fyOucaM) I 

Figure 2-12—"Tea-bag'7split resin method of glycopeptide synthesis 

The Houghten method provided a good basis to begin experimentation with tea 

bags, but also left room for expansion of ±e process. The biggest drawback to the tea 

bags was that once the bag with the resin was sealed, there was no way to monitor 

couplings. Therefore, the Kaiser ninhydrin test was useless and couplings were only 

assumed to be completed. In this instance, because the target glycopeptides were only 

seven residues long, monitoring the coupling reactions was not essential. However, if 

this method was to be used in other longer glycopeptides, this problem would have to be 

addressed. The solution to this was to allow opening and closing of the bags, so peptide 

couplings could be monitored. From this, the idea of the "Ziploc" tea bag was bom. 

(Figure 2-13) By heat fusing the two together, the necessary access to the resin was 
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realized. All four permutations of the amino acid glycoside were synthesized in the bis-

monosaccharide series and examined by the same in vitro and in vivo methods. 

Surprisingly, this series showed a far poorer profile than the disaccharide. While delta 

receptor activity remained potent and selective, mu activity was markedly decreased. 

This is in accordance with the membrane compartment theory to which these studies 

were based. The bis-monosaccharides are highly hydrophilic and will help to keep the 

compound in the aqueous compartment, near the delta receptor and away from the mu. 

This was extended to and confirmed in the case of a tris-monosaccharide also. 

(Glycopeptide £1) In vivo studies also proved these compounds to be inferior to the 

disaccharide. l.c.v. .A50 values were all decreased compared to disaccharide This 

difference in i.c.v. activit>' was proportionately seen in the i.v. activity of bis-

monosaccharide 36. The present data with the bis-monosaccharides series reaffirmed 

theories that although mu activity can lead to opioid agonist side-effects, it may be 

essential for potent analgesia in vivo. 
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Ziploc Seal 

, ^ • Heat Fused 
Polyester 

Seal 
[ Y 

Figure 2-13— "Ziploc" tea bags 

opioid receptor agonist 5 
(nm) (nm) 

MVD 
(nm) 

GPI 
(nm) 

ICVA50 
(pm) 

IVA50 
(iimol/Kg) 

Morphine 
P-GIc—j 0 

H2N—Tyr-DThr-Gly-Phe-Leu-Ser-Ser-C-NH2 

P-GIc—' 

ND ND ND ND 2170 6.30 

3& 

Morphine 
P-GIc—j 0 

H2N—Tyr-DThr-Gly-Phe-Leu-Ser-Ser-C-NH2 

P-GIc—' 
5  ̂ 40 1.16 53.5 380 140.8 

3Z 
p-GIc—1 0 

H2N—Tyr-D'nir-Gly-Phe-Leu-Ser-Thr-C-NH2 

P-GIc—' 
11.9 129 1.46 107.6 120 ND 

3ft 
p-GIc—1 0 

H2N—Tyr-DThr-Giy-Phe-Leu-Thr-Ser-C-NH2 

P-GIc—' 
7.1 60.3 2.35 160.8 90 ND 

n 
P-GIc—I 0 

H2N—Tyr-DThr-Gly-Phe-Leu-Thr-Thr-C-NH2 11.9 88.2 3.22 185.0 100 ND 
P-GIc—' 

p-GIc—1 O 
41 HjN—Tyr-DThr-Gly-Phe-l.eu-Ser-Ser-Ser-C-NH2 ND ND ND ND 220 ND 

p-GIc—'p l̂c—1 

Table 2-7— Bis- and tris-monosaccharide enkephalin analogues 
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Interestingly enough, disaccharide 35 was even more potent than the lead 

compound 28 and had a potency twice as great as morphine following i.v. administration. 

Morphine, being a very lipophilic compound, readily crosses the BBB. Hence, even 

though morphine is much less potent i.c.v. than the glycopeptides, it has much better 

transport kinetics across the BBB, and thus a good i.v. profile. The addition of a 

disaccharide appears to improve the transport of the peptide to an even greater extent than 

the monosaccharide glucose. 

Further derivatization of the previously synthesized lead compounds has 

continued. In one route, we synthesized further glycosylated analogues, ranging into 

oligosaccharides. P-Lactose (35) and bis-monosaccharide (36-39) compounds have 

already been synthesized. The p-lactose glycopeptide (35) showed unusually good 

transport idnetics in vivo, and suggested that the disaccharide is the key to this. The 

logical route was to venture into a trisaccharide ne.xt. Maltotriose provided a facile 

starting point for oligosaccharide synthesis. It is commercially available and relatively 

inexpensive. The maltotriose analogue was synthesized. In addition to this, the final link 

of the series was a maltose disaccharide. (40) which was also synthesized. At this point, 

a logical comparison of glycopeptides could proceed; Glycopeptides ^ and ^ are each 

e-xtended by a 1-4 a-linked glucose from glycopeptide 28 and would provide an unbiased 

comparison of the affect of oligosaccharides in linear glycopeptide enkephalin analogues. 

As with all of the linear glycopeptides which were previously synthesized, 

glycopeptides 28, 4|^ and ^ showed very similar in vitro profiles. (Figure 2-8) The 
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three glycopeptides were all mildly delta-selective and relatively potent at the opioid 

receptors. In vivo pharmacology also varied little within the sub-set. All three 

glycopeptides displayed i.c.v. A50 values in the low picomole range. Lv. A50 values were 

also comparable to each other, and the lead compound, glycopeptide 28. 

opioio receptor agonist S (1 MVD GPI 
(nm) (nm) (nm) (nm) 

ICV Ago IV Ago 
(pm) (mnol/Kg) 

22 H2N—Tyr-DThr-Gly-Phe-Leu-Ser-C-NH2 
HO-J Q 

28 H2N—Tyr-DThr-Gly-Phe-Leu-Ser—C-NH2 
IJ-Glc(l-O)—' 

O 
40 H2N—Tyr-DThr-Gly-Phe-Leu-Ser—C—NH2 

1}-Maltose(1-0)—' ^ 

42 H2N—Tyr-DThr-Gly-Phe-Leu-Ser—C—NH2 
(3-Maltotriose( 1 -O)—' 

2.1 7.5 2.7 25 40 

2.4 7.6 1.6 33.8 20 

9.9 31.0 Testing in Progress 20 

7.4 20.0 7.73 71.73 60 

31.6 

9.642 

13.6 

10.9 

Table 2-8— Oligosaccharide glycopeptides 

With this information in hand, it was now clear that after the addition of the first 

sugar, simple oligosaccharide extension had little affect on the basic pharmacology of the 

drug (i.e. receptor binding and basic in vivo pharmacology). However, the BBB 

permeability and serum stability of the oligosaccharide series should be explored. In 

addition to this, biophysical differences in the drugs may still exist and have not been 

addressed to this point. These studies were crucial in determining if the behavior of the 

glycopeptides in solution and in the membrane is as we think it is. 
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2.6 Biophysics of Oligosaccharide Glycopeptides: 

It is taken as a rule by protein chemists that small peptides (e.g. endogenous 

enkephalins) are generally unstructured in solution due to a high degree of flexibility.'^® 

However, studies by several groups have challenged this theory, and suggest that short 

peptides, even as short as two residues,"' can display preferred structures in certain 

1 fin environments. The bioactive conformation of endogenous opioid peptides requires a 

turn motif between Gly"-Gly^,'®' which places the Tyr' and Phe"* aromatic rings in close 

proximity, a conformation which presumably is mimicked by morphine. Disulfide and 

amide linkages have been used to enforce these P-tums,'®" or a D-amino acid has been 

used to replace Gly" in order to bias the peptide backbone toward a turn structure,'®^ and 

to render the peptide metabolically stable so that it can fimction as a drug.'" 

A few conformational studies have been performed on glycopeptides.'®^ Of those 

performed on O-linked substrates, a couple found that glycosylation served to promote P-

tum formation.'®^ Circular dichroism studies performed on five-residue opioid neo-

glycopeptides by Horvat and co-workers suggested that these compounds exist in a P-tum 

conformation in trifluoroethanol solutions.'®^ However, others have argued that 

glycosylation has linle or no effect on the peptide backbone, and that it is the peptide 

sequence and its environment that determined conformation.'®® 

At the outset, the purpose of the study was to address two issues: I) what 

conformational change are induced by interaction with the membrane? and 2) how does 

glycosylation affect the interaction of the compounds in or on the membrane? The 



glycopeptides synthesized in this study were initially created to explore the effects that 

oligosaccharides have on the transport and activity of the peptides in vivo. (Figure 2-13) 

The interactions and topological position of short glycopeptides in micelles has not been 

explored at this point. We have undertaken this task to examine the conformational 

preferences of small glycopeptides in an aqueous and membrane-mimicking 

environment, in order to shed light on their interesting transport properties in vivo. 

\ " n " I? I " 0 
o o - " - = 

Peptide 29 

HjN 
—^OH O ° 

Glycopeptide 2B 

Glycopeptide ^ 

0  — ®  O V "O 

LJ O M O H 0 

O o 

Glycopeptide 42 
0-7~—t-OH 

-̂OH 

HO 

Figure 2-14— Structure of oligosaccharide glycopeptides 

Three glycopeptides and their unglycosylated analog were synthesized, purified 

by preparative HPLC, and are presented above. (Figure 2-14) From this point on, the 

term "lower glycosylated" will refer to the peptide 29 and glycopeptide 28, while "higher 

glycos>'lated" will refer to the di-saccharide ̂  and tri-saccharide 
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One and two-dimensional NMR studies were performed on all four analogues. In 

the case of all four analogues, the alpha and amide resonances in the 1-D 'H spectra were 

greatly affected by the presence of SDS micelles. Two-dimensional techniques were 

utilized to fiilly assign the compounds, as well as provide evidence for secondary 

structure. (Figure 2-15) 
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a) s.c 7.3 £ . 0  5.0 3 .0  2 . 0  

b) s.c 7.0 5.0 3.0 2.0 6.3 

Figure 2-15— a) TCXTSY and b) NOESY spectra for ImM glycopeptide 28 in 60mM 
SDS micelles 
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In both aqueous and micelle environments, proton NMR studies of the 

compounds suggested immediate differences in the conformatioiu as observed by shifts in 

the C-H alpha and N'-H amide protons. CSD (Chemical Shift Difference) calculations 

showed an upfield shift relative to standard random coil values for the majority of the 

residues, with the notable exception of the Leu^ residue. While an upfield shift has been 

characterized for helical compounds, it could also be due to the short nature of these 

peptides and the strong interaction of the micelles with the aromatic side chains 

associated with them. 

.Amide chemical shift were also recorded in water and SDS micelles, and 

compared to published random coil values. (Figure 2-16) l-D 'H NMR showed clear 

differences between the two media. This was quantified and is shown in Figure 2-15. 

Amide chemical shift differences are far larger and more pronounced in the SDS, further 

eluding to a stable secondary structure. In fact, some amides had deviations great than 

0.6ppm from random coil values in the presence of micelles. 
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-0.8 

peptide 0 H20 Glycopeptide 1 Glycopeptide 2 Gtycopeptide 3 
H20 H20 H20 

•Thr NH DGly NH BPhe NH ILeu NH 

0.6 

0.4 

0.2 

0 

-0.2 

-0.4 

-0.6 

-0.8 
mm 

Peptide 0 SDS Glycopeptide 1 Glycopeptide 2 Glycopeptide 3 
SDS SDS SDS 

•Thr NH DGly NH HPhe NH BLeu NH 

Figure 2-16— NH shift values for all analogues. 

Two-dimensional NMR showed similar results and confirmed CD observations. 

Overhauser effects on the glycopeptides in SDS micelles were much more abundant and 

pronoimced than in water, indicating the presence of a more stable secondary structure. 

Not only were intra-residue and sequential NOEs observed, but longer-range NOE were 
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also measured and characterized. (Figure 2-17) In addition, the peptide 29 showed far 

fewer NOEs than the three glycopeptides. This probably signifies that even in the 

presence of the micelles, the peptide is still more flexible than the glycopeptides. These 

NOEs were all characterized and proved essential to molecular modeling simulations. 

DT G F L S(|3-Glc) CONHj 

N.N(i.i- l̂) 

N.N(i.i+2) 

N,a(i.i+1) 

N,a(i.i+2) 

N.SC(i.it-l) 

N.SC(i.i+2) 

A5 AT 

 ̂ = amide shift in SDS > 4.0 ppb/C 

) = amide shift in SDS < 4.0 ppb/C 

=weakNOE(1.8-5.0A) 
= medium NOE(1.8-3.3A) 
= strong NOE (1.8-2.5A) 

o o 

SC= Side Chain proton 

Figure 2-17— NOE connecti\'ity summarv' of glycopeptide 28 in SDS micelles 
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995 1095 2230 

Compound 

2300 

llntra-residue • Sequential • Long range 

Figure 2-18— NOE summary for all enlcephalin analogues in SDS micelles 

Qycopeptide 42 in water 

3-Thf I'll 

•!.» 1.8 a.6 t.b 1.4 8. 3  « .  

Qycopeptide 42 in SDS 

a* 
D-Thf 

» c ' e 

Sef-

I : iV;' 

R . ?  4 "  B. e  « , 4  

Figure 2-19— NH shift of glycopeptide ̂  in water (top) and SDS micelles (bottom) 

Spin label NMR studies in micelles proved very useful in this investigation. 

The cross-peaks of protons of the glycopeptide exposed to aqueous exterior of the micelle 
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have previously been shown to broaden or disappear due to paramagnetic broadening by 

Mn'". Similar broadening effects for protons near the carbons 1-5 of the SDS are seen 

with use of 5-doxyl stearic acids.''° Both were utilized in these studies and showed 

which protons were exposed to the aqueous exterior of the micelles and which were 

confined to the hydrophobic interior. Use of aqueous Mn'" and lipophilic 5-DOXYL 

steric acid in conjunction with the micelles allowed the orientation of the glycopeptide 

structures to be queried. (Figure 2-20) Glycoside resonances were perturbed or 

destroyed in the Mn*" experiments, signifying they resided in the aqueous exterior of the 

micelle, while 5-doxyl steric acid probe removed the aromatic resonances, showing the 

aromatic protons resided somewhere in the carbon 1-5 region of the micelle. 

For all glycopeptides, the amide/alpha "fingerprint" region disappeared in both 

the Mn"" and the doxyl stearic acid. We believe this is because the backbone amides lay 

close to the surface of the micelle and would thus be affected by both radical spin labels. 

The aromatic side chains of both the Phe"* and Tyr' were preserved in the Mn*' 

experiments and lost in the 5-DOXYL experiments, indicating that these protons resided 

within the micelle, probably somewhere near the smface. Carbohydrate protons 

experienced exactly the opposite effect; these resonances were preserved in the DOXYL 

radical case and lost in the Mn*" experiments. This clearly indicated that these protons 

resided in the aqueous exterior of the micelle, as one would predict for a hydrophilic 

carbohydrate. Aliphatic protons attached to the Leu^ side chain experienced effects 

similar to that of the aromatic residues, but not to such an extreme. These resonances 

were slightly broadened by the Mn+2 and totally lost in DOXYL radical experiments. 
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This indicated that these protons were within the micelle, but closer to the surface than 

the aromatic protons. 

0 
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Figure 2-20— Glycopeptide 28 in SDS micelles (top row), with 200|aM Mn'' (middle 
row) and 5-DOXYL stearic acid (bottom row). Preserved resonances have been labeled 
and are assumed to NOT be in the area where they can be affected by the specific radical 

probe. 

Careful examination of the NMR experiments with peptide 29 and the 

glycopeptides revealed some interesting differences in how these compounds interact 

with the model membrane. Glycosylation affected the position of the glycopeptides 

significantly by rendering them amphipathic, placing the aliphatic and aromatic residues 
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in the lipid tails of the micelle and the carbohydrate in the aqueous exterior, as might be 

anticipated. Unexpectedly, the lipophilic side-chains of peptide 29 were not as greatly 

influenced by the 5-DOXYL stearic acid as the lipophilic side-chains of glycopeptides 

28. 40. and This could be due to greater mobility of peptide 29 in the micelle. 

Whereas the glycopeptides are confined to the surface because of the hydrophilic 

carbohydrate portion, the peptide is probably not. This might allow it to move freely 

within the hydrophobic micelle interior, and may only contact the 5-DOXYL radical 

transiently, accounting for the weak interaction with the nitroxyl radical that is confined 

to a particular depth in the micelle. This showed that the peptide 29 Tyr' and Phe"* 

residues could travel deeper into the micelle interior than their glycopeptide counterparts. 

Evidence for this placement within the micelle is also supported by temperature-

dependent amide chemical shift studies.'" (Figure 2-21) When the amide shift data 

(A5/AT) from water to micelles was compared, it was obvious that a conformational 

change had occurred and that the compounds were all interacting with the micelles. 

From the amide shift data in the micelles, it was observed that the A5/AT's for all of the 

glycopeptides were very similar, signifying that placement and conformation of the 

glycopeptides within the micelles was probably almost identical, regardless of extent of 

glycosylation. Peptide 29, on the other hand, did not match the glycopeptides shifts in 

the micelles at the Phe and Leu residues, and further suggested that the peptide is buried 

fiuther in the micelle. 

Divergence of the A6/AT amide shift data between the glycopeptides and peptide 

was observed in water. Once again, the Phe and Leu residues were the focal point of the 
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divergence shift. Exchange rates at these residues in water were slower as glycosylation 

increased. This again represented a higher degree of hydrogen-bonding associated with 

these amides and signified a more stable turn structure for the higher glycosylated 

analogues. 

•995 H20 

• 1095 H20 

•2230 H20 

•2300 H20 

D-Thr Gly Phe Leu Ser 

Residue 

•995 SOS 

• 1095 SDS 

•2230 SDS 

•2300 SOS 

0-Thr Gly Ptie Leu Ser* 

Residue 

Figure 2-21— Temperature-dependent amide exchange rates 
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CD was the first tool used to examine conformational preferences of the 

glycopeptides. (Figure 2-22) From this data, probably dominated by the Tyr' residue, it 

is evident that a change in conformation was induced by interaction with the micelles. 

Two obvious conclusions taken from these studies were that there was a conformational 

change upon adsorption to the micelle, and that the conformational ensembles of the four 

compounds were very similar and dependent on the solvent media, not the extent of 

glycosylation. Specific conformations were determined using NMR and molecular 

modeling. 

Although the specific type of conformation is difficult to identify based on CD 

data alone, turn formation was observed in earlier studies with short peptides in 

membrane-mimicking environments, and for "neo-glycosylated" enkephalin analogues in 

trifluoroethanol."^ Further analysis of the CD data showed that the ratio (SDS : water) 

of per residue molar ellipticity at Xma* decreased as the degree of glycosylation increased. 

This signified that the higher glycosylated analogues formed larger populations of stable 

turn structures and were less conformationally flexible than lower glycosylated 

analogues. (Figure 2-23) This trend of glycosylation "stiffening" peptide backbones has 

also been suggested for other systems.'^ 
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Figure 2-23— CD data 

N'OE constraints for the four compounds, derived from 2-D NMR in per-

deuterated SDS micelles, were used as the basis for molecular modeling studies using the 

Macromodel 7.1 package. 10,000 random conformers were generated and minimized by 

conjugate gradient method, using water as a solvent Preliminary results showed a high 

degree of hydrogen bonding between the N-terminus and the carbohydrate hydroxyls. 

While thermodynamically most favorable, this interaction was eliminated for two 

reasons. First, due to the fact that the pH of the sample is 4.5, the amine is protonated 

and a much poorer hydrogen bond acceptor than at a higher pH, and therefore not capable 

of hydrogen bonding. Also, the glycopeptide was observed to interact with the micelle, 

which has negatively charged head groups for the protonated amine to interact with in an 

ionic fashion. The 50 lowest energy conformers were then examined for each compound. 
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Conformers with a maximum RMS deviation from the global minimum lower than 1.0 

were grouped into a class and overlaid for comparison purposes. (Figure 2-23) The 

results of these calculations showed that most structures in all three glycopeptides 

possessed two turn motifs; A loosely defined turn between D-Thr" and Leu' and a 

hydrogen-bond stabilized turn between Leu^ and the C-terminal amide. The latter has 

been corroborated by oH and NH shift studies which showed a large divergence at these 

residues. 

The protonated N-terminal amine is assumed to have an ionic association with the 

negative sulfate head groups of the micelle. Molecular modeling in conjunction with nOe 

constraints provided probable conformations for the peptide and glycopeptides. All 

structures appeared to take on two types of turn structures. The first, from D-Thr* to 

Leu^, was a loosely defined tum with no hydrogen bond stabilization. The second, from 

Leu^ to the C-terminal amide, was stabilized by a hydrogen bond. When combined with 

the spin-label studies, both the position and the orientation of the glycopeptides within 

the micelle could be determined, with the carbohydrate exposed to the aqueous exterior 

and the backbone bound to the micelle surface. (Figure 2-24) This picture is consistent 

with the notion that the amphipathic glycopeptides are confined to the micelle surface, 

and that a similar orientation is adopted at biological membrane surfaces possessing 

much less curvature. 
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Figure 2-24— a) Position and conformation of glycopeptide 28 in an SDS micelle. 
Figure drawn to scale. B) Glycopeptide 28, backbone overlay using 10 out of 20 of the 

lowest energy conforraers, all possessing an RMS deviation of less than 1.0. 

In conclusion, CD, NMR and molecular modeling studies performed on four 

enkephalin analogues, three of which were glycosylated to differing degrees, showed that 
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a secondary structural change was induced upon introduction of a membrane-mimicking 

environment (SDS micelles). The studies also demonstrated that glycosylation renders 

the glycopeptides amphipathic and confines them to the micelle surface, where the 

peptide is placed further within the hydrophobic core of the micelle. Throughout all 

experimentation, it was interesting to observe how the higher glycosylated analogues (40 

and specifically ^ interacted and behaved differently than the lower glycosylated 

analogues (29 and 2^. In all experiments, particularly in the amide exchange studies and 

CD studies, glycopeptide ^ behaved like a much larger peptide, showing less flexibility 

and greater tendency towards a more stable, rigid structure. In accordance with previous 

studies, glycosylation can serve to stiffen a peptide backbone. One would assume that 

the larger the carbohydrate, the greater effect it would have in limiting conformational 

fi-eedom. This effect is intensified when the glycopeptide was confined to the surface a 

membrane, as in the micelle studies shown here. Thus, we believe that higher order 

glycosylation can increase transport across biological barriers {i.e. BBB) by endocytosis, 

and also limit the conformational fireedom and flexibility of the pendant drug at the 

membrane bound opioid receptors in vivo. 

2.7 Serum stability and BBB penetration of glycopeptides: 

In situ BBB work has been performed on the glycopeptides. While in vivo data 

provided an excellent starting point for pharmacological evaluation, the true BBB 

penetration of the glycopeptides carmot be directly measured from i.v. analgesia, as too 
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many other physiological factors can affect it. Therefore, BBB studies to quantitate the 

actual amount of glycopeptide to penetrate the brain are essential. These were performed 

by Elichard Egleton in the Davis Labs at the University of Arizona. 

Tests were performed on living rats that had their veins severed. The drug in 

question was then perfused into the animal via the jugular vein. Non-selective iodination 

of the Tyr' allowed for the compound to be tracked once in the animal's system. The 

amount of radioactive iodine remaining in the brain after testing was quantified and 

compared to sucrose, a standard which is known not to penetrate the BBB to an 

appreciable extent. The results of these studies are shown in Figure 2-24. 

Sucrose Peptide Qycopeptide 

Figure 2-25— BBB perfusion studies 
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From these studies it is evident that the glycopeptide penetration of the BBB was 

much more significant than that of the peptide. This was the first irrefutable data to 

confirm that glycosylation does effectively transport the glycopeptides across the BBB. 

2.8 Advanced pharmacological testing of glycopeptide 28: 

With many of the preliminary studies completed, advanced testing of 

glycopeptide 28 was started. A fruitful collaboration with the Bilsky group at UNE has 

made in vivo advanced pharmacological studies on the glycopeptides a realit>'. 

Glycopeptide 28 and peptide 29 were compared to morphine analgesia via a 

variety of routes of administration. This was done with the purpose of exposing some 

unique properties of the glycopeptides in vivo. The high degree of hydrophilicity 

contained within the glycopeptides is directly in contrast to the high lipophilicity of 

morphine, and thus may allow for potent routes of administration not seen in morphine. 

Dose response curves were constructed and A50 values for that route of administration 

were determined. (Figure 2-26) 

Intracerebroventricular administration (i.c.v.) is generally the first route of 

administration to be tested, as it requires ver>' little compound for a full dose response 

curve and does not have any physiological barriers to analgesia, such as the BBB or 

hydrolytic enzymes. Thus, this can be viewed as an in vivo measure of analgesia 

resulting directly from receptor binding. As shown above and in Figtire 2-25, 

glycopeptide 28 and peptide 29 were both far more potent than i.c.v. morphine. This was 
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on the order of 100 times greater potency for both. These A50 values were very exciting 

and provided the rationale for further testing. 

The next route of administration to be tested was intravenous (i.v.). As previously 

discussed, this is a very common clinical route of administration, and not one that is 

generally amiable to hydrophilic compounds or peptide, much less a drug that was both. 

Yet, when analyzed by this route, the glycopeptide analgesia was comparable to that of 

morphine. The peptide, however, as predicted did not show the efficacy of the other two 

compounds. This comes as no surprise, as peptides are known to not cross the BBB to 

any great extent. Yet the transport properties of the glycopeptide, as previously 

documented, were exceptional. 

The final two routes of administration tested were intraperitoneal (i.p.) and 

subcutaneous (s.c.). By i.p. administration, morphine was more potent than the 

glycopeptide and the peptide. Conversely, sc administration produced some interesting 

results. The glycopeptide proved to be more potent than morphine via this route. This 

could possibly be rationalized by considering the media to which the drugs were injected 

and the hydrophilicity/lipophilicity of each. Morphine is rather lipophilic and thus may 

be sequestered in the fatty tissue to which it was injected, decreasing bioavailability. The 

glycopeptide, on the other hand, is very hydrophilic and would probably escape the 

lipophilic trap relatively quickly, leading to greater bioavailability and an increased 

analgesic effect. 
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Figure 2-26— Antinociceptive actions of morphine, peptide 29 or glycopeptide 28 
following i.c.v. (a), i.v. (b), i.p. (c) or s.c. (d) administration in the 55°C warm-water tail-

flick test. Adapted from Ref. 173 b. 

To this point, only antinociception studies have been performed in vivo on mice. 

Antinociception is loss of sensation, but not a measure of analgesia. One assay to 

actually measure the analgesic effect of a drug is a writhing assay. In this study, the 

animal is given an injection of an irritant in its paw, in this case it was formalin. The 

injection elicits two forms of pain in the animal: an initial pain of injection followed by a 



142 

subsequent pain from swelling and inflammation. One might compare this type of pain 

to bee sting in human beings. The level of pain felt by the animal is measured as a 

function of time spent licking or biting the site of injection. (Figure 2-27) 

As shown in control studies, when the animal was given a saline injection, both the 

injection and the swelling pain were observed. This is in sharp contrast to the study using 

the glycopeptide. When given an i.v. dose of 20mg/Kg of glycopeptide 28 prior to paw 

injection, both the initial pain and injection and the subsequent pain of swelling were 

eliminated. We believe this is an important study, and illustrates that glycopeptide 28 has 

a tangible and measurable analgesic effect in mice. 
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Figure 2-27— Formalin writing assay 
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This same assay was used to assess the potency of subcutaneous glycopeptide 28. 

The assay was divided into two phases, an early phase (0-10 mins) and a late phase (10-

30 mins). The early phase was the part where the initial pain of injection was felt by the 

animal. The late phase was the component where pain from swelling and inflammation 

was felt. When compared to a saline control, the peptide 29 produced no appreciable 

analgesia, as the animal felt pain during both phases. However, s.c. administration of 

glycopeptide 28 produced excellent analgesia and suppressed pain at both stages, as it did 

in the experiments depicted in Figure 2-28. 
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The glycopeptide was also studied using another pain model. This set of 

experiments was an abdominal constriction assay. In this, the animal was given an 

abdominal injection of acetic acid, to induce writhing. This was followed by an injection 

of a drug, either morphine, glycopeptide 2^ or a saline control. This assay can be 

thought of as a model of visceral pain. As shown in Figure 2-28, the saline control did 

nothing to suppress pain and produced a high number of writhes. This was curbed by 

both morphine and the glycopeptide at low doses, and almost totally eliminated at higher 
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doses. In fact, the glycopeptide produced analgesia that was 2-3 times more p>otent than 

in morphine. This is not totally unexpected though, as the A50 s.c. dose of the 

glycopeptide is approximately half that of morphine. 
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Figure 2-29— Abdominal constriction in male ICR mice 

Hyperalgesia models were also used to study the glycopeptide. Hyperalgesia is 

known as an abnormally increased pain response to noxious stimuli, and can be related to 

tactile allodynia, which is an abnormally increased pain response to non-noxious stimuli. 

If the glycopeptides produced potent in vivo analgesia, there was a distinct possibility that 
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they would also suppress hyperalgesia. This could be tested using the carrageenan 

model. In this assay, a control pain threshold was determined by placing the animal on a 

hot plate and recording how long the animal stayed. A maximum of 25 seconds was 

employed, so as not to cause tissue damage in the animal. Carrageenan (a carbohydrate 

polymer isolated from seaweed) was then injected intra-paw, and used as the standard for 

hyperalgesia. (Figure 2-30) The animals responded to this injection with a decreased 

pain threshold, equating to approximately a 60% decrease from the control. Immediately 

after this, the animals were given a peripheral dose of the glycopeptide, in this case 30 

runoles intra-paw. This dose of glycopeptide was sufficient enough to reverse the 

hyperalgesia in the mice and showed that not only can the glycopeptides produce potent 

analgesia, but also successfully counteract the effects of hyperalgesia. 
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Figure 2-30— Hyperalgesia studies in male ICR mice 

Dependent studies using glycopeptide 28 have also been performed. In this study 

two groups of mice were treated with either morphine or glycopeptide 28 at time zero. 

After four hours for drug was precipitated using an opioid antagonist, in this case 

Naloxone. The study was meant to a measure acute dependence of the animal on the 

drug. It was assumed that after four hours, any drug still agonizing the receptor would be 

displaced and cause acute dependence side effects. (Figure 2-31) 
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Figure 2-31— Acute dependence studies 

As shown in Figure 2-31, to the animals were seventy-five percent less dependent 

on the giycopeptide than on morphine. However critics may argue that this is simply due 

to the fact that the giycopeptide is less bioavailable and removed from the animal much 

quicker than morphine, and will not have the side-effects of a standard opioid. Therefore, 

in a separate study the animals were given to injections: one time zero and a second dose 

after two hours. As in the previous studies, the antagonist precipitated the giycopeptide 

at four hours, and dependence was measured. Even with two doses of the giycopeptide, 

the animals were still less dependent than when given morphine. 
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Locomotor activity studies have been also been performed on glycopeptide 28. 

Locomotor hyperactivity is one of ±e many side effects of numerous opioid agonists, and 

is obviously undesirable. The hyperactivity is also accompanied by a stereotypic 

behavior. This is common to many psychotropic compounds. In human heroine addicts, 

the stereotypic behavior takes the form of violent shaking upon withdrawal. In rodents, 

one of the forms this stereotypic behavior assimies is circling. When adversely effected 

by an opioid, the animal will begin to circling the boundaries of their surroundings, as 

shown in Figure 2-35. 

In these experiments, the locomotor activity chambers used were Coulboume 

.•\ctivity Monitoring Systems. The animal's position was measured by IR beams at a 

sampling rate of 100ms. using Truscan software to interpret and manipulate the raw data. 

Locomotor hyperactivity in the animals was measured over two testing days. The first 

testing day consisted of a 2-hour habituation session. This session was meant to 

acclimate the animal to its surroundings in ±e chamber, and designed to eliminate any 

extra distance traveled that could be due to the animal exploring new surroundings. 

Exploring is not part of the compounds side-effects and must be eliminated using the 

habituation session. On day two, the animal was given an injection immediately before 

being placed in the chamber for another 2-hour session. The injection was either saline 

as a control vehicle, or the drug in question, which was either morphine or the 

glycopeptide. The distance traveled as an effect of the drug was calculated by subtracting 

the distance traveled on the testing day (day 2) from the distance traveled on the 

habituation day (day 1). 
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Morphine, a compound known to cause locomotor hyperactivity, was used as a 

control drug. As shown in Figure 2-32, the control dose of saline in the morphine 

experiments produced no effect on the animal's locomotor activity. The negative 

distance traveled in a function of less travel on the test day than on the habituation day. 

This is easily explained by remembering that the animals have already explored the 

chamber, and in the absence of a psychotropic drug, will travel less on the test day 

because the surroundings are not as novel as they were on the habituation day. This was 

also the case for the 3 mg/Kg morphine dose; fi^om a locomotor standpoint, the animals 

showed minimal effects from the drug. This changed when given a 10 mg/Kg dose of 

morphine. Locomotor activity was increased, peaked at approximately 50 minutes, and 

began to subside at approximately 85 minutes. An .A90 does of morphine, which 

corresponded to 30 mg/Kg, produced a very dramatic increase in distance traveled. The 

distance traveled continued to increase until about 100 minutes, where it seemed to 

plateau. The difference between the A90 dose of morphine and the saline control was 

examined and was obviously very dissimilar. The animals traveled a great deal more on 

the high dose of morphine than they did on a control dose of saline. This was the 

expected result and provided a control for which to examine the glycopeptide. 
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Figure 2-32— Locomotor hyperactivity studies with morphine 

Glycopeptide 28 was also examined using the same experimental procedures as in 

the morphine experiments. (Figure 2-33) As with morphine, the saline injection again 

had no effect on the animals. Increasing doses on glycopeptide 28 were then 

administered. 20 mg/Kg and an A90 dose of 30 mg/Kg s.c. were administered to the 

animals. Surprisingly, the mice showed little to no hyperactivity on the glycopeptide. 

Indeed, an A90 does of morphine produced a large effect on the animals, while an A90 

dose of the glycopeptide produced no effect To fiirther illustrate this point, super-

analgesic doses of glycopeptide 28 (60 mg/kg s.c.) were administered to the animals. 

Even at higher than therapeutic doses, the glycopeptide still causes no discemable 
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increase in locomotor activity. Clearly, this demonstrates the decreased side effects 

associated with the glycopeptides and further exhibits their potential utility as less 

dangerous alternatives to conventional opiates. 
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Figure 2-33— Locomotor hyperactivity studies with glycopeptide 28 

Glycopeptide ^ was also examined in this model by other modes of 

administration, specifically i.v.. Once again, as with the subcutaneous administration, 

little effect of the glycopeptide on locomotor activity was observed. (Figure 2-34) 
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Figure 2-34— Locomotor hyperactivity studies with i.v. glycopeptide 28 

To our advantage, these locomotor hyperactivity studies were not confined to just 

distance traveled, but the direction and type of travel could also be observed. Two-

dimensional tracking of the animal's travel would indicate any tendency toward 

stereotypic wandering, and ultimately be another indicator of the drug's psychotropic 

effects. 
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Figure 2-35 depicts the travel of four representative animals, each given a specific 

dose of morphine subcutaneously, ranging from 3 mg/Kg to 30 mg/Kg. The habituation 

day is used as a control and showed the mouse had no preference for where it wondered 

within the chamber, the animal explored the middle of the chamber as well as the sides. 

On day 2, physiological saline was then injected, and the animal was placed back in the 

chamber for another session. The animal again explored both the edges and the center of 

the chamber equally and showed no abnormal behavior, which was almost identical to the 

behavior it showed on the habituation day. However, with increasing doses of morphine, 

the animals travel distance not only increased (evidenced in Figure 2-31), but a 

stereotypic circling behavior began to appear. In this, the animal traveled only at the 

edges of the chamber and rarely in the center. This was glaringly clear in the A90 dose 

(30 ma Kg). where the animal only roamed the edges of the chamber, and never in the 

center. 
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Habituation Day Saline Morphine 3mg/Kg s.c. 

Morphine lOmg/Kg s.c. Morphine 30mg/Kg s.c. 

Figure 2-35— Morphine locomotor hyperactivity studies 

The glycopeptide 28 was also tested under the same conditions and by the same 

route of administration (s.c.) as the morphine was to examine its psychotropic effects. 

(Figure 2-36) .Aiter a habituation day, a saline injection and the glycopeptide in varying 

doses was administered to the animals. As with morphine, the habituation session and 

saline session produced no discemable pattern of travel within the chamber. 

Surprisingly, this was also the case when the glycopeptide was administered to the 
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animals. At 20mg/Kg of glycopeptide, a definite decrease in distance was obser\ ed, with 

little circling seen. As the dose was increased to an A90 dose of 30mg/Kg, travel 

increased slightly, but still no definitive circling. Even at a superanalgesic dose of 

60mg'TCg, only a small amount of the circling behavior was observed, with little increase 

in total distance traveled. 

Habituation Saline Glycopeptide 28 
20mg/Kg (s.c.) 

Glycopeptide ^ Glycopeptide 28 
30mg,lCg (s.c.) 60mg/Kg (s.c.) 

Figure 2-36— Glycopeptide locomotor hyperactivity studies 
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Although the amount of circling was not quantified, qualitative comparison of the 

A90 doses of the glycopeptide and morphine showed obvious differences between the two 

drugs. While the animals that were injected s.c. with morphine displayed an increase in 

activity and circling, the glycopeptide animals at the same dosage levels did not. We 

believe that this is a major advantage to the glycopeptides and demonstrates the theory of 

reduced side effects for these compounds. 
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Chapter 3: Lipo-Glycopeptide Enkephalin Analogues 
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3.1 Introduction: 

While not as prevalent of glycosylation, lipidation is one of the more common co-

translational modifications of proteins in vzvo."^ This can occur by attachment of a fatty 

acid, mainly palmitic and stearic acid, to the N-terminus of the target protein. However, 

O- and N-linked fatty acids seem to be minor forms, with S-acylation to cysteine 

representing the major form of protein lipidation. 

Palmitoylation of cysteine is not only a prevalent modification of proteins in 

eukaryotic cells, but also in viral proteins."^ As in eukaryotic cells, acylation primarily 

occurs at cysteine residues, to form S-linked thioesters, which are much more stable to 

hydrolysis than the corresponding oxy-esters. These lipidated viral proteins form what is 

mainly referred to as viral "spikes". Once thought to just aid in viral binding to the host 

cellular membrane,'^ it has also been theorized that these proteins have much broader 

function. Among these functions are perturbation of the host cellular membrane, 

implication in post-infection viral assembly"* and assistance in protection from 

enzymatic degradation. Many of these same functions also are seen in eukaryotic cells. 

Our rationale for the utilization of lipo-glycopeptides was two-fold. First, lipo-

peptides have been shown to possess numerous interesting transport properties in vivo,"' 

including increased stability,*"" but not the least of which is oral absorptivity.*"' Peptides 

themselves do not cross the gut to an appreciable extent and are for the most part orally 

inactive, as are glycopeptides.*"* However, there are numerous cases where lipo-peptides 

have shown good activity when administered orally. Orally administration is a highly 
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favored route of administration in hospitals, so obviously a highly potent drug that is also 

orally bioavailable is decidedly desirable. This was shown during the synthesis of 

various somatostatin analogues. Toth recently showed that the glycosylated/lipidated 

analogues not only retained the majority of the activity of the parent compounds, but also 

increased in bioavailability and transport.*"^ Other interesting properties that lipo-

glycopeptides have displayed are good transport across the skin"*^ and the 

In addition to this, lipo-glycopeptides have also shown interesting propenies with 

respect to aggregation. Boons has recently developed a series of novel lipo-

glycopeptides as an antigen delivery system."®^ When these compounds were studied by 

TEM, aggregation into micelles ranging from l5-20tun in size was bserved. 

There are also biophysical argiunents for using these lipo-glycopeptides. 

Lipophilicity has been shown to be one of the keys of transport across the BBB."°' 

While other mechanisms can influence BBB permeability, such as active transport 

mechanisms and active efflux, lipophilicity in small molecules seems to be a major 

determinant. (Figure 3-1) Based on this, it could be theorized that these lipo-

glycopeptides will transport well into the brain and cerebral-spinal fluid (CSF), possibly 

taking advantage of both the carbohydrate and lipid portion to aid in transport. In 

addition to this, once in the brain, drug delivery properties of these compounds could also 

be very interesting. The long lipid chains of the compounds will most likely coordinate 

to the cellular membranes present Our own studies have suggested that this will slow the 

actual movement the compound,*"® once in the brain, resulting in a lower level but longer 

duration of analgesia. 
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Figure 3-1— Lipophiiicity and the BBB. Adapted from Ref 207. 

3.2 Drug Alteration via Lipidation: 

The message-address segment theory is not just confined to bioactive opioid 

peptides, but can also be applied to other types of drugs, including methotrexate 

analogues'"' GABA agonists,''" to name a couple. If a parent drug, the message segment 

in this case, is conjugated to a lipid or giycolipid acting as the address segment, the 

pharmacological profiles of many compounds can be improved, as discussed above. One 

of the fields that this has been applied to is antibiotics. Specifically, the oral uptake of 
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several antibiotics was examined once lipids and giycolipids had been attached.'" 

Numerous antibiotics, including ampicillin and cephalexin, are absorbed following oral 

administration. However, cephalosporin does not display this type of uptake. In studies 

performed by Toth et. al.. a cephalosporin message segment was conjugated to a 

glycopeptide lipid and examined to measure the affect of the glycolipid on oral 

absorption. (Figure 3-2) They found that the attachment of the glycopeptide address 

segment significantly increase oral bioavailability, and enhanced the overall efficacy of 

the drug. 

Glyco-Lipo "Address" 

Figure 3-2— Cephalosporin analogue. Adapted firom Ref. 211. 

While not a part of analgesics, lipid chains as membrane anchors have been used 

quite successfully in other glycopeptide systems. The most prominent example of this is 
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the glycopeptide antibiotic vancomycin. In one case, a biphenyl anchor not only 

promoted membrane insertion, but also showed good activity against vancomycin-

resistant bacteria."'" The increased activity was attributed to a greater presence of the 

drug on the cell surface. In further studies, C22-sphinga-peptides were inserted into 

membranes and used to simulate the binding areas of vancomycin-resistant bacteria."'^ 

The magainins are a class of antimicrobial peptides which also have been studied 

in the context of lipidation. Shai and co-workers recently synthesized several magainin-2 

analogues in which a long chain fatty acid was post-synthetically attached to the N-

terminus."'"* These compounds were then studied using ATR-FTIR, CD, and 

fluorescence. The researchers, as with many others, found that the compounds 

aggregated differently in solution, but also increased the potent in vitro antimicrobial 

activity. This was later determined to be directly related to the compound's degree of 

oligomerization. 

Experiments examining the affect of lipidation on opioid drugs have also been 

performed. Morphine was the target of one of these studied,"'^ (Figure 3-3) to determine 

what affect a large lipidic amino acid/short peptide at the 3-OH would have on binding 

and analgesia. The results of this study clearly indicated that there was a large, favorable 

effect on analgesia, directly due to the presence of the lipidic amino acids. When 

compared to morphine itself, the EDso values of ail analogues, with the exception of one, 

improved when the drugs were administered i.v.. In fact, in one case, the oral activity 

also increase to greater than that of morphine. 
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Two important facts can be derived from these studies. First, it is obvious that the 

3-OH position does not need to be a free hydroxy 1 to have potent morphine-like 

analgesia. Second, lipo-amino acids conjugated to morphine not only improved the i.v. 

activity, but also improved oral activity in one case. However, lipidation must be 

performed with care. From this data, it can be seen that the one compound which showed 

potent oral activity also happened to have the shortest lipid chain of all of the analogues. 

This suggests that there are upper boundaries to the lipophilicity of these drugs that 

cannot be crossed if potency is to be retained. 
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ED5o(mMol/Kg x 10*^) 

Comoound n m R jy Oral 
Morphine 0 0 H 4.39 16.30 

b 7 1 Boc 1.39 10.93 

c 7 2 Boc 1.59 >13.81 

d 11 1 Boc 3.16 >16.37' 

e 11 2 Boc 6.70 >11.96' 

f 17 1 Boc 3.54 >14.39' 

Figure 3-3— Lipo-morphine analogues. Adapted from reference 215. *Highest dose 
tested, which was equivalent to lOmg/Kg. Adapted from Ref. 215. 

Studies to this point performed on lipo-glycopeptide enkephalin analogues have 

focused on the use of neo-lipo-glycopeptides, where the lipid and/or carbohydrate 

portions were conjugated to one of the termini of the peptide."'® (Figure 3-4) As one 

would predict, the most potent of these compounds were ones in which the lipid portion 

resided on the C-terminus, away from the message segment. However, these new lipo-

compounds showed decreased activity in the receptor assays, as compared to leucine 
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enkephalin amide itself. Yet, no in vivo studies were preformed on the compounds. 

Therefore, it cannot be conclusively determined whether lipidation was effective or not, 

as any loss of receptor binding might have been offset by an increase in transport or 

bioavailabilirv. 

H2N-Tyr-Gly-Gly-Phe-Leu 
H 

NH. 

J m 

IC^ fmM) 
Compound n m GPI MVP 

Leu-Enk amide 0 0 0.54 0.26 

a 7 1 1.8 0.18 

b 7 2 N.A. 7.0 

c 9 1 3.0 2.3 

e 11 1 6.0 2.55 

g 15 1 60 14.4 

Figure 3-4— Lipo-peptide enkephalin analogues. Adapted from Ref. 216. 

One study has been performed on neo-lipo-glycopeptide. Toth and co-workers 

have designed an opioid agonist which possesses a C-14 lipo-amino acid and a 

glucuronic acid residue conjugated to the C-terminus."'' (Figure 3-5) This compound 

was tested in the functional tissue in vitro assays for opioid receptors, and compared to 

leucine enkephalin amide. From these studies, it was seen that the addition of the glyco-
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lipid portion had a detrimental impact on the receptor binding profile of the compound, 

and produced far poorer binding as compared to Leu-enkephalin. However, again, these 

studies did not examine any in vivo affects of the glyco-lipid and therefore must be 

considered incomplete. 

-OH 
-OH 
COOH 

H2N-Tyr-Gly-Gly-Phe-Leu 

ICcn (mM) 
Compound GPi MVP 

Leu-Enk amide 0.54 0.26 

Glycopeptide 46.2 64.0 

Figure 3-5— Neo-lipo-glycopeptide enkephalin analogue. Adapted from Ref. 217. 

The general design scheme of the lipo-glycopeptides to be discussed is shown 

below (Figure 3-6a). These compounds possess the same Roques enkephalin message 

segment as in all previous glycopeptides, but contain a different address segment The 

address segment would be two different types of lipid chains. First, one subset of the 

lipo-glycopeptides synthesized has the glycosyl amino acid and lipoamino acid as 

separate residues. The synthesis of these compounds should be very simple, and would 

allow for the preliminary pharmacological evaluation of the lipo-glycopeptides before 

more in-depth experiments are conducted. Variations on these compounds would 
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include differing chain lengths of ±e lipid portion, as well as modification of the number 

of lipid moieties and order in which they are placed within the compound. 

On the other hand, some target compounds were designed to have a single lipo-

glycosyl amino acid as the address segment. (Figure 3-6b) In these, the lipid and 

carbohydrate moieties are present within the same amino acid residue. While the 

synthesis of these is somewhat more difficult, they should be more stable to hydrolysis 

and enzymatic degradation. The lipid portion in these is carbon-linked, as opposed to an 

ester linkage which can be hydrolyzed. Again, variation of these compounds will come 

in the length of lipid chain, and number of glycosides present 

,0H 

HaN 

a) 

b) 

Figure 3-6— Subsets of lipo-glycopeptides 
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Variation in the number and length of alkyl chains is derived from previous 

studies performed on lipo-peptides. Some studies have suggested that a single lipid chain 

may not have a large effect on membrane insenion of a peptide."''' In one specific study, 

it was observed that one lipid chain (of less that 14 carbons) did not differentiate between 

an artificial membrane and the aqueous layer in hydrophilic peptides when compared to 

the native peptide. Studies have shown that 14 carbons is the "cut-off' point; longer 

chains dramatically increase insertion, while shorter chains may not insert at all. 

While a single lipid chain may not be enough to firmly anchor a peptide to the cell 

surface in some cases, other peptide-membrane interactions may aid in insertion. Among 

these are electrostatic interactions and a-helix insertion."" In a study on the influence of 

N-myristoylation on membrane insertion and peptide conformation, Prestegard and co

workers saw that N-myristoylation did promote insertion into a lipid bilayer, but this was 

presumably with the aid of other factors."" They also observed that the lipid chain did 

not affect the overall conformation of the peptide, which was an amphipathic a-helix. 

This is a very important observation, if bioactivity of the peptide message segment is to 

be retained, and not affected by the address segment. 

33 P-Hydroxy- and Upo-a-amino acids: 

P-Hydroxy a-amino acids, including threonine, serine and other unusual amino 

acids, are an important class of chiral, bioactive molecules,"' and are essential to these 

studies. In addition to being constituents of bioactive peptides such as the 
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cyclosporines,~ they are also components of various natural products such as 

vancomycin and bouvardin. P-Hydroxy a-amino acids are also versatile synthetic 

intermediates for more complex products,^ such as P-lactams,""* P-fluoro amino 

acids,"^ and aziridines."^ 

The presence of P-hydroxy amino acids within a peptide allows for in the 

introduction of additional functionality. More specifically, the hydroxylated side chain 

allows the peptide to be glycosylated."' This is critical for a number of reasons, 

including molecular recognition,"® stability to enzymatic degradation"' and enhanced 

transport and bioactivity.^° In addition, compoimds of this type constitute ceramide and 

glycosylceramide analogues and could provide biologically interesting peptide 

derivatives. We intend to use these types of P-hydroxy amino acids as the basis for the 

synthesis of the lipo-glycosyl amino acids. 

Several routes to lipo-amino acids have been examined.^One of these routes 

was executed by Martin and co-workers.^^ (Figure 3-7) In this method, the researchers 

used glutamic acid as the chiral starting material. The amino acid was di-Boc protected 

at the amine and esterified at both carboxylic acids to give the precursor for an ester 

reduction. Selective reduction of the side chain ester was performed to provide the side 

chain aldehyde, which was used in a Wittig reaction to extend the side chain and give a 

number of lipo-amino acids in good yield, including a-amino arachidonic acid 

derivatives. The advantages to this method are the divergence that occurs late in the 

synthesis and the extraordinary yields. 



171 

a) TMS-CI / MeOH 

HOOC.^^^.^\/COOH b) (BOC)20. NEt3_ MeOOC, 
I c) (BOC)20, DMAP 

*^2^ 940/g Qygp 3 gjgpg {Boc)2N 

.COOMe AI{iBu)2H 

85% 

COOMe 
87% 

,COOMe 

(Boc)2N (Boc)2N 

Figure 3-7— Synthesis of lipo-amino acids. Adapted from Ref 233 

Of the lipo-amino acid that have been previously developed, including 

representative synthesis shown above,^"* none are amenable to both large-scale synthesis 

and possess a side chain capable of bearing a glycoside. In this revision of work, the 

glycosides"^^ of differentially protected amino diols^^*^ were assembled via three 

different methods, and were used to create several amphiphilic motifs, including novel 

lipo-glycopeptides. The synthesis represents the first of its type, possessing an both O-

linked glycoside (as in endogenous glycoproteins) and a C-linked lipid chain to the amino 

acid, to provide a higher level of enzymatic stability in vivo. 

3.4 First Revision Lipo-Amino Acid synthesis: 

In all experiments, D-serine Schiff base 53 was used as the starting material. 

Previous studies performed by Peterson and Polt showed that vinyl and aromatic 
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Grignard reagents and lithium nucleophiles could be used in reductive alkylation 

transformations to provide threo amino-alcohols in good yields. (Figure 3-8) 

TBSO' Y' 
N=CPh2 

R* = Me. Et. tBu 

1)0.5M iBugAlzH.-78C 
2) RMgBr or RU. -78C to RT 

OH OH 

TBSO y R 
N=CPh2 

threo 

TBS0''''Y^^ 
N=CPh2 

erythro 

Nudeophile Solvent Yield Threo Seledtivity* 

Ph-MgBr 3.0M in Et20 73% 8:1 

Hexanes 76% >20:1 

Hexanes 83% >20:1 

Hexanes 65% >20:1 

Hexanes 60% >20:1 

Ph-MgBr 3.0M in THF 73% 3:1 

CH2=CHMgBr 1.0M in THF 60% 1.5:1 

Figure 3-8— Reductive alkylation chemistry using vinyl and aromatic nucleophiles. 
Adapted from Ref. 236 

The selectivity of the reactions shown in Figure 3-8 were maximized when non-

coordinating solvents are used. THF has been shown to be a solvent that should be 

avoided. It is believed that the THF coordinates to the aluminum and results in the poor 

selectivity shown. 

However, reductive alkylation chemistry using alkyl nucleophiles had not been 

attempted to this point. There was an initial concern that an isobutyl group from the 

iBusAbH, and not the intended nucleophile, would be delivered to the substrate. To our 

delight, reductive alkylation of the methyl ester^® with iBusAlzH and RMgBr led to 
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protected amino diols 54a-54d in enantiomerically pure form and in good yield^' 

(Figure 3-9). In these experiments, alkyi Grignard reagents were used to produce the 

longer-chain analogues of threonine. Interestingly, little isobutyl transfer from iBusAbH 

to the product was observed (<15%), which was unexpected considering the putative 

mechanism of this reaction. Regardless of chain length, all reductive alkylations 

proceeded in good yield (60-72%) with excellent diastereoselectivity for the threo 

product.The products of these reactions were then converted to their respective P-

hydro.xy amino acids. 

1) 0.5M iBu5Ai2H Qj^ 
-78C. CH2CI2 ^ 

TBSO-'Y'^OMe 2, CHjCI," TBSQ-^-^R 
N=CPh2 .78C to RT N-CPh2 

S3 54a-d 

R Yield Selectivitv 
54a CH3 60% >20:1 

54b CH3(CH2)5 60% >20:1 

54c CH3(CH2)9 72% >20:1 
54d CH3(CH2)i4 62% >20:1 

Figure 3-9— Reductive alkylation chemistry using alkyl nucleophiles. Adapted from 
Ref. 240 

In three cases, the reductive alkylation products 54a-54c were hydrogenated and 

reprotected as the Na-Fmoc carbamate without purification, as shown in Figure 3-10. 

This proceeded in 75-82% yield over two-steps. The Na-Fmoc silyl alcohols 55a-55c 

were desilylated with BFs'EtiO (78-92%), prior to the final step, where the Na-Fmoc 
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diol was subjected to selective oxidation of the primary alcohol in the presence of the 

unprotected secondary alcohol. This was accomplished using the TEMPO oxidation 

procedure*"" as refined by a group at Merck"'^" for substrates containing a single hydroxy 1 

group. Yet, we observed no over-oxidized (di-keto) products in the reaction mixtures. 

With increasing alkyl chain, it was observed that the oxidation rate slowed, probably due 

to steric interactions and/or micelle formation. The final step of this sequence proceeded 

in 65-96% yield. In the decyl case, phase-transfer conditions were required, presumably 

as a result of the high lipophilicity of the substrate. Numerous phase-transfer catalysts 

were used, with di-hexadecyl di-methyl ammonium bromide showing the best activity. 

This provided the methyl, hexyl and decyl P-hydroxy lipo amino acids in respectable 

overall yields, in five steps from the crystalline serine derivative 53. 
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OH OH 
1)H2.Pd-C ^ 

TBSO'-V^R TBS0->-^R 

NCPhs DIEA. CH2CI2 NHFmoc 

55a-c 

R Yield 
55a CH3 75% 

55b (CHzjsCHa 82% 

55c (CH2)9CH3 81% 

BF3'OEt2 

CH2CI2 

R 
56a CH3 

56b (CH2)5CH3 

56c (CH2)9CH3 

NHFmoc 

OH 
0.2 eq. TEMPO 

NaOCI, Na02CI 
CH3CN, Buffer 

HO 

R 
57a CH3 

57b (CH2)5CH3 

57c (CH2)9CH3 

R 
NHFmoc 

57a-c 

Yield 
96% 

94% 

64%* 

* (CH3)3N(CH2)iiCH3CI added as a PTC 

Figure 3-10— Synthesis of P-hydroxy lipo amino acids. Adapted from Ref. 240. 

In addition, these amino acid derivatives provide the opportunity for 

glycosylation. to yield "glycosphingosyl amino acids." This was achieved directly for 

protected amino diol 55a (Figure 3-11). Glycosylation of the secondary alcohol was 

accomplished using Helferich'"*^ conditions (HgBr;), to give the glycosyl adduct in 72% 

yield with greater than 20:1 selectivity for the P-product shown. The conditions used in 

this case were superior to standard Koenigs-Knorr method, in which only starting 

material was recovered. 
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Using the BpB'EtiO procedure, the silyl ether was removed in 71% yield and the 

primary alcohol oxidized to the carboxylic acid. However, the TEMPO oxidation was 

much slower than the simpler cases, probably due to steric hindrance. Using TEMPO, 

the final oxidation proceeded in an unoptimized yield of 43%. Since there is no 

secondary alcohol in this case, another less selective method of oxidation was employed. 

Oxidation, using RuC^/NalOj, provided the Na-Fmoc methyl p-glycosyl amino acid in a 

77% yield. 

QH a-Br-Glc(OAcU 

TBSO-^^V^CHa HgBryHg(CN), TBS0'''̂ Y^CH3 
NHFmoc CH2CI2 NHFmoc 
55a ^2%. 10:1 P:a 

AcO, AcO 
BFi'OEto o----v-j^----Y-OAc n n— 

CH2CI2 \-OAc RuCU. NalOi A ^ \-OAc RuCU. Nal04 ^ ^ ^ ^ 
71 - nv. T v.n3 ^ - HO' -CH3 

NHFmoc NHFmoc 

59a 60a 

Figure 3-11— Synthesis of glycosyl amino acids. Adapted from Ref 240. 

However, glycosylation of 55b and 55c failed using these same conditions, as did 

the attempted glycosylation of 54a-c. Similar electrophilic reactions also failed, 

including the Koenigs-Knorr glycosylation, Glc(OAc)5 with BFs'OEtj or TMSOTf, 

Schmidt's trichloroacetimidate glycosylation, as well as other simpler transformations 

such as t-butylation, acylation, and benzylation. A priori, these transformations appear to 

be facile, but from our experience with these compounds, the secondary hydroxyl was 
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much more hindered than expected, and its nucleophilicity is reduced due to unfavorable 

hydrogen bonding with the carbamate amide.""" 

Therefore, a different route to the other two glycosides was required. In one 

sequence, the unprotected hexyl P-hydroxy lipo amino acid (57b) was directly 

glycosylated with P-glucose penta-acetate*"*^ (Figure 3-12). While yields in this reaction 

were not spectacular, they were comparable to those seen in similar cases'"*^ and provided 

a direct route to the desired glycoside without any further protection or deprotection. 

AcO. 

O II OH 

NHFmoc 

57b 

OAc BF3'OEt2 

OAc CH2CI2 
36% 

NHFmoc 

60b (+32% 57b) 

Figure 3-12— Synthesis of "hexyl" glycosyl amino acid 

A slightly longer route was devised for the synthesis the L-threo decyl P-hydroxy 

amino acid, which involved a protecting group switch to alleviate some steric hindrance 

at the secondary hydroxyl. (Figure 3-13) The reductive alkylation product 54c was 

subjected to 2M HCl in THE, resulting in simultaneous cleavage of the Schiff base and 

the silyl ether to provide the amino diol. This was protected as the Na-Fmoc carbamate 

with Fmoc-Cl without purification to provide 56c. The diol was then regioselectively 

protected as the carbonate at the primary hydroxyl using benzyl chloroformate to provide 

61c. We believed that this compound would be less hindered than the corresponding 



178 

silyl-protected compound 55c, and the benzyloxy carbonate would compete for the 

carbamoyl N-H hydrogen bond. Na-Fmoc alcohol 61c was subjected to glycosylation 

using the a-trichloroacetimidate of glucose with TMSOTf as a promoter. This 

glycosylation proceeded in good yield and good selectivity for the desired P glycoside 

62c. The benzyloxy carbonate was then cleaved by hydrogenolysis and oxidized in two 

steps, via the aldehyde, to give the final product (60c) in good yield. 
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54c 

1)2N HCI, THF 
2) Fmoc-CI, dioxane 

aq. NaHCOs 
97% 

OH 

NHFmoc 
56c 

BnOCOCI 
DMAP, DIEA 

CH2CI2 
96% 

AcO 0^CCl3 
NH -

TMSOTf/ CH2CI2 
55%. 10:1 P:a 

Bn02C0 

OH 

NHFmoc 
61c 

AcO 

9-'̂  
OAc 
_ OAc 
OAc 

NHFmoc 
62c 

H2. Pd-C. EtOAc. 
MeOH, aq. HOAc 

81% ' 

1) Swem Oxidation 
2) Na02Cl. KHPO4 

66% 

AcO 
OAc 
-OAc 
OAc 

NHFmoc 
63c 

AcO 

0 

NHFmoc 
60c 

Figure 3-13— Synthesis of "decyl" glycosyl amino acid. Adapted from Ref 240. 

While this method presented a clear route to lipo-glycosyl amino acids, certain 

problems were encountered when the method was extended to alkyl Grignards longer 

than ten carbons. The solubility of longer alkyl Grignard reagents was limited in CHiCh 

and the reagents began to precipitate out of solution. The reagents were also only 
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commercially available as THF solutions, which would presumably lead to the poor 

diasteroselectivity previously seen. In addition to this, glycosylation of longer chain 

analogues would most likely become more difficult, and decrease an already marginal 

yield. 

3.5 Second Revision Glycosyl Lipo-Amino Acids: 

If the problem of glycosylation and reductive alkylation using longer chain 

nucleophiles could be avoided, it would theoretically lead to a more practical synthesis of 

these important compounds. One could theorize that if a shorter nucleophile were used in 

the reductive alkylation step, it would make the reductive alkylation and the 

glycosylation reaction simple. (Figure 3-14) In addition, this would also create a 

versatile "glycosyl-X" intermediate for a divergent synthesis, in which the long alkyl 

chain could be added at a later time. 
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9" Glycosylate 9P^lc(0AcU 

NHFmoc NHFmoc 

Challenge: As chain length increases, reductive alkylation 
and glycosyiation become more difficult 

NHFmoc 

Op-Glc(OAc)4 QP-GIc(OAC)4 
Glycosylate ^ i. ^ 

• RO' ^ 
^HFmoc NHFmoc 

Advantage: Versatile "glycosyl-X" intermediate will allow for 
installation of varying length alkyi chains later in synthesis 

Figure 3-14— Approach to second-revision lipo-amino acids. 

It was envisioned that an allyl Grignard reagent would provide a suitable reagent 

for this method. Reductive alkylation chemistry would theoretically be simple, and the 

allyl "handle" could easily extended by a Wittig olefination. or by olefin cross 

metathesis. 

Olefin metathesis has proven to be a very powerful method in organic 

synthesis,"^' and could possibly be the best alternative in this case. Primarily developed 

by the Grubbs group at CalTech, the method has been used for a number of applications, 

including C-glycoside formation,'"** ring expansion,""*' natural product synthesis,^" and 

has been recently extended to air-stable catalysts.^' Recently, Grubbs has shown, that 

the method also has applications within peptide chemistry. Using ether-linked allyl 

groups on serine side-chains, they have been able to perform intra-molecular olefin 

metathesis reactions. (Figure 3-15) Serine residues were thoughtfully placed at the i"* 
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and residues,^" thus stabilizing helicity in a peptide already prone to a-helix 

formation. Modeled after a previously studied sequence, the new peptide (Boc-Val-(0-

.A.llyl)Ser-Leu-Aib-Val-(0-Allyl)Ser-Leu-0Me) underwent RCM at the serine residues to 

create the cyclic peptides studied. The researchers found that this served to considerably 

stabilize the conformation, which was determined to be 3io-helical in solution and a-

helical in the solid state. Very satisfied with the results, the authors have proclaimed this 

to be "an e.xceptional methodology for the synthesis of rigidified peptide architectures." 

Boc—N 

MeO. y 

H 
I 

3:(n = 1) 
4: (n = 2) 

7: (n = 1)98% 
8: (n = 2) 98% 

Boc 

MeO. 

I 5: (n = 1) 85% 
i 6: (n = 2) 90% 

H 

Boc—^ 

MeO, ; 
Figure 3-15—Grubbs peptide work. Synthesis of Peptide Macrocycles via a Two-Step 
RCM and Hydrogenation Procedure Key: (a) 20 mol % 2°'^ generation RCM catalyst, 

CHCh. 25° C; (b) cat. 10% Pd-C, 1 atm H2, EtOH, 25''C. Adapted from Ref 252. 
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Thus, the synthesis of our second revision lipo glycosyl amino acids began with 

the reductive alkylation of L- and D- "Fully-Protected" serine. (53) This proceeded in 

good yield, but did not produce the expected product. The threo amino alcohol was 

formed at the former ester, but allylation of the Schiff base protecting group also 

occurred. Regardless of amount of nucleophile, reaction time or amount of iBusAl^H, the 

"double-addition" product was always isolated. (Figure 3-16) 

O QH 

x' 1BU5AI2H tbdmso^^V^^—^ 
TBDMSO 

^ hN^ 
V-Pb 
/ D-Ser = 66% 

Pb L-Ser = 66% 

53 64 

Figure 3-16— Product of reductive alkylation with allyl magnesium bromide 

This result, however, is not totally unexplainable, when examined in the context 

of the putative mechanism. (Figure 3-17) The coordination of DIBAL to the carbonyl 

and imine was followed by "alumin-ate" formation and forced hydride delivery from the 

same face as the imine. The resulting hemi-ketal was then displayed by another allyl 

Grignard reagent via an SN2-like process and formed the expected product. However, at 

this point, the "ate" complex was also reformed by addition of another equivalent of allyl 

Grignard reagent. Once the complex was created, it could form a six-membered 

transition state with the imine carbon and deliver the allyl anion via the y carbon of the 

allyl nucleophile and provid the observed product. This mechanism would also help to 
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explain why this "double-addition" product has not been previously observed, as no other 

nucleophiles that have been used in this reaction can undergo this type of y carbon anion 

delivery or form a sLx-membered transition state. 

RsSiO 

Ph 

Ph 

R3SiO 

= Q; /IBU 
Ph^N---Al^jBy 

Ph 

R3SiO 
©( /iBu 

OH 

1)  y  attack 

2) H2O Ph 

Ph 

NH 

64 

Figure 3-17— Propsosed mechanism of reductive alkylation with allyl magnesium 
bromide 

While 64 was not ±e expected product, it could be utilized in the synthesis 

nonetheless. (Figure 3-18) Efforts were made towards the selective cleavage of the 

benzhydryl-allyl amine in the presence of the silyl ether. This included transfer 

hydrogenation, acidolysis, oxidation, lewis acidolysis, and hydrogenolysis. In the end, 

simultaneous cleavage of the silyl ether and benzhydryl-allyl amine was unavoidable and 

proceeded in cleanly refluxing BFs^OEti. This was followed by reprotection of the 
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amine using Fmoc-chloride to provide the allyl Na-Fmoc diol (66) in good yield. Once 

again, unfortunately, the primary hydroxyl had to be reprotected to allow for 

glycosylation at the secondary position. This reprotection again proceeded using benzyl 

chloroformate, but was not as regioselective as in the decyl case (6lc), from the previous 

revision. In this case, since the allyl group does not provide the steric hindrance that the 

longer alkyl chains did. carbonate formation was also seen at the secondary position, in 

addition to a di-carbonate byproduct This product (66) was used as the glycosyl 

acceptor in the glycosylation reaction, and utilized Schmidt's trickloroacetimidate 

chemistry.^^ 

uM 2) Fmoc-CI 
V-Ph D = 72% 

Ph/ 1 L = 64% 

NHFmoc 

OH OH Bn-CI-Ftmi 
DIEA. DMCkP 

64 

TMSOTf 

D = 34% 
L = 52% NHFmoc 

66 
NHFmoc 

Key intemiediate 

67 

Figure 3-18— Synthesis of 2"^ revision intermediate 
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As with previous attempts in the decyl case from revision 1, problems with the 

glycosylation reaction were encountered. When the acceptor in the glycosylation 

reaction was one derived from D-serine, the glycosylation yields were poor. Given the 

previous work performed in this laboratory by Scot» Mitchell,"^"* this was not an 

unexpected event. (Figure 3-19) When L-threonine benzyl ester was subjected to 

Koeniggs-Knorr glycosylation, similar poor yields were seen (~30%). However, when 

D-threonine was used, glycosylation yields were improved (~50%). Examination of the 

D-serine derived allyl acceptor showed that it mapped very veil onto L-threonine, and 

thus gave poor yields. We thus surmised that if the L-s.mne allyl derivative was 

glycosylated, it would map well onto D-threonine and yields would improve. When the 

reaction was performed, the desired outcome was observed and glycosylation yields 

improved. We believe this is due to a stereochemical "match-mismatch" between a chiral 

acceptor and chiral donor. This provided the versatile "glycosyl-X" intermediate (67) 

previously discussed, which could now undergo a more divergent synthesis to the final 

products. 

I 
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O 

X 
BnO O OH 

O 

X 
BnO O OH 

NHFmoc 

0-ser derived allyl acceptor 
Yield: 34% 

NHFmoc 

L-ser derived allyl acceptor 
Yield: 50% 

O OH O OH 

BnO BnO 

NHFmoc NHFmoc 

L-threonine benzyl ester 
Yield: -30% 

D-threonine benzyl ester 
Yield: -50% 

Figure 3-19— Comparison of allyl and threonine glycosyl acceptors 

The final steps of the sequence involved elongation of the allyl side chain to the 

longer alkyl chains required for the lipo-glycopeptides. Preliminary attempts focused on 

ozonolysis of the terminal double bond, followed by a Wittig olefination using 

commercially-available alkyl triphenyl-phosphines. However, this route was met with 

difficulty, as the ozonolysis did not proceed smoothly. In addition to this, sulfiu: ylides 

are rather basic, which could have caused problems in this very functionalized molecule, 

specifically at the N-Fmoc carbamate. Olefin cross metathesis seemed like a viable 

alternative and was attempted in the place of Wittig olefination. To our delight, the 

olefin cross metathesis between ±e allyl amino acid precursor and 1-alkenes of various 

length proceeded very efficiently. (Figure 3-20) Using 5 mole% of the second-

generation Grubbs ruthenium catal>'st, (Figure 3-21) all reactions proceeded in good 
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yield, with little or no dimerization between allyl starting materials. This method has 

been used in other systems for alkyl chain elongation^^ and proved very liseful in our 

system as well. 

NHFmoc 
Bn0200 

Grubbs cat 

CH2CI2 

C8 (9 mole %) L= 70% 
CIO (21 mole %) L= 60% 
C18 (10 mole %) L= 55% 

NHFmoc 

1) Hj/Pd-C/ 
H9A(^eOH 

2) Swam 
3) Na02CI 

AcO 
AcO 

HOOC. 

NHFmoc 

69 Final Product 

Figure 3-20— 2"^ Revision Lipo glycosyl amino acid synthesis 

Ph 

Figure 3-21— Grubb's second generation ruthenium olefin metathesis catalyst 
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The second-revision synthesis could have been concluded in two final steps, using 

the same chemistry form compound 60c. (Figure 3-20) First, hydrogenolysis could be 

used to cleave both the benzyl carbonate and reduce the internal olefin. This reaction 

would be performed in an acidic solvent, so as to minimize the loss of Na-Fmoc 

carbamate that was observed in its absence. Finally, oxidation of the recently-

deprotected primary alcohol to the carboxylic acid would be achieved in a two-step 

process using Swem oxidation conditions, followed by further oxidation of the aldehyde 

to the acid using sodium chlorite. This would provide the desired glycosyl lipoamino 

acid (70) in a more efficient maimer than in the first-revision synthesis. 

However, problems with the second-revision synthesis were still present. The 

reaction sequence, while more efficient and divergent at a later step in the synthesis, was 

still 10 steps long. This is definitely longer than one would hope. In addition, the 

synthesis was still plagued with low glycosylation yields, numerous silica 

chromatography steps, and used an olefin cross metathesis catalyst which must be 

licenced from CalTech if it is to be used industrially. Thus, it was still envisioned that an 

even more improved route to glycosyl lipo amino acids could be devised. 

3.6 Third-Revision Lipo-amino acid synthesis: 

Many very successful natural product syntheses start from cheap, readily 

available chiral starting materials.^^ It was envisioned that if an appropriate substrate 
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could be found, it could be decomposed somehow to yield a chiral amino acid backbone, 

which possessed two free hydroxyl groups. One hydroxyl could be glycosylated, while 

the other would be acylated with the acid chloride of a fatty acid. (Figure 3-22) 

Although acylation would not provide the stable carbon linkage to the fatty chain that 

displacement in the previous revision syntheses yielded, it would be a simple route to the 

lipid chain and is a naturally-found motif This again also provided a very divergent 

synthesis, where different fatty acid chains could be incorporated in the final step. 

Figure 3-22— Schematic of theoretical amino acid scaffold from chiral starting material 

The retrosynthetic analysis of the compound (Figure 3-23) began with the 

obvious discotmection of the glycoside and the lipid chain from the amino acid backbone 

to provide precursor a. The amine of the amino acid could theoretically be derived from 

the displacement of a leaving group with azide, to give precursor b. This would come 

Site of glycosylation 

Site of Acylation 
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from the oxidative degradation of a lactone with the stereochemistry shown, which 

happened to be L-ascorbic acid. 

OpGlc(OAc)4 

"' '0C0C)(H2X+I 

''NHFmoc NHFmoc 

.OH 

toH 
. . „0  

^ 1 o 
iT I 
o o 

^ Ascorbic Acid 
(Vitamin C) 

Figure 3-23— Retrosynthetic analysis of ascorbic acid derived lipo-amino acids 

We envisioned that the decomposition of ascorbic acid (vitamin C) would provide 

the necessary scaffold to yield the desired product Ascorbic acid is an inexpensive, 

readily available compound, possessing two chiral centers and two free aliphatic 

hydroxyl groups. Thus, it has been utilized as the starting material in numerous natural 

product syntheses,^^ most recently including the ciguatoxins.^® In addition, the 
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literature provided well-known, high yielding routes to threonic acid from ascorbic 

acid.'^' (Figure 3-24) 

Synthesis of the target compound began with ascorbic acid. Acetonide protection 

of the aliphatic diol was found to be most effective, as benzylidene protection proved 

difficult. This proceeded in high yield, and was therefore carried on, without further 

purification, to the oxidation step. Oxidative cleavage of the lactone was performed 

using basic hydrogen peroxide in water. This provided the calcium salt of the acetonide, 

again in very high yield, and did not require further purification. Methyl ester formation 

at the carboxylic salt center was superior to benzyl and tert-butyl ester formation and 

proceeded smoothly to give the acetonide methyl ester. (71) (Figure 3-24). These three 

steps were performed sequentially, without additional purification, and provided the 

desired intermediate in 74% yield over three steps. 

2) CaC03, H2O21 H2O 

3) NaHCOg, Mel, DMF 

1) HCI, acetone. 
2,2-dimethoxy propane 

V^OH 
O 

71 
O 

74% yield (3 steps) 

Figure 3-24— Synthesis of protected threonic acid 

The mechanism of the oxidative cleavage step in the sequence is unique and 

deserves some extra attention. The reaction began with the oxidation of the vinyl diol to 



193 

a protected trione."^ (Figure 3-25) This was then attacked by peroxide anion at the 

most electrophilic carbonyl. Further reaction of the ketones occurs at the C-3 carbon, 

which was attacked by hydroxide. This was followed by formation of the new carboxylic 

acid and carbon-carbon bond cleavage, with homolytic cleavage of the peroxide bond. In 

the final step, hydrolysis of the product lead to threonic acid and oxalic acid as 

byproducts, isolated as the calcium salts. 

^OH 

/••'OH 

HO4/O 

o 

H202 HOO- HO 

HOO 

HO' 

Figure 3-25— Mechanism of oxidation of protected ascorbic acid 

Synthesis of the target compound continued at this point. (Figure 3-26) The free 

hydroxyl, alpha to the ester, was convened to the triflate using triflic anhydride in dry 

DMF. The crude triflate was then taken and immediately displaced with sodium azide in 

DMF. This provided the crude azide, albeit in poor yield, over the two steps. At first, 

poor diasteroselectivity during displacement was observed, however this was controlled 
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by decreasing the reaction temperature. At this point, the first silica gel chromatography 

of the sequence was required. 

Although the final target compoimd has not yet been synthesized, chemistry to 

complete the synthesis should be relatively simple, as shown in Figure 3-26. Protecting 

group switches would begin with an acidic reduction, to cleave the acetonide and reduce 

the azide to the amine. The methyl ester could be saponified and the amine reprotected 

as the N-Fmoc carbamate. At this point, glycosylation of the primary hydroxyl in the 

presence of the unprotected secondary hydroxyl should proceed cleanly. This would be 

followed by acylation of the secondary hydroxy with a fatty acid chloride to fumish the 

final product shown. All reactions firom 72 are relatively simple transformations and 

should all proceed in moderate to good yields. 

O ii) NaNa. DMF ° 
i) TfgO. DMF •O i) H2. HCI, EtOH^ 

""iiVNabHrHaO'"" 
^3 iii) Fmoc-CI, H2O. 

•V 

o o 
71 72 

.OpGlc(OAc)4 

jhlCAl ^ 
2) CJH2X»IC6*CI HO 

'NHFmoc NHFmoc O O 
73 74 

TCAI: a-trichloroacetimidate glcCOAcU 

Figure 3-26— Synthesis of lipo-glycosyl amino acids 
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3.7 Fourth-Revision Synthesis of Lipo-Amino Acids: 

At this point, a serious examination of the theory of lipo-glycopeptides was 

conducted. We began to wonder if longer syntheses (> 7 steps) would be worthwhile if 

we had no idea what type of biological activity these compounds may or may not possess. 

If these compounds required long syntheses to simply obtain the precursors to 

glycopeptide synthesis, the overall project may not be useful, especially if the compounds 

generated had poor biological activity. 

The alternative to this might be to begin to synthesize lipo-glycopeptides in which 

the lipid and carbohydrate moieties reside on different amino acid residues. (Figure 3-

27) This would provide a very short route to the amino acid precursors, and could 

possibly have the same biological activity as the amino acids with both lipid and sugar 

portions on the same residue. This question cannot be truthfully answered until the 

compound has been synthesized. 



196 

.OH 

°3H 

OH 

Figure 3-27— General motif of 4'''-revision lipo-glycopeptides 

Compounds that would be created using the general idea depicted in Figure 3-27 

would have a great deal of versatility. First, the length of the lipid chain (n) could be 

varied and range from n=10 to 14, depending on the acid chloride used. The acyl serine 

residues utilized can be synthesized in one step from N-Fmoc serine in high yield, and 

will be discussed in the following section. Additionally, the number of glycoside and 

acylated residues does not need to be limited to just one, as any permutation in the 

number and/or placement of these residues could be employed. This allows for a great 

deal of flexibility in the creation of these compounds, and will allow for the optimal 

lipophilicity/hydrophilicity balance to be explored. 

Potential problems with this route lie in the deprotection of the acetate protecting 

groups at the end of glycopeptide assembly. Hydrazine hydrate had been previously used 

to remove acetate protecting groups after all glycopeptide syntheses, however this could 

not be used in this sequence. (Figure 3-28) Hydrazine, being very nucleophilic, not only 

cleaved the acetates of the carbohydrate, but also the acyl chain of the lipo-amino acid. 
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Catalytic potassium cyanide, however, proved to be a very mild de-acylating agent. 

Using 0.3 eq of KCN, the acetate protecting groups of the carbohydrate could be cleaved 

efficiently. In addition, the acyl chain of the lipo-amino acid proved to be stable to these 

conditions. Thus, methodology for the selective removal of the acetates in the presence 

of the acyl chain has been realized. 

Substrate 
Solution-Phase 

Conditions Product Result 

^OpGlc(OAc)4 

FmocHN-'''̂ Y' 
O 

FmocHN 

OH H2NNH2 
MeOH 

OCOC15H31 

OH 
MeOH 

FmocHN 

^OpGIc 

OH 

^OH 

FmocHN 
O 

Acetate 
Cleavage 

Acyl 
Cleavage 

FmocHN 
O 

^OpGlc(OAc)4 

OH 

FmocHN 

OCOC15H31 

OH 

cat. KCN 
EtOH ' 

cat KCN 
EtOH ' 

^OpGIc 

FmocHN 

^^0C0CI5H3I 

FmocHN 
O 

OH 

Acetate 
Cleavage 

No Acyl 
Cleavag* 

Figure 3-28— Deacylation studies 

The synthesis of the fourth revision of lipo-glycopeptides began with the 

synthesis of various acyl-serine derivatives. Using the acid chloride of various fatty 

acids, the acyl serine derivative depicted can be synthesized in good to excellent yield. 
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(Figure 3-29) These residues will serve as diversity elements in the following synthesis 

of fourth revision of lipo-glycopeptides. 

^OH 

FmocHN H 

O 

O 

pyridine, CH2CI2 

O 

o-V 

FmocHN 

O 

75 

n 

Fatty Acid 

Palmitoyl-

n 

14 

Yield 

79.5% 

Figure 3-29— Synthesis of palmitoyl-serine derivatives 

With the acyl serine diversity elements in hand, (75) the prototype fourth revision 

lipo-glycopeptide could be synthesized. The first lipo-glycopeptide to be synthesized 

was designed to have two "stearyP-serine (C16 at the ester linkage) residues, and one P-

glucosyl serine. This compound was designated glycopeptide 3005. The assembly of the 

lipo-glycopeptide on Rink amide resin proceeded as it did with all other glycopeptides 

synthesized. 2 eq. of HOBt/HBTU combined with 1.5 eq. of the amino acid were reacted 

with the resin for 2 hours to couple the residues to provide the fully-protected lipo-

glycopeptide on the resin. (Figure 3-30) 
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O- NHFmoc 
2) Amino acid. HBTU, 

HOBt DMF/DIEA 

1) 33% Piperidine/DMF 
O N-T -̂DThr-Gly-Phe-Leu -N 

OtBu 

OAc 

Figure 3-30— Solid-phase synthesis of lipo-glycopeptide 3005 

Once all residues had been coupled, de-acylation was attempted. The first attempt 

used 0.3 equivalents of KCN in ethanol for 12 hours, over bubbling argon. This was then 

followed by standard resin cleavage in 90% TFA/DCM. Unfortunately though, upon 

mass spectral analysis, it was deduced that there was only partial de-acylation at the 

glycoside. A mixture of complete and no acetate cleavage, along with mono-, di- and tri

acetate cleavage was observed from the FAB spectrum. A more aggressive protocol was 

used in the ensuing attempt at de-acylation. 3 equivalents of KCN in 85% ethanol/water 

were reacted with the resin for 5 hours. Previously, it was observed that the KCN did not 

totally dissolve in the pure ethanol solution"®', making the actual concentration of KCN 

in solution much lower than the 0.3 equivalents added. Once the water was added in the 

second protocol, all KCN went into solution and was able to react with the glycopeptide. 

However, upon analysis after resin cleavage, this proved to be detrimental to the 

substrate. The mass spectrum showed that the entire lipo-glycopeptide had reacted with 

the nucleophile, with no trace of the target compound evident Thus, to this point, these 

glycopeptides have not been isolated, purified, characterized, or pharmacoiogicaUy 

tested. 
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In summary, four routes to lipo-glycosyl amino acids and lipo-amino acids and 

the lipo-glycopeptide derived fix)m them have been discussed. The synthesis of these 

compounds has been challenging, which leaves much work to be done on this portion of 

the project. The compounds need to be synthesized and isolated, so they may be tested 

and evaluated as bioactive analgesics. 
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Chapter 4: Amphipathic, a-Helical Glycopeptide 

Enkephalin Analogues 
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4.1 Introduction: 

Linus Pauling first proposed the a-helix as an important motif of secondary 

structure in proteins in 1948.*" Interestingly enough, he had no experimental data to 

support this supposition, only theoretical calculations. Since then, it has been predicted 

that as many as one-third of all residues in globular proteins are a-helical in nature."^^ 

Protein and peptide helices are defined by the hydrogen bonding which stabilizes 

them. In the a-helix. the carbonyl of the "i""' residue forms a stable hydrogen bond with 

the amide proton of the "i-r4''"' residue. (Figure 4-1) If this hydrogen bonding occurs 

between the "i±" and "i-i-S'''" residues, the helix is defined as a 7c-helix, while the 3io-

helix has its hydrogen bonding between the "ith" and "i-rS"*" residues. With respect to 

the Ramachandran plot, the alpha helix has phi and psi values of -60° to -50°, 

corresponding to the lower left quadrant (Figure 4-2) This type of helix consists of 

exactly 3.6 amino acids residues per helix turn, which corresponds to a rise of 5.4 

angstroms per turn and means that the side chains of the "ith" and "i-rlS'*'" residues will 

directly overlap approximately 25 angstroms from each other. Because the amino acids 

are placed at every 100° on the helix, a-helices can be visualized down the helical axis 

using the Edmunson helical wheel representation. (Figure 4-3) This is a very 

convenient way to examine a-helices, especially in the case of amphipathic a-helices. 
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r ^ 

3.6 
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Figure 4-1— Hydrogen bonding in the a-helix. Adapted From Ref. 264 
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Figure 4-2— Ramachandran Plot a: areas favoring right-handed a-helices. P: areas 
favoring f3-sheet formation. L: areas favoring left-handed helix formation. Adapted from 

Ref265. 
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Figure 4-3— Edmundson helical wheel representation 

4.2 Helical Propensity of Amino Acids 

The degree of helicity expressed in a-helical segments is related to a number of 

factors, but most importantly it is related to amino acids that comprise the helix."^ The 

parameters defined by Chou and Fasman (Table 4-1) can be used to predict the helicity 

of a certain region of a peptide.*®^ They state that if <Pa> > 1.03, then the region is 

predicted to prefer a helical conformation. This helical region will normally extend 

through the peptide until it is terminated by a "helix-breaker''. Chou and Fasman 

continue to state that when considering the de novo design of a peptide, it is important to 

place strong helix-formers in the middle of the desired helical region. This will provide 

greater stability for the glycopeptide in question, so helix nucleation may start in the 
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middle and propagate in both directions until termination. Further work in this area has 

begun to relate the helical propensities of amino acids in peptide to that of amino acids in 

proteins and has found excellent correlation between the two."®® 

Glu 1.53 His 1.24 Lys 1.07 Asp 0.98 Asn 0.73 Pro 0.59 
Ala 1.45 Met 1.20 lie 1.00 Thr 0.82 Tyr 0.61 GlyO.53 
Leu 1.34 Gin 1.17 Ser 0.79 

Trp 1.14 Arg 0.79 

Val 1.14 Cys 0.77 

Phe 1.12 

Table 4-1— Chou and Fasman helical propensity parameters. Helical Assignments: Ha 
strong a-helix former, h^, a- helLx former. la, weak a- helix former, ia, a- helix 

indifferent, ba, a- helix breaker. Ba, strong a- helix breaker. Adapted from Ref 267. 

Since the ground-breaking work of Chou and Fasman, nimierous scales of amino 

acid helicity have been proposed."®' From this, a "consensus" helicity scale, which 

combined data from numerous previous studies, was devised."^° (Figure 4-4) It is 

obvious that the consensus scale differs from the Chou and Fasman scale in several ways. 

The assignment of the helix forming nature of glutamic acid is the most prominent 

deviation. In the Chou and Fasman scale, glutamic acid is the highest helix-former, 

whereas in the consensus scale it is seventh. The placement of valine is another 

difiference, as it is a helix-former in the Chou and Fasman scale and an obvious helix-

breaker in the consensus scale. 
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However, no amino acid has caused more controversy than alanine. In the 

consensus scale, alanine is labeled as the greatest helix forming amino acid. This has 

been the proposed helical propensity for alanine since studies into the area began."^' 

Recent studies performed by Baldwin and co-workers, using a modified Lifson-Roig 

model"'" to account for end-capping,*'^ have shown that in model peptides at 0°C that 

alanine is strongly helix forming." Many others have performed similar work, which 

corroborates the Baldwin findings,"'^ and agree that alanine is the greatest helix-forming 

amino acid. 

Ala Arg Leu Lys Met Gin Glu lie PheTrp Ser Tyr His Asp Cys Asn Val Thr Gly Pro 

< I > 
Increasing helix-formers Increasing helix-breakers 

Figure 4-4— Consensus helicity of amino acids 

Kemp, who recently referred to alanine as a conformational chameleon,"^^ has 

raised an opposing viewpoint to this theory."^ Kemp believes that the stability seen in 

poly-alanine-based peptides was actually due to end-capping and lysine residues inserted 

to aid in solubility. In studies performed on non-aggregating poly-alanine peptides with 

increasing lysine content, it was observed that helicity increased as alanine content 

decreased and lysine content increased.*^® This data provided the interpretation that 

alanine is actually helLx indifferent and the stability provided is context-dependent. 
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Yet, a third interpretation of amino acid helical propensity has also been 

proposed. Studies performed by Deber make the argxmient that almost every natural 

amino acid can be a "helix-former" in a membrane environment. (Figure 4-5) There are 

glaring differences between amino acids in water that are not present in micelles."'' In a 

micelle environment, any destructive interactions between the polar solvent and 

hydrogen-bonding pairs are removed, resulting in a non-polar stabilization of the helix. 

This essentially allows the micelle to act as a hydrophobic solvent. The data below 

suggested that all amino acids, except for proline will promote helix formation in a 

membrane environment."'*" In light of these findings, questions regarding the solution 

conformation and membrane-bound conformation of a peptide must be addressed, as it is 

rather probably that the two will not be equivalent. 
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^ ^ ^ ^ ^ dT ^ A* ^ ^ ^ 
amino acid 

Figure 4-5— Helicity of amino acid in model peptides. Data adapted from Ref 279. 

Circular Dichroism (CD) is one of the main tools for identification of helices. In 

these spectra, the helix is recognized by the characteristic minima at 208 and 222nm.*®' 

However, it can be difficult sometimes to differentiate between types of helices by CD, 

and impossible to determine exact sites of helicity. It has been theoretically suggested, 

though, that the ratios of the minima can be used to distinguish the 3io-helix from the a-

helix."" These calculations were later experimentally proven in work performed by 

Toniolo.' This work utilized octomers of L-(a-Me)Val as a model 3io-helix and 

showed that the actual [6]W[0]2O7 ratio is approximately 0.4 for a 3io-helix and 

approximately 1.0 for a perfect right-handed a-helix. This work also suggested that the 

valley at 222 lun should not be considered a minimum, as much as it should be 

considered a shoulder of the minimum at 207 nm. Differentiation of the two types of 
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helices has also been studies by NMR,^ which appears to be a more accurate way to 

judge stretches of helices. 

4 J Amphipaths and Membrane-Assisted Binding; 

Segrest first theorized the amphipathic (a.k.a. amphiphilic) helix to be an 

important structural motif of proteins in 1974.^^ It is estimated that over 50% of all a-

helices in nature are amphipathic.'®^ These proteins are unique in that they possess a 

hydrophobic face and a hydrophilic face. (Figure 4-6) This allows them to "float" in a 

cell membrane, exposing the hydrophilic side to the aqueous exterior of the cell and the 

hydrophobic side to the lipophilic membrane. Within the body, amphipathic, a-helical 

•7g7 
proteins are numerous." 

Aqueous Exterior Hydrophilic residues 

Cellular Intenor Hydrophobic residues 

Figure 4-6— Representation of an amphipathic a-helix 
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This peptide-membrane interaction is believed to be important for two reasons: 

First, once on a cell membrane, the amphipathic nature can help guide a drug or hormone 

to its specific receptor, and aid in the substrate-receptor binding, by narrowing the 

receptor search fi-om a 3-dimensional search to one in 2-dimensions. Surface-assisted 

reduction of dimensionality probability calculations, performed by Polya in 1921, were 

examined by Max Delbruck in which he quantitatively demonstrated the viability of this 

theory."®® Assuming that no other forces are at work, such as convection, and that the 

membrane is fluid, the probability of a substrate finding its corresponding receptor is 

much better in 2-dimensions {e.g. on a cell surface) than in 3 (e.g. in solution)— almost 

100% when the search is reduced to 2-dimensions. 

Second, membrane insertion may allow the portion that interacts with the receptor 

(pharmacophore/"message") to be fixed in a specific geometry. By restricting mobility in 

the membrane near the binding site, the amphipathic a-helix can aid in the peptide-

receptor interaction.*®' In addition, membrane insertion can also induce a specific 

conformation in the ligand, different fi'om its solution conformation. Many theorize that 

it is the membrane-bound conformation that is the bioactive conformation, and that 

membrane insertion is actually the first step in receptor activation. 

This concept has been observed in situ via NMR experiments on opioid 

neuropeptides. In recent research, Kallick has proven by 2-D NMR that Dynorphin A (I-

17), a K-selective opioid that was relatively unordered in solution,"'" adopted an a-helix 

from residues 3-9 in the presence of DPC micelles."" The micelles provided an excellent 
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membrane-mimicking envirormient and helped to show the possible bioactive 

conformation of Dynorphin A. 

The hydrophobicity, or lipophilicity, of the amino acids within a peptide is a very 

important concept, as related to membrane insertion. The degree of membrane insertion 

of a peptide has been shown to be directly related to its lipophilicity. Dozens of scales 

have been devised to predict assess the lipophilicity of the amino acids and predict the 

hydrophobicity of a peptide or a protein."'* Several of these are shown in Table 4-2. 

The values shown were calculated in numerous ways, as some were calculated via 

simulation, some were strictly empirical, and others were a combination of the two 

methods. The Meek values were derived from the retention times of 25 peptides in RP-

HPLC, from which "retention coefficients" for each amino acid were derived."'^ The 

Zimmerman scale was determined by the assessment of amino acid solubility data,"'^ 

while the Jones scale adjusted the Zimmerman scale with respect to the free energy of 

transfer of the amino acids fr^m water to ethanol."'^ The Levitt scale is similar to the 

Jones scale in that they both took into account the free energies of transfer and used 

theoretical side chain energies to calculate the amino acid hydrophobicity values." 

Finally, ±e Eisenburg scale is considered the hydrophobicity consensus scale,"'^ as it is 

the average of five other hydrophobicity scales. 
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Eisenberg Meek Levitt Jones Zimmerman 

Value A.A. Value A.A. Value A.A. Value A.A. Value A.A. 
0.73 lie 14.9 Trp -3.4 Trp 3.77 Trp 3.07 Leu 
0.61 Phe 13.9 lie -2.5 Phe 3.15 lie 2.97 Tyr 
0.54 Val 13.2 Phe -2.3 Tyr 2.87 Phe 2.75 Phe 
0.53 Leu 8.8 Leu -1.8 lie 2.77 Pro 2.7 Pro 
0.37 Trp 6.1 Pro -1.8 Leu 2.67 Tyr 2.52 lie 
0.26 Met 6.1 Tyr -1.5 Val 2.17 Leu 1.79 Val 
0.25 Ala 4.8 Met -1.4 Pro 1.87 Val 1.6 Lys 
0.16 Gly 2.7 Thr -1.3 Met 1.67 Met 1.48 Cys 
0.04 Cys 2.7 Val -1 Cys 1.64 Lys 1.4 Met 
0.02 Tyr 1.2 Ser -0.5 Ala 1.52 Cys 1.1 His 
-0.07 Pro 0.8 Arg -0.5 His 0.87 Ala 0.83 Ala 
-0.18 Thr 0.8 Asn -0.4 Thr 0.87 His 0.83 Arg 
-0.26 Ser 0.5 Ala 0 Gly 0.85 Arg 0.65 Glu 
-0.4 His 0.1 Lys 0.2 Asn 0.67 Glu 0.64 Asp 
-0.62 Glu 0 Gly 0.2 Gin 0.66 Asp 0.54 Thr 
-0.64 Asn -3.5 His 0.3 Ser 0.1 Gly 0.31 Trp 
-0.69 Gin -4.8 Gin 2.5 Asp 0.09 Asn 0.14 Ser 
-0.72 Asp -6.8 Cys 2.5 Glu 0.07 Ser 0.1 Gly 
-1.1 Lys -8.2 Asp 3 Arg 0.07 Thr 0.09 Asn 
-1.76 Arg -16.9 Glu 3 Lys 0 Gin 0 Gin 

Table 4-2— Several amino acid hydrophobicity scales 

There are numerous reasons why the lipophilicity of the constituent amino acids 

must be taken into account when considering the de novo design of a peptide. First, the 

degree of membrane interaction of the peptide will be affected by the lipophilicity of its 

amino acids. One could easily assume that a more lipophilic peptide will interact with a 

membrane to a greater extent than a less lipophilic one. In addition, water solubility of a 

peptide is also related to its lipophilicity. If a glycopeptide is created to be too lipophilic, 

it may not be water soluble and therefore will not be a good drug candidate. In addition 

to poor solubility, highly lipophilic drugs may show poor bioavailability. These 
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compounds would be metabolized by the body much faster and may also aggregate in the 

cellular membrane at the site of injection and never enter the bloodstream. 

4.4 Bioactive Amphipathic a-Helices and Disease States: 

In nature, many bioactive peptides exist as amphipathic a-helices. Among these 

are the magainins and the cecropins, two classes of endogenous anti-microbial peptides. 

These ubiquitous amphipathic peptides*'® are highly active against gram-positive and 

gram-negative bacterial strains, yet show little toxicity toward normal eukaryotic cells, 

such as erythrocytes.*'' The high activity of these substances lies in their amphipathic 

nature; when the helicity of the compounds is disrupted, the antimicrobial properties are 

severely affected.^°° Conformational studies in micelles with the glycopeptide antibiotic 

Vancomycin have also been conducted to probe the mechanism of bacterial resistance.^"' 

With the appearance of Vancomycin-resistant bacteria, the necessity for new 

antimicrobial agents has become critical. 

One of the best-studied systems that illustrates the importance of amphipathic 

structures in peptides is the membrane interaction of the bee venom peptide, melittin.^"' 

Melittin is a 26-residue cytotoxic peptide, which induces hemolysis in vivo. It possesses 

a 20-residue amphipathic N-terminal segment that binds to the membrane and provides 

specificity^"^ and a 6-residue highly-basic C-terminal segment required for activity.^"* 

Not only do a-helical peptides affect many physiological processes, changes in 

the secondary structure of these peptides also have an important, yet ill-defined role in 
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many disease states. The most notable of these is Alzheimer's disease, which affects 

approximately 50% of the population in the United States by age 85.^°^ The onset of 

Alzheimer's is believed to occur by a change in secondary structure of a cleavage product 

of the amyloid precursor protein, |3-(l-42).^°^ Expressed in the brain and spinal cord fluid 

of normal humans, this peptide can interconvert between a random coil, a-helix 

monomer, and P-sheet oligomers.^°^ It is the latter that can precipitate to form the 

characteristic senile plaques, ubiquitous in Alzheimer's patients.^"® Researchers believe 

if this P-sheet transition can be halted, the effects of Alzheimer's disease will be 

ameliorated. 

More research in the area of fundamental peptide-membrane interactions is 

needed. These interactions are very important because they are the basis for peptide 

hormone activity, as well as the biological activity alluded to above, and will eventually 

lead to advances in other bio-medical and pathological fields. 

4.5 Denovo Design: 

John Taylor has conducted a large amount of work in the area of de novo design 

of opioid peptides. Specifically, the researchers synthesized a number of P-endorph in 

mimics with artificial helical regions in order to examine the effect of unnatural helices 

with the address segment.^"' All analogues synthesized were a-helical, as the monomer 

or oligomers, and showed good potency in vitro compared to the parent compound. We 
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wished to learn from the Taylor approach and design glycopeptides using similar 

theories. 

The design of the glycopeptides to be discussed was a long and painstaking 

process. All of the helices to be synthesized in this project would be created so as to 

maximize the overall helicity of the address segment This would entail using only 

"helix-forming" amino acids with the helix. While some argue that all amino acids are 

"helicogenic" in the presence of a membrane, we would only use those that showed high 

helical propensity in all media. Next, electrostatic salt bridges would be placed at the i"* 

and i+4''' residues, on the hydrophilic face, whenever possible within the helL\.^'° This 

would not only stabilize helicity, but also serve to make the helix more amphipathic. 

In regards to amphipathicity, we would design the first helices to lay flat in the 

membrane by placing hydrophilic residues on one face and hydrophobic residues on the 

other. The hydrophobic residues to be chosen would primarily consist of good helix-

formers, such as Trp, .\la, and Leu. The hydrophilic residues used would consist of 

glycosyl serine, Lys. Glu and Gin. 

However, there are numerous methods of helix stabilization that would not be 

employed here for various reasons. One of those is highly helicogenic unnatural amino 

acids,^" such as Aib.^'~ While this ci,a di-alkyl amino acid is inexpensive and highly 

helical, it is not a naturally occurring substance, and will therefore not be used. In 

addition to this, helix "^end-caps" will not be used.^^^ These are amino acids that are 

placed at the end of helices to help provide hydrogen-bonding parmers for those amino 

acids within the helix that do not have them. However, these have not been utilized in 



217 

this design scheme, because in most cases endcaps were theorized to disrupt 

amphipathicity. Finally, no other unnatural methods for stabilizing helicity will be used. 

Among these not to be exploited will be i''' to i-t-4''' residue ring closure, via olefin 

metathesis, alkyl,^^"* aromatic^or lactam bridges/ 

4.6 Feasibility studies on ampiiipathic a-helical glycopeptides: 

Before the synthesis of a-helical glycopeptides could commence, the affect of a 

glycosylated amino acid on helicity had to be determined. A handful of studies have 

been conducted on the intrinsic helical nature of glycosylated amino acids.^" Some of 

these pioneering studies suggest that glycosylation may disrupt helicity. A more critical 

examination of these model glycopeptides reveals that most are either: 1) too short to 

form stable a-helices, 2) predisposed to other secondary structural motifs by their amino 

acid sequence, and/or, 3) did not examine the unglycosylated analogue for comparison.^ 

In our systems, we wished to promote helicity in a glycopeptide, and therefore 

maximized the helical parameters so as to achieve this. 

Some studies suggest that the major conformational consequence of O-

glycosylation is to limit the local conformational space available to the peptide 

backbone.^'' In a study of N-linked glycopeptides, it was seen that N-linked 

pentasaccharides have little effect on the neighboring peptide backbone conformation.^^" 

Other studies show that the presence of a glycosylated residue has not destroyed 

helicity.^"' 
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CD studies done by Baldwin et. al?^ and later extended by Merutka and 

Stellwagen showed that replacement of L-Ala with L-Ser or L-Cys at various locations in 

a helical 17-nier led to a reduction in the helical character.^^ This 17-residue peptide 

was designed to be soluble and non-aggregating in aqueous solution, and seemed to be 

ideal for evaluation of the effects of glycosylation on helicity. Thus, 0-linked a-

mannosyl serine was incorporated into the peptides and compared to unglycosylated 

serine. The 17-residue peptide ^ and glycopeptide ^ were synthesized and examined 

by NMR and CD. The CD spectra of both ^ (containing unglycosylated serine) and 44 

(containing glycosylated serine) were examined in pH 7 buffered water at various 

temperatures, and in varying amounts of TFE/water. 

The observed CD spectra (Figure 4-7) indicated that both peptides are largely a-

helical in nature, possessing the characteristic minima at 208 nm and 222 nm,^""* 

regardless of temperature or amount of TFE present. In addition, ^ and 44 displayed an 

isobestic point at 203 nm, signifying two secondary structures present in solution, most 

likely a-helix and random coil in varying amounts. Calculated percentages of a-helix in 

solution (Figure 4-8) show that the amount of helix in both solutions was roughly 

equivalent, with increased helical content as the concentration of TFE increased; in 16% 

TFE, 43 and 44 differed in helicity by only ~9%. In simmiary, both 43 and ^ produced 

CD spectra in aqueous environments that suggest they are both a-helices. Similar results 

(data not shown) were observed with the per-acetyl-derivative of glycopeptide 44. 

Experiments performed at lO^C increments from 5°C to 55°C showed that the degree of 

helicity in both peptide 43 and glycopeptide ^ was maximal at 0°C (~28% helical), and 
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decreased as the temperature was increased, presiunably due to a disruption the 

intramolecular hydrogen bonding, which destabilized the helices. 
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Figure 4-7— CD spectra of 43 and 44 in water and TFE 
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Figure 4-8— % heiicity of model peptides 

The enhancement of heiicity in TFE can be attributed to decreased hydrogen 

bonding of the water to the amides, allowing for further propagation of the helix. 

Surprisingly, in the absence of TFE in buffered water, glycopeptide ^ is actually more 

helical than 43. Also of note is the observation of a heiicity "plateau-effect" with the 

TFE/water mixtures. This phenomenon was originally documented by Baldwin, in which 

he saw that peptide heiicity in TFE appears to plateau at -25% TFE.^^ The reason for 

this effect is unclear at this point, but may be due to "restructuring" of the aqueous 

envirotunent by the saccharide sidechain. 



221 

In addition, temperature-dependent helicity measurements were performed on ^ 

and 44. Experiments performed at 10°C increments from 5°C to 55°C showed that the 

eliipticity (% helicity) in both peptide 43 and glycopeptide 44 was maximal at 0°C (~28% 

helical), and decreased as the temperature was increased. 

Temperature-dependent NMR smdies were also conducted on ^ and 44. 

Generally, as temperature increases, amide chemical shifts tend to coalesce due to 

decreasing differences in the magnetic environment that reflect the "random coil." It was 

observed that the amide protons of ^ and ^ became more shielded as temperature 

increased. This supports the notion that there must have been substantial helical 

character at lower temperatures if that helicity was to be disrupted at higher temperatures. 

In addition to the divergence of amide resonances, amide to a-proton (^JNH-OH) coupling 

constants of many residues were at or below 5Hz in the ID proton spectra,^*^ providing 

further evidence of helicity. 

Glycopeptide M was also inserted into SDS micelles as a membrane system 

model. These CD studies showed that the glycopeptide has a certain degree of 

amphipathic character imparted by the carbohydrate moiety. Other glycopeptides, 

unrelated to ^ and ^ have also been studied in this manner, and also show substantial 

helicity. Light-scattering measurements confirmed the stability of the micelles, 

approximately 4 nm in diameter. 

Glycopeptide 44 was further analyzed with ROESY and TCXSY 2-D NMR. This 

provided residue-specific assignments for the I7-amino acid glycopeptide and gave 

further insight into the structure in an aqueous environment (Table 4-3) Sequential 
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NOEs throughout, as well as several long-range ROESY crosspeaks to the serine 

glycoside and neighboring residues, (Figure 4-10) also corroborate the CD data and 

suggest the presence of helicity. The large dispersion of the ten Ala methyl resonances 

and other resonances provide further evidence for the proposed secondary structure. 

(Figure 4-11) by the chemical shift indices.^"® No random coil chemical shift data was 

available for glycosylated serine. (Figure 4-12) 

A1 E2 A3 A4 AS K6 E7* A8 S*9 AlO Kll E12* A13 A14 A15 K16 A17 

NH 8.32 8.53 8.18 8.09 8.04 7.98 8.15 8.16 8.24 8.14 8.14 8.15 7.95 7.99 8.15 8.05 8.00 

oH 4.19 4.20 4.18 4.21 4.24 4.23 4.19 4.22 4.48 4.17 4.17 4.19 423 4.23 4.18 4.15 423 

m 1.37 2.01 1.39 1.40 1.43 1.82. 2.04 1.43 4.02, 1.43 1.83 2.04 1.41 1.39 1.41 1.84 1.39 

1.75 3.82 

TH — 2.31 — — ~ 1.48 2.33 — — — 1.51 2.33 — — — 1.51, — 

1.40 

5H 1.66 1.66 1.67 — 

eH 2.98 2.99 2.97 — 

a) GIu 7/12 are chemically indistinguishable, and cannot be unambiguously assigned 
b) S*= serine(a-Marmose) 

Table 4-3— Assignment of glycopeptide 44. 
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Figure 4-11— TOCSY spectrum of glycopeptide 44. 
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Figure 4«12— Chemical shift index of glycopeptide 

Molecular modeling studies were used to investigate the theoretical validity of 

CD and NMR observations. Using MacroModel 6.0, compound ^ was constructed as an 

alpha heli.x for the starting conformation. 10.000 conformers were then generated using 

the Monte Carlo algorithm, and the twenty lowest energy structures were analyzed. The 

lowest energy structures of 43 were a mixture of various helical and random structures. 

The global minimum, found seven times, was observed to be the a-helix. (Figure 4-13) 

For glycopeptide ^ the dihedral angles of the serine side chain and glycosidic linkage 

had to be taken into account (Figure 4-14) The backbone was arranged in an alpha-

helix and the X3 angle had to be placed in the position of lowest energy before the 

Ramachandran plot of xi and X2 could be created. (Figure 4-15) This plot shows that 

there are two low-energy positions within "chi-space." The most prominent of these two 

places the carbohydrate distal from the helix. The other low-energy conformer from the 

Ramachandran plot places the carbohydrate near the adjacent Glu side chain. One reason 
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for this may be the large degree of hydrogen bonding between the side chain carboxylic 

acid and the carbohydrate hydroxyls. Glycopeptide ^ in a helical starting conformation 

with the lowest energy xi and x; values generated above, was then used to create 10,000 

random backbone conformations while constraining xi and to their optimal values. 

The X3 angle was allowed to freely rotate during conformer generation. With one 

exception, the twenty lowest energy conformers from the Monte Carlo search of 44 all 

possessed a high degree of helicity, with the starting structure generated twice as a global 

minima. The a-helix was observed to be the most favored conformation in both the 

glycosylated and unglycosylated peptides. 

Figure 4-13~ MacroModel® representation of global minimum of 43. 
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Figure 4-15— Ramachandran Plot of xi vs. X2 in glycopeptide 44(Each contour represents 
1 Kcal/mole difference). 



228 

Figure 4-16— MacroModel® representation of global minimum of 44. 

These data suggest several possible explanations why the a-mannose does not 

disrupt helicity. The serine may intrinsically favor a P-tum structure because of 

favorable hydrogen-bonding that occurs between the amide proton of the peptide 

backbone and the serine side-chain oxygen.^*' (Figure 4-17) This putative hydrogen 

bond should be disrupted by O-glycosylation. Thus, O-glycosyl-serine should not always 

be considered a |3-tum promoter. 
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Figure 4-17— "Proline-Iike" hydrogen bonding of the serine side-chain 

From NMR, light scattering, and electron microscopy studies, it is known that a 

carbohydrate can rigidify a peptide backbone.^^° With this in mind, one can propose that 

since ^ is already prone to helix formation due to its primary sequence, the stiffening 

effect will help to offset the steric bulk of the sugar and preserve overall helicity. This 

shows that the replacement of serine with a-mannosyl serine in these peptides does not 

appreciably destroy helicity, and implies that the peptide sequence is a more important 

determinant of helicity than a single glycosylated residue. 

4.7 Amphipathic Alpha-Helical Glycopeptide Enkepiialin Analogues; 

Once it was determined that the de novo design of a stable a-helical glycopeptide 

was possible, the synthesis of pharmacologically active amphipathic a-helical 

glycopeptide enkephalin analogues could begin. The engineering of these compounds 

was a process that could not be rushed, thus design was lengthy. Each glycopeptide was 

intended to have three portions: a message, spacer and address segment The message 
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segment of these glycopeptides was the S-selective "Roques-type" enkephalin, as used in 

all previously synthesized glycopeptides and was kept constant throughout all 

compounds. 

The pharmacophore was not the only part of these glycopeptides that was kept 

constant. Unless noted, only helix-forming amino acids, as defined by Chou and Fasman, 

were used in the helical address portion. Specifically, alanine, glutamate. lysine, leucine, 

phenylalanine, and tryptophane were used the most often, because of their high helix-

forming abilities and their ease of identification by NMR. These amino acids were also 

placed in the helix a maximum of three times, to again facilitate NMR identification. 

Lys/Glu residues will also be used in each address segment, spaced at the i''' and i+4''' 

positions. Both are good helix formers, very hydrophilic, and will form salt bridges 

between the charged termini of each side chain, thus stabilizing the helical portion by 

forming salt bridges. Finally, the amino acids with the highest helix-forming capabilities 

will be placed in the middle of each helix, so helicity can propagate fi'om the center 

stability. This was shown by Chou and Fasman to be the optimal method for de novo 

helix design. The combination of all of these considerations will lead to more highly 

stabilized helices in water and membrane. 

The amphiphilicity of the compounds, prior to synthesis, was assessed by a couple 

of models. First, placement of the amino acids was determined using the Edmunson 

helical wheel as a guide. This was used to ensure that the helix would be amphipathic, 

placing hydrophobic residues on one face and hydrophilic residues on the other. This 

amphiphilicity was then confirmed using the MacroModel 6.0 package to create models 
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of the compounds. (Figure 4-18) The modeling also allowed for the visualization of the 

glycosyl amino acids contained within the glycopeptide in three-dimensional space. Only 

one glycoside was allowed per helical turn, so as not to force a poor steric interaction and 

disrupt helicity. 

Figure 4-18— Macromodel representation of glycopeptide 46 

With respect to the spacer segment, one glycine residue will be used to separate 

the address and message segments, so the conformation of the pharmacophore is not 

affected by the helix. Glycine is a known helix-breaker, and should terminate the helicity 

of the address segment,"' so it cannot propagate into the message segment and adversely 

affect receptor binding in a poor fashion. It was theorized that one glycine should be 

enough to complete this task. However, if it is not, there are other methods that could be 

explored, such as multiple glycine residues in the spacer region, or a different amino acid. 
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such as proline which a stronger helix-breaker in both an aqueous and membrane 

environment. 

4.8 Helix Length—^The 2400 series: 

The number of amino acids required to form a stable glycopeptide a-helix in 

water has not been explored to this point.^"'" In this series, the helix length, which 

comprised the address segment, was varied in order to determine the minimum length 

required for stable helix formation. An eight-residue amphipathic sequence was used as a 

base repeating unit for the helix, with the total length used ranging from ten to fourteen 

residues. (Figure 4-19) As with all glycopeptides synthesized, the message and spacer 

portions were kept constant. The helix portion consisted of only helix-promoting amino 

acids and one glycosyl amino acid per eight residues. Eight residues was a reasonable 

number to base the repeating unit on. as it is just greater than two full helical turns. 
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aqueous extenor 

lipophilic membrane / 10 

Peptide Message segment Address Segment 
45 HiN-Tyr-DThr-Gly-Phe-LeU' -GIy-Glu-Leu-Ala-S«r*-Lys-Trp-Phe-Gln-Ato-Leu-Glu-CONHi 
46 H;N-Tyr-DThr-Gly-Phe-LeU' -Gly^lu-Leu-AU-Scr"-Lys-Trp-Phe-Gln-Ata-Len-Glu-Ser*-CONH2 
47 HiN-Tyr-DThr-Gly-Phe-Leu- -GIy-Glu-Leu-Al«-Scr"-Lys-Trp-Phe-Gln-AI*-L«ii-Glu-Ser*-Phe-CONH; 
48 H2N-Tyr-DThr-GIy-Phe-Leu-Gly-Glu-Leu-Ata-Scr"-Lys-Trp-Phe-Gln-Ai«-LeB-Glu-Ser*-Phe-Trp-CONH: 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
HjN-Tyr-Gly-Gly-Phe-Leu 
(native Leu-Enkepbalin) 

Figure 4-19— 2400 series of glycopeptides: helical length exploration 

Synthetic planning of these glycopeptides was judicious. The helical wheel 

representation of a helix is displayed in Figure 4-19 to help visualize the proposed 

sequences. No more than two of each amino acid type was used in the address segment 

of each glycopeptide to aid in NMR characterization. With respect to position in the 

helix, identical amino acids will be distinguished by sequential NOEs to adjacent 

residues. Glu and Lys residues were placed in the i"* and i+4''' position to enable salt 

bridge formation, which has been shown to stabilize short helices.^^^ Gin was utilized as 

the other hydrophilic amino acid, because of its high helix forming ability. Gly was 

placed in the 1 position of each helix to help terminate helicity, so as not to affect the 

conformation of the message. This was the spacer region of the drugs. Ala, Leu, Phe, 
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and Tip were used as the hydrophobic amino acids because they provide of range of side 

chain sizes and hydrophobicities. 

Attempts to determine the optimal degree of glycosylation in glycopeptides had 

produced conflicting results. Glycopeptides 28-34. the monosaccharide analogues from 

Chapter 2, displayed moderate to good transpon with excellent binding characteristics. 

Glycopeptide a di-saccharide, showed excellent in vivo transport and binding profiles. 

This was in contrast to glycopeptide ^ a bis-monosaccharide, which possessed only 

average transport characteristics with poor in vivo antinociception. Thus, no obvious 

conclusions can be reached from this data. Do multiple carbohydrates help or hurt 

binding and transport and is this directly related to hydrophilicity or amphipathicity? The 

glycopeptides in Figure 4-19 have helped answer this question, as three of the four in this 

series are multiply glycosylated. 

The 2400 series glycopeptides were studied by NMR and CD to determine the 

effect of length on helix stability. CD was again the first tool used in this examination. 

From the CD spectrum obtained in SDS micelles, it was obvious that the glycopeptides 

were highly helical. The % helicity of the compounds ranged from 49% to 75% helical 

in the model membrane system, and showed a random coil structure in water. However, 

no direct correlation could be made between the length of the address helix and the 

degree of helicity of the glycopeptide. In fact, the shortest of the compounds, 

glycopeptide ^ which was only 12 residues long in the address region, displayed the 

highest level of helicity by CD. 
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Figure 4-20— CD spectrum from glycopeptide 45 in SDS micelles at varying 
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Figure 4-21— % Helicity comparison of 2400 glycopeptides in SDS 

NMR studies on the compounds have proved to be less than helpful. Only one of 

the glycopeptides of this series had any solubility in water, glycopeptide This made 

NMR studies impossible on the other compounds in aqueous buffer. However, the 

residue-specific assignment of glycopeptide ^ was possible by these methods. (Figure 

4-22) Upon examination, the data showed several long-range NOE cross-peaks, 

including a handful of (i—i+4) crosspeaks. In addition to this, some of these long-range 

"helical" NOE's traveled across the glycine spacer residue, from Gly' to Leu^, Phe* to 

Leu^ and Leu^ to Ala^. This suggested that the glycine spacer does not terminate helicity 

as we originally predicted, and that the conformation of the message segment was 

affected by the helicity of the address segment While this, and other NOE's, did suggest 
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some degree of helicity in water, the CD spectrum of ^ in water disputed this 

conclusion, as the compound was determined to be predominantly random coil. 
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Figure 4-22— ROESY spectrum of glycopeptide ^ 

As glycopeptide ^ was the only water-soluble compound of the 2400 series, it 

was the only glycopeptide to be carried on for in vitro binding and in vivo antinociception 

studies. In both receptor binding assays (Figure 4-23) it was seen that the compound was 

somewhat delta selective, with good potency at that receptor. Although compared to 

shorter linear glycopeptides, activity at the mu receptor was diminished in both assays. 
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the drug still possessed enough activity to warrant in vivo experimentation. Upon 

testing, the .^50 value of the compound after i.e.v. administration was shown to be 120 

pmoles. This showed that the drug was 18 times more potent than morphine via this 

route of administration. This result was encouraging, but not altogether surprising. The 

address segment was created so as not to affect message segment binding, and the 

compounds are very similar to P-endorphin, which also has good activity. The A50 value 

is confirmation of the success of this concept, and proof that the a-helical glycopeptide 

enkephalin analogues can provide good in vivo analgesia. 

MVD = 15.5 nm, GPI = 380 nm 
5 = 9.5 nm, = 144 nm 
A50 (i.c.v.) = 120 pmol 

Figure 4-23-- In vitro and in vivo activity of glycopeptide ^ 
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While the moderate success of the 2400 series (Figure 4-19. compounds 45-48) 

provided some hope that these amphipathic glycopeptide enkephalin analogues were 

actually helical and could provide some level of analgesia in vivo, there were still 

numerous problems that needed to be addressed. First and foremost, were the solubility 

issues related to these compounds. All glycopeptides that had been previously 

synthesized were highly water soluble. However, only one of the 2400 series had any 

solubility in water, this was glycopeptide All glycopeptide of the 2400 series were 

relatively lipophilic, but varied in length. Glycopeptide ^ only had one glycosyl amino 

acid residue, so therefore it is not imforeseeable that this compound might be insoluble in 

water. Glycopeptides ^ and ^ bad two glycosyl amino acid residues, but also had more 

lipophilic residues on the end of the helix, which would decrease the water solubility. 

These solubility problems hindered all experiments conducted on the compounds, 

including the CD, NMR, and pharmacological studies. 

Related to the water solubility problems, were the problems with the NMR. Two-

dimensional NMR experiments are critical to the residue-specific assignment of the 

compounds, which will eventually allow for accurate molecular modeling simulations. 

None of the glycopeptides, with the exception of compound ^ were soluble in water or 

TFE/water mixtures. Without this data, specific conformations, such as small turns and 

bends within the glycopeptides, were impossible to determine. 
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The problem with solubility was a major concern, as it had always been assumed 

that the glycopeptides would be water soluble. Therefore, the 2500 series was created to 

explore the optimal lipophilicity-hydrophilicity ratio. This series took advantage of what 

was learned and utilized in the previous series. Once again, only helix-forming amino 

acids were used in the address portion, with one Lys-Glu salt bridge also present. 

However, this series used three glycosyl amino acids in the helix segment, instead of the 

one or two in the previous series. The theory for this was that three glycosides would be 

enough to solubilize any peptide, regardless of its lipophilicity. In addition to the 

increase in the number of hydrophilic glycosides, the lipophilicity of the helix segment 

was increased down the series. Glycopeptide ^ was designed to be the least lipophilic of 

the series, as it possessed three alanine residues and only one phenylalanine and no 

tryptophane residues. Lipophilicity was then increased down the series, by replacing less 

lipophilic residues (Ala) with more lipophilic residues (Trp). This culminated with 

glycopeptide 52. This glycopeptide had two tryptophane, two phenylalanine and no 

alanine residues, making it the most lipophilic of the series. Glycopeptide M was 

designed differently from the other three helices. Compound M has the same helix 

amino acids as glycopeptide 51, but arranged so that the helix is rotated 180° about the 

helical axis. This can be thought of as a '"permuted" helix and would explore minor 

differences in message segment placement between compounds SO and 51. This series 

should elucidate exactly what glycoside content is required to solubilize these 

compounds, and allow for the necessary testing. 



241 

49 Tvr-DThr-Glv-Phe-Leu' 
50 Tyr-DThr-Gly-Phe-LeuGly-Uu.Leu-Lys-Ser*-Phe-Ala-Glu-Ser*-Trp-Ser*-GIn-Phe-C0NH2 
51 Tyr-DThr-Gly-Phe-Leu' 

Message 

•Gly-AI»-Leu-Lys-Ser*-Phe-Ala-Glu-Ser*-Leu-Ser*-Gln-AI»-C0NH2 

Gly-Lys-Ser*-Phe-Ala-Glu-Leu-Trp-Ser*-GIn-Phe-Leu-Ser^-coNHi 
52 T>T-DThr-Gly-Phe-Leu Gly-Leu-Leu-Lys-Ser*-Phe-Trp-Glu-Scr*-Trp-Ser*-Gln-Phe-C0NH2 

Address 

Figure 4-24— 2500 series of glycopeptides: Exploration of optimal lipophilicity 
(Lipophilic Residues are shown in bold) 

Immediately, the questions concerning the water solubility of the compounds 

were answered. All glycopeptides of the series were highly water soluble, thus proving 

that three glycosides is enough to solubilize even the most lipophilic glycopeptides, like 

compound 52. This increase in solubility would now allow for all of the necessary 

testing to be conducted. 

The first of these studies, once again, was CD. These experiments were 

conducted in water, DPC, and SDS micelles. In water, it was evident that these 

glycopeptides had little to no secondary structure, as the spectra were that of a compound 

that was predominantly random coil. 

In the presence of SDS micelles, all four compounds immediately became 

helical, regardless of lipophilicity. However, the type of helix formed needed to be 

examined closely. The CD spectra in micelles indicated that the four compounds 

predominantly existed in one of two states: either an a-helix or a 3 lo-helix. The spectrum 

of compound ^ (Figure 4-25) was easy to interpret and was representative of a classic 

a-helix, with the spectral minima appearing at 222 nm and 208 nm at a ratio of 

approximately I. The spectra of SO and 52 (Figure 4-26 and Figure 4-28, respectively) 
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also resembled that of ^ except were lower in intensity. This indicated that the 

compounds were still a-helical, but to a lesser degree. 

The interesting results were observed in the CD spectra of compound 51. (Figure 

4-27) This glycopeptide gave results indicative of a 3io-helix, with a [0::2]/[02O8] of 

roughly 0.4. It was intriguing that the spectra of 50 and 51 were so different, providing 

that the constituents amino acids of each helix were identical, but placed in a different 

order so as to invert the helix with respect to the membrane. Obviously, this 

"permutation" of the helix was enough to change the overall conformation of the address 

segment from an a-helLx to a 3io-helix. The best method to confirm this difference 

would have been NMR, however problems with the sample have hindered this study. 

These challenges will be discussed more in the following sections. 
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Figure 4-25— CD spectra of compound 49 in H2O and 30mM SDS at varying 
temperatures 
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Figure 4-26— CD spectra of compound 50 in H2O and 30mM SDS at varying 
temperatures 
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Figure 4-27— CD spectra of compound 51 in H2O and 30mM SDS at varying 
temperatures 
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Figure 4-28— CD spectra of compound 52 in HiO and 30mM SDS at varying 
temperatures 
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CD melting curves were also performed on the 2500 series in SDS micelles. 

(Figure 4-29) The stability of the glycopeptide in the membrane-mimicking 

environment was remarkable. Normal peptides will display a standard melting curve, 

similar to an acid titration curve, when the temperature is increased. The steepest part of 

this curve corresponds to the temperature at which the secondary structure of the peptide 

is destroyed by the heat, a phenomenon referred to as denaturation in proteins. As 

evidenced by Figure 4-29 though, the glycopeptides of the 2500 series are not denatured 

by the heat to any substantial level. This is believed to be an effect provided by the 

micelle, and the high degree to which it stabilized the secondary structure of the 

glycopeptide when inserted. This stabilization is effective to temperatures greater than 

80°C in this case. 

I 0 
= -5000 
LU 

S .10000 
2  
o -15000 

I -20000 oc 
i -25000 -

0 20 40 60 80 100 

Temperature (in degrees C) 

A 49 at 5mM SOS 
• 51 at 5mM SDS 

• 50 at SmM SDS 
• 52 at 5mM SDS 

Figure 4-29— CD melting curves of the 2500 series 
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The helical content of the glycopeptides in different micelles and at different 

micelle concentrations was also explored. DPC micelles^^"* and SDS micelles differ in a 

number of ways. These micelles differ in the effective molecular weights of the 

aggregates. Per-deuterated DPC micelles weigh approximately 27kD, while per-

deuterated SDS micelles are approximately 19kD. Most importantly though, DPC 

micelles have a zwiterionic head groups, where as the SDS micelles possess an ionic 

head group. A comparison of the two constituent monomers is shown in Table 4-4. This 

electrostatic interaction with head groups could possibly play a large role in the binding 

of the glycopeptide to the micelle and helical content of the address segment. 

Sodium Dodecyl Sulfate 
(SDS) 

Dodecyl Phosphochollne (DPC) 

Monomer 
composition 

Alkyl sulfate Alkyl phosphocholine 

Head Group Negative Zwitterionic 

# of monomers 
per micelle 

60 72 

micelle size 3-4 nm 4-6 nm 

Table 4-4— Comparison of SDS and DPC 
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Upon performing the necessary experiments in the different media, it was seen 

that the type of micelle used in the studies had no effect on the degree of helicity within 

the glycopeptide. (Figure 4-31) At 8°C, the two micelles provided almost exactly the 

same level of helicity. Further studies showed that the helicity was also independent of 

the concentration of the micelle used. From just above the critical micelle concentration 

to 30 mM, the helicity remained constant. This was solid experimental proof that either 

micelle would equally mimic a membrane environment. 

More importantly, because all compounds were water soluble, in vivo testing of 

the glycopeptides could proceed. I.c.v. testing of the four compounds showed that three 

of the four were potent antinociceptive agents. Glycopeptides 49-51 all possessed .'Xso 

values below 100 pmoles, making them at least 20 times more potent than morphine. 

The most potent of these was glycopeptide 50, which was almost two orders of 

magnitude more potent than morphine. This was also almost as potent as the lead linear 

glycopeptide 28. 

Interesting comparisons were also made between 50 and 51. These two are 

permuted about the helical axis from each other by 180°. Presumably, this would invert 

the message segment of the two, with respect to the membrane surface. When the two 

were compared to each other, it was seen that glycopeptide 50, with the "normal" 

message segment, was 3-4 times more potent than glycopeptide 51 with the inverted 

message segment Initially, when designing the helices, it was believed that the Gly^ 

would terminate helicity. Thus, all glycopeptides were designed around this assumption, 

which would have placed the message segment in the aqueous compartment near the 
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delta receptor. However, with the knowledge that helicity does not terminate at Gly^ and 

acmally extends to at least Gly^, this model was reexamined. 

The new helical wheel representations of the two compounds are shown in Figure 

4-30. The two differ firom each other in a number of ways. Obviously, the 

pharmacophore of 50 is in a different location, which is believed to be within the 

hydrophobic interior of the cell, or at least among the charged lipid head group region. 

This should allow it greater access to the mu receptor than 51, and may account for the 

greater efficacy. In addition, glycopeptide 51 has two serine glycosides on the same face 

of he helLx as the message segment, which could greatly impede binding to the receptor. 

Glycopeptide SO Glycopeptide 51 

Figure 4-30— Modified helical wheel representations of 50 and 51 



249 

As can be seen from Figure 4-31, there was no direct correlation between the 

degree of helicity and the level of analgesia that the glycopeptide provided. However, 

there was some correlation between analgesia and lipophilicity. The least lipophilic and 

the moderately lipophilic compounds all showed good analgesia with a normal time of 

efficacy of 2-3 hours. This was not the case for the most lipophilic of the series, 

glycopeptide 52. This compound showed the lowest potency in vivo, but longest duration 

of action. This was probably directly due to the high lipophilicity of the glycopeptide. 

This compound would presimiably have the highest affinity for a cellular membrane. If 

the partition coefficient between the surface and the aqueous e.xterior was high enough, 

the binding to the surface becomes less of a reversible phenomenon. If this happened, 

diffusion in the brain was a slower process, meaning the drug did not reach the opioid 

receptor as quickly. This sluggish diffusion process explains both the lengthened 

duration, and the lowered potency. The amount of drug that agonized the receptor was 

never very high in this case, resulting in lower potency. But, because of the high 

lipophilicity and resulting slow diffusion in the brain, the drug remained available for 

longer periods of time resulting in longer duration of action. The mathematical analogy 

for this is that the area underneath the analgesia curve for all of these compounds is the 

same, but in the case of glycopeptide 52, the curve is just stretched over a longer period 

of time. 
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60 

0 
Glycopeptide 49 

A50 (l.c.v.) 99.7pm 

Efficacy 2-3 hours 

50 

28.1pm 

2-3 hours 

51 

96.0pm 

2-3 hours 

52 

592pm 

5-6 hours 

• 5mM DPC •30mM DPC HSOmM SOS 

Figure 4-31— % Helicity of 2500 series in different micelles/concentrations 

However, there are still numeroiis challenges to be dealt with in this project To 

this point, all "thru-bond" NMR correlation studies (i.e. TOCSY, COSY) on the a-

helices in a membrane-mimicking environments have failed. The experiments all showed 

weak magnetization transfer in the NH to a-H region, and very little to no transfer from 

NH to side chain protons. This has made residue-specific assignment of the 

glycopeptides impossible. Although NOE experiments have yielded excellent results, 

showing himdreds of cross-peaks, they cannot be used in molecular modeling or 

structural detennination studies if correlation spectroscopy experiments are not available. 

The poor results in the TOCSY experiments can be the result of numerous factors. 

The line-widths of the amide protons suggested that the effective molecular weight of the 
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aggregate in the NMR tube is actually much greater that of the glycopeptide itself. This 

can be explained by the tumbling rate of the glycopeptide in solution. If the glycopeptide 

is free to move within the interior of the micelle, it will tumble as if it was in a low 

viscosity hydrocarbon solvent and produce very sharp resonances. (Figure 4-32) 

However, as shown from the biophysical studies on glycopeptide 28, the glycopeptides 

are probably confined to the surface of the micelle. This would mean that the 

glycopeptide would be less mobile and tumble at the rate of the micelle, which is a heavy 

aggregate tumbling in a high viscosity solvent. This would produce broad resonances 

and lead to inefficient magnetization transfer and poor correlation spectra. 

Nomial Peptide in SDS (Ci2D25S04Na) Glycopeptide in SDS (Ci2025S04Na) 
Tumbles at weight of p>eptide (2.3 Kd) Tumbles at weight of peptide + micelle (25 Kd) 

NMR peaks are sharp= GOOD TOCSY NMR peaks are broad = Poor TOCSY 

Figure 4-32— Comparison of peptides and glycopeptides in SDS micelles 

Aqueous Exterior OH 

Eventually obtaining sharp 2-D TOCSY spectra, so as to specifically assign the 

glycopeptide resonances will be essential to the success of the project NMR is the most 
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reliable method for the residue-specific assigmnent of secondary structure to the 

glycopeptides. This will not only elucidate the exact places where helicity begins and 

terminates within each helix, but also be able to confirm small differences between the 

glycopeptides, such as the presence of a-helicity vs. 3io-helicity. 

With the glycopeptide structures and solubilities in hand, examination of the 

hydrophobicity/hydrophilicity of each compound can commence. While hydrophobicity 

values for each amino acid currently exist, there are no such values for serine p-

glucoside. If this value could be calculated, or at least estimated, the hydrophobicity of 

each compound could be compared to its water solubility. 

Table 4-5 compares the results of hydrophobicity calculations preformed on each 

of the a-helices using the Eisenburg "consensus" hydrophobicity values. The overall 

hydrophobicity of each glycopeptide was taken as the sum of all of the individual amino 

acids. So as not to make any improper assumptions, a value of "x" was used for each 

serine P-glucoside. Hence, the sum of ail proteogenic amino acid hydrophobicity values 

was added to the number of glycosides (x) and each compound was labeled as soluble or 

insoluble, depending on its water solubility. The equations for the most lipophilic water-

soluble compound (glycopeptide 52) and the least lipophilic water-soluble compoimd 

(glycopeptide ^ were then set equal to each other and solved for x. Since both ^ and 

52 are water soluble, one would assimie if lipophilicity was related to water solubility, 

they would both need to have overall hydrophobicity values lower than a certain point to 

be water soluble. Upon computation, the lipophilicity value of serine P-glucoside was 

calculated to be at most -1.1. Obviously, the magnitude could be less than -1.1, but this 
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value represents the absolute maximum that ser-P-Glc could be. if lipophilicity is related 

to water solubility. 

Glycopeptide Calc. Value Water Glycopeptide Calc. Value Water 

45 0.81 +x insol. 49 1.31 +3x sol. 

46 0.81 +2x sol. 50 1.86 + 3x sol. 

42 1.42+ 2x insol. ii 1.86 + 3x sol. 

48 1.79+ 2x insol. 52 1.91 +3x sol. 48 

0.81 2x = soluble 
1.91 + 3x = soluble 

0.81 +2x= 1.91 +3x 
x < - l . l  

Table 4-5— Calculated lipophilicity values for all a-helical glycopeptides 

When the value of-1.1 was inserted into the equations from Table 4-5, a clearer 

distinction could be made on what glycopeptides might be water-soluble and which one 

might be insoluble. (Table 4-6) However, the actual value for Serp-Glc is probably 

much less than -1.1, which also happens to be the value for lysine. One would assimie 

that a glycosyl amino acid is much less lipophilic than any proteogenic amino acid, but 

we cannot calculate the exact value right now with any real certainty. While this 

calculation will serve as a guide for the synthesis of future glycopeptides, it will probably 

also continue to be modified. One flaw in this system that must be noted is the omission 
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of C- and N-ierminal modifications from ±e equation. One would predict that an 

acylated N-terminus would be more lipophilic and less water soluble than a free amine, 

yet this is not taken into account in the crude calculations performed here. 

Glycopeptide Calc. hydrophobicity value 
fusing -I.l for ser-$-glc) 

Solubility in water 

45 -0.29 insoluble 

-0.41 insoluble 

-0.78 insoluble 

-1.39 soluble 

52 -1.39 soluble 

51 -1.44 soluble 

50 -1.44 soluble 

49 -1.99 soluble 

Table 4-6— Calculated hydrophobicity values for a-helical glycopeptides 
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Chapter 5: Conclusions and Suggested Future Work 
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5.1 Linear Glycopeptide Enkephalin Analogues: 

The work presented in this dissertation covered not only my specific work, but 

also that of two other researchers on the project and comprised approximately 13 years of 

research in the field. Each of the classes of glycopeptides presented their own unique 

challenges and provided different types of synthetic and pharmacological information. 

The linear glycopeptide enkephalin analogues discussed in chapter 2 were by far 

the most potent and most highly tested compounds of any drug discussed. These drugs 

were all fairly delta selective and showed in vivo potency at the picomole level when 

administered i.c.v. One of the keys to the potency of the compounds was the retention of 

some mu receptor binding though. Many compounds have shown that if mu binding is 

lost, the analgesic effects to the compounds are also lost. DPDPE is the best example of 

this. It is highly delta selective, yet shows poor in vivo analgesia.^^^ thus limiting it to a 

research compound primarily. 

When e.xamining the class of compounds overall, there were a number of 

interesting trends that appear. First, glycosylation was obviously a requirement for BBB 

penetration and potent i.v. activity. However, the optimal extent and type of 

glycosylation was not as obvious a conclusion at which to arrive. It was clear that bis-

and tris- monoglycosides were not as efficacious as the parent compounds. The 

oligosaccharides though, did provide good to excellent analgesia. One can conclude that 

glycosylation does not simply function to increase the hydrophilicity of the compoimds. 

When directly comparing the 3-Iactose (35) and |3-maitose (40) glycopeptides, which 
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only differ by the terminal saccharide residue, potency varied rather dramatically. We 

currently believe that this is due to the higher bioavailability of the P-lactose drug, which 

was not removed by the kidneys as quickly because of the terminal galactose. The 

simplest way to prove this theory would have been to synthesize the galactose mono

saccharide analogue of glycopeptide 2^ and test for potency. 

Synthetically speaking, this portion of the project has been relatively well 

explored. One very important compound that hasn't been synthesized is DTLET-P-Gal, 

so as to investigate renal uptake rates in mice and test the bioavailability theory proposed 

for glycopeptide 35, the P-lactose glycopeptide. In addition to this, extended glycine or 

proline spacers have not been well-explored either. Glycine spacers consisting of one 

glycine residue were synthesized by Scott Mitchell and did not show significant 

improvement in biological activity, but larger numbers than this have not been tested. A 

split resin synthesis for five of these compounds is depicted below (Figure 5-1). Not 

only could this provide answers on if longer spacer regions are advisable, but this would 

also provide more clues to what exactly was wrong with the bis-monosaccharide linear 

glycopeptides (36-39). The bis-monosaccharides showed poor binding properties and 

equally poor analgesia, but it was never determined if this was due to too great a 

hydrophilicity or too great a steric hindrance around the message segment, or possibly a 

third, yet unexplored reason. 
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NHFmoc 1 Q—NH-S*-S* q-nh-s--s--g 

2 o-nhfmoc 2 0-nh-s--s- 2 ^h-s--s--g 5^ 
NHFmoc 3 Q—NH-S--S* 3 Q—NH-y-S'-G 

 ̂ Q-NHFmoc 2) Fmoc-Ser- (1-3)  ̂ Q_nh-S- *) FtiKxr-Sef (4-5)  ̂ Q_nh-S*-G-S- *) P"K)C-Gly (3.5) 

5 NHFmoc 5 NH-S* 5 NH-S*-G-S" 

1 q—nh-S--S--G 

2 NH-S--S*-G-G 

3 NH-S*-S*-G-G-G 

4 nh*"S* -G-S*-G 

5 Q—NH-S*-G-S*-G-G 

Pharmacophore 
resiOues 

resin 1-5 

H2N-Tyr-DThr-Gly-Phe-Leu-Gly-Ser-Ser*-CONH2 

1) H2NN2H/MeOH h2n-Tyr-OThr-Gly-Phe-Leu-Gly-Gly-Ser*-Ser*-CONH2 
. H2N-Tyr-OThr-GIy-Phe-Leu-Gly-Gty-Gly-Sef-S«r--conh2 

2) 90% TFArtDCM h2n-Tyr-OThr-Gly-Phe-Leij-Gly-Ser*-Gly-Ser*-conh2 

H2N-Tyr-DThr-Gly-Phe-Leu-Gly-Gly-Ser*-Gty-Ser*-CONH2 

S*=Ser*=S«nne(P-Glucose) 
G=Gly=Glyane 

Figure 5-1— Linear glycopeptides widi glycine spacers 

Mu-selective message segments could also be investigated as possible 

replacements for the "DTLET' sequence currently used. While addictive properties and 

side-effects have been associated with the mu-receptor, it is also required for potent 

analgesia, as strictly delta selective compounds have been shown to be poor pain killers. 

The DAMGO sequence (Figure 5-2) is a highly mu-selective sequence which has yet to 

be glycosylated and biologically tested. Other, probably more viable, sequences are the 

endomorphin and morphiceptin tetra-peptides.^^® While neo-glycopeptides using these 

sequences have shown poor in vivo activity, different construction may provide better 

results. Specifically, glycine spacer regions would prevent the glycoside from affecting 

the message segment, as might have been the case in previous neo-glycopeptide 

examples.^^^ Of note is the fact that the morphiceptin and endomorphin-2 analogues 

might be better candidates for synthesis, as they do not possess the N-methyl 

phenylalanine residue that DAMGO does. 
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OP-GIc 

H-Tyr-DAla-Gly-{NMe)Phe-Ser-NH2 

,Op-Glc 

Op-GIc 

r 
H-Tyr.DAIa-Gly-(NMe)Phe-Gly-Ser-NH2 

^Op-GIc 

I 
H-Tyr-Pro-Phe-Phe-Ser-NH2 

,OP-Glc 

H-Tyr-Pro-Phe-Pro-Ser-NH2 

^Op-GIc 

I 
H-Tyr-Pro-Phe-Pro-Gly-Ser-N H2 

r 
H-Tyr-Pro-Phe-Phe-Gly-Ser-NH2 

Figure 5-2— Proposed DAMGO, morphiceptin and endomorphin-2 analogues 

However, more in depth pharmacological experiments could also be performed by 

radiolabelling the drugs. Once a radioactive isotope (possibly or ^H) had been 

incorporated into the compound, the drug could be administered to the animal and the 

excretion pathway could be observed. Specifically, once the animal has been sacrificed, 

some of the organs (e.i. brain, liver, kidneys, gut ect.) would be removed and tested for 

radioactivity. This would provide a rough estimate of where the compounds went after 

being metabolized and would help to prove or disprove the renal uptake theory presented. 
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Lipo-glycopeptides were discussed in Chapter 3. In my opinion, this is the area in 

which the most progress could be made, with respect to new drug properties. Lipo-

peptides have shown very interesting properties in vivo, including novel aggregation 

properties, different modes of transport across biological barrier (i.e. BBB and intestinal) 

and dif^usion-reguiated receptor recognition. One could envision that these compounds 

would possess the best traits of all of the glycopeptides: a glycoside moiety to provide 

enzymatic stability and BBB transport, and a lipid moiety to alter aggregation properties 

and possibly allow for oral absorptive activity. In addition, if these compounds 

performed well as analgesics, this theory of lipo-glycopeptides could be extended to 

virtually any bioactive peptide, to increase oral activity and transport properties. 

The largest obstacle in this phase of the research has been development of lipo-

glycosyl amino acids. The first revision synthesis provided a starting point for the 

compounds, and began to elucidate possible problems in the creation of the uimatural 

amino acids. The second-revision synthesis improved upon the theories presented in the 

first revision synthesis and provided a divergent route to the compounds, but was not 

amenable to large-scale synthesis and still had problems with the glycosylation step. The 

third revision synthesis continued to improve upon the ideas presented in the previous 

two. This route had the advantage of beginning with a cheap, chiral starting material and 

a shorter synthesis with fewer chromatography steps, allowing for larger scale synthesis 

later. The drawback to this route, as compared to the previous two, is that the lipid 
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portion was ester linked to the amino acid. While not e.xperimentally proven, one would 

theorize that this linkage would not be as enzyraatically stable as a carbon-linked lipid. 

However, the ease of synthesis of this route outweighed the possible stability problems. 

Yet. a fourth revision scheme was devised and should be the first to be pharmacologically 

tested. In this, the lipid and the glycoside portion were placed on different amino acid 

residues. In the end. this would be the fastest way to determine if lipo-glycopeptides 

possess any interesting properties in vivo. In would prevent a lengthy synthesis, be easily 

scaled-up, and answer many pharmacological questions on the compounds quickly. I 

believe that this should be the next path e.vplored in glycopeptide analgesic synthesis. 

Derivatization of the fourth revision compounds would be quite facile, as depicted 

in Figure 5-3. Permutation of the placement and ratio of lipid to glycoside residues 

would be easy to accomplish. This series would also e.xplore the question of optimal 

lipophilicity/hydrophilicity. The first column of compounds possesses two lipids per 

glycoside, with the reverse ratio proposed in the second column. These could easily be 

synthesis be automated SPPS and would give a wealth of pharmacological information 

quickly. .A.fter these compounds have been tested, further synthesis could include 

variation of the length of the lipid chain and possibly examination of acylation of other 

amino acids other than serine. 
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H-Tyr-DThr-Gly-Phe-Leu-Ser-Ser-Ser-NH2 H-Tyr-DThr-Gly-Phe-Leu-Ser-Ser-Ser-NH2 

^OpGIc ^OpGIc 
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H-Tyr-DThr-Gly-Phe-Leu-Ser-Ser-Ser-NH2 H-Tyr-DThr-Gly-Phe-Leu-Ser-Ser-Ser-NH2 

ococ15h31 "^ococi5h3i 

Figure 5-3— Fourth revision lipo-glycopepiides 

5 J Amphipathic a-Helical Glycopeptides 

The final class of compounds discussed in this dissertation were the a-helical 

glycopeptide enkephalin analogues (Chapter 4). These compounds provided a good 

model for the synthesis of future substrates. The initial studies on the helices focused on 

the feasibility of an a-helical glycopeptide. Critics of the project argued that a glycosyl 

amino acid is too bulky and would destroy helicity, or at the least place a bend/tum in the 

helix at the site of glycosylation. However, we showed that this wasn't the case and that 

the extent of helicity is more dependent on the constituent amino acids of the helix. 

Further studies e.xamined the helical propensity and analgesic properties of a-helical 

glycopeptide enkephalin analogues. Our results showed that the compounds were 
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unstructured in water, but helical in the presence of a membrane-mimicking environment. 

The compounds also displayed interesting in vivo properties. Specifically, compound 52 

displayed a low i.c.v .A.50 value, but showed an extended time of analgesia. We believe 

that this was due to the high level of lipophilicity associated with the drug. 

However, there are numerous problems with the biophysical study of these 

compounds. First and foremost, residue-specific resonance assignments via NMR are a 

necessity. Without these, none of the advanced biophysical studies, including molecular 

modeling, secondary structural determination or membrane positioning, can be 

conducted. Exact determination of the solution and membrane-bound conformations will 

be essential to the overall success of the project. 

There are several potential ways to deal with this problem. First, if the 

glycopeptide and the micelle are responsible for the aggregate weight, then it would be 

advantageous to change the weight of the micelle. This would a lower molecular weight 

conglomerate, which would presumably tumble faster in solution. One way to achieve 

this would be to use sodium capryl sulfate micelles^^® (SCS), instead of SDS micelles. 

Not only do these monomers each have a lower molecular weight, but there are also 

fewer monomers per micelle. This results in a micelle of approximately half the 

molecular weight as one constructed with SDS. However, this monomer, in the per-

deuterated form is very expensive, (2.5 grams = SHOO) and therefore not the first 

solution to be attempted. 

Another potential solution involves the use of a different pulse program for 

obtaining the TOCSY spectra. Originally used to obtain correlation spectra on 
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paramagnetic proteins, these pulse programs could potentially be very useful in this 

situation also/^' However. ±e pulse programs themselves are rather unusual and rely on 

larger than normal spin field strengths with excessive duty cycles to transfer 

magnetization. This causes some concern for the well-being of the instrument, and limits 

their use within the community. 

In addition to this, a more efficient synthesis of the a-helical glycopeptides is 

necessary. Synthetic yields to this point have been poor at best. This has made 

purification very difficult and has not allowed for the isolation of large quantities of the 

drugs. One reason for this could be the intrinsic helical nature of the compounds in 

solution during synthesis. The glycopeptides are probably forming secondary structures 

on the resin which will make couplings more difficult for steric and electronic reasons. 

In other systems, chaotropic solutions have proved useful in destroying these secondary 

structures and improving coupling yields. However, at first attempt, this was not a viable 

solution to the problem. Yet, this method should not be abandoned, and should be 

attempted again in another glycopeptide synthesis. 

Different, more active, coupling reagents should also be used in the synthesis of 

the a-helices. HATU has been shown in numerous systems to provide more efficient 

peptide coupling reactions^"*® and should be used in the next glycopeptide synthesis. 

While this reagent is more expensive than HBTU and BOP. the improvement in yields 

will more than compensate for the added cost. 

Also, Kemp and co-workers have suggested extended coupling time to be the key 

to good yields of highly helical peptides.^' In their synthesis of several poly-alanine a-
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helices, they found that the best synthetic yields were obtained using overnight couplings 

with several overnight re-coupling steps per residue. Once again, while this is quite time 

consuming, the benefits will be seen in improved yields. 

Improved syntheses of the a-helices will provide larger quantities of drug for 

pharmacological testing. The a-helices have not been examined by any other 

pharmacological methods other than i.c.v. antinociception. One of the true advantages to 

these compounds may lay in unique transport properties. I.v. antinociception studies and 

BBB permeability studies are essential and will provide useful information on not only 

the compounds tested, but also provide clues on where the project should progress. 

5.4 Suggestion for the design of future compounds: 

One future set of a-helices that would be very interesting to examine would be a 

set in which the spacer region between the message and address segment is varied. 

Preliminary studies on compound ^ showed that one glycine residue does not prevent 

helicity from propagating into the message segment and affecting the conformation of the 

pharmacophore residues in an aqueous solution. One can only imagine that this effect 

would be amplified in the presence of a membrane-mimic. We caimot definitively say 

whether this is advantageous or not yet. The way to explore this question is by varying 

the spacer region, determining the conformation of the glycopeptide and comparing that 

to pharmacological data. 
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Figure 5-4 proposes the next set of a-helices which could be synthesized. In 

these, the address segment is borrowed from glycopeptide 5^ the most potent of the a-

helices. The message segment is also keep constant, of course, but it is the spacer region 

which will be varied. The first compound will not have a spacer region at all, as we have 

not proven that a helical message segment would be disadvantageous. Compound 50 has 

one glycine spacer residue and will provide a point for comparison. The next compound 

will have two glycine spacers, which should not only terminate helicity from the address 

region, but also provide a more flexible message segment. Finally, amino acids other than 

glycine can be used in the spacer region, including proline and P-alanine.^"*" Both of 

these should very effectively terminate helicity. both in aqueous solutions and in a 

membrane-mimicking environment. 

Tyr-DThr-Gly-Phe-Leu 
SO Tyr-DThr-Gly-Phe-Leu 

Tyr-DThr-Gly-Phe-Leu 
T yr-DThr-Gly-Phe-Leu 
Tyr-DThr-Gly-Phe-Leu 

Vtessaee 

Leu-Leu-Lys-Ser*-Phe---\la-Glu-Ser"-Trp-Ser"-Gln-Phe—CONHi 
Gly Leu-Leu-Lys-Ser*-Plie-Ala-Glu-Ser*-Trp-Ser*-Gln-Phe —CONHj 
Gly-Gly.Leu-Leu-Lys-Ser*-Phe-AJa-GIu-Ser»-Trp-Ser»-Gln-Phe—CONH-) 

Leu-Leu-Lys-Ser*-Phe-.-\la-Glu-Ser*-Trp-Ser"-Gln-Phe—C0NH-> 
,eu-Leu-Lys-Ser*-Phe-Ala-Glu-Ser»-Trp-Ser*-GIn-Phe—cONHt 

Spacer .•Vddress 

Figure 5-4— Proposed a-helices with varied spacer regions 

In addition to the analgesic work though, amiphipathic a-helical glycopepides 

offer the interesting possibility of antibacterial or antimicrobial drugs too. These 

compounds would be designed in the same model as the analgesics were, in that they 

would possess a message and an address segment. The message segment could be taken 
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from the maganins and cecropins, or possibly melittin. Assays for gram-negative and 

gram-positive bacterial would then be rather simple and could easily test the efficacy of 

the compounds. 

In addition to this, exploration into other physiological realms outside the brain is 

possible for opioid receptor agonists. Specifically, the opioid receptors are also located 

on the surface of leukocytes and erythrocytes and could be used to modify inter-cellular 

recognition mechanisms. The opioid receptors have also been implicated in addiction 

behaviors. 



268 

Chapter 6: Experimental 
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In vitro pharmacology; 

Rodent Brain Homogenate Studies: 

Membranes were prepared from whole brains taken from adult male Sprague-

Dawley rats (250-300 g). All radioligand displacement experiments were run against the 

[^H]-labeled ligands [D-Pen", PheCp-Cl)"*, D-Pen']enkephalin (5-ligand), D-Phe-Cys-Tyr-

D-Trp-Om-Thr-Pen-Thr-NHi (CTOP. (|i-ligand) and U-69,593 (K-ligand) as described 

previously.'"*" At least three experiments were done for each radioligand. Statistical 

comparisons between 1-2 site fits were made using the F-ratio test with a P value of 0.05 

as the cut-off for significance.^"" Data that are best fitted by a one-site model were 

reanalyzed with the logistic equation.^"*' Data obtained from independent measurements 

are presented as the arithmetic mean ± SEM. 

Mouse vas deferens (MVD) and guinea pig ileum (GPI) bioassays. 

Electrically induced smooth muscle contraction of MVD and strips of GPI 

longitudinal muscle-myenteric plexus were used as a bioassay. %-Inhibition is calculated 

as the average contraction height for I min preceding the addition of the agonist divided 

by the contraction height 3 min after the addition of the agonist. IC50 values represent the 

mean of not less than four tissue samples. IC50 values, relative potency estimates, and 

their associated standard errors will be determined by fitting the mean data to the Hill 

equation with a nonlinear least-squares method 
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In vivo pharmacology: 

Male. ICR mice (20-30 g) (Harlan Industries, Cleveland. OH) were housed in a 

temperature controlled animal colony under standard conditions. Morphine sulfate was 

used as a control and was a gift from the NIDA drug supply program. Glycopeptides 

possessing favorable in vitro profiles (high affinity at mu and/or delta opioid receptors, 

agonist activity in the tissue bioassays) were initially tested for antinociceptive actions 

following i.c.v. injection. Compounds were typically dissolved in either distilled water 

(i.e.v. injections) or physiological saline (i.v. and s.c. injections). For i.c.v. injections, 

mice were lightly anesthetized with ether and an incision made in the scalp. Injection 

were done with a 10 p.L Hamilton syringe at a point 2 mm caudal and 2 mm lateral from 

bregma, and injected at a depth of 3 mm in a volume of 5 Antinociception was 

assessed using the 55°C warm-water tail-flick test. The latency to the first sign of a rapid 

tail-flick was taken as the behavioral endpoint.^"*' Each mouse was first tested for 

baseline latency by immersing its tail in the water and recording the time to response. 

Mice not responding within 5 sec were excluded from further testing. Mice were then 

tested for antinociception at 10, 20, 30, 45, 60, 90 and 120 min post-injection. A 

maximum score was assigned (100%) to animals not responding within 15 sec to avoid 

tissue damage. Antinociception is calculated as: % antinociception = lOOX(test latency-

control latency)/(15-control latency). For testing antagonist blockade of agonist effects, 

mice were pretreated with an i.c.v. injection of naloxone (Research Biochemicals Inc.) 
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followed 10 min later with the agonist injection. Antinociception was assessed at limes 

corresponding to peak agonist drug effect. Dose-response lines were constructed at times 

of agonist peak effect and analyzed using linear regression.^"*® .A.11 A50 values (95% 

confidence limits) were calculated from the linear portion of the dose-response curve. 

.•\ssessment of physical dependence used previously described methods.""'' Data was 

analyzed using one-way analysis of variance (ANOVA) followed by Student's t-test for 

between groups comparisons (significance set at p<0.05). A minimum of 10 mice were 

used at each dose level. 

For acute dependence studies, a single 20X A50 dose of each compound was 

administered to mice s.c. Four hours later, naloxone (10 mg/kg, i.p.) was injected to 

precipitate a withdrawal syndrome. Vertical jumping (0-15 min after naloxone) is used as 

an index for physical dependence severity. 

In chronic studies, an escalating dose regimen was used with 2X daily s.c. 

injections for 3 days (20X. 20X, 40X, 60X. lOOX, lOOX A50 value). On the morning of 

the fourth day. withdrawal is precipitated with naloxone (10 mg/kg, i.p.). Development 

of antinociceptive tolerance was assessed using a similar escalating dose-regimen. On 

the morning of the fourth day, a ftill dose-response cure was generated in vehicle and 

glycopeptide treated animals. A ratio of the A50 values will serve as an index of 

tolerance. Morphine was used as a comparison for all tolerance and physical dependence 

studies. 



Glycopeptide Assembly: (Compounds 28-42) 

Most peptides and glycopeptides were manually synthesized using standard solid-

phase Na-Fmoc chemistr>\ with HBTU/HOBt promoted peptide coupling (2.0 eqj'2.0 eq. 

per 1.5 eq. of amino acid). Model a-helices ^ and ^ were synthesized with a Sonata 

series automated peptide s\-nthesizer. on loan from Protein Technologies of Tucson. AZ, 

using standard solid-phase Na-Fmoc chemistry with BOP/HOBt promoted peptide 

coupling. Coupling times varied from 40 minutes to 8 hours, depending on where in the 

sequence the residue was located, and were monitored by the Kaiser ninhydrin test.^^° 

The acetate protecting groups were removed from the carbohydrate with hydrazine 

hydrate."' (except in the case of the lipoyl peptides, where KCN/MeOH was used) and t-

butyl side chain protecting groups were cleaved with 90% TFA in DCM, which also 

effected cleavage from the resin. The crude peptides were precipitated with ice-cold 

ether, filtered, redissolved in water and lyophilized. Purification was carried out on a 

Perkin-Elmer LC250 HPLC or Varian ProStar Model 210 HPLC using a preparative-

scale (700x45mm) Vydac Ci8 reverse-phase peptide chromatography coliunn. The 

following conditions were used: a linear AB gradient of acetonitrile/ 0.1% aq. TFA 

moving at a gradient of 4%MeCN/3 minutes at a flow rate of 7 mL/min at room 

temperature. After preparative HPLC, all fractions were analyzed by analytical HPLC 

for purity, using a Hewlett-Packard Series II 1040 analytical HPLC or Varian ProStar 
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Model 210 HPLC, with a linear AB gradient of acetonitrile/ 0.1% aq. TFA moving at a 

gradient of 3%MeCN/ 4 minutes at a flow rate of I mL/min at room temperature. Water 

used for HPLC purification was triple-filtered, and degassed with argon for two hours 

prior to use. HPLC Grade acetonitrile was purchased from Fischer Scientific of NJ. 

Characterization of the Peptides. 

The purified peptides were characterized by HRMS, 'H, DQF-COSY, 

NOESY/ROESY and/or TOCSY^^' NMR. Water suppression in all experiments was 

achieved using the WATERGATE 3-9-19 pulse sequence with gradients.^^^ NMR 

experiments were performed on Bruker DRX600 (600 MHz) or Bruker DRX500 (500 

MHZ), and processed using XwinNmr software (Bruker Inc.) and the Felix2000 package 

(MSI Inc.). A modified DIPSI 2-rc or MLEV-17 mixing sequence was used with a 

TOCSY mixing time of 70 ms, at a spin-lock field of 8.3 KHz. The NOESY mixing time 

was 100 ms. When used, ROESY experiments had a spin lock field of 3.6 KHz. The 

TOCSY and NOESY spectra used at least 88 transients per FID. respectively, and at least 

400 increments of ti. All experiments used a 90° shifted sine-squared window ftmction 

in both dimensions. E.xperiments were conducted at 298K, unless otherwise noted, and 

referenced to the water at this temperature. (4.755 ppm) 

Amide temperature dependent studies for glycopeptides 28, 29, ^ and ^ were 

conducted from 25°C to 40°C, at 3° increments, allowing 5 minutes for temperature 

equilibration. Spectra were referenced to water at that temperature using the formula: 6 = 
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5.013 - (C°/96.9). A5/AT calculations were performed by ploning amide shift in ppb 

against temperature and creating a best-fit line using linear regression. The slope of the 

linear regression line was the A5/AT for that residue in that media. 

NMR sample preparation: For glycopeptides in buffered water: -1 mmole of 

sample was dissolved in 0.5 mL CDjCOONa'HCl buffer [0.45 mM in H:0/D:0 (9:1). pH 

4.5, 1 mM NaNsJ.For glycopeptides in water with micelles, -1 mmole of sample was 

dissolved in 0.5 mL CDsCOONa/HCl buffer [0.45 mM in H^O/DiO (9:1). pH 4.5, 1 mM 

NaN':,]. For glycopeptide in SDS micelles, 5.5 mg of d25 SDS was also added to the 

mixture, which was sonicated for 5 minutes prior to the experiments. 

Hi-resolution mass spectrometry (FAB mass spectral analysis) was performed at 

the University of .\rizona Mass Spectrometry Facility. Organic compounds generally 

had an error of less than ± 5 ppm for exact mass. Glycopeptides generally had an error of 

less than ± 10 ppm for exact mass. 

Molecular Modeling 

10.000 random conformers were generated by using the Monte Carlo search 

algorithm available for the MacroModel* 7.1 package.^^ Non-trivial (inter-residue) 

distance constraints were designated to one of three classes (strong: 1.8-2.5 A, medium: 

1.8-3-3 A, and weak: 1.8-5.0 A) by measuring the NOE volume and comparing to a rigid 

standard (Tyr 3,5H-2,6H at 2.5 A. SerpiH-P2H at 1.8 A, and SeraH-Serj3H at a max of 

3.0 A,) and applied to each structure before minimization. The Amber force field^" and 
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GBSA solvent model for water were applied to these structures, and a 50 KJ/mole cutoff 

was used, resulting in rejection of most of the final conformations. 

Circular Dichroism 

CD studies were performed on Aviv Associates model 60DS, using an Endcal 

Model RTE4DD water circulator as a temperature control vehicle, with stoppered cells of 

pathlength I cm. The instrument was calibrated using d-lO camphorsulfonic acid. 

Peptides were dissolved in anple-filtered dionized water. Concentration was determined 

by Spectral Instruments Inc. model SI-440 UV spectrometer. E.xtinction coefficients for 

all compounds were calculated by previously published methods.^^^ NMR grade TFE 

was used in TFE dilution experiments. Spectra were observed every 0.5 run from 250-

205 nm. using a 1.5 nm bandwidth, and averaged over 4 scans. 

.\ll observed spectra were baseline-subtracted and molar ellipticities were 

determined using the formula [6] = [6]obs(MRW)/lO(lc),^^^ where [0]obs is the observed 

ellipticity in degrees. MRW is mean residue weight, I is the cell path length in 

centimeters, and c is the peptide concentration in mg/mL. Percent helicity was 

determined by using the formula %heiix = [6]W-40,000(l-2.5/n)*100%, where n is the 

7 CO 

number of residues in the peptide and [6]222 is the molar ellipticity at 222 run. The data 

was then smoothed, if necessary, using Microsoft Excel 2000 moving average curve-

fitting, with a period of seven. 
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Organic Synthesis Experimental Procedures: 

Procedure A— Reductive Alkylation with Grignards rS4a-S4d); 

Compound 53 was dried overnight in vacuo over PzOf. A solution of 53 (1 eq. in 30-60 

mL CH:C1:). was chilled to -78°C under argon for 30 min. A solution of iBusANH (l.O 

eq. 0.5M of each in hexanes) was added dropwise via syringe to a stirring solution of 53 

over 45 min at -78°C. Immediately after iBusAliH addition was complete, the alkyl 

magnesium bromide (3 eq. in Et;0) was added dropwise via syringe to the stirring 

solution over 45 min at -78°C. The solution was allowed to warm to room temperature 

and stir overnight. The resulting yellow solution was chilled to 0°C, and carefully 

quenched with 5 mL of samrated NaHCOs, then diluted with 100 mL CH:Cl2, washed 3X 

with saturated NaHCO:,. and IX with brine. The organic layer was dried over MgS04, 

filtered and concentrated in vacuo. 

Procedure B— SchifTBase Cleavage & Na-Fmoc Reprotection (55a-55c): 

Compound 54(a-c) was dissolved in 100 mL MeOH, before 10% Pd-C (500 mg, 

regardless of amount of 54) was added in one portion under argon. The reaction was 

vigorously stirred under one atmosphere of hydrogen (balloon) at room temperature. 

After two hours, all of the starting material had been consumed, as judged by TLC. The 

reaction was quenched with 50 mL CH^Cb, filtered through Celite® and concentrated in 

vacuo. The crude mixture was then dissolved in anhydrous CHiCh and 3 eq. iPr^NEt 

were added in one portion, before Fmoc-Cl (1.0 eq in 5 mL CH2CI2) was added dropwise 
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over 30 min. The reaction was stirred at room temperature overnight, diluted with 100 

mL CH2CI2, washed IX with aq HO Ac (pH~ 3), 3X with saturated NaHCOs. and IX 

with brine. The organic layer was dried over MgS04, filtered and concentrated in vacuo. 

Procedure C— Silyl Ether Cleavage f56a-56c): 

Compound 55(a-c) was dissolved in 50 mL anhydrous CH2CI2. Freshly distilled 

BFa'OEt; (6 eq) was added to the solution in one portion and stirred at room temperature. 

.A.fter 2 hr, all of the starting material had been consumed, as judged by TLC. The 

reaction was then chilled to 0°C. and quenched with 5 mL of saturated NaHCO?. The 

solution was diluted with 100 mL CH;C1;, washed with 3X with saturated NaHCOs, and 

1X with brine. The organic layer was dried over MgS04, filtered and concentrated in 

vacuo. 

Procedure D— TEMPO Oxidation (57a-57c); 

Compound 56(a-c) was dissolved In 3 mL aq. buffer (0.67 M KH:P04/Na2HP04 buffer) 

and 3 mL MeCN and heated to 60°C in an oil bath. In the case of 56c, PTC was added. 

To the rapidly stirring solution, TEMPO (0.20 eq.) was added in one portion. Sodium 

hypochlorite (0.20 eq, 5.25% commercial bleach dissolved in 0.5 mL H2O) and sodium 

chlorite (80%, 2.0 eq dissolved in 0.5 mL H2O) were then added simultaneously over I hr 

to the mixture, which was heated at 45''C for the amount of time specified. The reaction 

was then acidified to pH 3 with dilute HCl and extracted 3X with EtOAc. The combined 

extracts were dried over MgS04, filtered and concentrated in vacuo. 
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(2R^R)-2-Amino-N-(diphenyl-methylene)-l-0-(tert-

but>'ldiinethylsilyl)-butane-M-diol, 54a. using Procedure A. 

The crude reductive alkylation product was chromatographed 

(4.5% Et0.'\c/'he.\anes/0.l% EibN, Rf= 0.40). Yield: 60% as a yellow oil. IR (cm"'): 

3302.2. 3061.4. 2925.5. 2332.7. 1659.6, 1449.7. 1252.1, 1091.6. 'H NMR (CDCI3) 5: 

7.62 (d, 2H.y= 7.3 Hz), 7.46 (d, 2H,y= 7.3 Hz), 7.23 (m, 6H),4.01 (aCH, m, IH), 3.70 

(CH2OTBS. ddd. 2H. J = 4.3.4.7. 10.3. 32.0 Hz). 2.97 (OH. bs. IH), 2.86 (pCH. m, IH), 

1.22 (Me. d. 3H. J = 6.1 Hz). 0.81 (Si-t-Bu. s. 9H), 0.00, 0.00 (Si(CH3);. s, 6H). 

NMR(CDCl3) 5: 145.7, 145.4, 128.0, 127.8. 127.3. 127.1, 126.5, 125.9. 75.8, 66.5, 61.2, 

25.7. 19.4. 18.1. -5.9. HRMS calcd for C:3H34NO;Si: 384.2359. Found: 384.2358 (error 

= 0.3 ppm). 

(2It, 3 R)-2-ainino-N-(dipheny Imethy lene)-1 -0-(tert-

butyldimethylsilyl)-nonane-13diol, 54b. using Procedure A. 

Crude 54b was chromatographed (2.5% EtOAc/hexanes/0.1% 

EtsN, Rf= 0.40) Yield: 60% as a yellow oil. IR (cm*'): 3506.0, 3061.4, 2956.4, 2925.5, 

2851.46. 2357.46, 1449.7, 1252.14, 1091.6. 'H NMR 5: 7.70 (d, 2H, 7 = 7.7 Hz), 7.54 

(d. 2H, y = 7.3 Hz), 7.30 (m, 2H), 7.24 (m, 2H), 3.95 (aCH. m, IH), 3.77 (CH-OTBS, dd, 

IH, J = 5.0, 10.5 Hz), 3.72 (CH'OTBS, dd, IH, J = 3.2, 10.5 Hz), 3.00 (pCH, m, IH), 

1.58 (yCH, m, 1 H), 1.47 (vCH', SCHj, m, 3H), 1.33 ([CHils, m, 4 H), 1.01 (CH2, t, 2H, 

y = 6.4 Hz), 0.92 (CH3, t, 3H, J= 7.3 Hz), 0.89 (Si-t-Bu, s, 9H), 0.07, 0.05 (Si(CH3)2, s. 

OH 

TBSO'̂  
N=CPh2 

OH 

T H 3 
^=cph2 
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6H). '-^C NMR5: 145.5. 145.2, 127.9, 127.7. 127.0, 126.4, 125.9, 79.7, 65.2, 61.7. 43.7, 

34.6. 31.6. 29.2, 26.4. 25.8, 22.5, 18.4. 14.0. 0.9. -5.6. HRMS calcd for C:sH44NO:Si: 

454.3141. Found: 454.3154 (eiT0r = 2.7 ppm). 

(2RJR)-2-.\inino-N-<diphenylmethylene)-l-0-(tert-

but>'ldimethylsilyl)-tridecane-13-<liol, 54c. Procedure 

Crude 54c was chromatographed (2.5% EtOAc-lie.xanes, with 

0.1?/o Et3N, Rf = 0.40) Yield: 72% as a yellow oil. IR (cm"'): 3320.7, 3055.2, 2925.5, 

2851.4, 2357.4, 1449.7. 1252.1. 1091.6. 'H NMR (CDCb) 5: 7.69 (d, 2H. J = 7.2 Hz), 

7.53 (d, 2H. J= 7.4 Hz). 7.31 (m, 6H). 3.95 (a-CH. m, IH), 3.77 (CHaOTBS, dd, lH,y = 

4.7, 10.3 Hz). 3.71 (CHbOTBS. dd.lH. J= 3.0, 10.3 Hz) 2.99 (pCH, m, IH), 1.57, 1.47, 

1.31 ((CH:)9. m. 18H), 0.93 (CH3, t. 3H, J = 6.6 Hz), 0.88 (Si-t-Bu. s, 9H), 0.07. 0.05 

(Si(CH3):, s, 6H). '^C NMR (CDCI3) 5: 145.6, 145.4, 127.9. 127.2, 127.0, 126.4, 125.9, 

98.7, 79.7, 65.2. 61.7. 34.6. 31.4, 29.6. 29.5. 29.5, 29.5, 29.3, 26.5, 25.7, 22.6, 14.0, -6.2. 

HRMS calcd for C32H5:NO:Si: 510.3767. Found: 510.3678 (error = 0.2 ppm). 

(2R3R)-2-Amino-N-{diphenylmethylene)-l-0-(tert-

butyldimethylsilyl)-octadecane-13-diol, 54d. using 

Procedure A. Crude 54d was chromatographed (35% DCM/hex with 0.1% EtaN, 

Re=0.24) Yield: 65.6% as a yellow oil. IR (cm '): 3320.3, 3055.6, 2924.9, 2852.1, 2357.0, 

1449.2, 1252.0, 1089.1. 'H NMR (CDCI3)- 7.69(SB Hi, d, 7 = 7.5Hz, 2H), 7.54 (SB H4, 

(LJ= 7Hz, 2H), 7.24 (SB H2 and H3, m, 4H), 3.95 (yCH, dt, IH), 3.73(a CH2, ddd, 7 = 

OH 

tbso"'^^cioh2i 
n=cph2 

OH 

tbso^^v^cishai 
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15.0Hz, 5.DH2, 3.5Hz, 2H), 2.99 (p H, m, IH), 1.28 ((CH:),4, m, 28H), 0.93 (Me, uJ = 

8Hz, 3H), 0.90 (t-bu, s, 9H), 0.06(SiMe, s, 3H), 0.04(SiMe', s, 3H):. '^CCCDCb)-

145.8.145.6, 128.0, 127.9, 126.5, 126.0, 79.8, 65.3, 61.8, 34.7, 32.0, 29.7, 29.6, 29.4, 

26.6, 25.8,22.7, 14.1, -5.4; HRMS (m/'z) obsv=580.4559, calc=580.4557 (error=1.9 ppm) 

(2R^R)-2-Aiiiino-N-(9-fluorenylmethoxycarbonyl)-l-0-

(tert-butyldimethylsUyl)-butane-13(liol, SSa. using 

Procedure B. Crude SSa was chromatographed (20% 

EtOAc/hexanes Rf = 0.35). Yield: 82% as a yellow oil. IR (cm*'); 3438.0, 3061.4, 

2925.5, 1702.9, 1511.4, 1252.1, 1103.9. 'H NMR (CDCI3) 5: 7.69 (d, 2H, 7 = 7.3 Hz), 

7 . 5 3  ( t ,  2 H ,  J  =  6 . 8  H z ) ,  7 . 3 2  ( t .  2 H ,  7  =  7 . 3  H z )  7 . 2 3  ( t ,  2 H ,  7  = 7 . 3  H z ) ,  5 . 3 8  ( N H ,  d , J  =  

8.7 Hz), 4.33 (CH2OTBS, m, 2H), 4.15 (aCH, t, IH, 7 = 6.8 Hz), 4.12 (pCH, m, IH), 

3.78 (Fraoc CH., ddd, 2H, 7 = 2.2, 3.6, 10.4, 30.2), 3.48 (Fmoc CH, m, IH), 3.20 (OH, 

bs, IH), 1.12 (CH3, d, 3H, y = 6.8 Hz), 0.83 (Si-t-Bu, s, 9H), 0.00, 0.00 (Si(CH3)2, s, 6H). 

NMR 5; 156.5, 143.9, 1412, 127.6, 126.9, 125.0, 119.9, 69.0, 66.7, 66.1, 55.2, 47.2, 

25.7, 19.8,17.0,-5.9. HRMS calcd for C25H36N04Si: 442.2414. Found: 442.2435 (error 

= 4.9 ppm). 

(2R^R)-2-Aiiiino-N'(9-flttorenylmethoxycarbonyl)-l-0-

(tert-butyldimethylsilyl)-nonane-13(lioi, SSb. using 

Procedure B. Crude SSb was chromatographed (20% 

EtOAc/hexanes, Rf = 0.40) Yield: 82% as a yellow oil. IR (cm"'): 3431.9, 2950.26, 

OH 
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2925.5, 2857.63, 1696.7, 1503.32, 1449.7, 1252.1, 1103.95. 'H NMR6: 7.77 (d, 2H,y = 

7.3 Hz), 7.63 (t, 2H, J = 6.4 Hz), 7.40 (t, 2H, J = 7.3 Hz) 7.31 (t, 2H, J = 7.3 Hz), 5.46 

(NH, d, y = 8.7 Hz), 4.41 (CH2OTBS, m, 2H), 4.24 (aCH, t, IH, 7 = 7.3 Hz), 4.00 (pCH, 

ra, IH), 3.92, 3.85 (Fmoc CH2, dd, 2H, 7 = 1.8, 10.5), 3.63 (Fmoc CH, d, IH 7 = 8.2), 

3.28 (OH, bs, IH), 1.56, 1.45 1.30 ([CHzjs, m, lOH), 0.92 (Si-t-Bu, s, 9H), 0.90 (CH3, d, 

3H, y = 6.4 Hz), 0.00, 0.00 (Si(CH3)2, s, 6H). '^C NMR (CDCI3) 5: 156.3, 143.9, 141.2, 

127.5, 126.9, 125.0, 119.8, 73.1, 66.7, 66.4, 53.8, 47.2, 33.8, 31.6, 29.1, 25.6, 25.4, 18.0, 

14.0, -5.2. HRMS calcd for C3oH46N04Si: 512.3196. Found: 512.3181 (error = -2.9 

ppm). 

(2R4R)-2-Amino-N-(9-fluorenylroethoxycarbonyl)-l-0-

(tert-butyldimethylsilyl)-tridecane-M-diol, 5Sc. Procedure 

B. Crude 55c was chromatographed (17% EtOAc/hexanes, Rf= 0.40) Yield: 81% as a 

yellow oil. IR (cm-'): 3438.0, 3073.7, 2925.5, 2851.4, 1696.7, 1505.3, 1449.7, 1252.1, 

1103.9. 'H NMR (CDCI3) 5: 7.77 (d, 2H, 7.7 Hz), 7.61 (t, 2H, 7.3 Hz), 7.40 (t, 2H, 7.7 

Hz), 7.31 (t, 2H, 7.3 Hz), 5.46 (NH, d,y= 9.1 Hz), 4.39 (CH2OTBS, m, 2H), 4.24 (aCH, 

t, IH, y = 7.3 Hz), 3.99 (pCH, t, IH, 7 = 5.0 Hz), 3.92 (Fmoc CH2 dd, IH, 7 = 3.2, 10.5 

Hz), 3.84 (Fmoc CH, dd, IH, 7 = 2.2, 10.5 Hz), 1.55 (yCH2, m, 2H), 1.28-1.20 ([CH2]g, 

m, 16H), 0.91 (Si-t-Bu, s, 9H), 0.87 (CH3, t, 3H, 7 = 7.3 Hz), 0.08 (MeSi, s, 3H), 0.07 

(MeSi, s, 3H). "C NMR (CDCI3) 5: 156.3, 143.9,141.2, 127.5, 126.9, 125.0,119.9,73.2, 

66.7, 66.5, 53.8, 47.3, 33.8, 31.8, 29.5, 29.5, 29.2, 25.7, 25.5, 22.6, 18.0, 14.0, -5.6. 

HRMS calcd for C34H54N04Si: 568.3822. Found: 568.3839 (error = 2.9 ppm). 
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(2It3R)-2-Ainino-N-(9-nuorenylmethoxycarbonyl)-butane-

13-diol, 56a. using Procedure C. Crude S6a was 

chromatographed (50% EtOAc/hexanes. Rf= 0.35). Yield: 80% 

as a white solid. 'H NMR (CDCls/MeOH) 6: 7.75 (d, 2H, J = 7.8 Hz). 7.62 (d, 2H. J = 

7.3 Hz), 7.39 (t. 2H,y= 7.3 Hz). 7.31 (t, 2H,y= 7.8 Hz), 5.96 (NH, d, lH,y= 9.1 Hz), 

4.44 (CH2OH, dd, IH, y = 6.8, 10.5), 4.37 (CH2OH, dd, lH,y = 6.8, 10.5), 4.21 (aCH, t, 

IH, y = 6.8 Hz), 4.06 (PCH, m. IH)), 3.75 (OH, bs, IH), 3.65 (Fmoc CH., d, 2H. 7 = 5.5 

Hz), 3.52 (Fmoc CH, m. IH), 1.17 (CH3, d, 3H, J= 6.4 Hz). '^C NMR (CDCI3/CD3OD) 

5: 157.2, 143.5, 141.0, 127.4, 126.7, 124.7, 119.6, 66.4, 66.3.62.5,56.6,48.4,46.9, 19.3. 

HRMS calcd for Ci9H:2N04: 328.1549. Found: 328.1552 (error = 1.0 ppm). 

(2R4R)-2-Ainino-N-<9-fluorenyimethoxycarbonyl)-nonane-

l^-diol, S6b. Procedure C. Crude S6b was chromatographed 

(50% EtOAc/hexanes, Rf = 0.35) Yield; 92% as a light yellow 

oil. IR (cm-'): 3438.0, 2931.7, 1641.17, 1233.1, 1036.0. 'H NMR (CDCI3) 5: 7.77 (d, 

2H, J = 7.7 Hz), 7.60 (d, 2H, J = 7.3 Hz), 7.40 (t, 2H, J = 7.3 Hz), 7.31 (t, 2H, J = 7.3 

Hz), 5.48 (NH, d, IH, J = 8.2 Hz), 4.43 (CH2OH, m, 2H), 4.22 (aCH, t, IH, J = 6.8 Hz), 

3.93 (PCH, t, IH, y = 6.4), 3.81 (Fmoc CH., m, 2H), 3.64 (Fmoc CH, t, IH, 7 = 6.4 Hz), 

1.48 (7CH2, m, 2H), 1.28-1.20 ([CHjJs, m, 8H), 0.92 (CH2-Me, dd, IH, / = 6.8, 9.3 Hz), 

0.87 (CH3, t, 3H, J= 6.8 Hz). '^C NMR (CDCI3) 5: 156.2, 143.8, 141.3, 127.6, 127.0, 

OH 

NHFmoc 

NHFmoc 
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124.9, 119.9, 72.5, 66.7, 64.9, 54.8, 47.2, 34.1, 31.7, 29.1, 25.5, 22.5, 22.1, 13.9. HRMS 

calcd for C24H32NO4: 398.2331. Found: 398.2325 (error = 1.6 ppm). 

(2R3R)-2-Ainino-N-(9-fluorenylmethoxycarbonyl)-

tridecane-13-<liol, S6c. Procedure C. Crude 56c was 

chromatographed (50% EtOAc/hexanes, Rf = 0.40) Yield: 

78% as a white solid. IR (cm"'): 3345.4, 3061.4, 2919.3, 2845.2, 1690.5, 1536.1, 1449.7, 

1252.1, 1079.2. 'H NMR (CDCI3) 5: 7.76 (d, 2H, 7 = 7.8 Hz), 7.60 (d, 2H, 7 = 6.8 Hz), 

7.40 (t, 2H, J = 7.3 Hz), 7.31 (t, 2H, J = 7.3 Hz), 5.50 (NH, d, IH, 7 = 8.2 Hz), 4.43 

(CH:OH, dd, 2H, J = 6.8. 15 Hz), 4.22 (aCH, t, IH, J = 6.8 Hz), 3.92 (pCH, t, IH, J = 

6.4), 3.81 (Fmoc CH., bs, 2H), 3.64 (Fmoc CH, bs, IH), 1.48 (yCHi, m, 2H), 1.28-1.20 

([CH2]8, m, I6H), 0.88 (CHj, t, 3H, J = 6.8 Hz). '^C NMR (CDCI3) 5: 156.8, 143.8, 

141.3, 127.6, 127.0, 125.0, 119.9, 72.8,66.7, 65.2,54.6,47.2, 34.1, 31.8,29.5,29.5,29.5, 

29.5, 29.3, 25.5, 22.6, 14.0. HRMS calcd for C28H40NO4: 454.2957. Found: 454.2957 

(error = 0.1 ppm). 

Alternate procedure for (2R^R)-2-amino-N-(9-

fluorenylmethoxycarbonyl)-tridecane-13-diol S6c. 

Compound S4c (161 mg, 0.3163 mmole) was dissolved in 2 M 

HCl (3 mL) and THF (3mL) and stirred at room temperature for 2 hr. Upon completion, 

as judged by TLC, the crude reaction mixture was made basic (pH ~ 8.5) with solid 

NaHCOa- Fmoc-Cl (108 mg, 0.4174 nunole, 1.3 eq. in I mL dioxane) was then added 

NHFmoc 

c10h21 

NHFmoc 
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via syringe to the stirring mixture over j min at room temperature, and allowed to react 

overnight. The mixture was diluted with 50 mL EtOAc, washed with 3X with saturated 

NaHCOs, and IX with brine. The organic layer was dried over MgS04, filtered and 

concentrated in vacuo. Crude 4c was chromatographed (50% EtOAc/hexanes, Rf= 0.40). 

Yield: 110.1 mg (77% over 3 transformations, as a light yellow oil). 

(2S, 3R)-2-Ainino-N-(9-fluorenylmethoxycarbonyl)-3-

hydroxybutanoic acid, S7a. Procedure D. Total reaction time 

was 12 hr. Crude 57a was chromatographed (Gradient: 100% 

EtOAc. followed by EtOAc with 0.5% HO Ac, Rf= 0.60). Yield: 96% as a white solid. 

IR (cm-'): 3376.3, 2944.0, 1752.3, 1517.6, 1369.4, 1221.2, 1042.2. 'H NMR 5: 7.77 (d, 

2H, y = 7.3 Hz), 7.61 (dd, 2H,J= 7.3. 11.3 Hz), 7.33 (t, 2H,J= 7.3), 7.26 (t, 2H, 7= 7.3 

Hz), 4.32 (oH, IH, d, y = 7.3 Hz), 4.30 (Fmoc CH2, 2H, m), 4.17 (pH, IH, m), 4.15 

(Fmoc CH, IH, t, y = 7.3Hz), 1.19 (CH3, 3H, d,y = 6.4 Hz). '^C NMR (MeOH) 5: 174.5, 

158.8, 145.0, 142.4, 128.7, 128.0, 126.1, 120.8, 68.5,68.0, 61.0,48.2, 20.3. HRMS calcd 

for C19H20NO5: 342.1341. Found: 342.1352 (error = 3.1 ppm). 

(2S3R)-2-Aniino-N-(9-fluorenylmethoxycarbonyl)-3-

hydroxynonanoic acid, S7b. Procedure D. Total reaction 

time 24 hr. Crude S7b was chromatographed (Gradient: 100% 

EtOAc, followed by EtOAc with 0.5% HO Ac, Rf = 0.65) Yield: 94% as a yellow oil. IR 

(cm '): 3444.2, 2931.7, 2061.0, 1690.5, 1641.1, 1517.6, 1227.4, 1054.5. 'H NMR 

O OH 

^HFmoc 
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(CDCh) 5: 7.73 (d, 2H, 7 = 7.3 Hz), 7.58 (t, 2H, 7 = 8.7 Hz), 7.37 (m, 2H), 7.27 (t, 2H, J 

= 7.3 Hz), 5.95 (NH, IH, d, 7 = 8.7 Hz), 4.42 (oH, IH, d, 7 = 8.7 Hz), 4.36 (Fraoc CH2, 

2H, d, y = 7.3Hz), 4.23 (PH, IH, t, 7 = 6.4Hz), 4.19 (Fmoc CH, IH, t, 7 = 7.3Hz), 1.52 

(7CH2, 2H, m), 1.26 ([CH2I5, lOH, m), 0.85 (CH3, 3H, t, J= 7.3Hz). NMR(CDCl3) 5: 

175.0, 157.8, 143.6, 141.2, 128.2, 127.5, 125.0, 120.2, 71.7, 67.4, 57.8, 46.9, 33.2, 31.5, 

29.0.25.4,22.3, 13.9. HRMS calcd for C24H30NO5: 412.2124. Found: 412.2127 (error 

= 0.8 ppm). 

(2SJR)-2-Ainino-N-(9-fluorenylinethoxycarbonyl)-3-

hydroxytridecanoic acid, S7c. Procedure D. Total reaction 

57c was chromatographed (Gradient: 100% EtOAc, followed by 

EtOAc with 0.5% HOAc, Rf = 0.70) Yield: 66% as a yellow oil. IR (cm"'): 3357.8, 

3607.5, 2925.3, 2851.4, 1721.4, 1530.0. 1449.7, 1252.1, 1085.4. 'H NMR 

(CDCb/MeOH) 5: 7.75 (d. 2H, 7= 7.8 Hz), 7.63 (t, 2H,y= 8.7 Hz), 7.36 (t, 2H,y= 7.3 

Hz), 7.28 (t, 2H, y = 7.3 Hz), 6.53 (NH, d, IH, 7 = 9.6 Hz), 4.39 (Fmoc 012, dd, IH, 7 = 

7.7, 11.0 Hz), 4.34 (Fmoc CH2, dd, IH, 7 = 6.8, 11.0 Hz), 4.27 (aCH, bs, IH), 4.22 

(Fmoc CH, t, IH, y = 6.8 Hz), 4.11 (PCH, t, IH, / = 6.4), 1.49 (7CH2, t 2H, 7 = 7.8), 

1.28-1.20 ([CH2]8, m 16H), 0.85 (CH3, t, 3H, 7 = 73 Hz). "C NMR (CDCl3/MeOH) 6: 

173.5, 157.3, 143.2, 140.5, 127.0, 126.2, 124.2, 119.2, 70.6, 66.6, 57.7, 47.2, 33.2, 31.1, 

28.7,28.7,28.7,28.7,24.8,21.8, 12.8. HRMS calcd for C28H38NOS; 468.2750. Found: 

468.2745 (error = -1.0 ppm). 

10"21 
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(2R, 3R)-2-Aiiiino-N-<9-nuorenylinethoxy-

carbonyl)-l-0-(tert-butyldimethylsUyl)*3-0-

(2^,4,6-tetra-0-acetylglucosyl)-butane-13-diol, 

58a. In a flame-dried flask, the Fmoc acceptor 55a (80.1 mg, 0.1813 mmol), 

acetobromoglucose (120.0 mg, 0.2919 mmol, 1.61 eq) and powdered 3A molecular 

sieves (200 mg) were dissolved in CHiCh, and chilled to 0°C. A mixture of Hg(CN)2 

(60.0 mg, 0.2375 mmol, 1.30 eq) and HgBri (81.1 mg, 0.2250 mmol, 1.24 eq) was added 

portionwise over 45 min by solid-addition flmnel to the stirring suspension. The 

suspension was then allowed to warm to room temperature and stirred for a total of 40 hr. 

After quenching with EtsN (0.2 mL), the solution was diluted with 50 mL CHiCh, and 

filtered through Celite®. The mixture was then washed IX with saturated aq Na2S04, IX 

with saturated aq NaHCOs, and IX with brine, dried with MgS04, filtered and 

concentrated in vacuo. Crude 58a was chromatographed (35% EtOAc/hexanes, Rf = 

0.40) Yield: 101 mg, 72%, as a yellow oil. IR (cm"'): 3067.5, 2950.2, 1752.3, 1511.4, 

1369.4, 1221.2, 1042.2. 'H NMR (CDCb) 5: 7.-3 (d, 2H, 7 = 7.8 Hz), 7.60 (dd, 2H, 7 = 

7.3, 4.3 Hz), 7.37 (t, 2H, 7 = 7.3 Hz), 7.29 (m. 2H), 5.21 (H3, t, IH, /= 9.6 Hz), 5.06 

(H4, t, IH, y = 9.6 Hz), 5.03 (CH2OTBS, d, 2H, 7 = 8.2 Hz), 4.94 (H2, t, IH, 7 = 8.7 Hz), 

4.52 (HI, d, IH, y = 8.2 Hz), 4.35 (H6, t, IH, 7 = 6.4 Hz), 4.20 (H6', m, IH), 4.13 (aCH, 

dd, IH, /= 2.2, 5.9 Hz), 4.07 (PCH, dd, IH, J = 2.2, 12.3 Hz), 3.64 (Fmoc CH2, m, 2H), 

3.63 (H5, t, IH, y = 7.8 Hz), 3.57 (Fmoc CH, dd, IH, 7 = 4.1, 9.1 Hz), 2.02, 2.00, 2.00, 

1.99 (Ac, s, 12H), 1.14 (CH3, d, 3H, 7 = 6.4 Hz), 0.85 (Si-t-Bu, s, 9H). 0.03, 0.02 

(Si(CH3)2, s, 6H). '^C NMR (CDCI3) 5: 170.1, 170.0, 169.4, 169.3, 156.4, 143.9, 141.2, 
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127.6, 127.0, 125.1. 119.9, 98.3, 72.4, 72.0, 71.8, 71.4, 68.3, 66.6, 61.8, 56.2, 47.2, 25.7, 

20.6, 20.6, 20.5, 20.5, 18.1, 16.3, -5.9. HRMS calcd for C39H54NOi3Si: 772.3364. 

Found: 772.3370 (error = 0.7 ppm). 

(2R, 3R)-2-ainino-N-(9-Fluorenylinethoxycarbonyl)-3-0-

(2^,4,6, tetra-acetyl glucose)- butane-l^Bdiol (59a): To a 

stirring solution of 58a (1.56 g, 2.021 mmoles, in 20 mL of 

CH2CI2), freshly-distilled BF3*OEt2 (1.53 mL, 12.129 mmoles, 6.0 eq.) was added by 

syringe in one portion and stirred at room temperature for 2 hr. The reaction was then 

chilled to 0°C. before 3mL saturated, aq. NaHCOs was added to quench the reaction. 

The mixture was then washed three times with saturated, aq. NaHCOj, dried with 

MgS04, filtered, and concentrated in vacuo. The crude was chromatographed (66% 

EtOAc/he.xanes, R(=0.35). Yield 870 mg (66%, as brittle white foam). IR (cm"'): 

3342.2. 2950.2, 1752.3, 1511.4. 1375.6, 1221.2, 1036.0. 'H NMR (CDCI3) 6: 7.71 (d, 

2H, y= 7.6 Hz), 7.56 (d, 2H, J= 7.0), 7.35 (t, 2H, 7=7.4 Hz), 7.27 (m, 2H), 5.19 (H3, t, 

IH, 9.5 Hz), 5.08 (CH2OH, d. 2, J= 8.9 Hz), 4.99 (H4, t, IH, J= 9.7 Hz), 4.91 (H2, t, 

lH,y= 8.9 Hz), 4.48 (HI, d, lH,y= 7.8 Hz), 4.38 (H6, t, IH, 8.7 Hz), 4.32 (H6', t IH, 

y= 7.2 Hz), 4.22 (aCH, d, IH, 11.6 Hz), 4.18 (H5, t, IH, /= 7.0 Hz), 4.07 (pCH, m, 

IH), 3.67 (Fmoc CH2, m, 2H), 3.59 (Fmoc CH, t, IH, J= 5.7 Hz), 2.03, 1.99, 1.99, 1.97 

(Ac, s, 12H), 1.12 (CH3, d, J= 5.9 Hz). NMR (CDCI3) 5: 170.6, 170.1, 169.3, 169.3, 

156.6, 143.8, 141.2, 127.6, 127.0, 125.1, 119.9, 99.3, 77.3, 74.2, 72.4, 71.9, 71.1, 68.5, 

NHFmoc 
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66.7, 62.1, 61.8, 55.7, 47.2, 20.5, 20.5, 20.5, 20.5, 16.7. HRMS calcd for C33H40NO13: 

658.2500. Found: 658.2502 (error= 0.4 ppm). 

(2S, 3R)-2-aiiiino-N-{9-Fluorenylmethoxycarbonyl)-3-

tetra-acetyl glucose)- butanoic acid (60a): 

59a (61.6 mg, 0.0936 mmole) was dissolved in aq. 

MeCN (6 mL, 50%) before NaI04 (200 mg, 0.9350 mmole, 9.98 eq.) and RuCl3*H20 

(3.0 mg, 0.0144 mmole, 15 mole%) were added in one portion. The resulting mixture 

was stirred at room temperature for four hr. Once all of the starting material had been 

consumed, the reaction was quenched with iPrOH (20 mL) and stirred for an additional 2 

hr. The mixture was then filtered through celite, washed twice with saturated, aq. sodium 

sulfate, washed one time with brine, dried with MgS04, filtered, and concentrated in 

vacuo. The crude was chromatographed (Gradient: 100% EtOAc, followed by 100% 

EtOAc with 0.5% HO Ac, Rf=0.65). Yield: 48.9 mg (77%, as a white solid). IR (cm"'): 

3376.3, 2944.0, 1752.3, 1517.6, 1369.4, 1221.27. 1042.2. 'HNMR5: 7.76 (d, 

Hz), 7.63 (t, 2H, J= 8.2 Hz), 7.39 (t, 2H, J=l.l Hz), 7.32 (m, 2H), 5.66 (NH, d, IH, ^ 

9.2 Hz), 5.19 (H3, t, IH, J= 9.6 Hz), 5.09 (H4, t, IH, J= 9.6 Hz), 4.95 (H2, t, IH, 7= 8.2 

Hz), 4.54 (HI, d, IH, 8.2 Hz), 4.43 (PCH, d, IH, 8.2 Hz), 4.39 (Fmoc CH2, m, 2H), 

4.39 (H6, m, IH), 4.38 (aCH, dd, IH, J= 2.2, 5.9 Hz) 4.25 (Fmoc CH, t, IH, M 7.3 Hz), 

4.09 (H6', dd, IH, J= 3.3, 12.3 Hz), 3.65 (H5, d, IH, J= 9.6 Hz), 2.10, 2.04, 2.03, 2.01 

(Ac, s, I2H), 1.23 (CH3, d, 3H, 7= 6.4 Hz), '^C NMR 5: 172.4, 171.7, 170.2, 169.3, 

169.2, 156.7, 143.7, 141.1, 127.6, 127.0, 125.1, 119.8, 99.4, 75.8, 72.5, 71.5, 71.0, 68.3, 

NHFmoc 
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67.2, 61.5, 58.0, 47.0, 29.5, 20.7, 20.5, 20.5, 20.3, 17.5. HRMS calcd for C33H38NOi4: 

672.2292. Found: 672.2288 (error= -0.7 ppm). 

(2S, 3R)-2-ainino-N-<9-FIuorenylmethoxycarbonyl)-3-

0-(2^,4,6, tetra-acetyl glucose)- nonanoic acid (60b): 

57b (63.3 mg, 0.1540 mmoles) and P-glucose penta-acetate 

(71.0 mg, 0.1820 mmoles, 1.18 eq.) were placed in a 50 mL round-bottom flask and 

azeotroped 2X with toluene. The mixture was dissolved in CH^Ch and treated with 

BF3*OEt2 (60 1^1, 0.4739 mmoles, 3.07 eq.) The solution was then stirred at room 

temperature for 36 hours. After judged completed by TLC, the reaction mixture was 

diluted with 15 mL of CH^CI: and quenched with 1 mL of sat. NaHC03. The mixture 

was then washed IX with brine, dried with MgS04, filtered and concentrated in vacuo. 

The crude was chromatographed (5% MeOH/ 95% CH2CI2 with 0.4% HOAc, R(=0.35). 

Yield 402 mg (36%, as a yellow oil). 'H NMR (CDCI3/ CD3OD /dg Toluene) 5: 7.75 (d, 

2H, y = 7.5 Hz), 7.62 (t, 2H,J= 7.8 Hz), 7.39 (t. 2H, /= 7.3 Hz), 7.31 (t, 2H, 7 = 7.3 Hz), 

5.60 (NH,d, lH,y=9.1 Hz), 5.18 (H3, t, IH, 7=9.6 Hz) 5.10 (H4, t, lH.y= 10.0 Hz), 

4.99 (H2, t, IH, y = 9.1 Hz), 4.56 (HI, d, IH, y= 8.1 Hz), 4.47 (aCH, m, IH,), 4.38 

(Fmoc CH2, m, 2H), 4.25 (Fmoc CH, m, IH), 4.20 (pCH, m, IH), 4.09 (H6, m, 2H), 3.62 

(H5, d, IH, y = 10.5 Hz), 2.10, 2.03, 2.02, 2.00 (Ac, s, 12H), 1.58, 1.50 (yCH2, m, 2H). 

1.25 ((CH2)8, m, 8H), 0.87 (CH3, t, 3H, 7 = 6.7 Hz), NMR (CDCl3/MeOH/PhCH3) 6: 

172.0, 171.8, 170.2, 169.3, 169.1, 156.7, 1433, 141.2, 128.8, 128.1, 125.2, 119.9, 100.9, 

NHFmoc 
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80.7, 72.7, 71.7, 71.2, 68.3, 67.6, 67.4, 61.4, 56.8,47.2, 29.6, 25.3,22.5, 21.4, 20.9, 13.9. 

HRMS calcd for C38H47NOt4Na: 764.2889. Found: 764.2909 (error= 2.6 ppm). 

(2S, 3R)-2-ainino-N-(9-Fluorenyiinethoxycarbonyl)-3-

0-(23«4,6, tetra-acetyl glucose)- tridecanoic acid (60c): 

63c (17.2mg, 0.02193 mmole) was azeotroped with 

toluene X2. 1 mL of CH2CI2 was added to a round-bottom flask and chilled to -40°C. 

Oxyl-chloride (15 [il, 0.1713 mmole, 7.8 eq.) and DMSO (15 |il, 0.2111 nunole, 9.6 eq.) 

were sequentially added in an inert atmosphere, and stirred for two minutes. 63c was 

then dissolved in 1 mL of CH2CI2 and added via syringe. The mixture was stirred at -

40°C for 30 minutes prior to the addition of EtsN (51 ^I, 0.3635 mmole, 16.5 eq.). The 

reaction was allowed to warm to room temperature and stirred for 1 hour until judged 

complete by TLC. The completed reaction was then diluted with 10 mL of CH2CI2, 

washed with sat. aq. NH4CI X4, and concentrated in vacuo. The residue was re-dissolved 

in t-BuOH (5 mL) and EtOAc (5 mL), charged with NaOCl (46 mg, 0.3376 mmole, 15.0 

eq.) and KH2PO4 (55.2 mg, 0.4029 mmole, 18.3 eq.) and stirred for 30 minutes at room 

temperature. The crude was chromatographed (5% MeOH/ 95% CH2CI2 with 0.2% 

HOAc, Rr=0.35). Yield 11.3 mg (65%, as a yellow oil). 'H NMR (CDCls/MeOH) 5: 7.74 

(d, 2H, J = 7.8 Hz), 7.62 (t, 2H, J= 6.7 Hz), 7.37 (t, 2H, 7 = 7.3 Hz), 129 (t, 2H, 7 = 7.4 

Hz), 5.88 (NH, d, IH, 7 = 9.3 Hz), 5.16 (H3, t, IH, / = 9.3 Hz), 5.09 (H4, t, IH, /= lO.l 

Hz), 4.97 (H2, t, IH, y = 8.5 Hz), 4.56 (HI, d, IH, J= 8.0 Hz), 4.37 (aCH, t, IH, 7 = 7.6 

Hz,), 4.32 (Fmoc CH2. d, IH, 7 = 4.3 Hz), 4.26 (Fmoc CH, m, IH), 4.24 (PCH, m, IH), 

10"21 
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4.20 (H6, m, 2H), 3.64 (H5, d, IH, 7 = 9.7 Hz), 2.05, 2.03, 2.00, 1.99 (Ac, s, 12H), 1.58, 

(7CH2, m, 2H), 1.25 ((CH2)g, m, 16H, y = 6.4 Hz), 0.85 (CHj, t, 3H, 7 = 7.8 Hz), HRMS 

calcd for C42H55NOi4Na: 820.3515. Found: 820.3478 (error=4.5 ppm). 

(2R,3R)-2-Ainino-N-<9-fluorenylmethoxy-carbonyl)-l-

0-(beiizyloxy)-tridecane-l3-<tiol, 61c. Diol 56c (930.0 

mg, 2.052 mmol) and DMAP (36.1 mg, 14.4 mol%) were 

placed in a flame-dried flask. CH2CI2 (25 mL) was added and the resulting suspension 

was chilled to -78°C. iPr^NEt (700 p.1, 1.96 eq) and benzylchloroformate (300 ^1, 1.02 

eq) were then added sequentially to the stirring suspension. The mixture was slowly 

allowed to warm to room temperature and reacted for a total of 48 hr. The product was 

diluted with 50 mL CH2CI2, washed IX with dilute HCl (pH ~3), 3X with saturated 

NaHCOs, and IX with brine. The organic layer was dried over MgS04, filtered and 

concentrated in vacuo. Crude 61c was chromatographed (30% EtOAc/hexanes, Rr=0.45). 

Yield: 1.09 g, 96% as a white solid. IR (cm"'): 3376.3, 2944.0, 1752.3, 1517.6, 1369.4, 

1221.2. 1042.2. 'H NMR (CDCI3) 5: 7.75 (d, 2H, 7 = 7.7 Hz), 7.57 (d, 2H,J= 7.3, 11.3 

Hz), 7.35 (m, 6H), 7.29 (t, 2H,y= 7.7 Hz), 5.19 (NH, d, lH,y= 9.1 Hz), 5.15 (OCH2Ph, 

s, 2H), 4.40 (Fmoc CH2, 2H, d, / = 6.2 Hz), 4.29 (CH20Bn, IH, dd, 7 = 11 J, 7.0 Hz), 

4.21 (CHVOBn, IH, dd, J = 11.3, 7.0 Hz), 420 (Fmoc CH, IH, t, 7.3Hz), 3.87 (OLH, 

IH, d, y = 6.6 Hz), 3.74 (pH, IH, bs), 1.42 (yCH2/5CH2, 4H, m), 1.24 ((CHi)?, m), 0.87 

(CH3, 3H, t, y = 6.6 Hz). '^C NMR (CDOs) 5: 156.4, 155.3, 143.8, 141.3, 134.9, 128.6, 

OH 
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128.3, 127.6, 127.0, 125.0, 119.9, 70.0, 69.8, 67.1, 66.8. 53.1,47.2. 33.7, 31.8,29.5, 29.5, 

29.4, 29.3,25.6, 22.6, 14.0. 

(2R, 3R)-2-Amino-N-(9-fluoren\iinethoxy-carbonyl)-

l-0-(beiizyloxy)-3-0-(23^4,6-tetra-0-

acet>'lglucosyl)-tridecane-13-diol, 62c. To a flame-

dried flask, acceptor 61c (31.3 mg, 0.0576 mmol) and tetra-O-acetyl-glucose a-

trichloroacetimidate (69.1 mg, 2.44 eq) were added and azeotroped 2X with PhCHs. 4A 

.Molecular sieves (-100 mg) were added to the mixture, before it was dissolved in CH2CI2 

(6 mL) and chilled to 0°C. TMSOTf (23 |al, 2.20 eq.) was then added to the stirring 

solution dropwise over 10 min. The mixture was stirred and allowed to warm to room 

temperature overnight. The reaction was filtered through celite and washed three times 

with saturated aq NaHCOs, dried with MgSO^, filtered again, and concentrated in vacuo. 

The crude was chromatographed (25% EtOAc/hexanes, Rf=0.35). Yield 27.7 mg (55%, 

as brittle white foam). 'H NMR (CDCI3/CD3OD) 5: 7.77 (d, 2H, / = 7.5 Hz), 7.62 (t, 2H, 

J = 6.2 Hz), 7.40 (t, 2H. J = 7.5 Hz), 7.33 (m, 8H), 5.97 (NH, d, IH, 7 = 9.2 Hz), 5.23 

(H3, t, IH, y = 9.5 Hz), 5.13 (OCH.Ph, d, 2H, J= 8.2 Hz), 5.06 (H4, t, IH.7 = lO.l Hz), 

4.97 (H2, t, IH, y = 9.5 Hz), 4.56 (HI, d, IH, 7= 7.8 Hz), 4.37 (Fmoc CH2, t, 2H, 7 = 6.0 

Hz), 4.29 (H6, dd, IH, J= 7.0. lO.l Hz), 4.22 (Fmoc CH, t, IH, 6.9 Hz), 4.16 (H6', 

dd, IH, y = 7.0, 11.8 Hz), 4.16 (CHVOBn, m, IH), 4.10 (CHzOBn, dd, IH, 7 = 2.6, 12.1 

Hz), 4.05 (aCH, m, IH.), 3.78 (pCH, m, IH,), 3.72 (H5, m, IH), 2.08, 2.05, 2.04, 2.03 

(Ac. s, 12H), 1.57 (7CH2, m, 2H), 1.25 ((CH2)8, m, 16H, J = 6.4 Hz), 0.87 (CH3, t, 3H, J 
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= 7.5 Hz), '"C NMR (COay CD3OD) 5: 171.5, 170.8, 170.2, 170.1, 157.2, 144.1, 141.5, 

128.8,127.9, 125.3, 120.1, 100.5, 78.8, 73.2, 73.0, 72.0, 71.8, 70.2, 70.0, 68.7, 62.1,47.4, 

32.1, 32.0, 29.5,29.3, 29.1, 25.8,23.5,20.4, 20.4, 14.9. 

(2It, 3R)-2-ainino-N-(9-Fluorenylmethox>'-carbonyl)-3-

0-(24«4,6, tetra-acetyl glucose)* tridecane-13diol (63c): 

Benzyioxy carbonate 62c (22.4 mgs, 0.0256 mmole) was 

placed in a round bottom flask. To this MeOH (5mL), EtOAc (5 mL), aq. HOAc (0.5 

mL, pH -3.5), and Pt-C (24.0 mgs) were added. The reaction was purged with H: four 

times, and stirred under 1 atmosphere, of H2 until judged complete by TLC (2 hr). The 

reaction was quenched with 20 mL of CH2CI2, filtered through celite, and washed three 

times with saturated aq. NaHCOs, dried with MgS04, filtered again, and concentrated in 

vacuo. The crude was chromatographed (54% EtOAc/hexanes. Rf=0.45). Yield 16.2 mg 

(80.6%, as a colorless oil). 'H NMR (CDCI3) 5: 7.76 (d, 2H, 7 = 7.7 Hz), 7.60 (m, 2H,), 

7.38 (t, 2H, J = 7.8 Hz), 7.32 (q, 2H, J = 7.7 Hz), 5.23 (H3, t, IH, 7 = 9.5 Hz), 5.02 (H4, 

t, IH, y = 9.1 Hz), 4.99 (H2, t, IH, y = 8.8 Hz), 4.56 (HI, d, IH, y= 8.0 Hz), 4.38 (Fmoc 

CH2, U 2H, y = 7.0 Hz), 4.29 (H6, dd, IH, 7 = 7.0, 10.1 Hz), 4.23 (Fmoc CH, t, IH, J = 

7.0 Hz), 4.16 (H6', dd, IH, 7 = 7.0, 11.8 Hz), 4.05 (aCH, m, IH,), 3.78 (PCH, d, IH, y = 

8.2 Hz), 3.73 (H5, m, IH, J = 9.6 Hz), 2.09, 2.05, 2.05,2.02 (Ac, s, 12H), 1.57 (7CH2, m, 

2H), 1.25 ((CH2)8, m, 16H, y = 6.4 Hz), 0.87 (CH3, t, 3H, y = 7.0 Hz) HRMS calcd for 

C42H58NO13: 784.3908. Found: 7843912 (error= 0.5 ppm). 

AcO 
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(2R, 3R)-2-Ainino-N-(cliphenyl-allyi-methyl)-l-0-(tert-

butyldimethylsUyl)-5«hexene-l^-diol (64): Compound 53 

(5.13gm, 12.93 mmoles) was dried overnight in vacuo over 

eq. in 30-60 mL CH2CI2), was chilled to -78°C under argon for 

30 min. A solution of iBufA^H (1.0 eq, 0.5M of each in hexanes) was added dropwise 

via syringe to a stirring solution of 53 over 45 min at -78®C. Immediately after the 

iBu5Al2H addition was complete, ally I magnesium bromide (39.0 mL, 3 eq. in l.OM 

Et20) was added dropwise via syringe to the stirring solution over 45 min at -78°C. The 

solution was allowed to warm to room temperature and stir overnight. The resulting 

yellow solution was chilled to 0°C, and carefiilly quenched with 5 mL of saturated 

NaHCOs, then diluted with 100 mL CH2CI2, washed 3X with saturated NaHCOs, and IX 

with brine. The organic layer was dried over MgS04, filtered and concentrated in vacuo. 

Crude product was purified by silica gel chromatography (80% EtOAc/hexanes, with 

0.1% NEt3) to yield 3.83 gm (65.8%) of 64 as a yellow oil. 'H NMR (CDCI3) 5: 7.73 (d, 

2H, y = 7.7 Hz), 7.27 (d, 6H), 7.21 (m, 2H), 5.89 (=CH, m, IH), 5.47 (=CH on amine, m, 

IH), 5.07-4.92 (vinyl CH2 x 2, m, 4H), 3.58 (aCH, m, IH,) 3.19 (CHOTBS, d, 2H, 7 = 

6.4 Hz), 3.01 (allyl CH2 on amine, dd, 2H, J= 12, 5.5 Hz), 2.60 (PCH, m, IH), 2.60 

(CH'OTBS, m, IH), 2.33 (allyl CH2, m, IH), 2.10 (allyl CH2, m, IH), 0.84 (Si t-bu, s, 

9H), -0.09, -0-10 (Si CH3, s, 3H x 2). '"C NMR (CDCI3) 5: 143.0, 141.1, 134.1, 127.5, 

126.8, 124.7, 119.9, 117.5, 70.1, 66.5, 63.0, 54.6,47.0, 38.3."C NMR (CDCI3) 5: 147.5, 

147.1, 135.6, 133.7, 127.9, 127.8, 127.8, 127.8, 127.8, 127.7, 127.7, 127.7, 126.5, 118.3, 

OH 

P2O5. A solution of 53 (1 
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116.4, 70.2, 64.4, 61.1, 56.0, 42.7, 37.9, 25.8, 18.0, -5.9, -5.9. HRMS calcd for 

CigHtiNOiSi: 452.2985. Found: 452.2989 (error= 0.9 ppm). 

(2R, 3R)-2-Ainino-N-(9-nuorenylmethoxycarbonyl)-5-

hexene-13-<liol (65): Allyl amine 64 (3.62gni, 8.02nunoles) 

was azeotroped with toluene 2X, dissolved in anhydrous 

CH2CI2 (40 mL), and stirred at room temperature. After 10 minutes, freshly-distilled 

BF3'*OEt2 (10.0 mL, 78.98 mmoles, 9.8 eq.) was added to the mixture and allowed to stir 

at room temperature. After 24 hours, triethylsilane (2.0 mL, 12.55 mmoles, 1.56 eq.) was 

added and allowed to react for an additional 12 hours. After a total of 36 hours, the 

reaction was judged completed by TLC. Sat. NaHCOs (15mL) then was added to quench 

the reaction. The methylene chloride of the reaction mixture was removed in vacuo, the 

crude was redissolved in 100 mL water and 100 mL dioxane, and Fmoc-Cl (2.90 gm, 

11.2 mmoles, 1.4 eq.) was dissolved in minimal dioxane and added dropwise over 10 

minutes. After 3 hours, an additional 2.9 gm of Fmoc-Cl was added dropwise and the 

mixture was reacted for an additional 2 hours. After completion, then mixture was 

diluted with 100 mL of CH2CI2, washed with sat. NaHCOs 2X and concentrated in vacuo 

to provide crude 65. This was purified by silica gel chromatography (55% 

EtOAc/hexanes) to provide 1.82 gm of65 (64.2%) as a white solid. 'H NMR (CDCI3) 5: 

7.78 (d, 2H, J = 7.4 Hz), 7.62 (d, 2H, J = 7.2 Hz), 7.42 (t, 2H, J = 7.4 Hz), 7.33 (t, 2H, J 

= 7.6 Hz), 5.81 (=CH, m, IH), 5.55 (NH, d, IH, 7 = 8.5 Hz), 5.17 (vinyl CH, s, IH), 5.14 

(vinyl CH, d, IH, 7 = 4.9 Hz) 4.46 (CH2OH, m, 2H), 4.26 (aH, t, IH, J= 6.4 Hz), 3.97 

NHFmoc 
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(Fmoc CH, t, IH, J = 6.4 Hz), 3.79 (Fmoc CH2, m, 2H), 3.70 (PCH, t, IH, 7 = 7.0 Hz), 

2.87 (OH .\ 2, s, 2H), 2.27 (allyl CH2, m, 2H). NMR (CDCI3) 6: 143.0, 141.1, 134.1, 

127.5, 126.8, 124.7, 119.9, 117.5, 70.1, 66.5, 63.0, 54.6, 47.0, 38.3. HRMS calcd for 

C:iH24N04: 354.1705. Found: 354.1702 (erTor= 1.0 ppm). 

(2R, 3R)-2-Ainino-N-(9-fluorenylinethoxy-carbonyI)-l-0-

(benzyloxy)-5-hexene-13-<liol (66): Diol 65 (300.0 mg, 

0.849 mmol) and DMAP (4.1 mg, 3.9 mol%) were placed in 

a flame-dried flask. CH2CI2 (11 mL) was added and the resulting suspension was chilled 

to -78°C. iPr2NEt (510 jal, 0.864 mmole, 1.96 eq) and benzylchloroformate (123 |al, 2.86 

mmole, 1.01 eq) were then added sequentially to the stirring suspension. The mixture 

was slowly allowed to warm to room temperature and reacted for a total of 24 hr. The 

product was diluted with 50 mL CH2CI2, washed IX with dilute HCl (pH -3), 3X with 

saturated NaHCOj, and IX with brine. The organic layer was dried over MgS04, filtered 

and concentrated in vacuo. Crude 66 was chromatographed (30% EtOAc/hexanes, 

Rf=0.45). 'H NMR (CDCI3) 5: 7.75 (d, 2H, J = 7.4 Hz), 7.56 (d, 2H, J = 7.4 Hz), 7.33 

(9H, m), 5.71 (=CH, m, IH), 5.12 (CH2Ph, s, 2H), 5.09 (CH2, m, 2H), 5.09 (CH2OCBZ, 

m, 2H) 4.40 (oH, t, IH, 7= 6.0 Hz), 4.17 (Fmoc CH2, Fmoc CH, pCH, m, 4H), 2.45 (allyl 

CH2, m, 2H). '^C NMR (CDCI3) 5: 158.2, 143.2, 141.2, 133.6, 128.6, 128.5, 127.6, 

127.0, 124.9, 119.9, 118.9, 69.9, 68.6,67.0,66.7, 52.6,47.2,38.4. Yield: 278 mg, 67% as 

a white solid. HRMS calcd for CigHsoNO®: 488.2073. Found: 488.2074 (error= 0.1 

ppm). 

NHFmoc 
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(2S, 3S)-2-Aiiiino-N-(9-fluorenylmethoxy-carbonyl)-l-

0-(beiiz>'loxy)-3-0-(2v3,4,6-tetra-0-acet>'lglucosyl)-5-

hexene-14-<tiol. (67): To a flame-dried flask, acceptor 66 

tetra-O-acetyl-glucose a-trichloroacetimidate (751 mg, 1.52 

mmole, 1.30 eq) were added and azeotroped 2X with PhCHs. 4A Molecular sieves 

(-1.10 gm) were added to the mLxture, before it was dissolved in CHiCb (45 mL) and 

chilled to 0°C. TMSOTf (330 |il. 1.82 mmole, 1.56 eq.) was then added to the stirring 

solution dropwise over 10 min. The mixture was stirred and allowed to warm to room 

temperature overnight. The reaction was filtered through celite and washed three times 

with saturated aq NaHCOj, dried with MgS04, filtered again, and concentrated in vacuo. 

The crude was chromatographed (33% EtOAc liexanes, Rf=0.35). Yield 499.2 mg (52%, 

as brittle white foam). Yield for same reaction with D-form of 67 was 35%. 

(2S, 3S)-2-Aniino-N-(9>fluorenylmethoxy-

carbonyl)-l-0-(benz>ioxy)-3-0-<23t4,6-tetra-

O-acetyl glucosylH^E)-dodecene-13-<liol, 

(68a): Compound 67 (86.8 mg. 0.1062 mmole) was placed in a three-neck round-bottom 

flask and azeotroped with toluene 2X. The compound was then dissolved in CH2CI2 (5 

mL), before 1-octene (85 |j.l, 0.542 mmole, 5.1 eq.) was added. The mixture was brought 

to reflux, prior to addition of the Grubb's second generation olefin metathesis catalyst 

(9.9 mg, 0.0II7 mmole, 11 mole%). The reaction was stirred at reflux overnight After 

AcO'^ 

NHFmoc 
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completion, the mixture was diluted with 20 mL CH2CI2, washed with sat NaHCOs 3X, 

dried over MgS04, filtered and concentrated in vacuo. The crude was purified by silica 

gel chromatography (40% EtOAc/hexanes) to yield pure 68a (67.2 mg, 70%, as a yellow 

oil). 'H NMR (CDCI3) 5: 7.74 (m, 2H), 7.58 (t, 2H,J= 7.0 Hz), 7.33-7.29 (9H, m), 5.46 

(=CH, m, IH), 5.28 (=CH, m, IH), 5.16 (H3, q, IH, J = 9.7 Hz), 5.13 (CHzPh, s, 2H), 

5.06 (H4, m, IH), 5.03 (H2, m, IH), 4.48 (HI, d, IH, J = 7.8 Hz), 4.41/4.37 (CHjOCBZ, 

m, 2H), 4.18 (oH, m, IH), 4.13 (Fmoc CH, m, IH), 4.07 (Fmoc CH., d, 2H, J = 11.4 Hz), 

3.94 (PH, m, IH), 3.86 (H6, m, IH), 3.73 (H6', m, IH), 3.60 (H5, m, IH), 2.40/2.27 

(allyl CH2, m, 2H), 2.03, 2.02, 2.00, 2.00 (Ac x 4, s, 12H), 1.30-1.17 ([CHsJs m, 6H), 

0.84 (Me, t, 3H, J = 6.5). '^C NMR (CDCI3) 6: 170.3, 170.1, 169.5, 169.3, 155.4, 143.7, 

141.2, 135.1, 128.6, 128.5, 128.4, 128.2, 127.6, 127.0, 125.0, 123.6, 119.9, 101.2, 79.7, 

71.6, 69.9, 68.4, 68.3, 66.2, 62.1, 50.9,47.2, 35.3, 32.6, 31.8, 29.4, 29.4, 29.3, 29.2, 22.6, 

20.6, 20.6, 20.6, 20.6, 20.6, 14.0. HRMS calcd for C49H60NO15: 902.3963. Found: 

902.3964 (error= 0.1 ppm). 

(2S, 3S)-2-Aniino-N-(9-

fluorenylinethoxy-carbonyl)-l-0-

(beiizyloxy)-3-0-(23«4,6-tetra-0-

acetylglucosyl)-(^E)-te^adecene-M-diol, (68b): Compound 67 (47.5 mg, 0.0581 

mmole) was placed in a three-neck round-bottom flask and azeotroped with toluene 2X. 

The compound was then dissolved in CH2CI2 (5 mL), before 1-decene (55 fil, 0.2906 

mmole, 5.0 eq.) was added. The mixture was brought to reflux, prior to addition of the 

NHFmoc 
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Grubb's second generation olefin metathesis catalyst (10.5 mg, 0.0125 mmole, 21 

mole%). The reaction was stirred at reflux overnight After completion, the mixture was 

diluted with 20 mL CHiCb, washed with sat. NaHCOs 3X, dried over MgS04, filtered 

and concentrated in vacuo. The crude was purified by silica gel chromatography (40% 

EtOAcTiexanes) to yield pure 68b (32.1 mg, 59.4%, as a yellow oil). 'H NMR (CDCIJ) 

5: 7.74 (m, 2H), 7.58 (t, 2H, J = 7.0 Hz), 7.33-7.29 (9H, m), 5.46 (=CH, m, IH), 5.28 

(=CH. m, IH), 5.17 (H3, q, IH, J = 9.7 Hz), 5.13 (CH2Ph, s, 2H), 5.07 (H4, m, IH), 5.02 

(H2, m, IH), 4.48 (HI, d, IH. J = 7.8 Hz), 4.41/4.37 (CH2OCBZ, m, 2H), 4.18 (oH, m, 

IH), 4.13 (Fmoc CH, m, IH), 4.07 (Fmoc CH2, d, 2H, J = 11.4 Hz), 3.94 ((JH, m, IH), 

3.86 (H6, m, IH), 3.73 (H6', m, IH), 3.60 (H5, m, IH), 2.40/2.27 (allyl CH2, m, 2H), 

2.03, 2.02, 2.00, 2.00 (Ac x 4, s. 12H), 1.30-1.17 ([CH2]5 m, I OH), 0.84 (Me. t, 3H, J = 

6.5). '^C NMR (CDCI3) 5: 170.3, 170.1, 169.5, 169.3, 155.4, 143.7, 141.2, 135.1, 128.6, 

128.5, 128.4, 128.2, 127.6, 127.0, 125.0, 123.6, 119.9. 101.2, 79.7, 71.6, 69.9, 68.4, 68.3, 

66.2, 62.1. 50.9, 47.2, 35.3, 32.6, 31.8, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2, 22.6, 20.6, 20.6, 

20.6. 20.6, 20.6, 14.0. HRMS calcd for C51H64NO15: 930.4276. Found: 930.4264 (error= 

1.3 ppm). 

(2S, 3S)-2-Aiiiino-N-(9-fluorenylmethoxy-

carbonyl)-l-0-(beiizyloxy)-3-0-(23«4,6-tetni-

0-acetylglucosyl)-(5-E)-te^sdecene-13-<liol, 

(68c): Compound 67 (41.3 mg, 0.0505 mmole) was placed in a three-neck round-bottom 

flask and azeotroped with toluene 2X. The compound was then dissolved in CH2CI2 (2 

NHFmoc 
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mL), before 1-octadecene (80 nl, 0.2504 mmole. 4.95 eq.) was added. The mixture was 

brought to reflux, prior to addition of the Grubb's second generation olefin metathesis 

catalyst (4.2 mg, 0.005 mmole, 9.8 mole%). The reaction was stirred at reflux overnight. 

.•\fter completion, the mixture was diluted with 20 mL CH2CI2, washed with sat. NaHCOj 

3X, dried over MgS04, filtered and concentrated in vacuo. The crude was purified by 

silica gel chromatography (40% EtOAc/hexanes) to yield pure 68c (28.9 mg, 55%, as a 

yellow oil). 'H NMR (CDCI3) 6: 7.74 (m, 2H), 7.58 (t, 2H, 7 = 7.0 Hz), 7.33-7.29 (9H, 

m), 5.46 (=CH, m, IH), 5.28 (=CH, m, IH), 5.17 (H3, q, IH, J = 9.7 Hz), 5.13 (CH2Ph, s, 

2H), 5.07 (H4, m, IH), 5.02 (H2, m, IH), 4.48 (HI, d, IH, J = 7.8 Hz), 4.41/4.37 

(CH:OCBZ, m, 2H), 4.18 (oH, m, IH), 4.13 (Fmoc CH, m, IH), 4.07 (Fmoc CH., d, 2H, 

J = 11.4 Hz), 3.94 (pH, m, IH), 3.86 (H6, m, IH), 3.73 (H6', m, IH), 3.60 (H5, m, IH), 

2.40/2.27 (allyl CH:, m, 2H), 2.03, 2.02, 2.00, 2.00 (Ac x 4, s, 12H), 1.30-1.17 ([CHaJis 

m, 30H), 0.84 (Me, t, 3H, J = 6.5). NMR (CDCI3) 5: 170.3, 170.1, 169.5, 169.3, 

155.4, 143.7, 141.2, 135.1, 128.6, 128.5, 128.4, 128.2, 127.6, 127.0, 125.0, 123.6, 119.9, 

101.2, 79.7, 71.6, 69.9, 68.4, 68.3, 66.2, 62.1, 50.9, 47.2, 35.3, 32.6, 31.8, 29.4, 29.4, 

29.3,29.3, 29.2, 29.2, 22.6,20.6,20.6,20.6,20.6,20.6, 14.0. 

3S, 4-0>Isopropylidene, 2Rrtri*hydroxy butyric acid methyl ester 

(71c): Step a: Ascorbic acid (21.998 gm, 124.8 nunole) was 

suspended in anhydrous acetone (110 mL), 2,2-dimethoxypropane (40 

mL) and stirred at room temperature for 15 minutes. Anhydrous HCl (from dropwise 

addition of H2SO4 to NaCl) was bubbled into the reaction for 2 minutes, at which point 

T^OH 
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the solution turaed from white to yellow to a viscous dark orange. The mixture was 

allowed to stir for 1 hour at room temperature, after which it was filtered, washed with 

cold acetone and placed on the pump to dry. This yielded 24.58 gm of product 71a 

(90%), which was taken on to the next step without further purification. Step b: The 

ascorbic acid acetonide (3.24 gm, 15.01 mmole) and CaCOs (3.42 gm, 34.2 mmole, 2.28 

eq.) were suspended in HiO (120 mL), stirred and chilled to 0°C. HiOi (30%, 7 mL, 64.2 

mmole, 4.27 eq.) was then added dropwise, at 0°C, for 20 minutes. The reaction was 

stirred for one hour at 0°C, and three hours at 50°C, after which time activated carbon 

(0.75 gm) was added to destroy any remaining peroxides. This was allowed to stir at 

50°C for 16 hours. The reaction mixture was then filtered hot through filter paper and 

concentrated in vacuo. This yielded 2.75 gm (93.9%) of intermediate 71b, which was 

carried on to the next step without further purification. Step c: The calcium salt (104.9 

mg, 0.537 mmole) from step 2 and NaHCOs (379 mg, 4.51 mmole, 8.3 eq.) were 

azeotroped with toluene 2X and dried over P2O5 overnight. The reagents were then 

dissolved in anhydrous DMF (6 mL), before Mel (300 jil, 6.94 mmole, 12.9 eq.) was 

added. This reaction was protected from light and allowed to stir at room temperature for 

60 hours. After this time, 50 mL of EtOAc was added and the mixture was filtered 

through sand, and concentrated in vacuo. The concentrate was then redissolved in 

EtOAc, washed with brine 2X, dried over Na2S04, filtered and concentrated to provide 

71c (92 mg, 90%) as a yellow oil. This product was sufficiently pure and carried on to 

the next step without further purification. Overall yield of the three steps was 74%. 'H 

NMR (CDCI3) 5: 4.17 (H3, dt, IH, 7 = 3.2, 3.0, 6.4 Hz), 3.95 (H2, dd, IH, 7 = 3.2, 8.0 
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Hz), 3.86. 3.78 (H4, t, 2H. J= 7.4 Hz), 3.65 (OH, d, IH, 7 = 8.0 Hz), 3.57 (Me ester, s, 

3H), 1.19, 1.12 (acetonide Me, s, 3H x 2). NMR (CDCB) 5: 172.7. 109.9, 76.6, 70.7, 

65.7, 31.5, 26.2. 25.4. HRMS calcd for CgHisOs: 191.0919. Found: 191.0919 (error= 0.0 

ppm). 

3S, 4-O-IsopropyUdene^i-hydroxy, 2S-azido- butyric acid 

methyl ester (72): Methyl ester 71 (96.7 mg, 0.508 mmole) was 

placed in a round-bottom flask and azeotroped with toluene 2X. To 

this, anhydrous CH2CI2 (4 mL), pyridine (500 |il, 6.18 mmole, 12.1 eq.), and triflic 

anhydride (140 |al. 0.832 mmole, 1.6 eq.^ were sequentially added at 0°C. The mixture 

was allowed to stir at 0°C for 1 hour, after which the reaction was concentrated in vacuo. 

Under anhydrous conditions, the crude triflate was then dissolved in anhydrous DMF (4 

mL) and reacted with NaNs (130 mg, 2.0 mmole, 3.93 eq.). This was stirred at room 

temperature for 60 hours. After completion, the mixture was diluted with 20 mL EtOAc, 

washed with sat. NaHCOs 3X, dried over MgS04, filtered and concentrated in vacuo. 

The crude was purified by silica gel chromatography (15% EtOAc/hex) to provide 

compound 72 (40.3 mg, 37%) as a 2.3:1 mixture of isomers at newly-formed center. 'H 

NMR (CDCI3) 5: 4.42 (H3, q, IH, 7 = 5.5 Hz), 4.05 (H2, m, IH), 4.04 (H4, m, IH), 3.97 

(H4', m, IH), 3.79 (Me ester, s, 3H), 1.44, 1.32 (acetonide Me, s, 3H x 2). NMR 

(CDCh) 5: 168.3, 110.3, 75.2,65.6, 63.2,52.7,26.2,25.0. 



303 

0-Palmitoyl-N-(9-fluorenylinethoxy-carbonyl)-L-Seruie 

(75): Fmoc-serine (218.6 mg, 0.666 nunole) was placed in a 

round-bottom flask and azeotroped with toluene 2X. The 

reagent was then dissolved in anhydroiis CH2CI2 (4 mL), before pyridine (140 ^l, 1.73 

mmole, 2.59 eq.) and palmitoyl chloride (290 |il, 0.956lmmole, 1.43 eq.) were added at 

0°C. The reaction was allowed to warm to room temperature and stirred overnight. The 

reaction mixture was then concentrated, azeotroped with tomuene X4, and redissolved in 

20 mL of EtOAc. This solution was washed with sat NaHCOs X3, dried with MgS04, 

filtered and concentrated to yield crude 75. Purification proceeded via silica gel 

chromatography (7% MeOH/DCM with 0.2% HOAc) to yield pure 75 (300 mg, 79.5%) 

as a white waxy solid. 'H NMR (CDCI3) 5: 7.76 (d, 2H, J = 7.6 Hz), 7.60 (m, 2H), 7.39 

(m. 2H), 7.31 (t, 2H, y = 7.7 Hz), 5.74 (NH, d. IH, 7 = 7.7 Hz), 4.75 (aCH, m, IH), 4.59 

(P'CH, m. IH), 4.45 (P'CH, m, IH), 4.38 (Fmoc CH2, m, 2H) 4.23 (Fmoc CH, t, IH, 7 = 

6.8Hz), 3.81 (COOH, bs, IH), 2.31 (Acyl C'H:, t, 2H,y= 7.7 Hz), 1.59, 1.30-1.22 (Acyl 

C3-C15, m, 26H), 0.87 (CH3, t, 2H, 7 = 7 J Hz). '^C NMR (CDCI3) 6: 172.5, 155.3, 

142.9, 140.3, 126.8, 126.2, 124.3, 119.0, 66.0, 62.8, 52.2, 46.2, 33.1, 31.0, 28.7, 28.7, 

28.7, 28.7, 28.7, 28.7, 28.7, 28.5, 28.4, 28.4, 23.9, 21.8, 13.3. HRMS calcd for 

C34H48NO6: 566.3482. Foimd: 566.3503 (error= 1.6 ppm). 

FmocHN 
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Experimental Data 



Compound 28 28 29 29 
Solvent H2O SDS H2O SOS 
Formula C39H59N7O14 C39H59N7O14 C33H47N7O9 C33H47N709 

Mass (Exact) 847.396 847.396 685.344 685.344 
MWcalc 848.4042 (M • H) 848.4042 (M + H) 686.3514 (M • H) 686.3514 (M H) 

MW found 848.4053 (M+H) 848.4053 (M+H) 686.3539 686.3539 
error 1.2 ppm 1.2 ppm 3.6 ppm 3.6 ppm 

YirNHl XXX XXX XXX XXX 

YiroHl 4.308 4.414 4.592 4.485 
YirB2Hl 3.168 3.184 3.103 3.295 
Y1[B1H1 3.098 2.974 3.008 3.033 
YirAr2.61 7.157 7.165 7.16 7.244 
YirAr3.51 6.867 6.841 6.867 6.894 
T2rNH1 8.454 8.66 8.47 8.752 
T2raHl 4.148 4.359 4.148 4.471 
T2r0Hl 4.063 4.337 4.07 4.419 
T2r7Hl 0.866 1.159 0.878 1.243 
G3[NH1 8.359 8.488 8.376 8.583 
G3[aH] 3.856 3.915 3.861 3.98 
F4tNHl 8.031 7.881 8.051 7.979 
F4[aH] 4.597 4.39 4.587 4.411 
F4rB2H1 3.099 3.111 3.097 3.217 
F4raiH] 2.991 2.932 2.997 2.976 

F4rAr2.61 7.236 7.204 7.237 7.252 
F4[Ar41 7.295 7.199 7.336 7.284 

F4rAr3.51 7.342 7.249 7.325 7.317 
L5[NH1 8.246 7.753 8.271 7.813 
L5[aH1 4.338 4.228 4.326 4.251 
LSfBIHI 1.554 1.723 1.551 1.786 
L5[B2H1 1.587 1.723 1.595 1.786 
LSFtHI 1.528 1.566 1.529 1.634 

L5[51H1 0.832 0.856 0.825 0.917 
L5[62H1 0.889 0.907 0.887 0.989 
S6[NH1 8.271 7.936 8.095 7.839 
S6[aH1 4.506 4.451 4.33 4.342 
S6[B2H1 4.171 4.157 3.847 3.923 
S6[B1H1 3.893 3.882 3.809 3.87 

NH  ̂ 7.16 7.117 7.108 7.1 
NH' 7.497 7.326 7.5 7.28 
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Compound 34 35 
Solvent H,0 H,0 
Formula CagHsgNyOu C45H69O19N7 

Mass (Exact) 847.396 1009.45 
MW calc 848.4042 (M + H) 1010.4570 (M + H) 

MW found 848.4045 (M + H) 1010.453 (M + H) 
error 0.4 ppm 3.2 ppm 

YlfNHl XXX XXX 
YlfaHl 4.36 4.30 
YirB2Hl 3.24 3.16 
YirB1Hl 3.16 3.09 

YirAr2.61 7.22 7.15 
YirAr3.51 7.14 6.86 
T2[NH1 8.45 8.45 
T2raHl 4.19 4.14 
T2rBHl 4.06 4.06 
T2[YH1 0.85 0.86 
GSrNHI 8.41 8.35 
G3[aH1 3.90 3.85 
F4rNH1 8.08 8.02 
F4[aHl 4.61 4.60 
F4rB2H1 3.14 3.10 
F4rB1Hl 3.04 2.98 

F4rAr2.61 7.30 7.23 
F4rAr41 7.37 7.30 

F4rAr3.51 7.40 7.33 
LStNHl 8.29 8.26 
LSroHl 4.39 4.34 
L5[B1H1 1.55 1.53 
L5rB2H1 1.55 1.53 
LSfrHl 1.62 1.60 

LSrSIHI 0.82 0.82 
L5r52Hl 0.87 0.88 
semm 8.27 8.23 
seroHi 4.54 4.52 
S6rB2H1 3.98 4.17 
S6rB1H1 3.82 3.90 

NH' 7.17 7.16 
NH' 7.59 7.50 
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Compound 3® 37 3a 39 

Solvent H2O HJO H20 DMSO 

Formula C4aH72Ng02i C49H75Na021 C49H7sNe02i CsoHTeNgOai 

MWcale 1119.4705 (M+Na) 1133.4861 (M+Na) 1133.4861 (M-t-Na) 1147.5018 (M-^Na) 

MW found 1119.4676 (M+Na) 1133.568 (M+Na) 1133.4474 (M-^Na) 1147.5525 (M-t-Na) 

enror 2.6 ppm 7.9 Dom 1.9 ppm 3 ppm 

YiroHl 4.3 4.3 4.3 4.15 

YirB2Hl 3.16 3.15 3.16 2.96 

YireiHi 3.09 3.09 3.09 2.79 

Y1tAr2.61 7.15 7.15 7.15 7.04 

Y1tAr3.5l 6.86 6.86 6.86 6.68 

T2[NH1 8.45 8.45 8.46 8.54 

TZfoHl 4.15 4.14 4.14 423 

T2[BH1 4.06 4.05 4.06 3.87 

T2[tH] 0.86 0.85 0.86 0.86 

G3[NH] 8.36 8.35 8.36 8.01 

GStoHl 3.85 3.84 3.85 3.72A3.61 

F4rNH1 8.02 7.99 8.02 8.01 

F4roHl 4.58 4.59 4.59 4.55 

F4[B2H1 3.08 3.1 3.08 2.98 

F4rB1Hl 2.98 2.97 2.98 2.72 

F4rAr2.61 7.23 7.22 7.23 7.16 

F4rAr41 7.31 7.31 7.3 722 

F4rAr3.51 7.34 7.34 7.33 7.24 

LStNHl 8.22 8.22 8.2 8.31 

LSfoHl 4.35 4.41 4.34 4.35 

L5W1H1 1.52 1.55 1.55 1.5 

L5rB2H1 1.52 1.55 1.55 1.5 

LSItHI 1.53 1.6 1.6 1.6 

LSrSIHI 0.83 0.83 0.83 0.83 

L5t82Hl 0.89 0.89 0.88 0.88 

r«sidu« 6 8.38 (S6-NH) 8.18 rr6-NH) 8.44 (S6-NH) 7.62 (T6-NH) 

rcsidu* 6 4.55 (S6-aH) 4.55 (T6-0H) 4.67 (S6-aH) 4.36 (T6-aH) 

rasidu* 6 4.23 (S6-02H) 4.45 rre-BH) 4.22 (S6-B2H) 4.12 rre-BH) 

rasidu* 6 3.88 (S6-&1H) 1.23(T6-YH) 3.94(S6-B1H) 1.05(T6-YH) 

rasldu* 7 8.55 (S7-NH) 8.46 (S7-NH) 8.29 (T7-NH) 7.75 (T7^H) 

residu* 7 4.57 {S7-aH^ 4.75 (S7-aH^ 4.35 (T7-aH) 4.55 (T7-aH) 

rmidus 7 422 (S7.B2H) 4.21 fS7.B2H) 4.21 (T7-BH) 4.14 nr-BH) 

rssidu* 7 3.93 (S7-B1H) 3.88 (S7-B1H) 122(T7-YH) 1.08 (T7-^) 

NH1 7.28 7.28 722 6.93 

NH2 7.42 7.41 7.55 728 
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Compound 41 F4rAr41 7.23 
Solvant DMSO F4rAr3,51 7.25 
Formula Cs7Hg7N902a L5rNHl 8.17 

Mass (Exact) 1345.566 L5faHl 4.34 
MW calc 1368.5554 (Mt- Na) LSfBIHI 1.50 

MW found 1368.9222 (M Na) L5r02Hl 1.50 
error 9.5 ppm L5[yHl 1.60 

YlfNHl 8.00 LSrSIHl 0.85 
YlfoHl 4.55 L5r62Hl 0.90 
Y1[B2H1 2.97 S6rNHl 7.95 
Y11B1H1 2.80 S6faHl 4.53 
YirAr2.61 6.69 S6fB2Hl 3.89 
YirAr3.51 7.07 S6rB1Hl 3.63 
T2[NH1 8.52 NH1 XXX 
TZfoHl 4.25 NH2 XXX 
T2[BH1 3.89 S7rNHl 7.99 
T2trHl 0.88 S7raHl 4.38 
G3[NH1 8.00 s7re2Hi 3.93 
G3[aH1 4.16 S7rB1Hl 3.61 
F4[NH1 7.79 SSrNHl 8.11 
F4raH1 4.56 se.tHi 4.38 
F4[B2H1 3.03 S8r02Hl 4.03 
F4rB1Hl 2.74 S8r31Hl 3.58 
F4rAr2.61 7.17 
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Compound 40 40 42 42 
Solvent H,0 SOS H,0 SOS 
Formula C4SH67N70I9 C45HS7N7019 CS1H77N7O24 C5iH77Nr024 

Mass (Exact) 1009.45 1009.45 1171.502 1171.502 
MW calc 1032.435(M+Na) 1032.435(M-^Na) 1194.4913 (M+Na) 1194.4913 (M+Na) 

MW found 1032.5738 (M+Na) 1032.5738 (M+Na) 1194.4895 (M+Na) 1194.4895 (M+Na) 

•rror XXX XXX 1.5 DPm 1.5 ppm 
YlfNHl XXX XXX XXX XXX 

YiroHl 4.313 4.47 4.319 4.467 
Y1[B2H1 3.164 3.25 3.172 3.247 
YHBIHl 3.095 3.04 3.106 3.022 

YirAr2.61 7.150 7.23 7.152 7.210 
Y1[Ar3.5l 6.880 6.88 6.89 6.876 
T2rNH1 8.450 8.70 8.451 8.700 
T2raHl 4.150 4.40 4.158 4.397 
T2rBHl 4.070 4.39 4.056 4.360 
T2rYHl 0.875 1.22 0.878 1.212 
G3rNH1 8.352 8.53 8.356 8.521 
GSroHl 3.864 3.97 3.866 3.964 
F4rNH1 8.020 7.92 8.021 7.919 
F4raH1 4.607 4.45 4.601 4.447 
F4[B2H1 3.093 3.18 3.172 3.170 
F4[P1H1 2.984 3.01 3.100 3.011 

F4rAr2.61 7.150 7.23 7.248 7.238 
F4rAr41 7.290 7.27 7.300 7.254 

F4[Ar3.51 7.339 7.32 7.345 7.303 
LSfNHI 8.239 7.79 8.241 7.781 
LSroHl 4.521 4.29 4.524 4.276 
LSfBIHI 1.542 1.77 1.541 1.761 
L5[B2H1 1.542 1.78 1.541 1.761 
LSnrHl 1.522 1.58 1.523 1.589 

LSrSIHI 0.841 0.91 0.822 0.894 
L5r52H1 0.902 0.97 0.884 0.958 
S6[NH1 8.250 7.97 8.254 7.957 
seroHi 4.347 4.53 4.350 4.523 

S6rB2H1 4.175 4.2 4.175 4.199 
serBiHi 3.908 3.93 3.910 3.926 

NH1 7.179 7.13 7.186 7.121 
NH2 7.493 7.37 7.496 7.373 



Compound 28 (SAM 1095) 
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Gtvcooeoode t09S ijrear graAert ol i0%-40%HeCN over 30 mnutes jta^d imuiwuite 

Purification: 10% MeCN/HaO to 50% MeCN/HiO over 30 minutes 
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8J5 8.50 8.45 8.40 8.35 8J0 8.25 8.20 8.15 8.10 8.05 8.00 7.95 7S0 ppm 

t095inH20 
wausaie IH at 313K A 

I  I  ,  ,  •  ,  .  ,  ,  .  I  •  .  .  .  I  .  I  .  I  •  .  .  •  I  .  .  I  •  ,  .  .  .  •  I  •  .  , .  ,  •  .  •  .  I  • .  • •  I  ,  .  •  •  
8.55 8.50 8.45 8.40 8J5 8J0 8.25 8J0 8.15 8J0 8.05 8.00 7.95 7.90 ppm 

Glycopeptide 28 Amide Shifts in water 
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1095 in SDS 
29SK wacergace IH 

• I  I '  — I  I  I  — I  I  I  ^  
8 . 7  8 . 6  8 . 5  8 . 4  8 . 3  8 . 2  8 . 1  8 . 0  7 . 9  7 . 8  7 . 7  p p n  

1095 in SDS 
30IK wacergace IH 

' " I  •  •  I  I  I  I  I  I  I  I  I  
S . 7  8 . 6  8 . 5  8 . 4  8 . 3  8 . 2  8 . 1  8 . 0  7 . 9  7 . 8  7 . 7  p p i r .  

1095 in SDS 
304K wacergace IH 

—i : 1 1 —"1 1 1- 1 : 
3 . 6  8 . 5  8 . 4  8 . 3  8 . 2  8 . 1  8 . 0  7 . 9  7 . 8  7 . 7  p p m  

1095 in SDS 
307K wacergace IH 

•  •  ,  '  !  1  I  i  I  I  I  •  I  1  i  

S . 7  8 . 6  9 . 5  8 . 4  8 . 3  8 . 2  8 . 1  8 . 0  7 . 9  7 . 3  7 . 7  p p m  

1095 in SDS 
31OK wacergace IH 

• I  I  I  -n 1  r 
8 . 7  8 . 6  8 . 5  8 . 4  8 . 3  8 . 2  8 . 1  8 . 0  7 . 9  7 . 8  7 . 7  p p m  

J 

1095 in SDS 
313K wacergace IH 

w n«ijw 
-  -  -  I  i  I  i  I  J .  . 1 .  -  P - 1 1  I .  ,  ,  I  J 

8 . 7  8 . 6  8 . 5  8 . 4  8 . 3  8 . 2  8 . L  8 . 0  7 . 9  7 . 8  7 . 7  p p m  

Glycopeptide 28 Amide Shifts in SDS 
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Glycopeptide 28 Amide NH Shifts in water (normalized to shift at 
298K) 

298 303 308 

Temperature 

y = 8.51x-2538(Ser*) 
y^:39x - 250T.5'(I>W) 
y = 7.21x-2150.6 (Phe) 

y = 7.37X - 2200 (Leu) ! 

y = 6Tx- 19967r(GiyF 

313 318 

• D-Thr • Gly A Ser* x Phe x Leu 

G l y c o p e p t i d e  2 8  A r r  s e  NH S  n  i f t s  m  S O S  ( n o r m a l i z e d  t o  s h i f t  
a t  2  9  8  K  )  

12 0 -
y  «  6  8 0 8 6 *  -  2 0 3 0 . 2  ( D - T n r )  

1 0 0 

80 

60 

40 

20 

0 
2 9 8  3 0 3  3 0 8  3  1  3  3  1  8  

t u  r e  ( K  )  



Glycopeptide 28 AS /ST 

10-

8 

6 

4 

2 

0 
D-Thr Giy Phe Sef Leu 

• SDS 6.8 6.57 5.13 4.03 3.78 

• H20 8.4 6.7 7.2 7.4 8.5 

Residue 

Glycopeptide 28 

225 235 245 

Wavelength 

• Glycopeptide 28 in H20 • Glycopeptide 28 in SDS 



<3r6 

it 

-

*  t  i i  : r  

Glycopeptide 28 spin label studies 



Glycopeptide 28 (in SDS) NOESY Assignments: 

a«g(F2) ppm(F2) asg(FI) ppin(FI) VolunM Nor. Vol 

1
 

(11 O
 

Z
 NOEtyptt 

F[NH] 7.834 TIgH] 1.106 7.55E+06 0.755 LongRange Weak 
TINH] 8.616 FINH] 7.831 3.79E+07 3.79 Sequential Weak 
S*[NH] 7.881 FlaH] 4.323 1.57E+08 15.7 Sequential Weak 
NH2 7.278 L[aH] 4.153 1.22E+07 1.22 Sequential Weak 
L[NH] 7.711 GlaH] 3.834 4.36E+07 4.36 Sequential Weak 
GtNHl 8.44 UNH] 7.706 4.59E+07 4.59 Sequential Weak 
S*[NH] 7.879 LId2H] 0.852 2.98E+06 0.298 LongRange Medium 
Y[b2H] 3.136 TtgH] 1.105 1.00E+08 10 Sequential Medium 
Y[b1H] 2.922 TfeH] 1.105 3.85E+07 3.85 Sequential Medium 
Y[Ar2.6] 7.109 TIgH] 1.102 9.25E+07 9.25 Sequential Medium 
TINH] 8.609 GINH] 8.436 3.55E+08 35.5 Sequential Medium 
T[NH] 8.608 YlaH] 4.341 8.27E+08 82.7 Sequential Medium 
TINH] 8.607 YtAr2.6] 7.105 3.66E+07 3.66 Sequential Medium 
TINH] 8.614 YlblH] 2.923 1.66E+08 16.6 Sequential Medium 
TINH] 8.609 YIb2H] 3.132 2.41 E+08 24.1 Sequential Medium 
S*tNH] 7.881 LlaH] 4.152 6.20E-K)8 62 Sequential Medium 
S'INH] 7.882 LIbH] 1.648 1.38E+08 13.8 Sequential Medium 
S'lNH] 7.881 LIdlH] 0.781 5.60E+07 5.6 Sequential Medium 
S*[NH] 7.881 LlgH] 1.482 1.94E+08 19.4 Sequential Medium 
S'lNH] 7.881 LINH] 7.704 4.48E+08 44.8 Sequential Medium 
S'lNH] 7.882 NH1 7.048 4.36E+07 4.36 Sequential Medium 
S*INH] 7.875 NH2 7.271 1.71 E+08 17.1 Sequential Medium 
NH2 7.275 S'laH] 4.398 5.10E+07 5.1 Sequential Medium 
NH2 7.275 S*Ib2H] 4.083 1.67E+07 1.67 Sequential Medium 
NH1 7.052 S'laH] 4.395 2.35E+07 2.35 Sequential Medium 
LINH] 7.704 FlaH] 4.306 3.28E*08 32.8 Sequential Medium 
LINH] 7.706 FtAr2.6] 7.146 1.57E+07 1.57 Sequential Medium 
LINH] 7.704 FIblH] 2.878 1.71 E+08 17.1 Sequential Medium 
LINH] 7.706 FIb2H] 3.05 1.00E+08 10 Sequential Medium 
G[NH] 8.439 FINH] 7.833 3.70E+08 37 Sequential Medium 
GINH] 8.438 TIaH] 4.278 9.25E+08 92.5 Sequential Medium 
GINH] 8.439 TIgH] 1.102 7.19E+07 7.19 Sequential Medium 
FINH] 7.834 GlaH] 3.838 5.21 E+08 52.1 Sequential Medium 
FINH] 7.838 LlgH] 1.476 2.02E+07 2.02 Sequential Medium 
FINH] 7.834 LINH] 7.705 3.92E+08 39.2 Sequential Medium 

FtAr2.61 7.141 LtdlHl 0.787 1-40E+08 14 Sequential Medium 
FIAr2.6] 7.149 LlgH] 1.473 4.13E+07 4.13 Sequential Medium 
YIAr2.6] 7.11 YlaH] 4.339 4.53E+08 45.3 Sequential Strong 
YlAr2.6] 7.108 YlblH] 2.922 6.85E+08 68.5 Sequential Strong 
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YtAr2.6] 7.109 Ytb2H] 3.135 5.80E+08 58 Sequential Strong 
YtaH] 4.353 Y[b1H] 2.918 5.57E+07 5.57 Sequential Strong 
Y[aH] 4.352 Y[b2H] 3.125 1.30E+08 13 Sequential Strong 
TINH] 8.607 T[aH] 4.279 4.93E+08 49.3 Sequential Strong 
TTNH] 8.608 TfeH] 1.1 4.09E+08 40.9 Sequential Strong 
S*[NH] 7.881 S*[b1H] 3.808 3.47E+08 34.7 Sequential Strong 
S'tNH] 7.881 S*[b2H] 4.082 4.71 E+08 47.1 Sequential Stivng 
S-[aH] 4.41 S*[b1H] 3.81 9.75E+06 0.975 Sequential Stivng 
S*[aH] 4.404 S*[b2H] 4.081 2.80E+07 2.8 Sequential Stivng 
L[NHJ 7.705 L[aH] 4.149 4.28E+08 42.8 Sequential Strong 
L(NH] 7.704 L[bH] 1.648 4.57E+08 45.7 Sequential Strong 
L[NH] 7.704 L[d1Hl 0.784 1.17E+08 11.7 Sequential Strong 
L[NH] 7.705 L[d2H] 0.854 1.09E+08 10.9 Sequential Strong 
LtNH] 7.704 L[gH] 1.474 7.52E+08 75.2 Sequential Strong 
L[gH] 1.658 L[d1H] 0.781 2.00E+08 20 Sequential Strong 
L[gH] 1.662 L[d2H] 0.849 7.82E+08 78.2 Sequential Strong 
L[bH] 1.48 L[d2H] 0.861 1.46E+09 146 Sequential Strong 
L[bH] 1.484 L[giH] 0.785 1.48E+09 148 Sequential Stinng 
F[NH] 7.835 F[2.6Ar] 7.142 8.88E+07 8.88 Sequential Stiong 
F[NH] 7.833 F[aH] 4.303 5.57E+08 55.7 Sequential Strong 
F[NH1 7.834 F[b1H] 2.878 5.03E+08 50.3 Sequential Strong 
F[NH] 7.834 Ftb2H] 3.049 6.16E+08 61.6 Sequential Stivng 

F[Ar2.6] 7.143 F[aH] 4.308 3.97E+08 39.7 Sequential Strong 
FtAr2.6] 7.141 F[b1H] 2.88 4.24E+08 42.4 Sequential Strong 
F[Ar2,6] 7.143 F[b2H] 3.05 3.45E+08 34.5 Sequential Strong 

FtaH] 4.318 F[b1Hl 2.882 1.45E+08 14.5 Sequential Strong 
F[aH] 4.316 F[b2H] 3.045 1.22E+08 12.2 Sequential Strong 
Ytb2H] 3.135 Y[b1H] 2.925 2.66E+09 266 Inter Strong 
Y[Ar2.6] 7.121 Y[Ar3.5] 6.762 1.62E+09 162 Inter Strong 
S*tb2H] 4.089 S*[b1H] 3.805 1.49E+09 149 Inter Strong 

NH2 7.277 NH1 7.052 2.79E+09 279 Inter Strong 
LfeH] 1.658 L[bHl 1.49 3.59E+09 359 Inter Strong 
G[NH] 8.439 G[aH] 3.837 1.55E+09 155 Inter Strong 
F[b2H] 3.053 F[b1H] 2.88 3.02E+09 302 Inter Strong 
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1095 Sequential and Long Range NOE chart in micelles 

DT G F L S(malt-tri) CONH2 

N,N(i.i+1) 

N.N(i.i+2) 

N.a(i,i+1) 

N.a(i.i+2) 

N,SC(i.i+1) 

N.SC{i,i+2) 

AT 

= amide shift >4.0ppb/C 

= amide shift <4.0 ppb/C 

= weak NOE (1.8-5.0A) 
= medium NOE (1.8-3.3A) 
= strong NOE (1.8-2.5A) 

SC= Side Chain proton 

o o 
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Compound 29 (SAM 995) 

Infection Date 
Sample Name 
Acq. Operator 

Acq. Metnod 
last changed 
Analysis Mecnod 
L.a8C cnanged 

9/15/99 1:16:17 AM 
995-52 
palian 

C:\HPCHEM\1\METHODS\1050_20.M 
5/2/99 2:19:38 AM by ghaii 
C. \HPCHEM\l\METHOOS\MEaJ.M 
5/10/99 4:18:27 ?M by gnan 

Seq. Line 
Vial 

In-} 
In3 Volume 

4 
42 

mau 
900 
«00 

mo . 

200 . 

foo. 
^ 230 nm_ 

5 r J TO tis 3*0t b. 5iq*2KL* hemstjotpecmrwhtdr 

280 nm 

Purification: 10% MeCN/HiO to 50% MeCN/HiO over 30 minutes 



00 

% 

0 . 3 8 5 \  ®  
0 . 6 2 4 N -
0 . 7 5 9 '  
0.747'  
0 . 7 4 6  
0 . 8 0 3  
2 . 0 7 7  _  
1.066s^ 
2.228>.^ - j  
2 . 2 4 1 / P  o  
0.811/;= 
2 . 0 6 0 /  

ln 

a  ̂
o 

ln 
ln 

Ln 

o 

Ln 
0 - ^ 1 3  
0 . 2 6 2 ^  
0 . 3  
2 . 0 0 3  

3 . 3 5 2  

9 . 0 0 0  

25^ c 

l . Q 9 2 \ ^  
2 . 1 0 1  

oj 
o 

ro 
ltj 

N J  

o 

•d 
t3 
3 

rsj 
KO 

u 

I w"0 rd 
o V=o 

\ 

®=( 
rs 

cg:% 
22 

g 

r 



OH 

! " u " j i " u 

s j -^ s ' .^8 l„,  

29 in SDS micelles 

" i  • '  •  •  i  •  •  •  •  i  •  •  •  •  [  •  •  •  •  i  •  •  •  •  i  •  •  •  •  i  •  •  • '  i  •  •  •  •  i  •  •  •  •  i  •  •  •  •  i  •  •  •  •  i  •  •  •  •  i  •  •  •  •  i  •  •  •  •  i  •  •  •  •  i  •  •  • '  i  •  •  •  •  i  • '  •  •  i  •  •  •  •  i  •  •  •  
9 . 5  9 . 0  8 . 5  8 . 0  7 . 5  7 . 0  6 . 5  6 . 0  5 . 5  5 . 0  4 . 5  4 . 0  3 . 5  3 . 0  2 . 5  2 . 0  1 . 5  1 . 0  0 . 5  p p t n  

n  
o m ip 

T o 
*r m 
Ch rg 

fN rg 

u» 
4:̂  
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995 j.n H20 at 29aK 

995 in H20 at 301K 

595 in H20 at 304K 

I • ' '—^—'—r 
S.5 8.4 

555 in K20 at 310K 

1 • • i 

I  I  I  '  '  I  

8.3 8.2 8.1 8.0 ppm 

—I — I : 1 — 1— —1 
3 . 5  8 . 4  3 . 3  8 . 2  8 . 1  8 . 0  P p m  

Peptide 29 Amide Shifts in water 
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Peptide 29 NH shifts in water 

= 8^09x - 2449.1 (D-Thr) 

y-7.3864x-2201.1 (Leu) 

y = 6.7457x-2010.4 (Gly) i 
= 6.7457X - 2010.4 (Ser) 

y = 5.S996x-1668.9 (Phe)i 

298 303 308 313 

Temperature 

318 

• D-Thr E Gly A Leu x Ser x Phe 

Peptide 29 NH shifts in SDS 

y = 6.33x - 1887.3 (Gly) 

= 6.2x - 1847.6 (D-Thr) 

= 4.33x - 1291.3 (Ser) 

298 

= 2.93x-874.13 (Leu) 

y = 2.4x - 71S.2 (Phe) 

303 308 313 

Temperature (K) 

318 

• D-Thr • Gly A Ser* x Phe x Leu 



10 

a 
Q .  q. 

E C  
< 

327 

Peptide 29 Amide Shift Data 

D-Thr 

6.2 • SDS 

• H20 8.22 

6.33 2.93 4.33 2.4 
6.74 7.38 6.74 5.59 

Residue 

Peptide 29 

q. 
uj 

o 

0 3 
s (fl 
0) 

OC 

1 

5000 

4000 

3000 

2000 

1000 

-1000 

-2000 

JVC 

205 ,V 215 225 235 

Wavelength 

• Peptide 29 H20 • Peptide 29 in SDS 
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mo*2 
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|: 

^-V .f :Tr = i: 
j: i 
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Peptide 29 (in SDS) NOESY assignments: 

asa(F2) ppm(F2) a8g(F1) ppm(F1) VOiUITM nor vols No* type 
FfblHI 2.956 FTb2Hl 3.201 1.36E+09 136 Inter 
YTblHl 3.026 YTb2Hl 3.262 1.21E+09 121 Inter 
NH2 7.279 NH1 7.088 1.15E+09 115 Inter 

GfNHl 8.587 GfaHl 3.923 3.49E+08 34.9 Inter 
GFNHl 8.588 GfaHl 3.977 3.33E+08 33.3 Inter 
Yrb2Hl 3.279 YfaHl 4.466 3.18E+08 31.8 Inter 
TTNHl 8.752 TfaHl 4.453 3.06E+08 30.6 Inter 
L[NH] 7.81 LfgHl 1.607 2.93E+08 29.3 Inter 
F[b2Hl 3.209 FlaHl 4.385 2.83E+08 28.3 Inter 
G[NH] 8.586 T[aHl 4.441 2.81 E+08 28.1 Sequential 
YfArl 7.231 YfblHl 3.022 2.46E+08 24.6 Inter 

YfblHl 3.024 YlaHl 4.463 2.42E+08 24.2 Inter 
FINHl 7.987 FIb2Hl 3.195 2.22E+08 22.2 Inter 
L[NH] 7.808 L[bHl 1.762 2.18E+08 21.8 Inter 
YfArl 7.239 Y[b2Hl 3.263 2.03E+08 20.3 Inter 

FfblHl 2.956 FfaHl 4.387 1.89E+08 18.9 Inter 
FrNHI 7.987 Ffbim 2.949 1.77E+08 17.7 inter 
TINH] 8.755 GfNHl 8.574 1.75E+08 17.5 Sequential 
FFNH] 7.986 LfNHl 7.802 1.71 E+08 17.1 Sequential 
S[NH1 7.811 SfaHl 4.222 1.66E+08 16.6 Inter 
FfNHl 7.987 FfaHl 4.388 1.53E+08 15.3 Inter 
SfNHl 7.83 NH1 7.257 1.52E+08 15.2 Sequential 
SfNHl 7.833 LfaHl 4.24 1.44E+08 14.4 Sequential 
YfArl 7.23 YfaHl 4.458 1.38E+08 13.8 Inter 

GfNHl 8.587 FfNHl 7.975 1.28E+08 12.8 Sequential 
FfNHl 7.989 GfaHl 3.979 1.28E+08 12.8 Sequential 
RArl 7.247 Frb2Hl 3.197 1.14E+08 11.4 Inter 
FfaHl 7.809 LfNHl 4.389 1.05E+08 10.5 Sequential 
FfNHl 7.986 GfaHl 3.913 1.04E+08 10.4 Sequential 
TfNHl 8.752 Yfb2Hl 3.262 9.74E+07 9.74 Sequential 
SfblHl 3.868 SfaHl 4.316 9.10E+07 9.1 Inter 
FfArl 7.248 FfblHl 2.949 8.50E+07 8.5 Inter 
FfArl 7.252 FfaHl 4.388 8.45E+07 8.45 Inter 
TTNHl 8.753 TfgHl 1.228 8.20E+07 8.2 Inter 
LfNHl 7.835 UaHl 4.33 7.43E+07 7.43 Inter 
SrB2Hl 3.922 SfaHl 4.319 5.74E-K)7 5.74 Inter 
LfNHl 7.809 FfblHl 2.949 5.03E+07 5.03 Sequential 
TTNHl 8.755 YfblHl 3.018 4.94E+07 4.94 Sequential 
LfNHl 7.819 LfdIHl 0.895 3.36E+07 3.36 Inter 
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F[NH] 7.987 F[AR1 7.236 3.31 E+07 3.31 Inter 
G[NH1 8.593 LINHl 7.804 2.73E+07 2.73 LongRange 
TTNHl 8.748 FfNHl 7.976 2.56E+07 2.56 LongRange 
UNHl 7.812 Frb2Hl 3.197 2.25E+07 2.25 Seguentiai 
L[NH] 7.815 Lrd2Hl 0.972 1.61E+07 1.61 Inter 



Compound H (MMP 2100) 
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h.n' 

o o "̂ IT  ̂ ° 

Injection Date 
?ample Name 
._r. Operator 

Metaod 
Last cheuiged 

4/24/99 4:08:35 PM 
mmp2100pu 
ttuke palian 

C:\KPCHEM\l\METHODS\10S0_20.M 
10/10/97 12:23:09 AM by torn 

Seq. Line : 2 
Vial : 20 
Inj : 1 

Inj Volume : 20 ;<1 

0»U1 A. i.ifllZiU.1 miMiU.gO IIJWJAHUWKilBtM.UI 
" -̂=230 0171 i 
400-
300-
200 

\00 
0 

ib a • 5 «s» 

S 10 WD1 B. Sifti JU.* miWM JD (PALUWMMyiOtM»Ur 
"280 nm 

.jon 

20-: 

0-^ 
IS 20 -inri 

Purification: 10% MeCN/HiO to 50% MeCN/HiO over 30 minutes 
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Îgd 

m 

^  ^ | m c n  O i  M  m 

k> ro 
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Compound 31 (MMP 1995) 

,0h 

u o h o i h o 

ĵ nu" o * ĵloa-. 
nhj 

Injection Dace 
Sample Name 
Acq. Operator 

Acq. Method 
Z^sc changed 
Analysis Method 
Last changed 

11/21/99 3:43:01 PM 
1995-3 
Mike P 

C:\KPCHEM\1\METHODS\104 0_15.M 
10/7/99 1:38:09 PM by ghan 
C:\KPCHEM\l\MBTHODS\RUN_STD.M 
11/27/98 2:20:48 PM by Jung"® 

Seq. Line 
Vial 
Inj 

In] Volume 

4 
32 
1 

20 iii 

wdt *rs8i(23o:* twubojo p^mwiaynur 
mAU ; 

1500-

i2s0-i 
1000-j 
tsoj 
500 i 
250 4 230 nm SSI 

2 i 6 8 10 12 jaul h. mwu.au yalunvtiosxdl 
nvuj j s 
300 i 

290 \ 
200i 
190 J 
100 i 

"1280 nm 0-5 

Purification: 10% MeCN/HzO to 5u% MeCN/HzO over 30 minutes 



t iz  



Compound ̂  (MMP 2101) 
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OH 

OH 

In^ectiion Oace 

Sample Name 

;icq. Operator 

Method 

Last changed 

4/24/99 5:52:02 PM 

tmnp2I0I*2 

Ru.)ce palian 

C:\HPCHEM\1\METHODS\1050_20.K 

:-/10/97 12:23:09 AM by torn 

Seq. Line 

Vial 
in  ̂

In3 Volume 

6 
24 

20 ml 

tj*drtr3j8tobtwra3dtp*nwiwpztcrajr 
mAU 
800 . 

700 

flOO -
900 

400 • 

300 : 

w i230 n m  5 s t 

i 10 rar* ? 5igi«;aL A'H3fftS0:iQ IVAUANWJ1D1.Z.D)' 
mAU-: 
140  ̂
t20-' 
I X -

80 

80 
40. 
20 280 nm 
0 —-

Purification: 10% MeCN/H20 to 50% MeCN-HiO over 30 minutes 
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32 in D20 

7.5 
•  I  "  
7.0 

vo in 1  ̂o> fh |o so in lo In f • • 1 • ro cm (n (m 

— 
6.5 6 . 0  5.5 5.0 4.5 
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Compound 33 (.\1MP 2102) 
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u o u o i u o 

o O k O A. 

:R*<»cciQr. Dace «/:•• S 19-00 PM L^ne 
5«o^ l»  Mam* .  nn^. .  .  - 22 Vi*l 
Acq. Op«ra;cr mir* Inj 

:n* VoIuM 
Acq. *»ehod : C:\KPCKEX METHCCS\i05C,. -
Last r.iangetS iO/lC/?"? 09 AM o>- -
Analyses »«eCiiod . C- HPCHEJr.l'.MrrHOCS'MBCN ' 
'̂ az cnanged 4':s/9V 11 31:10 AH sy mm* p«i^An 

mos^,Iies «£ctr Isadingt 

230 nm 2 ! i ! 

c» m»a*MM»;ica » w 
i i 

280 nm 

Purification: 10% MeCN/H^O to 50% MeCN/H^O over 30 tninutes 
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Compound ̂  (MMP 2120) 

h  ̂ u u 

O I ̂  

L  

°8H 

:r.**cc^sa 3*c« 
sanpl* naiiw 
Acq- Operator 

< / l C / 9 »  ; . } 0  3 0  A M  l l iC'lO 

Acq- »»tnod - T:\HPCHEH\1\«ETHOCS\i05C^2e.« 
L«st cnan9«<2 S/2/99 : 19 3i AM by 9h«n 
ARA:Y>IS MtttAod . c 'HPCHEM\:\HCT»OCS\KEOI.M 
l^Z cnAn9*d 6/13/99 4-;s PM Dy gftAA 

S*q. Lxiw 
ViAi 

in: vcluiba 
i 

:o 

b ip ĵ—i ai igji 
i f 

Purification: 10% MeCN/H^O to 50% MeCN/H^O over 30 minutes 



0.377^ 
0,569: 
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Compound ̂  (MMP 2200) 

h 9 h h o 

o -̂ oh 0 o 

U 

la^ect^or. 3«Ctt 
S*mpl« Naim 
Acq. Op«r«:cr 

Acq. Mcchod 
lasc chanced 
Analy«x« M«^^.od 
Last cftAAg«d 

• ?9 9:17:37 PM 
:3-i 

fa palian 

C: \HPCHEMM\METHCOS\:CSC_20.M 
S/2/99 It 19:38 AM By ghAn 
Cr \HPCHEM\l\METHCDS\MECS.M 
6/10/99 4:18::7 PM by gfum 

Seq. Line 
VIAX 
in: 

Volume 

40 

20 iil 

uwt*.ini" •iî wî tfgmfaluwujiwcqr' 
i 

600 . 

wo : 
400 

mo 

'230 nm 

[. a6*3n.v^<iim«9b:vtfaiicomom~ 
i 

ao -

40. 

280 nm 

Purification: 10% MeCN/H20 to 50% MeCN/H^O over 30 minutes 
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Compound ̂  (MMP 2205) 

o q ^n—tio. 

In]«ces.on Dace 
Sample Name 
Acq. Operacor 

Acq. Mechod 
Laac changed 
Analyaxa Mechod 
I^ac changed 

3/2i/00 6:27:33 
2205-7 
Pall, an 

PM 

E:\HPI^\METHOD\9060 15. M 
1/5/00 3:16:05 PM by ghan 
E: \HPI^\MBrHOD\RXJN_STD .M 
3/22/00 6:29:33 PM by Pallan 
(n)odi.fxed afcer loading) 

Seq. Line 
Vial 

ln-2 
tnj Volume 

8 
76 
1 

20 mI 

12-16-1999 
G H&zi o ;̂i a. mmggao imaluutuaft.i.ur 

mAu : 

•230 nm S i 

r«nfronea2d$rdi-
nwuj 
200 

190-

100-

90-. 
1280 nm 

Purification: 10% MeCN/HiO to 50% MeCN/HiO over 30 minutes 



1.742 
0.933 
1.016^ ; 
l959^ 
2.014 
3.737 
1.783 
1.7B0>e 
0.973 
1.978 
0.970 

2.971 

tti 
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Compound ̂  (MMP 2210) 

" 'ID" 
O o 

Infection Dace 
Sample Name 
Acq. Operator 

Acq. Method 
Last changed 
Analysis Method 
Last changed 

3/22/00 X:01:10 PM 
2210-3 
Palian 

E:\HPLC\METHOD\9060_15.M 
1/5/00 3:16:05 PM by ghan 
E: \HPLC\METHOD\RUN_STD. M 
3/22/00 6:29:33 PM by Palian 
(modified after loading) 

Seq. Line 
viea 
inj 

Inj Volume 

9 
37 
1 

20 111 

1 2 - 1 6 -

G H^tn 
1 9 9 9  

mMJ 

800 

LUUI K HAM90.BD (MAUANU^IIKLUI 

3 ; 

600 1; 

400 J ! 

200 -
! 230 nm 5:  ̂  •  

i 

2 4 6 a 10 12 14 trmt 

mAU 

ISO 

UAU1 B. HilM50.8Q (PAUMV27(U.D) 

1 
1 

129 1 

too I 

75 ' i 

so i, 1 

25 

0 280 nm 
f 

\ 
I 

Purification: 10% MeCN/HzO to 50% MeCN/HzO over 30 minutes 
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Compound ̂  (MMP 2215) 

347 

o  — o  

In^ecrion Date 
Saniple Kame 
Acq. Cperacor 

Acq. Method 
Last changed 
Analysis Method 
Last changed 

3/22/00 
221S-: 
Palian 

2:04:45 PM 

S; \HFLC\METHOD\9060_15.M 
1/5/00 2:16:05 ?M by ghan 
E:\HI'LC\METHOD\RUN STD.M 
3/22/00 «:29:33 FM~oy Palian 
(modified after loading) 

Seq. Line 
Vial 
Inj 

tni Volume 

13 
41 

20 ii.1 

12-16-1599 
J Han o*m siyiJU.* 

>nau^ 
900 

600 

400 

230 nm t " 

luut •• hwmauju 

tso. 
?25-

t« ; 
7S-

30 

280 nm 

Purification: 10% MeCN/HiO to 50% MeCN/HiO over 30 minutes 



0.46T 
0.535^ 
0.55S>C « 
0-522/^ o 
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3.376^ 
1.998 
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Compound 39 (MMP 2220) 

OH 

Injecsion Dace 
Sample Name 
Acq. Operator 

Acq. Mechod 
I3SC changed 
Analyses Mechod 
Lasc changed 

12-16-1999 
G Kan 

3/22/00 3:40:10 
2220-3 
Palian 

E:\H?LC\METHOD\9060_15.M 
1/S/OO 3:16:05 ?M by ghan 
E:\HPliC\METHOD\RUN STD.M 
3/22/00 6:25:33 ?M~by Palian 
(modified after loading) 

Seq. Line 
Vial 
In: 

In: Volume 

19 
4 7  

20*a1 

lwjl A. HyUStrmnRAUAWUJU^Ul 

700 

600 

sco 
400 
30C 

200 

tw 230 nm s 8 

2 « 6 ! luuj! h. bi0*au.4 h«fm5ujcnwowmu-j.u) 
mAU -

I 

! 120-
too-
80 i 
60 i 

i *®-: 
» 280 nm 

0 

-h 

Purification: 10% MeCN/HiO to 50% MeCN/H20 over 30 minutes 
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Compound ̂  (MMP 2230) 

ij O ij O u o 

O JL H 

°a 

OH 

OH 

li j j. 

OvcopeoMe 2230 inetf uradeir 9t MeCN 
{»0%-40% oter 40 mnimes 
jtiiiovat imumn 

Purification: 10% MeCN/H20 to 50% MeCN/H^O over 30 minutes 
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2230 in H20 ar 258 

•yi uI 

. 9 som 

8.5 3.2 8.! 3 . 0  

2230 in H20 AR 307K 

'tn* 

i\ 
4 h. 

jv#wf'w4iw#w*/**'^'xw' ry^fJ 

if 

8.4 3. 8 . 0  • . 9  c c ®  

2230 1.1 .'•20 at 313K 

3.5 3.4 8.3 8.2 8.1 8.C .. s com 

Glycopeptide ^ Amide Shifts in water 
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} 
} i 
l\ 
i 1 

! f3  
m 

2230 1.1 SDS ac 2S3X j ^ \ < . (1 j u j  S L .  j  y i i i 

3 . 5  S . - ;  8 . 2  S . 2  S . l  S . O  ~ . 5  

M ^ 

I' 
2230 in SDS ar -OIK • \ "'- I u 1 

S . 5  8 . 4  3 . 3  5 . 2  3 . 1  8 . 0  

130 in SDS at 3Q"K 
i ! 

w 'vrva.^ 

E • 3 T 

ll 
I 1 I i ! , 

2230 in SDS at 3iCK 

^^ivrwsry^ 

3 . 5  S . - i  s . ;  

Nw i»«l»Wi 

Glycopeptide 40 Amide Shifts in SDS 
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2230 in H20 amide shifts 

308 

Temperature 

y = 8.24X - 2455.5; 

y = STTOx - 2413.6~: 
6.aix^032-l-! 

y = 5.94x-1770.1 ' 

y = 5.63x-1678.8 ' 

• D-Thr BGiy ASer* xLeu xPhe 

2230 in sds amide shifts 

y = 6.74X - 2008 

y = 6.54X - 1950 

y * 5.06x-^1509— 

1(^3.96x^1.182-] 
y = 3.79x-1129 , 

298 303 308 

Temperature 

313 318 

• 0-Thr BGly ASer* xPhe xLeu 



2230 Amide Shift Difference 

• H20 

• SDS 

D-Thr 

_8.1_ 

6.74 

6.81 

6.54 

5.63 

5.06 

5^ 
3.96 

8.24 

3.73 

Glycopeptide 40 

>« 

[u 
q. 
uj 
w 
iS o 
2 
o 
3 
2 ul o 
(t 
o 
0. 

6000 

5000 

4000 

3000 

2000 

1000 

-1000 

-2000 ^ 

oS# 215 225 235 245 

• 

Wavelength (nm) 

Glycopeptide 40 in H20 • Glycopeptide 40 in SDS 
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Glycopeptide ̂  (in SDS) NOE assignments; 

asg(F2) ppm(F2) asg(F1) ppm(FI) NOE type 
FrAr2.61 7.309 FrAr3.51 7.073 Inter 
FrAr2.61 7.197 Ffb2Hl 3.093 Inter 
FrAr2.61 7.197 FfblHl 2.935 Inter 
FrAr2.61 7.197 FfaHl 4.368 Inter 
FfblHl 2.969 FfaHl 4.393 Inter 
Frb2Hl 3.095 FfblHl 2.936 Inter 
Frb2Hl 3.18 FfaHl 4.394 Inter 
FfNHl 7.858 Ffb2Hl 3.093 Inter 
RNHl 7.858 FfblHl 2.935 Inter 
FfNHl 7.856 FfaHl 4.366 Inter 
FfNHl 7.858 FfAr2.61 7.193 Inter 
GfNHl 8.462 GfaHl 3.887 Inter 
LfaHl 4.202 LfdIHl 0.832 Inter 
LfaHl 4.197 LfgHl 1.541 Inter 
LfbHl 1.693 LfgHl 1.54 Inter 
LfbHl 1.693 Lfd2Hl 0.898 Inter 
LfgHl 1.53 Lfd2Hl 0.899 Inter 
LfgHl 1.529 LfdIHl 0.833 Inter 
LfNHl 7.731 LfgHl 1.52 Inter 
LfNHl 7.733 LfbHl 1.693 Inter 
LfNHl 7.731 LfaHl 4.202 Inter 
LfNHl 7.734 LfdIHl 0.836 Inter 
LfNHl 7.738 Lfd2Hl 0.903 Inter 
NH2 7.411 NH1 7.109 Inter 

S*rb2Hl 4.134 S*fb1Hl 3.848 Inter 
S'fNHl 7.907 S*fb2Hl 4.127 Inter 
STNHl 7.9 S'fblHl 3.856 Inter 
S*[NH1 7.906 S-faHl 4.46 Inter 
S-fNHl 7.906 NH2 7.307 Inter 
S'fNHl 7.905 NH1 7.072 Inter 
TTaHl 4.32 TfgHl 1.144 Inter 
TfNHl 8.637 TfaHl 4.32 Inter 
TfNHl 8.644 TfgHl 1.147 Inter 

YfAr2.61 7.161 YTArS.Sl 6.803 inter 
YrAr2.61 7.16 YfblHl 2.974 inter 
YrAr2.61 7.16 Yfb2Hl 3.181 Inter 
YrAr2.61 7.16 YfaHl 4.393 Inter 
YfblHl 2.931 YfaH] 4.371 Inter 
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Yrb2Hl 3.19 VrblHl 2.97 Inter 
Yrb2Hl 3.095 Y[aHl 4.369 Inter 
FFAr2.61 7.2 UdlHl 0.833 Sequential 
FrAr2.61 7.199 L[gHl 1.518 Sequential 
FfNHl 7.858 L[NH1 7.73 Sequential 
GFNHI 8.462 TlaHl 4.319 Sequential 
GrNHl 8.461 F[NH1 7.857 Sequential 
GfNHl 8.461 T[gHl 1.149 Sequential 
L[NH] 7.732 F[aH] 4.368 Sequential 
LfNHl 7.732 FFblHl 2.936 Sequential 
UrNH] 7.729 Frb2Hl 3.094 Sequential 
SMNHl 7.906 LtaHl 4.204 Sequential 
STNH] 7.906 LfNHl 7.73 Sequential 
STNHl 7.906 LfgHl 1.539 Sequential 
STNHl 7.908 LfbHl 1.694 Sequential 
S-[NH] 7.91 LfdHl 0.835 Sequential 
T[gHl 1.15 YfblHl 2.969 Sequential 
TTgH] 1.151 Yfb2Hl 3.179 Sequential 
TTNHl 8.639 YfaHl 4.393 Sequential 
TfNH] 8.637 GfNHl 8.46 Sequential 
TTNHl 8.645 Yfb2Hl 3.18 Sequential 
TINHl 8.642 YfblHl 2.976 Sequential 
TfNH] 8.637 YfAr2.61 7.153 Sequential 

YrAr2.61 7.155 TfgHl 1.152 Sequential 
F[NH1 7.858 GfaHl 3.887 LongRange 
GfNHl 8.464 YfaHl 4.396 LongRange 



N,N(i,i+1) 

N,a(i,i+1) 

N,a(i,i+2) 

N.SC(i,i+1) 

360 

2230 Sequential and Long Range NOE chart in micelles 

DT G F L S(malt-tri) 

= weak NOE (1.8-5.0A) 
= medium NOE (1.8-3.3A) 
= strong NOE (1.8-2.5A) 

SC= Side Chain proton 



Compound ̂  (MMP 2305) 

361 

-OH 

H 9 H 0~\ H 9 ?' h 

^  "0° 

Injection Date 
Sample Name 
Acq. Operator 

Acq. Method 
Last changed 
Analysis Method 
Last changed 

12-16-1999 

7/10/00 2:57:05 PM 
2305-2 
palian 

Seq. Line 
Vial 
in3 

Inj Volume 
D:\HPLC\METHODS\9060_15.M 
1/5/00 3:16:05 PM by ghan 
D:\HPLC\METHODS\RaN_STD.M 
•1/26/02 11:34:38 AM by yeon s*in lee 
(modified after loading) 

3 
37 
1 

20 Ml 

LMUJl »• !iia*ZJU.4 Hiimu JU (MMJWUJtB-.ail 
mAU • J 

Tooi " 
toe.. 
500-

*00 : 
Moi 
200 4 
100 4230 nm 5 

6 8 "cauji b. wqo.w 

t20 
100 

80 > 
flo-: 
40 i 
'"^280 nm 
0-; 

Purification: 10% MeCN/H^O to 50% MeCN/HiO over 30 minutes 
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Compound ̂  (MMP 2300) 

,0h 

O u O u o 

h=«'V''t^~-y"r̂ "V  ̂
i H " o --^oh o 

nh2 

o ^o— 

OH 

OH 

OH 

sh 

r 

syco«edme 2300 
KwirqradMnt of MeCN 
• lovio^ over 40 mrowsl 
a t  a  f l o w  3 f  Jmt/mn 

• "rrrisr-

90 

Purification: 10% MeCN/HiO to 50% MeCN/HiO over 30 minutes 



3 
•*» 

•1 V( (i- I f  iV Mil riirr' 
oiii'i ', (1 (ri ', • I dv «, V ()•(• (, •( • I '»•!, • ij o'v '.'9 0"/ o' h  to O' f i  "6  

i . .  . . .  1  i „  i . . . .  i  

11 

. i. 

"Y" 

J.-. . 

r 

0?h%06"! 

I I t I I* f l/ 
I I M I II I II t| M 

II N I I h il I i. •' ^ " '• .1 j 
/ \ 



) !: V I ' u 
"" j! i ,;i •, . ;i ! ( 

" I ^ 

42 ill SDSiniielles 

a> an 

• i"-' ' r 
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! I 

fi\ 

-vy»»w/ 

2300 in SDS at 2 298K I 'J 1 I \ 

• I • : . 1 I 1 
S . 6  S . 5  S . - i  S . 3  a . 2  8 . 1  8 . 0  7 . 9  ^ .  3  

i'> '\ 
2300 in SDS at 301K ^Ul 

1 1 i I i '  

3.6 8.5 3.4 6.3 8.2 8.1 S. O  7 . 9  -.3 

;30( :300 in SDS at 307K 
v, 

 ̂ '̂ • 
" —-I 1 —I 

i . 4  a . 3  8 . 2  8 . 1  a . o  pf 

t A 2J00 in SDS dt 31CK 

! l  i 

^ v 
I • • I -

3 . 6  a . 5  a .-i 8 . 3  a . 2  a . i  a . o  ' . s  

I "1 2300 i.n SDS at 313K 
1 i 

\ i ^; I /\ 

3.5 a . - 5  8.3 8. 2  S . l  8.0 "'.9 7.3 

Glycopeptide ̂  Amide Shifts in SDS 
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2300 in H20 amide shifts 

y = 8.0x-2384 

6.26* - 1867! 

5.26X-1569 
S 60 ]-

y = 4.66x - 1390 

298 303 308 

Temperature (K) 

• Gly • Leu A Ser* x Phe 

313 

2300 SDS HN Shifts 

120 

100 — 

3 60 

298 303 308 

Temperature (K) 

y = 6.76x-2019.5i 
|p 1 
y = 6.53X - 1948.1| 

y = 5.05x- 1508j 

= 3.85x-1148.3j 

y = 3.58x - 1^7 Jj 

313 318 

• D-Thr BGly A Ser* xPhe *Leu 



Glycopeptide 42 AS/AT 

• H20 0 6^26 4^66 5^26 ^ 

• SDS 6.76 6.53 5.05 3.85 3.58 

Glycopeptide 42 

205 215 225 235 

Wavelength (nm) 

245 

* Glycopeptide 42 in H20 • Giycopeptide 42 in SDS 
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Glycopeptide ̂  (in SDS) NOESY assignments: 

asa(F2) ppm(F2) asa(FI) ppm(FI) raw vol adj vol No«Typ« Vol Type 
STNHl 7.894 FfaHl 4.402 2.30E+07 2.3 LongRange Weak 
L[NH] 7.722 GfaHl 3.899 2.10E+07 2.1 LongRange Weak 
FfNHl 7.86 TfaHl 4.337 5.45E+07 5.45 LongRange Weak 
FfNHl 7.856 TfgHl 1.172 3.10E+07 3.1 LongRange Weak 

YrAr2.6] 7.152 TTgHl 1.171 6.67E+07 6.67 Sequential Weak 
TTNHl 8.64 YTb2Hl 3.204 6.25E+07 6.25 Sequential Weak 
TrNH] 8.64 YTblHl 2.99 3.55E+07 3.55 Sequential Weak 
STNHl 7.897 LfbHl 1.555 6.22E+07 6.22 Sequential Weak 
S'fNHl 7.893 LfgHl 1.708 4.26E+07 4.26 Sequential Weak 
STNHl 7.9 LfdIHl 0.854 2.71 E+07 2.71 Sequential Weak 
LfNHl 7.728 FfblHl 2.955 4.48E+07 4.48 Sequential Weak 
LfNHl 7.723 Ffb2Hl 3.115 3.97E+07 3.97 Sequential Weak 

FrAr2.61 7.187 LfdIHl 0 353 3.54E+07 3.54 Sequential Weak 
STNHl 7.893 NH2 7.324 4.25E+07 4.25 Inter Weak 
L[NH1 7.724 LfdIHl 0.857 5.54E+07 5.54 Inter Weak 
L[NH] 7.728 Lfd2Hl 0.922 4.31 E+07 4.31 Inter Weak 
L[gH1 1.716 LfaHl 4.224 2.91 E+07 2.91 Inter Weak 
FrNH] 7.857 FrAr2.61 7.211 2.66E+07 2.66 Inter Weak 
TTNHl 8.64 GTNHl 8.484 8.19E+07 8.19 Sequential Medium 
STNHl 7.895 LTaHl 4.222 1.51E+08 15.1 Sequential Medium 
LfNHl 7.893 STNHl 7.743 1.17E+08 11.7 Sequential Medium 
LfNHl 7.723 FTaHl 4.382 8.98E+07 8.98 Sequential Medium 
GfNHl 8.464 TTaHl 4.342 2.26E+08 22.6 Sequential Medium 
GfNHl 8.465 FTNHl 7.879 8.96E+07 8.96 Sequential Medium 
FfNHl 7.858 GTaHl 3.907 1.60E+08 16 Sequential Medium 
FfNHl 7.858 LTNHl 7.747 9.97E+07 9.97 Sequential Medium 
Yfb2Hl 3.184 YlaHl 4.419 1.82E+08 18.2 Inter Medium 
YfblHl 2.967 YTaHl 4.415 1.00E+08 10 Inter Medium 
YfAr2.61 7.156 YTblHl 2.992 1.80E+08 18 Inter Medium 
YfAr2.61 7.156 Yrb2Hl 3.204 1.52E+08 15.2 Inter Medium 
YrAr2.61 7.158 YTaHl 4.415 1.27E+08 12.7 Inter Medium 
TfNHl 8.648 TTaHl 4.363 1.62E+08 16.2 Inter Medium 
TTNHl 8.641 TTgHl 1.172 8.18E+07 8.18 Inter Medium 
STNHl 7.897 S*Tb2Hl 4.146 1.28E+08 12.8 inter Medium 
S-fNHl 7.896 S-Tb1Hl 3.871 1.04E+08 10.4 Inter Medium 
STNHl 7.901 S-faHl 4.483 7.18E+07 7.18 Inter Medium 
S-rb2Hl 4.126 S-fblHl 3.863 2-16E+08 21.6 Inter Medium 
LfNHl 7.721 LTbHl 1.547 2.22E+08 22.2 Inter Medium 
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L[NH] 7.721 L[gH] 1.712 1.53E+08 15.3 Inter Medium 
L[NH] 7.725 UaHl 4.219 1.16E+08 11.6 Inter Medium 
Lrd2Hl 0.897 LfbHl 1.55 3.70E+08 37 Inter Medium 
Lfd2Hl 0.901 L[gH] 1.712 2.62E+08 26.2 Inter Medium 
LfdlHl 0.831 LfbHl 1.548 3.90E+08 39 Inter Medium 
UdiHl 0.836 LfaHl 4.221 3.04E+08 30.4 Inter Medium 
UdlHI 0.837 LfgHl 1.711 1.01E+08 10.1 Inter Medium 
L[bH] 1.532 L[aHl 4.22 1.31E+08 13.1 Inter Medium 

FrNHl 7.857 F[b2Hl 3.116 1.79E+08 17.9 Inter Medium 
F[NH1 7.858 FfblHl 2.954 1.23E+08 12.3 Inter Medium 
FTNHl 7.858 F[aHl 4.391 1.06E+08 10.6 Inter Medium 
F[b2Hl 3.096 FfaHl 4.389 2.14E+08 21.4 Inter Medium 
FfblHI 2.93 FfaHl 4.39 2.36E+08 23.6 Inter Medium 

FrAr2.61 7.193 FraHl 4.387 8.60E+07 8.6 Inter Medium 
FrAr2.61 7.194 Frb2Hl 3.118 8.18E+07 8.18 Inter Medium 
FrAr2.61 7.193 FfblHl 2.955 7.52E+07 7.52 Inter Medium 
Yrb2Hl 3.194 YfblHl 2.988 5.69E+08 56.9 Inter Strong 

YrAr2.61 7.159 YrAr3.51 6.829 3.93E+08 39.3 Inter Strong 
TTgH] 1.15 TfaHl 4.342 5.20E+08 52 Inter Strong 
NH1 7.305 NH2 7.087 9.25E+08 92.5 Inter Strong 

UdlHl 0.834 Lfd2Hl 0.928 8.74E+08 87.4 Inter Strong 
LlbHl 1.53 UgHl 1.717 1.14E+09 114 Inter Strong 
GfNHl 8.461 GfaHl 3.909 4.20E+08 42 Inter Strong 
Frb2Hl 3.083 FfblHl 2.956 5.66E+08 56.6 inter Strong 



N,N(i.i+1) 
N.N(i.i+2) 

N,a(i.i+1) 

N.a(i.i+2) 

N.SC(i.i+1) 

N.SC(i.i+2) 
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2300 Sequential and Long Range NOE chart in micelles 

DT G F L S(malt-tri) 

= weak NOE(1.8-5.0A) 
= medium NOE (1.8-3.3A) 
= strong NOE (1.8-2.5A) 

SC= Side Chain proton 
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Peptide ̂  (MMP 1000) 

cooh 
i n o l m p l m o f ^ h o  9 m 9 |  " ° i  

^ a a- n. achn^^ ^ ^ n N ^ n ^ n ^ ^^ n ^ 
o - ^ " o '  ^ 6  -  " 6  -  ^ b \ " o  ' ^ o '-v̂ ' ^ o  

nh, 

coom \ 
nh. 

Infection Dace 
Sample Name 
Acq. 'Dperacor 

Acq. Method 
Last changed 
Analysis Method 
Last changed 

€/6/99 2:43:46 ?M 
mrap-1000-2 
mi ice palian 

r:\HPCHEM\1\MSTKODS\X 0 S 0_2 0.M 
5/2/99 2:15:38 AM by ghan 
C: \HPCHSMM\METHODS\MECN .M 
1 27/99 10:25:31 PM by ghan 

Seq. Line 
Vial 

in3 
Inj Volume 

3 
36 
1 

DA01 A. Slg«CT,4 RciMSa.BOTPSDAN' lOOMTOT ̂ 
mAu 

ISO 

125 
IOC 

75 

50 

25 

0 

230 ntn 

Z5 5 7.5 10 *̂ 5 15 t7.5 s'fn i ej»«-•wran yoftn&m<»rt<in;n iv " " " - • ' — • — —— 

Preparative Purification: 10% MeCN/HjO to 50% MeCN/HjO over 30 minutes 

Anal\ticai Analvsis: 10% MeCN/HjO to 50% MeCN/H20 over 20 minutes 
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-4000 

-6000 

-8000 

10000 

12000 

14000 

-16000 

240 200 210 220 230 

wavelength (in nm) 

250 

•Peptide 43 in BUFFER 
•Peptide 43 in 23% TFE 
•Peptide 43 in 50% TFE 

•Peptide 43 in 16% TFE 
•Peptide 43 in 38% TFE 



Peptide 43 in water 

A L 
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Glycopeptide ̂  (MMP 1001) 

NHj 
cooH m-—^ 

> I  h O |  r t O  I  H ° f'° H ° H O I  M ? l  H O  I  

\ 
NH, 

Injection Date 
San^le Name 
Acq. Operator 

Acq. Method 
Last changed 
Analysis Method 
Last changed 

2/13/99 4:19:14 PM 
MPOl-2-17 
atilce palian 

C:\HPCHEM\l\METHODS\10S0_20.M 
10/10/97 12:23:09 AM by torn 
C:\HPCHEM\1\METHODS\RUN_STD.M 
11/27/98 2:20:48 PM by jungmo 

Seq. Line 
Vial 
Inj 

Inj Volume 

4 
19 
1 

20 111 

ao 

40 

230 nm 

racor 

10 15 20 

Preparative Purification: 10% MeCN/HiO to 50% MeCN/HiO over 30 minutes 

Anaivtical Analysis: 10% MeCN/H20 to 50% MeCN/H20 over 20 minutes 
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-1000 

-3000 

-11000 

-13000 

-15000 
200 210 220 230 

wavelength (in nm) 
240 250 

•Glycopeptide 44 in buffer 
•Glycopeptide 44 in 23% TFE 
•Glycopeptide 44 in 50% TFE 

•Glycopeptide 44 in 18% TFE 
•Glycopeptide 44 in 38% TFE 

Buffered 16% TFE 23% TFE 38% TFE 50% TFE 
water 

• Peptide 43 •GlycoF>eptide 44 



\0 
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0.847 
1.051 

1.428 
2.202 
2.984 
1.164 
1.135 

1.063 

o> 
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o 
Ul 
LT 
tn 
o 

5.523\_ w 
0 .968\  
o79irt 
17725^ ® 
1.B82> 
1.088y^ 
1.155.  

9 .000 

r 
o 

9.057 "" 

13.241 r^. 
9.404 °  
9.019 — 

53.668 "o,'  

o 
Ul 

•0 73 3 

LLi 
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Peptides in 16% TFE 

-2000 

1- -4000 
UJ 

" -6000 

9 3 s 
I -10000 

a. .12000 

-8000 

-14000 

250 200 210 220 230 240 

Wavelength (nm) 

Peptide 43 in 16% TFE "•"Giycopeptide 44 in 16% TFE 

Peptides in 23% TFE 

•4000 

-6000 

-aooo 

10000 

12000 

14000 

-16000 

200 210 220 230 
wavelength (nm) 

240 250 

Peptide 43 in 23% TFE Giycopeptide 44 in 23% TFE 
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3K 

5 
6 

« 
S 
o 
E 
e 3 s 
to 9 w w 
o CL -14000 

-16000 

200 

Peptides in 38% TFE 

-4000 

-8000 

10000 

12000 

210 220 230 240 250 

wavelength (nm) 

'Peptide 43 in 38% TFE -•-Glycopeptide 44 in 38% TFE 

Peptides in 50% TFE 

-4000 

-6000 

-8000 

10000 

12000 

14000 

-16000 

200 210 220 230 

wavelength (nnn) 

240 250 

•Peptide 43 in 50% TFE -**Glycopeptide 44 in 50% TFE 
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Compound ̂  (MMP 2405) 

HO 

Iniection Dace 
Sample Name 
Acq. Operator 

Acq. Method 
changed 

Analysia Method 
Zacz changed 
12-16-1S99 

11/9/00 2:38:16 PM 
2405-12 
palian 

Seq. Line 
Vial 
Inj 

In] Voliane 
D:\HPLC\METEODS\6525_20.M 
12/19/99 6:15:58 AM by ghan 
D:\HPLC\METHODS\RUN STD.M 
4/26/02 11:37:00 AM"by yeon sun lee 
(modified after loading) 

3 
41 
1 

20 /il 

tMgi *• wmau.i 
rriAU 4 a 

6 8 10 12 14 16 18 
C3AJ1 B. m MSUJB 

mAU •! 
« I 1 
so-i a 

S 
R i 
m • 

1 

1 

6 8 10 t2 14 16 18 
UAUl C. N«I««90.K) 

mAU • 
2P- 1 j 

10 4 

0 -
' a 8 10 t2 14 i6 16 

irMU ̂  a 
1 4 

3 ! 
. 

« 8 10 12 14 16 16 nJ 

Preoarative HPLC: 45% to 65% MeCN over 30 minutes 

Analytical HPLC: 35% to 75% MeCN over 20 minutes 
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2405 in SDS atpH 7 

50000 

40000 

30000 

20000 

10000 

10000 

20000 

30000 

^0000 

200 210 220 230 

wavelength (nn  ̂

240 250 

•8C ISC 28C 38C 
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Compound ̂  (MMP 2410) 

H»2 
cooH S 

0 4 k H O  4 0 \ M O « H O | M O | H O * M O i h  
O I H Q - H O  h o ' " 0 7 "  

-̂ OH 

In^ec^ion Dace 
Sample Kame 
Acq. Operator 

Acq. Method 
Last changed 
Analysis Method 
Last changed 

12-1S-19S9 

mAU : 
5-: 

2/2/01 11:53:08 AM Seq. Line : 3 
2410-12 Vial : 1 
palian In^ l 

In] Volume ; 20 m1 
D:\HPLC\METHODS\652S 20.M 
12/19/99 6:15:59 AM by ghan 
D:\HE'LC\METHODS\RUN STD.M 
4/26/02 11:37:00 AM~by yeon sun lee 
(modified after loading) 

A a 10 12 14 •!« 18 fim 3ANU41U.a2U) 
iriAU J 

T5 ! 
25-1 0 -

i| 
i 

6 s 10 12 14 16 16 nwi LWJ1 C. SiO*W« PWB4S0.8Q (HAUANViJIID-SSZ^I 
rrWUJ -

20- I tO 
0-; 

6 a to 12 14 16 18 mn JAlll U. ijaD.« K*fMaU.K (VMJANW41U.A^U> 
mAU : 

2 \ 1 1 
t -• 

, 

e a 10 12 U 16 ta rtM 

Preparative HPLC: 45% to 65% MeCN over 30 minutes 

Analytical HPLC: 35% to 75% MeCN over 20 minutes 
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MP 2410 in SDS micelles 

40000 

30000 

20000 

Z 10000 

-10000 

20000 

-30000 
200 210 220 230 

Wavelength (nm) 

240 250 

•8C ISC •28C •38C 
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Compound 46 in water 

rT" 
9.5 

T-TT-r-, 

9 . 0  
" I " " I ' • 
e . 5  e . o  

" I' •" I • • 
7.5 7.0 

r-T-|-.-r 

6.5 

in m r*v tn /VI vn rvi rvil/vi r*« r» in \D cn 9t o VO vo rg O o (M «r 00 <v* o m 00 VO m <N o o 00 o lO 00 OD CDIO^ {  ̂o O o 
O r-i m rH «r rH o o m m rNi o 

Wi 
\.JL. 

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm 

11 r* iX> ro 

U) 
00 4^ 
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tMU. 
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Glycopeptide 46 (MMP2410) ROESY 



Compound ̂  in water (ROESY Volumes) 

386 

residue oroton shift residue 
(oom) 

proton shift 1 
(pont) 

raw volume norm, 
vol. 

Type 

A9 [NH] 8.031 L8 [aH] 4.265 -7.91 E+08 791.0 Sequential 
L5 [NH] 8.255 F4 [aH] 4.574 -7.72E+08 772.0 Sequential 
S10 [NH] 8.246 A9 [aH] 4.188 -7.06E+08 706.0 Sequential 
A15 [NH] 8.061 Q14 [aH] 4.087 -6.93E-<-08 693.0 Sequential 
L8 [NH] 8.151 E7 [oH] 4.232 -6.79E+08 679.0 Sequential 
F13 [NH] 7.675 W12 [aH] 4.552 -5.36E+08 536.0 Sequential 
E17 [NH] 8.223 LI 6 [aH] 4.272 -5.06E+08 506.0 Sequential 

L5 [aH] 7.779 G6 [NH] 4.245 -5.02E+08 502.0 Sequential 
S18 [NH] 8.354 El 7 [aH] 4.286 -4.85E+08 485.0 Sequential 
Q14 [NH] 7.894 F13 [aH] 4.382 -4.33E+08 433.0 Sequential 
F4 [NH] 8.035 G3 [aH] 3.848 -3.85E+08 385.0 Sequential 
S10 [NH] 8.247 A9 [NH] 8.024 -2.07E+08 207.0 Sequential 
E7 [NH] 8.23 G6 [aH] 3.782 -1.95E+08 195.0 Sequential 

W12 [Ar] 7.516 F13 [oH] 4.39 -1.42E+08 142.0 Sequential 
A15 [NH] 8.062 Q14 [NH] 7.898 -1.29E+08 129.0 Sequential 
L5 [NH] 8.255 06 [NH] 7.776 -1.22E+08 122.0 Sequential 
E7 [NH] 8.235 G6 [NH] 7.777 -1.08E+08 108.0 Sequential 
S10 [NH] 8.242 Ag im 1.357 -1.03E+08 103.0 Sequential 
L8 [NH] 8.148 A9 [NH] 8.026 -9.84E+07 98.4 Sequential 

E17 [NH] 8.215 L16 [p/yH] 1.556 -7.49E+07 74.9 Sequential 
S18 [NH] 8.362 E17 [NH] 8.216 -7.30E+07 73.0 Sequential 
W12 [Ar] 7.137 F13 [aH] 4.382 -6.24E+07 62.4 Sequential 
Q14 [NH] 7.894 F13 [NH] 7.678 -5.58E+07 55.8 Sequential 
W12 [NH] 7.879 F13 [NH] 7.676 -5.55E+07 55.5 Sequential 
L5 [NH] 8.261 F4 [NH] 8.033 -3.93E+07 39.3 Sequential 
E7 [NH] 8.151 L8 [NH] 8.233 -9.05E+06 9.1 Sequential 

W12 [NH] 7.875 A9 [oH] 4.196 -6.52E+08 652.0 Long Range 
W12 [Ar] 7.136 E17 [aH] 4.286 -4.24E+08 424.0 Long Range 
W12 [Ar] 7.123 E17 [oH] 4.284 -4.21 E+08 421.0 Long Range 
S10 [NH] 8.24 G6 [oH] 3.813 -3.47E+08 347.0 Long Range 
E7 [NH] 8.233 G3 [aH] 3.867 -2.806+08 280.0 Long Range 
F13 [Ar] 7.104 S10 [aH] 4.456 -2.41 E+08 241.0 Long Range 
Q6 [NH] 7.779 G3 faH] 3.798 -1.85E+08 185.0 Long Range 

W12 [Ar] 7.121 S10 [oH] 4.455 -9.64E+07 96.4 Long Range 
W12 [Nh] 7.877 L8 fyH] 1.611 -9.36E+07 93.6 Long Range 
W12 [Ar] 7.51 A9 [oH] 4.183 -8.44E+07 84.4 Long Range 
E7 [NH] 8.235 F4 [oH] 4.572 -6.57E+07 65.7 Long Range 

W12 [NHl 7.87 L8 raH] 4.275 -5.16E+07 51.6 Long Range 
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K11 [eH] 2.B65 K11 [5H] 1.565 -1.37E+09 1370.0 Inter 
F13 [AT] 7.105 F13 [PH] 2.892 .1.19E+09 1190.0 Inter 
Y1 [AT] 7.216 Y1 m 3.018 -9.63E+08 963.0 Inter 
A9 [NH] B.032 A9 [aH] 4.198 -9.15E+08 915.0 Inter 
L16 [NH] 8.027 L16 [yh] 1.609 -8.61 E+08 861.0 Inter 
L16 [NH] 8.027 LI 6 [3/vh] 1.563 -7.71 E+08 771.0 Inter 
W12 [AT] 7.121 W12 {0H] 3.151 -7.19E+08 719.0 Inter 
F13 [Ar] 7.104 F13 [aH] 4.381 -6.11 E+08 611.0 Inter 
L8 [NH] 8.151 LB [p/yH] 1.607 -5.97E+08 597.0 Inter 
A9 [NH] 8.031 A9 [PH] 1.355 -5.91 E+OB 591.0 Inter 
L16 [NH] 8.016 L16 [oHl 4.271 -5.27E+08 527.0 Inter 
F13 [NH] 7.679 F13 [PHI 2.885 -4.57E+08 457.0 Inter 
Y1 [Ar] 7.212 Y1 [aH] 4.585 -3.91 E+08 391.0 Inter 
Y1 [NH] 8.037 Y1 [PH] 3.026 -3.86E+08 386.0 Inter 
SIB [NH] 8.339 SIB [PIH] 3.854 -3.77E+08 377.0 Inter 
E7 [NH] 8.236 E7 [oH] 4.235 -3.73E+08 373.0 Inter 
L5 [NH] 8.256 L5 [p/yHl 1.504 -3.72E+0B 372.0 Inter 

W12 [Ar] 7.514 W12 [PH] 3.157 -3.70E+08 370.0 Inter 
W12 [NH] 7.876 W12 [aH] 3.157 -3.69E+08 369.0 Inter 
LB [NH] 8.15 LB [P/yHl 1.549 -3.54E+08 354.0 Inter 

W12 [Ar] 7.51 W12 [aH) 4.548 -3.29E+08 329.0 Inter 
E7 [NHl 8.237 E7 [PH] 1.904 -3.23E+08 323.0 Inter 
L5 [NH] 8.256 L5 [yHl 1.559 -3.17E+08 317.0 Inter 

W12 [Ar] 7.14 W12 fPH] 3.141 -3.09E+08 309.0 Inter 
LB [NH] 8.151 LB [aH] 4.271 -2.99E+08 299.0 Inter 

A15 [NH] 8.061 A15 m 1.353 -2.99E+08 299.0 Inter 
E17 [NH] 8.22 El 7 [PH] 1.939 -2.98E+08 298.0 Inter 
G6 [NH] 7.779 G6 [aH] 3.871 -2.85E+08 285.0 Inter 
Q14 [NH] 7.902 Q14 [PH] 1.855 -2.81 E+08 281.0 Inter 
E17 [NH] 8.222 El 7 [oH] 4.297 -2.76E+08 276.0 Inter 
A15 [NH] 8.059 A15 [oH] 4.21 .2.65E+08 265.0 Inter 
F13 [NH] 7.682 F13 [aH] 4.384 -2.26E+08 226.0 Inter 
L5 [NH] 8.259 L5 [aH] 4.254 -2.12E+08 212.0 Inter 

S10 [NH] 8.247 S10 [PIH] 4.127 .1.98E+08 198.0 Inter 
S10 [NH] 8.242 S10 [aH] 4.455 -1.95E+08 195.0 Inter 
E7 [NH] 8.236 E7 [INL 2.264 -1.83E+08 183.0 Inter 

Q14 [NH] 7.9 Q14 fPH] 1.953 -1.75E+08 175.0 Inter 
W12 [NH] 7.876 W12 [aH] 4.546 -1.73E+08 173.0 Inter 
W12 [Ar] 7.116 W12 [aH] 4.556 -1.42E+08 142.0 Inter 
E17 [NH] 8.221 E17 [yH] 2.291 -1.42E+08 142.0 Inter 
Q14 [NH] 7.895 Q14 [aH] 4.092 -1.30E+08 130.0 Inter 
SIB [NH] 8.356 S18 fPHl 4.18 -1.28E+08 128-0 Inter 



E17 [NH] 8.219 E17 m 2.054 -1.24E+08 124.0 Inter 
Y1 [NH] 8.025 Y1 [oHl 4.57 -1.06E+08 106.0 Inter 
S18 [NH] 8.357 S18 [oH] 4.539 -9.31 E+07 93.1 Inter 
E7 [NH] 8.233 E7 m 2.015 -8.08E+07 80.8 Inter 
QU INH] 7.899 Q14 fyH] 2.212 -6.58E+07 65.8 Inter 
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Compound ̂  (MMP 2415) 

COOH 

K H O H 0~^ M O ^ H O • 

O IM O / H Q  H C  "^Ot ,-=< 

H O 

H2N 
NH2 

Infection Dace 
Sample Name 
Acq. Operator 

Acq. Method 
Last changed 
Analysis Method 
Last changed 

12-16-1999 

11/9/00 7:10:05 
2415-52 
palian 

PM Seq. 

In3 
D:\HPLC\METHODS\S52S 20-M 
12/19/99 6:15:58 AM by ghan 
D:\HPLC\METHODS\RUN_STD-M 
4/26/02 11:37:00 AM by yeon sun 1« 
(ax3di£ied after loading) 

Line 
Vial 

In^ 
Volume 

16 
61 T 

20 

ami »• iiia»»«.4 iiwfcigu.w ii'w.w>M*T5-mii 
BlAU-

5 

0 

< a 10 
u*ui ii.Tgiia3B.«w*wiM.g|pmwi4^mj)) 

mAU I 
90^ 
3Si 
0 -u. 

I 

"OWJ1 U AIQIJU.* IMWIA.W II'MIAWM I? BJ.UI 

10 

0  ̂
6 6 10 

JAU1 irsioi juu.i iwusajD FALiMwaAT ŝror 
mAU 

0> 

s 
s 

Preparalive HPLC: 30% to 70% MeCN over 30 minutes 

Analytical HPLC: 35% to 75% MeCN over 20 minutes 
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MP 2415 in SOS Micelles 

u 

to 
o 
z 
0) 3 
S 1/1 V oc 

Si 

20000 

15000 

10000 

10000 

15000 

20000 

25000 

-30000 
200 210 220 230 

Wavelength (nm) 

240 250 

•8C •18C •28C •38C 
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I M o 
HjN'Sr''*Y^N' 

o I H 0 
^OM •= 

H O 
A. 

Compound ̂  (MMP 2420) 

Q =°°" ^ 
H p~\ HO| H P f H P f " 9  

NH > " o V ° . 
CONMj ' 0-^S(f<^ 

Injection Dace 
Sample i?ame 
Acq. Operator 

Acq. Method 
Last changed 
Analysis Method 
Last changed 

1/12/01 1:51:29 AM 
2420-42 
palian 

12-16-1999 

u*m *. SB'S*.* H*>milJB lWWJANU*ai./Z.U| 
mAU 

s-i 
isi 

0-1 

D:\HPLC\METHODS\6525 20.M 
12/19/99 fi:15:58 AM by ghan 
D:\HPLC\METHODS\RUN_STD.M 
4/26/02 11:37:00 AM~^ yeon sun lee 
(modified after loading) 

Seq. Line : 13 
Vial : SI 
Inj : 1 

Inj Volume : 20 iil 

JS 

6 fl 10 12 u 16 16 fiwi 
UAU1 B. blo«Z3U.4 WMU JD (HAUAN\242D>;ZD) 

mAU.-

40 j 

20i 

oi-

K 
7i 

j 

1 

6 8 10 12 14 16 18 tnai 
UAU1 U bitfkdU.i HWSUJD (HAUAM2420>rZO) 

mAU 1 

10 4 
5^ 
fli 

M i 

6 S 10 12 14 16 18 Mn 
UAU1 U, Hmu.B (HAUJVItt4^/lU| 

mAU-

1 1 94-. 
0- * 

6 fi 10 12 14 16 IB rm 

Preparative HPLC: 50% to 70% MeCN over 30 minutes 

Analvticai HPLC: 35% to 75% MeCN over 20 minutes 
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MP 2420 in SDS Micelles 

u 
a. 

iS o 
01 3 
2 in 0) oe. 
w 
£ 

10000 
5000 

0 
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Compound ̂  (MMP 2505) 
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COOH 
• H O ^ M 0~^ H O y H O O 

M O 7 H O 7 ; H o H H OOH' 
NO NH2 

OH 

Formula Ci05Hi63N2iO4i 
Mass (Exact) 2374.13 

MW calc 2375.1389 (M + H) 
MW found 2375.1319 (M + H) 

error 2.9 ppm 
e (calc) 1405 

Preparative HPLC: 30% to 60% MeCN over 20 minutes 

Analytical HPLC: 35% to 75% MeCN over 20 minutes 
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MP 2505 in 5mM DPC micelles 
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Compound SO (MMP 2510) 
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12/19/99 6:15:58 AM Ey ghan 
D : \KPI^\METHODS\Rtatf_STD . M 
4/26/02 11:46:14 AM by yeon aun lea (mod^£2.ad a£&ar loadxi^) 
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Preparative HPLC: 35% to 65% MeCN over 20 minutes 

Analytical HPLC: 35% to 75% MeCN over 20 minutes 
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Compound 50 in water and SOS 
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Compound ̂  (MMP 2515) 
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Preparative HPLC: 40% to 70% MeCN over 20 minutes 

Analytical HPLC: 35% to 75% MeCN over 20 minutes 
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Compound 51 in water and SDS 
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Compound 52 (MMP 2520) 
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Preparative HPLC: 40% to 70% MeCN over 20 minutes 

Analytical HPLC: 35% to 75% MeCN over 20 minutes 



Compound 52 in water and SOS 
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MP 2520 in water, SDS, and SCS 
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a-Helical Glycopeptide Analgesics: ^-Endorphin Mimics with 

Michacl M. Paiian', Nura Eimagbari*. Peg Davis'\ Hong-Bing \Vei-\ 
Richard Egieton-\ Frank Porecca-\ Henry I. Yaniamura-\ 

Victor J. Hruby', Edward J. Bilsky- and Robin Polt' 
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Introduci in 
Glycopeptide enkephalins [I] show potent analgesic activity in Ww. [2] and are capa
ble of penetrating the blood-brain barrier. [3] The opioids themselves represent a 
broad class of centrally acting ligano that may target the 5. tc. or n opioid receptors in 
tht nrain or the spinal column in orj.. to produce pain relief, or other effects. 

Results and Discussion 
The amphipathic a-helix is a very common structural motif in nature. One could envi
sion that these helices could be used as ~addrc:>ses" b> binding to the cellular mem
brane to direct the "message" segment along the membrane surface lo its proper 
receptor, the opioids in this case. These may be thought of as dynorphin or endorphin 
•nimics. posiessing a Ltii-enkephalin message segment with a synthetically engi
neered address segmeiic controlling receptor specificity (Rgure 1). 

fis; I. Hflical i;l\^.i\\iiiteii "aMresses." c k- .il\fP-2505 Tyr-DThr-Ch-Phe-Leu-Clx-Ala-Leu-
L\s-Scr'-Pln -.\U,-GIu-Ser^-Leu-Ser^-Cln-Ala-COSH, and MMP-2510 Tvr-DTlir-Gty-Phe-
Lcu-Ch-Leu-Leu'L\s-Ser'-Phe-Ala-Glu-Ser'-Trp-Ser''-Cln-Plie-CONH^ insert into lipid 
hila\er\ to orient the opioid "inessafie " with respect to the membrane. 

fundamental question addressed was how glycosylated amino acid residues affect 
a-heli.\ formation. We observed that glycosyl amino acids did not destroy heliciiy in 
model a-helices (Figure 2 . It was concluded from these experiments that the amino 
acid sequence of the helix is more important to helicity than the glycosyl amino acid 
[41. These observations provide the basis for the synthesis of the amphipathic a-heli-
cal glycopeptides presented. 

The first series of glycopeptides (Figure 3) was designed to possess three portions. 
First, an address segment, which was designed to be amphipathic. a-helical. and lay 

Good in vivo Potencv 

Aqueous Environment 
0-Tnr 

Lipid Biiayer 
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burmmc l«". tFE 23-. IFS 3«*. TFt SS>. TFE 

Fiv. PI-piuU- JO = AcSH-AEAAAKEASAKEAAAKA-COS'H.. 

Pepiute JL = AcXH-AE.\AAKE-\SAKEAAAKA-CO.WH- S'= SNmcta-Mannnsei. 

parallel to the membrane normal. The message segment comprises the N-tentiinus and 
will activate the opioid receptor. Fmally. a glycine spacer ("heli.x breaker") was incor
porated to prevent any propagation of helicity from the address segment into the mes-
.>age segment. Glycine was only partially successful in this regard, and the heli.x 
appeared to include the Phe-Leu-Gly sequence. 

-•105 H;N-Tyr.DThr-Gly-Phc-Lcu l̂>-Glu-Le»-Ala-Ser*-Lys-Tr|>-Phr̂ ln-Ala-L«i»-Giu-CONH; 
2410 HjN.Tyr-DThr-Giy-Pnc'Lcu -Gly-Glu-LMi-Ali-SeT*-Ly5-Trp-Plie-Cli*-Ai»-L«u-Giu-Ser*-CON'H2 
2415 H;VTyr-DThf-Gly-Phc-Leu •Olv-01u-Leii-AU»Scr*-Lys-Tr|̂ Phe-Oln-Al»-Leo-Glu*Scr*-H»-CON'Hj 
2420 HiS-Tv'r.DThr-Gly-Phc-Lcuî jly-OIu-l.aHAIa-Scr*'Ly*-Trp-Plrt-GIn-Ala-L«u-Glu-Scr*-Plw-Trp-CONH; 

' 1 2 3 4 5  0 - 3 1  10 11 1: 1 3  u  1 5  
H;S-Tyr<;N^3ly.Phe-Leu 
.lanvsLeu-Enkeptalmi Ser—Senne IHjIucovde 

Slnicture\ of the 2400 \eries nt cnkepnoiin^. 

Circular dichroism and NMR experiments in SDS micelles and water were con
ducted on the 2400 series to explore two questions: 1) Is there a minimum length re
quired for the formation of a stable a-helical in the address segment? 2) Can the 
a-helices provide potent analgesix or is the address segment too large and impede re
ceptor binding of the message segment (Figure 4)? CD experiments provided evidence 
that the all glycopeptides were largely unstructured in water, but highly helical in the 
presence of micelles. Furthermore, in vivo analgesia studies show that the 
glycopeptides can provide good analgesia. Glycopeptide 2410 has an A^,, (i.c-.r.) value 
of 120 pmoles. -20 times more potent than morphine itself, while retaining the 
delta-selectivity of the parent message segment. 

c 2«0s 
a 2*>o 

• ?42g 

BC tac 2tc 3K 

F'f^. 4. detcnmned b\ circular dichroism ar xnriotLS Fcntp(frarurc\. 
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While preliminarv results of the 2400 series were encouraging. of the 4 com
pounds in this series were not water-soluble. The 2500 series was synthesized to ex
plore the optimal balance of lipophilicity and water solubility. This series used three 
glycosides per heli.x and increased in lipophilicity across the series. 

The 2500 series (Fig.5» displayed many of the same properties as the 2400 series, 
but were much more water soluble. The helicitv of the 2500 series was reduced, and 
helicitv showed no clear correlation with analgesia in vivo. 2510 possessed only mod
erate helicity. yet was the most potent i.c.v.. (Aso = 28 pmol/mouse r.v 2.700 
pmoi/mouse for morphinei. In addition. 2520 (most lipophilic) showed the lowest A^„ 
t.c.v. value ( A^ii = 592 pmol/mouse). but had the longest duration of action. 

In conclusion, preliminary results of studies on (-helical glycopeptide enkephalin 
analogs demonstrate that glycosylation does not necessarily destroy helicity and the 

2505 Tyr-DThr-Gly-Phe-Lcu' 
2510 Tyr-DThr-Gly-Phe-Lcu 
2515 Tyr-DThr-Giy-Phe-Leu 
2520 Tyr-DThr-Gly-Phe-Leu 

Message 

• uIy-Ala-Leu-Lys-Ser*-Phe-Ala-Glu-Ser*-Leu-Ser*-Gln-Ala-CONH; 
•Gly-Leu-Leu-L)'s-Scr*-Phe-Ala-Glu-Ser*-Trp-Ser"-Gln-Phe-C0NH2 
G!y-Lys-Ser*-Phc-.Ala-Clu-Leu-Trp-Ser*-Gln-Phe-Leu-Ser*.CONH; 
Gly-Lsu-Leu-Lys-Ser*-Phe-Trp-GIu-Ser*-Trp-Scr".GIn-Phe-KrONH; 

Address 

r/v- 5. 2500 Series hcaniiy J per ht-lix (Ser" = of L-svnne). 

resulting enkephalin analogs give excellent in vivo analgesia profiles. [5] 
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ABSTRACT 
Neuropeptide phamtaceuticals nave potemial for the treatment 
ot neurologicai disorders, but the blood-brain barrier (BBB) 
limits entry of peptides to the bran. Several strategies to im
prove brain delivery are cun'ently under investigation, including 
glycosylation. In this study we investigaied the effect of O-
iinKed glycosylation on Se^ of a linear opioid peptide amide 
Tyr-o-Thr-Gly-Phe-Leu-Ser-NH, on metaDolic staoility. BBB 
transport, and analgesia. Peptide stability was studied m bram 
and serum from both rat and mouse by hi^-performance liquid 
chromatograprry. BBB transport properties were investigated 
by rat in situ p^usion. Tail-flick analgesia studies were per
formed on male ICR mice, miected i.v. with 100 ^g of peptide 

ligand. Glycosylation of Ser* of the peptide led to a significant 
increase in enzymatic stability in both serum and bran. Glyco
sylation significantly increased the BBB permeability of the 
p^ide from a value of 1.0 = 0.2 • mm ' • g'' to 2.2 = 0.2 
fil • mm ' • g ' (p < 0.05). without significantly altenng the 
initial volume of distribution. Analgesia studies showed that the 
glycosylated peptide gave a significantly improved analgesia 
after i.v. admmistration compared with nonglycosylated pep
tide. The improved analgesia profile shown by the ^ycosytated 
peptide IS due m part to an improvement m bioavailability to the 
central nervous system. The bioavaiiaQility is increased by im-
provmg stability and transport mto the brain. 

Bioavailability of peptide-based drugs to the brain is lim
ited. due to poor metabolic stability, or mability to cross the 
blood-brain barrier (BBSI. The BBB is located at the endo
thelial celU of the cerefarovaticular capillary beds (Retaie and 
Kamo%-sky, 19€T>. BBB endothelial cells are connected via 
tight cellular junctions that are characterized by high elec
trical resistance iJones et al.. 1992) and low paraccUular 
diffusion. BBB endothelial ceils have a small number of ves
icles iBrightman and Reese. 1969), indicating low vesicular 
transport and are ensheathed by astrocytic end-feet, which 
provide factors to maintain EBB ftmction (Arthur et ol.. 
198Ti. The BBB is also a metabolic barrier, containing a 
number of enzymes, including aminopeptidase A, aminopep-
tidase M. and angiotensin-converting enzyme (AUt and Law-
renson. 20001. Inhibition of these enzymes in vitro results in 
increased penetration of opioid peptides tBrownson et al.. 
1994 >. Enzyme inhibition, however, is generally not a prac
tical methodology u> increase BBB entry of peptides, because 
of the large number <and concentration) of enzymes that 
degrade peptides. A number of other methodologies to in
crease BBB penetration have been investigated, such as im
proving lipophilicity by chemical modi&iation tWitt et al.. 
2000b). targeting of known transport mecnani^ms (Partiridge 

This work WAS sttpiKincd br Nauotui (nvtstutc* of Hcftltb Cnuus DA 
Il2n. OA 062M. HAD OA 06037 

' Current aildm* Nvurugen CarpantMUn. Branibrit. CT 064M. 

et al.. 1991: Abbruscato et oL. 1997). glycosylation i Polt et ol.. 
1994; Negri et al.. 1998: Egleton et al.. 2000). and/or coad
ministration with compounds to improve BBB entry i Witt et 
al.. 2000a). 

Glycosylation has proven to be a useful methodology for 
enhancing biodistribution to the brain. Improved analgesia 
has been reported for glycosylated deltorphm iTomatis et al., 
1997; Negn et oL. 19991. cyclized met-eckephalin analogs 
(Polt et al.. 1994: Egleton et al., 2000). and linear leu-«n-
kephalin analogs (Bilsky et al.. 2000). A number of different 
sugar moieties have been investigated, including glucose and 
xylose (Egleton et al.. 2000). The improved analgesia exhib
ited by glycosylated-opioids may be due to increased bioavail
ability of glycopeptides via higher metabolic stability (Powell 
et aL. 1993>. reduced clearance (Fisher et al., 1991). or im
proved BBB transport (Egleton et al., 2000). 

Previously, we have shown that the leu-enkephalin analog 
Tyr-D-Tbr-Gly-Phe-Leu-Ser-NH..t (when 0-glycosylated oo 
the Ser*) bad a significantly improved analgesia compared 
with the nonglycosyiated parent after administratioo by in
travenous or subcutaneous routes (Bilsky et aL. 2000). In this 
study we have investigated the bioavailability of TVr-D-Thr-
Gly-Phe-Leu-Ser-NHj (SAM 9951 and its 0-linked Ser'-^-D-
glucose analog (SAM 1095) (Table 11 to the brain, by using in 
vivo, in vitro, and in situ techniques and ftirther character
ized the analgesic profile. 

AaaREVIATIONS: BBB. biood-tvam tamac 3SA. ticvme sarum aitiunin: RAGE, letjpm for advanced gtycanon and products. 



468 

968 EgMon at aL 

TABLE I 
Structuns at' pepodes mvestigaied m Uus study 
Reccpuv nmitisff cUt.1 (jms Bilskv et al. .2000> Guinea piff ueum <CPIJ mxm aouae vna 4ciereos •MX'D) hioMssv*. Rccrpior ntadtsclbr t*- aaci AH>PUHI1 itctî irr »ermnnra 
out m i»oL»tett mt tinus memAraan 

w 

SAM MS Tw-D Tbr-Oly-Phe-Uu-Scr SH, 

GPI .ti-IC^. tftM» 25 33.5 .nrntd-a. 2.t 16 
a • Binding IC^„ <aM' 4 %.'i 
•vBmdtnc ICv. <ixM' 2-4 3 4 

Materials and Methods 
Metabolic Stability. Bram extractions were performed on 

Spra^e-Oawiey rats -250-300 g> and ICR Mice (20-25 ;> by using 
the cnethod of Davis and CuUing*Btir?lund < 1985 r Protein concen* 
tratjons w«re determined by ihe Pierce bicinchomnic aad protein 
a^^y iQt I Pierce. Rockford tL Blooo woa eoliect«d from the abdom> 
tnai aorta nf both rats and mice and centnfuged at 400Q|f for 12 mm. 
PUuma was separated and stored at ~60*C. 

To 180 ;U of resuspended 15'''« bnun homogenate or piaama was 
added SAM 995 or SAM 1095 to a final conceatrauon of 100 tiM. 
Incutiauoos were earned out ut 37*C for 0. 60. 120. 240. and 360 mm 
m tnphcate Enzyme acuvity w^as termmated by addition of 200 id of 
acetonitnie and 200 wi of C 5''t acetic acid and the samples were 
placed on ice Samples were then centnfuged at 3000{g for 12 mm. 
Then 300 of the supernatant was taken and diluted to 25^^ 
acetomtnlc before analysis by reverse phaae*high*performaace liq
uid chromatography. 

lodinatioo. Peptide SAM 995 and its gtycosytatcd analog SAM 
1095 > were mono-iodinated on the Tyr^ residue by using a standard 
chioramme-T procedure < Bolton. 19M!. Purification of the lodmated 
pepudes was earned out using a re\erv phase PertonElmcr 250 
HPLC gradient system i Davis and Cuiung-Berglund. 1965* and a 
Vydac 21STP5415 CIS column t4.6 « 250 mmL The samples were 
eiuced at 37*C by using a curvilmear gradient of 0.1 tnfluoroaoetic 
acid m acetonitnie < 5-25^^ > versos 0. ir* aqueous crifluorKetic aad 
over 20 mm at L5 mi - mm ' The moai>-iodinated peaics for both 
peptides elated at 1.5 to 2.5 mm after the noniodinated standard. A 
SGcnnd radioactive peak -1 mm after the iniaai radioactive peak 
wa& routmeiy observed representing the di->iodmated peptides. The 
punfled peptides from the mono>iodmated peak were used. For all 
expenments. both peptides had the same specific activity of 2175 
Cir mmoi. 

Octanol/Saliae DtstribuUoo. Equal volumes of octanol and 0.05 
M HEPES buiTer m 0 1 M NaCL pH 7.4. were mixed and allowed to 
equilibrate for 12 h. The layers were separated aiui stored at 4*C. 
The equilibrated 0.05 M H^ES buffer t500 m 0.1 M XaCL pH 
7 4. buffer was added to 1 uCi of lodinated peptide and mixed with 
500 tfj of octanoL The sample was centnfuged at 4000 rpm in a 
Bedumm Coulter microcentrifuge for 1 mm. The layers were sepa
rated and oiunted for radioactivity on a Becitman Coulter 5500 
gamma counter iBeckman Coulter. Inc.. Fuilerton. CAh The octanol/ 
saline distnbution (D> was calculated as the ratio of pepude radios 
activity in the octanol and phases. 

Protein Binding. The amount of lodmated peptide bound to 
bovine serum nihumin iBSA'm perfusate was determined by ultra-
(Utratism. and ce&tnfiigal dialysis. Peptides were dissolved m a mam* 
maiian Ringer's solution 1117.0 mM NaCL 4.7 mM KCL O.S mM 

MgSOv3H,0. 24.S mM NaHCOj. 1.2 mM KH-PO^, 2.5 mM 
CaCI;-€H50. 10 mM o-glucose. 3.9^ dextran »mol. wt, 70.000i. and 
I'V bovme serum albumm. pH 7 41 at 37*C and ultrafiltrated using a 
Centnfree micropamtion device lAmicon. Beverly. NL\>. Total con* 
centration iTi of *^I-peptide mtroduced mto the system and found m 
the ultranltrate • F) was determmed by countmg on a Beckman 5500 
gamma counter >Beckman Coulter. Inc.* The percentage binding 
was then calculated as follows; 

Protem binding * 'T ~ FVT • 100 

In SiCu Perfuaion. The experimental protocol was approved by 
the Institutional Animal Care and Use Committee at the University 
nf Arizona. In situ bram perfusion studies were earned out m female 
Sprague^Dawiey rats '250-300 gi. based on the methods of Preston 
et ai. < 1995>. Bnefiy. rats were axursthetized t acepromazme 0.6 m^ -
ml \ ketamme 3.1 mg - ml ^ and xylazme 78.3 mg - ml M and 
hrpannized * 10.000 U * kg ' * The common carotids were exposed 
and cannulated with silicone tubing connected to a perfusion arcmt. 
The perfusion fluid consisted of a protem mntaining mammalian 
Ringer s solution 1117 mM NaCU 4.7 mM KCl. 0.8 mM MgSO^. 24.S 
mM SaHCOj. 1.2 mM KH^^. 2.5 mM CaCU. 10 mM D-giucoM. 39 
g l ^ desttan(moL wt. 70.000). 10 g*l ' bovine serum albumin. pK 
7.41. Perfusion media was gasaed with 95^^ O,. S'* CO^. wanned to 
37*C. filtered, and debubbled before entering the animal at a Qow 
rate of 3.1 ml - mm At the start oftheperfiuion. both jugular veins 
were sectioneo. Once a steady pressure was observed t6^96 mm Hg) 
lodinated peptide or t^^CIsucrose was infiised mto the inHowin^ 
Ringer's solution with a slow dnve. synnge pump at 0.5 ml * min ' 
I Harvard Apparatus. South Natick. 5^). After a set perfusion tune 
(5-20 mmj. the perfusion was termmated by decapitation. The brain 
was removed, choroid plexi and meninges discarded, and the brain 
homogemzed. Perfusate samples were taken fhim each cannula im> 
mediately at the termination of the perfusion. Bram homogenate and 
100-fJ samples of perfusate were prepared for liquid sontillaticn 
countmg. To each ^*C sample was added 1 ml of TS2 tissue solubt-
hzer ' Research Products, ^unt feasant. IL>. After solubtlizatton. 
30 lU of glacial acetic add was added to each sample, followed by 4 ml 
of Budget Solve Liquid Santillation Cocktail Samples were counted 
on a Beckman LS 5000 TD counter <Beckman Coulter. Inc.). The 
I*^-peptide samples were counted on a Beckman Coulter 5500 
gamma counter. To test the saturabiiity of the transport of SAM 
1095. in situ p«fusion studies were carried out in the prfsenre of 
nonlabeied SAM 1095 < 1 and 10 tMt or 10 itM. nonlabeled SAM 995 
at 20 min 

Exp IT—ton of RcaulU for Multipie Tiae Upcakc. The equa
tion for multipie tzme pumt uptake was used (Gjedde. 1961; Patlak 
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GlycoiMptid* Transport across BBS 969 

aL. I9S3> aa : 

X. - K..M 

where la uu* amount of leat ^mce per umt mas» orbrain at ume 
T and C,., is ;be perni^um fiu:r .':acentraci.!n ^ test solute at time 
T The vaiut> for C remain-- -u»nt c g these rxpehiMnts. 

and a plot of Cp,.. ;nst tur. -Kiuce^ raight lint, with tope 
Kut the inirin; umc. uonai .-iiez cc . .ant) ana an or::.^te 
intercept of V ihe .. .al voiu of distnoutiont. Any departure 
trom imeancy inmcate.- a hack (IUA of solute &om the Oram to hiood. 

Capillary Depletioo. The role of the vascular poruon of bnun 
uptaltr of the pepudea was studied by capillary depletion <Tnguero 
et al.. 1990 After a 20«nun in situ perfusion, this bram was removed 
and choroid plext and menm^ excised. The bram tissue was ho-
mogeni2t!<i 'Polytnm homt^eniier: Brinkman Instruments. West* 
bury. m 1.5 ml of capillary deplrcion riuffer [ 10 mM HEPES. 141 
mM NaCl. 4 mM KCL 2.S mM CaC ' mA. jSO«. 1 mM NaH-PO^. 
10 mM [vglucose pH 7 4l and kr: tee < milliliters of ice<old 
26'V dextran iTO.OOOi was addea i. ..r hom^genate. Two aliquots of 
homogcnate were taken ana i **ntnfue«d at 540(l|ff for 15 min m a 
Microfuge iBeckman Coulter. incJ. The capillary-depleted supema-
tant was separated from tne vascular pellet. Homogemzation proce-
durea werv all earned out withm a 2«mm time span. The homo^ 
nati supernatant, and pellet were then counted for radioact>vit\ as 
dr- - ̂ e<J above. 

w.Aigeiua Studica. Six male ICR mice (20<-30 g* wer- for 
eak:r. peptide in this stuav The mice were housed m groups ot four in 
Plexiglos cages ;n a Ught-and tf-mperature-controUed environmeci 
with food and water ad Ubitum The peptiaes were administered i.v 
at on mjection concentration equal to 15 ^^.M in 100 ofO.^> ialine. 
.•\nunuciception was measured b> a radiant heat, taii-flick analgesia 
meter li'iC. Woodland Hills. C\ Baseline Latcncy response for 
cacn mouse was estabiisned befnr*^ peptide adaunistration. 

.\atinuciceptiun was calculated a» the percentage of maximum 
puiisible elTect <'rMPEr 

r.MPE ' 
recorded tim»* - baseiine urn*-

maximum time .5 n - baseline umt-
100 

Differences between art-j unac^r :ne curve were detenmned by une-
way analv9i;» of variance with '.sir Newman^Keuls post hoc test by 
using the PCS statistical packar: Tallanda and Murray. 1987' 

Results 
Metabolic Stability. Metabolic stabilitv of SAM 995 and 

SAM 1095 was . -messed usinj t-ii'o biological matrices i brain 
and serum) in tv.o rodent sl- .itrs irat and mouse>. For both 
matrices and species giyco»- .>uon improved the metabolic 

TABLE 2 
Physiocfacmical and metabolic st^aiittT of the two peptides 

SAM W6 SAM 10H6 

Octanol/saime D ralue 2.82 r U.22 0.25 = 0.05— 
' = S.E.» 
Bmdtng to BSA m 40 36 
Ringer's solution 

Metabolic denim US nun >500 
imouse' 

Metabolic bram 312 mm >500 
(Ouiuaei 

MecaOolicserum 89 mm 164 
•rati 

Metabolic fi.., bram 331 mm >500 
• rati 

half-life of the peptide (Table 2l. Stability ic brain was in
creased bv ereater than l.S-fold for both species. In contrast, 
^rum star .;!ty m mouse was increased greater than 4-fold 
coroparea • ih l.S-fold m rat serum. 

Phjrsiocnemicml Data. Octanol/saline distribution stud
ies show that glycosylated analog S.^I 1095 has a greater 
than 10>fald decrease m lipophilicity. with a p value of 2.32 r 
0.22 for :he parent SAM 9S5 compared with 0.25 = 0.05 for 
the analog. 

Binding of the peptide to I'f BSA was not significantly 
altered by glycosylation (Table 2i. 

In Situ Perfiuian. In situ studies at 20 nun (Fig. 1' 
showed that both SAM 995 and SAM 1095 bad signiiicantly 
hi^er association with the brain than the nonpermeable 
marker [''Tlsucrose. Mulaple time uptake studies of the two 
peptides (Fig. 11 show that SAM 1095 has a signiiicantly 
higher rate of brain uptake than SAM 995 (Table 3. with K,„ 
values of 2.2 = 0.3 lU • min ' • g ' compared with 1.0 = 0.2 

• min • • g p < 0.01). However, iniual volumes of 
distribution. V, (intercepts of linear regression! were not 
significantly difierent from each other i Table 3). Capillary 
depletion anaivsis at 20 mm shows more SAM 1095 reached 
the brain par. nchyma compared with SAM 995 (Table 3). 
Self-inhibitior tudies showed that the passage of I''''*-SAIbI 
1095 across tnt- BBB was reduced by the addition of 1 to 10 
»iM nonradioactive SAM 1095 to the perfusate (Fig. 2i. In 
contrast, addition of 10 ^M SAM 995 did not signiflcantly 
.iSect the uptake of '^I-SAM 1095 (Fig 2). 

Antinociceptioa. Data derived from Fig. 3A provides ev
idence SAM 1095 has improved analgesia compared with 
SAM 995 SAM 1095 gives an above-baseline antinociceptive 
response for 120 mm compared with SAM 995, which was at 
baseline, by 60 min. The area under the curve derived from 
Fig. 3A shows that SAM 1095 response was signiiicantly (p < 
0 Oil larger than SAM 995 by -6-fold iFig. 3Bl. 

Discussion 
In previous studies we showed that glycosylation of Ser** on 

the linear pepude Tyr-o-Thr-Gly-Phe-Leu-Ser-NH.^ improved 
Its analgesic potency by ~4-fold alter peripheral administra
tion (Bilsky et al.. 2000). In the present study we have inves
tigated the effect of glycosylation of Tyr-D-Thr-Gly-Phe-Leu-

oob-
OOEi 

q»i 
! 

aoj. 
offi 
001 -

** SipirifantiT rUflcnm ax p O.Ul b« uatsr Siadcnis i test. 

THrnirnmiamm 

Fig. I. Multiple time uptake of ^I-SAM 995 and ^I-SAM 1095 acroM 
(he rat BBB during in situ perfuaaoa studies. Each point rtpMii.n» the 
mean and SX. of four ammals- The lines represent kast sqoaic linear 
rcgrcacioos by using the PCS •aftware package. The lines have r' values 
of 0.96 and 0.89 fiar SAM 1095 and SAM 995. raspectjveiy. 
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TABLES 
BBB m uiu charactcnsacs of SAM 995 <md SAM 1095 uptake loto cbe 
rat Drain 
K.. •lart V arc cmkuiauii frnm the Uncar rqei Jaaaa of the <iaia frum Fif U with 
rtprvMDUnff tnc gmteni asd V the mtcirrpt 

SAM SAM 10»5 

K,.. ;ti • mm • g * 1 1-0 r 0.2 2.2 r 0.3 
V ,  • u l - g  • '  9T U3 
CapiUarv thicuon at 20 mm 0 91'32 '̂ 0.66 i 12 '̂ 

pellet' 
Parcnchvma fraction at 20 mm 1.92 *6S''r' 4.S1'S8'T» 

liupvmatant 

I I i I 
control 1 mM lOtjM 10 tM 

SAM loes SAM 1095 SAM 995 

i aos 
£ 0.04 
* 003 

0.02 

001 

Fig. 2. S«U'*uxlubition <tudies tor ^I>SAM 1095 by ustog tn <itu perfu
sion. Each column reprc»eni» th« mean and S.E. of four atumai* Nonla> 
beltfd SAM 1095 > l-tO tiM' mhibtu the uptake of *^l-SAM 1095 mto rat 
bnun u a dnae^dt^ndent manner •*. p <• 0 05. p < O.Ol versus zero 
Qonloheled SAM 1095. ANOVA followed by Newman-Keui« anoiytun 
however. noxUabeled SAM 995 110 iiM> does not uUubtt ^^^I>SAM 1095 
BBB paaaage 

100 150 

Tiat ia •iiMlB 
Fig. 3. Analgesia data from LV. iqjccuan of 15 nM of either SAM 995 or 
SAM 1095. A. each bne feprcBcnu the mean and S.E. anaJgeaia pnifUe 
from SIX male ICR mice. B. mean and S.E. area under the curve calcu
lated from data m A (**, p < 0.01; Student's r test^ 

Ser-NHj on bioavailability, metabolism, and transport to the 
brain. 

One of the m^jor determinants of bioavailability to target 
organs is the metabolic stability of the drug. Thi« is of par
ticular importance for peptide pharmaceuticals because of 
the presence of peptidases in the serum, on capillary endo
thelial cells and on the target organ. For brain-targeted de
livery. the presence of the BBB as a metabolic barrier can 
reduce tlie ability of enzymatically labile peptides such as 
met-enkephalin from entering the brain iBrownson et aL. 
1994). We investigated the stability of SAM 995 and SAM 
1095 in serum and brain of both rat and mouse. Glycosylation 

universally increased the metabolic half-life of the pepude tn 
both biological media iTable 2l. Interestingly, in mice the 
stability was increased greater than 4-fold in serum com
pared with only I.S-fold in the serum of rats. This could be 
due to different levels or types of pepudases within the serum 
of the two species. Previous studies have shown different 
half-lives of degradation by using both peptide and nonpep-
tide drugs in rat versus mouse iTakenaga et at. 1999: Hol-
lenberg. 20001. The topoisomerase inhibitor ^^-506 is trans
formed to its m^or metabolite considerably faster m rat than 
mouse iTakenaga et al.. 1999). There is also eWdence for 
species differences in the renin-angiotensin system i HoUen-
berg. 20001. Angiotensin-convertuig enzyme is known Co be 
important in opioid peptide metabolism iBrownson et al.. 
19941. It must also be remembered that this stability study 
was carried out in vitro under saturation conditions li.e.. the 
substrate was in excess (500 >iMi compared with the en
zymes!. Thus, this IS a good tool for investigating relative 
stability of peptides. However, m vivo metabolic stability 
under nonsaturation conditions will be considerably reduced. 

Other factors that affect bioavailability to the brain mdude 
serum protein binding and lipophilicity. Binding of both SAM 
995 and SAM 1095 to 19 BSA was investigated. No signifi
cant difference in binding to BSA was noted iTable 2). U-
pophilidty is one of thr mtuor determinants of passive mem
brane diffusion. .Addition of a glucose group to the peptide 
significantly reduced the lipophilicity 'measured by octanol 
saline distribution! of the peptide by ~ 10-fold iTable 2). 

BBB penetration of the two peptides was assessed using a 
rat in situ perfusion methodology. Both peptides entered the 
brain with a 2-fold higher uptake of S.AM 1095 compared 
with SAM 995 values of 1.0 = 0.2 AU - mm ' - g ' and 
2.2 - 0.3 td • min ' • g ' for SAM 995 and SAM 1095. 
respectively). The V, values for the two peptides were not 
significantly different (Table 3). The V, represents distribu
tion space at time zero for the two peptides. The values are 
9.7 and 14.3 ^ • g ' for SAM 995 and SAM 1095. respec
tively. These levels were similar to values previously re
ported for brain vascular space ranging from 3 to 18 fU • g~' 
iHeisey, 1968; Williams et al.. 1996a; Egleton et aL. 2000). 
The K,„ values in this study were also similar to previous 
studies of centrally active peptides, both glycosylated (Egle
ton et al.. 2000) and nongiycosylated i Williams et aL. 1996a; 
Abbruscato et aL. 1997) ranging from 0.5T to 2.57 td • min ' -
g ' 

To ensure that the peptides were entering the brain and 
not accumulating in the capillary endothelial cells, capillary 
depletion studies were performed. Studies reveal that ~2.5-
fold greater accumulation of SAM 1095 occurred within the 
brain parenchyma (thus available for receptor binding) than 
SAM 995 (Table 3). 

We also investigated the potential mechanism by which 
SAM 1095 was crossing the BBB (i.e.. was the transport via 
a nonsaturable or saturable rotite). Lipophilicity has been 
shown to be a m^jor determinant for the ability of a drag to 
diffuse across a membrane and remains one of the better 
determinants for in vivo peptide permeeUiility (Banks and 
Kastin, 1985). although this is highly dependent on the pep
tides studied (Buchwald and Bodor. 1998). In this study 
octanol/saline distribution studies indicated that the addi
tion of the glucose group significantly reduced lipophiliciqr by 
- lO-fold. Hiis was similar to previously reported reductions 
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in Upophilicity by glycosylation lEgieUin et aL, 20001, indi-
cating chat the unpim-ed uptake was not due to an increase 
in diffusuin. 

Self-saturation studies were performed in situ, and 1 and 
10 (LAI SAM 1095 inhibited the uptake of 1095 by 
25 and 58'T. respectively. Interesungly. 10 SAM 995 in 
the perfusion media had no effect on the uptake of I "^-SAM 
1095. indicating that the tu-o peptides do not share a common 
saturable transport mechanism. There have been reported 
several saturable transport mechanisms at the BBB that 
peptides use to enter the brain, including the Large neutral 
ammo aad transporter (Abbruscato et al.. 199T) and the 
receptor for advanced glycation end products i EtAGEi iMac-
kic et al.. 19981 and transporters for enkephalins (Zlokovic et 
al.. 19dSi. The glucose. Glut-1. earner mediated-transporter 
IS the primary route for glucose entry to the bram. However, 
It IS unlikely that SAM 1095 uses the Glut-1 glucose trans
porter to enter the brain. Previous studies have shown that 
glycosylated peptides of a similar size do not use Glut-1 
I Williams et al.. 1996band furthermore the presence of 10 
mM glucose m our perfusate would saturate the transporter. 
Other saturable glucose transporters have previously been 
reported to transport small glycopeptides. specifically Glut-2 
(Nomoto et al.. 1998); however, this transporter is only found 
in specific brain nuclei at very low levels iLeioup et al.. 1994). 
.\dsorptive and receptor-mediated mechanism.- can also 
transport glycosylated peptides and proteins at the BBB. The 
human immunodeficiency vmis-l coat protem gp-120 crosses 
the BBB by an adsorptive endocytotic mechanism <Banks et 
al.. 1997and this is a potential route for human immuno
deficiency virus entry to the brain. Other large glycoproteins 
such as wheat germ agglutinin iBraadwetl et al.. 1988) also 
use this mechanism. A number of peptides use receptor-
mediated endocytosis to cross the BBB. The receptor for 
advanced glycation end products iRAGE) is expressed in 
numerous tissues (Brett et al.. 19931, including bram endo
thelium tMackic et al.. 19981. The RAGE receptor has been 
shown to transport numerous peptides and proteins that 
have been glycosylated by the Amidori reaction: furthermore 
the RAGE receptor also transports 0-amyloid across the 
BBB. This is a likely candidate for the transport of SAM 
1095. In this study we showed that the increase m transport 
is glycosylation-dependent because Che nonglycosylated par
ent failed to inhibit the uptake of SAM 1095. Previous studies 
have shown transporters for several small peptides, includ-
mg Leu-enkephalin (Zlokovic et al.. 1988) and |D-Pen*j>-
Pen^i-enkephalin (Williams et aL, 1996ai. Although the exact 
mechanism of transport is unknown, there is some evidence 
that tr.e organic anion-cransporting peptide transporter may 
be mv..ived in the transport of lD-Pen~j>-Pen''l-eakephalin 
iGao vt aL, 2000). This transporter could be a potential route 
for Che transport of SAM 1095. 

In previous studies with these peptides, we showed chat 
S.AM 1095 gave considerably better analgesia after periph
eral administration ii.v. and s.c.) than SAM 995, by using a 
single time point analysis. In this study, we investigaced cfae 
effect of glycosyiation on the time course and duration of 
anaipimiii SAM 1095 led to sienificantly better analgesia 
than SAM 995 (Fig. 3). The durauon of measurable analgesia 
for an i.v dose of 15 SAM 1095 was 120 min compared 
with 60 min for SAM 995. Thus, glycosyiation not only im-

Olycopaplid* Tmapoft acro«s B8B 971 

proves the maTimal analgesia but also improves duration of 

The improved analgesia seen after glycosyiation of Tyr-D-
Thr-Gly-Phe-Ser-NH.^ (SAM 995 > is due co a number of fac
tors thac combine co improve bioavailabiUcy co the brain. 
Receptor binding studies (Tabic 1' showed only a slight de
crease in SAM 1095 binding Co boch tL- and 5-opioid receptors 
(Bilsky ec al.. 2000). However, analgesia after central li.c.v.i 
adminiscracion was significancly becter for S.\M 1095 com
pared with SAM 995 (Bilsky et al.. 2000). This improved 
analgesia may be due to the improved stability of the peptide 
within the brain, leading to an increased concentration at 
receptor binding sites, or an improved distribution within the 
brain. From Table 2. it is apparent that the stability of the 
peptide is increased by Che addicion of a gluctise moiecy. It 
must however be remembered that these stability studies 
were carried out in vitro by using saturating concentrations 
of peptides (500 «iM). Thus, they represent relative stabilities 
compared with each other rather Chan half-lives expecced 
wichm the in vivo situation. In vivo it is likely that the 
half-lives will be considerably shorter. The improved analge
sia of SAM 1095 compared with SAM 995 on peripheral 
adminiscracion ran be accounced for boch by imprt>ved BBB 
cransporc and increased half-life within the serum Serum 
balf-life was increased by mcreased statiiicv and ano possi
bly by reduced clearance. Gl.vcosylauon nas been shown pre
viously CO reduce clearance and shift excretion from the liver 
CO the kidney (Fisher ec al., 1991). The increased bioavail-
abilicy means more pepcide available Co cross Che BBB via the 
improved transport mechanism. 

In conclusion, glycosyiation of the linear peptide Tyr-D-
Thr-Gly-Phe-Leu-Ser-NH: improves analgesia by increasing 
the bioavailability of the peptide to the brain. The bioavail
ability IS improved by a combination of increased plasma 
balf-life (metabolically and possibly clcarance), improved en
try into the brain, and improved bram stability. 
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Endogenous peptides (e.g. enkephalins) control many aspects of brain function, cognition, and 
perception, lite use of these neuroactive peptides in diverse studies has led to an increased 
understanding of brain function. Unfortunately, the use of brain-derived peptides as pharma
ceutical agents to alter brain chemistry in vivo has lagged because peptides do not readily 
penetrate the blood-brain barrier. Attachment of simple sugars to enkephalins increases their 
penetration of the i: brain barrier and allows the resulting glycopeptide analogues to 
function effectively :rugs. The d-selective glycosylated Leu-enkephalin amide 2. HjN-Tyr-
D-Thr-Gly-Phe-Leu-- -D-Glc)-C0NH2, produces analgesic effects similar to morphine, even 
when admmisterec : herally, yet possesses reduced dependence liability as indicated by 
naloxone-precipitatt ;hdrawal studies. Similar glycopeptide-based phairoaceuticals hold 
forth the promise of relief with improved side-efifect profiles over currently available opioid 
analgesics. 

Introduction 

Chrome pain represents a m^or health and economic 
problem throughout the world. Despite major advances 
in understanding the physiologic^ and pathological 
basis of pain, an ideal analgesic does not yet exist. 
Opiates (e.g. morplune. Demerol) remain a mainstay for 
the treatment of moderate to severe pain. Use of these 
drugs, however, is associated with significant side 
effects such as respiratory depression. consDpation. 
unnary retention, tolerance, physical dependence, and/ 
or addiction. In addition, some pain states are resistant 
to the analgesic actions of currently available opioid 
analgesics.- Analgesics with improved preclimcal thera
peutic profiles have emerged firom the study of structure— 
activity relationships (SAR) of peptide ligands with the 
opioid receptors, and pepbde chemists have made 
significant improvements in the m vitro and in vivo 
pharmacology of drugs based on the enkephalin neu
rotransmitters.- The therapeutic potential of peptide 
ligands that can mimic the action of most endogenous 
peptide neurotransmitters and neuromodulators is no
table. but disadvantages of peptide molecules include 
instability in serum and their inability to penetrate the 
blood-bram barrier (BBB) to gain access to the brain 
and spinal cord. Chemists have solved the first problem 
by modifying the amino add sequence of the enkephalin 
molecule to produce peptides that are resistant to 
proteolytic enzymes (e.g. peptidases 

Numerous endogenous opioid peptides have been 
isolated and structurally characterized, most of which 
have the same tetrapeptide Tyr-Gly-Gly-Phe N-terminal 

* To whom corres{iondcnce sbouJd be addmocd. Tei: (520> 621-
632^ Fax: (520> 621-^407. E-maxL patt«uatfizana.edts. 

* Umvemcy of Narthern Coiorado. 
• Department of Phannamlogy. Umveraitr of Arizona. 
• Dcpartznant of Chcmtscry. Unxversitv of Anzona. 

pharmacophore (e.g. Leu- and Met-enkephalin).^'' Us
ing the enkephalin scaffold as a starting point, many 
analogues have been prepared with altered afRnity for 
opioid receptor subtypes.^' C^insiderable effort has been 
focused on mixed u/d-receptor ligands for several rea
sons. It IS well-known that mixed u/ii-agonists have 
increased antinociceptive potency and efBcacy.' Fur
thermore. activation of the 6-receptor may attenuate 
/i-mediated side effects including respiratory depression 
and urinary retention.® '" 

Beginning in the 1980s, several research groups 
began to explore the attachment of carbohydrate groups 
to opioid peptides in order to influence receptor binding 
(/I vs <». improve serum stability, and enhwce peptide 
delivery to the brain or spinal column.*'"'^ From these 
studies it is dear that the carbohydrate can destroy 
receptor binding.'*'" Recent work published by Polt et 
al. suggests that a glycosyl group, if properly placed, 
will preserve previously determined SAR of the native 
enkephalin peptides''-'^ and can simultaneously pro
mote penetration of the BBB.'^-™ This notion has now 
been extended to deltorphin-based glycopeptides. which 
also show antinociception following systemic administra
tion.^"^ 

The BBB is composed of capillaries with specialized 
endothelial cells, which have very few endocytotic 
vesicles and are coupled with tight junctions. These 
features allow the BBB to regulate the entry of solutes 
into the central nervous system and ultimately keep 
potential toxicants out of the brain. The BBB signifi
cantly impedes entry of most molecules, except those 
that are small and lipophilic or those for which trans
porters exist, which may include the enkephalins.** The 
BBB also acts as a metabolic barrier, containing several 
peptidases. However, transport of substances 
across the BBB is often dependent upon lipophilidty.^ 

10.102I/̂ 00(X)( >Y CCC: S19.00 6 2000 American Chemical Society 
Published on Web 06m/2000 
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Fifpire 1. Chenucai structures of Deptxde 1 ana the corre
sponding glycopeptide analogue 2 

Enzymacically labile transport vectors have been used 
to temporarily increase the lipophilidcy of peptides, but 
the resulting lipoDh.lic prodrugs (chin. -ic peptides) 
lacked the aqueou-^ solubihr' nece^sar- lor effective 
serum transport.^ Thus, simpiy mcrfasmg the lipophi-
licity of a peptide has proven to be self-limiting, since 
the drug must also be water-soluble Paradoxieally. the 
incorporation of a hydrophilic slucoeide moiety into 
enkephalin analogues (e.g. 2) haA been found to increase 
BBB penetranon and increase serum lifeame without 
significantly perturbing the pharmacology of the parent 
peptide pharmacophore 1. (Figiire 1). 

Opioid receptor selecQvities of 1 and 2 were initially 
assessed usmg radiohgand binding methods and smooth 
muscle bioassays as previously described.'®-®^ Both 
compounds bmd with low-nanomolar afBmty to d- and 
ii-optoid receptors with an approximate 2-fold preference 
for A-receptors (Table 1). The functional smooch muscle 
bi<u!isays indicated that both compounds were potent 
agonists at c) (NTVDt and ii (GPI) opioid receptors with 
a moderate I ^20-fold) preference for i>-receptors (Table 
1).  

BBB penneabdity of the two peptides was assessed 
by in situ perfusion studies. A significantly higher 
amount of peptide 2 entered the brain than peptide 1 
over a 20-min perfiision. Both 1 and 2 had significantly 
higher association with the brain than sucrose, the 
vascular space marker (Figure 2). The radioactivity was 
found to be greater than S0% assodau-d with intact 
peptide by RP-HPLC (data not shown). CaptOary deple
tion analysis revealed no significant difference in Crap
ping m the capillaries of the two peptides. Stability 
studies in both bram and plasma showed that 2 was 
significantly more stable than 1 in both media, with 
metabolic half-lives for 2 of 164 and >500 mm compared 
to 89 and 331 min for 1 (plasma and brain, respectively). 

Peptide 1 and glycopeptide 2 both showed potent, full 
agonist eflKts m the 35 °C tail-flick tesc^' following 
intracerebroventhcular (icv) injection (Table 1). Glyco-
sylation of the parent peptide increased the icv potency 
more than 3-fold. When administered intravenously (tv). 
both 1 and 2 produced dose-related antinodcepbon. with 
glycopeptide 2 showing approximately 4.1-fold increase 
in potency compared to the unglycosylated peptide I. 
The calculated iv Aso value for ^ycopeptide 2 was only 
1.S times greater than the Ajo value for morphine (Table 
1). The antinociceptive effects of iv iiqections of all three 
drugs (systemic administration) were sensitive to an
tagonism by an icv injection (central administration) of 

naloxone (3 nmol), thus indicating a supraspinal site of 
action (data not shown). Both 1 and 2 produced full 
agonist effects m the 35 °C tail-flick test following 
intraperitoneal (ip) or subcutaneous (sc) administration. 
In each case, the glycosylated peptide 2 was significanity 
more potent than the unglycosylated peptide 1. In fact. 
2 was 1.8 times more potent than morphine following 
sc administrauon. This may be due to saturation of the 
BBB transport mechanism during iv administration, 
while sc administrauon allows the glycopeptide to slowly 
infuse mto the bloodstream, keeping serum concentra
tions lower so that more glycopeptide can ultimately 
reach the brain. .Also, the iv bolus may lead to a rapid 
redistribution of the drug or inactivation.^ lowenng 
blood levels quickly after the infiision. 

The potent actions of glycopeptide 2. along with the 
ability to synthesize gram quantities of the compound, 
allowed us to assess the physical dependence liability 
of the compound using an acute modeL^ Administra
tion of naloxone (10 mgflcg. ip) to mice pretreated 4 h 
prior with a 20 X Asa dose of sc morphine (100 mg/kg) 
produced a withdrawal s3rndrome characterized by 
vertical jumping (Figure 3). Using a similar model, 
naloxone ir\iection precipitated much less jiunpmg in 
mice pretreated (-4 h) with a 20 x Aso dose of sc 2 (122 
mg/Vg). The morphine dose produced near maximal 
annnoaception for 4 h, while 2 produced near maximal 
analgesia for 2 h. To address these pharmacokinetic 
differences, a third group of mice received two injections 
of S (122 mg/kg, sc. 4 and 2 h pr.ur to :ialoxone 
precipitation) which maintained near niax-.i.al anti-
noaception for the entire 4-h pretreatment time. This 
group of mice also jumped significantly less than the 
morphine control mice, indicating less physical depen
dence with 2. 

In summary, our results show ttiat glycosyladon of 
an enkephalin-derived peptide increases penetration of 
the peptide across the rat BBB in situ and increases 
systemic bioavailability of the compound in vivo. A 
significant feature of the present work is the use of 
reliable methods'^ for the s^-nthesis of gram quantities 
of glycopeptide 2, which permits further study in vivo. 
This has allowed us to ot^rve the increased potency of 
the opioid glycopeptide following iv or sc administration 
and assessment of the physical dependence liabiliQr of 
glycopeptide 2 following systemic administration. By 
administering the compound systemically, the com
pound presumably accesses opioid receptors in both the 
brain and spinal cord, an important consideration in the 
development of physical dependence in mice.^ While 
preliminary, the results indicate that glycopeptide 2 
produc«-<3 less physical dependence in mice thw equiva-
ent dc-es of morphine using an acute model, and 

.idditional studies are needed to assess the development 
•f physical dependence using chronic models. Other 
"•-pic^ opioid side effects such as tolerance, respiratory 
depression, and urinary depression will also be as
sessed." Glycopeptide 2 will be an important tool for 
evaluating what therapeutic advantages oeuropeptide-
based pharmaceuticals may possess, versus narcotics 
currently in use such as morphine.^"® 

Experimental Section 
Syntheais and Purification of Glycopeptide S. The 

reqotred FHOC-protected glycosyi amino adds were synthe-
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Table 1. Summary of m Vitro and m Vivo Assays for Opioid Rccepcor AcQvicr' 

assay morphine pepude 1 glycopepude 2 

GPl ICi,. n.M .M.7 25 33 8 
.NfVT) IC... oM 25a 2.7 1.6 
11 binding ICsu. oM ND 4.0 8.2 
i) timding ICir.. nM .VD 2.4 3.4 
lev .A.-.,,, nmol (95% CL) 2.7(1.S-4J2J 0.0710.05-0.09) 0.02 (0.01-0.041 
!%• mmol'kg i95% CL) 6.3 (4.9-7.9) 46.4 (35.4-60.7) 11.4 (8.5-15.2) 
ip A.'<.. mmol'kg (QS** CLi 14 6(11.8-18.0) 137.2(124.0-151.8) 34.3(21.2-55,51 
sc .•kr... mmoLltg i95% CTL) 13.2(10.2-17.0) 20.3 (15.9-26.0) 7.2(4.9-10.0) 

" IS the amount of dnig required to produce 504 anrinocicepooo (% antuiociception = 100 
control latencyl); N'D. not determmed. 

[test latency - control latencylllS -

tn 
e, 
u 

CO ac 

Suerssc Peptide 1 Siycopcptidc 2 

Figure 2. Uptake of the vascular space marlcer["C1sucrose. 
I. and 2 into rat brain after a 20-nun in situ perfusion as An, 
= rauo of the radioacuvity per unit mass of bnun (dpm/gi to 
the radioacuvity per unit volume of perfusate (dpm.'mL>. ^ch 
point represents the mean = SEM of 4 rats. Both peptides 
show a significantly higher accumulation m the br^ than 
sucrose (*p < 0.01 ANOVA). There is a signiiieantijr higher 
accumulauon of 2 than 1 Cp < 0.01 ANOVA. followed by 
Newman-Keuls analvsisl. 

tZ2 

Figure 3. A«^ :aent of the physical dependence liability of 
morphine anc e-ycopept>de 2 in an acute model of physical 
dependence. The ANOVA yielded an ft2.66)= 13.4.p < 0.001. 
with both glycopeptide 2 treatment groups having ngnificantly 
less jumps thu the morphine contriil group (p < 0.05. 
Newman—Keuls analysis). 

sized using published methods.^" FMOC-Rink resm (2.50 
g. 0.55 mmol/g substitution) was swollen in OHF for 30 mm. 
FMOC depmtectian and washes were followed by coupling of 
Ser* with FMOC-sennetO-^o^ldOAckl (1.13 g, 1.72 mmol). 

BOP (0.76 g. 1.72 mmol). HOBt (0.27 g. 1.72 mmol). and 
PrNEtj (0.60 ml.. 3.44 mmol) m 35 mL of 1:1 OMF:NMPfor 2 
b. FMOC deprotecuon and washes were followed by coupling 
of Leu' with FMOC-leucine (1.94 g. 5.50 mmol). BOP (2.43 g. 
5.50 mmol). HOBt 10.86 g. 5.50 mmoli. and 'PrNEtj (1.0 mL. 
11.0 mmol) m 25 tnL of 1:1 DMF'.NMP for 40 imn. FMOC 
deprotection and washes were followed by couphng of Phe' 
with FMOC-phenyialanine (2.13 g. 5.50 mmol). BOP (2.43 g. 
5.50 mmol). HOBt (0.86 g. 5.50 mmol). and 'PrNEtj (1.0 mL. 
11.0 mmol) m 25 mL of 1:1 DMF:NMP for 2 h. FMOC 
deprotecQon and washes were followed by coupling of Gly* with 
FMCX-gtyone (1.64 g. 5.50 mmol). BOP 12.43 g. 5.50 mmol). 
HOBt (0.86 g. 5.50 mmol). and PrNEt.. (1.0 mL. 11.0 mmol) 
m 25 mL of 1:1 DMF:NMP for 1 h. FMOC deprotecuon and 
washes were followed by couplmg of D-Thr' with Ftd0C-(0-t-
butyl>-D-threomne (2.19 g. 5.50 mmol). BOP (2.43 g. 5.50 
mmol). HOBt (0.86 g. 5.50 mmol). and PrNEt^ (1.0 ml. 11.0 
mmol) m 25 mL of 1:1 DMF-.NMF for 1.5 h. FMOC deprotecuon 
and washes were followed by couplmg of Tyr' with FMOC-
(0-r-butyl)-tyn>sine (2.53 g. 5.50 mmol). BOP (2.43 g. 5.50 
mmol). HOBt (0.86 g. 5.50 mmol). and 'PrNEt^ (1.0 mL. 11.0 
mmol) m 25 mL of 1:1 DMFJ4MP for 1.5 h. N°-FMOC 
deprotecuon with pipendme was followed by acetate removal 
while on the resm via treatment with HjN-NHfH<0 m 
MeOH. Washing and vacuum-diymg gave 3.326 g of protected 
pepude resm. for a syntheuc yield of 87%. Stan^rd cleavage 
and preapitation with EtX) gave crude 2. which yielded 
analyucally pure 2 m 30-35% after chromatography on a 
preparauve Vvdac Ci. column with 10-50% CH.iCN (2%/nun 
gradientVO.l'i CT:COOH-H.O: laP = -21.82* (c = 0.165. 
H^): FAB HRMS (M - H) for CjJiROi^Nr calcd 848.4042. 
found 848.4053. In this way. 1-g batches of 2 were prepared 
and could be punfied (>99% by HPLC) in l(X}-mg quantities 
with a 22-mm diameter HPLC column m a routine fashion. 

In Situ BBB Studies. PepUdes 1 and 2 were monoiodi-
nated on the N-terminal tyrosme using a standard chloram-
ine-T procedure^ and punfied by RP-HPLC. Both pepudes had 
specific acuviues of 2175 Ci/mmoL 

Female Sprague-Dawley rats (250-3(X) g) were anesthe
tized with 1 mL/kg of a cockuil of acepramaztne (0.6 mgtaL). 
ketamine (3.1 m^mL). and xylasme (78.3 mgfmL) and then 
hepannized (10 000 U/kg). The caroud arteries were exposed 
ranniilated and the animal was perfused with oxygenated 
mammalian Ringers (117.0 mM NaCl. 4.7 mM KCHI 0.8 mM 
MgSO^-SHjO. 24.8 mM NaHCOu 1.2 mM KH,POt. 2.5 mM 
C:aClr6R:0.10 mM D-glucose. 3.9% dextran (MW 70 0001 and 
1% bovine serum albumin) at 70-90 mmHg** The jugular 
veins were secaoned. and iodinatcd peptide or ["(^Isucroae (10 
uCi. 492 Ci/mmol) was infiised into the perfusian medium. At 
20 mm the rat was decapitated, and brain and perfiisate 
samples were taken for radioacuve counting. The r-samples 
(lod^ted) were counted on a Beckman 5S(X> (Beckman 
Instruments. FoUerton. CA). The /^-samples C'^T) were incu
bated overnight with TS-2 tissue solubilizer (RPI; Budget-
Solve. Mount Prospect. IL). neutralized with acetic aad. and 
then mixed with bquid scinttllation fluid (RPI; Budget-Solve. 
Mount Prospect. IlJpnor to counting on a LS 5(XI0 Tl) coonler 
(Beckman Instruments. FuUenon. CA). The uptake into the 
brain was calculated as the ratio (Asr) of the radioactivity per 
unit mass ofhraux (dpm/g) to the radioactivity per unit volinne 
of perfusate (dpm/tnL). Rar values for sucrose and the two 
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pepodes were compared by ANOVA and Newman-Keuls 
analysis using the Pharmacological Calculation Software.** 

Brain extractions were performed using a modified method 
of Davis and Cuilm-Bcrgiund.*^ The protem concentrauon was 
determined to be €.S mgrmL using the Lowry method.^* Blood 
was collected from the rat na the abdominal aorta and 
centnfiiged at 400Q^ for 12 mm. The plasma was separated 
and stored at -60 *C- Ahquots (ISO uLi of resuspended 15% 
rat bram homogenate or plasma were placed mto I.S^mL 
centrifuge tubes and. together with a buffer control, warmed 
to 37 *C m a rolling water bath mcubator. At time 0. I and 2 
were added to each tube to achieve a final concentration of 
100 uM and incubated for 0.60. 120.240. and 360 mm. At the 
end of the set incubation penod. enzyme acuvity was termi
nated by the addition of 200 uL of CHiCN and 200 /iL of O.S'v 
HOAc and the tuOes were placed on ice. Each tube was then 
centnfuged at 300Qg for 12 mm, and 300 /iL of the supernatant 
was transferred to a clean I.5-mL centrifuge tube. An equal 
volume of distilled water was added to reduce the final 
concentrauon of acetomtnle to <25^. and the samples were 
then taken for HPLC analysts. 
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Introduction 

/^hydrox>' a-amino adds, including ihreonine, serine, 
and other unusual ammo aads. are an important class 
of chiral. bioactjve molectiles.' In addition to being 
constituents of bioactive peptides such as cyclosponn.-
they are also components of various natural products 
such as vancomycin and bouvardm. ,j-Hydroxy a-amino 
acids are also synthetic intermediates for complex prod
ucts.' such as /Mactams,' ,'J-fluoro amino acids,'' and 
aziridines." 

The presence of/{-hydroxy ammo adds within a peptide 
allows for additional functionality, e.g.. glycosylation.' 
Glycosides are critical for a number of biological pro
cesses. including molecular recognition.* stability to 
enzymatic degradation.'' and enhanced transport and 
biodistribution.'" In addition, compounds of this type 
constitute ceramide and glycosylceramide analogues and 
could provide biologically interesting peptide—glycosphin-
golipid chimeras. 

A number of lipo-ammo add syntheses exist." but few 
possess a side chain capable of glycosylation. The glyco
sides'- of differentially protected amino diols''' were 
assembled via three different routes and can be used to 
create several amphiphilic motifs, induding novel gly-

(1) For nccnt srntfaMcs of «f-hydroxy aada. ace: (a> Fchce. 
P. D.. Pom. G.. Sondn. S. Tetmhedron: Asymmetry IMS. 10.2191— 
2201. lb) Honkawa. Mu Shigcn. V.. Yiudoco, N.. Yoihikawm. S.: 
.N'aMpnii. T.; Ohfiiiw. Y. Bworg. Mfd. CAcm. Lett. IMS. 8.2027-2032. 
<ct Huttoa. C. A. Org. Lett. IMS. I. 295—297. Koikinea. A. Nl. P.. 
HasiUa. H.; MvUvnulo. V T., Ruuneo. K. Tetrahedrmi Lett. IMS. 
36. 5619—5622. (e» Slioa. H.. Goodman. M. J. Org. Chem 1M6. 62. 
2582-2583. For reviews, acc: If) Genet. J. P. Pure Appl. Chem. 1M6. 
68. 593—396. Igr GoUaowskx. A.. Jurrrak J. Smtett 1M3. 4. 241-5. 

(2) Williams. D.lLAcc. Chem. Res. IW4.17. 364. 
(3> Coppola. G. M.. Schuatcr H. F. Asymmetric Syntheses. Construc

tion a( Chsrtxl Molecules Using Amino Acids: John Wiley and Sons: 
Toronto. 1987. 

141 lai -MiUer..%(. J. Acc. Chem. Res. IMS. 19. 45-56. lb) Lotz. B. 
T.. MiUer M. J. J. Org. Chem. IMS. S8. 618-624. 

(5) Ponsore. S. V".. Vedera*. J- C. J. Org. Chem. IMT. 52. 4804-
4810. 

(6) Tanner. 0. Angew. Chem.. Int. Ed. Ei^l. IMC 33. 599. 
(7) For reviews on gtycosvlauon. jcc: (a) Whitfield. D. M.. Douglas 

5. P. Glycoeon/ugate J. 1M4.13. 5—17. (bl Tnshima K.. Tatsuta. K. 
Chem. Sec. IMS. 93. 1S03-IS3L 

(8) HnibT. V. J. Alobetdi. F.. Kazimerskx, W.. Biochemistry J. IMO. 
268. 249-!  ̂

i9) Rush, a D.. Ruwart. !<. J J. Med. Chem. IM1.34.3140-3143. 
< 10) Poll. R.. Porreca. R.. Szabo. L. Z.: Bilafcy. £. J.; Davis. P.: Davts. 

T. P.; Horvath. R.: M^ormick. i. M.; Yamaniura. H. L. Hroby. V 
JJVoc .Vofi Acad. Sci U.SA. lM4.9i. 7114-7118. 
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cosphingopeptides. The synthesis represents the first of 
its type, possessing an 0-linked glycoside (as m endog
enous glycoproteins) and a C-linked lipid chain to the 
ammo add. to provide a higher level of enzymatic 
stability in vivo. 

Besults and Diacuuion 

In all experiments. D-senne Schiffbase 1 was used as 
the starting material. Reductive alkyiation of the methyl 
ester" with 'BunAl.iH'-'' and alkyl Grignard reagents led 
to protected amino diols 2a-d in enantiomencally pure 
form and in good yield'" (Scheme 1). Regardless of chain 
length, all reductive alkylations proceeded m good yield 
(60-72^) with excellent diastereoselectivity for the threo 
product. The products of these reactions were then 
converted to their respective /^-hydroxy amino adds. 

In three cases, the reductive alkyiation products 2a-c 
were hydrogenated and reprotected as the Fmoc carbam
ates without purification (Scheme 2). This proceeded in 
75—82% yield over two steps. The Fmoc-protected silyl 
amino diols 3«-c were desilylated with BFn-Et^ (78-
92%) and subjected to selective oxidation of the primary 
alcohol in the presence of the unprotected secondary 
alcohol. This was accomplished using the TEMPO oxida
tion procedure'* as refined by a group at Merck'" for 
substrates containing a single hydroxyl group. We ob-

111) \a) Cincuumaiwu-Kotouu. V . Kototaa. G. Ammo Acids INI. 
16. 273-275. (bt Kocotos. G.. Paoron. J. 5L. Martm, T.. Gibbons. W. 
A.. .Manin. V S J. Org. Chem. IMS. 63. 3741-3744. ic) Katotos. G.. 
Padron. J. M.. Soula. C.. Gibbons. W. A.: Martin. V. S. Tetrahedmn: 
Asmmetrr IMS. 7. S57-866. (d) PicnataUo. R.. Jansen. Kafhrnaim 
L. Pugbsi. G.. Toth. I. J Pharm Sci- IMS. ST. 25-30. 

112) Peurson. M. A.. Polt. R. J. Org. Chem. IMS. SB. 4309-4314. 
113) Miufaell. S. A.. Oatcs. B. D.: Razavi. H. R.; Pelt. R. J. Org. 

Chem. IMS. 63. 8837-8842. 
114) In the hcxyt and decvi case, the ethyl ester was also used, and 

produced oo mcicaac m yieid. aunpared u> the methyl ester. 
> 15) AOtvlaluminum speoes agipvgat* wto fliuoonal tnmen m 

hydrocarbon solution or ^raers m morv coordinating sohrenta. NMR 
studies suggest that the SchiiT base esters used m this study react 
with the ('Bu.iAlb and ['BujAlHI] tnmers to pranotc the fotmatian of 
a diocnc ['BihAI-'BU'iAlH or 'BuiAljHl annpltx pnor to radacinc 
alkvlatum. (a> Eisch. J. J.. Rhe«. S. G. J. OrganomeL Chem. IS74.42. 
C73. (Ill Poit. R.. Peterson. M. A.. DaYoun*. L. J. Org. Chem. IMS. 
ST 5463 5480 

(16) Polt. £L; Peterson. M. A. Tetrahetiron Lett. 1990.3J, 496S'6. 
(b) Pctexsaa. M. Au Ptklt. K. Smth. Commun. 1992.22,477. ic) Smi. 
D : Poll. R. SrnJett 1995. 552. 
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served no over-oxidized (dikeco) products in the reaction 
mixtures. With increasing alkyl chain length, it was 
observed that the oxidation rate slowed, probably due to 
stenc interactions and/or micelle formation. The final 
step of this sequence proceeded m 65-96% yield. In the 
decyl case, phase-transfer conditions were required as a 
result of the high lipophilicity. This provided the pro
tected C4. •anc Cn f<-h\-draxy lipo amino adds ic 
respectable overall yields, in five steps from the crystal
line serine derivative 1. 

Glycosylation was achieved directly for protected ""'•nn 
diol 3a (Scheme 3). using Helfehch'* conditions (HgBrJ, 
to give the glycoside in 72% yield with ^ater than 20:1 
selectivity for the /J-product. Usmg BF the sily: 
ether was removed in 71% yield and th= . .^ry alcoho: 
oxidized to the aad. However, the TE>'" .. lation was 
much slower than the simpler case -eding to an 
unoptimized yield of 43%. Since th<r- 10 secondary 
alcohol in this case, another less .:;ve method of 
oxidation was employed. Oxidation witn RuC! Nal04 

(17) (a) Sicdlfcha. R.: Skazewaia. L.: MlociiowakL J. Tetrahedron 
Lett IMO. 31. 2177. lb) Ryefanonkr. S.. Vaidyanantfaan. R. J. Org. 
Chen. I9M. Si. 310-312. 

I Ifi) Zhoa. U.. Li. J.. Mano. E.: Song. Tacfaacs. D. M.; Gfsbowiki. 
E. J. J.: Rndcr. P. J. J. Org. Chtm. IIW. 64. 2564-2566. 

(19) HeUcnc£. B.; Weu. K. Chem Btr. 19SS. 89. 314-321. 
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provided the Fmoc methyl ;{-giycosyl ammo aad in a T7^ 
yield. 

Glycosylation of 3b and 3c failed using these same 
conditions. Similar electrophilic reactions also failed, 
including the Koenigs—Knorr. GlctOAc)^ with BFt-OEt^ 
or TMSOTC Schmidt's trichloroacetimidate method, as 
well as (ert-butylation, acylation, and benzylation. .\ 
priori, these transformations appear to be facile, but from 
our experience with these compounds the secondary 
hydroxyl is much more hindered than expected, and its 
nucleophilidty is reduced due to unfavorable hydrogen 
bonding with the carbamate NH.'" 

Therefore, a different route to the other two glycosides 
was required. The unprotected hexyl /(-hydroxy lipo 
ammo add (5bl was directly glycosylated with ^glucose 
penta-acetate" (Scheme 4). WUle yields m this reaction 
were very modest, they were comparable to those seen 
in similar cases and provided a direct route to the desired 
glycoside without any further protection or deprotection. 

A slightly longer route wa.' devised for synthesis of the 
C < /"{-bydroxy amino add glycoside (decyl adduct). which 
involvec a protecting group switch to alleviate some stenc 
hindrance at the secondary hydroxyl (Scheme 5). The 
reductive alkylabon product 2c was subjected to 2 M HCl 
in THF. resulting in simultaneous deavage of the SchifT 
base and the silyl ether to provide the amino diol. This 
was protected with Fmoc-Cl without purification to yield 
4c. This diol was then regioselectively protected at the 
primary alcohol with benzyl chloroformate to provide 6c. 
We hoped this compound would be less hindered than 
silyl-protected 3c and the benzyl carbonate would com
pete for the carbamoyl N-H hydrogen bond. When the 
Fmoc alcohol 6c was treated with the trichloroacetimi
date and TMSOTf. this glycosylation proceeded in good 
yield and selectivity for the desired glycoside 7c. The 
benzyl ether wa- then deaved by hydrogenolysis and 
oxidized m twn steps via the aldehyde to give the final 
product (9c) in good yield. 

This note descr.:>es the stereoselective synthesis of 
novel lipo-amino acids and three different routes to their 
glycosides. This approach appears to be the method of 
choice for the synthesis of these lipid-like giycosyi amino 
alcohols and adds, and allows for the preparation of 
lipophilic giycopeptides and peptides, prepar^ tnr solid-
phase methods.— The resulting amphipathic giycopep
tides may possess interesting drug transport activittes.'' 

(20) MucfaelL S A.: Pratt, M. R.: Hrub;. V. J.; Poh. R. J. Org. Chtm. 
aooi. ee. 2327-2342. 

(21) Salvador. L. A.; Flnfann SL; KUhbcrg, J. Tttnhtdrtn IMS. 
51. 5643-5656. 

(221 Tbc giycopaptidg enkepbabo anaiocua HsK-^rr-o-thr-Gl^r-nia-
L«i.(Se|-CONHi baa baan lyntbcaizad. a^ lU pharmacokor la aadv 
mvcsugBtion. 

(23) (a) See ref 10. (b) Polt, R.; MitrhalT. S. a. In (Syaaatnet: 
Chemistry and Chemical Biolcgy. Fraacr-Raid. B.. Ed.: Spnnfar-
V«la«: York. 2000; pp 2355-92. (OKnaC.T.:LaaB.S4Szab6 
L Z.. Mitrhen S. A_ Hruby. V. J. Bilt. R. Tetrohedroni Anmmesrj 
—0. U. 9-25. 
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Experimental Section 

Procedure A. Reductive Alkylation with GrignanU 
(2a-d>. Compound 1 was dned overnight in vacuo over 
A sotuuon of 1 (1 equtv tn 30—60 mi. of CH^i) was chtUed to 
- 78 *C uxider argon for 30 min. A solution of' Bu.-AliH (LO equiv. 
0.5 M of each m hcxanes) was added drapwise via aynnge Co a 
sttmng solution of 1 over -IS min at -7S *C. Immediately after 
the 'Bu.-.AljH addiuon was complete, the alkylmagnesium bro
mide (3 eqmv m Et^O) was added dropwue via synnge to the 
stimng solution over 45 min at -78 *C. The solution was allowed 
to warm to rt and sQr overnight. The resulting yellow solution 
was chilled to 0 *C. carefully quenched with 5 of saturated 
NaHCQi. and then diluted with lOO mL of CH.-CLi and washed 
3 < with saturated SaHCO and 1 > with bnne. The organic layer 
was dried over MgSO«. filtered, and concentrated m vacuo. 

Procedure B. Schalf Baae Cleavace and Faoc Repro> 
tection (3a-c). Compound 2a-c was dissohred in 100 mL of 
MeOH before 10% Pd-C (500 mg, regardless of amount of S) 
was added in one portion under Ar. The reaction was vigorously 
stirred under 1 atm of hydrogen (balloon) at rt. After 2 h. all of 
the starting material h^ been consumed, as judged by TLC. 
The reaction wa^ quenched with 50 mL of CH^Cli. filtered 
through Ohte. and concentrated m vacuo. The crude muture 
was then dissolved m dry CHiCli. and 3 eqmv of 'Pr^NEt was 
added us one portion, befiire Fmoc-O (I.O eqiuv m 5 mL of CHr 
Cli) was add^ d^wise over 30 mm. The reaction was stirred 
at rt overnight, diluted with 1(X) mL of CH^Cli. and washed 1 < 
with aqueous HOAc (pH ~3>. 3x with saturated NaHCOt. and 
ly with bnne. The orguuc layer was dned over MgSOt.filteted. 
and concentrated m vacuo. 

Procedure C. SUyl Ether Cleavage (4a-c). Compound 
3a-c was dissolved m SO mL of dry CiitCU. Freshly distilled 
BFi-OEt.! (6 equivl was added to the solution in one portion and 
stirred at rt. .After 2 h. all of the starting material had been 
consumed. a> jadged by TLC. The reaction was then chilled to 
0 *C and quenched with S mL of saturated NaHCOi. The 
solntion was dilated with lOOmLofCH^Cli and washed 3 X with 
saturated NaHCOi and Ik with bnne. The organic Iqrer was 
dned over MgSO^. filtered, and concentrated in vacuo. 

Procedure D. TEMPO Oridation (5a—c). Compound 4a-c 
was dissolved m 3 mL of aqueous bufin (0.67 H IQliPO^az-

HPOt buffer) and 3 mL of MeCN and heated to 60 *C m an oil 
bath. To the rapidly stimng solution was added TEMPO (0.20 
eqmv) m one portion. Sodium h\-pochlonte. NaOCl (0.20 equiv. 
5.25% commeroal bleach dissolved m 0.5 mL of HjO). and 
sodium chlonte. NaC10.i (80%. 2.0 equiv dissolved in 0.5 mL of 
H..O). were then added simultaneously over 1 h to the mixture, 
which was heated at 45 *C for the amount of time specified. The 
reaction was then aadified to pH 3 with dilute HCl and extracted 
31 with EtOAc. The combined extracts were dned over MgSO^. 
filtered, and concentrated in vacuo. 

(Mt.38>-2-(BenzhydryUdmeamino>-l-(ter«-bmyldi»eth-
ylsiIanylozy)butan>3-oi. 2a. Procedure A. The crude reduc-
uve alkylation product was chromatographed (4.5% EtOAc 
hexanes/0.l% EtiN. R, = 0.40). Yield: 60% as a vellow oil. IR 
(cm-'(. 3302.2. 3061.4. 2925.5. 2332.7. 1659.6. 1449.7. 1252.1. 
1091.6, 'H .VMR (CDCl,) J: 7.62 id. 2H. J = 7.5 Hi). 7.46 (d. 
2iLJ = 7.5 Hz). 7.23 (m. 6H). 4.01 (m, IH). 3.70 (ddd. 2H. J = 
4.5.4.5.10.5. 3Z0 Hz). i97 (bs. IH). 2.86 (m. IH). 1.22 (d. 3H. 
J = 6.0 Hz). 0.81 (s. 9H). 0.00.0.00 (s. 6H). "C NMR (CDCh) 
145.7. 145.4.128.0. 127.8.127.3.127.1. 126.5. 125.9. 75.8. 66.5. 
61.2. 25.7. 19.4. 18.1. -5.9. HR.MS: calcd for CjjHuNOiSi 
384.2359. found 384.2358 (dtfr= 0.3 ppm). 

(2gJR)-2-(Beii«hydfylideneaniino>-l-<tef«-butyl€liiaeth-
yUilanyiaay)noiian-3-oU 2b. Procedure A. Crude 2b was 
chromatographed (2.5% EtOAci'hexanes/0.1% EtiN. Rf - 0.40). 
Yield: 60% as a vellow oil. IR (cm''): 3506.0. 3061.4. 2956.4. 
2925.5. 285L46. 2357.46. 1449.7. 1252.14. 1091.6. 'H NMR .): 
7.70 (d. 2H. •/ = 7.5 Hz). 7 54 (d. 2H. J = 7.5 Hz). 7.30 (m. 2H). 
7.24 (m. 2H). 3.95 (m. IH). 3.77 (dd. IH. J = 5.0. 10.5 Hz). 3.72 
(dd. IH. J = 3.0.10.5 Hzi. 3.00 (m. IH). 1.58 (m. 1 H). 1.47 im. 
3H). 1.33 (m. 4 H). 1.01 (t. 2H. J = 6.5 Hz). 0.92 (t. 3H. J - 7 5 
Hz). 0.89 (s. 9H). 0.07. 0.05 (s. 6H). NMR 145.5. 145.2. 
127.9. 127.7.127.0. 126.4. 125.9. 79.7. 63.2.61.7.43.7. 34.6.31.6. 
•S.2. 26.4. 25.8. 22.5. 18.4. 14.0. 0.9. -5.6. HR.MS: calcd for 
CaHuNOiSi 454.3141. found 454.3154 (difT = 2.7 ppm). 

(28JJl>-2-(Benzhydiyiideiieamino)-I-<ter(-butyldimeth> 
yUilanykny)tridecan.3.«t. Procedure A. Crude 2c was 
chromatographed (2.5% EtOAc/hexanes. with 0.1% EtjN. Rr -
0.40). Yield: 72% as a vellow od. IK (cm 'I; 3320.7. 3055.2. 
2925.5.2851.4.2357.4.1449.7.1252.1.1091.6. 'H NMR (CDCb) 
0: 7 69 (d. 2H. / = 7.0 Hz). 7.53 (d. 2H. J = 7.5 Hz). 7.31 (m. 
6H). 3.95 (m. IH). 3.77 (dd. IH../ = 4.5. 10.3 Hz). 3.71 (dd.lH. 
J - 3.0.10.5 Hz) 2.99 (m. IH). 1.57.1.47.1.31 (m. 18H). 0.93 (t. 
3H. ̂  = 6.5 Hz). 0.88 (s. 9H). 0.07.0.05 (s. 6H). »C NMR (CDClj) 
,): 145.6.145.4.127.9.127.2.127.0. 126.4.125.9.98.7. 79.7.65A 
61.7.34.6.31.4.29.6.29.5.29.5.29.5.29.3.26.5.25.7.22.6.14.0. 
-6.2. HRMS: calcd for CuHiiNO^Si 510.3767. found 510.3678 
(diff = 0.2 ppm). 

(2JtJJt)-2^Befizhydrylideiieaauno>-l-<(cr(-butyklimcth-
ylsilanykny)actadeiaui-3-ol. 2d. Procedure A. Crude Id was 
chromatographed (35% DCM/hex with 0.1% EtiN. Rr = 0.24). 
Yield: 65.6% as a vellow oU. IR (cm '): 3320.3.3055.6.2924.9. 
2852.1. 2357.0. 1449.2. 1252.0. 1089. L 'H NlbOKCDCli): 7.69 
(d. ^ = 7J Hz. 2H). 7.54 (d. 7 = 7.0 Hz. 2H). 7.24 (m. 4H). X95 
(dt. IH). 3.73 (ddd. J = 15.0.5.0.3.5 Hz. 2H). 2S9 (m. IH). 1.28 
(m. 28H). 0J3 (t. J = 8.0 Hz. 3H). 0.90 (s. 9H). 0.06 (s. 3H). 
0.04(s. 3H). ••X:(CDCla):145.8.145.6. 128.0. 127.9. 12&5. 126.0. 
79.8.65.3.61.8.34.7.32.0.29.7.29.6.29.4.26.6.25.8.22.7.14.1. 
-5.4. HRMS: (m/z) obsd » 580.4559. cakd = 580.4557 (diff = 
1.9 ppm). 

(SKJS)-2^Btf-Fluom-9-ylnethasycartianylamino>-l-0> 
«rr«-butyldiaethyl>iI]rl)butaDe-l JniioL Sa. Prucedare B. 
Crude 3a was chromatographed (20% EtOAc/hexanes Rf = 0.35). 
Yield: 82% as a yellow oil. IB (cm''): 3438.0. 3061.4, 2925.5. 
1702.9.1511.4.12S2.1.1103.9. 'H NMR (CDCLU •>: 7.69 (d. 2H. 
J = 7.5 Hz). 7.53 (t, 2H../ = 7.0 Hz). 7.32 (t 2H. = 7J Hz) 
7.23 (t. 2K y = 7.5 Hz). 5.38 td.J = 8.5 Hz). 4.33 (m. 2H). 4.15 
(t. IH. J = 7.0 Hz). 4.12 (m. IH). 3.78 (ddd. 2H..; = 2.0. 3.5. 
10.5.30.0). 3.48 (m. IH). 3.20 (bs. IH). 1.12 (d. 3H. = 7.0 Hi). 
0.83 (s. 9H). 0.00.0.00 (s. 6H). NMR A-. 156.5.143.9.141J. 
127.6.126.9.125.0.119.9.69.0.66.7.66.1.5oi 475. 25.7.19A 
17.0. -5.9. HRMS: calcd for CsH»NOaS: 442.2414. Grand 
442.2435 (diff = 4.9 ppm). 

(3ftJJI>-XKMf'Fh>orcii-9-]rtaeth<nycariMNqriaauiio)-l-0> 
(ter«-butytdi»ethylailyl)n«inaiie 1 3b. Proeedare B. 
Crude Sb was chromatographed (20% EtOAdhoana. Rf • 
0.40). rield: 82% as a yellow oiL IR (an-'h 3431.9. 2950.26. 
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2925.5. 2S57.S3. 1696.7. 1503.32. 1449.7. 1252.1. 1103.95. 'H 
XMR7 77 Id. 2H..; = 7.5 Hi). 7.63 (t. 2a J = 6.5 Hi). 7.40 
It. 2H../ = 7.5 Hi) 7.31 (t. 2H. J = 7.5 Hi). 5.46 (d, J = 8.5 Hi). 
4.41 (m. 2H). 4.24 (t. IH. J = 7.5 Hi). 4.00 (m. IH). 3.92. 3.85 
idd. m.J = 2.0, 10 5 Hi). 3.63 (d. IH ^ = 6.0 Hi). 3.28 (bs. 
IH). 1.56. 1.45 1.30 (m. lOH). 0.92 (s. 9H). 0 90 (d. 3H. J = 6.5 
Hii. 0.00. 0.00 (s. 6H) "C NMR (CDCU) t): 156.3. 143.9. 14 L2. 
127.5. 126.9. 125.0. 119.8. 73.1.66 7.66.4. 53.8. 47.2.33.8.31.6. 
29.1.25.6.25.4. IS.O. 14.0. -5.2. HRMS: calcd for C „H4 '̂0»Si 
512.3196. found 512.3181 ldifr= -2.9 ppm). 

i2li,SA>-3-(Slf-nuorcn-9-yiinetiiaxycarbanylaniino)-l-0-
i(rr(-butylduaediylaHyl)tridecane-1.3^oL 3c. Procedure 
B. Crude 3c was chromatosraphed (17*% EtOAcltexanes. Ri = 
0.40). Yield: 81*% as a yellow oil. IR <an~'>: 3438.0. 3073.7. 
2925.5.2851.4. 1696.7. 1505 3. 1449 7. 12S2.1.1103.9. 'HNMR 
ICDCI.)7 77 (d. 2R 7 = 7.5 Hi). 7.61 (I. 2H. J = 7.5 Hi). 
7 40 (t. 2H. y = 7.5 Hi). 7.31 (t. 2H. J = 7.5 Hi). 5.46 (d.J = 9.0 
Hi). 4.39 im. 2H). 4.24 (t. IH. J = 7 5 Hi). 3.99 (t. IH. J = 5.0 
Hi). 3.92 (dd. IH. J = 3 0. 10.5 Hi). 3.84 Idd. IH. J = 2.0. 10.5 
Hi). 1.55 im. 2H). 1.28-1.20 (m. 16H). 0.91 (s. 9H). 0.87 (t. 3H. 
J = 7 5 Hi). 0.08 ($. 3H). 0.07 (5.3H). NMR (CDCb) rt; 156.3. 
143.9 141.2. 127.5. 126.9. 125.0. 119.9. 73.2. 66.7. 66.5. 53.8. 
47.3.33.8.31.8.29.5.294.29.2.25.7.25.5.22.6.18.0.14.0. -5.6. 
HRMS: calcd for C.4H-.AO.S1 568.3S22. found 568.3839 IdiiT 
= 2.9 ppm). 

(2Jtl3/t)-2^9tf-Fluaren-9-ylaetliozycarbonyiaauiio)ba-
tane-1 4a. Procedure C. Crude 4a was chromato-
fraphed (50% EtOAchexanes, R- = 0.35) Yield: 80% as a white 
soUd. 'H .VMR lCDCl»MeOH) d 7 75 id. 2H. J = 8.0 Hi). 7.62 
id. 2H.J= 7.5 HI). 7.39 (1.2H. J = 7.5 Hi). 7.31 It. 2R 7 = 8.0 
HII. 5.96 Id. IH. J = 9 0 Hi). 4.44 (dd. IR ̂  = 7.0. 10.5 Hi). 
4 37 Ida. IH. J = 7.0. 10 5 Hi). 4.21 (t. IH. ̂  = 7.0 Hi). 4.06 Im. 
IH). 3.75 lbs. IH). 3.65 (d. 2H. J = 5.5 Hi). 3.52 im. IH). 1.17 
Id. 3H. J = 6.5 Hi). 'K- SMR (CDCl,CD,OD).) 157.2. 143.5. 
141.0. 127.4.126.7.124.7. 119.6. 66.4. S6.3. 62.5. 36.6. 48.4.46.9. 
19.3. HRMS: calcdfbrC,^j::NO.328.lS49.found328.1552(diiT 
= 1.0 ppm). 

l2A.3A)'2.(BH.FIuoren-9-ylflicthasycarboaylamino). 
nonane>UHliol. 4b. Procedure C. Crude 4b was chromato. 
graphed (50* EtOAahexanes. = 0.35). Yield: 92*1 as a hght 
veUow oil. m lem"'): 3438.0. 2931.7. 1641.17. 1233.1. 1036 0. 
•H NMR (CDCLi).): 7.77 (d. 2H. >/ = 7.5 Hi). 7.60 Id. 2H../ = 
7.5 Hii 7.40 It. 2H. J = 7.5 Hi). 7.31 (t. 2H. J = 7.5 Hi). 5.48 
Id. IH. J = 8.0 Hi). 4.43 tm. 2H). 4.22 It. IH. J = 7.0 Hi). 3.93 
It. IH. J = 6.S Hi). 3.81 (m. 2H). 3.64 (t, IH. J = 6.5 Hi). 1.48 
im. 2H). 1.28-1.20 Im. 8H). 0.92 Idd. IH.^ = 70. 9.5 Hi). 0.87 
It. 3H. J = 7.0 Hz). '"C NMR (CDa.) <t: 156.2. 143.8. 141.3. 
127.6.127.0. 124.9. 119.9. 72.5. 66.7.64.9.54.8. 47.2. 34.1.31.7. 
29.1.25.5.22.5.22.1.13.9. HR.\1S: cakd fcr C>HuNa 398.233L 
found 398.2325 idiiT = 1.6 ppm). 

(2IUH>-!K8H'-Fluoreii-8-yl»etho«ycarfaonylaBiiiio)tride. 
cane-l.3-dioi. 4c. Procedure C. Crude 4c was chroma to-
graphed i50% EtOAcrhexanes. R — 0.40). Yield: 78% as a white 
soUd. IR Ids- •): 3345.4. 3061.4. 2919.3. 2845.2. 1690.5.1536. L 
1449.7.1252.1.1079.2. 'H .N'MR (CDCU) 0: 7.76 (d. 2H. J = 8.0 
Hi). 7.60 (d, 2H. .y = 7.0 Hi). 7.40 (u 2H. J = 7.5 Hi). 7.31 it. 
2H. y = 7.5 Hi). 5.50 id, IH. J = 8.0 Hi). 4.43 (dd. 2H. J = 7 0. 
15.0 Hi). 4.22 (t. IH. y = 7.0 Hi). 3.92 (t. IH. J = 6.5 Hi), 3.81 
(bs. 2H). 3.64 (bs. IH). 1.48 (m. 2H). 1.28-1.20 (m. 16H). 0.88 
(t, 3H. J = 7.0 Hi), NMR iCDClO <): IS6.8. 143 8. 141.3. 
127.6,127.0.125,0,119.9.72.8.66.7.65.2.54.6.47i 34,1.31,8. 
29.5. 29.5. 29.5. 29.5. 29.3. 25.5. 22.6. 14.0. HRMS: calcd for 
CaJiatNOt 454J2957. bund 454.2957 (diif = 0.1 ppm). 

Alternate Procedure for (SJUJO-S^W-nuaren-V-yl' 
aettaasycarfaoiiyfauBiiio)tridecaM-l,3.dioL 4c. Compound 
2c (161 mg. 0 J1S3 mmol) was dissolved m 2 M HCI <3 ml.) and 
THF (3 mU and stirred at rt for 2 h. Upon compleDon. as judged 
by TLC. the crude reaction mixture was made basic (pH % 8.5) 
with solid NaHCOv Fmoc-Cl (108 mg. 0.4174 mmoL 1,3 equiv 
m 1 mL dioxane) was then added vu synnge to the somng 
mixture over 30 min at rt and allowed to react overnight. The 
mixture was diluted with 50 mL of EtOAc and washed 3 < with 
saturated NaHCQi and 1< with bnne. The organic layer was 
dned over MgSO«, filtered, and concentrated in vacuo. Crude 
4c was cfaromatugraphed (50% EtOAc/hexanes. Rr = 0.40), 
Yield: 110.1 mg over -rrree transformations, as a light 
yellow oil). 
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(2SjJ{)^a0-F1uaren-9-ylmethoxycartaonylaaino).3.hy-
droxybutanoic Acid. Sa. Procedure D. Total reaction ome 
was 12 h. Crude Sa was chromatographed (gradient: 100% 
EtOAc, followed by EtOAc with 0.5% HOAc, R: — 0.60). Yield: 
96% as a white solid. IR(cm~'): 3376.3.2944.0. 1752.3. 1317 6. 
1369 4. 1221JJ. 1042.2, 'H NMR 7.77 id, 2H J = 7 0 Hi). 
7.61 (dd. m.J = 7.5.11.5 Hi). 7.33 (t. 2H. J = 7.5). 7 26 it. 2H, 
J = 7 5 Hi), 4.32 (IH. d.y = 75 Hi). 4.30 (2H. m). 4 171IH. m). 
4.15 (IH. u J = 7.5 Hi). 1.19 (3H. d. J = 6.5 Hi). "C NMR 
(MeOH).): 174 J. 158.8.145,0, 142.4. 12S.7. 12S.0,126.1, 120.S. 
68.5.68.0.61.0.48.2.20.3. HRMS: calcd &rCnJi.,>:0-. 34Z1341. 
found 342.1352 (diff =3.1 ppm). 

(2S.3Jt>.2-(90.Fluoren-^yliBetlMnycarbanylaiBino>.3. 
g »  P — n  T n f a i  r e a c u o n  t i m e  

24 h. Crude 5b was chromatographed (gradient: 100% EtOAc, 
followed by EtOAc with 0.5% HOAc R, = 0.65). Yield: 94% as 
a yeUow oiL IR (cm '): 3444,2. 2931.7. 2061.0. 1690.5. 1641.1. 
1517.6. 1227.4.1054.5. 'H .VMR (CDCU).): 7.73 (d. 2H. = 7.5 
Hi). 7.58 It. 2R ^ = 8.5 Hz). 7.37 (m. 2H). 7.27 (c.2H.J = 7.5 
Hi). 5.95 (IH. d. ^ = 8.5 Hi). 4.42 (IH. d. J = 8.5 Hi), 4,36 (2H. 
d.J = 7.S Hi). 4.23 (IH. t,,/ = 6.5 Hi). 4.19 (IH. t. 7 = 7.5 Hi). 
I.52 (2H. m). L26 (lOH. m). 0.85 (3H. t. J = 7.5 Hi). "C .NMR 
(CDCIa)<): 175.0. 157.8. 143.6. 141J2. 128.2. 127.5,125.0. 120,2. 
71.7. 67.4. 57.8. 46.9. 33.2. 31.5. 29.0. 25.4. 22.3. 13.9. HR.MS: 
calcd lor 412.2124. found 412^127 IdifT 0.8 ppm). 

(2SJJl>-2-(9H-Fluoren-B-ylniethoxycarboaylaauio).3. 
bydrosytrideeanoic Acid. Sc. Procedure D. Total reaction 
tune was 24 h. Crude Sc was chromatographed (gradient: 100% 
EtOAc. foUowed bv EtOAc with 0.5% HOAc. R, = 0.70). Yield: 
66% as a yellow oiL IR (cm '): 3357.8. 3607.5. 2925.5, 2851.4. 
1721.4, 1530.0,1449.7. 1252,1.1085,4. 'H .NMR (CDCWMeOH) 
.): 7 75 (d. 2H. y " 8.0 Hi). 7.63 (t. 2H. J » 8.5 Hi). 7.36 (t. 2H. 
J = 7.5 Hi). 7.28 (t. 2H. J = 7.5 Hi). 6.53 (d. IH. J = 9.5 Hi). 
4.39 Idd. IH. J = 7.5. 11.0 Hi). 4.34 Idd. IH. J = 7.0. 11,0 Hi), 
4.2T lbs. IH). 4,22 (t. IH. J = 7.0 Hi). 4.11 (t. IH. J » 6.5). 1.49 
It 2H. ^ = 8.0). 1.28-1.20 (m 16H). 0.85 (t, 3H. J = 7.5 Hi), "C 
NMR (CDCli/MeOH) rt: 173,5.157.3.143.2.140.5.127.0.126.2. 
124.2, 119.2. 70.6. 66.6. 57.7. 47.2. 33.2. 31.1. 28.7. 28.7. 28.7. 
28.7. 24.8. 21.8. 12.8. HR.MS: calcd for C^i^VOn 468.2750, 
found 468.2745 (error = -1.0 ppm). 

(2Ji.3/i>Carbonic Acid Bmxyl Ester 2-<9H.FIuoren.O. 
7lmethoicycart>oaylamino)^hydroaytridecyl Ester. 6c. 
Diol 4c (930.0 mg. 2.052 mmol) and DMAP (36.1 mg. 14.4 mol 
%) were placed m a flamenlned flask. CH.1CI1 (25 mL) was added, 
and the resulting suspension was chilled to -78 *C. 'Pr-NEt (700 
uL 1.96 eqmvi and beniylchloroformate (3(XI uL. L02 cquiv) 
were then added sequen^ly to the stirring suspension. The 
mixture was slowly allowed to warm to rt and reacted for a total 
of 48 h. The product was diluted with 50 mL of CH.iCli and 
washed 1< with dilute HCI (pH ^3). 3x with saturated 
NaHCO:!, and 1« with bnne. The organic layer was dned over 
MgSOt. filtered, and concentrated m vacuo. Crude 4c was 
chromatographed (30% EtOAc/hexanes. Rr =• 0.45). Yield: 1.09 
g.96%asawhitesohd. IR(cm-'): 3376.3.2944.0.1752.3.1517.6. 
1369.4.1221.2, 1042.2. 'H NMR (CDCU) d-. 7,75 (d, 2H. J » 7.5 
Hi). 7.57 (d. 2H. ^ = 7.5. 11.5 Hi). 7.35 (m. 6H). 7.29 (t. 2H. J 
= 75 Hi). 5.19 (d, IH.J = 9.0 Hi). 5.15 (s. 2H). 4.40 (2H, d, J 
= 6.0 Hi). *33 (IH. dd. J = 11.5. 7.0 Hi). 4.21 (IH. dd. J = 
II.5, 7.0 Hi). 4,20 (IH. t../ = 7,5 Hi). 3,87 (IH. d. J = 6.5 Hi). 
3.74 (IH. bs). 1.42 (4H. m). 1.24 (14H. m). 0,87 (3H. i.J = 6.S 
Hi). '•'C NMR (CDCU) •>: 156.4.1SS.3.143.8.141.3.134A 128.6. 
128.3.127.6.127.0.125.0.119.9.70.0.69.8.67.1.66.8.53.1.47.2. 
33.7,31.8. 29.5. 29.5. 29.4.29J. 25.6. 22.6. 14.0. 

(sjurvz^mr'fluoren-^jrlamthnqfcarbooylaauiidkl-o-
(lert4>utyitliaietkylaiJyl>-3k>-<2J.4.8.tetra.O-acctyigluco-
•yi)btttai>e-1.3Hiial, 7a. In a flame-dned flask, the Fmoc 
acceptor 3a (80.1 mg. 0.1813 mmol). acetobromogliicose (120.0 
mg. 0.2919 mmol. 1.61 eqmv). and powdered 3 A molecular 
aeves (200 mg) were diaaolved in CHjClt and the mixture chilled 
'.o 0 *C, A mixture of Hg(CN>i (60,0 mg, 0.2375 mmol. L30 eiiuiv) 
and HgBrx (81.1 mg: 0.2250 mmol. 1.24 equiv) was added 
portionwise over 45 nun by solid-addition funnel to the sumng 
suspension. The suspension was then allowed to warm to rt and 
stiri^ br a total of 40 h. After beinf quenched with EtsN (0.2 
mL). the solution was diluted with 50 t^ofCHiCli and filtered 
through Cebte. The mixture was then washed 1 x with saturated 
aqueous NaiSO*. Ix with saturated aqueous NaHCOi. and Ix 
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with bnne. dned with NtgSO^. filtered, and concentrated in 
vacuo. Crude 7a was chromatographed (35% EtOAc/bexanes. R, 
= 0.40). Yield: 101 mg. 72%. as a yeUowoil. IR (cm~'): 3067.5. 
2950.2.1752.3.1511.4.1369.4.122L2.1042.2. 'HXMR(CDCli) 
J: 7.73 td. 2H. J = 8.0 HI). 7.60 (dd. 2H. J = 7.5.4.5 Hz). 7.37 
(t. 2H. y = 7.5 Hz). 7 29 (m. 2H). 5.21 (t. IH. J = 9.5 Hz). 5.06 
It. IH. J = 9.5 Hz). 5.03 (d. 2H../ = 8.0 Hz). 4.94 It. IH. J = 8.5 
Hz). 4.52 (d. IH. J = 8.0 Hz). 4.35 (t. IH. J = 6.5 Hz). *20 (m. 
IH). 4.13 (dd. IH. J = 2.0. 6.0 Hz). 4.07 (dd, IH, J = ZO. 12.5 
Hz). 3.64 (m. 2H). 3.63 (t. IH. J = 8.0 Hz). 3.57 (dd. IH. J = 
4.0. 9.0 Hi). 2.02. 2.00. 2.00. 1.99 (s. 12H). 1.14 (d. 3H. J = 6.5 
Hz). 0.85 (s. 9H). 0.03. 0.02 (s. 6H). ^ NMR (CDCU) d: 170.1. 
170.0.169.4.169.3.156 4.143.9.141.2.127.6.127.0.125.1.119.9. 
98.3. 72.4.72.0. 71.8. 71.4. 68.3.66.6.61.8.56.2.47.2.25.7.20.6. 
20.6. 20.5.20.5. 18.1.16.3. -5.9. HRMS; calcd for CjJiuNOi r 
Si 772.3364. found 772.3370 (error = 0.7 ppm). 

(2XJIi)^aiiKmic Acid Bensyi Ener 2-(9lf-FIuorca-8-
ylmethoxycarbonylamiiio)-3-0^2J.4,6-cetra-0-aeetylglu> 
coayDtridecyl Ester. 7c. To a flome-dned Qask were added 
acceptor 6c (31-3 mc. 0.0576 mmol) and tctra-O-acetyl-giucose 
a-tnchloroacetimidate (69.1 mg. 244 eqmv). and the mixture 
was azeotroped 2x with PhCHi. Molecular sieves (4 A. -~1(X) 
mg) were added lo the mixture before it was dissolved m CHi-
Cn.: (6 inL) and chilled to 0 *C. TMSOTf (23 uL. 2.20 equi%-) was 
then added to the stirruig solution dropwise over 10 mm. The 
mixture was stirred and allowed to warm to rt overmght. The 
reaction was filtered through Celite. washed three Dmcs with 
saturated aqueous NaHCOi. dned with MgS04. filtered again, 
and concentrated in vacuo The crude was chromatographed 
i25't EtOAc/hexanes. Rr — 0.35). Yield: 27.7 mg(S5'%. as bnttle 
white foam). 'H NMR (CDtrijrCDriOD) t): 7.77 (d. 2H. J — 7.5 
Hz). 7.62 (t. 2H. J = 6.0 Hz). 7.40 (t. 2H. J = 7.5 Hz). 7.33 (m. 
8H). 5.97 (d. IH. J = 9 0 Hz). 5.23 (t, IH. J " 9.5 Hz). 5.13 (d. 
2H. J = 8.0 Hi). 5.06 (t. IH. J = 10.0 Hz). 4.97 (t. IH. J = 9.5 
Hz). 4.56 Id. IH. J = 8.0 Hz). 4.37 (t, 2H, ^ = 6.0 Hi). 4.29 (dd. 
IH. J = 7.0. 10.0 Hz). 4.22 (t. IH../ = 7.0 Hi). 4.16 (dd. IH. J 
= 7 0. 12.0 Hi). 4.16 (m. IH). 4.10 (dd. IH. J = 2.5. 12.0 Hi). 
4.05 (m. IH.). 3.78 (m. IHJ. 3.72 (m, IH). 2.08. 2.05. i04.2.03 
(s. 12H). 1.57 (m. 2H). 1.25 (m. 16H. J = 6.4 Hi). 0 87 (t. 3H. J 
= 7 5 HI). "C N'MR (CDCl^CIWD) 171.5. 170 8. 170.2. 
170.1. 157.2.144.1.141.5. 128.8. 127.9.125.3. 120.1.100.5.78.8. 
73.2. 73.0.72.0. 71.8.70.2. 70.0.66.7.62.1.47 4.32.1.32.0.29.5. 
29.3. 29.1. 25.8. 23.5. 20 4. 20.4. 14.9. 

(2JUi!>-3-(9ff-Fluaren-B-ylmeCiKnycartKiiiylaiBiiio)-3-0-
(2J3.4.6-letr»0-acecylglucasyl)bucane-1.3-diol. te. To a stir-
nng solution of (1.56 g. 2.021 nunol. m 20 mL of CH^^) was 
added by synnge freshly distilled BFj-OEti (1.53 mL. 12.129 
mmol. 6.0 equiv) m one portion and the mixture stirred at rt for 
2 h. The reaction was then chilled to 0 *C before 3 mL of 
saturated aqueous KaHCO] was added to quench the reaction. 
The mixture was then washed three times with saturated 
aqueous NaHCOi. dned with MgSO>. filtered, and concentrated 
m vacuo The crude was chromatographed (66% EtOAc/hexanes. 
R, = 0.35). Yield; 870 mg(66%. as bnttlewhite foam). IR(cm~'); 
3342i 2950.2.1752.3. 1511.4,1375.6.1221.2.1036.0. 'H N'MR 

(CDO,) <»: 7.71 (d. 2H. J = 7.5 Hz). 7.56 (d. 2H. J = 7.0 Hz). 
7.35 (t, 2H. 7 = 7.5 Hz). 7.27 (m. 2H). 5.19 (t. IH. ^ = 9.5 Hi). 
5.08 Id, 2../ = 9.0 Hz), 4.99 (t, IH. ^ = 9.5 Hz). 4.91 (t. IH. J = 
9.0 Hz). 4.48 (d. IH. J = 8.0 Hi), 4.38 (t. IH. ̂  = 8.5 Hz). 4.32 
It IH. J = 7.0 Hx). 4.22 (d. IH. 7 = 1L5 Hz). 4.18 (t, IH. J = 7.0 
Hz). 4.07 (m. IH). 3.67 (m. 2H). 3.59 (t, IH. ^ = 5.7 Hz), 2,03, 
1.99.1.99. 1.97 (s. 12H). 1.12 <d.J = 6.0 Hi). "C N'MR (CDCIO 
d: 170.6. 170.1. 169.3. 169.3. 156.6. 143.8, 141.2. 127.6. 127.0. 
125.1. 1195. 99.3. 77.3. 74.2. 72.4. 71.9. 71.1. 68.5. 66.7. 62.1, 
61.8. 55.7. 47.2. 20.5. 20.5. 20.5. 20.5. 16.7 HRMS: calcd for 
CxiHioN'Oin 658.2500. bond 658,2502 (error == 0.4 ppm). 

(2JUR>>2-<90-Fhiar«i-B-yfaacClKnycaiiioBylamiiio)-3-O-
(2J.4^cet»^acetylgiucaayl)cridceaiie-l.3^oL 8c. Ben
zyl carbonate 7c (22.4 mg. 0.02^ mmol) was placed m a round-
bottom flask. To this wen added MaOH (5 mL>. EtOAc (5 mD. 
aqueous HOAc (0,5 mL. pH -^3.5). and Pt-C (24.0 mg). The 
rcacQon was purged with H: fiiur mncf' :ind surred under 1 atm 
of Hi until jud^d complete by TLC ' J hi The reaction was 
quenched with 20 mL of CH.iCI^ filtered througn Cdite. and 
washed three tunes with saturated aqueous NaHCOi. dned with 
MgSOi. Qteicd again, and concentrated la vacuo. The crude was 
chromatographed (54% EtOAdhexanes. Sr ' 0.45). Yield: 16.2 

Notes 

mg (80.6%. as a cobrless oil). 'H N'MR (CDCb) 7.76 (d. 2H. 
J = 7.5 HI). 7.60 (m. 2H.). 7.38 (t. 2H. J = 8.0 HI). 7.32 (q. 2H. 
J = 7.5 HI). 5.23 (t. IH. J = 9 5 HI). 5.02 (t. IH. J = 9.0 HI). 
4.99 II. IH. J = 9.0 HI). 4.56 (d. IH. J = 8.0 Hz). 4.38 (t. 2H. J 
= 7.0 HI). 4.29 (dd. IH. J = 7.0. 10.0 HII. 4.23 (t. IH. J = 7.0 
HI). 4.16 Idd. IH. ^ = 7.0. liO HI). 4.05 (m. IH.). 3.78 (d. IH. 
J = 8.0 HI). 3.73 (m. IH. J = 9J HI). 2.09. 205.105. 2.02 (s. 
12H). 1.57 (m. 2H). 1.25 (m. 16H. J = 6.5 HI). 0.87 (t. 3H. J = 
7.0 Hi). HRMS: calcd for C«H»JS'Oi.i 784.3908. found 784.3912 
(error = 0.5 ppm). 

(2SJit)-2^9ff-Fliioren-^ylineclioxycarlionylamiiio>-3-0-
(2A4j8-tetra-0-«cetylgluco«yl)butanoic Acid. te. Protected 
glycoside 7a (61.6 mg. 0.0936 mmol) was dissolved m aqueous 
MeCN (6 mL. 50%) before N'al04 (200 mg. 0.9350 mmol. 9.98 
equiv) and RuCLi-HjO (3.0 mg. 0.0144 mmol. 15 mol %) were 
added m one portion. The resultmg mixture was stirred at rt 
for 4 h. Once all of the starting maunal had been consumed, 
the reacuon was quenched with 'PrOH (20 mL) and stirred for 
an addioonal 2 h. The mixture was then filured through Celiw. 
washed twice with saturated aqueous sodium sulfate, washed 
one time with brine, dned with MgSO<. filtered, and concen
trated m vacuo. The crude was chromatographed (gradient 
100% EtOAc. followed by 100% EtOAc with 0.5% HOAc. Rr — 
0.65). Yield: 48.9 mg (77%. as a white solid). IR (cm ~ •): 3376.3. 
2944.0.1752.3.1517.6. 1369.4.1221.27.1042.2. 'HNMRc); 7 76 
(d. 2H. ^ = 8.0 Hi). 7.63 (t. 2H. J = 8.0 Hi). 7.39 (t. 2H. J = 7.5 
HI). 7.32 (m. 2H). 5.66 (d, IH. J = 9.0 Hi). 5.19 (t. IH. J = 9.5 
Hi). 5.09 (t, IH. J = 9.5 HI). 4.95 (t. IH. J = 8.0 Hi). 4.54 (d. 
IH. J = 8.0 HI). 4.43 (d. IH, J = 8.0 Hi). 4.39 (m, 2H). 4.39 Im, 
IH). 4.38 (dd. IH../ = 2.0.6.0 Hi). 4.25 (t. IH. 7 = 7.5 Hi). 4.09 
(dd, IH. J = 3.5. 12.5 Hi). 3.65 (d. IH. J = 9.5 Hz). 2.10. 2.04. 
2.03.2.01 (s. 12H). 1.23 (d. 3H. J = 6.5 Hz). "C NMR d: 172.4. 
171.7.170.2.169J, 169.2.156.7.14a7.141.1.127.6.127.0.125.1. 
119.8. 99.4. 75.8. 72.5. 71.5. 71.0. 68.3. 67.2. 61.5. 58.0. 47.0. 
29.5. 20.7. 20.5. 20.5. 20.3. 17.5. HRMS: calcd for CJiiJlOu 
672.2292. found 672.2288 (error = -0.7 ppm). 

(2SJIl>-2-<W-Fluorcn-9-ylmethcnycaHioaylamiiio>-3-0-
(2J.4.6-cecra<}-acetylgluoiMiyl)Daiuuioic acid. 9b. Threonine 
analogue 5b (63.3 mg, 0.1540 mmol) and ^^glucose penta-acetate 
(71.0 mg. 0.1820 mmoL 1.18 equiv) were placed m a 50 mL 
round-bottom flask and azeotrop^ 2 « with toluene. The mixture 
was dusolved m CH.iCIi and treated with BFn-OEti (60 ftL. 
0.4739 mmoL 3.07 equiv). The solution was then stirred at rt 
for 36 h. After being judged compleu by TLC. the reaction 
mixture was diluted with 15 mL of CHX^i and quenched with 
1 mL of sat. NaHCQi. The mixture was then washed 1 x with 
bnne. dned with MgS04. filtered, and concentrated m vacua 
The crude was chromatographed (5% MeOH/95% CHiCli with 
0.4% HOAc. Rf — 0.35). Yield: 40.2 mg (36%. as a yellow oil). 
'H NMR (CDCWCDrOD/toluene-d.) •): 7.75 (d. 2H. J « 7.5 Hz). 
7.62 (t. 2H, y = 8.0 Hz), 7.39 (t. 2H. J = 7.5 Hz). 7.31 (t. 2H. J 
= 7.5 Hz). 5.60 (d. IH. J = 9.0 Hz). 5.18 (t. IH. J = 9.5 Hz) 5.10 
( t .  I H .  =  1 0 . 0  H z ) .  4 . 9 9  ( t .  I R  J  =  9 . 0  H z ) .  4 J 6  ( d .  I H . «  
8.0 HI). 4.47 (m. IHJ. 4.38 (m. 2H). 4.25 (m. IH). 4.20 (m. IH). 
4.09 (m. 2H). 3.62 (d. IH. J = 10.5 Hi). 2.10.2.03.2.02.200 (s. 
12H). 1.58.1.50 (m. 2H). 1.25 (m. 8H). 0.87 (t, 3H../ = 6.5 Hi). 

N'MR (CDCl«MeOWPhCft.) ->: 17i0. 171.8. 170.2. 169.3. 
169.1.156.7.143,3.141i 128.8.128.1.125.2,119.9.1003.80.7. 
72.7.71.7.71.2.68.3.67.6.67.4.61.4.56.8.47.2.29.6.25.3.22.5. 
21.4.20.9.13.9. HRMS: calcd for C*H.rN-0,4Na 764.2889. found 
764.2909 (error = 2.6 ppm). 

(8SJM)-a-<9g~Fhioren»B-ylmetlio»ycariioBylaniiiio)-a-0-
(2,3.4.6-(etra-0-acetytgluc(wyl)tr>ilecanolc Acid. Sc. Gly
coside 8a (17.2 mg. 0.02193 mmol) was azeotroped with toluene 
x2. One milliliter of CHXlt was added to a round-bonom flask 
and chilled to —40 *C. Oxayl chloride (IS uL. 0.1713 mmoL 7.8 
equiv) and DMSO (15 uL. 0.2111 mmoL 9.6 equiv) were 
seqneotuiUy added m an mm atmosphere, and the mixtnra was 
stirred for 2 min Compound 8a was then dissolved in 1 mL of 
CHiCIi and addad via syringe. The mixture was stirred at -40 
*C for 30 oin prior to the addition of EtiN (51 uL, 0.3635 mmol. 
16.5 equiv). The reaction was allowed to warm to rt aiid stirred 
for 1 h until judged complete by TLC. The completad reaction 
was then diluted with 10 mL of CHjCli. washed with saturated 
aqueous NH4CI x 4. and concentrated m vacuo. The residue was 
redissolved in 'BuOH (5 mL) and EtOAc (5 mL). chargad with 
N^Oi (46 mg.0.3376 mmoL 15.0 equiv) and KH1PO4 (55.2 mg. 
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Notes 

0.4029 mmnl. 1S.3 equivi. and stirred for 30 mm at n. The crude 
was chromatography (5% MeOH' 95*% CH.-CI j with 0.2% HOAc. 

= 0.35). Yield: XL.3 mgl65%. as a vellowoill. 'HNMR(COCIt 
MeOH) 7.74 (d. 2H. ^ = 8.0 Hzi. 7.62 It. 2H. J = 6.5 Hi). 
7.37 (t, 2H../ = 7.5 Hi). 7.29 (t. 2H. J = 7.5 Hi). 5.88 (d. IH. J 
= 9.5 Hii. 5.16 (c. IH. J = 9.5 Hi). 5.09 (t, IH. J = lO.O Hi). 
4.97 (t. IH. J = 8.5 Hz). 4.56 (d. IH. J = 8.0 Hi). 4.37 (t. IH. J 
= 7.5 Hi.). 4.32 Id. IH. J = 4.5 Hi). 4 26 Im. IH). 4.24 Im. IH). 
4.20 im. 2H). 3.64 (d. IH. J = 9.5 Hi). '2.05. 2.03. 2.00. 1.99 (s. 
12H). 1.56. <m. 2H). 1.25 (m. 16H. J = 6.5 Hi). 0.85 (t. 3H. J = 
8.0 Hz). HRMS: calcd for CuRvO^Oi^Na 820.3515. found 
820.3478 (error = 4.5 ppm). 
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Abstract: A 17-residue 0-linked glycopeptide model incorporating a central a-

mannosyl serine residue, and its unglycosylated analog both demonstrate substantial 

helicity in water. The peptide sequence was derived from previous studies in which 

differences in overall helicity as a function of single amino acid substitutions were 

measured by circular dichroism (CD). The helical content was predicted by molecular 

modeling, and confirmed by CD and NMR. Moreover, the glycopeptide retained its 

helicity in the presence of SDS micelles, whereas the native peptide lost secondary 

structure in the presence of micelles. The inference is that the peptide sequence is a more 

important helix determinant than glycosylation per se. 

Keywords: 0-linked; glycopeptide; glycoside; a-mannose; carbohydrate; serine; a-

helix; secondary structure; circular dichroism; conformational analysis; NMR; molecular 

mechanics, SDS micelles. 

Abbreviations: BOP (Castro's reagent), 2-(lH-benzotriazol-l-yl)-l,1,3,3-

tetramethyluronium hexafluorophosphate, CD, circular dichroism; DIEA, 

diethylaminoethylamine; NMR, nuclear magnetic resonance; COSY, proton-proton 

correlation SpectroscopY; TOCSY, Total Correlation SpectroscopY; ROESY, 

Rotating-frame Overhauser Enhancement SpectroscopY; HPLC, High-Perfonnance 

Liquid Chromatography; FAB, fast atom bombardment mass spectrometry; HOBT, 1-
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hydroxybenzotriazole; Man, D-mannopyranose; Fmoc, 9-fluorenyImethyl carbamate; 

TFA, trifluoroaceiic acid; TFE, 2,2.2-trifloroethanoI; SDS, sodium dodecyisulfate. 
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Protein secondary structure is very important to many disease states. For 

example, the expression of Alzheimer's disease is thought to occur by a change in 

secondary strucmre of a cleavage product of the amyloid precursor protein. P-(l-42). 

This peptide can interconvert between a random coil, a-helix monomers, and P-sheet 

oligomers. (I, 2, 3) It is the latter that precipitate to form amyloid plaques, which are 

associated with Alzheimer's disease. (4) 

Linus Pauling first proposed the a-helix as an important motif of secondary 

structure in proteins in 1948. (5, 6, 7) Since then, it has been predicted that as many as 

one-third of all residues in globular proteins are a-helical in nature. (8) .Although there is 

certainly some context dependency, the amino acid residues can be classified by their 

intrinsic "helix-forming" or "helLx-breaking" potential.(9, 10, 11) While there remain 

numerous unresolved issues in this area, for example, whether L-alanine is a good helix-

former (12, 13. 14) or is more properly described as helix-indifferent. (15, 16, 17) There 

is general agreement for particular amino acid residues which disrupt helices (i.e. Pro, 

Gly, Thr). 

Protein glycosylation, in both its N-linked and O-linked variants, is one of the 

most prevalent post-translational modifications. The glycosylation of serine and 

threonine in the trans-Golgi apparatus plays an important, yet poorly defined role in the 

metabolism of many glycoproteins, particularly in transport phenomena, (18) intercellular 

recognition (19, 20, 21) and resistance to enzymatic degradation. (22) A handful of 

studies have focused on the intrinsic helical nature of glycosylated amino acids. (23, 24, 

25, 26) Some of these pioneering studies have suggested that glycosylation of amino 
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acid residues disrupts helicity. A more critical examination of these studies reveals that: 

I) The peptides used were too short to form stable a-helices, 2) The sequences used 

were predisposed to other secondary structural motifs, or 3) The researchers did not 

examine the unglycosylated analogs for comparison. (27, 28, 29) 

Some studies suggest that the major conformational consequence of O-

glycosylation is to limit the local conformational space available to the peptide backbone. 

(30. 31, 32) In a related study of N-linked glycopeptides, it was seen that N-linked 

pentasaccharides have little effect on the neighboring peptide backbone conformation. 

(33) Other studies also suggest that the presence of a glycosylated residue does not 

destroy helicity. (34. 35. 36) 

CD studies done by Baldwin et. al. (37) and later extended by Merutka and 

Stellwagen showed that replacement of L-Ala with L-Ser or L-Cys at various locations in 

a helix led to a reduction in ±e helical character of the peptide. (38) This 17-residue 

peptide was designed to be soluble and non-aggregating in aqueous solution, and seemed 

to be ideal for evaluation of the effects of glycosylation on helicity. Thus, 0-linked a-

marmose serine was incorporated into a glycopeptide and compared to the unglycosylated 

peptide. (Figure 1) 
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AcNH-Ala-Glu-Ala-Ala-Ala-Lys-Glii-Ala-Ser*-Ala-Lys-Glu-Ala-Ala-Ala-Lys-Ala-C0NH2 

Peptide 1 
Sa-'= senne 

Peptide 2 
Ser*= [a-mannose] serine 

Figure 1 Primary Structure of Peptides i and Glycopeptide 2. 

The 17-residue peptide and glycopeptide shown in Figure 1 were synthesized and 

examined by NMR and CD in various aqueous media (buffered H^O, H2O-TFE, and in 

the presence of SDS micelle Th . results of these studies show that helicity is largely 

retained in the model glycopeptides, when compared to the unglycosylated form. The 

evidence shows that while a-mannose serine may destabilize an a-helix to a very small 

extent, in this context it should not be considered "helix-breaking;" the stabilization 

provided by the rest of the peptide/glycopeptide is inferred to be the major determining 

factor of helicity. 

Methods and Materials: 

Fmoc protected amino acids and Rink amide resin (0.8 mmole/gm) were purchased from 

Advanced ChemTech of Louisville, KY. All other reagents were purchased from Aldrich 

Chemical Co. unless otherwise noted. All reagents were of analytical grade. All solvents 

Materials 
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for glycosylation reactions were freshly distilled prior to use. Molecular sieves (4A) 

were flame dried for 20 minutes prior to use. Silver triflate was stored in a glove box 

under argon. Strictly anhydrous conditions were used for all reactions, unless otherwise 

noted. 

Methods 

Fmoc-a-Mannosyl-Serine Synthesis. Mannose a-bromide was synthesized using 

previously published methods.(39,41) 

Glycopeptide Assembly. The 17-residue peptide and glycopeptide analogs were 

synthesized with a Sonata series automated peptide synthesizer on loan from Protein 

Technologies of Tucson, AZ using standard solid-phase FMOC chemistry, (39, 40, 41, 

42. 43) with BOP/HOBt promoted peptide coupling (2.0 eq72.0 eq. per 1.0 eq. of amino 

acid). Coupling times varied from 20 to 90 minutes, and were monitored by the Kaiser 

ninhydrin tesL (44) The acetate protecting groups were removed from the carbohydrate 

with hydrazine hydrate, (45) and t-butyl side chain protecting groups were cleaved with 

90% TFA in DCM, which also eflfected cleavage from the resin. The crude peptides were 

precipitated with ice-cold ether, filtered, and lyophilized. Purification was carried out on 

a Perkin-Elmer LC250 HPLC using a preparative-scale (700x45mm) Vydac Cis reverse-

phase peptide chromatography column. The following conditions were used: a linear 

AB gradient of acetonitrile/ 0.1% aq. TFA moving fix)m 10%-50% acetonitrile over 30 

min. at a flow rate of 7mL/min at RT. After preparative HPLC, all fractions were 
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analyzed by analytical HPLC for purity, using a Hewlett-Packard Series II 1040 

analytical HPLC, with a linear AB gradient of acetonitrile/ 0.1% aq. TFA moving from 

10%-40% acetonitrile over 40 min. at a flow rate of ImL/min at RT. Water used for 

HPLC purification was triple-filtered, and degassed ^^^th argon for two hours prior to use. 

HPLC Grade acetonitrile was purchased from Fischer Scientific of NJ. 

Peptide 1: 

AcNH-Ala-Glu-Ala-Ala-Ala-Lys-Glu-Ala-Ser-Ala-Lys-Glu-Ala-Ala-Ala-Lys-Ala-

CONH: C^8Hu7N:iO:5 FAB MS: obs (m/z) = 1628.8649, calc = 1628.8608 (error = 

2.5ppm). 'H NMR (H:0) 5/ppm: 8.31, 8.16, 8.16, 8.13, 8.13, 8.12. 8.12. 8.07, 8.07, 8.01 

(NH, Ala, lOH, d); 8.14 (NH, Ser, IH, d); 8.49, 8.10, 8.10 (NH, Glu. 3H. d); 8.11, 8.03, 

7.95 (NH, Lys, 3H, d); 7.47(NH3", Lys, 3H. bs); 4.25-4.10 (oH, Ala, lOH, m); 4.15, 

4.12, 4.11 (oH, Glu, 3H, m); 4.19, 4.15. 4.10 (oH, Lys, 3H. m); 4.11 (oH, Ser, IH, m); 

3.89, 3.87 (PH. Ser, 2H, dd, J=7.0Hz, 5.5Hz); 2.93, 2.91, 2.90 (eCHz, Lys, 6H, m); 2.30, 

2.27, 2.24 (yCH:, Glu, 6H, m); 2.02. 1.98, 1.92 (pCH;, Glu. 6H, m); 1.98(Ac, 3H,s); 

1.81. 1.78, 1.74(PCH2, Lys, 6H, m); 1.63, 1.61, 1.59 (SCHi, Lys, 6H, m); 1.46-1.43 

(yCH2, Lys, 6H, m); 1.39-1.32 (pCHi, Ala, 30H, d). 

Glvcopeptide 2 

AcNH-Ala-Glu-Ala-Ala-Ala-Lys-Glu-Ala-Ser(a-Man)-Ala-Lys-Glu-Ala-Ala-AIa-Lys-

Ala-CONH2 C--.ni27N2iO30 FAB MS: obs(m/z) = 1790.9084, calc = 1790.9136 (error = -

2.9ppm). See Figure 4 for proton assignments. 
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Characterization of the Peptides. The purified peptides were characterized by HRMS, 

'H, DQF-COSY. ROESY, (46) and TOCSY (47) NMR. Water suppression in all 

experiments was achieved using the WATERGATE 3-9-19 pulse sequence with 

gradients. (48, 49) NMR experiments were performed on Bruker DRX500 (500 MHz) 

and DRX600 (600 MHz), and processed using XwinNmr software (Bruker Inc.) and the 

Felix2000 package (MSI Inc.). The TOCSY mixing time was 70 ms, with a spin-lock 

field of 8.3 KHz. The ROESY mixing time was 200 ms, with a spin lock field of 3.6 

KHz. The TOCSY and ROESY used 48 and 32 transients per FID. respectively, and 750 

increments of ti. Both experiments used a 90° shifted sine-squared window function in 

both dimensions. Experiments were conducted at 30°C, and referenced to the water at 

this temperature. Samples were prepared as follows: 0.5 mg of sample was dissolved in 

0.5 mL CDsCOONa/HCl buffer [0.45 mM in HiO/DiO (9:1), pH 4.5, 1 mM NaNa]. 

Sequence-specific assignment of glycopeptide 2 was obtained using both ROESY and 

TOCSY spectra. FAB mass spectral analysis was performed at the University of Arizona 

Mass Spectrometry Facility. 

Molecular Modeling 

For I and 2, 10,000 random conformers were generated using the Monte Carlo search 

algorithm available for the MacroModel® 6.0 package. (50) The Amber force field (51) 

and GBSA solvent model for water were applied to these structures, and a 25 KJ/moIe 

cutoff was used, resulting in rejection of most of the final conformations. Ramachandran 
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plots for the a-O-maimosylserine side-chain Xu X2, and X3 angles were constructed using 

the Dihedral Driver feature. The X3 angle was optimized (minimum energy) prior to 

generation of a 2-D plot of xi and xz (Figure 11). Plots were created from 0° to 360°. in 

12 increments (30°). With all x angles optimized for the glycoside-bearing side-chain, 

the glycopeptide conformers were then subjected to at least 3000 iterations of conjugate 

gradient method of energy minimization, to produce the conformations and associated 

energies shown. 

Circular Dichroism 

CD studies were performed on Aviv Associates model 60DS, using an Endcal Model 

RTE4DD water circulator as a temperature control vehicle, with stoppered cells of 

pathlength 1 cm. The instrument was calibrated using d-lO camphorsulfonic acid. 

Peptides were dissolved in 0.0 IM potassium phosphate pH 4.5 buffer in triple-filtered 

dionized water. Concentration was determined by mass using CahnA'^entron Instruments 

(Madison, WI) Model 21 Automatic Analytical Electrobalance. NMR grade TFE was 

used in TFE dilution experiments. Spectra were observed every 0.5 run from 250-200 

nm, using a 1.5 nm bandwidth, and averaged over 4 scans. Micelle samples were 

prepared using Yang's method: (52) Assembly was achieved using the freeze-thaw 

method. 

Briefly, the glycopeptide and the lipid, in a 1:100 molar ratio, were dissolved in a 

small amount (< 3ml) of 1:1 CH2CI2: methanol. The solvent was then evaporated with 

argon over thirty minutes and dried on a vacuum pump ovemighL The residue was then 
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dissolved in water, and sonicated for five minutes, before the appropriate buffer was 

added. A freeze-thaw cycle, where the solution was frozen to -10°C in acetone/dry ice 

and thawed in 50°C water, was then repeated ten times to ensure that the glycopeptide 

had been incorporated into the micelle. All observed spectra were baseline-

subtracted and molar ellipticities were determined using the formula [6] = 

[61obs(MRW)/10(Ic), (53) where [0]obsis the observed ellipticity in degrees, MRW is 

mean residue weight, I is the cell path length In centimeters, and c is the peptide 

concentration in mg/ml. Percent helicity was determined by using the formula 

%heiix = [0l222/-4O.OOO(1-2.5/n)*1OO%, where n is the number of residues in the 

peptide and [6]??? is the molar ellipticity at 222 nm. (54) 

Results and Discussion: 

The CD spectra of both i (unglycosylated serine) and 2 (glycosylated serine) were 

examined in pH 7 buffered water at various temperatures, and in varying amounts of 

TFE water. (55) (Figure 2) Both the peptide and glycopeptide were purified by RP-

HPLC and stored in a desiccating atmosphere. Thus, unwanted water in the samples was 

eliminated, and salt concentrations were likely to be constant between the two samples. 

This allowed for the accurate determination of concentration by gravimetric methods. 

The observed CD spectra indicated that both peptides possess significant -helical 

content, possessmg the characteristic minima at 208 nm and 222 nm, (56) regardless of 

temperature or amount of TFE presenL In addition, 1 and 2 displayed an isoellipsoidal 

region near 204 nm. signifying two secondary structures present in solution, most likely 
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-helLx and random coil in varying amounts. Calculated percentages of -helix in 

solution are shown in Figure 3. When comparing the glycosylated compound 2 to the 

unglycosylated control 1, it can be seen that the amount of helix in both solutions was 

roughly equivalent, with increased helical content as the concentration of TFE increased; 

in 16% TFE, \ and 2 differed in helicity by only -9%. In summary, both I and 2 

produced CD spectra in aqueous environments that suggest both compounds spend a 

significant amount of time in an -helical conformation. 

The enhancement of helicity in TFE can be attributed to decreased competition by 

H:0 for hydrogen bonding to the backbone amides, allowing for further propagation of 

the helix. A helicity "plateau-effect" with the TFE/water mi.\tures, originally 

documented by Baldwin, et al. (57) for helical peptides was observed in both cases. 

250 210 215 225 230 235 Ss 205 220 
-2000 
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-aooo 
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-16000 

wiwltigm (in nm) 
—^Paptme 1 m BUFFER » Peptide 1 in 16% TFE m Peptide 1 in 23% TFE 
'# Paptide 1 in 3fl% TFE w Peptide 1 in 50% TFE 

Figure 2a; CD spectra of Peptide 1 in Varying Concentrations of TFE. 
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In addition, temperature-dependent helicity measurements were performed on I 

and 2. Experiments performed at 10°C increments from 5°C to 55°C showed that the 

elipticity (% helicity) in both peptide i and glycopeptide 2 was maximal at 0°C (-28% 

helical), and decreased as the temperature was increased. 

Temperature-dependent NMR smdies were also conducted on i and 2. Generally, 

as temperature increases, amide chemical shifts tend to coalesce due to decreasing 

differences in the magnetic environment that reflect the "random coil." It was observed 

that the amide protons of i and 2 became more shielded as temperature increased. This 

supports the notion that there must have been substantial helical character at lower 

temperatures if that helicity was to be disrupted at higher temperatures. In addition to the 

divergence of amide resonances, amide to a-proton (H-N-aC-H) coupling constants of 

many residues were at or below SHz in the ID proton spectra, (58) providing further 

evidence of helicity. (59) 

Glycopeptide 2 was also inserted into SDS micelles as a membrane system model. 

These CD studies showed that the glycopeptide has a certain degree of amphipathic 

character imparted by ±e carbohydrate moiety. Other glycopeptides, unrelated to I and 

2, have also been studied in this manner, and also show substantial helicity. (60) Light-

scattering measurements confirmed the stability of the micelles, approximately 90 ^m in 

diameter. 

Glycopeptide 2 was further analyzed with ROESY and TOCSY 2-D NMR. This 

provided residue-specific assignments for the I7-amino acid glycopeptide and gave 

further insight into the structure in an aqueous enviroiunent. (Figure 4) Sequential 
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NOEs throughout, as well as several long-range ROESY crosspeaks to the serine 

glycoside and neighboring residues, (Figure 5, 6) also corroborate the CD data and 

suggest the presence of helicity. The large dispersion of the ten Ala methyl resonances 

(chemical shift indices (61)) and other resonances provide further evidence for the 

proposed secondary structure. (Figure 7) No random coil chemical shift data was 

available for glycosylated serine. (Figure 8) 

A1 E2 .\3 A-l AS K6 E7' S*9 AlO Kit E12* A13 A14 AIS kl6 Ai7 

NH 8.32 8.53 8.18 8.09 8.04 7.98 8.15 8.16 8.24 8.14 8.14 8.15 7.95 7.99 8.15 8.05 8.00 

oH 4.19 4.20 4.18 4.21 4.24 4.23 4.19 4.22 4.48 4.17 4.17 4.19 4.23 4.23 4.18 4.15 4.23 

PH 1.37 2.01 1.39 1.40 1.43 1.82. 2.04 1.43 4.02. 3.82 1.43 1.83 2.04 1.41 1.39 1.41 1.84 1.39 

1.75 

YH — 2.31 — — — 1.48 2.33 — — — 1.51 2.33 — — — 1.51. 1.40 — 

SH — — — — — 1.66 — — — — 1.66 — — — — 1.67 — 

eH — — — — — 2.98 — — — — 2.99 — — — — 2.97 — 

a) Glu 7/12 are chemically indistinguishable, and cannot be unambiguously assigned 
b) S*= serine(a-Mannose) 

Figure 4: Assignment of Glycopeptide 2. 
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Figure 5: ROESY Spectra of Glycopeptide 2. (NH—NH region) 

Figure 6; ROESY Spectra of Glycopeptide 2. (NH—aCH region) 
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Figure 7: TOCSY Spectrum of Glycopeptide 2. 
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Figure 8: Chemical Shift Indices of Glycopeptide 2. 

Molecular modeling studies were used to investigate the theoretical validity of 

CD and NMR observations. Using MacroModel 6.0, compound 1 was constructed as an 

alpha heli.x for the starting conformation. 10,000 conformers were then generated using 

the Monte Carlo algorithm, and the twenty lowest energy structures were analyzed. The 

lowest energy structures of i were a mi.xture of various helical and random structures. 

The global minimum, found seven times, was observed to be the a-heli.\. (Figure 9) For 

glycopeptide 2, the dihedral angles of the serine side chain and glycosidic linkage had to 

be taken into account. (Figure 10) The backbone was arranged in an alpha-helix and the 

Xs angle had to be placed in the position of lowest energy before the Ramachandran plot 

of xi and could be created. (Figure 11) This plot shows that there are two low-energy 

positions within "^chi-space." The most prominent of these two places the carbohydrate 

distal trom the helix. The other low-energy conformer from the Ramachandran plot 

places the carbohydrate near the adjacent Glu side chain. One reason for this may be the 
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large degree of hydrogen bonding between the side chain carboxylic acid and the 

carbohydrate hydroxyls. Glycopeptide 2, in a helical starting conformation with the 

lowest energy Xi and x; values generated above, was then used to create 10.000 random 

backbone conformations while constraining xi and X2 to their optimal values. The X3 

angle was allowed to freely rotate during conformer generation. With one exception, the 

twenty lowest energy conformers fi-om the Monte Carlo search of 2 all possessed a high 

degree of helicity, with the starting structure generated twice as a global minima. The a-

helix was observed to be the most favored conformation in both the glycosylated and 

unglycosylated peptides. 

Figure 9: MacroModet^ Representation of Global Minimum of I. 

OH 

Figure 10: Chi Space of a-Mannosyl Serine. 
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Figure 12: MacroModel^ Representation of Global Minimum ofl. 

This data suggests several possible explanations why the a-mannose does not 

disrupt helicity. The serine may intrinsically favor a P-tum structure because of 

favorable hydrogen-bonding that occurs between the amide proton of the peptide 

backbone and the serine side-chain oxygen. (62) (Figure 13) This putative hydrogen 

bond should be disrupted by 0-glycosylation. Thus, O-glycosyl-serine should not always 

be considered a P-tum promoter. 
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' 0 

Figure 13. "Proline-Like " Hydrogen-Bonding Between the Side Chain and Amide of 

Serine 

From NMR, light scattering, and electron microscopy studies, it is known that a 

carbohydrate will tend to stiffen a peptide backbone. (63.64) With this in mind, one can 

propose that since 2 is already prone to helLx formation due to its primary sequence, the 

stiffening effect will help to offset the steric bulk of the sugar and preserve overall 

helicity. 

Conclusions 

In summary, a model peptide and its corresponding glycopeptide are both helical 

in water, as shown by NMR, CD, and modeling studies. This shows that the replacement 

of serine with a-mannosyl serine in these peptides does not appreciably destroy helicity. 

It may now be inferred that the peptide sequence is a more important determinant of 

helicity than a single glycosylated residue. Further studies are presently underway to 

examine how several monosaccharide-bearing residues, or a single residue bearing a 

polysaccharide affect helicity. Glycosylated amphipathic helices^** may be useful in the 

design of transport vectors for pharmaceuticals. 
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SUMMARY 

Excluding insulin, the global market for peptide pharmaceuticals is expected to 

grow from S350 million in 1999 to over S800 million by 2005.(1) Despite their 

advantages of potency, specificity and low toxicity, peptides have not gained the rapid 

acceptance by Pharma that one might have predicted in the 1970's, chiefly due to 

difficulties in peptide manufacture and poor bioavailability. Results from several studies 

now demonstrate that O-linked glycosylation of peptides can promote the serum stability 

of several classes of peptides in vivo, and can promote the transport of enkephalin 

analogues across the blood-brain barrier (BBB). 

Recent work with glycosylated enkephalin analogues suggests that the 

incorporation of a glycosylated serine or threonine residue promotes transport across the 

BBB, which resulted in an AUC increase of over 30 fold in rats. Antinociception assays 

with mice demonstrate that glycosylated enkephalins can compete with morphine in 

efficacy, even when administered peripherally. Proper placement of the glycoside moiety 

is necessary in order to avoid perturbation of the mu/delta selectivity of the parent peptide 

pharmacophore. 
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INTRODUCTION 

Peptide pharmaceuticals have gained some acceptance as therapeutics, with 

oxytocin(l), insulin(2), cycIosporin(3), and salmon calcitonin(4,5.6) being widely used in 

childbirth, diabetes, immunosuppression and osteoporosis, respectively. In addition to 

these drugs, a number of new peptide drugs are beginning to enter the marketplace: 

Abarelex(7) and Zoladex(8,9) for the treatment of prostate cancer and endometriosis 

(GnRH antagonists), Symlin for the treatment of diabetes,(lO) as well as T-20 and T-

1249 for the treatment of resistant strains of H1V(11). One might have predicted a more 

rapid introduction of peptide pharmaceuticals, but problems with manufacturing (costs), 

and bioavailability (oral activity) have led to a cautious approach to peptides by big 

Pharma. It is expected that peptides will gain acceptance as advances in synthetic 

methodologies are made, and as drug delivery problems are solved. 

The presumption that there was a receptor or receptors within the brain that 

mediated the effects of opium existed long before experimental proof did. The 

endogenous opiates (the endorphins and enkephalins) first appeared on the horizon in the 

early 1970's. In 1975 Kosterlitz et a/.(12) isolated the enkephalins from the brains of 

pigs. This discovery was followed in 1976 by the hypothesis by Martin et a/.(13) that 

there must be discrete opiate receptor classes to distinguish between morphine-like 

agonists and the enkephalins. In 1977, the theory of multiple opiate receptors was 

supported by the work of Kosterlitz and Lord.(14) A new era of understanding brain 

function and the mechanisms of pain modulation had begun. The endogenous 

neuropeptide P-endorphin was isolated and shown to promote analgesia similar to 
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morphine, and may represent the body's endogenous (a-agonist. In 1979 the K-agonist 

dynorphin A was isolated by Goldstein, et a/.,(15) which defined the three classes of 

opiate receptor agonists, 5, and K. The enkephalins, with either a leucine or a 

methionine at the C-terminus (S"** position), are now accepted as the endogenous 5-opiate 

receptor ligands. All of these peptides are collectively termed the opioid peptides. 

Despite the immense success with the design of potent mu- or delta-selective opioid 

peptides, one problem still exists: How can peptide drugs be delivered to the site of 

action? Glycosylation of peptides has been shown to dramatically extend their serum 

lifetimes and alter their biodistribution in vivo. Given the fact that nature uses 

glycosylation to dispatch glycopeptide hormones and large glycoproteins to various 

intracellular compartments, different extracellular membranes, and remote receptor 

targets, it should not be surprising that a small peptide (MW < 3.000) should be greatly 

affected by the introduction of one or more glycosides. Initially, work in this area was 

hampered by a lack of effective synthetic methods. 

Since the works of Emil Fischer at the tum of the century, carbohydrate chemistry 

has gained acceptance within the organic conmiunity, but only by fits and starts. 

Recently, carbohydrate chemistry was referred to as "a hostile scientific frontier."(l6) 

Glycosylation reactions can be performed with a wide range of substrates and glycosyl 

donors, providing variable yields and anomeric selectivities of the product.(17,l8,19) 

This field has been extensively reviewed.(20,2l,22) Thus, only methods specific to O-

linked glycopeptides will be discussed here. 
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In vivo, the glycosylation of peptides and proteins occurs cotranslationally in the 

endoplasmic reticulimi (N-linked glycoproteins), or post-translationally in the Golgi 

apparatus (O-Iinked glycoproteins). In vitro however, glycosylation of intact peptides 

has not proven to be a successful approach.(23) Thus, glycopeptide construction can be 

separated into two separate, but equally important aspects: 1) Construction of the 

requisite glycosylated amino acid building blocks. 2) Assembly of the amino acids into a 

glycopeptide in a step-wise fashion, typically using solid-phase methods. 

SYNTHESIS OF AMINO ACID GLYCOSIDES 
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Figure 1. Glycosylation of Fmoc Esters 
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Several effective syntheses of glycosyl amino acids from serine or threonine 

derivatives have been disclosed. With respect to the final glycopeptide assembly, an 

Fmoc solid-phase synthetic strategy is optimal. Boc strategies have been far less 

successful, as the repeated acid deprotections required generally cleave the acid labile 

glycosidic linkages. Likewise, benzyloxycarbonyl protection (Cbz- or Z-protection) has 

not proven to be useful. Consequently, glycopeptide assembly based on Fmoc amino 

acids or activated Fmoc amino esters have been most successful. (Figure 1) Fmoc 

benzyl and benzhydryl esters have been utilized as effective glycosyl acceptors.C"'*^''' *') 

in addition to Fmoc-allyl esters(28) and pentafluorophenoxy esters.(29) While each 

method has advantages and disadvantages, pentafluorophenoxy esters are activated esters 

and can be directly incorporated into solid-phase synthesis schemes, although they seem 

to be less active than HOBT esters formed during amino acid activation in situ. 

Unfortunately, while Fmoc-protection is nearly ideal for glycopeptide assembly, it 

is not always ideal for glycosylation of the amino acid. Fmoc protection will sometimes 

provide lower yields, when compared to other nitrogen protecting groups. In these 

instances, alternate N-protection, followed by conversion to ±e Fmoc amino acid after 

glycosylation can be the most effective route.(30) Benzophenone-derived imines have 

proven to be excellent choices for this process.(31) This functionality not only creates a 

more nucleophilic acceptor by favorable hydrogen-bonding (Figure 2), but can also be 

removed simply by hydrogenolysis or by acid-catalyzed hydrolysis. The by-products 

(PhCHiPh or Ph2C=0, respectively) are easily separated from the desired amino acid 

glycosides. 
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I  ̂ X • 

Unbvoratile H -Sand Favorable H-Bond 

Figure 2. Hydrogen Bonding of Imines vs. Carbamates 

The synthesis of these glycosyl acceptors begins with serine or threonine, (Figure 

3) protected as the benzyl or benzhydryl ester.(32) The amino acids can then be further 

protected as the SchifF Base derivative by the use of commercial diphenylketimine in 

CH:C1;, MeCN. or DMF.(33) In this sequence, glycosylations were conducted with a 

glycosyl bromide as the donor and silver triflate as the promoter, although other 

promoters (e.g. Hg or Zn salts) have been used. Deprotection proceeded by 

hydrogenolysis, which not only ser\'ed to cleave the benzyl/benzhydryl ester, but also to 

remove the imine in high yield. The nitrogen was then re-protected in the same reaction 

vessel with Fmoc-Cl to provide the target glycosyl amino acid, now ready for Fmoc 

solid-phase peptide synthesis. This strategy has been performed with an array of 

carbohydrates, with glycosylation yields ranging from 63%-94%. While the N-protecting 

group switch adds steps to the synthesis, the yields are generally high, making subsequent 

purifications straightforward. In addition, this method has also shown to be effective in 

the synthesis of 2-acetamido-2-deoxy alpha-glycosides.(34) 
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Figure 3. Schiff Base Glycosylation Route 

Kihlberg and co-workers have synthesized glycosyl-amino acids directly from the 

Fmoc carboxylic acid. Using Fmoc serine, threonine, or cystine, and a Lewis acid 

promoter such as BF30Et2 or SnCU, (Figure 4) the corresponding glycosylations 

proceeded in 33-58% yield.(35) This approach was also used for the glycosylation of 

Fmoc-protected tyrosine and hydroxyproline.(36) While this procedure eliminates the 

need for expensive and toxic heavy metal promoters and an ester deprotection step, it 

generally proceeds in lower yields than the previous examples. 
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Figure 4. Direct Glycosylation of Fmoc Amino Acids 

GLYCOPEPTIDE ASSEMBLY 

Once glycosyl amino acids are in hand, stepwise assembly can commence. 

Numerous procedures for the synthesis have been devised. Most involve a solid-support, 

which is cleaved at the end of the syndesis to yield the target glycopeptide. Many resins 

are commercially available and suitable for this purpose, including, but not limited to 

Wang,(37) Pal,(38) Rink amide. Rink acid(39) and Sasrin(40) resins. The amino acid 

and glycosyl amino acid couplings can be accomplished with a variety of coupling agents 

also, such as DCC/HOBT. BOP/HOBT, and HATU. However, care must be taken during 

synthesis, as there are a number of potential pitfalls: 1) Glycosides are acid-labile and 

subject to cleavage under many conditions, 2) Glycosides can undergo beta-elimination 

under strongly basic conditions, 3) Glycosyl amino acids are very bulky residues, which 

can lead to incomplete coupling of the glycosylated residue and the following amino acid 

residue, as well as longer coupling times, 4) Longer coupling times can lead to increased 

racemization of the amino acid residues. 



Figure 5. Paulsen Glycopeptide Synthesis 

Paulsen and co-workers reported an elegant glycopeptide synthesis using Fmoc 

amino anhydrides and Wang resin as a soIid-supporL(41) (Figure 5) The first coupling 

relied on Fmoc alanine amino acid anhydride and DMAP. The residue was then 

deprotected with piperidine and acylated with the glycosyl amino acid using 

DCC/HOBT. The Fmoc deprotection was then repeated, and the remaining amino acids 

were coupled to the resin in a similar fashion. All remaining amino acids were Fmoc 

protected, except for the final one, which was Boc protected. Cleavage fi'om the resin 

was then effected using 95% TFA, which not only gave the protected peptide, but also 
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cleaved the N-terminal BOC group to yield the free glycopeptide. It was notable that the 

final acid cleavage proceeded in high yield, with no apparent glycoside cleavage. 

One drawback to the Paulsen approach is the use of NaOMe/MeOH for cleavage of 

the acetate protecting groups on the carbohydrate after cleavage from the resin support. 

Use of aqueous hydrazine for hydroxyl deprotection can be applied while the assembled 

glycopeptide Is still on the resin, and was first used for this purpose by the Kunz 

group.(42) Generally speaking, benzoyl protection is more robust than acetate, and 

should be avoided. In our laboratories, Rink amide resin has been utilized, and assembly 

has been conducted in a fashion similar to the Paulsen synthesis, but has been modified 

by the incorporation of hydrazine treatment to deprotect the carbohydrate while still on 

the resin. The synthesis of SAM-1095, a potent acyclic glycopeptide analgesic, is 

presented (Figure 6) as an example for the synthesis of compounds of this type. The 

pharmacology of this drug and related compounds will be discussed in due course. 
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After Fmoc deprotection of the resin, acylation of the free amine then proceeded 

with serine beta-glucoside using BOP/HOBT. Glycoside couplings are generally slower 

than unglycosylated amino acid couplings, and were allowed to react for 2 hours. The 

resin was then washed, and the deprotection/acylation cycle was repeated for all 

remaining amino acids. After the final residue had been coupled, the Tyr Fmoc was 

cleaved, and acetate removal was achieved using 4:1 hydrazine hydrate:methanol. In the 

final step, the resin was subjected to 90% TFA/CH2CI2. This not only cleaved the crude 

glycopeptide from the resin to produce the C-terminal amide, but also removed the tert-

butyl protection from Tyr and D-Thr, to provide the crude glycopeptide, which was then 

purified by reversed phase HPLC. 
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MESSAGE-ADDRESS SEGMENT THEORY 

Many studies of bioactive peptides invoke the "message-address" theory, the 

pioneering work in this area having been done by Robert Schwyzer.(43) This theory of 

membrane-catalyzed peptide-receptor interactions states that opioid receptor agonists 

have two segments: a "message" and an "address" segment An amphipathic helix may 

act as the "address" portion to guide the drug to the receptor. This is achieved by 

reversible insertion into the membrane to which the receptor is bound. Once at the proper 

address, the "message" is delivered, and subsequent binding to the receptor leads to 

initiation of the neurological response.(44) In opioid receptor activation, part of the drug 

selectivity (mu vs. delta vs. kappa) depends on the address provided. According to 

Schwyzer, the delta receptor (binding site for enkephalins and endorphins) projects 

farthest into the aqueous exterior of the cell, the mu receptor (morphine binding site) 

resides in the anionic phospholipid head region, and the kappa receptor (dynorphin 

binding site) is buried within the lipid portion of the membrane. (Figure 7) Geographic 

differentiation between the receptors is thought to be one of the defining features of drug 

selectivity. 
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Figure 7. Schwyzer's Membrane Compartment Hypothesis 
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The message-address theory of peptide-substrate interactions is not just confined to 

opioid activation, and has been demonstrated to be operative for antimicrobial peptides 

such as the cecropins and magainins, as well as other systems. Membrane 

compartmentalization is most clearly exemplified by studies on the bee venom peptide 

melittin, which is a very well documented example of the message-address 

dichotomy.(45) Numerous researchers have illustrated that the 26 amino acid residues in 

melittin and related analogues can be assigned to either a very basic 6-residue message 

segment, or a amphipathic 20-residue alpha-helical address segment. Studies have shown 

that both portions are necessary for full hemolytic activity: if the message segment is 

removed, membrane association still occurred, but all hemolytic acti\'ity was lost, while 

removal of the address segment resulted in less specific membrane disruplion.(46) NMR 

and lipid bilayer studies have provided further evidence of the proposed mechanism. (47) 

Furthermore, this theory is not only confined to alpha-helical address segments. A 

glycoside can also impan a high degree of amphiphilicity on a peptide, due to its 

hydrophilic nature. Not only is this type of amphipath much more water-soluble than 

most peptides, it is also much easier to synthesize and purify than many of its more 

complex analogues. In addition, these glycopeptide amphipaths still retain the full 

agonist activity of the parent peptide and can possess many other favorable traits, such as 

higher enzymatic stability and better transport profiles in vivo. 
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PEPTIDE "MESSAGES" 

To date there are several endogenous opioid peptides, all of which have the same 

Tyr-Gly-GIy-Phe (Y-G-G-F) N-terminal tetrapeptide pharmacophore: 1) leu-enkephalin, 

2) met-enkephalin, 3) beta-endorphin, 4) dynorphin A, 5) dynorphin B, and 6) Peptide E 

(Table 1). From these native peptide sequences emerged a series of synthetic derivatives 

that have been designed to enhance, receptor selectivity and binding affinity, and can 

have the additional features of enhanced stability to peptidases, and enhanced serum half-

lives. 

Delta-Selective Ligands 

Met-Enkephalin Y-G-G-F-M 
Y-dS-G-F-L-S 
Y-dT-G-F-L-T 

DSLET 
DTLET 
DSTBULET 
DPDPE 

Y-dS(OtBu)-G-F-L-T 
Y-dPen-G-F-dPen (SS) 
Y-dM-F-H-L-M-D-CONH: Deltorphin 

Mu and Kappa-Selective Ligands 

Leu-Enkephalin 
DAMGO 
Dermorphin 
beta-Endorphin 

Y-G-G-F-L 
Y-dA-G-MeF-NH-CHsCHaOH 
Y-dA-F-G-Y-P-S-CONH: 
Y-G-G-F-M-T-S-Q-T-P-L-V-T-T-L-F-K-N-A-I-I-K-N-

A-Y-K-K-G-E 
Dynorphin A (1 -17) 
Dynorphin A (1-13) 
Dynorphin B 

Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q 
Y-G-G-F-L-R-R-I-R-P-K-L-K 
Y-G-G-F-L-R-R-Q-F-K-V-V-T 

Table 1. Endogenous and Synthetic Opioid Peptides 

While there is not a strict requirement for the Tyr-Gly-Gly-Phe for potent opiate 

agonist activity, Tyr' and Phe"* must be conserved, and the presence of ±e flexible 
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glycine residue at position 3 permits the peptide sequence to adopt a p-tum motif. It is 

these two amino acids that constitute the main portion of the message segment of the 

majority of potent opioid agonists. The necessity of these two residues in this exact 

sequence becomes clearer when the structure of the active opioid peptides is compared to 

morphine itself Molecular modeling clearly shows how morphine clearly mimics 

endogenous opioids and thus elicits a biological response. The central residues (amino 

acids 2 and 3) can be varied and ftmction mainly as a spacer between the two 

pharmacophore residues, so as to keep the aromatic pharmacophore residues in a proper 

orientation. Many examples of successful modifications on this theme are highlighted in 

Table 1. 

With a few exceptions.(48) deviation fi-om the Tyr'/Phe^ moiety has resulted in a 

multitude of peptides with low binding affinities (high Km). In addition to this, peptides 

with improper or bulky .spacer residues (amino acids 2 and 3) can also impede binding 

and lead to impotent drugs. Excessive steric bulk can also be caused by glycosylation of 

the message segment, (49) which leads to poor binding. In contrast to this, using spacer 

residues to constrain the peptide in a favorable geometry for receptor binding has resulted 

in highly potent and selective compounds. A disulfide bond between neighboring 

cysteine side-chains is an example of this and led to the extremely successful and highly 

delta-selective DPDPE. (50) This compound displayed up to 3,000-fold selectivity for the 

delta-receptor in mouse vas deferens (MVD) vs the mu-opiate receptor in the guinea pig 

ileum myenteric plexus (GPI) in muscle contraction studies. Similarly, Schiller et a/.(51) 
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have designed side-chain amide cyclization restraints (e.g. Lys-Glu), which produced 

mu-seiective agonists 

PEPTIDE "ADDRESSES" 

Unlike the message segment, which has some stringent requirements for 

successful receptor binding and activation, the address has been shown to be much more 

flexible in its sequence limitations. Modification of the address segment of cecropin A, 

an anti-microbial amphipathic alpha-helical peptide, has produced a number of 

interesting analogues. Merrifield has created numerous "Cecropin/Melittin hybrids" in 

which the message portion of the cecropin A was combined with the address portion of 

melittin.(52) As predicted, most of these peptide hybrid not only retained the potent anti

microbial activity of cecropin A, but lost all hemolytic activity associated with melittin. 

More recently, Aldrich has continued along this line of thinking by combining the 

message segment of a weakly kappa-selective peptide (53) with the address segment of of 

[D-Ala®] DynA(l-ll)-NH2 to produce a hybrid peptide with markedly enhanced kappa 

receptor activity. (54) This demonstrates that the alpha-helical address segments of some 

peptides can be interconverted with retention or even enhancement of bioactivity. 

Much of the address segment modifications in opioid chemistry has focused on 

beta-endorphin and dynorphin A. Hruby and co-workers have performed a significant 

amount of work in this field. In certain Dynorphin A experiments, they were able to 

synthesize a number of Dynorphin A(l-ll)-NH2 analogues (55) with reduced psi bonds 

(from CONH in normal peptide bonds to CH2NH in the reduced bonds) placed 
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strategically within the newly created compounds. With few exceptions, when 

modifications were made to the address segment, binding was retained or enhanced, 

while changes in the message segment (between Tyr' and Phe"*) resulted in a large 

decrease in opioid binding. 

Taylor and co-workers have also done a great deal of work with completely 

synthetic address segments of beta-endorphin. (56) In these experiments, Taylor found 

that the de novo design of synthetic alpha-helices led to potent analogues of beta-

endorphin and thus illustrated that the address segment of a peptide does not need to be as 

highly conserved as the pharmacophore residues of the message segment. 

One concern with this process for drug discovery is that although a proper address 

segment does not directly impede receptor binding, an unnatural address segment, such as 

a glycoside, could alter the entire peptide backbone conformation and lead to unfavorable 

pharmacophore orientations and conformations, which would in turn hamper receptor 

activation. Several studies have been conducted in the area of peptide-glycoside 

interactions. Many researchers argue that the glycoside residue acts a beta-turn 

promoter(57), significantly alters the peptide's conformation,(^^^') or even fimctions as a 

helix breaker.(60) However, NMR and molecular modeling studies performed on O-

linked glycopeptide enkephalin analogues (specifically LSZ-1025) showed that the effect 

of the carbohydrate on peptide conformation is limited exclusively to the serine of the 

glycoside and the adjacent residue, gly^(61), and more recent work shows only a minimal 

effect on alpha helix formation.(62) Thus, conformational biases imparted by the 

glycoside do not affect the message portion or hinder binding. 
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GLYCOPEPTIDES AS TRANSPORT VECTORS 

As potent and selective as these peptides may be at the desired receptor, none of 

them are effective central analgesics becaiise their entry into the brain is blocked. In 

1885 Dr. Paul Ehrlich was the first to define the blood-brain barrier (BBB) when he 

examined the effect of the dye, trypan blue, on animals afier i.v. administration. Upon 

dissection he found that the brain remained a grayish-white color while all other tissues 

were stained blue. He reasoned that the brain and the surrounding cerebrospinal fluid 

(CSF) must be protected from the dye, yet at the same time the BBB must allow the 

passage of essential nutrients, hormones and metabolites. The BBB is mainly responsible 

for protecting the brain and spinal cord from materials in the blood that would be 

neurotoxic.(63,64) Morphologically, the BBB consists of tight-junction endothelial cells 

that comprise the cerebral microvascular tissue. Not only does the BBB present a 

physical obstacle, but a metabolic one as well, possessing oxidative enzymes and 

numerous peptidases, including enkephalinases. This enzymatic gauntlet may be as 

important as the lipophilic barrier in excluding peptide pharmaceuticals. 

There are several modes of transport across the endothelial cells of the brain 

capillaries. (65) (Figure 8) Many pharmaceuticals, such as morphine penetrate the BBB 

by passive difiusion.(66) Passive diffusion is limited by the molecular weight and the by 

lipophilicity of the compound. Thus, solely on the basis of passive diffusion one would 

not predict that large polar molecules such as peptides would ever become useful CNS 

drugs.(67) Carrier mediated transport may be active, in which ATP is consumed upon 
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transport, and is normally unidirectional, or may be facilitative, which is driven by 

concentration gradient, and can function in either direction. Glucose, which is the major 

energy source for the brain, is facilitatively transported via the glucose transporter (Glut-

l).f68) Amino acids cross the BBB using several different transporters.(69) Large 

neutral amino acids such as tyrosine and phenylalanine are actively transported via the 

large neutral amino acid transporter (LNAA transporter). .Amino acids such as alanine, 

serine, threonine and cysteine penetrate the BBB via their own transporter, termed the 

.\la-Ser-Cys Transporter (ASC transporter). There are other transporters that transport 

both small peptides,(70) as well as proteins.(71) 

a) Difliiacn 

b) Cairier Mediated Transport 

c) Fluid Phase Endocytosis 

d) Adsorpirve Endocytosis 

e) Receptor Mediated Endocytosis 

Figure 8. Modes of Transport Across the BBB 

Molecules can also cross the BBB via endocytosis. One approach that has been 

explored in several contexts is to enhance peptide delivery across the BBB by attachment 
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of a "transport vector,"(72,73) which can bind to a receptor, and transport the peptide 

pharmacophore as well. This approach, which often entails the incorporation of a 

"linker" so that the peptide can be released after transport, can become quite cumbersome 

and inefficient. 

Originally, the GLUT-1 transporter provided the rationale for glycosylation of 

opioid peptides.(74) In mammals, beta-D-glucose is the brain's primary energy substrate 

and is rapidly transported across the BBB by glucose transporters, such as the GLUT-1 

transporter. Thus, it was hoped that glycosylation of these peptides would not interfere in 

the binding of the attached glucose to the transponer, and allow the entire glycopeptide to 

be carried across the BBB and impart analgesia. 

To test the hypothesis that the glycopeptide can cross the BBB. in vivo experiments 

using peripherally-administered cyclic glycopeptide LSZ-1025 (further pharmacology of 

this and other glycopeptide drugs will be discussed in the following sections) and 

naloxone, an opioid receptor antagonist, were performed. When 60 mg of LSZ-1025/Kg 

was administered intraperitoneally (IP) to mice high analgesia was observed. This 

analgesia was blocked with 1 ug of naloxone administered intracerebroventricularly 

(ICV), signifying that the analgesia was due to opioid receptor activation. However, 

when the same dose of naloxone was administered peripherally, high analgesia was again 

observed. The observation that LSZ-1025 provided analgesia that could be blocked 

centrally, but not peripherally, by naloxone signified that the glycopeptide had crossed 

the BBB. 
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However, further testing performed by the Davis group has shown that the 

mechanism of transport of these glycopeptides was not mediated by GLUT-1.(75) When 

10 mM glucose was co-administered with the LSZ-1025. the glycopeptide retained its 

full analgesic effects, even when GLUT-1 was saturated. Control studies were performed 

with 10 mM L-glucose, with the same result. 

The consensus in the field was that high lipophilicity was a necessity for good BBB 

penetration. Glycopeptides provide an interesting exception to this rule: these are highly 

hydrophilic compounds that also penetrate that BBB well. Further BBB studies of LSZ-

1025 analogues have also substantiated this claim. 

PHARMACOLOGY OF LSZ-1025 

The synthesis of enkephalin glycoconjugates dates back to the middle 1980's. The 

glycosidic portion of those compounds was covalently linked to the C-terminus. (Figure 

9) While not an endogenous motif, the carbohydrate acted as the address portion and 

these drugs were referred to as "neo-glycopeptides."(76,77,78) 

HzN-Tyr-Gly-Gly-Phe-LeuCljlH 

OH 

Figure 9. "Neo-glycopeptides" Enkephalin Analogues 
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Since then, more sophisticated analogues of these compounds, possessing the 

natural O-glycosidic linkage have been synthesized. Following the message-address 

segment theory, numerous uncyclized and constrained cyclic glycopeptides were created 

and tested in two in vitro binding assays. Delta and mu binding affinities were 

determined from radioligand displacement measiu-ements from opioid receptors obtained 

from rat brain homogenates, or functional assays with intact opioid receptor from smooth 

muscle tissue were performed (GPI and MVD tissues, specific for mu and delta receptors, 

respectively). In brain homogenate studies, the receptors were pre-treated with a high 

affinity radioactive ligand, specific for the receptor to be tested. Binding affinities were 

then calculated from the amount of radioligand displaced by the glycopeptide in question 

as a function of concentration of the added glycopeptide ligand. In smooth muscle 

assays, binding was calculated as a function of muscle contraction under an electrical 

stimulus. As can be seen from Table 2, message-address principles had to be strictly 

followed in order to achieve high binding affinity. Glycopeptides 1 and 2 were 

synthesized with the glycosyl amino acid within the message segment. These compounds 

showed poor binding affinity, as would be predicted. 

All glycopeptides within this series possessed two thiol-bearing amino acids (either 

cysteine or penicillamine) within the message portion. After cyclization (S-S bond 

formation) the cyclic constraint served to orient the pharmacophore residues (Tyr' and 

Phe^) in a turn conformation favorable to delta-opioid receptor activation. When the 

glycopeptide was synthesized with the glycoside residing in the address portion, away 

from the message, all glycopeptides showed high binding affinity for the opioid 
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receptors, with fair to high selectivity for the delta receptor. However, delta opioid 

activity alone was not useful for producing analgesia in vivo. This was evidenced when 

LSZ-1025 and glycopeptide 14 were compared. Glycopeptide 14, the glycosylated 

analogue of DPLCE. was potent and highly delta selective (564:1 delta:mu), yet failed to 

provide analgesia in vivo. This can be attributed to poor mu receptor activity, which is 

now thought to be crucial to in vivo activity of opioid drugs. LSZ-1025, while not as 

selective as glycopeptide 14, is much more potent at the mu receptor, and as a 

consequence provided much better analgesia profiles in vivo. 
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Peptide L^Md 5 
(•M) (nM) 

M\T» 
(•M) 

GPI 
(•.M) 

1 
rSH HS-, p 

H;N—Tyr-O-Cy J" S«-PtwD-Cya-Gly-C-NH; 4000 2000 1900 18.000 

2 
pS S-, 9 

H2h^^y^O-Cy^Se^^h^O-Cyy'Ghr"O^H2 3900 7700 520 3700 

1 
r ° - '  •  ^ ' 1  9 

HjN—Tyr-t-Cyt—Gly—PtW-L-CyT-Sw—O-NHj 100 48 23 28 

4 
|-SH MS-, fl 

Phe D-Cy^Ga  ̂ Giy— *̂̂ 2 9.9 42 24 110 

I 
LSZ-102S pS S-, fl 

H2N—Tyr-O-Cyr-Giy—Pt<^0-Cyr-S«r-eiy—C-NHj 26—45 46-53 13 60 

i 

I 

Laz« ps S-, 9 
H2ff™Ty '̂0'Cy^Gly Ph< D-Cy^S  ̂

0-Glo<x*{ 1 -*0^  ̂

r=- ° 1 fl 
HjIM-̂ yi—O-Cyi-Gly-PhrC-Cy*-Spi-Gly—C-NHj 

10 

26 

68 

24—30 

34 

53—64 

64 

125—148 

1 
"VsH tia-f- fl 

H;W-Ty>-0-P«n-<3ly Ptn D-Pen-Sw-Gty-G-NH; 

\ / 

180 2400 680 125.000 

t 
^T-9 9-r ft 

Ty^O-Pf̂ Gly r*ti> &Pef̂ Gfl̂ Gh^C~MH; 85 48.000 560 40.000 

IS 
rSM MS-, 

MgN Ty^O-iCy^ l̂y Phg D-Cya^GpF Giy— 4 2 20 6.8 25 

11 
LSZ-916 (-3 9-1 fl 

M;f< Ty^O-Cy»-G>y r*he D-Cyî S^ '̂Oly-O—NH  ̂ 6.1 30 5.5 26 

12 
5 0 I p 

H;N—Typ-0-P«f>-Gly ftw L-Cy» PtM S«> C-OH 1.99 419 — -

21 H;N—Ty -̂0-P«Î O>i[ rtw L-Cyi Ptw S«f 

\ 

< 1 >400 2 219 

a 
S-, 9 

M2 N-̂ >»-D-f>«>-<ay-Py«-L-Cy»-S»-Gly-C-̂ 2 
pa 1—p-(i-̂ )-o-Gic 

7J 14.2 4.9 20 

Table 2. LSZ 1025 and related analogues 

Further studies focused on the carbohydrate within the address segment (Table 3) 

Glycopeptides 15-26 were synthesized with the uncyclized EXTDCE (D-Cys D-Cys 

enkephalin) pharmacophore so as to avoid the synthetic problems associated with 
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cyclization, but differed by the carbohydrate moiety. All glycopeptides were high 

affinity agonists for the delta and mu receptors, with Ki in the low nanomolar range. 

Opioid subtype selectivity was generally in favor of the delta receptor, with a few 

exceptions. 

However, there were several problems with the DCDCE-type pharmacophores. 

First, formation of the disulfide bonds proved problematic. Over-oxidation and cleavage 

comprised a large portion of the undesired side products. Stability on the shelf was also a 

problem, as the glycopeptides tended to air-oxidize and decompose over the course of 

few months. Thus, the search for new pharmacophore and a change in the message 

segment was desirable. 
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Pcptidt Lifud S H MM) CPI 
(nM) (aM) (oM) (•>!) 

r®h hs-| 
IS D-*̂ * Sp '̂ GtyO^NH; 32 19 42 40 

d-xyt-mi-ioh-* 
rSH HS-, 9 

14 HjN—Tyf-D-Cy»-<3ty—Ph«-0^»-S«r-Gly-C-»JH2 *3 ''6 ®'' 

rSH M&  ̂
17 Hgf*" Ty^O-Cy^Gt̂  Ptw D^^^»^Sp>^G>^C *̂̂ >42 62 57 52 67 

D-GICNAC>M1—O)—i 
rSH M&  ̂ 9 

U HjN-̂ y»-0-Cy»-Glr-Phe-0-Cy»-S«f-GlY-C-NH2 36 40 43 64 
D-G«lNAc-a-(1-̂ )—' 

rSH HS-, 9 
IJ HjN—Typ-0-Cy»-<ay—Pf*-D-Cy»-S»-Gly-C-NM2 26 32 40 80 

D>03l-̂  1 —•4>-D-GiC"ft-{ 1 

rSH HS-, Q 
a Hjl»-̂ y»-D-Cy»-Gly—Ph»-D-Cy»-Spf-<jly--C-NH, 25 20 91 100 

D-Gle-9-< 1 —«)-O.GI<>K 1 —O)—' 

fSM HS-i 9 
21 l-i;N-̂ yT-D-Cy»-Gly- PUg D-̂ »-Sp-Gly-C-NM; 105 14 118 186 

pSH p 
22 H2N-̂ yp-0<:y«-Gly--Pt*-t>Cy»-0-S«»-Gly-C-NMj 48 9 41 56 

i—(o—iwwac 
pSH HS-] 9 

a H2N-Ty»-D-Cy»-Gly-Ptie -̂Cy»-T[w-Gly-C-NH2 45 65 33 143 
d.gkxm-^>—l 

pSH HS-, 9 
24 H2N-̂ /r-0-Cy»-Gly-Phe-0-Cy»-0-Thf-Gly-C-NH2 29 6 28 23 

^1—(0-.1)-W>Glc 

pSH MS-, 9 
" ' "w-o-cy*—' " " * 

D-GK>0-<1 
25 HjN_Ty^0-Cy»-Gly-Ptw-0-Cy»-<5ly—Sff-G»r̂ NH2 54 12 22 201 

pSH HS-|CW»>frK1-.0)-i 9 
25 M2N-̂ yr-D-Cy»-Gly—Ph^D-Cy*-Gly—Saf-Sw-GlyC-NHj 124 26 29 310 

9 
21 H;N—Ty^CVAIa-aiy-Phj. GM PtK G-NH; 428 20 876 201 

d-gic^1-0)—' 

Table 3. In vitro Binding of LSZ-1025 and Analogues 

PHARMACOLOGY OF SAM-1095 

The 5-selective opiate DTLES (Table 4, peptide SAM-995), designed by Roques 

et a/.,(79) was synthesized in glycopeptide fonn (SAM-1095) to examine the glycoside-

mediated BBB penetration in an acyclic peptide context. These giycopeptides offered 
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several advantages over the DCDCE-type pharmacophore (LSZ-1025, glycopeptides 1-

26 in Table 2 and Table 3), the primary advantage being that cyclization and/or cleavage 

of the pendent disulfide bond was not a problem. This allowed for synthesis and 

purification on a much larger scale than before, and in turn, allowed for more in vivo 

testing. When Roques et al. tested the peptide DTLES in 1988, the reported GPI/MVD 

data were 99 nM to 0.25 nM, or a selectivity of 400-fold for the 5-receptor.(80) The 

corresponding C-terminal amide, SAM-995, showed much poorer selectivity in both the 

GPI/MVD and rat brain homogenate receptor studies. Thus, the terminal acid played a 

large role in maintaining the delta-selectivity, which supports Schwyzer's membrane 

compartment hypothesis. 

Pepiidt L^ad S 
(BM) 11

 

GPl 
(BM) 

s> 
SAM-tceS HjN—Tyr-0-Thr-Gly-Phr̂ «—O-NMj 

D.GI<>frK1-»0)—' 
0 

2.4 76 16 34 

• 
SAM-aes HjN—Tyr—O-Th -̂Gly—PH^Sp—O-NM; 2.1 75 2.7 25 

Table 4. In vitro Pharmacology of SAM-1095 and SAM-995 

The glycopeptides based on this pharmacophore were quite potent, but lacked the 

selectivity of DTLES. The P-D-Glc-L-Ser-glucoside SAM-1095 was compared with its 

non-glycosylated form, SAM-995, and the cyclic disulfide LSZ-1025. Both SAM-1095 

and SAM-995 were 2 nM at the 6-receptor, and -30 nM at the mu-receptor. Additional 

studies have shown that the analgesic effects of SAM-1095 are reversed by centrally 

administered naloxone methiodide.(81,82) Based on these preliminary results, SAM-



544 

1095 appears to be an ideal candidate for further development,(83) perhaps even oral 

delivery, since it has been shown that some glycopeptides display absorption from the gut 

into the bloodstream.(84,85) 

Alternative routes of administration of the glycopeptide were explored. (Figure 

lOa-d) and compared to SAM-995, and morphine. As confirmed by BBB studies, an 

interesting i.v, profile for the glycopeptide was observed,(Figure 10b) which further 

indicated BBB penetration of the glycopeptide, in contrast to the peptide. Surprisingly, 

sub-cutaneous (s.c.) administration of the glycopeptide SAM-1095 provided analgesic 

effects superior to equimolar amounts of morphine (s.c.). (Figure lOd) 



Mean % Antinociception (t S.E.M.) Mean % Antinociception (i 5.E.M.) 

ui 
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Figure 10. Peripheral Administration of Morphine (•), SAM-1095 (S), and 

SAM-995 (•) 

The potent actions of glycopeptide SAM-1095, along with the ability to easily 

synthesize gram quantities of ±e drug, allowed for the assessment of the physical 

dependence liability using an acute model of opiate withdrawal.(86) Administration of 

naloxone (10 mg/kg, i.p.) to mice pretreated 4 hr prior with a 20 X A50 dose (s.c.) of 
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morphine (100 mg/kg) produced a withdrawal syndrome characterized by vertical 

jumping. Using a similar model, naloxone injection precipitated much less jumping in 

mice pretreated (- 4 hr) with a 20 X A50 dose (s.c.) of SAM-1095 (122 mg/kg). The 

morphine dose produced near ma.\imal anti-nociception for 4 hr while S.\M-1095 

produced near maximal analgesia for 2 hr. To address these pharmacokinetic differences, 

a third group of mice received two injections of SAM-1095 (122 mg/kg, s.c., 4 hr and 2 

hr prior to naloxone precipitation) which maintained near maxmial anti-nociception for 

the entire 4 hr pretreatmem time. This group of mice also jumped significantly less than 

the morphine control mice after withdrawal, indicating less physical dependence with 

SAM-1095. 

ifcippwiwa 6inowB*'0» g'lLiniiUKi 
toe Mf/kf *"9  ̂ t22 «9/li9. 

Figure 11. Glycopeptide (SAM 1095) Dependence Studies 

Further studies on the potential side effects of SAM-1095 focused on the affect of 

the glycopeptide on locomotor activity in mice, which is one gauge of psychotropic 

activity in mice. In preliminary studies, SAM 1095 did not produce a significantly 

altered locomotor activity profile, even at super-analgesic doses. In contrast, equivalent 
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doses of morphine induced locomotor hyper-activity and stereotypical circling behavior 

in the mice.(87) 

Opioid Rccciiiar Acoaiai 8  
(>ra) 

MVD 
(•») 

CPI 
(nn) 

IOA5, 
(pn) 

I\-AM 

Morphine 
Q 

NO NO 258 54.7 2.7X 6.30 

MMP-2100 M2^l-Tyr-OThr^-Ph»^Jo-"mr—C-NHj 

9-Glc-O—' 
las 39.8 0.729 24.6 20 NO 

O 
MMP-1995 HjN-^yr-OThr-Gv-PticH.au-'nir—C-<«42 9.7 11.7 Z3 24.5 40 NO 

HO—' 

0 
MMP-2101 MjN-^yrO1hr-Gly-Pti«<Bu-0S«—C-NMj 

^Glc-O—1 

HO—' 

0 
MMP-2101 MjN-^yrO1hr-Gly-Pti«<Bu-0S«—C-NMj 

^Glc-O—1 
S*A 29B 5.40 34.4 20 NO 

0 
MMP-2102 H;N-T>r-0Thr-Gly-PheH.a«hO1hr—t-NH2 

KjIC-O—1 
242 31B Z20 4a9 20 410 

O 
MMP-2120 HjN-Tyr-QThr-Gly-Pha^.au'^— 

g Min—0^^ 
o 

22.9 15.2 3.02 23.3 40 32 

O 
MMP-2120 HjN-Tyr-QThr-Gly-Pha^.au'^— 

g Min—0^^ 
o 

MMP-2200 H2N-ryii«'mr-Gly-PlwH.au.S«r—C-NH2 
EKJCI-O—J 

17.3 40.0 5.72 34.8 20 12 

fr<3l&0—1 0 
MMP-2205 H2N-Tyr-OThf-Gly4*»4.au.S«f-S«f—NM2 

fhGtoO—J 
5.2 40 1.16 54 380 141 

fr<3l&0—1 0 
MMP-2205 H2N-Tyr-OThf-Gly4*»4.au.S«f-S«f—NM2 

fhGtoO—J 

9-Glc-O—^ p 
MMP-2210 H2N—Tyr-DThr-Gly.Ph^i.eo.Sar-Thf— 

0-GleO—1 
11.9 129 1.46 108 120 NO 

p-Glc-O™^ p 
MMP-2215 H2N-TyfOTtir.Gly.PtM^jo-'n>r.sif—<1-NH2 

HSIc-O—1 

7.1 60.3 2.35 161 90 NO 

S-GI&O—1 0 
UMP-2220 H2N--4yr-(jrh»<3)y-Pti*-L«u-'Ihr-Thr--C--W2 

fwac-o—J 
11.9 8&2 322 185 100 NO 

0 
MMP-2300 HjN—Tyr.OThf-Gly.PtiH.Btj-S«r—C—NH2 7.4 20 7.73 71.7 60 10.9 

MMt-O—1 
20 7.73 71.7 60 10.9 

p-GksO—I O 
MMP-2305 H2N-Tyr-OTt<r-Gly-Pti»<jo^^.^«r—C-NHj —Testing in PtogfBM— 220 NO 

fVGlc-O—' I—OHJ-Oc 

Tables. SAM-1095 Analogues 
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SAM-1095 ANALOGUES 

Encouraged by the success of the SAM-1095 studies, further derivatives of this 

compound were prepared. (Table 5) As with the second generation of LSZ-1025 

compoimds. the pharmacophore of the parent drug was kept constant, while the glycoside 

within the address segment was varied. In contrast to the second generation of LSZ-1025 

compounds, glycoside variation focused on the effect of increasing the number of 

attached carbohydrates and the glycosyl-amino acid linkage (serine vs. threonine), rather 

than on the monosaccharide identity. Oligosaccharyl peptides and multiple 

monosaccharyl peptides were synthesized, and more in vivo studies (i.c.v. and i.v.) were 

performed in addition to the mu/delta binding studies and GPI/'MVD fimctional assays. 

When administered i.c.v., all of the glycopeptide drugs in this series were determined to 

be 100-200 times more potent (20-100 pmol/mouse) than morphine (2700 pmol/mouse = 

2.7 nmol/mouse). When six compounds werre administered to mice i.v., the most potent 

acyclic compounds were the original SAM-1095 (55% the potency of morphine) and 

MMP-2200, the P-lactoside (200% the potency of morphine). 

Thus, the lactoside MMP-22C)0 was even more potent than the first glucoside, 

SAM-1095, and had a potency roughly twice that of morphine following i.v. 

administration. Morphine, being a very lipophilic compound, readily crosses the BBB. 

Even though morphine is much less potent i.c.v. than the glycopeptides at the receptor, it 

has much better transport kinetics across the BBB, and produces a good i.v. profile. The 

addition of a disaccharide appears to improve the transport of the peptide to an even 

greater extent than a monosaccharide. Based on the i.v. potency of the disaccharide, we 
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hypothesized that additional glycosylations with a monosaccharide might also enhance 

systemic bioavailability. This hypothesis was tested by synthesizing a number of bis-

glycosylated compounds (MMP-2205 to MMP-2220). Due to a high-degree of structural 

similarity between these compounds, a semi-combinatorial approach to their synthesis 

was used. Houghten's "tea bag" method of simultaneous multiple peptide synthesis was 

the most viable altemative.(88) In this procedure, solid-phase resins with different C-

termini residues were placed in separate, porous polyester bags. The bags are permeable 

to amino acids and coupling agent solutions, but heat-sealed so as not to allow any resin 

beads to escape. Using this method, the four bis-monosaccharides could be synthesized 

in only 11 steps, instead of 36 steps. 

Unfortunately, the bis-monosaccharides did not possess the in vivo potency of the 

other analogues. This leads us to believe that there is some sort of receptor-ligand 

occlusion, possibly due to the large steric bulk imparted by two adjacent glycosylated 

amino acids, and in such close proximity to the message portion. However, this work did 

provide an additional clue to the mechanism of BBB transport. Since earlier work had 

ruled out diffusion and carrier mediated transport, it may be surmised that the glycosides, 

if properly placed, can induce a degree of amphipathicity to the peptide moiety, which 

may promote transport via an endocytotic event, probably adsorptive endocytosis.(89) 

(Figure 8) 
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OTHER GLYCOPEPTIDES 

The enkephalins are not the only analgesic message segment to provide the basis for 

glycopeptide drugs. Opioid peptides isolated from amphibian skin glands carry highly 

potent message segments and provide excellent candidates for transformation into 

glycopeptide analgesia. Specifically, the deltorphins (named for high delta specificity) 

and the dermorphins (named for dermal morphine-like substance) have also been 

identified as ligands for mu-opiate receptors. 

Tomatis has recently synthesized a number of deltorphin and dermorphin-related 

glycopeptides.(90) .As seen in the earlier examples, glycosylation was most effective 

when placed within the address segment portion. Beta-D-glucosyl threonine and tetra-

acetyl-beta-D-glucosyl threonine comprised the glycosyl amino acids, with in vitro and in 

vivo activity of specific analogues observed to be comparable or greater than that of 

morphine. The EDso for the most potent glycopeptide analogue upon i.c.v. administration 

was 1.3 nM, compared to 3.2 nM for morphine i.c.v. Administration produced similarly 

potency compared to morphine (0.53 |iM s.c. glycopeptide vs. 10.9 |iM s.c for 

morphine). Further study of these compounds showed results similar to those previously 

disclosed.(91) 
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OUTLOOK 

Pain is ubiquitous in medical practice, and analgesics are essential tools for any 

clinician.(92) While there has been much research into the application of long-standing 

analgesic drugs, it is surprising that very few, if any new analgesics have come into the 

marketplace in decades. The past 25 years of research with enkephalin peptide analogues 

have generated many potent and selective opiate ligands, which have proved invaluable 

for research in the mechanisms of pain transmission. The use of these ligands as 

pharmaceuticals and not simply as biochemical tools has been advanced by an 

understanding of the factors that govern their stability in serum and in the brain. It seems 

likely that one or more approaches to the problems of administration, transport and 

penetration of the blood-brain barrier will emerge in the years to come. Our prediction is 

that as the pharmacological community becomes aware of the recent advances in this 

field, and gains an appreciation of the potential benefits offered by peptide-based 

analgesics, that the problems associated with the use of peptide and glycopeptide 

analgesics will be solved, and that they will find widespread clinical application. 
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