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Q Quadrupole 

QCID  quadrupole CID 

QqQ Triple Quadrupole 

QTOF Quadrupole-time-of-flight 

SCX Strong cation exchange 

SORI Sustained off resonance 

Irradiation 

SDS  Sodium dodecylsulfide  

TIMP Tissue inhibitor of  

metalloproteinase 

TOF Time of flight 
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LIST OF AMINO ACID ABBREVIATIONS 

 

 

Natural Amino Acids: 

 

Ala     A     Alanine  

Cys    C     Cysteine  

Asp     D     Aspartic Acid  

Glu     E     Glutamic Acid  

Phe     F     Phenylalanine  

Gly     G     Glycine  

His     H     Histidine  

Ile     I     Isoleucine  

Lys     K     Lysine  

Leu     L     Leucine  

Met     M     Methionine  

Asn     N     Asparagine  

Pro     P     Proline  

Gln     Q     Glutamine  

Arg     R     Arginine  

Ser     S     Serine  

Thr     T     Threonine  

Val     V     Valine  

Trp     W     Tryptophan  

Tyr     Y  Tyrosine  

 

Modified Amino Acids: 

 

Des Desmosine 

DPD Dehydroxypyridinoline 

Hyl 5-Hydroxylysine 

Hyp 4-Hydroxyproline 

Ide Isodesmosine 

PYD Pyridinoline 
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ABSTRACT 

This dissertation presents an investigation into the application of mass 

spectrometry to the detection and quantitation of proteins and amino acids in complex 

biological samples.  This is accomplished by two dimensional chromatography (strong 

cation exchange / reverse phase) coupled to tandem mass spectrometry followed by 

peptide spectrum matching for the detection of Burkholderia pseudomallei proteins in 

infected patient urine samples and reverse phase liquid chromatography coupled to a 

triple quadrupole and quadrupole time of flight mass spectrometers for the quantitation of 

cross-linked or free amino acids in mouse aorta or mosquito excreta, respectively.   

B. pseudomallei is a pathogenic gram negative bacillus that is endemic to the 

populations of Southeast Asia and is the causative agent of the disease melioidosis.  

LC/LC/MS/MS was used to identify candidate B. pseudomallei proteins for the 

development of a lateral flow immunoassay feasible for use in the impoverished 

communities that melioidosis affects.  Three proteins (GroEL, FliC, and BipC) were 

identified, and have been detected in western blots and ELISAs of patient urine.   

Angiotensin II is known to increase both hypertension and vascular and cellular 

extracellular matrix remodeling, but little is known about the underlying mechanism of 

angiotensin II action on ECM remodeling.  It has been hypothesized that the cross-linking 

of collagen by the enzyme lysyl oxidase increases the stiffness of the vasculature as 

increased levels of lysyl oxidase expression and activity have been observed in 

angiotensin II models of hypertension.  LC/MS/MS was used to show that the cross-
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linking of ECM proteins increased over time in mice treated with angiotensin II over 4 

weeks using a novel method to account for tissue heterogeneity in mouse aorta samples.   

Mosquitoes are missing a key enzyme in the urea cycle which makes arginine 

both an essential amino acid for mosquitoes but also makes mosquitoes unable catabolize 

arginine into non-toxic metabolites.  MS/MS was used to show that mosquitoes excrete 

high levels of arginine after feeding.  In addition, a previously undescribed fragmentation 

of arginine was elucidated using 
18

O labeling for future metabolism studies that would 

require the determination of individual arginine carbons based on fragmentation spectra.   
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CHAPTER ONE 

INTRODUCTION TO MASS SPECTROMETRY METHODS 

 

 

 1.1 Overview of Chapter One 

In mass spectrometry, mass analyzers are used to manipulate ions of analytes in 

the gas phase using electric and magnetic potentials.  These mass filters sort ions by their 

mass/charge ratio (m/z).  Because isotopes differ by ≈ 1 Da and charge, z, is quantized, 

mass can easily be determined from m/z.  This makes mass spectrometry an extremely 

useful technique for molecular structure elucidation as well as both quantitative and 

qualitative analysis of biological samples.   

This chapter will review the general principles and properties behind the mass 

spectrometry techniques and instrumentation used in later chapters.  The review will 

follow the path of an ion through a mass spectrometer from start to finish, beginning with 

the electrospray and atmospheric-pressure ionization sources.  Mass analyzers will be 

discussed next, starting with a brief review of quadrupole theory and the practical 

implementations of quadrupole mass filters and closely related linear ion traps.  Time-of-

flight and ICR analyzers will be described as well, followed by channel electron 

multiplier and multichannel plate detectors.  After the fundamental overview of 

instrumentation, collision induced dissociation will be described along with a review of 

peptide fragmentation mechanisms.  The triple quadrupole and quadrupole time-of-flight 

mass spectrometers will be described along with their special scan types.  The chapter 
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will conclude with a description of data-dependent scanning and peptide-spectrum 

matching algorithms.  Specific instruments will be discussed as they are used in the 

thesis.  

 

1.2 Ionization Techniques 

1.2.1 Electrospray Ionization 

The primary method of ionization used on almost all instruments described in this 

thesis is electrospray ionization (ESI).  In this technique, an analyte is dissolved in a 

volatile solvent and is delivered by infusion pump, liquid chromatograph, or through 

electrostatics, through a capillary held before the front orifice of an instrument.  An 

electric field is applied to the capillary and orifice at about 1500 – 3000 V/cm.  This 

potential causes the formation a Taylor cone, as shown in Figure 1.1.   From the tip of the 

cone, charged droplets are formed that enter the source of the instrument
1
.   
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Figure 1.1 Electrospray ionization. 

 

 

Figure 1.2 Charge reduction and ion evaporation models of electrospray ionization.   
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The exact mechanisms of ion production from these droplets are debated, but 

there are two prevailing models that predict how ions are formed from the droplet.  The 

charged residue model (CRM) and the ion evaporation model (IEM)
2
 are shown in Figure 

1.2.  Droplets exit the emitter tip via coulombic fission (a).  In the CRM, coulombic 

fission and solvent evaporation occur (b), continuously splitting droplets and evaporating 

solvent until single ions (M
+
) remain (c).

3
  It should be noted that ions can exist in higher 

charge states as well.  The IEM states that instead of the solvent evaporating, the 

repulsion between M
+ 

and other ions in the droplet will be sufficient to eject M
+ 

out of 

the droplet.
4,5

  Literature suggests that IEM is prevalent for smaller, more volatile 

molecules while CRM is prevalent for large biomolecules.
6
 

For systems with higher flow rates, a nebulizer gas and heat can be applied to the 

capillary to assist in desolvation of the ion clusters to form ions.  In all instances heat is 

generally applied to the orifice and a curtain gas is applied between the curtain plate and 

either a skimmer plate, initial set of focusing quadrupoles (often referred to as q0), or an 

initial set of stacked ring-ion guides to assist in desolvation before being passed on to the 

first mass filter.   

ESI has very well documented sources of error that must always be considered for 

quantitative applications, although these issues are easily overcome with a modicum of 

precaution.  Sources of error include small fluctuations in conditions at the source, charge 

competition from interfering co-eluting ions, or counter-ions in the background that can 

suppress ionization of an analyte in complex mixtures.  The first issue can be solved with 

a good internal standard; the second two can be helped by an internal standard although 
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that will not help the lowering of the linear dynamic range (LDR).  A good 

chromatographic method or sample enrichment step should be able to eliminate most 

interference.   

Another major issue of ESI is ionization efficiency, which ultimately determines 

how many ions enter the instrument.  Ionization efficiency is affected by the chemical 

characteristics of the analyte as well as the solvent composition, pH and flow rate and can 

range from 10% to less than .01%.
7
  One instrumental method to help decrease ion losses 

are stacked ring ion guides (such as ion funnels) which have been developed to increase 

ionization efficiency for many analytes.
8,9

 

ESI is an extremely popular technique for many reasons.  It is considered to be a 

soft ionization technique, as ions are typically not energetically activated enough to cause 

fragmentation in the source.  This has led to applications analyzing non-covalently bound 

protein-protein
10-12

 and protein-ligand
13

 complexes which can be sprayed intact with little 

to no dissociation using nESI.   ESI also enables a large range of analyte sizes from atoms 

to entire viral capsids of approximately 42 MDa.
14

  The characteristics of soft ionization 

and ability to provide continuous flow of sample into a mass spectrometer have made ESI 

indispensable for coupling MS to high throughput LC systems.  The technique has 

enabled and enhanced the study of biomolecules so greatly that its discovery earned its 

creator and earliest advocate John B. Fenn a part of the 2002 Nobel Prize in Chemistry
15

.   

 

1.2.2 Atmospheric-pressure Chemical Ionization 



31 

 

In atmospheric-pressure chemical ionization (APCI), or sometimes simply 

atmospheric-pressure ionization (API), dissolved analyte from a pump of an LC system is 

delivered through a heated capillary (300 – 550 C).
16

  The major difference between 

APCI and ESI is a small needle placed between the capillary and orifice that produces a 

corona discharge where the ions are created.  This is a much higher energy ionization 

technique than ESI and substantially less efficient, also generating fragments in the 

source.  However, it allows for the use of non-polar solvents and higher flow rates 

without the use of solvent diversion for HPLC-MS.  In addition, APCI creates ions from 

non-polar analytes that could otherwise not be observed by ESI, thus the two complement 

each other as in-line LC-MS ionization sources.  In this thesis, APCI is used for calibrant 

delivery in the 5600 TripleTof system.   

 

1.3 Mass Analyzers  

1.3.1 Quadrupole theory: Mathieu equations and the Quadrupole Mass Filter 

 Quadrupoles are used in some capacity in many modern mass spectrometers, 

either as a “lens” for focusing ions or a quadrupole mass filter (QMF) used for filtering 

ions by m/z.  QMFs were first described in 1955 by Wolfgang Paul
17

, who would later 

win the Nobel Prize in Physics in 1989 for a related technique, the quadrupole ion trap.
18

  

Because they are used in every instrument discussed in this thesis, theory behind 

quadrupoles will be discussed in some detail.  The basic QMF, shown in Figure 1.3, uses 

four electrodes to produce an electric field with both a DC (U) and rf (Vcosωt) 

component.  Opposing electrodes have the same polarity which is opposite of adjacent 
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electrodes.  The rigorous mathematical derivation for describing ion movement in a 

quadrupole field is beyond the scope of this thesis, and many good sources exist ranging 

in depth and complexity.
19-23

  However, an understanding of the equations of motion for 

ions in a quadrupole field are useful in understanding some of the shortcomings of QMFs 

and related traps, and these will be described in brief below.   

 

 

Figure 1.3 Cylindrical and parabolic quadrupole mass filters.   

 

 The movement of ions through a 2 dimensional quadrupole field, such those 

found in a QMF, are described by equations 1.1.  The variables x and y correspond to the 

distance of the ion from the center of the electrode arrangement in the x- and y-axes, 

respectively; r0 is the distance of the electrodes to the center.  Characteristics of the ion 

are the mass of the ion m and charge of an electron e, while z is the charge state (number 

of charges). 

   

   
  

  

   
  (        )    
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    (1.1a) 

   

   
  

  

   
  (        )    

    (1.1b) 

Analysis of the equations can be made easier by collecting the variables into the 

coefficients a and q, giving equations 1.2 after substituting t with τ as described in 

equation 1.3 

   

   
 (           )    

     (1.2a) 

   

   
 (           )    

    (1.2b) 

  
  

 
 

      (1.3) 

 

The coefficients a and q, described in equations 1.4, correspond to the DC and rf 

components of the Mathieu equations.   

        
    

   
   

 

     (1.4a) 

        
    

   
   

 

     (1.4b) 
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One can begin to understand how quadrupoles are operated by looking at the 

parameters a and q.  In practice, the electrode configuration is fixed and a constant rf 

signal generator is typically used so r0 and ω are constant in an instrument.  The mass m 

and charge state z are properties of the analyte, and e is a natural constant.  The properties 

that are controlled by the experimenter are the DC and rf potentials (U and V).  Also, as 

with many analytical instruments, the experimenter does not simply solve for the 

parameters of the Mathieu equation to obtain the m/z, rather with most modern 

instruments the instrument is calibrated against standards, storing high order calibration 

curves out of site from the user.   

To understand how the Mathieu equation works one can look at a plot of the 

solutions to equations 1.2 as defined by the parameters a and q plotted in Figure 1.4.  

Equation 1.2a defines the field for which ions are stable in the x direction and the high 

mass cutoff for a given potential, while 1.2b does the same for the y direction and the low 

mass cutoff.   

 

Figure 1.4 Stability diagram for a typical linear quadrupole mass filter.  Reproduced with 

permission from.
24
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The useful area of the stability diagram shown in Figure 1.4 is where the ions are 

stable in both x- and y- directions, or where the regions in the diagram overlap.  In the 

overlap regions, a and q correspond to m/z values that are stable with the applied U and V 

such that they can traverse the length of the quadrupole to hit a detector or enter the next 

stage of a tandem instrument.  If the values of U and V are adjusted but the ratio of U/V 

are kept constant, the region of stability changes, where the only m/z that are stable are 

those on the “scan line”.  Increasing the potentials result in stable systems for lower m/z.   

As mentioned above, the ratio of a/q is normally kept constant while U and V 

magnitudes change.  Adjusting the ratio effectively adjusts resolution, as does lowering 

the “scan line” to stable regions where a wider m/z range is stable.   Ultimately, the 

resolution of linear quadrupoles are limited be the mechanical accuracy of quadrupole 

assemblies, and cannot be arbitrarily increased beyond where U/V would result in a “scan 

line” above and thus outside of the stability region of the corresponding a and q values 

and where resolution increase comes at an increasing cost of transmission.  QMF’s are 

generally operated at unit-resolution, meaning that R = 30 at m/z 30, R= 300 at m/z 300 

R = 3000 at m/z 3000.  To gain further increases in resolution, quadrupoles can be 

coupled to other high resolution analyzers, as will be a major discussion later in this 

thesis.   

The highest m/z that a QMF may analyze is described by equation 1.5
25

, where v 

is the frequency in MHz.  To optimize ion current and resolution, most commercial 

instruments have m/z max of 2000-4000 m/z.  This is sufficient for small molecule 
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analysis, and most biomolecules with high MW will have a m/z in this region due to 

higher charge states.   

        
 

          
  

     (1.5) 

Many non-QMF mass analyzers have their own solutions to the Matheiu equation: 

some like ICR’s and orbitraps contain an entire typewritten page of algebra.  Higher 

order linear quadrupoles also exist in even-number electrode arrays, such as 6- or 8- 

electrode arrays. Although they cannot be used as mass filters they are used as RF-only 

ion guides, and due to their field characteristics are very good at focusing incoming ion 

beams into narrow beams.
26

 

 

1.3.2 Linear Quadrupole Ion Trap  

 Linear Ion Traps (LIT) are deceptively simple.  Two pairs of “capping” 

quadrupole electrodes are placed at either end of a pair quadrupoles, as seen in Figure 

1.5.  Like normal QMF, the entire set of three quadrupoles can either allow ions through 

as an RF-only ion guide or a DC potential can be applied for use as a quadrupole mass 

filter.  At the beginning of trapping, the potential on the pair of electrodes opposite of 

entrance is raised to prevent ions from escaping, and when sufficient ion current has 

entered, the potential on the front set are raised as well.   Ejection may be done axially in 

either direction, although some designs have openings along the length of one pair as in 

Figure 1.5 to allow for orthogonal ejection.  
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Figure 1.5 Linear ion trap.  Reproduced with permission from 

27
 

 

 A solitary LIT is a versatile instrument.  The geometry allows for a higher ion 

current and thus more signal than older quadrupole ion trap designs.
27

  Stored ions may 

be ejected sequentially either axially or radially to provide a mass spectrum.  Many 

rounds of fragmentation and fragment isolation can be performed via a supplemental AC 

signal, allowing for high orders of tandem mass spectrometry (MS
n
) in a single 

instrument.  Ions can be injected from either axis allowing for ion-ion reactions which 

has made electron transfer dissociation (ETD)
28

 popular and still allow detection via 

orthogonal ejection.   

Resolution is limited in the same manner as QMFs: by the engineering of the rods 

and limit of the scan line slope (a/q) with in the stable region of Figure 1.4.  The same is 

true for the high m/z limit.  There is a specific issue when fragmenting in LITs due to the 

“island of stability,” or the limit of stable mass range of the fragment ions which is 
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centered on the parent ion due to the corresponding stable a and q of the parent.  This can 

be overcome with the use of pulsed q dissociation (PDQ)
29

 when analysis of the low mass 

range is critical such as in isotopically labeled mass tag experiments like iTRAQ or TMT 

tags, however this is generally not used when not required for such experiments.   

Trapping might be done for any number of reasons beyond MS
n
.  The simplest is 

to trap and therefore increase ion current prior to ejection into a channeltron detector to 

increase sensitivity.
30,31

   This pre-concentration of ion current is a technique that has be 

used successfully to increase signal when replacing the third quadrupole in a triple-

quadrupole instrument or when placed before a high resolution detectors.   

 

1.3.3 Time of Flight 

 The first time of flight (TOF) mass spectrometer was described in 1946
32

 and 

published in 1948
33

. TOF mass analyzers, Figure 1.6, use a high electric potential in the 

source region to accelerate ions into a field free region. The potential energy in the 

electric field is equal to the kinetic energy of the ions in the field free region and the 

speed at which they traverse the field free region is dependent on the m/z of the ion.   
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Figure 1.6 Time of flight MS.  Reproduced with permission from
34

. 

 

Equation 1.6 describes the relationship: an ion of charge q in an electric field Eel 

has a potential energy U.  The charge of an ion is that of an electron, e, times the number 

of charges z.  The field is applied in the source of the TOF, and when the ion of mass m 

enters the field free region with a velocity v, it has kinetic energy Ekin equal to Eel. 

           
 

 
         

    (1.6) 

By rearranging Equation 1.6 and solving for the velocity of the ions, equal to the 

distance of the field free region from the source to the detector s divided by the time it 

takes to traverse that distance t, it can be shown that the velocity is proportional to the 

inverse square root of the m/z in Equation 1.7.   

   
 

 
   √

    

 
 

     (1.7) 
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The distance of flight s is fixed, and we can rearrange Equation 1.7 again to show that 

m/z is proportional to the square of the time of flight, t, in Equation 1.8.   

 

 
  
     

  
 

      (1.8) 

In practice, TOF detectors are calibrated against standards. As with most modern 

instruments, the high order calibration curves are stored out of site of the user in the 

instrument software.   

While resolution in a TOF used to be limited by the bit width and the operating 

frequency of the ADC or TDC converters used to drive the detectors, modern detectors 

have minimized those issues.  The major resolution limits in modern TOF detectors arise 

from a distribution of kinetic energies imparted to the ions in the source region, whether 

the source of a TOF is a matrix assisted laser desorption ionization source (MALDI, not 

used in this thesis work) or orthogonal TOF where an ion beam enters the “source” from 

a focusing quad, QMF, or other ion guides.  There are three places to manage the 

resolution in the TOF detector. The first is the length of the flight path of the ions, s.  The 

second is the source, which is dependent on the ionization method.  The third and most 

valuable is a reflectron, a method of refocusing ions to minimize the kinetic energy 

distribution in almost all TOF detectors.  

The principle behind the methods to improve resolution in the source involves 

minimizing or compensating for the spread of kinetic energy imparted to the ions by the 

accelerator potential.  In MALDI and other surface ablation sources, where the surface is 

inhomogeneous and the extraction from the plume after a laser pulse is not homogenous, 
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delayed extraction is a technique that focuses ions by delaying a potential ramp between 

the entrance plate to the accelerator region and the entrance to the field free region before 

a pulse sends the packet of ions into the field free region.  The ions that were closer to the 

surface will feel a higher potential moving them closer to the region of ions that came of 

the surface faster, so that they all have the same kinetic energy when being accelerated 

into the field free region.  In orthogonal instruments that have an ion beam as the source 

of the TOF section, the inhomogeneity of the source is not the issue and delayed 

extraction is not required as the collimated beam eextracntering accelerator region is 

fairly uniform.  Instead, the goal is to minimize the width of the ion packet parallel to the 

accelerator plate.  Many instrument manufacturers use deflector systems or pass the ion 

beam through a plate with a narrow slit, such as Agilent’s “slicer.”  The slit is parallel to 

the accelerator plate and minimizes the packet width parallel to the accelerator plate. 

The technique used in almost all modern TOF’s is the reflectron.  A reflectron is a 

series of stacked ring electrodes located at the end of the field free region held at 

increasing potentials of the same polarity of the analyte ion.  As the ions pass into the 

stacked ring arrangement of the same polarity, they are slowed as their Ekin is stored as 

potential energy which is released as the electrodes accelerate them back out of the 

reflectron region towards a detector, as shown in Figure 1.5b.  As ions with the same m/z 

but different kinetic energy enter the reflectron ring system, the ion with higher kinetic 

energy penetrates deeper into the rings, but also feels a higher potential, thus giving it 

higher kinetic energy when leaving the reflectron region.  Geometries of reflectrons allow 

for ions of the same m/z to arrive at the detector at the same time.  Reflectrons are useful 
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up to about the 10-50kD range.  Because of this, most modern TOFs are built with a 

detector placed at the end of the reflectron region, so that the TOF can be operated in a 

linear mode by simply turning off the reflectron electrodes for m/z above 50 kD.  Many 

TOF arrangements exist to increase the length of the field free region or add additional 

resolution enhancing effectiveness with nontraditional reflectrons, such as Water’s 

double reflectron or “W-mode” reflectron system and JOEL’s spiral geometry TOF 

system.
35

  Simply increasing the flight length is always possible, a strategy taken by 

Agilent selling a standard 1 m and extended 1.5 m flight paths.  The TOF systems used in 

this thesis have resolving powers between 25000 and 35000 with external calibration, 

depending on mass range.
36

   

  

1.3.4 Fourier Transform Ion Cyclotron Resonance 

 FTICR is probably one of the most unique mass analyzers available
37

 and easily 

has the highest resolving power (100,000 – >1,000,000).  As it is a Fourier transform 

technique, resolution is proportional to detection time, so signal acquisition with an ICR 

is also longer than most other analyzers, making maximum resolution prohibitive on an 

LC time scale. 
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Figure 1.7 A traditional ICR cell.  Reproduced with permission from 
38

. 

 

 A typical ICR cell is shown in Figure 1.7.  When ions with charge z enter the high 

magnetic field B, they experience the Lorentz force FL and begin to spin with velocity v 

as described in equation 1.9.  The Lorentz force is equal to the centripetal force Fc, the 

equation can be solved for r as in equation 1.10.
38

  

       
   

 
    

     (1.9) 

  
  

  
 

      (1.10) 

And if we substitute v = rω to arrive at equation 1.11. 

  
  

 
 

      (1.11) 
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We can now solve for m/z in equation 1.12 

 

 
 
  

 
 

      (1.12) 

The mass to charge is proportional to the revolution frequency, so a Fourier 

transform is applied to the time domain of the ion current to obtain a mass spectrum.  As 

with many other FT techniques such as NMR, there are many post acquisition data 

processes such as zero-filling, signal attenuation, and signal shaping that can improve the 

resolution dramatically, but that also affect peak shape.   

 A wide range of fragmentation techniques are commercially available, but the two 

used in this thesis are IRMPD and SORI-CID.  IRMPD requires an IR source to irradiate 

the ion in the cyclotron into causing dissociation.  SORI-CID increases the KE of the ions 

with a signal pulse but requires pulsing gas into the ICR cell to cause CID while, which 

requires time to pump down prior to analysis, although tandem MS for CID prior to 

injection into the ICR cell e.q. a Qq arrangement can alleviate this latter issue.    

The Orbitrap
39,40

 is an FT technique similar to an ICR.  Since it is only used for 

comparison later in discussion and not used directly in this thesis, it will not be discussed 

in great detail.  Instead of using a super magnet to induce circular rotation, it uses two 

exterior electrodes around an interior electrode.  The electrostatic attraction of the ions to 

the central electrode is balanced by centripetal force causing ions to spin around the 

center electrode, shown in Figure 1.8.  Detection electrodes measure the ion current in the 

time domain.  The mass to charge is proportional to the revolution frequency, so a 

Fourier transform is applied to the time domain of the ion current to obtain a mass 
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spectrum.  Tandem LIT-orbital ion traps are one of the fastest and efficient high 

resolution instruments applied to proteomics to date, able to scan in both the LIT and 

orbitrap simultaneously.   

 

 

Figure 1.8 Orbitrap mass spectrometer.  Reproduced with permission from 
39

. 

 

1.4 Detectors 

Many of the mass analyzers covered above separate ions based on m/z, but don’t 

actually detect them, or convert the ion current into a voltage or current that can be 

measured in any way (the exception is the FT detectors).  The two detector types used in 

the instruments in this work are the channel electron multiplier (CEM, or channeltron 

after the manufacturer) and the multichannel plate (MCP).   

 

1.4.1 Channel Electron Multiplier  

 Channel electron multipliers work by maintaining a potential gradient down a 

series of dynodes or single long dynode.  When an ion strikes the up-field dynode, the 
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work function is such that 1-3 electrons detach towards the next dynode or further into a 

continuous dynode.  The result is a cascade of electrons that amplifies the signal and 

reaches the final electrode where current is measured.  The current detected is 

proportional to the initial ion current.   

 

1.4.2. Multichannel Plate  

 Multichannel plates are planer arrays continuous dynodes which operate in a 

similar fashion to the CEM described.  MCPs have a larger surface for ions to hit and are 

used in TOF instruments because the ions in a TOF are focused in time, but not usually in 

space.  By sampling a wide area at the detector, more signal is acquired.   

 

1.5 Collision Induced Fragmentation and Tandem Mass Spectrometry 

 One of the most common fragmentation techniques that is also used in every 

instrument described in this thesis is collision induced dissociation, or CID.  The 

explanation CID goes hand in hand with the description of tandem MS techniques, 

because the implementation of CID varies by instrument.  Tandem mass spectrometry is a 

very general term that is applied to the coupling of two types of mass analyzers in a 

hybrid instrument (tandem in space) or the manipulation and fragmentation of ions in a 

trapping instrument (tandem in time).  Specific instruments and their metrics will be 

described in the chapters in which they are used.   

 

1.5.1 Collision Induced Dissociation 
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In general, CID is caused by ions colliding with an inert gas (usually nitrogen, as 

used in our instruments, although others can be used).  These collisions deposit energy 

into the ions, causing them to fragment.  CID is applied in almost every tandem 

instrument; however its implementation varies widely.  The common feature is in the area 

in which collisions occur in an instrument has higher pressure, reducing the mean free 

path between ions and gas to allow for collisions to occur.  In quadrupole collision cells 

used in tandem instruments such as the QqQ’s and the QTOF’s, often referred to as 

“beam type” CID, the collisions occur in a semi-enclosed cell with elevated pressure 

maintained via differential pumping into the rest of the vacuum chamber from the 

entrance and exit slits in which the ions enter and exit.  When using “slow heating” or 

“trap type” CID in LIT or QIT or sustained off resonance irradiation (SORI) CID in ICR 

cells, the pressure is momentarily raised with a bath gas in the trap and an excitation 

signal is applied to the electrodes.  In both trap type CID and as well as SORI CID in ICR 

cells, time must be allowed for the gas to be pumped out of the cell before scanning out 

the ions from a trap or performing an ICR scan pulse.  It is important to note that the 

different CID spectra from the different implementations will differ slighting in features 

due to the differences in factors such as gas pressure and temperature in the collision 

cells, internal energy of the ions prior to collision, and time allotted for CID.  For 

example, the trapping CID in a QIT and LIT are more similar to each other because they 

are activated slowly from collisionally cooled ions whereas the ions in a beam type CID 

in a QqQ collision cell or “HCD” device have initially higher energy collisions as the 
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ions are initially accelerated into the collision cell at higher speeds.
41

  The exact 

differences and their underlying mechanisms are described more thoroughly elsewhere
42

.   

Although many sophisticated hybrid instruments exist, only those used in this 

thesis and their pertinent scan types will be discussed below: triple quadruples (QqQ and 

quadrupole time of flight (QTOF, or QqTOF).  Data dependent scanning and a 

description of peptide-spectrum matching algorithms will also be discussed briefly, as the 

work in this thesis relies heavily on it.    

 

1.5.2 The Triple Quadrupole Mass Spectrometer 

The QqQ was first published in 1978.
43

  Adoption was initially slow because 

initial quadrupole collision cells were very inefficient at collecting ions and ionization 

sources prior to ESI and APCI were either “offline” techniques or induced fragmentation 

in the source.  With the advent of ESI and the commercialization of QqQ’s, extremely 

efficient collision cells became available with non-linear geometries that removed 

neutrals and unstable ions from the beam path, effectively eliminating background.   
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Figure 1.9 The triple quadrupole mass spectrometer. Reproduced with permission from  

31
. 

 

A general QqQ system is described in Figure 1.9.  After ions are formed in the 

source, they enter the orifice in the curtain plate where they pass through a drying or 

desolvation gas and then through a skimmer plate.  After the skimmer plate is q0, where 

ions are collimated prior to the entrance into the first quadrupole.  While q0 is not 

operated as a QMF, the potential between start and the end of q0 can be controlled to 

optimize desolvation and minimize fragmentation prior to Q1.  In older instruments ions 

would simply pass through a heated capillary, and in many newer instruments ions are 

collimated in ion funnels in place of q0.  Q1 is a QMF, followed by q2, which is the 

collision cell for CID fragmentation.  After q2, ions pass through Q3, another QMF 

before hitting a CEM detector.   
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 The real utility of the QqQ comes with the unique scan types, shown in Figure 

1.10.  The most basic scan is the Q1 or parent ion scan (Figure 1.10a), where Q1 is used 

as a mass filter, scanning all ions entering from the source from a defined low to high 

mass range, with the q2 and Q3 operating as rf-only ion guides.  The same experiment 

could be performed with Q3, while using Q1 as an ion guide, but this is not generally 

done as Q1 is typically engineered with slightly better standards and can be operated with 

slightly better than unit resolution.   
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Figure 1.10 Triple quadrupole scan types.  a) Q1 or parent ion scan, b) product ion scan, 

c) selected or multiple reaction monitoring, d) neutral loss scan, e) precursor ion scan, 

and f) pseudo-MS
3
.   

 



52 

 

 The next useful scan type is the product ion scan (Figure 1.10b) where Q1 is 

operated as a mass filter fixed on a specific m/z, q2 is engaged as a collision cell and Q3 

scans the fragment ions within a specified mass range.  This obtains fragmentation 

spectrum of ions of a specific m/z, although the onus is on the experimenter to show that 

the ion at that specific Q1 m/z is a unique chemical either by sample purity or 

chromatography where validation is required, as is true for the following techniques. 

While product ion scanning is invaluable for analyzing chemical structures, the 

selected or multiple reaction monitoring (SRM, Figure 1.10c) is invaluable for 

quantitative analysis.  After the parent m/z and fragmentation spectra are available and 

various instrument potentials are optimized for given fragmentation events, Q1 and Q3 

filter a specific m/z for the parent and product ion pair, respectively, while q2 is engaged 

as a collision cell which is operated at a collision energy optimized for the fragmentation.  

There is no scanning in SRMs, but the signal from a given parent/product ion pair is very 

specific to a chemical species. When coupled to a specific chromatographic retention 

time, it is a very good specific signal for quantitation.  For even stricter method 

validation, often 2 or 3 parent/product pairs are used and are required to remain within a 

given ratio of each other to pass validation.  SRMs are extremely selective and sensitive; 

because, with the exception of lower mass ranges, they can contain no detectable 

background.   

Although the next two methods are not used in this thesis, it is useful to have 

them described as they are mentioned in the discussion for chapter 3.  Neutral loss and 

precursor ion scans (Figure 1.10d-e) are powerful tools used for hypothesis-driven 
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searching for unknown compounds with known structural features that give specific 

fragmentations.  In neutral loss scans Q1 and Q3 are both scanned at a fixed, user defined 

m/z difference that corresponds to a known fragmentation and q2 is engaged as a 

collision cell.  The resulting spectrum is a scan of a parent m/z range that gives the 

specific fragment that differs from the parent by the defined m/z difference.  In the 

complimentary precursor ion scan, Q3 filters a specific m/z for a known fragment, while 

Q1 scans and q2 is engaged as a collision cell.  The resulting spectrum is a scan of the 

parent m/z range that gives the specific fragment filtered by Q3.  The difference between 

the two scan types are that the precursor ion scan gives parent masses where the known 

fragment retains a charge and the rest of the unknown precursor is a neutral loss, and in 

the neutral loss scan the unknown precursor is returned as data and the known structural 

feature is a neutral loss.  Examples where these scans are useful are analyzing metabolites 

such as sulfation or glucuronidation, and PTMs such as phosphorylation or glycosylation, 

or covalent derivatives reacted by the experimenter that either give specific charged 

fragments or neutral losses.   

A final use of the QqQ is the pseudo-MS
3
 (Figure 1.10f) in which Q1 filters a 

specific m/z, Q3 scans a given fragment range and both q0 and q2 are engaged as 

collision cells.  Because there is no prior isolation of a precursor prior to q0 

fragmentation, this is only useful as a structure elucidation technique on relatively pure 

compounds after the initial fragmentation has been observed by a normal product ion 

scan.   
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1.5.3 Quadrupole Time of Flight Mass Spectrometry 

Although the first modern orthogonal TOF had been described as early as 1989
44

, 

the first QTOF was first described in 1996
45

.  A typical QTOF mass spectrometer is 

shown in Figure 1.11.  Almost all features are identical to the QqQ with the exception 

that Q3 have been replaced with an orthogonal TOF system with reflectron and MCP 

detector.   

 

 

Figure 1.11 Quadrupole time of flight MS.  Reproduced with permission from 
45

.   
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The QTOF has many advantages over traditional QqQ systems and has 

repercussions for the aforementioned scan types.  The Q1 and product ion scans are the 

same, except that they are obtained in a higher resolution TOF detector.  Resolution is not 

constant unit resolution as in a QqQ, it is usually maintained below 5 ppm with regular 

calibration.  Although the range for scanning ions in Q1 is limited to charge states that fit 

within the normal 2,000 – 4,000 maximum m/z of a quadrupole, the mass range for 

fragment scanning increases substantially with a TOF detector.  Specific SRM modes are 

obsolete at the data acquisition stage, as the entire spectrum is acquired by the TOF at a 

very high rate, quantitation of peaks belonging to a given parent/product pair happens in 

the data processing stage.  The signal from the product ion is extracted from the product 

ion scan chromatogram and used for integration.  This has two advantages, the first being 

that the fragment is a higher resolution signal which gives better confidence to the 

identity of the fragment.  The second is that when multiple parent/product pairs are 

required for validation, the scan time for a single compound can be less.  Take an 

example where a given QqQ signal requires 20 ms per transition for a given 

parent/product pair, but a QTOF requires 30 ms per compound that includes all 

parent/product pairs because the QTOF always acquires the entire TOF spectrum.  If a 

single parent/product pair is used for quantitation, QqQ might be considered to have a 

higher duty cycle, but if three pairs are required the QqQ needs 60 ms per compound 

while the QTOF still only needs 30.  As with the SRM, which really become a post-

acquisition analysis of extracted ion chromatograms from the product ion scan, the 
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precursor and neutral ion scans become data dependent scans that will be described 

briefly at the end of the next section in data dependent analysis.   

Although data dependent scanning is a simple and maybe obvious aspect of 

modern mass spectrometry, it is worth discussing as it is crucial to proteomics.  Data 

dependent scanning refers to data acquisition algorithms that change scanning parameters 

based on user defined parameters and thresholds based on the outcome of an initial MS 

experiment, usually a Q1 scan.  The most prolific example used in the shotgun 

proteomics and metabolomics communities and chapter 2 of this thesis are the selection 

of the most abundant precursor ions from an MS
1
 scan to be fragmented in a product ion 

scan.  The LIT used in this thesis first scans precursor ions, selects the 7 most abundant 

peaks that are above a specified intensity threshold, and fragments them in a product ion 

scan.  Peaks that are fragmented twice go on an exclusion list, where they will not be 

selected for fragmentation for a specified amount of time, allowing the fragmentation of 

less intense peaks that are above the specified threshold.  Similar algorithms are available 

in all tandem instruments; as mentioned earlier the precursor and neutral loss scans on 

many QTOF are analogous to the QqQ where Q1 is ramped very quickly and if a signal is 

above a certain threshold corresponding to the neutral loss or fragment of interest of a 

precursor, the product ion scan is performed on that m/z.  

 

1.6 Peptide Fragmentation, Peptide-Spectrum Matching and Validation Algorithms 

1.6.1 Peptide Fragmentation 
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 Because all PSM algorithms assume characteristic fragmentation from peptides to 

form a spectrum, it is useful to review the common features of peptide fragmentation. 

(Fragmentation mechanisms of the small molecules analyzed in this thesis will be 

described in their pertinent chapters).  The commonly accepted nomenclature for peptide 

fragmentation is the Roepstorff system shown in Figure 1.12.
46

   

 

Figure 1.12 Roepstorff nomenclature for peptide fragmentation 
46

.   

The most common fragments in CID spectra are the a-, b-, and y-ions.  The 

mechanisms for b- and y- ion fragments have been discussed elsewhere, and a very good 

review of peptide fragmentation in general is available
47

.  It is also important to note the 

side chain chemistry weighs heavily on fragmentation efficiency and thus intensity of a 

peak, statistical analysis of large peptide data sets attests to this.
48,49

  Major examples 

include enhanced cleavage N-terminal to proline
50

, C-terminal to histidine
51

, and acidic 

residues
52,53

.  Many of these reactions are directed by the movement of acidic protons, a 

well-studied phenomena known as the mobile proton theory
54

.  These effects are often 
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exploited for the manual inspection of spectra and have been used to develop a PSM 

search algorithm that incorporates the predicted most intense peaks into scoring.
55

   

 

When using data dependent scanning as described above, a typical 75 minute LC-

MS/MS experiment such as the method to be described in Chapter 2 yields between 7000 

and 12,000 viable spectra to be sequenced, some of which do and many of which do not 

belong to peptides in the sample.  The volume of the data generated makes it too 

unwieldy to analyze by manual inspection, and to that end many computational tools 

have been written to analyze the data in silico.  The most common type of algorithm used 

is the peptide spectrum matching (PSM) algorithms, which convert a FASTA protein 

sequence database, usually derived from sequenced genomes, into predicted spectra 

which are then compared to the experimental spectra for scoring and ranking.  Many 

algorithms have been published, but here I will describe the 3 commonly used PSM 

algorithms in our group:  Sequest, X!Tandem, and Mascot.   

 

1.6.2 Sequest 

The first application of a protein sequence database to computationally analyze 

fragmentation spectra was FRAGFIT, reported in 1993, and it compared theoretical 

fragment masses to the actual spectra.
56

  It was a rudimentary program and lacked the 

ability to score hits efficiently.  The next useful algorithm, Sequest was the first algorithm 

to convert a protein database into predicted spectrum as opposed to a collection of 

possible fragment masses.
57,58

 
59
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Sequest converts a protein or nucleotide FASTA database into an in silico 

protease digest, compares the parent mass of the experimental MS and the predicted 

masses of the in silico digest.  When an experimental spectra matches the same parent 

mass of a theoretical peptide, a theoretical spectrum from the in silico digest is 

reconstructed with weighted peaks (y and b = 50 points, y+1 and b +1 = 25, loss of h2o 

and NH3 = 10).  A preliminary score is given for matching the predicted fragment ions to 

the observed ions within a certain mass tolerance, and the matches with the highest 

preliminary score are used in a cross-correlation analysis.  The cross-correlation analysis 

is a method used to determine the amount of overlap between experimental spectrum and 

hypothetical spectrum.  Because it is fairly computationally expensive, it is only used 

against the top preliminary hits.  The highest of the resulting cross correlation (Xcorr) 

scores is used to decide the best match of predicted peptide sequence to the spectrum.  

The ΔCn is the difference between the highest and second highest scoring peptides to 

match a spectrum, and is the only data from the Sequest algorithm that compares the 

highest answer to the others.  Compared to the next two PSM algorithms, Sequest 

generates more hits but lacks any probabilistic scoring ability so other validation 

algorithms are required to determine the significance of the Xcorr.   

 

1.6.3 X!Tandem 

Similar to Sequest, X!Tandem creates a preliminary score (dubbed Hyperscore) 

based on matched peaks for each peptide matched to a given spectrum.
60,61

  At this point, 

the highest score is assumed to be the correct hit.  A histogram of all of the theoretical 
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peptide matches to a spectrum is created, and the right-side of the histogram is log 

transformed creating a linear series of points.  If the highest score is greater than the point 

where the line through the log transformed data intersects the line made by log0 , it is 

considered significant.  The vertical distance between the hit and the point is called the E-

score, and is a good statistic for measuring the error of the hit.     

 

1.6.4 Mascot 

Mascot was created in 1998 and published in 1999,
62

 based on an earlier 

algorithm
63

. The exact algorithm of Mascot is not published and the software is 

proprietary Like the other PSM algorithms, Mascot compares theoretical peptide 

fragment data to experimental spectra and returns a score which is dependent on 

sequence coverage and peptide length.  What is unique about MASCOT is that instead of 

assuming that the theoretical peptide with the highest number of fragment matches is a 

hit, it calculates a probability score based both on coverage and consecutive sequences.  

The highest probability for a given spectrum that is above a defined value is accepted as a 

peptide hit.  While Mascot typically does not return as many hits as Sequest, the hits it 

does return are of much higher quality.   

To review, the strength of Sequest is how accurate the Xcorr assesses the 

spectrum matched to a theoretical spectrum; Mascot and X!Tandem are better at 

measuring how significant the scores are, although they usually do not identify as many 

peptides.  Many of the original scientists who used Mascot and X!Tandem purported that 

the built in statistical significance of the respective algorithms were enough validation for 
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their results, and many continue to use Mascot for its own validation.  Because the 

confidence metric for Sequest, the ΔCn, is not a very good, the two algorithms 

PeptideProphet
64

 and ProteinProphet
65

 were created to measure the confidence of peptide 

and protein hits, respectively.  Scaffold
66

 is used in this work as it contains a simple, 

effortless implementation of the PeptideProphet and ProteinProphet validation algorithms 

and has a user-friendly GUI for manual validation.  These algorithms are applied to 

results from Sequest, X!Tandem and Mascot.   

 

1.7 High Pressure Liquid Chromatography Mass Spectrometry 

Broadly defined, Liquid Chromatography (LC) is a technique that separates 

chemicals based on their differences in affinity between a mobile phase and a stationary 

phase.  Although not an exhaustive list of phenomena used for chromatography, 

examples used in this thesis include diffusion into pores such as in size exclusion 

chromatography and adsorption onto a hydrophobic stationary phase as in reverse phase 

chromatography.  In high pressure liquid chromatography (HPLC) sophisticated solvent 

pumps are used to maintain accurate solvent mixtures, gradients, and flow rates.  Normal 

HPLC pressures can range up to 400 bar, while systems that can operate up to 800 or 

even 1200 bar are dubbed ultra-high pressure chromatography (UHPLC, or some slightly 

different permutation of the name that varies by brand).  The need for high pressures 

arises from the desire to keep chromatographic peak resolution high and the fundamental 

mechanisms of liquid chromatography, which are discussed elsewhere.
67

  Flow rates 
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range from high nL/min for nanoLC systems to high mL/min for preparative LC systems; 

the specific systems used in this thesis will be described in their respective chapters.   

As described in the ion source section, once ESI was developed, LC/MS/MS 

became a cornerstone of many labs.  Although not used exclusively for the analysis of 

biological molecules, the combination of the sensitivity and selectivity of parent/product 

ion pairs obtained with tandem MS systems and resolving power and specificity of HPLC 

made the analysis of small molecules in complex biological samples much more routine 

than prior to their marriage.   

As useful as LC/MS is, there are special considerations for HPLC methods 

coupled to MS detectors due to requirements of the source and vacuum systems.  

Solvents are generally limited to water, methanol and acetonitrile.   Dioxane, ether, and 

DMF and other alkyl alcohols can be used in small amounts, but must be limited due to 

lower flashpoint (former two) or high vapor pressure (latter).  Toluene and alkanes like 

hexane and pentane cannot be used at all as they do not ionize well for electrospray.  

Many of those solvents not suitable for ESI are allowed in APCI.   

 Buffers and ion pairing reagents in LC/MS are generally limited to ammonium or 

di-, tri-, or tetra-alkyl ammonium salts, formate and acetate salts.  This includes formic 

acid and acetic acid.  It should be noted that ammonium adducts of ions can be an issue in 

MS.  Most manufacturers’ warn against the use fluorinated acids, such as TFA or HFBA, 

which can corrode internal metal LC plumbing and metal ESI capillaries, and can 

suppress ions in negative ion mode; if these are used their use should be kept at a 

minimum and the entire system should be flushed immediately after use.  Older LC 
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methods derived for optical detection methods might include longer chain alkyl acids, 

detergents like dodecylsulfonic acid, inorganic salts such as sodium phosphate: these 

cannot be used in MS because they can contaminate the source region, precipitate at the 

ESI capillary, and form adducts with the analyte.  These limitations can be frustrating 

when converting older LC methods that do not use MS to work on LC/MS systems, and 

examples of this will be discussed when the topic arises in chapters 3 and 4 of this thesis.   
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CHAPTER TWO 

DISCOVERY PROTEOMIC ANALYSIS OF MELIOIDOSIS PATIENT URINE FOR 

DIAGNOSTIC BURKHOLDERIA PSEUDOMALLEI PROTEIN IDENTIFICATION 

 

    2.1 Overview of Chapter Two 

Burkholderia pseudomallei is a pathogenic gram negative bacillus that is endemic 

to the populations of Southeast Asia and is the causative agent of the disease melioidosis.  

It is also considered a potential bio-warfare due to its hardiness and virulence.  

Diagnosing melioidosis with the current clinical standard of differential sample culture is 

slow and not feasible in impoverished areas of the world where the disease flourishes.  

Confirmation of B. pseudomallei in a patient is required as many of the symptoms of 

melioidosis and tuberculosis are indistinguishable and their treatments require very 

different antibiotics.  A fast assay would be useful both for diagnosis, as prognosis 

declines very rapidly after the onset of symptoms, but also for detecting the pathogen in 

biodefense contexts.  Such a diagnostic would need to be specific for the B. pseudomallei 

species, as there are other prevalent pathogenic and non-pathogenic closely related 

Burkholderia species that require different or no treatment.  Lateral flow immunoassays 

are in development by our collaborators, but the surface polysaccharide antigens they are 

derived from are not selective for B. pseudomallei and some strains have modified 

surface polysaccharide sequences and structures that make the device ineffective.  Our 

goal is to find protein targets in infected patients’ urine by LC/LC/MS/MS for which 
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antibodies will be developed to make the lateral flow assay more selective against non-B. 

pseudomallei species and less susceptible to false negatives.   

 

2.2 Background 

2.2.1 Epidemiology 

Burkholderia pseudomallei is a pathogenic gram negative bacillus that is 

primarily a soil saprophyte. It has a large collection of virulence factors that makes it 

extremely pathogenic to humans and animals.  Discovered in 1912
68,69

, it is endemic to 

Southeast Asia, Northern Australia and possibly Africa.
70-72

  The incidence of the disease 

is increasing in these regions, for example: no cases were report before 1984 in Taiwan 

but recent studies shows that some regions have incidence rates as high as 70/100,000.
73-

76
  Data from N. Thailand show that incidence has increased from 8/100,000 to 

21/100,000 from 2000 to 2007
77

, and the epidemiologists who study the disease suspect 

that this is a true increase in incidence and not merely an increase diagnosis. Mortality 

attributed to melioidosis is still considered to be less than other infectious disease borne 

illnesses such as HIV/AIDS and tuberculosis but higher than malaria and diarrheal 

illnesses.  Data as of 2006 states that the population mortality rate in melioidosis has 

recently surpassed tuberculosis at 8.64 vs. 8.30 per 100000 deaths respectively.
77

  

Infections treated in the US and other Western countries can usually be traced back to 

travel to endemic areas or contact with people visiting from Southeast Asia or Northern 

Australia, with a few isolated incidents in Northern Africa.  This was an issue with many 
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returning from military service in Vietnam in the late 1960’s and 1970’s
78-80

 many of 

whose cases laid dormant for years
81

 and the reason the disease was known as the 

“Vietnamese time bomb.”
82

  It should also be mentioned that a single case of B. 

pseudomallei has been reported in a patient from an isolated region of Arizona who had 

no previous travel outside the United States.
83,84

  The finding of this and occurrences of 

two closely related Burkholderia species in the United States are a growing concern.
85,86

   

The most common routes of infection are by inhalation or through lacerations or 

abrasions, although routes through any other mucosal membranes are possible
87

 and 

transmission from mother to infant through infected breast milk has been observed.
88

  

Melioidosis is most commonly characterized by the presence of pneumonia, abscesses in 

the skin, spleen, liver, prostate, and lungs.
89,90

    The infection will often manifest at the 

site of infection but will also disseminate to other organs regardless of its primary 

infection site and has been reported to have disseminated to almost every organ in the 

body.
87

  Risk factors that have been clearly and repetitively shown include diabetes
77,90-94

, 

smoking
90,95

, chronic lung
90,92-94

 and renal infections
90,92-94,96

 and excessive alcohol 

intake.
90-94

   

Like many tropical diseases, melioidosis adversely affects underdeveloped 

populations harder than those better shielded from the elements with access to modern 

healthcare.  This disparity between socioeconomic populations can be explained by three 

factors: exposure, treatment, and diagnosis.  The best example of this is in N. Australia 

where multiple studies have shown both higher infection rates and higher mortality rates 

between the aborigines compared to the developed populations of the region.
92,95

 The 



67 

 

trend in socioeconomic status can also be seen in overall mortality rate of those infected 

in Australia and Thailand, 21 vs. 40%.
77,92-94

  Exposure to flooding and standing water 

increases the risk as well.  Endogenous farmers are at more risk than others to contract 

melioidosis, especially during irrigation, as B. pseudomallei grows well in cultivated 

soils.  The number of cases spiked during a debilitating 2005 typhoon in Taiwan
75

 and the 

2007 tsunami.
97,98

 

Accurate diagnosis is extremely difficult if not impossible through patient 

presentation, as the most common respiratory infections mimic tuberculosis.  

Differentiation must be done however, as the treatments for either disease are vastly 

different.
99,100

  Time is critical as without the correct treatment, both morbidity and 

mortality of both diseases increase significantly in the hours and days after the onset of 

symptoms.  Long latency periods can also make diagnosis difficult. This is especially 

relevant for travel related cases when the time of exposure was brief and may not appear 

to be relevant to the doctor or patient when reviewing a patient history.
101

   

B. pseudomallei is an extremely rugged saprophyte that thrives in soil
102

 and is 

able to survive extremely inhospitable conditions (infections have been caused by 

contaminated hand-washing detergent
103

).  It also thrives in animals as a pathogen, with a 

whole host of virulence factors that allow it to avoid a host’s adaptive immunity and top-

tier antibiotics.
104-110

  The entire exhaustive list of virulence factors can be found in the 

literature, however those pertinent to the discussion of the results in this chapter include 

the type 1, type 3, type 2/4, and type 6 secretion systems (T1SS, T3SS, T4SS, and T6SS 

respectively), flagellin, and various efflux transporters.  Because of its virulence, B. 
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pseudomallei has been designated as a Category B potential bioterrorism agent, which are 

defied as agents that are: 1) Somewhat easy to disseminate 2) cause moderate morbidity 

and low mortality and 3) require specific enhancements of CDC’s diagnostic capacity and 

enhanced disease surveillance.
111,112

  It is considered a select agent by the CDC and live 

bacteria may only be studied in BSL3 certified facilities.    

 

As mentioned above, diagnosis of the disease is difficult as it mimics symptoms 

of tuberculosis.  This is further exacerbated by the fact the diagnosis in the field, or 

outside of a modern hospital laboratory is extremely nearly impossible.  Because field 

diagnosis is either too late or not at all and treatment for late diagnosis is ineffective, 

poorer countryside hospitals usually cannot refer patients to modern hospitals to receive 

treatment because the patient cannot afford the trip or care or would not survive the 

travel.  However, a decrease in mortality from 49% to 40% from 2000 to 2007 in N. 

Thailand appears to be due to introducing more modern care and becoming more vigilant 

in attempting earlier diagnosis and treatment.
77

  Although 40% mortality rate is still high 

for a disease even when treated, it is still double than that of hospitals and developed 

regions and has been attributed to the lack of resources for diagnosis and administering 

intensive care.  An effective and fast lateral flow immunoassay (LFI) could reduce 

mortality in underdeveloped regions.   

 

2.2.2 Potential for Use as a Bio-warfare Agent  
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Although B. pseudomallei has no proven history of being used as a bio-warfare 

agent, an extremely close relative, B. mallei, which infects horses and can infect humans, 

has been used a biological warfare agent in the past.  The Japanese tested a number of 

pathogens that included B.mallei on Chinese POW camps starting in 1932.
113

  Although 

Germany excluded human pathogens for bio-warfare use in World War I, they attempted 

to send B. mallei and B. anthracis cultures to Norway, Spain and Romania.
114,115

  

Although the samples destined for Norway were intercepted
116

, the fate and impact of the 

samples culture by operatives in Spain and Romania are not known.  Cultures were 

successfully sent and cultured in the United States and German agents have testified to 

inoculating horses destined for Europe.  The impact of these operations remain 

debatable
115

, but one major outbreak of glanders that postponed operations in the Middle 

East happened in horses that originated from the United States.
114

  The applicable 

message is that if a spy could transport an obligate pathogen like B. mallei from Europe 

to the United States and successfully inoculate horses, it would seem logical that a 

hardier pathogen like B. pseudomallei would be even easier transport for malicious 

purposes.   

The ability for B. pseudomallei to spread would be significant, and there are 

examples of its spread through water supply and infected animals.  A B. pseudomallei 

outbreak in a community of about 300 in Western Australia that infected 6 people and 

killed 3 was caused by contamination in a holding tank at a local water treatment 

facility.
117-120

  Affected water supplies in Australia have known to infect pig farms in 

multiple instances.
121,122

  An infected panda that was a gift from Mao Zedong to Georges 
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Pompidou in Paris, France, infected and killed many large animals in the Paris zoo and 

surrounding equestrian clubs and infected one gardener and thought to have killed two in 

the Paris botanical gardens, apparently remaining in the soil for some time (L'affaire du 

Jardin des Plantes).
70,123-125

   Although a minor concern compared to its human 

pathogenicity, infection in animals can be devastating to farmers and zoos.   B. 

pseudomallei has entered countries outside its endemic region to zoos through primates 

from Southeast Asia
126

, which seem particularly susceptible to the disease.  Farm animals 

that are primarily affected are pigs
127,128

: sheep
129

 and goats.
130

  Many pets have been 

infected,
130-132

 and an outbreak at a zoo can devastate a population affecting primarily 

primates, but has been seen in everything from penguins, crocodiles, kangaroos and, most 

surprisingly, aquatic mammals like dolphins and whales.
127

  Once soil has been 

contaminated, it is impossible to get rid of it, and many zoo protocols require incineration 

of infected soil and others materials that have positive cultures.   

To summarize, once an animal population, soil, or water supply is contaminated 

with B. pseudomallei it can take a long time to see the effects and a large effort to remove 

the contamination.  Given its ease of transport and dissemination, pathogenicity, and 

resilience in exposed soil in non-endemic regions, B pseudomallei is a Category B 

potential bioterrorism agent.   

 

2.2.3 Genetics of Burkholderia 

Because we plan on using shot-gun proteomics to discover proteins in host 

biological fluids, and our methods use PSM software that is dependent on knowing the 
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genome of the target, it is useful to spend some time studying the genome of B. 

pseudomallei and its close relatives.  It has a relatively large genome of 7.03 - 7.24 

Mbps
133,134

 compared to that of other pathogenic gram negative bacteria (Yersinia 

pestice: 4.65 Mps
135

, Shigella dysenteriae: 4.37 – 4.83 Mps
136

, Francisella Tularensis: 

1.89 Mbps
137

, various Salmonella enterica serovars: 4.66 – 4.86 Mbps
138

).  This is spread 

over 2 chromosomes which include a number of genomic islands (16 in the benchmark 

K96243 strain).  These genomic islands contain phage or phage-like sequences and 

enable the genetic plasticity of B. pseudomallei, that is, allows it to quickly adapt to its 

environment.  Many of these islands contain virulence factors or metabolism genes that 

would benefit the bacteria attempting to survive in a host or harsh environment, but 

would not need to both be expressed under one circumstance or the other.  Because of 

this system of horizontal gene transfer, many strains of species within the Burkholderia 

genus have a large variations in their genome, which is approximately 20% in B. 

pseudomallei
133

, a fact that may be pertinent to building a database for PSM searches 

later.   

It is useful to discuss other pathogenic species in the Burkholderia genus because 

of their genetic similarity.  Many of them have been studied extensively as they are also 

pathogenic, so previous work on antigenic biomolecules, vaccines or diagnosis in other 

species may be useful to studying B. pseudomallei.  They can also be useful as model 

organisms that may be used in non-BSL3 labs.   

The most extensively studied species that is also the most closely related to B. 

pseudomallei is Burkholderia mallei.  Like B. pseudomallei, B. mallei is labeled a 
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Category B potential bioterrorism agent and may only be used in labs with BSL3 or 

higher certifications.
112,139

  It is responsible for the equine disease glanders, is also 

considered a potential opportunistic pathogen in humans.   B. mallei infections in humans 

were much more frequent before the 1930’s when contact with horse was also more 

frequent, although still rare on the scale of more common infections.  One report 

catalogues 156 purported cases in the literature up until 1906 (some with stronger 

evidence of cultures from infections being B. mallei than others)
140

, with fewer infections 

occurring between then and the 1930’s
141-146

, probably due to the declining use of horses 

for work and transportation.  The most frequent cause of transfer from horse to human 

included handling infected fluid from mucus or wounds of infected animals in the lay 

community, although one description describes a laboratory acquired glanders in 1904.
147

  

No cases were reported in the literature after 1949 until a laboratory acquired glanders 

case was reported in 2000 at a US military laboratory.
148,149

   

The differences in the genomes of B. pseudomallei and B. mallei has implications 

for building protein sequence databases for PSM
133

.  B. mallei has a genome between 

5.24 - 5.83 Mbps
133,150

 in size
66,83

 compared to B. pseudomallei’s 7.24 Mbps, so the 

overall genetic similarity is not a useful comparison, and although its overall genome is 

much smaller, it has a much larger accessory, or variable genome.  It is thought that B. 

mallei evolved from B. pseudomallei lost a very large component of its genome during its 

evolutionary lineage when it became on obligate animal parasite
133,150,151

.  Many of the 

genes that enabled its survival in the environment would be under lower selection 

pressure in a host, therefore causing them to be lost over time
133

.  Conversely, genes that 
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enabled virulence or evasion of a host’s immune system would be selected for, and are 

indeed found on various variable regions bracketed by insertion elements allowing agile 

adaption to animal environments.  A much higher percentage (33 - 41%) of B. mallei’s 

genome is variable than that of B. pseudomallei, although the total number of genes 

found over the total number of sequences of B. mallei strains is few in total compared to 

20% in B. pseudomallei.  When comparing analogous sequences of B. mallei to B. 

pseudomallei  by using sequence similarity of 16S rRNA they are >99% (comparing the 

only 2 sequences found in 23 B. mallei isolates, between 1 and 4 nucleotides between 8 

B. pseudomallei from 73 isolates, averaging .5 or 1.5 nucleotide difference .)  Clustering 

of MLST of a few B. mallei with the B. pseudomallei isolates clearly and unambiguously 

placed B. mallei with B. pseudomallei clusters, while B. thailandensis, B. oklahomensis 

and a B. cepacia strain were clustered separately (strictly on the MLST data, others even 

suggest that B. mallei should not even be considered a different species apart from B. 

pseudomallei)
151

.    

B. thailandensis another species that is closely related to B. pseudomallei 

genetically (>99% similarity
152

) but is not nearly as viral (lethal inoculums are 1000x 

higher than in B. pseudomallei).   Only two cases of B. thailandensis infections have been 

reported in humans, one in a near-drowning incident in the United States
153

 and in a 

motorcycle accident in Thailand
154-156

; both were considered opportunistic infections 

secondary to a severe primary infection (B. pseudomallei in the latter case).  In animal 

models, virulence of B. thailandensis strains can vary significantly, but they are all 

considered innocuous to healthy humans.  Even though B thailandensis is less virulent, it 
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still has many of the virulence factors of B. pseudomallei such as flagella, cell surface 

exporters, and some secretion systems
157

, which benefits researchers who want to study 

these specific mechanisms.  B. thailandensis is a good analogue for studying B. 

pseudomallei because of their genetic similarity and its innocuousness.  It only requires 

BSL2 conditions for growth, which entails significantly fewer facility requirements and 

enables many other researches access. 

Another closely related species that bears interest is Burkholderia oklahomensis.  

It was first isolated in from a farming accident patient in Oklahoma (hence the name) and 

from soil isolates from the farm
85

, and later in an automobile accident victim in 

Georgia.
86

 Like B. thailandensis, it was considered a strain of B. pseudomallei until its 

16S RNA was sequenced (98.5% 16S rRNA gene consensus match with B. pseudomallei 

and B. thailandensis respectively).
158

  Even more convincingly MLST data
151,158

 showed 

it was different enough to be considered its own species.  It is considered mostly avirulent 

due to its only occurring in rare cases of extreme exposure and has not been shown to be 

lethal in any animal model in the literature.
22,23

  

Burkholderia cenocepacia is an opportunistic pathogen which is innocuous to 

healthy individuals but can easily infect those with compromised immune systems, 

specifically those with pulmonary infections or cystic fibrosis.   B. cenocepacia and other 

bacteria in the Burkholderia cepacia complex group will be omitted from our discussion, 

as they differ substantially in both genome (97.9 % similarity of 16S rRNA of B. 

pseudomallei
152

) and in their pathogenic phenotypes to be useful as a model organism for 

B. pseudomallei.  It is also worth mentioning the B. ambifarica and B. multivorans are 
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other opportunistic pathogens in the Burkholderia genus.  These pathogens are mentioned 

because they will have some similarity to B. pseudomallei peptides when BLAST 

searching results against the NCBI non-redundant database.   

 

2.2.4. Exopolysaccharide, Capsular Polysaccharide, and Lipopolysaccharide: Antigens 

and Common Immunogenic Assay Targets 

The defining feature of Gram-negative bacteria is the outer membrane which 

contains sophisticated polysaccharide moieties.  The exopolysaccharide (EPS) is an 

excreted polysaccharide that comprises part of the cell wall capsule, with no apparent 

physical means of attachment.  Capsular polysaccharides (CPS) are generally defined as 

attached to a lipid or a lipid A moiety, the latter of which are further classified as 

lipopolysaccharides (LPS) as they are fairly more complex.
159

  LPS consists of three 

distinct regions: the lipid A, the core polysaccharide, and the O-specific antigen
160

.  The 

lipid A normally consists of a disaccharide acylated with multiple lipids ranging in length 

of 12- 20 carbons (14 – 16 in B. pseudomallei).
161

  The lipid A is attached through a 

phosphodiester linkage to the polysaccharide region known as the core, which can 

usually be split into an inner core and outer core regions consisting of sugar units specific 

to the core region.  The core is then attached to the O-specific antigen (or O-

polysaccharide, O-PS), which consists of 10-40 repeats of a 1-7 sugar subunits that can 

be heavily modified through dehydration, amidation, and acylation.   While the individual 

repeating moiety might be branched, the repeating subunits are linear.   
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The EPS 
162,163

, LPS and CPS
164,165

 structures are given in the literature.  The 

polysaccharide structure of EPS is known and has only been shown to exist as free EPS, 

unattached to lipid
162,163

.  The structure designated as O-PS II has only been shown to 

exist as LPS (attached to a lipid A).  O-PS I has been described in the literate as attached 

to lipid A
164,165

 and single lipid
166

, but we will call it CPS for simplicity.  It is important 

to note that a third LPS O-antigen has been shown in the literature, based on SDS-PAGE 

patterns and biosynthesis gene cluster analysis, but the structure is yet to be elucidated
167

.  

This is important because the current LFI prototype uses only the O-PS I and O-PS II for 

antigens, if these are modified significantly such a device might not be effective.  There 

is reason for such suspicion, as Bacillus anthracis strains have evolved that do not 

synthesize or incorporate anthrose into its LPS. This made the use of anthrose as a 

vaccine useless in regions where these strains are now endemic, meaning that the 

antibody in the vaccinated host does not recognize the LPS lacking anthrose.  

In B. pseudomallei, as well as other gram negative pathogenic bacteria, the LPS, 

CPS and EPS, allows the bacteria to avoid complement system of a host’s immune 

response and assists in cell invasion and survival in an invaded cell.   All three are 

recognized as antigens by the host, and are extremely inflammatory: LPS from E. coli is 

commonly used to induce inflammation in biological experiments.  In many pathogenic 

bacteria including B. pseudomallei, the LPS is required for virulence.  Experimental OPS 

II and OPS I knockouts in B. pseudomallei completely lose their ability to survive in 

human serum in vitro
166,168

.  B. thailandensis has no functional CPS because of a 

premature stop codon in its CPS biosynthetic gene cluster which is thought to be a 
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primary reason as to why it is so similar to B. pseudomallei but not have its virulence
169

 

even though the two share the same LPS structure.  Knockouts of B. mallei EPS
169

 are 

avirulent in two animal models of infection and B. pseudomallei EPS
166

 in one (BP EPS 

showed similar virulence to BT) 

Since antibodies to EPS, LPS, and CPS are easy to purify they make popular 

targets for vaccines and antibody based analysis tools.  Unfortunately they also share 

common sequences within the Burkholderia genus.  For examples, B. pseudomallei, B. 

mallei, B. stabiles and a few gemnovars of the cepacia complex contain and express O-PS 

I on their surfaces.
166

  B. pseudomallei and B. mallei share an identical CPS structure
170

 

with B. mallei differing from B. pseudomallei by only a minor acylation 

site
171

.  Serological assays do not test for the antigen, but for the hosts immune response 

to it.  It is thought that these assays are often susceptible to false positives due to 

inoculation by harmless Burkholderia species that have the same LPS or CPS structure or 

to prior undiagnosed infections.  The opposite problem may also true, strains with 

different LPS and CPS sequences might not recognized by the common antigen or 

antibodies used in field assays.  This is our motivation for finding proteins that might be 

more discriminatory for specific Burkholderia species.  

2.2.5 Standard Melioidosis Diagnosis and Efforts Towards New Diagnostic Tools 

A diagnosis of melioidosis is not possible based on symptoms and patient history 

because both melioidosis and tuberculosis present in the same way.  Chest X-rays can be 

used to assess the degree of infection and size of cysts, but offer no discrimination 

between the two pathogens.  A positive test for one does not necessarily preclude an 
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infection of the other.  This is especially true for non-culture tuberculosis test methods: 

the tuberculinin skin test, which tests a patient’s reaction to a modified M. tuberculosis 

protein set, and the interferon-γ assays, which asses the excretion of interferon-γ from T-

cells in patient blood after exposure to a collection of M. tuberculosis antigens.  Although 

the skin test is the most portable, false positives are extremely common especially if a 

patient has been vaccinated, is malnourished, or is in any way immune-

compromised
172

.  The interferon-γ assays are less affected by these issues, but require 

some manner of plate reader and incubation facilities.
172,173

 Because of the high false 

positive rate of tuberculosis tests in the field, it is important to test for melioidosis in 

addition. 

The gold standard in confirming an infectious bacteria is differential culturing on 

a selective media, namely Ashdown’s broth, to distinguish it from other 

pathogens
174

.  Culture techniques are definitive for B. pseudomallei and can discriminate 

between other Burkholderia species but take a very long time. For B. pseudomallei, at 

least 48 hours is required for culture growth.  For M. tuburculosis, cultures are definitive 

and free of false positives, but take between 1 and 8 weeks for cultures to grow since its 

doubling time is much longer than most bacteria
175

.  Because speed of treating B. 

pseudomallei is such a critical factor in mortality, waiting more than 48 hours is too long.   

Faster platforms have been developed, but most of these require instrumentation 

that are not suitable for the field.  An SPR platform using immobilized BipD protein has 

been developed and is one of the most sensitive, but requires specialized equipment and 

surfaces that are impractical for field use.  Many direct ELISAs have been proposed, but 
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as described earlier direct serological assays are not ideal as they can simply be reacting 

to a previous undiagnosed minor infection.
176

  

 Many Primers have been suggested for FISH assays have been suggested for 

diagnostic purposes, but again require a degree of temperature control and microscope 

apparatus that is not practical for field work.
177

  PCR tests are also available
176,178,179  

but 

are not feasible because the many of the impoverished regions of the world where these 

devices will be needed do not have running water or electricity to power the instruments 

involved. 

An LFI diagnostic specific to B. pseudomallei similar to the user-friendly, point of 

care lateral flow kits developed for HIV testing would be ideal because of the low cost 

and ease of use of the final, kit.   

 

2.3 Materials and Methods 

2.3.1 Overview of the Urine Proteomics Strategy 

The goal of our research is to observe proteins specific to B. pseudomallei in 

blood and urine of infected patients to determine the best targets for an LFI device using 

LC/LC/MS/MS. Previous students in our group have already preformed preliminary 

studies on different Burkholderia species in cell culture media which yielded encouraging 

results.  Different species of Burkholderia were incubated in cell culture broth 

independently and different cell fractions were analyzed by MudPIT.
180,181

  A total of 346 

proteins specific to B. pseudomallei were found, some of which are virulence factors not 

found in the more innocuous strains (B. vietnamensis and B. thailandensis ).  It remains to 



80 

 

be seen whether the same proteins can easily be found in biological samples from 

infected hosts, which are in highly complex matrices such as blood or urine.  It is also 

possible that certain virulence factors might not be expressed in cultured bacteria that 

would be expressed while invading a host; therefore it is ideal to look for targets in 

animal models or patient samples.  Two potential drawbacks to patient fluids include 

sample inhomogeneity and un-sequenced bacterial strains, the latter of which is important 

as we must select a database to search the experimental spectra against for PSM.   

Analyzing biological samples provides a significant challenge in proteomics due 

to the complex nature of biological matrices.  Serum and urine are most commonly used 

because they are easily accessible, relatively noninvasive, and commonly used in 

proteomics.  Both samples types provide unique challenges.  While protein concentration 

in serum is relatively high (≈35 mg/mL), it is relatively low in urine (60 - 250 ug/mL).
182

   

Although more urine sample is required per experiment, volume is not an issue with 

human patients and it is relatively cleaner, contains less cellular and molecular debris, 

and takes less preparation.  Less preparation is significant because with every purification 

procedure the sample incurs non-specific protein loss and degradation, decreasing the 

probability of finding potential targets.
182,183

  However, urine is much more concentrated 

with regards to small molecules and salts, especially urea.  The average urine sample 

contains 2% urea vs. 0.03% in blood.  Urea, along with other small amines, interferes 

strongly with the Lowry and BCA protein concentration assays, and is a protein 

denaturant that is not compatible with many MS applications.
184

  Many techniques are 

used in the purification of both types of samples, the most common of which includes: 
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high-abundant protein depletion on affinity chromatography columns
185

, precipitation 

with organic solvents
182,183

, desalting with dialysis
182,183

, ultra-filtration
182,185,186

, or size 

exclusion columns.
187,188

  

To briefly summarize our methods: we chose size exclusion cartridges as our 

initial sample cleanup step because of their inexpensiveness, ease of use, and personal 

recommendations of other researches who handle urine samples for shotgun proteomics.  

Samples were then assayed for concentration by BCA kit, diluted to an appropriate 

concentration for digestion by trypsin, and finally desalted for LC/LC/MS/MS by a C18 

solid phase extraction column.  The following are the specific methods. 

   

2.3.2 Human Urine Samples 

Urine samples from patients with culture-positive melioidosis or negative controls 

were obtained from sample archives with no identifiable private information supplied at 

Mahidol-Oxford Tropical Medicine Research Unit, Faculty of Tropical Medicine, 

Mahidol University, Bangkok, Thailand.  Samples were sterile filtered and culture 

confirmed sterile by David AuCoin’s group at the University of Nevada, Reno, Center for 

Molecular Medicine Diagnostics Discovery Laboratory’s BSL3 facility.   

 

2.3.3 Urine Sample Preparation 

From the urine samples, 100 uL was applied to a PD-10 size exclusion cartridge 

(GE Life Sciences, Piscataway, NJ) to remove salt and small molecule contaminants and 

were eluted in water according to the manufacturer’s instructions, frozen, and lyophilized 
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dry.   Protein concentration was assayed by a Pierce BCA assay (Rockford, IL) via the 

manufacturer’s instructions and reconstituted in 0.1 M ammonium bicarbonate to a 

concentration of 50 mg/mL for enzymatic trypsin digestion. 

 

2.3.4 Tryptic Digestion 

The method for solution tryptic digestion has been described elsewhere.
181

  In 

brief: 100 uL of 8 M urea was added to 50 uL of the protein solution.  2 uL of 100mM 

dithiothreitol in 100mM ammonium bicarbonate was added, shaken and allowed to sit for 

15 minutes.  3 uL of 100 mM iodoacetamide in 100 mM ammonium bicarbonate was 

added and allowed to incubate for 15 minutes.  In the following order: 650 uL of 100 mM 

ammonium bicarbonate, 50 uL of acetonitrile, 9 uL of 100 mM CaCl2 and 12 uL of a 0.1 

ug/uL trypsin (proteomics grade SigmaAdrich, St. Louis USA) was added and allowed to 

incubate for 12 hours.  The solutions were spun down and the supernatant was collected.   

 

2.3.5 Solid Phase Extraction of Peptides 

Peptides were desalted with a SPEC C18 cartridge (Varian, Santa Clara, CA).  

Cartridges were wet with 200 uL of methanol and then 800 uL of 2% v/v acetonitrile.  

Sample was loaded under gravity only, washed with 3 x 300 uL of 2% v/v acetonitrile 

and eluted with 600 uL of 90% v/v acetonitrile.  Samples were dried to ≈ 30 uL in a 

speed vac and diluted to 50 uL with 0.2% formic acid to a concentration of approximately 

10 mg/mL for LC/LC/MS/MS analysis.   
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2.3.6 Preparation of SCX and C18 Columns 

Fused silica capillary (100 um ID / 360 um OD, PolyMicro Technologies 

Phoenix, AZ) was pulled to a 5 um tip with a laser puller (Sutter Instruments, Novato, 

CA).  The stationary phase was 5 um Zorbax Eclipse XDB C18 (Agilent Technologies, 

Palo Alto, CA).  Capillaries were packed with 7 cm of silica stationary phase suspended 

in methanol using a bomb loader backed with He at 500 psi.
189

  SCX column was loaded 

in the same fashion using 5um poly-hydroxyethyl A SCX resin (PolyLC, Columbia, 

MD), with the exception that it was loaded against a frit/union fitting, after which the 

reverse phase column was packed.  After packing, columns are equilibrated overnight 

using alternating 90 minutes at 5%, 50%, and 95% (v/v) ACN in water (LC/MS grade) to 

minimize void space and contaminates.   

 

2.3.7 LC/LC/MS/MS 

The liquid chromatograph was a Thermo Surveyor quaternary pump system.  10 

uL of sample are bomb-loaded onto the SCX column, after which the reverse phase 

column is fitted to the union on the C18 column and the columns are fixed to the nano-

spray source.  Mobile phase A was 0.1 % formic acid in 18.2 MΩ deionized water, 

mobile phase B was 0.1% formic acid in acetonitrile, mobile phase C is 200 mM 

ammonium acetate, 5% acetonitrile, and 0.1% formic acid, mobile phase D was 1.5 M 

ammonium acetate, 5% acetonitrile and 0.1% formic acid).  2D LC is achieved by eluting 

fractions of peptides off of the SCX column onto the reverse phase column for 4 minutes, 

and then performing a reverse phase chromatography gradient.  The first SCX elution 
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step starts at 10% C / 90 % A and is followed by the reverse phase sequence.  Each 

elution step, the portion of mobile phase C is increased 10% until the 10
th

 step, where 100 

% D, with a much higher concentrations of ammonium acetate, is used to aggressively 

elute any remaining peptides off of the SCX column.  The reverse phase gradient uses 

only mobile phases A and B, starting with 95% A for 16 minutes, ramping to 50% A for 

70 minutes, ramping to 2% A for 5 minutes, holding at 2% A for 5 minutes, returning to 

95% A over 5 minutes, and then equilibrating at 95% A for 15 minutes.   

The mass spectrometer was a Thermo LTQ linear ion trap.  The schematic of the 

instrument is shown in Figure 2.2a, and the 3D representation of the linear trap is show in 

Figure 2.2b.  It can be seen by Figure 2.2b that there exist slits in within the lateral pair of 

electrodes for orthogonal ejection.  Although the instrument depicted in Figure 2.2a was 

the first published description of the linear trap
27

, it only shows a single CEM detector 

whereas the manufactured instrument contains two, one outside of either electrode.  As 

described in section 1.3.2, orthogonal ejection is much faster than traditional axial 

ejection in a linear or quadrupole trap, and the geometry of the linear trap allows for a 

greater ion density in the trapping region.  The increased ion density and ejection 

efficiency makes the LTQ much more sensitive than the previous standard QIT models.
27
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Figure 2.1 (a) Schematic of a prototype Thermo LTQ linear ion trap and (b) and a 3 

dimensional representation of the ion trap  The commercial model contains 2 detectors 

orthogonal to the center section of the trap for increased ion ejection speed and 

efficiency.  Reproduced with permission from 
27

. 
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The LTQ was operated in data dependent acquisition mode, scanning from 400 - 

1500 m/z.  The 7 most intense peaks were fragmented at 30 eV, and placed on an 

exclusion list for 30 seconds.  To enable nanoelectrospray, a gold electrode was inserted 

into the tee junction upstream of the chromatography columns and held at +1.8-2.1 kV of 

the source plate.   

 

2.3.8 Peptide-Spectrum Matching 

Pertinent peptide-spectrum matching algorithms were described in section 1.6.  

Tandem mass spectra were extracted by DTA select version 1.  Charge state 

deconvolution and de-isotoping were not performed. All MS/MS samples were analyzed 

using Mascot (Matrix Science, London, UK; version Mascot) and Sequest (Thermo 

Fisher Scientific, San Jose, CA, USA; version 27, rev. 12). X! Tandem (version 

2007.01.01.1) was only used to validate samples. 

Searches included semi-tryptic peptides with at most 2 missed cleavages and the 

oxidation of methionine and iodoacetamide derivative of cysteine were specified as 

variable modifications.  Mascot, Sequest, and X! Tandem were searched with a fragment 

ion mass tolerance of 0.50 Da and a parent ion tolerance of 1.5 Da. Because we had no a 

priori knowledge of the B. pseudomallei strains that had infected the patients, our 

database consisted of the human genome downloaded from NCBI and all proteins from 

all genomes available from 17 species of Burkholderia, also from NCBI.  This would 

cover all peptides of known B. pseudomallei strains and closely related species.    The 
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order of species in the database is described in Table 2.1, and is important because if a 

series of matched peptides cannot be distinguished from protein in multiple databases, the 

“hit” defaults to the first instance of those proteins in the database.  While Scaffold will 

make a note of redundant peptides, it saves manual validation time if the database is 

compiled in the optimal order.   

  

Table 2.1 List of protein FASTA genomes incorporated into the search database 

 

Database 1 

B. pseudomallei 

Human NCBI 

B. mallei 

B. thailandensis 

B. multivorans 

B. glumae 

B. vietnamensis 

B. dolosa 

B. anthina 

B. ambifaria 

B. cenocepacia 

B. gladioli 

B. plantarii 

B. stabilis 

B. cenocepacia 

B. pyrrocinia 

B. cepacia  

 

 

2.3.9 Criteria for Protein Identification  

Scaffold (version Scaffold_3_00_08, Proteome Software Inc., Portland, OR) was 

used to validate MS/MS based peptide and protein identifications. Peptide identifications 
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were accepted if they could be established at greater than 95.0% probability as specified 

by the Peptide Prophet algorithm
64

.  Peptide identifications were also required to exceed 

specific database search engine thresholds. Mascot identifications required at least ion 

scores must be greater than both the associated identity scores and 20, 30, 40 and 40 for 

singly, doubly, triply and quadruply charged peptides. Sequest identifications required at 

least deltaCn scores of greater than 0.10 and XCorr scores of greater than 1.8, 2.5, 3.5 

and 3.5 for singly, doubly, triply and quadruply charged peptides. X! Tandem 

identifications required at least -Log(Expect Scores) scores of greater than 3.0. Protein 

identifications were accepted if they could be established at greater than 99.0% 

probability and contained at least 2 identified peptides.  Protein probabilities were 

assigned by the Protein Prophet algorithm
65

. Proteins that contained similar peptides and 

could not be differentiated based on MS/MS analysis alone were grouped to satisfy the 

principles of parsimony.  

 

2.3.10 Production of Antibodies 

Polyclonal antibodies (PAb) to BipC protein were prepared by ProSci (Poway, 

CA).  

Monoclonal antibodies were prepared by David AuCoin’s group.  Monoclonal 

antibody F5C3 (MAb FliC) began with immunization of BALB/c mice with heat-

inactivated B. pseudomallei (strain 1026b). An intraperitoneal injection of 2 x 10
8
 

bacteria was administered every 2 weeks for an 8 week period.  An ELISA, with heat-

inactivated B. pseudomallei strain 1026b in the solid phase, was used to assess antibody 
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levels.  Three days prior to harvesting of spleens, an intraperitoneal immunization with 2 

x 10
8
 bacteria was administered. Hybridoma cells were produced.  Western blot analysis 

was done to identify hybridoma cells lines that were producing anti-FliC MAbs. 

Hybridoma cells lines were grown in Integra CL 1000 culture flasks (Integra Biosciences, 

Hudson NH), and MAbs were purified by affinity chromatography over a protein A 

column. 

 

2.3.11 Western Blots 

A standard Western blot procedure was done using semi-dry blotting by David 

AuCoin’s group.   Briefly, 33 μl of human urine was mixed with 6x Laemmli sample 

buffer and incubated at 100°C for 10 minutes.   Samples were run on a 10% SDS gel, 

followed by a transfer to a polyvinylidene difluoride (PVDF) membrane.  MAb F5C3 

specific for FliC was labeled with a horseradish peroxidase (EZ-Link Plus activated 

peroxidase kit; Pierce) to yield a product approximately 0.67 mg/ml and used at a dilution 

of 1:100; signal was detected with a chemiluminescent substrate (Pierce, Rockford, IL). 

PAbs for BipC were used at a dilution of 1:100 and detected with a horseradish 

peroxidase-labeled anti-rabbit antibody (1:10,000 dilution). Signal was detected with a 

chemiluminescent substrate (Pierce). 

 

2.4 Results and Discussion 

2.4.1 Urine Protein Concentration 
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After elution from size exclusion cartridge, protein concentrations were obtained 

by BCA assay to enable the dilution of the sample to an appropriate concentration for 

tryptic digests.  The peptides were bomb loaded onto SCX columns assuming full 

recovery from the tryptic digest and C18 cartridge.  Although this is not a good 

assumption, we have no other way of assessing protein concentration of uL volumes of 

peptides, as the common BCA and Lowry assays do not give accurate or reproducible 

results with short peptides.  It was interesting to see that all of the patient’s urine protein 

concentration was much higher than what is considered normal range, shown in Table 

2.2.  This was observed for patients, who did and did not survive, as well as those with 

culturable B. pseudomallei, and those that did not.  A control sample gave a value at 

180ug/mL, which is within range of what is considered normal (60 - 250 ug/mL).
182

  We 

cannot draw hard conclusion about why the patient protein concentration is high without 

being able to normalize the values to creatinine, whether the increased protein is due to 

bacterial growth, dehydration due to the disease, kidney dysfunction, or the sterile 

filtering step.   

 

Table 2.2 Patient sample information and protein concentration determined by BCA 

assay 

PATIENT ID BACTERIAL LOAD (CFU/ML) SURVIVAL [PROTEIN] UG/ML 

CONTROL NA NA 180 

UID1 22500 SURV.  2490 

UID2 >100000 SURV.  1770 

UID3 75000 DIED 3650 

UID4 12000 DIED 3630 

UID5 >100000 SURV.  2050 
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UID7 >100000 DIED >7000 

UID15 NO GROWTH SURV.  4250 

UID16 NO GROWTH SURV.  730 

UID17 NO GROWTH SURV.  2280 

 

 

2.4.2 Summary of MuDPIT Results 

From triplicate MuDPITs of 9 patient urine samples, 981 proteins and 6028 

peptides were identified.  The list of proteins and peptides determined by the Scaffold to 

be statistically significant are given in Supplemental Tables 1 and 2, respectively.  The 

majority of the proteins found are human, which should be no surprise considering that 

we would expect the majority of the proteins to be background from the host.  At the 

moment, the host human proteins hold no interest to us, although many research efforts 

use statistical methods such as principle component analysis to determine the presence of 

a bacterial infection based on responses of the host’s proteins.  Our goal is to find 

proteins that belong to the invading bacteria which would only be present in the host in 

the event of an infection without the additional burden of relative quantitation that is 

required of PCA based methods.   

After Scaffold was used to identify statistically meaningful hits with the criteria 

described in the materials and methods section, we expanded our search by lowering the 

report criteria to single peptide hits and low scoring peptides.  The purpose of this was 

three fold: 1) to observer low scoring peptides that the strict criteria would reject even if 

the protein was identified with high scoring peptides 2) to search for single peptide 
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matches for proteins that were previously identified in previous cell culture samples
180,181

 

and 3) allow the manual validation of all spectra filter by “Burkholderia”.   

Spectra for all peptides both confidently and tentatively identified are included for 

the purpose of review.  Although proteins found in a sample with only a single peptide hit 

is not considered acceptable for identification by search algorithm alone, it helped narrow 

down candidates for antibody development.  Sequences were searched against the NCBI 

non-redundant protein database using a protein BLAST to assess the extent of homology 

both within and outside the Burkholderia genus. 

B. pseudomallei peptide hits were manually inspected in Scaffold.  Manual 

inspection is done by assessing the sequence coverage, background or non-peptide 

assigned peaks, and relative fragmentation intensity as described in section 1.6.1.  This is 

required to eliminate poor hits that were highly ranked by the software due to an 

overabundance of background or scoring anomalies but can also be used to assign a good 

peptide from one that was ranked poorly due to processing issues such as oxidation, other 

PTM, or the accepted imperfection of the PSM algorithm.  It should be noted that a 

peptide assigned by manual validation alone is not acceptable to identify a protein from a 

complex mixture or biological sample.  Other experiments such as MS
n
, high resolution 

MS and MS
2
, or synthetic peptide standard is required to confirm a hit in spite of a poor 

PSM algorithm score.   

A list of probable B. pseudomallei protein identifications has been culled from the 

strict statistical outputs and manual inspections and is present in Tables 2.3 and 2.4.  
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Since raising such a large number or antibodies to each protein is impractical, we made a 

short list of three target proteins to assess.  These three proteins were chosen based on the 

quality of hits we found in the patient MuDPIT data, presence in prior Burkholderia 

samples, and the molecular biology of the protein.  The three proteins we decided to raise 

antibodies against were BipC, FliC (flagellin) and GroEL.   

 

2.4.3 Description of Specific Proteins Chosen for Antibody Production 

 A list of peptides and their Sequest, Mascot and X!Tandem related scores are 

listed in table 2.3.  Included is a description of whether the peptide was identified in other 

species by a protein BLAST search.   

 

Table 2.3 Proteins and corresponding peptides chosen for antibody development.   

Includes pertinent Sequest, Mascot and X!Tandem related scores.  Also included is a 

description of their sequence redundancy in other bacteria as found by protein BLAST; 

Bp = B. pseudomallei, Bm = B. mallei.   

Protein  Amino Acid Sequence z Xcorr ΔCN 
Mascot 

Ion 
Mascot 
Ident 

X!tand. Patient Blast homology 

BipC 

YVSLDGAKAAHGEGVK 2     32.9 49.8   15 Bp only 

VELARPKPDAQTR 2 2.89 0.23       5 
Bp and Bm 

only 

SIGVQSSGINISHAGLSR 
2     77.2 49.6   

5 
Bp and Bm 

only 2     75.5 49.6   

YVSLDGAKAAHGEGVKR 
2 3.28 0.38 44.6 49.6 2.2 

2 Bp only 
2 4.14 0.57 50.9 49.6 5.49 

Flagellin RINSAADDAAGLAIATR 2 4.19 0.45       2 

Burkholderia 

and a few other 
gram negative 

bacili 
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MLGINSNINSLVAQQNLN
GSQGALSQAITR 

3 5.36 0.48 18.7 48.4   

5 
Burkholderia 
genus only 

3 5 0.48 26.5 48.4   

3 4.78 0.48 28.2 48.4   

GroEL 

AAVEEGIVPGGGVALIR 

2 4.85 0.36 65.3 49.8 3.64 

2 
Various  
bacteria 

2 5.01 0.36 44 49.8 3.3 

2 4.46 0.36 53.3 49.8 4.7 

2 4.96 0.34 52.7 49.9 2.82 

2 4.23 0.35 41.3 49.9 3.43 

2 4.89 0.3 45 49.8 5.36 

2 4.45 0.32 77.3 49.8 3.46 

2 4.02 0.35 30 49.9 3.8 

ARVEDALHATR 

2 4 0.42 45.6 49.6 2.26 7 

Various  
bacteria 

2 3.15 0.34 22.5 49.6 4.17 
2 

2 3.6 0.25 33.7 49.6 2.51 

VSNIRDLLPVLEQVAK 

2 4.82 0.44 50.2 49.5 2.68 

7 
Various  

bacteria 

2 4.43 0.37 45.2 49.5 2.03 

2 4.46 0.4 40.1 49.5   

2 4.8 0.42 56.5 49.5   

2 4.79 0.41 55.6 49.5 2.06 

TSDNAGDGTTTATVLAQS

IVR 

2 5.07 0.49 59.8 49.4 1.82 

7 
Various  

bacteria 

2 5.22 0.54 55.9 49.4 0.96 

2 5.63 0.53 55.6 49.4 2.64 

2 4.83 0.38 33 49.4   

2 3.91 0.28 35.9 49.4 1.24 

TAIAGLTGVNADQNAGIK 

2 5.71 0.5 59.8 49.4 5.17 

7 
Burkholderia 

genus only 

2 6.04 0.54 55.9 49.6 4.24 

2 4.2 0.44 55.6 49.6 4.54 

2 5.24 0.51 39.7 49.6   

SLADELDVVEGMQFDR 
2 3.78 0.43 27.4 49.4   

7 
Various  

bacteria 2 4.16 0.51 29.9 49.4   

QVAVLENPFVLLHDKK 

2 4.88 0.45 81.3 49.7   

7 
Burkholderia 

genus only 
2 4.73 0.37 71 49.7 1.7 

2 4.35 0.4 68 49.7 1.23 

GYLSPYFINNPDKQVAVL

ENPFVLLHKK 

3 5.75 0.39 58.3 48 3.25 

7 
Burkholderia 

genus only 

3 6.05 0.4 57.3 47.9 2.74 

3 5.62 0.44 56.6 48 5.18 

3 5.7 0.38 55 47.8   

3 5.98 0.45 44.3 47.9 2.52 

3 3.88 0.34 18.6 48 2.34 

3 4.68 0.36 12.7 48 2.24 

3 3.8 0.28 7.6 48   
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3 6.29 0.42 61.2 48 7.4 

3 5.63 0.44 58 48 1.89 

3 6.63 0.43 56 48 2.77 

3 5.5 0.39 55.8 48 3.55 

3 6.26 0.39 51.9 47.9 3.64 

3 6.31 0.41 50.8 48 5.64 

3 4.71 0.47 47.3 48 3.54 

3 5.37 0.45 42.9 47.9 2.04 

AVAAAVEELKK 
2 3.66 0.36 45.9 50.4 2.49 

7 
Various  
bacteria 2 3.48 0.31 46.9 50.4 3.17 

GNYGYNAATGEYVDMVE

AGVVDPTK 
2 4.41 0.55 62.8 48.9 3.39 7 

Burkholderia 

genus only  

TASGIVIPDAAAEKPDQGE

VLAIGPGKR 

2 5.12 0.4 57.5 48.7 5.41 

7 
Burkholderia 

genus only 

3 4.72 0.39 40.8 48.7 4.09 

2 5.21 0.39 57.5 48.7 8.59 

2 4.72 0.39 40.8 48.7 4.09 

TASGIVIPDAAAEKPDQGE
VLAIGPGK 

2 5.86 0.54 53.6 48.9 9.54 

7 
Burkholderia 
genus only 

2 5.25 0.53 52.2 48.9 3.85 

2 5.67 0.54 53 49 4.96 

2 5.24 0.56 52.3 48.9 5.72 

2 5.61 0.55 52.2 48.9 4.7 

2 5.27 0.57 51.7 48.9 3.96 

 

2.4.3.1 BipC 

BipC was found in three patients: a 2-peptide hit obtained in patient 5 and a single 

peptide in patient 2 was also identified within a missed cleavage in patient 15.  The 

missed cleavage was on the C-termini that had consecutive tryptic cleavage sequences.   
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Figure 2.2 Peptide spectrum of (a) YVSLDGAKAAHGEGVK and (b) 

YVSLDGAKAAHGEGVK.   

 

The peptide that appears in patient 2 and 15, YVSLDGAKAAHGEGVK(R),   

was BLAST searched using the non-redundant database and returned a single hit in only 

one B. pseudomallei database with 100% coverage.  The spectrum for the 2 spectrum hits 

in patient 2 (Figure 2.2a) were high quality and scored very high in Sequest (3.28 and 

4.14), Mascot (44.6 and 50.9) and X!Tandem (2.2 and 5.49).  For doubly charged 
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peptides, scores >2.5 for Sequest and Mascot scores >30 are considered acceptable.  The 

single missed cleavage in the peptide was a mediocre scoring peptide found in Mascot 

(Figure 2.2b), and because it shares almost no features with the good scoring peptide and 

has no fragmentation where we would expect (such as around the basic missed-cleavage 

K in the middle of the peptide or matching pairs) it should probably not be considered a 

hit.    

When submitted to a protein BLAST search, the only B. pseudomallei strain from 

which the peptide is identified was 112
190

, and both the strain and the patient’s urine was 

obtained from Northern Thailand.   

 

 

Figure 2.3 BipC peptide spectrum of SIGVQSSGINISHAGLSR. 

 

The two spectrum hits for the doubly charged peptide SIGVQSSGINISHAGLSR 

were extremely high scoring with Mascot (ident. score of 77.2 and 75.5) in patient 5.  In 

BLAST, it gave only 100% sequence matches to B. pseudomallei.  It should be noted in 
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the spectrum that all fragments after the N position are shifted by 1 Da, which is 

indicative of a deamidation of N to D, which is a common reaction during sample 

preparation
191

. This is the best reason why the hit was probably not found by the other 

algorithms, and might indicate that N-D might be a useful variable modification to add to 

Sequest on a regular basis.  To be sure the sequence with the N-D transition was a 

deamidation was not a polymorphism, the sequence was BLAST searched with D in 

place of the N, and the results were the same as before with the N in its original place.  

An odd part about this sequence was that it is part of the N-terminus of the protein which 

appears as truncated in many B. pseudomallei databases, but also nonsensical protein 

fragments (hypothetical protein fragments) in the same databases.  This truncation could 

be an artifact from computational transcription and annotation of the sequenced genomes.  

The databases in which it appears as part of BipC include strains isolated from patients in 

N. Thailand, but also Australia and Brazil.   

 

 

Figure 2.4 Peptide spectrum of VELARPKPDAQTR. 
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The spectrum identified for the doubly charged VELARPKPDAQTR was 

identified in Sequest with a good score of 2.89.  It contains two missed cleavages, but 

both are N-terminal to proline, which usually has reduced or no trypsin activity because 

of steric interactions of proline in the active site of trypsin.  Only one of the N-terminal-

proline cleavages gave significant intensity and paired (b5/y8).  C-terminal to acid 

residues was the three highest fragments (b9/y4, y11+2H
+
).  A BLAST search against 

gave only 100% matches to many B. pseudomallei and a few B. mallei (including the 112 

strain of B. pseudomallei). 

 Although the exact function of BipC is unknown, it is thought to be a translocator 

protein that is excreted into a host cell membrane on the needle cap of the T3SS
192

 

(Figure 2.5).  The purpose of the Burkholderia T3SS is to force the host to endocytosis 

the bacteria into a host cell by manipulating the hosts’ membrane transport mechanisms.  

BipC is very similar to the YopD, SipC and IpaC translocators of Yersinia, Salmonella, 

or Shigella whose purpose is to create a pore in the host cell membranes for injecting 

effectors
192

.  It is thought that these translocators might also have effector function, as 

SipC can bind actin which is known to be important for pathogen motility and invasion 

into host cells
192,193

.  While most T3SS in similar gram negative pathogens have similar 

proteins, the effectors can have different activities and the exact functions can be 

different, as it has been shown that SipC and IpaC, so BipC might not work in the exact 

same way
194

. It makes sense that we would see BipC free from the bacteria, as it sits 

outside of the outer membrane, and might be present in the host’s membrane.  Its 

association with membranes might have prevented its digestion in urine. 
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Figure 2.5 Model of the Type Three Secretion System needle complex of B. 

pseudomallei.  Reproduced with permission from 
192

.  

 

    This is not the first time that BipC has been a target of interest in the clinical 

community.  BipC analogues in other pathogen systems have shown to have protective 

effects when administered as vaccines.  Druar and colleagues tried this approach with 

effectors from the Burkholderia T3SS: N-terminus of BipB, N- and C-terminus of BipC 

and the entire BipD protein
195

. They found that none of these proteins gave any 

significant protection in mice.  In addition to assessing protection conferred from the 

antigens, Druar and colleagues used their proteins for a direct ELISA to assess whether 
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they could be used as serodiagnostic, and purified some of the mAbs to be used in 

sandwich ELISAs and western blots.  The direct ELISAs found hits against patients, but 

like the more common IHA, had a lot of false positives from the healthy population as 

they have developed responses from environmental exposure. The direct ELISAs were no 

more discriminatory than the IHA that is commonly in use.  Although they never tried the 

sandwich ELISA against BipC, it appeared to work better BipD and BipB.  They were 

able to detect the BipC C–terminal component in a western blot, but they did not test it 

with patient samples.  This is encouraging that our direct assay of a pathogenic protein 

might be more useful than a serological assay.   

 Druar and colleagues are not the only to notice the diagnostic ability of effectors.  

BipD had also been investigated along with BopE, another B. pseudomallei T3SS 

effector, as a target of a sandwich ELISA, although the full analysis of the results have 

not been published
196

.  These were later used as vaccine targets
197

.  BipD along with a 

hypothetical protein and OmpA were tested, although BipD and the hypothetical protein 

were not as sensitive or accurate as OmpA
198

.   

While these experiments were being performed in our lab, the results of a B. 

pseudomallei protein microarray study were published and assayed against melioidosis 

patient sera for antibody response
199

.  The authors were surprised that there was such a 

high cross-reactivity for many patients that were healthy or did not have culture 

confirmed melioidosis.  One of the proteins identified was BipC, which was found not to 

be cross-reactive, which is a good sign of its serodiagnostic power.  The group 
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subsequently used a machine-learning algorithm to assess what combinations of proteins 

identified in the array would make the most potent direct ELISA, and BipC was including 

in most of the combinations
200

. 

2.4.3.2 Flagellin 

The first sequence in patient 2, RINSAADDAAGLAIATR, was observed as a 

single peptide hit with only a single spectra.  It scored well with a Sequest score of 4.19, 

but it is conserved among many other species of bacteria, so this may not be the most 

credible evidence of Burkholderia.  It contains a strong missed cleavage at the N-terminal 

which results in an N-terminal arginine, although the missed cleavage is N-terminal to a 

lysine which could help explain its existence.  This provides an opportunity for a unique 

fragmentation only available to N-terminal arginine where the α-amino group attacks the 

guanidino carbon and results in the loss of ammonia.  This only happens at the N-

terminus arginine because the α-amino group of arginine is otherwise incorporated into a 

peptide bond unable to attack anything.  The cyclic guanidine and the C-terminal arginine 

and any fragments containing them both retain charges, and therefore any fragment will 

be singly charged.  Evidence of this has been provided before, and is discussed in greater 

detail in section 4.4.2 where arginine fragmentation is discussed in great detail. 
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Figure 2.6 Peptide spectrum of RINSAADDAAGLAIATR. 

 

 

Figure 2.7 Peptide spectrum of LGINSNINSLVAQQNLNGSQGALSQAITR. 

 

The other flagellin peptide, MLGINSNINSLVAQQNLNGSQGALSQAITR, was 

a strong hit in Sequest with three spectra identified with scores of 4.78, 5, and 5.36.  

Mascot scores were fairly good for the triply charged peptide with an identity score of 

48.4.  There are many of the paired ions that are not immediately obvious as the peptide  

is a large, triply charged peptide, but strong pairs exist at the y6 and b24+2H, the 

y18+2H+1 and the b12, y19+2H and b11, along with many other weaker pairs.   
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For previous research, this second flagellin sequence, found three times in patient 

5, was incorporated into a PCR assay to distinguish B. pseudomallei and B. cepacia.
201

  It 

is a large peptide at 3129.9 Da, all of the sequence over 2000 and below 400 are missed 

due to the instrument parameters.  What gives us confidence in this peptide is that the 

number of consecutive fragments in the region that we can see, and that there are doubly 

charged fragments that we can see whose singly charged states would put them in a cut 

off region.  Also, three spectra were found with similar spectral features. It is well 

conserved in the B. pseudomallei and B. mallei and was only found in B. pseudomallei 

databases sequenced from Thai patients.  Flagella and flagella related proteins have been 

found by our group
180,181

 and in the outer membrane proteome of B. pseudomallei
202

 so it 

is not surprising that it should appear as a hit.  The first peptide described, 

RINSAADDAAGLAIATR, was identified in both experiments, as can be seen in the 

comparison of sequence overlap highlighted in red in figure 2.8.  Although that sequence 

is ubiquitous with other species, it was found in cell culture of B. pseudomallei.   

 

Urine   1   MLGINSNINSLVAQQNLNGSQGALSQAITRLSSGKRINSAADDAAGLAIATRMQTQINGL 

OutMem  1   MLGINSNINSLVAQQNLNGSQGALSQAITRLSSGKRINSAADDAAGLAIATRMQTQINGL  60 

          Urine   62  NQGVSNANDGVSILQTASSGLTSLTNSLQRIRQLAVQASNGPLSASDASALQQEVAQQIS 

OutMem  62  NQGVSNANDGVSILQTASSGLTSLTNSLQRIRQLAVQASNGPLSASDASALQQEVAQQIS  120 

          Urine  121  EVNRIASQTNYNGKNILDGSAGTLSFQVGANVGQTVSVDLTQSMSAAKIGGGMVQTGQTL 

OutMem 121  EVNRIASQTNYNGKNILDGSAGTLSFQVGANVGQTVSVDLTQSMSAAKIGGGMVQTGQTL  180 

          Urine  181  GTIKVAIDSSGAAWSSGSTGQETTQINVVSDGKGGFTFTDQNNQALSSTAVTAVFGSSTA 

OutMem 181  GTIKVAIDSSGAAWSSGSTGQETTQINVVSDGKGGFTFTDQNNQALSSTAVTAVFGSSTA  240 

          Urine  241  GTGTAASPSFQTLALSTSATSALSATDQANATAMVAQINAVNKPQTVSNLDISTQTGAYQ 

OutMem 241  GTGTAASPSFQTLALSTSATSALSATDQANATAMVAQINAVNKPQTVSNLDISTQTGAYQ  300 
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Urine  301  AMVSIDNALATVNNLQATLGAAQNRFTAIATTQQAGSNNLAQAQSQIQSADFAQETANLS 

OutMem 301  AMVSIDNALATVNNLQATLGAAQNRFTAIATTQQAGSNNLAQAQSQIQSADFAQETANLS  360 

          Urine  361  RAQVLQQAGISVLAQANSLPQQVLKLLQ 

    OutMem 361  RAQVLQQAGISVLAQANSLPQQVLKLLQ  388 

     

Figure 2.8 Comparison of flagellin peptides identified from the urine of patient 5 and the 

outer membrane proteome of cultured B. pseudomallei.  The sequence used is 

gi|237814262 (A-type flagellin [Burkholderia pseudomallei MSHR346])  Identified 

sequences are highlighted in red, overlapped regions are in blue. 

 

2.4.3.3 GroEL 

Of the 12 peptides identified as GroEL from our databases, 6 were solely found 

within the Burkholderia genus and these 6 will be the only spectra discussed in detail.  It 

should be noted that two of the hits included a C-terminal missed cleavage which resulted 

in a single amino acid shift.  Only the peptides specific to the Burkholderia genus are 

described below in detail.  Patient 7 contained the most spectra, which include 11 peptide 

matches and included all 6 of the peptides that belong to Burkholderia species only.   

Patient 2 included two hits, although neither were specific to a Burkholderia species, 

ARVEDALHATR was also found in sample 7.   



106 

 

  

Figure 2.9 Peptide spectrum of TAIAGLTGVNADQNAGIK. 

By far the best spectrum for GroEL, TAIAGLTGVNADQNAGIK, is specific to the 

Burkholderia genus.  Matched to 4 spectra with Sequest scores of 4.2, 5.24, 5.71 and 6.04 

with respective Mascot scores of 55.6, 39.7, 59.8, and 55.9 and confirmed with 

X!Tandem, almost the entire sequence is covered.   

 

 

Figure 2.10 Peptide spectrum of QVAVLENPFVLLHDKK. 
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Although dominated by the water and ammonia losses of the parent, which is no 

surprise due to the proximity of the aspartic acid to the lysines, 

QVAVLENPFVLLHDKK scored very high with 3 spectra identified in Sequest scores of 

4.35, 4.73, and 4.88 and Mascot identity scores of 68, 71, 81.3.   Most of the sequence is 

covered.   

 

 

Figure 2.11 Peptide Spectrum of GYLSPYFINNPDKQVAVLENPFVLLH. 

 

The triply charged peptide GYLSPYFINNPDKQVAVLENPFVLLH was 

matched to 16 spectra in patient 7, all but one of which scored above 4.5 by Sequest and 

all but 3 scored above 44 in Mascot; 6 were confirmed with a score over 3.5 with 
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X!Tandem.  Prominent features include N-terminal proline fragments at y9, y19 and 

y25+2H, and substantial b/y pairs.   

 

 

Figure 2.12 Peptide Spectrum of GNYGYNAATGEYVDMVEAGVVDPTK. 

 

 The peptide GNYGYNAATGEYVDMVEAGVVDPTK was only matched once 

with a Sequest, Mascot, and X!Tandem scores of 4.41, 62.8, 3.39, respectively.  The lack 

of the fragmentations at proline should not be too critical as both the y and b would be 

out of the scanning range of the instrument, and there are many other strong b/y pairs.  

  The doubly charged peptides TASGIVIPDAAAEKPDQGEVLAIGPGK(R), with 

only one missed cleavage was matched 6 times with Sequest scores above 5.25 and 

Mascot scores above 50, all confirmed with X!Tandem.  Four spectra were matched to 

the same sequence that contained an extra missed cleavage at the C-terminus, one of 
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which was triply charged.  These four spectra had Sequest scores over 4.7 and Mascot 

scores over 40 and were all confirmed with X!Tandem.   

For all the doubly charge spectra, the one and two-missed cleavages had similar 

spectra, all containing n-terminal proline y-ions that were in the mass range of the 

instrument (y13/y14 and y20 for one missed cleavage) or the doubly charged fragment 

that was past the high mass range (y20/y21).  All of the doubly charged parents had very 

some pairs with very good sequence coverage.  The single spectra match to a triply 

charged ion was very bleak, with the prominent 3 peaks being the doubly charged 

fragments of the N-terminal proline (y20) and the nearby y22 and y23.  Other fragments 

were covered, but were very low relative abundance.   
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Figure 2.13 Peptide Spectrum of TASGIVIPDAAAEKPDQGEVLAIGPGK(R).  a) 

doubly charged one cleavage, b) doubly charged 2 missed cleavage, c) triply charge 2 

missed cleavage. 

 

GroEL might seem like a suspicious target, as it is fairly conserved in many 

bacterial species.  However, we did identify 5 sequences that were unique to 

Burkholderia species that it may still be useful, even though it might not be able to 

discriminate between closely related Burkholderia species.  With regards to its use as an 

antigen, it differs enough in amino acid and nucleotide sequences that it has been cited 
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before as a candidate sequence for PCR diagnosis
203,204

.  It has been seen in the outer 

membrane proteome both in our group
180

 and out
202

 and in related species such as B. 

thailandensis
205

 and B. vietnamensis
181

.   

In terms of localization, GroEL is commonly understood to be in intracellular 

cytosolic protein required for maintaining protein folds against heat shock.  It has been 

shown to be localized to the cell surface other pathogenic gram negative bacteria for the 

purpose of maintaining the proper folded state of virulence factors in response to host 

defenses
206

, sometimes released outside of the invading pathogen
207,208

.  One example in 

Francisella tularensis showed that GroEL works synergistically to create a robust 

immune response
209

.  Whether creating inflammation is the sole purpose of excreting 

GroeEL, it is considered virulence factor in the capacity of its being released as a 

response to host invasion.  Often these are referred to as “GroEL-like” proteins, as the 

cells that contain them also have multiple similar GroEL sequences.  It is not certain that 

these “GroEL-like” proteins that are released or localized to the cell surface are the 

primary chaperones or if they are relegated to only the usual folding activities
210,211

.  

These secondary purposes might also be true for GroEL in B. pseudomallei, although to 

date no specific study for the purpose of elucidating a similar mechanism in B. 

pseudomallei has been published.  There are 2 GroEL genes on the B. pseudomallei 

strains K96243 and 112, each of which are on a different chromosome.   

With regards to generating antibodies, GroEL has been known to be antigenic for 

a long time and has been suggested as an ELISA target in the literature
212

.  Felgner and 
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colleagues confirmed this again with their protein microarray and found GroEL to be 

both antigenic and serodiagnostic
199,200

.  It has been suggested to be used as a vaccine 

target and serodiagnostic for B.  pseudomallei
212

 and B. mallei
213

, but no real progress has 

been made to that end as of publication.   

 

2.4.3.4 Validation of Targets From Urine 

 Using antibodies to BipC and FliC, western blots were performed on the urine of 

patients 1, 2, 3, 5, and 7 at David AuCoin’s lab. Figure 2.15 shows that the anti-BipC 

reacted with bands in patients 2, 5 and 7, and BipC was identified by MuDPIT in patients 

2 and 5.  It appears that there are multiple bands in the lane for patient 5.   

 For the anti-FliC western, bands were identified in patients 2 and 4, where we 

identified the peptide in patients 2 and 5.  The two possible reasons that the western did 

not find FliC in patient 5 are that the protein amount injected into the gel was too low or 

that the PSM was a false positive. 
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Figure 2.14 Western blot specific for BipC.  33 μl of human melioidosis patient urine 

(patients 1,2,3,5, and 7) were probed for the presence of BipC using 1:100 dilution of 

anti-BipC rabbit PAb, and the signal was detected using an HRP-conjugated anti-rabbit 

antibody used at 1:10,000 dilution. Samples 2 and 5 were positive for the presence of the 

BipC antigen by MuDPIT. 
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Figure 2.15 Western blot specific for FliC.  33 μl of human melioidosis patient urine 

(patients 1,2,3,4,5, and 6) were probed for the presence of FliC using 1:100 dilution of 

F5C3-HRP. Samples 2 and 4 were positive for the presence of FliC.  Purified flagellin, B. 

pseudomallei heat killed cells, and Burkholderia thailandensis were used as controls. 

 

2.4.4 200269Proteins Not Currently Chosen for Antibody Production 

The previous three proteins discussed where found with multiple spectra matched 

to at least 2 peptides from a B. pseudomallei FASTA database.  There was also other 

evidence that they would make good antigens, either in the literature or from our groups 

previous cell culture work.  There were many other Burkholderia proteins identified that 

are listed in below in Table 2.4.  These were not used for antibody development for one 

or more of the following reasons: they did not have 2-peptides per samples, one or more 

of the spectra were weakly matched or scored poorly, or the peptide identified were not in 

a B. pseudomallei FASTA database but one of the other, less closely related Burkholderia 
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species.  As will become evident, many of them are still good possibilities, some better 

than others.  The spectra and matched peptides are discussed below, along with a 

summary of candidate quality.    

 

Table 2.4. Proteins and corresponding peptides not used for antibody development.  

Includes pertinent Sequest, Mascot and X!Tandem related scores.  Also included is a 

description of their sequence redundancy in other bacteria as found by protein BLAST; 

Bp = B. pseudomallei, Bm = B. mallei, Bt = B. thailandensis, Bo =  B. oklahomensis, Bv 

= B. vietnamensis, Bc B. cenocepacia, Ba B. ambifarica, Bmult = B. multivorans.  

*indicates a protein family and not all peptides are matched to the same protein.  See 

discussion of protein for details. 

Protein 

description 
Amino Acid Sequence z Xcorr ΔCN 

Mascot 
Ion 

Mascot 
Ident 

X!Tande
m 

Patient 
Blast 

homology 

BicP IATANLGAR 
2     33.2 50.8     

Bp only 
2     34.8 50.8     

200 kD 
antigen 

binding 

protein 

RAGDLVAGGGDDGARR 

2 1.97 0.12 20.5 49.8   1 

Bp 1710b 

was only 
exact match 

2     21.3 49.8   1 

2     28.5 49.7   1 

2     29 49.8   1 

2     26.5 49.7   1 

AAELLGEPRGDGLR 2 1.83 0.19       16 

Bt MSMB43 

was only 

match 

AraC family 
transcriptional 

regulator* 

ANSANRISIANAAQAAAM
SER 

2 2.09 0.3       3 

Bc only, 

close to Bp 

and Bm 

ASDATIRRNR 2     37.5 50.2   4 Bc only 

LHARIVAGETLPLAR 

2 2.45 0.06       5 

Ba only 2 2.12 0.14       5 

2 2.37 0.19       5 

TTPDLAGAHILIVDDR 

2 2.22 0.12       4 

Bc and Ba 

only, close 

to Bt 

MSMB43 

and BvG4 

2 2.32 0.2       4 

2 2.32 0.15       4 

2 2.38 0.21       4 

2 2.52 0.27       4 

2 2.24 0.16       4 

2 2.39 0.15       4 
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2 2.37 0.3       4 

2 2.12 0.16       4 

2 2.34 0.2       4 

2 2.3 0.23       4 

IARMQPVPLTVPLPRDPR 

2 2.34 0.39       1 

Bc only, 

close to Ba 

2 1.97 0.05       1 

2 2.2 0.07       17 

2 2.17 0.36       17 

DADGTTMQLEAGDAVLL

PHGR 

2 2.3 0.07       5 

Bv and Bc 

only 

2 2.49 0.07       5 

2 2.08 0.16       5 

2 2.23 0.18       5 

AHLDAAHSVDSLAERVL
MSRR 

2 2.94       2.51 3 Bc only, 
close to Ba 

3 3.83 0.28       3 

RGLSTELILSGSGIAPAELR
QPNK 

2 3.2 0.2       7  Bp NCTC 

13177 and 

668 only 

2 2.92 0.07       7 

2 2.38 0.15       7 

asparagine 
synthetase 

AAAADLLPDSVLNR 

2 2.5 0       16 Bt and Bo 

only, Bp and 

Bm close 

2 2.55 0.12       16 

2 2.54 0.2       16 

ANEADFIAALPR 

2 2.31 0.25       17 

Bc only 

2 2.12 0.17       17 

2 2.11 0.08       17 

2 2.2 0.15       17 

2 2.16 0.11       17 

2 2.01 0.04       17 

Aspartate 
Racemace 

DQAVIHDVIYDELCHGVV
R 

2 2.85 0.15     2.35 3 

Bt 4 only 

2 3.25 0.09       15 

2 3.21 0.12       15 

2 3.2 0.08       15 

2 3.17 0.2       15 

2 2.97 0.03       15 

2 2.89 0.13       15 

2 2.89 0.13       15 

2 2.87 0.14       15 

2 2.58 0.09       15 

2 2.4 0.05       15 

2 2.3 0.11       15 

2         2.72 15 

2 3.46 0.17       15 

2 3.08 0.2       15 

2 3.07 0.04       15 

2 3.07 0.11 25.1 49.3 1.48 15 

2 2.93 0.04       15 

2 2.89 0.08       15 

2 2.88 0.13       15 

2 2.82 0 22.4 49.2 2.55 15 

2 2.38 0.05     3.01 15 

2 2.13 
-

0.06 
    1.59 15 

2 3 0.15     1.1 16 

2 2.71 0.05     1.7 16 

2 2.64 0.12       16 

2 2.48 2.48     1.06 16 
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2 1.71 0     1.49 16 

2 1.37 0.09       16 

2     25.7 49.3 1.1 16 

2 3.33 0.13 26.9 49.2   16 

2 2.98 0.15     1.51 16 

2 2.72 0.14 22.8 49.4   16 

2 2.63 0.11 3.59     16 

2 3.13 0.19       17 

2 3.08 0.1       17 

2 3.08 0.06       17 

2 3 0.05       17 

2 2.98 0.1 25.5 49.3   17 

2 2.95 0.18       17 

2 2.72 0.08     1.28 17 

2 2.72 0.07       17 

2 2.62 0     1.49 17 

2 3.35 0.16       17 

2 3.16 0.16     1.177 17 

2 3.15 0.09     1.17 17 

2 3.09 0.19       17 

2 3 0.16       17 

2 3 0.09 24.9 49.4 1.24 17 

2 2.93 0.09 13 49.4 1.6 17 

2 2.91 0.09 10.8 49.3   17 

2 2.5 0.18       17 

2 2.05 0.11       17 

2 1.93 0.09       17 

2 3.12 0.15       17 

2 3.09 0.09       17 

2 3.09 0.09       17 

2 3.04 0.12       17 

2 2.9 0.06       17 

2 2.89 0.02       17 

2 2.18 0.08       17 

2         2.36 17 

ATP 

dependent 

helicase 
HEPA  

ALATNEAR 2     31.2 51   1 
Bp 406e 

only 

cobalamin 

biosynthesis 
protein 

CbiG/precorri

n-3B C17-
methyltransfer

ase 

AAAGSPRTTPEPRDVAIA
VAR 

2 3.26 0.23       1 

Bp 1655 
only 

2 2.87 0.19       1 

2 3.24 0.22       1 

2 2.96 0.12       1 

2 2.94 0.23       1 

2 2.91 0.15       1 

2 2.89 0.15       1 

2 2.76 0.26       1 

2 2.69 0.13       1 

2 3.12 0.22       1 

2 3.05 0.22       1 

2     21.9 49.2   1 

2 3.16 0.2       3 

2 2.97 0.09 23 49.2   3 

2 2.98 0.19       3 

2 3.15 0.2       4 

2 2.99 0.19       4 
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2 2.97 0.13       15 

2 2.91 0.24       15 

2 2.7 0.12       15 

2 2.54 0.12       15 

2 2.5 0.09       15 

2 3.13 0.19       15 

2 3.1 0.13       15 

2 2.95 0.18       15 

2 3.08 0.22       15 

2 3.02 0.1       15 

2 2.81 0.15       15 

2 3 0.16       16 

2 2.8 0.16       16 

2 2.75 0.23       16 

2 2.7 0.23       16 

2 2.68 0.14       16 

2 2.64 0.17       16 

2 2.61 0.16       16 

2 2.61 0.19       16 

2 3.14 0.17 22.4 49.3   16 

2 3.07 0.18       16 

2 3.06 0.12       16 

2 2.8 0.26       16 

2 3.1 0.2       16 

2 3.04 0.22       16 

2 3.03 0.11       16 

2 2.5 0.23       16 

2 3.01 0.1       17 

2 3 0.13       17 

2 2.99 0.21       17 

2 2.97 0.17       17 

2 2.94 0.19     1.19 17 

2 2.91 0.15       17 

2 2.73 0.09     1.27 17 

2 2.72 0.24       17 

2 3.04 0.17       17 

2 3.02 0.16       17 

2 2.97 0.15       17 

2 2.79 0.09       17 

2 2.77 0.08       17 

2 2.54 0.1       17 

2 3 0.15       17 

2 2.95 0.12       17 

2 2.95 0.18       17 

2 2.86 0.16       17 

2 2.84 0.1       17 

2 2.77 0.17       17 

2 2.62 0.07       17 

IARGRLTVLGLGPGR 2         1.09 15 
Bp and Bm 

only 

VEGDARWLDDVALP 2         1.85 15 
Bp and Bm 

only 

DNA-binding 

response 
regulator 

OmpR 

LGPRAAAKSER 

2 2.34 0.23       1 

B. mult only 
2 1.82 0.11       1 

2 2.21 0.2       4 

2 2.02 0.13 11.2 49.9   4 
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GntR family 

transcriptional 
regulator * 

AIKRGDQVAEQIK 

2 2.98 0.19       3 

Bv G4 only 
2 2.86 0.21     1.52 4 

IAPPALKVIESETMADKV
YQQLR 

2 2.57 0.14       15 
Ba MEX-5 

only 

haemaglutinin 
/ yadA domain 

containing 

protein 

AAYGGIAAATALTMIPEV

DK 

2 2.03 -0.1     3.12 3 

Bp and Bm 

only 

2 2.75 0     1.6 3 

2 2.67 0.09       3 

2 2.57 0.02       3 

2 2.54 0       3 

2 2.63 0.03       3 

2 2.52 0       3 

2 2.32 0       3 

2 3.15 0.27       5 

2 2.86 0.19       5 

2 2.82 0.17       5 

2 2.76 0.11       5 

2 2.89 0.13       5 

2 2.81 0.08       5 

2 2.85 0.15       5 

2 2.79 0.17       5 

2 2.52 0.12       5 

2 2.61 0.14       5 

2 2.77 0.07       5 

2 2.94 0       5 

2 2.78 0.09       5 

2 2.58 0.01       5 

2 2.57 0.04       5 

KDADGGAAAAMAVAGL

PQPTRPGMNMVALAGSV

YR 

3 2.97 0.35       1 

B mult only, 
close to Bt 

3 2.89 0.23       3 

3 2.95 0.17       3 

3 2.47 0.09       3 

3 2.84 0.1       3 

3 2.82 0.06       3 

hypothetical 
protein 

BCPG_02915 

VLALAGQASAAWLEQVH

GAR 

2 2.52 0.18       15 

Bc only, 
very close to 

Bp and Bm 

2 2.08 0.01       15 

2 2.44 0.19       16 

2 2.17 0.21       16 

2 2.51 0.16       16 

2 2.28 0.22       16 

2 2.25 0.22       16 

2 2.21 0.16       16 

2 2.27 0.19       16 

2 1.97 0.09       16 

2 2.13 0.1       16 

2 1.89 0.06       16 

2 2.06 0.13       16 

2 2.41 0.06       16 

2 1.8 0.12       16 

2 1.87 0       16 

2 2.1 0.03       16 

2 2.07 0.07       16 

2 1.98 0.05       16 

2 2.37 0.19       16 

2 2.49 0.16       16 

2 2.59 0.18       16 
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2 2.7 0.24       16 

2 2.36 0.24       16 

2 2.52 0.3       16 

2 2.53 0.1       16 

2 2.02 0.13       16 

2 2.04 0.1       16 

2 1.92 0.06       16 

2 2.13 0       16 

2 1.91 0       16 

2 1.77 0.08       16 

2 2.35 0.2       17 

2 2 0.12       17 

2 2.06 0.07       17 

2 2.34 0.26       17 

2 2.09 0.13       17 

2 2.15 0.11       17 

DGVALPGGMNLGLHTGD

DPDHVAVNR 
2         1.49 15 

Bc only, 
close to 

Bmult to Bv,  

Bp 

hypothetical 
protein 

Bpse112_354

13  

MPRILAMSTAPHAR 

2 2.2 0.19       1 

Bp 112 and 

1655 only 

2 2.23 0.18       16 

2 1.73 0       16 

2 1.91 0       16 

2 2.26 0.16       16 

2 1.97 0.05       17 

2 1.9 0.1       17 

2 2.21 0.2       17 

hypothetical 

protein 

Bpse38_3004
4 

GSDGSADLARLWALVAS

R 

2 2.62 0.18       15 

Bt MSMB43 

only 

2 2.94 0.14       15 

2 3.05 0.12       16 

2 3.5 0.13       16 

2 2.82 0.18       16 

2 3.09 0.2       17 

2     29.5 49.5 2.11 17 

IstB ATP 

binding 

domain-
containing 

protein 

SFGEWGDVFGDSVVAAA

LLDR 

2 3.18 0.3       1 

Bc only, 

close to Bp 

2 3.14 0.16       1 

2 2.17 0.09       1 

2 2.11 0.02       1 

2 3.44 0.09       1 

2 3.14 0.2       1 

2 3.13 0.02       1 

2 2.98 0.02       1 

2 2.93 0.08       1 

2 2.85 0.02       1 

2 2.84 0.05       1 

2 2.51 0.04       1 

2 1.74 0.02       1 

2 3.24 0.17       3 

2 3.07 0.08       3 

2 2.34 0.05       3 

2 2.99 0.15       15 

2 3.27 0.09       15 

2 3.13 0.1       15 

2 3.17 0.05       15 

2 2.57 0.12       15 
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2 3.2 0.12       15 

2 3.3 0.11       15 

2 3.4 0.07       15 

2 3.17 0.09       15 

2 2.28 0.12       15 

2 2.36 0.1       15 

2 3.39 0.07       15 

2 3.43 0.1       15 

2 3.1 0.1       15 

2 2.56 0.09       15 

2 3.25 0.01       15 

2 2.48 0.07       15 

2 2.81 0.19       15 

2 3.43 0.12       15 

2 3.28 0.14       15 

2 3.26 0.04       15 

2 2.61 0.11       15 

2 2.3 0       15 

2 3.3 0.05       16 

2 3.33 0.05       16 

2 3.06 0.02       16 

2 3.16 0.18       16 

2 2.44 0.19       16 

2 3.61 0.18       16 

2 2.78 0.06       16 

2 2.64 0.05       16 

2 2.28 0.02       16 

2 2.97 0.09       16 

2 3.12 0.14       16 

2 3.35 0.12       16 

2 3.24 0.07       16 

2 2.94 0.02       16 

2 3.07 0.06       16 

2 3.11 0.05       16 

2 3.24 0.12       17 

2 3.22 0.19       17 

2 3.42 0.13       17 

2 3.12 0.03       17 

2 3.2 0.09       17 

2 3.45 0.09       17 

2 3.53 0.07       17 

2 3.16 0.04       17 

2 3.35 0.06       17 

2 3.37 0.03       17 

2 3.36 0.03       17 

2 3.19 0.04       17 

2 3.55 0.14       17 

2 3.41 0.08       17 

2 3.09 0.13       17 

2 3.37 0.07       17 

2 3.23 0.12       17 

2 3.18 0.05       17 

2 2.5 0.18       17 

major 

facilitator 
MSTLNRAAAAQTIDARR 

2 3.23 0.22       17 
Bc only,  

2 2.52 0.03       1 
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transporter* 
2 2.69 0       1 

2     31.8 49.5   1 

2     34.2 49.5   1 

AGWTGVCVLGAGVSVAA
LGVWVATLRR 

3 3.57 0.18       16 Bc only, 

close to Bt 
MSMB43, 

Bp and Bv 
3 3.23 0.11       3 

ARAAALACMIGLAVALG

VGR 
2 2.85 0.19       4 

Bv only, 
close to Bm 

and Bp 

MFCPLLLAMFAIAVGYGF

LLPILPRmLER 
3 2.52 0.26       3 Bv only 

MIGEAFGWR 

2 2.98 0.25 26.8 49.5   2 

Bc only 

2 2.98 0.26 34.4 49.5   5 

2 2.97 0.25 42.5 49.5   5 

2 2.91 0.28 28.4 49.4   5 

2 1.44 0.03 27.7 49.4   5 

2 2.98 0.31 42.6 49.5   5 

2 3.31 0.26       5 

2 3 0.28 39.3 49.5   5 

2 2.91 0.24 35.8 49.5   5 

outer 

membrane 

porin, OprD 

family protein 

LDGGAGGGNMVHIAKGG

GGSNQLAWAFPGIYDVK 

3 3.19 0.22       3 

Bt MSMB43 
only, close 

to Bp 

3 3.16 0.28       3 

3 3.13 0.29       3 

3 3.1 0.23       3 

3 3.05 0.08       3 

3 3.03 0.24       3 

3 2.96 0.21       3 

3 2.94 0.03       3 

3 2.82 0.27       3 

3 2.54 0.18       3 

3 3.1 0.29       3 

3 2.99 0.19       3 

3 2.94 0.05       3 

3 2.88 0.17       3 

3 2.86 0.17       3 

3 2.86 0.18       3 

3 2.74 0.16       3 

3 2.94 0.23       3 

3 2.92 0.11       3 

3 2.86 0.25       3 

3 2.86 0.23       3 

3 2.57 0.17       3 

3 3.08 0.21       1 

3 3.03 0.23       1 

3 2.9 0.13       1 

3 2.89 0.27       1 

3 2.75 0.23       1 

3 2.74 0.1       1 

3 2.72 0.09       1 

3 2.66 0.16       1 

3 3.01 0.18       1 

3 2.97 0.24       1 

3 2.9 0.19       1 

3 2.83 0.13       1 

3 2.52 0.27       1 
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3 2.52 0.13       1 

3 2.96 0.18       4 

3 2.87 0.15 5.5 48.1 1.92 4 

3 2.91 0.23       4 

RVGVSPAAR 2     40.7 49.5   3 

Bp 576 and 
668, but also 

randomly to 

histidine 
ammonia-

lyase 

[Rubrobacter 
xylanophilus 

DSM 9941 

two 

component, 
sigma54 

specific, Fis 

family 
transcriptional 

regulator* 

HGASLDAILFGHERGAFD

GAER 

2 3.42 0.34       17 

Ba only, 

close to Bc,  

2 3.37 0.32       17 

2 3.37 0.32       17 

2 3.24 0.33       16 

2 3.15 0.28       16 

2 3 0.23       16 

2 2.91 0.31       16 

2 2.72 0.18       16 

2 3.15 0.22       15 

2 2.66 0.23       15 

2 2.84 0.3       3 

2 2.81 0.28       3 

MPGIDGLQLLDR 
2     32.3 49.8   17 

Bc only 
2     36.5 49.7   17 

type 1 

secretion 

target repeat 
protein / cable 

pili associated 

22kD adhesin 
protein 

TPDETFVLKDAAAKLADE

SVVVR 

3 2.91 0.1       1 

Bp only 

3 3.19 0.13       1 

3 3.08 0.12       1 

2 1.69 0.08       1 

2 2.72 0       1 

2 2.26 0.1       1 

2 2.07 0.11       1 

2 2.86 0.19     1.4 1 

type I 

secretion 

membrane 
fusion protein, 

HlyD family* 

REPGLVAQATATYR 

2 2.04 0.01       3 

Ba only 

2 1.4 0.12       3 

2 2.17 0.06       3 

2 2.27 0.09       3 

2 2 0.08       3 

2 1.99 0.15       3 

2 1.54 0.3       16 

2 2.12 0.06       15 

2 2.33 0.07       15 

2 2.21 0.13       15 

2 2.13 0.06       15 

2 2.48 0.09       15 

2 2.26 0.14       15 

GDRGGAVGLGPAQASIES

GGALDRSA 
2 3.07 0.19       7 

Bp 1106 

only 

Type II 

secretion 

system protein 

E, pilT, 

twitching 

motility 
protein* 

TTTIASLLEHINRTR 

2 2.6 0.23       5 

Ba only, 

close to Bp 

and Bm 

2 2.78 0.24       5 

2 2.32 0.17       5 

2 2.22 0.09       5 

2 2.17 0.16       5 

2 2.85 0.27       5 
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2 2.86 0.14       5 

2 2.67 0.07       5 

WVNSATGPKEVKR 
2     28 49.7   5 

Bv G4 only 
2 2.52 0.08       3 

GIILVTGPTGSGKTTTIASL

LEHVNATR 

3 2.54 0.24       1 

Bp, Bt, Bm 3 2.08 0.09       4 

3 2.5 0.2       16 

SMLDNTKGIILVTGPTGSG
K 

2 3.67 0.34       4 
Bp Bm Bo, 
Bt Bu Ba 

Type VI 
secretion 

system Vgr 

family protein 

LSFFVQNSGIKLFAGK 

2 1.84 0.2       15 
Bc only, 

close to Bp 2 1.89 0.25       15 

LKLEEAKWPKIAGTLSAR

VTS 
2         1.66 7 Bv only 

GGGALADLPWAGFGVSA

AQFAGATGFSTALMATSR 

3 3.15 0.17       1 
Bt only, 

close to Bp 
3 2.66 0.14       1 

3 2.55 0.1       1 

Type VI 

secretion 

system protein 

TssM, 

putative 

IAHRFGLDGNALPKPHSA

FSK 

3 2.85 0.33       4 

Bc only, 

close to Bp 

3 2.78 0.25       4 

3 2.7 0.19       4 

3 2.61 0.21       4 

3 2.61 0.23       4 

3 2.59 0.38       4 

3 2.55 0.26       4 

3 2.41 0.25       4 

3 2.31 0.35       4 

3 2.85 0.27       4 

3 2.46 0.24       4 

3 2.24 0.25       4 

3 2.2 0.14       4 

3 1.84 0.14       4 

3 2.59 0.27       4 

3 2.53 0.21       4 

3 2.44 0.29       4 

 

BicP: 
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Figure 2.16 Peptide spectrum of IATANLGAR.   

 

The peptide IATANLGAR was identified in patient 5 with a Mascot identity 

score over 50.  The spectrum includes high coverage with many ion pairs and consecutive 

b- and y-ion sequences.  The peptide was identified in a B. thailandensis database
190

, and 

when blasted, the only sequence that gave a 100% match was the T3SS protein BicP from 

the same database: MSMB 43.  This is a unique strain: it was isolated as an arabinose 

assimilating strain from a deep–bored well near Darwin, Australia that also contained B. 

pseudomallei
214

 isolates.  S16 rRNA sequencing placed the MSMB 43 strain closer to any 

B. pseudomallei strain than any other B. thailandensis strain, as did MLST using the 

same primers previously used to define Burkholderia species
151

. The BLAST search 

revealed that similar sequences were found in many Burkholderia databases, with either 

one or two mutations.   Although the peptide was only found in a B. thailandensis 

database, the similarity in sequence with B. pseudomallei and the closeness in MLST 

type of the B. thailandensis to B. pseudomallei suggests this may still be from a B. 

pseudomallei infection.  The protein BicP is part of the T3SS, related to enteropathogenic 
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E. coli and Salmonella T3SS effector chaperones CesT
215

 and SicP/SrcA
216

, respectively.  

These chaperones bring the effectors to the inner membrane side of the T3SS where they 

dissociate. This is similar to the virulent GroEL function described above.  While only 2 

spectra were found in a single sample, they are very high quality spectra.   

 

200kD antigen p200, putative: 

 

Figure 2.17 Peptide Spectrum of RAGDLVAGGGDDGARR. 

 

 

Figure 2.18 Peptide Spectrum of AAELLGEPRGDGLR. 
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The doubly charged peptide RAGDLVAGGGDDGARR was found with a weak 

Sequest score of 1.97, but with a great Mascot identity score of 49.7 which is probably 

due to the continuous fragmentation near the aspartic acid,  and was matched to only the 

B. pseudomallei 1710b genome when BLAST searched against the NCBI non-redundant 

database.  The second peptide, AAELLGEPRGDGLR has a very weak Sequest score of 

1.83 and only matched to the B. thailandensis MSMB43 database which, as described in 

the BicP section, is very closely related to, and should possible be considered B. 

pseudomallei.  Even though the strongest fragments are next to acidic residues, this is not 

a good hit, missing usual strong fragmentation points at the proline and near the missed 

arginine cleavage, but it is worth mentioning along with the first peptide.   

Although there is nothing in the Burkholderia literature pertaining to anything 

called “200kD antigen p200, putative,” David AuCoin suggested that it probably has to 

do with CPS or EPS management or biosynthesis.  If this is true and it is associated with 

the cell surface, it might make a good antigen, especially if it is only identified from B. 

pseudomallei.   

 

AraC family transcriptional regulator  

AraC transcriptional regulators are cis-acting transcriptional activators, many of 

which regulate virulence factors or stress response systems.  These are not a single 

protein, but rather a class of proteins with a highly conserved ≈100 amino acid sequence 

found in many regulators.  None of these peptides were matched to the same AraC family 

protein, but are all discussed in one section for the sake of efficiency.   
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Figure 2.19 Peptide Spectrum of ANSANRISIANAAQAAAMSER. 

 

The doubly charged peptide ANSANRISIANAAQAAAMSER was found as a 

missed cleavage with a weak Sequest score of 2.09 in sample 3.  While the two most 

intense peaks, y7 and b14 are pairs next to an acidic residue and the y18 next to arginine, 

are very reasonable, the lack of longer consecutive sequences are disconcerting.  When 

BLAST searched against the NCBI non-redundant database, the only hit was in 3 B. 

cenocepacia databases; similar peptide with 3 mutations was found in a B. pseudomallei 

database.   
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Figure 2.20 Peptide Spectrum of ASDATIRRNR. 

 

 The doubly charged peptide ASDATIRRNR was identified in Mascot with an 

identity score of 50.2 in patient 4.  The long consecutive b sequence no doubt helped in 

Mascot, as Mascot scores on consecutive peak length as well as number of fragment 

matches.  The peptide was matched to a B. cenocepacia protein only. 

 

 

Figure 2.21 Peptide Spectrum of LHARIVAGETLPLAR. 

 

The doubly charged peptide LHARIVAGETLPLAR was matched to three spectra 

with Sequest scores of 2.45, 2.13 and 2.37 in sample 5.  There are many b/y pairs and 

ions near the glutamic acid.  Although the b11 N-terminal proline fragmentation is the 

most intense b-ion, its y-pair is conspicuously absent, same with any significant 
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fragmentation around the missed arginine cleavage or basic histidine.  The BLAST 

search only resulted in matches to B. ambifarica.   

 

 

Figure 2.22 Peptide Spectrum of TTPDLAGAHILIVDDR. 

 

The doubly charged peptide TTPDLAGAHILIVDDR was matched to 11 spectra 

with Sequest with scores ranging between 2.12 and 2.52.  The 7 consecutive b/y pairs in 

the center of the spectra are very welcoming.  The BLAST search resulted in B. 

cenocepacia and B. ambifarica only, but A-V and IV-VA mutations make it a B. 

thailandensis MSMB43 peptide and a D-E, A-V and I-V series of mutations would make 

it a B. vietnamensis G4 peptide.  
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Figure 2.23 Peptide Spectrum of IARMQPVPLTVPLPRDPR. 

 

The doubly charged peptide IARMQPVPLTVPLPRDPR had 4 Sequest hits with 

a high of 2.34 with two spectra each in samples 1 and 17.  Two fragment pairs (b4/y14 

and b6/y12) and multiple y fragments look good, although the conspicuous absence of 

strong fragments around the multiple prolines or missed arginine cleavages are ominous.  

This spectrum is only shown in light of the other AraC proteins present.  The BLAST 

search yielded B. cenocepacia proteins only. 

 

 

Figure 2.24 Peptide Spectrum of DADGTTMQLEAGDAVLLPHGR. 
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The doubly charged peptide DADGTTMQLEAGDAVLLPHGR was matched to 

4 spectra in patient 5 by Sequest with scores between 2.00 and 2.49.    The multiple 

intense fragments next to acidic residues and number of fragments are good, but there are 

conspicuous absent N-terminal cleavages next to the proline.  The Blast search yielded B. 

cenocepacia and B. vietnamensis only.  

 

 

Figure 2.25 Peptide Spectrum of AHLDAAHSVDSLAERVLMSRR  a) doubly charged 

and b) triply charged. 

 

The peptide AHLDAAHSVDSLAERVLMSRR was found both doubly and triply 

charged in patient 3 with Sequest scores of 3.83 and 2.94.  The doubly charged also had 

an X!Tandem score of 2.51.  The fragmentation is very good in both spectra: lots of 
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consecutive fragmentation b/y pairs and the 2 most intense peaks are the b10/y11 pair 

next to the aspartic acid.  These pairs of spectra are an interesting example of the 

difference in fragmentation for doubly and triply charged spectra and what can be 

observed in a LIT due to mass range.  For example, the b10/y11 pair that is so intense in 

the doubly charged spectrum does not exist as single charged but only doubly charged in 

the triply charged spectrum and the b20 ion over 2000 m/z does not exist in the doubly 

charged spectrum, but does show up as in extremely intense peak in the triply charged 

spectrum along with the doubly charged b18 that doesn’t exist as singly charged in the 

doubly charged spectrum.  The peptides were matched to B. cenocepacia only.   
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The doubly charged peptide RGLSTELILSGSGIAPAELRQPNK was matched to 

three spectra by Sequest with scores of 2.38, 2.92, 3.2 in sample 7.  The spectrum has 

poor coverage, and as with IARMQPVPLTVPLPRDPR, is only included in this list 

because of the other peptides indicated from the AraC family.  The only databases the 

peptide was matched with a BLAST search was B. pseudomallei 13177 and 668.   

As mentioned earlier, none of the peptides in the AraC family of proteins were 

matched to the exact same protein, so these should be considered as single peptide hits.  

In addition, it is odd that a transcriptional regulator exist outside of the bacteria after the 

sterile filtering of the sample and that most of them are only found in non-B. 

pseudomallei species of Burkholderia.  It cannot be overlooked that many of these are 

good quality spectra and might be worth pursuing if additional targets are needed.   

 

Asparagine synthetase 

 

 

Figure 2.27 Peptide Spectrum of AAAADLLPDSVLNR. 
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The doubly charged peptide AAAADLLPDSVLNR was matched to 3 spectra 

with Sequest with scores between 2.5 and 2.55; all identified in patient 16.   The matches 

scored well for a doubly charged peptide with many continuous ion series identified.  The 

BLAST search identified the peptide in B. thailandensis and B. oklahomensis only, 

although a mutation of the second aspartic acid to glutamic acid would yield a peptide 

identified in many B. pseudomallei and B. mallei databases.     

 

 

Figure 2.28 Peptide Spectrum of ANEADFIAALPR. 

 

 

The doubly charged peptide ANEADFIAALPR was matched to 6 spectra by 

Sequest with scores between 2.01 and 2.31 in patient 7.  The spectrum contains a long 

consecutive series of y- fragments and a prominent fragment pair of the N-terminal 

proline.  The BLAST search only matched the peptide to 4 B. cenocepacia databases.   

The two spectra for asparagine racemase are good quality and, but the two 

peptides were found in 2 different patients, although with multiple spectra in each.  The 
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peptides were identified from two different data bases, and the second one was in 4 B. 

cenocepacia databases which is not considered closely related to B. pseudomallei.   

 

Aspartate Racemase:  

 

Figure 2.29 Peptide Spectrum of DQAVIHDVIYDELCHGVVR. 

 

 

The doubly charged peptide DQAVIHDVIYDELCHGVVR was matched to 64 

spectra by Sequest with a high score of 3.35 and most scores over 2.5.  Many of the hits 

were verified with Mascot and X!Tandem.  These were identified in a large number of 

patients: 3, 15, 16, 17.  There is a great consecutive series of 4 b/y pairs between b6-

b9/y13-y10 near acidic residues and the C-terminal to histidine pair at b15/y4.  The 

BLAST search yielded 4 B. thailandensis databases only.   

Given the sheer number of spectra matched, the qualities of the scores and 

spectra, and the number of samples they were identified in, even though this is a single 

peptide matched to a protein and even though it was only found in a few B. thailandensis 
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databases I would still consider this a good hit since B. thailandensis is closely related to 

B. pseudomallei.   

 

ATP Dependent helicase HepA  

 

Figure 2.30 Peptide Spectrum of ALATNEAR. 

 

 

The doubly charged peptide ALATNEAR was identified with a Mascot identity 

score of 51.0 in patient 1.  Almost all fragments within the detectable mass range were 

observed.  The only database the peptide was observed in was B. pseudomallei 406e.  

Although this is a good spectrum with a good score in a B. pseudomallei database, it is a 

single peptide of a relatively short sequence.   

 

Cobalamin biosynthesis protein CbiG/precorrin-3B C17-methyltransferase 
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Figure 2.31 Peptide Spectrum of AAAGSPRTTPEPRDVAIAVAR. 

 

 

The doubly charged peptide AAAGSPRTTPEPRDVAIAVAR was matched to 

over 100 spectra, 65 with Sequest scores over 2.5 matched.   It was observed in samples 

1, 3, 4, 15, 16, and 17.  Because there are so many hits, the elution time for the SCX and 

C18 was checked to make sure that these were not a random background signal, but the 

spectra were found in salt bumps 2 and 3 only, and had spectra numbers between 2500 – 

4000 (out of 8000- 10000 depending on the data set) meaning that it eluted at similar 

times between runs.  The BLAST search identified the peptide in the B. pseudomallei 

1655 database only.    
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Figure 2.32 Peptide Spectrum of IARGRLTVLGLGPGR. 

 

 

The doubly charged peptide IARGRLTVLGLGPGR was only identified in a 

weak X!Tandem hit with a score of 1.09 in patient 15.  Although it may seem peculiar 

that there is only an X!Tandem score since X!Tandem was used to re-analyze the spectra 

identified by Sequest and Mascot, this is probably due the spectrum passing an initial 

scoring step of one of those algorithms with either a negligible Sequest Xcorr or Mascot 

Ion score, or it was dropped off of the short list in the .out file which only retains the top 

20 peptide matches to a single spectrum.  This is the worst looking of the CbiG spectra: 

there are no intense y-ions, the cleavages around the N-terminal proline are conspicuous 

absent, and with the exception of b3 and b5 near an arginine missed cleavage the other b 

ions are not particularly expected to be as intense as they are.  The BLAST search 

identified the peptide in B. pseudomallei and B. mallei only.   

 



141 

 

 

Figure 2.33 Peptide Spectrum of VEGDARWLDDVALP. 

 

 

The doubly charged peptide VEGDARWLDDVALP was only found with a weak 

X!Tandem score of 1.85 in patient 15.   Like the previous peptide, it was only found by 

X!Tandem, but in contrast to the previous peptide the spectrum looks very good.  One 

odd issue with this spectrum are that many of the b and y peaks are overlapping.  Looking 

to Table 2.5 below, it can be seen that the fragment pair b2/y2 are 229.2 and 229.3 which 

are indistinguishable in an LIT.  The same can be said for the b12/y12 fragments.  There 

is a slight peak at 629 which is listed as b6+1, which could easily be y6 as seen in Figure 

2.35.  The ramifications of these result in scoring, an otherwise non overlapping features 

would probably be scored higher.  The BLAST search identified the peptide in B. 

pseudomallei and B. mallei proteins only.   

 

Table 2.5 Fragmentation table for the peptide VEGDARWLDDVALP. 
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Figure 2.34 Region of m/z 627 – 631 of the peptide VEGDARWLDDVALP. 

 

 

CbiG is probably of the best proteins not chosen for antibody production.  All of 

the peptides identified were found in B. pseudomallei  database, and one of the peptides 

were identified in 6 samples.  The two peptides that were only scored by X!Tandem only 

were found in the same samples that also included spectra from the first peptide.  The last 

peptide might have been ranked better if it weren’t for the overlapping peak anomaly.  If 

more targets were required, CbiG should be at the top of the list.   
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DNA-binding response regulator OmpR 

 

 

Figure 2.35 Peptide Spectrum of LGPRAAAKSER. 

 

  The doubly charged peptide LGPRAAAKSER was matched to four spectra with 

Sequest with scores between 1.82 and 2.34, two each in patients 1 and 4.  One of the 

spectra was also identified by Mascot with an identification score of 49.9.  The spectra 

has many fragments matched, but also has 3 of the 4 most intense peaks unaccounted for, 

possibly due to mixture spectra.   The BLAST search identified the peptide in B. 

multivorans only.   
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GntR family transcriptional regulator  

 

Figure 2.36 Peptide Spectrum of AIKRGDQVAEQIK. 

 

The doubly charged peptide AIKRGDQVAEQIK was identified by Sequest with 

scores of 2.86 and 2.98 in patients 3 and 4.   The spectrum contains many b/y ion pairs, 

with many major fragments near acidic residues and between the arginine/lysine missed 

cleavages towards the N terminus of the peptide.  The peptide was identified by BLAST 

search in the single B. vietnamensis G4 database only.   

 

 

Figure 2.37 Peptide Spectrum of IAPPALKVIESETMADKVYQQLR. 
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The doubly charged peptide IAPPALKVIESETMADKVYQQLR was matched 

by Sequest with a score of 2.57 in patient 15 only.  While the many of the peaks of the 

spectrum are identified, and the most abundant fragments occur around acidic residues or 

in the vicinity of one of the lysine missed cleavages, it is hard to make a firm judgment 

on a spectrum with so few features.  The peptide was identified by BLAST search in a 

single B. ambifarica database only.   

 Like the AraC family of proteins described earlier, these two GntR peptides were 

not found in the same database or even the exact species, however they merit inclusion on 

their own.  The spectra scored fairly high and in first one was found in multiple samples.   

 

Haemaglutinin / yadA domain containing protein 

 

 

Figure 2.37 Peptide Spectrum of AAYGGIAAATALTMIPEVDK. 

 

The doubly charged peptide AAYGGIAAATALTMIPEVDK was matched to 23 

spectra by Sequest with a high score of 3.15 and all but 2 over 2.5.  The peptide was 

identified in patients 3 and 5.  Many consecutive sequences with matching b/y pairs were 
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identified although 3 of the 5 most intense peaks were unmatched.  A BLAST search 

identified the peptide in B. pseudomallei and B. mallei proteins only.   

 

 

Figure 2.39 Peptide Spectrum of KDADGGAAAAMAVAGLPQPTRPGMNMVA-

LAGSVYR. 

 

The triply charged peptide KDADGGAAAAMAVAGLPQPTRPGMNMV-

ALAGSVYR was matched to 6 spectra by Sequest between 2.47 and 2.97.  One spectrum 

was in patient 1 and the others were in patient 3.   The spectrum is lacking many features, 

and would not be mentioned if it were not for the other peptides.  The BLAST search of 

the peptide sequence only yielded hits to B. multivorans, although it was fairly close to B. 

thailandensis MSMB43.    

These are two more peptides that are not from the same protein, but are worth 

mentioning together because of their function.   YadA domains are responsible for the 

binding of pathogenic bacteria to collagen of the extracellular matrix of the host, and is 

critical for pathogen interaction with host cells with regards to biofilm formation, cell 
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invasion, and inflammation.  Proteins that have this domain are critical for the 

hemaglutination used in many detection assays.   

 

Hypothetical protein BCPG_02915 

 

Figure 2.40 Peptide Spectrum of VLALAGQASAAWLEQVHGAR. 

 

The doubly charged peptide VLALAGQASAAWLEQVHGAR was matched to 

38 spectra by Sequest, 5 of which had scores over 2.5.  The peptide was found in patients 

15, 16, and 17.   The spectrum contains many b/y pairs and continuous sequences, with 

only a few unmatched peaks.  The BLAST search identified the peptide in B. 

cenocepacia proteins only, but a mutation of the SA to AR yields many hypothetical 

proteins in B. pseudomallei and B. mallei strains.  
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Figure 2.41 Peptide Spectrum of DGVALPGGMNLGLHTGDDPDHVAVNR. 

 

The triply charged peptide DGVALPGGMNLGLHTGDDPDHVAVNR was 

identified by X!Tandem only with a score of 1.49.  Like many large triply charged 

peptides, this one is missing many features that would be outside the scanning range of 

this instrument.  It should be noted that there are fragment pairs for b5-b7, but the 

corresponding y19 – y21 are doubly charged.  The BLAST search of the sequence gave 

hits to B. cenocepacia only, but the sequence is sufficiently similar to a hypothetical 

protein in B. vietnamensis and B. pseudomallei.   

This is the first of three “hypothetical proteins” identified.  These are proteins that 

the in silico transcription/translation of the sequenced genomes failed to identify as 

homologous to other proteins in other bacteria but would still be hypothetically 

transcribed given their start and stop codons.  One of the incredibly interesting aspects of 

shotgun proteomics is the potential of observing these even if their function is unknown.  

An interesting example is in the TTSS coding regions that have been mentioned 

previously.  Evidence of their presence within a cell, even if it is not useful to our 
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purpose of finding target proteins, may be a possible starting point for the molecular 

biologists to study.  The problem with choosing these for antigen development is that 

their function is not known which might be bad if they were particularly toxic.  This 

particular protein in B. cenocepacia appears to be homologous to one in B. pseudomallei 

families, and since there are two peptides with reasonably good spectra, this would make 

a short list for antigen development if we knew what it did.   

 

Hypothetical protein Bpse112_35413 

 

Figure 2.42 Peptide Spectrum of MPRILAMSTAPHAR. 

 

The doubly charged peptide MPRILAMSTAPHAR was matched to 8 spectra by 

Sequest with scores between 1.73 and 2.26.  One spectrum was identified in patient 1and 

the others were identified in 16 and 17.  Although the spectrum lacked long continuous 

sequences, many b/y pairs were identified such as b5/y9, b7/y7, and the expected 

fragments for the b10/y4 N-terminal proline and b12/y2 C-terminal histidine.  The 

peptide was matched to the B. pseudomallei 112 and 1655 databases only.   
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Even though there is only one peptide, it is a fairly good match and was matched 

to a B. pseudomallei database.  If we knew its function, it would probably be worth 

looking at as an antigen target.   

 

Hypothetical protein Bpse38_30044 

 

Figure 2.43 Peptide Spectrum of GSDGSADLARLWALVASR. 

 

The doubly charged peptide GSDGSADLARLWALVASR was matched to 6 

spectra by Sequest with scores between 2.62 and 3.5 and an additional spectrum matched 

by Mascot with an identity score of 49.5.  The spectra were identified in patients 15, 16, 

17.  The spectra have many fragments matched to it: the entire y-series from y4-y12 is 

matched, even if a few of the peaks are the +1m/z, and many b/y pairs are present.  The 

BLAST search matched the peptide to the B. thailandensis MSMB43 database only.  As 

described above, the strain which this genome was sequenced from is extremely closely 

related to B. pseudomallei so it is worth keeping in mind as a potential antigen, or at least 

an interesting protein to study.   
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IstB ATP binding domain-containing protein  

 

Figure 2.44 Peptide Spectrum of SFGEWGDVFGDSVVAAALLDR. 

 

The doubly charged peptide SFGEWGDVFGDSVVAAALLDR was matched to 

74 spectra by Sequest, 68 of which scored above 2.5.  The spectra were found in patients 

1, 3, 15, 16, and 17.  There are at 5 b/y pairs close to major expected cleavage sites.  The 

BLAST search yielded the example peptide in B. cenocepacia only, but the mutation of 

the first aspartic acid to alanine makes many B. pseudomallei databases.  Because it was a 

good scoring peptide in multiple samples with many great scoring spectra found to be 

extremely similar to a B. pseudomallei peptide, this protein should be considered for 

antibody development if more targets are needed.   

 

Major facilitator transporter FIS family proteins 



152 

 

 

Figure 2.45 Peptide Spectrum of MSTLNRAAAAQTIDARR. 

 

The doubly charged peptide spectrum MSTLNRAAAAQTIDARR was matched 

to three spectra by Sequest with scores of 2.52, 2.69, and 3.23 and to two spectra by 

Mascot of with a Mascot Identity score of 49.5.  The peptide was identified in patients 1 

and 17.  The spectrum contains a good continuous b/y ion pair series.  The BLAST search 

yielded a B. cenocepacia protein only.   

 

 

Figure 2.46 Peptide Spectrum of AGWTGVCVLGAGVSVAALGVWVATLRR. 
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The triply charged peptide AGWTGVCVLGAGVSVAALGVWVATLRR was 

identified by Sequest with a score of 3.57 in patient 16 and 3.23 in patient 3.  The spectra 

look good for something triply charged: while there aren’t many continuous sequences, 

there is only one major unidentified peak, and many of the major single charged peaks 

are also found with doubly charged as well.  The BLAST search yield B. cenocepacia 

proteins only, however it was similar to B. thailandensis MSMB43 and B. pseudomallei 

homologues.   

 

 

Figure 2.47 Peptide Spectrum of ARAAALACMIGLAVALGVGR. 

 

The doubly charged peptide spectrum ARAAALACMIGLAVALGVGR was 

identified by Sequest with a score of 2.85 in patient 4.  There are many b/y ion pairs, 

although there are 4 intense peaks that remain unidentified.  When BLAST searched, the 

only results were in four B. vietnamensis databases, although they were similar to 

peptides in B. pseudomallei and B. mallei databases.   
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Figure 2.48 Peptide Spectrum of MFCPLLLAMFAIAVGYGFLLPILPRMLER. 

 

The triply charged peptide MFCPLLLAMFAIAVGYGFLLPILPRmLER was 

only identified once by Sequest with a score of 2.52 in patient 3.  Although there are 4 

major peaks unidentified in this spectrum, the two of the larger peaks are the b20 and y 

26 N-terminal proline cleavages.  The ions y15 and y16 also exist both doubly and singly 

charged.  The BLAST search only yielded a protein in a B. vietnamensis database.   

 

 

Figure 2.49 Peptide Spectrum of MIGEAFGWR. 

 

The doubly charged peptide MIGEAFGWR was matched to 9 spectra by 

sequences with 8 that scored between 2.91 and 3.31, many of which are backed by 



155 

 

Mascot.   One spectrum was identified in patient 2 and 8 were identified in patient 5.  The 

spectrum contains a complete y-series, and a nearly complete b-series to match.  The 

BLAST search yielded proteins in B. cenocepacia only.   

Like the AraC family proteins, the family peptides were not matched to the same 

protein.  The major facilitator transporter superfamily is an extremely large family of 

membrane transporters and symporters that shuttle small ions like phosphate and cyanate 

and small molecules such as monosaccharides and nucleosides
217

.  The function of the 

proteins for which the peptides were identified is not evident in the NCBI records.  

However, all of the spectra were of good quality, and are considered good single peptide 

hits along as.   

 

Outer membrane porin, OprD family protein 

 

Figure 2.50 Peptide Spectrum of LDGGAGGGNMVHIAKGGGGSNQLAWAFPG-

IYDVK. 
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The triply charged peptide LDGGAGGGNMVHIAKGGGGSNQLAWAFPGI-

YDVK was matched to 39 spectra by Sequest with scores between 2.54 and 3.19 in 

patients 1, 3, and 4.  The spectra includes long series of b-ions in the scanning range of 

the instrument with increased intensity towards the lysine missed cleavage, but the 

absence of any major y-ions, including any of the N-terminal proline fragments are 

conspicuous.  The BLAST search yielded a direct match to the B. thailandensis 

MSMB43 database only, however the isoleucine to valine mutant is found in many B. 

pseudomallei databases.   

 

 

Figure 2.51 Peptide Spectrum of RVGVSPAAR. 

 

The doubly charged peptide RVGVSPAAR was identified by Mascot with an 

identity score of 49.5 in patient 3.   Most of the peptide sequence is matched in this 

spectrum, but there are numerous ammonia losses which would normally be conspicuous 

if it weren’t for the N-terminal arginine missed trypsin cleavage.  As mentioned earlier in 

Figure 2.18 with the peptide RAGDLVAGGGDDGARR and will be discussed later in 

the section 4.4.2, when arginine exists at the N-terminus it can readily cyclize and lose 
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ammonia.  The BLAST search yield proteins in the two B. pseudomallei databases 576 

and 668, although it was also randomly found in an unrelated protein histidine ammonia-

lyase in the Rubrobacter xylanophilus database DSM 9941.  Outside of a few of the 

conserved GroEL peptide sequences, this is the only peptide match that was directly 

matched to something outside of the Burkholderia genus.   

OprD proteins are generally basic amino acid transporters which are also the main 

transporter of the carbapenem antibiotics.  Down regulation of the oprD operators in 

Pseudomonas auruginosa are a source of antibiotic resistance
218

.  Although it is difficult 

to suggest a target based on a large triply charge peptide, the doubly charged peptide has 

good sequence coverage and since OprD is a cell surface protein, it might be a good 

target.   

 

Two component, sigma54 specific, Fis family transcriptional regulator 

 

 

Figure 2.52 Peptide Spectrum of HGASLDAILFGHERGAFDGAER. 
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The doubly charged peptide HGASLDAILFGHERGAFDGAER was matched 

to12 spectra by Sequest with scores between 2.81 and 3.42 in patients 3, 17, 16, and 15. 

The spectrum contains 4 matching b/y pairs and only contains one major unmatched 

peak.  The BLAST identified the peptide in a B. ambifarica database only. 

 

Figure 2.53 Peptide Spectrum of MPGIDGLQLLDR. 

 

The doubly charged peptide MPGIDGLQLLDR was matched to two spectra by 

Mascot with a total identity score of 49.8 in patient 17.  The spectrum contains a nearly 

complete b-series, although the y-series is almost completely absent and there are two 

unidentified major peaks.  The BLAST search identified the peptide in B. cenocepacia 

databases only.  Although these two peptides identified for transcriptional regulator are 

not matched to the same protein, they are both good single peptide hits.   

 

Type 1 secretion target repeat protein / cable pili associated 22kD adhesin protein 
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Figure 2.54 Peptide Spectra of TPDETFVLKDAAAKLADESVVVR, a) doubly charged 

and b) triply charged.   

 

The peptide TPDETFVLKDAAAKLADESVVVR was matched by Sequest to 

three triply charged spectra with scores of 2.91, 3.19 and 3.08 and five doubly charged 

spectra with scores between 1.69 and 2.86 in patient 1.   This pair of spectra is another 

interesting example of doubly and triply charged peptides:  the b5/y18 pair exists in both, 

but in the triply charged spectrum the y18 exists in the 2+ charged state.  Many other b/y 

pairs exist in both spectra.  The BLAST search of the peptide only returned the same 

protein in B. pseudomallei genomes.   
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Although technically a single peptide hit, the existence and similarity between the 

triply and doubly charged peptides are good.  This specific adhesin protein has been 

shown to be important for B. cenocepacia binding to respiratory mucins during 

infection
219-221

.  Another interesting aspect of this protein is that a commercial research 

grade polyclonal antibody is available for purchase due to its use in B. cenocepacia 

medical research, although it might not have the same binding constant to the B. 

pseudomallei protein (LS-C145197, LSBio, Seattle, WA).  A western blot may be an 

inexpensive way to assess whether the protein is in the patient samples, and if it could be 

used in an LFI device.  

 

Type I secretion membrane fusion protein, HlyD family 

 

 

Figure 2.55 Peptide Spectrum of REPGLVAQATATYR. 

 

The doubly charged peptide REPGLVAQATATYR was matched to 13 spectra by 

Sequest with scores between 1.54 and 2.48 in patients 3, 16, and 15.  There are many b/y  

ion pairs and a strong continuous b-series.  Although the N-terminal proline fragments 
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exist, the y12 is substantially lower than would be expected.  The BLAST search 

identified the peptide in B. ambifarica only.   

 

 

Figure 2.56 Peptide Spectrum of GDRGGAVGLGPAQASIESGGALDRSA. 

 

The doubly charged peptide GDRGGAVGLGPAQASIESGGALDRSA was 

matched by Sequest to a single spectrum with a score of 3.07 in patient 7.  The spectrum 

contains long, mostly continuous b- and y-ion sequences with many b/y pairs.  The 

BLAST search identified the peptide to the B. pseudomallei 1106 genome only.    

Because the two peptides were identified in proteins from different species they 

should be regarded as single peptide hits.  A search of HlyD in the Pathema – 

Burkholderia virulence factor database (http://pathema.jcvi.org) only shows one or two 

T1SS-HlyD proteins in each B. pseudomallei genome, but multiple (>5) versions in B. 

cenocepacia B. ambifarica and B. multivorans genomes, so it might be possible that the 

first B. ambifarica peptide would not be related to anything in any B. pseudomallei 

strains.  HlyD proteins in other species are translocators for the T1SS, similar to the 

http://pathema.jcvi.org/
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function of BipC in the T3SS.  In E. coli it is responsible for the injection of hemolytic 

toxins
222

, and it would be assumed that they have a similar function in B. pseudomallei.   

 

Type II secretion system protein E, pilT, twitching motility protein 

 

 

Figure 2.57 Peptide Spectrum of TTTIASLLEHINRTR. 

 

The doubly charged peptide TTTIASLLEHINRTR was matched to eight spectra 

by Sequest with scores between 2.17 to 2.86 in patient 5.  The spectrum contains a nearly 

complete y-series, with 3 major b/y pairs in expected places.  The BLAST search 

identified the exact peptide in B. ambifarica only, but a peptide with isoleucine to valine 

and arginine to alanine mutants are found the same protein in many B. pseudomallei and 

B. mallei genomes.    
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Figure 2.58 Peptide Spectrum of WVNSATGPKEVKR. 

 

The doubly charged WVNSATGPKEVKR was matched by Sequest to a spectrum 

in patient 3 with a score of 2.52 and by Mascot to a spectrum in patient 5 with an identity 

score of 49.7.  The spectrum initially looks dubious as most of the ions are very low in 

intensity.  They are present, however, and not surrounded by a large number of 

unidentified peaks and the N-terminal proline b7 is the highest of them.  The doubly 

charged ammonia loss of the parent is the largest peak in the spectrum which is easy to 

understand given the proximity of the arginine to lysine and the missed cleavage lysine to 

glutamic acid.  Similar to the mechanism described later with arginine fragmentation in 

section 4.4.2, it is easy to see how the amino- or guanidine- groups could attack the other 

to lose ammonia.  The BLAST search identified the peptide in B. vietnamensis G4 only.   
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Figure 2.59 Peptide Spectrum of GIILVTGPTGSGKTTTIASLLEHVNATR. 

 

The triply charged peptide GIILVTGPTGSGKTTTIASLLEHVNATR was 

matched by Sequest to three spectra with scores of 2.54, 2.08 and 2.5 in patients 1, 4, and 

16 respectively.  Although the spectra contain a small continuous b-series and the total 

number of intense unmatched ions is low, the total number of matched peaks is also low.  

If it was decided to try and confirm the other FIS-proteins with synthetic peptides, it 

might be worthwhile to include this, but it should not be taken alone as evidence for its 

presence.  The BLAST search identified the peptide within proteins from B. 

pseudomallei, B. mallei, and B. thailandensis only.   
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Figure 2.60 Peptide Spectrum of SMLDNTKGIILVTGPTGSGK. 

 

The doubly charged peptide SMLDNTKGIILVTGPTGSGK was identified by 

Sequest with a score of 3.67 in patient 4.  The spectrum contains 5 b/y ion pairs including 

the N-terminal proline fragment pair of b14/y6.  The BLAST search identified the peptide 

in the same protein in many Burkholderia species, including B. pseudomallei, B. mallei, 

B. oklahomensis, and B. thailandensis. 

PilT is an inner-membrane bound ATPase responsible for the retraction of the 

T2SS and T4SS pilus assembly
223

.  Although the second two peptides were weak hits, the 

first and last scored well and were found in B. pseudomallei databases.  It is worth 

considering as a potential target if more proteins are needed.   

 

Type VI secretion system Vgr family protein 
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Figure 2.61 Peptide Spectrum of LSFFVQNSGIKLFAGK. 

 

The doubly charged peptide LSFFVQNSGIKLFAGK was matched to two spectra 

with Sequest with scores of 1.84 and 1.89 in patient 15.  While the spectra were ranked 

poorly, there were a number of continuous fragments with b/y pairs.  Many of the +1 m/z 

peaks could be explained oxidation of one of the glutamine or asparagines, but then the 

question becomes why were all of the fragments after the first +1 m/z not shifted.  The 

BLAST search identified the peptide in a few B. cenocepacia genomes only, but and 

mutation of the second serine to alanine makes a peptide identified in numerous B. 

pseudomallei genomes.   

 

 

Figure 2.62 Peptide Spectrum of LKLEEAKWPKIAGTLSARVTS. 
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The doubly charged peptide spectrum LKLEEAKWPKIAGTLSARVTS was 

identified by X!Tandem with a score of 1.66 in patient 7.  Although there is a strong y-

series and a good b-series with many b/y pairs, this spectrum is still dubious because it 

contains 4 intense unidentified peaks and the peptide contains 4 missed cleavages, which 

should not have been included in the initial Sequest of Mascot peptide lists.  This must 

have been a spectrum that was included from one of the initial two algorithms and 

matched to a completely different spectrum by X!Tandem.  The BLAST search identified 

the peptide in B. vietnamensis only.   

 

 

Figure 2.63 Peptide Spectrum of GGGALADLPWAGFGVSAAQFAGATGFSTAL-

MATSR. 

 

The triply charged peptide GGGALADLPWAGFGVSAAQFAGATGFSTAL-

MATSR was matched to three spectra by Sequest with scores of 3.15, 2.66, and 2.55 in 

patient 1.  Like many triply charged spectra, this one is missing an abundance of features, 

but there is only one intense unidentified peak, and the b7/y28 exist as well as other pairs 
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where one of the pair is high intensity and the other is low intensity.  This is another 

peptide that should not be accepted on its own without verification with a synthesized 

peptide, but is included because other peptides in the protein family have been identified.  

The BLAST search identified the exact peptide in B. thailandensis only, but the 

mutations to the first alanine to lysine and last phenylalanine to valine are found in many 

B. pseudomallei genomes.   

 

The Vgr (valine-glycine repeat) domain containing proteins of the T6SS are 

thought to be part of the syringe assembly
224,225

 and resemble similar proteins in 

bacteriophages.  Given the number of peptides found and quality of the spectra, even 

though it was not related to B. pseudomallei, the Vgr domain containing protein of the 

T6SS is worth considering as a backup target if more proteins are needed.  

 

Type VI secretion system protein TssM, putative  

 

 
Figure 2.64 Peptide Spectrum of IAHRFGLDGNALPKPHSAFSK. 
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The triply charged peptide IAHRFGLDGNALPKPHSAFSK was matched to 18 

spectra by Sequest with scores between 1.84 and 2.85 in patient 4.  While the spectrum 

contains a few missed unidentified peaks, the doubly charged b14 N-terminal 

fragmentation and the y19 C-terminal histidine fragmentations are good to see.  This is 

another protein that should be confirmed with a synthetic standard before being accepted 

as a true hit.  The BLAST search identified the sequence in B. cenocepacia only although 

a mutation of the GNA sequence to SQS is found in many B. pseudomallei and B. mallei 

genomes. 

 

When BLAST searched, the peptide was identified in the Tssm proteins of B. 

cenocepacia. In B. mallei, Tssm is a known effector of the T6SS: a deubiquitinase.  

Although the sequence difference between B. cenocepacia and B. pseudomallei is large, 

it would still be worth pursuing as another target if more are required.   

In concluding this section, the warnings issued at the beginning should be 

restated.  With the exception of CbiG, the peptides identified are either single peptide hits 

or were matched to proteins in a non-B. pseudomallei genome.  This means that they 

should not be considered as identified in the sample without further confirmation such as 

a western blot using readily available antibodies to analogous proteins or confirming the 

spectrum and retention time with a synthetic peptide. 

 

2.5 Conclusions and Future Directions 



170 

 

As can be observed from the last section, attempting to identify proteins of 

bacteria invading a host system is already like finding a needle in hay stack, but doing so 

without having the exact genome of the strain is like not knowing what the needle looks 

like.  This required us to choose our databases in such a way that is normally not 

advocated in the literature.  In addition, there are still other methods and that could be 

attempted if there is a necessity for additional protein targets, but for the moment our 

collaborator has antibodies to the three proteins described and are evaluating their use in 

their LFI device.  The following describes what can be done better or in addition to what 

was already described for the search of bacterial proteins in a host.   

The samples arrived to us with the thoughts of proteomics experiments as an 

afterthought.  We were given aliquots of urine that were acquired in Thailand for the 

purpose of testing LFI’s for the LPS, CPS, and EPS.  We never received any information 

as to whether protease inhibitors were used, although we would expect that most of the 

small molecule inhibitors would be removed from sample in the PD-10 size exclusion 

cartridge.  It would also always have to be assumed that a certain degree of proteolysis in 

the urine prior to excretion is inevitable.  A survey of the literature indicates that, in 

general, protease inhibitor cocktails are useful in renal and urinary proteomics in 

preventing non-specific proteolysis even though the benzamide and 

phenylmethylsulfonyl fluoride components are specific for serine proteases like 

trypsin
226

.  It is assumed that those inhibitors are removed from the sample in organic 

extraction, size exclusion or gel electrophoresis steps, so if any one of these methods are 

applied to the trypsin digest it might be useful to consider.  It would also be 
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recommended for the sample to be lyophilized dry after filter sterilization, or even better, 

have the PD-10 column run immediately after filter sterilization prior to shipping.  

There is always a debate over what the best method for preparing protein samples 

for tryptic digest: gels, organic precipitation, or the numerous ion-exchange and reverse 

phase chromatographic and size exclusion devices.  It is true that different methods 

recover different proteins, however, anyone attempting to assess every method on their 

specific sample in a statistically meaningful way is investing in a very time consuming 

and expensive series of experiments.  We used the PD-10 cartridge because it was 

recommended by groups with urinary proteomics experience.  One potential method that 

was not applied was the use of high-abundance protein affinity-depletion columns, but 

they are very expensive and have a tendency for non-specific removal of low abundance 

proteins of interest; it is a tradeoff that is only worth testing if one has the resources to 

test samples with and without the depletion column.  Another method that might be worth 

assessing is peptidomics, or the analysis of small (< ≈4000 da) peptide sequences in the 

samples without the use of enzymatic digestion.  Typically this is performed on serum or 

CSF of single organism, but given the nature of native proteolysis in urine, this might 

useful in searching for pathogenic bacteria in a host’s urine.   

If more patient samples are ever to be analyzed again to determine the presence of 

invading pathogen proteins in a host system, they will most certainly be analyzed on a 

hybrid tandem instrument with a high resolution detector, most likely a hybrid LIT-

orbitrap system designed for the concurrent scanning of parent and fragmentation spectra.  
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The advantages of these systems have been described elsewhere
227-229

, but to briefly 

recap, they are more sensitive, they have faster scanning rates which allow for a higher 

rate of data dependent sampling which translates into more lower abundance proteins, 

and the high resolution obtained with the parent ion spectra allow for stricter tolerances 

on PSM algorithms which effectively reduced the number of false discoveries. 

Most of the practical literature in bacterial proteomics that these methods were 

derived from involves analyzing strains whose genomes are already sequenced.  As 

analyzing the peptide sequences earlier in this chapter has shown, this is not trivial in a 

patient samples where the genome is not sequenced.  The problem of different isoforms 

of proteins within a given species has been recognize for some time now with regards to 

population genomics, and is quite a hot field in toxico- or pharmacogenetics and 

personalized medicine.  This is especially important in cancer genetics, where a large 

number of mutations for one protein can accumulate throughout a given cell line of a 

patient.  This has repercussions in the shotgun proteomics field which, with a few 

exceptions, is dependent on FASTA protein databases derived from sequenced genomes.  

This has always been a known weak spot of shotgun proteomics that is beginning to be 

addressed in many research labs.  This can be overcome by incorporating known 

common mutants or by translating RNA transcriptome data into FASTA databases prior 

to PSM analysis.
230-232

  Done at the indexed peptide level, this allows for PSM analysis 

that accommodates many mutations.  The same computational methods could be used to 

incorporate large sets of genomes of a bacterial species into one indexed database, 

allowing for a more thorough analysis of samples containing strains of a species for 
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which the genome is not sequenced.  This is would be very applicable to B. pseudomallei 

as the groups of Paul Keim and Apichai Tuanyok at Northern Arizona University have, at 

last count in July of 2008, approximately 230 genomes from both environmental and 

clinical isolates determined by pyrosequencing.  As of the writing of this manuscript, 

there are only 21 different B. pseudomallei genomes sequences available on the NCBI 

website, and there were 13 at the outset in 2008.  It was rare that any of the peptides that 

were identified matched to more than a few of the 21 B. pseudomallei genomes when 

BLAST searched, indicating that many of the potential peptides from the proteins of 

strains in the patient samples might not be observable by our methods.  Even in groups 

that routinely incorporate RNAseq data into their FASTA databases for PSM this is not 

trivial, and I’ve never seen it applied to unknown bacterial strains, so it might be a good 

project for someone someday. 

No PSM search algorithm is perfect. It has been shown in the literature that the 

more PSM algorithms used identify more peptides, although the increase small with each 

algorithm added
233

.  If more algorithms were used, more proteins might be identified, and 

the following algorithms are recommended.  The underlying algorithm used in Phenyx, 

OLAV
234

, is very good and takes many more factors into consideration than any other 

program discussed in section 1.6; although it is proprietary.  The freely available InsPecT 

uses sequence tags, a very different approach that their creators claim gives results 

orthogonal to the more commonly used algorithms.
235

  OMSSA is another free algorithm 

that uses probabilistic methods.
236

  All three of the above mentioned algorithms were not 

supported by Scaffold at the outset of this project, but this has since been rectified with 
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the release of Scaffold 3.0.  Also free is Spectral Networks, which is a spectral network 

analysis algorithm.
237,238

  It has the unique strength of being able to match spectra without 

any a priori assumptions of PTM’s present, but has the unique weakness that it only 

works on peptides with charge states of 1+ and 2+ and it is not support by Scaffold.   

On a short tangent, it might be worthwhile for molecular biologist working with 

B. pseudomallei to determine the purpose of the hypothetical proteins that were 

identified, as well as the potential secretion systems proteins identified.  The peptides 

belonging to the three hypothetical proteins stated above were matched to very good 

spectra.  There are many hypothetical proteins encoded within genes belonging to various 

secretion systems and other virulence factors, which are of particular interest as many of 

the sequences of the effectors and their capabilities for the numerous T3SS and T6SS are 

still unknown.   

As stated repeatedly during the analysis of the data above, the Burkholderia 

peptides identified in Table 2.3 and described subsequently, with few exceptions, are 

single peptide hits or multiple peptide hits to a protein where at least one of peptides 

scored poorly or was not identified in a B. pseudomallei database.  By the statistical rules 

defined by the proteomics community, these cannot be declared as “observed” in the 

sample.  These algorithms are used because the more common, straightforward method of 

LC/MS/MS analysis using a purified or synthetic standard is impossible with the large 

number of potential peptides that could result from a sample.  These peptides, even those 

that are weak hits, can be used as a basis for synthesizing standard peptides.  If they elute 
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at the same retention time and have the same fragmentation spectrum as those in the 

sample, even if they do not score well with an algorithm their presence would be difficult 

to deny.   

To conclude, in an attempt to find proteins from invading B. pseudomallei we 

performed LC/LC/MS/MS on 9 patient samples in triplicate, obtained a list of identified 

and tentatively identified proteins, chose what we felt were the top three and raised 

antibodies against them.  This is a good paradigm for researchers attempting to identify 

protein targets for similar purposes, as the proteins we ID by these methods are, by virtue 

of the sample, guaranteed to be present in the sample and stable to some degree.   

Hopefully, more targets for antibodies will not be required.  At the time of the writing of 

this manuscript, our collaborators have raised antibodies to the samples and are preparing 

to incorporate them into their LFI device along with the LPS and CPS antibodies.   
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CHAPTER THREE 

ANALYSIS OF COLLAGEN AND ELASTIN CROSS-LINKS IN MOUSE MODELS OF 

HYPERTENSION 

 

 

3.1 Overview of Chapter Three 

Hypertension is a major risk factor for strokes, heart attacks, and aneurisms.  

Little is known about the specific relationships between angiotensin and extracellular 

matrix remodeling in hypertension.  It is known that when angiotensin II is increased, it 

causes an increase in blood pressure (BP) quickly and that vascular and cellular ECM 

remodeling happens soon after.  The goal of this research is to help elucidate the 

underlying biological mechanisms of that relationship.   

To critically test such a system requires analyzing many features of the mouse 

model of hypertension: physiological measurements of the mice, elucidation of the 

signaling pathways and transcriptional regulation of pertinent cell lines, and 

characterizing the physical material properties and biochemical composition of vascular 

tissues.  To this end, the Larson group has coordinated an effort with the Vande Geest 

biomechanics group and Wysocki mass spectrometry group to explore the broad aspects 

of this complicated system to more accurately define the relationship between ECM 

remodeling and hypertension.   

One of the more difficult proteins of the extracellular matrix to analyze is the 

heavily modified and cross-linked proteins collagen and elastin.  Cross-linking has been 
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shown to play important roles in other tissues, and many indirect preliminary data show 

that it may play a role in vascular ECM remodeling.  This chapter describes an 

LC/MS/MS method to analyze these cross-links in the mouse aorta in order to discern 

whether they may play a role in hypertension and other forms of heart failure.  These 

results are described in the light of other physiological, transcriptional and protein-level 

assays as well as biomechanical measurements to assess what role, if any, that these 

cross-links play in vascular remodeling.  

 

3.2 Translation and Modification of Collagen and Elastin 

Collagen is an ECM structural protein that comprises approximately 25% of the 

dry protein mass in an average mammal as a major constituent in bone, teeth, and the 

basal membrane for most tissues.
239

  Elastin, which forms fibers that provide tissues with 

elasticity, is an equally important part of the ECM, especially in the aorta where the 

elasticity is critical for the Windkessel effect, or continuous flow of blood after diastole.  

Despite their importance, the analysis of collagen and elastin is difficult as they are both 

challenging proteins to study due to their cross-linking and, specifically to elastin, 

extreme hydrophobicity.   Of the cross-links shown in Figure 3.1, the pyridinolines are 

specific to collagen and desmosines are specific to elastin.  A good understanding of the 

biosynthesis and cross-linking mechanisms is required to understand the results of these 

experiments, so this section will start with the description of translation of collagen and 

elastin, specifically the PTMs incurred immediately after translation that are so important 

to cross-linking.  Then, the action of lysyl oxidase (LOX) on cross-linking of the two 
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proteins will be described.  It is important to stress the diversity of techniques required to 

assess the extremely complex system of a tissue, so a brief review of methods used to 

analyze collagen and elastin are described followed by an  in-depth review of the 

measurement of cross-links.   

 

   

 

Figure 3.1 The desmosine (Des) and isodesmosine (Ide) cross-links of elastin and the 

pyridinoline (PYD) and dehydroxypyridinoline (DPD) cross-links of collagen.  Colors 

are used to show the original Lys and Hyl from which they were formed.   
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3.2.1 Collagen and Elastin Biosynthesis  

Collagen is a unique protein in many aspects, such as its secondary structure 

known as the triple helix and the substantial number of PTMs that allow it to take that 

conformation and become cross-linked once in the ECM.  During translation, the 

procollagen molecule is chaperoned at the C- and N-termini by protein disulfide 

isomerase (PDI), 4-prolyl hydroxylase (4PH), and lysyl hydroxylase (LH).  The 

contorted, yet remarkably stable collagen triple helix is formed in part and stabilized by 

an extensive number of 4-hydroxyprolines (Hyp).  The hydroxylation of proline assists in 

the trans-proline configuration required to make the triple helix energetically favorable.  

The procollagen C- and N-terminal domains prevent fibril formation and are cleaved 

before collagen is exocytosed from fibroblasts in the ECM.  Once exocytosed, they form 

fibrils without assistance.
240,241

   

The important PTM of collagen that occurs in the Golgi that is especially 

pertinent to cross-linking is lysyl-hydroxylation, as hydroxylysine (Hyl) is a major 

constituent of the collagen cross-links described later.  Thus, increasing lysyl 

hydroxylase-2 activity can increase the number of cross-links.
242,243

  It should also be 

known that Hyl can be heavily glycated and enzymatically glycosylated.  Non-enzymatic 

glycation is normally found in older tissues, and occurs at very high rates in 

diabetics.
244,245

  Enzymatic glycosylation occurs both in the Golgi and ECM.  For 

example, LH-3 has both hydroxylase and galactosyl- and glucosyl-transferase activity.  
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Hyl is galactosylated via LH3’s hydroxylysine galactosyltransferase activity, and 

glucosylated by its galactosylhydroxylysine glucosyltransferase activity to make 

galactosylhydroxylysine and glucosylgalactosylhydroxylysine, respectively.
246

  

Because later in this chapter we make an assumption in our analysis of PYD that 

all Hyl in our sample is derived solely from collagen, it is pertinent to justify this 

statement with literature data.  Although Hyl is not specific to collagen, it has never been 

identified in any other major component of the ECM.  Both complement C1q and 

adiponectin have collagen-like domains that contain Hyl, each that are usually found 

further modified with galactose.  Although complement C1q exists in serum at ≈ 180 

ug/mL
247

, the collagen-like domain is only known to bind C1r and C1s
248

, and has never 

been seen cross-linked to the ECM.  Reported adiponectin serum concentrations vary 

from ≈ 400 ng/mL to ≈ 9 ug/mL
249

 and the collagen-like domain is not known to exist 

with collagen cross-links, only disulfide bonds.  Due to our rigorous tissue washing step 

we feel that most soluble serum proteins are removed from the insoluble components, of 

which collagen and elastin should be the major proteins and that normalizing PYD and 

DPD to Hyl is reasonable. 

Normalizing PYD to Hyl has precedence: Increased pyridinoline cross-links have 

been correlated to LH2b activity and Hyl before.
250

  Two meeting abstracts have also 

shown that LH2b transcription increases were correlated with PYD increases.
251-253

  

Neither group has specifically normalized cross-links to Hyl, though. 

Elastin has a simpler amount of PTM processing.  Tropoelastin has Hyp, but not 

Hyl.  Elastin is notoriously hydrophobic, the protein in humans contain 70% Val, Gly, 
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Ala, Pro, Ile, and Leu.  There are intermittent hydrophobic and lysine-rich (KA and KP) 

domains described below in Figure 3.2.  Elastin associates with other elastin molecules at 

these hydrophobic domains which allow the lysine rich domains to remain in close 

enough proximity to become first cross-linked as divalents before becoming permanently 

cross-linked as desmosine.  The exact binding sites of elastin can change and elastin 

fibrils can exist in different conformations allowing them different physical properties, 

making elastin difficult to study as a polymer.    

 

 

Figure 3.2 Elastin cross-linking domains.  Reproduced with permission from 
254

.   

 

 3.2.2 Lysyl Oxidase Mediated Cross-Linking of Collagen and Elastin 

One of the most crucial enzymes in collagen and elastin deposition is lysyl 

oxidase (LOX).
255-258

  After cleaving the C- and N-terminal procollagen peptides and the 

signaling peptide of elastin, it is exocytosed into the ECM where LOX initiates series of 

events that creates the pyridinoline and desmosine cross-links.  The cross-link 

biosynthesis for collagen is depicted in Figure 3.3.  Lysyl oxidase catalyzes the formation 
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of allysine from Lys in both fibrillar collagens and elastin after they have been exported 

into the ECM.  Allysine reacts readily with neighboring lysine through Schiff-base 

chemistry to form what is described as the divalent, or immature cross-links.  Two of 

these cross-links react further to form the trivalent, or mature, pyridinoline and desmosine 

cross-links in collagen and elastin, respectively.  “Immature” refers to the fact that 

divalent cross-links are reversible.   “Mature” refers to the fact that the trivalent cross-

links are not only chemically stable, but because of the exceptional stability they provide 

their proteins, have an extremely long half-life and require special proteases to degrade, 

which will be discussed briefly in the next section.   

 

 

Figure 3.3 LOX mediated collagen cross-linking.  Reproduced with permision from 
259

. 

 



183 

 

An explicit mechanism for the formation of the mature cross-links from immature 

has not been elucidated, although there are likely hypotheses for the different cross-links.  

What is known is that after LOX has catalyzed divalent formation, no other enzymes are 

required for mature cross-links to form.  This has been shown with recombinant or 

purified protein with purified LOX enzyme.  The common feature to all of the current 

hypotheses is a Michael type-reaction between one divalent and either another divalent 

and or a free lysine or Hyl.  For desmosines in elastin, the suggested merodesmosine 

formed from four lysines have been purportedly observed and is thought to be an 

intermediate to the formation for the full desmosines
260

. For the pyridinolines, no 

intermediate has ever been observed. It would be difficult to undergo a Michael type 

reaction under physiological conditions, but the proximity in which the precursors are 

held may allow the normally unfavorable reactions to proceed favorably.  In many 

systems, reactions that are kinetically unfavorable can be accelerated when held in close 

proximity to each other.  This is most likely what drives the formation of mature 

pyridinolines from divalents.  

The positions of the cross-links in collagen proteins are known to a degree.  The 

C- and N-terminal cross-links are shown in the lower part of Figure 3.4.  These are the 

primary cross-link sites that can be observed as cross-linked peptides after proteolytic 

digestion and a substantial number of purification steps.  It is thought that more intra-

collagen cross-links exist, but the combinations of overlapping sites makes a large 

number of possible unique cross-linked peptides and purifying them has not been 

successful.  However, following the fluorescent signals specific to the pyridinoline cross-
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links by chromatography shows that many other eluting peptides can exist, so because 

they have not been observed does not mean that more cross-links do not exist.
259

  

 

Figure 3.4 Location of pyridinoline cross-links in collagen.  Reproduced with permision 

from 
261

. 

 

The exact configuration of desmosines in elastin proteins is even more elusive.  

One proposed structure is seen below in Figure 3.5, where two Lys on one peptide are 

cross-linked to two Lys on another.  There is only a small amount of proteolytic and mass 

spectrometric data for this.  Unlike collagen where cross-linked peptides have confirmed 

cross-link locations, there are specific domains where the cross-linking can occur in 

elastin that are limited by the distinct locations of required Lys, and it is thought that they 

are nearly completely occupied by cross-links.  
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Figure 3.5 Putative location of desmosine cross-links in elastin.  Reproduced with 

permission from 
262

. 

 

3.2.3 Note on ECM Regulation and Turnover  

It must be kept in mind that there are many activities at work in maintaining ECM 

composition including transcriptional regulation, proteolytic processing of pro-proteins 

and degradation of mature proteins, and a substantial number of PTMs; each 

aforementioned process is regulated itself as well.  A description of all levels of 

regulation and processing of collagen and elastin, outside of those directly related to the 

results of this project described in the previous pages, is a herculean feat.  While such an 

in depth description of regulation and processing is out of the scope of this work, it is 

worth acknowledging some aspects of proteolytic digestion of collagen and elastin as 

severe changes in basal patterns would affect our results. 

There is a continual balance of activity in the ECM, including the constant 

degradation and renewal of collagen and elastin mediated by a large collection 

proteinases.  One of the largest and most important families is the matrix 

metalloproteinase, or MMP family.  Of importance to collagen are the interstitial and 
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neutrophil collagenases (MMP1 and MMP8), the gelatinases A and B (MMP2 and 

MMP9), the membrane-type MMP’s 1-4 (MMP14 – 17), and matrilysin (MMP4).  

MMP12 is an elastase first identified in neutrophils that also degrades collagen.
263

  In the 

cathepsin family, cathepsin K is an important collagenase that has import role in bone 

catabolism and is frequently used as a purified enzyme tool in studying collagen. 

 

3.2.4 Previous Research on LOX and Cross-Linking in Vascular ECM Remodeling 

Collagen turnover is considered to be a dynamic process, in that healthy tissues 

have a balance of constructive collagen deposition with correct fibril orientation and 

cross-linking versus a basal level of proteolysis.  Pathologies caused by LOX activity 

imbalance and fibrosis (excessive collagen deposition) are well documented in 

myocardial infarcts, heart failure, and vasculature.
264-267

   For example, surgical injury to 

rat carotid artery has been shown to induce LOX transcription, expression and severe 

fibrosis which is detrimental to the subject
268

, but excessive inhibition of LOX after aortic 

aneurism resulted in a high rate of aortic dissection (death), suggesting that LOX is 

required for wound repair.
269

  LOX inhibition has generated interest as a therapeutic 

target
270

, and a small clinical trial for heart failure patients with a drug that lowered LOX 

transcription and activity lowered cardiac stiffness but did not improve cardiac 

performance significantly.
271

   

MMPs likely play a role in ECM remodeling.   A simple example is MMP14, 

which has been shown to adversely affect vasculature in the heart after myocardial 

infarction
272,273

 but can be mitigated by TIMP-2.
274

  MMP2 and MMP9 have been studied 
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very intensely in regards to ECM remodeling with conflicting reports on their roles.  

These conflicting results are likely due to the context in which a study is conducted 

(isolated cardiomyocytes
275

 vs. clinical plasma
276

), one author points out that time frame 

of inhibition is a significant issue
277,278

, especially in clinical contexts.
279

  Another part of 

this is likely due to the alternate proteolytic functions outside of the eponymous 

gelatinases activity, particularly with MMP-2.
280

  To add a further level of complication 

in MMP activity, there is a family of 4 tissue inhibitor of metalloproteinase (TIMPs), 

which have an important role in regulating vascular ECM remodeling.
281

  Good examples 

are the MMP14 described above and the MMP-2/TIMP-1 pair sought as a plasma 

biomarker for left ventricular remodeling.
276

  It is sufficient to acknowledge that 

proteolytic activity plays a role in vascular ECM remodeling, and to keep it in mind when 

analyzing results pertaining to collagen deposition.   

Elastin and desmosine are not as commonly studied in the vasculature as they 

once were.  They are most commonly studied in pathologies of lung tissue, and many of 

the desmosine measurement methods discussed in the material and methods section 

revolve around using the desmosines as COPD markers.
282-286

  The same is true about 

elastase: MMP12 is most often studied in relation to COPD
286-289

, with some uses in 

cystic fibrosis.
288

  Early work on elastin and inhibition of LOX in the aorta quickly 

demonstrated that elastin integrity and desmosine cross-links were crucial for the 

structural integrity of the aorta.
290-293

  In one recent study, elastase perfusion was used to 

cause abdominal aneurism in order to measure the repair, and treatment with a LOX 

inhibitor resulted in aortic dissection (death), suggesting that LOX activity is required for 
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wound repair.
269

  Other early attempts to use desmosine as an indirect measurement of 

elastin and Hyp as an indirect measurement of collagen and attempted to correlate aortic 

elastin and collagen content to aneurisms.
294-296

  While we now know that collagen 

structure and fibrosis play a role in aortic aneurisms by other means, those early methods 

are inaccurate as we now known that Hyp exists in both elastin and collagen and the 

levels of desmosines change in hypertensive tissues.  

One of the overarching aspects of the Larson group’s work is the regulation of 

tissue remodeling by T-lynphocytes.
297-299

  Traditionally the study has been limited to the 

balance of TH1 and TH2
298,299

, but recent evidence suggests that TH17 cells play important 

roles in inflammation
300,301

 and, most importantly to this chapter,  fibrosis and ECM 

remodeling
302

, Specifically, cellular remodeling by TH1 and ECM remodeling by TH17.  

It is important to know that RAG1 is required for B- and T-cell development
303

, and that 

RORγt and TBX21(T-bet) are required for TH17
304

 and TH1
305

 differentiation, 

respectively.   

 

3.3 Methods Used to Analyze Collagen and Elastin   

 It is important to understand alternate methods of analyzing a system as well as 

reviewing what has been done previously; to that end, the next part of the introduction 

will describe briefly other methods of analyzing collagen and elastin.  The first part will 

very briefly describe the impact of crystallography and NMR on elucidation of the 

structure of collagen, followed by a description of optical microscopy and related 

methods that can be applied to collagen and elastin.  The second part will be a more 
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thorough review of previous methods pertaining to the goal of this chapter: LC/MS/MS 

of the cross-links and similar methods of cross-link measurement.   

 

3.3.1 Structure and Organization of Collagen and Elastin 

3.3.1.1 Crystallography and NMR 

The first X-ray photo of collagenous tissue was taken in the 1920’s
306

 but real 

advancement came in the early 1950’s 
307,308

 where the triple helix structure continued to 

confound crystallographers, but agreed with IR and circular dichroism data that suggested 

it was a helical protein.
309

  With this data, it was Ramachandran and Kartha who 

suggested the first triple helix super-secondary structure
310,311

, although not initially the 

correct chain conformation. It is interesting to note that it was in a discussion about 

collagen stereochemistry that Ramachandran formally recognized that, as the peptide 

bond is planar, the angles of the other peptide backbones can be described by two angles, 

leading to the analysis of possible angle orientations by the first Ramachandran plot.  The 

suggestion of the triple helix started a heated debate with Rich and Crick over the next 

few decades over the exact structure and the role of hydrogen bonding in the triple 

helix.
312,313

 In recent years, crystallography
314

 and  NMR
315,316

 studies of synthetic 

collagen peptides have brought substantial advances into the understanding of the 

collagen helix stability, such as the importance of the cis-trans isomerization of Hyp as 

the rate limiting step of collagen unfolding.
317

   

 

3.3.1.2 Optical microscopy  
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The most straightforward way of observing changes in the ECM of a tissue is by 

optical microscopy aided by staining.  For collagen, the dye light-green-SF-yellowish is 

traditionally used in many popular staining protocols such as Masson’s trichrome
318

 and 

related protocols, although it has been replaced by Fast green FCF.  Sirius red F3B and 

fuchsin are also used in popular combinations, especially in cardiac tissue.
319

  

Hematoxylin stains elastin black, orcein leaves it reddish-brown.  

Both collagen and elastin have significant auto fluorescence due to the 

fluorescence of their cross-links.  More often than not, this is considered a nuisance
320

; 

but this attribute has been exploited in tissue analysis.  In order to distinguish the two 

proteins in tissues that contain significant amounts of both, polymolybdic or polytungstic 

acids will preferentially bind to and quench fluorescence in collagen.
321

  The most recent 

and significant use of collagen autofluorescence is in cancer diagnosis.  Multiple groups 

have been able to normalize collagen fluorescence to NAD(P)H fluorescence in 

precancerous oral
322

 and cervical tissue
323-326

, significantly reducing the false-positive 

rate of cervical cancer diagnosis.   

Another feature of collagen that allows it special treatment is its activity under 

polarized light:  collagen fibrils are birefringent.  This property is exacerbated when 

treated with the picric acid / sirius red stain as sirius red intercalates between collagen 

fibrils.
327

   This property is likely due to collagen fibril order, as this is not a feature of 

collagen IV, which forms a FASEB (non-fibrous) structure, and this can be overcome by 

using circularly polarized light.
328

  This has been a useful tool in the study of collagen 

structure in bone and cartilage
329

, as well as cardiac and vascular tissue
330

, as unhealthy 

http://stainsfile.info/StainsFile/dyes/75290.htm
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ECM remodeling tends to be more disorganized than healthy formation, and the 

diminished birefringence is indicative of disorganized or malformed fibrils.   This has 

been applied to polarized optical tomography to give more sophisticated images in 

atherosclerotic plaques.
331,332

    

 IR microscopy is relatively novel way to analyze collagen for in situ and 

analysis.
333

   Differences in the amide I stretch of collagen in triple helix and other 

proteins differs enough that some think it can be diagnostic.  

 

3.3.2 Direct Analysis of Cross-links 

The study of collagen and elastin cross-links can be loosely divided into the 

analysis of cross-links or proteolysis-freed cross-linked peptides.  Cross-links in either 

form have been correlated to many disease states such as osteoporosis and related bone 

metabolism disorders
334-341

, COPD
282,283,285,286,342

 and cancer.
343-346

  Cross-links can be 

freed via acid hydrolysis for analysis; usually separation by LC and detection by UV-vis, 

fluorescence or mass spectrometry.  The study of endogenous cross-linked peptides has 

been useful for elucidating ECM related protease activity during for ECM metabolism 

and remodeling.  Many antibodies to these cross-linked peptides exist in commercial 

ELISA’s.  A more thorough structural study of cross-links can be done by purifying large 

amounts of enzymatically cleaved cross-linked peptide from bulk biological samples, 

either tissue or copious amounts of urine.
259

  This is not common, as it is a tedious 

process that requires numerous purification steps.   
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3.3.2.1 Amino Acid Analysis  

Amino acid analysis by HPLC is a common method of analyzing amino acids and 

is extremely applicable to analyzing cross-links as the cross-links have many structural 

similarities to the common amino acids.  These methods are quantitative.  In short, an 

internal standard is spiked into the sample which may or may not undergo acid 

hydrolysis, depending on whether the researcher wants to analyze the free or total amino 

acid / cross-link content.  The amino acids are then enriched and concentrated by solid 

phase extraction and then usually derivatized to enhance separation or detection.  The 

samples are then applied to an analytical separation/detection system for quantitation.   

 

3.3.2.1.1 Synthesis of and Purification of Standards 

The early years of the study of collagen biochemistry, as a with most studies of 

proteins, consisted of analyzing overall amino acid content and the time consuming task 

of sequence analysis (now made trivial through MS proteomics methods).  Most 

researchers who performed quantitative amino acid analysis who included cross-links in 

their studies did not have synthetic standards to use and relied on standards purified from 

bulk tissue hydrolysates by various combinations of liquid/liquid extraction, column 

chromatography, or preparative HPLC.
259

  To date, the immature divalent and glycated 

cross-links have not been synthesized, and are usually acquired this way.   

The first total syntheses of the mature cross-links were major pyridinoline and 

pyrrololine collagen cross-links.  Dr. Pietro Allevi’s group at the University of Milan was 

the first group to show the total synthesis of DPD.
347

  The identical DPD synthesis 
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procedure was subsequently published by a group atAbbot Labs, who were also able to 

synthesize PYD
348

 via the same route. The Abbot group was later forced to acknowledge 

the Allevi group,
349-351

 but continued to provide more efficient routes to PYD and 

DPD,
352-354

 the simplest being a very creative synthesis using pyridoxine (vitamin B6) as 

a starting point
355

.   They also succeeded in synthesizing deoxypyrololine
356,357

 and 

succeeded in attaching DPD
358

 and pyrololines
359

 to BSA and KLH to create 

immunogenic intermediates for the preparation of antibodies to cross-linked peptides.  

The Allevi group went on to described the synthesis for glycosylated PYD.
360

  The total 

synthesis of desmosine has only very recently described,
361

 although desmosines have 

been previously reported in the literature as compounds borrowed from industry labs 

without a reference to their synthesis and unfortunately not available for public 

purchase.
362-364

   

For mass spectrometry analysis, isotopically labeled standards are ideal for 

internal standards, as they account for experimental error such as ionization efficiency 

and matrix effects almost perfectly with minimum deviations due to isotope effects.  

These standards are usually realized through incorporation of isotopes in a total synthesis.  

However, when a total synthesis is not available, the synthesis is too inefficient for the 

cost of the isotope labeled starting material, or unable to incorporate the isotopes 

differentially into the positions required, there are ways to incorporate isotopes without 

total synthesis.  Some methods are shown in Scheme 3.1.  One of these is the 

incorporation of 
18

O through acid or base catalyzed exchange in labeled water.  This 

procedure has been used in this group before, but it is not ideal, though, as the 
18

O will 
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back exchange in sample preparation steps performed at low pH.  As synthetic cross-links 

are difficult to synthesize (the total synthesis of desmosine was only described recently), 

one creative group was able to incorporate deuterium into purified cross-links.  In lieu of 

having synthetic standards, they used 1,8-diazabicycloundec-7-ene (DBU) as a non-

nucleophilic base to incorporate deuterium into the four acidic proton positions around 

the tertiary carbon in the pyridinoline rings of PYD, DPD and desmosine. 
365

 
362,363
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Scheme 3.1 Derivatization strategies for incorporating stable isotope labels into 

desmosines.  A) Acidic exchange of 
18

O by H2
18

O.  B) Replacing slightly acidic protons 

with deuterons via the non-nucleophilic base DBU.   

 

One other isotope labeling method that was used in the early years to elucidate the 

biosynthesis of desmosines and pyridinolines and to isolate radiolabeled internal 

standards used labeled lysine in culture media or animal feed.
366-368

  This was initially 

done to unambiguously show that these cross-links were derived from lysine.
369-371

  This 

process could in theory work to give labeled cross-links that could be later purified, but it 

is an inefficient use of labeled media as the synthesis of cross-links from cultured 

fibroblasts would give very low yields.  However, this might be a viable process for 

developing labeled internal standard for Hyl.  All other amino acids are available in 

isotope-labeled form for internal standards, including Hyp, but not Hyl.  Both Hyl
372,373

 

and glycosylated Hyl PTMs
246

 are isolated from cultured sponges, and are usually 

isolated in very high yields with collagen.  Hyl is a very large percentage of their protein 

content.  Growing sponge in lysine labeled media might be an efficient way to synthesize 

Hyl.   

For UV detection experiments, isotope labeling is not required, indeed it is not 

ideal as the peaks would co-elute and not be distinguishable.  Chemically similar 

analogues are generally used to accommodate for experimental error in sample handling 

and preparation, injection, etc.  Pyridoxine and homoarginine have been used as internal 

standards after hydrolysis.
374

 For cross-links that are analyzed by their absorbance or 
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autofluorescence, acetylated standards have been used as internal standards to shift their 

retention times.
244

     

With the many methods of achieving isotope labeled standards, isotope dilution is 

emerging as a common method for studying these cross-links.  As with many other 

analytes, isotope dilution is reported to provide significant enhancement of accuracy for 

MS based methods.
364,366,368

 

 

 3.3.2.1.2 Acid Hydrolysis 

 One of the most common techniques used in amino acid analysis is acid 

hydrolysis, which frees individual amino acids from peptides or proteins through the acid 

hydrolysis of the amide bond.  Sometime it is useful to compare the free vs. bound amino 

acid content by analyzing unhydrolyzed vs. hydrolyzed aliquots of samples, as is 

commonly done with urine or sputum samples for Des or PYD samples.   Acid hydrolysis 

conditions vary, but most commonly used methods include digesting in 6 N HCl for 18-

24 hr. while either refluxing or incubating in an enclosed vessel at 110 C.   

Acid hydrolysis is a very robust way of generating most amino acids from 

proteins, but it introduces its own complications for many others.  Unfortunately, 

glutamine and asparagine amides are hydrolyzed to their respective carboxylic acids and 

all tryptophan and much of the histidine content is destroyed.
375-377

  Histidine content 

destroyed can be accommodated with the digestion of standards or use of an internal 

standard, and the Asn and Gln content can be analyzed as the total Asn+Asp and 

Gln+Glu content.  Transglutaminase cross-links which are amides formed between lysine 
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and glutamic acid are also released to their parent amino acids in acid hydrolysis.  With 

regards to collagen and elastin amino acids, it is known that trans-4-Hyp can be 

epimerized to its cis-4-Hyp.
378,379

  The divalent imides are also hydrolyzed to their 

respective amine and carboxylic acids, however, this can be overcome though reduction 

by sodium borohydride making the resulting secondary amine which is not cleaved by 

acid under these conditions.  This provided an opportunity for early researchers who used 

tritium in NaBT3 to introduce tritium into the divalent cross-links and provided an easy 

handle for purification and quantitation.
380

   

Cysteine and methionine are particularly complicated AAs to analyze.  In a 

protein, cysteine can exist as disulfide bridged which can result in cystine when 

hydrolyzed.  The hydrolyzed free cysteine can then form the cystine dimer once free.  

The hydrolysis can oxidize cysteine to cysteic acid and cystine to sulfocysteine, and 

destroys an amount of both that needs to be compensated through recovery controls.
375,381

  

Methionine can exist as its singly or double oxidized analogues.  Methods exist to 

quantify cysteine and methionine that usually includes the complete oxidation with 

DMSO or performic acid, or by reduction followed by trapping with dithiothreitol, 

mercaptoethanol, or TCEP followed by derivatization with iodoacetamide or vinyl 

pyridine.   

 

 3.3.2.1.3 Sample Preparation 

Some of the tissue material might need to be removed prior to samples hydrolysis.  

This might mean an EDTA treatment to remove calcium deposits in bone or calcified 
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aorta tissue.  Also, a guanidine treatment can be useful for removing glycosaminoglycans 

and decellularizing.  The most thorough treatment uses artificial perfusion of a vascular 

sample with PEG, TritonX or SDS after surgical removal of a tissue to decellularize the 

tissue leaving only the insoluble ECM as seen in heart.
382

  For our experiments we 

homogenize the tissue and sonicate or vortex with SDS to remove as much of the soluble 

material as possible.   

 

3.3.2.1.4 Solid Phase Extraction 

Even before solid phase extraction (SPE) on silica media was a commonly used 

sample preparation / enrichment tool, many researchers studying collagen and elastin 

essentially performed SPE using Dowex 50 as a stationary phase and a 4:1:1 mixture of 

n-butanol, acetic acid and water.
383,384

 They crudely purified many amino acids in both 

samples for analysis but also bulk tissue for preparation of standards.  More commonly 

used now are commercial SCX SPE cartridges.  Polymer based “mixed mode” cartridges 

containing the benzenesulfonic acid group of SCX cartridges on a more hydrophobic 

polystyrene-pyrrolidone or N-vinylpyrrolidone-polydivinylbenzene stationary phase has 

recently become popular. 

 

 3.3.2.1.5 Derivatization 

There are two primary reasons to derivatize an analyte: to alter or enable retention 

for chromatography or enhance sensitivity by increasing absorbance, fluorescence, 

ionization efficiency or fragmentation efficiency.  Before LC/MS/MS was realized, 
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optical methods such as UV-vis or fluorescence were the only detection methods applied 

to cross-links, either by cuvette of fractions or by flow cell.  Both desmosines and 

pyridinolines have an inherent absorbance and fluorescence.  The pyridinolines absorb at 

295 nm with  molar absorptivities between 5000 and 6000 L/mol-cm, and have 

fluorescence excitation and emission maxima of 295 nm and 395 nm that can be used for 

detection
385

.  This is convenient as derivitiation is not required for detection if a normal 

phase separation is used. 
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Scheme 3.2 Derivatization strategies for amino acids. A) formation of N-terminal 

thiocarbamoyl, notably with PITC.  B) N-terminal amidation with an alkyl anhydride. C) 

O-terminal esterification with an alcohol.    

 

 An issue for the separation of the cross-link shown in Figure 3.1 is that they are 

extremely polar, with nine total charges at the most feasible chromatographic pH.  On 

reverse phase columns, they elute with or very close to the solvent front.  Derivatization 

is often employed to retain them on reverse phase columns, many approaches are shown 

in Scheme 3.2.  PITC, OPA, ACQ are common with optical detection, and although not 

required for detection purposes as the trivalent cross-links auto fluoresce, the methods 

allowed them to fit in well with other common total amino acid analysis protocols that 

use reverse phase chromatography.  Recently, for MS analysis, alkyl acid anhydrides in 

base have become very popular as they react extremely fast and efficiently and provide a 

facile cleavage around the resulting amide.  Derivatization to butyl esters are common in 

MS, as they significantly increase retention and create a facile fragmentation, but have 

not been applied to cross-link analysis.   

 

 3.3.2.1.6 Separation 

By far, the most commonly used HPLC separation column is porous silica 

derivatized with octadecyl silane (C18), and the cornucopia of its commercial 

permutations including proprietary colloid derived silica and core shell silica as well as 

various end-capping treatments, most commonly trimethyl silane.  Media that has not 
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been end-capped tends to suffer from tailing with many compounds containing amines, 

and amino acids are particularly prone to this.   

Because the trivalent cross-links and desmosines are difficult to separate, 

extensive ion pairing is often employed to separate them.   Popular ion pairing reagents 

include alkylsulphonic acids (C6-12)
383,386-389

 and hexafluorobutyric acid
282,390-392

.  While 

the former is completely incompatible with MS, the latter has been used with MS 

detectors, although it is advised to flush the lines after use due to its extreme 

corrosiveness and to be used only on dedicated instruments as the HFBA can cause ion 

suppression if there is any substantial carryover.    

Cation
376,393

 and anion
259

 exchange resins have been used before, but have fallen 

out of favor compared with C18, which typically gives superior resolution and linearity.  

HILIC columns have been used with amino acids, and most impressively used to 

separated Pro and Hyp isomers, but suffer from the poor resolution and extreme tailing 

that is common with amines on bare silica columns common to the method
394

.  

Additional separation methods such as MEKC
395

 and CE
396,397

 have also been employed.    

Given the dynamic nature of living systems, many experiments in biology that 

measure a given variable require the use of a known constant or co-expressed variable for 

normalization.  This is especially important to tissue analysis, where the sample is so 

heterogeneous that quantitation is meaningless without a normalizing value.  On the 

cellular level, for PCR, the expression of B actin or another housekeeping protein is 

commonly used as it is being constantly expressed.  In urinalysis, creatinine is used as it 

is constantly filtered from blood into urine.  This has been used with analysis of 



202 

 

pyridinolines or desmosines in urine.  Some of the older analyses of pyridinolines and 

desmosines normalized to the dry weight of the samples being analyzed.  This was 

common for bone and muscle analysis.  As will be shown later in this chapter, we 

eventually found that for tissue analysis, dry weight may be misleading in cardiac and 

vascular tissue as many disease models including hypertension contain fibrosis.  One of 

the developments in this body of work is the use of amino acids specific to collagen to 

normalize cross-links to collagen synthesis.   

 

 3.3.2.2 The Study of Cross-linked Peptides 

Isolating cross-linked peptides from tissue or cell culture is not a common or 

trivial experiment.  The first thorough characterization was performed on bone which, 

after demineralizing and washing with guanidine, almost entirely consists of collagen I 

and III
259

.  After digesting with clostridial collagenase and cathepsin K, samples were 

subjected to SEC, cation exchange, and reverse phase chromatography using the inherent 

fluorescence of PYD and DPD and the reaction of Ehrlich’s reagent to the pyrolidones to 

follow the fractions.  The authors characterized the fractions by MS to determine the 

attached amino acid sequence in order to determine the most abundant cross-linking sites 

in Col 1 and III.   

 While the research described above was useful for finding the common cross-

linking locations, there was a much more practical purpose for their work.  With the large 

amount of cross-links accumulated through bulk purification, they were able to inoculate 
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animals to create antibodies to them for the purpose of developing ELISA’s.  Other 

groups have followed, and many patents were issued on such products: 

 Pyrilinks test (Metra Biosystems, Santa Clara, CA) ELISA that measures collagen 

type 1 cross-link.
398

   

 Osteomark test (Ostex International, Seattle, WA) ELISA that measures cross-

linked N-telopeptides of type 1 collagen, NTx, (probable first report
339

).   

 Serum Crosslaps
399

: ELISA that also measures collagen type 1 cross-link
399

. 

 Nordic Biosystems has a series of ELISAs that can supposedly differentiate 

between cross-links of different collagen isoforms
400-404

.   

For quantitation, studies that compare cross-link levels by ELISA of undigested 

biological fluids to either unhydrolyzed and acid hydrolyzed biological fluids HPLC are 

agreeable.  One study by Kamel and Fermo showed that values measured over 

populations agree fairly well
405,406

, but when comparing individual samples, values 

between ELISA and HPLC can vary up to 8%, probably due to the fact that immune 

based methods are biased by  the form in which the cross-links are presented (free or 

peptide-bound).
407

  When comparing commercial ELISA and HPLC methods in a 

multilaboratory study, HPLC had better reproducibility within-lab, but had worse 

reproducibility across labs, although this issue was significantly mitigated when the 

experimental values were normalized to a calibrator value.
408

  Gomez saw unequal values 

but still very good correlation when comparing, although HPLC had a better sample 

CV.
398
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3.4 Materials and Methods 

3.4.1 Chemicals 

Isodesmosine and desmosine cross-links purified from bone were purchased from 

Elastin Products of Evanston, MO.  Standardized mixtures of purified PYD and DPD 

were purchased from Qiagen (Valencia, CA).  Deuterium labeled d4Lys and d3Hyp were 

purchased from CDN Isotopes of Pointe-Claire, Quebec, Canada.  Deuterated water (98% 

isotopically pure) was purchased from Cambridge Isotope Labs of Andover, MA.  All 

other amino acids and chemicals where purchased from Sigma Aldrich of St. Louis, MO.   

 

3.4.2 Deuteration of Des and Ide Internal Standards 

Des and Ide standards were made by a modified method reported elsewhere
362,363

, 

the reaction scheme is shown above in Scheme 3.1.  Briefly, a 100 uL aliquot of a 5 

mg/mL aqueous solution of the standard is dried in a speed-vac and reconstituted in 100 

uL of deuterated water.  10 uL of freshly distilled DBU was added and the entire solution 

is heated at 70º C for 72 hrs.  The solution is then dried in a speed vac and reconstituted 

in 200 uL of 0.2% formic acid three times.  The standard is finally reconstituted and 

stored in 200 uL of 0.2% formic acid to ensure that any trace remaining DBU is inactive.  

For prudence, it is good to check the isotopic purity of the internal standard by infusion 

prior to its application to important samples.  
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3.4.3 Mouse Models 

Mice were 8 week old C57 black, fed normal rat chow, kept on a 12 hr light cycle.  

They were infused with VAL(5)ATII  (ATR1 specific agonist) at 490 ng/kg/min by 

subcutaneous injection by Azlet ® osmotic pumps form Jackson Labs.  Tail-cuff BP was 

measured the day before sacrifice with Haterus Inc, Tail-cuff.  Bio-telemetry of awake, 

unrestrained mouse BP measurements was inserted into the left carotid artery from 

Datasystem International (DSI, Minneapolis MN) implanted 12 days before Azlet 

infusion.   

 

3.4.4 Aorta Preparation and Acid Digestion 

After surgical remove of the aorta from the mouse, the aorta was washed with 

phosphate-buffered saline, SDS solution, water again and finally lyophilized to dryness.  

This washing procedure is done to remove as much soluble cellular and ECM material as 

possible, and all that is left is insoluble ECM which should consist primarily of collagen 

and elastin.  Dry aortas were weighed on an electrobalance.   

The weighed aortas were sealed in ampoules or Teflon-lined screw-cap vials in 

0.5 mL of 6N HCl and 10 uL of internal standard (100 ug/mL), and then hydrolyzed for 

24 hrs at 112º C in an oven or using a heating block.  The combination of ampoules and 

heating blocks are ideal, however finding enough heating block room for all samples can 

be challenging.  Lab ovens are not homogenous in temperature which might cause some 

ampoules to break while heating blocks give a more uniform distribution of heat.   Screw 
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cap vials, even with Teflon-lined lids, can corrode and can leak gas which causes the 

sample to dry and burn.  These are all lessons paid for by experience.   

 

3.4.5 Solid Phase Extraction 

After hydrolysis, the samples were dried in a speed-vac and purified on a Waters 

(Milford, MA) 30 mg MCX SPE cartridge via a method previously described and 

assessed for good recovery.
85,86

  In brief, the columns are wetted with 1 ml of MeOH and 

deionized water each, the samples are reconstituted and loaded onto the column with 500 

uL .05 N HCl, the samples are washed with 1 mL deionized water, MeOH and 0.1 N HCl 

each, and eluted with 2.0 N HCl.  Samples were dried in a speed-vac and reconstituted in 

500 uL of 100 mM ammonium bicarbonate prior to derivatization.   

 

3.4.6 Derivatization 

The derivatization technique used for all mouse samples was with N-terminal 

derivatization with propionic anhydride, shown in Scheme 3.2C.  This has many 

advantages for the analysis of the desmosine and pyridinoline cross-links: it prevents 

multiple charge states by eliminating amines and replacing them with less basic amides, 

reduces the high polarity of the peptide backbones for better LC retention, and creates an 

efficient fragmentation at the N-terminus.  The process is described elsewhere
85

, but 

briefly: 100 uL of sample dissolved in 100 mM ammonium bicarbonate is mixed with a 

solution of 23% propionic anhydride and 9% ammonium hydroxide in isopropanol.  The 

addition of propionic anhydride to the isopropanol should be the final step, and should be 
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done immediately prior to the addition of that solution to the sample because propionic 

anhydride will start to react with the water and ammonia in the solution as soon as it is 

added. 

 

3.4.7 Liquid Chromatography Tandem Mass Spectrometry with a QqQ System 

The liquid chromatograph was a Dionex Ultimate Plus system configured with the 

200 uL/min flow reducer capillary chip.  The solvent systems, gradients, and columns 

used are described with the data where it is discussed below.   

The QqQ mass spectrometer was a Sciex 4000 QTRAP, shown below in Figure 

3.6.
31,409,410

  Q3 is a linear ion trap which can be used as an rf-only ion guide, QMF, or an 

ion trap.  The ion trapping function of Q3 can be engaged for the purpose of 

accumulating ion current prior to sending the ion packet to the detector and increasing the 

sensitivity of the instrument.  Extra caution must be taken for building quantitative 

methods with the trapping function as it utilizes a method called automated gain control 

to sense and regulate the ion current in the LIT, compromising quantitation.  The trapping 

function is not engaged in any of this work, and the instrument can be thought of as a 

standard QqQ. 



208 

 

.

 

Figure 3.6 Diagram of the Sciex 4000 QTRAP.  Reproduced with permission from
411

. 

 

 

3.4.8 Liquid Chromatography Tandem Mass Spectrometry with a QTOF System 

The liquid chromatograph was a Dionex 3000 UPLC system.  The columns used 

were either an Agilent Zorbax Eclipse Plus C18 rapid resolution HD 2.1x50mm 1.8u 

UHPLC column or a Phenomenex Kinetix C18 2.6 um core shell 100 Å 100 x 2.1 mm ID 

column, each with respective guard columns.  Solvent systems and gradients are 

described with the data where it is discussed below. 

The mass spectrometer was an ABSciex 5600 “TripleTof” QTOF, shown in 

Figure 3.6.
38

  The TOF was calibrated both in MS and MS/MS modes at the start of every 

use and every 45 minutes when optimizing analyte transitions, and then calibrated in 

MS/MS mode every 6 samples during sample analysis.  The calibration mixture for MS 

mode was provided by the manufacturer without chemical details.  The calibration 

mixture for MS/MS was reserpine (200 ng/mL) in 60/40 v/v ACN/water with 0.1% 

formic acid.   
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Figure 3.7 ABSciex 5600 “TripleTof” QTOF.  Reproduced with permission from
38

.   

 

 3.5 Results and Discussion: 

 The results will be presented in the logical order in which the experiments would 

be performed to optimize, validate and carry out a method on samples.  Although the 

initial experiments were first done on the QqQ, it is more useful to use the QTOF data for 

the general discussion of the fragmentation patterns because of the accurate mass.  First, 

the general fragmentation patterns of the analytes will be described, as these should be 

considered when choosing transitions for quantitation.  Next, the optimized transitions 

will be described along with the calibration and reproducibility data accumulated before 

and during the analysis of the large sample batches.  Next, the results of the analysis of 
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the 2 major sets of VAL(5)ATII  treated mice will be described along with other pertinent 

biological data and conclusions.   

 

3.5.1 Fragmentation of Des and Ide Derivatives 

 The first fragmentation patterns described are those for Des and Ide.  Because of 

the difficulty of resolving them chromatographically, the tedious task of describing every 

fragment was done in hopes of finding possible favored fragments for Des vs. Ide and 

vice versa.  The fragmentation spectra for Des, Ide and d4Des are shown below in Figure 

3.8, and the list of fragment masses and their corresponding composition for the natural 

abundance and d4Des internal standard are given in Appendix A.  The region of the 

spectra with the fragments that were optimized for our sample analysis methods are 

shown below in the insert of Figure 3.8.  The figures were made by overlaying spectra 

obtained by infusing 0.5 ug/mL solutions of the standards independently.  Des and Ide are 

red and black respectively, but overlap to such a degree that they cannot be distinguished 

except for minor variances in height.  d4Des is blue, and comparison with the Des/Ide 

peaks in Figure 3.8 clearly show that they differ by exactly 4 hydrogens replaced by 

deuteriums.  The list in Appendix A was made by extracting every peak above 0.05% 

relative intensity and aligned for the same peaks in the respective spectra.  If a predicted 

fragment in either the Des or Ide spectrum was found without the other, the other 

spectrum was searched for the peak below 0.05% intensity and it was included if found.   
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Table 3.1 Optimized parameters for QqQ detection on the 4000 QTRAP.  EP = Exit 

potential, CXP = collision cell exit potential, IS = ionspray potential, GS1 and GS2 are 

arbitrary values for source gas inlets.  DP, EP, CE, CXP, are in V.    

 

 

Table 3.2 Optimized parameters for the parent and fragment ions used for the QTOF.   

 

 

Most of the fragments in the higher end of the spectrum include neutral losses that 

are a combination of one or more of the following: water (H2O), carbon dioxide (CO2), 

carbon monoxide (CO), formic acid (CH2O2), propenaldehyde (C3H4O), propanamide 

Analyte Q1 Q3 DP EP CE CXP IS GS1 GS2

750.5 706.4 8 54 22

750.5 694.3 9 56.5 22

750.5 565.2 10 57 18

754.5 710.2 12 57 23

754.5 698.1 7 58 23

754.5 654 12 62 21

597.4 524.1 10 58 15

597.4 506.1 10 49 15

597.4 495.1 10 46 15

581.4 490.1 10 51 15

581.4 508.2 10 49 15

581.4 525.2 10 60 15

120Dehydroxypyridinol ine

4800 25 50

99

100

120

Ful ly derivatized 

Desmos ine and 

Isodesmos ine

Deuterated 

Desmos ine and 

Isodesmos ine

Pyridinol ine

Analyte
Q1 Mass 

(m/z)

Extracted 

Ion (m/z)
CE (V) DP (V)

CE Spread 

(V)

Capillary 

Temp
IS (V) GS1 GS2

Des/Ide 750.39 694.3697 54 196

PYD 597.28 506.2359 40 107

DPD 581.28 525.2804 40 100

d4Des 754.42 698.3825 54 214

Hyl 275.16 201.1234 17 60

d4Lys 263.19 144.1321 16 60

0 550 C 5500 V 25 50 Analyte
Q1 Mass 

(m/z)

Extracted 

Ion (m/z)

CE 

(eV)

DP 

(eV)

CE 

Spread

Capillary 

Temp
IS GS1 GS2

Des/Ide 750.39 694.3697 54 196 0

PYD 597.28 506.2359 40 107 0

DPD 581.28 525.2804 40 100 0

d4Des 754.42 698.3825 54 214 0

Hyl 275.16 201.1234 17 60 0

d4Lys 263.19 144.1321 16 60 0

550 C 5500 V 25 50
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(C3H7NO).  Fragments can also include the bond cleavage between the α-C and β-C of a 

peptide backbone region of a former Lys, yielding the loss of the reduced or non-reduced 

propamide-peptide backbone structures, and then including the other side-chain carbons 

down to the last ε-C with varying states of reduction.  The carbon monoxide loss may 

seem peculiar as it would be difficult to remove the CO without the other oxygen, 

however there is precedence.
412

  Arginine commonly gives a CO loss in a mechanism that 

involves an interaction between the carboxyl group and the guanidino group that is 

discussed later in section 4.4.2 where arginine fragmentation is described in detail.  It is 

possible that the tertiary pyridinium nitrogen could behave in the same manner, 

permitting the CO loss for the derivatized desmosines.   

 The elemental composition of many of the fragments are described in Appendix 

A, and many of the fragments are described to the extent afforded by redundant masses 

from more than one set of losses.  For example, the losses of formic acid and the 

combined losses of water and CO provide the same ion, and thus the resulting ion could 

result from one or both of the possibilities.  This simple example is easy to keep in mind, 

however there are more redundancies as the fragment ions become smaller, such as the 

identical masses of CH2O2 and a peptide backbone with a piece of a reduced lysine side 

chain versus CO2 with a peptide backbone with a piece of a saturated lysine side chain.  

The first possible example of confusion is at 577.3232 where a loss of water and 

propanamide-peptide backbone with a vinyl β-C could be confused with the 

propanamide-peptide backbone and CO loss, and thus no attempt is made to elucidate the 
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fragments below this mass.  Elucidation could be done by higher order MS
2
 but is beyond 

the scope of this work.   

 While most of the intense peaks have the same response for both Des and Ide 

many of the small fragments with less intense peaks do not.  A collection was made of 

ratios of the relative intensities of the peak heights for Ide and Des with magnitudes >2 or 

<0.5.  These are shown in Table 3.3 

 

Table 3.3 Sub-set peaks list for Ide and Des fragment peaks which differ in intensity by 

greater the 2-fold.  Elemental composition is provided.  The first section contains peaks 

were Ide was higher, the second section contains peaks were Des was higher.   

Ide 
Peak 

Height  

Des 
Peak 

Height  

Fragment 
Mass 

C H N O 
Ide/ 
Des  

Ide Peak 
Height  

Des Peak 
Height  

Fragment 
Mass 

C H N O 
Ide/ 
Des 

0.4468   474.2235 24 32 3 7   
 

0.7766 2.9539 499.3642 29 47 4 3 0.494 

0.2660   446.2007 18 30 4 9   
 

0.9574 3.7070 474.2599 25 36 3 6 0.485 

0.2660   373.1758 20 25 2 5   
 

0.5106 1.9885 461.3486 26 45 4 3 0.482 

0.2872   363.1914 19 27 2 5   
 

0.4043 1.5764 400.2958 24 38 3 2 0.482 

1.1596   318.1839 20 22 4     
 

0.7340 2.8646 430.2700 24 36 3 4 0.481 

0.8936   274.1927 18 26 2     
 

0.2128 0.8357 442.3064 26 40 3 3 0.478 

1.0000   262.1913 15 24 3 1   
 

0.2872 1.1537 556.4221 32 54 5 3 0.468 

0.2340   246.1489 15 20 1 2   
 

0.6383 2.5783 207.1492 12 19 2 1 0.465 

0.1809   241.1699 16 21 2     
 

2.3840 9.7915 562.3963 30 52 5 5 0.457 

0.1596   232.1332 14 18 1 2   
 

0.7883 3.2786 572.4170 32 54 5 4 0.452 

0.3830   213.0268 8 7 1 6   
 

0.2553 1.0663 449.3122 24 41 4 4 0.450 

0.3830   102.0913 5 12 1 1   
 

0.2021 0.8742 475.3642 27 47 4 3 0.434 

1.1383 0.3362 361.2234 19 29 4 3 6.359 
 

3.0628 13.2613 377.2911 21 37 4 2 0.434 

1.9574 0.5956 347.1965 19 27 2 4 6.173 
 

3.7638 16.3718 517.3748 29 49 4 4 0.432 

2.4149 0.7589 417.2496 22 33 4 4 5.976 
 

0.4787 2.1422 515.3592 29 47 4 4 0.420 

22.4479 7.7243 463.2551 23 35 4 6 5.458 
 

0.2021 0.9318 248.2121 15 26 3   0.407 

2.0968 0.7406 362.2074 19 28 3 4 5.317 
 

0.1064 0.4995 541.3384 30 45 4 5 0.400 

17.4777 6.2248 519.2813 26 39 4 7 5.273 
 

0.3298 1.6523 278.2227 16 28 3 1 0.375 

1.0851 0.4035 373.2598 18 35 3 5 5.051 
 

0.3191 1.7416 518.4065 29 52 5 3 0.344 
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4.9617 1.8742 407.2289 20 31 4 5 4.972 
 

0.1809 1.0471 591.3025 29 43 4 9 0.324 

5.8628 2.2488 420.2130 21 30 3 6 4.896 
 

0.9489 5.8300 321.2662 20 35 1 2 0.306 

4.2660 1.6427 392.2180 20 30 3 5 4.877 
 

  0.8357 447.2966 24 39 4 4   

0.6596 0.2594 336.1918 17 26 3 4 4.776 
 

  0.5572 359.2527 16 33 5 4   

4.1798 1.6811 303.2067 18 27 2 2 4.670 
 

  0.7877 347.2329 20 31 2 3   

2.1713 0.9318 363.2391 19 31 4 3 4.376 
 

  0.7012 274.2013 14 28 1 4   

5.7521 2.4717 448.2442 23 34 3 6 4.371 
         

4.0340 1.8060 376.2231 20 30 3 4 4.195 
 

3.7191 2.6523 503.2864 26 39 4 6 2.634 

1.2872 0.5860 457.2809 25 37 4 4 4.126 
 

1.4681 1.0471 418.2336 22 32 3 5 2.633 

6.1000 2.7896 404.2544 22 34 3 4 4.107 
 

1.9904 1.4227 447.2601 23 35 4 5 2.628 

1.2660 0.5860 473.2758 25 37 4 5 4.058 
 

0.2553 0.1825 269.2012 18 25 2   2.627 

1.3723 0.6436 401.2547 22 33 4 3 4.005 
 

0.3085 0.2209 312.2070 19 26 3 1 2.622 

12.8989 6.0711 360.2646 21 34 3 2 3.990 
 

3.0787 2.2094 431.3017 24 39 4 3 2.617 

2.0032 0.9510 364.1867 18 26 3 5 3.956 
 

0.3191 0.2305 235.1441 13 19 2 2 2.600 

2.7766 1.3256 344.1969 19 26 3 3 3.934 
 

0.4149 0.3074 314.2240 21 30 0   2.535 

10.7872 5.2171 419.2666 24 37 1 5 3.883 
 

2.4181 1.8069 140.1070 8 14 1 1 2.513 

1.0638 0.5187 342.2540 21 32 3 1 3.852 
 

0.7245 0.5476 315.2431 20 31 2 1 2.485 

0.7979 0.3939 501.2708 26 37 4 6 3.805 
 

2.0564 1.5687 491.2500 24 35 4 7 2.462 

1.6064 0.7983 445.2445 23 33 4 5 3.779 
 

4.6936 3.5994 402.2387 22 32 3 4 2.449 

2.6330 1.3458 186.1125 9 16 1 3 3.674 
 

22.0574 17.1451 509.2606 24 37 4 8 2.416 

4.6926 2.4342 348.2282 19 30 3 3 3.621 
 

0.4691 0.3650 340.2383 21 30 3 1 2.414 

0.6383 0.3458 358.2125 20 28 3 3 3.466 
 

0.3191 0.2498 389.2183 20 29 4 4 2.400 

0.8830 0.4803 330.2176 19 28 3 2 3.453 
 

1.8404 1.4515 329.1860 19 25 2 3 2.381 

7.7170 4.2094 475.2915 25 39 4 5 3.443 
 

0.3617 0.2882 301.1547 17 21 2 3 2.357 

6.1851 3.3948 130.0863 6 12 1 2 3.422 
 

0.5851 0.4707 168.1019 9 14 1 2 2.335 

0.4894 0.2786 288.1707 16 22 3 2 3.299 
 

0.3936 0.3170 319.2492 18 31 4 1 2.332 

4.9947 2.8473 464.2391 23 34 3 7 3.295 
 

4.3745 3.5783 390.2023 20 28 3 5 2.296 

1.0426 0.6148 275.1754 16 23 2 2 3.185 
 

2.2340 1.8473 332.2333 19 30 3 2 2.271 

0.5532 0.3266 319.1652 17 23 2 4 3.181 
 

0.2660 0.2209 233.1285 13 17 2 2 2.261 

0.4043 0.2402 402.2023 21 28 3 5 3.161 
 

0.7234 0.6052 400.2231 22 30 3 4 2.245 

7.0309 4.2248 287.2118 18 27 2 1 3.126 
 

0.6915 0.5860 356.2333 21 30 3 2 2.216 

4.2064 2.6926 446.2286 23 32 3 6 2.934 
 

3.7160 3.1518 375.2755 21 35 4 2 2.214 

0.6383 0.4131 384.2282 22 30 3 3 2.902 
 

1.9574 1.6820 291.1703 16 23 2 3 2.186 

0.6596 0.4323 374.2074 20 28 3 4 2.866 
 

0.2553 0.2209 202.1226 13 16 1 1 2.170 

0.3936 0.2594 292.2020 16 26 3 2 2.850 
 

0.5426 0.4707 230.1539 15 20 1 1 2.165 

0.4149 0.2786 307.1652 16 23 2 4 2.797 
 

0.2766 0.2402 147.1043 10 13 1   2.163 

1.7043 1.1623 300.2084 20 28 2   2.754 
 

5.3766 4.7435 346.2125 19 28 3 3 2.129 

1.5330 1.0471 318.2176 18 28 3 2 2.750 
 

3.7553 3.3477 420.2493 22 34 3 5 2.107 

1.5011 1.0279 320.1982 19 28 4   2.743 
 

0.9043 0.8165 403.2690 21 39 0 3 2.080 
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0.7128 0.4899 429.2860 24 37 4 3 2.732 
 

0.2021 0.1825 249.1598 14 21 2 2 2.080 

27.2628 18.7954 565.2868 27 41 4 9 2.724 
 

2.0745 1.9116 352.1867 17 26 3 5 2.038 

1.1702 0.8069 386.2438 22 32 3 3 2.724 
 

10.3606 9.5504 521.2970 26 41 4 7 2.037 

8.2277 5.6744 408.2129 20 30 3 6 2.723 
 

4.0521 3.7723 285.1961 18 25 2 1 2.017 

    

There may be fragments that are favored by Des or Ide.  For example a series of 

peaks belonging to the fragment formed at pyridinium nitrogen with further fragments 

appear to be more dominant in the Ide spectra.  A similar series of fragments between γ-C 

and δ-C are more dominant in the Des spectra.  These fragments are illustrated below in 

Figure 3.9.  Regardless of what the structure is of the more dominant fragments for the 

different desmosines, it may be possible to mathematically separate the two pairs of 

fragments by solving a system of linear equations in a manner similar to that by which 

mixtures of compounds can be quantitated using multiple points of a UV-vis spectrum.  

Additional resolving power may be obtained by finding the optimum collision energy 

where the magnitude of the differences between Ide and Des peaks are the highest.  It 

should be noted that this technique would only be viable with high resolution analyzers, 

preventing its use by QqQ or other unit-resolution instruments.  Looking at Figure 3.9B-

D, it is obvious that many of the peaks would not be distinguished from others at unit 

mass.   
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Figure 3.9 Example of possible trends in differential fragment intensity between Des and 

Ide (A).  Many of these fragments, exemplified in subset spectra (B-D) show why such a 

strategy to isolate Des and Ide would not work in a unit resolution analyzer.  Differences 

might be further enhanced by optimizing collision energy to maximize the difference.   

 

 The spectrum for the internal standard, d4Des, is included in Figure 3.8, and the 

insert shows that the fragments correspond to a change of 4 deuterium for 4 hydrogens.  

The larger fragments shown in the insert all retain the 4 deuteriums.  This is expected, as 

the higher mass fragments are comprised of smaller neutral losses that would not remove 

carbons surrounding the pyridinium nitrogen.  For the sake of completeness, the list of 
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d4Des fragment ions shown Figure 3.8 is included in Appendix A (all fragments above 

0.05% relative signal intensity) but no attempt to assign formulae is made.   

Because the deuteration method only incorporates deuterium around the 

pyridinium nitrogen, Scheme 3.1 shows that Des and Ide receive 4 and 3 deuterons 

respectively.  While the mass are shifted 4 and 3 m/z, the isotope pattern for the natural 

abundance of C13 would remain.  The thought might occur to one to use the deuterating 

procedure to label the sample in the same way as the internal standard in order to separate 

the two otherwise isobaric species.  If complete, this would isolate d3Ide easily; however 

d4Des would overlap with the 
13

Cd3Des.  To do this successfully, deuterated water with 

very high isotopic purity must be used as incomplete labeling would cause d3Des to 

overlap with d3Ide.  Prohibitive aspects include the high cost of high isotopic purity 

deuterated water for large sample sets and the validation against possible losses for other 

analytes in the sample that might be caused by the DBU and heat in the deuteration 

process.   

To select the parent-product ion pairs used for sample analysis, the peak intensity 

at the optimum collision energy must be obtained.  Figure 3.10 below shows an energy 

resolved mass spectrum obtained by ramping the collision energy and monitoring the 

listed fragments for Des.  For QqQ analysis, two or three fragments are selected for SRM 

monitoring: the most intense is used for quantitation and the other two for confirmation. 

Because the parameters for the QqQ can address each individual transition independently, 

the optimized parameters can be used.  With the  QTOF, the entire spectrum is collected 

at once, and the fragments used for quantitation are extracted from the series of spectra 
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collected during chromatography.  In the case of the QTOF, each transition is not 

addressed independently and there are three options for selecting CE: 1) select the 

optimum CE for most intense transition 2) have multiple product ion scans for the same 

analyte using the optimum CE for each transition of interest and 3) use the collision 

energy spread, which performs a fast ramp of the CE for the PI scan limited to a window 

of 10 eV.  The first option is selected in this work because the optimal CE for the 

transition used for quantitation is used and even if the other transitions are not optimal, 

they are still intense enough to be used for confirmation.  The third option can be a good 

choice if the optimal CE is not substantially different between the transition of interest.  

The second option would sacrifice throughput, lowering the number of analytes that can 

be analyzed on a chromatographic timescale.    

 

Figure 3.10 Energy resolved mass spectrum of Des (A) and Ide (B).  Solutions were 0.5 

ug/mL in 70/30 ACN/water with 0.1 % formic acid at 40 uL/min.  CE was increased at 

0.5 eV intervals, DP was 214 eV. 
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All of the instrumental parameters are optimized in this way, however the 

declustering potential is most important for the parent ion and the collision energy is the 

most important for a given transition.  Tables 3.1 and 3.2 give all optimized parameters 

for transitions used in this thesis for the QqQ and QTOF methods, respectively.  This 

includes the parameters or the amino acids and the pyridinolines and Hyl listed below.  

The fragments monitored for QqQ methods are listed in Table 3.1, of which the 694 

fragment was used for the quantitation for both the QqQ and QTOF methods.  The 

analogous transitions for d4Des were used for the internal standard and the 698 fragment 

was used for quantitation 

 

3.5.2 Fragmentation of PYD and DPD Derivatives 

Like the desmosines, the spectra for PYD and DPD (Figures 3.12 and 13) are 

complicated, but do not need the same level of detailed discussion because they can be 

resolved chromatographically and by m/z.  Inserts in the figures show the higher mass 

fragments including those used for quantitation and their respective neutral losses.  The 

transitions monitored for QqQ methods are listed in Table 3.1 for PYD and DPD of 

which 597→506 and 581→525 were used for the quantitation for their respective 

analytes for both the QqQ and QTOF methods.  d4Des was used as the internal standard 

for PYD as it is similar enough in structure, and the cost of making pyridinoline standards 

either with the DBU or synthetic methods is prohibitive.   
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3.5.3 Fragmentation of Hyl and d4Lys Derivatives 

The other amino acid that is discussed heavily in the rest of this thesis is Hyl, for 

which d4Lys was used as an internal standard.  The spectra for both are shown below in 

Figures 3.14 and 3.15, including fragments and predicted masses.  It should be noted that 

the structures that correspond to the redundant propanaldehyde and propamide losses 

from both the α- and ε-amine are not explicitly shown.  The parameters for the transitions 

monitored for Hyl and d4Lys used in the QTOF methods are listed in Table 3.2 and is 

275→201 for Hyl and 263→144 for d4Lys.   
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3.5.4 Validation of LC/MS/MS Methods Used in This Thesis 

Once a mass spectrometer is tuned for the analytes of interest, an LC method can 

be developed.  Two methods were used in this work; the first was an isocratic method 

similar to a method published for a nanoLC system.
362

  This was designed to separate 

Des/Ide, PYD and DPD, but not applicable for other amino acids as the smaller amino 

acids are more hydrophilic than the cross-links after derivatization.  To analyze other 

amino acids, we designed a second method for gradient elution on a UHPLC system. 

Both are described below, along with a description of some of the validation procedures 

applied to issues with large sample batches.   

The first method was isocratic with a 13% v/v ACN in water, with 0.2% formic 

acid.  Each sample eluted for 12 minutes between injections, and after every nine sample 

injections either an sample from a previous batch or standard was acquired for quality 

control measures followed by a black.  The blanks allow us to monitor for carryover 

through inspection of the chromatogram.  Alternating standards and samples from a 

previous batch allows us to check that a controlled injection of Des, PYD and DPD have 

the same retention time and signal intensity throughout the entire batch of samples.  After 

the standard/blank, a mixture of 95% methanol / 0.1 % formic acid and water is applied 

for 5 minutes to elute any hydrophobic compounds in the sample that have retained on 

the column over the 9 injections.  The column is then equilibrated for 15 minutes. A 

sample of the quality control data for Des/Ide is shown in Table 3.4.  Although the 
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unstandardized peak areas vary, there is no substantial trend in the variation, and the 

%RSD of the standardized set is well below 4%.   

Table 3.4 Quality control data for the first LC/MS/MS method on the 4000 QTRAP.  

After nine sample injections, either a sample from an old batch (labeled 14D1) or a 

standard mixture containing 780 ng/mL of Des was injected.  This is done prior to the 

blank and wash portions to ensure that other material from the sample is not affecting the 

analysis of the analytes.   

Sample 
14D1 

Injection 

Analyte 
Peak Area 
(counts) 

IS Peak Area 
(counts) 

Analyte/ IS 
ratio  

780 ng/mL 
Des 

injection 

Analyte 
Peak Area 
(counts) 

IS Peak Area 
(counts) 

Analyte/ IS 
ratio 

1 1.75E+06 1.04E+06 1.68E+00 
 

1 1.66E+06 7.55E+06 2.20E-01 

2 1.87E+06 1.17E+06 1.60E+00 
 

2 1.69E+06 7.51E+06 2.25E-01 

3 1.56E+06 9.21E+05 1.69E+00 
 

3 1.69E+06 8.28E+06 2.04E-01 

4 1.23E+06 7.83E+05 1.57E+00 
 

4 1.42E+06 6.53E+06 2.17E-01 

5 1.40E+06 8.67E+05 1.61E+00 
 

5 1.39E+06 6.60E+06 2.11E-01 

6 1.36E+06 8.48E+05 1.60E+00 
 

6 1.16E+06 5.73E+06 2.02E-01 

7 1.52E+06 9.07E+05 1.68E+00 
 

7 1.27E+06 5.94E+06 2.14E-01 

8 2.08E+06 1.29E+06 1.61E+00 
 

8 1.35E+06 6.27E+06 2.15E-01 

9 1.89E+06 1.07E+06 1.77E+00 
 

9 1.77E+06 7.89E+06 2.24E-01 

10 1.17E+06 7.03E+05 1.66E+00 
 

10 1.51E+06 7.29E+06 2.07E-01 

11 1.63E+06 1.02E+06 1.60E+00 
 

11 1.12E+06 5.51E+06 2.03E-01 

12 1.52E+06 9.25E+05 1.64E+00 
 

12 1.39E+06 6.36E+06 2.19E-01 

13 1.31E+06 7.95E+05 1.65E+00 
 

13 1.20E+06 5.92E+06 2.03E-01 

14 1.47E+06 9.20E+05 1.60E+00 
 

14 1.25E+06 6.17E+06 2.03E-01 

         

Average 1.55E+06 9.47E+05 1.64E+00 
 

Average 1.42E+06 6.68E+06 2.12E-01 

Std. Dev.  265495.6 158286.7 0.0521766 
 

Std. Dev.  211284.2 865396 0.008335 

% RSD 17.08% 16.71% 3.18% 
 

% RSD 14.89% 12.95% 3.93% 
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For the QqQ methods, we only monitored the transitions for Des/Ide, PYD and 

DPD.  The example chromatograms are shown below in Figure 3.15.  Figure 3.15A 

shows a standard mixture of Des, PYD and DPD, and Figure 3.15B shows an injection of 

a hydolysate of bovine aorta which was used to test the method before applying it to 

mouse samples.  PYD and DPD were not resolved, but did not need to be as they differ 

by their parent and fragment masses.  Des and Ide could not be resolved, but many in the 

field claim that the ratio of Des and Ide stays constant throughout the life of an organism 

and remain constant in many pathologies involving elastin deposition and 

proteolysis.
282,390,391

  The same, however, cannot be said about DPD and PYD which can 

change with the activities of LH.
413

 

 

Figure 3.15 Example chromatograms of A) standard mixtures of Des, PYD and DPD and 

B) a test acid hydrolysis of bovine aorta.   Flow rate was ≈45 ul/min and injection volume 

was 10 uL.  Column was a Phenomenex Luna C18 5um 50 x 0.5 mm ID column 
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The analytical characteristics for Des/Ide for the method described above are 

shown below in Figures 3.15.  For the development of a standard curve, we used a 50/50 

mixture of Des and Ide, such that the total desmosines were 50ug/mL at the highest 

concentration.  Figure 3.15B shows the concentration-adjusted signal intensity for each 

individual standard injection replicate (the Des and Ide signal/IS in the Figure 3.15A is 

for the non-adjusted average).   There are many merits to the use of concentration-

adjusted sensitivity schemes like the one used in Figure 3.15B.  While the discussion of 

these are out of the scope of this work, the important one to note in light of this work is 

the freedom from bias in favor of low concentrations that occurs in commonly used 

residual analysis
414

, as it is the low concentration regions that are most pertinent to our 

results.  The red stars on Figure 3.16 show the highest and lowest concentration standards 

between which all of the data for the experiment described below lie (the highest Des/IS 

signal fell below that for S3, but higher than S6).  The calibration curve was used with 

the points between S3 and S7 which makes the linear range between 12.2 ng/mL and 3.13 

ug/mL and corresponding linearity of approximately, 256-fold.  Linearities on the orders 

of 10
2
 to mid-10

3
 are common for QqQ and QTOF detectors.  Using the standards 

between 3 and 7 we can plot a traditional calibration curve to convert the sample signals 

to concentration, shown in Figure 3.15C.   
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Figure 3.16 Analytical characteristics of the LC method for the Des transition with QqQ 

detector.  A) Concentration and average signal of standards.  B) Concentration-adjusted 

sensitivity of the method, all sample signals fell within the red stars.  C) Calibration curve 

with points determined to be in the linear region.   

 

The analytical characteristics for the method use with regards to PYD are shown 

in Figure 3.16.  Like above, Figure 3.16B shows the concentration adjusted sensitivity 

with the standards described in Figure 3.16A.  All sample signals fell between the 

standard concentrations designated by the red stars with the exception of one, which fell 
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within the green and inside-red star.  This is point is noted where the sample results for 

that study are discussed.  The calibration curve used in the analysis is derived from the 

standard points determined to be in the linear region is shown in Figure 3.16C.  The 

linearity cannot be properly assessed for PYD because the calibration solution in which it 

was sold was too diluted to reach the higher standard concentrations we would need.  
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Figure 3.17 Analytical characteristics of the LC method for PYD transition with QqQ 

detector.  A) Concentration and average signal of standards.  B) Concentration-adjusted 

sensitivity of the method, all sample signals fell within the red stars with the exception of 

one, which fell within the green and inside-red star.  This is point is noted in the 

discussion of the data.  C) Calibration curve with points determined to be in the linear 

region.   
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 The gradient used with the UHPLC coupled to the QTOF is shown below in 

Figure 3.17 and aan example chromatogram is shown in Figure 3.19.  As with the QqQ 

transitions, the QTOF parameters optimized for these experiments are described in Table 

3.2 with the best maximum signals to be used for quantitation highlighted in the table.    

 

 

Figure 3.18 Gradient for the LC method used with the QTOF, where A is 0.1% formic 

acid in deionized water and B is 0.1% formic acid in acetonitrile.   
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The same validation measures were taken with the QTOF system as the QqQ, and 

those pertaining to the sensitivity of the different detector are discussed below.  Figures 

3.21-23 correspond to the calibration data for Des, PYD, and Hyl, respectively.  As 

before, red stars mark the m/z range used for the calibration curve and the green star 

represents where a handful of points in the data fall out of that range and are discussed 

with the sample data.   

 

Figure 3.20 Analytical characteristics of the LC method for Des with QTOF detector.  A) 

Concentration and average signal of standards.  B) Concentration-adjusted sensitivity of 

the method, all sample signals fell within the red stars.  Some data points fell outside the 
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red stars, but within the green stars and are noted with the results C) Calibration curve 

with points determined to be in the linear region.   

 

 

 

Figure 3.21 Analytical characteristics of the LC method for PYD with QTOF detector.  

A) Concentration and average signal of standards.  B) Concentration-adjusted sensitivity 

of the method, all sample signals fell within the red stars.  Some data points fell outside 

the red stars, but within the green stars and are noted with the results C) Calibration curve 

with points determined to be in the linear region.   
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Figure 3.22 Analytical characteristics of the LC method for Hyl with QTOF detector.  A) 

Concentration and average signal of standards.  B) Concentration-adjusted sensitivity of 

the method, all sample signals fell within the red stars.  Some data points fell outside the 

red stars, but within the green stars and are noted with the results C) Calibration curve 

with points determined to be in the linear region.   

  

With LC/MS/MS methods developed and with an understanding of their 

limitations, it is now possible to analyze samples.   
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3.5.4 Experiment 1:  LC/MS/MS (QqQ) of PYD and Desmosines in VAL(5)ATII  

Infused Decellularized Mouse Aortas 

 The set of samples that were rigorously washed with SDS were from  mice that 

were dosed with VAL(5)ATII  by Azlet pump.  Four mice each were sacrificed at days 0, 

7, 14, 21, and 28.  These were analyzed by the QqQ method described above.  Figure 

3.23 showsmass of desmosines normalized to the weight of the aorta.  Figure 3.24 shows 

mass of PYD normalized to the weight of the aorta.   

 

 

Figure 3.23 Total desmosines in upper thoracic aorta of VAL(5)ATII  treated mice over 

28 days.  ††P  = 0.00263 and 0.0351 compared with day 0 and 7.  †P  = 0.0140 and 

0.0545 compared with day 0 and 7.  Error bars are the standard deviation of 4 averaged 

biological replicates.   
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Figure 3.24 PYD in upper thoracic aorta of VAL(5)ATII  treated mice over 28 days.  

†††P  = 0.000990 and 0.000353 compared with day 0 and 7.  ††P  = 0.0109 and 0.00996 

compared with day 0 and 7. †P  = 0.0207and 0.0619 compared with day 0 and 7. * 

indicates that one of the points were far below the ranges determined to be linear as 

described in Figure 3.22.  Error bars are the standard deviation of averaged biological 

replicates.   

 

 At days 21 and 28, the levels of desmosines normalized to the weight of the aorta 

have increased above the levels of day 0.  For PYD, the increase is even more substantial.  

It should be noted that one of the time points for day 0 for PYD fell outside what would 

strictly be defined as the linear range as described in the above section.  This should not 

significantly affect the conclusion, as since it fell out at the lower concentration that, 

according to the Figure 3.22 would indicate that the concentration was over-estimated 
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and would thus bring the value closer to the others in that time point, further decreasing 

the probability that later points compared to day 0 are the same.   

In addition to the direct measurement of cross-linked amino acids reported above, 

other data in this experiment agreed with the hypothesis that LOX mediated cross-linking 

and ECM remodeling was correlated with hypertension.  Figure 3.25 shows that overall 

BP increased over the course of the experiment, although it decreased slightly from the 

maximum after day 21.  Figure 3.26 shows RT-PCR results showing that LOX, collagen 

and elastin mRNA expression is increased, at least initially.  It might be assumed that 

there is a causal relationship here: that ECM remodeling directly affects hypertension or 

vice versa.  Other experiments designed to elucidate this relationship are described in the 

conclusion section.   

 

 

Figure 3.25 Bio-telemetry Blood Pressure from VAL(5)ATII  induced hypertensive mice.   
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Figure 3.26 mRNA expression of LOX, collagen I, collagen III, and tropoelastin 

normalized to β-actin by PCR.   

 

Although the cross-linking results seemed logical and statistically sound, there 

was one problem.  Figure 3.27A-B below shows histological micrographs of aorta stained 

with Masson’s trichrome which stains collagen blue.  Collagen can be qualitatively seen 

to be increasing over time with VAL(5)ATII  treatment, meaning that the increase in 

cross-links observed might not be due to an incremental increase in PYD per molecule of 

collagen, but simply due to the fibrosis and the deposition of more collagen.  This was 

later addressed in the next experiment.    
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Figure 3.27 Collagen deposition in lower thoracic aorta of VAL(5)ATII  induced 

hypertensive mice.   Micrographs of control (A) and 21-day (B) mice stained with 

Masson’s trichrome; blue collagen is stained blue.  (C) Total collagen signal averaged per 

aorta over 21 days.   It should be noted that the experiments reported in Fig 3.22 and 3.23 

involved a preliminary time course study that was used to determine the time course of 

other studies.  All subsequent experiments were carried out to 21 weeks.   

 

3.5.6 Experiment 2:  LC/MS/MS (QTOF) of PYD, Hyl and Desmosines in VAL(5)ATII  

Infused Decellularized Aortas of wt and Rag
-/-  

Mice 

 

 Although cross-links were showed to increase with VAL(5)ATII in mice in the 

previous study, it could not be discerned whether it was an incremental increase with 
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collagen deposition or maintaining the same relative level of cross-linking with increased 

collagen deposition.  The only way to determine this is to be able to accurately quantitate 

collagen, which would be extremely difficult due to its nature as a cross-linked structural 

protein.  In lieu of measuring collagen directly, we could also measure something that 

was constant in concentration.  As described in the introduction, Hyl is specific to 

collagen and thus PYD might be normalized to Hyl to accommodate for increased 

collagen expression.  Lysyl hydroxylation happens intracellularly in fibroblasts and is not 

affected as LOX is by extracellular events.  RT-PCR of LH1-3 by the Larson lab showed 

no significant increase (data not shown).   

 The results of the experiment described in Figure 3.28 included 4 mice each dosed 

with VAL(5)ATII at 0, 7, 14, and 21 days and included measurement of PYD and Hyl.  

In addition, we analyzed PYD/Hyl in Rag
-/- 

mice which have no T- or B-cells.  It can be 

clearly seen that, as before, in wild type (wt) mice, PYD increases significantly after day 

7, while there is no change in the Rag
-/- 

mice. The lack of change in the Rag-/- mice is 

significant, suggesting that values measured for wt do reflect…… A handful of the data 

points for Hyl and PYD fell out of what was determined to be the linear range.  For Hyl, 

two of these points came at day 7, and values over the higher linear limit would 

correspond to a higher concentration of Hyl, which would lower the PYD/Hyl ratio.  The 

PYD point that falls out of the linear range is at Day 14, and happens above the upper 

limit of quantitation that in such a way that it would overestimate the concentration of 

PYD and thus the ratio of PYD to DPD.  This would not change the result at day 21, and 

is likely insignificant to the values at day 14.   
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Figure 3.28 PYD normalized to Hyl in wt and Rag
-/- 

mice over 21-days. ug PYD/ug Hyl.  

*P <0.05 compared with respective day 0; †P <0.05 compared with time matched WT 

 

 As the previous study, BP increases with the number of days on VAL(5)ATII 

(Figure 3.29) for both wt and Rag
-/- 

mice, but fibrosis only increases in wt mice as 

observed in micrographs of the aorta cross section (Figure 3.30).  Our initial hypothesis 

that hypertension or vascular ECM remodeling directly affects the other seems to be in 

question, as there is no correlation with hypertension and ECM remodeling in the Rag
-/- 

mice.  The possible reasons for this will be explored further in the conclusion in the light 

of some of the Larson and Vande Geest group’s biochemical and tissue mechanics data, 

but it appears that  normalizing PYD to Hyl is a successful strategy for compensating for 

measuring incremental increases in PYD where collagen deposition changes 

dramatically.   
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Figure 3.29 Tail-cuff BP from wt and Rag
-/- 

mice over 21-days.  *P <0.05 compared with 

respective day 0; †P <0.05 compared with time matched WT 
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Figure 3.30 Collagen deposition in lower thoracic aorta of VAL(5)ATII  induced 

hypertensive mice.  (A) Micrographs of wt and Rag
-/- 

mice over 21-days with Masson's 

trichrome.  *P <0.05 compared with respective day 0,  †P <0.05 compared with time 

matched wt 

 

3.6 Conclusions 

At the outset of this project, little was known about the relationship between 

hypertension and vascular remodeling.  It is known that VAL(5)ATII  increases 

hypertension quickly and vascular ECM remodeling happens soon after.  It was easy to 

hypothesize that since VAL(5)ATII  increases hypertension quickly and vascular ECM 

remodeling happens soon after, the simplest relationship would have ECM remodeling 

caused by hypertension.  However, correlation should never be taken for causation, 

especially in complex cell signaling systems where signaling via peptides like ATII can 

have multiple functions for different cell lines.    

In addition to characterizing the cell signaling and physiological changes in mice, 

the Larson group has coordinated the effort to characterize the biochemical (Wysocki 

group) and mechanical (Vande Geest group) changes in the aorta ECM that correspond to 

VAL(5)ATII  mediated hypertension.  The list of experiments and results corresponding 

to the physiological and mechanical data not described in previous sections cannot be 

discussed in their entirety at the time of writing of this chapter.  However the cross-

linking data deserves to be analyzed in the light of them.  To that end, the cross-linking 
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results are described in the context of the time course diagram of Figure 3.31, where data 

corresponding to specific time points in the experiments are delineated below.    

 

Figure 3.31  Broad overview of the timescale of VAL(5)ATII  effects on the 

mouse aorta as suggested by results of the experiments described in this section.  Points 

1-4 elaborated below. 

 

1. Day 3: Cross-linking was not tested.  Th1 cells recruit fibroblasts into the 

interstitial space between the myocytes and wall of the aorta.  BP is beginning to 

increase.  An increase in RORγt levels (ELISA) in surgically removed aortas 

indicate that a Th17 response is just beginning.   

2. Day 7: No collagen or elastin cross-linking was observed.  Collagen, Elastin and 

LOX expression increases substantially (PCR).  Stiffness in the wt mouse is at its 

maximum (as measured by the Vande Geest group).  Although BP increases in 
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wt, RAG
-/-
, RORγt

-/-
, and T-bet

-/- 
, stiffness only increases in the wt mice.  RORγt 

levels continue to increase in wt mice, indicating a sustained Th17 response.   

3. Day 14: Collagen cross-linking increases relative to Hyl or aorta weight, although 

significant only to day 0 in first study, but 0 and 7 in the second.  No cross-link 

increase observed in RAG
-/-

.  Stiffness begins to reside in the wt mouse but never 

increases in the others.  Aorta wall thickness and fibrosis (micrograph) is only 

observed in wt mice.  BP remains high in all mouse strains.   

4. Day 21: Collagen cross-links relative to aorta weight or Hyl content is 

significantly higher than day 0 or 7 in both studies.  Desmosines are higher than 

day 0 in the only study it was assessed in.  Stiffness has returned to pre- 

VAL(5)ATII  dosing levels in the wt mouse and never increased in the others.   

Aorta wall thickness has increased more, but only in the wt mice.   

 

Data were not collected after 21 days for any other experiment than that described 

in Experiment 1, where PYD and desmosines remained high relative to the aorta weight.  

This experiment was the longer time course designed to determine how long it took for 

ECM modeling to appear in order to educate decisions for the time-course of future 

experiments.  It was determined that 21 days was sufficient for all following experiments.  

One of the important implications of this work is that it appears that hypertension 

and vascular ECM remodeling are decoupled.  This is shown in the data presented by the 

BP of all mouse phenotypes increasing with VAL(5)ATII  infusion over time, but that 

ECM remodeling only happens in wt mice.  ECM remodeling is described by: LOX and 
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collagen expression, fibrosis as seen by wall thickness increases in micrographs, stiffness 

measured by mechanics, and increased collagen cross-links relative to collagen content.  

Mice without T-cells (RAG
-/-

) and mice without Th1 cells (T-bet
-/-

) cannot have ECM 

remodeling, but become hypertensive.  Mice without Th17 cells (RORγt
-/-

) also do not 

have remodeling, even if fibroblasts have been recruited into the aorta.  Whatever 

mechanism by which blood pressure is increased, it is clear that ECM remodeling is not 

the cause of hypertension, but is caused by ATR1 activation.   

One thing that our cross-linking results cannot determine is whether the increase 

in aorta stiffness is caused by the observed increase in collagen cross-linking and not only 

the increase of collagen.  This would require the independent control over fibrosis and 

cross-linking and both increase in the wt mouse model, however the increase in stiffness 

has been observed in purified gelatin molds of collagen treated with glutaraldehyde.
415

 

 

3.7 Future Directions 

One of the more ambitious goals at the outset of this project was to analyze all 

known cross-links of collagen, including divalents, pyrroles, cross-links with non-lysine 

amino acids, and glycosylated derivatives of the above.  With the exception of the 

pyrroles, these other cross-links are all minute in comparison to the levels of PYD and 

DPD.  The divalents would also incur the added requirement of validating a reduction 

procedure prior to acid hydrolysis.  However, methods to obtain standards from 

biological sources are described in the introduction, and with an additional SPE step to 
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remove the more common amino acids and enrich the cross-links, it might be possible to 

develop a quantitative method that includes all cross-links.    

It would also be good to find a method to determine the incremental increase of 

desmosines to elastin.  This will take some creativity as measuring elastin protein in a 

quantitative way has never been reported, and there are no amino acids specific to elastin. 

It would be good to have a negative control treated with a LOX inhibitor as well 

as VAL(5)ATII .  This is commonly done with a small molecule inhibitor, BAPN, as 

LOX
-/-

 are lethal.  There have been a few methods using transcriptional regulation of 

LOX, interfering with TGF-β1 signaling or HIF-1a regulation of transcription but these 

are too indirect to be useful to us.   

On a similar note, it would be interesting to use neutral loss scans of tissue 

hydrolysates to search for other cross-links by selecting the specific transitions that 

correspond to the propamide and propanaldehyde losses found in all the derivatized 

amino acids.  Even as recently as 2009, new cross-links have been identified in 

collagen
416

, leaving the possibility of more.  While this is not critical to the analysis of 

vascular tissue, it is still an interesting idea.   

 Now that we have an interesting way to analyze pyridinoline cross-links in 

tissue, we could apply this method to other research areas where LOX mediated cross-

linking is thought to be important, but where designing experiments on fibril structure 

have been difficult.  This would include models of cardiac pathologies that likely include 

fibrosis or detrimental ECM remodeling, such as scarring around infarcted tissue and 

hypertrophy.  In a more distant field, the levels of LOX activity
417

 and even pyridinoline 
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cross-linked peptides in biopsies and plasma have been shown to be indicative of both 

epithelial-to-mesenchyme transition
418

 and metastasis
343,419,420

 in numerous tumors, likely 

due to the ECM remodeling required for the both processes.  It would be interesting to 

dissect the mechanism of ECM remodeling in these tumors, to determine whether CTx 

and NTx are released as degradation, or whether they are increased by LOX activity. 
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CHAPTER FOUR 

FRAGMENTATION OF ARGININE AND PROLINE ISOBUTYL ESTERS APPLIED TO 

ARGININE QUANTIFICATION IN AEDES AEGYPTI MOSQUITO EXCRETA 

 

 

4.1 Overview of Chapter Four 

While the amino acid metabolism of many model organisms has been confidently 

elucidated for years, organisms such as mosquitoes may have slightly different pathways 

that could be exploited for disease control purposes.  The unique metabolism of some 

insects and parasites has been used or are currently being developed as targets for 

selective insecticides that would have lower environmental impact than more 

conventional nerve agents.ref   

Because mosquitoes are missing a gene encoding a key enzyme for the urea cycle, 

arginine is an essential amino acid that is obtained from diet and protein turnover. ref 

Mosquitoes can still produce urea by uricolysis and the hydrolysis of arginine into 

ornithine and urea.  It has been hypothesized that the arginine released from the digestion 

of blood meal in excess of what is nutritionally required is excreted to contribute to the 

disposal of excess nitrogen.  To this end, we have developed a simple technique for the t-

butyl esterification of arginine in mosquito excreta to allow tracking of Arg disposal.   

The description of the fragmentation of the t-butyl ester of arginine is required for 

selecting the products to be used for quantitation and future 
15

N
 
label tracking studies.  

The most abundant fragments of the unmodified amino acids have been described in the 
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literature; however, in the pursuit of the fragmentation mechanisms in detail, we have 

used high resolution MS and 18O-labeling to identify a potential fragment that has not 

been previously described.  This chapter describes the fragmentation mechanisms of the 

t-butyl ester of arginine, the quantitative method for its measurement in mosquito excreta, 

and the results of a study showing that blood-fed mosquitoes indeed excrete large 

amounts of arginine.   

 

4.2 Mosquitoes and Mosquito Nitrogen Metabolism 

Millions of people worldwide are annually infected by etiological agents that are 

transmitted by mosquitoes.
421-423

 To combat this serious health problem, new strategies 

need to be developed. A better understanding of metabolic processes that occur in these 

hematophagous insects could lead to the discovery of specific targets able to block or 

disrupt one or more critical metabolic pathways causing a significant reduction in the 

mosquito populations and the diseases they transmit. The unique metabolism of insects 

and parasites has been used in the past or are in development as targets for insecticides 

and antifungals: some examples include cellulase inhibitors for termite control
424,425

, 

trifluoromethylaminohydrazone complex III inhibitors,
426

  inhibition of steroid 

biosynthesis
427

, and numerous classes of chitinase inhibitors.
428

   

Anautogenous mosquitoes, such as Aedes aegypti, require a blood meal to obtain 

the nutrients and complete oogenesis. During blood digestion, most of the amino acids 

are deaminated resulting in the release of ammonia, a toxic compound. In spite of the 

massive deamination that occurs, A. aegypti females detoxify ammonia and eliminate the 

http://en.wikipedia.org/wiki/Hydrazone
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nitrogen excess very efficiently.
429,430

 To better understand the biochemical mechanisms 

involved in this critical metabolic process, we have used an infusion-based multiple 

reaction monitoring (MRM) technique.
431-435

 Thus, ammonia metabolism in A. aegytpi 

mosquitoes has been successfully studied in whole body, excreta, and specific tissues of 

A. aegypti females, the main vectors of dengue and yellow fever.
432-434

 We have observed 

that ammonia metabolism takes place in three phases: fixation, assimilation and 

excretion. The fixation and assimilation phases are mainly mediated by the glutamine 

synthetase/glutamate synthase (GS/GltS) pathway. However, pyrroline-5-carboxylate 

synthase, pyrroline-5-carboxylate reductase, glutamate dehydrogenase, alanine 

aminotransferase are also active during these phases.
432,434

 In the excretion phase, several 

nitrogen compounds, such as uric acid, ammonia, urea, amino acids, hematin, 
436

 

allantoin and allantoic acid
433

 are eliminated. Surprisingly, the urea synthesis in 

mosquitoes is generated by two different metabolic pathways called argininolysis
436

 and 

uricolysis.
433

 The argininolysis is catalyzed by arginase, whereas the uricolysis is 

catalyzed by urate oxidase, allantoinase and allantoicase.
433

 In contrast to vertebrates, 

mosquitoes lack the urea cycle (Figure 4.1) because they do not have the gene encoding 

ornithine transcarbamylase (OTC).
437

  This makes arginine (Arg) an essential amino acid 

for mosquitoes. The action of the arginase in mosquitoes is limited to Arg from diet or 

from endogenous protein turnover. Since both argininolysis and uricolysis (Scheme 4.1) 

contribute to the urea pool, we are interested in uncovering the mechanisms involved in 

the metabolic regulation of urea in mosquitoes. To reach this goal, it is first necessary to 

have a rapid and efficient method to monitor Arg concentration in mosquito excreta. 
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Figure 4.1 The urea cycle.
438,439

  The gene for OTC is nonfunctional in mosquitoes.
437

 

Reproduced with permission from 
440

.  
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Scheme 4.2 Uricolysis.  Reproduced with permission from 
433

. 

 

In the present study, we derivatize Arg to its isobutyl ester for detection in 

mosquito excreta.  The technique is currently used in clinical mass spectrometry to detect 

amino acid disorders in newborns
441-448

. Dried blood spots extracted from newborn babies 

are commonly derivatized to their n-butyl esters and identified by MRM. Arg is 

monitored by this method for the detection of inherited errors of the urea cycle such as 

argininosuccinic aciduria
441

 and arginemia.
443

  We use isobutanol instead of n-butanol 

because it has been reported that the isobutyl ester derivative enhances ionization 

efficiencies compared to the n-butyl ester derivative.
449

  After filtration and 

derivatization, the sample was directly infused into a QqQ mass spectrometer for 

quantitation.   
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Although Arg fragmentation mechanisms have been studied in significant detail 

and many of the major fragmentation pathways have been elucidated using α-
15

N labeling 

and computational modeling
412,450-453

, the isobutyl ester fragmentation mechanisms have 

not been described.  Therefore, we studied the fragmentation pathway of the isobutyl 

ester of Arg and 
15

N2-Arg (labeled at guanidino group). Because the fragmentation 

pathway of Arg parallels that of the isobutyl ester, 
18

O2-Arg, 
15

N2-Arg and 
15

N2-
18

O2-Arg 

were also studied to elucidate some of the minor fragments in greater detail. Based on the 

fragmentation mechanism of Arg standards analyzed by MS/MS, Arg in A. aegypti 

excreta was successfully monitored by MRM using two different transitions. Excreta 

obtained from individual mosquitoes were mixed with 
15

N2-Arg as an internal standard 

and derivatized as isobutyl esters. Arg excretion was monitored during a time course of 

120 hours before and after feeding female mosquitoes with a blood meal.  

 

4.3 Materials and Methods 

4.3.1 Chemicals 

The labeled isotope 
15

N2-Arginine (labeled at the guanidino group) was purchased 

from Cambridge Isotopes Laboratories (Andover, MA, USA). Unlabeled Arg, 
18

O-water, 

isobutanol, sucrose and ATP were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Methanol and acetic acid were purchased from EMD Chemicals Inc. (Gibbstown, NJ, 

USA). All the solvents were of analytical or HPLC grade. Bovine blood meal was 

purchased from Pel-Freez Biologicals (Rogers, AR, USA). Isobutanol/3M hydrogen 

chloride was prepared by slowly adding acetyl chloride to cold isobutanol (1:4 v/v) under 

anhydrous conditions purged with N2. 
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4.3.2 Arginine derivatization 

In order to move the analyte to a higher m/z range away from a noisy low m/z 

region, and to increase fragmentation efficiency, unlabeled arginine (Arg) and labeled 

15
N2-Arg standards were derivatized to their isobutyl esters by using the procedure 

previously described for other amino acids.
431-433

 Briefly, 2.5 μL of 1 mM Arg or 
15

N2-

Arg were dried using a vacuum centrifuge. The residue was treated with 200 μL of 

isobutanol/3M HCl at room temperature for 50 minutes and the excess reagent was 

removed under a stream of nitrogen.  

 

4.3.3 Labeling of Arginine by Exchange with 
18

O-water   

Arg and 
15

N2-Arg were completely labeled with 
18

O at the carboxylic acid by a 

method previously reported.
454

 Briefly, three mg of each amino acid were dissolved in 

920 μL of 
18

O-water, followed by 80 uL of 12 M HCl. The samples were heated at 70°C 

for 72 hrs. In order to minimize back-exchange of 
18

O, the samples were aliquoted, dried 

in a vacuum centrifuge, and reconstituted only prior to use.  

 

4.3.4 Mosquito Excreta Preparation for Mass Spectrometry Analysis 

A. aegypti mosquitoes (NIH-Rockefeller strain) were reared under standard 

conditions 
429

. Adults were fed on 3% sucrose for the first 3-4 days before blood feeding. 

Female mosquitoes of the same age and size were fed ad libitum for 15 min using 

an artificial blood feeder in which bovine blood meal, supplemented with ATP (5 mM), 
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was added to a parafilm-covered glass vessel. Feeding stations were maintained at 37 ºC 

by a circulating water bath. Individual females fed on 3% sucrose were used as control. 

To assure that mosquitoes consume the same amount of meal, immediately after feeding 

each female was examined under microscope, and placed individually in a plastic 

scintillation vial (covered with a nylon mesh and secured with rubber bands) with access 

to water. At different times after feeding, the insects were removed from the vials. The 

excreta of each female were collected by washing the vial with 0.1 ml of water. The 

suspension was mixed and centrifuged twice at 14,000 x g for 10 min, and the 

supernatant was filtered through a Microcon centrifugal filter device, YM-30 from 

Millipore (Billerica, MA, USA). For the identification of Arg, 5 μL of filtrate was mixed 

with 2.5 μL of 1 mM 
15

N2-Arg. Samples were dried using a vacuum centrifuge and then 

derivatized to isobutyl esters as indicated above. 

 

4.3.5 Mass Spectrometry 

Collision-induced dissociation (CID) experiments were performed on an Applied 

Biosystem 4000 Q-trap mass spectrometer (Foster City, CA, USA) with an electrospray 

ionization (ESI) source operated in the positive ion mode. The instrument and the method 

of MRM optimization is described in detail in sections 3.4.7 and 1.5.2, respectively.  

Standards and samples were dissolved in a solution of H2O/MeOH (30:70, v/v) 

containing 0.1% formic acid to reach a concentration of 2.5 μM. The solutions were then 

electrosprayed into the mass spectrometer with a flow rate of approximately 7.0 μL/min. 

The applied electrospray voltage was 4.8 kV, and the skimmer was at ground potential. 
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The ESI capillary temperature was maintained at 150 ºC. For simplicity, other source and 

ion optics parameters are stated with each spectrum.  Nitrogen served as the collision gas 

with a collision cell pressure of 8 mTorr. Monoisotopic precursor ions were selected as 

precursors at unit mass resolution in order to avoid ambiguities from isotope 

contributions.  

In addition to the 
18

O labeling experiments, the product ion spectra of standards 

were also obtained on an ABSciex 5600 Triple-Tof QTOF (described in section3.4.8) and 

the Bruker Apex 9.4T QeFTMS ICR instrument, shown in Figure 4.2.  The Apex ICR 

utilizes a dual ion funnel system after the ESI source.  The instrument has a collision 

hexapole for beam-type CID (QCID) prior to injection into the ICR cell, and CO2 laser 

for IRMPD.  Not shown is the leak valve used for increasing the ICR cell pressure for 

SORI CID.  Both SORI CID and QCID were used in the work below. 

 

Figure 4.2  Bruker Apex 9.4T QeFTMS.  Reproduced with permission from
455

.   
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4.3.6 Statistical Analysis 

One way analysis of variance (ANOVA) followed by Dunnett's Multiple 

Comparison Test were used. Data are presented as mean ± standard error of five 

independent biological samples. A P value less than 0.05 was considered to reflect a 

statistically significant difference between groups of data. All the statistical analyses were 

carried out using GraphPad Prism 4.0 Software (GraphPad Prism 4.0 Software, Inc., San 

Diego, CA). 

 

4.4 Results and Discussion 

4.4.1 Fragmentation of the Isobutyl Ester of Arg 

In order to facilitate the description and discussion of the data, the fragmentation 

spectra obtained from derivatized and underivatized Arg (Figures 4.3 and 4.4) will be 

first discussed with the proposed fragmentation pathways of the isobutyl ester of Arg 

presented in Scheme 4.2. It was elucidated by MS
3
 utilizing in-source-CID, and 

performing a product ion scan on fragments of interest (Figures 4.5 - 4.8). Later, the 

quantification of arginine by MRM will be shown and discussed.  
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Figure 4.3 MS/MS spectra of unlabeled and labeled isobutyl ester of Arg (1): A) 

[Arg+H]
+
 (m/z 231). B) [

15
N2-Arg (labeled at the guanidino group)+H]

+
 (m/z 233). The 

declustering potential (DP) was 72 V, the collision energy (CE) was 20 eV (black 

spectrum) and 30 eV (red spectrum), entrance potential (EP) was 8 and cell exit potential 

(CXP) was 9. Signal was acquired for 2 minutes and each spectrum was scanned between 

m/z 40 and 300 and at 0.5 s/scan. Structures assigned to the labels are described in 

Scheme 3 and discussed in the text. 
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Figure 4.4 MS/MS spectra of unlabeled and labeled Arg (4): A) [Arg+H]
+
 (m/z 175). B) 

[
15

N2-Arg (labeled at guanidino group)+H]
+
 (m/z 177). DP:  20 eV, CE: 21 eV, EP: 10, 

CXP: 15. Signal was acquired for 2 minutes and each spectrum was scanned between m/z 

40 and 300 and at 0.5 s/scan. Structures assigned to the labels are described in Scheme 1 

and discussed in the text. 



264 

 

 

S
ch

em
e 4

.2
 P

ro
p
o
sed

 frag
m

en
tatio

n
 p

ath
w

ay
s fo

r th
e iso

b
u

ty
l ester o

f A
rg

. T
h
e lab

eled
 ato

m
s an

d
 m

/z sh
o
w

n
 

in
 red

 w
ere 

1
5N

 lab
eled

, th
e lab

eled
 ato

m
s an

d
 m

/z sh
o
w

n
 in

 b
lu

e w
ere 

1
8O

 lab
eled

, th
e lab

eled
 m

/z sh
o
w

n
 in

 

g
reen

 w
ere 1

5N
-
1

8O
 lab

eled
. T

h
e m

asses are rep
o
rted

 as u
n
lab

eled
/lab

eled
. 

 



265 

 

 

4.4.2 Fragmentation Spectra and Proposed Fragmentation Pathways of the Isobutyl Ester 

of Arginine 

To investigate the fragmentation mechanism of the isobutyl ester of Arg, both 

unlabeled and 
15

N2-Arg (labeled at the guanidino group) were derivatized. The product 

ion spectra of the unlabeled and 
15

N2-Arg isobutyl esters (1) are observed at m/z 231 and 

233 are presented in Figure 4.3A and 4.3B, respectively. The proposed fragmentation 

pathways are summarized in Scheme 1, which shows a total of 15 numbered fragments. 

The underivatized Arg (4) fragment is produced from the isobutyl ester (1) by a 

McLafferty-like rearrangement of the ester and appears at m/z 175/177 (Figure 4.3A and 

4.3B, respectively). The remaining many fragments (2), (3), (5), (6-15) can then be 

organized into two major pathways; the first is the SN1 attack by the lone electron pair of 

the α-N on the guanidino-C of (1) and (4) to form a seven member ring, giving (2), (6) 

and subsequent fragments (3), (7) and (10). The other is the SN1 attack by the α-N on the 

δ-C of (1) and (4) with subsequent loss of neutral guanidino to form proline species, 

giving (5), (9) and subsequent fragments (11), (12) and (15). The guanidinium ion (13) 

seen at m/z 60/62 can be obtained for the precursors (1) and (4), as well as from (8), 

whereas the isobutyl cation (14) observed at m/z 57 can be formed from the ester 

precursor (1), as well as from (2) and (5), as will be discussed below. 

 

4.4.3 Products Resulting from the Formation of a Seven-membered Ring 
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Both the isobutyl ester of Arg (1) and Arg free acid (4) undergo cyclization 

through a SN1 attack by the lone electron pair of the α-N on the guanidino-C. In the 

fragmentation spectrum of the isobutyl ester, this reaction results in the cyclic structure 

(2) as seen at m/z 214 and 215 in Figure 4.3A and 4.3B, respectively. These mass shifts 

are expected since one 
15

N
 
label is lost from the guanidino moiety as ammonia. In the 

fragmentation spectrum of Arg m/z 175 (4), the cyclic structure (6) appears at m/z 

158/159 (Figure 4.4A and 4.4B) and has been reported previously 
412,452,453

. The cyclic 

structure (6) can originate from a combination of the aforementioned cyclization from (4) 

and the McLafferty-like rearrangement of the ester from (2) (Scheme 4.2), but the order 

of the reactions is uncertain. The MS
3
 of the product ion (2) obtained from precursor ion 

(1) (data not shown) indicates that (6) can originate from (2). However, it has not been 

determined if the precursor (2) or (4) or a combination of both is the sole precursor of (6).  

The small peak at m/z 197 (3) seen in the fragmentation spectrum of m/z 231/233 (1) in 

Figure 4.3, is also observed in the MS
3 

fragmentation of both unlabeled and labeled 

product ions m/z 214/215 (2) from the precursor isobutyl ester of Arg (1), indicating a 

cyclic structure resulting from the further loss of the last labeled nitrogen. The formic 

acid loss of m/z 158 (6) gives the cyclic structure (10) at m/z 112/113.  Although (10) 

could also result from a butylene loss and further formic acid loss from (1), this is not 

likely as (10) was not seen from (2). The peak at m/z 141 (7) in Figure 4.3 could 

correspond to an isobutanol loss from the labeled ester (2) to give (7a) or a neutral loss of 

NH3 from the free acid (4) to give (7b), which is observed in the MS
3
 of the product ion 

(2) obtained from precursor ion (1). In the MS
3
 of the product ion (6) obtained from 
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precursor ion (4) (Figure 4.5 A and B), no shift occurs for the unlabeled and 
15

N2 labeled 

compounds. However, a clear 4 Da shift is seen from m/z 141 to 145 for the unlabeled 

and 
18

O2
 
labeled spectra (Figure 4.5 A, C and D), regardless of 

15
N2 labeling. Thus, the 

most likely structure for the peak at m/z 141 from (6) is (7a) because both 
15

N2 labels are 

lost.  

 

 

Figure 4.5 MS
3
 of the product ion (6) obtained from precursor ion (4). Q1 selection of: A) 

m/z 158 from [Arg+H]
+
 (m/z 175). B) m/z 158 from [

15
N2-Arg (labeled at the guanidino 

group)+H]
+
 (m/z 177).  C) m/z 162 from [

18
O2-Arg+H]

+
 (m/z 179). D) m/z 163 from 

15
N2-

18
O2-Arg +H]

+
 (m/z 181). DP: 95 eV, DE: 20 eV, EP: 10, CXP: 15. Signal was 

acquired for 5 minutes and each spectrum was scanned between m/z 40 and 300 and at 
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0.5 s/scan. Structures assigned to the labels are described in Scheme 2 and discussed in 

the text. 

 

4.4.4 Products Resulting from the Formation of Proline 

The SN1 attack on the δ-C and subsequent loss of neutral guanidino will form Pro 

at m/z 116 (9) from Arg (4) and the isobutyl ester of Pro at m/z 172 (5) from the isobutyl 

ester of arginine (1). This cyclization to form Pro has been reported previously 
412,451,452

 

for Arg, but not for the isobutyl ester although the presence of the ester would not be 

expected to alter the guanidino loss.  Both (5) and (9) can be found in the product ion 

spectrum of (1) at m/z 172 and 116 (Figure 4.3A and 4.3B), respectively, without the 

15
N2 labels that are lost with the neutral guanidino. We also confirmed that Pro (9) comes 

from its isobutyl ester (5) by fragmenting (5) from (1) (Figure 4.8). The formation of Pro 

from Arg has implications for the analysis of Pro from complex samples and shotgun 

proteomics sequencing, because if enough energy is deposited into an N-terminal Arg 

species in the ion source, it can be cyclized to form Pro, which gives a characteristic peak 

412,450-453
.  In an infusion amino acid analysis, it would be possible for Pro to be formed in 

the source from Arg, an interference in proline analysis which could be overcome by 

adding chromatography to the front end of the analysis.   

Another characteristic fragment of Arg found in the fragmentation spectrum of its 

isobutyl ester (1) (Figure 4.3) is the α-NH3 and CO loss that results in 4-guanidyl-1-

butanal (8) at m/z 130/132. Our data indicate that guanidyl moiety remains intact via the 
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shift from 130 to 132 in the 
15

N2-Arg (Figure 4.3). The α-NH3 and CO loss has been 

shown previously in the literature using labeled α-
15

N-Arg 
412

.  

The structure for the peak at m/z 88 was proposed to be 4-amino-1-butanal (11b) 

412
, as it has been shown to be derived from underivatized Arg and its fragment (8) at m/z 

130 (Figure 4.4).  A peak at m/z 88 also exists in the fragmentation spectrum of Pro (data 

not shown) and in the MS
3
 of the product ion (9) obtained from precursor ion 175/177 (4) 

(Figure 4.7, A-B). We hypothesize that there could be a different chemical species for 

m/z 88 peak because the formation of (11b) is less likely from Pro (9) because the 

pathway to form (8) from Pro (9) would require a CO loss, which is less feasible without 

the electronic interactions provided from the guanidine group 
412

. Because (8) is not a 

prominent product of the isobutyl ester (1) (Figure 4.3A), the peak at m/z 88 in the 

isobutyl ester spectrum is most likely derived directly from Pro, which could result in a 

structure such as (11a). In order to investigate this possible structure, Arg was labeled 

with 
18

O. The fragmentation of 
18

O2-Pro (9) from m/z 179 
18

O2-Arg and m/z 181 

15
N2

18
O2-Arg (Figure 4.7C-D) gives two peaks shifted from m/z 88: one at m/z 90 and 

another at m/z 92, clearly showing that one product retains both oxygen atoms (11a), and 

another retains one oxygen (11b). As expected, the fragmentation of m/z 134 
15

N2
18

O2-

Arg (8) from m/z 181 (4) shows only the peak at m/z 90 (Figure 4.6C) shifted from m/z 

88 (Figure 4.6A-B) supporting the 4-amino-1-butanal structure (11b). Although (11b) is 

the only m/z 88 fragment originating from (8), two different fragments with m/z 88, (11a) 

and (11b), originate from (9). 
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Figure 4.6 MS
3
 of the product ion (8) obtained from precursor ion (4). Q1 selection of: A) 

m/z 130 from [Arg+H]
+
 (m/z 175). B) m/z 132 from [

15
N2-Arg (labeled at the guanidino 

group)+H]
+
 (m/z 177). C) m/z 134 from 

15
N2-

18
O2-Arg +H]

+
 (m/z 181). DP: 95 eV, CE: 

13 eV, EP: 10 and CXP: 17. Signal was acquired for 5 minutes and each spectrum was 

scanned between m/z 40 and 300 and at 0.5 s/scan. Structures assigned to the labels are 

described in Scheme 1 and discussed in the text. 
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Figure 4.7 MS
3
 of the product ion (9) obtained from precursor ion (4). Q1 

selection of: A) m/z 116 from [Arg+H]
+
 (m/z 175). B) m/z 116 from [

15
N2-Arg (labeled 

at the guanidino group)+H]
+
 (m/z 177).  C) m/z 120 from [

18
O2-Arg+H]

+
 (m/z 179). D) 

m/z 120 from 
15

N2-
18

O2-Arg +H]
+
 (m/z 181). DP: 95 eV, CE: 13 eV, EP: 10 and CXP: 

15. The region between m/z 85-95 was magnified fivefold (5x). Signal was acquired for 5 

minutes and each spectrum was scanned between m/z 40 and 300 and at 0.5 s/scan. 

Structures assigned to the labels are described in Scheme 1 and discussed in the text. 

 

A product common to (1), (4), and (8) is the guanidinium ion (13) at m/z 60/62. It 

is seen in the product ion spectra of derivatized Arg (Fig 1A), underivatized Arg (Figure 

4.4) and the fragmentation of (8) formed from unlabeled Arg (m/z 175), 
15

N2 labeled Arg 

(m/z 177) or 
15

N2
18

O2 labeled Arg (m/z 179) (4) (Figure 4.6). The isobutyl cation (14) 
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observed at m/z 57 can be formed from the precursor (1), as well as from the ammonia 

loss products (2) and (5), as seen in the product ion spectra of derivatized Arg (Figure 

4.3), and in MS
3
 of the isobutyl ester of proline (5) isolated from the isobutyl ester of Arg 

(1) (Figure 4.8). 

 

 

Figure 4.8 MS
3
 of the product ion (5) obtained from precursor ion (1). DP: 100 eV, CE: 

22 eV, EP: 10 CXP: 15. Signal was acquired for 5 minutes and each spectrum was 

scanned between m/z 40 and 300 and at 0.5 s/scan. Structures assigned to the labels are 

described in Scheme 1 and discussed in the text. 
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One of the most prominent fragment ions in both the Arg (4) and isobutyl ester 

Arg (1) fragmentation spectra is the 1-pyrroline (12) at m/z 70. This can result from one 

of two processes.  The first process is the formic acid loss from Pro (9) or ester 

rearrangement and further formic acid loss from isobutyl ester of Pro (5). The second 

minor process is the cyclization resulting from the ε-N attack on the aldehyde of (8) with 

subsequent loss of water and carbodiimide. The pathway from (8), however, likely does 

not contribute significantly to the population of m/z 70 (12) as the level of (8) formed 

from the isobutyl ester (Figure 4.3) is small. This agrees with previous experiments on 

underivatized Arg
412

, which have shown that the α-NH3 is the primary constituent of the 

1-pyrroline. The structure at m/z 71 (15) contains O and it originates from (8). The 

oxygen labeling shows that the peak at m/z 71, which shifts by 2 Da for 
18

O2 labeled 

precursor, is indeed a cyclic oxonium ion structure (15) (Figure 4.6).   

 

4.4.5 Confirmation of Proposed Structures with Accurate Mass by QTOF and ICR 

Although the 
15

N2- and 
18

O2-Arg data is sufficient for the explanation of structures 

proposed for CID fragmentation in the QqQ, having the accurate mass for the fragments 

would be also be helpful, especially for the fragments (11a) and (11b) at m/z 88.  To this 

end, we analyzed the t-butyl esters of Arg and 
15

N2-Arg by ICR.  Also, for the collagen 

project, we assessed the fragmentation of multiple propamide derivatives of many amino 

acids by QTOF, which included proline.  Although it is a different derivatization 

procedure, the fragmentation is interesting and shows both the (11a) and (11b) fragments.   
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4.4.5.1 ICR Results 

The isobutyl esters of Arg and 
15

N2-Arg were infused by syringe into a Bruker 

Apex 9.4T QeFTMS ICR for QCID at the collision of 7 eV, shown in Figure 4.9A and B, 

respectively.  The goal of this experiment was specifically to observe the fragments (11a) 

and (11b), but neither were observed at any collision energy.  In Figure 4.9A, the parent 1 

and many of the fragments from the QqQ CID (Figure 4.X) are clearly seen:  (2), (5), (6), 

(7a), (9), (10), (12) and (13).  Table 4.1 shows the molecular formula of the fragments 

and the observed and predicted m/z for the labeled and unlabeled Arg for ease of 

comparison.  Fragments not seen are (3), (4), (8), (14) and most notably (11).   
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In addition to the previously described fragments, many new fragments are seen: 

(4*) and (9*) are fragments of the original denoted structure, but with the additional loss 

of H2O confirmed by the accurate mass in Table 4.1. This can be explained by the loss of 

neutral isobutanol from (1) instead of isobutene, which would also explain the absence of 

(4).  The formation of the dehydrated proline (9*) by the α-N attack of the δ-C of (4*) 

would occur in the same way that (9) forms from (4).  (4*) would also not be able to 

rearrange to give (8) in the manner that (4) can as described in the literature
412

, and 

without (8), (15)could not form.  Why the isobutanol losses are observed in the ICR in 

lieu of the isobutene loss observed in the QqQ is difficult to determine, as the only 

butanol loss observed in the original QqQ experiment was (7a) at the higher collision 

energy.  It could be ascribed to do with the differences in internal energy of ions entering 

the respective collision cells after the normal ESI source of QqQ versus the ion funnel 

source in the ICR.  It might also have to do with the differences in timescale: the speed of 

the ions hitting the CEM after fragmentation is almost instantaneous in QqQ, whereas the 

ions in the ICR have more time to further decay in the ICR cell before the signal is 

acquired.  It should also be noted that the QqQ CID fragments (8) and (14) were only 

observed in the higher fragmentation and might not occur in the spectrum shown in 

Figure 4.9 because it was acquired at a relatively low QCID energy of 7.5 eV.   

The fragments (2**), (6**) and (7**) were also not observed in the QqQ, and the 

** denotes the two 
15

N labels retained in the ICR QCID spectrum where only the one is 

retained in the QqQ CID spectrum. In the QqQ CID spectrum, these are described by the 

α-nitrogen attacking the guanidino-C, and the guanidino-
15

N leaving as neutral ammonia.  
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In the ICR, these α-nitrogen attack structures with only a single 
15

N remain.  The best 

explanation for the double label is the attack of the guanidino-
15

N to the α-carbon.  The 

only explanation as to why this occurs in the ICR QCID spectrum and not the QqQ CID 

spectrum is the same for the water loss fragments described in the previous paragraph: 

differences in internal energy of the ions prior to CID and a longer time for decay prior to 

fragment scanning.   

 

Table 4.1 List of peaks identified in the QCID spectrum of the isobutyl esters of 

Arg and 
15

N2-Arg at 7 eV.  The notation ‘*’ implies structures in the ICR QCID spectrum 

with water losses of the denoted structure that were not observed in the QqQ CID 

spectrum, ‘**’ implies structures observed in the QqQ spectrum, but have two 
15

N labels 

in the ICR QCID whereas the QqQ spectrum only had one 
15

N.     

Arg 
15

N2-Arg 

Label Formula Obs. m/z Exp. m/z Label Formula Obs. m/z Exp. m/z 

1 C10H23N4O2+ 231.1811 231.1822 1 C10H23N2
15

N2O2+ 233.1756 233.1756 

2 C10H20N3O2+ 214.1554 214.1557 
2** C10H20N

15
N2O2+ 216.1494 216.1491 

2 C10H20N2
15

NO2+ 215.1524 215.1520 

5 C9H18NO2+ 172.1334 172.1338 5 C9H18NO2+ 172.1334 172.1338 

6 C6H12N4O2+ 158.0921 158.0930 
6** C6H12N

15
N2O2+ 160.0861 160.0865 

6 C6H12N2
15

NO2+ 159.0892 159.0894 

4* C6H13N4O+ 157.1083 157.1091 4* C6H13N2
15

N2O+ 159.1025 159.1025 

7 C6H10N3O+ 140.0817 140.0825 
7** C6H10N

15
N2O+ 142.0759 142.0759 

7  C6H10N2
15

NO+ 141.0786 141.0789 

9 C5H10NO2+ 116.0702 116.0712 9 C5H10NO2+ 116.0702 116.0712 

16 C5H11N2O+ 115.0861 115.0866 16 C5H11N2O+ 115.0861 115.0866 

10 C5H10N3+ 112.0860 112.0876 10 C5H10N
15

N2+ 114.0803 114.0810 

9* C5H8NO+ 98.0591 98.0606 9* C5H8NO+ 98.0591 98.0606 

17 C5H9N2+ 97.0751 97.0767 17 C5H9N2+ 97.0751 97.0767 

12 C4H8N+ 70.0637 70.0657 12 C4H8N+ 70.0637 70.0657 

13 CH6N3+ 60.0541 60.0563 13 CH6N
15

N2+ 62.0481 62.0502 
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The new fragments observed in the ICR QCID that are not directly related to 

structures in the QqQ CID are (16) and (17) and their tentative structures are shown in 

Figure 4.9 and confirmed by accurate mass in Table 4.1.  Fragment (17) can be described 

as the further fragmentation of (3), (7b), or (10), and could originate from any structure 

downstream of (2) or (6).  Two possible structures for (16) can be described: a cyclic and 

linear structure (Figure 4.10).  Both involve the loss of isobutanol and guanidino carbon 

and nitrogens.  The exact structure might be solved with higher order MS
n
, but it is out of 

the scope of the purpose of this work.  

 

 

Figure 4.10  Suggested structure for (16) and (17) identified in the QCID spectrum of (1). 

   

 In addition to the QCID fragmentation in the ICR, SORI-CID was attempted on 

the isolated proline fragment (9) to attempt to observe the structures of (11a) and (11b) at 

m/z 88.  The resulting spectrum is shown below in Figure 4.11.  As can be seen from the 
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insert, neither of the expected peaks at m/z 88 were observed, although the previous 

described pyroline (12) is seen.   

 

 

Figure 4.11 SORI-CID Spectrum of proline (9) isolated from the isobutyl ester of Arg 

(1).  The insert shows the scanned area of +0.5 m/z of m/z 88, where the peaks for (11a) 

and (11b) would be expected at m/z 88.0399 and 88.0763, respectively.   

  

4.4.5.2 QTOF Results 

During the progress of the collagen project, the CID spectra of the propamide 

derivatives of most of the amino acids were acquired on a 5600 TripleTof QTOF.  This 

included the spectrum for proline shown in Figure 4.12, acquired at 12.5 eV of collision 

energy.  Many of the common transitions for the propamide derivatives of amino acids 



280 

 

described in sections 3.5.1 – 3.5.4 are seen, such as the loss of formic acid (m/z 126), 

water (m/z 96), prop-2-enealdehyde (m/z 116), and propamide (m/z 99).   
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4.4.6 Quantification of Arg by MRM Experiments 

Unlike the collagen cross-linked amino acids for which the recovery has been 

assessed in the literature, there were no prior data in the literature for the recovery of 

arginine by filtration.  We used three concentrations of arginine (1.00 0.10, and 0.01 mM) 

in triplicate, filtered 100 uL in the centrifuge and spiked 2.5 uL of 1 mM 
15

N2-Arg.  The 

signal obtained was the average of 2 minutes of the MRM signal for the fragmentation of 

Arg and 
15

N2-Arg to (12).  The recovery of the sample after filtration was greater than 

85% for all concentrations, as shown in Table 4.2  The linear range of the method was 

determined to be between 2.7 μM and 667 μM, the calibration curve for which is shown 

in Figure 4.13.  Limit of detection was determined to be 0.5 μM taken as 3:1 ratio of 

signal to background signal.   

 

Table 4.2 Recovery of Arg after filtration for the 231 → 70 transition.   

mM Arg % Recovery Standard Deviation 

1 90.0 5.6 

0.1 85.4 2.1 

0.01 96.4 4.9 
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Figure 4.13. Calibration curve for the Arg 231 → 70 transition.   

 

Based on the fragmentation pathways of isobutyl ester of Arg, two different 

transitions were used for accurate Arg quantification by tandem mass spectrometry. The 

(231 m/z)→(70 m/z) and (231 m/z)→(116 m/z) transitions were chosen as they gave the 

strongest signals. As indicated in the Material and Method section, the mosquito excreta 

were collected before and after feeding them with a blood meal. After sample 

preparation, Arg in the excreta was quantified by MRM at 30 eV in a triple quadrupole 

Qtrap instrument. The data were processed as indicated previously for other 

compounds
431-435

. 

In Figure 4.14, identification and time course quantification of Arg in the excreta 

of individual female mosquitoes is shown. As expected, Arg is not present in the sugar-

fed female excreta (data not shown) and only a very small amount is observed in the 

blood-fed female excreta at 1 and 6 h after feeding a blood meal. At 12 h, the Arg 

concentration reaches values of approximately 20 nmol/female mosquito. This value 
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increases significantly during the time course investigated, reaching the highest levels 

between 36 and 48 h (about 60 nmol/female) and remains constant (no further excretion) 

through the end of the time course (120 h after a blood meal). These data are well 

correlated with the periods of intense blood meal digestion and maximal excretion of 

nitrogen compounds in the blood-fed females 
430,433,436

. 

 

 

Figure 4.14: Concentrations of Arg in A. aegypti female excreta. Female mosquitoes were 

fed on 3 % sucrose or a bovine blood meal, and the excreta of individual females were 

analyzed before a blood meal (data not shown) and at 1, 6, 12, 18, 24, 36, 48, 72, 96 and 

120 h after feeding a blood meal. Data are presented as mean  standard error of five 

independent samples; NS: not significant; *P< 0.05,  **P< 0.01, ***P< 0.00001 (when 

compared with 48 h by ANOVA). 

 

4.5 Conclusions 

Uric acid, urea and ammonia are some of the main nitrogen wastes excreted in A. 

aegypti females. The ratio of nitrogen excreted as urea versus the nitrogen excreted as 



285 

 

uric acid in mosquito excreta at 72 h after a blood meal feeding is about 1:3, whereas the 

ratio between nitrogen excreted as urea versus nitrogen excreted as ammonia is about 

1:1
436

. Notably, the Arg concentration reported here at 24 h is comparable to the 

previously reported urea concentration excreted at 24 h by blood-fed A. aegypti 

females
433

. Dietary Arg in mosquitoes can follow diverse metabolic pathways, i.e. it can 

be utilized for protein synthesis, hydrolyzed into ornithine and urea, metabolized into 

nitric oxide or excreted directly without any modification during the digestion of a blood 

meal. Indeed, the results reported here show that Arg excretion contributes to the 

elimination of nitrogen excess in blood-fed mosquitoes. This seems to be a very 

important strategy of nitrogen disposal considering that mosquito females ingest large 

amounts of protein with a blood meal. In fact, an A. aegypti female can ingest as much as 

her own weight or more in a blood meal. However, only a small percentage of the 

nitrogen ingested is utilized to maintain different metabolic processes such as energy and 

egg production; the excess of the nitrogen ingested is excreted efficiently. A better 

understanding of the mechanisms involved in nitrogen metabolism in mosquitoes may 

facilitate the design of new strategies for controlling mosquito populations. 

The quantification of Arg by tandem mass spectrometry provides a rapid, 

sensitive and accurate method to further investigate the metabolic regulation of nitrogen 

waste in individual A. aegypti mosquitoes. This approach can also be applied to quantify 

Arg in other mosquito species, as well as other invertebrates, whose small size limits the 

use of more conventional biochemical techniques.  
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 4.6 Future Directions 

The initial goal of developing an infusion based tandem mass spectrometry method 

for the analysis of arginine in mosquito excreta was to test Patricia Scaraffia’s hypothesis 

that arginine was excreted in far excess to other amino acids to lower the overall urea and 

ammonia burden.  One of the goals of understanding unique metabolism of mosquitoes is 

to develop targets for mosquito population control.  In addition to the ammonia regulation 

work, Dr. Scaraffia is also analyzing other branches of metabolism to determine whether 

there are unique aspects to the carbon metabolism of mosquitoes
456

, which is the reason 

we elucidated the structure/formation mechanism of m/z 88 ion in the aforementioned 

work.  Thus, the research project branches into two aims: the further analysis of mosquito 

metabolism and the identification of protein targets on which to develop insect population 

control measures. The first aim can then be divided into two more specific aims: shotgun 

and targeted metabolic analysis. 

Specific Aim 1: Shotgun metabolic analysis 

For shotgun metabolic experiments, low molecular weight factions of mosquito 

excreta and hemolymph would be analyzed by LC/MS/MS and data would be acquired in 

a data dependent manner as described for shotgun proteomics, but with a high resolution 

detector such as Q-Exactive or a Q-TOF.  The free software XCMS
457,458

 would be used 

for chromatographic normalization and metabolite identification against the METLIN 

metabolite database.
459

  PCA would be performed with either statistical software 

packages SPSS or SAS alone or with Agilent’s specialized proprietary software MPP 
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which will not only do PCA but also map the results to known metabolic networks.  

Samples would include fasted and fed mosquitoes over a time course both with and 

without inhibitors of major metabolic pathways.  These results would identify potentially 

novel aspects of mosquito metabolic pathways and unique metabolic shunts that would 

offer insight into unique targets for insecticide development.      

Specific Aim 2: Targeted metabolic analysis 

Targeted metabolomics pertains to developing MRM experiments around known 

pathways of interested.  This analysis would be applied to known pathways of interest to 

Dr. Scaraffia (urea cycle, amino acid metabolism, uricolysis) as well as any pathway 

uncovered by shotgun analysis as variable with experiment parameters (fed, inhibited, 

etc).  MRM experiments can be designed solely based on the METLIN database or from 

traditional analyte optimization.  Targeted metabolomics would provide specific insight 

into a pathway that shotgun proteomics cannot, showing what steps are limiting and thus 

regulated pertaining to the specific experiment.  For example, our fasted/fed would show 

that OTC is inhibited in all models because it is already known that mosquitoes lack a 

functional OTC.  Targeted metabolomics would provide specific enzyme targets like this.   

Specific Aim 3: Target development for mosquito specific insecticides 

While small molecule development as used in the pharmaceutical industry is not the 

forte of this group and would likely be done through a collaborator, this group would 

assist in the LC/MS/MS aspects of the screening and development process.  Screening 

would likely be applied from small compound libraries derived of simple, inexpensive 
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molecules to minimize of production and commercial development.  High-throughput 

would likely be applied via spectrometric or fluorescent linked enzyme assays of targeted 

enzymes, and LC/MS/MS would be applied to validate the initial screens as well as later 

optimized compounds derived after the initial screens.  
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APPENDIX A  

PEAK LISTS FOR THE DES/IDE AND D4DES SPECTRA SHOWN IN FIGURE 3.8 

 

 

All peaks above 0.05% relative intensity are provided, along with the mass accuracy in 

PPM between the theoretical peak and the average value of the Des of Ide peaks, or the 

single one if only one is present.  The rightmost section describes the corresponding 

neutral loss, provided until redundancy overtakes the ability to provide the data in a 

useful way.   

Ide m/z Des m/z 
Theoretical 

m/z 
accuracy 

PPM 

  Elemental Comp.   Neutral Losses 
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750.3913 750.3923 750.3920 -0.2792   36 56 5 12                     

732.3809 732.3819 732.3814 -0.0073   36 54 5 11   1                 

706.4014 706.4023 706.4022 -0.4993   35 56 5 10     1               

704.3856 704.3864 704.3865 -0.7178   35 54 5 10       1             

694.3648 694.3656 694.3658 -0.8607   33 52 5 11         1           

688.3906 688.3913 688.3916 -0.9719   35 54 5 9   1 1               

686.3741 686.3758 686.3765 -2.2203   35 52 5 9   1   1             

677.3381 677.3399 677.3392 -0.2851   33 49 4 11           1         

676.3543 676.3550 676.3552 -0.8096   33 50 5 10   1     1           

670.3803 670.3814 670.3810 -0.2793   35 52 5 8   2 1               

662.4113 662.4121 662.4123 -0.8750   34 56 5 8     2               

660.3959 660.3965 660.3967 -0.6903   34 54 5 8     1 1             

658.3805 658.3801 658.3810 -1.0545   34 52 5 8       2             

650.3748 650.3756 650.3760 -1.2641   32 52 5 9     1   1           

649.3435 649.3442 649.3443 -0.7064   32 49 4 10           1 1       

648.3592 648.3599 648.3603 -1.2243   32 50 5 9       1 1           

644.4005 644.4013 644.4018 -1.3734   34 54 5 7   1 2               
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642.3854 642.3858 642.3861 -0.8316   34 52 5 7   1 1 1             

638.3384 638.3391 638.3396 -1.3182   30 48 5 10         2           

633.3488 633.3494 633.3494 -0.4656   32 49 4 9     1     1         

632.3642 632.3651 632.3654 -1.1927   32 50 5 8   1 1   1           

631.3327 631.3336 631.3338 -0.9966   32 47 4 9       1   1         

630.3489 630.3495 630.3497 -0.7431   32 48 5 8   1   1 1           

626.3893 626.3913 626.3912 -1.4009   34 52 5 6   2 2               

621.3135 621.3135 621.3130 0.7719   30 45 4 10         1 1         

620.3277 620.3291 620.3290 -0.9651   30 46 5 9   1     2           

619.3329 619.3333 619.3338 -1.1505   31 47 4 9               1     

618.4214 618.4226 618.4225 -0.8061   33 56 5 6     3               

616.4058 616.4063 616.4069 -1.3463   33 54 5 6     2 1             

614.3544 614.3542 614.3548 -0.8400   32 48 5 7   2 1   1           

607.3331 607.3330 607.3338 -1.2432   30 47 4 9               1 1   

606.3852 606.3856 606.3861 -1.1558   31 52 5 7     2   1           

605.3533 605.3539 605.3545 -1.4940   31 49 4 8     1     1 1       

605.3188 605.3187 605.3181 1.1006   30 45 4 9               1   1 

604.3690 604.3699 604.3705 -1.6553   31 50 5 7     1 1 1           

603.3382 603.3385 603.3388 -0.7296   31 47 4 8       1   1 1       

602.3529 602.3535 602.3548 -2.6555   31 48 5 7       2 1           

600.4108 600.4114 600.4119 -1.3934   33 54 5 8       1     2       

598.3950 598.3943 598.3963 -2.6990   33 52 5 5   1 2 1             

594.3489 594.3492 594.3497 -1.1127   29 48 5 8     1   2           

593.3170 593.3176 593.3181 -1.3116   29 45 4 9               1 1 1 

592.3328 592.3334 592.3341 -1.6574   29 46 5 8       1 2           

591.3016 591.3018 591.3025 -1.3873   29 43 4 9               1   2 

589.3583 589.3594 589.3596 -1.2375   31 49 4 7     2     1         

588.3741 588.3747 588.3756 -1.9779   31 50 5 6       3             

587.3423 587.3437 587.3439 -1.5862   31 47 4 7     1 1   1         

586.3592 586.3594 586.3599 -1.0073   31 48 5 6   2 1   1   1       

582.3968 582.4012 582.4013 -3.9917   33 52 5 4   2 3               

582.3122 582.3126 582.3134 -1.7132   27 44 5 9         3           

577.3225 577.3226 577.3232 -1.1055   29 45 4 8   1           1 1   

576.3390 576.3384 576.3392 -0.8499   29 46 5 7                     

575.3065 575.3073 575.3075 -1.0946   29 43 4 8     
       

  

572.4161 572.4165 572.4170 -1.2800   32 54 5 4     
       

  

571.3487 571.3490 571.3490 -0.3025   31 47 4 6     
       

  

570.3639 570.3645 570.3650 -1.4421   31 48 5 5     
       

  

565.2855 565.2861 565.2868 -1.7442   27 41 4 9     
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563.3434 563.3440 563.3439 -0.4003   27 47 4 7                     

562.3951 562.3955 562.3963 -1.8091   30 52 5 5     
       

  

561.3636 561.3640 561.3647 -1.6113   30 49 4 6     
       

  

561.3279 561.3286 561.3283 -0.0948   29 45 4 7     
       

  

560.3794 560.3800 560.3806 -1.6481   30 50 5 5     
       

  

559.3481 559.3481 559.3490 -1.6036   30 47 4 6     
       

  

559.3145 559.3123 559.3126 1.3945   29 43 4 7     
       

  

558.3630 558.3635 558.3650 -3.1334   30 48 5 5     
       

  

558.3277 558.3275 558.3286 -1.7857   29 44 5 6     
       

  

556.4206 556.4212 556.4221 -2.1262   32 54 5 3     
       

  

551.3047 551.3066 551.3075 -3.3126   27 43 4 8     
       

  

550.3588 550.3591 550.3599 -1.7777   28 48 5 6     
       

  

549.3273 549.3276 549.3283 -1.5295   28 45 4 7     
       

  

549.2931 549.2929 549.2919 2.0124   27 41 4 8     
       

  

548.3428 548.3436 548.3443 -2.0278   28 46 5 6     
       

  

548.2935 548.2952 548.2966 -4.1035   28 42 3 8     
       

  

547.3111 547.3122 547.3126 -1.7598   28 43 4 7     
       

  

547.2755 547.2758 547.2762 -1.0613   27 39 4 8     
       

  

546.3261 546.3277 546.3286 -3.0969   28 44 5 6     
       

  

545.3691 545.3693 545.3697 -0.9121   30 49 4 5     
       

  

544.3845 544.3847 544.3857 -2.0234   30 50 5 4     
       

  

543.3530 543.3531 543.3541 -1.8843   30 47 4 5     
       

  

543.3162 543.3171 543.3177 -2.0042   29 43 4 6     
       

  

542.3701 542.3691 542.3701 -0.9296   30 48 5 4     
       

  

541.3380 541.3386 541.3384 -0.1443   30 45 4 5     
       

  

537.2907 537.2913 537.2919 -1.5911   26 41 4 8     
       

  

533.3324 533.3327 533.3336 -1.9200   28 45 4 6     
       

  

532.3495 532.3480 532.3493 -1.1225   28 46 5 5     
       

  

532.3012 532.3012 532.3017 -0.9840   28 42 3 7     
       

  

531.3166 531.3170 531.3177 -1.7180   28 43 4 6     
       

  

529.2988 529.3023 529.3021 -2.8268   28 41 4 6     
       

  

527.3567 527.3590 527.3592 -2.5053   30 47 4 4     
       

  

521.2959 521.2961 521.2970 -1.8103   26 41 4 7     
       

  

519.3531 519.3541 519.3541 -1.0293   28 47 4 5     
       

  

519.2804 519.2807 519.2813 -1.4590   26 39 4 7     
       

  

518.4059 518.4060 518.4065 -1.0255   29 52 5 3     
       

  

517.3737 517.3740 517.3748 -1.9434   29 49 4 4     
       

  

517.3373 517.3384 517.3384 -1.2261   28 45 4 5     
       

  

515.3583 515.3584 515.3592 -1.6081   29 47 4 4     
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515.3216 515.3225 515.3227 -1.3473   28 43 4 5     
       

  

514.3386 514.3384 514.3387 -0.4316   28 44 5 4     
       

  

514.2906 514.2905 514.2912 -1.2054   28 40 3 6     
       

  

513.3059 513.3064 513.3071 -1.9347   28 41 4 5     
       

  

509.2596 509.2600 509.2606 -1.5501   24 37 4 8     
       

  

506.3682 506.3690 506.3701 -2.9015   26 48 5 4     
       

  

505.3375 505.3378 505.3384 -1.5648   27 45 4 5     
       

  

505.3012 505.3020 505.3021 -0.9640   26 41 4 6     
       

  

504.3543 504.3531 504.3544 -1.4337   27 46 5 4     
       

  

504.3060 504.3063 504.3068 -1.3107   27 42 3 6     
       

  

504.2440 504.2463 504.2466 -2.9061   26 36 2 8                     

503.3195 503.3223 503.3228 -3.8223   27 43 4 5                     

503.2854 503.2858 503.2864 -1.5347   26 39 4 6     
       

  

502.2902 502.2908 502.2912 -1.2426   27 40 3 6     
       

  

501.3791 501.3792 501.3799 -1.4860   29 49 4 3     
       

  

501.2701 501.2705 501.2708 -0.9185   26 37 4 6     
       

  

499.3636 499.3638 499.3642 -1.0446   29 47 4 3     
       

  

493.3013 493.3014 493.3021 -1.4430   25 41 4 6     
       

  

492.2677 492.2698 492.2704 -3.4078   25 38 3 7     
       

  

491.2837 491.2853 491.2864 -3.9183   25 39 4 6     
       

  

491.2494 491.2494 491.2500 -1.2536   24 35 4 7     
       

  

490.2902 490.2906 490.2912 -1.6010   26 40 3 6     
       

  

489.3424 489.3429 489.3435 -1.7751   27 45 4 4     
       

  

488.3107 488.3113 488.3119 -1.8413   27 42 3 5     
       

  

488.2747 488.2758 488.2755 -0.5556   26 38 3 6     
       

  

487.3270 487.3272 487.3279 -1.5990   27 43 4 4     
       

  

486.2963 486.2954 486.2962 -0.7705   27 40 3 5     
       

  

477.3061 477.3062 477.3071 -2.0881   25 41 4 5     
       

  

476.2748 476.2750 476.2755 -1.1955   25 38 3 6     
       

  

475.3625 475.3637 475.3642 -2.3136   27 47 4 3     
       

  

475.2906 475.2910 475.2915 -1.4603   25 39 4 5     
       

  

474.2585 474.2596 474.2599 -1.6713   25 36 3 6     
       

  

474.2231   474.2235 -0.8443   24 32 3 7     
       

  

473.3473 473.3479 473.3486 -2.1371   27 45 4 3     
       

  

473.2746 473.2754 473.2758 -1.6554   25 37 4 5     
       

  

471.3309 471.3327 471.3320 -0.4416   27 43 4 3     
       

  

470.3007 470.3012 470.3013 -0.8238   27 40 3 4     
       

  

465.2698 465.2700 465.2708 -1.8205   23 37 4 6     
       

  

464.2385 464.2392 464.2391 -0.5626   23 34 3 7     
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463.2541 463.2546 463.2551 -1.6699   23 35 4 6     
       

  

462.2931 462.2940 462.2936 -0.0315   22 42 2 8     
       

  

462.2592 462.2594 462.2599 -1.1896   24 36 3 6     
       

  

461.3482 461.3478 461.3486 -1.3900   26 45 4 3     
       

  

461.3105 461.3127 461.3122 -1.2974   25 41 4 4     
       

  

460.3150 460.3158 460.3170 -3.3714   26 42 3 4     
       

  

460.2794 460.2810 460.2806 -0.7967   25 38 3 5     
       

  

459.3303 459.3323 459.3316 -0.7524   25 47   7     
       

  

459.2957 459.2961 459.2965 -1.2942   25 39 4 4     
       

  

458.2985 458.3005 458.3013 -3.9125   26 40 3 4     
       

  

457.2802 457.2803 457.2809 -1.5074   25 37 4 4     
       

  

453.2337 453.2340 453.2344 -1.1169   21 33 4 7     
       

  

450.2589 450.2595 450.2599 -1.4784   23 36 3 6     
       

  

449.3110 449.3115 449.3122 -2.1919   24 41 4 4     
       

  

448.2765 448.2794 448.2779 -0.0117   21 40 2 8     
       

  

448.2432 448.2438 448.2442 -1.6688   23 34 3 6     
       

  

  447.2962 447.2966 -0.7953   24 39 4 4     
       

  

447.2592 447.2597 447.2601 -1.3512   23 35 4 5     
       

  

447.2325 447.2327 447.2337 -2.3963   20 35 2 9     
       

  

446.3002 446.3007 446.3013 -1.9922   25 40 3 4     
       

  

446.2276 446.2282 446.2286 -1.5608   23 32 3 6     
       

  

446.1995   446.2007 -2.8603   18 30 4 9     
       

  

445.2434 445.2440 445.2445 -1.8302   23 33 4 5     
       

  

444.3220 444.3213 444.3221 -1.0245   26 42 3 3     
       

  

444.2850 444.2854 444.2856 -0.7996   25 38 3 4     
       

  

443.3372 443.3380 443.3381 -1.0277   26 43 4 2     
       

  

442.3036 442.3058 442.3064 -3.7784   26 40 3 3     
       

  

436.2427 436.2433 436.2442 -2.8115   22 34 3 6     
       

  

435.2232 435.2264 435.2252 -0.7512   23 33 1 7     
       

  

434.2273 434.2282 434.2286 -1.9086   22 32 3 6     
       

  

433.3162 433.3166 433.3173 -2.0719   24 41 4 3     
       

  

432.2846 432.2851 432.2856 -1.8118   24 38 3 4     
       

  

431.3008 431.3010 431.3017 -1.7608   24 39 4 3     
       

  

431.1917 431.1913 431.1925 -2.3535   21 27 4 6     
       

  

430.2696 430.2695 430.2700 -1.0731   24 36 3 4     
       

  

429.2845 429.2860 429.2860 -1.7771   24 37 4 3     
       

  

428.3266 428.3268 428.3272 -0.9982   26 42 3 2     
       

  

426.3102 426.3105 426.3115 -2.6484   26 40 3 2     
       

  

422.2276 422.2275 422.2286 -2.4109   21 32 3 6     
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421.2798 421.2805 421.2809 -1.6947   22 37 4 4     
       

  

420.2485 420.2487 420.2493 -1.7343   22 34 3 5     
       

  

420.2121 420.2125 420.2130 -1.6570   21 30 3 6     
       

  

419.2642 419.2651 419.2666 -4.6529   24 37 1 5     
       

  

418.2688 418.2695 418.2700 -2.1346   23 36 3 4     
       

  

418.2329 418.2334 418.2336 -1.0846   22 32 3 5     
       

  

417.2489 417.2497 417.2496 -0.7905   22 33 4 4     
       

  

416.2892 416.2897 416.2908 -3.1758   24 38 3 3     
       

  

415.3058 415.3058 415.3068 -2.1967   24 39 4 2     
       

  

414.2735 414.2746 414.2751 -2.5116   24 36 3 3     
       

  

409.2439 409.2442 409.2445 -1.2165   20 33 4 5     
       

  

408.2122 408.2126 408.2129 -1.2099   20 30 3 6     
       

  

407.2281 407.2284 407.2289 -1.5811   20 31 4 5     
       

  

406.2338 406.2326 406.2336 -0.9546   21 32 3 5     
       

  

404.2896 404.2896 404.2908 -2.8468   23 38 3 3     
       

  

404.2536 404.2540 404.2544 -1.3483   22 34 3 4     
       

  

403.2687 403.2684 403.2690 -1.1047   21 39 0 3     
       

  

402.3107 402.3106 402.3115 -2.1190   24 40 3 2     
       

  

402.2380 402.2382 402.2387 -1.5083   22 32 3 4     
       

  

402.2020 402.2023 402.2023 -0.4514   21 28 3 5     
       

  

401.2538 401.2535 401.2547 -2.6559   22 33 4 3     
       

  

400.2946 400.2950 400.2958 -2.4251   24 38 3 2     
       

  

400.2226 400.2220 400.2231 -1.9644   22 30 3 4     
       

  

392.2171 392.2179 392.2180 -1.2160   20 30 3 5     
       

  

390.2367 390.2380 390.2387 -3.5366   21 32 3 4     
       

  

390.2014 390.2019 390.2023 -1.7767   20 28 3 5     
       

  

389.2176 389.2186 389.2183 -0.5571   20 29 4 4     
       

  

388.2956 388.2954 388.2958 -0.8247   23 38 3 2     
       

  

386.2790 386.2795 386.2802 -2.4939   23 36 3 2     
       

  

386.2431 386.2439 386.2438 -0.8208   22 32 3 3     
       

  

384.2275 384.2281 384.2282 -0.9022   22 30 3 3     
       

  

377.2902 377.2907 377.2911 -1.6546   21 37 4 2     
       

  

376.2585 376.2591 376.2595 -1.7090   21 34 3 3     
       

  

376.2224 376.2226 376.2231 -1.5467   20 30 3 4     
       

  

375.2747 375.2750 375.2755 -1.6588   21 35 4 2     
       

  

375.1907 375.1907 375.1914 -1.9708   20 27 2 5     
       

  

374.2786 374.2798 374.2802 -2.7176   22 36 3 2     
       

  

374.2432 374.2433 374.2438 -1.4725   21 32 3 3     
       

  

374.2068 374.2070 374.2074 -1.3741   20 28 3 4     
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373.2580 373.2575 373.2598 -5.4698   18 35 3 5     
       

  

373.1750   373.1758 -2.2073   20 25 2 5     
       

  

365.2537 365.2543 365.2547 -1.9102   19 33 4 3     
       

  

364.2223 364.2227 364.2231 -1.5050   19 30 3 4     
       

  

364.1860 364.1863 364.1867 -1.4432   18 26 3 5     
       

  

363.2383 363.2387 363.2391 -1.4798   19 31 4 3     
       

  

363.1913   363.1914 -0.4159   19 27 2 5     
       

  

362.2068 362.2070 362.2074 -1.5390   19 28 3 4     
       

  

361.2476 361.2480 361.2486 -2.1387   21 33 2 3     
       

  

361.2227 361.2225 361.2234 -2.2211   19 29 4 3     
       

  

360.2637 360.2641 360.2646 -1.8219   21 34 3 2     
       

  

  359.2513 359.2527 -3.9294   16 33 5 4     
       

  

359.2321 359.2326 359.2329 -1.5360   21 31 2 3     
       

  

358.2482 358.2487 358.2489 -1.2558   21 32 3 2     
       

  

358.2109 358.2130 358.2125 -1.5382   20 28 3 3     
       

  

356.2324 356.2333 356.2333 -1.0507   21 30 3 2     
       

  

352.1859 352.1865 352.1867 -1.4069   17 26 3 5     
       

  

348.2275 348.2281 348.2282 -1.1114   19 30 3 3     
       

  

  347.2323 347.2329 -1.7018   20 31 2 3     
       

  

347.1956 347.1971 347.1965 -0.4812   19 27 2 4     
       

  

346.2121 346.2123 346.2125 -0.8628   19 28 3 3     
       

  

345.2172 345.2171 345.2173 -0.4596   20 29 2 3     
       

  

345.1805 345.1810 345.1809 -0.3159   19 25 2 4     
       

  

344.1961 344.1968 344.1969 -1.2261   19 26 3 3     
       

  

342.2530 342.2537 342.2540 -1.9096   21 32 3 1     
       

  

340.2378 340.2379 340.2383 -1.3879   21 30 3 1     
       

  

336.1907 336.1917 336.1918 -1.6479   17 26 3 4     
       

  

334.2483 334.2485 334.2489 -1.3626   19 32 3 2     
       

  

334.1764 334.1756 334.1761 -0.4718   17 24 3 4     
       

  

333.2165 333.2170 333.2173 -1.5486   19 29 2 3     
       

  

332.2325 332.2330 332.2333 -1.5024   19 30 3 2     
       

  

331.2009 331.2011 331.2016 -1.8911   19 27 2 3     
       

  

330.2167 330.2178 330.2176 -1.0598   19 28 3 2     
       

  

329.1852 329.1856 329.1860 -1.8050   19 25 2 3     
       

  

328.2023 328.2023 328.2033 -3.0895   19 26 3 2     
       

  

327.2429 327.2430 327.2431 -0.5202   21 31 2 1     
       

  

327.1699 327.1697 327.1703 -1.5884   19 23 2 3     
       

  

325.2265 325.2268 325.2274 -2.5190   21 29 2 1     
       

  

321.2646 321.2647 321.2662 -4.9006   20 35 1 2     
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320.2324 320.2329 320.2333 -1.8217   18 30 3 2     
       

  

320.1965 320.1982 320.1982 -2.6617   19 28 4       
       

  

319.2488 319.2486 319.2492 -1.6646   18 31 4 1     
       

  

319.2008 319.2013 319.2016 -1.7370   18 27 2 3     
       

  

319.1639 319.1651 319.1652 -2.2033   17 23 2 4     
       

  

318.2167 318.2164 318.2176 -3.3352   18 28 3 2     
       

  

318.1827   318.1839 -3.8473   20 22 4       
       

  

317.1853 317.1855 317.1860 -1.8101   18 25 2 3     
       

  

315.2424 315.2424 315.2431 -2.1436   20 31 2 1     
       

  

314.2229 314.2234 314.2240 -2.7869   21 30 0       
       

  

313.2274 313.2267 313.2274 -1.2396   20 29 2 1     
       

  

312.2065 312.2069 312.2070 -1.0180   19 26 3 1     
       

  

311.1749 311.1743 311.1754 -2.5170   19 23 2 2     
       

  

308.1963 308.1964 308.1969 -1.8130   16 26 3 3     
       

  

307.1647 307.1641 307.1652 -2.6568   16 23 2 4     
       

  

305.1856 305.1857 305.1860 -0.9744   17 25 2 3     
       

  

304.2376 304.2378 304.2383 -2.0140   18 30 3 1     
       

  

303.2059 303.2068 303.2067 -1.1437   18 27 2 2     
       

  

303.1694 303.1701 303.1703 -1.9179   17 23 2 3     
       

  

302.2222 302.2223 302.2227 -1.5539   18 28 3 1     
       

  

301.2269 301.2264 301.2274 -2.5544   19 29 2 1     
       

  

301.1908 301.1907 301.1911 -0.9934   18 25 2 2     
       

  

301.1541 301.1541 301.1547 -1.9281   17 21 2 3     
       

  

300.2059 300.2071 300.2084 -6.2493   20 28 2       
       

  

292.2002 292.2012 292.2020 -4.3506   16 26 3 2     
       

  

291.1700 291.1699 291.1703 -1.1990   16 23 2 3     
       

  

290.1858 290.1855 290.1863 -2.1212   16 24 3 2     
       

  

289.2267 289.2264 289.2274 -3.0040   18 29 2 1     
       

  

289.1542 289.1541 289.1547 -1.7936   16 21 2 3     
       

  

288.2160 288.2163 288.2169 -2.6240   15 30 1 4     
       

  

288.1707 288.1694 288.1707 -2.1855   16 22 3 2     
       

  

287.2111 287.2112 287.2118 -2.1620   18 27 2 1     
       

  

286.2002 286.2008 286.2013 -2.6177   15 28 1 4     
       

  

285.1953 285.1957 285.1961 -2.2008   18 25 2 1     
       

  

283.1795 283.1801 283.1805 -2.3678   18 23 2 1     
       

  

278.2221 278.2226 278.2227 -1.3351   16 28 3 1     
       

  

277.1906 277.1911 277.1911 -0.7228   16 25 2 2     
       

  

276.2065 276.2072 276.2084 -5.4050   18 28   2     
       

  

275.2113 275.2114 275.2118 -1.6571   17 27 2 1     
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275.1749 275.1750 275.1754 -1.5351   16 23 2 2     
       

  

  274.1997 274.2013 -5.7896   14 28 1 4     
       

  

274.1915   274.1927 -4.5170   18 26 2       
       

  

273.1957 273.1956 273.1961 -1.7472   17 25 2 1     
       

  

273.1592 273.1594 273.1598 -1.6933   16 21 2 2     
       

  

271.1792 271.1794 271.1805 -4.4484   17 23 2 1     
       

  

269.1998 269.2009 269.2012 -3.1601   18 25 2       
       

  

265.1540 265.1543 265.1547 -2.1168   14 21 2 3     
       

  

264.2062 264.2064 264.2070 -2.5201   15 26 3 1     
       

  

263.1751 263.1754 263.1754 -0.5433   15 23 2 2     
       

  

262.1913   262.1913 -0.0562   15 24 3 1     
       

  

261.1955 261.1955 261.1961 -2.3867   16 25 2 1     
       

  

260.1846 260.1846 260.1856 -3.7417   13 26 1 4     
       

  

259.1795 259.1799 259.1805 -3.1574   16 23 2 1     
       

  

258.1478 258.1486 258.1489 -2.4645   16 20 1 2     
       

  

257.1638 257.1643 257.1648 -3.0065   16 21 2 1     
       

  

256.1323 256.1329 256.1332 -2.2918   16 18 1 2     
       

  

251.1379 251.1382 251.1390 -3.8825   13 19 2 3     
       

  

249.1590 249.1596 249.1598 -1.8210   14 21 2 2     
       

  

248.2107 248.2115 248.2121 -4.1944   15 26 3       
       

  

247.1798 247.1800 247.1805 -2.3368   15 23 2 1     
       

  

247.1435 247.1436 247.1441 -2.1565   14 19 2 2     
       

  

246.1966 246.1956 246.1965 -1.5166   15 24 3       
       

  

246.1702 246.1688 246.1700 -1.9663   12 24 1 4     
       

  

246.1486   246.1489 -1.1471   15 20 1 2     
       

  

245.1640 245.1643 245.1648 -2.7239   15 21 2 1     
       

  

241.1689   241.1699 -4.1424   16 21 2       
       

  

241.1218 241.1215 241.1223 -2.7116   16 17 2       
       

  

235.1432 235.1435 235.1441 -3.2179   13 19 2 2     
       

  

233.1639 233.1643 233.1648 -3.0003   14 21 2 1     
       

  

233.1278 233.1275 233.1285 -3.6304   13 17 2 2     
       

  

232.1325   232.1332 -3.1976   14 18 1 2     
       

  

231.1851 231.1848 231.1856 -2.4526   15 23 2       
       

  

231.1487 231.1481 231.1492 -3.4740   14 19 2 1     
       

  

230.1530 230.1534 230.1539 -3.2518   15 20 1 1     
       

  

230.1168 230.1169 230.1176 -2.9903   14 16 1 2     
       

  

229.1692 229.1691 229.1699 -3.3700   15 21 2       
       

  

227.1533 227.1536 227.1543 -3.7249   15 19 2       
       

  

223.1103 223.1113 223.1117 -4.3143   16 15   1     
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221.1639 221.1642 221.1648 -3.4290   13 21 2 1     
       

  

219.1486 219.1485 219.1492 -2.7039   13 19 2 1     
       

  

216.1740 216.1736 216.1747 -4.0992   15 22 1       
       

  

214.1581 214.1584 214.1590 -3.5589   15 20 1       
       

  

213.0258   213.0268 -4.7982   8 7 1 6     
       

  

212.1426 212.1427 212.1434 -3.3839   15 18 1       
       

  

210.1273 210.1271 210.1277 -2.3593   15 16 1       
       

  

207.1484 207.1483 207.1492 -4.0719   12 19 2 1     
       

  

202.1221 202.1218 202.1226 -3.4447   13 16 1 1     
       

  

200.1424 200.1421 200.1434 -5.4890   14 18 1       
       

  

197.1317 197.1321 197.1325 -2.9243   15 17         
       

  

195.1158 195.1154 195.1168 -6.1152   15 15         
       

  

188.1422 188.1425 188.1434 -5.4469   13 18 1       
       

  

186.1261 186.1269 186.1277 -6.5016   13 16 1       
       

  

186.1117 186.1120 186.1125 -3.4312   9 16 1 3     
       

  

185.1283 185.1285 185.1285 -0.2900   9 17 2 2     
       

  

184.1111 184.1114 184.1121 -4.4873   13 14 1       
       

  

176.1419 176.1429 176.1434 -5.2933   12 18 1       
       

  

174.1270 174.1270 174.1277 -4.2732   12 16 1       
       

  

173.1190 173.1185 173.1199 -6.8055   12 15 1       
       

  

172.1116 172.1113 172.1128 -7.7702   12 14 1       
       

  

171.1037 171.1036 171.1042 -3.1553   12 13 1       
       

  

170.0953 170.0956 170.0964 -5.5958   12 12 1       
       

  

169.1001 169.1006 169.1012 -4.9196   13 13         
       

  

168.1007 168.1005 168.1019 -7.7818   9 14 1 2     
       

  

162.1266 162.1269 162.1277 -6.0124   11 16 1       
       

  

161.1189 161.1188 161.1199 -6.4563   11 15 1       
       

  

160.1112 160.1113 160.1121 -5.2704   11 14 1       
       

  

148.1111 148.1113 148.1121 -6.1933   10 14 1 0     
       

  

147.1032 147.1035 147.1043 -6.0877   10 13 1       
       

  

146.0958 146.0956 146.0964 -4.8743   10 12 1       
       

  

142.1220 142.1219 142.1226 -4.5886   8 16 1 1     
       

  

140.1060 140.1062 140.1070 -6.1238   8 14 1 1     
       

  

135.1030 135.1036 135.1042 -6.5696   9 13 1       
       

  

134.0955 134.0956 134.0964 -6.4422   9 12 1       
       

  

130.0854 130.0855 130.0863 -6.4669   6 12 1 2     
       

  

128.0695 128.0699 128.0706 -6.9944   6 10 1 2     
       

  

124.1113 124.1114 124.1121 -6.0286   8 14 1       
       

  

114.0543 114.0547 114.0550 -4.0098   5 8 1 2     
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102.0908   102.0913 -5.1234   5 12 1 1                     

 

Extracted peak list for d4Des: 

m/z Area Height 
 

m/z Area Height 

754.4229 16.3724 660.7176 
 

419.3121 0.0196 1.4323 

737.4160 0.0188 0.8521 
 

419.2766 0.0174 0.9222 

736.4122 0.5910 24.6888 
 

418.3329 0.0150 0.7397 

726.3913 1.3633 57.3477 
 

418.3020 0.0227 1.4044 

710.4970 0.0079 0.6052 
 

418.2712 0.0106 0.7589 

710.4325 3.6075 151.3295 
 

417.3225 0.0119 0.6436 

710.3834 0.0113 1.0375 
 

417.2963 0.0116 0.7973 

710.2567 0.0257 0.6148 
 

417.2632 0.0080 0.5476 

709.4217 0.0293 1.0951 
 

416.2871 0.0114 0.8646 

708.4161 1.1235 47.6350 
 

413.2721 0.0917 6.3871 

708.3812 0.5503 28.6744 
 

413.2420 0.0102 0.5485 

708.2143 0.0200 0.5783 
 

412.2405 0.1521 9.9030 

708.1573 0.0250 0.5677 
 

411.2552 0.0461 3.1258 

698.4547 0.0150 1.7454 
 

411.2310 0.0454 2.6638 

698.3957 7.2743 306.5014 
 

410.2529 0.0156 0.7973 

698.3609 1.3486 80.4131 
 

410.2254 0.0176 1.2200 

697.3968 0.0396 1.0682 
 

409.3132 0.0148 0.9222 

696.1559 0.0653 1.0951 
 

409.2890 0.0073 0.6916 

693.4267 0.0172 0.7406 
 

409.2650 0.0197 1.2017 

692.4216 0.9509 40.8348 
 

408.3171 0.0243 1.3449 

690.4060 0.0233 1.1335 
 

408.2821 0.0687 4.6100 

690.3700 0.0102 0.5283 
 

408.2483 0.0133 0.8934 

682.4008 0.2387 10.6033 
 

408.2121 0.0139 0.9318 

681.3700 0.0904 2.9404 
 

407.2970 0.0328 2.2113 

680.3842 1.8668 80.3343 
 

407.2778 0.0361 2.0874 

680.3491 1.1947 65.7003 
 

406.3390 0.0167 1.1047 

680.3012 0.0080 0.7301 
 

406.2669 0.0979 5.3391 

679.3775 0.0231 1.0086 
 

406.2394 0.0116 0.6148 

674.4106 0.0206 0.9030 
 

405.3295 0.0118 0.5956 

670.3644 0.7104 32.0701 
 

405.2817 0.0198 1.2488 

670.3204 0.0074 0.6628 
 

405.2598 0.0515 3.6974 

666.4421 1.1068 49.4486 
 

404.3232 0.0136 0.7781 

665.4330 0.0155 0.5187 
 

404.2523 0.0243 1.6042 

664.4237 0.4989 23.2959 
 

403.3170 0.0252 1.5572 
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664.3901 1.0211 49.7560 
 

403.2446 0.0100 0.7493 

663.4192 0.0135 0.5091 
 

402.3098 0.0153 0.9894 

662.4096 0.0273 1.2498 
 

401.3015 0.0119 0.7301 

662.3738 0.0390 1.8943 
 

397.2770 0.0247 1.7973 

662.3375 0.0277 1.4890 
 

397.2538 0.0062 0.5091 

654.4055 2.6350 122.4524 
 

396.2778 0.0106 0.6820 

654.3709 0.1482 8.6628 
 

396.2457 0.0463 3.2901 

653.4408 0.0087 0.6628 
 

395.2612 0.0442 2.3919 

653.3741 2.1431 95.9817 
 

395.2397 0.0202 1.3372 

653.3272 0.0161 1.6532 
 

395.2032 0.0153 1.2584 

652.3866 1.4516 72.9203 
 

394.2670 0.0365 2.1739 

652.3535 5.1462 259.0711 
 

394.2306 0.0750 5.1153 

652.3012 0.0431 2.4371 
 

393.2525 0.0214 0.8742 

651.3674 0.0831 1.7723 
 

393.2235 0.0462 3.2065 

650.2704 0.0530 0.7810 
 

392.3234 0.0380 2.7887 

648.4312 0.3419 16.1806 
 

392.2859 0.0068 0.5091 

646.4153 0.0575 2.7992 
 

392.2532 0.0268 1.6724 

646.3790 0.0277 1.5658 
 

392.2186 0.0129 0.7589 

642.3690 1.0104 47.0451 
 

391.3138 0.0201 1.1547 

642.3340 0.1475 9.0768 
 

391.2885 0.0165 0.7397 

638.4103 0.0631 2.8559 
 

390.3072 0.0351 2.2104 

637.3790 0.1762 7.9280 
 

390.2729 0.0176 1.0663 

636.3942 0.8031 37.0221 
 

390.2441 0.0125 0.6340 

636.3613 0.2593 13.4774 
 

389.2977 0.0267 1.2200 

635.3640 0.1148 4.3228 
 

389.2663 0.0101 0.6820 

634.3764 0.0872 4.1883 
 

388.2916 0.0074 0.5379 

634.3444 0.1374 6.4169 
 

388.2571 0.0175 1.0279 

634.3088 0.0140 0.8069 
 

387.2502 0.0088 0.6158 

630.4202 0.0241 1.2296 
 

384.2093 0.0428 3.3036 

626.3739 0.1986 9.2997 
 

383.2256 0.0107 0.6628 

625.3421 0.6080 30.0845 
 

382.2663 0.0092 0.6148 

624.3583 1.3624 64.3525 
 

382.2319 0.0119 0.6628 

624.3237 0.1150 7.7522 
 

381.3186 0.3044 23.1623 

624.2842 0.0176 0.7685 
 

381.2582 0.0080 0.5956 

623.3606 0.0464 1.4217 
 

381.2333 0.0115 0.6436 

622.4520 0.4754 21.9203 
 

380.3106 0.0345 2.4621 

622.3554 0.0186 0.6052 
 

380.2869 0.0679 5.6551 

620.4356 0.2245 10.4409 
 

380.2508 0.0276 2.0865 

620.3999 0.1322 6.8617 
 

379.3025 0.0634 4.6772 



301 

 

618.3841 0.2353 10.7368 
 

379.2802 0.0317 2.4332 

618.3497 0.0180 1.1912 
 

379.2452 0.0441 3.0970 

617.3772 0.0153 0.5764 
 

379.2196 0.0128 1.0759 

614.3377 0.0795 3.6359 
 

378.3029 0.0350 1.7012 

611.3631 0.0712 3.3698 
 

378.2717 0.0293 2.1345 

610.4152 0.9309 45.3545 
 

378.2357 0.0321 2.2536 

610.3788 0.0422 2.1623 
 

378.2129 0.0214 1.7329 

609.4380 0.0043 0.5476 
 

377.2919 0.0217 0.7877 

609.3835 1.2832 60.9741 
 

377.2574 0.0192 0.9606 

609.3491 0.1056 6.4131 
 

377.2303 0.0230 1.5562 

609.3089 0.0316 1.2882 
 

377.2064 0.0138 0.9606 

609.2502 0.0175 0.8069 
 

376.2931 0.0140 0.8463 

608.3968 0.6220 30.4035 
 

376.2562 0.0144 0.8549 

608.3640 1.0942 42.2277 
 

376.2215 0.0129 0.8069 

608.2981 0.0097 0.5091 
 

375.2856 0.0131 0.8357 

607.3679 0.1576 6.0778 
 

375.2525 0.0097 0.5860 

607.3321 0.0716 3.8905 
 

374.2796 0.0099 0.5572 

606.3802 0.0625 2.8847 
 

373.2463 0.0079 0.5572 

606.3474 0.2422 8.7915 
 

369.2819 0.0598 4.6215 

606.2748 0.0140 0.7301 
 

368.2502 0.1288 9.9741 

604.4410 0.1148 5.8521 
 

368.2149 0.0149 1.0567 

602.4248 0.0298 1.4890 
 

367.2643 0.0233 1.5754 

602.3888 0.0224 1.1623 
 

367.2434 0.0384 2.8598 

598.3786 0.4733 24.0269 
 

367.2120 0.0224 1.4890 

598.3448 0.0488 2.6225 
 

366.2617 0.0118 0.6436 

597.3471 1.1342 56.8146 
 

366.2356 0.0265 1.8732 

597.3129 0.0459 3.0500 
 

366.2013 0.0224 1.1623 

596.3604 0.3427 18.0874 
 

365.2753 0.0283 2.0682 

596.3277 0.6218 30.9577 
 

365.2512 0.0087 0.6244 

596.2922 0.0167 1.1527 
 

365.2232 0.0157 0.7781 

595.3318 0.1502 6.3477 
 

365.1942 0.0099 0.7589 

594.4200 0.0342 1.2786 
 

364.2919 0.0815 5.7675 

594.3249 0.0160 0.5956 
 

364.2614 0.0108 0.5956 

593.3888 0.1129 5.3929 
 

364.2224 0.0115 0.8742 

592.4038 0.2516 11.7570 
 

363.2853 0.0631 4.0106 

592.3751 0.0580 3.0567 
 

363.2593 0.0208 1.3833 

591.3729 0.1887 8.9270 
 

362.2768 0.0760 5.5149 

590.3863 0.0792 4.6388 
 

362.2513 0.0192 0.9798 

590.3538 0.2972 13.6369 
 

361.2699 0.0577 4.0788 
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589.3563 0.0233 0.6532 
 

361.2405 0.0152 0.7781 

586.3423 0.0498 2.5379 
 

360.2623 0.0239 1.7695 

583.3305 0.0104 0.6436 
 

360.2342 0.0152 0.7589 

582.3837 0.0585 2.8377 
 

359.2541 0.0112 0.7397 

581.3519 0.2359 11.3372 
 

356.2141 0.0411 2.9529 

581.3162 0.0542 3.2699 
 

355.2078 0.0113 0.9318 

580.3676 0.3047 15.1479 
 

353.2872 0.0256 2.0192 

580.3106 0.3169 11.8338 
 

352.2553 0.0555 3.8223 

579.3363 0.2106 9.4899 
 

352.2214 0.0076 0.5091 

579.3012 0.0326 1.9308 
 

351.2570 0.0569 1.6811 

578.4612 0.4431 23.7147 
 

351.2215 0.0153 0.8549 

578.3364 0.1688 3.8021 
 

350.2774 0.0240 1.6811 

578.2812 0.0291 1.6436 
 

350.2400 0.0837 5.8367 

577.3231 0.0103 0.5091 
 

350.2129 0.0108 0.5860 

576.4459 0.1203 6.4035 
 

349.2683 0.0127 0.7205 

576.4096 0.0264 1.5370 
 

349.2343 0.0677 4.0413 

575.3784 0.0171 0.7012 
 

349.2077 0.0126 0.6436 

574.4270 0.0115 0.6916 
 

348.2606 0.0148 0.9894 

574.3933 0.0783 3.8809 
 

348.2316 0.0586 2.5456 

574.3588 0.0068 0.6340 
 

348.1978 0.0146 0.9702 

570.3471 0.0313 1.6811 
 

347.2240 0.0312 1.4995 

569.3156 1.3603 72.2046 
 

347.1914 0.0109 0.6436 

568.3302 0.1855 7.2027 
 

346.2811 0.0077 0.5379 

567.3725 0.0453 2.2594 
 

346.2551 0.0092 0.5091 

567.3331 0.0190 1.1047 
 

346.2184 0.0121 0.6820 

567.3003 0.0831 4.6119 
 

345.2742 0.0063 0.5379 

566.4248 0.3112 16.5476 
 

344.2674 0.0085 0.5572 

566.3890 0.0102 0.8175 
 

343.2591 0.0063 0.5476 

566.3669 0.0076 0.5668 
 

341.1727 0.0078 0.6052 

565.3935 0.7046 37.2738 
 

340.2190 0.0255 2.1143 

565.3585 0.0600 3.9846 
 

339.2128 0.0072 0.5764 

565.2391 0.0183 0.8357 
 

338.2761 0.0144 1.1720 

565.1873 0.0145 0.5476 
 

338.2459 0.0121 0.6628 

564.3913 0.5126 12.0567 
 

338.2062 0.0204 1.1239 

564.3522 0.0889 6.5447 
 

337.2676 0.0116 1.0288 

563.3777 0.1156 5.2190 
 

337.2443 0.0592 4.7810 

563.3413 0.1169 6.0355 
 

337.1992 0.0118 0.7589 

562.3909 0.0306 1.8924 
 

336.2598 0.0206 1.5370 

562.3570 0.1667 7.4371 
 

336.2367 0.0228 1.4899 
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561.3419 0.0253 0.6148 
 

336.1933 0.0098 0.5379 

560.4509 0.0344 1.9212 
 

335.2546 0.0407 2.5648 

558.4358 0.0085 0.5091 
 

335.2290 0.0362 3.1518 

555.3355 0.0210 1.1431 
 

335.1259 0.0145 0.8453 

554.3884 0.1554 8.3420 
 

334.2447 0.0269 1.6436 

554.3546 0.0159 0.8261 
 

334.2221 0.0458 3.6734 

553.3566 0.6152 33.1249 
 

334.1191 0.0086 0.5956 

553.3219 0.0626 4.1220 
 

333.2391 0.0208 1.2402 

552.3694 0.1517 7.9549 
 

333.2151 0.0361 2.6542 

552.3324 0.4250 11.9529 
 

332.2303 0.0117 0.8165 

552.2794 0.0097 0.5091 
 

332.2073 0.0311 2.2238 

551.3403 0.1776 8.7791 
 

331.2002 0.0163 1.2008 

551.3056 0.2370 12.9693 
 

330.2631 0.0084 0.5283 

550.4294 0.0217 1.1729 
 

330.1915 0.0101 0.7685 

550.3542 0.0274 1.6330 
 

329.2566 0.0087 0.5956 

550.3214 0.1032 4.7214 
 

328.1827 0.0106 0.6542 

550.2928 0.0526 2.0672 
 

326.2382 0.0092 0.6446 

549.3981 0.0715 3.5447 
 

325.2919 0.1186 10.7666 

549.3239 0.0120 0.5379 
 

324.2832 0.0136 1.3353 

548.4130 0.0800 4.3026 
 

324.2604 0.0936 8.0461 

548.3896 0.0295 1.8165 
 

324.2293 0.0218 1.0384 

547.3826 0.1209 6.2671 
 

323.2743 0.0054 0.5764 

547.3470 0.0100 0.6436 
 

323.2533 0.0429 3.7598 

546.3963 0.0320 2.0086 
 

323.2281 0.0798 5.2469 

546.3692 0.0955 3.1614 
 

322.2451 0.0236 1.8069 

545.3676 0.0197 0.7589 
 

322.2177 0.0400 2.0567 

544.3472 0.0177 0.7781 
 

322.1859 0.0077 0.5572 

542.3516 0.0246 1.3929 
 

321.2401 0.0139 0.6628 

541.3201 0.2547 14.1345 
 

321.2111 0.0382 1.9904 

541.2842 0.2349 14.1393 
 

320.2315 0.0096 0.5956 

540.3340 0.0235 1.3833 
 

320.2074 0.0600 4.2728 

540.3075 0.0336 1.3353 
 

320.1635 0.0263 1.7973 

540.2207 0.0139 0.6340 
 

319.2689 0.0092 0.7877 

539.3049 0.0264 1.5466 
 

319.1992 0.0208 1.3353 

538.3934 0.0165 0.8847 
 

319.1592 0.0697 5.5389 

537.3617 0.1194 6.3554 
 

318.1921 0.0122 0.6724 

537.3257 0.0250 1.5476 
 

318.1522 0.0206 1.5562 

536.3764 0.0714 3.8943 
 

317.2497 0.0138 0.6532 

536.3531 0.0224 2.5581 
 

317.1465 0.0111 0.9414 
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536.3283 0.0968 3.9846 
 

316.2429 0.0143 0.7589 

535.3460 0.1924 9.9395 
 

314.1459 0.0096 0.6820 

535.3148 0.0532 2.3948 
 

313.1422 0.0386 3.2229 

534.3615 0.0291 1.8569 
 

312.2235 0.0386 3.2238 

534.3322 0.1285 3.4947 
 

312.1360 0.0116 0.8751 

533.3293 0.0311 1.2968 
 

311.2173 0.0153 1.1816 

533.3012 0.0164 0.7781 
 

311.1910 0.0069 0.5379 

532.4187 0.0112 0.6148 
 

311.1296 0.0125 1.0951 

532.3217 0.0119 0.6052 
 

310.2192 0.0399 2.7695 

531.3864 0.0110 0.5379 
 

309.2132 0.0388 2.8377 

530.4027 0.0217 1.0086 
 

308.2652 0.0840 7.7378 

526.3566 0.0087 0.5187 
 

308.2063 0.0260 1.7963 

525.3255 0.4402 25.2056 
 

307.2591 0.0594 4.7426 

525.2913 0.0122 0.6436 
 

307.2338 0.0229 1.5946 

524.3383 0.0407 2.2478 
 

307.1985 0.0252 2.0970 

524.2932 0.1639 5.8386 
 

306.2501 0.0721 5.7522 

523.3826 0.0299 1.5082 
 

306.2272 0.0178 1.3449 

523.3094 0.2875 16.5187 
 

306.1914 0.0265 2.1431 

523.2743 0.0431 2.5476 
 

305.2435 0.0626 4.7685 

522.4345 0.0491 2.9539 
 

305.2187 0.0159 1.2008 

522.3974 0.0097 0.6628 
 

305.1843 0.0182 1.5379 

522.3078 0.0619 1.7205 
 

304.2384 0.0417 2.2478 

521.4030 0.4282 24.5264 
 

304.2114 0.0122 1.0471 

521.3688 0.0309 1.9039 
 

304.1763 0.0115 0.9798 

520.4168 0.0564 3.9183 
 

304.1353 0.0077 0.7109 

520.3935 0.1569 7.5889 
 

303.2331 0.0255 1.2776 

520.3625 0.0580 4.3112 
 

303.2045 0.0061 0.5572 

520.3339 0.0089 0.6724 
 

303.1689 0.0080 0.5668 

519.3874 0.0725 3.7435 
 

303.1307 0.0265 2.2017 

519.3505 0.0586 3.5187 
 

302.2282 0.0137 0.6052 

519.3202 0.0131 0.7397 
 

301.2251 0.0087 0.5379 

518.4028 0.0090 0.7012 
 

297.2604 0.0067 0.5764 

518.3681 0.0564 2.2584 
 

297.1764 0.0155 1.2209 

518.3440 0.0249 1.7963 
 

296.2284 0.0133 1.2584 

518.3141 0.0390 1.7781 
 

296.2049 0.0146 1.0759 

517.3334 0.0293 1.5677 
 

295.2203 0.0056 0.5764 

517.3126 0.0163 1.0183 
 

295.1974 0.0485 3.9049 

516.3489 0.0107 0.5860 
 

295.1310 0.0094 0.8838 

516.3195 0.0298 0.9328 
 

294.2127 0.0130 1.1335 
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513.2890 0.6313 37.3266 
 

294.1902 0.0193 1.6628 

513.2548 0.0266 1.8252 
 

293.2534 0.0129 0.9990 

512.2829 0.0461 2.3256 
 

293.2098 0.0113 0.6061 

511.3463 0.0163 0.9798 
 

293.1833 0.0375 2.9789 

510.3984 0.0228 1.2968 
 

292.2458 0.0145 0.8934 

510.3141 0.0078 0.5668 
 

292.2007 0.0094 0.5668 

509.3664 0.2605 14.9308 
 

292.1755 0.0275 2.4813 

509.3314 0.0440 2.5600 
 

291.2386 0.0363 2.9356 

508.3800 0.0416 2.4515 
 

291.1688 0.0097 0.8549 

508.3352 0.2824 10.2277 
 

291.1279 0.0112 0.7205 

508.2974 0.0181 1.2209 
 

290.2318 0.0497 4.3141 

507.3500 0.1137 6.7483 
 

289.2244 0.0503 3.8895 

507.3156 0.2304 11.1393 
 

288.2168 0.0514 4.0836 

506.3638 0.0132 0.8838 
 

287.2094 0.0342 2.6455 

506.3202 0.1167 2.8079 
 

286.2012 0.0210 1.6724 

506.2769 0.0186 0.9520 
 

285.1948 0.0112 0.9126 

505.4080 0.0761 4.6061 
 

284.1909 0.0066 0.6052 

505.3337 0.0094 0.6340 
 

282.2491 0.0205 2.1249 

505.3024 0.0445 1.9020 
 

282.1888 0.0246 1.9721 

504.4003 0.0434 1.9597 
 

281.2433 0.0150 1.5178 

503.3926 0.0600 3.7157 
 

281.1820 0.0146 1.2603 

502.3843 0.0478 2.0788 
 

280.2349 0.0185 1.3545 

502.3510 0.0076 0.5860 
 

280.2103 0.0062 0.6340 

501.3783 0.0119 0.6340 
 

280.1754 0.0144 1.2872 

497.3301 0.1189 6.9549 
 

279.2370 0.0532 3.7887 

497.2943 0.0624 3.7329 
 

279.2021 0.0083 0.8549 

496.3432 0.0093 0.5956 
 

279.1683 0.0120 0.8838 

496.2982 0.0905 3.7685 
 

278.2297 0.0223 1.9702 

496.2633 0.0188 1.0086 
 

278.2188 0.0102 1.2978 

495.3126 0.0535 3.2219 
 

278.1952 0.0111 0.8646 

495.2785 0.1668 9.6013 
 

278.1590 0.0089 0.6052 

495.2440 0.0156 0.9510 
 

277.2211 0.0327 1.8261 

494.3189 0.0466 2.2795 
 

277.1879 0.0113 0.8646 

494.2767 0.0270 1.1729 
 

276.2172 0.0397 3.1518 

493.3717 0.0592 3.7205 
 

276.1808 0.0104 0.8751 

493.3354 0.0080 0.5187 
 

275.2091 0.0191 1.5274 

493.3096 0.0174 0.7589 
 

275.1736 0.0075 0.6628 

492.3879 0.0070 0.5668 
 

275.0994 0.0150 1.3746 

492.3636 0.0200 1.4995 
 

274.2019 0.0146 1.0471 
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492.3399 0.0627 3.3372 
 

273.1955 0.0085 0.5572 

492.3038 0.0151 0.9990 
 

269.2649 0.0059 0.6638 

491.3557 0.0920 5.0845 
 

269.1817 0.0076 0.7301 

491.3274 0.0437 2.0192 
 

268.2337 0.0310 2.8377 

491.2979 0.0311 2.0173 
 

268.1747 0.0162 1.5178 

490.3742 0.0078 0.5956 
 

267.2270 0.0125 1.2690 

490.3365 0.0779 2.0192 
 

267.2015 0.0090 0.7685 

490.2873 0.0243 1.2017 
 

267.1673 0.0148 1.2296 

489.3383 0.0239 1.2690 
 

266.2284 0.0243 1.4813 

489.3083 0.0246 1.1239 
 

266.1957 0.0064 0.5668 

489.2834 0.0094 0.7397 
 

265.2228 0.0283 2.4803 

488.3146 0.0327 0.5572 
 

264.2161 0.0270 2.4524 

485.2910 0.0198 1.1431 
 

264.1813 0.0063 0.5379 

485.2574 0.1050 6.7570 
 

263.2085 0.0306 2.4227 

482.1858 0.0213 1.0855 
 

262.2008 0.0413 3.5687 

481.3351 0.1816 10.9059 
 

261.1940 0.0287 2.5466 

481.3035 0.0153 0.7877 
 

261.1686 0.0059 0.5379 

480.3034 0.3370 18.3449 
 

260.1857 0.0193 1.6523 

480.2327 0.0106 0.5379 
 

259.1786 0.0127 0.9510 

480.1843 0.0120 0.5764 
 

259.1534 0.0062 0.5764 

479.3920 0.0236 1.4044 
 

258.1702 0.0078 0.5956 

479.3194 0.1650 10.0231 
 

254.1917 0.0071 0.6244 

479.2887 0.0692 3.1940 
 

254.1583 0.0075 0.8165 

478.2878 0.2072 9.5591 
 

253.1526 0.0066 0.6532 

477.3767 0.0206 1.2008 
 

252.2383 0.0105 0.9990 

477.3024 0.0237 1.4217 
 

252.2149 0.0082 0.7397 

477.2814 0.0405 2.0384 
 

251.2305 0.0068 0.6340 

476.3703 0.0506 3.2536 
 

251.2069 0.0381 3.5917 

476.1710 0.0109 0.5379 
 

251.1705 0.0062 0.5860 

475.3610 0.0320 2.0269 
 

250.2220 0.0057 0.6244 

475.3350 0.0123 0.6148 
 

250.2006 0.0290 2.9030 

474.3537 0.0229 1.2402 
 

250.1643 0.0120 1.1729 

474.3259 0.0194 0.9510 
 

249.1928 0.0375 3.2795 

473.3438 0.0180 0.9798 
 

249.1584 0.0106 0.8261 

473.3221 0.0140 0.8367 
 

248.1849 0.0301 3.0663 

472.3237 0.0252 0.6340 
 

247.1784 0.0176 1.4601 

469.2989 0.3620 22.7329 
 

246.1708 0.0103 0.7109 

469.2645 0.0129 0.7685 
 

244.1420 0.0070 0.7589 

468.2900 0.0447 2.6830 
 

243.1357 0.0075 0.7301 
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468.2675 0.0811 5.2891 
 

240.1394 0.0058 0.5091 

467.3555 0.0089 0.5476 
 

238.1995 0.0059 0.5379 

467.2829 0.2435 14.9174 
 

237.1914 0.0110 1.0183 

467.2487 0.0884 4.9597 
 

236.1847 0.0130 1.4217 

466.3233 0.0088 0.6052 
 

235.2116 0.0054 0.5187 

466.2826 0.0614 2.3727 
 

235.1779 0.0135 1.3256 

465.3763 0.0489 3.2123 
 

234.2047 0.0080 0.8934 

465.3406 0.0210 1.3737 
 

234.1703 0.0106 0.8357 

465.2795 0.0207 0.9990 
 

234.1030 0.0058 0.5764 

464.3439 0.1223 5.3458 
 

233.1973 0.0114 0.9510 

464.3072 0.0174 1.3170 
 

233.1648 0.0106 0.6724 

464.2748 0.0598 3.9222 
 

232.1902 0.0115 1.0375 

463.3582 0.0415 2.6638 
 

231.1826 0.0105 0.9126 

463.3266 0.1082 5.4755 
 

230.1745 0.0103 0.7973 

463.3015 0.0224 1.7781 
 

225.1912 0.0076 0.7493 

463.2668 0.0200 1.3064 
 

224.1844 0.0135 1.6263 

462.3254 0.0637 1.9500 
 

223.1769 0.0102 1.0471 

462.2910 0.0281 1.4813 
 

222.1699 0.0079 0.6532 

462.2601 0.0088 0.6916 
 

221.1619 0.0065 0.5091 

461.3116 0.0379 1.7483 
 

218.1817 0.0077 0.5572 

461.2856 0.0134 0.9414 
 

217.1784 0.0122 1.0855 

460.3027 0.0162 0.6244 
 

216.1714 0.0148 1.5091 

460.2796 0.0073 0.5187 
 

215.1638 0.0180 1.6811 

457.2624 0.1207 7.6484 
 

214.1565 0.0165 1.6330 

457.2264 0.0104 0.7205 
 

213.1489 0.0127 1.1527 

456.2563 0.0125 0.6052 
 

212.1421 0.0118 1.0663 

454.2889 0.0116 0.6532 
 

211.1350 0.0061 0.5764 

453.3400 0.0318 2.1422 
 

210.1688 0.0188 2.2315 

453.3032 0.0229 1.6138 
 

209.1628 0.0298 3.2709 

453.2802 0.0148 0.9510 
 

208.1568 0.0066 0.5764 

452.3071 0.0634 3.3266 
 

207.1811 0.0055 0.5668 

452.2722 0.2009 12.9491 
 

206.1746 0.0099 0.7685 

451.3219 0.0274 1.6907 
 

205.1746 0.0119 0.8838 

451.2884 0.0860 5.1268 
 

204.1698 0.0067 0.7781 

451.2658 0.0430 2.4793 
 

204.1587 0.0048 0.5187 

450.3281 0.0312 1.7003 
 

203.1622 0.0075 0.8549 

450.2566 0.1313 7.8213 
 

203.1508 0.0029 0.5091 

449.3821 0.0077 0.5476 
 

203.1405 0.0075 0.9414 

449.3178 0.0118 0.5860 
 

202.1550 0.0080 0.8751 
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449.2723 0.0332 2.1633 
 

202.1422 0.0060 0.7012 

449.2507 0.0455 3.1326 
 

201.1496 0.0086 0.6340 

448.3492 0.0553 3.1354 
 

200.1444 0.0113 0.6820 

448.3125 0.0154 0.9414 
 

199.1436 0.0073 0.8261 

448.2452 0.0091 0.5764 
 

199.1339 0.0030 0.5379 

447.3635 0.0138 1.0576 
 

198.1367 0.0092 0.6628 

447.3403 0.0367 1.8742 
 

198.0431 0.0047 0.5572 

447.3071 0.0257 1.6628 
 

197.1298 0.0078 0.6436 

446.3325 0.0311 1.5581 
 

194.1147 0.0061 0.5860 

446.2992 0.0153 0.9702 
 

192.1693 0.0090 0.8261 

445.3236 0.0222 0.9520 
 

191.1626 0.0119 1.3064 

445.2922 0.0095 0.6916 
 

190.1555 0.0192 1.6532 

444.3168 0.0106 0.5283 
 

189.1477 0.0187 1.8549 

441.3015 0.0100 0.5668 
 

188.1404 0.0203 1.9308 

441.2673 0.0460 3.1527 
 

187.1327 0.0166 1.5274 

440.2689 0.0172 0.8079 
 

186.1138 0.0352 2.8271 

440.2363 0.0171 1.0951 
 

185.1242 0.0114 0.8165 

439.2521 0.0893 5.3862 
 

181.1333 0.0067 0.7685 

438.2899 0.0090 0.5476 
 

180.1691 0.0092 1.0663 

438.2575 0.0614 3.6254 
 

179.1621 0.0089 0.9232 

437.3452 0.1601 10.3842 
 

178.1542 0.0100 1.1451 

437.2499 0.0139 0.7109 
 

177.1469 0.0137 1.4899 

436.3131 0.1293 7.1422 
 

176.1397 0.0139 1.3458 

436.2763 0.0077 0.6436 
 

175.1327 0.0174 1.5946 

436.2433 0.0406 2.6907 
 

174.1247 0.0108 0.9894 

435.3288 0.0661 4.3977 
 

173.1174 0.0111 1.0000 

435.3029 0.0414 1.7685 
 

172.1111 0.0092 0.7109 

435.2718 0.0139 1.0951 
 

171.1136 0.0031 0.5379 

434.2976 0.1125 6.0961 
 

168.1017 0.0093 1.2699 

434.2637 0.0146 1.0192 
 

167.1607 0.0057 0.7301 

433.3122 0.0123 0.9712 
 

166.1532 0.0079 0.9414 

433.2888 0.0413 1.9789 
 

165.1465 0.0169 2.1614 

433.2545 0.0086 0.6244 
 

164.1397 0.0128 1.4890 

432.3551 0.0095 0.6532 
 

163.1322 0.0084 0.9606 

432.2826 0.0149 0.9318 
 

162.1245 0.0076 0.9030 

431.3461 0.0116 0.6148 
 

156.1355 0.0055 0.7589 

430.3383 0.0150 0.8655 
 

153.1450 0.0060 0.6916 

429.3326 0.0161 1.0279 
 

152.1376 0.0094 1.2017 

429.2313 0.0130 0.8261 
 

151.1310 0.0064 0.7973 
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428.3241 0.0111 0.5476 
 

150.1240 0.0069 0.8742 

426.2564 0.0118 0.6340 
 

149.1168 0.0069 0.9222 

425.3086 0.2218 14.8377 
 

148.1092 0.0051 0.5956 

425.2493 0.0163 1.0663 
 

143.1289 0.0057 0.9030 

424.2997 0.0309 2.1057 
 

142.1228 0.0467 6.6772 

424.2770 0.0908 6.6523 
 

140.1070 0.0254 3.8511 

424.2414 0.0377 2.6753 
 

139.1295 0.0044 0.6532 

423.2929 0.1372 9.4553 
 

138.1228 0.0044 0.5283 

423.2635 0.0505 2.3084 
 

136.1084 0.0036 0.5091 

423.2350 0.0472 3.3093 
 

131.0923 0.0062 0.8453 

422.3330 0.0094 0.5091 
 

130.0860 0.0476 7.3122 

422.2912 0.0505 2.1431 
 

129.0769 0.0057 0.7781 

422.2609 0.0352 2.4640 
 

128.0706 0.0122 1.8838 

422.2261 0.0297 1.9414 
 

125.1174 0.0206 2.5408 

421.2805 0.0354 1.4419 
 

124.1121 0.3326 53.1210 

421.2464 0.0188 0.9039 
 

122.0954 0.0034 0.5572 

421.2189 0.0166 1.1720 
 

115.0611 0.0046 0.7397 

420.3513 0.0127 0.7109 
 

114.0914 0.0066 1.1345 

420.3182 0.0130 0.8165 
 

114.0551 0.0037 0.6244 

420.2835 0.0302 1.9222 
 

112.0758 0.0088 1.3160 

419.3345 0.0202 1.3545 
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