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ABSTRACT 

The existence of multiple hexameric conformations of insulin has been 

well defined by x-ray crystallography. Insulin conformation within the hexamer 

has been shown to be dependent upon solution conditions, particularly, the 

presence of metal ions, protein concentration, pH and the presence of ligands 

(1). Of particular interest is the induced structural changes in residues PheB1_ 

GlyB8 in the Ts -+ Rs hexameric transition. 

12 

Until recently NMR studies have been of limited value in probing the 

structure and dynamics of the various insulin hexamers due to the aggregation 

affinity of the protein. The determination of conditions under which the 

monomeric unit can be maintained (2,3) is a vital first step in this process. 

Although the hexameric unit is too large for the NMR experiment, a method has 

been developed by which the dynamics of the Ts and Rs hexamers can be 

probed with the limitation that the NMR experiment be conducted on the 

monomer. Comparative analysis of the 1H NMR spectra of human insulin shows 

that in the presence of phenol, the tertiary structuring of the protein is altered as 

evidenced by the decreased rate of amide hydrogen-deuterium exchange. In 

particular, exchange of amide protons in residues of the B chain helix (SerB9_ 

GlyB20) appear to be most signi~cantly affected suggesting a stabilization of this 

helix. The amide exchange rates for amide resonances which exchange on a 



medium to slow time scale, particularly residues LeuA16, AlaB14, LeuB15, TyrB16, 

LeuB17, ValB18, CysB19, GlyB20 and PheB24 are reported herein. 

13 

Efforts to produce an insulin mutant with decreased aggregation affinity 

and hence rapid pharmacologic activity have been moderately successful (4-7). 

One such mutant was produced by transposing two amino acid residues in the B 

chain, LysB28ProB29 insulin. The NMR spectral assignment of this mutant has 

been completed and the dynamics of the protein have been probed analogous to 

the wild type insulin. 
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I. INTRODUCTION 

This dissertation consists primarily of recent work undertaken on the 

dynamics of human insulin and the LysB29 ProB30 mutant. In addition, published 

papers and manuscripts submitted for publication are appended. My contribution 

to each manuscript in terms of the generation of ideas and writing is indicated in 

parenthesis as % effort. One manuscript is a review article detailing recent 

work in NMR spectroscopy on physiologically important proteins, Solving 

Solution Structures of Physiologically Relevant Proteins by NMR Spectroscopy, 

(20%) was published in 1992 in Annual Reviews in Physiology. A primer on 

Magnetic Resonance Imaging for Pharmacists (80%) has recently been 

completed and will be submitted to American Journal of Hospital Pharmacy. 

Completing the appendix is a short article published in Biochimica Biophysica 

Acta (90%) previewing the results presented in this dissertation. Contributions 

from Neil Mackenzie, Paul Gooley, Dave Brems, John Beals and Ammar 

Darkazanli have been invaluable. 

Insulin has been a protein of paramount importance not only 

therapeutically but scientifically since its discovery in 1921. This is illustrated by 

its notoriety as being the first protein to be sequenced (8) and one of the 

foremost examples of proteins fC?r which a structure was determined. In this 

study, the dynamics of the two predominant insulin hexamers will be examined 
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using the technique of amide hydrogen-deuterium exchange. 

Interpretation of this data in terms of the local unfolding model of protein 

dynamics reveals that the Ts hexamer undergoes a local unfolding in the B chain 

helix. In the Rs hexamer however, the B chain helix acts as a single unit 

underscoring the cooperative nature of this hexamer. 

Sequence-specific Nuclear Magnetic Resonance (NMR) spectroscopic 

assignment of an insulin mutant, LysB28ProB29 has been made. Amide hydrogen

deuterium exchange studies were conducted with this mutant analogous to the 

wild type protein. In conditions which would favor Rs hexamer formation, the 

protein shows slowed exchange. The rates of amide exchange from the T sand 

Rs states are similar to those obtained from the wild type insulin. 
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II. PROTEIN DYNAMICS 

The amide unit of a protein (RCONHR') is of fundamental importance to 

biochemistry and chemistry and serves as a useful probe for studying protein 

dynamics. In the presence of deuterium oxide, 0 20, the amide hydrogen atom 

can be replaced by a deuteron (Scheme 1), the rate and extent of which is 

dependent upon the local dynamics. 

R-N-H + 020 ~ R-N-O (Scheme 1) 

Many articles have been written on the subject of amide hydrogen

deuterium exchange (9-11) as well as excellent studies of amide exchange in 

regards to specific research projects (12-17). An exhaustive review will not be 

permitted here, due to space limitations, however an overview of the two 

approaches to explaining protein amide hydrogen-deuterium exchange (solvent 

penetration vs local unfolding), hydrogen exchange mechanisms and a 

presentation of the range of amide exchange values found in the literature is 

presented. 

Hallmark signs of protein infrared (IR) spectroscopy are the amide I band, 

representing carbonyl absorption (1640-1690 cm·1
), and the amide II band, 

representing NH2 or NH bending (-1550-1600 cm-1
). Temporal measurement of 

this latter band at 1550 cm-1 wh~n a protein is dissolved in 020 provides amide 

exchange information. IR spectroscopy allows continuous observation of the 
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exchange reaction although it requires high concentrations of the 

macromolecule. The technique of hydrogen exchange was discovered 

accidentally by Lenormant and Blout (18) who reported the protolysis kinetics of 

N-methylacetamide, (CH3COHNCH3), a model for the RCONHR' subunit in 

peptides. It was shown that the infrared bands near 1550 cm-1 decayed with 

time when the compound was solubilized in deuterium oxide, D20. A major 

drawback to IR spectroscopy of proteins is the inability to assume simple 

proportionality between band intensity (amide II) and the number of amide 

groups contributing, hence its value only as a qualitative tool. 

Amide hydrogen-deuterium exchange in proteins is extremely valuable in 

that individual areas of the protein are investigated simultaneously with little or 

no structural changes. The technique reveals protein conformations which are 

rarely populated in the time average structure or states that cannot be 

distinguished in standard equilibrium experiments, such as circular dichroism, 

fluorescence, ultra-violet spectroscopy and viscosity measurements. Although 

exchange rates may vary with changes in conditions such as temperature and 

pH it should not be assumed that the rate change is a reflection of protein 

denaturation. Changes in the exchange rate of several orders of magnitude can 

be seen even when the protein .is in native form, and fluctuations in 

conformational stability are reflected long before complete denaturation occurs. 
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Variability in exchange rate values is quite large and can vary by 8-10 orders of 

magnitude, from less than a second to more than a year, a few recent examples 

are given in Table 1. 
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TABLE 1. 

AMIDE EXCHANGE RATES REPORTED FOR VARIOUS PROTEINS 

PROTEIN VALUES (min·1) CONDITIONS 

minimum maximum (REFERENCE) 

1. Cytochrome c2 

wild type <1x10·3 >50 30°C, pH 6.0 

Y75F <1x10·3 >50 (14) 

P35A <1x10·3 >50 

2. Chymotrypsin inhibitor 2 

wild type 1.1x10·3 1.4x10-1 25°C, pH 4.2 

Arg-Ala 67 1.8x10-2 7.8x10-1 (16) 

3. Horse cytochrome c 

free 3.3x10-6 0.5 20°C, pH 7.0 

E3 bound 1_7x10-6 0.5 (19) 

C3 bound 1.7x10-6 0.1 

4. Hen egg lysozyme 5.0x10-6 7.7x10-1 30°C, pH 7.5 (20) 

5. BPTI 1.7x10-s 5.3x10-2 35°C, pH 9.8 (21) 

1.6x10-3 1.2x10-1 25°C, pH 9.4 
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Two State Model 

Early theories, known collectively as the two state models, propose that 

proteins exist either as fully folded, functional units or as unfolded random coils. 

Two state theories all have the basic tenet that proteins are solid, inflexible 

moieties. Although the possibility of direct exchange occuring in a manner 

dependent upon solvent penetration has been dismissed by some (9) others 

continue to find credence in the model, at least to a degree (22-24). 

The direct solvent penetration theory (22-25) predicts that the rate of 

exchange is related to the depth of burial of a particular amide within the protein. 

In the unfolded state, all amide protons are equally exposed to solvent and 

hence exchange will occur quickly and in a uniform fashion. When a protein is 

folded, those amide protons on the surface would exchange instantaneously and 

hence not be detectable, while labile protons "inside" the protein matrix would 

exchange on an observable timescale. In a general scheme: 

N - I ~ exchange (1) 

where N is the native state of the protein and I is some form of the protein in 

which solvent is present at the labile proton. Supporting this theory was the 

observation that hydrogen exchange behavior differs dramatically near a melting 

transition than under conditions of greater stability (26). In the presenceof 

destabilizing conditions, exchange rates show a sharp dependence on the 
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perturbants, implying that the entire protein denatures and in this unfolded form 

rapid exchange occurs. In more stabilizing conditions, exchange rates are far 

less sensitive to denaturants, implying that the protein remains intact and that 

solvent must penetrate the protein in order for exchange to occur. 

This theory does not however, explain the variability in the values of 

exchange rates (by several orders of magnitude), nor the observation that 

exchange from the grossly unfolded state yields rates that are nearly identical to 

that in the folded state for some residues. 

Nakanishi (27, 28) proposed a second model termed Mobile Defects, in 

which structural defects, in particular broken hydrogen bonds, move through a 

protein molecule and act to "Iabilize" protons in their path to exchange with 

solvent. The defects can be seen as a small number (4-5) of hydrogen bonds, 

randomly distributed over the molecule, which may be broken at any instant and 

become mobile. These defects are locked into the structure over a long lifetime 

and are not some form of vibrational energy which may dissipate with time. 

The "expansile cavities and channels" theory proposed by Richard (29) is 

the only solvent penetration model which can be quantitated and thus predictions 

can be compared with observed exchange behavior. The model is based on the 

findings of empty space within proteins by x-ray crystallographic structures. The 

protein crystal is represented as a three-dimensional lattice of cubes containing 



both protein atoms and void spaces. Thermal fluctuations allow fusion of void 

spaces causing a channel to be created to the bulk solvent. Penetration of 

solvent through this channel into the protein interior allows exchange to occur 

(Figure 1). 

22 

The basic premise that proteins behave similarly in solution and in crystal 

form is subject to debate. The model is unique however, in its attempt to predict 

internal amide protons available for exchange based on the quantitation of empty 

space in the crystalline structure. 

Local Unfolding Model 

In this model, those amide protons involved in structural featuring are 

protected from exchange while those involved in local unfolding events undergo 

isotopic exchange. As shown in Figure 2, this model still holds with the 

modification that the I state occurs not necessarily because of the presence of 

solvent at the labile hydrogen but due to localized areas of unfolding (Equation 

2). Fluctuations in secondary structural features lead to unprotected labile 

hydrogen atoms which then undergo exchange. Localized unfolding may occur 

in multiple regions within a protein and may involve several intermediate forms, 

such that N = L Na + Nb + Nc ... and I = L Ij + Ik + II.... The rate equations for a 

process involving two N and two I states was detailed by Hvidt (9) (Figure 3): 

In this model, Na and Nb represent two conformations of the protein in 



Y-AXIS SECTION J-IO 23 
I-

5 

-I/) 

X 
<l 10 
I 

>-

15 

Figure 1. The expansile cavity model for penetration-dependent hydrogen-

exchange. Myoglobin was inserted into a cubic lattice of 2.8 A cells, and surface 

cells, labelled 5, were added to close the construction. Cells containing the 

center of at least one peptide amide are labelled N. Empty cells, taken as 

volume defects, are labelled with a number indicating Voroni defect volumes in 

A2. Many defects are connected with neighboring cubes through cube faces, 

edges and surfaces which proceed from the surface into the interior. The 

volume fluctuations allow defects to expand and transiently fuse, creating 

channels for incoming solvent and solvent ions. Relative proximity to nascent 

channels determines the relative hydrogen exchange rate of each peptide amide 

(30). 
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-.~ 1(0) N(D) 

Figure 2. Representation of hydrogen exchange involving local unfolding. 

Starting in a closed state, local unfolding processes allow a protein amide 

hydrogen to exchange followed by refolding of the local unit. The rates of 

opening, closing and intrinsic exchange are governed by their respective 

equilibrium constants (adapted from 30). Where I is the intermediate form, N is 

the native form and the rate constants represent the unfolding, folding, and 

intrinsic exchange processes. These rate constants are also referred to as 

24 
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exchange ..... --

Figure 3. Schematic diagram of multiple native and intermediate states. In the 

native state, N, the amides are inaccessible and non-exchanged. In the I state 

the amides are accessible but st.iII non-exchanged. Irreversible isotopic 

exchange occurs from the I state. 
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which the amide hydrogen is unexchanged and "buried" and Ii and Ik are two 

protein conformations in which the labile hydrogen is unexchanged but 

"exposed" to solvent. In the I conformations, exchange may readily occur with a 

first order rate constant, k3' and conformational transitions between many 

possible N and I states are governed by other rate constants. These rate 

constants are always first order with few exceptions. The exchange of Ij and Ik 

are irreversible due to the large excess of solvent. 

There are 2 assumptions in this model. One is that all N and I forms are 

in rapid mutual equilibrium relative to the rate of exchange of I forms and 

secondly, those I and N conformations not in rapid equilibrium are present only in 

very small concentrations at the start of the experiment. 

The observed overall exchange rate, km is defined as: 

k 
m 

Exchange Mechanisms 

k 
unfolding 

k 
folding + 

k 
Intrinsic 

k 
Intrinsic 

(3) 

In the interpretation of amide exchange data, it is vital to understand the 

mechanism of exchange. Two types have been identified, EX1 and EX2• 

If, by equation 3, kintrinsic »kfolding, then every open state of the protein 
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results in isotopic exchange and: 

km = kunfOlding (4) 

The rate limiting step is the opening of the protein structure (N ~ I) during which, 

every I state undergoes amide exchange. In conditions where this "opening 

limited" mechanism applies, adjacent amide protons will exchange at equivalent 

rates. This type of exchange occurs only in a few cases, particularly at high pH. 

In the case where kintrinSiC «kfo1d,ng' then only a small number of protein 

openings leads to isotopic exchange and km then is defined as: 

km = (kunfoldeikfolded)kintrinsiC (5) 

The rate limiting step is the rate of the exchange reaction and not the rate of 

unfolding. In this "exchange limited" condition, there is no correlation between 

the exchange rate of neighboring protons and the rate of protein fluctuation 

ismasked by kintrinSic' This EX2 process is most commonly observed in proteins. 

The rate of amide hydrogen-deuterium exchange is pH dependent, with a 

minimum at -pH 3. The initial step in the exchange process is both acid and 

base catalyzed (Figure 4). At pH < 3, the reaction is initiated by the protonation 

of the amide with the solvent isotope and the subsequent loss of the original 

hydrogen. At pH > 3, the reaction involves removal of the amide hydrogen by 

either H20 or OH-, followed by replacement of the hydrogen with the solvent 

isotope. The pH dependence of the intrinsic exchange rates of select individual 
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Figure 4. (A) Acid catalysis is initiated by the protonation of the amide nitrogen 

with subsequent loss of the hydrogen atom. (8) The base catalyzed reaction 

begins with loss of the hydrogen atom and subsequent replacement by a 

deuteron. 
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amino acids and a small peptide is given in Figure 5 (31). 

Amide hydrogen-deuterium exchange is an excellent tool for investigation 

of protein dynamics in the folded state. Current interpretation of amide 

exchange data in terms of protein dynamic behavior favor local unfolding over 

solvent penetration models, however the role of solvent penetration should not 

be dismissed. It appears more likely that local unfolding dynamics predominate 

amide exchange behavior while solvent penetration plays a lesser role. 
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Figure 5. The effect of pH on th~ rate of exchange for a select number of amino 

acids and for a short peptide segment (31). 
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III. PARENTERAL PHARMACEUTICAL PREPARATIONS 

The process of converting a drug into a drug product is not an easy task. 

Considerations must be made not only for the chemical characteristics of the 

drug, i.e. pKa, chemical stability and solubility, but also for factors such as the 

route of administration, shelf life and patient acceptability (32-35). Recent 

advances in recombinant DNA technology have greatly increased the number of 

proteins available as pharmaceutical agents, a list of which is provided in Table 

2. 

Proteins are poorly absorbed from the gastrointestinal tract and are 

usually given parenterally, although nasal and dermal routes of administration 

are gaining popularity. Parenteral routes of administration includes intravenous, 

subcutaneous, intramuscular, intraarticular, intrathecal, epidural and intracardiac 

routes. Intravenous preparations are most common although the other available 

sites of administration play an important role in specific situations. The 

circulating half-lives of proteins tends to be very short thus necessitating 

repeated administration and the need to develop formulations which may slow 

drug absorption. 

In the manufacture of parenteral medications, primary importance must be 

on ensuring physiologic tolerance to the direct introduction of foreign materials 

into the body tissues and fluids. These factors include sterility, drug solubility, 
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TABLE 2. 

PROTEINS AND PEPTIDES USED AS THERAPEUTIC AGENTS 

DRUG INDICATION(S) REFERENCE 

1. a-interferon hairy cell leukemia, 

chondylomata acuminata 

chronic hepatitis B 

chronic hepatitis Non AlNon B 

AIDS related Kaposi's sarcoma 

2. p-interferon multiple sclerosis 

3. v-interferon hepatitis C 36 

4. granulocyte- to decrease the incidence 37 

colony stimulating of infection in febrile 

factor neutropenic patients 

5. granulocyte to decrease the incidence 

macrophage of infection in febrile 

colony stimulating neutropenic patients 

factor 

6. interleukin AIDS and multiple myeloma 38-43 
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TABLE 2 - Continued. 

DRUG INDICATION(S) REFERENCE 

7. cyclosporin prevention of allograft 44-49 

rejection 

8. muromonab-CD3 prevention and treatment 

of allograft rejection 

9. somatropin treatment of children with 50,51 

growth failure 

10. gonadorelin, evaluation of anterior 52,53 

histerelin pituitary-gonadotropic function 

nafarelin central precocious puberty 

goserelin endometriosis 

leuprolide prostate cancer 

11. oxytocin induction and support of labor 54 

12. vasopressin syndrome of inappropriate 55-57 

desmopressin anti-diuretic hormone release 
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TABLE 2 - Continued. 

DRUG INDICATION(S) REFERENCE 

13. urokinase acute myocardial infarction 58-62 

streptokinase pulmonary embolism 

altelase deep venous thrombosis 

anistreplase 

14. o1-proteinase inhibitor o1-proteinase deficiency 

15. calcitonin Paget's disease of bone 63,64 

16. chorionic prepubertal cryptorchidism 65,66 

gonadotropin hypogonadotropic hypogonadism 

induction of ovulation 

17. digoxin antibody digitalis overdose 67-69 

18. epoietin anemia associated with chronic 

renal failure and zidovudine 

therapy 

19. glucagon hypoglycemia, diagnostic aid 70,71 

20. insulin insulin-dependent diabetes 72-77 

21. menotropin induction of ovulation 

indu'?tion of spermatogenesis 



TABLE 2 - Continued. 

DRUG 

22. octreotide 

INDICATION(S) 

carinoid tumors, vasoactive 

intestinal peptide tumors 

REFERENCE 

78,79 
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pH and tonicity. Excipients frequently employed in the formulation of solid 

dosage forms such as flavors, colors, binders and glidants are not needed. A list 

of selected protein pharmaceutical products and their excipients are provided in 

Table 3. 

An aqueous vehicle for drug delivery is ideal however, the poor water 

solubility of some drugs requires the use of organic cosolvents. Caution must be 

exercised however as these solvents are poorly tolerated, often necessitating 

prolonged administration times. An example is intravenous phenytoin, which 

must be delivered slowly, rapid injection may lead to cardiovascular collapse due 

to the cosolvent, propylene glycol. 

Administration volume may also be a consideration particularly for 

subcutaneous and intramuscular routes. No more than 1 ml should be delivered 

subcutaneously at anyone time and 2-5 ml intramuscularly (34,35). Drugs with 

low water solubility may not be suitable for these dosage forms. 

The viscosity of the final product must be such that the agent will flow at a 

reasonable rate through IV tubing, pumps and syringes. Not only are highly 

viscous preparations unpopular but may be unacceptable due to an inability to 

deliver the agent by traditional means. Blood pH is 7.4 with limited buffering 

capability. Medications which deviate to either extreme are more likely to result 

in irritation and phlebitis. The pH of the body fluid, tissue or cavity into which the 
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TABLE 3. 

SELECT PROTEIN PHARMACEUTICALS AND THEIR EXCIPIENTS 

DRUG EXCIPIENTS 

1. interferon-alpha 2b 

2. granulocyte-colony 

stimulating factor 

3. gonadorelin 

4. epoietin 

5. desmopressin 

6. urokinase 

7. streptokinase 

8. calcitonin 

9. glucagon 

10. insulin 

11 . octreotide 

12. digoxin antibody 

glycine, and human albumin 

mannitol, Tween® 80 

D,L lactic and glycolic acid copolymer impregnated 

with drug 

albumin, citric acid, sodium chloride, 

chlorbutanol 

gelatin, mannitol, sodium chloride, sodium phosphate 

"cross-linked gelatin polypeptides", L-glutamate, 

albumin 

phenol, sodium acetate 

glycerin, phenol 

methylparaben, cresol, phenol 

acetic acid, sodium chloride 

sorbitol, sodium chloride 
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drug is to be administered needs to be considered in each instance. 

For example, intramuscular preparations, once administered, are in 

prolonged contact with the tissue. Chlordiazepoxide, pKa 4.6, when injected 

intramuscularly, precipitates. The drug redissolves slowly and erratically into the 

blood long after administration. In this case, the slow release of drug is not 

desired due to the nature of the drug and its inherently long half-life, 8-20 hours. 

Depot preparations of maintenance medications however have been successful. 

Haloperidol, pKa 8.2, is poorly soluble in water but using an apolar vehicle 

(decanoate salt in sesame oil) allows the drug to be absorbed slowly over the 

course of several weeks. 

Protein aggregation is not generally a primary consideration, an important 

exception however, is insulin. Prolonging insulin action was first achieved by 

Hagedorn (80) by combining insulin with basic groups so that the combination 

might have an iso-electric point close to the pH of the tissue. Combinations with 

kyrin, histones, globins and protamines were all tried, with protamine being the 

most successful. Protamine insulins were used for many years but were 

discontinued in 1991 (81). From this initial formulation, insulin's ability to exist in 

multiple aggregated forms has been exploited to provide a subcutaneous depot 

that dissociates slowly to release the active monomer. Zinc and protamine have 

been used to control aggregation and to take advantage of this property. Insulin 



preparations are categorized according to their time to onset and duration of 

action which is controlled by the solubility and aggregation level of the protein. 

Table 4 presents some pharmacokinetic parameters of some insulin products. 

Of paramount importance for all parenteral dosage forms is sterility. Direct 

introduction of medication into blood and body fluids bypasses the primary 

immunological defenses of the body which is the skin. Manufacturers must 

ensure sterility of their product not only at the time of manufacture, but in the 

case of multiple-use vials, for the lifetime of the product. A number of phenolic 

compounds are approved by the Food and Drug Administration as 

antimicrobials. For example, concentrations of 0.065% phenol and 0.16% m

cresol respectively are used in NPH™ (neutral QH Hagedorn) insulin (82). 
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Until recently it was presumed that excipients had little effect on protein 

structure. The discovery of a conformational change in the insulin hexamer 

induced by the presence of phenol has challenged that assumption and raised 

the question as to the effects excipients may have on the activity of 

pharmaceutical protein preparations. Thus the ability to identify and quantitate 

the stabilizing effects of excipient-induced conformational changes in insulin are 

of profound interest to the pharmaceutical industry and the development of 

protein pharmaceuticals. 
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Table 4. 

Pharmacokinetics and Compatibility of Various Insulins 

Insulin Preparations Onset Peak Duration Compatible 
(hrs) (hrs) (hrs) mixed with 

Rapid-Acting 

Insulin Injection (Regular) 1/2 to 1 6to 8 All 

Prompt Insulin Zinc Suspension 
(Semllente) 

1 to 1-1/2 5 to 10 12 to 16 Lente 

Intermediate-Acting 

Isophane Insulin Suspension 
(NPH) 

1 to 1-1/2 4to 12 24 Regular 

Insulin Zinc Suspension (Lente) 1 to 2-1/2 7 to 15 24 Regular 
semilente 

Long-Acting 

Protamine Zinc Insulin 4t08 14to 24 36 Regular 
Suspension 
(PZI) 

Extended Insulin Zinc Suspension 4t08 10to 30 >36 Regular, 
(Ultralente) semllente 
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IV. NATIVE INSULIN 

The IImagic secretionll of the pancreas was discovered in 1920 by Drs. 

Banting and Best. For their years of arduous work, the 1923 Nobel Prize was 

awarded to Dr. Banting and Dr. Macleod, an administrator at the University of 

Toronto. The Prize was then shared with Dr. Best and Dr. Collip, a biochemist 

who performed the chemical isolation of insulin (83). Insulin has been a protein 

of immense interest since that time, and for its size and seemingly simplistic 

structure, is a labyrinth not yet mastered. 

Biosynthesis 

The biosynthesis of insulin is an extremely complicated process involving 

a number of precursors prior to its release from the ~-cells of the pancreas. In 

the endoplasmic reticulum (ER), the protein exists in the preproinsulin form 

(Figure 6) (84). A signal peptide of 24 amino acids is attached to the N-terminus 

of the B chain and a C peptide links the N-terminus of the A chain to the C

terminus of the B chain. 

Preproinsulin is rapidly cleaved to form proinsulin, insulin with the C 

peptide, which is released into the cisternal spaces. Native disulfide bonds are 

formed and the protein is transported to the Golgi apparatus where it is 

packaged in granules with proh~rmone converting enzyme. The hexamer is fully 

formed with the C-peptide occupying the surface of the hexamer (Figure 7). In 



Figure 6. Schematic structure of human preproinsulin. Removal of the first 24 

amino acids (signal peptide) yields proinsulin. Cleavage of the C peptide, 

between GlyA1 and ThrB30 gives rise to insulin. Amino acid residues are 

designated by their single letter amino acid code (84). 
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Figure 7. Arrangement of the C peptide about the insulin hexamer. Residues 

GlyA1 and ThrB30 are labelled (85). 
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the granules, the C peptide is cleaved and insulin is ready for release. Dilution in 

the blood stream allows dissociation to the active monomeric unit (86). The 

complex biosynthetic pathway required for the ultimate production of this protein 

is unique with control of the monomeric structure being dictated largely by the 

proinsulin precursor. In the monomeric form, spontaneous refolding of insulin 

will not occur once the native disulfide bonds have been broken or reshuffled 

(87). This lability is most likely necessary for control of the hormone action once 

released. 

Monomer 

The insulin protein consists of 2 chains, A (acidic) and 8 (basic). The A 

chain has 21 amino acids while the 8 chain has 30 amino acids with three 

disulfide bonds present (Figure 8). Insulin amino acid positions are denoted by 

the standard three-letter amino acid code followed in superscript by its location in 

the A or 8 chain sequence position. Two disulfides join the A and 8 strand from 

CysA7 to CysB7 and from CysA20 to CysB19, An intrastrand bond is present from 

CysAS to CysA11 which acts to stabilize the folding of the A chain. In addition, 

hydrogen bonds from TyrA19 to GlyA1 and from TyrA14 to GlnA5 also act to stabilize 

the A chain structure around which the 8 chain is loosely organized. 

Amino acid composition is given in Table 5. The protein contains 23 polar 

residues all of which lie on the surface of the protein, except GluB13 (85). There 
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A chain 

Bchain 

Figure 8. Primary structure of human insulin with disulfide bonds shown. 
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Table 5. Amino acid composition of human insulin 

Ala 1 Gly 4 Pro 1 

Arg 1 His 2 Ser 3 

Asp 0 lie 2 Thr 3 

Asn 3 Leu 6 Tyr 4 

Cys 6 Lys 1 Trp 0 

Glu 4 Met 0 Val 4 

Gin 3 Phe 3 
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are 7 aromatic residues, 3 of which are juxtaposed in the 8 chain J3-sheet 

(PheB24, PheB25 and TyrB26). These 4 residues are important in the dimerization 

of the protein as discussed later. Tryptophan, aspartate and methionine 

residues are all lacking, only one proline residue is present. The two histidine 

residues are found in the 8 chain and play an important role in ligand 

coordination as presented shortly. AsnA21 , which appears to be essential for 

activity (88, 89) sits on the surface of the protein and may be another mechanism 

of control of the protein action. Deamidation of this residue in vitro poses a 

considerable challenge to pharmaceutical scientists, the process being 

moderated by formulation pH and storage temperature (1). 

Homology among human, bovine and porcine species is quite close as 

shown in Table 6. Prior to 1982 (90, 91), only bovine and porcine source 

products were available. Use of these products often stimulated immunogenic 

reactions to these foreign proteins resulting in lipohypertropy and lipoatrophy. 

Human insulin derived from recombinant DNA techniques or via enzymatic 

conversion of the porcine species is now widely available. 

The monomer exhibits in its A chain a helix (GlyA1_ ThrAB)-turn (SerA9-

serA12)-helix (LeuA13_AsnA21) motif, while the 8 chain had an extended 

conformation in residues PheB1~GlyBB, a helix in residues SerB9_CysB19, a sharp 

turn in residues GlyB2°_GlyB23, J3-sheet in residues ArgB22_ThrB27 with residues 
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Table 6. Homology of insulin from bovine, porcine and human sources. 

Insulin Amino Acids 

Source A-Chain B-Chain 

Position 8 Position 10 Position 30 

Beef Alanine Valine Alanine 

Pork Threonine Isoleucine Alanine 

Human Threonine Isoleucine Threonine 
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PheB25 ring from one molecule is directed toward the dimer interface while the 

equivalent residue in the second molecule is displaced towards the surface near 

ProB28_ThrB30 having extended conformation (Figure 9). Again the A chain is 

stabilized by an intrastrand disulfide bond as well as two hydrogen bonds, the B 

chain arranged about this restrained A chain structure. There are three turns of 

the B chain ex-helix which is slightly opened at the ends (85) stabilized by a 

disulfide on each end (CysB7 and CysB19). 

Dimer 

Insulin has a significant propensity to aggregate. The protein forms 

dimers, tetramers and hexamers and higher order aggregates depending on the 

protein concentration, pH, ionic strength and the presence of metal ions, 

particularly zinc (1) (Figure 10). The isoelectric point is from - 4.5 to 6.5 

depending on solution conditions. 

Formation of dimeric units is through non-covalent interactions of adjacent 

strands of the B chain ~-sheets with a dissociation constant of -10.5 M (86, 92). 

The juxtaposition of PheB24, PheB25 and TyrB26 are critical to this interaction. 

Figure 11 shows the paired C-terminus ends of the B chains in a dimer. Four 

hydrogen bonds are arranged as a ~-sheet between the two antiparallel strands 

of the B chain. The two molecul~s are brought close together as distances from 

TyrB26 to PheB24 range from 2.8 to 3.2 A (85). The two PheB24 and two TyrB26 side 
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Figure 9. Ribbon diagram of the insulin monomer. Disulfide bonds are shown as 

lightning bolts (2). 
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insulin. The shaded area represented the insulin precipitation zone (1). 
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Figure 11. View of the paired N-terminus end of B chains in the porcine insulin 

dimer. TyrB26 is buried inside the interface. The approximate two-fold axis is 

marked by x (85). 
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chains form a well defined cluster at the center of the interacting surfaces. This 

small variation in aromatic side chain orientation gives rise to a near two-fold 

symmetry axis. Oimerization also brings the two GluB13 side chains in close 

proximity which repel each other and has been the focus of other researchers 

attempts to create a monomeric insulin. The importance of the B chain ~-sheet 

to dimerization is underscored by the behavior of despentapeptide insulin (OPI), 

an insulin mutant with residues TyrB2S_ThrB30 removed. This mutation abolishes 

dimerization activity while retaining pharmacologic activity (93,94). Removal of 

these residues has little effect on the structure of the A chain or on the B chain 

from residues HisB5_PheB24 (95). 

Ts Hexamer 

Many insulin hexamer crystals have been characterized over the years; 

however, three crystals are becoming prominent in the understanding of insulin 

allosterism. The assembled hexameric unit is quite large, 3.5 nm by 5 nm, each 

zinc atom sitting 8.9 A from the symmetry axis, shown schematically in Figure 12. 

Early reports named the crystals according to the analytical ratio of the zinc 

ions to the insulin hexamer. More recently, the T and R nomenclature of Monod 

(96) was applied by Kaarsholm (97) and Brader (98) in order to emphasize the 

allosteric conformational properties of the hexamer. 

In 1969 (99) an insulin hexamer structure was characterized to 1.9 A 
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Figure 12. Schematic diagram of the insulin hexamer assembled about two zinc 

atoms. 
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resolution with an overall temperature factor of 23.5 A2 (100). In this crystal, 6 

insulin monomers were assembled about 2 zinc ions which lie on a 3 fold axis of 

symmetry (Figure 13). Perpendicular to this axis is an approximate non

crystallographic two-fold axis of symmetry. Originally termed the 2 Zn insulin 

crystal it is now referred to as the Ts hexamer. In the space filling model viewed 

down the threefold axis, residues PheB1_GlyB8 (shown in green) are in extended 

conformation. Remaining residues of the B chain and the entire A chain are 

shown in yellow. The hexamer itself is loosely compact with small channels (-10 

A) running the length of the hexamer (85). Each zinc atom is coordinated to the 

imadazole rings of HisB10 and three water molecules in octahedral coordination 

(Figure 14). 

T 3R3 Hexamer 

Another important insulin crystal was characterized which was termed the 

4 Zn hexamer which contains 4 zinc ions per hexamer (101,102). This hexamer, 

now referred to as T 3R3' is obtained when chloride concentration is 6% or 

greater. Structurally, the 4 Zn hexamer is very similar to the 2 Zn (Ts) hexamer 

with changes seen in the N-terminus of the B chain in one half the crystal. 

Again, the hexamer is organized about 2 zinc atoms on the threefold axis. 

Viewing the hexamer as a dim~r of trimers, one trimer has an additional 3 zinc 

atoms coordinated at an off-axial HisB5 side chain. Residues PheB1_SerB9 of this 
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Figure 13. Space filling model of the Ts hexamer viewed from one of the axial 

zinc coordination sites. The atoms in green are the PheB1_GlyBB stretch, red are 

water molecules and the insulin histidine rings that coordinate the zinc atoms are 

blue (figure courtesy of Eli Lilly Company, Indianapolis, IN). 
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(A) T .. State 

Figure 14. View of three monomers about the three-fold axis showing the 

arrangement of HisB10 side chains about the zinc atom. 
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trimer exhibit helical conformation extending the helix from residues PheB1 _GlyB20. 

The remaining trimer retains an extended conformation in residues PheB1-SerB9
• 

The conformational change is very large, the PheB1 Ca shifting by > 25 A (101, 

103) (Figure 15). X-ray crystal temperature factor for Co PheB1 in the Ts 

structure is 24.30 A2 (104). 

Zinc coordination geometry differs between the two trimers as well, one 

trimer retaining the octahedral coordination seen in the Ts hexamer. In the 

"transformed" trimer, the HisBl0 side chain exists in two orientations, coordination 

to the axial zinc ion being -70% occupied (103). The remaining 30% is turned 

outward and is coordinated with the off-axial zinc atom also coordinating with 

HisBs. The axial zinc atom is coordinated by one orientation of the HisBl0 side 

chains and a chloride ion. Water has been expelled from this site as a result of 

the rearrangement of the N-terminus of the B chain, which brings the LeuBS side 

chain in close proximity such that there is no room for off-axial water molecules. 

Thus zinc coordination is shifted from an octahedral to tetrahedral geometry 

(Figure 16). 

R6 Hexamer 

More recently a phenol-induced conformation, termed the Rs hexamer, 

was described (105-108) (Figure 17). In this conformer, residue PheB1 _GlyB20 are 

in helical conformation in all six monomers of the hexamer (Figure 18). In the Rs 
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Figure 15. The 8 chain of the insulin monomer in the T (thin line) and R (bold 

line) state. The C a of PheB1 moves> 25A (103). Overall temperature factor for 

this crystal has been calculated .to be 47 A2 (108). 
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Figure 16. Zinc coordination as viewed down the 3 fold axis in the T3R3 
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structure. Occupation factors ~f partially occupied atoms shown in parentheses 

(103). 



Figure 17. Space filling model of the Rs hexamer. The green atoms are the 

PheB1 _GlyB8 stretch, blue atoms are the HisB10 side chains coordinating the zinc 

atom. The yellow atom is a chloride ion which coordinates to one of the zinc 

atoms in this structure (figure courtesy of Eli Lilly Company, Indianapolis, IN). 
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Figure 18. Schematic representation of the assembly of two trimers (upper two 

panels) in the assembly of the Ts, T3R3 and Rs hexamers (bottom panel). Viewed 

down the three-fold axis, the side chains of HisBS and HisB10 are shown, 

Residues PheB1_GlyB8 are shown in bold. Off axial zinc atoms in the T3R3 

hexamer and phenol molecules in the Rs hexamer are labelled. The relative 

compactness of the protein about the zinc atom in the Rs hexamer over the Ts 

hexamer can be easily seen. 
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structure, the excipient molecule is hydrogen bonded to the CysAS carbonyl 

oxygen and CysA11 amide nitrogen (109) (Figure 19). The R-state is more 

compact, less flexible, and the zinc exchange is retarded compared to the T

state (97). In addition, the R-state of insulin has been shown to be chemically 

more stable (110). Again, during the T -+- R transition, not only do the zinc ions 

become more deeply buried and less accessible to solvent but coordination 

geometry again changes from octahedral to tetrahedral (Figure 20). This shift 

from octahedral to tetrahedral coordination can be observed spectroscopically 

using cobalt(lI) insulin. Electronic absorption spectroscopy and CD (111) have 

both demonstrated the ability of phenol to promote structural changes in insulin

metal hexamers. It has been shown that the binding of phenol in zinc insulin is 

an enthalpy driven reaction while the binding of zinc to insulin is an entropy 

driven reaction (112). 

T -+- R Transition 

Conformational changes which occur during the T -+- R transition have 

been studied by a number of spectroscopic probes. Roy and coworkers (77) 

have induced the T -+- R transition in cobalt and zinc insulin by the addition of 

phenolic compounds and anions such as SCN", I", Sr, and CI". The time course 

for the phenolic structural transi.tion is biphasic with an initial fast phase and a 

slower second phase. 19F NMR experiments followed the titration of the insulin-



Figure 19. Trimer of insulin with the N-terminus of the B chain shown in bold. 

Electron density of phenol molecules is shown (109). 
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Figure 20. As in Figure 14, The arrangement of a trimer about the zinc atom. 

HisB10 and HisB5 side chains and phenol molecules (P) are shown. Arrangement 

of HisB10 and ligand (L) gives rise to constrained tetrahedral coordination 

geometry of zinc. 



zinc hexamer with m-trifluorocresol. The CF3 singlet broadens and shifts 

downfield upon increasing concentration indicating rapid to intermediate 

exchange, on the NMR time scale, between the protein and small molecule. 
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Wollmer (106), Thomas (113) and Kruger (114) have studied the 

coopertivity of the T -.. R transition in both cobalt and zinc insulin upon the 

addition of phenolic compounds. In terms of association behavior, the hexamer 

may be best viewed as a trimer of dimers, however the structural transition in the 

B chain is best described by a dimer of trimers. Upon the addition of m-cresol or 

phenol, one set of trimers is converted to the R state followed in a cooperative 

process by the second trimer. The transition follows a T s -.. T 3R3 -.. Rs 

pathway. In related work, Gross and Dunn (115) have demonstrated a transient 

intermediate in the T -.. R transition using rapid scanning stopped flow UV-visible 

spectroscopic studies. 

The T -.. R structural changes are not limited to the native protein but have 

also been found to be accommodated by other insulin molecules. Porcine 

insulin, proinsulin and mini-proinsulin [an inactive insulin with a peptide bond 

between the N terminus of the A chain (GlyA1) and the C terminus of the B chain 

(AlaB30)] undergo a T -.. R transition in solution (97). In addition, a LysB29_GlyA1 

peptide linked insulin molecule ~ave demonstrated the adoption of T and R 

structures in the solid state (116). The GluB13 mutant also forms complexes with 
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Zn2+, Ca2+, Cd2+, and Pb 2+ (117) and forms T and R hexamers (118). 

Due to the structural similarity of phenol and tyrosine and the induced 

conformational change in the N-terminus of the B chain it has been postulated 

that a tyrosine residue in the insulin receptor is inducing increased helix in the 

protein in the course of generating a signal after hormone binding (109). The Rs 

hexamer has implications for understanding the protein/receptor interaction. 

Furthermore, it has been hypothesized that a tyrosine residue in the insulin 

receptor may stabilize this induced helix during signal generation (106). The 

implications of this protein/excipient interaction are far reaching and include not 

only formulation considerations but protein/receptor binding and drug absorption. 

While investigation of such interactions is necessary for understanding a 

products solution behavior it should be borne in mind that excipient interaction 

may be an avenue for exploitation of useful pharmacologic and pharmacokinetic 

characteristics. 



v. AMIDE EXCHANGE OF INSULIN 

Methodology 
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Nuclear magnetic resonance spectroscopy studies require insulin in the 

monomeric state, presenting a considerable challenge given the proteins 

propensity to aggregate. Incorporation of organic solvent has proved useful in 

decreasing insulin association (119, 120). A recent report by Kline and Justice 

(2) incorporated 35% acetonitrile as an organic cosolvent to disrupt aggregation 

at millimolar concentrations. Hua and Weiss (3) have subsequently assigned 

native human insulin using 20% acetic acid as the organic cosolvent. In addition 

many hydrogen resonances in des-pentapeptide insulin (an insulin mutant with 

residues TyrB2s_ThrB30 removed) have been assigned (72-74). These works have 

expanded the array of NMR studies available for probing insulin dynamics and 

structure. 

In order to study the amide exchange rates of the insulin hexamers with 

the provision that NMR spectral acquisition be of the monomer, the following 

method was developed in this laboratory. Human insulin was solubilized in 

conditions to induce the formation of Ts and Rs hexamers (Figure 21) and then 

aliquots of these hexamer containing solutions were diluted with deuterated 

solutions mimicking formulation conditions and allowed to exchange for varying 

periods of time. The amide exchange reaction was then quenched and 
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Diluent Diluent 

D20 °2° 
Tris buffer 

Tris buffer 

Phenol 

12.85 mI 2.85 mI 1 
Protdnstod 

to<1 
Prot.e1n Stock 

Insulin .150 ml .150 ml Insulin 
ZInc ~ ~ .. ZInc 
Tris buffer 0·H

-.. 

Tris buffer 
Phenol 

T6 hexamer R6hexamer 

Figure 21. Experimental procedure for creation of T6 and R6 hexamers. 



excipients were separated from insulin by column chromatography. Samples 

were frozen, lyophilized and stored until NMR analysis (Figure 22). 
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This methodology of pulse labelling is somewhat similar to that previously 

described by Hua and coworkers (121) used to understand the insulin dimer 

interactions. Utilizing this methodology one can monitor the effect of the 

hexameric structure on the amide exchange rate with the constraint of NMR 

spectral acquisition of the monomer. The monomer will have the "memory" of 

the hexamer conferred by the pulse labelling with deuterium. Although the 

experimental steps are lengthy, the two experimental sets are treated identically 

and thus serve as controls for each other. Analysis of amide exchange by 2D 

NMR is precluded by the fact that the hexameric form cannot be followed by 

NMR and the exchange which would be followed by acquisition of 2D spectra 

would more accurately reflect exchange of the insulin monomer and not of the 

hexamer. 

Experimental 

Zinc free recombinant derived human insulin was obtained from Eli Lilly 

(lot number 214JK1). Deuterium oxide (99.9%), deuterated acetonitrile (99.96%) 

and trifluoroacetic acid were obtained from Cambridge Isotopes and used 

without further purification. 

Human insulin was solubilized in Tris buffer and water in the presence of 



r::::\.. JI. 
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Add quench (pH 3.0) 

Separation through Sephadex column 

Iyophillze 

• 

Reconstitute in 650/0/35% deuterium oxide/acetonitrile 

pH -3.0 

NMR 

Figure 22. Experimental procedure for obtaining pulse labelling of Ts and Rs 

hexamers for obtaining NMR spectroscopic data and hence amide exchange 

information. 
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zinc, in the absence or presence of phenol to induce the formation of the Ts and 

Rs hexamers respectively. Aliquots of these hexamer containing solutions were 

diluted with solutions of deuterium oxide, Tris buffer at pH 8, and 50 mM phenol, 

if present, in order to mimick formulation conditions and allowed to exchange for 

varying periods of time. Insulin concentration during exchange is 1.5 mg/ml, 

which maintains the hexameric unit. Phenol concentration was maintained at 

approximately twice that allowed commercially, 50 mM. 

After exchange, the amide exchange reaction was then quenched by 

lowering the pH to 3.0 (10). The excipients were separated from insulin using a 

Sephadex G-25M column at 4°C using 0.1 M acetic acid as eluant, the sample 

was frozen and lyophilized. The time from sample quench to freezing for all 

samples was 12 minutes. 

To prepare for NMR analysis, samples were reconsituted in 0 20 (65%), 

deuterated acetonitrile (35%) and a small amount of trifluoroacetic acid to adjust 

the pH to 3.20 ± 0.02 (pH meter reading) as established by Kline and Justice (2). 

Following solubilization, the samples were placed in the spectrometer and 

shimmed. The time from sample reconstitution to data acquisition was 

maintained at 12 minutes for all samples. 

All NMR experiments were carried out on a Bruker AM500 spectrometer 

equipped with a ASPECT 2000 process controller. The probe temperature was 
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maintained at 27°C, and the sample tubes were not spun. Chemical shift values 

were referenced to TSP, indirectly. Spectra were acquired using a water 

presaturation pulse with spectral width of 5000 Hz with an acquisition time of 16 

min (264 scans plus 4 dummy scans). 

Spectra were processed on a Bruker x32 work station using UNIXNMR 

software (Bruker Instruments, Inc). Prior to Fourier transformation the data were 

multiplied by 0.5 Hz line broadening. Peak areas were calculated using UNIX 

spectral deconvolution program. Rate constants were calculated by exponential 

least-square analysis of plots of I = Aoe·kmt, for first order kinetics, where I is the 

measured peak area, Ao is the initial peak area, km is the exchange rate constant 

(min-1
) and t is time (min). 

Double quantum filter (OQF)-COSY (122), NOESY (123) and TOCSY 

(124, 125) were collected as previously described. The probe temperature was 

maintained at 27°C and samples were not spun. Chemical shift values were 

referenced to deuterated TSP indirectly. Water resonance presaturation was 

conducted by using continuous irradiation during the relaxation period. Phase

sensitive Fourier transformations were used for the NOESY experiment. Data 

were processed on a Silicon Graphics with Felix software (Hare Research). 

Spectral matricies were always 1024 complex points in CJ)1; 2048 in CJ)2. The data 

matrix was zero-filled to 4096 complex points. Mixing time for NOESY 



experiments was 200 milliseconds, for TOCSY experiments, 60 and 40 

milliseconds for wild type insulin and LysB28ProB29 insulin respectively. 
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In order to ascertain that the amide exchange rates were indeed affected 

by formulation conditions, the amide exchange rates for monomeric wild type 

and LysB28ProB29 insulin were determined by solubilizing the protein in 65/35 

deuterium oxide/acetonitrile at pH -3.6 to maintain the monomer. The sample 

was placed in the spectrometer and a series of 10 ' H spectra were acquired 

over 24 hours. This series of spectra then provided the amide hydrogen

deuterium exchange rates for both proteins in the monomeric form. 

To rule out the possibility that formation of hexameric units in itself was 

responsible for the differences in amide exchange rates, an experiment related 

to the one above was conducted. Both T6 and R6 hexamers of wild type and 

LysB28ProB29 insulin were created and exposed to deuterated formulation for zero

time. The samples were subject to column chromotography, freezing and 

lyophilizing as previously described. Each of these 4 samples was then 

reconstituted in monomeric conditions (65/35 deuterium oxide/acetonitrile) and a 

series of 10 'H spectra acquired over 24 hours. 

These 10 experiments used water presaturation pulse sequence with 264 

scans and a delay between experiments of 44 minutes. Spectral width was 5000 

Hz. Peak resonance deconvolution and area calculations were attained as 



described above. 

Assignment 
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Assignment of proton resonances was made by standard techniques (31). 

The so called "fingerprint" region (NH-Ca) of the OQF-COSY is shown in Figure 

23. Fourty of the 48 possible NH-Ca crosspeaks in insulin are present, no 

cross peaks will be seen for the N-terminal residues and for ProB28. Missing are 

the NH-Ca crosspeaks from CysA11, AsnA18, TyrA1S, GlnB4, LeuBS, SerBS, LeuB11 and 

Va1 B1.20ne side chain NeH from ArgB2?s identified in Figure 23. 

The TOCSY experiment provided excellent resolution of the spin systems 

as shown in Figure 24. Spin systems of residues GlyB8, CysB1S, CysAS, AsnB3, 

LeuA1S, ThrB27, CysA20 and SerAs were easily distinguished. The remaining 43 

spin systems were identified upon analyzing the NOESY spectra. 

In the downfield region of the NOESY spectra (Figure 25) are the dNN 

connectivities from the a-helix of the B chain, AlaB14_LeuB15, LeuB15_ TyrB1S, TyrB16_ 

LeuB17, LeuB17_VaIB18, VaIB18_CysB1S, CysB1S_GlyB20. The NOE pattern can also be 

followed for residues GlnB4_GlyB8 and SerBs_GluB13 (not shown). Overlap of 

crosspeaks for GlyB23_ThrB27 were deduced by examination of other spectra. 

Five daN crosspeaks were found for the A chain from residues LeuA13_ 

LeuA1S (data not shown). Exend.ed structure is indicated for the B chain as a 

series of NOEs are seen from residues TyrB16_ PheB24. Smaller segments are 
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Figure 23. Fingerprint region of a DQF-COSY spectrum of human insulin at 
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axis) from 5.19 to 2.78 ppm and for w2 (horizontal axis) from 9.15 to 6.25 ppm. 
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seen for residues PheB1 _GluA4, CysA7_lJeA10 and CysA11_LeuA13. 

In general, the NOE. pattern is similar to that identified by Kline and 

Justice (2). As stated by these scientitsts, the type and size of sequential NOE 

crosspeaks observed compare well with predicted by X-ray crystallographic 

models. The only area of discrepancy being the C-terminus of the 8 chain in 

which NMR data suggests a random coil, while the X-ray model suggests a more 

ordered structure possibly involved in the intermolecular interactions at the dimer 

interface. 



Table 7. 

Chemical Shifts (± 0.03) in ppm for Human Insulin, pH 3.6, 3000 K, 

Dissolved in 65%/35% Water/Acetonitrile. 

Residue NH CaH CpH others 

GlyA1 4.18,3.95 

lie A2 8.46 3.82 1.15 CyH 1.12,0.96 

CyH3 0.82 

ClSH3 0.78 

ValA3 8.20 3.59 1.95 CyH3 0.97,0.92 

GluA4 8.36 4.13 2.07,1.98 CyH 2.51, 2.29 

GlnA5 8.13 4.10 2.18,2.00 CyH 2.46,2.05 

Ne:H 7.52,6.78 

CysA6 8.16 4.85 3.19,2.92 

CysA7 8.25 4.80 3.70,3.33 

ThrA8 8.11 4.03 4.38 CyH3 1.19 

SerA9 7.16 4.65 3.98,3.82 

lie A10 7.70 4.52 1.52 CyH 1.15,0.52 

CyH3 0.68 

ClSH3 0.59 
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Table 7 -Continued. 

Residue NH CaH others 

Cys A11 9.40 5.07 3.32,2.99 

Ser A12 8.52 4.56 4.25,3.95 

Leu A13 8.53 4.03 1.51,1.40 CyH 1.57 

ClSH3 0.88,0.79 

Tyr A14 7.38 4.14 2.96,2.89 ClSH2 6.97 

CeH2 6.75 

Gin A15 7.47 3.97 2.32,1.97 CyH 2.39,2.32 

NeH 7.32,6.85 

Leu A16 7.93 4.14 1.78,1.63 CyH 1.78 

ClSH3 0.83,0.78 

Glu A17 7.95 4.17 2.55,2.47 CyH 2.63,2.29 

Asn A18 7.38 4.45 2.57,2.48 NlSH 7.12,6.37 

Tyr A19 7.84 4.43 3.32,2.95 ClSH2 7.32 

CeH2 6.76 

Cys A20 7.35 4.71 3.26,2.87 

Asn A21 7.83 3.86 2.72,2.58 NlSH 7.39,6.53 
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Table 7 -Continued. 

Residue NH CaH CpH others 

Phe B1 4.34 3.23,3.12 CiSH2 7.26 

CeH 7.38 

C~H 7.32 

Val B2 8.05 4.12 1.98 CyH3 0.88,0.88 

Asn B3 8.21 4.62 2.76,2.66 NiSH 7.42,6.73 

Gin B4 8.22 4.40 2.09, 1.79 CyH 2.21,2.21 

NeH 7.31,6.59 

His B5 8.33 4.42 3.51,3.38 CiSH 7.36 

CeH 8.48 

Leu B6 8.76 4.56 1.72,1.03 CyH 1.67 

CiSH3 0.89,0.71 

Cys B7 8.14 4.84 2.93,2.41 

GlyB8 8.82 3.94,3.75 

SerB9 8.78 4.06 3.92,3.92 

His B10 7.85 4.53 3.30,2.905 CiSH 7.42 

CeH 8.59 
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Table 7 -Continued. 

Residue NH CaH CpH others 

Leu 811 7.10 3.98 1.83, 1.23 GyH 1.42 

GlSH3 0.82,0.68 

Val 812 7.21 3.37 2.09 CyH3 0.99,0.94 

Glu 813 7.92 4.10 2.20,2.08 GyH 2.51,2.46 

Ala 814 7.71 4.15 1.42 

Leu 815 8.04 3.92 1.46, 1.16 GyH 1.54 

GlSH3 0.70,0.61 

Tyr 816 8.18 4.19 3.20,2.89 GlSH2 7.09 

Ge:H2 6.75 

Leu 817 7.88 4.05 1.76, 1.53 GyH 1.85 

GlSH3 0.92,0.90 

Val 818 8.37 3.79 2.07 GyH3 0.99,0.86 

Cys 819 8.59 4.71 3.21,2.86 

Gly 820 7.79 3.85,3.85 

Glu 821 8.15 4.17 3.15,3.08 GyH 2.51,2.45 
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Table 7 -Continued. 

Residue NH CaH CpH others 

Arg 822 7.80 4.15 1.97,1.88 CyH 1.72,1.66 

C~H 3.20,3.23 

NeH 7.36 

Gly 823 7.74 3.79,3.76 

Phe 824 7.63 4.66 3.05,2.86 C~H2 6.97 

CeH2 7.16 

C~H 7.16 

Phe 825 7.99 4.59 3.07,2.96 C~H2 7.21 

CeH2 7.29 

C~H 7.30 

Tyr826 7.73 4.56 3.03,2.98 C~H2 7.06 

CeH2 6.77 

Thr 827 7.61 4.53 4.08 CyH3 1.23 

Pro 828 4.42 2.26,1.95 CyH 2.00,1.93 

C~H 3.65,3.65 



Table 7 -Continued. 

Residue NH CaH 

Lys 829 8.08 4.34 

Thr 830 7.58 4.16 

others 

1.89,1.78 CVH 1.42,1.41 

COH 1.63, 1.63 

CeH 2.92, 2.92 

N~H3 7.40 

4.21 CVH3 1.11 
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Results 

Previous work (2) observed seven slowly exchanging protons which were 

assigned to GlnA15, LeuA16, LeuB15, TyrB16, LeuB17, ValB18 and CysB19. This is similar 

to the 1H NMR spectra of des-PheB25 insulin which identified resonances VaIA3, 

GlnA15, LeuA16, GIUA17 , AlaB14, LeuB15, TyrB16, LeuB17, ValB18 and PheB24 (126). In the 

present study, the 1 D 1H NMR spectrum (Figure 26) differed subtly from that 

obtained by Kline and Justice (2) in the upfield region. More specifically four 

peaks not observed previously are seen. These have been identified as AsnA21 , 

GlyB20, AlaB14, and PheB24. 

Although a complete structural study of human insulin was not undertaken 

by this group, previous studies by Kline (2) and Weiss (3) indicate that the insulin 

monomer is similar in structure to that described above and shown in figure 9. 

Minor chemical shift changes in the 1 D 1H spectra from previous studies are not 

indicative of structural changes. The des-PheB25 insulin mutant studied by Olsen 

et al (126) also lacks complete structural analysis and shows changes in relative 

chemical shifts for several resonances as well as the appearance of a new 

resonance at VaIA3. A resonance for CysB19 is not identified in the des-PheB25 1H 

spectra and several small overlapping "shoulder" are not identified. Still, these 

minor changes in the 1 D 1H spe'?tra do not in themselves indicate a change in 

the tertiary structuring of the insulin monomer. 
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Figure 26. Expansion of the 1 D lH NMR spectra of insulin from 8.72 to 7.39 

ppm. Amide resonance peaks are labeled. 



88 

The effect of the allosteric binding of phenol was undertaken following the 

previously described methodology. This allowed NMR spectral acquisition of the 

insulin monomer which was imprinted with dynamic information from the 

hexameric state. 

The 10 1H NMR spectra of the amide region of insulin in the non-phenolic 

(Ts) and phenolic (Rs) formulations at time zero and following 30 minutes and 24 

hours of exposure to deuterated formulation respectively is shown in Figure 27. 

Peaks from the amide resonances of CysB19, ValB18, TyrB1S, LeuB15 and GlnA15 

have minimal overlap. Amide resonance peaks of residues LeuA1S, LeuB17, 

AsnA21 , TyrA19, GlyB20 and PheB24 show increased overlap. In both the phenolic 

and non-phenolic formulation, the peak resonances observed are predominately 

those of the hydrophobic core. Amide resonances were initially expected to be 

for residues PheB1 _SerB8 in spectra obtained from the Rs hexameric exchange 

due to their induced a-helix conformation. However, due to the time required for 

sample preparation for NMR acquisition (12 minutes), these residues reestablish 

an extended conformation present in the monomer and rapid exchange 

eliminates any observation of these resonances. Figure 27 shows the expansion 

of the 1H spectra following 30 minutes of isotopic exchange, the resonances of 

the Ts hexamer (Figure 27 (A» ~hows significant loss of signal for all peaks. 

However, the Rs hexamer at this time (not shown) is virtually identical to that at 
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Figure 27. Expansion of the 1D 1H NMR spectra of insulin. (A) Spectra of 

insulin following exposure to deutrated formulation for zero time (spectra are 

identical for Ts and Rs forms). (8) Spectra obtained following exposure to 

deuterated non-phenolic formulation (Ts) hexamer) for 30 minutes. (C) Spectra 

obtained following exposure to deuterated phenolic formulation (Rs) for 24 hours. 

Spectra were plotted from 8.72 ppm to 7.39 ppm. 
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time zero. In fact, the spectra of insulin which represents labelling from the Rs 

hexamer does not exhibit significant decrease in signal until nearly 24 hours 

(Figure 27 (8)), at which time the peak is approximately 80% the intensity of the 

initial signal. Following two weeks of exposure to deuterated formulation the 

resonance peaks of the Rs hexamer are still recognizable (not shown). 

Exchange rates for resonances ValB18 and TyrB1S were reported previously 

(76) due to lack of overlap and relative simplicity. The difference between the 

amide exchange rates of these two residues is a factor of two (Table 8, p120). 

After loss of -60% of the signal from TyrB1S, however the peak from GluB21 

becomes visible at 8.13 ppm. This peak does not display significant exchange 

behavior but remains >30% occupied following 21 days of exchange most likely 

due to its constrained position in the B chain turn. 

Resonances of the B chain helix (AlaB14, LeuB15, TyrB1s, LeuB17 and Va1B18) 

exhibit similar lineshape. The amide resonance of LeuB15 is similar to that of 

TyrB1S in that the resonance peak of LysB29 becomes obvious following -60% 

decay of the LeuB15 resonance peak. 

Resonance LeuA16 decays rapidly in both the phenolic and non-phenolic 

formulation, with an exchange rate that is -15% faster than its B chain helix 

counterparts. 

The resonance of AsnA21 decays rapidly initially. Due to its position as a 
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shoulder in the larger LeuB17 resonance greater error is encountered in peak area 

canculations. Its position at the A chain C-terminus would suggest rapid 

exchange; however, its position may be restrained significantly in solution by the 

disulfide bond adjacent at CysA20. 

Amide exchange for resonance GlyB20 is in line with other residues in the 

B chain helix demonstrating its incorporation in the hydrophobic center of the 

protein. 

AlaB14 decays on a time scale similar to other residues in the 8 chain helix. 

This residue is the first in the 8 chain helix for which a resonance is seen, 

suggesting fluctuations in residues SerB9_GluB13 in the a-helix. 

PheB24 resonance decays rapidly, suggesting the B chain p-sheet is less 

rigid and compact than the a-helix. 

Residue GlnA15 also exhibits rapid initial exchange, however a residual 

peak representing -10% proton occupancy is observed following extremely long 

exposure times. However, the maintenance of some proton occupancy at long 

time points is variable. 

A residual level of peak intensity is seen following the loss of signal for 

nearly all resonances. For instance, the spectra of insulin in non-phenolic 

formulation following 24 hours and in phenolic formulation at two weeks (data not 

shown) shows residual peaks. These represent approximately ~ 10% proton 
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occupancy and are difficult to quantitate due to the decreased signal/noise. It is 

pressumed that these peaks represent a small portion of the residual of peaks 

discussed previously but may also represent peaks underlying the observed 

resonances. In particular, residue GluB21 can be seen as a shoulder in the 

resonance peak of TyrB1s. As the TyrB1S signal decays, the GluB21 signal remains 

and in fact following two weeks of exposure to formulation dominates that region. 

More dimunutive, very slow exchanging peaks are seen for LysB29 and PheB25. 

To verify the accuracy of the peak areas given by the spectral 

deconvolution program (UNIX) employed, the deconvolution program output 

(chemical shift, linewidth and peak area) for a typical spectra were input into an 

independent spectral simulation program (FELIX). The values for chemical 

shifts, linewidths and peak areas from the spectral deconvolution of the 

exchange from non-phenolic formulaton (Ts hexamer) at zero-time and 

exchange from phenolic formulation (Rs hexamer) at 24 hours were selected. 

Figure 28 and 29 (A) show the acquired spectra. Figure 28 and 29 (8) is the fit 

to the data provided by the spectral deconvolution program. The excellent 

accordance between the deconvoltion values and the experimental data is 

indicated by their difference, between A and 8 (figure slightly reduced). The top 

frame, (C) is a simulated spectra (FELIX) produced using the spectral 

deconvolution values for linewidth, peak intensity and chemical shift (UNIX). A 
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ppa 8.50 8.25 B. 00 7.75 7.50 

Figure 28. (A) The acquired spectra from the Ts hexamer following zero time of 

exposure to deuterated excipients. (8) The fit to the date provided by the UNIX 

deconvolution program. Between (A) and (8) is the difference between these 

two data sets, figure slightly reduced. (C) Simulated spectra from FELIX 

software program created from the data provided by the UNIX deconvolution 

program. 
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Figure 29. Same as Figure 28 but spectra is from exchange from the Rs 

hexamer for one hour. 



comparison of Figure 28 (A) and (C) and Figure 29 (A) and (C) shows an 

extremely good likeness to the data acquired. 
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Resonance peak area was then plotted as a function of time for all 

resonances in both the T6 and R6 hexameric forms (Figures 30-53). Plots for 

residues of ValB18, TyrB16, LeuB15 and LeuA16 and TyrB16 in non-phenolic and 

phenolic formulation illustrates the marked difference in exchange rates. In the 

presence of phenol, the amide exchange rate is slowed by approximately 400-

fold. In fact, this is the pattern for all resonance peaks. 

Table 8 lists the exchange rates for the insulin hexamers in non-phenolic 

(Ts) and phenolic (Rs) formulations. Exchange in the non-phenolic formulation is 

consistently at least two orders of magnitude smaller than values for exchange 

from the phenolic formulation with the exception of resonance AsnA21 . The 

exchange rate values decrease, indicating slowed exchange, approaching the 

center of the B-chain helix, typified by the slowest rate occuring for LeuB17. 

Determination of the amide exchange rate of insulin in the monomeric 

form was accomplished as described above. Identical amide resonances were 

observed as discussed above; however, the exchange rates are considerably 

faster as presented in Table 9, p. 121 (data not shown). 



1 

0.9 

0.8 

0.7 

~ 
0.6 c:: 

as c. 
::::l 
U 
u 0.5 0 
c:: 
0 -0 0.4 .... 
a. 

0.3 

0.2 

0.1 

0 
0 

Wild Type Insulin Amide Exchange in the T 6 

Hexamer State 

o lie A10 

50 100 150 

Time of Exposure to Deuterated Formulation (minutes) 

Figure 30. Plot of proton occupancy versus time for lIeA10 for exchange from 
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Figure 31. Plot of proton occupancy versus time for lIeA10 exchange from 
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Figure 33. Plot of proton occupancy versus time for GlnA15 exchange from 

phenolic formulation (Rs hexamer). 
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Figure 34. Plot of proton occupancy versus time for LeuA1sexchange from non-

phenolic formulation (Ts hexamer). 
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Figure 36. Plot of proton occupancy versus time for AsnA21 exchange from non-

phenolic formulation (Te hexamer). 



1 

0.9 

0.8 

0.7 

>-
0 0.6 c:: 
co 
Q. 
::::I 
0 
0 0.5 0 
c:: 
0 -0 0.4 ... 
a. 

0.3 

0.2 

0.1 

0 
0 

Wild Type Insulin Amide Exchange in the R6 

Hexamer State 

A Asn A21 

2 4 6 8 10 12 14 

Time of Exposure to Deuterated Formulation (hours) 

Figure 37. Plot of proton occupancy versus time for AsnA21 exchange from 

phenolic formulation (Rs hexamer). 
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Figure 38. Plot of proton occupancy versus time for AlaB14 exchange from non-

phenolic formulation (Ts hexamer). 
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Figure 39. Plot of proton occupancy versus time for AlaB14 exchange from 

phenolic formulation (Rs hexamer). 
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Figure 40. Plot of proton occupancy versus time for LeuB15 exchange from non-

phenolic formulation (Ts hexamer). 
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Figure 41. Plot of proton occup.ancy versus time for LeuB15 exchange from 

phenolic formulation (R6 hexamer). 
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Figure 42. Plot of proton occupancy versus time for TyrB1S exchange from non-

phenolic formulation (Ts hexamer). 
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Figure 43. Plot of proton occupancy versus time for TyrB
1S 

exchange from 

phenolic formulation (Rs hexamer). 
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Figure 44. Plot of proton occupancy versus time for LeuB17 exchange from non-

phenolic formulation (Ts hexamer). 
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Figure 45. Plot of proton occupancy versus time for LeuB17 exchange from 

phenolic formulation (Rs hexamer). 
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Figure 46. Plot of proton occupancy versus time for ValB18 exchange from non-

phenolic formulation (T6 hexamer). 
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Figure 47. Plot of proton occupancy versus time for ValB18 exchange from 

phenolic formulation (Rs hexamer). 

113 



1 

0.9 

0.8 

0.7 

>-
(,) 

0.6 c: 
nJ 
Q. 
::::I 
(,) 
(,) 0.5 0 
c 
0 -e 0.4 
a. 

0.3 

0.2 

0.1 

0 
0 

Wild Type Insulin Amide Exchange in the T 6 

Hexamer State 

c(? Cys 819 

10 20 30 50 

Time of Exposure to Deuterated Formulati (minutes) 

Figure 48. Plot of proton occupancy versus time form CysB19 exchange from 

non-phenolic formulation (Ts hexamer). 
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Figure 49. Plot of proton occupancy versus time for CysB19 exchange from 

phenolic formulation (Rs hexamer). 

115 



Wild Type Insulin Amide Exchange in the T 6 

Hexamer State 

1~-r------------------------------~ 

0.9 

0.8 

0.7 

~ 
c: 0.6 
cu 
Co 
:I 
U 
U o 
c: 

~ 
a. 

0.5 

0.4 

0.3 

0.2 

0.1 

o Gly 820 

O~~----~~~I----~--~~----~~--~ 
o 50 100 150 

Time of Exposure to Deuterated Formulation (minutes) 

116 

Figure 50. Plot of proton occupancy versus time for GlyB20 exchange from non-

phenolic formulation (T6 hexamer). 



1 

0.9 

0.8 

0.7 

>-
0 0.6 c: 
co 
Co 
:J 
0 
0 0.5 0 
c: 
0 -0 0.4 ... 
a. 

0.3 

0.2 

0.1 

0 
0 

Wild Type Insulin Amide Exchange in the R 6 
Hexamer Slate 

• Gly 820 

100 200 300 400 500 

Time of Exposure to Deuterated Formulation (hours) 

Figure 51. Plot of proton occupancy versus time for GlyB20 exchange from 

phenolic formulation (Rs hexamer). 
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Figure 52. Plot of proton occupancy versus time for PheB24 exchange from non-

phenolic formulation (Ts hexamer). 
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Figure 53. Plot of proton occupancy versus time for PheB24 exchange from 

phenolic formulation (Rs hexamer). 
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Table 8. 

Amide Exchange Rates for Human Insulin from the Ts and Rs Hexamers, 

(min-1)(R2), 300oK, pD 8. 

Ts Rs 

A CHAIN 

lIeA10 9.17 x 10-3 (.76) 6.09 x 10-5 (.89) 

GlnA15 5.91 x 10-2 (.84) 2.69 x 10-4 (.64) 

LeuA1S 4.48 x 10-2 (.97) 4.05 x 10.5 (.92) 

AsnA21 1.20 x 10-1 (.94) 2.72 x 10-2 (.87) 

8 CHAIN 

AlaB14 1.62 x 10-2 (.95) 4.40 x 10-5 (.90) 

LeuB15 4.01 x 10-2 (.95) 5.31 x 10-5 (.97) 

TyrB1S 1.70 x 10-2 (.93) 3.82 x 10.5 (.97) 

LeuB17 7.47 x 10-2 (.99) 9.29 x 10-5 (.89) 

ValB18 1.61 x 10-2 (.97) 3.95 x 10-5 (.97) 

CysB19 7.22 x 10-1 (.98) 5.98 x 10-5 (.87) 

GlyB20 1.07 x 10-2 (.74) 3.12 x 10-5 (.93) 

PheB24 5.84 x 10-3 (.94) 2.24 x 10-5 (.61) 
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Table 9. Amide exchange of insulin from the monomeric form 

Exchange rate (R2) 

A CHAIN 

lJeA10 

GlnA15 

LeuA16 

AsnA21 

B CHAIN 

AlaB14 

LeuB15 

TyrB16 

LeuB17 

ValB18 

CysB19 

GlyB20 

PheB24 

3.11 x 10-2 (.89) 

7.99 x 10-3 (.96) 

3.32 x 10-3 (.97) 

4.93 x 10-3 (.97) 

1.06 x 10-2 (.97) 

4.27 x 10-3 (.97) 

2.60 x 10-3 (.96) 

2.70 x 10-3 (.90) 

1.16x10-3 (.85) 

7.05 x 10-3 (.93) 

4.05 x 10-2 (.90) 

8.44 x 10-1 (.85) 
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As described in the experimental section, the Ts and Rs hexamers at zero 

time were Iyophylized and prepared for the NMR experiment and the pulse 

sequence described above for spectral acquisition of the monomer was used. 

Insulin which was induced into the hexameric form but then allowed to exchange 

as the monomer is presented in Table 10 (data not shown). Thus these 

experiments show that the amide exchange is dependent on the aggregation 

state of the protein, Ts vs Rs vs monomer, and upon the duration of exposure to 

formulation conditions from the Ts and Rs forms. 

Experiments conducted to determine if back exchange, (ND~NH) occured 

during sample handling. More specifically, all materials added to the sample 

from the time to quench to data acquisition were deuterated. This included a 

deuterated quench solution and deuterated acetic acid eluent. These 

experiments showed no significant back exchange (data not shown) and thus it 

was concluded that the combination of working at pH 3 at 4°C avoided unwanted 

exchange during the sample preparation process. 



Table 10. Amide exchange for insulin initially as Ts and Rs hexamers and 

exchanged in the monomeric form (R2). 

INITIAL HEXAMER Ts Rs 

A CHAIN 

lIeA10 5.68 x 10-3 (.88) 7.72 x 10-3 (.86) 

GlnA15 8.73 x 10-4 (.90) 8.26 x 10-4 (.91) 

LeuA1S 1.11 x 10-3 (.95) 1.72 x 10-3 (.83) 

AsnA2l 1.05 x 10-3 (.82) 9.39 x 10-4 (.81) 

B CHAIN 

AlaB14 2.18 x 10-3 (.90) 1.96 x 10-3 (.92) 

LeuB15 5.84 x 10-4 (.88) 5.01 x 10-4 (.87) 

TyrBls 4.42 x 10-4 (.83) 2.88 x 10-4 (.84) 

LeuB17 3.26 x 10-3 (.92) 3.18 x 10-3 (.94) 

ValB18 2.47 x 10-4 (.86) 1.28 x 10-4 (.81) 

CysB19 1.47 x 10-3 (.94) 1.35 x 10-3 (.90) 

GlyB20 6.79 x 10-3 (.95) 6.18 x 10-3 (.96) 

PheB24 1.60 x 10-2 (.92) 1.67 x 10-2 (.96) 
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Intrinsic Exchange Rates 

Original work on the determination of intrinsic exchange rates by Molday 

(127) has been recently updated (128). An amide hydrogen atom exchanges 

with solvent at a rate which is intrinsic to a residue and is dependent upon the 

nature of the neighboring side chain; temperature and pH factors being equal. 

The side chains of amino acids affect the intrinsic rate of amide hydrogen

deuterium exchange due to both inductive and steric blocking effects. Following 

corrections for the temperature and pH conditions of exchange, the acid, base 

and water (kacid' kbase and kwater ) contributions to the exchange process are 

calculated. The contributions from neighboring side chains are then included 

and the intrinsic exchange calculated. 

These values, listed in Table 11, are similar to those obtained by 

Goodman and Kim (129). Intrinsic rate values for these residues under these 

conditions are at least one order of magnitude (in most cases three to five orders 

of magnitude) faster than the measured exchange rates indicating an infinitely 

small contribution to the observed rates of exchange, therefore adjustment of the 

measured rates (Table 8) was not made. 

A cross-sectional view of the B chain helix is shown in Figure 54. 

Goodman (129) noted that the amide exchange rate within an a-helix shows a 
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Table 11. Intrinsic amide rate constants for human insulin (min-1), 300oK, pO 8 

Intrinsic Rate 

A CHAIN 

lIeA10 3.733 x 102 

GlnA15 1.294 x 103 

LeuA16 4.188 x 102 

AsnA21 9.376 x 102 

B CHAIN 

AlaB14 7.112 x 102 

LeuB15 2.642 x 102 

TyrB16 3.327 x 102 

LeuB17 2.965 x 102 

ValB18 1.236 x 102 

CysB19 2.582 X 103 

GlyB20 5.395 X 103 

PheB24 8.550 x 102 
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Figure 54. Cross-section of the .B chain a-helix. 
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periodicity in relation to its position within the helix. A plot of the proton 

protection factor, log (keXChangJkinlrinSiC), versus periodicity is noted in the amide 

exchange rates in the B chain helix of insulin. The value of log ke)kinl provides a 

measure of the degree of protection of the individual amide proton from 

exchange. A plot of the protection factor versus residue position is shown in 

Figure 55. 

Discussion 

The methodology developed is a valuable aid in probing the effect of 

excipients and various solution conditions at the molecular level. 

Recent work on des-PheB25 (126) shows very similar 1D 1H spectra of the 

amide proton region. Slowly exchanging protons were seen for residues GlnA15, 

LeuA1S, LeuB15, TyrB1s, LeuB17
, ValB18 and PheB24. 

In the transition of the insulin hexamer into the Rs structure, the two zinc 

ions become more deeply buried into the hexamer and less solvent accessible. 

This change along with the increased helical content of the protein produces a 

more compact hexamer. Phenol binds to six hydrophobic pockets that are 

formed by neighbouring subunits and may act to strengthen the hydrogen 

bonding in all three a-helices of the insulin monomer, particularly in the B chain. 

The rate of amide exchange within the B chain helix of the Ts hexamer 

fluctuates from 10.3 
- 10.1 min·1 , and indicate that the helix in this hexameric form 
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Figure 55. Periodicity of amide, exchange rate as shown by a plot of protection 

factor versus residue position the B chain a-helix of wild type insulin. 



129 

undergoes local unfolding. In contrast, the rates of amide exchange in the B 

chain helix of the Rs hexamer are consistently on the order of 10.5 min-1 indicating 

a global unfolding process governing this secondary unit. The extension of the B 

chain helix in the R state, from GlyB1 to GlyB20 allows this helix to act in a 

cooperative synchronized nature, the details of which are still unclear. 



VI. LysB28PROB29 INSULIN 

Introduction 
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A vast number of insulin mutants have been studied (5-7, 93, 126, 130, 

131) not only due to the potential market for a non-associating (and hence rapid

acting) insulin but also for the insight these mutants provide into structure-activity 

relationships. Given space limitations, only three mutants, des-pentapeptide 

insulin, GlnB13 insulin and LysB28ProB29 insulin will be discussed here. Again, the 

insulin amino acid positions are denoted by the standard three-letter amino acid 

code followed in superscript by its location in the A or 8 chain sequence position. 

Most works have focused on disrupting the 8-chain J3-sheet interface 

critical for dimerization, especially in the case of des-pentapeptide insulin, OPI. 

This analog has been shortened by removal of residues TyrB26_ThrB30. A 

complete sequence specific assignment of OPI has been accomplished by 

several groups (93, 94, 130). The basic hydrophobic core of the protein, namely 

the 3 a-helices, remains intact and the structure agrees well with the native 

protein. More recently, when comparing the observed NOE pattern from OPI 

with that predicted from the X-ray structure, a number of interactions were found 

to be absent in the observed spectrum (93). This "NOESY paradox" was 

attributed to the OPI protein adopting a molten-globule state (132-134). Stable 

secondary structural features (a-helices) were detected in the NOESY spectrum 



131 

however, a paucity of long-range NOEs indicate a fluctuating tertiary structure. 

These scientists have now proposed that the functional form of insulin is a 

molten globule (135). 

Another residue which has been the focus of study is GluB13 (117, 118, 

136). Only one species of insulin, hagfish insulin, does not have a carboxylic 

acid at the B13 position (85). Interestingly, the hagfish species protein 

crystallizes only as a dimer even in the presence of zinc. 

Hexamer formation brings the 6 GluB13 side chains in close proximity to 

each other resulting in an unfavorable repulsive force. This repulsion is reduced 

by a complicated hydrogen bonding pattern to other GluB13 side chains and to 

water. Coordination of the HisB10 imidazole ring with the zinc atoms is required 

for hexamer formation and thus overcomes the unfavorable forces amongst 

these residues. By replacing GluB13 with Gin, a stable zinc-free hexamer can be 

maintained (117, 118). 

Systematic truncation of the B chain showed the ProB28 residue to be 

critical to the association process (6). In crystal structure, this residue makes a 

non-bonded intermolecular contact of ~3.5 A to GluB21 (104). Disruption of this 

contact may be responsible for the change in solution behavior. 

Several analogs created .by modifications at this position are 

predominately monomeric up to 3 mg/ml. One interesting mutation which has 



132 

been studied is the TrpB28ProB29. Altering the proline residue not only decreases 

self-association but the addition of a fluorescence probe, tryptophan, allows the 

detection of an equilibrium intermediate (7). 

The side chain of LysB29 lies outside the tight core of the insulin hexamer 

and thus is not well ordered in the crystal structure. However, the side chain lies 

in close proximity to the carboxylate of GluA4 with which it may form a salt bridge 

and the hydroxyl group of TyrA19 with which it may hydrogen-bond (85, 104). 

Assignment 

A 1H one-dimensional NMR spectra of LysB28ProB29 mutant is shown in 

Figure 56 and is nearly identical to the native protein. Complete sequential 

assignment of all protons has been accomplished through acquistion of TOCSY, 

and NOESY spectra (Figures 57 and 58). As with insulin, the TOCSY spectra is 

well resolved with little overlap or noise. Small changes in chemical shift were 

observed, most notably for residues lIeA10 and GlyB20. 

The amide portion of the NOESY spectra is shown in Fiure 58 with the dNN 

connectivities of the 8 chain helix shown similarly to the wild type protein in 

Figure 25. 
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Table 12. 

Chemical Shifts (± 0.03) in ppm for LysB29ProB30 Insulin, pH 3.6, 3000 K, 

Dissolved in 65/35 Water/Acetonitrile. 

Residue NH CaH others 

GlyA1 4.02,3.95 

lie A2 8.40 3.73 1.18 CyH 0.98,0.96 

CyH3 0.64 

C~H3 0.55 

ValA3 8.12 3.47 3.10 CyH3 2.07,1.97 

GluA4 8.23 4.03 2.02 CyH 2.23,2.20 

GlnA5 8.12 3.95 2.88 CyH 2.41,2.37 

NeH 7.44,6.73 

CysA6 8.14 4.77 3.16,2.79 

CysA7 8.24 4.73 3.64,3.26 

ThrA8 8.10 4.02 4.36 CyH3 1.19 

SerA9 7.13 4.60 3.93,3.75 

lie A10 7.70 4.45 1.51 CyH 1.12,0.50 

CyH3 0.64 

C~H3 0.57 
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Table 12-Continued. 

Residue NH CaH CPH others 

CysA11 9.39 5.07 3.32,2.99 

Ser A12 8.51 4.50 4.20,3.81 

Leu A13 8.54 3.87 1.45, 1.42 CyH 1.34 

COH3 0.98,0.56 

Tyr A14 7.38 4.06 2.89,2.83 COH2 7.05 

CeH2 6.80 

GIn A15 7.42 3.89 2.33,2.23 CyH 2.46,2.26 

NeH 7.37,6.85 

Leu A16 7.93 4.04 1.80, 1.53 CyH 1.77 

COH3 0.99,0.55 

Glu A17 7.95 4.06 2.02,1.94 CyH 2.46,2.00 

Asn A18 7.38 4.41 2.56,2.45 NOH 7.09,6.34 

Tyr A19 7.84 4.40 3.29,2.91 COH2 7.28 

CeH2 6.71 

CysA20 7.31 4.65 3.15,2.72 

Asn A21 7.86 4.52 2.75,2.61 NOH 7.35,6.50 
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Table 12-Continued. 

Residue NH CaH CpH others 

Phe 81 4.24 3.19,3.10 Ci5H2 7.24 

CeH 7.37 

C~H 7.32 

Val 82 8.00 4.02 1.88 CyH3 0.79,0.79 

Asn 83 8.21 4.S6 2.70,2.60 Ni5H 7.42,6.73 

Gin 84 8.19 4.36 2.08,1.78 CyH 2.21,2.21 

NeH 7.29,6.S9 

His 8S 8.61 4.42 3.S3,3.22 Ci5H 7.29 

CeH 8.41 

Leu 86 8.77 4.44 1.67,0.98 CyH 1.S3 

Ci5H3 0.83,0.72 

Cys 87 8.12 4.80 3.9S, 2.88 

Gly88 8.82 3.87,3.68 

Ser89 8.80 4.04 3.80,3.80 

His 810 7.86 4.49 3.49,3.23 Ci5H 7.34 

CeH 8.S3 
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Table 12-Continued. 

Residue NH CaH CJ3H others 

Leu 811 7.12 3.97 1.84,1.20 CyH 1.35 

C6H3 0.78,0.73 

Val 812 7.23 3.37 2.04 CyH3 0.95,0.91 

Glu 813 7.91 4.02 2.13,2.04 CyH 2.48,2.44 

Ala 814 7.72 4.03 1.43 

Leu 815 8.04 3.90 1.48, 1.14 CyH 1.51 

C6H3 0.68, 0.57 

Tyr 816 8.18 4.16 3.09,3.09 C6H2 7.08 

Ce:H2 6.72 

Leu 817 7.90 4.02 1.88,1.60 CyH 1.83 

C6H3 0.92, 0.90 

Val 818 8.38 3.80 2.08 CyH3 0.99, 0.86 

Cys 819 8.60 4.70 3.19,2.87 

Gly 820 7.79 3.85,3.85 

Glu 821 8.13 4.20 2.14,2.05 CyH 2.48,2.43 
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Table 12-Continued. 

Residue NH CaH others 

Arg 822 7.79 4.16 1.93, 1.85 CyH 1.71,1.66 

C~H 3.19,3.19 

NeH 7.29 

Gly 823 7.74 3.87,3.77 

Phe 824 7.60 4.64 3.02,2.86 C~H2 6.98 

CeH2 7.13 

C~H 7.13 

Phe 825 7.99 4.56 3.07,2.94 C~H2 7.19 

CeH2 7.28 

C~H 7.22 

Tyr 826 7.73 4.56 2.96,2.87 C~H2 7.02 

CeH2 6.73 

Thr 827 7.61 4.54 4.04 CyH3 1.15 

Lys 828 8.03 4.31 1.84,1.72 CyH 1.42, 1.41 

C~H 1.63,1.63 

CeH 2.92,2.92 

N~H3 7.39 



Table 12-Continued. 

Residue NH CaH 

Pro 829 4.31 

Thr830 7.63 4.20 

CpH others 

2.20,1.89 CyH 1.97,1.90 

C~H 3.63, 3.63 

4.24 CyH3 1.12 
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VII. AMIDE EXCHANGE OF L YSB28PROB29 INSULIN 

Approximately all peaks observed in the native protein 1 D NMR spectra 

were seen in the LysB28ProB29 1 D spectra. The C2H resonance of HisB5 and 

HisB10 are distinct landmarks again in the downfield region of the spectra. Amide 

resonances of residues CysB19, Va1B18, TyrB1S, LeuB15, LeuA1S, LeuA17, AsnA21 , AlaB14 

and GlnA15 are also immediately recognized. Lacking in the spectra is the 

resonance for PheB24 possibly indicating a disrupted 8 chain p-sheet critical to 

the dimerization of the protein. Methodology for obtaining amide exchange rates 

was identical to that for the wild type protein. Plots of proton occupancy versus 

time of exposure to deuterated formulation are provided in Figures 59-80. Amide 

exchange rates for LysB28ProB29 insulin in the Ts and Rs hexamers are given in 

Table 13. Analogous to the native protein, the amide exchange rate for the 

monomeric state of LysB28ProB29 insulin was determined and given in Table 14. 

Amide exchange rates of the monomeric forms of native insulin and 

LysB28ProB29 differ by roughly one order of magnitude, -10.3 for the former and 

-10.1 for the latter. It appears that the hydrophobic core of the protein which acts 

to stabilize secondary structuring fluctuations is less compact. Rates of amide 

hydrogen exchange from the Rs hexamers of LysB28ProB29 insulin are faster than 

for native insulin, generally by o~e order of magnitude. For example residue 

LeuB17 in native insulin exchanges at a rate of 9.29 x 10.5 min·1 while in the 
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LysB28ProB29 protein, the exchange rate is 1.59 x 10-4. In the Ts state however, 

exchange rates for LysB28ProB29 are more in line with rates obtained for native 

insulin in the monomeric state, which is on the order of 10-3 min-1
• This suggests 

that the Ts hexamer formed with LysB28ProB29 insulin is a very loosely held 

structure with a great deal of flexibility. The mutant proteins decreased 

association character along with the lack of phenol to induce a compact hexamer 

appear to greatly disrupt the quaternary structuring of the aggregate. Phenol 

binding to the LysB28ProB29 hexamer increases the compactness but to a lesser 

degree than for the native protein Rs hexamer. The role of non covalent 

interactions in the stabilization of the hexamer requires further examination. 
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exchange from non-phenolic formulation (Ts hexamer). 
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Figure 60. Plot of proton occupancy versus time for LysB28ProB29 insulin lIeA10 

exchange from phenolic formulation (Rs hexamer). 
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Figure 61. Plot of proton occupancy for LysB28ProB29 insulin GlnA15 exchange 

from non-phenolic formulation (Ts hexamer). 
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Figure 62. Plot of proton occupancy versus time for LysB28ProB29 insulin GlnA15 

exchange from phenolic formulation (Rs hexamer). 
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Figure 63. Plot of proton occupancy versus time for LysB28ProB29 insulin Leu
A1S 

exchange from non-phenolic formulation (Ts hexamer). 
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Figure 64. Plot of proton occupancy versus time for LysB28 Pro
B29 

insulin Leu
A16 

exchange from phenolic formulation (R6 hexamer). 
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Figure 65. Plot of proton occupancy versus time for LysB28ProB29 insulin AsnA21 

exchange from non-phenolic formulation (Ts hexamer). 
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Figure 66. Plot of proton occupancy versus time for LysB28ProB29 insulin AsnA21 

exchange from phenolic formulation (Rs hexamer). 
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Figure 67. Plot of proton occupancy versus time for LysB28ProB29 insulin AlaB14 

exchange from non-phenolic formulation (Ts hexamer). 
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Figure 68. Plot of proton occupancy versus time for LysB28ProB29 insulin AlaB14 

exchange from phenolic formulation (Rs hexamer). 
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Figure 69. Plot of proton occupancy versus time for LysB28ProB29 insulin Leu
B15 

exchange from non-phenolic formulation (Ts hexamer). 
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Figure 70. Plot of proton occupancy versus time for LysB28ProB29 insulin Leu
B15 

exchange from phenolic formulation (Rs hexamer). 
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Figure 71. Plot of proton occupancy versus time for LysB28ProB29 insulin TyrB1S 

exchange from non-phenolic formulation (Ts hexamer). 
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Figure 72. Plot of proton occupancy versus time for LysB28ProB29 insulinTyrB
16 

exchange from phenolic formulation (Rs hexamer). 
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Figure 73. Plot of occupancy versus time for LysB28ProB29 insulin LeuB17 

exchange from non-phenolic formulation (Ts hexamer). 
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Figure 74. Plot of proton occupancy versus time for LysB28ProB29 insulin LeuB17 

exchange from phenolic formulation (Rs hexamer). 
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Figure 76. Plot of proton occupancy versus time for LysB28ProB29 insulin ValB18 

exchange from phenolic formulation (Rs hexamer). 
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Figure 77. Plot of proton occupancy versus time for LysB28ProB29 insulin CysB19 

exchange from non-phenolic formulation (Ts hexamer). 
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Figure 78. Plot of proton occupancy versus time for LysB28ProB29 insulin CysB19 

exchange from phenolic formulation (Rs hexamer). 
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Figure 79. Plot of proton occupancy versus time for LysB28ProB29 insulin GI~·320 

exchange from non-phenolic formulation (Ts hexamer). 
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Figure 80. Plot of proton occup~ncy versus time for LysB28ProB29 insulin GlyB20 

exchange from phenolic formulation (Rs hexamer). 



Table 13. Amide Exchange Rates for LysB28ProB29 Insulin from the Ts and Rs 

Hexamers, (min-l)(R2), 300oK, pD 8. 

Ts Rs 

A CHAIN 

leA10 1.45 x 10-2 (.97) 2.09 x 10-2 (.94) 

GlnA15 6.04 x 10-3 (.71) 1.04 x 10-4 (.56) 

LeuA1S 6.54 x 10-3 (.73) 1.26 x 10-4 (.78) 

AsnA2l 9.42 x 10-3 (.67) 2.83 x 10-3 (.89) 

BCHAIN 

AlaB14 6.73 x 10-3 (.82) 1.19 x 10-4 (.99) 

LeuB15 5.68 x 10-3 (.77) 1.13 x 10-4 (.99) 

TyrB1S 1.26 x 10-3 (.72) 7.86 x 10-5 (.99) 

LeuB17 7.19 x 10-3 (.75) 1.59 x 10-4 (.99) 

ValB18 1.43 x 10-3 (.77) 1.17 x 10-4 (.98) 

CysB19 7.63 x 10-3 (.81) 1.24 x 10-4 (.93) 

GlyB20 2.23 x 10-2 (.92) 2.98 x 10-4 (.78) 

166 



Table 14. Amide exchange of LysB28ProB29 insulin from the monomeric state, 

65/35 deuterium oxide/acetonitrile, pO 3.6, 3000 K. (min-1) (R2) 

A CHAIN 

GlnA15 

LeuA16 

AsnA21 

8 CHAIN 

AlaB14 

LeuB15 

TyrB16 

LeuB17 

ValB18 

CysB19 

7.01 x 10-1 (.99) 

1.58 x 10-1 (.97) 

3.66 x 10-1 (.98) 

6.99 x 10-1 (.99) 

3.32 x 10-1 (.99) 

1.95 x 10-' (.99) 

1.64 x 10-' (.97) 

9.14 x 10-2 (.99) 

7.36 x 10-1 (.99) 
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Figure 81. Periodicity of amide exchange rate as shown by a plot of protection 

factor versus residue position in the 8 chain a-helix of LysB28ProB29 insulin. 
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VIII. CONCLUSION 

The association behavior of insulin is complex and dependent upon a 

number of conditions. Despite years of study by an array of scientists from 

varying backgrounds, insulin continues to be a molecule of interest and mystery. 

We have attempted in this study to understand insulin dynamics within two well

defined hexamer structures. Given the limitation of protein size for the NMR 

experiment, we have developed in our laboratory a methodology which probes 

the dynamics of an aggregated protein state at the level of the individual 

hydrogen atom within a monomeric unit. 

In this particular study, we have concluded that for the wild type insulin in 

the Ts structure, the B chain a-helix acts by a local unfolding mechanism to 

undergo amide hydrogen-deuterium exchange. In the Rs hexamer however, the 

amide protons of the B chain a-helix act as a single unit consistent with a global 

unfolding process. Understanding of the LysB28ProB29 insulin dynamics is less 

clear. The monomeric unit appears to be less compact than the wild type 

protein. Amide hydrogen-deuterium exchange values for the B chain a-helix 

residues are less conclusive. Certainely the Ts hexamer is less tightly bound 

than the wild type counterpart; however, the exact mechanism remains unclear. 

In the Rs hexamer again the Lys~28ProB29 protein is less compact than the wild 

type hexamer. It appears that engineering efforts to decrease association by 



altering the C-terminal B chain residues was fruitful. Self-association in the 

monomeric form is decreased significantly and it appears from this study that 

association within the hexamer is unexpectedly decreased also. 
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There exists a possibility that the rate of amide exchange may be more 

complex than presented here. It may be that the amide resonances undergoes 

an initial rapid exchange and a slower, more prolonged exchange. The rate of 

exchange, for example of GlnA15
, appears to be extremely rapid, however a small 

portion of the resonance remains after a long exposure to deuterated solution. 

This biphasic nature has not been discussed previously in the literature and is 

beyond the scope of this dissertation but certainly is worthy of further exploration. 

Another unexplored possibility for the multi-phasic nature of several 

resonances is an equilibrium of Rs, Ts and monomeric exchange rates. It has 

been assumed, primarily due to a lack of evidence otherwise, that the Rand T 

hexamers in solution are stable and not in a state of rapid fluctuation, 

schematically as: 

Rs" Ts" monomer 

An equilibrium amoungst the three states may explain the initial rapid phase and 

the second slower phase of amide exchange. The initial rapid phase measured 

in this work may be that of the Ts hexamer form. The rate of exchange from the 

monomer occuring too quickly to be measured by this methodology. This 
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hexamer equilibrium scenario sugguests that a small amount of Rs hexamer 

exists in solution regardless of solution conditions, again evidence of which has 

yet to be presented in the literature. Deconvolution of these three rate 

processes, a rapid (monomeric) rate, an intermediate (Ts) rate and a slow (Rs) 

rate, for each resonance presents a considerable challenge. 

We have broached the complex question of protein association and 

dynamics with a method that can hopefully be of general use. It appears that 

our efforts have been fruitful and yet there is still much to be learned about 

insulin association and dynamics. 
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IX. APPENDIX A: Solving Solution Structures of Physiologically Relevant 

Proteins by NMR Spectroscopy 
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INTRODUCTION 

In the last decade or so. high resolution nuclear magnetic resonance (NMR) 
spectroscopy has become the technique of choice to study protein solution 
structure and dynamics at the molecular level. This is due. in part. to much 
improved instrumentation. but it is principally the consequence of the de
velopment of two-dimensional NMR methodologies. The latter were first 
proposed by Jeener in the early 1970s (56) and were vigorously applied to 
protein structural analysis some ten years later, initially by Wuthrich and his 
co-workers (134). Since then many groups have further developed NMR 
methodologies and applied them to the study of structure and dynamics of a 
wide array of proteins (see. for example. 9, 80. 129, 30. 57 for more recent 
reviews) and other macromolecules. 

This chapter briefly summarizes the NMR protocol for the eventual realiza
tion of the three-dimensional solution structure of physiologically relevant 
proteins given the restraints of the NMR technique. Because of space limita
tions, this article is not exhaustive, and many fine studies are not mentioned in 
detail or at all (for example, 32). We have chosen to concentrate on families 
of related proteins on which detailed NMR structural analyses have been 
performed. 
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Protein Spectral Assignment Methodologies 
The NMR techniques described below and many others that have been applied 
to various macromolecular structural elucidations have been the subject of a 
significant body of literature (see for example 134.8.38.35.61). There are. 
however. certain restrictions imposed on the physical properties of the protein 
to which these NMR techniques can be applied. For detailed structural 
analyses. a protein should have a correlation time (Tc) of approximately 10 
ns. This factor is a function of the effective molecular weight (or 
hydrodynamic molecular weight at the protein concentration used) and. there
fore. current structural studies are limited to those proteins with an upper Mr 
range of approximately 20 kd. The protein must be ipso facto nonaggregating 
at the practical NMR concentrations (1-2 mM) and should be stable at room 
temperature (or higher) for periods up to 48 hr. 

Figure I is the one-dimensional I H NMR spectrum of polypeptide All 
derived from pituitary bovine growth hormone (48. 46). Despite the relatively 
low molecular weight of this peptide. approximately (4 kd). the spectrum is 
still crowded and contains few resolved resonances. The assignment of a 
particular resonance to a specific IH nucleus in the polypeptide chain. the 
vital step in any structural analysis. is therefore almost impossible using 
one-dimensional NMR techniques alone. 

A systematic two-dimensional NMR approach to the assignment of protein 
resonances has been developed by WUthrich and co-workers (see 134 and 
references therein). This approach. with minor modifications (37). is es
sentially the standard for structural analyses of proteins (see conclusion for 
contemporary variations of this analytical approach). A recent review by Bax 
(9) discusses the protocols used to realize protein three-dimensional structures 
from two-dimensional NMR data and the following sections summarize these 
strategies. 

Stage I-Through Bond Correlations 
The initial step in the IH resonance assignment process uses the phenomenon 
of scalar (spin-spin) interaction between neighboring hydrogens within two or 
three bonds of each other. The result is that resonances are split (J-coupled). 
with a magnitude that depends on the torsion angle between the C or N nuclei 
to which the hydrogens are attached. A series of two-dimensional NMR 
experiments have been developed that allows the identification of J-coupled 
hydrogens. The two-dimensional NMR experiment spreads the overlapping 
one-dimensional NMR spectrum of a protein into two orthogonal frequency 
dimensions and results in a dramatic improvement in resolution. 

The COSY (correlated spectroscopy) experiment is one of the simplest. and 
detailed descriptions of the theory and application of this technique have been 
extensively published (for example 38. 5. 11.49). A variation of this experi-
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Figure J The one-dimensional 400 MHz I H NMR spectrum of polypeptide All (2 mMl derived 
from pituitary bovine growth honnone. For a description of the acquisition parameters see Gooley 
et al (48). 

ment involves multiple-quantum transitions that can select for particular 
amino acid types. The most commonly used is the double-quantum filtered 
(DQF) COSY (for example 108). Figure 2 is the DQF-COSY spectrum 
experiment of fragment All and, as is the case in all COSY -type spectra, the 
off-diagonal crosspeak indicates connectivities between J-coupled hydrogens. 
A clearer example of quanta-filtering is shown in Figure 3A and B. Figure 3B 
is a section of the triple-quantum filtered (TQF) COSY (l05. 114) spectrum 
of Rhodobacter capsulatus ferricytochrome C2 (D. Zhao et al unpublished). 
Glycine has only two coupled protons when the amide hydrogen has been 
exchanged with deuterium, and therefore no triple-quantum transitions can be 
generated. Thus glycine CaH hydrogens, which are present in the DQF
COSY spectrum (Figure 3A), can be selectively filtered in the TQF-COSY 
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Figure 2 Contour plot of a region of a DQF·COSY spectrum of polypeptide All (8 mM). The 
J·connectivities between the CnH and CIlH protons of the mne AMX tsee Reference 134) spin 
systems (Phe·97. Asn·99. Ser-IOO. Phe-103, Ser-106. Asp, 107 . Tyr·llO. Asp·IIS, and Asp· 
129) are indicated. In addition. the complete spin systems of the three Val (Val-96. Val·I02, and 
Val-109), Leu· 10 I. and Thr·131 are shown. The C,IH.CyH cross·peak of Thr-98 and ·105 and 
the CaH,C/lH·CH. J·connectivities of lJe·120 are also described. For a description of the 
acquisition parameters see Gooley et al (46). 

experiment (Figure 38). The obvious spectral clarification and reduction in 
overlap in the TOF-COSY spectrum can be seen and. despite the lower signal 
to noise ratio, this is a valuable tool for protein spectral assignment. 

A third class of J-correlated experiments is referred to as total correlation 
spectroscopy (TOCSY or HOHAHA) which. in principle. allows the correla
tion of all protons within the spin-spin system that represents the individual 
amino acids. A detailed description of the use of this technique is given by 
Bax (10). After acquiring a series of J-correlated spectra. the initial goal in the 
total spectral assignment process is to subedit the various spectra in terms of 
individual spin-systems for those amino acids that possess either a unique 
spin-spin signature or those that are indicative of a certain amino acid type 
(134. 60). 
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Figure J Contour plot of a region of a DQF-COSY (Figure 3A) spectrum and the same region of 
a TQF-COSY spectrum (Figure 3B) of Rhodobacll!r capsulalUs ferricytochrome C2' Salient 
fearures of these spectra are the elimination of glycine C"H connectivities in the TQF-COSY 
experiment as shown. in the boxed region. Note that the assignment problems caused by 
overlapping CnH connectivities of Gly-34 and Asp·88 in the DQF·COSY experiment (Figure 3A) 
are resolved in the TQF-COSY spectrum (Figure 3Bl. D. Zhao et allunpublished results) have 
given a description of the acquisition parameters. 

Stage 2-Throligh Space/Sequential Correlations 
In the NMR experiment. spatially proximal hydrogens mutually exchange 
their nuclear magnetization at a rate (k) that is inversely proportional to the 
sixth power of the distance (r) between them and directly proportional to Te. 
These exchange rates can be measured and a set of interatomic distances can 
be obtained. This exchange phenomenon is called the nuclear Overhauser 
effect (NOE) (87). The application of the two-dimensional NOE experiment. 
NOESY, has been well documented (134 and references therein), and the 
NOE data obtained can be grouped into two general classes: short range and 
long range. The former. generally limited to amino acids that are less than 
five residues apart. is used to place an amino acid. or amino acid type 
previously characterized. in the J-correlated types of experiment as described 
above, into its sequential position in the polypeptide chain. The long range 
NOEs are used to characterize the global fold of the backbone of the pro
tein (see below). For short mixing times (- 60 ms). NOEs can be ob
served between hydrogens that are maximally 5 A distant. Obviously 
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hydrogens that are more proximal than this will give rise to more intense 
NOEs. The r- 6 dependence of the magnetization transfer rate implies that 
NOE data can be used to accurately determine interhydrogen distance: howev
er, for reasons that are summarized in a following section. this is generally not 
the case. 

NOE data can be used to qualitatively characterize secondary protein 
structural features. Thus in any secondary structural element. the distances 
and orientation between backbone hydrogens (CuH and NH) and C/3 hydro
gens on adjacent amino acids are representative of that structural element. As 
exemplified in Figure 4. the a-helix is mainly characterized by intense 
sequential amino acid N(i)H to N1i + I)H interactions (the inter-NH distance in 
an a-helix is approximately 2.8 A. Other secondary structural elements such 
as the parallel and antiparallel f3-sheet. the 31O-helix. various types oftums O. 
II. IV. etc.). and omega-loop have their own characteristic NOE profiles. The 
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Figure 4 Section of a NOESY spectrum of Rhodobac/£'r capsula/us ielTocytochrome c~. The 
solid lines indicate Nu,H to N'i+IIH connecti\'ities and describe a pan of a long central helix from 
Glu-69 to Asp-78 in the lower half of the spectrum and the C-temlinal helix Gly-I03 to Lys-116 
in the upper half. For a description of the acquisition parameters sec Gooley et al (45). 
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majority of these profiles have been described by WUthrich and co-authors 
(134. 124) and have been utilized extensively by many groups. 

Additional parameters that more accurately define a secondary structural 
unit can be obtained by measurement of the J-coupling constants of hydrogens 
that are three bonds apart and by stereospecific assignments of certain 
methylene and methyl resonances. The magnitude of the former has a 
characteristic dependence on the dihedral (torsional) angle between the two 
hydrogens and the dependence can be approximated. in the case of 
polypeptides. by the Karplus equation (59). For example. because of the 
characteristic fixed orientation of the backbone atoms in typical secondary 
structural units. certain J values are representative of that unit. Thus the 
three-bond NH-C"H J value in an a-helix is approximately 4 Hz. while in an 
antiparallel f3-sheet. this value is nearer 9 Hz (134). 

There are certain drawbacks in using NOE intensities to define structure 
(see also next section). One such difficulty is encountered when one of the 
interacting partners giving rise to an NOE is a methylene or methyl group. For 
example. with methylenes it is difficult to ascertain which of the hydrogens 
actually participates in the interaction. The practice in any structural computa
tion is to assume that a center. which resides in a geometric average position 
between the two hydrogens. is the interactive species. In this case. however. a 
distance error of approximately 1 A is inherent in the assumption (133. 3 I. 
53). It is easy to envisage that a similar handling of the methyl groups of a 
valine residue would be required. Recently. however. it was demonstrated 
that for valyl methyl groups and f3-methylene sites (136. 55) stereospecific 
assignments might be possible and thus the resulting structural determination 
could be made more accurately. 

Stage 3 -Protein Tertiary Structure Determination 

Once a complete or nearly complete sequential spectral assignment has been 
accomplished and the position and type of secondary structural units charac
terized. long-range NOE information is used to juxtapose these units in the 
global arrangement of the protein. 

At this point. the two main drawbacks to the use of the NOE intensities as 
determinants of interatomic distances. alluded to previously. require further 
discussion. 

The first is that k. the rate of magnetization transfer between two hydrogens 
(see above) has a positive value for those molecules with small Te (e.g. 10- 11 

sec. typical of di and tripeptides) and a negative value for those molecules of 
Te> 10-9 sec. typical of proteins studied by NMR spectroscopy. A protein 
cannot. under physiological conditions at anyone time. be described by a 
single Te. and thus any single measurement of k in a NOESY experiment will 
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not accurately reflect the true value of the interatomic distance between all 
interacting hydrogens. For example, long amino acid side chains can be 
subject to rapid local motions (e.g. rotational). and these moieties will tend to 
have a relatively reduced k when measured optimally for the macromolecular 
Te. Furthermore. interhydrogen distances may be modulated by slow local 
motions, again causing localized variations in Te. 

The second problem in determining the true magnitude of the NOE interac
tion is that if two hydrogens are within 2-2.5 A of each other. they will give 
rise to an intense NOE. resulting from direct magnetization transfer. Howev
er. once this transfer has been accomplished. it may be further. or indirectly, 
transferred. The net result is that this diffusion of magnetization may give an 
inaccurate picture of the spatial orientation of the hydrogens involved (see 
Borgias & James. 20. for a recent. more detailed discussion). 

In practice. data acquisition parameters are chosen to minimize the above 
drawbacks. and the distances obtained from NOE data. used in the structural 
computations (see below), are input as a range of values. For example. 
intense. medium and weak NOEs are ascribed to distances of \.8 to 2.7,1.8 
to 3.3, and \.8 to 5 A. respectively. 

Notwithstanding. these NOE distance constraints are used in tandem with 
those of bond angles. bond lengths. chirality, van der Waal's radii. J values. 
and hydrogen-bonding as input to generate three-dimensional protein struc
tures. Two approaches are generally used: distance geometry and restrained 
molecular dynamics. The relative merits of both have been recently discussed 
(70. 115, respectively) and further discussion is beyond the scope of this 
review. Suffice it to say that a global representation of a protein can be 
realized in this fashion. As a consequence of the range of distance boundaries 
input from NOE data. families of structures. and not a unique solution. are 
generated. The consistency of this approach is measured by the magnitude of 
the root mean square (RMS) deviation of the three-dimensional coordinates 
between the members of the family. Typical. acceptable RMS values are in 
the region of \.7-2 A. and examples are given below. 

PROTEIN STRUCTURES 

Toxins 

Polypeptide neurotoxins have proved useful in the physiological study of the 
transmission of neural signals. The two classes of ion channels involved in the 
generation of electrical signals are the ligand-gated channels, such as the 
nicotinic acetylcholine receptor. and the voltage-sensitive ion channels. such 
as the Na+ channel (28). Various small toxic proteins from a wide range of 
sources have been used to study these channels. and many of these toxins 
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have been characterized successfully by NMR spectroscopy. These proteins 
are quite amenable to NMR analysis because they are small (less than 80 
residues), globular, (due to the presence of one or more disulfide bridges), 
and stable to a wide range of solution conditions. including pH and tempera
ture. with little or no requirement for buffer ions. For example, the bee toxin. 
apamin, has been studied for over a decade, and its solution structure and 
dynamics have been well characterized by both one and two-dimensional 
NMR techniques (24. 34. 101. 127). Other toxins that have been studied 
include snake venoms: a-bungarotoxin (7). a-neurotoxin (71). and CTXlla 
and CTXllb (94); scorpion toxins: IsA from Buthus eupeus (4), variant-3 
neurotoxin from Centruroides sculpluralus Ewing (85), and charybdotoxin 
from Leiurus quirquestratus hebracus (19); a-conotoxin from marine snails 
(99, 66); sea anemone toxins: AP-A (76), ATXla (132). HplI (128). HpllI 
(100). and ShI (41). The extensive studies of the sea anemone toxins permit 
detailed comparisons and are discussed below. Several pertinent issues. such 
as purity of sample and correctness of amino acid sequence, have been 
encountered in the course of studying several snake toxins. and these will be 
summarized. The cardiotoxins of the venom of the cobra Naja mossambica 
mossambica have been studied for some time (116, 54). In the process of 
obtaining complete NMR spectral assignments, it was realized that the sample 
was a mixture of toxins (93). Thus only recently have the complete assign
ments for two of these proteins. CTXlIa and CTXlIb. been obtained (94), and 
as a result. only the secondary structure has been fully characterized. Both 
proteins possess a short double-stranded antiparallel (3-sheet near the N
terminal and a large segment of triple-stranded anti parallel (3-sheet. The long 
neurotoxin a-bungarotoxin from branded kait Bungarus mU/lic:inclus has been 
extensively studied by NMR spectroscopy (6. 7. 69). From the sequential 
assignments. four errors in the order of the amino acid sequence were 
detected. which were subsequently confirmed by chemical sequencing. More 
importantly, significant differences were observed between the solution and 
crystal (by X-ray analysis) structures. which included a larger (3-sheet and a 
difference in the orientation of the conserved Trp. These differences are 
believed to be real and reflect the supposition that there is more than one 
stable solution conformation of a-bungarotoxin. This flexibility may be 
important for the recognition at the acetylcholine receptor. 

Sea Anemone Toxins 
A series of small (approximately 50 residue) polypeptide toxins isolated from 
sea anemones show differing degrees of cardio and neurotoxicity. They bind 
to the neuronal voltage-gated Na+ channel. thereby slowing down channel 
inactivation and prolonging the action potential. On the basis of amino acid 
sequence. immunological cross-reactivity. and competition studies for bind-

182 



758 MACKENZIE. GOOLEY & HARDA WA Y 

ing to the Na+ channel, two classes of sea anemone toxins can be dis
tinguished: the actiniid proteins are classified type 1 and include ATXI, 
ATXIa, ATXII from Anemonia sulcata. and AT -A from Anthopleura xantho
grammica: the stichodactylid proteins are classified type 2 and include ShI 
from Stichodactyla helianrhus and HpI and HpII from Heteractis 
paumotensis. Near complete J H assignments have been published for AP-A 
(47, 76), ATXla (132) HpJI, (128), HpIII (100). and ShI (41, 88). 

Solution structures for ATXla 03!) and Shl (40) are well-defined, and 
preliminary structures for AP-A have been obtained (19). The structural 
characterization of AP-A has been hampered by apparent cis-trans isomerism 
of the peptide bond of Pro-41 (43). All four proteins contain a core of 
anti-parallel ,a-sheet encompassing residues 1-3. 19-24.29-36. and 40-47. 
connected by two well-defined loops, and a third poorly defined loop that 
encompasses residues 7-16 (using ShI numbering. see Figure 5). The ,a-sheet 
is distorted by the three common disulfide bridges. Surprisingly. the tertiary 
structure of ShI (a type 2 toxin. Figure 5) is more like ATXla (type 1) than 
HpII (type 2). The greatest difference between A TXla and ShI is that the loop 
34 to 39 packs more closely to the ,a-sheet in Shl than in A TXla. a conse
quence of this loop having several tight turns in ShI and being more extended 
in ATXla. The characterization of the solution structure of BDS-I. another 
small peptide from Anemonia sulcata. shows that this protein contains a 
,a-sheet core and disulfide bridge network similar to the type 1 and 2 toxins 
(36). BDS-I shows poor sequence homology to the type I and type 2 
neurotoxins and. in addition. it is an antiviral and antihypertensive agent, but 
is neither neuro or cardiotoxic. which suggests that the basic fold of these 
proteins may not be important for toxicity. 

Rather than the basic fold being important for the activity of these toxins, 
perhaps other subtle molecular interactions, such as hydrogen bond stability 
and other dynamic phenomena, are important for function. and a number of 
studies probing these phenomena have been conducted. For example, the 
conformational pH dependence of ShI differs significantly to AP-A. ATXI, 
and ATXJI (88, 44). Shl unfolds at alkaline pH. whereas the latter 
polypeptides are stable up to pH 13. pH titrations of AP-A, ATX I. and II 
suggest that a structurally important carboxylate, possibly Asp-9, which is not 
a part of the ,a-sheet, titrates with a pKa near 2 for AP-A and ATX II and a 
pKa near 3 for ATX I, where ATX I is the least toxic (44). A carboxylate with 
a pKa of 2.8 is also observed in ShI. although this titration is not assigned to 
Glu-8, the equivalent residue to Asp-9 of the actiniid proteins. In addition. the 
thermal stability of ShI is lower than AP-A. ATX I. and ATX II (88, 44), 
which together with NH exchange studies show ShI to be less stable than 
AP-A and ATXI ()20). Further investigations. including single residue re
placements, either synthetically or by site-directed mutagenesis. may further 
an understanding of the mode of action of these proteins (103). 
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Fi~urf! 5 Backbone atoms of a family of eight structures uf neurotoxins from the sea anemone 
Slichudactyia helianthus (ShU. P2ir-wise RMS displacement values for these atoms are 1.3 :!: 0.2 
A when the poorly defined loop region tresidues 7-16) is omilled from the calculation. The top 
and bOllom halves of the figure show the structures viewed from twu different angles (401. Left 
and right are stereo pairs. 

DNA-Binding Proteins 
Over the last few years an increasing number of studies have shown that the 
binding region of proteins believed to be involved in the recognition of DNA 
sequences can generally be classified into a number of structural motifs. 
Three well-described structures are. the helix-turn-helix. the zinc finger. and 
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the leucine zipper, all of which are discussed below. It is important to note 
that many DNA-binding proteins do not fit into these categories. and therefore 
examples of other DNA-binding proteins are also described. 

ZINC FINGERS The zinc finger motif has been identified as a nucleic 
acid-binding domain. These motifs have been further categorized into two 
classes. where the Zn ion in the classical zinc finger is coordinated by two Cys 
and two His residues. and in the second class the ligands are four Cys 
residues. Three-dimensional structures have been described for four synthetic 
peptides. each corresponding to a classical single zinc finger. but from 
different sources: the Xellopus protein Xfin-31 (74. 75). corresponding to the 
31 st zinc finger of this transcription factor: the yeast transcription activator 
ADR I (65): a human enhancer-binding domain CHEBD) (90): and the mouse 
Krupell-like gene mKr2 (26). With the exception of the latter protein. the 
samples were prepared with at least a stoichiometric amount of zinc. Not 
unexpectedly. all four proteins show structural similarities to each other. but 
there are also a number of differences. The Xfin-31 finger starts with two (3 
strands arranged in a hairpin structure. This structure is not observed in the 
other zinc fingers. where an irregular. antiparallel (3-sheet connected by an 
atypical tum is observed (see Figure 6). In each finger. a helix of varying 
length is observed: 12 residues in Xfin-3!' 12 to 13 in ADR I: 10 in HEBD 
(residues 11-24. Figure 6): and 7 in mKr2. In each protein. except mKr2. the 
helix starts at the same residue. In mKr2 the helix appears to start approx
imately 4 residues later. which accounts for this helix being shorter and 
possibly a consequence of the protein samples being prepared without zinc. In 
the ADRI and Xfin-3!. but not the mKr2 and HEBD fingers. the helix 
includes both ligand His residues. The helix appears to be all a in the ADR I. 
mKr2. and HEBD zinc fingers (Figure 6). However. in Xfin-31 the helix 
starts as an a-helix and after the first His ligand. as a number of i to i + 2 
connectivities are observed. finishes as 31U-helix. NOE data for the Xfin-3l. 
ADRI. and HEBD proteins are consistent with the NE atom of the two His 
ligands forming the zinc ligand bonds. 

The two zinc fingers within the segment Cys-440 to Arg-510 of the rat 
glucocorticoid receptor DNA-binding domain are class 2. Similarly. the 
DNA-binding domain of the estrogen receptor also consists of two class 2 zinc 
fingers. Three-dimensional structures of fragments containing the two fingers 
for both receptors have been calculated (52. 113). The structure of these 
fingers differs significantly from the classical fingers in that no helical regions 
were found within the fingers. For the glucocorticoid receptor fragment. a 
small piece of antiparallel (3-sheet is found in the N-terminal region of the first 
finger. and a type I and type 11 tum encompasses the N-terminal Cys ligands 
of the second finr;er. a-Helices and several portions of extended conformation 
to the C-terminal side of each finger are observed such that a pattern finger-
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A 

Fi!1ure 6 (AI Best fit superposition of the backbone atoms of a family of 40 structures of the 
30-residue single zinc finger from a human enhancer-bonding domain (HEBD)_ (BI Best fit super 
posillon of the backbone and side-cham atoms of a family of 40 structures of the lirst 27 residues 
of HEBD. The C-terminaltripeptide is poorly deiincd (Figure 6Al. The RMS displacement for all 
atoms in the absence of this regIon is 0041 :t 0.07 A (90). Left and right are stereo pairs. 

helix-extended is repeated. NOE data show a number of long range in
teractions between the two fingers and between the two helical domains. In 
three-dimensional structure. calculations show that the two helices pack 
perpendicular to each other with hydrophilic faces exposed to solvent. one 
finger contacts with the two helices. and the second finger extends out from 
the protein with the two zincs. 13 A apart. In this second finger there is an 
exposed region. AIa-477 to Asp-481. proposed to be involved in protein 
interactions between monomers of the glucocorticoid receptor and thus 
deemed important for cooperative binding. The structure calculations of the 
estrogen receptor DNA-binding domain show similar structures to those 
described for the glucocorticoid receptor. However. one region of difference 
appears to be a nine residue loop that may bind to the minor groove (113). 
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These studies of the two classes of zinc fingers show differences in 
structures and therefore the hypotheses of DNA-binding differ. In the study of 
the class 2 zinc fingers of the glucocorticoid receptor. the helix to the 
C-tenninal end of the first finger was successfully modeled to bind to the 
DNA major groove (52). For the classical fingers. two models for DNA
binding have been proposed: (a) where successive fingers make structurally 
equivalent contacts with the major groove without crossing the minor groove 
(12). (b) where alternative fingers bind on one face of the major groove. so 
that successive minor grooves are crossed (39). In the three classical fingers 
studied. a number of positively charged and polar side chains are located on 
the solvent exposed side of the helical region and are speculated to be 
involved in DNA binding. Using data from hydroxyl radical footprinting and 
the structure of the zinc finger (75). a model supporting the second mode of 
binding has been proposed (29). Experimentally. the classical fingers that 
have been discussed above are single isolated fingers. and because the 
proteins from which these fingers are derived contain multiple fingers. it is 
important to address how the structure of individual fingers relate to each 
other. The transcription factor SWI5 contains three fingers near its C
tenninus. Studies on constructs of the first two fingers show that similar 
NOEs are observed in either the one or two finger constructs. which suggests 
that the individual fingers are modular (86). In the course of detennining the 
structure of HEBD (90) zinc finger. the authors noted that. despite a lack of 
sequence homology. this zinc finger showed striking structural homology to 
residues 23-44 of the proteinase inhibitor ovomucoid third domain from 
Japanese quail. This observation suggests that the classical zinc finger struc
ture is not new. but may be found in a variety of proteins, thus supporting the 
notion that tertiary folding motifs can be limited to a number of classes. 

HELIX-LOOP-HELIX The structures of a number of DNA-binding proteins. 
for example. the A (95). cro (2). and trp (112) repressors. solved by X-ray 
crystallography. show a protrusion of a short a-helix. a tum followed by a 
second a-helix. This structural motif is involved in the recognition of the 
specific base sequence of the operator where the second helix lies partly 
within the major groove in contact with the specific bases and is therefore 
tenned the recognition helix. The tertiary structures of this class of proteins 
are difficult to solve by conventional two-dimensional NMR methods because 
of their molecular weight. However. sequential assignments of the trp repres
sor. a symmetric dimer of 25 K. have been detennined (3). For this protein. 
assignments were obtained by selectively deuterating various amino acid 
residues and observing their effect on the intensity of NOE crosspeaks. In 
other cases. fragments containing the DNA-binding domain can be prepared 
and studied. a method particularly useful in obtaining structural data for 
repressor proteins that have not been crystallized. For example. the three-
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dimensional structure of the lac repressor headpiece ( 136. 58. 122) and the 
Antennapedia homeodomain from Drosophila melclllogaster ( 107. 13) have 
been determined. each showing a helix-turn-helix motif. Comparison of the 
latter protein to other repressors shows that the recognition helix is slightly 
longer than the analogous helix of these other proteins. 

An NOE analysis of a complex of the lac repressor headpiece with a 14 
base-pair fragment of the lac operator showed that. as predicted. the recogni
tion helix binds in the major groove. but the orientation of this helix is 1800 

different to that of other repressor-operator complexes ( 17). A similar study. 
but on a 2: I complex of lac operator headpiece with a 22 base-pair symmetric 
operator. showed that each headpiece bound the operator in the same way as 
the previous study with the 14 base-pair operator (72l. These studies suggest 
that the helix-turn-helix proteins may be further subdivided into how the 
recognition helix binds to the specific operator sequence. 

LEUCINE-ZIPPERS AND OTHER DNA-BINDING PROTEINS A number of 
other DNA-binding proteins do not contain helix-turn-helix or zinc tinger 
motifs. A recently proposed motif. the leucine zipper. has been observed in 
several proteins. e.g. the transcription factors GCN4. los and jUII (91. 92). 
and a histone DNA-binding protein (117). The leucine zipper is characterized 
by a helical region of 30 residues with a periodic repeat of Leu every 7 
residues (73). Relatively little structure knowledge has been obtained for 
these proteins. although synthetic peptides corresponding to the zippers of 
GCN4. jun and los form helical dimers as determined by circular dichroism 
(91. 92). Two-dimensional NMR analysis of a synthetic peptide correspond
ing to the zipper of the yeast transcriptional activator GCN4 shows that the 
peptide forms a symmetric dimer. consistent with a coiled-coil. and is a
helical for almost the entire peptide. e.g. 32 of 33 residues (89). It is 
important to note that the DNA-binding domain of GCN4 consists oi two 
subdomains. a basic region. which is the DNA recognition site. and the 
leucine zipper. Structure calculations of a 6O-residue peptide encompassing 
these regions showed NOEs. including medium range NOEs (i to i + 3). 
characteristic of helix for the leucine zipper region (Ill). In contrast. few 
interresidue NOEs were observed for the basic region. which suggests that it 
is flexible. although the authors reported that. at longer mixing times. NOEs 
characteristic of helix could be observed. Circular dichroism and NMR 
studies of a 56-residue fragment (225-281) of GCN4. which includes both 
subdomains, suggest that the basic region is unstructured in the absence of 
DNA and helical in its presence (125). These data suggest that the flexibility 
of the recognition domain is important for DNA binding. 

The Arc and Mnt repressors of the bacteriophage P22 show little sequence 
homology to the helix-turn-helix proteins. From the sequence-specific assign
ments of the Arc repressor, which is a 53-residue dimer, and a thermostable 
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proline to leucine-8 mutant, the secondary structure has been determined as 
extended-helix-tum-helix for both proteins, where the extended chain and the 
two helices are amphipathic (22, 135). NOE data suggest that the extended 
strand may form a (3-sheet. but it has not been determined if the (3-sheet is 
inter- or intra-monomer. The N-terminal region is implicated in operator 
recognition. thus suggesting that the DNA-binding motif is (3-sheet and that 
the Arc and probably the homologous Mnt repressor belong to another class of 
DNA-binding proteins. 

The DNA-binding domain of the transcription factor GAL4 was previously 
thought to contain two zinc finger motifs and thus binding two zinc ions each 
with Cys2 and His2 residues. Recent 113Cd NMR studies on apoprotein 
fragments of GALA reconstituted with 113Cd show two 113Cd-binding sites 
(96-98). However. on the basis of IH-II3Cd-coupling constants. a total of six 
Cys residues were identified as metal ligands, of which two form bridging 
ligands to both 113Cd ions. Therefore, this DNA-binding domain is a binuc
lear metal ion cluster rather than two zinc fingers. These data are in agreement 
with EXAFS studies (106). A 43-residue fragment of GAL4 (residues 7-49) 
was found to contain two zincs and bind DNA (42). NOE analysis of this 
fragment showed connectivities compatible with helices, although the posi
tion of these helices differs from that predicted for a zinc finger. 

HORMONES 

Insulin 

Insulin is involved in a myriad of biochemical pathways. particularly the 
mobilization of glucose. IH NMR spectroscopy of this protein has been 
hindered by its tendency to self-associate into multiple exchanging forms. 
Recently Kline & Justice (64) assigned the IH NMR spectra of human insulin, 
wherein an organic solvent is used to decrease self-association (126). In 
acetonitrile at low pH. the conformation of human insulin was found to be 
consistent with that determined by X-ray crystallography (Figure 7) (I) except 
for discrepancies at the C-terminus of the B chain. X-ray studies have 
characterized an extended structure for this region. which was not detected in 
the NMR study (Figure 7). This discrepancy may reflect real differences 
between solution and crystal structures. Under physiological conditions (high 
dilution. pH 8.0 and 9.3) Roy and co-workers (l1O) found a conformational 
difference between the monomer and aggregated forms. 

The discovery of variant insulin in patients with diabetes (83 and references 
within) has stimulated research in the study of insulin analogues, including 
Asp B9, Leu B25, des-pentapeptide, (des-B26-B30), and mini-proinsulin (an 
analogue containing a peptid~ bond between residues B29 and AI) (110, 16, 
126, 21. 82). 
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Figure 7 Ribbon diagram of the three-dimensional structure of insulin (based on the X-ray 
coordinates). The shaded helical regions in the A and B chains indicate the most stable regions of 
this protein as assessed by amide hydrogen-deuterium exchange rates (64). 

Growth Factors 
Excellent articles covering structure-function relationships of growth factors 
and their receptors (81) and of epidennal growth factor (EGF) and transfonn
ing growth factor alpha (TGF-alpha) have been recently published (25). In 
brief. urogastrone [human epidennal growth factor (hEGF)]. a 53-amino acid 
peptide with three disulfide bridges. acts primarily to promote cell growth and 
differentiation. hEGF has been studied by tH NMR spectroscopy (27. 33). 
The dominant structural feature was found to be a pair of antiparallel p
sheets. Human transfonning growth factor (hTGF-alpha) is composed of 50 
amino acids and is related to the EGF family in both sequence and activity. It 
is suggested that the "mitten model" structure of TGF-alpha as proposed by 
Kohda. (68). previously used to describe mouse EGF (67). is the functionally 
relevant structural motif. 

Other Hormones 
Other physiologically relevant honnones such as glucagon. secretin. and 
gastrin have also been studied. Due to their small size. less than 40 residues. 
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and lack of disulfide bonds. it is predicted that in aqueous medium they may 
not adopt a particular conformation. 

This is typified in the case of glucagon. a 29 amino peptide that promotes 
glycogenolysis. Boesch and co-workers (18) found that glucagon. in dilute 
aqueous solution. is essentially disordered with perhaps the exception of 
residues 22-25. However. in the presence of perdeuterated dodecylphos
phocholine (OOP) micelles, certain conformations of glucagon can be stabi
lized (23, 130). These are an irregular strand (residues 5-10) followed by a 
helix (residues 10-13). a half tum (residues 14-16). and a helix in residues 
17-29 (51). 

Secretin is a 27-residue peptide that mediates the secretion of alkaline 
pancreatic juices. It is a member of the glucagon superfamily and has 52% 
amino acid sequence homology with glucagon. Again. in aqueous solution the 
conformation of this peptide as analyzed by CO is predominantly disordered 
(14. 15. 109). The addition oftrifluoroethanol CTFE) up to a concentration of 
35% increases helical content of secretin. At 40% TFE. secretin shows 
remarkable structural similarities to glucagon in OOP micelles. i.e. an irregu
lar strand is seen in residues 2-6, a helix (residues 7-13) a half turn (residues 
14-16). and another helix spanning residues 17-25 (51). 

Gastrin exists as 14, 17, and 34 residue homologues. which all have a 
common tetrapeptide C-terrninal sequence. This common tetrapeptide ex
hibits all the effects of the larger homologues. although biological potency has 
been found to increase as chain length increases towards the N-terrninus up to 
the nonapeptide (121). Although there has been disagreement about the 
conformation of gastrin. especially at the C-terminus. the N-terminus has 
been shown to fold into a helix. which may be important for receptor 
recognition (118). 

Similar investigations into the solution conformation of several analogues 
(for example tetragastrin. octagastrin. minigastrin) have been conducted by 
other groups (77-79, 102). A variety of structural features of these peptides 
has been characterized, for example. a 31O-helix initiated by a l3-tum in 
des-TrplNle 12-minigastrin (78). 

CONCLUSION 

The preceding sections are intended to offer some insights into the NMR 
methodologies involved in protein structural analysis. Previously structural 
analysis was in the domain of X-ray crystallography. and although an initial 
uneasy alliance existed between the two experimental techniques. this has 
diminished and now X-ray crystallography and NMR are viewed as es
sentially complementary: one giving a static. the other a dynamic. representa
tion of the protein. Comparisons of three-dimensional protein structures 
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derived by both techniques have been made, and although there have been 
instances of significant differences (see the a-bungarotoxin discussion above 
and 84), generally they are comparable with the minor exception of the 
orientation of sidechains (for example, 104, 62. 63). 

The clear disadvantage of the NMR technique is the small size of the 
proteins that are amenable to such studies. The recently developed three- and 
four-dimensional NMR techniques (123,50,32 ), in tandem with the study of 
proteins into which NMR visible, stable isotopes ( 13e, ISN, 2H) have been 
incorporated (80), have opened up new approaches to studying larger pro
teins. The resulting increase in the repertoire of accessible NMR experiments 
imparts the ability to achieve the spectral resolution required to combat the 
ever increasing complexity of the spectra associated with larger proteins. 
With these improvements. the probable molecular weight limit for the struc
ture analysis of proteins by NMR spectroscopy is approximately 30 kd. Even 
with this limitation. it is anticipated that the wealth of structural and dynamic 
information gleaned by the NMR technique will afford exquisite insights into 
the biochemistry and biology of these relatively small proteins. 
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ABSTRACT 

As pharmacists become increasingly involved in patient care there is 

increasing need to expand their knowledge base. Topics not necessarily taught 

in pharmacy schools must be learned in order to remain competent and maintain 

relations with physicians and other health care providers regarding the needs of 

a patient. One growing field in medicine is radiology which has expanded, to 

include not just detection of disease but treatment as well. The onslaught of 

newer and more sophisticated (and more expensive) imaging techniques is an 

area in which pharmacists should be familiar. 

This primer will provide background to help pharmacists understand the 

basics behind magnetic resonance imaging. Fundamental principles of physics 

and the production of the MRI signal are discussed as well as the acquisition of 

various images and the use of contrast agents. It is intended to familiarize 

pharmacists with jargon thrown about by physicians such as "T2 weighted 

images". 
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INTRODUCTION 

Nuclear magnetic resonance (NMR) is a fascinating technology that has 

developed quickly since its discovery in the middle of this century. Originally of 

interest only to physicists, NMR has become a vital analytical tool in many 

scientific areas, predominately chemistry and biochemistry. More recently the 

underlying principles have been developed and applied to clinical medicine. 

NMR spectroscopy is used to study a variety of problems in a wide 

number of discplines. At the molecular leve, NMR is a preeminant technique for 

elucidating the structure and dynamics of proteins, nucleic acids and small 

molecules1.3• At the cellular level, in vivo studies include the response of both 

normal and cancerous cells to environmental changes4
.
5

• NMR spectroscopy 

use has expanded to include material sciences6
.
7

, solid state chemistry8.9, 

microimaging10 and high pressure studies in chemistry11 and biochemistry12. 

The term Nuclear Magnetic Resonance (NMR) is commonly used to 

denote the technique as applied to inanimate objects and cellular studies. Use 

of the term "nuclear" however, has unnecessarily frightened patients who 

believed they would be exposed to ionizing radiation, thus the term Magnetic 

Resonance Imaging (MRI) is now used in clinical practice. Being a relatively 

recent technological advance in. medicine, the role of MRI is still being defined, 

as evidenced by the numerous recent papers comparing MRI with more familiar 



radiological techniques13.19. Use of MRI has predominately been for the 

disciplines of neurology20.25 and oncology26.31 but has also found uses in 

cardiology32.36, urology37-41, psych iatry42-45 , rheumatology46.47 and a variety of 

applications to women's health48.55. Another interesting use particularly to 

pharmacists, includes monitoring drug therapy effectiveness56-62. 
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Although MRI use is fiscally restrictive at this time, the technique offers 

numerous advantages over other types of clinical imaging. Among these are: 

high intrinsic contrast between tissues, multiple imaging planes allowed, the use 

of non-ionizing radiation, the ability to image normal control volunteers, and the 

possibility for tissue characterization and blood flow imaging. It is not without 

disadvantages however, which include long imaging times, the necessity of 

having highly trained operators to determine protocol options and choice of 

machine parameters, patient anxiety, difficulty in managing and monitoring 

patients who are critically ill and the high cost63-66. 

Technology is improving to solve most of these problems. Echo Planar 

Imaging is now standard on the Siemens VISION (Iselin, New Jersey, 08830) 

machine which allows image acquisition in sub second time, reducing total 

imaging time considerably, thus reducing the cost as well as to make MRI 

available to a larger number of patients. The concept of the open magnet is now 

realized, which allows total access to patients for performing biopsies and . 
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providing direct access to patients when necessary. This new technology will 

play an important role in reducing patient anxiety. 

The physics of NMR is daunting, being closely tied to the general theory 

of quantum mechanics. However, the basic principles can be understood by use 

of germane physics laws. Several books have been written on the subject of 

NMR using the quantum mechanical approach67
-
68 however, perhaps more useful 

to the neophyte are those written with an emphasis on application69
• 

BASIC PRINCIPLES 

The number of protons present in a nucleus is indicated by the atomic 

number, and the total number of neutrons and protons indicated by the mass 

number, e.g. hydrogen, 1H, has one proton and no neutrons in its nucleus while 

carbon, 12C, has 6 protons and 6 neutrons. 

All nuclei carry a charge. As the charge spins on its nuclear axis it 

creates a magnetic dipole described by the nuclear angular momentum, J, and 

the magnetic moment, IJ: 

~ =yJ (1 ) 

where y is the gyromagnetic ratio, discussed below. Both J and IJ are vectors 

expressing strength and direction of the magnetic field, analogous to a bar 

magnet (Figure 1). 

The spin angular momentum (commonly called "spin") of the magnetic 
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dipole is described in terms of the spin number, I, determined from the atomic 

mass and atomic number. Protons and neutrons each have a magnetic spin 

quantum number of 1/2. 

If the mass number of a nucleus is even, the spin number is an integer and the 

protons and neutrons pair off oppositely resulting in a net angular momentum of 

zero (I = 0 or 1). Such is the case for 12C and 160 which are not receptive to 

NMR. For those nuclei with an odd mass number, for example, 1H and 13C, the 

spin value is some fraction, e.g. 1/2 and 3/2, making the nucleus receptive to 

the NMR or MRI experiment. 

The gyromagnetic ratio, V, is a fundamental physical constant for each 

nuclear species, and is defined as: 

v = IJ/lh (2) 

Where IJ is the magnetic moment, I is the nuclear spin number and h is Planck's 

constant divided by 2n, the natural unit of angular momentum. 

In the absence of any magnetic field, the nuclei are randomly orientated 

(Figure 2a) but when placed in a strong magnetic field (Bo), they will alin 

themselves parallel or antiparallel with the magnetic field (Figure 2b). 

The spin number, I, determines the number of orientations a nucleus may 

assume in the presence of a uniform magnetic field, the maximum number of 

orientations being 21+1. In the case of 1H, 1=1/2, the number of orientations is 



two, parallel and antiparallel. Orientation in the antiparallel alignment is the 

higher energy state and is less populated than the parallel orientation. 
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In fact, the spins do not align exactly with he magnetic field but are rather 

tilted at an angle, 8, (Figure 2b) with a spinning motion similar to the motion of a 

gyroscope under the effect of the earth's magnetic field. As the magnetic field 

strength increases, the rate of precession about 8 0 increases to some frequency 

which is dependent on the physical properties of the particular nucleus of study. 

The relationship between angular frequency of precession, 00, the magnetic field 

strength, 8 0 , and the gyromagnetic ratio, V, of the nucleus is the Larmour 

relationship and is given by Equation 3: 

(3) 

The frequency of precession of any nucleus is referred to as the Larmour 

frequency. In NMR, the strength of the magnet is designated by the Larmour 

frequency of the proton molecule, e.g. NMR spectrometers are commonly 

referred to as being 400 MHz, 500 MHz or 600 MHz. However if one is studying 

13C, the Larmour frequency is, in this case, 100 MHz, 125 MHz and 150 MHz 

respectively, an often overlooked point in the literature. In MRI however, 

magnetic field strength is designated by the Larmour frequency of 1H in the 81 

units of Tesla (T), the measure of magnetic field strength. A typical clinical 

imager is 0.5- 1.5 T. 
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The abundance of a particular isotope is an important consideration in the 

selection of a nucleus of study. For examples, hydrogen has three isotopes, 1H 

(hydrogen), 2H (deuterium) and 3H (tritium). The 1H isotope is found naturally at 

99.98% abundance. The 2H and 3H isotopes are considerably less abundant, 

0.015 and 0.005% respectively. It is fortunate in this case that the most abundant 

isotope is also that with a spin value which makes the nuclei observable by 

NMR. If one wishes to study carbon or nitrogen nuclei however, it must be 

borne in mind that the primary isotopes are 12C and 14N have spin values of 0 

and 1, respectively and are not receptive to NMR experiments. The NMR 

receptive isotopes, 13C and 15N, have a low natural abundance, 1.10 and 0.36% 

respectively. Hence isotopic enrichment of the sample and/or increased data 

acquisition time are required for useful studies of these nuclei. 

Fluorine and phosphorous are two nuclei with a high natural abundance 

and spin values of 1/2, however they have limited use. The relative scarcity of 

fluorine in the body does not lend itself to imaging, but fluorinated xenobiotics 

have been used to follow drug distribution and metabolism70.72
• Phosphorous is 

widely observed in studies at the cellular level4,5 to monitor levels of ATP, ADP 

and inorganic phosphate, but clinical use is limited to experimental studies20,73,74 

although it is making its way into useful clinical examinations. Table 1 lists 

important properties for some commonly studied nuclei75. 
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The 1H nuclei, due to its strong sensitivity and large natural abundance, is 

often the nucleus of choice for NMR studies of small molecules and 

biopolymers1 0

5. For these reasons it is also the only nucleus of clinical signifi

cance65,66. 

Of course any sample contains not just one nucleus but a large collection 

of nuclei all precessing about 8 0 , as shown in Figure 3. As discussed earlier, the 

majority of spins are oriented parallel with the magnetic field but a significant 

portion are aligned antiparallel. The magnetization resulting from antiparallel 

nuclei will be cancelled by parallel nuclei. Further, the individual spin vectors can 

be described by parallel and perpendicular components to 8 0 , Clearly for a large 

collection of spins randomly distributed on the surface of the cone, individual 

components perpendicular to 8 0 will cancel each other. This leaves only the 

contributions parallel to 8 0 , resulting in the net bulk magnetization aligned 

parallel with 8 0 , commonly designated Mo. 

The slightly larger population which has assumed a parallel orientation 

gives a sample a net bulk magnetization, M, which is aligned along 8 0 , It is only 

this magnetization arising from a small population difference which is detectable, 

thus the low sensitivity of the NMR experiment as compared with many other 

analytical techniques. 
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ELECTROMAGNETIC RADIATION 

Before introducing a radiofrequency pulse to the sample, it may be useful 

at this point to review properties of electromagnetic (em) radiation (Figure 4). 

Electromagnetic waves are composed of perpendicular magnetic and electric 

fields propagating along the direction of the wave, both components being 

perpendicular to the direction of the wave (Figure 5). The velocity of a wave, v, 

is related to its frequency (f) and wavelength (,\) by 

v = f,\ (4) 

The energy of a wave and hence its potential for direct biological 

interaction increases as the frequency increases (and wavelength decreases 

obviously). For example X-rays, which are known to pose a biological hazard, 

have a wavelength of 10-16 to 10-19 meters, while radio waves, which are 

innocuous have wavelengths of 10° to 106 meters. The frequency of the 

radiofrequency pulses used in MRI are on the order of 107 Hz and pose no 

known biological hazard. The hazards of MRI are discussed in detail later. 

RADIOFREQUENCY PULSES 

The introduction of a radiofrequency (rf) pulse to a NMR sample or to a 

human body in the case of MRI, is done by rf coils. These coils are usually 

aligned such that they produce an rf wave with a magnetic field perpendicular to 

Bo. Rf coils are an extremely important piece of equipment due to their dual 
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roles as transmitters of the rf signal and detectors of the MRI signal. 

Sophisticated electronics are required in order to generate a strong rf pulse and 

immediately afterward detect the faint MRI signal. 

Upon generation of an rf pulse, denoted, 8 1, the torque exerted on the 

bulk magnetization will cause the nuclei of a sample to begin precessing about 

8 1 (Figure 6). The extent of the magnetization rotation is dependent upon the 

strength and duration of the rf pulse. If the rf pulse (applied along the +x 

direction, for example) were to be left on, the net magnetization vector, M, would 

rotate from the longitudinal axis (z) toward the transverse plane (y) then toward 

the -z axis, then to the other side of the transverse plane (-y) and back to +z, and 

so on. When the rf pulse is applied for only a short period of time, the net 

magnetization is rotated out of the longitudinal axis to a certain angle termed the 

flip angle. Flip angles of 90° and 180° are of special importance since the former 

positions the longitudinal magnetization in the transverse plane and the latter 

inverts the bulk magnetization. These angles are important in the manipulation 

of spins keeping in mind that due to the positioning of the probe, greatest signal 

detection will occur when the sample magnetization is in the transverse plane. 

Immediately after a 90° pulse, the net magnetization lies in the transverse 

plane and is precessing about ~o. In this "post-excitation" period the rotation of 

the magnetization induces an alternating current in a rf coil. The record of 
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voltage versus time is a dampened sine wave which is termed the "free induction 

decay" or FlO (Figure 7). which represents the summation signal of all the 

frequencies of the sample weighted properly as a function of time. The 

conversion of the multitude of signals from a time domain to a more easily 

interpreted frequency domain is accomplished by Fourier transformation. 

FOURIER TRANSFORMATION 

The free induction decay is the oscillation of each frequency within a 

sample displayed as a function of time. Analogous is a chord of music. The 

sound produced is all the different notes of that chord. The human ear can not 

only hear the blend of notes (analogous to the FlO) but can also discern the 

individual notes which make up the chord (a single frequency). The human eye 

however cannot discern one frequency from the total in the FlO. Fourier 

transformation then converts the multitude of frequency signals displayed as a 

function of time into individual signals displayed as a function of frequency 

(Figure 8). 

The Fourier theorem states that any bounded function can be represented 

by the summation of cosine and sine terms properly weighted. In order to 

convert the FlO. each frequency in the FlO is multiplied by sine and cosine 

functions and the results integrated from time zero to infinity in order to calculate 

the coefficients of frequency. 
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The speed with which this operation can be accomplished is limited by the 

time necessary to carry out the multiplication steps. A full Fourier transform (FT), 

even with todays computers, could take several minutes. Replacing this method 

is the fast Fourier transform developed by Cooley and Tukey78. In this algorithm, 

the data in matrix form is factored into components such that only approximately 

one-half of the multiplication steps necessary for the Fourier transformation are 

involved. Using this method, data transformation takes only a few seconds for 

one-dimensional data. For two- and three- dimensional data sets, FT can be 

accomplished in several minutes, using dedicated hardware, Siemens can 

perform 20 2D-FT in one second. 

TRANSVERSE RELAXATION 

The term "resonance" denotes alternating absorption and dissipation of 

energy. Radiofrequency perturbation increases the energy of the sample which 

requires dissipation, termed relaxation. It is these relaxation processes, more 

specifically differences in transverse and longitudinal relaxation rates, which are 

the basis of MRI. 

As shown in Figure 9, following the rotation of magnetization into the 

transverse plane, the local magnetic environment causes the various 

components to precess about the x-y plane at various rates (00) in a process 

known as dephasing. Since the signal recorded is the sum of all the transverse 
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components, sufficient dephasing will lead to complete cancellation of the signal. 

This relaxation process is referred to as the T 2 relaxation time and is described 

by Equation 579
• 

(5) 

T2 differs from T2* in that T2* describes the local field inhomogeneity due to the 

environment surrounding the molecules plus the spin-spin interaction between 

molecules while T2 describes the latter only. The distinction is somewhat 

academic and not vital to our purpose here. 

Transverse relaxation is also called spin-spin relaxation to emphasize the 

influence of surrounding spins on the local magnetic environment which gives 

rise to local inhomogeneities. 

SPIN ECHO 

Sufficient dephasing will lead to loss of signal as explained above, 

however by applying a second pulse, it was found that it is possible to reverse 

the decay of the signal due to the local inhomogeneity and form an "echo" of the 

original signal. This phenomena is termed the spin echo and is illustrated in 

Figure 10. The initial transverse magnetization can be reestablished along the x 

axis by applying a 1800 pulse along x, T seconds after the initial 900 pulse, 

turning the partially dephased magnetization over into a mirror image position. 

This allows those components dephasing quickly to catch up with those 
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components dephasing slowly, refocusing the vectors at time 2T, the orientation 

for maximum signal detection, creating the spin echo. 

To visualize the refocusing process, the popular analogy used is that of a 

race track. At time zero all runners are aligned at the starting blocks. At time T 

each runner has run some distance depending on the individual's speed. If 

however, all runners were forced to reverse their direction and maintain their 

speed, they would all arrive at the starting line again at time 2T. 

Figure 10 also summarizes the spin echo sequence. The echo signal 

amplitude is related to T{f2' Two important timing parameters are TE and TR, 

where TE is the echo time or time between the middle of the 900 pulse and 

maximum signal and TR is the repetition time or interval between 900 pulses. 

LONGITUDINAL RELAXATION 

The return of magnetization to the longitudinal plane following an rf pulse 

is similar to that of transverse relaxation. Following an rf pulse, the net 

magnetization is tilted out of the longitudinal axis (Figure 11). The amount of 

longitudinal magnetization is initially zero after the application of a 900 rf pulse, 

but increases exponentially as the spins realign with the static magnetic field, Bo. 

The expression for T1 relaxation is given by7s. 

M = MO (1_e·VT1 ) (6) 

Longitudinal relaxation is often referred to as the spin-lattice relaxation to 



indicate that this process is predominately due to spin interaction with the 

surrounding environment or the lattice. 

INVERSION RECOVERY 

215 

In order to create an image related to T1, a 1800 pulse is applied which 

moves the magnetization to the -z axis. The signal is not detectable at this point, 

however, if we wait for time T, and apply a 900 pulse, transverse magnetization 

will be created (Figure 12). The magnitude of this signal is related to the ratio of 

T1T1. Since this pulse sequence begins with an inversion of the magnetization, 

followed by T1 recovery, the manipulation is referred to as inversion-recovery 

creating a T1 weighted image. 

T11T2 RELATIONSHIPS 

Longitudinal and transverse relaxation work in opposite directions as 

illustrated in Figure 13. The T1 time can be thought of as a recovery process, 

while the T2 a decay process. Longitudinal relaxation, T1, is defined as the time 

delay required for 63% of the tissue magnetization to recover along the direction 

of Bo (.63Mo). Transverse relaxation, T2• is defined as the time required for the 

transverse magnetization to decay to 37% (.37M) of its original level. 

SPIN ECHO (SE) CONTRAST 

The expression for the signal using SE is given by76. 

SSE(TE,TR) = N(H)e-TElT2(1_e-TRlT1) (7) 
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Where TE and TR are the echo and repetition times and N(H) is the proton 

density. In this pulse sequence we notice that TE selection (the TEfT2 ratio) will 

affect the T2 weighting in the image and TR selection (the TRfT1) will affect the T1 

weighting in the image. Hydrogen density is always a factor in SE imaging. In 

general T1 weighted images are better for high-resolution anatomical detail while 

T2 weighted images often are better for emphasizing subtle differences in tissue 

contrasf7. 

The repetition time, TR, dictates the interval during which longitudinal 

magnetization can recover between 900 pulses. Tissues with T1 values 

comparable or shorter than TR will have enough time to recover longitudinal 

magnetization prior to the next rf application. Tissues with T1 values longer than 

TR will not have enough time to recover and therefore will appear darker on 

images. In general, in order to emphasize T1 contrast, TR values comparable to 

T1 values are chosen. 

The echo time, TE, is the predominate factor in creating T2 weighted 

images. Longer echo time values lead to greater decay of the signal. Tissues 

with a short T2 time imaged with a long TE setting have decreased signal. Figure 

14 shows the different appearances of MR images attained by varying values of 

TR and TE. 
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INVERSION RECOVERY (IR) CONTRAST 

An inversion recovery image is created by applying a 1800 pulse, inverting 

the magnetization. At some time, TI, later a 900 pulse is applied and the signal 

detected. Another 1800 pulse is applied shortly after the 900 forming a signal 

echo, TE. TR is the time between initial 1800 pulses. These three times, TE, TR 

and TI, are determinants of the signal in the IR image. 

The expression for the signal from IR imaging is76
• 

SIR(TE, TI, TR) = N(H)e-TElT2(1_2e-TIfT1 + e-TOfT1) (8) 

The signal is influenced by proton density, N(H); a T2 factor, e-TElT2; and a T1 

factor, e-TIIT1 . The T1 time in this case is affected by both TR and TI. As in SE 

the proton density is inherent in the tissue while T2 is predominately determined 

by TE. Using IR, the T1 value has a greater range (depending on TR and TI 

values) providing increased T1 contrast between tissues. 

This is schematically shown in Figure 15, for the return of longitudinal 

magnetization for brain tissue and cerebrospinal fluid following an rf pulse. If the 

repetition time, TR, selected is long (Frame a) then CSF recovers longitudinal 

magnetization and following signal acquisition, the signal from CSF and brain 

tissue will be nearly identical. Thus less contrast is seen between fluid and 

tissue. If the TR value is shortened (Frame b), brain tissue will regain 

longitudinal magnetization faster than CSF and hence greater contrast is 
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achieved. 

In Figure 16, the liver has a longer T2 value than does the lesion. Frame 

b shows improved tissue contrast when TE is decreased from 30 to 18 msec. 

When the inversion recovery sequence is used, the inversion time (TI) is 

selected such that the term involved with TI and T1 for the signal from the lesion 

vanishes. Therefore the signal from the tumor tissue will vansh, i.e. appear 

darker, again demonstrating the importance of selecting appropriate pulse 

sequence values to enhance tissue contrast 

The reliance of relaxation rate differences in creating "whiteness" and 

"darkness" of the MR image is fundamentally very different than other types of 

radiographic imaging. For example, with computed tomography (en the 

amplitude of signal is dependent upon decay of the X-ray as it passes through 

the tissues. Soft tissues have very similar absorption factors which makes it 

impossible to differentiate, for example white matter from gray matter. The 

appropriate choice of imaging parameters in MRI will improve this contrast. 

Herein also lies the increased complexity in interpreting MR images, as the 

density of tissues is inherently known, the relaxation rates of various tissues and 

fluids is not, and the interpreter must not only know how the image was acquired 

but be familiar with the relative relaxation rates of the tissues in the image. 

Relative T1 and T2 times can be affected by several factors. Water which 
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is associated with macromolecules (electrostatic or hydrogen bonded) shorten T1 

and T2 values. These values in pure water are longer than T1 and T2 times in 

tissue. Blood T1 and T2 values are affected by the oxygenation state of 

hemoglobin78
, hence, recent hemorrhages will appear different than chronic 

hemorrhages due to the oxygenation state. Other factors affecting T1 and T2 are 

the state of hydration and temperature of the patient and the patients age. 

Comparing T1 and T2 for any given system, T1 is always greater than or equal to 

T2. Relative T1 and T2 times for various tissues are listed in Table 264. 

MAGNETIC FIELD GRADIENTS 

The need for gradients may best be understood by example. In 

Figure 17, two water filled cylinders are placed in a homogenous magnetic field 

such as the field used in NMR spectroscopy. Upon the application of an rf pulse, 

the two cylinders experience the same magnetic field and hence will resonate at 

the exact same frequency. So although the two cylinders varied in their spatial 

relationship to each other, no spatial information was gained in the experiment. 

However, if the two cylinders are placed in an magnetic field aligned along 

the z axis but the magnetic field is varied with respect to the x axis, the two 

cylinders no longer experience the same magnetic field strength. The proton 

molecules in the two cylinders, t~erefore, precess at different frequencies varying 

along the x direction according to the magnetic field variations. They will also 
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emit signals at their respective frequency. The collected FID will be the 

superposition of all of these signals. Fourier Transformation of the FID produces 

the strength of each of the frequencies. Knowing the magnetic field spatial 

variations, therefore, will enable us to obtain a profile through the sample77
• 

The use of magnetic gradients in MRI is an important concept. A sample 

contains nuclei whose magnetization signals can differ according to their 

relationship in space as well as differences in phasing. This is an extremely 

different approach than that used for NMR where a very stable homogenous field 

is desired. MRI requires the deliberate introduction of magnetic field 

inhomogeneity. 

A magnetic gradient is produced by a special coil superimposes the static 

magnetic field. The gradient need not be strong. Typical magnetic field strengths 

for a full body imager is on the order of 0.05- 2 Tesla, while typical gradient 

strength is 10 milliTesla/meter. 

Gradient magnetic fields may be placed along any axis. If as shown in 

Figure 18, the gradient is applied along the x axis. The magnetic field Bo' does 

not change direction, however the magnitude along the x axis varies linearly. 

Since the Larmour frequency is dependent on the strength of Bo ' in a gradient, 

the Larmour frequency becomes a function of position. Therefore planes of 

constant field strength become planes of constant frequency and the spatial and 
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frequency relationships converge. The relationships between space, frequency 

and phase are an integral part of creating useful images. In particular information 

about the frequency, phase and amplitude of the spin signal must be retained in 

order to create useful 20 images. 

FREQUENCY ENCODING 

As discussed above, gradients may be used to encode spatial information 

into the MRI signal by making the resonance frequency a function of spatial 

position. This is commonly referred to as frequency encoding. In a simple 

example of a one-dimensional image, a gradient along the x axis, Gx, is applied 

following a 900 pulse while digitizing the FlO signal. This causes the individual 

transverse components corresponding to different planes perpendicular to the 

gradient direction to precess at different frequencies. A Fourier transformation of 

the FlO unravels the distribution of frequencies and generates a spectrum that 

corresponds to the one-dimensional image or an object profile77
• 

SLICE SELECTION 

By defining a given area within which only those spins will be excited, one 

can define a slice of tissue within the imaging volume. This is done by imposing 

a gradient, G, perpendicular to the slice plane causing linear variation of the 

resonance frequencies along that axis. 

A narrow range of frequencies (F, the rf bandwidth) is selected, which 
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excites only the spins along the slice selection axis whose resonance 

frequencies, as dictated by the gradient, correspond to the frequencies present 

in the rf bandwidth. After the rf pulse, the slice selection gradient is turned off 

and signals emanating from the chosen slice can be detected. The slice 

thickness may be selected by varying the gradient amplitude or varying the rf 

bandwidth. A third possibility is changing the rf center frequency as seen in 

Figure 1979
. 

CONTRAST AGENTS 

The primary goal of any MRI contrast agent is to preferentially alter the 

relaxation times of tissues. The perfect imaging agent is one in which the 

magnetic activity of the agent altered the image signal intensity but also has 

biodistribution to normal tissue and excludes diseased tissues (or vice-versa) 

and also has low toxicity. Obviously, no agent meets all criteriaBo• 

Contrast agents act indirectly by shortening tissue relaxation times. Two 

classes of agents have been developed 1) paramagnetic ions which include; 

manganese, iron, chromium and gadolinium and 2) stable free radicals which 

includes the nitroxide compounds. At this time, gadolinium (Gd), is the most 

widely used clinically (Magnevist®). Water solubility is achieved by chelation to 

EDTA, DTPA (diethylene triamine penta-acetic acid) or DOTA 

(tetraazacyclododecane tetraacetic acid) (Figure 20). 
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The agent is injected intravenously in a dose of approximately 0.1 

mmol/kg and excreted unchanged in the urine. It crosses the blood-brain barrier 

and thus is useful in differentiation of the brain. Hypersensitivity and 

anaphylactoid reactions are the most serious side effects associated with 

contrast agents. Safety of these agents in pregnant women has not been 

determined and shuld only be used after careful consideration of the risk/benefit 

ration. Improvements in the application of currently available agents and 

development of new drugs in an area of active research81
•
82

• 

HAZARDS OF MRI 

Although MRI is remarkably safe, there are associated hazards with the 

static magnetic field, the magnetic gradients and the rf input. Recently there has 

been concern for the possible carcinogenic and teratogenic effects of strong 

magnetic fields however no evidence to date sUbstantiates these concerns83
-
84

• 

In fact, MRI has been used as an alternative to sonography to monitor fetal 

development51
• 

Rapid changes in the magnetic fields can induce a current which is similar 

to that causing nerve stimulation. These electrophysiologic changes are known 

to affect retinal rods resulting in visual phosphenes in a changing field of 1.3 

T/sec85
• Guidelines by the National Center for Devices on Radiologic Health 

(NCDRH) has established guidelines of 3 T/sec or less for time varying magnetic 
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fields. 

Rf input will cause a rise in body temperature dependent upon the 

frequency and configuration of the rf coil. NDCRH guidelines were established 

to allow approximately 1°C increase in core body temperature. This restraint 

translates into 0.4 Watts/kg averaged over the whole body85. 

Of primary concern to most patients is the anxiety produced by the 

constrained configuration of the machine itself 86.87. The incidence of 

claustrophobia is 2-5% and may be severe enough to require termination of the 

procedure. Nonpharmacologic strategies for dealing with patient anxieties have 

been addressed86 and largely involve discussions with the patients regarding 

what occurs during the procedure. Pediatric patients often require sedation prior 

to examination88
. Critically ill patients can be candidates for imaging provided 

an anesthesiologist with training and experience in MRI is available 89.90. 

All ferromagnetic implants pose a danger to the patient when in the field of 

the magnet. Patients with surgical clips, heart valves and pacemakers face 

significant risk due to the force and torque of the magnetic field. MRI in patients 

with such devices should be avoided. Dentures should be removed prior to 

entering the examination room however dental amalgam is not affected. 

Hospital staff should use care to remove any ferromagnetic items from their 

person when approaching the machine including pens, large metal belt buckles, 
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hair clips, analog watches etc. Also information containing magnetic strips, e.g. 

credit cards, will be erased if brought within the field of the magnet. 

Recently, the safety of imaging a number of bullets and pellets was 

evaluated. Patients with lodged shrapnell and bullet casings require individual 

evaluation before MR191. 

CONCLUSIONS 

A major drawback to MRI is the long (relatively) imaging times (on the 

order of minutes). This presents a challenge particularly to critically ill and 

pediatric patient populations. Voluntary motions on the part of patients is 

disruptive to the image and involuntary movements such as respiratory and 

cardiac motions cause artifacts. A technique known as gating, cycling pulse 

sequences in rhythm with physiological motions, has been used to try to 

overcome these difficulties. Bowel peristalsis also presents a challenge in 

abdominal imaging and often anticholinergics are given prior to imaging to 

decrease peristaltiC activity. 

A final drawback to MRI is the significant cost. Acquisition of the 

equipment is only part of the total cost. The nature of the technique requires the 

magnet be placed in a special facility free from extraneous magnetic and rf 

"pollution". The quality of the images and contrast in the areas of interest are 

highly dependent upon image acquisition parameters. Highly trained 
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technicians, generally at the Ph.D. and/or MD level, are invaluable in the optimal 

utilization of MRI. Such requirements make MR images 2-3 times more costly 

than CT. 

Despite these limitations, scientists remain excited about the future of MR 

imaging and are currently refining protocols and software to acquire 3D images 

as well as developing MR spectroscopy to a clinically useful tooI93
•
94

• The future 

for MRI as a scientific endeavor looks bright. As a clinical tool, it will continue to 

be of tremendous value to neurologists and oncologist, however its role in other 

areas of medicine will probably be determined by the type and extent of health 

care system reforms. 
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Table 1. 

Isotope Natural 

Abundance % 

99.98 

1.10 

0.36 

100 

100 

Magnetic 

Moment,J.I 

2.793 

0.702 

-0.283 

2.627 

1.131 

Gyromagnetic Relative 

Ratio, V (rad/Gauss) Sensitivity 

26,753 

6,728 

-2,712 

25,179 

10,840 

1.000 

0.016 

0.001 

0.834 

0.066 
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Table 2. 

IMAGE APPEARANCE RELATIVE T1 TIME 

White 

Grey 

Black 

ShortT1 

Long T1 

Very long T1 or 

low proton density 

EXAMPLES 

Fat, Cholesterol 

Acute Hemorrhage 

Some tumors 

Chronic hemorrhage 

Infarction 

Demyelinating plaques 

Edema 

Cerebrospinal fluid 

Urine 

Cortical bone 

Calcification 

Air (lung/sinus/bowel) 

Chronic fibrosis 
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IMAGE APPEARANCE RELATIVE T2 TIME 

White 

Grey/black 

EXAMPLES 

Cerebrospinal fluid 

Urine 

Nucleus pulposus 

Articular cartilage 

Acute and chronic 

hemorrhage 

Infarction 

Demyelinating plaques 

Edema 

Tumors 

Cysts 

Miniscal cartilage 

Ligaments 

Chronic fibrosis 

Cortical bone 

Calcification 

Air 
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Figure 1. The magnetic dipole and associated spin of certain nuclei behave like bar magnets with 

rotation about the dipole axis. 
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~I) , 
~ u '", 

Figure 2a. In the absence of a magnetic field, spins are randomly oriented. 

Parallel 

Antlparallel 

Figure 2b. In the presence of an externally applied magnetic field, Bo. spins may assume one of 

two orientations denoted parallel and anti parallel. 
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M 

Figure 3. A depiction of a collection of spins at any given instant. The vector. M. represents the 

bulk magnetization resulting from the sum of the contributions of the spins. 
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Loogwave 
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Figure 4. The relationship between electromagnetic wave frequency and wavelength in free 

space. 
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fJ 
E 

Figure 5. Schematic of an electromagnetic wave depicting orthogonal electric (E) and magnetic 

(8) fields. The wavelength, A, is the distance between two successive crests or troughs. 
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Prlottoanrfpulse 
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M 0 P05t rf pulse 

x 

Figure 6. The effect of an rf pulse, 8 1, along the x axis on the magnetization Mo. Notice that the 

Mo vector precesses in a plane perpendicular to the rf pulse 8 1 with a frequency related to the 

strength of the pulse. At the end of the pulse, Mo will point in a direction tilted a degrees from the 

z axis. The "flip angle", a, depends on the strength and duration of the rf pulse. 
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Figure 7. The free induction decay (FlO) is the superposition of all frequencies within a sample 

displayed as a function of time. 
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Figure 8. The free induction decay is converted to a more easily understood display of signal 

intensity as a function of frequency by application of Fourier transformation (FT). 
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(a) (b) 
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Figure 9. Progressive de phasing of the precessing transverse magnetization following a 900 

pulse due to transverse relaxation, T2• 
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t = 2T 

1800 

90 0 

acquire 
c 

Figure 10. Principle of the formation of a spin echo. At time t = T following a 900 pulse, the partly 

dephased transverse magnetization is turned into mirror image positions by a 1800 rf pulse about 

the yaxis. The fast precessing spins (F) eventually catch up with the slow moving ones (S), 

leading to complete refocusing at time t = 2T. 
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) 
time 

Figure 11. Illustration of longitudinal relaxation of the net magnetization vector. Mo. following a 

180
0 

pulse. The effects of transverse relaxation are not considered. 
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Figure 12. Principle of the formation of an inversion recovery signal. When a 1800 pulse is 

applied the spins are inverted to the -z axis, relaxation processes cause a decay in the net 

magnetization along the longitudinal axis. Upon the application of a 900 pulse, the spins are 

turned into the -y axis for detection. 
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Figure 13. After a 900 pulse, T2 process lead to an exponential decay of transverse 

magnetization, while longitudinal magnetization increases with time. 
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•• b • 

.. f • 

Figure 14. SE images of liver and lesion with various TRITE combinations. Patient and selection 

location are the same for all images. (a) 2,000/30 (b) 2,000/60 (c) 2,000/90 (d) 500/3021 (e) 

260/30 (t) 260/18. White arrowheads, (t), indicate locations of metastatic lesions (80). 
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T· 

T ~ T,Braln, T,CSF T -6 T,Braln, T,CSF 

Figure 15. The effect of the selection of the interval time, T, on the signal (5) in the inversion 

recovery created image. At long values of T, (a) both brain tissue and CSF have regained 

longitudinal magnetization and hence little contrast between the two will be apparent in the image. 

If the value for T is shortened (b), then CSF (which has a long Tl time) will appear much darker in 

the image. 
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Figure 16. IR images of the same patient and section shown in Figure 14. (a) TRITEITI msec = 
1,500/30/450 (b) 1,500/18/450 (c) 1,500/18/280 (80). 
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Figure 17. In the absence of the field gradient (G. = Gy = Gz =0) both samples sense the same 

field; the FlO consists of a single frequency (a). In the presence of a gradient G •. the two samples 

sense different fields. resulting in a signal consisting of two frequencies (b). 
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OB}ECf 

SPECTRUM 

Figure 18. Depiction of a one-dimensional image acquired with a gradient along the x axis. The 

rf and gradient pulses also shown. 
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Figure 19. Slice selective excitation is accomplished by the use of a narrow bandwidth, F, in 

combination with a gradient, G, along the slice axis. A and B show two possible strategies for 

variation of slice thickness. In A the gradient amplitude is varied, while in B the gradient 
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amplitude is constant but F is changed. In C, different slice locations are chosen by changing the 

rf center frequency. 
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Figure 20. Gadolinium cheiated with DTPA, EDTA and DOTA. 
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IX. APPENDIX C: Amide Exchange Within the B Chain Helix of Insulin in 

the T and R States 
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Abslnct 

Compalallve analysIs of Ihe I H·NMR speclra o( human Insulin shows Ihal in Ihe presence of Ihe JJloslellc ligand. phenol. Ihe lenilry 
SllUClure of Ihe proleln IS Illered as eVIdenced by Ihe decreased rale o( amide bydrogen-deulellum elchange. In pUlIculll. nchlnge of 
amIde pralans In reSIdues 01 Ihe 8<haln bclix (89_8:10) arc Slgnoficanlly alfccled suggesllng ellher I slablhullon of Ihis helix or I 
reduction in Ihe IDlvenl IC:CCSSlbiJilY ollhe helix in Ihe R,sllIe. This paper exemplifies Ihe exchange rales of rwa amides (Val III and 
TYI·") (,0m Ihis bclix which decrease by approllmalely 4OO·(0Id as a lesull of Ihis ligand induc.ed confannallooal Ifansllion. 

K~d.J: In,ulin. Elclple.,: NMR. I H.; ""'HIe Clchansc: AIIoIIenc .....tanDIIl»D 

I. IDtroductloD 

Insulin has been ;a prolein of paramounl imponance 
slOce ilS discovery 10 1921. Three Insulin hexame~, T, (11 
T,R, (2). and R, (3) bave been desenbed by X·ray crySlaJ
lography and vanous solullon,slale speclral mclhods (4). 
All hexame~ exhibit a hydrophobic core composed of 
Ihree a·helices. two conLlined in the A chain <residues 
A'_A1 and AI'_A"lO) and the third in the S chain (rom 
residues S'_SlD. The R, hellamcr, whicb is induced by 
the presence of phenolic preservllives. has increased heli· 
cal conlent in Ihe N·lerminus of the S chain (residues 
BI-S'). eXlending the hcliJc from residues BI_S:O, in 
contrisl 10 Ihe T. hellmer iD which this region assumes In 
eXlended conformalion. The T· and R·nomenclature of 
Monad (S) was applied by DunD (6) to insulin iD order to 
cmphasize the allosleric conformalional propenies of the 
hcxamer. The R·state is more compact. less flexible. aad 

Abbrcvl.II011S: NMR. Nudear M.pclic Ruona",e SpcaIOKllPY: 
to. one dlmcllSlOGJl. T., Ihe trySllUiDC ""O'llne hc .. mcl: TIR" 1hc 
c'Y'lIlhnc bel\&lllCI IpCCICi formed I. Ihc preSt""" of SCN' or 0Ibct 
mcmbcn of 1hc lyOIropoc anion sen" (0-. Br -. Of I' ~ R •• 1bc 
crytlaUi.... hellmcr speclel formed I. Ihe preStacc of phenol: Tris. 
Tri.hydrolymclllyllamioomclhl"". Insu~. lmloo'lCId poIillons arc dc· 
DOled by lhe lI&adJrd Ihree·lener Iml_tad code followed iD IUPCncnpo 
by 011 ioulioa iD lhe A· or Boehll. seq"''''''' posilioft. 
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Ihe zinc exchange is rellrded compared to the T ·state. 
(3.4L ID addition. the R,slale of insulin has been shown 10 

be chemically more Slable (7). 
NMR spectroscopy srudies requlle insuliD in Ihe 

monomenc slate. presenling a conSiderable challenge given 
Ihe proteins propensity 10 aggregale. The recenl repon of 
NMR srudies on this proteID under condilions in whicb the 
iasuliD monomer an be mainLlined II millimolar CODCCD' 
!rations bave been determined and III extensive number of 
the insuliD hydrogen resonances bave been assigned (8.9). 

The thruSI of Ihis Sludy is to delermine by NMR 
spectroscopy Ihe slfUcturaJ inOueoce of phenol. a com
pound which is commonly used IS III antimicrobial Igent 
in pharmaceulical parenleral preparatioDS. Thus Ibe abiliry 
to identify and quanlitate Ihe stabilizing effects of excipi· 
ent·induced conformallonal changes ia insulin arc of pro· 
found inlerest 10 the pharmaceulical industry and the de· 
yelopmenl of insulin formulations that are chemically and 
physically more stable. As aD example of this. we present 
the Imide hydrogen-dculerium exchange rates {or the 
Valau and Tyr ll• residUes ia the T. and R, humlll 
insulin hellmer. 

2. Materials and methods 

Zinc·free recombinant derived human insulin was ob
lained from Eli Ully (lot number 214JKU. Deulerium 
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oxide (99.9%). deuleraled acelonllrile (99.96%) and lIiflu· 
oroacelic acid were oolained (rom Cambridge Isolopes and 
used wilhoul funher purificalion. 

In order 10 scudy Ihe amide exchange nIcs of Ihe insulin 
hexamers wilh the provision Ihal NMR speCllal acquisitioD 
be performed on Ibe monomer. Ihe following melhod was 
developed. Human insulin was solubilized in Tris buffer 
and waler in Ihe presence of zinc. in Ihe absence or 
presence o( phenol 10 induce Ihe formalion of the T, and 
R, hexamers respectively. Solulions conlained insulin (30 
mg/mU. Tris buffer (50 mM). zinc (2 moles per insulin 
hexamer). and 50 mM phenol if presenl. This laner con· 
cenlralion is comparable to Ihal found in parenleral fonnu· 
lalions. AliquolS of Ihese bexamer containing solutions 
were diluled 2Q·fold wilh solulions of deuterium oxide. 
Tris buffer (SO mM) al pH 8. and 50 mM phenol if presenl 
and allowed 10 exchange for varying penods of lime. 
Insulin exchange occurs al 1.5 mg/ml. a concenllallon al 
which only the hexamer (orm IS presenl 1101. 

After allowing exchange (or varying periods of time. 
Ihe amide exchange rncllon was Ihen quenched by lower· 
ing the pH to 3.0 1111. The excipienls were separated from 
insulin using a Sephadex G·2SM column at 4°C, frOzeD 
and Iyophiliz.cd. The time from sample quench to freeziDg 
for all samples was 12 min. 

Samples were prepared for NMR analysis by reconslicu· 
tion in OzO (65%). deulerated acelonilrile (35%) and a 
small amounl of trifluolOaceuc acid to adjusl the pH to 
3.30-3.10 (pH meIer reading) (8). placed in the spcctrome· 
ler and shimmed. The time from sample reconslilUlioD 10 

dala acquisilioD was maintained at 12 min for all samples. 
I H.NMR specua were acquired on a Bruker AM500 spec· 
Iromeler. using a spectral widlh of 5000 Hz and an acquisi· 
lion lime of 16 min (264 scans plus 4 dummy SQIIS). 

Spedra were processed OD a Bruker x32 work statioD 
using UNIX sofrwue (Bruker Instrumenls). Prior 10 Fourier 
transformatioD Ihe dlla were Dlultiplied by 0.5 Hz liDe 
broadeniDg. Peale uc.as were calculated by a user-derIRed 
peakJisl spectral deconvolution program. Rale conSlanlS 
were calculated by exponc:nlial least.squues analysis of 
plolS of 1- A.e -1 0 ,. where I is Ihe measured pcB area. 
A. is Ihe initial peak uea. Ie. is Ihe exchange rale conSlanl 
(miD -I) and, is lime (min). 

3. Results and dlscussloD 

The one·dimensional • H·NMR speclla of Ihe amide 
region of insuliD al zero·lime of exposure 10 deulellled 
non·phenolic and phenoliC formulalions (Ihe T, and R, 
henmer. respectively) are identical; ·the speclrum of the 
insulin monomer represenling exchange from Ihe T, helt· 
amer is showD in Fig. lAo Assignments were made based 
on published dala (81. The amide resonances of Vall •• and 
Tyr ll• (V and Y respectively. Figure IA) exhibit minimal 
overlap and Ihis paper wiU focus on Ihese fwO residues. 
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fiCo J. I H·NMR spccIn ot Ihc amlCle RCIOO of il1Suhn .1 UIO'II/DC (AI. 
rollowllli .10 nUD ot udlaacc iD oon-pbcllOlic lormul.lloD (81. &Del 
rollowinS 2. b of .. cbaa,. ID phcl>Olic rormul.ooa (Cl. AmuSe .
IWICU ot Val'" aad Trl·" .,. labetled u V IlId Y. Icspccuvcty. Tbc 
...... .... " doWllIicId IUOIIIIICI:a arc tbc C2H reSOIWIOIS 01 His lit &Del 
His .,. ICSf'OCIIwt r. 

After 30 min of isotopic exchange. spectn representing 
exchange from Ihe T. benmer (Fig. IB) shows significanl 
loss of signal inlensily for all peaks. However. Ihe spccIII 
representing exchlnge from the R. hexamer al this lime 
(nol showu) is vinuilly identical to thaI II zero·lime. ID 
fact, Ihe spectra anribulable 10 Ihe R. benmer do nOI 
exhibit significaDI decrease in signal iDlensilY until approx. 
24 b (Fig. Ie). Following fwO weeks of exposure 10 

deuteraled formulation in Ihe R. henmer. many amide 
resonance peaks are slill recognizable (nol shown>. At Ihe 
later time poinlS. a resonance under Tyr'" is seen. This 
residue exhibits very slow exchange as il is approx. > 30% 
occupied following Ihree weeks of exchange. The ex· 
change rale of resonance Tyr'" was calculated indepen· 
dently of the effects of this underlying resonance. 

The peak areas were calculaled and planed as I func· 
lion of lime. Plots for residues Val·1I and Tyr"" 10 
non·phenolic (Fig. 2) and phenolic (Fig. 3) formulatioD 
iIIustntc:s Ihe marked difference in exchange rales. AI· 
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phenol. Ihe amIde exchange rale is slowed by approx. 
4OQ·fold. This decrease In exchange rale from Ihe R,slale 
may be due 10 eilher a reduclion in Ihe solvenl accessibil· 
ilY of Ihe B-chain helix in Ihe R,slale and/or an increase 
in Ihe siabilily of Ihe B-chain helix. 

In Ihe Iransilion of the insulin hexamer inlo the R • 
struelure, Ihe TI hexamer binds phenol in each of six 
hydrophobic pockets Ihal arc formed by neighboring sub· 
unilS and Ihe !WO ZinC ions become more deeply buried 
into the hexamer (3,41. Thus. Ihe R·stale becomes more 
compact making Ihe hexameric core less solvent accessIble 
and prolecllng Ihe B-chain helix amidcs frOID solvent 
exchange. 

A second suggesllon for Ihe disparity of amide ex· 
change rates berween Ihe !WO confonoalions may result 
(rom the presence o( ~n Increased helial regIon (B '-B') 
10 that of the eXlanl helix (B'_BIO). It may be that Ihe 
resulting eXlended helix is more slable and Iherefore more 
resistant 10 amide exchange regudless of solvenl exposure. 

Compuler modeling sludles of the solvenl accessibility 
of residues Val ill and Tyrell, in Ihe crystallographic 
de lenni ned structUres of T. and RI, should yield a clear 
insighl into an explanalion of the observed reduc:cd ex· 
change riles. 

This melhodology now provides a 1001 for ex:amlning 
Ihe effects of elapienlS, mUlations. and envlronmenlal 
condilions on the confonoalloa and slabililY of Ihe insulin 
hexamer. The power of Ihis methodology lies in Ihe fael 
thai effects can now be assessed II Ihe molecular level. 
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