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ABSTRACT 

Burkholderia pseudomallei is the causative agent of Melioidosis, an endemic 

disease in South East Asia, and is classified as a category B biological agent. Currently, 

there is no licensed vaccine for this disease; the mortality rate is high due to the incorrect 

diagnosis and the pathogen insusceptibility to general antibiotics. A mass spectrometry 

based proteomic approach has been applied in order to identify the proteins that are 

responsible for pathogenicity. 

Methods were developed for the proteomic analysis of Burkholderia species using 

B. vietnamiensis G4, an opportunistic pathogen as the model organism. Both gel-based 

(LC-MS/MS) and gel free MudPIT (LC/LC-MS/MS) approaches have been applied for 

the analysis of the proteins extracted from four different cellular fractions of these 

bacteria. More than 1200 proteins were identified from these analyses, including many 

proteins previously identified as virulence factors of these bacteria. Similar 

methodologies were applied to build a proteome map of non-pathogenic B. thailandensis 

E264 to use as a reference for the pathogenic studies. Additionally, proteomes of two B. 

thailandensis strains isolated from two geographical locations were compared to 

investigate the differences in protein expression of these organisms. 

Proteins identified from pathogenic B. pseudomallei were compared with the non-

pathogenic B. thailandensis and opportunistic pathogen B. vietnamiensis proteins. Many 
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species specific proteins were identified from this proteomic analyses; those proteins can 

be used as antigen targets to selectively identify these pathogenic bacteria in a complex 

biological matrix using affinity capture methods. 

Ticks are vectors that can transmit disease causing pathogens one host to another.  

Knowing the pathogen reservoir is important in order to control disease spread in the 

environment. Application of mass spectrometric methods to identify the host blood 

components from tick vectors was investigated using tick nymphs which feed only once 

in their life cycle. Using mass spectrometry based proteomics; host specific proteins like 

hemoglobin and immunoglobulin were identified from a single tick nymph analysis. 

Additional studies have examined the fatty acid profiles of rabbit and sheep blood fed 

tick nymphs using SPALDI mass spectrometry. Different fatty acid profiles were 

obtained for these two types of tick nymphs, but further investigations are required to 

validate these findings.  

 

 



27 

 

CHAPTER 1 - BACKGROUND AND SIGNIFICANCE 

1.1 Introduction  

Mass spectrometry based proteomics is an emerging technology for the study of 

the structure and dynamics of proteins as well as the identification and quantification of 

proteins in a sample. Recent advances illustrate that this technique is essential in the field 

of molecular and cellular biology and for the emerging field of systems biology.
1
 

Additionally mass spectrometry based proteomics has evolved as a powerful tool for the 

analysis of higher order structural features of protein complexes including subunit 

orientation and stoicheometry.
2, 3

 This has become possible due to the availability of 

sequenced genomes and the development of technologies for protein ionization, which 

were recognized by the 2002 Nobel Prize in Chemistry award for the development of two 

mass spectrometric ionization techniques, ESI (Electrospray Ionization) and MALDI 

(Matrix Assisted Laser Desorption Ionization).   

In 2002, the National Institute of Allergy and Infectious Diseases (NIAID) 

developed a strategic plan for biodefense research by dividing the USA into ten Regional 

Centers of Excellence (RCE). The University of Arizona belongs to region IX, the Pacific 

Southwest Regional Center for Excellence (PSWRCE) which is operated by the 

University of California, Irvine (http://www.pswrce.uci.edu/). Figure 1.1 shows the 

NIAID map of RCE in the USA. Centers in consultation with NIAID chose several 

biological threat agent pathogens for each RCE and Burkholderia is one of the organisms 
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chosen for the PSWRCE. Burkholderia pseudomallei and Burkholderia mallei are 

category B priority pathogens. B. pseudomallei is the causative agent for Melioidosis and 

B. mallei is responsible for Glanders disease. It has been recorded that B. pseudomallei  

was used as a bio weapon in World War I and it remains a potential threat today.
4, 5

 

PSWRCE members conduct various types of research based on these organisms. Our aim 

is to develop proteomic strategies to identify the virulence factors of pathogenic 

Burkholderia species and to demonstrate the importance of mass spectrometry in the field 

of biodefense research. 

 

 

 

 

 

 

Figure 1-1 NIAID map of Regional Centers of Excellence for Bio Defense and  

Emerging Infectious Diseases. (Reproduced from 

http://www.pswrce.uci.edu/other_rce.shtml) 
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The first part of the research explained in this dissertation uses mass spectrometry 

based proteomics to identify and explore the proteome of several Burkholderia species. 

Method development was carried out using the opportunistic pathogen Burkholderia 

vietnamiensis and those methods were applied to explore the proteome of nonpathogenic 

Burkholderia thailandensis and pathogenic Burkholderia pseudomallei. The second part 

of this dissertation describes the identification of specific proteins from disease vectors 

such as ticks and mosquitoes. In this introduction, a brief overview of proteomic and 

mass spectrometric methods used in biological research will be presented. Background 

material on Burkholderia species and tick vectors will be presented in the appropriate 

chapters of this dissertation. 

 

1.2 Introduction to proteomics 

The study of proteins encoded by a genome is refered  to as proteomics. Proteome 

analysis whether in a single cell bactrium or a higher order organism represents a greater 

challenge compared to genome sequencing and analysis. The genome generally contains 

a set number of copies of every gene (static) but proteins in the proteome can be 

expressed in a wide concentration range (dynamic) varying from non-expressed proteins 

in certain cell states to a few copies per cell for regulatory proteins to many thousands per 

cell for ribosomal proteins.
6
 Proteins can also be highly decorated by many number of 

post translational modifications (PTMs). Currently, over 300 modifications have been 
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reported which can be static where every occurance of the amino acid will have the same 

modification or differential modifications where the amino acid may or may not be 

modified and these can be present in multiple locations. Another reason that proteome 

analysis is more difficult than genomic analysis is the fact that there is currently no 

amplification technique for proteins similar to the Polymerase Chain Reaction (PCR) 

used for nucleotide research.  

Researchers have used many tools to study proteins by identifying the 

components of a particular proteome and have analyzed global changes in protein 

expression in response to different stimuli.
7
 Some traditional methods used to study 

proteins are electron microscopy, X-ray crystallography, Circular Dichroism (CD), 

Nuclear Magnetic Resonance spectroscopy (NMR), solution phase hydrogen/deuterium 

(H/D) exchange etc. These methods provide valuable information about proteins and their 

structural characteristics.  Mass spetrometry has quickly become one of the leading 

technologies for proteome analysis due to its ability to identify proteins with high mass 

accuracy, resolution, ease in coupling to chromatographic methods and high throughput 

even for complex mixtures.
8, 9

  

 

1.2.1 Top down vs. Bottom up approaches in proteomics 

There are two major methods to analyze proteins by mass spetrometry (MS). The 

top down method involves analysis of intact protein with or without tandem mass 
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spectrometry of these intact proteins (MS/MS) [ Ion activation methods will be described 

in detail in section 1.4.1]. This method can also help to identify the modifications of the 

proteins. Advancement of new activation methods such as electron capture dissociation 

(ECD) has made intact protein analysis more popular than it used to be and gives more 

complete fragmentation across the entire backbone resulting in more rich information 

which assists the identification of protein modifications and amino acid sequence 

variations.
10

 Another method of the top down approach is to use charge state reduction 

through ion-ion reactions and then use Collision Induced Dissociation (CID) of a selected 

charge state to cause fragmentation of the ion.
11

 Figure 1-2 illustrates the basic steps for 

the analysis of intact proteins using ion/ion reactions. 

 

Figure 1-2 Top down approach of proteomics using ion ion chemistry (Reproduced 

from
11

 with permission)  
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Analysis of proteins using the top down approach progressed very slowly 

compared to other mass spectrometry based methods due to several factors. Liquid based 

separation of intact proteins is more difficult than peptide separation. The intact protein 

sequence is extremely heterogeneus, which gives rise to a greater ionization suppression 

effect when complex mixtures of proteins are analyzed. Some proteins ionize easily and 

will be over-represented in the mass spectrum relative to their abundance in the sample.
6
  

This also suggests that prefractionation or online chromatography is an important 

requirement for intact protein analysis. Also, MS and MS/MS analyses of intact proteins 

are more difficult to interpret and there are not many algorithms developed to interpret 

these complex spectra and are not commercially avalilable. The molecular mass of the 

proteins can vary from 5 kDa to several tens or hundreds or thousands kDa which 

requires  high performance MS instruments such as the Fourier Transfor Ion cyclatron 

Resonance (FTICR) mass spectrometer to perform top down analysis. These are 

relatively expensive and not have much slower throughput than the other MS/MS 

instruments. Despite these drawbacks, the top down approach is still very advantageous 

for the analysis of intact proteins because most proteins function as intact molecules not 

as small peptides. 

The second and most utilized method of proteome analysis is to use the bottom up 

approach. In this method, complex protein mixtures from a cell lysate or protein complex 

are proteolytically digested and the resulting peptide mixture is analyzed by mass 

spectrometry. The mass spectral data (Ms and MS/MS) are then searched using a 
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computer search algorithm against a peptide database containing known or predicted 

protein sequences to identify the protein component of the original mixture. The main 

focus of the research work described in this dissertation is based on this bottom up 

proteomics approach . Figure 1-3 illustrates the basic steps involved in the bottom up 

proteomic approach. 
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Figure 1-3 Basic steps involved in bottom up proteomic analysis 
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1.2.2 Experimental methods for mass spectrometry based proteomics 

Figure 1-4 illustrates the basic pathways of bottom up proteome analysis using 

mass spectrometry. One method is to use gel separation of intact protein mixtures 

followed by in-gel proteolytic digestion prior to mass spectrometric analysis. Another 

method is the gel-free “shotgun approach” where the intact protein mixture is 

proteolytically digested and the resulting peptides are separated using various dimensions 

of liquid chromatography which is called MudPIT (Multi-Dimentional Protein 

Identification Technique (section 1.2.2.2)) analysis. These two methods will be described 

in detail in the following section. 

 

Figure 1-4 Gel based [a] and gel free[b] proteomic approach to analyze complex 

protein mixtures (Reproduced from
7
 with permission) 
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1.2.2.1 Gel based proteomics 

One of the most significant breakthroughs in proteomics has been the mass 

spectrometric identification of gel separated proteins.
9
 Sodium Dodecyl Sulfate Poly- 

Acrylamide Gel Electrophoresis (SDS-PAGE) is a universally developed technique for 

the separation of proteins in a complex sample mixture. The SDS-PAGE separation 

removes unwanted contaminants such as buffer components from the sample and the 

sample complexity is decreased by separating proteins according to their molecular 

weight. One-dimensional (1D) and two-dimensional (2D) gel separation techniques have 

been used to separate proteins from complex mixtures. On a 1D gel, proteins are 

separated only according to their molecular weight but in a 2D gel, proteins are separated 

according to their iso-electric point [pI] in the first dimension and are separated according 

to their molecular weight in the second dimension. By increasing the size of a 2D gel, 

thousands of proteins can be separated over a given time period. Using small pI range 

gels allows for the analysis of proteins up to the milligram level,
12

 which enhances the 

ability to identify low abundance proteins in a protein mixture. A major drawback of gel 

based separation of proteins is that it is difficult to extract intact proteins from the gels 

without digestion and peptide recovery from in-gel digestion is not complete.  

To visualize these separated proteins many different staining protocols are 

available. The most popular ones are Coomassie, silver and fluorescence-based methods. 

Selection of the staining method is dependent on the amount of proteins present in the 

sample. The simplest method is to use Coomassie staining to visualize the protein spots 
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but this method requires about 30 ng of proteins in the sample.
13, 14

 Attachment of silver 

and fluorescent dyes can require one-sixtieth of this amount. The most commonly used 

silver staining relies on diffusion of silver ions into the gel at acidic pH and binding with 

thiol and carboxyl groups in the amino acid side chains
15

 and reduction to metallic silver 

at basic pH. De-staining prior to in-gel digestion is carried out using oxidizing reagents 

such as hydrogen peroxide (H2O2) or potassium ferricyanide [K3Fe(CN)6]  in the basic 

medium.
16

 High sensitivity detection of intact proteins is now available using “Blue 

silver” a Coomassie based technique which can be used to detect proteins down to 1 ng 

level.
17

 

As an alternative to post-gel staining, pre electrophoretic covalent labeling of 

fluorescent dyes, known as  Difference Gel Electrophoresis (DIGE) has been established 

during the last ten years.
18

 This method provides high sensitivity and great dynamic range 

for protein detection down to 0.025ng level. Using the different excitation and emission 

properties of fluorescent dyes, researchers can detect protein expression levels by mixing 

samples with different fluorescent dyes.  Running several samples together provides an 

internal control for the protein separation which allows faster and reproducible 

identification of differences in protein composition. 

After gel separation, proteins must be prepared for analysis using mass 

spectrometry. To do that, in-gel digestion has to be carried out. Reduction and alkylation 

steps are included in most in-gel digestion procedures. The efficiency of the protein 

digestion is greatly increased by disruption of their tertiary structure. Disulfide bonds 
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stabilize the tertiary structure of the proteins.
19, 20

 Protein reduction breaks disulfide 

bridges of cysteine and opens up the folded proteins giving the digestion enzyme more 

accessibility for the cleavage site. Free sulfhydryl groups are very reactive and will 

spontaneously react with other sulfhydryl groups. To overcome this, alkylation is carried 

out with iodoacetamide, and cysteines in the protein will be transformed into 

carboxyamidomethylcysteine with a mass change of 57 Da. The alkylation of cysteine 

residues is important to prevent protein and peptide aggregation by the formation of 

additional disulfide bridges.  This reduction and alkylation of cysteine residues is 

intended to ensure maximum sequence coverage and ensure identification of proteins 

with large number of disulfide bridges.
21

  

Proteolytic digestion of proteins can be performed by several types of enzymes. 

One of the most commonly used enzymes is trypsin which cleaves C-terminal to basic 

amino acid residues lysine (K) and arginine (R) except those that have proline (P) at their 

C terminal end. Besides trypsin, the endoproteases Lys-C, Glu-C and Asp-N have also 

been used for the in-gel digestions of proteins.
22

 Lys C only cleaves after lysine residues 

except for those that have proline in their C terminus forming comparatively larger 

peptides than trypsin in a proteolytic digestion. Glu C cleaves the glutamyl bond in an 

ammonium bicarbonate buffer except when proline is C-terminal to a glutamic acid 

residue or glutamic acid is C terminal to proline. Asp-N is a specific protease which 

cleaves N terminal to aspartic acid. Use of multiple enzymes increases the sequence 

coverage of the protein in a mass spectrometric experiment.
23
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1.2.2.2 Gel free shotgun proteomics- MudPIT analysis 

Shotgun proteomics relies on the digestion of a complex protein sample without 

separating intact proteins on a gel followed by peptide separation using different kinds of 

chromatographic techniques. These separation methods are directly coupled to mass 

spectrometry to analyze the peptide masses or fragmentation patterns. Several studies 

have been carried out to separate and analyze intact proteins using in-line mass 

spectrometry but peptide separation is much more popular because peptides are much 

easier to handle, separate and analyze compared to intact proteins. Most peptide 

separations are performed using reverse phase (RP) C18 packed columns with a mildly 

acidic organic solvent gradient (such as acetonitrile or methanol) and the mass 

spectrometer can detect peaks corresponding to mass to charge ratio (m/z) of the co-

eluting peptides.
24

 Because of the limited scan speed of the instrument it is impossible to 

detect all the peaks eluting at a given time. Also, using just a single dimension for peptide 

separation using a RP HLPC column lacks sufficient resolution to resolve complex 

biological samples and the identification of some components might be suppressed due to 

the large number of overlapping peaks. Space charge effects can also be accompanied 

with this due to the entering of too many ions simultaneously creating distorted electric 

fields in the analyzer which can result in significantly weakened performance. 

Multidimensional separation techniques have been evolving to overcome this resolving 

problem. There are two common methods to perform multidimensional separation known 

as heart-cutting and comprehensive chromatography. Heart-cutting chromatography 
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involves transport of one or more fraction from the first separation column into the 

second separation column.
25

 In contrast, comprehensive chromatography transports the 

entire eluate from the first column to the second column in a series of steps. 

Comprehensive chromatography is the most commonly used technique in proteomics. 

In 1999, the Yates group introduced Multi Dimensional Protein Identification 

Techniques (MudPIT) to analyze complex protein mixtures.
26, 27

 This group has 

introduced an automated MudPIT method to separate complex mixtures of samples at a 

level of 100 copies per cell on a background of 100000 protein molecules per cell. For 

the research explained in this dissertation a strong cation exchange column (SCX) was 

used as the first dimension for the separation of the peptide mixture. In an SCX column, 

the separation is based on the basicity or proton affinity of the eluting peptide whereas 

reverse phase separation is based on the hydrophobicity of the molecules. Combination of 

these two properties will maximize the number of chromatographically resolvable 

components. Another added advantage is that the same mobile phase can be used to 

separate peptides using this combined approach. 

 

1.3 Introduction to mass spectrometry 

Mass spectrometers consist of three basic components namely the ion source, a 

mass analyzer and an ion detector. The ion source is used to convert protein or peptide 

molecules into (e.g. peptides or proteins) ions in the gas phase. Ions are then separated 
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according to their mass to charge ratio (m/z) inside a mass analyzer. Ion transfer inside a 

mass analyzer can be manipulated by electric or magnetic fields to direct ions to a 

detector in an m/z dependent manner.
28

 Most common ionization sources and mass 

analyzers used in the field of proteomics are described in detail in the following 

sections. The separated ions will hit the detector generating a record of the number of 

events or the electrical current created.  The output of a mass spectrometer is a mass 

spectrum, which is a two-dimensional graph of abundance vs. m/z ratio. 

 

1.3.1 Ionization techniques 

The Nobel Prize in Chemistry for 2002 was awarded for two distinct types of 

ionization techniques known as ESI and MALDI, which will be described in the next 

section. This award emphasizes the critical role of ionization techniques in the 

measurement of ions using mass spectrometry. Ionization techniques are the “horses that 

pull the cart” in this field.
28

 

 

1.3.1.1   Electrospray Ionization (ESI) 

The study and application of ESI to mass spectrometry was started many years 

ago. Malcom Dole and co workers were the first to carry out extensive studies into the 

electrospray process and defined many of the experimental parameters and they 
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published several papers about ESI starting from 1968.
29-31

 At that time the mass 

spectrometer was not available. They demonstrated their studies using  ESI to produce 

gas phase macro ions from zein
32

 and lysozyme
33

 using ion retardation and ion mobility 

measurements. Their attempt to generate ions from high molecular weight compounds 

laid the groundwork for ESI of large molecules. The combination of ESI with mass 

spectrometry was first reported in 1984 by Yamashita and Fenn 
34, 35

 in both positive and 

negative ion modes. Also in the same year, Aleksandrov et al. demonstrated the on-line 

combination of liquid chromatography with ESI-MS using magnetic sector instrument.
36

 

The generation of electrospray ions requires two steps. The first step is the 

creation of highly charged droplets at near atmospheric pressure.
31

 The second step is to 

apply conditions to induce droplet evaporation. In ESI a high voltage (2-5kV) is applied 

to the metal capillary where the sample is emerging. The electric field strength between 

the capillary and counter electrode is typically 10
6
-10

7
 Vm

-1
.
37

 The high electric field 

results in disruption of the liquid surface and formation of fine spray of highly charged 

liquid droplets. Both positive and negative charges can be formed depending on the 

capillary bias. The emerging liquid from the edge of the capillary forms a conical 

meniscus known as a “Taylor cone” and a thin jet emerges from the tip of the cone. 
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Figure 1-5  Schematic of major processes occurring in Electrospray ionization.  

(Reproduced from 
38

 with permission) 

 

There are two possible mechanisms proposed for the ESI process. Both models 

assume a sequence of evaporation steps followed by Rayleigh instabilities caused the 

formation of smaller and smaller droplets where the Coulombic repulsion of the surface 

charges overcomes the surface tension that tries to contain the droplet liquid in a 

spherical shape. In the Charge Residue Model (CRM) initially proposed by Dole and co 

workers
29

 states that repeated Coulombic fission would produce small droplets that bear 

one or more excess charges from a single analyte molecule. Once the solvent molecule 

evaporates the excess charges present will be situated on the most stable gas phase 

analyte ion.
37

 The second model was proposed by Iribarne and Thompson
39, 40

 which is 

known as the Ion Evaporation Model (IEM). In IEM, before the droplet becomes small 

enough to contain only one solute molecule, the high electric field on the surface of the 
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charged droplet is intense enough to emit solvated ions into the gas phase. 
41

  Both the 

CRM and the IEM models are illustrated in Figure 1-6. 
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Figure 1-6 Charge Residue Model (A) and Ion Evaporation Model (B)  

 

There are many advantages of using ESI as an MS ionization source. It will 

provide minimal fragmentation of parent species regardless of how large or fragile the 

molecule is. Has higher sensitivity in terms of both sample size and analyte 

concentration. Can form intact ions from any solute species containing polar atoms or 

groups even when the parent has higher molecular weight, because of the multiple 

charging produce lower m/z values for larger molecules and provide spectral peak 
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multiplicity that can substantially reduce random errors in mass assignment.
42

 The ability 

to couple directly with separation sources such as LC and CE (Capillary Electrophoresis) 

made ESI more applicable to use in biological research. 

 

1.3.1.2 Matrix Assisted Laser Desorption Ionization (MALDI) 

MALDI is the second most commonly used soft ionization technique in biological 

chemistry which was introduced by Hillenkamp and Karas in 1987 using an organic 

matrix.
43, 44

 Since the invention, MALDI has been used to investigate a wide variety of 

compounds and biological systems including nucleic acids 
45

, peptides and proteins
46, 47

, 

synthetic polymers
48, 49

 and drug and metabolite systems
50

. Figure 1-6 illustrates the 

overall process happening in the MALDI analysis. The matrix is the key component in 

MALDI-MS. Matrix absorbs the laser energy and causes small part of the analyte to 

vaporize. MALDI matrix must provide several requirements for the analysis, such as it 

should be able to co-crystallize with the analyte molecules, should be soluble with 

solvent compatible with the analyte and should be stable under vacuum. The matrix 

should provide maximal analyte ion intensity and signal reproducibility and should 

minimize fragmentation and adduct formation with the bio molecules. Sinapinic acid, -

cyano-4-hydroxycinnamic acid and ferulic acid are the most commonly used MALDI 

matrices in mass spectrometric analysis. 
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Figure 1-7 Schematics of MALDI process (Reproduced from
51

 with permission) 

 

In the process of MALDI, the sample is mixed with matrix to prepare a solid 

solution where the analyte molecules are solvated by the matrix solid which will co-

crystallize on the sample plate. Then a laser beam is focused onto the crystallized sample 

where the chromophore of the matrix absorbs photons from the laser. These photon-

excited matrix molecules will be stabilized by proton transfer to the analyte causing the 

ionization of the analyte molecule. Rapid evaporation of the matrix molecule will leave 

the free analyte ion in the gas phase. The free ions are then extracted into the mass 

spectrometer for the analysis. 
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1.3.2 Mass analyzers 

The second part of the mass spectrometer consists of mass analyzer where the 

mass separation of the injected ions takes place. There are several different types of mass 

analyzers available namely Quadrupole mass filter (Q), Quadrupole Ion trap (QIT), 

Linear Ion Trap (LIT), Time of Flight mass analyzer (TOF), magnetic and electric sector 

mass analyzers, Fourier Transform Ion Cyclotron Resonance (FTICR) and a combination 

of some called Hybrid mass analyzers. Mass analyzers used for the research described in 

this dissertation will be discussed in details in the sections 1.3.2.1-1.3.2.3. 

 

1.3.2.1 Quadrupole ion trap (QIT) 

The qadrupole ion trap is the most commonly used mass analyzer for the analysis 

of biological molecules. This is because its ability to act as mass spectrometer with 

considerable  mass range and mass resolution as well as function as an ion storage trap in 

which gaseous ions can be confined over a period of milliseconds.
52, 53

 This three 

dimensional ion trap consists of one ring electrode and two hyperbolic end cap 

electrodes. (Figure 1-7) Ions are directed into the ion trap using a series of electrostatic 

lenses. Once they are inside an RF voltage is applied to the ring electrode in order to trap 

the ions. Ion transfer into the trap can be controlled by changing the DC potential applied 

to the front end of the end cap electrodes. An ion trap operates at a pressure of 1mTorr of 

helium buffer gas which helps to reduce the kinetic energy of the entering ions and helps 
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to focus the ions into the center of the trap through collision cooling. Inside the trap, ions 

travel in a butterfly motion under the field of RF frequency. The frequency is known as 

the “secular frequency”.
54

 Stability of the secular frequency depends on several factors 

including the m/z value of the ion and the frequency and the amplitude of the RF field. 

          

Figure 1-8 Electrode assembly of quadrupole ion trap  mass analyzer (Reproduced 

from 
52

 with permission) 

 

As an ion storage device, the ion trap permits the study of gas phase ion chemistry 

and the dissociation of ions to determine their structure. (Dissociation mechanisms will 

be discussed in detail under the section: Ion activation methods-1.3.3). The ion trap can 

be used as a mass spectrometer when it is recording m/z of the ejected ions. To do that 

the field of the trap is changed so that the trajectory of the sequentially trapped ions of 

consecutive m/z ratio are destabilized and ions leave the trap in order of their m/z ratio.
53
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Unit resolution can be obtained from a typical ion trap with mass range of 4000 m/z 

which is sufficient enough to detect most peptides and proteins. It has scan speed of 

4000amu/s and with mass accuracy of ±0.1 amu. Also the ion trap has been used as a 

tandem mass spectrometer when the stages of mass selectivity are employed repeatedly. 

There are two types of tandem mass spectrometry called tandem in space and tandem in 

time. Trapping instruments such as QIT, FTICR characterize ions based on frequency of 

their motion in a defined space. In a tandem experiment all stages of the experiment can 

be performed in the same analyzer with the different stages being separated in time 

(tandem in time). 
55

 Conversely techniques such as Quadrupole mass filter and TOF 

analyzers use continuous or pulsed ion beams and every stage of the m/z analysis is done 

in a separate analyzer where they are separated (physically) in space (tandem in space). 

  

1.3.2.2 Linear Ion trap (LIT) 

A recent development in the quadrupole ion trap is the 2D radio frequency 

quadrupole ion trap (also known as a Linear Ion Trap) which is very similar to the 

conventional 3D ion trap. This has been extensively used in the hybrid instruments like 

FTICR, TOF and triple quadrupole mass analyzers but the 2D quadrupole can be used as 

standalone instrument. A commercially available 2D trap is the Finnigan LTQ Linear Ion 

Trap mass spectrometer. This contains a segmented hyperbolic quadrupole mass analyzer 

with three distinct axial segments. Ions are focused onto the center segment of the mass 
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analyzer by creating 2D RF fields and applying discrete DC voltages to the different axial 

segments.
56, 57

 To facilitate the radial ion ejection a slit is cut in the two of the center rods 

and the ejected ions are collected at the two electron multiplier detectors. There are many 

advantages to using an LTQ mass spectrometer over the conventional 3D traps. Among 

those are increased trapping efficiency results in rapid duty cycle and higher scan speed, 

improved ion storage capacity and ion ejection rate.
57

 

 

Figure 1-9 Overall instrument configuration of LTQ along with typical operating 

voltages and pressures. (Reproduced from 
56

 with permission) 

 

1.3.2.3 Time of flight (TOF) 

The principle of time of flight mass analysis is to measure the flight time of ions 

out of an ion source into a field free drift tube and then to a detector.  The basic 
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instrumental setup for the TOF analysis is indicated in Figure 1-8. The m/z value of the 

ion is directly related to the flight time of the ion based on the following equation:  

TOF = L (2Uacc∗∗∗∗ e)
-½

 (m/z)
½ 

Where L is the drift length in the free field region, Uacc is the potential difference 

in the accelerating region, e is the charge of an electron and m is the mass of the ion and z 

is its’ charge state. 

 

Figure 1-10  Schematic outline of a time-of-flight mass analyzer with a two-stage 

accelerating region and a mass reflectron (Reproduced from 
58

 with permission) 

 

The first TOF analysis with mass spectral recording was reported by Cameron and 

co-workers in 1948.
59, 60

 Use of TOF-MS has been accelerated after the advent of pulsed 

ionization technique such as MALDI.
61

 The simplified form of TOF analysis has two 

draw backs namely the spacial spread and kinetic distribution of the ions in the field free 

region. These have greatly reduced the resolution of the instrument. To overcome the 
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spacial distribution the delayed extraction method was introduced.
62

 In this method, the 

ions were allowed to spread out in the field free region for variable amount of time. 

Following this delay an electric field gradient was applied to pulse the ions into the flight 

tube. In that way the ions travelled far from the ionization source will experience less 

effect from the electric field and vice versa. To overcome the kinetic distribution a 

reflectron or an ion mirror is used where the ions penetrate the reflectron region until they 

reached zero kinetic energy. Then the ions are reverted back to the field free region. Ions 

with greater kinetic energy will penetrate more into the reflectron region compared to 

those have low kinetic energy and thereby the kinetic energy distribution can be 

corrected.  TOF-MS analysis has several advantages over traditional scanning techniques 

because of its unlimited mass range, high speed and potentially high throughput.
63

 

 

1.3.2.4 Hybrid mass analyzers 

 Hybrid instruments for analytical applications were introduced by Graham 

Cook’s group in 1979. Hybrid mass analyzers were developed by combining different 

types of mass analyzers to achieve better quality mass spectra for complex samples.
55

 The 

desired characteristics of the hybrid mass analyzers over the conventional mass analyzers 

are their high resolving power, ion kinetic energy for the tandem mass spectrometry and 

the speed of analysis. Among the most commonly used hybrid analyzers are the Q/TOF 

mass spectrometer
64

, QIT/TOF analyzer
65

, sector/TOF analyzer
66

, and LIT/Orbitrap.
67
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1.4 Analysis and validation of proteomics data 

There are two ways to obtain protein information from the mass spectrometric 

analysis. One way is to get the mass spectrum of the peptide and perform peptide mass 

mapping to obtain the protein information. This method was introduced by Henzel and co 

workers in 1993. 
68

 This mass spectrum can be obtained from a relatively simple mass 

spectrometric method, MALDI which results in a time of flight distribution of the peptide 

mixture.
9
 Today, many advances have made this much more feasible by automation of 

the MALDI identification procedure where hundreds of protein spots from a gel can be 

excised, digested and obtain mass spectra to analyze them against protein database.
69, 70

 

The second method to acquire protein information is mass selection of digested 

peptides and characterization by tandem mass spectrometry (MS/MS).   Activation of a 

peptide occurs by breaking it into small fragments at the peptide bond. Most of the 

proteomics analyses use CID as the method of ion activation but recent advancement of 

instrumentation introduced electron transfer dissociation (ETD) which allows researchers 

to identify modified peptides and proteins.  
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1.4.1 Ion activation methods in proteomics 

1.4.1.1 Collision Induced Dissociation (CID) 

CID is the most common ion activation method accompanied in most of the mass 

spectrometers. CID is achieved by colliding the parent ion with a neutral bath gas in the 

collision cell. Once they collide each other part of the kinetic energy is transferred into 

internal energy and causes the dissociation of ions from the parent molecule. Two types 

of CID will give different types of fragment ions. Low energy CID uses about 1-100eV 

kinetic energy whereas high energy CID will produce keV kinetic energy in the 

laboratory frame work. During the peptide ion activation by CID process peptide 

backbone will cleave at the CO-N bond producing b and y type ions. 

 

1.4.1.2 Electron Capture Dissociation (ECD) 

ECD is based on the dissociative recombination of the multiply charged 

polypeptide chain with low energy electrons which was introduced by McLafferty group 

in 1998.
71

 The actual mechanism is still under debate but the processes happening 

involves the multi-protonated polypeptide chain initially capturing an electron, producing 

a radical ion which undergoes dissociation very rapidly.
72

 Fragmentation of the 

polypeptide chain is very bond specific. Disulfide bonds and halogen bonds cleaves 

easily by ECD. Backbone cleavage happens at the N-Cα bond giving rise to the c and z 
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ion formation compared to CO-N bond cleavage in CID producing b and y ions. An 

added advantage of ECD is that it can preserve the post translational modifications 

(PTM) of the intact proteins. Mann et al demonstrated the use of ECD with novel hybrid 

FT-ICR instrument to illustrate the importance of high sensitivity PTM analysis 

providing insight into the biological function.
73

 Also ECD has been used for de novo 

sequencing, disulfide bond analysis and DNA predicted sequence verification studies for 

proteins and peptides. 

 

1.4.1.3 Electron Transfer Dissociation (ETD) 

ETD is a new method for dissociation peptides using ion/ion chemistry. ETD 

fragments peptide by transferring an electron from a radical anion into the protonated 

peptide.
74

 This induces the fragmentation of peptide backbone and cleaves N-Cα bond 

producing c and z ions. As in ECD, ETD can also preserve the labile PTM of the intact 

proteins. ETD uses rf quadrupole ion trapping device instead of FTICR instrument for ion 

trapping and detection.
75

 Those ion trap instruments are low cost and are readily 

accessible compared to FTICR instruments. This makes ETD a more popular method for 

proteomic analysis.  
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1.4.2 Strategies for protein sequence identification 

During the CID activation process, multiple collisions occur inside the collision 

chamber which produces a large number of peptide fragments. Breaking of the peptide 

bond is the dominant mechanism which gives rise to b and y ion formation, as shown in 

Figure 1-9 .
76

 If the bond between the α carbon and the carbonyl carbon breaks, it will 

produce a and x ions whereas c and z ions will form by breaking N-Cα bond. Other than 

these fragment ions, water (H2O) and ammonia (NH3) loss from the peptide ion is also 

possible. 
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Figure 1-11  Basic fragmentation pathway resulting a,b,c and corresponding x,y,z 

ions [a], fragmentation of the peptide NQWFFSK [b], fragment ion spectrum for the 

peptide NQWFFSK  [c] and theoretically generated peptide spectrum matching the 

experimentally produced spectrum for the peptide NQWFFSK [d] (Reproduced 

from
76

 with permission)  
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Figure 1-11 (c) shows the tandem mass spectrum of the peptide NQWFFSK. This 

has most of the b and y ion series from the peptide and some peaks corresponding to 

water and ammonia loss. It is easy to interpret this spectrum because it contains b ions 

and corresponding y ion series, but in real world sample analysis the spectra are more 

complex and they will not provide complete fragmentation covering the b and y ion 

series. 

There are several different strategies used to interpret tandem mass spectra. One 

of the most commonly used is the database searching where peptide sequences are 

identified by correlating the experimental spectrum with theoretical spectra predicted for 

each peptide contained in the protein sequence database.
77

 Another method correlates the 

experimentally acquired spectrum with libraries of experimental MS/MS spectra 

identified from previous experiments using what is known as a spectral library search.
78

 

De novo sequencing is a method where peptide sequences are obtained by manual 

interpretation using the fragmentation information. The main advantage of using de novo 

sequencing over a conventional database search method is that it allows identification of 

spectra which are not present in the protein database such as peptides containing 

sequence polymorphisms and unexpected modifications.
79

 However, de novo sequencing 

is more tedious and needs high quality spectra to interpret. The best way to use this 

method is to start with a database search and apply de novo sequencing for the high 

quality un-assigned spectra. 
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Another strategy to identify peptides from tandem mass spectra is to use hybrid 

approaches which combined both database searching and de novo sequencing approaches 

together. 
80

 This analysis starts with getting information about partial sequences (short 

sequence tags) from the MS/MS spectra followed by error tolerant database search where 

a search is conducted which allows one or more mismatches between sequence of the 

peptide that produced MS/MS spectrum and the database sequence.
81

 Using this hybrid 

approach database searching time can be greatly reduced and this allows for the analysis 

of post translationally modified peptides or peptides containing artifactual 

modifications.
82

 

 

1.4.2.1 Database search algorithms 

Basic database search algorithms compare the experimentally generated spectrum 

to a theoretically generated spectrum from a peptide library. Figure 1-11(d) shows the 

alignment of a theoretically generated spectrum to the experimentally obtained spectrum. 

Based on the criterion used to match the theoretical and experimental spectra, the 

algorithm will find the best match for the experimental spectrum. The rules governing the 

fragment ion abundance are still under investigation.
83

  

For proteomic analysis, the most commonly used database search algorithms are 

SEQUEST (distributed by Thermo Finnigan, San Jose CA, USA with their mass 

spectrometers), X!Tandem (free software available from the Global Proteome Machine 
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network, http://thegpm.org/) and Mascot from Matrix Science 

(http://www.matrixscience.com/). The basis for these search algorithms are explained in 

details in the following sections. Commonly used online available software for the 

proteomic data analysis are listed in the Table 1.1.   



60 

 

Table 1.1  List of online available software for the analysis of proteomic data 

(Reproduced from 
77

 with permission) 
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1.4.2.1.1  SEQUEST 

SEQUEST is a non-probability based search algorithm developed by the Yates 

group in 1994 and is the most commonly used algorithm in proteomics today. 
84-86

 This 

system uses two types of scoring systems. The first is based on the peak intensity of 

fragment ions matching the predicted sequence obtained from the database and the 

second one is based on the cross correlation (Xcorr) of the experimental and theoretical 

spectra.
87

 Sequest models all y ions and b ions to have similar intensity, [Figure 1-11(d)] 

and assumes all peptide bonds behave in similar pattern for the fragmentation. SEQUEST 

also computes a parameter called ∆Cn (delta correlation score) which is the normalized 

score obtained from the difference between the first and the second ranked sequences 

which matches to the experimental spectrum. This ∆Cn is a measure of the uniqueness of 

the match and is dependent on the size of the database and the presence of highly similar 

sequences. 

Even though SEQUEST is able to find matches for incompletely fragmented 

peptides, this gives more false positive identifications.  This is because larger peptides 

score higher than the high quality smaller peptides and highly populated noisy spectra 

can have high cross correlation scores due to random matches of background noisy spikes 

in the database.
87

 Also Xcorr is not a probability based scoring system and does not 

provide statistical confidence of the matching peptides found. Since its ability to find 

peptide matches even with very low signal to noise spectra, SEQUEST remains as the 
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primary search algorithm for proteomic analysis. These data should be validated using 

other search algorithms. 

There are additional non-probabilistic methods available for the analysis of 

proteomic data. Among those SONAR uses an algorithm similar to SEQUEST but the 

scoring is based on the dot product of the theoretical and experimental spectra.
88

 SALSA 

uses a different approach to match the experimental and theoretical spectra where the 

highest experimental peak superimposed to the first peak of the theoretical spectrum 

regardless of their absolute position on the m/z axis. 

 

1.4.2.1.2 MASCOT 

MASCOT is the second most popular database searching algorithm introduced for 

the proteomics data in 1998.
89

 They have not published how the algorithm is functioning 

as yet. This uses a MOWSE (MOlecular Weight SEarch) score that computes the 

normalized frequencies of the protonated peptide [(M+H)
+
] distribution from the 

database.
90, 91

 These probability based predicted peptides are matched with the 

experimental fragments starting from the most intense peak. MASCOT reports a 

probability based ion score for each peptide match, which indicates a statistical 

significance of that peptide fragment assignment. After clustering of peptides into 

proteins, Mascot combines individual ion scores and reports a cumulative protein score.
92

 

Many criteria have been initiated to distinguish between correct and random protein 
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assignments. One way is to use a single peptide score (SPM)
93

 where a protein is 

identified when at least one peptide is matched at or above the threshold ion score. 

Another way is to use the cumulative protein score method (CPM)
94

 which eliminates 

peptide matches below a given ion score and utilize an empirically derived protein score 

to identify proteins. 

Evaluation of the Mascot scoring algorithm has demonstrated that the ion score 

thresholds established for a peptide match to be considered significant accurately reflects 

a 95% confidence level when searching data from peptide mass fingerprints
95

 and for 

tandem spectra generated from high precision instruments such as a Q-TOF.
96

 For large 

proteomics datasets this level of ion score threshold is not sufficient enough and will 

generate large numbers of false positive identifications. As with the SEQUEST search 

algorithm, several strategies have been proposed to eliminate these false positive 

identifications. These methods include statistical models to evaluate peptide assignments 

using information collected during the database search
97

 and use of filters that eliminate 

random matches based on the properties of the assigned peptide and experimental 

conditions.
98

 

1.4.2.1.3 X! Tandem 

X!Tandem is an open source system for analyzing, validating and storing protein 

identification data.
99-101

 This is designed to run from a command line with an input XML 

file name as the command line parameter. X!Tandem compares each spectrum to all 
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likely candidate peptides in a protein database where all fragment ions are assumed to be 

in equal intensity (b and y ions). X! Tandem uses an E value (expectation score) which 

refers to the expected number of peptides with scores equal to or better than observed 

score under the assumption that peptides are matching the experimental spectrum by 

random chance.
77

 E value is computed either by assuming that the database search score 

follows certain distribution (eg. Poisson distribution), or by empirically fitting of the 

observed distribution of scores. 

One of the major advantage of using X!Tandem is the ability to identify modified 

peptides (post translational modifications) along with the automatic database searching. 

This reduces computational time required for the analysis of these modified peptides 

compared to the tedious approach of trying all possible combination of peptide 

modification.
87

 It is also a major advantage that X! Tandem does not require the purchase 

of a license, and tends to work faster than either SEQUEST or MASCOT, without 

requiring a dedicated high-speed computer for the analysis. 

1.4.2.1.4 Scaffold 

Scaffold is a proteome software which can be used to validate proteomic results 

obtained from different search algorithms such as SEQUEST, MASCOT and X!Tandem. 

Added advantage is that Scaffold can run X! Tandem for SEQUEST or MASCOT data 

while processing them. Scaffold probabilistically validates the peptide identifications 



65 

 

done by Sequest or Mascot using PeptideProphet
102

 algorithm and derives the 

corresponding protein probabilities using ProteinProphet algorithm.
97, 103

 

 

1.5 Overview of the proteomic analysis of Burkholderia species 

Comparative proteomic analysis of Burkholderia species were carried out using 

different mass spectrometric approaches in order to determine the pathogenicity 

associated with closely related species. Three different bacterial species were used for 

this study. Burkholderia vietnamiensis, an opportunistic pathogen was used as the model 

organism to develop methodologies for the bacterial proteome analysis. B. vietnamiensis 

is a gram negative organism commonly found in the environment such as soil, plants and 

water.
104

 Because of its ability to degrade organic molecules, B. vietnamiensis has been 

used as a biological control agent.
105

 Also B. vietnamiensis can cause such diseases to 

plants as onion rot disease and also can be an opportunistic pathogen to immuno-

compromized people and cystic fibrosis patients. To analyze the whole proteome of this 

bacterium, protein fractionation was carried out using different extraction and 

precipitation methods. Four different cellular fractions were analyzed namely, intra-

cellular, extra-cellular, cell wall and cell surface proteins. The bottom up approach was 

used to analyze these proteins using mass spectrometry. Chapter 3 describes the method 

development and characterization of B. vietnamiensis proteome using gel based and gel 

free proteomic approaches. Performances of two different mass spectrometers with 
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respect to protein identifications were compared for B. vietnamiensis proteome analysis. 

After the mass spectrometric analysis Sequest and X! Tandem database search algorithms 

were used to identify the proteins from each cellular fraction. Scaffold proteome software 

was used to compare the protein identification probabilities of the two searching 

methods. In depth analysis were carried out in order to classify the protein according to 

their cellular functions. More details on the types of proteins identified using these 

techniques will be discussed in chapter 3. 

B. thailandensis is non pathogenic species which is 99% genetically similar to the 

pathogenic B. pseudomallei species.
106

 B. pseudomallei is the causative agent of 

Melioidosis and is a possible bioterrorism agent.
4
 Studies have been carried out to 

identify the differences in the proteome of these two species with respect to their 

pathogenicity. Similar methods were used to extract proteins from these organisms. 

Chapter 4 will describe the proteomic analysis of two different B. thailandensis stains 

found in two different geographical locations. B. thailandensis E264 was purchased from 

ATCC which was isolated from Thailand. B. thailandensis MSMB43 was obtained from 

culture collection in Northern Arizona University and the strain was isolated from 

Australian soil. Chapter 5 will describe the proteomic analysis of pathogenic B. 

pseudomallei MSHR305 cellular proteins. Comparison of all three organisms will be 

discussed in chapter 6. Here the protein fractions were compared with respect to the 

identification of known virulence factors of the Burkholderia species. 
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1.6 Overview of the blood meal analysis of ticks 

Blood meal analysis of tick nymphs and adult ticks were carried out using mass 

spectrometry based proteomics and fatty acid profile analysis using SPALDI mass 

spectrometry. Ticks are vectors that can transmit diseases to one host to another. Ixodus 

scapularis carries the Borrelia burgdorferi which causes the Lyme borreliosis at all 

stages of their life cycle.
107

 Control of the disease spread has become a difficult task due 

to the availability of multiple hosts along the way of the life cycle of ticks. The major 

objective of this project is to identify host proteins from tick nymphs when fed only once 

in their life cycle. To identify proteins we started experiments with pooled tick nymphs 

and gradually decreased the number of tick nymphs analyzed down to single tick nymph. 

Chapter 6 will describe the multiple and single tick analyses using different mass 

spectrometry based proteomic techniques. For the multiple tick nymphs analysis we used 

both gel based and gel free approach and the individual tick nymphs were analyzed using 

only gel free methods. Using these methods we were able to identify host hemoglobin 

even after 11 months of the last blood meal.  

Chapter 7 will discuss preliminary studies conducted to differentiate the fatty acid 

profiles of tick nymphs which were fed on different hosts. For this analysis we used 

Silicon nano-Particle Assisted Laser desorption Ionization (SPALDI) mass 

spectrometry.
108

 The fatty acid profiles of individual tick nymphs were compared with 

the commercial blood samples of the host animals. Chapter 8 will discuss the conclusions 
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of each chapter and the possible future directions for the research conducted on 

Burkholderia and ticks. 
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CHAPTER 2 - MATERIALS AND METHODS 

2.1 Bacteria sample preparation 

2.1.1 Growing bacteria 

Burkholderia vietnamiensis G4 strain was obtained from the Maier lab culture 

collection at the Department of Soil, Water and Environmental Sciences at the University 

of Arizona. All of the method development processes were carried out using B. 

vietnamiensis as the model organism. Non-pathogenic Burkholderia thailandensis E 264 

was purchased from the ATCC (American Type Culture Collection, Manassas, VA) and 

B thailandensis MSMB43 strain was obtained from the bacterial culture collection from 

the Microbial Genetic and Genomics Center, Northern Arizona University, Flagstaff, AZ. 

The methods developed were then applied to pathogenic Burkholderia pseudomallei 305 

grown in a BSL 3 laboratory by Dr. Apichai Taunyok at the Northern Arizona University. 

Two different media were used to grow the bacteria. A mineral salt medium- 

MSM, a minimal medium, was prepared using three solutions. Solution A (1000ml) 

consisted of 2.5 g of NaNO3, 0.4 g  of MgSO4.7H2O, 1.0 g  of KCl, 0.05 g  of CaCl2.2 

H2O and 10 mL of H3PO4 (85%). The pH of the solution A was adjusted to pH 7 using 

KOH. Solution B (100 mL) consisted of 0.05 g of FeSO4.7H2O, 0.15 g of ZnSO4.7H2O, 

0.15 g of MnSO4.H2O, 0.03 g of H3BO3, 0.015 g of CoCl2.6H2O, 0.015 g of 

CuSO4.5H2O and 0.010 g of Na2MoO4.2H2O. Solution C consisted of 30% glucose 
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(300g per 1000 mL). These solutions were autoclaved separately at 121
0
C for 15 mins. 1 

mL of solution B was added into 1000 mL of solution A and 20 mL of 30% glucose was 

added into the 280 ml of this A+B mixture to prepare media containing 2% glucose 

before the inoculation of the bacteria. Commercially available R2A agar (DIFCO-Becton 

Dickinson microbiology systems) was used to plate the bacteria before culturing them in 

MSM medium and used R2B broth as the general purpose medium for the bacterial 

growth. An isolated colony was inoculated into 100ml of culture media using a sterile 

inoculating needle. Bacterial cultures were incubated at room temperature on a rotating 

shaker until the desired optical density (1.6) was obtained. Optical density of the cultures 

was obtained using a HITACHI U2000 spectrophotometer. A growth curve was prepared 

for the bacteria and the samples were isolated at the late log phase/early stationary phase 

of the growth curve.
109

                                    

 

2.1.2 Fractionation of proteins 

Extracellular proteins were extracted from the bacterial culture using the 

previously described method with slight modifications.
110, 111

 Briefly, the bacterial culture 

was centrifuged using a Beckman J2-21 centrifuge at 5000 rpm for 20 minutes. The 

supernatant was then taken in order to extract the extracellular proteins. The cell pellet 

was used for the extraction of the intra-cellular, cell-wall and cell surface proteins. 100ml 

of the bacterial supernatant was mixed with ice cold 10% (w/v) Trichloroacetic acid 
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[TCA] (Sigma) and kept overnight at 4
o
C. The solution was then centrifuged at 5000 rpm 

for 20 minutes. Precipitated proteins were washed with 95% ethanol (Sigma) and air 

dried until the excess solvent evaporated. The precipitated protein pellet was divided into 

two portions; one portion was dissolved in protein sample buffer (Buffer S- 250mM Tris 

[pH=6.8], 30% glycerol, 8.0% Sodium Dodecyl Sulfate [SDS], 1% β-mercaptoethanol 

and trace amount of bromophenol blue as a coloring agent) to run one-dimensional 

protein gel electrophoresis. The second pellet was dissolved in urea buffer (8M urea in 

50mM ammonium bicarbonate) for MudPIT analysis. 

 

2.1.3 Extraction of intracellular and cell wall proteins 

The bacterial cell pellet from the extracellular fraction was washed twice with 

0.9% NaCl (Sigma) and centrifuged again for 20 minutes at a speed of 5000rpm. The 

pellet was then washed with 1mM Tris/HCl [pH=7.5] and centrifuged again. 1g of the 

cell pellet was suspended again in 10 ml of 1mM Tris/HCl buffer and sonnicated using 

Branson Sonifier 450 probe sonicator.  After sonication, the cell walls and debris were 

removed by centrifugation for 20 minutes at a speed of 5000rpm. To analyze the cell wall 

proteins, the protein pellet was dissolved in protein sample buffer (buffer S) and urea 

buffer for SDS-PAGE separation and for MudPIT analysis respectively.  The supernatant 

was used to analyze intracellular proteins. The proteins present in the supernatant after 

sonication were precipitated using a 3 fold volume of ice cold acetone and kept overnight 
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at -20
o
C. The precipitated proteins were separated by centrifugation at 5000rpm for 20 

minutes. As described previously, the pellet was washed, air dried and dissolved in 

protein buffers for further analysis. 

 

2.1.4 Extraction of cell surface proteins 

Five grams of the bacterial cell pellet was suspended in 100ml of 0.2 M 

glycine/HCl while stirring at 20
o
C for 1 hour. The cell debris was removed by 

centrifugation with the soluble proteins remaining in the supernatant.  The supernatant 

was extracted and neutralized with 0.1 N NaOH, and the proteins were precipitated with 

ice cold acetone (three fold volumes) and kept in -20
o
C freezer overnight. The precipitate 

was washed two times with 95% ethanol and air dried until the excess solvent 

evaporated. The protein pellet was used to analyze cell surface proteins using different 

mass spectrometric techniques to be described later. 

 

2.1.5 Determination of protein concentration of the extracted proteins 

Two types of protein assay methods were used to determine the protein 

concentration of the bacteria. A modified Lowry assay method was used to determine the 

protein concentration of B.vietnamiensis.
112, 113

 The Lowry assay involves two reactions: 

the first is the formation of a protein-Cu
2+

 complex after denaturation of the protein with 
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the alkali reagents (at high pH); the second is the redox reaction with the Folin Ciocalteu 

reagent. This Folin reagent contains Mo
6+

/ W
6+

 which can react directly with oxidizable 

amino acid side chains. Cu
2+

 ion mediates the dehydration of the polypeptide via metal 

ion catalyzed oxidation. The electrons are then transferred into the  Mo
6+

/ W
6+

 solution 

yielding a Molybdenum blue color change proportional to the protein concentration. This 

reaction is summarized in Figure 2-1. All the reagents necessary for this assay were 

prepared manually except for the Folin reagent, purchased from Sigma, and the standard 

calibration curve was prepared using Bovine Serum Albumin (BSA) from Sigma. The 

assay was conducted according to the protocol described by Stoscheck (1990).
114

 Briefly, 

three types of solutions were prepared. Solution A contained 2% Na2CO3, 0.02% NaK 

tartarate, 1% SDS, Solution B contained 0.5% CuSO4. 25 ml of solution A was mixed 

with 1 ml of Solution B just before the experiment was carried out. Solution C contained 

1 N diluted Folin reagent.  To prepare the standard curve, a 0.1% BSA stock solution was 

used. Protein standards and the samples were mixed with 1 mL of Solution A+B and 

incubated for 15 min at room temperature. After 1 mL of solution C was added into each 

tube, the sample was vortexed and incubated for 30 minutes at room temperature. After 

the color change occurred, the absorbance was measured at 650nm using HITACHI 

U2000 spectrophotometer. The advantage of using this method is that the presence of 

SDS allows one to perform protein assays with any detergent. 
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Figure 2-1  Reactions happening in the Lowry assay.( Reproduced from 

http://www.piercenet.com/files/1601325ProteinAssay.pdf) 

 

The second type of protein assay used for the protein quantification in the latter 

part of this research is the BCA (Bicinchoninic acid) assay, which has the same principle 

as the Lowry method but does not involve a secondary metal ion for the color 

development.
114, 115

 This assay can be purchased as a kit from Pearse Biotechnology 

(Rockford, IL). This assay method involves the reduction of Cu
2+

 into Cu
1+

 by the protein 

in an alkaline medium which will form a blue colored complex with the BCA. This is 

represented in Figure  2-2. The assay was carried out according to the protocol included 

with the assay kit. Briefly to prepare the working reagent mixed 50 parts of Reagent A 

(BCA and tartrate in alkaline solution)
116

 with 1 part of reagent B (4% CuSO4.5H2O). 
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Two ml of the working reagent was mixed with 0.1 ml of the protein solution and 

allowed for color development at 37
o
C. A Molecular Devices microplate reader was used 

to read the absorbance at 562 nm after the color development at 37
o
C, and intensities 

were compared to a standard curve. 

 

Figure 2-2  Generalized BCA assay reaction. (Reproduced from 

http://www.piercenet.com/files/1601325ProteinAssay.pdf) 

 

2.1.6 Proteomics analysis of extracted bacterial proteins 

Two different approaches were used to prepare samples for liquid 

chromatography mass spectrometric analysis. One is gel based separation, where 1D 

SDS-PAGE was used to separate the extracted proteins. The separated proteins were then 
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digested within the gel and the peptides were extracted for the mass spectrometric 

analysis. This is indicated in Figure 2-3. The second method used is the gel free MudPIT 

analysis, where the extracted proteins were directly digested with proteolytic enzymes 

and subjected to two types of liquid chromatography prior to mass spectrometric analysis. 

This is illustrated in  Figure 2-3.  
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Figure 2-3 Two different pathways used to identify proteins using mass 

spectrometry: (A) gel based method, (B) gel free MudPIT method. 
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2.1.2.1 SDS-PAGE sample preparation 

All four cellular fractions were prepared for one-dimensional Sodium Dodecyl 

Sulfate Poly-Acrylamide Gel Electrophoresis (SDS-PAGE) according to the method 

described below. Using this 1D gel, proteins will separate according to their molecular 

weight. Proteins are denatured by the SDS present in the sample and will have a linear 

configuration (native 2D and 3D structure will be destroyed) as their primary structure.
117

 

SDS is also an electrophoretic detergent with excess negative charges and this will mask 

the intrinsic charge of the polypeptide chain.
118

After forming the SDS-polypeptide 

complex, the denatured proteins will have similar charge densities and will migrate 

through the gel according to their molecular weight. 

SDS-PAGE analysis was carried out according to well established methods.
119, 120

 

Briefly, 50 µg of the extracted protein was dissolved in 50 µL of protein sample buffer 

(Buffer S) and boiled in a water bath for 5 minutes. Samples were spun down and 10 µg 

of the protein-buffer mixture was loaded into the 50 µl well in a 12% Tris- HCl BioRad 

precast ready gel. (BioRad , Hercules, CA )A molecular weight marker (BioRad) which 

contains pre stained protein standards was run along with the protein samples to 

determine the approximate molecular weight information for the separated proteins.  

Protein gels were run by using 1X running buffer consisted of 259mM Tris base, 2 M 

glycine, 1% (w/v) SDS diluted with distilled water (Buffer R) at a constant voltage of 

85V for 20 minutes followed by 150V for 40 minutes (until the dye runs off the gel). The 

gels were then stained with silver stain using a well established method.
121

 A single lane 
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of stained gel was cut into 16 pieces and transferred into a 96 well plate to perform in-gel 

tryptic digestion. 

Gel bands were destained and tryptically digested using a PerkinElmer 

MultipPROBE II Plus Ex robotic liquid handling system according to the methods 

indicated in the literature.
122, 123

 Briefly, the proteins were destained using 100mM 

potassium ferricyanide in 100mM sodium thiosulfate. The destained gel pieces were then 

dehydrated with HPLC grade acetonitrile. Proteins present in the gel pieces were reduced 

and alkylated using 10mM dithiothreitol (DTT)  in 100mM ammonium bicarbonate and 

55mM iodoacetamide in 100 mM ammonium bicarbonate respectively. After reduction 

and alkylation, the proteins were subjected to an overnight in-gel digestion using 

proteomics grade trypsin (Sigma), and the digested peptides were extracted using 50% 

acetonitrile and 2% formic acid solution. After extraction, the peptides were transferred 

into 500µl eppendorf tubes and dried down using a Savant Speed Vac concentrator. Ten 

µL (20 µL for the LTQ sample loop)  of the concentrated peptide solution was loaded 

into HPLC auto sampler vials and analyzed by LC-MS/MS using LCQ Deca [Thermo 

Finnigan-San Jose,CA]. 

 

2.1.2.2 MudPIT sample preparation 

Fifty micrograms of protein from each cellular fraction were reconstituted in 100 

µL of 8M urea in 100mM ammonium bicarbonate. Reduction of the proteins was carried 
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out  using 2 µL of 100 mM DTT while incubatingfor 15 minutes at room temperature.
123

 

Reduced proteins were acetylated by adding 3 µL of 100mM iodoacetamide and 

incubating for 15 minutes in the dark at room temperature. Enzymatic digestion of the 

protein was carried out using 3.5 µg of endopeptidease Lysine C (Princeton Separation) 

for 2-3 hours at 37
o
C. The solution was diluted with 650 µL of 100mM ammonium 

bicarbonate 50 µL ACN and 9 µL of 100mM CaCl2. This will act as a buffer solution for 

the digesting proteins. Trypsin (Sigma) was added to the buffered sample mixture (1:20 

trypsin: protein ratio), mixed thoroughly, and incubated overnight at 37
o
C. Digested 

peptides were cleaned and desalted using a Spec PT C18 solid phase cartridge (Varian 

Inc). The resultant peptides were dried down under vacuum and redissolved in 0.5% 

formic acid before the MudPIT analysis. 

 

2.1.7 Liquid chromatography 

2.1.7.1 Reverse phase separation for the gel slice experiments 

Fused silica capillary was purchased from PolyMicro Technologies in Phoenix 

AZ, with a 100 µm inner diameter (i.d.) and 360 µm outer diameter (o.d.). Capillaries 

were pulled using a laser puller (Sutter Instruments, Novato,CA) to prepare the columns 

with a 5 µm tip. Columns were packed with 5 µm Zorbax Eclipse XDB C18 (Agilent 

Technologies, Palo Alto, CA) packing material dissolved in methanol. The sample was 

introduced into the capillary via pressurized bomb loading, as shown in Figure 2-1, using 
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He gas at 500 psi.. Capillaries were filled with the packing material up to 6-8 cm for the 

reverse phase separation of digested peptides from a SDS-PAGE experiment.  

 

Figure 2-4 Shows the packing of C18 material into a 100 µm i.d. silica capillary 

using a pressure vessel(Modified from
7
 with permission). 

 

The packed column was connected to the mass spectrometer according to 

standard laboratory methods. 
123, 124

 A flow splitter was used to connect the capillary 

column to the HPLC system. Sample was injected into the HPLC column by a Surveyor 

auto sampler (Thermo-Electron-San Jose,CA). The HPLC system was connected to a 

Thermo Finnigan LCQ-Deca XP quadrupole ion trap mass spectrometer or a Thermo-

Electron LTQ mass spectrometer for analysis. All the method development processes 

were carried out using the LCQ mass spectrometer and later LTQ was used to analyze 

most of the proteins because of the higher sensitivity of the instrument. 
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 In the LCQ, the digested peptides from the gel bands were eluted in a buffer 

gradient consisting of buffer A (H2O with 0.1% formic acid) and buffer B (ACN with 0.1 

% formic acid) at a flow rate 400 µL/minute. The peptides were eluted with a linear 

gradient from 5-50% buffer B over 30 minnutes interval after the initial 10 minutes 

washing step with buffer A. Strength of Buffer B was increased 50-98% over 10 mins 

time period followed by 5mins wash with 5% B. A similar solvent gradient was used in 

the LTQ but the run time was reduced to 70 minutes. 

 

2.1.7.2  Cation exchange (SCX) separation/MudPIT analysis 

For MudPIT analysis two types of columns were used. First, a silica column (100 

id) was packed with 5 µm poly-hydroxyethyl A SCX resin (PolyLC, Columbia, MD) for 

about 6 cm in length. Second, a C18 column was packed up to 8 cm in length (as 

previously described in section 2.3). A frit was used on the SCX column to keep the 

packing material in and a plastic fittings were used to keep the SCX and C18 columns in 

union. A tee junction was used to apply a spray voltage of 1.8-2.0 kV through a gold or 

platinum electrode.
125

 For the MudPIT analysis 13 different solvent/salt steps were used. 

A 10ul sample was injected into the sample loop using a Surveyor auto sampler. Sample 

was loaded into the SCX column using an isocratic gradient of 95% Buffer A and 5% 

Buffer B for 70 minutes. To elute the non-bonded peptides a solvent gradient (describe 

the gradient here) over a period of 125 minutes.  A 4 minutes pulse of 10% Buffer C 
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(250mM ammonium acetate, 5% ACN, 0.1% formic acid) was applied to the LC system  

followed by a gradient of 5-50% solution B over 65 minutes, 50-98% B over 5 minutes 

and 5 minutes wash with 98% B. This solvent gradient was repeated with increasing 

percentage of Buffer C with %C = 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 so as to form 

a step elution gradient. The final step of the elution used included a step of 50% of Buffer 

D (1.5 M Ammonium acetate, 5% ACN, 0.1% formic acid) for 4 minutes  followed by 

reverse phase gradient with extended washing time at 98% Buffer B to elute strongly 

bound peptides. Data from all 13 steps were combined, to get comprehensive coverage of 

all the peptides eluted from the column. 

 

2.1.8 MS/MS analysis 

Xcalibur software version 1.4 (Thermo Finnigan) was used to setup and operate 

the instrument. A nano electrospray setup was attached to the instrument inlet source to 

allow nanoliter flow rates of the eluting peptides from the liquid chromatographic 

separations. A spray voltage of 1.8-2.1 kV was applied using a gold or platinum electrode 

connected at a tee junction upstream of the packing material. The mass spectrometer 

(LCQ Deca) was setup to scan a mass to charge (m/z) range from 400Da to 1500Da. 

Using data dependant scanning, the Xcalibur software was setup to identify and fragment 

the three most highly intense peaks as described previously.
124

  A dynamic exclusion 

window was set after 2 repeat counts where the instrument will fragment the same parent 
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ion a maximum of two times over a period of 25 seconds. This eliminates the 

fragmentation of the same intense parent ion repeatedly, allowing fragmentation of lower 

abundance ions. In contrast, the LTQ mass spectrometer was set up to scan m/z over a 

range from 400 to 1500 where it selects the top seven most intense peaks to fragment that 

are then subjected to a 30 second dynamic exclusion window. This is feasible because it 

has a much faster scanning rate compared to the LCQ. This is one main added advantage 

in using an linear ion trap mass spectrometer as opposed to 3D ion trap mass 

spectrometer. This improves the qualitative identification of peptides by automated 

µLC/MS/MS. Parent ions were selected by adjusting the RF excitation, and a 30 eV 

normalized collision energy was applied to achieve fragmentation of the selected parent 

ion. This fragmentation was achieved by colliding the molecules with He bath gas inside 

the collision cell at a pressure of 0.6- 0.8x 10
-5

 torr. 

 

2.1.9 Database search algorithms 

2.1.9.1 SEQUEST 

SEQUEST database search algorithm correlates experimental data with 

theoretically generated spectra from a known protein sequence.
86

 SEQUEST searches the 

matching proteins from a FASTA database consisting of common contaminants and the 

other desired bacterial/tick/mosquito proteins. (Actual list of proteins included into the 

FASTA database will be described at the corresponding chapters). The Xcalibur .raw 
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files generated from the mass spectrometer were searched using TurboSEQUEST on 

Bioworks browser version 1.4 on a 16-processor IBM Beowulf cluster. The following 

criteria were used for the generation of .dta files: for LTQ MS/MS data, a peptide 

molecular weight range was set to 400-3500 Da and total ion count threshold was set to 

100. Precursor ion mass was 1.5, group scan was 42, minimum group count was 2 and 

minimum ion count was set to 10. For LCQ MS/MS data, the same mass range was used 

with different parameters: precursor ion mass=1.4, group scan= 1, minimum group 

count= 1, minimum ion count 15 and total ion count threshold of 1000. The same 

SEQUEST parameter file was used to setup the additional parameters such as enzyme 

specificity (1 for semi tryptic), amino acid modifications (+57) for carbamidomethylated 

cysteine and +16 for oxidized methionine). All SEQUEST data searches were filtered 

using DTASelect and Contrast programs
126

: for singly charged peptides the minimum x-

correlation factor (Xcorr) was set at 1.8 and for doubly and triply charged peptides the 

minimum correlation score was 2.5 and 3.5 respectively. The delta correlation score 

(∆Cn) was set to 0.08 which indicates the minimum difference between the best matched 

peptide reported and the next best matched peptide. Greater the difference between the 

best and second best  match, higher the probability of identifying true peptide for that 

spectrum. A partially tryptic state (only one required tryptic end) was used for the peptide 

assignment. Additionally, a minimum of 2 peptide identifications per protein were used 

for the filtering procedure. To get more confidence in the peptide identifications, a 

reverse database was generated which included the same proteins with reversed peptide 

sequences, using Reverse.pl, a perl script designed by the proteomics facility of the 
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University of Arizona. (Available http://proteomics.arizona.edu/toolbox.html).
127

 Similar 

criteria were applied to run SEQUEST using this reversed database. The false discovery 

rate (FDR) was calculated by determining the number of matches from the reverse 

database search as a percentage of number of matches against forward database using the 

following equation. 

 

FP = False Positives 

TP = Total Positives 

 

2.1.9.2 X!Tandem 

X!Tandem is an open source database searching software readily available from 

the Global Proteome Machine (http://www.thegpm.org/TANDEM/) which does not 

require site license for use.
99-101

 Added advantage of X!Tandem is that it can be run on 

any computer with usual operation systems. X!Tandem was run using .dta files generated 

from the Turbo SEQUEST software. These .dta files were combined into a single .dta file 

using “sub_append.pl” and “append.pl” perl scripts which were also developed by the 

proteomics facility of the University of Arizona.
127

 This combined .dta file was used as 

the input data file for the X!Tandem analysis. The same database used for the SEQUEST 
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search was used for X!Tandem analysis. The default parameters were used for the 

database searching except for the following modifications: a maximum expectation value 

(E value) was set to 0.02, +57.022 for the residue mass modification of 

carbamidomethylated cysteine and +16.0 for possible oxidation of methionine, and 

specified none for the enzyme specificity. 

 

2.1.9.3 Scaffold 

Scaffold software (Proteome software, Portland, OR) [version Scaffold-

01_07_00] was used to compare and contrast SEQUEST and X!Tandem database search 

algorithms. Scaffold enhances the results of SEQUEST search by using Bayesian 

statistics and X!Tandem to  increase the number of reliable identifications and reduce the 

number of false positive identifications. Default Scaffold parameters were used to run the 

program. For positive peptide/protein identifications the following probability values 

were used: minimum peptide confidence 95%, minimum of 2 peptides per protein, and 

the minimum confidence for protein identification were set as 95%. Proteins identified by 

both SEQUEST and X! Tandem (as determined by Scaffold) were accepted as the true 

identifications. 
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2.2 Tick sample preparation 

2.2.1 Preparation of tick samples for protein analysis 

Amblyomma americanum live tick nymph samples were purchased from a tick 

rearing facility at Oklahoma State University. These were experimentally fed using 

artificial blood meal of rabbit and sheep blood. Ixodus scapularis tick nymphs and adult 

ticks were purchased from the CDC (Centers for Disease Control and Prevention, Fort 

Collins, CO). The I. scapularis ticks were fed on actual animals (rabbit and mouse) prior 

to the purchase. The tick samples were kept at -80
o
C until the samples were prepared for 

analysis. Prior to extracting proteins, the tick nymphs were frozen using liquid N2 to 

facilitate the pulverization. Samples were prepared by pulverizing the tick nymphs using 

a mortar and pestle, and the proteins were precipitated using 95% ethanol. The 

precipitated proteins were separated using 1D SDS-PAGE and digested with trypsin.
121

 

Digested peptides were analyzed by reverse phase chromatography followed by tandem 

mass spectrometry (LC-MS/MS) using a LCQ mass spectrometer (as described in Section 

2.1.7.1).  

Single tick samples were prepared differently than the multiple tick samples. 

Single tick nymphs were pulverized with a mortar and pestle and the proteins were 

precipitated with 95% ethanol and left at -20
0
C for 2 hours. The precipitated proteins 

were digested with trypsin and filtered using a C18 cartridge to remove salts and other 

contaminants. The digested peptides were analyzed by LC-MS/MS using a LTQ mass 



88 

 

spectrometer (as described in Section 2.1.7.1) with a more gradual acetonitrile gradient. 

The buffer gradient started with the sample loading with 95% buffer A for 16 min. 

Peptides were eluted with linear buffer B gradient form 5%- 50% over the period of 113 

minutes. The column was then washed with high acetonitrile gradient (95%) for 5 more 

minutes. The SEQUEST database search algorithm was used to analyze the data obtained 

from LC-MS/MS runs. Similar searching criteria were used as described in Section 

2.1.10.1. Organisms included into the protein database will be discussed in the 

corresponding chapter. 
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Figure 2-5 Solvent gradient used for the separation of digested peptides from single 

tick nymphs 
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2.2.2 Preparation of SPALDI powder for tick fatty acid analysis 

The modification process of the silicon nanopowder was discussed in detail in 

previous work,
108

 and is followed with minor modifications. A set of optimized 

conditions to oxidize and derivatize the silicon nanopowder for efficient laser 

desorption/ionization is as follows: 8 mg of silicon nanoparticles was hydrolyzed by 0.4 

mL 10% HNO3 for 30 minutes with sonication in a water bath at 45
0
C. The powder was 

the centrifuged, washed with two cycles of isopropanol and centrifuged to remove HNO3 

residue.  Finally, the powder was dried in a vacuum concentrator under low heating for 2 

hours. The dried powder was treated with 90 µL neat (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)-dimethylchlorosilane for 30 minutes with sonication, and then dried in 

an oven at 90
o
C for 24 hours. Finally, the derivatized silicon nanoparticles were stored in 

0.4 mL perfluorohexane for later use. Before application of the powder onto the MALDI 

plate, the perfluorohexane was replaced by isopropanol. A suspension of the silicon 

powder in isopropanol was achieved by sonication. A small amount of Milli-Q water was 

added to the powder suspension followed by sonication to obtain a final ratio of 

isoproponol and water of about 2:1 (v/v). Untreated silicon nanoparticles were washed 

with isopropanol three times and finally dispersed in isopropanol/water (2:1, v/v) before 

application. 
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2.2.3 Analysis of fatty acid profiles from tick nymph using MALDI-TOF 

Mass Spectrometry 

To extract the free fatty acids from the tick nymphs, the tick sample was frozen 

using liquid nitrogen to facilitate the grinding via mortar and pestle. Soluble fatty acids 

were extracted from the ground tick sample using 100uL of 1:1 chloroform: methanol. 

Three µL of this extract was mixed with 3µL of the SPALDI powder solution. A 0.5-1 

µL sample of this mixture was spotted onto a MALDI plate for the analysis. 

Standard MALDI well-plates were used for SPALDI experiments. For those 

commercial fatty acid standards, 1 µL of silicon nanoparticle suspension was spotted on 

the MALDI plate. One µL of the diluted acid solution was placed on top of the silicon 

particles before the layer of powder suspension dried. For the extracted lipid and fatty 

acid samples, the analyte solution was mixed with silicon nanopowder suspension by a 

volume ratio of 1:1. Then, 1µL of the analyte/powder mixture was placed on the MALDI 

plate. The spotted MALDI plate was always dried in the air before introduced into the 

MALDI-MS. 

All the experiments were performed using a Reflex III (Bruker, Billerica, MA) 

time-of-flight mass spectrometer with a reflectron detector, operated in the negative ion 

mode. The accelerating voltage was set at 20kV and the voltage on the reflectron was set 

to 23kV. The mass spectrometer was equipped with a standard 337 nm nitrogen laser 

(LSI-Laser Science Inc., Newton, MA). The laser beam has an average maximal fluence 
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of 400 µJoule/pulse and was focused to a spot in a diameter of 100-150 microns on the 

MALDI plate. Typically 20 – 45% of the total laser fluence (attenuations of 80 to 55%) 

was used in the experiments. Signals of 200 shots at a frequency of 3 Hz were 

accumulated for each spectrum acquired. Since the SPALDI sample spots do not have 

“sweet spots” (where the non homogeneous crystallization of analyte with the matrix 

produce higher signal intensity at certain spots)
108

, random rastering of the sample spots 

was applied manually, moving typically every 5-10 laser shots. 
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CHAPTER 3 - MASS SPECTROMETRY BASED PROTEOMICS 

ANALYSIS OF BURKHOLDERIA VIETNAMIENSIS  

3.1  Introduction 

3.1.1 Burkholderia vietnamiensis 

Burkholderia is a genetically diverse group of organisms containing 34 validly 

described species. Among those there are nine closely related species comprising 

Burkholderia cepacia complex (BCC). The species belonging to the BCC complex are B. 

ambifaria, B. anthina, B. cenocepacia, B. cepacia, B. dolosa, B. multivorans, B. 

pyrrocinia, B. stabilis and B. vietnamiensis. The BCC species share low levels (30-60%) 

of DNA-DNA hybridization but have higher amount of (98-100%) 16 S rDNA sequence 

similarity.
128

 BCC organisms are Gram negative, non-spore-forming bacilli originally 

identified as plant pathogens. They were recognized as the causative agent of soft onion 

rot by W. H. Burkholder in the 1950s.
104, 129

 These organisms were previously known as 

Pseudomonas cepacia and named as Burkholderia species in respect of the findings of 

W.H. Burkholder. Scheme 3-1 shows the phylogenic tree of the Burkholderia species, 

which were constructed using 760 nucleotides of the RecA gene sequence and the 

neighbor joining algorithm. BCC species are indicated in red in the shaded region of the 

tree. 
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Scheme 3-1 Phylogenic tree of Burkholderia species (Adapted from
130

 with 

permission) 
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BCC species can be isolated from a variety of natural habitats such as the plant 

rhizosphere, soil and river water and several urban environments such as playgrounds and 

athletic fields.
105, 130, 131

 Organisms in the BCC can act as beneficial as well as detrimental 

to plants and animals. The effectiveness of BCC isolates as biocontrol and plant growth 

promoting agents is based on the wide array of beneficial properties including the 

production of indolacetic acid, the ability to fix atmospheric nitrogen and the production 

of a wide array of compounds known to have antimicrobial activity including cepacin, 

cepacidines, altericidins, pyrrolnitrin, quinolones, phenazine, siderophores and a 

lipopeptide. These properties have lead to the registration of several BCC species as bio 

pesticides by the Environmental Protection Agency (EPA). B. vietnamiensis is known to 

fix nitrogen and is highly effective in impoving rice crop yields in South East Asia.
132

 

Strains that belong to the species B.cepacia, B.cenocepacia, B. ambifaria, and B. 

pyrrocinia protect commercially valuable crop plants against fungal diseases such as root 

rot, which is caused by Aphanomyces euteiches.
105

 Species belonging to B. ambifaria 

have been recognized as plant growth promoters for maize and protect this plant against 

the phytopathogen Fusarium verticilliodes.
133

  

Several BCC strains have the ability to degrade man-made toxic agents such as 

chlorinated aromatic compounds. As an example B. vietnamiensis G4 can degrade 

toluene, and chlorinated solvents such as trichloroethylene.
134, 135

 Field trials showed that 

this strain can reduce the chlorinated solvent content in a sand aquifer by greater than 

70%.
136
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Some species of the BCC organisms are considered plant pathogens. The main 

commercial crops that are affected by BCC bacteria are onions. The infection is called 

‘sour skin disease” which is associated with the yellow/brown colored soft rot of onion 

tissue. 
129

 Similar to other opportunistic pathogens BCC organisms do not normally cause 

infection in healthy individuals but only in those that are immune-compromised. Mostly 

cystic fibrosis patients are susceptible to lung infections with BCC. Scheme 3-2 

summarizes the benefits and detrimental effect of BCC. 

 

Scheme 3-2  Beneficial and detrimental effect of B.cepacia complex (Reproduced 

from 
104

 with permission) 
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3.2 The study 

We have used B. vietnamiensis as a model organism to develop proteomic 

methodologies to identify virulence factors from Burkholderia species. During this study 

we explored the proteome of bacterial isolate CRE 7 (accession number U37340-based 

on the 16S rRNA genome sequencing conducted by the Maier lab according to the 

procedures listed in the literature,
137, 138

 this isolate is 99.8% similar to B. vietnamiensis 

G4 – accession number CP000614). This chapter will describe the method development 

for the protein fractionation and analysis of extracted proteins using different mass 

spectrometric techniques. We will compare the protein identification probabilities of two 

2D and 3D ion trap mass spectrometers and will compare gel based and gel free 

approaches for the identification of proteins. These developed methodologies will be used 

to analyze the proteomes of the nonpathogenic B. thailandensis and pathogenic B. 

pseudomallei and described in chapters 4 and 5. The functionality of the identified 

proteins was analyzed to determine the causes of virulence among these opportunistic 

pathogens. 

 

3.3 Growth of bacteria 

B. vietnamiensis is an environmental bacterium and it can grow in most of the 

readily available general purpose media. In this study, two different media were used to 

grow B. vietnamiensis, R2A a general purpose medium and Mineral Salt Medium (MSM) 
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which is a minimal medium. Most of the studies were carried out using MSM because of 

the ability to change the composition of the medium which will help for the future 

experiments.  
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Figure 3-1Growth curve of B. vietnamiensis on R2B (red) and on MSM (blue) 

media.  Proteins were extracted from the time points indicated using colored 

vertical bars. For R2B proteins were extracted at 15 hours and for MSM proteins 

were extracted at 36 hours 

 

As indicated in Figure 3-2 B. vietnamiensis grow faster in R2B compared to the 

MSM medium. In R2B stationary phase was observed within 18 hours; in contrast, to 

achieve stationary phase in MSM it required about 40 hours. In a general purpose 

medium all the necessary nutrients were provided at the beginning, so that the bacterium 
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does not have to synthesize proteins and it can grow faster. In case of minimal media, 

first bacteria have to synthesize their own nutrients and then they will grow rapidly. 

Because of that they have longer lag phase compared to their growth in R2B medium. 

Determination of growth rate is important in this study because it illustrates the 

activity of the bacterium at a certain time period. Specific growth rate and biomass 

doubling time at the exponential phase was calculated in both media using the following 

equation, 

 

here µ is the specific growth rate, X0 is the initial biomass and X is the biomass 

at time t.
139

 Growth rate was obtained from a slope of a plot of t vs. (ln X/X0). In both 

media, biomass doubling time of B. vietnamiensis was 2.5 hours. Proteins were extracted 

at the late exponential or early stationary phase where there is highest activity of the 

bacterium was observed. 

 

3.4 Protein fractionation and concentration determination 

For this study the whole proteome of the bacterium was divided into 4 different 

fractions, namely extra cellular, cell surface, intracellular and cell wall proteins. Figure 3-

2 illustrates the cellular fractions and common proteins that can be found in each fraction.  
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Figure 3-2  Common protein found in different protein fractions of Gram negative 

bacterial cell. 

 

To isolate the extra cellular proteins from the culture supernatant, 10% TCA was 

used to precipitate the soluble proteins in the medium. Burkholderia secrete many 

metabolites into the medium. It was hard to differentiate the lipidomic fraction from the 

cell pellet in MSM medium. This is because in a minimal medium bacteria were under lot 

of stress and they secrete many extracellular metabolite in order to make the surrounding 

environment user friendly enabling communication between cells or colonies. Among 

those secreted metabolites quorum sensing compounds have been studied thoroughly.
140

 

After removing the extra cellular proteins, the cell pellet was dissolved in 0.2M glycine 
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/HCl at pH 2. In the acidic medium all the soluble proteins present in the surface of the 

cell will move into the solution. Then the soluble proteins were precipitated using ice 

cold acetone. The remaining cell pellet after surface extraction was re suspended in 

Tris/HCl buffer and sonicated using a probe sonicater to break open the cells. This 

mechanical disruption will break cell wall surrounding the gram negative bacteria. Also 

this will break open the internal organelles such as nucleoid, ribosome, inclusion bodies 

and other cellular organelles. This will release the proteins into the solution. The soluble 

proteins from the sonication were precipitated with 10% TCA. The cell pellet contained 

the cell debris and was analyzed as the cell wall fraction. Protein concentration of each 

cellular fraction was determined using the Lowry method as described in chapter two.
113

  

 

3.5 Data analysis  

Each B. vietnamiensis data set was searched against an annotated protein database 

containing all the Burkholderia species belonging to the BCC, B. thailandensis E 264, B. 

thailandensis MSMB43, B. pseudomallei, B .mallei and common contaminants present in 

the proteomic analysis. Protein sequences from Escherichia coli and Pseudomonas 

aeruginosa were also added into the protein database as distractors.  A total of 245722 

protein entries were present in the protein database used for the analysis. Table 3.1 shows 

the organism and the number of protein entries added to the database from that organism. 

All protein sequences were obtained from NCBI web site (http://www.ncbi.nlm.nih.gov/). 
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The genome of the B. vietnamiensis G4 is fully sequenced but the annotation is not 

complete. Therefore we have a limited number of proteins listed in our protein database. 

This is one drawback of doing proteomics research. Because of this reason some of the 

data might be discarded as un-identified proteins, but can be searched to determine 

homology to other known proteins using a combined protein database. Adding protein 

sequences from closely related organisms into the protein database will help to identify 

the proteins that are missed out in the single organism database. Within the combined 

Burkholderia database, B. thailandensis E264 and B. pseudomallei K96243 have 

completely sequenced genomes and most of the species belong to the BCC complex have 

incomplete genome sequences. By adding these together we have much broader range of 

protein sequences for the identification. 
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Table 3-1 Protein entries added into the database for the proteomic analysis of B. 

vietnamiensis. (All bacterial protein sequences were obtained from NCBI web site) 

 

Protein source Number of entries 

B. vietnamiensis G4 7631 

B. cepacia 8132 

B. thailandensis E264 5634 

B. thailandensis MSMB43 7426 

B. pseudomallei 305 7371 

B. pseudomallei K96243 5736 

B. mallei ATCC 10317 

B. cenocepacia 7008 

B. ambifaria AMMB 6617 

B. multivorans 12371 

B. xenovorans 8702 

E. coli K12 4401 

P. aeruginosa 6286 

Common contaminants 179 
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SEQUEST is the primary database search program used for the protein 

identification for this research. As described in more detail in section 2.1.9.1., SEQUEST 

matches a tandem mass spectrum with a matching peptide sequence by using the 

following steps: (i) all theoretical peptides with a chosen molecular weight tolerance of 

the precursor ion are extracted from a protein database; (ii) each peptide is given a 

preliminary score by examining the number of predicted fragment ions from the database 

peptides that match the acquired fragment ions in the tandem mass spectrum; (iii) the 500 

best matching peptides undergo a more rigorous ion-matching algorithm that generates a 

SEQUEST cross correlation score (Xcorr).
141

 A list of the best matching peptides is 

returned to the user with the top scoring peptide being considered the best candidate. The 

difference of Xcorr scores between the top and the second best match is represented by 

the function termed the delta correlation score (∆Cn). For the identification of peptides 

we used filtering criteria for the SEQUEST search results. These were the state of the 

tryptic ends (fully or partially tryptic) and the values for Xcorr and ∆Cn. As a standard 

we used Xcorr of 1.8, 2.5 and 3.5 for the singly, doubly and triply charged peptides 

respectively with a 0.08 ∆Cn value. Peptides fragmented with one or more tryptic end has 

been used for the filtering criteria. 

Even though all these filtering criteria were used for the database searching 

process, false discovery is possible. To determine the false discovery rate we created a 

reverse database that consists with all the proteins with reversed sequence. This is 

accomplished by the use of reverse.pl Perl script from the Wildcat Toolbox.
127

 If the 
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identified peptide in the forward and reverse database was identical, that peptide was 

categorized as a false identification. If we identified significantly more peptides from  the 

forward database compared to the reverse database, that protein was categorized as true 

protein identification. An example of a protein identified from both forward and reversed 

protein database is listed in the Scheme 3-3. Thirteen different peptides were identified 

from the forward protein sequence and two peptides were identified from the reverse 

sequence. The two peptide sequences identified in both forward and reverse sequences 

(underlined) were considered as false positive identifications. 

 

 

 

 

 

 

 

Scheme 3-3 Peptide sequence of succinyl-CoA synthetase (gi|115352747|) identified 

from the cell surface fraction from B. vietnamiensis. 13 unique spectra were 

identified from the forward sequence (bold) and two peptides were found in the 

reverse database sequence (underlined) 

 

MKIHEYQGKEILRKFGVAVPRGKPAFSVDEAVKVAEELGGPVWVVK

AQIHAGGRGKGGGVKVAKSIEQVREYANQILGMQLVTHQTGPEGQKVNRL

MIEEGADIKQELYVSLVVDRISQKIVLMGSSEGGMDIEEVAEKHPELIHKVI

VEPSTGLLDAQADDLAAKIGVPAASIPQARAILQGLYKAFWETDASLAEINPL

NVSGDGKVIALDAKFNFDSNALFRHPEIVAYRDLDEEDPAEIEASKFDLAYI

SLDGNIGCLVNGAGLAMATMDTIKLFGGEPANFLDVGGGATTEKVTEAFK

LMLKNPDLKAILVNIFGGIMRCDVIAEGVIAGSKAVNLNVPLVVRMKGTNE

DLGKKMLADSGLPIISADSMEEAAQKVVAAAAGK 
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3.6 Gel base approach; SDS PAGE and in-gel tryptic digestion results 

Extracted proteins from all four cellular fractions were separated using 1D SDS-

PAGE. Each well was loaded with 20µg of precipitated/pelletted proteins dissolved in 

protein sample buffer. Samples were stained with silver staining which is more sensitive 

in staining proteins in very low concentrations compared to the Coomassie stainning.
121

 

As can be seen on the gel image (Figure 3.3) each fraction has different types of proteins 

stained in different bands. The streaking of the cell wall band may be because it is much 

more complex with more post translational modifications and more concentrated 

compared to the other precipitated samples.  
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Figure 3-3 1D SDS-PAGE separation of proteins from different cellular fractions. 

Starting from left, the lanes are the  molecular weight marker(1-approximate 

molecular weights were indicated at the left hand side of the gel image), cell wall 

proteins (2), extra cellular proteins (3), intracellular proteins (4), and cell surface 

proteins (5). 

 

Each gel lane was cut into 16 slices in equal size, order to digest the proteins 

present on each slice prior to mass spectrometric analysis. Selection of the number of 

slices solely depends on the amount of proteins present in each slice. Thin gel slices will 

produce a less complex mixture of peptides after digesting with trypsin. The proteins 

were de-stained prior to the digestion. Reduction of disulfide bonds was carried out using 

DTT and the free SH group was modified with iodoacetamide to prevent the reformation 

of disulfide bridges. This reduction and alkylation helps to unfold the protein which 
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makes it more accessible to the digestion enzyme. For this bacterial protein analysis 1:20 

enzyme to protein ratio was used for the digestion.   

3.6.1 Gel based proteomic analysis (comparison of 2D and 3D ion trap) 

Sixteen gel slices were analyzed from each cellular fraction. The following Venn 

diagram shows the comparison of the numbers of proteins identified for each of four 

fractions in the two different ion trap instruments used to identify gel separated proteins. 

A detailed comparison of the two instruments is described in Chapter One. More proteins 

were identified using LTQ for the gel slice analysis compared to the LCQ instrument. 

Riter and coworkers have evaluated the performance of these two instruments for the 

proteomic analysis of rat serum samples.
142

 It has been suggested that the increased 

number of protein identifications is due to the greater ion storage capacity of the 2D 

linear ion trap leading to better sensitivity and increased speed of analysis in the LTQ 

mass spectrometer.  
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Figure 3-4  Comparison of number of protein identified by 2D and 3D ion trap mass 

spectrometers for the gel separated proteins from all four cellular fractions of B. 

vietnamiensis G4 

 

A total of 770 proteins were identified from LTQ gel analysis whereas only 378 

proteins were identified from LCQ analysis. Proteins identified from the LTQ mass 

spectrometer data have more sequence coverage per protein and all peptides identified 

were found multiple times in each run, strengthening the validity of each hit. All these 

identified protein have 99% protein identification probability and 95% peptide 

identification probability calculated by the proven algorithms incorporated into the 

Scaffold program. Figure 3.5 shows the comparison of cell wall gel slice experimental 

data obtained from the two different mass spectrometers. Proteins extracted from same 

batch of bacterial cells were used to run SDS-PAGE and the digested peptides were run 

on these two instruments. From each gel slice the number of proteins identified from the 

LTQ spectra is double the number of proteins identified from the LCQ data.  
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Figure 3-5 Comparison of number of identified from 2D (LTQ) and 3D (LCQ) ion 

trap mass spectrometer for the gel slice experiment 

 

All the samples were analyzed by using forward and reverse database to remove  

false identifications. Table 3-2 shows the calculated false discovery rate (FDR) for the 

cellular fractions analyzed in both 2D and 3D ion trap mass spectrometers. The FDR was 

calculated for proteins identified both with one or more peptides per protein and two or 

more peptides per protein. Based on the FDR it can be concluded that using two or more 

peptides per protein identification eliminated most of the false identifications. Two 

different database searching programs were used to identify the proteins and this also 

increase the confidence of protein identification.   
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Table 3-2 False discovery rate for the proteins identified from gel separation and 

LC-MS/MS analysis of B. vietnamiensis G4 

 

 

3.7 Gel-free approach: MudPIT analysis (2D and 3D ion trap  

comparison) 

MudPIT analysis is similar to the use of 2D electrophoresis to separate protein, 

but instead of separating them according to the pI and the molecular weight of the 

protein, two types of liquid chromatographic separation methods were incorporated to 

separate complex mixture of peptides. The strong cation exchange and the reverse phase 

columns were separated by a small frit which holds the cation exchange material in place 

(Section 2.1.7.2). The chromatography proceeds in cycles, where the salt concentration is 

increased incrementally, to elute the bound cationic peptides from the SCX column 
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followed by a gradient of ACN to progressively elute peptides from the reverse phase 

column into the mass spectrometer. Figure 3.6 indicates the comparison of proteins 

identified from 2D and 3D ion tap mass spectrometers for the MudPIT analyzed proteins. 

 

 

Figure 3-6 Comparison of number of protein identified by 2D and 3D ion trap mass 

spectrometers from the MudPIT analysis from all four cellular fractions of B. 

vietnamiensis G4 

 

A similar trend was observed as in the gel slice experiment; more proteins were 

identified from the 2D linear ion trap. Only 192 proteins were found by both instruments, 

compared to the 345 indentified in the gel slice experiment. There were 24 proteins 

identified only in the LCQ mass spectrometer vs.559 in the LTQ 2D linear trap. The 

dataset obtained from the LCQ mass spectrometer was searched and submitted to 

Scaffold software and, many proteins were found with lower probability values and did 

not pass the Scaffold filtering criteria used to identify proteins. Only two proteins that 
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were found in the 3D ion trap dataset were not found in the LTQ data indicating the 

protein detection efficiency of 2D ion trap mass spectrometer. The FDR was calculated 

for the proteins identified from the MudPIT analysis and Table 3-3 illustrates the FDR 

obtained for the MudPIT analysis of all four cellular fractions in both 2D and 3D ion 

traps. Comparatively the FDR is higher for the data obtained from LTQ mass 

spectrometer. This might be due to the higher scan speed of the instrument and the 

presence of dual detectors to accumulate the signal from the instrument. 

Table 3-3 False discovery rate for the proteins identified from MudPIT analysis of 

B. vietnamiensis G4 
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3.8  Identification of the functionality of proteins identified by gel based 

and gel free proteomic analysis 

By combining both gel based and gel free proteomic analysis data, 1258 proteins 

were identified with 99% protein identification probability. E.coli was added into the 

protein database as a distractor to further validate the protein identification and only 7 

proteins were identified as E.coli proteins, increasing the confidence of protein 

identification. The much smaller number of hits from the distractor supports the identity 

of the proteins for the targeted organism.  Figure 3-7 summarizes the total number of 

proteins identified using both gel based and gel free proteomic analysis. The functionality 

of the proteins identified from each cellular fraction will be analyzed according to the 

overlap indicated in the Venn diagram. 
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Figure 3-7  Venn diagram illustrating the total number of proteins identified from 

each fraction  and the overlapping identifications using gel based reverse phase 

separation coupled to MS/MS (LC-MS/MS) and gel free MudPIT analysis (LC/LC-

MS/MS). Circles indicate the number of proteins identified with two or more 

peptide matches from the corresponding protein fraction with 99% or higher 

protein identification probability. The total number of proteins identified from each 

fraction is listed with the fraction name. (e.g. 744 proteins were identified in the 

extra cellular protein fraction from gel based plus gel free proteomic analysis of B. 

vietnamiensis) 

 

3.8.1 Proteins common to all four cellular fractions   

There were 244 proteins found to be common to all four cellular fractions of B. 

vietnamiensis. Functionality of these common proteins was determined by using the 
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DBGET search function at the genome.jp website (http://www.genome.ad.jp/dbget-bin). 

Figure 3-8 shows the identified protein categories of the proteins common to different 

fractions. Most of them were housekeeping proteins such as ribosomal proteins, 

metabolic enzymes and chaperones. Several hypothetical and uncharacterized proteins 

were also found in all four cellular fractions indicating the incompleteness of the gene 

annotation of B. vietnamiensis and the BCC in generals. Proteins were extracted at the 

late exponential/ early stationary phase of this bacterium, the phase with the highest 

metabolic rate at that time. This is clearly indicated in the data showing many 

enzymes/proteins related to metabolism. Also at the early stationary phase, the bacteria 

can sense the nutrient limitation and release stress related proteins. Three stress related 

proteins were found common to all four cellular fractions of this bacterium, and are 

called universal stress related proteins (e.g. OspA domain protein). The exact function of 

these proteins are not known but related studies with E.coli showed that these may help 

survival in an oxygen limited environment and assist cell division under nutrient limiting 

conditions.
143
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Figure 3-8 Functional categories of proteins identified common to all four cellular 

fractions of B. vietnamiensis G4 

  

One important protein found to be common to all four fractions is the protein 

ecotin. This is a serine protease inhibitor that can be found in many bacterial species. 

Ecotin binds the active site of the protease and inhibits the activity and helps bacteria 

survive the phagocytosis within the host cell. This ecotin protein has been isolated only in 

Burkholderia species pathogenic to mammalian cells such as B. pseudomallei and B. 

vietnamiensis, but not the plant pathogen B. fungoforum.
144, 145
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Figure 3-9  Fragmentation pattern of the doubly charged peptide 

LPLVVYVPEGFEVR from the protein ecotin. This covers 8% of the protein 

sequence and 3 more distinct peptides were found in the cell wall fraction of B. 

vietnamiensis G4 

 

In the fragmentation spectrum of the doubly charged peptide 

LPLVVYVPEGFEVR, enhanced cleavage N- terminal to the proline can be observed ( y7 

ion in Figure 3-9) and this is known as the “proline effect”.
146, 147

 Identifying the 

predicted fragmentation is another way of increasing the confidence of peptide 

identification. This peptide sequence was BLAST searched using NCBI web site 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to find the similar sequences. It was found that 

the peptide sequence is specific to B. vietnamiensis G4 and this protein/peptide has 

potential to use as a detection target for this bacterium. 

LPLVVYVPEGFEVR +2H
+
 

(M+2H
+
= 809 Da) 
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3.8.2  Protein common only to three cellular fractions of B. vietnamiensis 

There are four possible combinations in which same identified proteins will be 

common only to three cellular fractions; the four possible combinations of three fractions 

are intra/extra/cell-wall, intra/extra/surface, intra/surface/cell-wall and extra/surface/cell-

wall fractions. Figure 3-7 shows that 26 proteins were found to be common to the 

fractions intra/extra/cell-wall, 17 proteins were found to be common to the 

intra/surface/cell-wall fraction, 22 were found in intra/extra/surface fractions and most of 

these common proteins were associated with the transport system of the cell. These 

transport systems link the outside environment with the cell interior by spanning the cell 

wall. When the protein fractionation is carried out these transport proteins can be 

distributed in all the fractions. There can be fraction carry over when the separation is 

carried out to give common proteins in the fractions. There were 197 proteins found to be 

common in cell-wall/surface/extra fractions.  Figure 3-10 shows the functional categories 

found in the common proteins present in extra/surface/cell-wall cellular fractions. Many 

proteins were functionally similar to the housekeeping proteins. There were several 

membrane associated proteins such as porins, lipoproteins and ABC transporters. 
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Figure 3-10 Protein categories found in the overlap set of extra/surface/cell-wall 

cellular fractions 

 

The LemA (Lesion Manifestation A) family of proteins is involved in the two 

component secretory system of the bacteria. This is a membrane protein which has a 

signal sequence, usually 20-30 amino acids long and interacts with a signal recognition 

particle. Most bacteria have specific sequences for these signaling molecules and in this 

proteomic study we found the LemA family protein in cell-wall/extra/surface fractions. 

The sequence of the protein was BLAST searched through the non redundant protein 

database using the NCBI website and it was found that the protein sequence is specific to 
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Burkholderia species. The peptide containing the first 17 amino acid residues at the N-

terminus is specific to B. vietnamiensis G4 strain. Figure 3-11 shows the spectrum of the 

doubly charged peptide DLQAQLEGTENR which belongs to the LemA protein. The 

series of y ions and corresponding b ions can be observed in the spectrum. The strong 

H2O loss peak is consistent with the presence of a hydroxyl side chain (threonine) in the 

peptide. In addition to this DLQAQLEGTENR peptide, five more unique peptides were 

identified in the extra cellular fraction of B. vietnamiensis G4, giving 35% of the 

sequence coverage of the protein. The N terminus of this LemA is predicated to orient 

outside the bacterium and finding this in all extra/surface/cell-wall fraction supports this 

prediction.
148
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Figure 3-11 Fragmentation pattern of the doubly charged peptide 

DLQAQLEGTENR from the protein LemA. This peptide covers 5.6% of the 

protein sequence and 5 additional unique peptides were found in the extra cellular 

fraction of B. vietnamiensis G4 

  

These LemA proteins associate with GacA (Global activator A) to form the two 

component sensory system which regulates the production of N-acetyl homoserine 

lactones in bacteria. The N-acetyl homoserine lactones (AHL) are associated with 

bacterial cell-to-cell recognition generally known as quorum sensing of the bacteria.
149

 

Also AHLs are involved in the bio film formation on abiotic surfaces.
150

 Several studies 

have shown that AHL dependent quorum sensing helps to build an interspecies 

DLQAQLEGTENR +2H
+
 

(M+2H
+
= 687 Da) 
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communication of the bacteria. This has been observed in cystic fibrosis patients where 

both Burkholderia and Pseudomonas can colonize in the lungs of the patients and the 

production of extracellular proteases and siderophores from Burkholderia is stimulated 

by the presence of Pseudomonas in the bio film.
151, 152

 A general structure of AHL is 

indicated in the Scheme 3-4. 

 

 

Scheme 3-4  General structure of bacterial N-acetyl-homoserine lactones  

 

The structure of these AHL differs in the length of their N-linked side chain, the 

nature of the substitution at the 3-carbon position and the presence or absence of one or 

more unsaturated bonds within the side chain.
153

 All species belongs to the BCC can 

produce C6 and C8 AHL molecules and in addition B. vietnamiensis can produce C10-

AHLs.
154

 Direct involvement of these quorum sensing molecules in the pathogenicity of 



123 

 

the bacterium is not known, however it has been reported that the presence of these 

signaling molecule is important to obtain full virulence of the bacteria. The presence of 

the proteins that regulates the production of these quorum sensing molecules in the cell 

surface, cell wall and extra cellular protein fractions suggest that bacteria are using these 

signaling molecules to regulates the production of some of the extra cellular proteases.
150

 

 

3.8.3 Proteins common to two cellular fractions 

Four cellular fractions can be combined in six different pair-wise combinations to 

give proteins present only in two cellular fractions. In the B. vietnamiensis proteomic 

analyses, the following numbers of proteins were for each of the combinations of two 

fractions; 

Intra-Extra  12 

Intra-Cell wall  41 

Intra-Surface  12 

Extra-Cell wall 79 

Extra-Surface  56 

Surface-Cell wall 52 
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Most proteins found only in intra-cellular and extra-cellular, and intra-cellular and 

cell surface fractions belong to the transport proteins such as DNA binding proteins and 

membrane associated proteins like efflux pumps. These proteins can span the membrane 

and during the protein extraction parts of the protein can distribute in the two cellular 

fractions. Forty one proteins were found to be common in both cell wall and intra cellular 

fractions. When the cellular fractionation was carried out, sonication was applied in order 

to break open the bacterial cells. After centrifugation, the remaining pellet was used as 

the cell wall fraction. There can be many intra cellular proteins associated with the cell 

debris and those will appear in both intra cellular and cell wall fractions. Figure 3-12 

summarizes the protein categories found common to both intra-cellular and cell wall 

protein fractions. 
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Figure 3-12 Protein categories found common to both intra cellular and cell wall 

fractions 

 

Most of the proteins found to be common to intra-cellular and cell was fractions 

are related to metabolism and few are found to associate with the membrane. B. 

vietnamiensis G4 is a well known biodegrading organism and has ability to degrade toxic 

aromatic hydrocarbons.
134

 Carboxymethylenebutenolidase is an enzyme which is 

responsible for the biodegradation of fluorobenzoate and this enzyme will degrade 

benzoate by hydrolyzing the ester bonds. Carboxymethylenebutenolidase was one protein 

common to both intra cellular and cell wall proteins with three unique peptide 

identifications which covers 28% of the protein sequence. This finding is consistent wih 
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the ability of B. vietnamiensis to degrade the toxic molecules such as aromatic 

hydrocarbons. 
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Figure 3-13 Protein categories for the proteins common to two cellular fractions; 

cell wall-surface (cw-surf in blue), extra-surface (ex-surf in red) and extra-cell wall 

(ex-cw in green) 

 

Figure 3-13 shows the protein categories found in two cellular fractions not 

including the intra-cellular fraction. A total of 11 protein categories were identified and 

the most abundant one is the metabolic enzymes. These enzymes should be present in 
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association with the membrane to be found in these cell wall/surface/extra cellular 

fractions. Proteins related to cell division were found only in the cell wall and surface 

fractions but not in the extra cellular fraction. Two protein were identified namely FtsA 

(Filament septum A) and FtsZ which are associated with cell division. Generally these 

are located in the cytoplasm and when a cell is about to produce daughter cells, these 

form a ring like structure in the middle of the cell inducing the cell division.
155

 At the late 

exponential phase of the growth curve, the rate of cell division is high and these proteins 

will be available in the cell membrane and cell surface and we can identify them in the 

protein fractionation. 

The ability of a motile bacterium to swim toward or away from specific 

environmental stimuli, such as nutrients, oxygen or light provides cells with a survival 

advantage, especially under nutrient limiting conditions. This behavior is called 

chemotaxis and is mediated by changing the direction of the bacteria by briefly reversing 

the direction of rotation of the flagellar motors.
156

 Chemotaxis sensory transducers are 

membrane proteins produced by bacteria as a sensory molecule in order to captivate 

certain molecules. Methyl accepting chemotaxis sensory transducer was found in both the 

cell wall and extracellular fractions. Figure 3-14 shows the fragmentation pattern of the 

doubly charged peptide, LGVDQSLLDDLGAR from the methyl accepting chemotaxis 

sensory protein identified in the cell wall fraction. Along with this peptide 8 other unique 

peptides were found from the chemotaxis protein giving 27 % coverage of the protein 

sequence. These sensory molecules are important for bacterial survival and play a role in 
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the pathogenicity of most bacteria especially those that are susceptible to antibiotics. 

Several stress related proteins were also found in these cellular fractions indicating the 

nutrient limitation of the growth medium. Many hypothetical proteins and proteins with 

unknown functionality were found in all cellular fractions indicating the incompleteness 

of the gene annotation. 

 

 

Figure 3-14 Fragmentation pattern of the doubly charged peptide, 

LGVDQSLLDDLGAR from the methyl accepting chemotaxis sensory transducer 

found in cell wall and extra cellular fractions.  

LGVDQSLLDDLGAR +2H
+
 

(M+2H
+
= 736 Da) 
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3.8.4 Proteins found in only one cellular fraction 

From the proteomic analysis of B. vietnamiensis using both gel based and gel free 

methods, many proteins were identified as specific to only one cellular fraction. Figure 3-

15 shows the protein categories identified, specific to each cellular fraction. As listed in 

the previous section, abundance of hypothetical or proteins with unknown function is 

higher in these cellular fractions. Many anabolic and catabolic enzymes were present in 

all four cellular fractions indicating the increased cellular metabolism at the late 

exponential phase. Proteins related to the genetic information processing such as proteins 

involved in nucleotide transcription and translation were also found in high abundance. 

This illustrates the rapid cell multiplication with this culture medium and this is 

represented also in the presence of several proteins involved in cell division in these 

cellular fractions. 
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Figure 3-15 Distribution of proteins belonging to different functional classes found 

specific to only one cellular fraction of B. vietnamiensis G4 

 

Membrane or membrane associated proteins are important in the pathogenicity 

and the survival of the bacterium in the environment. Many membrane associated 

proteins were identified specific to all four cellular fractions. There were ion 

transport/binding proteins such as ABC transporters, membrane bound porins, lipo 

proteins, peptidoglycan associated proteins, sensory proteins and some electron transport 
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proteins. B. vietnamiensis is well known for its biodegradation ability; it can degrade 

various aromatic hydrocarbons like ortho/meta/para cresols, phenols.
134

 It has been 

reported that B. vietnamiensis G4 can co-metabolically degrade trichloroethylene via a 

pathway for aromatic compounds induced by phenol or tryptophan.
157

 Bisphenol A is an 

emerging environmental contaminant, especially as a water pollutant known as an 

endocrine disruption chemical.
158, 159

 In this proteomic analysis we found arylesterase 

which has the functionality to degrade bisphenol A. This protein was found specific to 

the cell surface fraction of the B. vietnamiensis. Arylesterase was identified with 5 unique 

peptides which cover 28% of the protein sequence. Figure 3-16 shows the fragmentation 

pattern of the peptide IDYSVANASVSGDTTSGGR from the protein, arylesterase. This 

is a doubly protonated peptide with a 2.78 Xcorr score and E value of 4.27. Predominant 

y ion series can be found in the spectrum. The protein sequence was BLAST searched to 

check for the homology and it was found that the sequence is species specific. The closest 

to the B. vietnamiensis G4 arylesterase was found to be Lysophospholipace A from B. 

cenocepacia which has 88% sequence similarity with this protein sequence. This 

arylesterase can be used to distinguish B. vietnamiensis G4 from other Burkholderia 

species in a mixed culture system. Presence of these proteins in a cell culture proves the 

ability of B. vietnamiensis to degrade environmental pollutants.  
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Figure 3-16  Fragmentation pattern of doubly charged peptide 

IDYSVANASVSGDTTSGGR from the protein arylesterase 

 

Stress related proteins were found in all four fractions indicating the nutrient 

limitation in the cell culture medium. The cell wall fraction contained three stress related 

proteins including water stress and hypersensitive response protein. These proteins are 

present in most plant pathogenic bacteria and are produced when the plant defense 

mechanism acts against the invading bacteria.
160

 Universal stress related proteins (Usp) 

IDYSVANASVSGDTTSGGR +2H
+
 

(M+2H
+
= 929 Da) 
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were common to all four cellular fractions. Another important class of proteins found 

specific to one cellular fraction is the signaling molecules. One of them is the chemotaxis 

molecules discussed in section 3.8.2. Some are signal peptidases, some are antigens 

which induce the immune response in the host cells. All these categories of proteins 

illustrate that important cellular mechanism of B. vietnamiensis are active and detectable 

by using mass spectrometry based proteomic studies; we can identify the cellular 

processes happening at a certain time point of the bacterial life cycle. 

 

3.9  Summary and conclusions 

Proteomic studies were carried out using the opportunistic pathogen B. 

vietnamiensis G4 strain. Proteins were extracted from four different cellular fractions: 

extra-cellular, intra-cellular, cell wall and cell surface proteins. Different precipitation 

methods were used to separate the proteins into these cellular fractions. B. vietnamiensis 

G4 was used as a model organism to optimize the extraction procedures and these 

methods will be used to extract proteins from the non pathogenic B. thailandensis and 

pathogenic B. pseudomallei species. 

A bottom up proteomic approach was used to identify the proteins found in the 

four cellular fractions. Both gel based LC-MS/MS and gel free MudPIT methods were 

used to analyze proteins from B. vietnamiensis. Performances of two different ion trap 

mass spectrometers were compared based on the number of proteins identified in each 
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cellular fraction. Based on the data obtained the 2D linear ion trap produced more 

identifications (3 times) compared to the 3D ion trap. This agrees with the experiments 

carried out in other research groups.
56, 57, 142, 161

 This is due to the greater ion capacity and 

resulting higher sensitivity and higher scan speed of the 2D ion trap mass spectrometer. A 

total of 803 proteins were identified using gel based method and a total of 775 proteins 

were identified using gel free MudPIT method. For the analysis of non pathogenic B. 

thailandensis and pathogenic B. pseudomallei bacteria, MudPIT analysis in 2D ion tap 

will be used and will be described in details in Chapter 4 and Chapter 5 respectively. This 

proteome wide comparison will help us to understand the differences in the protein 

expression among the non pathogenic, opportunistic pathogenic and pathogenic bacteria 

species in the Burkholderia genus. 

By combining both gel based and gel free proteomic analysis more than 1200 

unique proteins were identified from B. vietnamiensis G4. This is the highest number of 

protein identifications reported on this genus. Previous reports on B. cenocepacia, which 

is a close relative of B. vietnamiensis G4, identified only 390 proteins by 2D gel 

separated protein analysis using MALDI-TOF/TOF.
110

 Many proteins identified were 

related to specific functionality of the B. vietnamiensis, e.g biodegrading proteins. Also 

many known virulence factors were identified from this analysis indicating the 

applicability of mass spectrometry based proteomic studies to identify possible 

pathogenic strains. Table 3-4 summarizes the known virulence factors identified from the 

proteomic analysis of B. vietnamiensis. Some of the virulence factors identified are outer 
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membrane lipoprotein,
162

 flagellin which helps for the motility, and outer membrane 

porins that are responsible for many antibiotic resistance properties of bacteria.
162

 Phasin 

helps granule formation under nutrient limiting conditions,
163

 superoxide dismutase and 

catalase are reactive against reactive oxygen species and adhesin helps to attach to the 

host.
104, 162

 Several secretion proteins were identified including HlyD which is 

responsible for secretion and transporting hemolysin which are inserted inside the gram 

negative inner cell membrane.
164

  Most of these virulence factor identification studies 

were carried out by expressing these proteins in E.coli and analyzing them individually. 

In the present study we show that mass spectrometry based proteomic studies can be used 

to analyze these low abundance virulence factors present in the pathogenic bacteria 

species.
165-169
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Table 3-4 Known virulence factors identified from proteomic analysis of B. 

vietnamiensis G4 
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CHAPTER 4 - PROTEOMIC ANALYSES OF NON PATHOGENIC 

BURKHOLDERIA THAILANDENSIS 

4.1 Introduction 

B. thailandensis is the non pathogenic Burkholderia species used for many of the 

model studies.
170, 171

 As indicated in the phylogenic tree of the Burkholderia species, this 

strain is 99% genetically similar to the pathogenic Burkholderia species, B. pseudomallei 

and B. mallei.
172

 B. thailandensis cells are Gram negative and are motile due to the 

presence of two to four flagella.
106

 This organism can grow at temperatures from 25 to 

42
0
C. B. thailandensis and B. pseudomallei stains can be distinguished using modified 

Ashdown’s selective medium where B. thailandensis will have smooth and glossy 

colonies with pink pigmentation whereas B. pseudomallei will produce rough and 

wrinkled colonies with dark purple pigments.
173

 The main chemical method to 

differentiate these pathogenic and non pathogenic strains is the utilization of L-arabinose. 

All clinical isolates of B. pseudomallei cannot utilize L-arabinose as a single substrate, 

while B. thailandensis can utilize L-arabinose.
174

 Relative virulence of these bacteria was 

studied and the LD50 (50% lethal dose) for the B. pseudomallei in the Syrian hamster 

model of acute Melioidosis is less than ten organisms, whereas the LD50 for B. 

thailandensis is approximately 10
6
 organisms.

175
 Several incidences of disease caused by 

B. thailandensis have been reported to occur in Thailand but in 2004 Glass and co 
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workers published the first case report on pneumonia and septicemia caused by B. 

thailandensis in the United States.
176, 177

  

During a survey study for B. pseudomallei in the rural regions outside Darwin, 

Northern Territory, Australia, an arabinose positive B. pseudomallei like strain was 

isolated by researchers in the Currie group.
178

 They carried out several phenotypic tests 

including: 16S rDNA gene sequencing, multi-locus sequence typing (MLST), and DNA-

DNA hybridization studies on that strain. Results from these tests led to the discovery 

that the bacterial strain is genetically similar to disease-causing B. pseudomallei and 

called the strain as B. thailandensis MSMB43 due to its close similarity with the B. 

thailandensis strains. This new species can be used to identify the differences in protein 

expression levels of bacteria isolated from different geographical regions.  

 

4.2 The study 

The main objective of this study is to generate a proteome map of the non 

pathogenic B. thailandensis that can be used as a control for the analysis of the 

pathogenic strains. B. thailandensis E-264 strain is used as the control microorganism for 

most of the studies carried out on these Burkholderia species and it is important to 

generate a proteome map of this organism as a reference. Two different B. thailandensis 

strains have been studied; B. thailandensis E264 (BT-E264) was purchased from ATCC 

and B. thailandensis MSMB43 (BT-B43) was obtained from the Wagner lab at Northern 
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Arizona University. This BT-B43 was isolated from a rural region outside Darwin, 

Northern Territory, Australia.
178

 BT-E264 was isolated from the soil in Thailand. 

Proteomic strategies were used to characterize the difference between the two 

thailandensis species found in two different geographical locations. Both strains were 

grown in two different growth media, mineral Salt Medium (MSM- a minimal medium) 

and R2B (a general purpose medium). BT-B43 did not grow in minimal medium. For the 

comparison we used surface and extracellular fractions from both species grown in the 

R2B medium. The proteome of BT-E264 grown on MSM was explored in order to 

compare with the pathogenic B. pseudomallei and opportunistic pathogen B. 

vietnamiensis proteome. Gel free MudPIT analysis was carried out for all the samples 

using the 2D ion trap (LTQ) mass spectrometer as described in section 2.7.2.  

 

4.3 Growth curve comparison of BT-E 264 and B. vietnamiensis G4 

in two different growth media 

Two different growth media were used to grow these two bacterial species; R2B 

general purpose medium and MSM minimal medium. Comparatively, BT-E264 grows 

slower in both media than the opportunistic pathogen B. vietnamiensis G4. Figure 4-1 

shows the growth curve comparison of these two species. All protein samples were 

extracted at the late exponential/early stationary phase of the growth curve. For B. 

vietnamiensis stationary phase was achieved within 20 hours of incubation in R2B 

whereas BT-E264 spent 32 hours in R2B to attain stationary phase. Growth rate and 
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biomass doubling time of the BT-E264 were calculated as described in section 3.1. In 

both R2B and MSM media, BT-E264 has the same growth rate and biomass doubling 

time of 2.8 hours. 
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Figure 4-1 Growth curve comparison of BT-264 and B. vietnamiensis (BVG4) in 

R2B   and MSM media 
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4.4 Proteomic analysis of four cellular fractions of B. thailandensis E 

264 in MSM 

 Whole proteome analysis of the bacterium was divided into four different 

fractions: extracellular, cell surface, cell wall, and intracellular proteins. Each fraction 

was digested using two enzymes, Lys C and trypsin, prior to the gel free MudPIT 

analysis. A method similar to that used in B. vietnamiensis G4 analysis was applied to the 

analysis of BT- E264. The same protein database was used to search mass spectrometric 

data obtained from the proteomic analysis. Figure 4-2 shows the overlay of proteins 

found in all four cellular fractions of BT-E264 in MSM medium. By using gel free 

approach a total of 755 proteins were identified from the MudPIT analysis and 101 

proteins were found common to all four cellular fractions. The proteins common to all 

cellular fractions consisted of general housekeeping proteins such as, ribosomal proteins, 

genetic information processing proteins, metabolic enzymes and some hypothetical 

proteins. Proteins identified from each cellular fraction will be discussed in the following 

sections. Protein identifications from both non pathogenic BT-E264 and opportunistic 

pathogen B. vietnamiensis G4 were compared in each cellular fraction in order to 

determine the differences in protein expression. 
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Figure 4-2 Overlay of proteins identified from all four cellular fractions of B. 

thailandensis E 264 in MSM medium 

 

4.4.1 Extra cellular proteins of B. thailandensis E264 

552 proteins were identified from the extra cellular fraction of BT- E264 using 

SEQUEST and X!Tandem analyses with two or more peptide matches per protein. 

Proteins identified from the extra cellular fraction were compared with the extra cellular 

fraction of the opportunistic pathogen B. vietnamiensis G4. There were 215 protein found 

common to both species. Most of the common proteins are classified as housekeeping 
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proteins such as heat shock proteins, ribosomal proteins, and proteins involved in 

processing genetic information. A total of 73 membrane proteins were found in the extra 

cellular fraction of both species, but only 7 were found common to both organisms. Many 

membrane proteins are associated with the pathogenicity of the bacteria, those that were 

found common to both organisms should have different mechanism, if they are involve in 

the pathogenicity.   

Another important class of proteins found in the extra cellular fraction of BT-

E264 is the LasA (Lactone synthase A) protease precursors. This group of proteins are 

produced by the Las genes which are responsible for the production of quorum sensing 

compounds.
179

 Several studies using Pseudomonas aeruginosa indicated that these 42 

kDa inactive proteins can be converted to the active form of LasA by the action of 

another enzyme, LasD.
180, 181

 These active LasA are able to cleave peptide bonds within 

the pentaglycine cross-bridges in the peptidoglycan layer of Staphylococcus aureus and 

named staphylosin because of its protease acitivity.
182

 Twelve unique peptides were 

identified from this 414 residue protein yielding 49% sequence coverage. Figure 4-3 

shows the fragmentation patterns of the doubly charged peptide 

TIGGWQFFEGSNAYSGYAVR identified from the proteins LasA protease precursor. 

An abundant y ion series can be observed in the fragmentation spectrum and supports the 

present of basic residue in the C-terminus of the peptide. This doubly charged peptide has 

4.68 Xcorr score, E value of 3.88, and is identified with 100% protein identification 

probability.  
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Figure 4-3 Fragmentation spectrum of peptide TIGGWQFFEGSNAYSGYAVR of 

LasA protein from BT-E264 

 

4.4.2 Cell surface proteins of B. thailandensis E 264 

  A total of 401 proteins were identified from the cell surface fraction of 

BT-E264 in the MSM medium. The identified proteins have molecular weights ranging 

from 6 to 428 kDa. Most of the proteins identified were present in the other three cellular 

fractions and most are classified as housekeeping proteins such as ribosomal proteins and 

chaperons. There were 39 proteins found specific to the cell surface fraction (See Figure 

4-2). The functionality of those specific proteins was obtained from the DBGET software 

TIGGWQFFEGSNAYSGYAVR+2H
+
 

(M+2H
+
= 1106Da) 
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jenome.jp website (http://www.genome.ad.jp/dbget/).  Figure 4-4 summarizes the protein 

classes found specific to the cell surface fraction of BT-E264. 

Membrane 

proteins, 3
Genetic 

information 

processing, 7

Unknown/hypoth

etical proteins, 10

Metabolic 

enzymes, 10

Ribosomal 

proteins, 7

 

Figure 4-4 Protein classes found specific to B. thailandensis E 264 cell surface 

fraction 

  

Even though the genome of BT-E264 is completely sequenced, there were many 

hypothetical proteins with unknown functionality identified from the unique proteins 

subset of the cell surface fraction. Outer membrane MotB is one of the membrane 

proteins found in the cell surface fraction. This is related to the chemotaxis process in 

bacteria and is responsible for rotation of the flagellar motor.
183

 The protein sequence was 

BLAST searched against the nonredundant protein database and it was found that the 

sequence is highly conserved in Burkholderia species. The other organism that has the 

best match to the MotB protein sequence of Burkholderia is Thiobacillus denitrificans 
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which has 51% sequence similarity for this protein.  This 324 amino acid containing 

protein can be used to selectively identify the Burkholderia species in a complex mixture 

of bacteria. 

4.4.3 Cell-wall proteins of B. thailandensis E 264 

The greatest number of proteins was identified from the cell wall fraction of the 

BT-E264. Identified proteins have molecular weights ranging from 9 kDa to 578 kDa. 

Among those proteins, 117 were found specific to the cell wall fraction (Figure 4-2). 

Several important cell wall associated proteins other than the house keeping proteins, 

specific to the cell wall fraction were identified in this cellular fraction. Flavin dependent 

halogenase is one of the rare kinds of bacterial peptidases used in the secondary 

metabolism of bacteria. BarB2 protein, which catalyses the chlorination reaction of 

barbamide, was identified in the cell wall fraction.
184, 185

 It was reported that the 

pathogenic B. mallei does not contain the open reading frame (ORF) to synthesize these 

chlorinated lipopeptides.
170

 Identifying this BarB2 in the non pathogenic strain suggest 

that this protein might be used to differentiate pathogenic Burkholderia species from non 

pathogenic ones. Twitching motility protein PilT, is another specific protein found in the 

cell wall fraction. This protein is necessary to retract surface attached type IV pili.
186, 187

 

These proteins are members of ATPase super family proteins, and belong to the type IV 

secretion system of bacteria. Other than motility this PilT protein helps the colonization 

and adherence of the bacteria into the surfaces.
188, 189
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4.4.4 Intra cellular proteins of B. thailandensis E 264 

Compared to the other three cellular fractions, fewer proteins were identified in 

the intra cellular fraction of BT-E264. A total of 184 proteins were found in the intra 

cellular fraction and only 18 were specific to that fraction. Organic solvent tolerance 

protein is one important protein found in the intra cellular fraction. This indicates the 

ability of the Burkholderia species to show resistance to non-antibiotic antibacterial 

compounds. Some hydrophobic organic solvents are known to be extremely toxic to 

microorganisms even at very low concentrations of 0.1% (v/v). These solvents can 

accumulate in and disrupt the bacterial cell membrane, thus affecting the structural and 

functional integrity of the cell. When the solvent concentration is very low, there are 

some bacteria that can absorb these organic solvents. The first organic-solvent-tolerant 

bacterium was reported by Inoue et al in 1989. They discovered a strain of Pseudomonas 

putida that could grow in a double phase system that contained up to 50% (v/v) 

toluene.
190, 191

 Since then, many bacteria have been discovered with the ability to tolerate 

high concentration of organic chemicals and this has become a major problem in 

controlling the disease causing bacteria. Pathogenic Burkholderia species show resistance 

to many general antibiotics and the presence of organic solvent tolerant proteins shows 

possible evidence for the non-antibiotic antimicrobial resistivity. 
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4.5 Comparative analysis of surface and extracellular proteins from 

B. thailandensis E 264 (BT-E264) and B. thailandensis MSMB43 

(BT-B43) in R2B medium 

The objective of this analysis is to identify the difference in protein expression 

between two nonpathogenic B. thailandensis species found in two different geographical 

locations. BT-E264 was originally isolated from Thailand and BT-B43 was isolated from 

Northern Australia and this was the first thailandensis strain isolated from Australia. BT-

B43 did not grow in the minimal medium, therefore R2B, a general purpose medium, was 

used to grow both of these organisms. Two cellular fractions were used to explore the 

proteome of these two species. Figure 4-5 shows the Venn diagram of overlapping 

proteins from the B. thailandensis strains, in extra cellular and cell surface fractions. 
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Figure 4-5 Overlay of proteins identified in extra cellular faction (A) and cell 

surface fraction (B) of B. thailandensis E264 (red) and B. thailandensis MSMB43 

(blue) 

 

4.5.1 Comparison of extra cellular proteins  

Many extra cellular proteins from BT-B43 were identified compared to the BT-

E264 and all of them have 100% protein identification probability. Among the 381 

protein found in the extracellular fraction of BT-B43, 58 were identified as BT-E264 

proteins. The protein database used for the searching algorithms contains protein 

sequences from both of these species and identifying BT-E264 proteins in BT-B43 

indicates the sequence similarity of these two species. The BT-B43 genome sequence 

was recently added into the GenBank and the specific functionality of the proteins 

identified from BT-B43 cannot be obtained from the DBGET search. The general 

functionality of the proteins will be inferred from the known sequences of BT-E264. 

B BB B
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Figure 4-6 Functional categories of proteins identified specific to extra cellular 

fractions of B. thailandensis species; BT-B43 (black), BT-E264 (grey) 

 

Figure 4-6 shows the functional categories of proteins found specific to BT-B43 

and BT-264 extra cellular fractions. The percentage of the identified proteins were 

plotted in order to understand the up and down regulation of protein categories between 

bacterial species found in two geographical locations. As can be seen from the chart, the 

amount of genetic information processing proteins, isomerases, ribosomal proteins, and 

other metabolic enzymes were similar in both species. The amounts of dehydrogenases, 

synthases, peptidases, and transferases were high in BT-B43 compared to the BT-E264, 
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whereas membrane associated, hypothetical proteins, and reductases were higher in BT-

E264. The higher percentage of hypothetical proteins in both species reveals the 

incomplete gene annotation of the organisms. Among the identified membrane proteins, 

many ABC transport proteins were found in the extra-cellular fractions of both species. 

Several chemotaxis proteins were found in BT-B43 extra cellular fraction but not in BT-

E264. Chemotaxis proteins are sensory proteins which direct/repel the bacterial cell 

according to the chemicals present in the surrounding, these aid in survival of the 

bacteria. The sequence of these identified chemotaxis proteins were BLAST searched to 

find the sequence homology among other bacteria. Two of them from BT-B43 were 

found to be identical with BT-E264 chemotaxis proteins, but chemotaxis specific methyl 

esterase (gi|167838300|) was 98% homologous to BT-E264 proteins. This protein was 

identified with 4 unique peptides, one of which is specific to BT-B43. Scheme 4-1 shows 

the sequence comparison of the specific peptide identified in BT-B43 with BT-E264, 

opportunistic pathogen B. vietnamiensis G4 (BV-G4), and the pathogenic B. 

pseudomallei 305 (BP-305). Characters indicated in red are different in the other three 

species.  This shows how the protein sequence can different even they have the same 

functionality in closely related species. 
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QNPQPHPAAAAAAHGHAGAVAPLINNPLVSTEK    BT-B43 

QNPQAHPAAAAAAHGQTGAAAPLINNPLVSTEK   BT-E264 

QNPQPHAAAAAAAHGHAGAAAPLINNPLVSTEK   BP-305 

QTPQPH – AAARAANGQPAA– –PMFNNPLVSTEK BV-G4 

Scheme 4-1 Species specific peptide sequence from chemotaxis methyl esterase 

identified from BT-B43 and the same peptide region from BT-E264, BP-305 and 

BV-G4 (letters shown in red indicate the sequence differences) 

 

Five siderophore biosynthesis related proteins were identified in the extra cellular 

fraction of BT-B43. Siderophores have a high affinity for ferric ions and these 

siderophores are known to be associated with the pathogenicity of bacteria and help 

bacterial colonization.
192, 193

 Flagella and flagella related proteins were found in the extra-

cellular fraction of both organisms. Proteases/peptidases, most of which were serine 

proteases were found in high abundance in the extra cellular fraction of BT-B43 most of 

which were serine proteases. 
194, 195

 Nathan and co workers have generated an array of 

antibodies to selectively capture the proteases from B. pseudomallei using a 

combinatorial library of proteins.
196

 The difference in the protease secretion between 

these two species can be used to distinguish B. thailandensis species found in two 

different geographical locations using the antibodies generated against these proteases as 

described by Nathan et al. 
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4.5.2 Comparison of cell surface proteins 

Figure 4-7 shows the comparison of protein classes found in the cell surface 

fraction of BT-E264 and BT-B43. As in the extra cellular fraction, many membrane 

associated proteins were found in the cell surface fraction. Hypothetical proteins and 

ribosomal proteins were represented as more than 10% of the identified proteins. 
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Figure 4-7 Functional categories of proteins identified specific to cell surface 

fractions of B. thailandensis species; BT-B43 (black), BT-E264 (grey) 
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One interesting protein found in the cell surface fraction of BT-B43 was the Type 

III secretion system needle protein. This needle protein helps bacteria to penetrate 

through the membranes of the host cell thereby disrupting the cellular processes. The  

Type III secretion system is important in the pathogenicity of bacteria and has been 

extensively studied with respect to the pathogenicity of B. pseudomallei.
197-199

  Zhang et 

al has proposed the solution structure of the monomeric B. pseudomallei type III 

secretion needle protein (Figure 4-8) using NMR studies.
200

 According to their model the 

monomer of the protein contain two α helixes which form the basal body of the needle 

protein. Intra molecular interactions between the hydrophobic residues stabilize the two-

helical conformations in this protein. It was reported that to form a needle structure, these 

monomers form a protein complex having thermodynamically favorable intermolecular 

interactions between the helices.  
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Figure 4-8  Helix turn helix structure of B. pseudomallei Type III secretion needle 

protein (left) [Modified from
200

 with permission], and the corresponding protein 

sequence (right). The shaded region of the sequence indicates the peptides identified 

from the proteomic analysis of BT-B43  

 

The amino acid sequence of the core region of Type III secretion needle protein is 

highly conserved among Gram negative bacteria. In this proteomic analysis, 4 peptides 

were identified from BT-B43, and 3 of them belong to the core region of the protein. 

Figure 4-9 shows the fragmentation patterns of the doubly charged peptide 

DLNKQLQDAQANLTK from the Type III secretion needle protein. This peptide was 

identified with SEQUEST Xcorr of 6.09 and X! Tandem E value of 6.47, and 95% 

peptide identification probability for the protein.  



156 

 

 

Figure 4-9 Fragmentation pattern of doubly charged peptide 

DLNKQLQDAQANLTK from Type III secretion needle protein 

 

4.6 Summary and conclusions 

The proteome of BT-E264 was explored using gel free MudPIT analysis in order 

to generate a proteome map of the organism. This proteome map was used as the control 

to analyze the proteome of other pathogenic and opportunistic pathogenic bacteria in the 

Burkholderia genus. MSM, a general purpose medium was used to grow the bacterium, 

and all the nutrients were supplied as inorganic chemicals. In this medium, bacteria have 

to synthesize necessary proteins and lipids by using the chemicals provided into the 

DLNKQLQDAQANLTK +2H
+
 

(M+2H
+
= 851Da) 
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medium. This eliminates the cross contamination from other proteins that is present in an 

enriched medium. 

Figure 4-10 shows the proteome map generated using the data obtained from all 

four cellular fractions of BT-E264. According to the proteome map, these bacteria 

expressed many membrane associated proteins at the time of protein extraction with 

membrane associated proteins accounts for 18% of the total proteins identified. Different 

types of metabolic enzymes were identified consisted with a higher metabolic activity of 

the bacteria at the late exponential phase. More studies have to be carried out with 

different time points to understand the difference in protein expression in these bacteria 

species. 
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Figure 4-10 Proteome map for B. thailandensis E 264 

 

 In this study proteins extracted from extra cellular and cell surface fractions of 

two B. thailandensis species isolated from two geographical locations, Bt-E264 from 

Thailand and BT-B43 from Australia, were compared in order to identify differences in 

their protein expression. Both of them are genetically similar to the pathogenic B. 

pseudomallei. Many membrane associated proteins were identified in both species, but 

the types of the membrane proteins identified were different. BT-B43 express higher 
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amounts of membrane associated protein compared to the BT-E264. When the protein 

sequences of the identified proteins were BLAST searched, it was found that BT-B43 

proteins sequences were more similar to the pathogenic B. pseudomallei than the BT-

E264. It was believed that this B. pseudomallei species in Australia is originated from this 

BT-B43 strain.
178

 Further investigations have to be carried out in order to find the 

differences in these B.thailandensis strains in different geographical locations and 

proteomic analyses carried out in this work may be a good starting point for future 

research work. 
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CHAPTER 5 - COMPARATIVE PROTEOMIC ANALYSIS OF 

BURKHOLDERIA PSEUDOMALLEI WITH BURKHOLDERIA 

VIETNAMIENSIS AND BURKHOLDERIA THAILANDENSIS 

 

5.1 Introduction 

Burkholderia pseudomallei is a motile, Gram negative aerobic environmental 

saprophyte found in moist soil including irrigated agricultural sites such as rice 

paddies.
201

 B. pseudomallei is the causative agent of Melioidosis which can be 

transmitted to humans and other animals via skin abrasions, ingestion or inhalation. 

Melioidosis has been detected in Southeast Asia, Africa, the Middle East, Europe and 

Central and South America.
202

 Melioidosis often affect patients with weak immune 

systems especially patients having diabetes mellitus (50%). Melioidosis is responsible for 

40% of the sepsis related mortality in Northeast Thailand.
203

 The cause of this higher 

mortality rate is the lack of an early diagnostic test for this disease. Many reports indicate 

that B. pseudomallei is resistant to general antibiotics such as penicillin, first and second 

generation cephalosporin, macrolides, refamysin, colistin and aminoglycosides but 

generally susceptible to amoxicillin-clavulanate, chloramphenicol, doxycycline, 

trimethoprim-sulphamethoxazole, ureidopenicillins, ceftazidime and carbapenes.
204, 205

 

Figure 5-1 shows the major clinical symptoms associated with Melioidosis.  
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Figure 5-1 Selected clinical features of Melioidosis (Adapted from 
203

 with 

permission) 

 

A related organism, B. mallei is the causative agent of Glanders and was used as a 

biological weapon in World War I. Glanders is primarily an equine disease that can 

occasionally be transmitted to humans.
206

 Compared to B. pseudomallei, B. mallei is 

difficult to grow under normal laboratory conditions and is hardly found in the 

environment. These two pathogenic strains are genetically similar and belong to the 
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category B bioterrorism agents.
4
 Even though B. pseudomallei has not yet been used as a 

biological weapon, it remains a major threat due to its propensity for aerosolization.  

B. pseudomallei is structurally and immunologically closely related to non 

pathogenic B. thailandensis and utilization of L-arabinose has been used to distinguish 

these two species. B. thailandensis is arabinose positive while B. pseudomallei is 

arabinose negative. In the year 2003 Inglis et al reported a difference in the cellular fatty 

acid profiles in the two species using gas chromatography.
207

 They have found that only 

the pathogenic strain contains 2-hydroxy myristic acid in their fatty acid profile.  This 

study was carried out with the individual organisms and whether this method can be 

applied for a complex bacterial population is still uncertain. The diagnosis of this disease 

could be more straightforward if species specific proteins are identified to distinguish the 

causative bacterial species, even in a complex mixture. The species specific 

peptides/proteins can be used as an antigen targets and can generate antibodies to 

selectively capture these antigens. Development of antibody based diagnostic methods is 

an ongoing research in the Wysocki research group and more details on this method 

development will be discussed in Chapter 8 of this dissertation. 

5.2 The study 

A comparison of proteomes was carried out for the pathogenic B. pseudomallei 

305, opportunistic pathogen B. vietnamiensis G4, and non pathogenic B. thailandensis 

E264 strains. The goal of this study is to identify the proteins with probable involvement 
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in the pathogenicity of Burkholderia species and to identify specific proteins that can be 

used to detect these bacteria in the presence of other organisms. In 2007 

Wongtrakoongate and co workers reported a comparative proteome analysis of B. 

pseudomallei and B. thailandensis using 2D SDS-PAGE and MALDI mass 

spectrometry.
171

 Although several different protein matches between the two species, the 

Wongtrakoongate group only used the intracellular proteins for the analysis. Using only 

one protein fraction will not cover the whole proteome of the organism and most of the 

pathogenicity related proteins are associated with the cell wall or secreted into the 

medium.
208-210

 Analysis of the cell wall and associated proteins is essential to understand 

the pathogenicity of the bacterium. Another drawback of this experiment is that selecting 

spots from a stained gel will not provide information about the low abundance proteins. 

This is a disadvantage of using the gel based approach especially 2D SDS-PAGE for the 

analysis of the complete proteome  of an organism or cell line.
9
 

For this study three cellular fractions (extra cellular, cell surface and cell wall 

fractions) were used to compare the proteins of these three bacterial species. Based on the 

previous studies, these cellular fractions were used to develop detection methods and 

diagnostic candidates for pathogenic bacteria.
211-213

 A MudPIT analysis was carried out 

for all the cellular fractions and SEQUEST and X! Tandem database searching 

algorithms were used to search the proteomic data against a protein database.  Scaffold 

proteome software was used to compare and validate these findings using protein 

identification probability. The major objective of this research is to identify the proteins 
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from pathogenic strains, that cause diseases in humans and animals and show how those 

are different from the proteins expressed in the non pathogenic strains. These findings 

will help us to understand the cause of diseases and will lead us to development of 

detection methods for the pathogenic bacteria. Functionality and importance of proteins 

identified from B. vietnamiensis and B. thailandensis has been discussed in detail in 

Chapters 3 and 4, and this chapter will focus mainly on the specific proteins identified 

from the B. pseudomallei cellular fractions. Common proteins for all three species were 

analyzed in order to find good candidates for Burkholderia species identification. The 

proteins specific to B. pseudomallei will be evaluated to find good protein biomarkers for 

the identification of the pathogenic bacteria. 

 

5.3 Comparison of extra-cellular proteins 

Figure 5-2 shows the Venn diagram comparing the extra-cellular proteins 

identified from B. pseudomallei, B. thailandensis, and B. vietnamiensis strains. Based on 

the data analysis, only three proteins were found to be common to all three bacteria 

analyzed. Comparatively lower numbers of proteins were identified from the B. 

pseudomallei extracellular fraction. Even though the same media was used to grow these 

bacteria, they are excreting different amounts of proteins into the growth medium. These 

B. pseudomallei were grown in a BSL 3 laboratory and the bacterial culture was filtered 

through a membrane filter (0.22 micron) to remove all the live bacteria from the 
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supernatant. I speculate that his can remove most of the abundant proteins from the extra 

cellular fraction. Proteins can adhere to the filter and also can remain associated with the 

bacterial cells captured on the filter. 
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Figure 5-2 Comparison of proteins identified from the extra-cellular fraction from 

B. vietnamiensis (blue), B. thailandensis (black) and B. pseudomallei (red) 

 

The three common proteins identified were extracellular solute-binding protein 

(gi|115350618|), phosphate ABC transporter/periplasmic phosphate-binding protein 

(gi|115351230|), and alkyl hydroperoxide reductase/ Thiol specific antioxidant/ Mal 
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allergen (gi|115351979|). All these proteins are known extracellular proteins found in 

bacteria. Figure 5-3 shows the peptide fragmentation spectrum of DTGVIALGHR which 

belongs to extra cellular solute binding protein. This sequence was identified in all three 

bacterial species with 95% probability, 4.39 Xcorr score and E value of 4.72 for the X! 

Tandem search. This sequence was BLAST searched against the non redundant protein 

database from the NCBI website (http://blast.ncbi.nlm.nih.gov) and found to be specific 

for Burkholderia species. This protein/peptide sequence can be used to identify genus 

among other bacteria for clarification. Since this is from the extracellular fraction, the 

development of a detection method without doing any cell lyses is possible. 
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Figure 5-3 Fragmentation spectrum of peptide DTGVIALGHR from extra cellular 

solute binding protein (gi|115350618) which covers 3% of the total protein sequence 

DTGVIALGHR+2H
+
 

(M+2H
+
= 520Da) 



167 

 

There was only one protein found to be common to both pathogenic 

B.pseudomallei and opportunistic pathogen B. vietnamiensis. It was the Phasin family 

protein gi|134296969|. Phasin family proteins are known virulence factors present in 

bacteria.
163, 214

 HAPAGSGAVVAALNSALSAATAAADSMR, a 28 amino acid 

containing peptide is specific to the disease-causing Burkholderia species. This sequence 

was not found in the non pathogenic B. thailandensis. This might be one factor 

corresponding to the pathogenicity of B. pseudomallei and B. vietnamiensis. Figure 5-4 

shows the fragmentation spectrum of the triply charged 

HAPAGSGAVVAALNSALSAATAAADSMR peptide identified from the Phasin 

protein. This peptide was identified with 95% identification probability, with 3.15 Xcorr 

score for the triply charged peptide. Two clusters of fragmentations can be observed in 

the spectrum, a singly charged y ion and corresponding b ion series and a small envelope 

of doubly charged b ions. This difference in the charge state distribution suggests the 

availability of two conformations for this 28 amino acid containing peptide. There is a 

proline residue at the third potion from the N terminus. Based on the literature, 

preferential cleavage happens N terminal to the proline and proline containing peptide 

have unusual fragmentation behavior, this is called the “proline effect”.
146, 147

 Because of 

the low mass cut off value on the ion trap instrument, the b2 ion which was formed 

because of the proline effect would not be detected. 
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Figure 5-4 Fragmentation pattern of the doubly charged peptide 

HAPAGSGAVVAALNSALSAATAAADSMR 

 

Thirty unique proteins common to both B. pseudomallei and B. thailandensis 

were identified. Genetically these two organisms are 99% similar, but only B. 

pseudomallei causes disease in humans and other animals. The functionality of the 30 

common proteins was dominantly belongs to the protein family hydrolases. 

(Functionality was determined by the DBGET search parameter in 

http://www.genome.jp/dbget/ web site using the locus tag corresponding to a specific 

protein obtained from www.ncbi.nlm.nih.gov). Table 5.1 summarizes the functionality of 

HAPAGSGAVVAALNSA

LSAATAAADSMR+3H
+
 

(M+3H
+
= 847Da) 
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the proteins found in the extra cellular fractions of both B.pseudomallei and 

B.thailandensis. Other than the hypothetical proteins all proteins with unknown 

functionality were associated with the cell membrane. These can be excreted into the 

medium during the cell growth. Among those common proteins several lipo proteins 

were present. Usually bacterial lipo proteins are associated with pathogenicity,
215

 but B. 

thailandensis is non pathogenic and these lipo proteins found to be common to the B. 

thailandensis and B. pseudomallei cannot be associated with the virulence of the 

bacterium unless they work together with other proteins unique to that bacterium. 

Within the extra cellular fraction of the B. pseudomallei, 27 proteins were found 

to be specific to B. pseudomallei. (Figure 5-2) One third of these were classified as 

hypothetical proteins. Most of the other proteins were hydrolases or enzymes involved in 

metabolism. One interesting protein found in the B. pseudomallei specific protein 

category is the fimbrial protein (gi|134282384|). Fimbriae or pilli are a group of rigid, 

straight filamentous appendages on a bacterial surface and are present in most Gram 

negative bacteria.
216

 These surface structures are composed of several thousand subunits 

and mediate adhesion via specific interaction with surface structures present on host cells. 

Genomic analysis shows that B. pseudomallei contains twice as many fimbrial gene 

clusters as B. thailandensis. B. pseudomallei has been shown to be more efficient than B. 

thailandensis in adhering to and invading host cells.
217

 Yersinia pestis, the causative 

agent of plague has a similar fimbrial protein that is known to be a causative factor for 
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the disease. These results suggest that this fimbrial protein might be useful as an antigen 

to detect these pathogenic B. pseudomallei. 
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Table 5-1 Common proteins identified in both B. thailandensis and B. pseudomallei 

extra cellular fraction 
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5.4 Comparison of cell surface proteins 

Cell surface proteins have been used in detection methods for the identification of 

disease causing bacteria. Proteomic analysis carried out in this portion of the study will 

help us to identify surface associated proteins that might be useful in the development of 

a diagnostic tool for the identification of pathogenic Burkholderia strains in the presence 

of other pathogenic and opportunistic pathogenic bacteria. Figure 5-5 illustrates the 

proteins identified in the cell surface fraction of these three different organisms. 

Compared to the extra cellular fraction a higher number of proteins were found specific 

to the B.pseudomallei cell surface fraction. Eleven proteins were found to be common to 

all three organisms. Among those proteins were, two heat shock proteins, two outer 

membrane proteins, two extra cellular ligand/solute binding proteins and enzymes 

involved in the metabolism of the organism.  
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Figure 5-5 Comparison of proteins identified from the cell surface fraction from B. 

vietnamiensis (blue), B. thailandensis (black) and B. pseudomallei (red) 

 

Fifteen proteins were found to be common to both B.pseudomallei and 

B.thailandensis in the cell surface fraction. Despite the fact that these two organisms are 

genetically similar they express different cell surface proteins in minimal media. Most of 

the proteins identified were hypothetical and outer membrane lipo proteins. Few transport 

proteins and metabolic enzymes were found as the common proteins in both B. 

pseudomallei and B. thailandensis strains.  
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Several membrane associated proteins were identified as the common proteins of 

disease causing B. pseudomallei and B. vietnamiensis. Identified protein sequences were 

subjected to BLAST against the non redundant protein database to find the sequence 

homology among other bacteria, and found that these common proteins do not have 

enough species specificity to recognize them as possible detection candidates. Their 

protein sequences were homologous to other bacteria species in the BLAST search. There 

were 81 B. pseudomallei specific proteins found in this cell surface fraction. Both NCBI 

and genome.jp web sites were used to identify the functionality of these proteins as 

described in section 5.3. Figure 5-6 shows the identified functional categories of the B. 

pseudomallei specific proteins in the cell surface fraction. 
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Figure 5-6 Protein categories identified only in B. pseudomallei cell surface fraction  
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Based on the identified proteins, there were nine major proteins categories found 

in the cell surface fraction of B. pseudomallei. The B. pseudomallei 305 genome 

sequences were added into the GenBank database very recently and the protein 

annotations have not been completed. Because of this many protein sequences have been 

identified as hypothetical proteins (27 found in the surface fraction). Peptides identified 

from the known virulence factors of the bacteria were BLAST searched to identify the 

homology of the peptide to other organisms.  

The most interesting class of proteins found specific to the cell surface fraction is 

the ferric ion siderophore receptors. Most organisms require iron for their metabolic 

pathways, especially for the metal ion catalyzed enzymatic reactions.
218

 In most 

microbial habitats Fe (II) is oxidized into Fe (III) by reacting with molecular oxygen or 

by enzymatic oxidation. In the environment, the Fe (III) forms Fe2O3.nH2O in the 

presence of water at neutral pH. In mammalian cells most of the iron is transported by 

hemoglobin and is stored as ferritin, an intracellular iron storage protein. Thus the 

amount of free Fe (III) in the serum is very low (10
-24

 M) and the important human and 

animal pathogens are severely restricted in iron acquisition.
219

 Through evolution, this 

restriction favored those micro organisms that developed skills for iron uptake, which 

include the utilization of iron by the mechanism of direct or indirect contact. Direct 

uptake is comprised of uptake of various iron sources such as lactoferrin, transferrin, 

ferritin and heme or hemoproteins.
220, 221

 The disadvantage of direct uptake is the 

requirement of a specific receptor for each iron source. The composition of these iron 
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sources vary between the host compartments, and the pathogens that use direct sources 

are restricted to the compartments in which these sources are available. To overcome this, 

indirect mechanisms are more broadly distributed among the pathogenic bacteria. These 

organisms secrete small molecules (<1kDa) called siderophores. Siderophores are high 

affinity ferric ion chelators and are capable of exploiting all available iron sources 

independent of the nature of the iron source. This makes siderophore chelation the most 

widespread and most successful route for iron acquisition in the microbial world.
218

 

Figure 5-7 shows the different categories of siderophores present in micro organisms 

including phenolates, catecholates, hydroxamate and α-hydroxy-carboxylate. Some 

organisms can synthesize siderophores with mixed ligands to chelate Fe (III) ions. 
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Figure 5-7 Major types of microbial siderophores; (A) Phenolate type [e.g. 

Pyochelin], (B) Catecholate type [e.g. Enterobactin], (C)Hydroxamate type [e.g. 

Alcaligin] and (D)Carboxylate type [e.g. Staphyloferrin A]{Modified from
218

 with 

permission} 

 

Sokol and coworkers reported the isolation of various siderophores from cystic 

fibrosis patients infected with B. vietnamiensis including ornibactin, salicylic acid and 

phyochelin.
193

 The same group also reported the isolation of hydroxamate class 

siderophores from patients with Melioidosis.
222

 These findings indicate that pathogenic 

Burkholderia species produce ion transport siderophores in order to survive in the host 
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cells. The mechanism of iron uptake using siderophores in Gram negative bacteria is 

indicated in Figure 5-8. Most of the proteins involved in the mechanism have been 

identified in this proteomics experiment. Bacterial uptake of iron bound siderophores 

depends on the availability of ABC transporters and outer membrane receptors in Gram 

negative bacteria. Energy for the ion transport is supplied by the TonB protein complex. 

Periplasmic binding proteins scavenge the Fe-siderophore complex and transport that into 

the cytoplasm via ABC transporters (see reference 
218

 for more details). In the cell surface 

fraction three different ABC transporters were identified which are responsible for 

transferring Fe-siderophore complexes into the cytoplasm (gi|83718444|, gi|83720111| 

and gi|134282336|). One outer membrane iron uptake receptor (gi|53719389|) was also 

identified in addition to the TonB ion transport protein system (gi|134280879|) which is 

responsible for the energy supply for the iron uptake process. It has been found that the 

pathogen population can be controlled by inhibition of this iron uptake processes 

happening in the cell.
223
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Figure 5-8 Cellular transport systems for uptake of siderophore-delivered iron in 

Gram-negative bacteria. Fe-siderophore uptake through the OM is mediated by an 

OM receptor (OMR), which is energized by the proton motive force transduction 

system ExbB7-ExbD2-TonB ("TonB complex"). Fe-siderophore uptake through the 

inner membrane depends on ABC-type transporters with different domain 

arrangements and localizations : periplasmic binding proteins/domains are shown 

in bright orange, membrane-spanning proteins/domains are shown in green, and 

cytoplasmic ATP-binding proteins/domains are shown in dark blue. Question marks 

point to the unknown involvement of periplasmic binding proteins. (Reproduced 

from
218

 with permission) 
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5.5 Comparison of cell wall proteins 

 

 

Figure 5-9 Comparison of proteins identified from the cell wall fractions from B. 

vietnamiensis (blue), B. thailandensis (black) and B. pseudomallei (red) 

 

The greatest number of protein identifications originated from the cell wall 

fractions of all three bacterial species. Figure 5-9 summarizes the overlap of cell wall 

proteins in the three bacteria. There were 112 proteins found to be common for all three 

Burkholderia species analyzed. The functionality of the proteins was determined by the 

same method as described in Section 5.3. The following chart indicates the functional 
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categories of common proteins present in the cell wall ( Figure 5-10). Ribosomal proteins 

and the proteins involved in the cellular metabolism (eg.carbohydrate metabolism) are the 

most abundant protein families present in this cell wall fraction. These were common 

housekeeping proteins found in the bacterial cell. Three different protein categories are 

known to be involved in the pathogenicity of the bacteria: the signaling proteins, 

oxidoreductases and enzymes that support the protein folding process. The peptides 

identified from these protein categories were BLAST searched against the non redundant 

protein database, in order to identify cell wall proteins that are specific to Burkholderia 

species.  
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Figure 5-10 Protein categories identified common to all three organisms in the cell 

wall fraction  
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 The osmolarity response regulator protein (gi|115351977|) was one of the 

important proteins found among the common proteins of cell wall fraction. Only one 

peptide was identified from this specific protein, common to all bacteria, but found other 

different peptides specific to each species. SGQEIPLTTGEFSVLK is a 12 amino acid 

containing peptide and the figure 5-11 shows the fragmentation pattern of the doubly 

charged peptide. This was identified with 95% peptide identification probability and  4.8 

Xcorr score and E value of 4.57 in the X! Tandem search. The proline effect can be seen 

from the tandem mass spectrum as described previously. Due to the enhanced cleavage N 

terminal to the proline, other cleavages have low relative intensity. For the labeling 

purposes the scale of the y axis (relative abundance) has been reduced. From the BLAST 

analysis it was found that the best matched sequence for this peptide belongs to the 

genetically close relative Ralstonia solanacearum which has 85% sequence similarity. 

This indicates that the peptide SGQEIPLTTGEFSVLK can be used as a marker for the 

identification of the Burkholderia species. Overall 6 unique peptides were identified from 

this protein in the cell wall fraction of B. pseudomallei, which accounts for 28% coverage 

of the protein sequence. 
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Figure 5-11 Fragmentation pattern of the doubly charged peptide 

SGQEIPLTTGEFSVLK 

 

There were 44 proteins found common to both pathogenic strains B. pseudomallei 

and B. vietnamiensis. Among those, 8 were identified as ribosomal proteins. Some 

housekeeping proteins such as proteins involved in metabolism and chaperones were 

found common to both pathogenic strains. Figure 5-12 displays the protein categories 

identified common to both B. pseudomallei and B. vietnamiensis. From this list of 
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proteins no unique peptide sequence was identified for use as a possible target to 

differentiate the pathogenic varieties from the non pathogenic Burkholderia species.  
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Figure 5-12 Protein categories identified common to both B. vietnamiensis and B. 

pseudomallei species in the cell wall fraction  

 

B. pseudomallei is genetically 99% similar to its non pathogenic strain, B. 

thailandensis and 237 proteins were found to be common to both of these species. B. 

thailandensis E264 genome annotation is complete and most of the proteins identified 

were from the B. thailandensis E264 strain however, 5 proteins were identified as B. 

pseudomallei. This also shows the similarity between these two species. One important 
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protein found within these is the siderophore synthesis protein (gi|53719388|). These 

siderophores are well known virulence factors of bacteria.
224

 The BLAST search of the B. 

pseudomallei protein sequence against the non redundant protein database revealed that 

the protein sequences from two strains are 86% similar (240/279 amino acid similarity). 

The first 32 amino acids were missing in the protein sequence from B. thailandensis and 

it was categorized as a hypothetical protein.  This might be one factor relevant to the 

pathogenicity of B. pseudomallei. From the MudPIT analysis 8 unique peptides were 

identified in B. pseudomallei and 7 unique peptides were identified in B. thailandensis. 

The peptide that is found only in B.pseudomallei NAAADKAGQQVDYKGGTR, was 

searched for the similarity and found to be unique to the pathogenic Burkholderia strains. 

This is a good candidate to use in the development of a detection method for the 

identification of pathogenic Burkholderia species.  

More than 200 proteins were identified only in the cell wall fraction of B. 

pseudomallei and similar methods were used to determine the functional categories of the 

identified proteins. Figure 5-13 shows the functional categories of the identified proteins. 

Most of the proteins are categorized as hypothetical proteins, enzymes such as 

dehydrogenases and transferases, proteins involved in metabolism and genetic 

transformation and some unknown proteins. Among these proteins several known 

virulence factors of bacteria were identified. Categories of bacterial virulence factors 

found in PRINTS database (http://www.jenner.ac.uk/BacBix3/PPprints.htm), a collection 

of protein family finger prints, were used to determine proteins of interest from the B. 
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pseudomallei cell wall fraction.
225, 226

 In 2004 Holden et al. reported on virulence factors 

and the associated gene clusters responsible for the virulence of B. pseudomallei which 

causes the disease Melioidosis.
227

 Table 5.2 lists the known virulence factors associated 

with the pathogenicity of the bacteria (grouped according to the PRINTS protein 

fingerprint categories and are identical to the categories proposed by Holden and co 

workers). 
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Figure 5-13 Protein categories identified only in the cell wall fraction of B. 

pseudomallei  
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Table 5-2 Known virulence factors found in the cell wall fraction of B. pseudomallei 
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5.5.1 Adherence/colonization factors 

Adherence is an important virulence mechanism mediated by carbohydrate 

molecules, pilus and non pilus adhesins.
228, 229

 Type IV pili (TFP) are important for 

virulence in many Gram negative bacteria and are divided into two sub classes, IVA and 

IVB, based on the presence of conserved motifs.
230

 The type IV pilus protein identified in 

the cell wall fraction (gi|134282036|) contains 197 amino acids. Two unique peptides 

were identified from this protein accounting for 12% coverage of the protein sequence. 

When the sequence was BLAST searched against the non redundant protein database, it 

was found that the N-terminal sequence is specific for the pathogenic Burkholderia 

species. The peptide can be used as a diagnostic target in an early diagnostic method for 

B. pseudomallei. Figure 5-14 shows one peptide (LAEELNAIQTGTK) belongs to the 

TFP protein found in the cell wall fraction. Nice y ion and corresponding b ion series can 

be obtained from the fragmentation spectrum. This can be used as an evidence for the 

identification of this species specific peptide in the cell wall fraction. The peptide was 

identified with 95% peptide identification probability and has Xcorr score of 3.54 

(doubly charged) and E value of 6.49 in the X! Tandem search. 
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Figure 5-14 Fragmentation pattern of the peptide LAEELNAIQTGTK which 

belongs to the Type IV pilus protein  

 

5.5.2 Cell surface factors 

Outer membrane porin proteins are well known virulence factors present in 

bacteria. B. pseudomallei are resistant to most antibiotics and it has been reported that 

this antibiotic resistance may be associated with the low permeability of antibiotics 

through porin channels located at the outer membrane of the bacterium.
174, 231

 Multidrug 

efflux periplasmic linker protein BpeA is another membrane fusion protein which is 

directly related to the antibiotic resistivity of the bacteria.
232

 Chan and co workers have 

LAEELNAIQTGTK +2H
+
 

(M+2H
+
= 695Da) 
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studied the efflux pumps of B. pseudomallei and found that these regulates the production 

of N-acetyl homoserine lactones, known as quorum senses factors of the bacteria.
233

 

These quorum sensing regulates the production of virulence factors, such as siderophores 

and phospholipase C and are necessary for the biofilm formation of bacteria. Chan and co 

workers suggest that the bacterial virulence can be attenuated by the using inhibitors for 

these efflux pumps. Four unique peptides were identified from this protein and Figure 5-

15 shows the fragmentation patterns of the peptide VTLILEDGKPYPER which belongs 

to the efflux pump protein. This peptide was identified with Xcorr socre of 3.61 in 

SEQUEST and E value of 7.77 in the X! Tandem database searching methods. 

 

Figure 5-15 Fragmentation pattern of the peptide VTLILEDGKPYPER  

VTLILEDGKPYPER +2H
+
 

(M+2H
+
= 695Da) 
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SPFH domain/band 7 family protein is also an integral membrane protein which 

consists of closely related protein families Stromatin, Prohibitin, Flotilins and HflK/C 

(also found in this cell wall fraction).
234

 These proteins are very closely related to the 

eukaryotic SPFH proteins and are found to have proteolytic activity and link to the phage 

effect of bacteria. TldD/PmbA family proteins which are known to have proteolytic 

activity, have been recognized in relation to the inhibition of DNA gyrase in E.coli.
235, 236

 

Putative Rhs (recombination hot spot) element Vgr protein should be obtained from the 

bacteriophages and can help bacteria mutate according to environmental conditions. 

These types of proteins help bacteria to survive in difficult conditions and help them to 

invade host cells. Both serine carboxypeptidase family protein and periplasmic 

phosphate-binding protein PstS have been reported to act as signaling molecule within 

the cellular membrane. 

 

5.5.3 Transporters 

Microbial ABC transporters represent one of the largest superfamilies of active 

membrane transport proteins.
237

 These contain a highly conserved ATPase domain that 

binds and hydrolyzes ATP, supplies energy for the uptake of a variety of nutrients and for 

the execration of drugs and metabolic wastes. These have been used as potential targets 

for the development of antitumor agents, antibacterial vaccines and antimicrobials.
238

 

ABC transporters have been involved in secretion of a wide variety of exo-proteins 
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including bacterial toxins, surface layer proteins, and some proteases and lipases, most of 

which are involved in the pathogenicity of the bacteria.
239

 

General secretion pathway proteins are required for the secretion of phospholipase 

C and hemolisine
240

. These have been used mostly for the environmental survival of the 

bacteria. It has been reported that the non pathogenic varieties of Burkholderia species 

contain mutation on the gene that encodes this type II secretion pathway. These non 

pathogenic bacteria do not produce phospholipase C and do not show hemolytic activity. 

This might be linked to the pathogenicity of the B. pseudomallei. Another virulence 

factor found in the cell wall fraction of B. pseudomallei is siderophore and many 

siderophores are peptides synthesized by members of  non-ribosomal peptide synthase 

family proteins which are also responsible for the biosynthesis of microbial peptide 

antibiotics.
241

 Siderophores are iron transporters which help to uptake iron into the 

bacterial cell. These siderophores are also essential for the survival of the bacterium. It 

has been reported that they play a major role in the pathogenicity of the bacteria 

especially when they are infecting the human epithelial cells. Siderophores have also 

been found in cell surface fraction of B. pseudomallei and more details about them can be 

found in section 5.4. 
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5.6 Summary and conclusions 

Proteomic studies have been carried out for the pathogenic B. pseudomallei 305 

strain. The identified proteins were compared and contrasted with the proteome of non 

pathogenic B. thailandensis E264 and the opportunistic pathogen B. vietnamiensis G4 

strains. Major emphasis was placed on understanding the cause of pathogenicity and how 

the protein expression differs across these strains. Three protein fractions (extra cellular, 

cell surface and cell wall fractions) known to carry proteins that can be used as 

markersfor the bacterial identification/diagnostics were analyzed for all three organisms. 

Many proteins were found to have common functionality in all three organisms such as 

metabolic proteins, ribosomal proteins etc. Many hypothetical proteins were identified 

indicating that the gene annotation is not complete and further studies have to be carried 

out to understand the functionality of these proteins.  

In all three cellular fractions studied in this research, several proteins were found 

to be specific to the Burkholderia species. These can be used as selective markers for the 

identification of Burkholderia in the presence of other closely related organisms such as 

Pseudomonas and Ralstonia species. Examples of those Burkholderia specific proteins 

are alkyl hydroperoxide reductase/Mal allergen, extra cellular solute binding proteins, 

and periplasmic phosphate binding protein. Proteins that are common to B. pseudomallei 

and B. thailandensis but not present in B. vietnamiensis suggest the genetic diversity of 

the three species. B. pseudomallei and B. thailandensis are 99% genetically similar 

whereas, B. vietnamiensis a member of B. cepacia complex is only about 80 % 
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genetically homologous to B. thailandensis.
227

 Specific proteins found only in B. 

pseudomallei were analyzed for their functionality and the proteins known have virulence 

activity among the bacteria were searched against the non redundant database to find the 

homology with other organisms. Many known virulence factors associated with the 

pathogenicity of the B. pseudomallei were identified in all the cellular fractions; the 

majority of virulence factors belong to the outer membrane proteins, siderophore 

synthesizing proteins, secretion and signaling proteins, and many proteins corresponding 

to the adherence and colonization of the bacteria. These can be used for selective 

detection of the pathogenic B. pseudomallei. A subset of identified proteins was found to 

be responsible for the antibiotic resistivity of these pathogenic bacteria. If we can develop 

a method that can inhibit the function of these proteins, treatment for Melioidosis would 

not be very difficult. It can be concluded that using mass spectrometry based proteomic 

methods we were able to identify possible diagnostic targets and were able to propose a 

possible method to control these pathogenic bacteria using mass spectrometry. 



196 

 

CHAPTER 6 – IDENTIFICATION OF RESIDUAL BLOOD 

COMPONENTS FROM TICKS 

6.1   Introduction 

Zoonoses are diseases of animals that can be transmitted to humans. These can be 

transmitted by direct contact or most commonly by vectors such as insects and 

arthropods. Ticks are obligate blood feeding ecto-parasites that can feed on every class of 

vertebrates in almost all parts of the world.
107

 There are closer to a thousand tick species 

or sub species recorded so far and many more to be added into this list in the near future. 

There are two major tick families that can transfer diseases to humans; called the 

“Ixodidae” and “Argasidae”. The Ixodidae class is called hard ticks because their cuticles 

are hardened by substances other than chitin (Sclerotized). Ixodids are major vectors of 

pathogens causing diseases such as Rocky Mountain spotted fever, Lyme disease in 

humans and babesiosis in cattles
242

. On the other hand Argasidae or so called soft ticks 

have a flexible cuticle and are identified by their leathery skin and downwardly directed 

mouth parts. Compared to Ixodids, Argasidae ticks can live for a long time and can 

survive years between meals. 
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6.1.1 Tick life cycle 

Adult females of some tick species lay about 100 eggs at a time and will lay 3000 

to 6000 per batch. After the incubation period, 6 legged larvae will be hatched from the 

eggs. These larvae can feed on insects, birds and small animals such as rats and can molt 

into eight legged tick nymphs even after a single blood meal. Bacteria can enter into the 

tick nymph during this blood feeding. These flat nymphs can survive in the woods for 

several months or up to years. Once they find a suitable host like large animal they will 

molt into adult female or male ticks. The following figure (Figure 6.1) illustrates the life 

cycle of Ixodid ticks and the scale indicates the sizes of the ticks at each life stage. 

Depending on species, a tick may take less than a year or several years to go through its 

life cycle. While a tick needs a blood meal each stage after hatching, some species can 

survive several years without feeding. 

 

Figure 6-1  Life cycle of Ixodid ticks (Reproduced from 

http://www.ento.psu.edu/Lyme/lifecycle.htm)    
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6.1.2 Tick borne diseases 

Tick borne diseases are becoming a serious problem to humans as the number of 

cases of reported tick borne diseases increases year by year. This is caused mainly by 

deforestation to build new communities where ticks and their host animals live. Tick 

borne disease can result from infections with pathogens that include bacteria, viruses and 

protozoa. The first bacterial disease transmitted by dog a tick is Rocky Mountain spotted 

fever which is caused by the bacterium Rickettsii rickettsii was recorded in 1896.
243

 Since 

then many tick borne diseases have been identified. The most common is the Lyme 

borreliosis which is the leading vector borne disease in the United States caused by a 

spirochete Borrelia burgdorferri
243, 244

. This is transmitted exclusively by Ixodus 

scapularis and Ixodus pacificus ticks. Common diseases spread by ticks are listed in the 

table 6.1. 

Table 6-1 Common tick borne diseases 
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6.1.3 How to prevent/control tick borne diseases     

Tick borne diseases can be controlled by avoiding the tick living environments 

such as dense forests and wet lands. As an example Figure 7.2 illustrates the 

opportunities for the primary prevention of Lyme disease during a transmission cycle.
245

 

Most common way of controlling the ticks are spraying acarisides such as carbaryl or 

deltamethrin in early May to the vegetation to reduce the tick population. Another way to 

control tick population is to eliminate the host that can transmit the disease such as 

rodents and animals. This is the basis for the study described in this chapter. 

 

Figure 6-2  Opportunities for primary prevention of Lyme disease during the 

Transmission cycle.(Reproduced from
245

 with permission) 
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A vector borne pathogens’ persistence in nature depends on successful passage 

between one or more species of vertebrate reservoirs. When a tick borne agent has 

multiple reservoirs, assigning relative contributions of each species to maintenance of the 

pathogen in the environment may be difficult. People have investigated several ways to 

overcome this problem. One way is to collect blood or tissue sample for evidence of 

infection and examine the embedded ticks for the microorganism.
246, 247

 This method is 

labor and resource intensive and sample sizes are limited. This problem can be resolved 

by using ticks/vector to get information about the host and the pathogen. Researchers 

have demonstrated this phenomenon using PCR with mosquitoes.
248

 In this study Kent 

and co workers have developed a vertebrate-specific multiplexed primer set based on 

mitochondrial Cytochrome B to identify the mammalian blood hosts of field-collected 

mosquitoes. If we can collect and analyze ticks immediately after their blood meal, 

performing PCR for mitochondrial DNA is a straight forward experiment. However host 

seeking nymphal ticks are flat because their last blood meals were months earlier and 

obtaining host DNA from these flat nymphs is a difficult task. Use of PCR to identify 

vertebrate mitochondrial DNA in ticks has been reported by several groups. Pichon et 

al
249

 reported the use of unfed Ixodus ricinus to identify reservoir host but they observed 

very low detection limit for host DNA.  

6.2  The study 

As an alternative to DNA analysis, two different approaches were carried out to 

determine the host characteristics. One is to use different mass spectrometry based 
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proteomic techniques to identify host protein and as the second approach, preliminary 

studies have been carried out to determine the difference in fatty acid profiles using 

SPALDI mass spectrometry method which was developed in the Wysocki lab (will be 

discussed in chapter 7).
108

 For the studies we have used two tick species: one is the 

Amblyomma americanum so called lone star tick which can be found in woodland 

habitatats, mostly in the second-growth forests with dense underbush.
250

 Wide 

distribution of this species all over the country is due to the availability of suitable hosts 

for all of the life stages of the tick. A.americanum carries several pathogen that cause 

diseases to humans such as human monocytic ehrlichiosis caused by Ehrlichia 

chaffeesis,
251, 252

 Q fever caused by Coxiella burnetii, and Tularemia caused by 

Francisella tularensis bacteria.
253

 

Figure 6.3 shows how we received the tick samples from the Alan Barbour lab in 

UC Irvine. The tick nymphs were kept alive until we received them, by applying moisture 

to the cotton wool. Soon after they arrived, these tick nymphs were placed in -80
o
C 

freezer to stop their metabolism. These Amblyomma americanum tick nymphs were 

experimentally fed using sheep and rabbit blood in a tick rearing farm.  
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Figure 6-3  Picture of Amblyomma americanum sample vial. Each vial contains 100 

live tick nymphs which were experimentally fed with sheep and rabbit blood. 

 

The second tick species we analyzed was Ixodus scapularis also known as the 

deer tick which is the exclusive vector for Lyme disease. We have analyzed both, tick 

nymphs and adult ticks using shotgun proteomics in order to identify the host proteins. 

Ixodus ticks were fed on rabbit and Swiss Webster mouse several months before the 

experiment. Figure 6.4 illustrates the picture of I. scapularis ticks we received from 

CDC. 

 

1X 
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Figure 6-4  Ixodus scapularis, two flat nymphs (left), adult male and adult female 

tick (right) 

 

6.3   Analysis of Amblyomma americanum multiple tick nymphs 

Experiments were started with pulverizing 15 tick nymphs and the extracted 

proteins were separated using 1D SDS-PAGE. Then each gel lane was cut into 16 slices 

and digested using trypsin. The digested peptides were analyzed by reverse phase LC-

MS/MS analysis. Figure 6.5 illustrates the steps involved in the process of multiple tick 

analysis by mass spectrometry. Tables 6.2 and 6.3 summarize the types of proteins we 

were able to identify using these 16 gel slices experiment on multiple tick nymphs. 

These tick nymphs were fed three months before the actual experiments were carried 

out. First the data from the mass spectrometric analysis were searched against individual 

organisms and then the data were searched using a database containing common animal 

hosts: rabbit, deer, sheep and mouse. 

Tick nymphs  Adult ticks 
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proteins
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Figure 6-5  Steps used for the protein identification from multiple tick nymphs 

(Amblyomma americanum) 
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Figure 6-6  (A) Mass spectrum obtained for the rabbit tick nymphs at 35 nin of 

reverse phase separation. (B) The tandem mass spectrum obtained for the paten m/z 

= 1039.16Da. Fragmentation pattern corresponds to the peptide 

FFESFGDLSSANAVMNNPK from rabbit hemoglobin beta subunit protein.  

MH2 
2+

 

FFESFGDLSSANAVMNNPK +2H
+
 

(M+2H
+
= 1039Da) 

A 

B 



206 

 

Table 6-2 Proteins identified from gel slice experiments using rabbit blood fed tick 

nymphs 
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Table 6-3  Proteins identified from gel slice experiments using sheep blood fed tick 

nymphs 
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From rabbit blood fed tick nymphs we were able to identify several host specific 

proteins such ashemoglobin, serum albumin, glyceraldehydes-3-phosphate 

dehydrogenase. A list of proteins found in those 15 tick nymph analysis is listed in table 

6.2.  We were able to identify 19 unique peptides from rabbit hemoglobin which covers 

74% of the whole protein sequence of hemoglobin beta subunit. Within those 19 

peptides, 11 were species specific peptides. Figure 6-6 shows the mass scan and the 

fragmentation pattern of peptide FFESFGDLSSANAVMNNPK from rabbit hemoglobin 

beta subunit. Finding the hemoglobin as a major protein component in a tick nymph 

suggests that tick nymphs have a slow metabolism for host proteins. It has been reported 

that ticks (most adult ticks) have developed a differentiated cell lineage that phagocytoses 

the blood meal and the digestion of the blood occurs intracellularly.
254

 This is 

accomplished by liposomal hydrolytic enzymes in the interior of the acidic vacuole.
255

 

Most of these research has been conducted using female adult ticks which have engorged 

several blood meals. But in case of this flat tick nymph where they were fed only once in 

their life may not be able to completely digest hemoglobin from the host by phagocytosis. 

These tick nymphs can survive in a forest for several months. They are using the blood as 

a food reservoir and digesting it very slowly to survive in dry arid environment. Based on 

the protein identities from 15 tick nymphs we lowered the number of tick nymphs per 

sample and analyzed them using SDSPAGE. This will allow us to get better resolution 

and get smaller, better defined bands. Following gel image shows (Figure 6.7) how the 

amount of proteins differs in the 5 and 1 tick nymph analysis. This gel clearly shows that 
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the amount of proteins present in a single tick nymph is very low compared to the amount 

of proteins in 5 tick nymphs. 

  

 

Figure 6-7  SDS-PAGE of tick nymph proteins. From left molecular weight marker 

(1), proteins from single rabbit blood fed tick nymph (2), proteins from 5 rabbit tick 

nymphs (3), proteins from single sheep tick nymph (4) and proteins from 5 sheep 

tick nymphs (5). Approximate molecular weights of the standards are indicated 

along with the molecular weight marker. 

 

From the single tick nymph gel slice experiment we were able to identify most 

abundant tick proteins but host proteins were not detected in any of the gel slices. In 2007 
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Jensen et al reported the study of host vector pathogen interaction using 2D gel 

electrophoresis.
256

 They also reported that the MALDI mass fingerprinting studies of the 

digested peptides from the 2D gel analysis followed by mass spectrometry analysis did 

not give any host proteins identifications even though they can visualize the proteins on 

the 2D gel. This result was in agreement with our findings and suggests that the gel based 

method was not sensitive enough to identify the trace levels of host proteins from a single 

tick nymph.  

 

6.4    Analysis of Amblyomma americanum single tick nymphs 

A nested PCR study was carried out using mitochondrial 12S rDNA in the 

Barbour lab at UC Irvine from the DNA extracted using the Amblyomma americanum 

single tick nymphs fed on sheep and rabbit blood. Figure 6.8  shows the gel image of the 

two tick nymph analysis. During this analysis they were able to detect host specificity 

only in sheep tick nymphs. They identified sheep specific PCR product in all three 

replicates with sheep primer but only one rabbit specific PCR product in the three 

replicate of rabbit tick nymphs. This also suggests that using only nested PCR we cannot 

predict the host specificity of the single tick nymph. It is also reported that the PCR 

results showed some environmental contaminants. 
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Figure 6-8  Nested PCR analysis of the mitochondrial DNA extracted from single 

tick nymph. (Adapted from Jonas Bunikis RCE national meeting presentation) 

 

As an alternative to the PCR study we have applied a gel free mass spectrometry 

based approach to study single tick nymphs. Total protein concentration of a single tick 

nymph was measured using the Lowry assay method and the resulting protein 

concentrations were about 50-70 µg of protein/tick. For the proteomic analysis a tick 

nymph was pulverized and the proteins were precipitated using absolute ethanol. This 

protein pellet was subjected to reduction and alkylation prior to enzymatic digestion to 

break open the disulfide bridges of the folded proteins. A trypsin digestion was carried 

out prior to mass spectrometric analysis.  
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To separate these peptides a longer reverse phase column was used in order to 

achieve more separation for this complex mixture. By increasing the column length we 

are increasing the number of theoretical plates so that the separation efficiency is also 

increased. In addition a longer acetonitrile gradient was used (5-50% ACN over a period 

of 90 minutes) compared to 30 min of ACN gradient for typical reverse phase separation 

to increase the peptide identification by eluting fewer peptides at any given time point, 

allowing for the fragmentation of a greater number of peptides in the mass spectrometer 

for increased reliability in results. Figure 6.9 shows the solvent gradient and a sample 

chromatogram showing the elution profile of digested peptides from a rabbit fed single 

tick nymph sample. As can be seen from the chromatogram the peptides elutes from the 

column as the ACN gradient increases and a period of higher percentage of ACN at the 

end was used to wash away all the residual bound peptides from the column. Most of the 

peptides eluted between 30- 40% ACN gradient. 
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Figure 6-9  (A) Longer acetonitrile gradient for the analysis of single tick nymph (B) 

corresponding chromatogram (base peak) showing the elution profile of the 

peptides. 
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   Scan speed of the 2D ion trap mass spectrometer is much higher that the 3D ion 

trap used for the multiple tick analysis. This feature also helped to isolate and fragment 

these eluting peptides. Figure 6.10 shows two tandem mass spectra obtained for the 

analysis of sheep single tick nymphs. These two peptides belong to hemoglobin beta 

chain from sheep. Panel A shows the fragmentation patteren of AAVTGFWGK which is 

a singly protonated peptide. Based on the peptide fragmentation patterns corresponding 

fragment masses were matched manually using fragment ion masses predicted by online 

available Protein Prospector software (http://prospector.ucsf.edu/). Based on the peptide 

fragmentation pattern prediction highest intensity ion should be the cleavage C terminal 

to valine (V) giving rise to intense y6 peak. Also cleavage C terminal to tryptophan (W) is 

also enhanced, giving increased b7 ion in the spectrum. Figure 6-10 B shows the 

fragmentation spectrum of the peptide VKVDEVGAEALGR. This is a doubly protonated 

peptide with one missed cleavage. For the SEQUEST analysis we allowed maximum of 

two missed cleavages to increase the probability of peptide identification. Higher 

intensity for the y11 shows the cleavage C terminal to the lysine (K) which is a 

preferential cleavage site of serine protease, trypsin. In the fragmentation spectrum series 

of y ions can be observed indicating a sequential cleavage of the peptide. This helps to 

identify and confirm the peptide sequence using the fragmentation pattern.  
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Figure 6-10  Tandem mass spectra of two peptides (panels A and B) from sheep 

hemoglobin beta subunit identified from a single nymph of the tick Amblyomma 

americanum.(Adapted from
257

 with permission) 
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Tables 6.4 and 6.5 summarize the types of host specific proteins identified from 

rabbit and sheep blood fed single tick nymphs respectively. About 30 host specific 

protein identifications were found in the 4 replicate analyses and at least 5 of them were 

found in every single tick nymph analysis. There were few other vertebrate proteins 

found as positive identifications. This is due to the incompleteness of the animal protein 

database available for the database searching process. For the data searching used 

annotated protein sequences of sheep, goat, rabbit and ticks obtained from NCBI 

(http://www.ncbi.nlm.nih.gov/). The genomes of these vertebrates and ticks are not 

completely sequenced, most of the proteins from these organisms are homologous or 

have similar peptide sequences. This leads to the false positive identification of the host 

proteins, which is the major drawback of proteomic analysis today. To eliminate this 

confusion all proteins which are host specific were BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) analyzed against the non redundant protein 

database to confirm that these host specific proteins are not closely related to any other 

potential host which contains all of the up to date annotated protein sequences. This gives 

more confidence on the protein identification based on single peptide match. 
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Table 6-4 Types of host specific proteins identified from Rabbit blood fed single tick 

nymph analysis 
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Table 6-5 Types of host specific proteins identified from Sheep blood fed single tick 

nymph analysis 
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6.5   Analysis of Ixodus scapularis single tick nymphs 

These findings lead us to dig deeper and analyze tick nymphs fed on actual animals. 

For this analysis we purchased Ixodus scapularis fed on Swiss Webster mouse and New 

Zealand white rabbit from Center for Disease Control and prevention (CDC). There were 

two types of mouse-fed tick nymphs namely M131 which was fed on 3/31/07 and M121 

which was fed on 11/18/2006. Rabbit tick nymphs (R 257) were fed on 8/29/2006. We 

have not conducted a time course study in this analysis, but the date of feeding is 

important with regards to the amount of proteins we can identify from these flat tick 

nymphs. A similar procedure was used to extract proteins and analyze the digested 

peptides using an LTQ mass spectrometer coupled with nano HPLC system. 

Two types of database search algorithms were used; SEQUEST and X!Tandem. The 

scaffold probability based algorithm was used to compare and contrast SEQUEST and 

X!Tandem results for the single tick nymph analysis. Table 6.6 summarizes the total 

number of proteins found in each single tick nymph analysis searched by SEQUEST and 

X!Tandem and the Scaffold comparison. By using both search algorithms we were able 

to identify more proteins from a flat tick nymph compared to individual search 

algorithms. Also SEQUEST gave more protein identifications compared to X!Tandem 

analysis. As an example, for M131 tick nymph an average of about 30 proteins was 

identified from SEQUEST database search algorithm but X!Tandem gave only about 16 

proteins per sample. Most of the peptides corresponding to the proteins identification 

were 9-27 amino acids in length. For the searches we used a maximum of two missed 
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tryptic cleavages. For the Ixodus tick nymph studies we used additionally appended 

protein database consisting additional Mus musculus annotated proteins. We assumed that 

the sequenced mouse species Mus musculus which contains closer to 250 000 annotated 

proteins will represent the mouse population in the protein database. It was interesting to 

discover that we can identify more mouse proteins compared to the tick proteins. This is 

also due to the non-availability of complete tick protein information to build a 

comprehensive protein database. As mentioned earlier in this chapter, this is the limiting 

factor in proteomics experiments. There were many peptide fragmentation spectra which 

did not find a suitable match in the protein database, which requires manual interpretation 

of those spectra to obtain the peptide information.  
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Table 6-6  SEQUEST and X!Tandem data comparison for the analysis of mouse and 

rabbit fed Ixodus scapularis tick nymphs (M-fed on mouse, R-fed on rabbit) 

 

Different peptides were identified in the replicates of same Ixodid tick nymph 

analysis. In order to get the conformation of an interested peptide we searched all the 

other spectra for the same peptide molecular weight. Qual Browser in Xcalibur software 

allows us to select a specific mass and will generate a chromatogram containing ± 0.5 Da 

mass units within that selected peptide mass, making it easier to locate the desired mass 

for that particular peptide of interest. This enabled the identification more peptide 
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common to all the tick nymphs. Another approach we used to increase confidence in 

protein identification was to lower the filtering cut off values of SEQUEST so that we 

could find more peptides for the identified proteins. The following Xcorr scores were 

used as the lower cut off values: 1.5 for singly charged, 2.0 for doubly charged and 3.0 

for triply charged peptide ions instead of 1.8, 2.5 and 3.5 respectively. 

 Table 6.7 summarizes the types of proteins identified from the Ixodus tick nymph 

analysis. Almost all tick nymphs protein digests contained host specific proteins. Mouse-

fed tick nymphs contained more host specific proteins compared to the rabbit-fed tick 

nymphs. This is due to several factors. One is the rabbit protein database is smaller and 

incomplete compared to the mouse protein database and some proteins might have been 

un identified because the protein was not in the sequenced region and secondly the rabbit 

tick nymphs were fed 11 months prior to the experimental while the mouse tick nymphs 

were fed 3 and 7 months prior to the experiment. By that time, most of the host proteins 

may have been digested. Since we did not carry out time course studies, we cannot 

predict the types of host proteins that can be stored in the tick nymph for extended period 

of time. 
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Table 6-7 Types of proteins identified with different I. scapularis tick nymphs 

Origin of identified 

matches 

No. of identified protein species in I,. 

scapularis nymphs derived from different hosts 

(months post molt) 

Rabbit (11) Mouse (7) Mouse (3) 

Tick 11 12 11 

Vertebrate host specific 10 25 18 

Unspecific 25 10 10 

Microbial 6 1 7 

Total 52 48 46 

 

6.6   Ixodus scapularis adult tick analysis 

For the adult tick analysis two different batches of ticks were used. MLI was fed 

on 1/29/2007 (4 months prior to the experiment) and MI was fed on 3/16/2007 (2 months 

prior to the experiment). Both female and male adult ticks were analyzed from each 

batch. Both of these were fed on Swiss Webster Mouse. Similar extraction and analysis 

methods were applied for the adult tick analysis as for the tick nymphs.  

 The same types of proteins were identified from the adult ticks compared to the 

single tick nymph but the number of peptides identified per protein has increased with the 

adult ticks. This is because these adults have acquired more than a single blood meal 

compared to the flat nymph. Also these adults were analyzed within short time period 

compared to the tick nymph and they have not fully digested the blood meal yet. When 
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we compared the types of proteins present on the female and male, female adult tick gave 

relatively lower amount of proteins compared to the male companion. According to the 

Figure 6.4 the female adult is larger in size and can engorge more blood meal compared 

to the male adult. However it was shown that female adult ticks take only one blood meal 

during their stage of life cycle but male adult takes several blood meals within its life 

stage.
258

 This explains the higher amount of protein availability in male adult ticks 

compared to the female. Another observed difference in the male and female adult tick 

proteins is that their degradation rate. For example, hemoglobin was found in both MLI 

and MI female adult ticks but only MI male contained hemoglobin. This indicates that the 

male adult can take more blood meals but degrade faster than its female companion. 

 

6.7   Summary and conclusions for the proteomic analysis of ticks 

Proteomic analysis has been carried out to identify host protein from 

experimentally fed Amblyomma americanum tick nymphs. Experiments were started 

using a pool of 15 tick nymphs for the analysis. By running SDS-PAGE for the extracted 

proteins from this pooled tick nymphs and analyzing them using mass spectrometry, we 

were able to identify many host specific proteins. Among the most common host 

proteins are hemoglobin, actin and tubulins. Then we lowered the number of tick 

nymphs per sample and realized we could not get detectable proteins from a gel ran with 

proteins extracted from a single tick nymph. We used an alternative method to analyze 

single tick nymph proteins. To do so we pulverized the tick nymph and analyzed the 
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digested peptides directly using mass spectrometry. Using this method we were able to 

identify many host specific proteins even from the ticks fed on 11 months before the 

experiments were performed. Table 6.8 summarizes the types of proteins we identified 

from the individual tick nymph analysis. 

 

Table 6-8 Types of vertebrate proteins identified from individual tick nymph 

analysis using mass spectrometry 

Type of proteins present in 

tryptic digest 

Number of ticks in which proteins were 

detected/number of ticks examined 

A.americanum nymph I.scapularis nymph 

Fed on 

rabbit 

Fed on 

sheep 

Fed on 

rabbit 

Fed on 

mouse 

Immunoglobin 3/4 3/4 3/5 4/10 

Globin (α or β) 1/4 3/4 0/5 0/10 

Histone H3 1/4 3/4 3/4 5/10 

Histone H2 1/4 3/4 4/5 6/10 

Tubulin 1/4 2/4 5/5 9/10 

Keratin 0/4 3/4 5/5 7/10 

Actin ¼ 3/4 5/5 10/10 

Cytochrome c-type heme lyase 0/4 0/4 5/5 10/10 

≥ 1 of above 4/4 4/4 5/5 10/10 
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Based on these results it can be concluded that by using mass spectrometry based 

proteomics we can identify the host proteins from tick nymphs’ last blood meal. By 

expanding this research to field studies we can identify the disease causing host for the 

vectors such as ticks. This will help us to understand and control the wide spread of tick 

borne diseases. 
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CHAPTER 7 - ANALYSIS OF FATTY ACID PROFILES OF SINGLE 

TICK NYMPHS USING SPALDI MASS SPECTROMETRY 

7.1  Introduction 

The fatty acid profile of an organism can be used to identify the species, because 

different organisms can have different ratios of fatty acids that would uniquely identify 

them. Salivary gland fatty acids from ticks have been studied extensively due to the 

known changes happening in the salivary glands during tick feeding.
259

 For example, 

arachidonic acid is present in higher concentration in the tick salivary gland, which acts 

as the substrate for the synthesis of prostaglandins in ticks. These prostaglandins are 

necessary for the anti-coagulatory, anti-inflammatory analgesic, and immunosuppressive 

properties of the ticks during their blood meal.
260

 The elevated presence of this necessary 

fatty acid contributes to the unique fatty acid profile of the tick. 

Tkachev et al studied the body surface lipid composition of tick nymphs using a 

GC-MS analysis.
261

 They used unfed Ixodus tick nymphs collected from their natural 

habitat. 100 tick nymphs were used for each analysis, and the fatty acid profiles of male 

and female tick nymphs were compared using GC-MS. Figure 7-1 shows a GC 

chromatogram obtained from the ether extract (non polar fraction) of female tick nymph. 

A very complex chromatogram was observed and the peaks were identified using the 

retention index and the fragmentation patterns from the mass spectra. More than 100 
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compounds were found to be present in the “body surface” of this tick nymph. The 

identified compounds were categorized into three chemical groups: linear hydrocarbons, 

fatty acids, and aldehydes. Figure 7-2 shows the relative abundance of those species in 

male and female tick nymphs. Based on their analysis, both male and female ticks have 

hydrocarbons with chain lengths between 17 to 27 carbons, fatty acids with chains of 9 to 

16 carbons, and aldehydes with 9 to 23 carbons. According to their data, aldehydes and 

the hydrocarbons are more abundant in the surface of the unfed tick nymphs. This unfed 

tick fatty acid profile data can be used as a baseline reference for our analysis where we 

studied the fatty acid profiles of ticks that have been fed once in their life cycle as 

discussed below. 

 

Figure 7-1 GC-MS chromatogram of non -polar lipid content of the  body surface of 

female Ixodus tick; linear hydrocarbons are marked with asterisk (Modified from
261

 

with permission). 

 



229 

 

The objective of this study is to identify the correlation between the blood meal a 

tick feeds on and the fatty acid profile of the tick nymph. While we have tried a similar 

method to that of Tkachev using GC-MS, we could not get enough instrumental signal 

for a single tick nymph analysis (Tkachev et al used 100 nymphs for the analysis). 

Alternative methods to detect lower amounts of fatty acids in a complex biological matrix 

must be investigated in order to solve this concentration problem. The fatty acid 

distribution can be analyzed using desorption chemical ionization,
262

 fast atom 

bombardment mass spectrometry,
263

 or electrospray ionization, with either a combination 

of liquid chromatography
264

 or by direct injection.
265

 MALDI-TOF analyses of proteins, 

nucleic acids, and synthetic polymers has been very successful but direct analysis of fatty 

acids with masses in the range of 200 to 400 Da is problematic due to the matrix 

interference in this lower mass range. 
266, 267

 To overcome this, people have either used 

matrices with higher molecular weights [ex. meso-tetrakis(pentafluorophenyl)porphyrin 

with mass of 975 Da for the analysis of vegetable oil] or used matrix free approaches 

based on laser desorption/ ionization from the surface of various materials, such as 

graphite and porous silicon.
266, 268
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Figure 7-2 Relative composition of different compounds extracted from Ixodus 

ticks; (A) hydrocarbons, (B) fatty acids, (C) aldehydes [Modified from
261

 with 

permission] 

  

Desorption/ionization on porous silicone (DIOS) is a widely used matrix free 

method developed in the Siuzdak group,
269, 270

 and has been used for many biological 

applications.
269, 270

 Porous silicon is made through the electrochemical etching of 

crystalline silicone chips with HF under white light illumination. DIOS-MS uses these 
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porous silicon surfaces to trap analyte molecules and efficiently absorb UV laser energy. 

This method has many advantages over the conventional MALDI ionization, such as its 

enhanced signal to noise ratio, minimized background interference, and lower detection 

limit.
271, 272

 Silicon nanoparticle assisted laser desorption/ionization (SPALDI) is another 

ionization method developed in the Wysocki lab, which has similar characteristic 

properties as DIOS.
108

 Compared to the MALDI and DIOS, SPALDI requires less laser 

fluence and induces lower internal energy of the desorbed ions. The modification of the 

commercially available silicon nanoparticles does not need HF etching and does need 

special instrumentation for the analysis. Instead, these nanoparticles can be derivertized 

using a simple procedure and can be mixed with analyte in order to spot the sample onto 

a regular MALDI plate for analysis. Application of SPALDI for the analysis of acidic 

molecules in the negative ion mode has been previously demonstrated,
108

 which makes 

SPALDI applicable to the analysis of fatty acids in the negative ion mode. This work 

outlines preliminary studies that have been carried out in order to generate fatty acid 

profiles of tick nymphs fed on different blood types in order to understand the correlation 

between the blood meal and the fatty acid profile. The tick nymphs were fed once in their 

lifetime using either sheep or rabbit blood in a tick rearing facility at Oklahoma State 

University.  
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7.2 Results and discussion 

SPALDI powder was prepared according to the previously described method.
108

 

Commercially available fatty acids were used to calibrate the MALDI/TOF mass 

spectrometer for the negative ion mode. Figure 7-3 shows the negative ion SPALDI mass 

spectrum obtained from an equimolar mixture of fatty acid standards (dodecanoic acid-

C12, myristic acid-C14, palmitic acid-C16, stearic acid-C18, arachidic acid (C20), and 

behinic acid-C22); the deprotonated molecular ion peaks, [M-H]
-
, for the individual fatty 

acids can be observed in the spectrum. The lower mass range (<50 m/z) was cut off from 

the spectrum to reduce the matrix interference for this standard analysis. As can be seen 

from the spectrum, the intensity of the lower mass analyte ion peaks were relatively low 

compared to the higher mass ions. After C18, the intensity of the ions remains relatively 

constant. Equimolar solutions of fatty acids were used for the analysis, so the differences 

in the intensity ratio should be explored in order to understand the differences of the fatty 

acid profiles of tick nymphs. To rationalize this, it can be hypothesized that the fatty 

acids which can form crystals with the silicon nanoparticles give intense peaks compared 

to the ones that does not form crystals. To prove this hypothesis, commercially available 

fatty acids in the crystalline form and liquid form with the same chain length were mixed 

with the nanoparticles and tested their signal intensities. From the spectra obtained, it can 

be clearly seen that the signal intensity of the fatty acids which forms crystals was two to 

three times higher than the signal intensity of the liquid samples. Results observed from 

this crystal and liquid analysis agrees with the proposed hypothesis. The sodium adduct 
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formation with C12 was observed in every spectrum as was also observed in the DIOS 

experiments. This can be used as an internal calibrant for the analysis of fatty acids. 

  

Figure 7-3 Negative ion SPALDI spectrum for the fatty acid standards at 35% laser 

fluence  

 

Fatty acids were extracted from the tick nymphs using chloroform: methanol in a 

1:1 ratio. 1 µL of this extract was mixed with 5 µL of modified silicon nanoparticles, 

which was then analyzed using the standard MALDI setup. Figure 7-4 shows the 

SPALDI spectra obtained for the sheep blood (A) and rabbit blood (B) fed tick nymphs.  

Molecular weights were extrapolated from the deprotonated m/z peaks on the mass 

spectrum. 

C
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Figure 7-4 SPALDI fatty acid profiles of tick nymphs: (A) tick fed on sheep blood 

and (B) tick fed on rabbit blood at 35% laser fluence in negative ion mode. 
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Compared to the gas chromatogram obtained for the body surface lipid analysis 

(Figure 7-1), very simple spectra were obtained for these tick nymphs. SPALDI 

eliminates much of the interference from the complex biological matrix. Two different 

fatty acid profiles were obtained for the two tick nymph categories. Both tick species 

have Octadecaenoic acid (C18:1) as the most abundant peak in the fatty acid profile. 

Abundance of the other fatty acids was quite different between the different tick samples.  

To correlate these fatty acid ratios with the type of blood these ticks were fed on, 

SPALDI fatty acid profiles of commercial rabbit and sheep blood were compared with 

that of tick samples. Figure 7-5 shows a comparison of fatty acid profile of sheep blood 

to that of the fatty acid profile of a tick nymph fed on sheep blood. 
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Figure 7-5 Fatty acid profile obtained from SPALDI analysis using sheep blood and 

tick nymphs fed on sheep blood. 
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Experiments were repeated in triplicate and the standard deviation is shown with 

error bars. Comparatively lower range of standard deviation values were obtained for the 

commercial blood samples. Because the blood feeding source was found to be 

reproducible, the differences in the fatty acid profile should be attributed to the variation 

of the fatty acid composition among individual tick nymphs.  These tick nymphs were 

analyzed approximately 7 months after they were fed on this blood meal, a time after 

which most of the host fatty acids obtained from the host should be metabolized. 

Octadecadienic acid (C-18:2), the most abundant fatty acids in each blood profile, was 

not present in the tick nymphs fed on sheep blood, indicating that they have metabolized 

most of the fatty acids from the host species.  

0

10

20

30

40

50

60

70

80

C-16:0 C-18:2 C-18:1 C-18:0 C-20:0 C-22:0

A
b

u
n

d
a

n
ce

 %

Fatty acid

Rabbit blood

Rabbit tick

 

Figure 7-6 Fatty acid profile obtained from SPALDI analysis using rabbit blood and 

tick nymphs fed on rabbit blood. 
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Figure 7-6 shows the comparison of fatty acid profiles from rabbit blood and tick 

nymphs fed on rabbit blood. Octadecaenoic acid (C-18:1) is in high abundance with the 

rabbit blood fed tick nymph as was also seen in the sheep blood fed nymph. This fatty 

acid might not come directly from blood meal of the tick nymph. According to the 

Tkachev data, this C18:1 acid was not present in the body surface extracts of the unfed 

tick nymph.
261

 However, it can be hypothesized that this may be a constituent from the 

fatty acid storage components in the tick body. Madden et al.  analyzed how the dietary 

modification of blood meal effect the reproduction in the lone star tick A. americanum.
260

 

They have analyzed male and female tick nymphs as well as the eggs and larvae from the 

ticks fed on guinea pigs ingested with fish oil and safflower oil. They have used gas 

chromatography to identify the fatty acid methyl ester from the host and the tick species, 

and found a correlation of the host diet and the fatty acid composition of the tick samples. 

They have observed that the levels of oleic acid (C-18:1[n9]) in the ticks increased 4-5 

times compared to the blood, and the amount of the oleic acid did not change with the 

diet.  Based on the SPALDI analysis, both sheep and rabbit tick nymph have high 

abundance C-18:1 (cannot tell the position of the double bond to assign this as oleic acid) 

peak in their fatty acid profile. This agrees with the proposed hypothesis of identification 

of fatty acids from the fatty storage of tick nymphs in the SPALDI analysis. Further 

studies have to be carried out with unfed tick nymphs to validate this hypothesis. 
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7.3 Summary and conclusions  

These preliminary studies have investigated the correlation between blood meal 

source and the fatty acid profile of the tick nymph using a newly developed SPALDI 

mass spectrometric method. Compared to the other analytical techniques used to study 

fatty acid profiles, SPALDI is an easy to use and rapid method that can be used to 

identify small molecules like fatty acids. SPALDI generates very reproducible results 

with minimum background interference for complex matrices like blood.  

Based on the results obtained this study, we could not predict a clear correlation 

between the blood meal of the tick and the fatty acid profile of the tick nymph. These 

analyses were carried out 7 months after the blood meal of the ticks, and most of the lipid 

obtained from the blood should be metabolized by the organism. Additionally, to 

compare the fatty acid profiles, we used commercially available whole blood from rabbit 

and sheep. This is not the same sample tick nymphs were fed on at the tick rearing 

facility. This can cause additional discrepancies in the analysis. Further investigations 

must be carried out with more tick samples fed on different vertebrate hosts and need to 

compare that with the fatty acid profiles of unfed tick nymphs to validate the hypothesis. 
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CHAPTER 8 - CONCLUSIONS AND FUTURE DIRECTIONS 

8.1 Proteomic analyses of Burkholderia species 

Melioidosis is a disease caused by a pathogenic bacterium, B. pseudomallei, and 

very few studies have been carried out to determine the causes of this disease. 

Additionally this bacterium is insusceptible to general antibiotics and the mortality rate of 

this disease increases due to the lack of early diagnosis methods. In contrast B. 

thailandensis which is genetically similar (99%) bacterium to B. pseudomallei is 

considered to be a nonpathogenic bacterium. B. vietnamiensis which is an important bio-

remediation agent can be an opportunistic pathogen to immune-compromised individuals 

and cystic fibrosis patients. Our goal in this study was to use mass spectrometry based 

proteomics to understand these different roles on the organisms of genus Burkholderia 

and to investigate the possible protein targets that can be used to identify these 

organisms.  

Proteomic analyses of three different Burkholderia species were carried out in 

order to determine the causes of pathogenicity among this bacterial genus. Method 

development was carried out using the opportunistic pathogen B. vietnamiensis G4 as the 

model organism. Chapter three of this dissertation explains the strategies used to analyze 

proteins from the bacteria. Based on the data obtained from the analyses, more than a 

thousand proteins were identified with two or more peptide matches per proteins. Both 

gel based proteomic analyses and gel free MudPIT analyses methods were incorporated 
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into the analysis and complementary results were obtained from both analyses. Many 

proteins associated with the pathogenicity were identified with high protein identification 

probability. For the studies carried out in this investigation, proteins were extracted at the 

late exponential phase of the growth curve of the organism. It was previously reported 

that the expression of the virulence factors of the bacteria depends on environmental 

factors such as temperature, pH, osmolarity and availability of metal ions such as iron 

and calcium.
273, 274

 Further investigations have to be carried out using different growth 

conditions with extraction of proteins at different growth stages to understand the types 

of virulence factors produced by these Burkholderia species. 

Post translational modifications (PTM) are covalent processing events that change 

the properties of a protein by proteolytic cleavage or by addition of a modifying group 

into one or more amino acids.
73

 PTM of a protein can alter the activity state, localization, 

turnover and change the interactions with other proteins.
275, 276

 The most common protein 

modifications are phosphorylation at the hydroxyl group containing amino acids, and this 

can alter the enzyme activity, modulation of molecular interaction and cell signaling, 

whereas O-linked and N-linked glycosylations can affect cell-cell recognition and 

signaling and these glycosylations are mostly associated with the excreted proteins.
73

 

Additional modifications like acetylation, methylation, deamidination, disulfide bond 

formation and guanidination can alter the functionality of the proteins. In a proteomic 

experiment, if a peptide is modified, the usual de novo sequencing or database searching 

parameters cannot identify the sequence of the peptide. Because of that, many spectra 
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generated from the modified peptides may be discarded and this reduces the probability 

of finding targeted proteins. In order to overcome this discrepancy, proteomics data can 

be searched with added search parameters for modification. The next step in this 

proteomic study of Burkholderia species is to allow these modifications and search the 

data again for better protein sequence coverage. SEQUEST and X! Tandem search 

parameters can be set to search for mass differences (ex. +80 Da for phosphorylation) and 

this will generate more comprehensive protein information. We are currently in the 

process of analyzing the data obtained from the Burkholderia species with PTMs. 

The most common method of peptide fragmentation incorporated into proteomic 

analysis is collision induced dissociation (CID). The preferred site of cleavage using this 

low energy CID in the gas phase is the amide bond of the peptide backbone. Ideally this 

should produce a homologous series of b ion and y ions.
74

 The presence of multiple basic 

residues in the peptide sequence prevents the random protonation along the peptide 

backbone, and upon collision induces fragmentation at specific sites and will result in 

loss of sequential information. Additionally detection of PTM using CID is a challenge 

due to the breaking of labile bonds during the activation process. To overcome these 

problems new activation methods have been introduced into proteomic analyses. Among 

those activation methods, electron transfer dissociation (ETD) has emerged as a possible 

method that can be applied for large scale proteomic analysis. During the ETD process, 

multiply protonated peptide ions will collide with radical anions, transferring electrons 

and promoting the random dissociation of the N-Cα bond of the peptide backbone.
277
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This will result in the production of N-terminal c ions and C-terminal z ions formation in 

the tandem mass spectrometry (Scheme 8-1). ETD has been used extensively used to 

study PTM of peptides, especially phosphorylation of the peptide backbone. Additional 

advantages of ETD in the field of proteomics are the ability to couple with the 

chromatographic systems and the ETD experiment can be carried out in an RF 

quadrupole ion trap mass spectrometers. These RF quadrupole ion traps are low cost, low 

maintenance and widely accessible for proteomic analyses. If we can obtain proteomic 

data using these improved activation methods, more information can be obtained about 

the protein expression levels of bacteria, including PTM. 

 

Scheme 8-1 Proposed mechanism of ETD process (Reproduced from
74

 with 

permission) 

 

Chapter four of this dissertation described the proteomic analysis of B. 

thailandensis E 264, a nonpathogenic bacterium, and the generated proteome map was 
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used as a control for the proteomic analysis of Burkholderia species. Chapter four also 

described the exploration of extra-cellular and cell surface proteins identified in two 

different B. thailandensis strains isolated from two different geographical locations (B. 

thailandensis E 264 isolated from Thailand and B. thailandensis MSMB43 isolated from 

Australia). Assimilation of arabinose is the chemical test that is used to differentiate 

between pathogenic B. pseudomallei (negative) and nonpathogenic B. thailandensis E264 

(positive), but B. thailandensis MSMB 43 which was isolated from Australia is arabinose 

positive and the expressed proteins were more homologous to the pathogenic strain. This 

B. thailandensis MSMB 43 has been added into the genomic database very recently and 

the gene annotation is not complete. Most of the proteins are labeled as hypothetical 

proteins and once the functionality of these hypothetical proteins is revealed, a more 

descriptive comparison can be carried out. Another way to search the functionality of 

these identified proteins is to search for homologous sequences within the bacterial 

species. Based on the preliminary data obtained, proteomic analysis can be used to 

differentiate two bacterial strains from different geographical locations and further 

investigations have to be carried out to confirm these findings 

Proteomic analysis of pathogenic B. pseudomallei 305 was described in chapter 

five of this dissertation using the methods developed in B. vietnamiensis proteomic 

analysis. B. pseudomallei is a category “B” biological agent and all the protein 

extractions were carried out in a BSL3 laboratory at Northern Arizona University. 

Proteins extracted from extra cellular, cell surface and cell wall fractions of the bacterium 
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were compared with the opportunistic pathogen B. vietnamiensis and non pathogenic B. 

thailandensis E264 organisms. Several proteins were identified with peptide sequences 

unique to Burkholderia species such as phasin, Type IV pilus protein and osmolarity 

response regulatory protein and these can be used for the genus identification in a 

complex mixture of bacteria. Many proteins were identified specific to disease causing B. 

pseudomallei and some of them are known virulence factors or associated with the 

pathogenicity of the bacterium. The majority of the virulence factors identified are outer 

membrane protein, siderophore synthesizing protein, secretion and signaling proteins, and 

many corresponding to adherence and signaling of bacteria. 

The proteins identified specific to genus/species/isolate can be used to selectively 

identify that organism/group of organisms. Chan et al have generated monoclonal and 

polyclonal antibodies against B. pseudomallei protease and selective capturing was 

observed using Western blotting and ELISA protein assay.
194

 They have used these 

antibodies to purify the protease and study the characteristics of protease from B. 

pseudomallei. If we can incorporate similar methods to generate antibodies against the 

specific proteins of interest, their functionality can be studied further. As of today there is 

no licensed immunization method against Melioidosis.
278

 One way of overcoming this 

problem is to identify and characterize the virulence antigens expressed by the pathogen 

in order to develop vaccines.  

Affinity capture methods have been used to enrich targeted proteins, specially 

proteins with post translational modifications.
279-281

 Matrix assisted laser desorption 
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ionization mass spectrometry (MALDI-MS) have been used as the detection method for 

those captured antigens. A similar strategy can be used to capture the protein target 

sequences identified using the proteomic analysis in order to identify species specific 

proteins, and thereby use it as a diagnostic tool. Students in the Wysocki research group 

are currently investigating the antibody immobilized MALDI plate to selectively capture 

antigen in a complex mixture. Scheme 8-2 illustrates the immobilized affinity capture 

MALDI plate (this setup is adapted from the surface Plasmon resonance experiment 

conducted by Stefan Lofas in 1991
282

). 

 

Scheme 8-2 Schematics of affinity capture MALDI analysis (Obtained from Amy 

Hilderbrand-Wysocki research group) 

 

Carboxymethyl-dextran modified self assembled monolayers (SAM) covalently 

bound to gold surfaces were used to immobilize antibodies into the surfaces. Antibodies 
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will attach to the carbohydrate moiety through amide bond formation. These antibodies 

will selectively capture the antigen present in the complex mixture of sample and will 

enrich those antigens in the modified surface. Then we can apply MALDI matrix on top 

of this antibody antigen complex and the MALDI process will excite the protonated 

antigen from the bound antibody thereby we can analyze those by mass spectrometry. If 

we can generate antibodies against the species specific proteins identified in this 

proteomic analysis, this affinity capture method can be developed in to a useful 

diagnostic tool for the pathogenic bacteria identification or used in the development of 

simple diagnostic tests. Recently Leu et al reported the affinity capture of P fimbrial of 

the urinary tract pathogen E. coli using magnetic nano particles
283

 and we can explore the 

possibilities of different capturing methods in order to develop good diagnostic tools for 

the pathogen identification. 

Results obtained this study reveal that mass spectrometry based proteomics can be 

used to identify the virulence factors of bacteria and even can be used to distinguish 

different strains of bacteria. Finding good protein targets to selectively identify pathogens 

greatly enhances the probability of correct identification of that organism using mass 

spectrometry.  
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8.2 Blood meal analysis of ticks 

In related research, mass spectrometric methodologies were used to identify the 

host blood components from tick nymphs. Proteomics analysis from the lone star tick, A. 

americanum and the black legged tick I. scapularis was carried out in order to identify 

host blood components. Many host specific proteins were identified including 

hemoglobin, immunoglobulin and histones. Digestion of the blood meal is different in 

ticks compared to the other hematophagous insects.
257

 In ticks, digestion takes place 

gradually within the cells of the intestinal tract after endocytosis, rather than enzymatic 

breakdown of blood cells and components in other insects. This explains the 

identification of host blood components even 11 months after  blood feeding of these tick 

nymphs. In addition to species specific proteins, many other mammalian proteins were 

identified. The protein database used to analyze the data contained sheep, rabbit, goat and 

mouse proteins. Most of these organisms’ genomic sequencing is not complete and the 

complete protein sequences cannot be obtained. Also most of the mammalian proteins 

have highly conserved regions and this can give rise to false identification. To overcome 

these problems, affinity enrichment procedures should be incorporated prior to mass 

spectrometric analysis. 

These tick nymphs can survive in the field for months with just a single blood 

meal. In the future, time course studies will be carried out to correlate the abundance of 

host blood components with the time of feeding. This will enable us to develop a 

mechanistic study on the blood component metabolism of tick nymphs compared to an 
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unfed tick nymph. Tick nymphs and adult ticks studied in this research work were fed 

experimentally in a tick rearing facility. It would be beneficial to study the blood 

component of ticks isolated from field, but , because some hosts have not sequenced, a 

host protein database will be generated from blood samples from a variety of un-

sequenced mammals and the field trial data can be run against this combined protein 

database in order to identify the host. 

Understanding the host vertebrate that maintains the pathogen is important in the 

control of disease spread in the natural habitat. One major problem in diagnosing the tick 

borne zoonosis is the absence of a reliable and reproducible method for identification of 

vertebrate source of the infection for the tick vector by blood meal analysis. In this 

research we reported a reliable method for the identification of the host from the tick 

vector using the blood meal analysis. The data obtained should be compared with unfed 

tick nymph analyses in order to understand the mechanism of blood meal utilization of 

these tick vectors. 

Chapter seven discussed the preliminary studies that have been carried out to 

identify the correlation between the blood meal and the fatty acid profiles of tick nymphs 

using silicon-nano particle assisted laser desorption ionization (SPALDI) mass 

spectrometric method developed in the Wysocki research group. SPALDI generated very 

clean spectra for a complex biological matrix showing the applicability of this method for 

complex sample analysis. We have only studied two tick varieties, sheep and rabbit blood 
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fed tick nymphs, and further studies with different ticks and different blood meals should 

be carried out to make a conclusion on the fatty acid profile analysis. 
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APPENDIX I - ANALYSIS OF ANTIBODY-ENZYME 

BIOCONJUGATES USING MASS SPECTROMETRY 

a. Abstract 

Mass spectrometric analyses were carried out for the antibody-enzyme 

bioconjugates using a modified Waters Q-TOF II mass spectrometer. Desalted and 

concentrated samples were sprayed into the mass spectrometer using a home built nano-

ESI source. Three different isoforms were observed for the horseradish peroxidase (HRP) 

enzyme with an average molecular weight of 44 kDa. For the native antibodies, both 

monomer and dimer distributions were observed with an average monomeric mass of 144 

kDa. The enzyme antibody bioconjugate samples contained both unreacted HRP and 

antibodies with different stoichiometries of attached enzymes. 

b. Report Description 

Development of new antigen detection methods is vital to the emerging field of 

biotechnology. In the recent past various types of assay methods were developed 

including the ELISA and protein micro arrays. 
284-286

 One way to achieve bioconjugation 

is through a chemical modification that binds target molecules with their corresponding 

proteins.  In this study mass spectrometry was used to characterize the synthesized 

bioconjugates. The specific bioconjugates screened here are believed to have high 

molecular weights of approximately 300000 Da. Previously these types of molecules 
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have been analyzed using various tools, including  spectroscopy, surface plasmon 

resonance, blue native gels and protein arrays.
287-289

 The use of mass spectrometry to 

analyze these molecules has many advantages over existing methods including its high 

sensitivity, reproducibility of results, large information content and accuracy of the data 

which includes the possibility of determining the stoichiometric information for 

molecules such as bioconjugates.
290

 Among the available mass spectrometric methods, 

soft ionization methods such as MALDI
291, 292

 and ESI
293

 have been extensively used for 

the analysis of large protein complexes. Adamczyk et al
294

 compared the MALDI 

analysis of BSA attached to low molecular weight hapten conjugates with other 

characterization methods and observed limitations in the conventional methods of 

conjugate characterization. Recently a novel MALDI detection method was introduced 

for the analysis of cross linked antibody enzyme conjugates in the mass range of 150-400 

kDa.
290

 This entailed the use of super cooled cryodetectors. This is an expensive method 

and still has limitations in the detectable mass range. Also with MALDI analysis, only 

singly or doubly charged molecules are observed requiring that the detectable mass range 

be very high in order to analyze large protein complexes.  In 1992 Carol Robinson’s 

group analyzed antibody-antigen complexes using an ESI-TOF mass spectrometer. 
295

 

For this analysis they used monoclonal antibody raised against V antigen of Yersinia 

pestis. During this experiment they were able to identify the stoichiometry of the complex 

and determined the molecular weight of the complex accurately. Using a soft ionization 

technique such as ESI to analyze these biological samples has several advantages over 

other conventional methods, such as the ability to analyze samples under native 
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conditions and the incorporation of multiple charges into the complex which shifts such 

complexes into a moderate m/z range, despite having extremely high masses. To some 

extent, this alleviates the requirement of large m/z range for the analyzer. 

Very few studies have been carried out to analyze covalent bioconjugates. These 

complexes have relatively high molecular weight distributions. In this study we have 

demonstrated the use of a Q-TOF II mass spectrometer with a nano-ESI source to 

characterize these synthetically modified antibody enzyme bioconjugates. 

c. Materials 

All the enzymes, polyclonal & monoclonal antibodies and the antibody enzyme 

bio-conjugates were obtained from Ventana Medical Systems. Original concentrations of 

the samples were determined using a spectrophotometer. These biological samples were 

received in phosphate buffer. These samples were buffer exchanged using PD-10 

desalting columns from GE Health Care in order to make the sample compatible for mass 

spectrometry analysis. Samples were desalted/buffer exchanged according to the 

protocols from the manufacturer. For the buffer exchange a mixture of 20mM ammonium 

acetate (Sigma): ammonium bicarbonate (Sigma) buffer at pH 7 was used. After the 

desalting steps the fractions containing higher concentrations of the protein were 

combined and concentrated using 3000 Da molecular weight cut-off filters (Millipore-

Amicon bio separation, centrifugal filter device). To get optimal sensitivity, the 
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concentrated samples were desalted again using Micro Bio-Spin chromatography 

columns obtained from Bio Rad, just before the mass spectrometry analysis. 

 

d. Equipments 

All protein samples were analyzed by using a Micromass Q-TOF II mass 

spectrometer from Waters Corporation (Model number UC 257). Two different 

instrument configurations were used for the analysis. Initial experiments were carried out 

using the Q-SID (surface induced dissociation)-TOF configuration (Figure 1)
296

 and the 

antibody-enzyme bioconjugates were analyzed using QTOF with CID (collision induced 

dissociation) only configuration (Figure 2) with an extended quadrupole m/z of the 

selection quadrupole range up to 8 kDa (32 kDa also available). Only CID mode was 

incorporated into the in both instrument configurations. Both CID and SID were not used 

for the analysis because we did not do tandem mass spectrometry for these bioconjugates. 

This is due to the low signal intensity of the sample at the mass scan of the instrument. A 

home built nano-spray source was used for the ionization of the samples. The capillary 

voltage was adjusted between 1.6-2.1 keV in order to get stable signal for the molecules. 

Glass capillaries were used as the spray needles. These glass capillaries (PYREX, USA) 

were pulled in the lab prior to the experiments using a heated filament capillary puller 

(Flaming/Brown Micropipette puller Model P-97 from Sutter instrument co.USA). Ar gas 

was leaked into the collision cell in order to reduce the solvent adduct formation. Clusters 
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produced from 92mM CsI (Sigma) were used to calibrate the instrument for higher 

masses.  

 

        

 

 

 

 

 

 

 

Figure 1: Modified Q-TOF (Q-SID –TOF) configuration 

Figure 2: Unmodified Q-TOF configuration 
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e. Software Tools 

The instrument was operated using Mass Lynx software Version 4. All the peak 

assignments for the analyzed samples were carried out using the tools available in the 

Mass Lynx software. 

 

f. Results and Discussion 

i. Analysis of native enzyme (horseradish peroxidase or HRP) 

For the analysis of the native enzyme, the Q-SID-TOF configuration with both 

CID and SID capabilities was used. Five different collision energies (12, 20, 50,100 

&150ev) were used in order to find optimal conditions for preserving the complex and 

achieving well resolved peaks. When we electrospray protein solutions from their native 

solvent conditions, many solvent adducts can be formed. This will lead to the peak 

broadening. When collision gas is leaked into the cell, which helps to dissociate some of 

these adducts resulting in peak sharpening in the spectrum. Figure 3 shows the mass scan 

of HRP at 100 eV collision energy applied to the molecules. Once the collision energy 

was increased the dominant peak that appeared in the spectrum was the loss of heme 

group (m/z=616) from the enzyme (results not shown). Several scans were averaged and 

smoothed in order to improve the signal to noise ratio for the samples analyzed. 



256 

 

Three different species were observed in the mass spectrum. Monomer masses 

calculated for those species were A= 43388.95±11.91, B= 42596.57±8.57, C= 

44455.65±22.58 Da for singly charged species (MH
+
). Assigned charge states were 

indicated along with the species present in the spectrum. Based on the spectra the 

dominant species present in the sample is species A (MA+10H
+
= 4342 Da).  These 

masses are in agreement with the literature values for HRP.
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 Dimer and trimer 

distributions can also be observed in the spectrum in low abundance compared to the 

monomer distribution. This low abundance might be because of the low concentration of 

the protein complex or the multimers are not stable in the solution and instrument 

conditions applied for the analysis. 

 

 

Figure 3: Mass scan for HRP using Q-TOF II mass spectrometer at 100eV collision 

energy 
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ii. Analysis of native antibodies (Polyclonal Vs Monoclonal) 

Initial analyses of native antibodies were carried out using the goat anti rabbit 

polyclonal antibody sample obtained from Ventana. Figure 4 indicates the mass spectrum 

collected for the sample after averaging and smoothing to optimize the signal intensity. In 

the native antibody analysis, argon gas was added to the collision cell in order to remove 

the solvent adducts and collisionally resolve the peaks. The spectrum below was obtained 

for the goat antibody at collision energy of 50 eV. 

 

 

Figure 4: Mass spectrum of Goat anti rabbit polyclonal antibody at 50eV collision 

energy. The numbers A26-A30, B37-B42 indicate the number of protons attached to 

the molecules. 
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For the native antibody sample, monomer, dimer and trimer distributions were 

observed with collision energy of 50eV. For the goat polyclonal antibody, the monomer 

distribution is in high abundance compared to the dimer and trimer distribution. This 

indicates the monomer is more stable than the other two bioconjugate oligomers.  It was 

hard to identify the charge state distribution for the trimer series because it is in very low 

abundance compared to the monomer and dimer. Based on the charge state distribution, 

the goat polyclonal antibody has a monomeric mass (A) of 145988.31± 66.78 Da and a 

dimeric mass (B) of 284960.94± 134.24 Da. As the molecular weight increased, the mass 

error also increased. All the masses were calculated using the tools available in the Mass 

Lynx software package. 

Figure 5a-5i shows the different types of antibodies analyzed using the previously 

described method. All the antibodies analyzed yielded molecular weight values near 146 

kDa with the exception of the “rabbit monoclonal her 2 human” antibodies (Figure 5g). 

In the case of rabbit monoclonal her 2 human antibody sample, the most abundant charge 

state distribution yielded a monomeric mass of 67 kDa. When the experiment was 

repeated several times, the same spectral pattern persisted. This may be attributed to a 

contaminant present in the sample. An additional charge state distribution is present in 

low abundance, which gives rise to a species with a molecular weight of 140 kDa. This is 

likely the mass of the actual antibody. The addition of another affinity purification step 

prior to the mass spectrometry analysis may allow better results to be obtained for this 
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sample. The monomer masses calculated for the charge state distribution of each of the 

antibody samples are indicated in Figure 5 along with their respective spectra. 

While most of the molecules have relatively low abundance dimer distributions, 

the Mouse anti rotenone antibody sample (Figure 5f) yielded nearly equal monomer and 

dimer distributions. This trend may be attributed to the high concentration of the 

molecules which would lead to a large degree of non-specific aggregation during the ESI 

process. 
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Figure 5: Mass spectra for different antibodies obtained at 100eV collision energy. 

The sample name and the calculated molecular weight are indicated in the upper 

right of each figure. The numbers indicated on the peaks indicates the number of 

protons attached. 

 

iii. Analysis of Antibody Enzyme bioconjugates (various linkers and Ab: 

HRP   ratios) 

Initial concentrations of these large antibody enzyme bioconjugate samples were 

relatively low (about 0.1µM). Molecular weight cutoff filters were used to eliminate the 

contaminant from the sample before the buffer exchange procedure that is necessary to 

electrospray the sample. After the filtration the sample volume was reduced about 10 fold 



262 

 

giving rise to the 10 fold increment of the protein concentration which will lead to get 

better signal for these molecules using this instrument. Even with these concentration 

steps and buffer exchange procedures, the spectra were relatively less intense compared 

to the native antibody and antigen samples. Instrumental conditions (source voltage, 

pressure and quadrupole scan time) were optimized to achieve the best sensitivity and 

resolution possible. 

The results from the mass spectrometric analyses suggest that nearly all the 

bioconjugates samples contained mixtures of products and unreacted reactants. Figure 6a-

6i shows the mass spectra obtained for the different types of bioconjugates supplied by 

Ventana. The number of enzymes conjugated with the antibody and the corresponding 

molecular weight of the complex is indicated along with the spectrum for each. Some of 

the bioconjugates had unreacted enzyme HRP (MW 44 kDa) present in the sample (m/z = 

~4000(M+12H
+
). 

A distribution of the number of enzymes bioconjugated to the antibodies existed 

for each sample. While most had one or two enzymes conjugated to the antibody, some 

samples exhibited as many as 5 enzymes bioconjugated to the antibody (Figure 6e). It 

was difficult to get a single charge state distribution envelope for a single bioconjugated 

species because of the overlapping of charge states. Changing the gas pressure in the 

analyzer region from 8*10
-6

 to 8*10
-5

 mbar and while also increasing the collision energy 

up to 100eV was necessary to get resolved peaks for these complexes. Similarly, the 
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heterogeneous spectra made it difficult to differentiate the differences of the linker length 

(ex. PEG 4 and PEG 12) and the bridging molecule (amine & malimide).  
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Figure 6: Mass spectra for different enzyme antibody bioconjugates obtained at 

100eV collision energy. The sample name is indicated in the upper right of each 

figure. The numbers indicated on the peaks indicates the calculated molecular 

weight of the complex corresponding to the number of enzyme(s) attached to each 

antibody with the number of protons added into each molecule. For some samples, 

protonated unreacted enzymes can be seen on the mass spectrum (Figure 6a, 6b, 6h 

&6i). 

 

g. Conclusions 

The following conclusions can be reached for the analysis of bioconjugates. The 

native enzyme has an average molecular weight of 44kDa. Because these HRP’s have 

several different isoforms, a mixture of masses were present for the molecule analyzed. 
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In this sample, three different masses were observed for the HRP. For the individual 

antibody analyses, 10 different native antibodies were analyzed using a Q-SID-TOF mass 

spectrometer. The average molecular weight was approximately 146kDa. For these 

molecules, monomer and dimer distributions can be observed in the mass spectrum. 

Based on the charge state distribution for the spectra obtained, it was hard to differentiate 

between monoclonal and polyclonal antibodies.  

For the analysis of the antibody-enzyme bioconjugates, a Q-TOF mass 

spectrometer with CID only mode with extended mass range was used. Most of the 

complexes have unreacted HRP along with the bioconjugates. One to five HRPs were 

incorporated into the native antibody to form bioconjugates. The complexity of the 

spectra made the isolation of a single molecular distribution difficult. Further affinity 

purification should be performed prior to mass spectrometric analysis in order to achieve 

better signal to nose ratio for these analytes. Recently Alexandru et al. reported the 

conjugation of size exclusion chromatography with mass spectrometry for the analysis of 

immunoconjugates. 
298

 Their method enabled them to get higher quality spectra while 

also allowing them to quantify the amount of sample in the immunoconjugated product. 

Finally, it can be concluded that a Q-TOF mass spectrometer can be used to 

analyze these covalent enzyme antibody bioconjugates without having lengthy protocols 

and special instrument configurations.  Further experiments must be performed in order 

to optimize these methodologies. 
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