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nESI or nanoESI Nanoelectrospray Ionization 
PS Paper Spray 
PSM Peptide Spectral Match 
PTM Post Translational Modification 
Q Quadrupole Mass Filter 
QqQ Triple Quadrupole 
RF Radio Frequency 
RP Reverse Phase 
SAP Serum Amyloid P 
SCX Strong Cation Exchange 
SID Surface Induced Dissociation 
SRM Selection Reaction Monitoring 
TCA Trichloroacetic acid 
TFA Trifluoroacetic acid 
TOF Time of Flight 
TTR Transthyretin  
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Abstract 

 

The research described in this dissertation is divided into two sections. The first 

section focuses on mass spectrometry-based bottom-up proteomics application to 

identify fungal protein biomarkers of invasive aspergillosis infection. The second 

part focuses on instrument development to improve current ionization and 

dissociation technologies for characterizing topology and substructure of protein 

complexes.  

 

Part I of this dissertation describes the identification and validation of protein 

biomarkers for Invasive Aspergillosis (IA), a fatal pulmonary infection. Aspergillus 

fumigatus, the organism responsible for this disease, is an opportunistic fungus. An 

average individual inhales hundreds of conidia each day. A healthy immune system 

readily clears the conidia, and no disease develops. Immunocompromised 

individuals, however, can suffer from IA due to impaired immune response. The 

current diagnostic tools are time-consuming and have variable sensitivity and 

specificity. Hence, treatments for IA are often administered too late. The goal of this 

research is to use mass spectrometry to identify and validate novel fungal protein 

biomarkers for IA. The ideal protein candidates need to distinguish IA from other 

Aspergillus-related diseases such as asthma, allergies, and aspergilloma.  

 

To tackle this challenge, several systems were studied. Commercial Aspergillus 

antigen was used for method development, and to serve as standards for spiking 
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and comparison. Mouse models of different disease manifestations were used in the 

initial study to compare proteomic differences in carefully controlled disease states. 

Although it was not successful in providing candidate biomarkers, the mouse 

samples provided host response protein data. Human patient samples yielded the 

most promising results. Several Aspergillus proteins have been identified and 

validated from patient bronchoalveolar lavage fluid, and could have the potential to 

be later used on a diagnostic platform. 

 

Part II describes two instrument development projects: incorporation of a surface-

induced dissociation device into a commercial ion mobility time-of-flight mass 

spectrometer, and the development of a paper spray ionization source. Both 

projects aim to provide better methods for studying protein complexes. Protein 

complexes are often studied using collision-induced dissociation (CID), which does 

not provide enough substructure information. Surface-induced dissociation (SID) 

allows access to higher energy fragmentation pathways, which generates more 

useful substructure information. Its potential is demonstrated with three systems 

here-- one metal cluster and two protein complexes. All systems show that SID can 

provide more useful structural information than CID under similar conditions. The 

development of a paper spray (PS) source for protein complex ionization provides 

another way to study protein complexes. While PS has been previously described in 

the literature, its application previously extended to small molecules only. With 

carefully controlled conditions, chapter 9 shows that this ionization method can also 

be applied to protein complexes. Under the same conditions as its nanospray 
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counterpart, similar mass spectra can be obtained using PS. This exciting result is 

the first demonstrations that PS can be used for protein complexes while 

maintaining each protein complex’s native structure and conformation. 
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Identification and Validation of Fungal Protein Biomarker for Invasive Aspergillosis 
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Chapter 1  Mass Spectrometry and Its Biological Applications 

 

1.1 MS Application in Proteomic Questions 

 

Mass spectrometry (MS) is a valuable tool in analysis of biological samples, and is 

commonly used in proteomics, the study of the proteome. Fundamentally, MS 

measures the mass-to-charge ratio (m/z) of an analyte in the gas phase. With a vast 

variety of instrumentation and ongoing advances in protein characterization, MS 

can provide more information than other techniques such as gel electrophoresis, 

protein microarray and two-hybrid technologies. Recent advances show that MS is 

not only essential for systems biology[1], but also can be applied to higher order 

structural analysis of protein complexes[2]. The ability for MS to become a widely-

used powerful tool owes its origin to the two ionization techniques developed in the 

1980’s for large biomolecules such as proteins and peptides: electrospray ionization 

(ESI)[3] and matrix assisted laser desorption ionization (MALDI)[4].  

 

1.1.1 Overview of Discovery Proteomics 

 

Discovery or untargeted proteomics involves the study of a proteome without 

targeting specific proteins or peptides of interest. It provides a fast and deep 

understanding of the proteins present in a sample. It is typically done using either 

top-down or bottom-up approaches, although bottom up is still more common. The 
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basic principle of bottom up analysis is to identify proteins based on their partial 

peptide sequences deduced from mass spectra. In bottom-up proteomics typically 

very complex peptide mixtures are analyzed.[2, 5, 6] Online liquid chromatography 

MS results (LC-MS) contain evidence for tens of thousands of peptides.[7, 8] Figure 

1.1[9] shows the general scheme involved in discovery proteomics using MS 

approaches with modern technology. Both top-down and bottom-up approaches 

will be explained in detail in the following sections.   

 
Figure 1.1. Methods in protein identification using mass spectrometry. Reproduced 
with permission from [9].  
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1.1.2 Overview of Targeted Proteomics 

 

Quantification of protein concentration is one of the most commonly performed 

analyses in biochemistry. Measurement of protein concentration is particularly 

useful in studying the difference in protein expression levels in different systems. 

Variations in protein concentrations can be linked to enzymatic pathways, especially 

in different disease states. For decades, the gold standard in protein concentration 

measurement has been western blot.[10] While commonly used and very powerful, 

western blotting has limitations. Most of these limitations are mainly related to the 

performance of the antibodies. Antibodies can lack specificity and detect multiple 

bands in complex protein mixtures. However, typically only the one at the “correct” 

molecular weight is the one considered. Highly similar homologues and sequence 

variants arising from polymorphisms and mutations are usually not distinguished, 

and different posttranslational modification sites may not be distinguished.[11]  

 

Mass spectrometry provides an alternative platform for targeted proteomics and 

allows multiplexing when performed carefully. The introduction of Select Reaction 

Monitoring (SRM) and its multiplexing application, Multiple Reaction Monitoring 

(MRM) allow sensitive and selective assaying capability in a triple quadrupole 

instrument. This technology will be discussed in detail in later sections. 

 

1.2 Introduction to Mass Spectrometry 
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1.2.1 Ionization Techniques 

 

Two ionization techniques are particularly important in biological mass 

spectrometry. The first is electrospray ionization (ESI) and the second is matrix 

assisted laser desorption ionization (MALDI). Both techniques are described here. 

The developments of both techniques were jointly awarded the Nobel Price in 2002.  

 

The development of electrospray ionization (ESI) provides a robust method of 

ionizing non-volatile compounds for MS analysis for biomolecules.[12, 13] It is a 

softer ionization technique than many other methods.[12, 14] Figure 1.2 shows the 

process of ESI. During this process, analyte solution is introduced into a capillary, 

which is held at potential in the range of 1-5 kilovolts. The solution forms a Taylor 

cone at the very tip of the capillary, which “sprays” small charged droplets into the 

atmosphere under the influence of the electric field. The droplets further evaporate 

and desolvate into smaller droplets. Due to this process, multiply-charged analytes 

are created. These electrically charged droplets are driven into the orifice of a mass 

spectrometer electrically. A drying gas flow and/or a heating apparatus are used in 

the ion source to assist desolvation.[12] 
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Figure 1.2. Schematic of electrospray ionization (ESI). Reproduced with permission 
from [15]. 

 

Two leading theories are commonly proposed for the process of ESI, the ion 

evaporation model (IEM) and the charge residue model (CRM).[16] In IEM, large 

solvated charge droplets undergo fission and small analyte ions are generated as a 

result.[17] In CRM, the charged droplet containing the large analyte ions evaporate 

to dryness and the charges from the initial droplet are retained on the desolvated 

analyte ions. The models suggest that IEM is a faster and more efficient process, 

contributing to the stronger signal intensities of small ions and unfolded proteins in 

ESI, while CRM applies to large folded protein ions.[18]  

 

Nanoelectrospray Ionization (nESI or nanoESI) is an even gentler form of ESI.[19] 

As the name implies, the spray capillary is smaller in diameter, the sample is flowing 

at a lower flow rate, hence much lower sample consumption. Because the applied 

voltage is lower, and this process forms smaller droplets than ESI, the desolvation 
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step is generally less harsh, making it easier to preserve fragile protein and peptide 

structures. NanoESI aslo has higher salt tolerance than traditional ESI.[19] 

Therefore, neutral aqueous buffers can be used for spraying.[20] However, to 

prevent ionization suppression and salt adduct formation, volatile buffer in nanoESI 

is still more commonly used.[21]  

 

The other ionization techniques commonly used for biomolecules is matrix assisted 

laser desorption ionization (MALDI). Like ESI, it is considered a “soft” ionization 

technique.[22-24] Sample preparation in MALDI involves mixing the analyte with 

light-absorbing compounds as matrix.[25] The co-crystalized analyte and solid 

matrix is hit with laser irradiation. Molecules of the crystals desorb, perhaps in 

clusters, ionize the analyte and declustered analytes enter into the gas phase. The 

ions generated are then accelerated into the mass analyzer by an electrical potential.  

 

MALDI mass spectra typically show strong molecular ions that are predominantly 

singly protonated, unlike ESI or nanoESI, which produce multiply-charged analytes. 

It is generally accepted that a primary ionization occurs during or shortly after the 

laser impact, followed by ion-molecule reactions as the secondary event.[26] 

 

1.2.2 Mass Analyzers 

 

Post ionization and transfer lenses, mass analyzers provide separation of the 

different mass-to charge species present in the sample. There are several different 
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types of mass analyzers available--quadrupole mass filter (Q), ion trap (IT), time-of-

flight mass analyzer (TOF), magnetic and electric sector mass analyzers, Fourier 

Transform ion cyclotron resonance (FTICR) --and a combination of two different 

kinds of analyzers to make hybrid mass spectrometers. In this section, quadrupoles, 

ion traps and orbitraps will be discussed because they are the instruments used to 

generate data in this dissertation. 

 

1.2.2.1 Quadrupole (Q) 

 

A quadrupole mass analyzer consists of four cylindrically or hyperbolically shaped, 

parallel metal rod electrodes (Figure 1.3). Direct current (DC) voltages and 

alternating radio frequency (RF) are applied to alternating electrodes. The DC (U) 

and RF (Vcosωt) voltages [+(U+Vcosωt)] are applied to a pair of opposite electrodes, 

and the other pair of electrodes are held at the opposite polarity voltages [-

(U+Vcosωt)]. For a given U/V, the motions of ions within a certain m/z range results 

in a stable trajectory, allowing the ions to pass through the quadrupole. Ions outside 

the m/z range neutralize on the rods or deflect out. Varying the magnitude of U and 

V with constant U/V leads to scanning of m/z [27]. The width of the transmitted m/z 

range is controlled by the U/V. If no DC bias is applied, the RF-only quadrupole can 

transfer a wide range of m/z ions. This mode of operation allows quadrupoles to be 

used as ion guides and collision cells [27-29]. Although quadrupoles only typically 

have unit mass resolution, quadrupoles are widely used due to their robustness and 

inexpensive price tag. They also tolerate relatively high pressure and are often used 
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as a mass filter coupled to a higher vacuum mass analyzer (e.g. Q-TOF, Q-Orbitrap 

[27-29]. Elevated pressure in the RF-only quadrupole has been shown to greatly 

improve the transmission of higher m/z ions because collisional cooling focuses the 

ion beam to the center (xy plane) [28, 29]. 

 

 

Figure 1.3. Rod (left) and parabolic (right) quadrupoles.  

 

1.2.2.2 Ion Traps (IT) 

 

Ion traps evolved from the concept of quadrupolar fields. They can consist of two 

different configurations. The earliest development of ion traps is a 3D ion trap, 

which is more cylindrical, and the end caps confine analytes to very tight spaces. 

With instrumentation advances, a more common form of ion trap found in 

commercial instruments is the linear ion trap (Figure 1.4).  
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Figure 1.4. Schematic showing a linear ion trap (LIT). Reproduced with permission 

from[30]. 

The LIT was first introduced by Schwartz et al. in 2002 as a better alternative to the 

3D ion traps [31] used. [30] With a linear design, the space-charge effect of ions 

confined in small spaces is minimized, allowing the trap to have a larger capacity. 

Two sets of four capping electrodes are placed on either end of the center electrodes 

to trap the ions inside of the ion trap. RF voltages are varied to selectively eject ions 

at specific m/z. Many rounds of fragmentation and fragment isolation can be performed 

via a supplemental AC signal, allowing for high orders of tandem mass spectrometry 

(MSn) in a single instrument. Ions can be injected from either axis allowing for ion-ion 

reactions, which has made electron transfer dissociation (ETD) popular and still allow 

detection via orthogonal/radial ejection. To facilitate the radial ion ejection, a slit is 

cut in the two of the center rods and the ejected ions are collected at two electron 

multiplier detectors. There are many advantages to using an LIT or LTQTM (Thermo 

Scientific) mass spectrometer over the conventional 3D traps. Among those are 

increased trapping efficiency results in rapid duty cycle and higher scan speed, 
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improved ion storage capacity and ion ejection rate. 

 

1.2.2.3 Orbitrap 

 

With high demands for technology that is small in footprint, robust, and that has 

high mass accuracy, the development of the orbitrap analyzer by Alexander 

Makarov [32] is significant in the field of proteomics and metabolomics. The idea for 

the orbitrap is based on the Knight-Kingdon trap.[33, 34]. In an orbitrap, ions are 

trapped radially around a central spindle electrode (Figure 1.5). As ions move in the 

orbitrap in harmonic oscillation along the axis of the electric field, the frequency of 

that oscillation is measured by the outer electrodes to deduce the m/z of each ion. 

The axial frequency is independent of spatial spread and energy of the ion. The 

image current transient measured can be processed using a Fourier Transform.[35] 

The end result is a device capable of 480,000 resolution at sub-ppm mass accuracy. 

The use of orbitrap, especially hybrid mass spectrometers with orbitraps mass 

analyzers have led to increasing numbers of publications in proteomics and 

metabolomics since its invention over a decade ago.  

 

Figure 1.5. Schematic of an orbitrap analyzer. The red trace indicates trajectories of 

ions inside the device. Reproduced with permission from [35]. 
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1.2.2.4 Tandem Mass Spectrometers and Hybrid Instruments 

 

Tandem mass spectrometers, first introduced in the 1980s[36] have revolutionized 

the types of research conducted using mass spectrometers. Tandem MS refers to 

isolating ions of interest and dissociating them to produce fragments in order to 

provide more structural information. Many activation methods have been 

developed to achieve different types of dissociation to yield different types of 

fragment ions, which can provide different yet complementary information for 

analyte. Detailed information on the types of dissociation will be mentioned in the 

following section. In this section, however, the two main tandem mass 

spectrometers used in this part of the dissertation will be introduced.  

 

Two instruments are used in Part 1 of this dissertation, a triple quadrupole and a 

hybrid dual linear ion trap-orbitrap mass spectrometer. The triple quadrupole mass 

spectrometer is used for targeted analysis while the Orbitrap Elite hybrid mass 

spectrometer is primarily used for discovery analysis. 

 

Since their commercialization, various generations of LTQ-orbitraps have been 

heavily used in proteomics applications.[37, 38] Figure 1.6 shows the Orbitrap Elite 

mass spectrometer used for discovery proteomics mentioned in the following 

chapters. This instrument consists of a dual linear ion trap coupled to a high field 

orbitrap.[39, 40] The combination of lower resolution ion traps with high resolution 
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orbitrap allow fast, sensitive and accurate analysis of complex protein mixtures. The 

precursor ions can be scanned in the orbitrap for high mass accuracy while the dual 

linear ion traps are conducting collision induced dissociation (CID, will be discussed 

in later section) and scanning the fragment ions at lower mass accuracy. The high 

mass accuracy of the precursor ion ensures the accuracy of identification of each 

peptide, while the lower mass accuracy of fragment ions allow faster scanning speed 

to generate the peptide sequence. Therefore, this is an ideal instrument for 

discovery proteomics, especially when coupled with powerful liquid 

chromatographic separation. Its capability to perform other types of fragmentations 

(ETD and higher energy CID) allows complementary peptide sequence information 

to be obtained for the analyzed samples. 
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Figure 1.6. Schematic of a Thermo Scientific Orbitrap Elite mass spectrometer: this mass spectrometer integrates dual linear 

ion traps and orbitrap. Reproduced and modified with permission from [41]. 
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The other instrument that is heavily used in this part of the dissertation is a triple 

quadrupole or QqQ-type instrument. It is used in the case of targeted proteomics. 

The triple quadrupole mass spectrometers are a combination of three quadrupoles 

for tandem mass spectrometry (MS/MS) [42-44]. The first and third quadrupoles 

are for mass analysis while the second serves as a collision cell. [42-44]  

 

QqQ instruments have been developed to be a standard tool for LC-MS/MS and 

quantitation [45]. They can be operated in several different scan modes (Figure 1.7). 

The various scan modes include product-ion scan, precursor-ion scan, neutral-loss 

scan, and selected reaction monitoring (SRM). During product-ion scan, the first 

quadrupole (Q1) is set to isolation only one m/z precursor. That particular 

precursor is then fragmented in the second quadrupole (q2), and all the fragment 

ions are analyzed in the third quadrupole (Q3). In this case, every single fragment of 

a specific precursor is collected for analysis. During precursor-ion scan, Q1 allows 

all precursors to pass and enter into q2 to be fragmented one at a time, while Q3 

only allow one m/z fragment to pass to the detector. This allows only the precursor 

that generates a very specific fragment to be analyzed. Neutral-loss scan is 

commonly used for post-translational modification such as phosphorylation in 

peptides. Q1 and Q3 are set to scan for only the pair of precursor and its fragment, 

which shows the loss of a specific neutral species after fragmentation in q2. Lastly, 

the most widely used technique and application for triple quadrupole is selected 

reaction monitoring or SRM.[46] Both Q1 and Q3 are set to pass only specific m/z. 

Each precursor and product ion pair is called a transition. The instrument only 
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detects specific transitions, making this technique one of the most selective and 

sensitive analyses present to look for known targets. Multiple reaction monitoring 

or MRM,[47] is a multiplexed version of SRM. With faster scan speeds in modern 

triple quads, it is possible to scan multiple transitions under the same 

chromatographic peak. This allows more transitions, therefore more analytes to be 

detected simultaneously, leading to less sample consumption and higher 

throughput. 

 

 
 
Figure 1.7. Triple quadrupole scan modes. Each box represents one quadrupole. 
Reproduced with permission from [48]. 
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1.2.3 Ion Activation Techniques 

 

To generate fragment ions that offer insights into peptide sequence or analyte 

structures, precursors need to be activated energetically. Two types of activations 

are common in proteomics studies, collision induced dissociation and electron 

transfer dissociation. The first is more commonly use and can be found in almost 

every commercial mass spectrometer, while the second is gaining popularity in its 

complementary data that can give more useful information. Different types of ion 

activation lead to different fragment ions to be observed in mass spectra. 

Traditional peptide fragmentation follows the Roepstorff nomenclature.[49]  

 

Figure 1.8. Roepstorff nomenclature for peptide fragment ions. Reproduced with 
permission from [49]. 

 

1.2.3.1 Collision Induced Dissociation 

 

Collision induced dissociation or CID, is one of the most commonly used 

fragmentation techniques in mass spectrometry. It induced fragmentation of a 

precursor in the gas phase through collision with inert gas molecules.[50, 51] The 
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precursor is accelerated into the collision cell prior to fragmentation to provide the 

kinetic energy needed for collision and fragmentation. Upon collision, the kinetic 

energy converts to internal energy. Each subsequent collision provides more energy 

until bond breakage is observed in the analyte. This method is routinely used in 

most mass spectrometric methods. While most CIDs are low energy (1-100 eV), a 

higher energy CID (in keV) are used in some cases.[52, 53] In the case of CID, b and y 

ions are usually observed as the dominant species present in mass spectra. With 

tryptic peptides (peptides that contains either lysine or arginine on the C-terminus 

due to trypsin digestion mechanism), y ions typically dominate due to the charge 

being localized around the C-terminus.  

 

1.2.3.2 Electron Transfer Dissociation 

 

Electron capture dissociation (ECD), as the name implies, is an activation method 

where the analyte ions interact with low-energy electrons to cause fragmentation. It 

is a nonergodic process that generates c and z fragments (instead of b and y ions in 

CID) for peptides and proteins.[54] Electron transfer dissociation (ETD), works on 

similar principle as ECD but uses radical anions instead of electrons to react with 

analyte ions.[55] ECD/ETD have been shown to be complementary to CID and can 

increase total number of protein identification for proteomics.[56] They tend to 

provide more structural information such as the identification of post translational 

modifications (PTM) in peptides. During ETD, the PTMs can be retained in the 

peptide fragments, providing information of the modification site in the peptides. 



 46

During CID, the PTMs are typically lost as a neutral species, giving no site-specific 

information.[57] Because this technique works better for higher charge ions (z>2), 

it is commonly used for top-down proteomics. 

 

1.3 Introduction to Separation Techniques 

 

Much of the problems related to working with biological samples are sample 

complexity. For example, the 12 most abundant proteins constitute approximately 

95% of total protein mass of human blood. These proteins include albumin, IgG, 

fibrinogen, transferrin, IgA, IgM, haptoglobin, alpha 2-macroglobulin, alpha 1-acid 

glycoprotein, alpha 1-antitrypsin and HDL (Apo A-I & Apo A-II). Since most analyte 

of interest are present in lower levels in an organism, being able to overcome 

complexity and dynamic range of concentration is important.[58] Figure 1.9 

demonstrates the dynamic range issue present in working with human plasma. 

Under regular conditions, protein concentration in plasma can vary by 10 orders of 

magnitude. The figure also demonstrates that different methods can detect different 

levels of proteins that are present in plasma. Figure 1.10 further demonstrates that 

not only it is hard to identify all proteins present in a sample, being able to quantify 

proteins is even more challenging.[59]  

 

While modern mass spectrometers are fast and sensitive, separation is crucial in the 

success of identifying lower abundance species. The following sections address 

methods of separations commonly used for proteomic challenges, such as the one 
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presented in Part 1 of this dissertation. Figure 1.11 shows the common schemes 

used in proteomics that are addressed in most literature. Variations of the 

techniques presented in the figure are applied to this study.  

 



 48

 
 

Figure 1.9. The dynamic range problem in proteomics. Proteins in plasma can have concentrations varying in magnitudes. 
Reproduced with permission from [58].
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Figure 1.10. Problem in proteomics as indicated by this figure. The number of 
proteins that can be identified and quantified are grossly under-represented by the 
actual number of proteins present in the sample. Reproduced with permission from 
[59]. 
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Figure 1.11. Schematic of a general proteomic workflow in both gel-based and gel-free techniques. Reproduced with 
permission from [60]. 
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1.3.1 Types of Chromatography 

 

Two types of liquid chromatography are commonly used in separation of peptides 

for proteomic applications. They are reverse phase separation and ionic exchange 

separation. Both are used  

 

1.3.1.1 Reverse Phase 

 

Reversed phase (RP) separation provides high resolution, sample desalting, and 

mobile phase compatibility with ESI and MS detection. It has been the gold standard 

in most commercial LC-MS. The basis of the RP mode is hydrophobic interaction 

between peptides and the stationary phase. For peptide separation, C18 is 

commonly used as the stationary phase. It is covalently bound to a solid support. 

Peptides are loaded onto a RP column under low-organic solvent condition. As the 

organic content in the mobile phase increases, peptides elute selectively according 

to the strength of the hydrophobic interactions with the stationary phase. 

 

1.3.1.2 Ion Exchange 

 

Anionic and cationic exchange chromatography is another technique commonly 

observed in MS proteomic studies for polar molecules, such as acidified peptides. 

During this process, the analyte interacts with the stationary phase through 

coulombic interaction. The stationary phase contains an ionic functional group 
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which interacts with analytes of opposite charge. Salt is added to the mobile phase 

to disrupt this interaction to elute peptides selectively. For peptides, this technique 

exhibits lower separation resolution, but has proven to be excellent orthogonal 

coupling to RP separation in 2D separation technology.  

 

1.3.2 Fractionation Techniques 

 

1.3.2.1 Gel Fractionation 

 

Gel fractionation is one of the most common separation technique coupled to LC-MS. 

The separation can be either done with 1D or 2D gels, depending on the application. 

In 2D gel separation, such as that described in Figure 1.11, protein samples are 

separated electrophoretically by isoelectric point (pI) first then by molecular weight 

(MW). Discrete spots for each proteins are obtained on the gel, and proteins of 

interest can be excised for digestion and further analysis via LC-MS.[61] 2D gel is a 

powerful separation technique where 3700 spots can be observed on a gel for 

human plasma with over 300 proteins identified as reported.[62] Though powerful, 

it has major drawbacks.[63] The process is labor-intensive, lengthy, and hard to 

automate. Due to the amount of handling, contamination is almost unavoidable with 

poor reproducibility. 

 

The simpler variation of this technique is 1D gel fractionation, which is employed in 

part of the studies here. It is less common because it provides very basic separation 
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on the protein level. Samples are loaded onto a gel and separated based on their 

MW. Gel “chunks” can be excised from each lane, and each lane can be subjected to 

downstream analysis for identification.  

 

1.3.2.2 Multidimensional Protein Identification Technology 

 

Many multidimensional separation combinations have been reported in the past 

decade.[64] Different first dimension separations have been suggested, including 

size-exclusion chromatography (SEC), strong cation exchange (SCX) and strong 

anion exchange (SAX).[65-67] Several factors are important for the selection of the 

first dimension—large loading capacity and more importantly, compatibility with 

the second dimension, which is usually reverse phase. Two multi-dimension 

techniques are discussed here. First technique is multidimensional protein 

identification technology (MudPIT), which revolutionized shot gun proteomics. The 

second is reverse phase coupled to reverse phase (RP/RP), which is gaining 

popularity in literature in the more recent years. Most of the experiments discussed 

in this dissertation are performed using RP/RP technology.  

 

Multidimensional Protein Identification Technology (MudPIT) was first introduced 

by Yates et al. in the early 2000s.[68, 69] This technique uses SCX as the first 

dimension coupled to RP in the second dimension. Figure 1. 12 shows an example of 

this technology applied to yeast lysate.  
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MudPIT consists of simple reiterative steps. Acidified peptide mixture is loaded onto 

the SCX stationary phase, then selectively eluted onto the RP column by using salt 

step gradient (or salt “bump”) that disrupts the electrostatic interaction between 

analyte and stationary phase in the first dimension. Salt is then washed away, and 

increasing organic gradient is applied to the system to analytically separate the 

peptides on the RP column. The RP column is then reequilibrated back to initial 

condition before a higher salt concentration step gradient is applied. This process is 

repeated until all peptides have eluted from the first dimension column and have 

been separated for analysis on the second dimension column. The solvents used are 

compatible for both columns.  

 
Figure 1.12. An example of MuDPIT for analysis of yeast tryptic digest. Reproduced 
with permission from [70]. 

 



 55

Several improvements and modified techniques have been reported after the 

introduction of MudPIT to improve the number of proteins that can be identified. 

For example, a mix bed of both cationic and anionic first dimension stationary phase 

has been reported, and shows twice as more peptide identified using the new first 

dimension.[71] Semi-continuous salt gradients rather than discrete salt steps have 

also shown more identification due to better separation resolution in the first 

dimension.[72] Variations of pH/salt gradient in the first dimension have shown 

improved number of proteins identified in specific systems by several other 

researchers.[73, 74] 

 

1.3.2.3 Reverse Phase-Reverse Phase 

 

Reverse Phase-Reverse Phase (RP/ RP) is introduced a few years after MudPIT. As 

the name suggests, both the first and second dimensions of separation are based on 

hydrophobic interactions between the analyte and the stationary phase. To achieve 

orthogonal separation,[75, 76] stationary phases can be of different selectivity with 

the same mobile phase, or the same stationary phase can be used in different pH 

condition mobile phases.[77] Studies have shown that performing 2D separation 

using C18 stationary phase at pH 10 for first dimension followed by pH 2.6 at 

second dimension (Figure 1.13) is the most optimal for peptide separation.[77] The 

use of RP chemistry allow better separation resolution, while little to none solvent 

compatibility issues are observed. This technology is used in the experiments 

performed in this part of the dissertation.  
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Figure 1.13. Waters Corpoporation’s adaption of RP/ RP separation at high/ low pH. 
Figure obtained from Waters 2D NanoAcquity User’s manual.  

 

1.4 Bottom Up vs Top Down Proteomics 

 

In bottom-up proteomics, a mixture of proteins is enzymatically digested into 

peptides, which are usually then fractionated using liquid chromatography (LC) 

techniques before injected into a mass spectrometer. The mass spectrometer 

detects the m/z of peptides and performs MS/MS on selected peptides. In MS/MS, 

the peptides break into smaller segments of peptides. For collision induced 

dissociation (CID), the fragmentation often occurs at amide bonds and generates 

b/y fragment ions. The differences in mass from precursors to fragments 

correspond to loss of amino acid residues. Identification of sequential loss of amino 

acid residues lead to the identification of peptide sequences, which then allows 

identification of proteins in the sample by searching known protein sequences to 
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see which contain the identified peptide segments. In most applications, 

identification of peptide sequences is achieved by matching the experimental 

spectra with theoretical spectra from protein sequence databases for higher 

efficiency, instead of de novo sequencing of each MS/MS spectra based on the 

aforementioned principle. The bottom-up strategy (LC-MS/MS) is widely used for 

biomarker discovery in complex biological fluids in reproducible, sensitive, and 

highly automated manner.[78] Various isotope labeling, derivatization, and label-

free methods have also been introduced to quantify protein contents in the 

sample.[78, 79] 

 

The top-down proteomics addresses the protein identification question in a similar 

principle but with a different approach. Instead of digesting a mixture of proteins 

into a more complicated mixture of peptides, the whole proteins are separated first. 

Then the proteins are selected as precursors and directly fragmented in MS/MS, 

generating peptide segments that are essential for identification of the protein 

precursors. However, top-down analysis is usually restricted by the low throughput, 

complexity of data analysis, and requirement of high resolution mass analyzers.[80, 

81] Thus it is limited to simple protein mixtures,[81] or coupled with labeling 

techniques to study protein interactions and dynamics.[82] The bottom-up 

approach is still the routinely used method for high-throughput identification of 

proteins in complex biological samples.[81] 
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1.5 Proteomic Data Analysis 

 

Once peptide mass spectra are obtained in bottom-up proteomic approaches, there 

are several ways to interpret tandem mass spectra. The more common ways consist 

of searching the obtained MS/MS with known (previously obtained) or predicted 

MS/MS. Several of these methods have been developed using this principle. One of 

these methods involves comparing the experimental spectrum with theoretical 

spectra predicted for each peptide in a known protein sequence database.[83] 

Another method compares the experimentally acquired spectrum with libraries of 

experimental MS/MS spectra identified from previous experiments (spectral 

library).[84] 

 

The two methods mentioned above require at least some knowledge of the sample. 

If the origin and nature of sample is unknown, or if no good match can be obtained 

using those two methods, de novo sequencing is a more time-consuming but viable 

option for peptide sequence identification. It involves manual interpretation of the 

tandem mass spectra using the fragmentation information. Peptide sequence can be 

deduced using mass differences between adjacent peaks on an MS/MS. Due to the 

amount of time needed and the amount of manual work required for de novo 

sequencing, using it as a method for shotgun proteomics where tens of thousands of 

spectra are generated is impossible. 
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1.5.1 Database Searching Algorithms 

 

To facilitate the process of analyzing MS/MS obtained in proteomics runs, several 

database-searching algorithms have been developed. Until today, computation 

power and bioinformatics are still considered one of the bottlenecks for MS 

proteomics. Many of the search algorithms available are similar in principle. Revised 

versions of the standard search algorithms have also been developed to improve 

search efficiency, accuracy and coverage. Examples of the most common search 

methods are described below.  

 

SEQUEST is one of the earliest proteomic database-searching algorithm 

available.[85] Despite its early origin, it remains as one of the most popular 

algorithm for shotgun proteomics data. It is implemented in many instrument 

vendors’ commercial software. SEQUEST works by comparing the experimental 

MS/MS spectrum to theoretical spectra from peptides sequences of a given protein 

database. Each comparison is assigned an xcorr score, which is indicative of how 

good that match is. Xcorr is based on many factors including database size and 

number of peaks matched between the experimental to theoretical. The higher xcorr 

score assignments can then be displayed as potential sequence of that peptide.  

 

Other search algorithms are also available.[83] These include the MASCOT and 

OMSSA, which work on the principle of shared fragment counts. Other algorithms 

work with fragmentation frequencies, as well as combinations of these methods. 
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Despite their differences in principle, many give similar results when applied to the 

same proteomic dataset. Our group has developed our own search algorithm, 

Sequence Identification or SQID which also takes fragment intensity into account for 

score assignment.[86]  

 

1.5.2 Validation Methods 

 

Once peptide sequence is identified and protein assignments are made, false 

discovery rate (FDR)[87] has been to be assessed. Due to protein interference 

problems, some of the identified sequence assignments will be false.[88, 89] The 

FDR for peptide sequence assignments, which are called peptide spectral matches or 

PSM can be confidently estimated by using a decoy database search. The 

experimentally obtained MS/MS can be searched against a concatenated database or 

separate databases of the target proteins and nonsense or decoy sequences.[90, 91] 

Many times, the decoy database consists of reversed sequence of the target 

database, allowing the peptides to be of the same precursor mass but different 

fragment masses. Protein FDRs, however, are more sophisticated to assess, because 

FDR of PSM does not necessarily translates to FDR of biological relevance of protein 

identification.[92] Protein FDR estimation has to account for that false positive PSM 

and true positive PSM distribute differently across the database. Therefore, FDR of 

PSM is typically lower than the FDR of protein.[90, 93] Most search algorithm has 

built-in functionality to estimate both PSM and protein FDRs.  
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Another validation typically done after sequence assignment is to ensure the 

sequence identified does not match with other organisms, especially in the case of 

biomarker discovery such as the project described in this dissertation. If a sequence 

identified can be found in other organisms, especially in the case of foreign antigen 

in host organism, the identified sequence could be a mis-assignment. To validate the 

sequence assignment, Basic Local Alignment Search Tool (BLAST)[94] can be used. 

This is a tool readily available on the NCBI website. An input sequence is searched 

against all known sequences either in a given database, including the nonredundant 

database. Sequence similarity, homologies and E scores are calculated for sequences 

that match the input sequence. As depicted in Figure 1.14, an Aspergillus fumigatus 

peptide sequence is the input, and the simplified ideal output is shown this cartoon, 

where other organisms are poorer match to the input sequence.  

 

 

Figure 1.14. Principles behind Basic Local Alignment Search Tool (BLAST). 
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1.6 Introduction of Pulmonary Invasive Aspergillosis (IA) 

Aspergillus fumigatus is an ubiquitous fungus that is present predominately in 

decaying vegetation and soil.[95] It is an opportunist fungus. An average person 

inhales in a few hundred conidia (asexual, non-motile spores) a day, which are 

cleared by a healthy immune system effectively.[96] Immunocompromised patients, 

however, may develop invasive aspergillosis (IA), a potentially fatal disease. A. 

fumigatus spores enter the lung through inhalation. Alveolar macrophages are the 

first line of defense against installed conidia. After germination, neutrophils acts 

against hyphae (the filamentous tissue invasive form).[97] IA often occurs in 

patients who with prolonged neutropenia, have undergone hematopoietic stem cell 

transplant (HSCT) or solid organ transplantation, received chemotherapy, or who 

suffer from late-stage AIDS. It has been reported that the occurrence of IA has 

increased by seven fold in the 1980s and the 1990s in the US and in Europe. This is a 

result from more patients undergoing treatments for hematologic maglignancies 

and allogeneic HSCT.[98] Delay in initiation of antifungal therapy causes higher 

mortality. Current diagnostic criteria rely upon microbiologic, histologic, 

radiographic and carbohydrate biomarker assays. Some of these tests are time-

consuming, others are invasive, and they have variable accuracy. Difficulty in 

diagnosis makes it only possible to classify each patient as probable or possible 

IA.[99] Consequently, patients with IA often receive treatment too late. A. fumigatus 

infection can also lead to other diseases such as aspergilloma, in which A. fumigatus 

grows inside lung cavities, or allergic bronchopulmonary aspergilloma (ABPA), an 
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allergic response to A. fumigatus. The organism may also colonize the airways 

without causing disease. Hence, development of a fast, sensitive, and less invasive 

diagnostic technique is critical in being able to correctly and confidently identify IA 

in patients soon after onset of symptoms. The goal of the present study is to identify 

A. fumigatus proteins that are specifically present in the organism of a patient 

during IA. Identification of target proteins present in biological samples will help 

develop future diagnostic tools. 
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Chapter 2 Materials and Methods For Biomarker Studies 

 

2.1 Aspergillus fumigatus Antigen Sample Preparation 

 

Commercial Aspergillus fumigatus antigen was purchased from Greer Lab (Lenoir, 

NC). The package comes in a glass vial as bone meal grind of the A. fumigatus 

hyphae. This antigen was also used by Dr. Feldmesser lab for sensitization in the 

fungal asthma mouse model studies described section 2.2.1. A small amount of the 

antigen powder was weighed and reconstituted in deionized water at the 

concentration of 2 mg/ml. BCA assay (Pierce) was performed on the suspension to 

determine approximate protein concentration prior to the following step.  

 

2.1.1 Precipitation Methods 

 

The antigen suspension was subjected to either trichloroacetic acid (TCA) 

precipitation or acetone precipitation. 

 

In the case of TCA precipitation, 20% final v/v of TCA (Sigma Aldrich) was added to 

the suspension. The mixture was incubated on ice with occasional shaking for 10 

minutes. Centrifugation was performed at 16,000 x g for 10 minutes. The 

supernatant was removed and discarded. The pellet obtained was washed with ice-

cold acetone, and centrifuged again. Finally, the acetone wash and centrifugation 
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was repeated two more times, and the resulting pellet allowed to air dry for at least 

15 minutes, then was stored in -80 C for later analysis.  

 

For acetone precipitation, the A. fumigatus antigen suspension was precipitated 

with 5X volume of -80 C – chilled acetone. The mixture was incubated at -20 C 

overnight (16 hours). After incubation, centrifugation was performed at 16,000 x g 

for 20 minutes. The supernatant was discarded, and the pellet was allowed to air 

dry for at least 15 minutes.  

 

2.1.2 Sodium DodecylSulfate – PolyAcrylamide Gel Electrophoresis (SDS-PAGE) 

 

Precast 4-20% gradient gel was purchased from Bio-Rad. Laemmeli buffer was 

either made in house or purchased from Bio-Rad. Concentrated 10 X stock of 

running buffer was made per standard recipe. Prior to gel running, the stock was 

diluted to 1 X using deionized water.  

 

Sample was heated with 4 X Laemmli loading buffer at 95 C for 5 minutes. The 

solution was loaded onto the gel. Gel was run at 80V for 10 minutes, followed by 120 

V until the dye front reached the bottom of the gel.  

 

The gel was stained using Biosafe Coommassie (Bio-Rad) for 45 minutes, then 

destained with water for at least 2 hours, but usually overnight (10-16 hours).  
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The gel was excised into 4 chunks per lane based on intensity of protein stains. Each 

chunk was cut to contain approximately the same amount of proteins. The gel 

chunks were cut into 1 mm X 1 mm pieces for digestion.  

 

2.1.3 Enzymatic Digestions 

 

Tryptic digestions were performed either in-gel or in-solution using Trypsin Gold 

and ProteaseMAX surfactant, trypsin enhancer (Promega). Digestions were 

performed using manufacturer’s recommended protocol with minor modification.  

 

For in-solution digestion, 1-50 µL of the antigen mixture was used. Volume of each 

reagent was adjusted and/or diluted based on the ratio listed in the original 

protocol. Digestion was carried out at 37 C for 3 hours on a thermomixer at 300 

rpm. The reaction was quenched by adding 0.5 % final v/v trifluoroacetic acid (TFA) 

and allowed to incubate at room temperature for 10 minutes.  

 

For in-gel digestion, manufacturer’s protocol was followed with the following 

modifications. Each gel band was allowed to destain with 50:50 methanol: 

ammonium bicarbonate solution for 45 minutes on a wheel rotator, with one 

exchange of destaining solution after the first 15 minutes. The amount of trypsin 

used was adjusted by volume to allow rehydration of all pieces of the entire gel 

chunk. Digestion was carried out at 50 C on a thermomixer for 1 hour at 300 rpm. 

The solution containing peptides were transferred to a new tube, and the reaction 
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was quenched by adding 0.5 % final v/v TFA and allowed to incubate at room 

temperature for 10 minutes. 

 
Desalting of digested peptides was performed using C18 Zip-tips (Millipore, Billerica, 

MA). Three solutions were prepared: wetting solution: 100% Methanol, Equilibration and 

washing solution: 98% deionized water, 2% acetonitrile, and 0.1% TFA, and elution 

solution: 10% deionized water, 90% acetonitrile, and 0.1% TFA. The zip tip was first 

wetted by aspirating the wetting solution 3 times. The tip was then equilibrated twice 

with the equilibration solution. 10 µL (up to 5 µg) of digested peptide was loaded onto 

the tip by aspirating and decanting the same solution 10 times. The tip was then washed 

with the washing solution. Finally, the desalted peptides were eluted in 10 µL of elution 

solution by aspirating and decanting 10 times. 

 

2.1.4 Data Acquisition and Analysis 

 

Five hundred nanograms of digest were loaded onto a Waters NanoACQUITY LC 

coupled to a Thermo Scientific Velos Pro MS. The LC consisted of a 180 um X 20 mm 

C18 trap column (Waters), followed by a 2 um X 150 mm PEP C18 analytical column 

(Thermo Scientific). Solvents used for separation are Fisher Gold water, HPLC grade 

(Fisher) plus 0.1 % final v/v formic acid (mobile phase A), and Fisher Gold 

acetonitrile, HPLC grade (Fisher) plus 0.1 % final v/v formic acid (mobile phase B). 

The peptides were separated over a 120-minute gradient that increases from 5% B 

to 35 % B in 110 minutes, then 35 % B to 50 % B in 10 minutes. The flow rate was 

0.5 µL/ minute. 
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The source was NanoEasy (Thermo Scientific) operating at 35 C column heating 

condition, spray voltage at 1.5-2.0 kV. Data-dependent MS acquisition was 

performed on top 10 most intense peaks in MS. Data-dependent parameters are: 

repeat count of 1, repeat duration 30 seconds, exclusion list 500. Collision induced 

dissociation (CID) was used for MSMS, and was performed at 35% normalized 

collision energy at default charge of + 2, with 2 Dalton isolation window.  

 

The collected MSMS spectra were subjected to search via Thermo Proteome 

Discoverer 1.3. The database used consisted of A. fumigatus proteins downloaded 

form NCBI. Sequest search was performed at 0.8 Dalton mass tolerances for 

precursor and products. Carbamidomethylation of cysteine and oxidation of 

methionine were included as dynamic (variable) modifications in the search 

parameter. False discovery rate (FDR) was calculated using percolator. In displaying 

criteria, peptides were required to be longer than 6 amino acid residues with high 

confidence (1% FDR) and a minimum of 2 peptides per protein.  

 

2.2 Mouse Model 

 

2.2.1 Mouse Model Preparation and Sample Collection 
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Animal models and specimen collection were performed by Dr. Marta Feldmesser’s 

lab at Albert Einstein’s College of Medicine, Yeshiva University. The process is as 

described below.  

 

A.fumigatus. This part of work is done by Dr. Jason McCarthy and Dr. Marta 

Feldmesser at Albert Einstein College of Medicine. ATCC Strain 13073 (American 

Type Culture Collection, Manassas, VA) was isolated from a pulmonary lesion of a 

patient[100] and used for all animal experiments, as this strain induces fungal 

asthma in previously sensitized mice and causes reproducibly lethal invasive 

disease in the setting of neutropenia.[101, 102] Glycerol stock solutions were 

maintained at -80°C. Sabouraud dextrose agar (SDA) slants were inoculated with a 

loopful of frozen stock and grown at room temperature (RT) for 7 days. For invasive 

aspergillosis experiments, PBS with 0.05 % Tween-20 was added to the slants, 

which were then gently scraped and 4 ml of the resulting conidial suspensions were 

transferred to 8-armed mouse inhalation flasks (Ace Glass, Vineland, NJ) containing 

150 mL of SDA.[103] Flasks were incubated at RT for 14 days. For fungal asthma 

experiments, conidia were harvested from 7 day-old slants as above and 4 ml of 

resulting suspension used to inoculate 1 L flasks containing 250 mL of SDA and 

grown at RT for 14 days. Conidia were collected in phosphate buffered saline (PBS) 

with 0.05% Tween-20, then passed twice through 12 µm Isopore™ membrane 

polycarbonate filters (Millipore, Billerica, MA) and washed in 0.05% Tween-20 prior 

to quantification by hemacytometer count. Microscopic examination of organisms 
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collected in this manner demonstrated removal of conidiophores and hyphal 

fragments.  

 

Animal Models. No murine model for colonization due to A. fumigatus has been 

validated. Therefore, fungal asthma model is used. Mice with IAor asthma were 

generated for four independent experiments, representing four biological replicates 

referenced throughout this study (Figure 2.1). For experimental IA, neutropenia was 

induced in specific pathogen-free, 14-16 g female CBA/J mice (National Cancer 

Institute, Rockville, MD) by intraperitoneal co-administration of MAb RB6-8C5 and 

150 mg/kg of cyclophosphamide (Sigma-Aldrich, St Louis, MO) one day prior to 

infection, as described.[104] Eight mice were put in the arms of the aerosol chamber 

and were infected with a goal of 5 X 104 conidia reaching the lungs. Two mice per 

flask run were used for determination of the inoculum size that actually reached the 

lungs by plating lung homogenates on SDA. Inocula ranged from 2.8 X 104 to 7.3 X 

104 conidia per mouse. The model for fungal asthma was described previously.[105] 

Briefly, mice were sensitized by both intraperitoneal and subcutaneous injection of 

10 µg of commercial A. fumigatus antigen preparation (Greer Laboratories, Lenoir, 

NC) dissolved in 0.2 mL incomplete Freund’s adjuvant (Sigma-Aldrich, St. Louis, 

MO). After 14 days, 21 days and 28 days, mice were given 20 µg of antigen dissolved 

in 50 µL 0.9% sterile saline administered intranasally after light anesthetization 

with isofluorane. On day 35, mice were anesthetized with 125 mg/kg ketamine and 

10 mg/kg Xylazine (Lloyd Laboratories; Shenandoah, IA). Conidia were harvested as 

detailed above and 30 µL of PBS with 0.05% Tween-20 containing 5 X 106 conidia 
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were delivered by intratracheal injection via a lateral neck incision. Wounds were 

closed using Nexaband® liquid tissue adhesive (Abbott Laboratories, Chicago, IL). 

Confirmation of conidial asthma inoculum was done by plating of appropriate 

dilutions on SDA. Target inoculum was 5 X 106 conidial and ranged from 5 X106 to 

5.3 X 106. 

 

Figure 2.1. Left: mouse models used for the study. Right: challenge step for the 
mouse models. A puff of air is administered into the flask to aerosolize the conidia.  

 

Murine Specimen Collection. Mice with invasive disease and fungal asthma were 

killed two and seven days post infection, respectively. Both models were 

coordinated so that the mouse specimens would be processed in parallel on the 

same day. Prior to killing, retro-orbital bleeding was performed using SafeCrit® 

heparinized microhematocrit tubes (Iris Sample Processing; Westwood, MA) into 

collection tubes with EDTA at a final concentration of 1.8 mg/mL. Blood was spun at 

2000 X g for 10 min. at RT. Plasma was removed and stored at -80°C. Mice were then 

killed by cervical dislocation and Bronchoalveolar lavage fluid (BALF) was collected 
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as described[106] but with 0.8 mL of 0.9% sterile saline followed by 0.5 mL of 0.9% 

sterile saline twice. BALF from each mouse was pooled and centrifuged at 3030 X g 

for 20 min at 4°C to remove debris. Proteins were precipitated at 4°C overnight by 

the addition of 100% trichloroacetic acid to a final concentration of 10% (v/v). 

Samples were centrifuged at 3030 X g for 20 min at 4°C. Protein pellets were 

washed once with acetone, air-dried for 10 min, resuspended in water, frozen on 

dry-ice and lyophilized overnight. Samples were stored at -80°C. Following lavage, 

whole lungs were removed and homogenized in 1 mL of 0.9% sterile saline and 

proteins isolated as in BALF described above. Samples were stored at -80°C. 

 

2.2.2 Protein Normalization and Enrichment  

 

The overall scheme of protein normalization and enrichment using combinatorial 

peptide library beads and depletion column is depicted in Figure 2.3. Detailed 

description of each procedure is noted below. 

 

2.2.2.1 Combinatorial Peptide Library 

 

Twenty five µL of pooled mouse plasma were treated with Proteominer small 

capacity kit. All reagents used were provided in the kit. Reaction was carried out per 

manufacturer’s instructions except the following minor modification on sample 

load. The plasma was diluted to 200 µL using wash buffer, and loaded onto the 
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cartridge. Sequential elution was performed, and each fraction was subjected to in-

solution tryptic digestion.  

 

2.2.2.2 Depletion Columns 

 

Plasma depletion was performed using Seppro IgY-M7 Spin Column (Sigma-Aldrich, 

St. Louis, MO.) according to manufacturer’s instructions. Twenty µL of pooled 

plasma was used for the depletion process. The eluent was saved for digestion and 

downstream analysis. 

 

2.2.3 Enzymatic Digestions 

 

2.2.3.1 In-Gel Digestion (with and without detergent) 

 

In gel digestion without detergent or enhancer was performed with sequencing 

grade trypsin (Sigma-Aldrich). Gel is divided into 8-10 gel bands based on staining 

intensity (Figure 2.2) 
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Figure 2.2. An example of gel band distribution of individual mouse LH samples. 
This particular one shows a 10-cut distribution of the gel. Each gel band is subjected 
to individual downstream preparation and analysis. 

 

In gel digestion with detergent was performed using Trypsin Gold with 

ProteaseMAX surfactant. The procedure was described in section 2.1.3. 

 

2.2.3.2 In-Solution Digestion (with and without detergent) 

 

In-solution digestions are performed according to trypsin manufacturer’s 

instructions. 
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2.2.3.3 Bronchoalveolar Lavage Fluid (BALF) Treatment 

 

BALF pellet received was reconstituted in 50mM Ammonium Bicarbonate with 

minute amount of 2-mercaptoethanol. It is then treated with PNGase F to have N-

linked glycan released. Protein was collected via 90% ethanol precipitation, then 

reconstituted in HEPES/NaCl buffer for albumin removal. 42% final v/v ethanol was 

used to precipitate all but serum albumin (SA) and albumin-bound proteins. The 

pellet was dried and reconstituted in 1X Laemmli buffer. The supernatant (albumin 

and albumin-bound proteins) was dried and reconstituted in the same way. 

 

2.2.4 Discovery Proteomics 

  

The overall scheme of discovery proteomics is shown in Figure 2.4 and Figure 2.5. 

Digested peptides were analyzed in RPLC-MS/MS using a Proxeon NanoEasy 100 

coupled to an Advion Triversa Nanomate and a Thermo Scientific LTQ Velos 

Orbitrap Mass Spectrometer. The columns used are Proxeon EASY-Column, 2 cm, ID 

100µm, 5 µm (trap column), and EASY-Column, 10 cm, ID 75µm, 3 µm (analytical 

column). The LC was operated at 0.5 µL/ minute flow rate. Solvents used are (A) LC-

MS grade water with 0.1% formic acid and (B) LC-MS grade Acetonitrile with 0.1% 

formic acid. Approximately 1 µg of peptides are loaded onto the trap column, then 

separated on the analytical column over a 120-minute gradient where %B increases 

from 5% to 35% over the first 110 minutes, then increases to 65% over the next 10 

minutes. Advion was operated between 2.5-2.8 kV. The MS was operated in FT/IT 

mode with the MS scan at 60,000 resolution in the orbitrap and the MS/MS scans in 
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the linear ion trap. Top 14 most intense peaks from full scan were selected for CID. 

The dynamic exclusion was set for 45 seconds at a repeat count of 1. Isolation width 

is 2.0 m/z.  

 

Database used for data analysis was consisted of a compilation of NCBI Aspergillus 

fumigatus and Mus musculus proteins. Database searching of the RPLC-MS/MS runs 

were performed on Sagen Sorcerer using Sequest under the following conditions: 

Precursor tolerance 20 ppm, fragment tolerance 1.5 Dalton, dynamic modification 

include oxidation of methione and carbamidomethylation of cysteine. The data was 

then analyzed and visualized using Proteome Software Scaffold 3.0. Display cutoffs 

were: Xcorr 1.8, 2.5, 2.8 for +1, +2, and +3 precursors, respectively.  

 

2.2.5 Targeted Proteomics 

  

In targeted proteomics, the instrumental parameters and conditions were similar to 

the ones described in section 2.2.4. However, the MS was not scanning under with 

dynamic exclusion. Instead, precursor m/z’s ratio was compiled onto a parent mass 

list and imported into the method. The top 10 most abundant m/z from the list 

triggered MSMS acquisition. The downstream analysis methods are the same as the 

ones described in the previous section.  
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Figure 2.3. Scheme showing using CPL and Depletion column treatments on mouse plasma to normalize protein 
abundances. 
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Figure 0.4. Schematic showing how sample for mouse model is processed for lung 
homogenate and plasma. 

 

 
Figure 2.5. Schematic of data processing for antigen, mouse and human samples. 
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2.3 Arizona Banked Specimen 

 

2.3.1 Sample Collection 

 

Banked specimens were collected from Dr. Ken Knox and Dr. Donna Wolk from the 

University of Arizona (Figure 2.6). The specimens were clinical discards with little 

clinical information. The sample pool contained a total of 13 samples, with 3 

probable invasive aspergillosis (IA), 1 colonization, 1 allergic bronchopulmonary 

aspergillosis (ABPA), 5 negatives and 3 other pulmonary conditions.  

 

 

Figure 2.6. Image shows variance in BALF taken from different patients. There are a 

total of 13 clinical discards of patient BALF including different Aspergillus diseases 

and negative controls. 

 

While the overall scheme of the discovery methods is depicted in Figure 2.7. The 

details for each of the steps are described in the following sections.  
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2.3.2 Sample Handling and Preparations 

 

An aliquot of BALF (typically 250 uL) from each patient was precipitated with 5X 

ice-cold acetone (final v/v). Detail procedure of acetone-precipitated was described 

in Section 2.1.1.  

 

The protein pellet after precipitation was collected and subjected to SDS-PAGE gel 

clean up. Protein pellets were reconstituted in Laemmli loading buffer (Bio-Rad), 

and heated at 95 °C for 5 minutes. The solution was centrifuged briefly. 

Approximately 20 μg of protein are loaded onto a 4-20% pre-cast TGX gel (Bio-Rad). 

Five µL of unstained molecular weight marker (Bio-Rad) was also loaded onto the 

gel. Gels were run using Mini-PROTEAN set up (Bio-Rad). For full-length gel used for 

gel fractionation, voltage was set for 85 V for the first 15 minutes for stacking, and 

120 V for running for the following hour. For cleaning gel without gel fractionation, 

120 V was applied for 15 minutes. Gels were then washed with deionized water for 

1 minute, stained using Bio-safe Coommassie (Bio-Rad) with shaking at room 

temperature for 45 minutes, and destained using deionized water with shaking at 

room temperature for a minimum of 3 hours. 

 

2.3.3 Bottom Up Proteomics  

 

Chemicals: 
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Optima HPLC grade water, acetonitrile and formic acid were purchased from Fisher 

Scientific (Hampton, NH). Ammonium formate was prepared in-house using 28-30% 

ammonium hydroxide from Sigma-Aldrich (MO) and Optima HPLC grade formic acid 

from Fisher scientific. 

 

Chromatography: 

The digested peptides were separated on a Waters 2D NanoACQUITY system 

coupled to a Thermo Scientific Orbitrap Elite (San Jose, CA.). Solvents used are (A1) 

20mM Ammonium formate and (B1) acetontrile for the first dimension, and (A2) 

water with 0.1% formic acid and (B2) acetonitrile with 0.1% formic acid for the 

second dimension. Columns used are Waters NanoEase 300 um X 50 mm, 5 µm 

particle size XBridge BEH130 C18 for first dimension fractionation, a custom Waters 

modified trap column, and Waters NanoACQUITY UPLC 75 µm X 150 mm, 1.8 µm 

particle size HSS T3 C18 column for the second dimension analytical separation. The 

first dimension was operating under the flow rate of 2 µ/min while the second 

dimension was flowing at 0.5 µL/min. Each sample was injection onto the first 

dimension column, then eluted onto the trap column using different % of B1. 

Peptides were eluted onto the trap column at 10.8% B1, 14.0 %B1, 16.7% B1, 20.4 

%B1, and 45% B1 for 5-fraction analysis. Peptides were separated on the second 

dimension column at 35C under a linear gradient, starting at 5% B to 30% B over a 

50-minute duration, then from 30%B to 40%B over a 5-minute duration. 

Approximately 1.5 µg of digested peptides were injected for each 2D 5-fraction LC 

run. 
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MS:  

The source voltage was set to 1.7-1.9 kV. The heated capillary was at 275 °C. The MS 

was operating in FT/ IT mode with the MS scan at 240,000 resolution in the orbitrap 

and the MS/ MS scans in the linear ion trap. Top 10 most intense peaks from full 

scan were selected for CID. The dynamic exclusion was set for 15 seconds at a 

repeat count of 1. Isolation width is 2.0 m/z.  

 

Targeted runs were performed using the instrumentation described above under 

the same 2D 5-fraction LC conditions. The MS was operating in FT/IT mode with MS 

scan at a resolution of 240,000 in the orbitrap, and the MS/MS unit mass resolution 

in the ion trap. A precursor ion list was imported into the method. MS/MS of only 

the top 10 most abundant ions from the list were collected. 

 

Data Analysis: 

Database searching of 2D-LC-MS/MS were performed using Thermo Proteome 

Discoverer 1.3 and 1.4 using the following conditions with SEQUEST algorithm: 

Precursor tolerance 10 ppm, fragment tolerance 0.8 Dalton, dynamic modification 

include oxidation of methione, carbamidomethylation of cysteine, deamidation of 

asparagine and glutamine. False discovery rate (FDR) was calculated using 

percolator. Data was analyzed and visualized using the same software. 
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Figure 2.7. Scheme showing preparation of AZ banked specimen preparation. 
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2.4 OSU Subject Studies 

  

A prospective study obtaining blood and BALF from patients has been approved by 

the Ohio State University (OSU) Institutional Review Board. Albert Einstein College 

of Medicine has assigned oversight of its investigators to OSU. Enrollment is 

expected to be 50 patients from the OSU Medical Center and samples are collected 

as they become available. Samples are collected from patients with suspected 

Aspergillus infection (5-10 anticipated), patients with suspected colonization by 

Aspergillus spp. (5-10 anticipated), and patients without evidence of invasive 

aspergillosis as negative controls (30-40 anticipated). Medical records are being 

used to collect existing data for patient classification/diagnosis of proven, probable, 

or possible IA in accordance with EORTC/MSG guidelines.[99]  

 

2.4.1 Sample Collection 

 

Six to twelve ml of blood is being collected at the time of i.v. placement, scheduled 

phlebotomy or from an established i.v. line prior to bronchoscopy. Five to 15 mL of 

BALF is being aliquoted for study purposes during bronchoscopies planned for 

clinical purposes. Upon receiving the samples, the blood tubes were immediately 

centrifuged at 1650 x g for 10 minutes at 22 °C. The supernatant was transferred to 

a clean 15 mL tube, and centrifuged again as described above. Both the raw BALF 

and final plasma are aliquotted and frozen at -80 °C until use. 
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2.4.2 Protein Precipitation and Digestion 

 

Ethanol precipitation was performed on 200 µL of BALF for most of the experiments 

described unless otherwise noted. When depletion was performed, Top 12 

Abundant Protein Depletion Spin Columns (Thermo Scientific, Rockford, IL.) were 

used. To accommodate the larger volume of BALF, contents of the spin column were 

transferred to a larger spin column (Bio-Rad, USA) via inversion. Depletion was then 

performed following manufacturer’s instructions but with 500 µL of BALF. The 

depleted sample was collected then TCA-precipitated.  

 

The precipitated pellet was then reconstituted in Laemmli buffer and run on SDS-

PAGE for 10 minutes. The whole lane was then excised and in-gel tryptic digestion 

was performed as described in 2.1.3. The obtained peptide mixture was dried using 

a speedvac and stored at -80°C until analysis. 

 

2.4.4 Discovery Proteomics  

 

Discovery proteomics was performed using 25-fraction runs, the %B1 for each 

elutions are 2.5, 6.0, 8.4, 9.9, 10.8, 11.6, 12,2, 12,9, 13.4, 14.0, 14.5, 15.0, 15.6, 16.1, 

16.7, 17.3, 18.0, 18.7, 19.5, 20.4, 21.4, 22.7, 24.6, 29.5, 45.0. Approximately 7.5 µg of 

digested peptides were injected for each 2D 25-fraction analysis. The data collected 

was searched against a custom pathogens and human database. The construction of 

database is described below. 
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Database of Common Respiratory Pathogens. A list of common pulmonary 

pathogens was compiled to order to assist in identification of microbial proteins. 

Patients are expected to have other pulmonary infections other than or instead of 

Aspergillosis. The list includes common bacterial, fungal and viral respiratory 

pathogens. These pathogens can have a radiographic appearance similar to invasive 

pulmonary aspergillosis. This list is shown in Table 2.1. Protein sequences of these 

organisms were downloaded from NCBI database. These sequences, along with 

human protein sequences, were compiled into a custom pathogen database for MS 

data analysis using Proteome Discoverer 1.4 (Thermo Scientific, San Jose, CA.).  

Bacteria Fungi Viruses 

Streptococcus pneumonia Aspergillus fumigatus Influenza A/B 

Streptococcus pyogenes (GAS) Aspergillus flavus Respiratory syncytial virus 

Staphylococcus aureus Aspergillus terreus Cytomegalovirus 

Haemophilus influenzae Aspergillus niger Adenovirus 

Klebsiella pneumonia Histoplasma capsulatum Varicella zoster virus 

Pseudomonas aeruginosa Pneumocystis jiroveci Parainfluenza 

Legionella pneumophilia Coccidioides spp. 

Acinetobacter baumanii 

Mycobacterium tuberculosis 

Mycobacterium avium complex 

(intracellulare) 

Mycoplasma pneumonia 

Stenotrophomonas maltophilia 

 

Table 2.1. List of common pulmonary pathogens contained the custom database. 

Proteins from each of these organisms are downloaded from NCBI and combined 

along with human proteins to make the database used for searching.  
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2.4.5 Targeted Proteomics 

 

Targeted proteomics are performed using Waters 2D NanoAcquity coupled to 

Waters Xevo TQ-S triple quadrupole mass spectrometer. Five fraction runs similar 

to the one described in Section 2.3.3 was performed for each of the digested patient 

BALF. Mass spectrometer was operating at the following condition: ESI source 3.0 

kV, cone 35 V, source offset 50, source temperature 70°C, cone gas flow 150 L/hr. 

Collision energy for each precursor was predicted using Skyline, and imported into 

the MRM methods. The resulting transitions are visualized using Skyline.  
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Chapter 3  Proteomics Profiles in Antigen and Mouse Model 

 

3.1 Aspergillus Antigen  

 

3.1.1 Sample Preparation Comparison 

 

Because literature does not provide consensus on Aspergillus sample preparation, a 

study was performed to determine the best sample preparation method using 

commercially purchased Aspergillus fumigatus powder. Common precipitation and 

digestion methods were explored. The results are summarized in Table 3.1. These 

results are from single runs with no technical or biological replicates. Therefore, to 

add more confidence to these numbers, replicate runs will need to be performed. 

 
Sample Preparation 

Method 
(In-Gel Digestion) 

Protein IDs 
Sample Preparation 

Methods 
(In-Solution Digestion) 

Protein IDs 

No Precipitation 182 No Precipitation 2 

Acetone Precipitation 118 Acetone Precipitation 43 

TCA Precipitation 188 TCA Precipitation 184 

 

Table 3.1. Antigen sample preparation results. The highest number of A. fumigatus 

proteins can be identified via TCA-precipitation followed by in-gel digestion. 
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As Table 3.1 demonstrates, the highest number of A. fumigatus proteins was 

obtained when TCA-precipitation was performed along with in-gel digestion. Based 

on the numbers shown, either TCA-precipitation or in-gel digestion was crucial to 

obtaining good A. fumigatus protein IDs. In-solution digested sample without any 

precipitation showed almost no proteins identified, suggesting Aspergillus proteins 

may be insoluble, and require rigorous denaturation prior to enzymatic digestion. 

Acetone precipitation, while showed good results for the in-gel digested sample, did 

not perform well for the in-solution digested sample. During acetone-precipitation, 

salts in solution were also precipitated along with the protein sample. Without a gel 

clean up, it is possible that those salts are interfering with the digestion process by 

affecting the ionic strength of the digestion solution. The addition of a gel step 

provides “cleaning” of the sample from the salts that precipitated, yielding better 

digestion, therefore, higher number of proteins identified. TCA-precipitation pellets 

proteins while leaving salts in solution, therefore only benefits little from having a 

gel step afterwards. 

 

3.1.2 Proteomic Profile of Antigen 

 

Antigen proteins identified were annotated based on their NCBI information. From 

the manufacturer, the samples were prepared by grinding the A. fumigatus hyphal 

mat with bone meal. Based on this preparation, cytosolic antigen proteins were 

expected. Data showed concordance with this predicted results. Most of the proteins 

identified in the antigen mixture using TCA-precipitation followed by in-gel 
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digestion are present in the cytosol, and are involved in metabolic processes. 

Notably, the high abundance proteins include catalase (GI 1665835), rAsp f13 (GI 

3005841), Asp hemolysin (GI 70985747). All three of these are known to be of 

interest in A. fumigatus for potential in biomarkers. These proteins were identified 

with high scores, and at least 40% sequence coverage. These proteins will be 

mentioned in the following chapters for their presence in both mouse and human 

samples. Several other proteins identified here such as Pectate Lyase A (GI 

159128627) and Cell Wall protein PhiA (GI 133920236) will be further discussed in 

the human subject studies for their presence. The full table of identified proteins can 

be found in Appendix A. 

 

3.2 Mouse Model Study 

 

Animal models are commonly used to study human diseases. Biological variances in 

animal models can be experimentally controlled. To study Invasive Aspergillosis 

(IA), different disease states that can be caused by A. fumigatus had to be examined. 

The mouse models used are described in Chapter 2. To examine the proteomic 

profile and protein expression levels in these mice in relationship to each disease, 

lung homogenate, bronchoalveolar lavage fluid (BALF), serum and plasma were 

collected. The most intuitive place to begin the study would be at the site of 

infection, the lung. Since A. fumigatus exhibits filamentous growth in on the surface 

of the lung tissue, either tissue sampling of the lung (lung homogenate) or lavage of 

the lung (BALF) should contain the highest amount of the pathogenic proteins. The 
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goal of the overall study is to identify a fast, sensitive, and less invasive way to 

diagnose IA. Therefore, the ideal sample to be working with would be a blood 

samples due to their less invasive nature and the ease of obtaining them. To begin 

the study, well-controlled mouse models are used to model what would be 

anticipated when examining human samples with individual and biological 

variances. 

 

3.2.1 Protein Normalization Technique Comparison 

 

One obstacle encountered when analyzing host sample is the dynamic range 

challenge described in Chapter 1. Often, only high abundance proteins are identified 

while detection of mid-and low-abundance is hindered. To determine best sample 

preparation method for host proteins, several commercially available kits and 

technologies are tested using mouse BALF and plasma. The technology that yields 

the highest number of proteins identified was used in the following sample 

preparation prior to mass spectrometric analysis.  

 

Depleting mouse lung samples posed many issues. For lung homogenate (LH), 

proteins were precipitated to a pellet form. These proteins are already denatured. 

Depletion columns are antibody binding-based technology. For most proteins, 

native tertiary structure needs to be preserved for this technology to work properly. 

Therefore, with LH, this would be an effective method only if the pelleted protein 



 93

can be brought back into solution and refold into a structure that can be recognized 

by the antibody.  

 

An alternative solution for examining the proteomic profile in the lung would be 

through BALF, since the proteins are in solution or suspension and are not 

denatured. BALF volume is low, and its protein concentration is very dilute. 

Depletion usually leads to approximately 40% or more sample loss. Therefore, less 

analysis can be done on the depleted BALFs. A short experiment was performed on 

mouse BALF using an FPLC equipped with a MARS-14 human depletion column 

(Agilent Technologies, Wilmington, DE). The UV trace of the FPLC showed the 

majority of proteins were still eluting in the unbound proportion with very small 

amount being washed off from the columns at low pH conditions. This suggests that 

despite the similarity between mouse and human proteins, their structures can be 

very different. Therefore a column used for one species cannot be substituted for 

the other. Similar result was observed in proteomics studies where if human protein 

data was searched with mouse database or vice versa. When searched with the 

incompatible database, no proteins will be identified despite the similarities 

between mouse and human. 

 

The studies below describe the plasma sample comparison for mouse plasma. 

Mouse plasma is in solution form, and the plasma proteins are assumed to be native. 

Two types of protein normalization techniques were tested for their effectiveness in 

removing the high abundance proteins, mainly serum albumin, while leaving behind 
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the mid and low abundance proteins such as the Aspergillus proteins present in the 

sea of host proteins. These two methods are Pierce Top 12 Abundant Protein 

Depletion Column, and Bio-Rad Proteominer Beads or Combinatorial Peptide 

Library (CPL) beads. A plasma sample with no treatment is used as control for 

comparison.  

 

As shown in Figure 3.1, as expected, each plasma sample contains a large amount of 

albumin, as well as other high abundant proteins. After depletion, majority of the 

high abundance proteins were left bound onto the depletion cartridge, allowing the 

flow-through to contain normalized protein contents. The Bio-Rad Proteominer 

beads exhibited similar behavior. Compared to the pre-treatment sample, the post-

treatment sample showed more normalized protein abundances. The advantage of 

the Proteominer beads is the fractionation option. Rather than eluting everything in 

one fraction like that of a depletion column, proteins can be differentially eluted off 

the beads based on their interaction with the hexapeptide. Elutions 1 through 4 

showed similar protein profile with slight differences in proteins eluted. This 

comparison experiment had been repeated using other biological replicates of mice, 

and similar results were observed.  
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Figure 3.1. Sample Preparation Comparison on mouse plasma samples. Top left: no 

sample treatment; Top right: Seppro Mouse Spin column treated plasma samples; 

Bottom left: combinatorial peptide library treated sample with sequential elutions 

(1-4).  
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Table 3.2 shows a more quantitative comparison of the two normalization methods. 

Because the primary focus is Aspergillus proteins, the method that yields the highest 

number of Aspergillus proteins and peptides is used in the following steps to treat 

mouse plasma samples. Based on the results, despite CPL’s multi-fraction capability, 

depletion spin columns allowed more host proteins and Aspergillus proteins to be 

identified. Under stringent filtering conditions, CPL identified 110 host proteins 

comparing to 177 in the depleted sample. The number of Aspergillus proteins 

identified by CPL is half the number identified by depletion. When looking at single 

peptide hits, depleted sample showed almost six times more proteins than that of 

the CPL sample, and ten times the Aspergillus hits. In this case, it is certain that 

depletion is a more effective way to remove high abundance protein from mouse 

plasma while retaining more mid-and low-abundance proteins in the sample for 

downstream analysis. 

 

 
Depleted CPL 

2 Peptide Host Protein Hits 177 110 

2 Peptide Aspergillus Protein Hits 8 4 

Single Peptide Total Hits (Host and Asp.) 3840 559 

Single Peptide Aspergillus Hits 823 87 

 

Table 3.2. Number of proteins identified in the depleted IA plasma samples vs. CPL-

treated IA plasma sample. 
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3.2.2 Bronchoalveolar Lavage Fluid Results 

 

Bronchoalveolar lavage fluids (BALFs) tend to have high levels of glycosylation 

present. This is clearly supported by a smeary appearance in the protein gels. Gels 

also showed BALFs contain high abundances of serum albumin (SA). To check for 

glycosylation level, a carbohydrate-specific stain can be used. Commercially 

available ProQ Emerald Stain is easy to obtain and use for this purpose. To 

demonstrate this, biological replicate 1 IA mouse # 5’s BALF is used. Figure 3.2 

shows the comparison between the carbohydrate-staining and coomassie-staining 

of the same gel. Each lane is a different amount of the same sample loaded.  

 

From the image, several conclusions can be drawn. The gel image below showed 

slight differences between the samples treated and untreated with PNGase F, an 

enzyme, which cleaves o-linked glycans from glycoproteins. The treated lanes 

showed more distinctive bands in the 25-50 kDa range. The thick band around 66 

kDa is a result of the high abundance of serum albumin present in the sample. Due 

to this, depletion of the BALF sample would be critical when trying to detect the 

very low levels of biomarkers present in the sample in the sea of host proteins.  

 

Due to the presence of serum albumin, the number of proteins identified in BALF 

was low. A total of 177 proteins were identified in the sample, with the majority of 

those proteins being murine. Only nine Aspergillus proteins were identified, as 

single peptide hits, with fairly low protein probability calculated by Scaffold. They 
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are listed in Table 3.3. Most of these, however, had poorer spectral quality than their 

murine counterparts and are discarded as not good targets. Even with good spectral 

quality, just having a single peptide identified once is not a confident identification 

(Figure 3.3).  
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Figure 3.2. Different staining of a PNGase F-treated IA mouse BALF. The mouse is from biological replicate 1, mouse #5. Left 

image is ProQ Emerald 300 stained, and showed glycosylation, while the right image is Coomassie stained and shows the 

actual sample protein profile. Around 30 kDa, a distinctive band for PNGase F was observed.  

Lane Content 

1 No PNGase F 

SA precipitatant 

3,5 with PNGase F 

SA precipitatant 
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Protein Name GI Accession MW Probability 

WD repeat protein [Aspergillus fumigatus Af293] gi|71002514 78 kDa 90% 

Vacuolar protein sorting-associated protein vps13 [Aspergillus fumigatus Af293] gi|70993654 360 kDa 93% 

Aldehyde dehydrogenase [Aspergillus fumigatus Af293] gi|70982606 54 kDa 91% 

Methylmalonate-semialdehyde dehydrogenase [Aspergillus fumigatus Af293] gi|70993396 64 kDa 89% 

NACHT and Ankyrin domain protein [Aspergillus fumigatus Af293] gi|146324560 149 kDa 91% 

GTPase activating protein (Gyp5) [Aspergillus fumigatus Af293] gi|70993838 96 kDa 95% 

tRNA methyltransferase subunit GCD14 [Aspergillus fumigatus Af293] gi|70997890 56 kDa 90% 

Neutral amino acid permease [Aspergillus fumigatus Af293] gi|146323038 49 kDa 85% 

Arsenite resistance protein Ars2 [Aspergillus fumigatus Af293] gi|146323024 103 kDa 79% 

 

Table 3.3. Aspergillus proteins identified in mouse BR1 IA 5’s PNGase F-treated BALF. 
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Figure 3.3. Peptide spectrum assigned to vacuolar protein sorting-associated 

protein, which is responsible for protein transport in the endoplasmic reticulum. 

 

3.2.3 Lung Homogenate Results 

 

Despite the physical hardship (described in Section in 3.2.1) in depleting lung 

homogenate (LH) sample pellets, CPL was still attempted as a proof–of–principle for 

normalizing lung homogenate samples. Table 3.4 shows the result from CPL 

treatment of one IA mouse LH. Without any kind of normalization or depletion 

techniques, only about sixty proteins were identified as two peptide hits with good 

scores. With normalization using CPL, more than twice the number of proteins is 

identified. Similarly, the number of one peptide Aspergillus hits increases drastically 

with the usage of CPL. Despite the increase in the number of proteins identified, 

there were no good two peptide Aspergillus protein hits found in the lung 

homogenate samples.  
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No Treatment CPL 

2 Peptide Total Protein Hits 64 141 

1 Peptide Aspergillus Protein Hits 10 92 

 

Table 3.4. IA mouse LH sample with CPL and without CPL. CPL shows increase in 

number of proteins identified in both single peptide hits and two or more peptide 

hits. 

 

Since normalization was not effective in identifying Aspergillus proteins, MuDPITs 

were performed on each of the pooled LH sample. Online SCX followed by RP 

separation allows a one-step no manual fraction step to make complex samples less 

complex for analysis. As expected, the proteins identified in LH, regardless of 

disease states were very similar, since most of these proteins are either lung 

structural proteins or blood proteins. Figure 3.4 summarizes the number of proteins 

found in each of the LH samples with two-peptide hits. Unfortunately, again, there 

are no Aspergillus hits. No biological or technical replicate studies were performed 

due to the absence of Aspergillus proteins detected. 
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Figure 3.4. Two-peptide proteins identified in mouse LH samples via MuDPIT 
analysis.  

 

Interestingly, some host protein up-and down-expressions do meet expectation. For 

example, in the Asthma sample, a higher amount of immunoglobulin was found, 

along with other proteins (Table 3.5). Proteins that act against fungal infections 

were also identified, such as chitinase-3-like protein, which digest chitin from fungi 

(Figure 3.5). In IA, serum amyloids and protease inhibitors, proteins linked to 

immune response are found in higher levels when compared to other models (Table 

3.6). Normalized peptide spectral counts show up-regulation of Titin in the asthma 

model, up-regulation in complement component 3 in IA, while annexin can be used 

to serve as a housekeeping control protein (Figure 3.6). 
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Titin Chitinase-3-like Protein, Secreted Ym2 

Peptidyl-Prolyl Cis-Trans Isomerase Plastin 2 

Xanthine Dehydrogenase Clathrin 

IgG, IgM, IgH  

 

Table 3.5. Host proteins identified in pooled asthma LH with expression levels ≥2X 

those found in Naïve or IA model. 

 

Serum Albumin Haptoglobin 

Serotransferrin 
Serum Amyloid A 
& Serum Amyloid P 

Hemopexin Ceruplasmin Isoform A 

Serine Protease Inhibitors & Antithrombin Orosomucoid 1 

Complement Component 3 Leucine-Rich α-2-Glycoprotein 1 

Macroglobulin Heat Shock Proteins 

α-1-Antitrypsin Chloride Intracellular Channel 

Endoplasmin Vitamin D-Binding Protein 

 

Table 3.6. IA model proteins found with expression levels ≥2X those found in the 

Naïve or Asthma model.  
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. Figure 3.5. One of the spectra assigned to chitinase-3-like protein, which is found in higher abundance in asthma model 

mice. Its biological function is to digest chitins from fungi. 

 

Figure 3.6. Normalized spectrum count for a) titin (abundant in asthma model), b) complement component 3 (abundant 

in IA model), and c) annexin (serves as a control). 
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Another attempt on trying to find A. fumigatus proteins in mouse LH samples was 

performed using 2D gel technology. Differential Gel Electrophoresis (DIGE) was 

performed on BR4 pooled lung homogenate. Each pooled sample was loaded onto 

an analytical gel for imaging (Figure 3.7), and overloaded on a prep gel for spot 

picking (Figure 3.8.). Only IA exclusive spots were picked from the gel for analysis. 

This experiment was completed the Ohio State Campus Chemical Instrument Center 

(CCIC). 

 

 

 

Figure 3.7. 2D DIGE gel showing naïve (blue), asthma (red) and IA (green). Other 

colors are overlaps between the different samples in different models. Spots that are 

horizontally across with gradual change in color shows differential post-

translational modifications of the same proteins in different samples. 
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Figure 3.8. Gel spots picked due to their presence in IA sample and little or no 

difference present in other samples.  

  

Each gel spot was subjected to 1D nanoLC-MS/MS analysis to find out the identity of 

each spot. As expected, most of these spots were host proteins. The full list of 

proteins identified in each gel spot is listed in Appendix B. Unfortunately, again, 

upon further examination of the very low number of Aspergillus hits found, no good 

Aspergillus proteins were observed from this run. All were either too short sequence 

for the peptide identified, overlap with host proteins, or have poor quality spectra. 

After spectral analysis, three proteins were thought to have high quality spectra but 

were single peptide hits: 
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- 70993824 Conserved Hypothetical Protein in Spot A1 has no fragmentation 

to judge, only accurate mass. Sequence of peptide made it hard to predict 

what fragments would be observed (KKNLSPR). 

- 70985168 DNA Replication Licensing Factor Mcm5 is found in multiple gel 

spots (A1, B1, and C1), high PSM count (77), all spectra look identical. Good 

fragmentation was observed. (LSSHFVSIR). 

- 70983830 Pfs, NB-ARC and Ankyrin domain protein in B1 shows 3 unique 

peptides, two of which are poor quality spectra. The other one peptide, 

however, was identified with multiple versions with different modifications. 

The fragment mass match the modifications at the correct spots. 

(MLLDSLKFDQIDARQMTIK, SAVEVMR, GSPAQRSTILGQHLSSGIPSLSEEQKR). 

 

One feature on the gel is horizontal “smear” across some of the more dominant 

proteins, with one type of samples in concentrating around one pI and others 

concentration around another pI. This indicates post-translational modification 

present for the same protein but in different disease states. The most obvious 

example in Figure 3.7 is the band towards the upper right hand corner where the 

color gradually changed from green to white then to red as it moves across the gel 

horizontally. 

 

3.2.4 Mouse Plasma Results 
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For mouse samples (lung and blood), the plasma results were the most optimistic. 

The Venn diagram in Figure 3.9 is based on mouse samples biological replicate 2 

(BR2) pooled plasma. Technical triplicate was performed on all the samples. For 

each technical replicate, an aliquot of the sample was prepared fresh. Figure 3.9 

shows total number of proteins identified from all runs, including single-peptide 

identified proteins. IA Mouse plasma was observed to contain the highest number of 

proteins, 296 when compared to the asthma sample (89 proteins) and naïve (83 

proteins).  

 

The differences between all three samples were surprisingly large, even though 

most of the proteins identified were host proteins. This could potentially be 

explained by different load amount for LC-MS analysis. Because both depletion and 

gel cutting were done manually, consistency among samples was most likely not 

achieved. Each depletion cartridge was reusable and was washed with a blank load 

(buffer only, no proteins) between uses. It was possible that one run did not strip 

away the bound high abundance proteins as efficiently as the other runs, causing 

less efficient depletion to occur. With inconsistent gel-band cutting, each LC-MS/MS 

run would have different abundances in peptides, which will cause variability in 

analysis.  
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Figure 3.9. Number of Aspergillus proteins identified in mouse plasma. The numbers 

include single peptide hits.  

 
Spectral counting revealed that in IA model, some immune proteins are at almost 

20X up-regulated when compared to the same protein from the other models. 

Serum Amyloid A-1 (Figure 3.10), for example, has a spectral count of 1047 in IA, 

but only 56 in Asthma and no detectable amount in Naïve. This protein belongs to a 

family of proteins, which respond to inflammatory stimuli.  
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Naive Asthma IA 

Serum Amyloid A-1 (Mus musculus) 0 56 1047 

 
Figure 3.10. Top: Table showing spectral count of peptides assigned to Serum 

Amyloid A-1 in each lung homogenate samples. Bottom: one of the assigned spectra 

for Serum Amyloid A-1.  

 

The Aspergillus proteins that were identified in BR1, BR2, and BR4 are listed in 

Table 3.7. Some of the peptides identified had decent spectral quality (Figure 3.11). 

However, BLAST results show that homology between these sequence and host 

peptide sequence. This makes these peptides not ideal. For the Aspergillus proteins 

that were not overlapping with host sequence, they were mostly identified via single 

peptide hits and were eliminated as potential targets with either the reasons listed 

on the Table 3.7 or reasons listed in the following section 3.3. To elaborate, many of 

the Aspergillus peptides were identified not only in IA mouse samples, but also in 

naïve or asthma samples. Some were identified only in one biological replicate but 

not in any of the others. Some have poor spectral quality, making them not confident 

identifications for pursuing. 
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BR3 samples only showed 2 Aspergillus proteins against what was identified 

previously, and they were C6 transcription factor and NADPH-adrenodoxin 

reductase Arh1. Both were unfortunately identified in the pooled naïve sample, 

rather than the IA or asthma samples. 

 

Figure 3.11. Spectrum of Protein Kinase VPS 15 of Aspergillus fumigatus. This 

particular ID was unique to IA only.  
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Protein 

Accession # 

BR2  BR1  BR4  

SC UP Sequence PP SC  UP Sequence PP SC UP Sequence PP 

gi|70999155 Asthma Asthma 

Asthma  

same sequence 

same spec 
 

4 1 DEKMNQGSPARK 91% 6 1 DEKMNQGSPARK 83% 

gi|70998070 Asthma Asthma Asthma 
 

1 1 bad spectra 91% 3 3 bad spectra 29% 

gi|70997258 1 1 VLDNSGCSVK 56% 
in 

asthma 

in 

asthma 
in asthma 94% 3 3 bad spectra 82% 

gi|70996666 no spec no spec no spec 
 

6 2 
EFGNDcLNIKSANVG,  

EEAVVSEIcAVIKVER 
94% 2 2 bad spectra 68% 

gi|70995536 Asthma Asthma asthma 
 

1 1 bad spectra 91% 1 1 bad spectra 70% 

gi|70995406 11 1 EYCSGGSLASLLEHGR 89% 

in naïve 

& 

asthma 
 

in naïve and asthma 73% 2 1 
EYCSGGSLASLLEH

GR 
70% 

gi|70992909 5 1 DGARLQDFLQ 85% 
in 

asthma 

in 

asthma 
in asthma 43% 1 1 DGARLQDFLQ 32% 

gi|70990666 no spec no spec no spec 84% 1 1 MPLWDNQAFIR 94% 3 1 bad spectra 69% 

gi|70989177 no spec no spec no spec 37% 1 1 bad spectra 94% 3 3 
SPIPFPSVSYKHDT

K 

17% 

pep, 

62% 

prot 

           

MPSRFPPAVFYTP

KELGGLGMISGS 
6% pep 

gi|70981951 
in 

naïve 

in 

naïve 
in naïve 

 
1 1 NRFNQHEYAPPPPTF 93% 1 1 

NRFNQHEYAPPPP

TF 
22% 

gi|146323723 no spec no spec no spec 
 

5 1 AVSADVTDEALGR 91% 1 1 bad spectra 76% 

gi|146323333 
in 

naïve 

in 

naïve 
in naïve 74% 1 1 bad spectra 94% 3 1 TGDDKcTR 35% 

Table 3.7. Table showing Aspergillus proteins identified in all 3 biological replicates subjected to discovery runs. SC: spectral 

count, UP: number of unique peptides, PP: protein probability.  
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3.3 Mouse Model Target Validation 

 

Synthetic peptides were purchased for peptides that could serve as potential 

targets. However, these peptides did not yield good results in targeted analysis. 

None of the data showed good transitions at S/N > 3. Therefore, these peptides were 

discarded. 

 

3.4 Summary and Conclusion 

 

In this chapter, two main areas of research were addressed—the use of the 

commercial antigen as standards for sample preparation and the use of mouse 

model in attempt to find Aspergillus biomarkers for IA. 

 

With the commercial antigen, it was shown that TCA-precipitation followed by in-

gel digestion is the most effective way to solubilize and handle the samples for LC-

MS/MS analysis. Quality spectra for Aspergillus proteins were obtained and are used 

for comparison with mouse proteins, but most importantly, in the next chapter for 

human proteins.  

 

For the mouse samples, several approaches were taken to help normalize protein 

abundances in the biological samples. It was noted that even lung homogenate and 

BALF contained large amount of blood proteins, which greatly skew the amount of 
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mid-and low-abundance proteins identified. While some Aspergillus proteins were 

identified in especially the plasma samples, their single-peptide hit nature, along 

with poor spectral quality, overlapping with other organisms, etc. make them less 

desirable as targets for diagnosis of IA. With obtaining actual patient BALF and 

plasma, samples, the hope of the project has been shifted to identifying proteins in 

actual human samples. This will be address in the following chapter. 
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 Chapter 4 Proteomic Profile of Patient Samples 

 

The goal of this project is to discover novel protein biomarkers for IA that can be 

used in patient diagnostics. Therefore, working with patient samples is the ideal 

approach. With patient samples, individual variances and population diversity can 

lead to complexity in data analysis. These were tackled by classifying patients based 

on their clinical data, and clustering the MS data obtained using bioinformatics. 

These are discussed in detail in this chapter.  

4.1 Arizona Clinical Discard Samples 

 

Twelve banked human specimen BALF samples (Table 4.1) were obtained from the 

University of Arizona under the collaboration of Dr. Ken Knox and Dr. Donna Wolk. 

Six of these patients had grown Aspergillus in culture and five did not. Of those six, 

three patients were classified as probable IA, two colonized and one ABPA, based on 

the EORTC/MSG criteria for invasive diseases mentioned in Chapter 2.  

 

To begin handling this new type of sample, a quick study was performed to 

determine the best LC-MS/MS method in analysis of the digested peptides of BALF. 

Due to the complexity of the sample, fractionation will need to be performed to 

make the analyzed mixture less complex. Two commonly used techniques were 

employed here: gel-fractionation followed by RPLC-MS/MS, and 2D LC (RP/RP)-

MS/MS. With raw BALF, proteins were either fractionated via 1D gel into 5 gel 
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bands followed by 1D LC-MS/MS, or the digested peptides fractionated online via 2D 

LC, with a five-fraction gradient.  

 

Sample Number Specimen Identification Classification 

RESP0556 A. fumigatus, Aspergillus not A. fumigatus Colonized 

RESP2906 Aspergillus fumigatus Probable IA 

RESP2996 Aspergillus niger, Penicillium Probable IA 

RESP2951 Aspergillus, not A, fumigatus ABPA 

RESP2517 Aspergillus, not A. fumigatus Probable IA 

RESP2594 Aspergillus, not A. fumigatus Possible or colonized 

RESP3046 Aspergillus, not A. fumigatus No data 

     

RESP2484 Negative  

RESP2514 Negative  

RESP2516 Negative  

RESP2525 Negative  

RESP2527 Negative  

 

Table 4.1. List of patients and their classifications based on clinical data. 

 

As shown in Figure 4.1, 2D LC-MS/MS was superior in identification the highest 

number of protein in human raw BALF, providing nearly seven times the proteins 

vs. that of the 1D gel fractionation. Even though no replicate studies are done, the 

large difference between the two runs give confidence that this result is real. 

Therefore, the patient sample analysis for the rest of the chapter will be built on this 

particular LC platform, with minor changes in number of fractions. 
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Figure 4.1. Venn diagram showing the same BALF sample, either gel-fractioned 

(individual) or online-fractionated (recombined). With some common proteins 

between the two different treatments, the recombined peptide digest that is 

subjected to 2DLC-MS/MS was far out performing just gel fractionation coupled 

with LC-MS/MS.  

 

4.1.1 New Target Discovery 

 

One five-fraction online 2DLC-MS/MS revealed that patient 2906 (A. fumigatus 

culture positive) contained several Aspergillus proteins. Before moving forward to 

other patient samples, method develop studies were performed to assess the best 

separation method prior to MS analysis.  

 

Three separation methods that are commonly found in literature were compared. 

The three methods are long gradient long column 1D LC, online 2D LC, and offline 

gel fractionation coupled with shorter gradient 1D LC. The total separation time of 

each method was the same (7.5 hours). The condition for each run is as follows: 
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• Long Gradient Long Column 1D LC: 50 cm column, 7.5 hour gradient 

• Gel Fractionated: 1D LC, 15 cm column, 5 gel bands, 90 min gradient per gel 

band 

• Online 2D LC: 2D LC, 15 cm column (2nd dimension), 5 fractions, 90 min 

gradient per fraction 

 

Method development using Arizona banked specimens showed online-fractionated 

runs provided more proteins identifications than other methods of separation/ 

fractionation such as an eight-hour gradient run using a 50 cm column and 

traditional gel band fractionation. It is also the only method that identified The 

results are presented in Figure 4.2.  

 

 
 

Figure 4.2. Protein hits using different separation/ fractionation methods. 42 

Aspergillus proteins were identified with the 2DLC method, and 17 were determined 

to be of high quality. 
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Of all the Aspergillus proteins identified, seventeen were considered to be of high 

quality hits. The peptides of these proteins met at least the following criteria: 

1) Spectra exhibit good quality with high signal-to-noise ratio, and few 

unassigned peaks. 

2) Spectra matches with those obtained from the same peptide in the 

commercial antigen mix. 

3) Fragmentation patterns matches predicted pattern, either by Spectrum 

Predictor or by known fragmentation behavior pattern. 

The seventeen highest quality Aspergillus protein hits are listed below:  

Asp Hemolysin 
rAsp f13 
Cysteine-rich secreted protein 
Catalase 
Mannosidase I 
Alkaline Protease 
Glucan 1,4-alpha-glucosidase, putative 
IgE-binding protein 
Pectate Lyase A 

Exo-beta-1,3-glucanase 
Conserved hypothetical protein 
Peptidase, putative 
Major allergen Asp F2 
Conserved hypothetical protein 
Aspartyl aminopeptidase 
Hypothetical protein AFUB_047070 
Acetate-CoA ligas, putative  

 

Many of the assigned spectra of the discovered proteins from sample 2096 match to 

A. fumigatus commercial antigen spectra. For example, the spectrum obtained from 

a peptide from Asp Hemolysin was almost identical to that from the antigen itself 

(Figure 4.1.2). The major peaks were all assigned to predicted b and y ions and the 

there are few noise present in the spectra. From BLAST, most of identified peptides 

and proteins are either A. fumigatus-specific or pan-aspergilli, making these ideal 

candidates to be explored as potential diagnostic targets. The BLAST results are 

attached in Appendix E. 
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Figure 4.3. Spectrum for SDASSGTTGGFDLYDGNTK from Asp Hemolysin Protein. 

Top: From patient 2906 BALF; bottom: commercial antigen.  

 

For the majority of the Aspergillus peptides identified, a matching commercial 

antigen spectrum can be found. This gives very high confidence in the quality of 

these identifications, and reinforces the assignments from the patient sample. The 

summary can be found in Table 4.2 in the next section.  

 

This same discovery workflow method was utilized for the rest of the patient 

samples. However, no Aspergillus proteins were identified from any of the other 
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patient samples. Therefore, targeted analysis is based on the proteins/peptides 

identified in Patient 2906 only. 

 

4.1.2 Target Validation 

 

Peptides from the seventeen proteins listed above were subjected to targeted runs 

using targeted methodologies on the Orbitrap Elite and on a Waters Xevo TQ-S. The 

Waters TQ-S results were obtained during an instrument demo with the 

manufacturer. The Elite targeted runs were performed on the 2D NanoAcquity – 

Elite with a parent mass list. Only the target peptide masses within 0.001% mass 

error of the given mass would be fragmented when detected. This allow for 

approximately a 10 ppm mass error in detection, assuming m/z 1000. An isolation 

window of 2 Da was allowed. The triple-quadrupole mass spectrometer is run to 

selectively detect only the target transitions at target energies. Energies are 

predicted using the software Skyline. Summary of findings can be found in Table 4.2, 

along with the discovery results from the previous section.  

 

The Waters demo result alone suggested that out of all the patients submitted, 

patient 2906 showed the most amount of Aspergillus peptide present. This is 

expected as the original targets were from the IA patient 2906. Based on the MRM 

and targeted results, 2517 was also the most similar to 2906 than the rest of the 

patient samples. The ABPA patient, 9037, showed striking similarity in proteins that 
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were identified between itself and 2906. The other probable IA patient also showed 

more similarity to 2906 patient than the others.  

 

The elite targeted results are also listed separately to help visualizing large amount 

of data that was present on Table 4.2. In Table 4.3, patient 9037, the ABPA patient, 

showed strikingly similar result as patient 2906. This makes it difficult to determine 

if 9037 was a misdiagnosis or if the targets picked were not suitable for the invasive 

disease. The other probable IA patient 2996 showed little similarity to 2906, while 

2517 did not show signs of Aspergillus using this method. 

 

Using Cluster 3.0 and Java tree view, normalized spectral count for each protein can 

be visualized based on their abundances. In Figure 4.4, only proteins identified in all 

four patients were subjected to the analysis. Therefore, these are human proteins 

only. The color black means no significant changes; the color red is higher 

abundance and green is lower abundance than the rest. The relative abundances are 

normalized based on total spectral count of each sample, as well as of each protein. 

Based on the color scheme, it is apparent that each of the samples is very different 

from each other. The ABPA patient has a distinctively higher abundance protein 

profile than the other patients. Each patient has his or her unique red/green 

combination. The middle two rows are both probable IA patients, but exhibit very 

different protein expressions. This suggests that biological variances among 

individuals can be potentially problematic and cause large deviations in results. To 

address that, larger study groups will need to be formed in order to either pool the 
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samples, or to examine each set of disease conditions as one group, and compare 

different disease groups. 
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Table 4.2 (3 pages): 
 

ID Protein Name  Peptide  
Match with 
antigen? 

Identified 
in elite 
targeted 
2906 run? 

Found in 
Waters 
triple Q 
demo on 
2906? 

Found in other patient samples?  

70985747 Asp Hemolysin  

SDASSGTTGGFDLYDGNTK  yes  yes yes 
elite targeted: 2996<9037<2906; 
waters triple: 2906<9037 

YGGAIGTVDVEVGR  yes  yes yes 
elite targeted: 2996<9037<2906; 
waters triple: 2906<2517 

NYWVEIGTWNK  yes  
 

yes waters triple: 2906>9037 

DGDKDAEITSEDVQQK  yes  yes yes 
elite targeted and waters triple: 
9037<2906 

WYKDGDKDAEITSEDVQQK  no  
 

yes elite targeted: 9037 

NKNYWVEIGTWNK  
No antigen 
spectra  

yes yes elite targeted: 9037<2906 

3005841 rAsp f13  

VQATYEEADPSHCASGV  yes  yes yes 

waters triple: only 2 transitions 
rather than 3, 
2517>2996>2906>9037; Elite 
Targeted: 9037~2906 

IGGAPTIPGWNSPNCGK  yes  yes yes 
Waters triple: 2906>9037>2996; 
Elite Targeted: 9037~2906 

DAIPVSVSYDPR  
No antigen 
spectra  

yes yes 
Elite Targeted: 9037~2906; waters 
triple: 2517>2996,9037>2906 

159122933 
Cysteine-rich 
secreted protein  

TPTFANAGQFVLSK  yes  yes yes 
Elite Targeted: 9037~2906; waters 
triple: 2906>9037 

NDGVYYAAPDSMVQR  Only 1*  yes yes 
Elite Targeted: 9037<2906; waters 
triple: no 

ANVNNCIWK  no  
  

elite targeted: 9037 

1857716 Catalase  
GVDFTEDPLLQGR  yes  yes yes 

Elite Targeted: 9037>2906; waters 
triple: 2906>9037>2517>2951 

DGVYVAQSVTDDFANDLKEGLR  yes  
 

yes elite targeted: 9037 
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HVDGFGVHTFR no antigen  
 

yes elite targeted: 9037 

TVGALGSGTAALR  yes  yes yes 
 

45826518 Mannosidase I  LSDLTGDQEYAK  yes yes yes 
Elite Targeted: 9037 slightly lower 
than 2906; waters triple: 
2996>2517>2906>9037 

3549630 Alkaline Protease  

IKELATNGVVTNVK  yes yes yes 
waters triple: lower in 9037; Eiite 
Targeted: 9037~2906 

ELATNGVVTNVK  yes yes yes 
 

ASLAYNAAGGSHVDSIGHGTHVAGTIGGK no antigen  
 

yes 
waters triple: 
2517>2906>9037>2951>2996 

159128620 
Glucan 1,4-alpha-
glucosidase, 
putative  

ALVEGSTFAK  yes  
 

yes 
 

SVYAINSGIPQGAAVSAGR  yes  yes yes 
Elite Targeted: 9037~ 2906; waters 
triple: 2906>9037 

2980819 
IgE-binding 
protein  

VPESLSDIAAQLSAGITAAIQK  no antigen  
 

yes 
Elite targeted: all but 556, 2514, 
2594, 2517; waters triple: 
2517>2996>9037>2906 

QVEGVIDDLISKK  

top three peaks 
match. Antigen 
spectra missing 
other peaks  

 
yes Elite targeted: 2517<2906 

159128627 Pectate lyase A  ALYSTDDGYAVER  

assigned peaks 
match, but 
sample has many 
unassigned peaks  

 
yes waters triple: 2906>2996 

159130342 
Exo-beta-1,3-
glucanase, 
putative  

GDGVTDDTAAINAAMSDGGR  
not really and 
both noisy   

yes waters triple: 9037<2906 

IVYFDQGVYK  no antigen  
yes but 
noisier 

yes 
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159124026 
Conserved 
Hypothetical 
Protein  

DDLVNVLR  
possible… both 
spectra noisy   

yes 
Elite Targeted: 9037; waters triple: 
no 

159124129 
peptidase, 
putative  

VDQLGDIPVEEGGLPASDKYGR  

yes but 
fragmentation 
pattern not as 
expected  

 
yes Elite Targeted: 9037 

159125217 
Major allergen 
Asp F2  

QIEAGLNEAVELAR  

yes but 
fragmentation 
pattern not as 
expected  

 
yes Elite Targeted: 9037 

159129061 
Conserved 
hypothetical 
protein  

VVDVGGGVHSVVYEGEGGAK  

Yes but 
fragmentation 
pattern hard to 
tell  

yes yes elite-no; triple-no 

159126129 
Aspartyl 
aminopeptidase  

GFFDHFEEVDKEFADF  

yes but 
fragmentation 
pattern not as 
expected  

 
yes elite-no; triple-no 

159128411 
Hypothetical 
protein 
AFUB_047070  

LIIYqGR  no antigen  yes yes 
Waters triple: 
2517>2996>2906>9037>2951 

159124040 
Acetate-CoA 
ligase, putative  

TVWqWIQR  no antigen  
 

yes 
elite targeted: 2527; waters triple: 
2906, 9037, 2517>2996 

 
Table 4.2. Discovery and Targeted results for Arizona clinical discard samples.  
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Accession Description 2484 9037 3046 2527 2996 2516 2951 2906T 2906D 

2980819 IgE-binding protein  11.17% 11.17% 17.77% 11.17% 11.17% 11.17% 11.17% 17.77% 17.77% 

159126129 aspartyl aminopeptidase  3.10% 

159124040 acetate-CoA ligase, putative  1.11% 1.11% 1.11% 

45826518 mannosidase I  5.57% 2.39% 5.57% 

1857716 catalase  6.32% 3.57% 8.10% 

3549630 alkaline protease  4.11% 4.11% 12.61% 

159129654 allergen Asp F13  38.16% 38.16% 53.29% 

159125217 major allergen Asp F2  4.61% 4.61% 

70985747 Asp-hemolysin  46.76% 10.07% 44.60% 53.96% 

159128620 
glucan 1,4-alpha-glucosidase, 
putative   3.01% 3.01% 4.60% 

159130342 exo-beta-1,3-glucanase, putative  1.24% 3.73% 

159129061 conserved hypothetical protein  5% 5% 

159124129 peptidase, putative  5% 5% 

159124026 conserved hypothetical protein  2.31% 2.31% 

159122933 cysteine-rich secreted protein  11.08% 10.79% 21.87% 

159128411 hypothetical protein AFUB_047070  6.93% 6.93% 

159128627 pectate lyase A  4.05% 

 
Table 4.3. Percentage Sequence Coverage of Aspergillus proteins for each Arizona patients. Patients not listed had no 

Aspergillus proteins/ peptides identified using this method. Patient numbers in gray are negatives. 2906T is targeted 

run while 2906D is discovery run. 
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Figure 4.4. Heat map of protein expression amongst 4 different AZ patients. Known info on each patient (top to 

bottom): ABPA, probable IA, probable IA, no Aspergillus. 
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Even though the Arizona clinical discards do not provide good targets to pursue, it is 

more successful than the mouse samples. Aspergillus proteins are identified from 

these patient samples. This is a good indication that despite the low abundance of 

these proteins, they can still be detectable using our methods. 

 

4.2 OSU Patient samples 

 

As explained in Chapter 2, a prospective study obtaining blood and BALF from 

patients had been approved by the Ohio State University (OSU) Institutional Review 

Board. Enrollment is expected to be 50 patients from the OSU Medical Center. 

Samples are collected as they become available. The ideal pool will include patients 

with suspected Aspergillus infection (5-10 anticipated), patients with suspected 

colonization by Aspergillus spp. (5-10 anticipated), and patients without evidence of 

invasive aspergillosis as negative controls (30-40 anticipated). Medical records are 

being used to collect existing data for patient classification/diagnosis of proven, 

probable, or possible IA in accordance with EORTC/MSG guidelines.  

 

4.2.1 Sample Differences and Expectations 

 

Since it is impossible to completely control the conditions of each patient who 

undergo the lavage procedure, careful notes are taken for each patient to help in 

analysis of each patient conditions and classification of diseases. Clinical data, such 
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as culture data, galactomann testing results, disease history, etc. were used to 

account for potential differences between patients of the same classification but 

with different MS results and disease outcome. So far, twenty-two patients samples 

have been collected and analyzed. Most are paired blood and BALF samples, some 

with only either blood or BALF. A brief summary of each patient is listed in Table 4. 

4. As the clinical data shows, it is very hard to find two patients who are alike to pool 

the samples to minimize biological variances between individuals. Subject 14 and 15 

are non-invasive cancer patients who serve as negative controls in this study, but 

are suspected of different kinds of cancer (breast and lung respectively). All the 

other samples were collected as “suspected Aspergillus” although some in the end 

are being classified as bacterial pneumonia, such as Subject 01 and 09. There are a 

total of 10 patients classified as probable or possible IA based on their clinical 

scenarios. However, on top of having different pre-existing conditions and diseases, 

some of these patients were under anti-fungal treatment while some were not. 

Three additional patients are diagnosed with possible invasive fungal infection (IFI). 

The rest are either not IA or without diagnosis. The clinical data is used to explain 

potential differences between MS data obtained in patients with the same 

classifications.  

 

Based on the clinical data provided, patient 03 is expected to give the most 

promising result since the fungal culture showed A. fumigatus growth in BALF, and 

the patient was not on anti-fungal treatment before the bronchoscopy. Patient 05 

was also considered promising in identification of Aspergillus peptides due to the 
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clinical diagnosis of mycetoma (chronic subcutaneous infection) and chronic 

cavitary aspergillosis. Because patients 14 and 15 are negative controls, we expect 

the proteins identified in these two BALFs to be the most different from the rest of 

the samples, and without any Aspergillus peptides. Besides Aspegillus peptides, 

peptides from other microorganisms are also expected. Bronchoalveolar lavage is 

only being done on patient suspected of lung infections. Therefore, it is safe to 

assume the patients could have other infections other than Aspergillus, or could be 

co-infected with another microorganism. With real patient samples, it is hard to 

predict the exact MS outcome. Therefore, regardless of the expectation, it is difficult 

to determine what would be identified in each sample until MS runs are completed.  
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Pt Host criterion Microbiological 

criterion 

Gm 

serum 

Gm 

BAL 

Fungal 

Culture 

Antifungals Final Diagnosis Classification 

1 B cell lymphoma/cytoxan No N N N No Klebsiella 

pneumonia 

Not IA 

2 AML/allo-HSCT No N N Yeast not CN No ? Possible IA 

3 COPD/steroids Yes N >3.75 A. fumigatus No Chronic cavitary 

aspergillosis 

Probable IA 

4 AML/chemo/neutropeni

a 

 ND >3.75 N Yes Possible IFI 

(improved on vori) 

Possible IA 

5 asthma, possible ABPA No N >3.75 N No Mycetoma 

(chronic cavitary 

aspergillosis) 

 

6 COPD No N 0.659 Histo Yes Pulmonary 

histoplasmosis 

Not IA (histo) 

7 CLL/ITP/AML/neutropeni

a 

No N N N  Died -possible IFI Possible IFI 

8 AML/allo-HSCT Yes 1.156 5.74 N Yes Died -probable IFI Probable IFI 

9 AML/chemo/neutropeni

a 

Yes  1.41 Yeast not CN Yes Stenotrophamona

s pneumonia 

Not IA 

10 Possible ABPA      Pulmonary 

eosinophilia 

syndrome 

Not IA 

(ABPA?) 

11 Mantle cell lymphoma 

s/p allo HSCT/steroids 

No (sputum Af) N  N Yes IA (paraflu & 

adeno on bronch) 

Possible IA 

12 COPD, h/o aspergilloma 

s/p ressection 

(sputum Af) ND N N No Aspergilloma  

13 s/p RT on cyclosporin & 

sirolimus 

No ND N N No Fungal vs. 

bacterial cavitary 

pneumonia-was 

txed with vori & 

TMP/SX 

Possible IA 
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14 Control -adenoCA breast No   N  Metastatic 

adenoCA of breast 

Not IA 

15 Control -met adenoCA, 

lung primary 

     Metastatic 

adenoCA of lung 

Not IA 

16 CLL, T cell 

immunosuppressants 

Yes (BDG) N  N Yes Possible PCP 

(treated with vori 

& T/X) 

Possible IA 

17 AML/chemo/neutropeni

a 

No N N N Yes Possible IFI Possible IA 

18 ALL/alloHCT/neutropenia Yes (BDG) ND N N Yes Possible IA Possible IA 

19 AML (refractory) No N N N Yes Possible IA Possible IA 

20 Vasculitis on pred/MTX No ND ND N No Pneumonia -

possibly CAP/MAC 

Possible IA 

21 CLL to DLBCL, 

neutropenia 

Yes (GM in BAL) N 8.48 N Flu Invasive 

aspergillosis 

Probable IFI 

22 AML with relapse No N N N ? Mucormycosis Not IA 

 

Table 4.4. Brief summary of clinical data and classifications of each of the 22 patients collected so far from OSU hospital. 
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4.2.2 Sample Preparation Study 

 

Like the Arizona retrospective study, sample handling and preparation is the most 

critical part of the studies. Its success guarantees the best chance in identifying the 

low abundance fungal biomarkers.  

 

The prospective OSU patient studies were first performed the same way as the 

Arizona studies. From Coomassie-stained gel, it was obvious that a large amount of 

protein present was serum albumin in BALF. From MS results, it was very clear that 

the tens of thousands of spectral counts from albumin peptides dwarfed other 

proteins present in the sample. Therefore, a study was performed to determine the 

best way to remove albumin while still identifying the highest number of other 

proteins in the sample. The ideal result is to not only minimize the amount of 

albumin peptides present in the sample (Table 4.5), but also to ensure plenty of 

other proteins were not carried away during the sample treatment (Figure 4.5), 

especially the low abundance markers we are interested.  

 

A comparison studies between no treatment, Pierce Depletion Cartridge (removes 

top 12 most abundant proteins), Bio-Rad Proteominer Beads (normalized protein 

intensity), and Ethanol precipitation (precipitates all proteins other than serum 

albumin). The LC-MS result showed that ethanol precipitation not only resulted in 

the lowest number of spectral count for albumin peptides, but also left the most 

number of proteins present in solution for LC-MS identification.  
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No 

Treatment 

Pierce 

Depletion 

Ethanol 

Precipitation 

Serum Albumin 

Spectral Counts 
9394 818 364 

 

Table 4.5. Spectral count comparison of serum albumin for the same sample but 

with different treatment.  

 

Figure 4.5. Venn diagram showing the number proteins identified in each of 

different treatments for the same sample. Albumin is ethanol precipitation, CPL is 

Bio-Rad Proteominer Beads, and Pierce is the Thermo/ Pierce Top 12 Abundant 

Protein Depletion Cartridges. 



 137

Based on the results obtained, BALF fluid was treated with ethanol precipitation for 

all analysis to increase the chance of finding low abundance fungal proteins.  

 

4.2.3 Liquid Chromatography Method Development 

 

LC-MS method for analyzing samples used is almost as important as the sample 

preparation. Because good results are obtained with the Arizona retrospective 

samples using 5-fraction 2D online fractionation, the study for the OSU samples are 

originally analyzed the same way. However, it becomes evident that the 5-fraction 

runs cannot detect any Aspergillus proteins in patient 03. This could be due to the 

OSU patients not being as sick as the Arizona ones. Based on the limited amount of 

information from the Arizona patients, it is very hard to tell the reason behind the 

lack of detection. Due to this, more fractions are added to the 2D LC-MS runs. At the 

same time, gel fraction methods are revisited since it is still very prevalent for the 

methods to pre-fractionate complex samples for simpler detections. The ideal result 

would be to detect the highest number of proteins, especially fungal proteins, while 

using as little amount of separation and instrument time, as well as samples as 

possible. Higher throughput analysis will allow more samples to be analyzed during 

a given time. Smaller sample consumption will allow the limited amount of samples 

to be used for multiple runs, and multiple methods of running for more certain 

detections. 
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Aspergillus IDs 

(Peptides Per Protein) 

5 Gel Bands 

5 Fractions Each 
Whole Lane 25 Fractions 

Single Peptide 50 64 

Two or More Peptides 5 5 

 

Table 4.6. Comparison of Methods of Fractionation. This table shows a comparison 

of Aspergillus proteins identified between different methods of fractionation.  

 

Figure 4.6. Venn Diagram showing the number of total proteins identified using the 

same amount of chromatographic separation time, but different methods of first 

dimension fractionation. 
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To test the better separation method, each gel lane was cut into 5 gel chunks based 

on the amount of Coomassie staining, i.e. the amount of proteins present in each 

chunk. Each chunk was then digested individually to allow separate analysis 

downstream. Each band was run as a 5-fraction 2D LC-MS run while a fraction of 

each band’s digest was recombined into one sample and run as a 25-fraction 2D LC-

MS run. The amount of sample loaded for each fraction was normalized to be 300 ng 

to ensure both methods allow the same amount of peptides to be analyzed.  

 

The results from the studies show that with the same amount of chromatographic 

separation time, complete online fractionation using high pH reverse phase column 

outperforms gel-fractionation followed by lesser number of online fractions. The 25- 

fraction method not only allows more Aspergillus proteins to be identified for both 

single-and two-peptide hits, but also about 30% more host proteins to be identified. 

Almost 1500 proteins were identified using the 25 online fraction methods while 

only about 1100 proteins were identified with the 5 gel band 5 fraction each 

method. 

 

With both methods, Aspergillus proteins were identified, even though the original 5-

fraction run did not. From this, it is safe to conclude that with these samples, more 

fractionation is required in successfully identifying fungal proteins as biomarkers. 

Since the Arizona samples have limited clinical information, it is hard to speculate if 
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the more fractionation needed was due to the OSU patients are less advanced into 

the invasive disease as the Arizona 2906 and 9037 patient.  

 

4.2.4 Discovery Results 

 

Once the optimal sample preparation and LC-MS methods were determined, patient 

BALFs were analyzed. Blood samples were ranked as lower priority because 

studying samples from the site of infection would have higher chance of detection 

than at the path of dissemination. Ethanol-precipitated and gel-cleaned samples 

were digested and analyzed using online 25-fraction 2D LC-MS/MS as mentioned in 

the previous sections. Due to instrument time constraint, only 19 out of the 22 

patients have been analyzed using this method. As mentioned earlier, out of the 19 

patients, many were probable and possible IA, while a few were bacterial 

pneumonia and non-invasive cancer control patients.  

 

Within the 19 patient BALFs analyzed, the number of proteins identified from each 

patient varied greatly between around 700 to almost 3000 (Table 4.7). This 

difference can be attributed to sample variances, especially in the amount of high 

abundance proteins present. Because ethanol-precipitation only removes some of 

the albumin proteins, other blood proteins such as hemoglobin still remain to 

contribute high spectral counts in samples. This is especially true for samples that 

were pink or red in color. In certain patients, immunoglobulin had higher spectral 

counts. Out of all the patients analyzed using discovery method, only patient 03 
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showed Aspergillus proteins present using the discovery method. Figure 4.7 shows 

the fundamental issue encountered when working with patient samples. A large 

number of proteins can be identified, however, not much will be the target fungal 

protein this study desires. Several patients showed other microorganisms present in 

their BALFs (Table 4. 7). This raises the practical problems that human proteins are 

not the only roadblock in identifying the low abundance Aspergillus proteins. Co-

infections, as expected are likely to happen, and could also contribute to the number 

of unwanted proteins to be identified in LC-MS/MS methods.  

 

The identification of Aspergillus proteins in Patient 03 is particular exciting because 

this patient is classified as “probable IA”. Clinical data showed this particular patient 

suffered COPD and chronic cavitary Aspergillosis. The patient was culture positive 

for Aspergillus fumigatus on the BALF. Being able to coordinate the clinical data to 

the MS data was reassuring for our method of analysis. This patient is also not on 

anti-fungal, which could have enhanced the detection of Aspergillus proteins.  

 
Figure 4.7. Proteins identified in Patient 3 and their classifications.  
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Patient # Total Proteins BALF whole lane 25F Microorganism Results 
1 1136 - 
2 1471 Pseudomonas aeruginosa, Acinetobacter baumannii 

3 1377 
Pseudomonas aeruginosa, Pneumocystis jirovecii, 

Aspergillus fumigatus 

4 1145 Pseudomonas aeruginosa 

5 1731 Pseudomonas aeruginosa 

6 762 Pseudomonas aeruginosa 

7 1218 - 
8 1572 Staphylococcus aureus 

9 1452 Ajellomyces capsulatus, Pseudomonas aeruginosa 

10 No BALF 
 

11 1914 Pseudomonas aeruginosa 

12 2277 Pseudomonas aeruginosa 

13 2184 Aspergillus flavus 

14 2237 
Pseudomonas aeruginosa, Aspergillus flavus (really bad 
spectra) 

15 1925 - 

16 1314 
 

17 555 Pseudomonas aeruginosa, Klebsiella pneumoniae 

18 1933 
Pseudomonas aeruginosa, Klebsiella pneumoniae, 

Aspergillus flavus, Aspergillus niger 

19 1224 
Pseudomonas aeruginosa, Klebsiella pneumoniae, 

Aspergillus flavus, Aspergillus niger 

 

Table 4.7. Patient outcome table. Information included are the number of total 

proteins identified and microorganisms identified in the 19 patients analyzed using 

discovery methods.  

 

The six proteins identified are Secreted Dipeptidyl Peptidase (DPPV), Catalase, Cell 

Wall Protein PhiA, Pectate Lyase A, Thioredoxin Reductase GliT, and DNA 

Replication Licensing Factor. Two or more peptides are identified for each of the six 

proteins at high confidence.  
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Two of the proteins, mycelial catalase (Cat1) and di-peptidyl peptidase (DPP V), are 

abundantly secreted by A. fumigatus in vitro.[107] Presence of these proteins is not 

surprising, as A. fumigatus invasion of host tissues requires degradation of both 

fungal and host proteins (DPP V)[108] and detoxification of host antimicrobial 

molecules, like hydrogen peroxide to water and oxygen (Cat1)[109]. Recombinant 

Cat1 and DPP V were used previously in literature to detect antibody responses in 

the serum of patients with aspergilloma and ABPA but not invasive disease.[110] 

This suggests that Cat1 and DPPV may be present in lung fluids of patients with A. 

fumigatus-related diseases. However, we were unable to detect either protein using 

targeted searches in BALF from patients with ABPA or non-aspergillus related 

illness. Several other proteins were found that are suggestive of an actively invading 

A. fumigatus organism. Pectate lyase, alkaline protease Alp1, and ASP hemolysin 

function in the degradation of soft plant tissue, basement membranes and 

complement, and erythrocytes respectively[107, 111]. We also found the 

thioredoxin reductase GliT and cell wall protein phiA which plays a role in phialide 

development in A. nidulans, though A. fumigatus does not undergo sporulation in 

vivo.[112] In a recent study, GliT, Alp1, and pectate lyase, as well as DPPV, were 

identified by immune sera from all patients with proven invasive disease,[113] thus 

further bolstering our confidence in positively identifying these proteins in our 

study as specific to invasive disease. The methods of validation for peptides 

identified are described in the next section.  
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4.2.5 Peptide Validation 

 

Peptides identified for each of the six Aspergillus proteins need to be carefully 

validated before they are accepted as confident hits. The fact that all six proteins 

were identified as two peptide hits gives some confidence in their validity.  

 

Comparison of each peptide spectrum from patient to antigen (described in Chapter 

3) when available gives rise to the highest confidence in their correct sequence 

assignment (Figure 4.8). During this step, the similarity between the antigen and the 

patient spectra are analyzed. Major fragments typically are the same unless there is 

an overlapping precursor, which will contribute to unassigned peaks in the MS/MS 

spectrum. Signal-to-noise ratio is significantly above 3 for any of the peptide spectra 

to be accepted to be true. For the spectra without antigen comparison, quality is 

judged based on fragmentation patterns and spectral cleanliness. Expected strong 

fragments can be predicted using either in-house spectrum predictor or based on 

general knowledge. For example, proline effect predicts a strong X-P cleavage on the 

N-terminal of proline in a tryptic peptide.[114] Acidic residues such as aspartic acid 

and glutamic acid typically have enhanced cleavage on the C-termini. 

Complementary fragment pairs such as a b2 and y5 in a seven-residue peptide give 

further confidence on the correct assignment of the peptide sequence.  

 

Peptide BLAST was also performed once the spectral quality was considered to be 

good. Peptide sequence was BLASTed against the non-redundant database on NCBI. 
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A low E score and % coverage are the two most important factors to judge if a 

particular peptide sequence can be found for other organisms or other proteins. The 

lower the E score, the higher the uniqueness of the BLAST query. Percent coverage 

indicates the amount of similarity between the query and the returned result. An 

ideal result will have a very low E score for the first and/or second hit which will be 

the proteins of interest for Aspergillus, while having 100% coverage. The rest of the 

results should show significantly higher (typically in orders of magnitude) E scores 

with lower % coverage. Appendix F shows the BLAST result for each of peptide 

interested. Based on the BLAST results, almost all proteins except one fit into the 

categories of either Aspergillus fumigatus-specific, pan-fungal, or pan-aspergilli.  
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Figure 4.8. Comparing peptide spectra from patient (top) to commercial antigen (bottom). The major assigned peaks in 

both spectra match in abundance.
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4.2.5 Multiple Reaction Monitoring of Patient BALF 

 

The next step of validation was to perform targeted analysis against the peptides of 

interest using multiple reaction monitoring (MRM). MRMs are faster and more 

selective ways to search for only the target peptide of interest. To develop the MRM 

methods, retention time, as well as precursor/ fragment transition pairs need to be 

carefully selected and adjusted. In this case, because the sample is very complex, it is 

necessary to decide how many fractions the samples need on the 2D LC-MS/MS. 

MRM is a more selective method than the discovery method described in the last 

section. Therefore, 25- fractions should be unnecessary. The lesser the number of 

fractions required, the faster the throughput, the more patient samples can be 

screened within a given period of time.  

 

To begin this study, peptides that were not present in the commercial antigen are 

custom synthesized by JPT peptides (Germany). The synthetic peptides were used at 

the spiking level of 20 pmol per sample run.  

 

Prior to running spiked samples and real samples, simulated 1D with 2 hour 

gradients were tested with just antigen to determine if simulated 1D gives sufficient 

separation in a less complex mixture using this targeted approach. Unfortunately, 

only a few of the peptide of interest were detected, while the most were not found. 

One aliquot of sacrificial Patient 03 digest was also loaded with simulated 1D, but 

the transition list divided into 7 lists. Again, the results were disappointing, and no 
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Aspergillus peptides were detected using simulated 1D. Therefore, 2D separation is 

necessary for MRM studies with patient BALFs. 

 

To determine the spiking level of the antigen to act as standards, 1D runs of 

different concentration spikes are first performed (Figure 4.9). Three samples were 

tested, antigen-only, 1:20 antigen:Patient 03 BALF spike, and 1:80 antigen:Patient 

03 BALF spike. The antigen-only run served as standard for retention time as well as 

expected transitions for the peptides. Based on the data, it appeared that a 1:20 

spike and a 1:80 do not show much difference in signal detection. Therefore, antigen 

was spiked at the concentration of 1:80 antigen to patient sample proteins for the 

2D runs.  

 

Once the spiking level is determined, matrix effect is being tested prior to starting 

developing 2D methods for MRM. Patient 03 spiked with antigen was run as the first 

control to see if the addition of antigen raises levels of the Aspergillus peptides 

present while affecting the retention fraction and time of each peptide. It is 

observed that the peptides still elute in the same fraction regardless of the presence 

of absence of the human protein background. However, the retention time does 

differ due to the presence of background. Figure 4.10 shows one example of this 

observation with one peptide, even though this is observed almost universally with 

all the peptides. Peptide TLIVGSEDGLR shown in Figure 4.10 shows that while it 

always elute in the second fraction during the five-fraction 2D run, the antigen only 

runs show retention time of around 25.5 minutes but the actual sample and spiked 
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sample have a retention time of around 19 minutes. The endogenous peptide and 

the spiked peptide exhibit the same retention time even though the spiked peptide 

raises the total concentration greatly. When comparing the difference in intensity of 

the transitions between the spiked and the unspiked patient, an expected increase 

in signal intensity is observed in the spiked sample. Contribution from other peptide 

with some overlapping transition at the same retention but does not contain all the 

transitions are also observed. Note that in the antigen sample, the order of intensity 

for each peptide is different from those observed in the ones with patient 

background. The transitions screening for y7 and b3 show higher intensity in the 

unspiked Patient 03 digest. Upon addition with the antigen, the intensity of the 

overall transitions are additive.  

 

The shift in retention time is not the same in all the peptides. Due to this 

observation, antigen digest only added with synthetic peptide sample was used to 

find the fraction in which these peptides elute. To obtain the actual retention time of 

each of the peptide within each fraction, the mixture of antigen digest and synthetic 

peptides was spiked into Patient 02’s BALF digest, which consistently showed no 

Aspergillus in both discoverer and trial MRM runs. After running multiple MRM runs 

with the target peptide list broken into 4 lists, fraction and retention time of each 

peptide and each transition screened were finalized. The finalized list of peptides 

screened can be found in Appendix G. This list include not only the targets founds in 

Patient 03, but also the proteins found in Arizona patient 2906.  
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Figure 4.9. 1D test on antigen spiking level. The peptide displayed here is IASANEIDPELK for Dipeptidyl Peptidase V. The 

antigen panel shows antigen digest alone injected, while the 1:20 and 1:80 are antigen spiked in Patient 3’s BALF at the 

indicated ratio, respectively. 
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Figure 4.10. MRM transitions for peptide TLIVGSEDLGR. The bottom right is the antigen run without any human background. 

The top left and right are Patient 03’s BALF with and without the spiked in antigen, respectively. The spiked sample shows an 

additive effect of the antigen plus the unspiked sample from both the endogenous peptide and the human background. 
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Using the list developed, 21 patients BALFs were screened, along with the spiked 

Patient 02 BALF as control. Patient 10 is omitted because no BALF was collected 

from that patient. Two additional peptides, NPEENEAIASFVK and AEDAPGVPLR 

from pulmonary surfactant protein and mucin, respectively were also screened in all 

patients. These two peptides were consistently found in all patients, though at 

different levels. They serve as good endogenous control to ensure the fractionation 

and retention times for each run are as expected.  

 

With 21 patients, most peptides, and therefore proteins screened are eliminated as 

targets. Table 4.8 summarizes the multiple runs for each patient. Most of the runs 

listed were from triplicates, with the exception of the starred (*) runs next to each 

patient number, which are results from non-triplicate runs. All MRMs were 

performed at least twice on each patient. The data showed that peptides from 

Pectate Lyase A, Thioredoxin Reductase GliT, and Aspartyl Aminopeptidase are 

found in all patients, regardless of which disease they have. This suggests that not 

only are these not good targets, but also probable miss-assigned sequences from 

human peptides. These three were removed as potential targets for IA. Proteins 

such as DNA Replicating Factor, Mannosidase 1 and Glucan 1,4 alpha were not found 

in any of the patient samples, making them not good targets. After examining all the 

peptides identified in each patient, three proteins stood out as potential targets—

dipeptidyl peptidase, catalase, and cell wall protein phiA. These proteins were 

discussed earlier in the Chapter for their pathogenic functionalities. 
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Patient 21, although did not show the three proteins discussed above, showed high 

similarity to Patient 03 for the other peptides identified in MRM runs. Discovery run 

should be done on this patient to see if additional Aspergillus proteins can ben identified 

from this patient.  

 

MRM is also done on Patient 03’s depleted plasma. However, none of these peptides are 

present. This could be due to the dynamic range of proteins present in blood even after 

depletion. However, the more likely case is that the secreted Aspergillus proteins present 

in human lung are different from those disseminated to the rest of the body in the blood 

stream. 
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Protein Peptide.Charge S 1* 2 3 4* 5 6 7 8 9 1
1 

1
2* 

1
3* 

1
4 

1
5 

1
6* 

1
7* 

1
8* 

1
9* 

2
0* 

2
1* 

2
2* 

Secreted 
Dipeptidyl 
Peptidase 

IASANEIDPELK.2 Y   Y                   

TLIVGSEDLGR.2 Y   Y                   

NGYSLDGELK.2                       

IYDSIYVR.2 Y   Y                   

VLYVYSLGSK.2 Y                      

TIPSVAGDWDR.2                       

AASLPASFSGLK.2 Y   Y                   

Cell Wall 
Protein PhiA 

IGYTTGAQPAPR.2 Y     Y   Y                                 

Catalase GVDFTEDPLLQGR.2 Y   Y  Y                 

DGVYVAQSVTDDFANDLKEGL
R.3 

                      

DGVYVAQSVTDDFANDLK.2                       

VGVLGSVQHPGSVEGASTLR.
3 

Y   Y                   

IVPEEFVPITK.2 Y     Y   Y
* 

                                

Pectate Lyase 
A 

DSTAVLEGFGLLVK.2 Y     Y                                 Y   

VGSNTSIIGK.2 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

ALYSTDDGYAVER.2 Y Y                     

DGAQVLVESNQFVGSSK.2  Y    Y                 

SAVVGVAGQTLK.2 Y   Y Y Y Y     Y* Y   Y                 Y Y 

Thioredoxin 
Reductase 
GliT 

EIQQAAEESPVGASGLK.2 Y                                       Y
? 

  

QVETNQLFEAR.2                       

KVVLATGVR.2*** Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

Dna 
Replication 
Licensing 
Factor 

ILN[+0.1]LVVR.2                                             

NTAQENMQLR.2                                             

Asp 
Hemolysin 

SDASSGTTGGFDLYDGNTK.2 Y                                           

YGGAIGTVDVEVGR.2 Y     Y     Y*            

NYWVEIGTWNK.2 Y                    Y  
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DGDKDAEITSEDVQQK.3 Y                                       Y   

rAsp 13 IGGAPTIPGWNSPNC[+57.0]GK
.2 

Y   Y  Y   Y*  Y          Y Y 

DAIPVSVSYDPR.2 Y               Y*                           

Cysteine-rich 
Secreted 
Protein 

TPTFANAGQFVLSK.2 Y                                           

NDGVYYAAPDSMVQR.2 Y
* 

                     

QNILTFEVSNDAR.2 Y                                       Y Y 

Aspartyl 
Amino- 
peptidase 

GFFDHFEEVDKEFADF.3                                             

NGSAFIAFSVGK.2 Y     Y
* 

  Y*            Y Y 

IPTLAPHFGAPSQGPFNK.3 Y  Y   Y
* 

  Y*            Y Y 

SGGTIGPMTSAR.2 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

Conserved 
Hypothetical 
Protein 

VVDVGGGVHSVVYEGEGGAK.
3 

                                            

DGSLTQLAK.2 Y                      

AGTLVAIGDQSSSNVAIVSR.2 Y                                       Y   

Glucan 1,4 
alpha 

ALVEGSTFAK.2 Y                                           

SVYAINSGIPQGAAVSAGR.2 Y                                           

Mannosidase 
1 

LSDLTGDQEYAK.2 Y                                           

NGWGASAVDALSTAIVMR.2 Y                                        

Pulmonary 
Surfactant 
Protein 

NPEENEAIASFVK.2 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

Mucin AEDAPGVPLR.2 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 

 

Table 4.8. Summary of MRM results from Patients 01-22, except 10. Most, unless otherwise noted, are from triplicate run 

results. Y indicates matching to the standard. Star (*) next to patient number indicate only duplicate runs are performed. Y* 

indicates that not all runs show presence of the transitions. 
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4.3 Limit of Detection Studies  

 

A brief experiment was conducted using A. fumigatus catalase spiked in undepleted 

patient plasma to study the limit of detection. Spiking concentrations of 0 μg/ μL, 10-

9 μg/ μL, 10-8 μg/ μL, 10-7 μg/ μL, 10-6 μg/ μL, 10-5 μg/ μL, 10-4 μg/ μL, 10-3 μg/ μL, 

10-2 μg/ µL of recombinant catalase in human plasma. The result on velos pro (a 

dual linear ion trap) showed that with 1D fractionation using long gradient, only the 

highest concentration can be detected was 10-2 μg/ μL, which is about 2 orders of 

magnitude higher than the limit of quantitation (LOQ) reported for SRMs[115]. With 

depletion, lower concentration of catalase should be detected as long as the 

depletion process does not carry out the catalase.  

 

4.4 Summary and Conclusion 

 

In this Chapter, patient sample screenings are discussed. The chapter primarily 

focuses on discovery and targeted approaches used for finding Aspergillus fungal 

biomarkers. The Arizona retrospective samples, though does not contain complete 

clinical and patient information for the biomarker determination, are good 

benchmark for method development. It is the first sample that shows confident 

Aspergillus protein hits using MS methodologies. Some of the proteins identified in 

these patients are also screened in MRM runs for the OSU patient samples, although 
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they are all eliminated as potential targets due either their presence in non-IA 

patients or their absence in IA patients.  

 

The methods are further advanced and tuned with the OSU perspective study. With 

the OSU studies, along with detailed clinical information on each patient, each 

sample is properly classified. Discovery runs generate six potential target proteins. 

Along with the proteins from the Arizona targets, MRM runs are performed. While 

most the targets are eliminated due to various reasons, three proteins are of 

potential interest, and may be pursued further as diagnostic targets.  
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Chapter 5  Conclusion and Future Studies For Biomarker Studies 

 

5.1 Conclusion of the Biomarker Studies 

 

Aspergillus fumigatus is a fungus that is present predominately in decaying 

vegetation and soil. An average person inhales in a few hundred conidia (asexual, 

non-motile spores) a day, which are cleared by a healthy immune system effectively. 

Immunocompromised patients, however, may develop invasive aspergillosis (IA), a 

e potentially fatal disease. A. fumigatus spores enter the lung through inhalation. IA 

often occurs in patients who have undergone hematopoietic stem cell or solid organ 

transplantation, received chemotherapy, or who suffer from late-stage AIDS. Delay 

in initiation of antifungal therapy causes higher mortality. Current diagnostic 

criteria rely upon microbiologic, histologic, radiographic and carbohydrate 

biomarker assays. Some of these tests are time-consuming, others are invasive, and 

they have variable accuracy. Consequently, patients with IA often receive treatment 

too late. A. fumigatus infection can also lead to other diseases such as aspergilloma, 

in which A. fumigatus grows inside lung cavities, or allergic bronchopulmonary 

aspergilloma (ABPA), an allergic response to A. fumigatus. The organism may also 

colonize the airways without causing disease. Hence, development of a fast, 

sensitive, and less invasive diagnostic technique is critical in being able to correctly 

and confidently identify IA in patients soon after onset of symptoms.  
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The goal of the present study is to identify A. fumigatus proteins that are specifically 

present in the organism of a patient during IA. Identification of target proteins 

present in biological samples will help develop future diagnostic tools. 

 

In this part of the dissertation, methods and results for discovery and validation of 

Aspergillus fumigatus proteins are addressed. The focus is primarily on method 

development. Sample preparation methods, as well as LC-MS/MS methods are 

explored to yield the best results that can be obtained using the instrumentation 

and resources available. 

 

Section 3.1 describes research focused on method development using the 

commercially available Aspergillus fumigatus antigen powder. Using the antigen 

powder, it is obvious that solubility is one of the greatest challenges in working with 

the commercial Aspergillus antigen. Without denaturation in form of precipitation 

and further cleanup and denaturation on a gel, only insufficient digestion can be 

obtained, yielding very few proteins identified. With both a TCA-precipitation and 

gel clean up, over 180 proteins can be identified using relatively short gradient 1D 

LC-MS/MS. The resulting spectra are used as standards for comparison to the 

spectra obtained in the human samples.  

 

Section 3.2 and 3.3 discuss the mouse model used for preliminary studies. Although 

the mouse model does not yield useful Aspergillus proteins for biomarker purposes, 

it does allow analysis of host protein responses. Several expected host protein 
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response were observed in the MS data. For example, immunoglobulins are up-

regulated in asthma mouse, while the invasive model shows high levels of serum 

amyloid proteins as well as protease inhibitors.  

 

The mouse samples also serve as good method development to test different 

methods available for protein normalization and depletion in plasma samples. One 

of the major challenges when working with biological samples is the wide dynamic 

range of protein concentrations present in all samples. In a typical blood sample, 

more than half of the amount of protein present is serum albumin. In BALFs, serum 

albumin, as well as other blood proteins are also common. Both combinatorial 

peptide library (Proteominer beads from Bio-Rad), and the traditional depletion 

columns were used on mouse plasma to find the best way to remove the high 

abundance proteins in mouse plasma while leaving the greatest amount of low-and 

mid-abundance proteins in solution to be detected. The results showed that while 

Proteominer beads show even normalization of protein concentrations and have the 

advantage of fractionating the sample, the traditional depletion columns still lead to 

the highest number of proteins identified in the plasma sample.  

 

The patient samples addressed in Chapter 4 yield better results in identifying 

Aspergillus proteins that can be used as potential biomarkers. The Arizona 

retrospective studies show that with 2D fractionation, Aspergillus proteins can be 

identified in patient BALF in 5-fraction runs. Multiple Aspergillus proteins are 

identified in one particular patient, 2906. Some of the peptides’ sequence 
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assignments are confirmed by using the commercial antigen’s MS/MS as standard 

spectra. Peptides of those proteins are used for both targeted MS/MS and MRM 

approaches. However, the results show that most of these peptides show in almost 

all samples, including the negative controls as well as the ABPA patient, making 

their presence suspicious. The clinical data for these samples are incomplete, 

making these samples suitable for method development but not for biomarker 

discoveries. 

 

After extensive sample preparation and LC-MS method development studies, the 

OSU prospective studies yield even more useful results than the Arizona patient 

samples. With the OSU samples, the importance of albumin removal via ethanol-

precipitation was demonstrated. 25-Fractions are found to be necessary to identify 

Aspergillus proteins in BALFs. The 6 Aspergillus proteins identified using the 

discovery methods developed are analyzed using MRM. Even though Patient 03 is 

the only patient sample that showed presence of Aspergillus fumigatus proteins in 

discovery experiments, MRM results show that Patient 05 and Patient 08 also 

contain some of the Aspergillus proteins identified in Patient 03.  

 

5.2 Future Directions 

 

The immediate direction for this project is to finish running the discovery runs on 

the patients already collected. As noted at the end of Chapter 4, Patient 21 exhibit 
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more similarity to Patient 03 than all the other patients. Discovery on this patient 

could lead to more Aspergillus proteins being identified. 

 

The paired blood samples collected have minimal studies conducted. Once more 

targets are identified, MRM can be performed on a depleted sample to see if any of 

the secreted proteins in the lung are also present in the blood. It is very likely that 

the Aspergillus proteins found in lung and in blood are different. However, there 

may be some overlap in proteins that are present in both. Until more targets can be 

identified for this purpose, it will be hard to realize this work. 

 

Limit of detection studies need to be continued to determine the lowest 

concentration of Aspergillus proteins that can be identified using the current 

methods for both discovery and targeted approaches. The quick study on patient 

plasma described in Chapter 4 did not yield good results due to the lack of depletion 

on these samples. Effects of CPL on limit of detection (LOD) for BALF were also 

studied by another colleague.[116] However, her results show disappointing LOD 

and will need to be repeated.  

  

One of the major obstacles in this project is sample control. With the patient sample, 

too much variability is observed among patients. Even if the patients belong to the 

same disease state, they still have very different treatment and other clinical 

background. Every sample is unique, therefore making it hard to perform the 

experiments in very controlled manner. The obvious solution to this, of course, 
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would be to use a model system to study. This is the reasoning behind the mouse 

model described in Chapter 3. However, because mouse sample does not generate 

useful data with respect to biomarker discovery in this case, a different model 

organism may need to be explored. The implications of this would be the high cost 

associated with animal models. The reason for unsuccessful mouse model analysis is 

still being explored. A lot of the hardship could be contributed to sample quality. 

Because of the multiple freeze thaw cycles, and catastrophic freezer failures, sample 

integrity could have been compromised.  

 

The current collaborations with the hospital show promising results. However, since 

there is no way to control which patient will participate in this study and which 

disease the patient has, the process of collecting enough samples will take months if 

not years to complete the ideal set of patients. Once a satisfactory cohort of patient 

samples is obtained, pooled samples and statistical analysis can be performed on 

patients with similar background and disease state to obtain better and more 

confident biomarkers. Once these biomarkers are confirmed, monocolonal 

antibodies (MAbs) can be generated to test their binding to the antigenic proteins. 

These MAbs can be used on other diagnostic platforms such as lateral flow assay or 

bead-based assays. 
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Part II 

Mass Spectrometry and Intact Protein Analysis 

 



 165

Chapter 6  Background and Significance of Intact Protein Analysis 

 

The introduction of native mass spectrometry,[21, 117-119] in which the native 

interactions stabilizing the non-covalent complexes of proteins or other molecules 

can be maintained under the gentle electrospray conditions, has boosted the 

application of mass spectrometry to structural biology. The stoichiometry of protein 

complexes can be determined from a mass measurement with very low sample 

consumption and simple sample preparation because of the sensitivity and short 

analysis time of mass spectrometry. Furthermore, tandem mass spectrometry 

(MS/MS) experiments can be employed to determine the arrangement of subunits in 

the complexes.  

 

Native mass spectrometry (NMS) has become an increasingly important method in 

structural biology.[118, 120, 121] In NMS the noncovalent interactions stabilizing 

protein complexes can be maintained under gentle interface conditions. Nanoflow 

electrospray ionization (nESI) coupled to an ion mobility tandem mass 

spectrometer provides information on stoichiometry, size, and structure of 

noncovalent protein complexes.[20, 122-124]  

 

6.1 Nano Electrospray Ionization 
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The Nobel Prize-winning discovery of electrospray ionization (ESI) by John 

Fenn[12] is a soft ionization method with little or no source fragmentation, making 

it particular useful for the analysis of fragile biological macromolecules. The lower 

flow version of ESI, nESI, introduced by Matthias Wilm and Matthias Mann[19, 125] 

proves to be superior for studies of native protein complexes. With smaller spray 

orifices, nESI allows better dispersion of the liquid to nanodroplets, avoiding harsh 

desolvation conditions. It also allows lower flow rate than in conventional ESI, 

improving the ionization efficiency. With smaller required sample volumes and 

concentrations, less sample is consumed during a typical nESI experiment than a 

conventional ESI experiment. This also leads to reducing the amount of volatile 

buffer (e.g. ammonium acetate) needed to make a more native environment. In 

addition, nESI is more tolerant to nonvolatile salts and buffers.[126] 

 

6.2 Ambient Mass Spectrometry and Paper Spray Ionization 

 

Ambient ionization[127] methods such as desorption electrospray ionization (DESI)13 

and direct analysis in real time (DART)14 have opened a new area in MS, allowing MS 

on samples on a variety of surfaces/substrates. In addition, some new ionization methods 

such as matrix assisted ionization vacuum (MAIV) combined with IM-MS show potential 

for clinical study.[128]  

  

Paper spray (PS) ionization, a relatively recent ambient ionization method, was first 

introduced by Graham Cooks and Zheng Ouyang’s groups from Purdue University in 
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2010.[129] This method has the characteristics of both ESI and ambient ionization 

methods. It involves loading a sample in solvent onto a paper with a macroscopically 

sharp point, and generating ions by applying a high voltage to the wetted paper.  

 

Studies have shown that a wide variety of molecules including small molecules, 

peptides and proteins can be ionized by PS.[129] This method is also important for 

clinical applications,[129-132] in which numerous drugs in whole blood,[129] dried 

blood spots (DBS)[131] and urine[130] have been directly analyzed by PS. Very 

recently, a high throughput PS ionization device for fast quantitative analysis of 

drugs in blood was reported.[133] However, the PS ionization method has not been 

applied to ionize protein complexes. 

 

6.3 Collision Induced Dissociation and Surface Induced Dissociation 

 

Collision induced dissociation (CID) is a widely available MS/MS activation method 

that involves activation of the precursor ion upon collision with neutral gas atoms 

or molecules. Alternatively, activation in MS/MS can be achieved by the impact of 

the precursor ion on a surface target. Previous studies[134, 135] suggest that the 

kinetic energy of the precursor ion is converted to its internal energy through 

multiple collision events with neutral gas in low energy CID, while an approximately 

single-step energy transfer is likely as the mechanism for surface induced 

dissociation (SID) at acceleration voltages comparable to CID.[136] Due to the 
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stepwise nature of energy deposition in low energy CID, the dissociation pathway 

with the lowest activation barrier is usually the dominant one observed in the 

experiment. In contrast, the amount of energy deposited into the precursor within a 

single step also makes pathways with higher energy barriers available.  

 

Furthermore, SID has been shown to have higher efficiency than CID in transferring 

the kinetic energy to the internal energy of the ions, because of a much larger 

relative effective mass of the surface compared with the precursor ion.[135]  

 

Our research group has shown in the past that SID results in significantly different 

dissociation spectra from CID at comparable laboratory frame collision energies for 

non-covalent complexes.[136, 137] The protein complexes tend to dissociate in a 

more charge-symmetric way in SID with each product carrying a number of charges 

that is proportional to its mass.[136] However, CID frequently dissociates the 

complex in a highly asymmetrical fashion, with low mass products retaining half or 

most of the charge from the precursor. A plausible mechanism for asymmetric 

dissociation of protein complexes in CID is the gradual unfolding of a monomer 

subunit followed by the ejection of the highly charged monomer, supported by both 

experimental and theoretical studies from several groups.[138-142] The lower 

charge states in the SID products, in addition to the compactness of the SID products 

revealed by ion mobility measurements, allow proteins to be dissociated into 

subunits without significant unfolding. It is important to realize that more 

representative structures of the native protein complexes can be determined from 
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the dissociation information if the protein complexes have not undergone 

significant conformational change during activation process. Recent SID work [143] 

has shown substructure characterization for a hetero-hexameric protein, 

toyocamycin nitrile hydratase, which dissociates into two αβγ-trimers that are 

representative of the native structure. The robustness of MS/MS analysis in 

providing topology information of protein complexes makes it appealing for 

characterization of proteins that are difficult to crystallize and/or purify for X-ray 

crystallography and nuclear magnetic resonance. 

 
Figure 6.1. Protein substructures and CID fragmentation. Left: hexamer in two 

different conformations—planar (top) and trimer of dimers (bottom); Right: CID 

pathway of a protein complex where the substructure cannot be distinguished since 

the products are one highly charged unfolded monomer and one n-1 mer.  
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Figure 6.2. Scheme of CID vs SID fragmentations. Left: multi-step CID involves 

collision of the protein complex with gas molecules. Right: single-step SID involves 

collision into solid surface and breaking into multiple substructures.  

 
Figure 6.3. Energy pathways accessed by CID vs. SID. Left: the multi-step CID usually 

takes on the lowest energy fragmentation pathway (A) while Right: the single-step 

SID with higher energy deposition can access both lower and higher energy 

pathways. 
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Chapter 7 Materials and Methods For Instrument Development 

 

7.1 Protein Sample Preparation 

 

For Surface-induced dissociation experiments, protein preparation is done as 

described. Much of what is present in solution of a protein sample, such as the non-

volatile contents are incompatible with mass spectrometry. This includes regular 

biological buffers, which contain high concentrations of salt. Proteins stored in 

commonly used physiological buffers are buffer exchanged into ammonium acetate 

before mass spectrometry analysis. Size-exclusion spin columns (Micro Bio-Spin-6, 

exclusion limit 6 kDa for protein and peptides, BioRad) are used to replace the 

protein into ammonium acetate from the sample’s original buffers and solution. The 

spin columns are conditioned with 500 µL ammonium acetate buffer three times by 

spinning at 1000 × g for 1 minute. The protein solution, usually around 10 μM is 

loaded onto the column and spun down at 1000 × g for 4 minutes for sample 

collection. The salt and small molecular weight species lower than the exclusion 

limit should be retained on the column, while the proteins will be eluted with 

ammonium acetate buffer. Buffer exchange can be performed multiple times if once 

is insufficient for cleanup. However, the more buffer exchange performed, the more 

sample loss can be seen.  
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Cesium iodide was purchased from Sigma-Aldrich (United States) and used without 

further purification. The sample was dissolved in acetonitrile:water:formic acid 

(50:50:0.1) solution for nanoESI. Lyophilized powder of human transthyretin 

(Sigma-Aldrich) and human serum amyloid P (CalBiochem, United States) was 

dissolved and exchanged into 100 mM pH 7 ammonium acetate buffer with size 

exclusion chromatography spin columns (BioRad, United States) before analysis.  

 

For paper spray experiments, sample preparation is very similar to that of the 

surface-induced dissociation experiments. Transthyretin (TTR) from human plasma, 

concanavalin A (ConA) from Canavalia ensiformis, human hemoglobin (Hb) standard 

and ammonium acetate were purchased from Sigma-Aldrich (St. Louis, MO). Human 

serum amyloid P (SAP) was purchased from EMD Millipore Corporation (Chicago, 

IL). The protein powders including TTR, ConA, and SAP were dissolved in deionized 

water to desired concentrations and buffer exchanged into 100 mM ammonia 

acetate (Sigma-Aldrich, St. Louis, MO) with Micro Bio-Spin 6 chromatography 

columns (Bio-Rad Laboratories, Inc., Hercules, CA) before analysis. Human Hb 

standard was dissolved in 100 mM ammonium acetate for nESI and PS without 

buffer exchange. Human blood detritus/discard with plasma removed was 

generated from blood provided for an unrelated IRB approved study. The blood 

detritus sample (1 µL) was mixed with 400 µL of 100 mM ammonium acetate for 

nESI and PS. The concentrations of proteins used for nESI and PS are 25 µM for TTR 

tetramer, 20 µM for dfAT dodecamer, 25 µM for ConA tetramer, 20 µM for SAP 

pentamer, and 20 µM for human Hb tetramer. 
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7.2 Commercial Instrument Modification 

 

Commercial instruments are modified carefully to perform experiments that cannot 

be carried out in vendor configurations. The instrument modified used in this part 

of the dissertation is the Waters Synapt G2s ((Waters MS Technologies, Manchester, 

UK)). Surface-induced dissociate device (SID) is placed in the optical rail of the G2 

between the ion mobility cell and the transfer region. Paper spray ionization is 

achieved by replacing the source with a home-made set up.  

 

7.2.1 Surface Induced Dissociation Device 

 

A home-made surface-induced dissociation (SID) device is designed based on the 

preexisting design of the one present in the PI’s laboratory’s Waters QTof 2 

(Manchester, UK).[144] The original design was scaled down to 3 cm with one of the 

exit electrodes removed. To accommodate the device, and to provide space for the 

device, the first 22 ring electrodes on the stacked ring ion guide of the transfer cell 

are removed (Figure 7.2) using a hand-held Dremel. Further descriptions of the 

commercial instrument can be found elsewhere.[145, 146] The SID lenses are 

stainless steel and are assembled on PEEK holders. The setup is mounted on an 

aluminum holder and positioned between the IM cell and the truncated transfer 

TWIG (Figure 7.2). Each SID lens is electrically connected to an individual channel of 
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two external DC power supply (each has 9 channels; Spectrum Solutions Inc., 

Russellton, PA, USA) via a 12-pin connector (Molex, Lisle, IL, USA). All the lenses and 

holders were fabricated by the University Machine Shop and the Chemistry and 

Biochemistry Department Machine Shop at the University of Arizona. 
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Figure 7.1. Schematic for the modified Synapt G2 with SID device installed. Top: 

overview of the show instrument and the location of the device, which is between 

the ion mobility cell and a shortened transfer cell. Bottom: Triwave region shown 

with SID device operating in transmission mode for CID or MS (left), and in SID 

mode (right). 
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Figure 7.2. Actual images of the first SID device in the G2. Top picture shows the 

difference between the original transfer cell and the one without the first 22 ring 

electrodes. Bottom left picture shows the device in its final configuration between 

the IMS cell (left) and the shortened transfer cell (right). The bottom right picture 

shows the SID device on its stage in reference to the size of a US quarter. 
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With static nanospray, each sample was loaded into a tapered glass capillary pulled 

in-house using a Sutter Instruments P-97 micropipette puller (Novato, CA). A 

platinum wire was inserted into the non-tapered end of the capillary,[124] and a 

voltage of 0.9-1.5 kV was applied. 

 

The SID surface used in the experiment is a glass surface coated with 10 Å of 

titanium and 1000 Å gold on the top (Evaporated Metal films Corp., Ithaca, NY). 

Prior to use, the surface is further chemically modified with 2-(perfluorodecyl) 

ethanethiol following a protocol described elsewhere.[144] 

 

Operation of the Modified Instrument 

 

When operating in IM-TOF mode, the ions are trapped in the trap TWIG and 

released in pulses into a pressurized IM cell downstream where the ions undergo 

separation based on their size and shape. The helium cell in front of the IM cell 

reduces the kinetic energy of the ions thus improving the subsequent IM 

resolution.[145] The ions exiting the IM cell after separation will either be 

transmitted directly to TOF analyzer or undergo MS/MS in the transfer region 

before entering TOF. 

 

For cesium iodide and protein samples, the conditions used were: trap gas 4-6 

mL/min, helium gas 120-160 mL/min, nitrogen 60-80 mL/min, IMS wave height 12-
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18 V, IMS wave velocity 180-250 m/s. All mass spectra were processed with 

MassLynx v4.1 and DriftScope v2.1 (Waters Corporation, United Kingdom). 

 

For CID experiments, the voltages on the SID device are set for fly-through 

transmission of the ions (Figure 7.3). All the IM-CID experiments in this work were 

performed in the transfer TWIG by accelerating the ions exiting the IM cell before 

they entered the transfer TWIG region. In SID experiments, the potential on the 

front bottom deflector was raised to steer the ions onto the surface. Other lenses 

were tuned for maximum transmission as indicated by the ion current at the 

detector. SID acceleration voltage is defined by the potential difference between the 

IM cell exit and the surface. The DC potential downstream of the surface, on the 

transfer TWIG, was held 10-20 V lower than the surface to provide sufficient 

acceleration of the SID product ions off the surface. 
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Figure 7.3. (a) Schematic view of the modified Waters Synapt G2 with SID capability. 

Dimensions of the ion optics are arbitrary and not drawn to scale. The shaded 

regions are enclosed cells which are filled with gas as indicated by the arrows below 

them. (b) 3D prospective view of the SID device assembly. (c) Cutaway views of 

SIMION simulation showing the ion path in transmission/CID mode and SID mode. 

Typical voltages on the SID lenses relative to the potential on the downstream 

transfer TWIG are labeled. The optimum voltages in SID experiments vary at 

different collision energies. 



 180

7.2.2 Paper spray Ionization Methods and Material 

 

A home-made source is built with an alligator clamp with a modified HV cable 

connected to the source region of the instrument via a fisher connection. A yellow 

pin is inserted into the source interlock for source override (Figure 7.3). The paper 

tip is held by the alligator clamp, placed inline of the cone approximately 3 mm from 

the aperture. Position of the tip of the paper is adjusted manually using the stage 

shown in Figure 7.4.  

 

Figure 7.4. Set up of Paper spray configuration at the source region of the Synapt G2. 

The inset shows the tip with the actual paper used for spraying.  
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The paper used is cut into a triangular shape, approximately 6 mm base width and 6 

mm height. Whatman filter papers grade 1 and grade 42 with a pore size of 11 µm 

and 2.5 µm (Whatman International Ltd. Maidstone, England), respectively, are used 

for PS. The two experiments were performed back-to-back on the same day with the 

same instrument conditions to compare background from each paper. 

 

The instrument conditions are as follows: cone voltage was set at 50-100 V; the 

source temperature was 50-70 °C. The source conditions are carefully optimized for 

each system to minimize denaturation of the protein complexes tested. The rest of 

the system is running at 5.2 mbar for the backing pressure, 2 mbar for nitrogen gas 

pressure in the IM cell, 120 mLmin-1 gas flow to the helium cell, and 7×10-7 mbar in 

the time-of-flight (TOF) analyzer. The ion mobility spectrometry (IMS) wave height 

and velocity were set at 26 V and 260 ms-1, respectively. 
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Chapter 8 Large Complex characterization using Surface Induced 

Dissociation Device 

 
The majority of figures and texts of this chapter are reproduced and adapted with 

permission from [147]. 

 

The Surface-induced device was first tested with simpler systems to ensure its 

proper operation and functions. Commercial reverse peptides (GRGDS and SDGRG, 

Waters Corporation, Manchester, UK) and C-Reactive Protein (Sigma-Aldrich, St. 

Louis, MO.). This data can be found in Appendix G.  

 

The capability of SID coupled with ion mobility is studied using three systems 

described below—cesium iodide, transthyretin (TTR) and serum amyloid P (SAP). 

 

8.1 Cesium Iodide Clusters Structural Studies using IM-SID 

 

Alkali-halide cluster ions have been used as a model system to study fundamental 

physical properties of clusters because they are simple ionic systems with 

computable binding energies.[148] Cesium iodide clusters Csx(CsI)yx+ can be readily 

formed in electrospray and are commonly used as a calibration standard in mass 

spectrometry. Our group has previously reported MS/MS of CsI clusters in a Q/TOF 

instrument.[137] There are some differences between CID and SID for small size 

clusters but more pronounced differences are observed for medium and large size 

clusters. The dominant dissociation pathway of large CsI cluster ions in CID is the 
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neutral loss of small numbers of (CsI)n from the original cluster, while SID cleaves 

the cluster in a more symmetric way with charge separation among the products. 

However, the MS/MS spectra may get convoluted with products from multiply 

charged precursors that overlap in m/z, which complicates data interpretation. Here 

we present an example showing the mobility separation of Csn(CsI)23nn+ and 

subsequent MS/MS in our modified instrument. 

 

IM-MS spectrum of CsI cluster ions is shown in Figure 8.1a, from which the presence 

of multiply charged clusters Csx(CsI)nx+ (x=1-7) can be readily identified. Cluster 

ions with increasing “n” value at each charge state occupy an individual mobility 

space in the two dimensional spectrum as indicated by the streaks with different 

slopes. The species with m/z 6108.5 was selected in the quadrupole and the drift 

time distribution is shown in Figure 9.1b. With the information from the full MS 

spectrum (Figure 9.1a), the five major ion packets separated in drift time at m/z 

6108.5 were identified to be overlapping Csn(CsI)23nn+ cluster ions with different 

charge states (n=2-5). One interesting feature in the spectrum is that Cs4(CsI)n4+ 

ions exhibited two distinct conformations since there are two streaks corresponding 

to the quadruply charged species. The origin of these two conformations is out of 

the scope of this work and is currently unclear. To demonstrate the IM-MS/MS 

capability of our modified instrument, multiply charged cluster ions which 

overlapped at m/z 6108.5 were separated in the IM cell and then subjected to CID or 

SID activation in the transfer TWIG region with an acceleration voltage of 65 V. 

Convoluted CID and SID spectra of all the species with various charge states are 
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shown in Figure 2c and Figure 2e. Without IM separation interpretation of the 

MS/MS spectra would be difficult because products from multiple precursors are 

convoluted in a single spectrum. Extracted CID and SID spectra for Cs3(CsI)693+ are 

listed in Figure 8.1d and Figure 8.1f as representative examples. 

 

Besides the dominant peak of Cs2I+ at m/z 392.7, the extracted CID spectrum of 

Cs3(CsI)693+, showed two groups of product ions at m/z around 5848.7 and 8576.4. 

The group of peaks around m/z 5848.7 is determined to be Cs3(CsI)n3+ (n = 61-69) 

which correspond to neutral loss of (CsI)8-1 (n=61-68) from the precursor and the 

intact precursor (n=69). And the other group around m/z 8576.4 can be identified 

as Cs2(CsI)n2+ (n = 60-66), which possibly came from the loss of Cs+ from Cs3(CsI)693+ 

along with neutral loss (CsI)9-3 from the charge reduced ion. The dissociation 

pattern is consistent with previous studies from our group and suggests that energy 

deposition in CID is realized in a stepwise manner which leads to stripping of small 

subunits from the original cluster ion. Instead of the dominant neutral loss pathway 

in CID, the precursor cleaved into Cs2(CsI)n2+ (n=31-51) in the SID spectrum (Figure 

2d). The distribution of doubly charged products centered at n=40, which is about 

2/3 the size of the precursor. In other words, the precursor dissociated into smaller 

charged clusters in a more symmetric manner than in CID. Singly charged product 

ions Cs(CsI)n+ spanned from n=1 up to n=46 in the detectable range, some of which 

are complementary to the doubly charged products and others could be formed by 

secondary dissociation. Certain products (noted with asterisk in Figure 8.1e, 8.1f), 

such as Cs(CsI)13+ (m/z=3510.4) and Cs(CsI)37+ (m/z=9745.9), have significant 
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enhanced abundance than their adjacent peaks, which do not follow a statistic 

distribution. These products are believed to have “magic numbers” of atoms and 

adopt a cubic-like structure which results in a high stability.[137, 148]  

 

These results demonstrated the advantage of separating overlapping m/z species 

for less ambiguous interpretation of MS/MS spectra. MS/MS spectra of all the 

overlapping species of Csn(CsI)23nn+ were acquired in one single experiment. 

Subsequently, the spectra at a specific drift time can be extracted and examined 

individually without interference from other species. And the SID in our modified 

instrument provides alternative dissociation pathways not accessible in CID. It is 

interesting to note that highly charged products (z>3) are almost absent in both CID 

and SID spectra for Csn(CsI)23nn+ (n=3-5) precursors (data not shown for n >3). We 

speculate that CsI clusters with higher than +3 charges may experience strong 

Coulombic repulsion within the cluster, which makes them unstable within the 

timescale to be detected in product ions. 
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Figure 8.1. (a) IM-MS spectrum of CsI clusters. The brightness of the spots in the 

spectrum indicates the intensity of the species. (b) Drift time distribution of m/z 

6108, which consists of overlapping multiply charged ions. (c) Convoluted CID 

spectrum at 65 V of all the ions Csx(CsI)23xx+ overlapping at m/z 6108.5. (d) 

Extracted CID spectrum of Cs3(CsI)693+ at 65V. The insert shows the drift time 

distribution of CID products, and the shaded peak is the one extracted here. (e) 

Convoluted SID spectrum at 65 V of all the ions Csx(CsI)23xx+ overlapping at m/z 

6108.5. (f) Extracted SID spectrum at 65 V of Cs3(CsI)693+. The insert is the drift time 

distribution of all SID products from the multiply charged species, and the shaded 

peak corresponds to Cs3(CsI)693+. The asterisk-labeled peaks correspond to the 

magic number clusters (see text). Reproduced with permission from [147]. 
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8.2 Protein Complexes Structure Elucidation using IM-SID 

 

8.2.1 Transthyretin (TTR) with IM-SID 

 

Transthyretin (TTR) forms a homotetramer under physiological conditions. Studies 

by Ruotolo et al with IM[149] showed that the tetramer complex activated by 

elevated cone voltage in the ion source exhibited multiple distinct species with 

different conformation. Given the time scale of the instrument, these conformations 

have to be stable in gas phase for an order of milliseconds to be detected. Based on 

theoretical modeling results, they attributed the increase in drift times to partial 

unfolding of monomer subunits in the TTR tetramer (+15) upon in-source 

activation. However, there has not been any direct evidence from MS/MS in the 

literature to support conclusions from theoretical modeling. 

 

Representative CID/SID spectra for native-like TTR tetramer (+15) under gentle 

source conditions are exhibited in Figure 8.2a, 8.2e. The +15 charge state of the 

tetramer was selected in this study because this tetramer precursor doesn’t overlap 

with other smaller TTR oligomers in m/z. The same potential drop of 90 V from the 

exit of IM cell to the transfer TWIG was used for both CID and SID for direct 

comparison under minimum difference in voltage settings, although the effective 

acceleration in SID is only 70 V due to a requirement of 20 V acceleration to transfer 

the SID products downstream. The appearance of CID does not change within a 
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range of acceleration voltages except for the precursor survival yield. Drift time 

distribution of the precursor ions are shown as inserts in each spectrum, which both 

exhibit compact conformation indicative of native-like structure. In the CID 

spectrum (Figure 8.2a) the most intense monomer product has a charge of +8, and 

the complementary tetramer product with +7 can be clearly seen in the larger m/z 

region. Given an even distribution of the charge within the complex, each monomer 

should carry 3-4 charges to satisfy a total charge of 15 in the tetramer. Monomer 

products of TTR in SID with a charge of +4 are prevalent in the spectrum (Figure 

8.2b), implying a more symmetric dissociation pathway in SID than in CID. Several 

studies have provided some evidence that CID dissociation involves gradual 

unfolding of a monomeric subunit, which takes a large portion of the charge from 

the precursor due to the large exposed surface area.[139, 142] We hypothesize that 

the symmetric charge distribution among monomer products in SID is attributed to 

the fast energy deposition without significant subunit unfolding during SID process. 

 

To better understand the unfolding intermediates reported by Ruotolo et al,[149] 

MS/MS experiments under the same acceleration voltages as the native-like 

precursors were carried out at the cone voltage of 117 V where the multiple 

structures were detected (Figure 8.2b-d, 8.2f-h). Inserted drift time distributions 

showed distinct multiple conformations within the precursor after source 

activation. CID spectra of the three major ensembles of conformations at the cone 

voltage of 117V are extracted and listed in the left column Figure 8.2b-d. They all 

share the same typical CID dissociation pattern as the native-like structure (Figure 
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8.2a) which involved ejection of highly charged monomers (+7~+9) from the 

complementary trimers (+8~+6). A major difference of the unfolded structure from 

the native-like structure is the survival yield of the tetramer precursor. The native-

like structure has the lowest relative intensity for the precursor among all the CID 

spectra. This is possibly due to the fact that the less stable species in the precursor 

has been depleted during source activation. Among the CID spectra of cone activated 

species, the survival yield of the tetramer precursor decreased at longer drift times. 

These observations can be rationalized by the hypothesis of step-wise CID 

dissociation mechanism, which involves subunit unfolding. The precursors at longer 

drift times are at later stages of unfolding after source activation, which result in 

higher efficiencies of subsequent monomer ejection in CID process. Another minor 

difference among the CID spectra is the charge state distribution of the monomer 

products. However, the overall pattern of CID spectra does not change among the 

different conformations. 

 

The extracted SID spectra for the multiple TTR tetramers with different extent of 

unfolding are displayed in Figure 3f-h (drift time shown by the inserts). Distinct 

differences can be realized among the SID spectra. For the structures at longer drift 

times than the native-like conformation (Figure 3e), a remarkable amount of trimers 

and complementary highly charged monomers (+7~+9) was observed in the SID 

spectra, indicating the precursor ions at longer drift times are different from the 

native-like fold. The +7~+9 monomer products support the modeling study that one 

of the monomers in the complex had been partially unfolded in the complex as 
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indicated by the high number of charges. As the protein unfolded the structure of 

the complex became asymmetric, contributing to the asymmetric dissociation 

pattern observed in the SID spectra. The varying ratios of low m/z (monomers) and 

high m/z (mostly trimers) products in the SID spectra could be resulted from 

alternations in the energetics of differentially unfolded species, which deserves 

further examination and is not the emphasis of this work. Although CID spectra have 

provided some evidence of the differences in the structures separated by IM, the 

results are not conclusive to their conformations because unfolding is usually a 

prerequisite of dissociation in CID. On the contrary, the SID results shown here is 

sensitive to the precursor conformation. The SID dissociation pattern of TTR 

tetramer evolved from a symmetric pattern for native-like structures into an 

asymmetric pattern for partially unfolded structures. 
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Figure 8.2. (a) CID spectrum of native-like TTR tetramer +15 at a cone voltage of 

30V. (b, c, d) Extracted IM-CID spectra of the unfolded TTR tetramer +15 at a cone 

voltage of 117 V. (e) SID spectrum of native-like TTR tetramer +15 at a cone voltage 

of 30 V. (d, e, f) Extracted IM-SID spectra of the unfolded TTR tetramer +15 at a cone 

voltage of 117 V. Drift time distributions are shown as inserts in each spectrum. The 

drift time regions that were used for extraction of spectra are shaded in each insert. 

Reproduced with permission from [147]. 
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8.2.2 Serum Amyloid P (SAP) Decamer 

 

 Human serum amyloid P (SAP) is a glycoprotein whose oligomerization properties 

is highly dependent on solution conditions.[150] SAP pentamer adopts a ring 

structure as shown by crystallography results,[151] and the pentamers can 

assemble into decamers in a face-to-face orientation. Each SAP pentamer has one 

face (A face) containing five alpha-helices and the other face (B face) 

accommodating five double-calcium binding sites.[152] Decamers formed from A-A 

interface,[151] A-B interface,[153] and B-B interface[152] have all been reported. 

Additionally, conformations of the ligand[154] or the oligosaccharide chain[155] 

have been shown to affect the structure of the decamer.  

 

Figure 8.3. Mobiligram of SAP sprayed under gentle source conditions. A bimodal 

distribution in drift time can be clearly observed for the decamers. The drift time 

distribution for the precursor (+35) is shown on the right. Reproduced with 

permission from [147]. 
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A distinct bimodal drift time distribution can be observed for SAP decamer 

(100µM/monomer) sprayed in 200mM ammonium acetate under gentle source 

conditions, implying multiple gas-phase structures of the decamer (Figure 8.3, left). 

Decamers at shorter drift times should have more compact structures than the ones 

at longer drift times. The +35 charge state (m/z 7356) was selected in quadrupole, 

the drift time distribution of which is shown in Figure 8.3 (right), for subsequent IM-

CID and IM-SID experiment. CID spectra at 160 V are listed in Figure 8.4a-b, which 

are qualitatively identical except a noticeable lower precursor survival for the 

species at less compact structure. Again, no qualitative difference in the spectra 

other than the precursor survival yields can be observed under a range of CID 

acceleration voltages. Monomer products carrying charges from +11 to +18 were 

observed along with corresponding nonomers. Within accessible acceleration 

voltages no further qualitative difference in CID spectra can be found. However, 

apparent differences can be clearly seen in the SID spectra at 120V between the 

compact and less compact decamers (Figure 8.4c-d). The SID acceleration voltage 

shown here was chosen to yield sufficient products without too much excess energy 

to cause secondary dissociation of large subunit products. Other than the common 

monomer and dimer products in both of the SID spectra, tetramer and hexamer 

products are present in the SID spectrum of the compact decamers. It is interesting 

to note that the exclusive products for the more compact decamers all have even 

number of subunits. Furthermore, the relative abundance of the dimer products in 

the compact decamers is considerably higher than that in the less compact decamer.  
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We speculate there are stronger interactions at the pentamer interfaces in the more 

compact decamers to preserve the dimer, tetramer, and hexamer products at the 

same collision energy compared to the less compact decamers. Dissociation of the 

compact decamers in SID may have occurred at the interface between the five 

monomers within each petameric ring, maintaining the interface between two 

petameric rings in the products (Figure 8.4f). The different gas-phase structures are 

potentially physiologically relevant because SAP decamers are known have various 

configurations under different conditions as mentioned earlier. The two conformers 

observed here is mostly likely to originate from the difference in oligosaccharide 

chains, because the solutions are free of physiological ligands for SAP. It would be of 

great interest to pursue this study on decamer structures under different ligand 

binding conditions in the future. 
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Figure 8.4. CID of the (a) less compact and (b) compact SAP decamer at 160 V. SID of 

the (c) less compact and (d) compact SAP decamer at 120 V. Major peaks are labeled 

in the spectra (M-monomer, D-dimer, Q-tetramer, H-hexamer). (e, f) Corresponding 

drift time distribution showing separation of CID/SID products from less compact 

and compact SAP decamers. Inserts show schematics for plausible dissociation 

pathways (See text for details). Reproduced with permission from [147]. 
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8.3 Conclusion 

 

A custom made in-line SID device has been successfully incorporated into a 

modified commercial Q-IM-TOF instrument, allowing direct comparison of CID and 

SID under the same instrument conditions. The capability of separating complicated 

mixtures by IM and activating them by CID or SID in our modified instrument has 

exhibited advantage over conventional mass spectrometers. MS/MS of precursors 

that share the same m/z but differ in size or shape can be examined individually for 

identification at millisecond timescale. This greatly reduced the complexity of 

MS/MS spectra and enhanced the reliability of interpretation. For large non-

covalent complexes, SID spectra have provided different and potentially more 

informative data from CID spectra. For protein complexes in particular, SID spectra 

showed distinct differences between different conformations of TTR tetramers, and 

SID spectra also reflected the differences in subunit packing in SAP decamers. It can 

be concluded that IM-SID holds great potential for structural analysis of protein 

complexes because of it can reflect the differences in the quaternary structures of 

precursors. Transmission for SID products of very large complexes at mega-Dalton 

mass range is still a partially limiting factor for application to more complicated 

samples. This could be attributed to the wide energy/direction distribution of the 

products and poor focusing for large m/z with ion optics in general. Improvement 

on the current SID design will increase the sensitivity of the device to better solve 

structural biology problems with the unique information it can provide. 
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This work is also adapted into antibody structural analysis for a purified monoclonal 

antibody IgM of the Aspegillus project binding to one of the target protein of interest. 

The results are attached in Appendix H. Briefly, with ion mobility, it is possible to 

observe the intact six-armed MAb 318 although IgG dominate the spectrum. The 

signal was too low for CID and SID. Binding of the antigen protein to MAb was not 

observed due to the high salt concentration from antigen protein (mycelial 

catalase).  
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Chapter 9 Paper Spray Ionization 

 

The majority of figures and texts of this chapter is reproduced and adapted with 

permission from [156]. 

 

Paper spray (PS) ionization, a relatively recent ambient ionization method, was first 

introduced by Graham Cooks and Zheng Ouyang’s groups from Purdue University in 

2010.[129] This method has the characteristics of both ESI and ambient ionization 

methods. It involves loading a sample in solvent onto a paper with a macroscopically 

sharp point, and generating ions by applying a high voltage to the wetted paper.  

 

PS studies have shown that a wide variety of molecules including small organic drug 

molecules, peptides and proteins can be ionized by PS.[129] This method is also 

important for clinical applications,[129-132] in which numerous drugs in whole 

blood,[129] dried blood spots (DBS)[131] and urine[130] have been directly analyzed by 

PS. Very recently, a high throughput PS ionization device for fast quantitative analysis of 

drugs in blood was reported.[133] However, the PS ionization method has not been 

applied to ionize protein complexes. In this chapter, PS is applied to protein complexes to 

expand its biological applications.  
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9.1 Paper Spray Paper Background 

 

The two experiments were performed back-to-back on the same day to determine 

the background that can be observed from different types of paper. The same solvent 

and instrument conditions were used, and the same numbers of mass spectra were 

averaged. 10 µL 100 mM ammonium acetate was added to Whatman filter paper 

grade 1 and grade 42, and MS spectra were recorded. The background peaks in PS 

mass spectra for 100 mM ammonium acetate using grade 1 and grade 42 are shown 

in Figure 9.1 in red and black traces, respectively. A broad peak around m/z 2000 

was observed for both filter papers. This could be caused by ammonium acetate and 

components from the paper. In addition, the intensity of the broad peak caused by 

Whatman filter paper grade 42 is lower than that of Whatman filter paper grade 1. It 

could be caused by the lower amount of trace elements in the Whatman filter paper 

grade 42. The cellulose filter paper grade 1 contains trace elements such as 185 

µg/g calcium, 160 µg/g sodium, 130 µg/g chlorine etc.. Whatman filter paper grade 

42 has a lower amount of typical trace elements, including 13 µg/g calcium, 33 µg/g 

sodium, 80 µg/g chlorine etc..[157] These impurities can be present as anions and 

cations, which could stabilize proteins in the gas phase, while they can also cause 

peak broadening.[158] The two experiments were repeated for at least two times to 

illustrate the relatively higher background for Whatman filter paper grade 1. Based 

on the results obtained here, Whatman paper grade 42 is used for the rest of the 

experiments described in this Chapter.  
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Figure 9.1. PS mass spectrum of 100 mM ammonium acetate using Whatman filter 

paper grade 1 and PS mass spectrum for 100 mM ammonium acetate using filter 

paper grade 42. Y-axis is the normalized intensity. The background peaks are shown 

in red and black for grade 1 and grade 42, respectively. Reproduced with 

permission from [156]. 

 

9.2 Protein Standards 

 

Protein complex standards were first tested to ensure that proper spray conditions 

can be established to maintain the native conformation of each protein. Figure 9.2 

shows the PS results of TTR, ConA and SAP. As observed, all three proteins 

maintained their complex conformation. TTR is a 56.0 kDa homotetramer that 

circulates in both blood and cerebrospinal fluid (CSF), and has a dimer of dimers 

quaternary structure under physiological conditions.[159] TTR is the major protein 

component in CSF.[160] There is a potential correlation between the concentration 

of TTR in CSF and Alzheimer’s disease, as it has been reported that TTR 
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concentration is significantly lower in CSF of patients with Alzheimer's 

disease.[161] ConA is a homotetramer with a mass of 104 kDa.[162] SAP is a 125 

kDa pentameric protein complex.[163] 

 

 

Figure 9.2. Paper spray mass spectra of a) TTR, b) ConA and c) SAP. m/z region 

showing the SAP pentamer is displayed in the inset of Figure 9.2c. Reproduced with 

permission from [156]. 

 

The PS spectra are compared to nanospray mass spectra of TTR, ConA, and SAP in 

100 mM ammonium acetate (Figure 9.3). TTR tetramer and monomer, ConA 

tetramer, dimer and monomer, and SAP pentamer and decamer were observed. 

Besides higher background and slightly different charge states observed, the PS and 

nanospray spectra are similar for each protein complex. However, the peaks in 

nanospray mass spectra give results closer to the theoretical masses, and those peaks are 

narrower than those in PS mass spectra. This was probably caused by insufficient 

desolvation in PS ionization when compared with nESI. In addition, the anions and 

cations from paper are nonvolatile and may tend to cluster to the protein complexes, 

causing peak broadening.[158] Different source temperatures were used to improve the 
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peak shapes in PS, and the optimized temperature of 50 ℃-70 ℃ was chosen to get 

sharper peaks while keeping relatively gentle source condition to preserve the native state 

of protein complexes. Furthermore, the broad peak in the low m/z region shown in 

Figures 1a and d could be from the solvent and components from paper since the paper 

was not pretreated. It also matched with the broad peak observed in the PS mass spectrum 

of 100 mM ammonium acetate. 

 

 

Figure 9.3. Nanospray mass spectra of a) TTR, b) ConA, c) SAP. The region between 

m/z 6500 and m/z 8500 is expanded and labeled shown in the inset of Figure 9.3c. 

Reproduced with permission from [156].. 

 

9.3 Hemoglobin (Hb) 

 

One of the leading areas of PS application and studies has been DBS analysis. [131] 

The analysis however, as mentioned earlier has been focused on small molecules 

such as metabolites and drugs.[129] A real world PS application involving blood and 

proteins would be the identification of hemoglobin in blood samples. Hb variants were 

also analyzed by direct surface sampling of DBSs with high-resolution mass 
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spectrometry.[164] Measurement of Hb is one of the most commonly performed 

blood tests for many clinical diagnoses and therapeutic interventions such as 

anemia detection.[158] In blood, the quaternary structure of Hb consists of four 

subunits in a tetrahedral arrangement, and each subunit is associated with one 

heme group.[165, 166] In adult humans, more than 95 % of the Hb is in the form of 

α2β2.[166] However, some Hb variant forms are associated with diseases. For 

instance, Hb S (α2βS2) is a variant form of Hb resulting from a single-point mutation, 

and is found in people with sickle cell disease.[167] PS ionization could be a rapid 

and convenient method for direct analysis of different Hb variants in the blood. 

 

In our study, we focus our effort on comparing purchased purified hemoglobin 

standard to real patient blood detritus collected on an unrelated IRB. To achieve 

this, nanospray and PS of human Hb stands are prepared in 100 mM ammonium 

acetate, and sprayed under the same native conditions. Figure 9.4 shows the mass 

spectra obtained from both methods of ionization. Figure 9.4a shows nanospray 

mass spectrum of human Hb standard in 100 mM ammonium acetate. Figure 9.4b 

shows PS mass spectrum of 10 µL human Hb standard in 100 mM ammonium 

acetate loaded onto the paper. 
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Figure 9.4. a) nanospray mass spectrum and b) PS mass spectrum of human Hb 

standard in 100 mM ammonium acetate. Reproduced with permission from [156]. 

 

As observed in Figure 9.4, the PS mass spectrum has broader peaks than the 

nanospray mass spectrum. Aside from the peak shape, the mass spectra are similar 

to each other. The same charge states were observed at about the same relative 

abundances for both the dimer and the tetramer forms of Hb. With standards 

showing Hb nanospray and Hb PS results can be similar, real blood samples were 

applied next as a proof-of-concept. 

 

With real human blood sample (detritus, with plasma removed), nanospray and PS 

are again compared. Nanospray mass spectrum was obtained for 1 µL human blood 
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detritus diluted in 400 µL 100 mM ammonium acetate. Hb tetramer with charge 

states +14~+18 was observed. The measured mass for tetramer was 64848±37 Da. 

In addition, Hb dimer was seen and the measured mass was 32410±11 Da. The same 

sample was also analyzed by PS ionization. The mass spectrum is exhibited in Figure 

9.5. Similarly, Hb tetramer and dimer were observed, and the measured masses for 

tetramer and dimer were 65358±66 Da and 32450±46 Da, respectively. Both of the 

masses are slightly larger than those from the nanospray mass spectrum (Figure 

9.5). As proposed earlier in the chapter, this is likely caused by the insufficient 

desolvation in PS ionization at lower source temperature. A control experiment that 

used human Hb standard was performed. The nanospray and PS mass spectra for 

human blood detritus (Figure 9.5) and human Hb standard (Figure 9.4) are 

comparable, and the measured masses for Hb tetramer and dimer are similar. To 

further confirm the structure of Hb tetramer, the +16 precursor of Hb tetramer was 

selected and activated. Figure 3c shows the PS CID mass spectrum of m/z 4158 at a 

collision energy of 100 V. The iron-containing heme group was observed at m/z 616. 

In addition, Hb α and β monomers with charge states +5~+10 were observed, as 

shown in the inset of Figure 9.5c. The measured mass for Hb α monomer was 

15158±8 Da, and β monomer was 15904±8 Da. Furthermore, the complementary 

trimers were observed with charge states +7~+9 and the measured mass based on 

the charge states was 48594±113 Da. However, due to the broadness of the trimer 

peaks, it is hard to characterize the exact composition of the trimer peaks. Using the 

monomer information, we can speculate that the trimer peaks observed would be a 

mixture of α2β and αβ2. PS ionization is a potential tool for analyzing noncovalent 
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protein complexes in crude biological samples such as different Hb variants in 

blood. 

 

 

Figure 9.5. a) nanospray mass spectrum and b) PS mass spectrum of human blood 

detritus without plasma diluted by 400 times in 100 mM ammonium acetate, c) PS 

CID mass spectrum of m/z 4158 (+16) at 100 V. The region between m/z 1400 and 

m/z 3500 is expanded and labeled shown in the inset of Figure c. Reproduced with 

permission from [156]. 
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9.4 Conclusion 

 

The publication resulted from this set of experiments is first reported evidence of 

successful PS ionization of noncovalent protein complexes. Similar mass spectra 

were obtained for nESI and PS ionization, but with poorer desolvation in PS. Based 

on the measured drift time and corresponding calculated CCSs, the native structure 

of the protein complexes may be preserved in the gas-phase by PS ionization when 

appropriate source and buffer conditions are used. The advantage of simple sample 

preparation and ease of multiplexing could potentially make this a viable and 

attractive method for lower cost high-throughput clinical diagnostic measurements 

of large biomolecules in biofluids as shown by the successful detection of Hb 

tetramers from blood. Another potential application is a multiplexing platform 

based on PS for the determination of appropriate solution conditions for optimized 

spray of a previously uncharacterized complex. This includes monitoring effects of 

changing ionic strength and changes in the composition of additives in the solvent. 

Future studies will focus on the improvement of experimental conditions for better 

desolvation of the ions generated by PS ionization and preservation of native-like 

protein complexes. 
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Chapter 10 Conclusion and Future Directions For Instrument 

Development 

 

10.1 Conclusion of Instrument Development Projects 

 

In Part II of this dissertation, instrument development projects are discussed. 

The two projects are the incorporation of a surface induced dissociation device 

to aid protein substructure studies (Chapter 8), and the development of the 

paper spray ionization source for protein complex analysis (Chapter 9). Both 

instrument development projects contribute to alternate methods in studying 

protein structures.  

 

One of the challenges in biology is understanding subunit structures of protein 

complexes. Non- MS methods can be time- consuming and require large amount 

of pure samples. X-ray crystallography requires formation of crystals. In this case, 

flexible domains of proteins are omitted since they do not form crystals, even 

though they can be the functional sites. MS coupled with nanospray offers an 

alternative method in studying protein structure. However, the traditional 

activation method CID typically causes ejection of one monomer from the protein 

complex, and does not provide useful substructure information. SID provides 

more protein structure information because it accesses faster, higher energy 

fragmentation pathways. 
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In chapter 8, three systems are used to demonstrate the successful incorporation 

of SID into the Waters Synapt G2. Cesium iodide, an inorganic metal cluster 

shows that SID accesses a different fragmentation pathway than CID. 

Transthyretin (TTR) shows different conformations in ion mobility separation. 

The different conformations are further confirmed by differences in SID spectra 

for the different conformations. By applying SID to serum amyloid P (SAP) 

decamer, the stacking structure of the complex can be deduced. All three models 

show the potential of SID in elucidating complex structures that are not possible 

using other activation methods. 

 

Another popular topic in current MS trends is dried blood spot analysis. Dried 

blood spot analysis has been common in the clinical setting for newborn disease 

screenings. The recent development of paper spray technology allows the 

possibility of multiplexing dried blood spot analysis. The applications of paper 

spray analysis of blood samples had been limited to small molecule analysis. 

Blood proteins, however, can be incredibly useful as biomarkers for detections. 

 

In chapter 9, paper spray ionization is demonstrated for multiple protein 

complex systems. First, as proof of principle, paper spray ionization is applied to 

standard protein complexes such as TTR, ConA and SAP. When compared to 

nanospray, paper spray generates similar mass spectra and ion mobility drift 

time for these protein complexes, but with slightly broader peaks. This indicates 

that the native structures are preserved in this method, but the samples contain 

more additives using this method. This could be contribution from the paper 

material. Next, the method is applied to both hemoglobin standard and real 
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patient blood samples to simulate real clinical application. Again, the tetrameric 

structure of hemoglobin is preserved. Further more, the paper used appears to 

serve as a medium for sample clean up. For nanospray, the human blood sample 

needs to be buffer-exchanged to remove the small molecules present in blood. 

However, for paper spray, this step can be omitted to yield similar mass spectra.  

 

10.2 Future Directions 

 

The work presented here for SID was completed in 2012. Since then, 

improvements have been made to the device for better ion collection and 

transmission post-surface. The device has been used to not only study more 

protein complexes, but also RNA/ protein complexes, and to study SID fragment 

ion structures.[168-173] This device can be used to apply to more structural 

studies such as the ongoing projects of antibody-conjugate structures and DNA/ 

protein complexes.  

 

Paper spray ionization still requires much work to be done. The exact reason for 

peak broadening is yet to be explored. With sharper peaks and better resolution, 

more accurate measurements can be obtained. So far, the resolution achieved in 

Chapter 9 may not be enough to confidently distinguish between the sickle cell 

anemia HbS from the regular Hb. The ease of preparation and operation make 

this technology ideal for application of other biofluids such as urine. 

Multiplexing, i.e. multiple sprayer tips on s moveable stage, can make this a 

viable high throughput clinical application. Because proteins under the same 
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buffer conditions yielded similar nanospray and PS spectra, PS can potentially be 

used to study the effects of buffer ionic strength on protein complexes. Rather 

than going through steps of dissolving protein into solution then buffer exchange 

to clean up to get ready for nanospray, protein samples can be simply spotted 

onto the paper with impurities for PS.  

 

With both projects, the methods and data described in this part of the 

dissertation are starting points for a wider variety of applications. There are 

endless possibilities on the potential applications for both the SID device and PS. 

The two technologies could also be coupled together. PS can allow spray of 

impure protein samples that are difficult to clean up otherwise, while SID can 

give useful fragment information on the substructures of the proteins present.
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Appendix A. Table of Proteins Identified in Aspergillus fumigatus Commercial Antigen 

 
Accession Description Coverage # Unique 

Peptides 
# 
Peptides 

# 
PSMs 

70985747 Asp-hemolysin [Aspergillus fumigatus Af293] 69.78 11 11 878 
1665835 catalase [Aspergillus fumigatus] 53.57 35 35 712 
159128620 glucan 1,4-alpha-glucosidase, putative [Aspergillus fumigatus A1163] 65.61 25 25 524 
170785247 Chain A, Crystal Structure Of Aspergillus Fumigatus Chitinase B1 In Complex 

With Monopeptide 
66.97 14 15 520 

3005841 rAsp f 13 [Aspergillus fumigatus] 79.61 6 6 688 
323473065 extracellular beta-glucosidase/cellulase BGL3 precursor [Aspergillus 

fumigatus] 
40.21 28 28 432 

159127509 class V chitinase, putative [Aspergillus fumigatus A1163] 58.04 13 13 427 
66850460 mannosidase MsdS [Aspergillus fumigatus Af293] 60.65 6 23 341 
45826518 mannosidase I [Aspergillus fumigatus] 61.43 5 22 321 
159129061 conserved hypothetical protein [Aspergillus fumigatus A1163] 55.50 11 11 290 
159131725 alpha-glucosidase, putative [Aspergillus fumigatus A1163] 52.55 33 33 309 
159122933 cysteine-rich secreted protein [Aspergillus fumigatus A1163] 63.27 19 19 397 
159129322 secreted dipeptidyl peptidase [Aspergillus fumigatus A1163] 52.57 33 33 276 
296439598 RecName: Full=Probable beta-glucosidase F; AltName: Full=Beta-D-

glucoside glucohydrolase F; AltName: Full=Cellobiase F; AltName: 
Full=Gentiobiase F; Flags: Precursor 

46.61 26 26 243 

146322430 FG-GAP repeat protein [Aspergillus fumigatus Af293] 72.96 17 17 248 
57338726 mannosidase II [Aspergillus fumigatus] 31.43 31 31 219 
3549630 alkaline protease [Aspergillus fumigatus] 36.66 7 7 211 
2980819 IgE-binding protein [Aspergillus fumigatus] 67.01 11 11 137 
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159126129 aspartyl aminopeptidase [Aspergillus fumigatus A1163] 52.13 18 18 185 
159128857 alkaline phosphatase [Aspergillus fumigatus A1163] 48.27 18 18 186 
159122372 NAD-dependent formate dehydrogenase AciA/Fdh [Aspergillus fumigatus 

A1163] 
57.89 21 21 187 

159127793 aspartyl aminopeptidase [Aspergillus fumigatus A1163] 41.47 15 15 159 
159128627 pectate lyase A [Aspergillus fumigatus A1163] 47.35 11 11 133 
70985687 GPI-anchored cell wall beta-1,3-endoglucanase EglC [Aspergillus fumigatus 

Af293] 
23.77 8 8 159 

70993928 alpha-glucosidase AgdA [Aspergillus fumigatus Af293] 25.20 16 16 119 
159127837 extracellular serine-rich protein, putative [Aspergillus fumigatus A1163] 34.96 14 14 143 
159130342 exo-beta-1,3-glucanase, putative [Aspergillus fumigatus A1163] 29.23 11 11 132 
159128941 alpha-1,3-glucanase/mutanase, putative [Aspergillus fumigatus A1163] 43.35 12 12 126 
44890042 exo-1,3-beta-D-glucanase, putative [Aspergillus fumigatus] 29.99 16 16 129 
159122928 alcohol dehydrogenase, putative [Aspergillus fumigatus A1163] 58.36 13 13 119 
159123335 beta-D-glucoside glucohydrolase [Aspergillus fumigatus A1163] 42.76 18 19 112 
159127133 adenosine deaminase family protein [Aspergillus fumigatus A1163] 27.77 14 14 87 
159128575 aminopeptidase, putative [Aspergillus fumigatus A1163] 41.03 12 12 91 
32527512 nucleoside diphosphate kinase [Aspergillus fumigatus] 76.47 10 10 89 
159130073 endonuclease/exonuclease/phosphatase family protein [Aspergillus 

fumigatus A1163] 
54.33 11 11 105 

159128750 formamidase FmdS [Aspergillus fumigatus A1163] 44.77 16 16 79 
17426133 Cu,Zn superoxide dismutase [Aspergillus fumigatus] 62.75 7 7 87 
159128622 alpha-amylase, putative [Aspergillus fumigatus A1163] 21.75 9 10 88 
159124129 peptidase, putative [Aspergillus fumigatus A1163] 28.41 10 10 77 
56609349 GliT [Aspergillus fumigatus] 48.20 11 11 94 
159128485 hypothetical protein AFUB_047840 [Aspergillus fumigatus A1163] 33.72 16 16 87 
159126086 thioredoxin reductase, putative [Aspergillus fumigatus A1163] 26.42 7 7 90 
66852444 GMC oxidoreductase, putative [Aspergillus fumigatus Af293] 42.77 16 16 77 
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159125217 major allergen Asp F2 [Aspergillus fumigatus A1163] 29.28 7 7 70 
159130062 DUF1237 domain protein [Aspergillus fumigatus A1163] 42.80 15 15 70 
159125938 extracellular lipase, putative [Aspergillus fumigatus A1163] 33.11 8 8 58 
159123687 beta-N-acetylhexosaminidase NagA, putative [Aspergillus fumigatus A1163] 37.00 16 16 78 
70983961 elastinolytic metalloproteinase Mep [Aspergillus fumigatus Af293] 22.24 7 7 99 
159125193 extracellular dipeptidyl-peptidase Dpp4 [Aspergillus fumigatus A1163] 34.38 1 15 67 
5139328 serine proteinase [Aspergillus fumigatus] 21.21 5 5 43 
70994092 extracellular dipeptidyl-peptidase Dpp4 [Aspergillus fumigatus Af293] 36.47 2 16 65 
159130591 exo-beta-1,3-glucanase (Exg1), putative [Aspergillus fumigatus A1163] 44.23 9 9 70 
159127707 endonuclease/exonuclease/phosphatase family protein [Aspergillus 

fumigatus A1163] 
29.70 12 12 59 

159125552 G-protein comlpex beta subunit CpcB [Aspergillus fumigatus A1163] 48.10 10 10 64 
31074945 catalase-peroxidase [Aspergillus fumigatus] 24.90 13 13 56 
159129187 leukotriene A4 hydrolase [Aspergillus fumigatus A1163] 35.18 14 14 46 
159128647 hypothetical protein AFUB_018050 [Aspergillus fumigatus A1163] 36.70 6 6 51 
159130044 cyanate hydratase, putative [Aspergillus fumigatus A1163] 59.09 8 8 49 
159131716 glutathione reductase [Aspergillus fumigatus A1163] 34.96 10 10 51 
159127915 vacuolar carboxypeptidase Cps1, putative [Aspergillus fumigatus A1163] 20.39 8 8 62 
159127916 glutaminase GtaA [Aspergillus fumigatus A1163] 19.39 8 8 50 
159126673 amidase, putative [Aspergillus fumigatus A1163] 26.02 11 11 48 
2879890 rAsp f 9 [Aspergillus fumigatus] 27.48 6 6 44 
159125945 conserved hypothetical protein [Aspergillus fumigatus A1163] 60.75 13 13 51 
159128758 dihydrolipoamide dehydrogenase [Aspergillus fumigatus A1163] 39.96 14 14 35 
159125270 alpha-amylase, putative [Aspergillus fumigatus A1163] 23.08 6 7 38 
159124941 GPI-anchored cell wall organization protein Ecm33 [Aspergillus fumigatus 

A1163] 
36.68 10 10 49 

159129840 hydrolase, putative [Aspergillus fumigatus A1163] 27.79 12 12 70 
159124326 delta-1-pyrroline-5-carboxylate dehydrogenase PrnC [Aspergillus fumigatus 35.47 13 13 43 
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A1163] 
159124026 conserved hypothetical protein [Aspergillus fumigatus A1163] 17.87 5 5 28 
159129185 prolidase pepP, putative [Aspergillus fumigatus A1163] 37.61 14 14 41 
159128096 Ser/Thr protein phosphatase family [Aspergillus fumigatus A1163] 24.28 11 11 34 
159126581 conserved hypothetical protein [Aspergillus fumigatus A1163] 55.91 5 5 29 
159123295 malate dehydrogenase, NAD-dependent [Aspergillus fumigatus A1163] 43.53 9 9 32 
60752307 extracellular phospholipase C [Aspergillus fumigatus] 18.71 4 4 33 
159129112 agmatinase, putative [Aspergillus fumigatus A1163] 33.17 9 9 31 
70985811 alpha-amylase [Aspergillus fumigatus Af293] 27.99 9 9 35 
159130121 extracelular serine carboxypeptidase, putative [Aspergillus fumigatus 

A1163] 
31.99 10 10 35 

159124248 lactoylglutathione lyase [Aspergillus fumigatus A1163] 38.68 8 8 46 
133920236 cell wall protein PhiA [Aspergillus fumigatus] 51.35 5 5 27 
159129471 mannitol-1-phosphate dehydrogenase [Aspergillus fumigatus A1163] 46.91 13 13 30 
296524522 unnamed protein product [Aspergillus fumigatus] 13.50 4 4 27 
159131843 beta-glucosidase, putative [Aspergillus fumigatus A1163] 19.38 11 11 34 
159123814 cytidine deaminase, putative [Aspergillus fumigatus A1163] 56.95 5 5 30 
159128733 conserved hypothetical protein [Aspergillus fumigatus A1163] 44.48 9 9 29 
159123956 conserved hypothetical protein [Aspergillus fumigatus A1163] 9.88 4 4 24 
159126082 alpha glucosidase II, alpha subunit, putative [Aspergillus fumigatus A1163] 16.34 11 11 24 
159123466 chitinase, putative [Aspergillus fumigatus A1163] 7.83 2 3 27 
159130545 glycosyl hydrolase, putative [Aspergillus fumigatus A1163] 26.30 12 12 39 
159127315 aldose 1-epimerase, putative [Aspergillus fumigatus A1163] 28.70 9 9 32 
159128970 asparaginase, putative [Aspergillus fumigatus A1163] 18.00 4 4 23 
4200293 aspartic protease [Aspergillus fumigatus] 26.63 6 6 26 
159124517 ribose 5-phosphate isomerase A [Aspergillus fumigatus A1163] 33.82 7 7 19 
159121963 conserved hypothetical protein [Aspergillus fumigatus A1163] 30.71 6 6 28 
288872021 elastase inhibitor [Aspergillus fumigatus] 63.22 3 3 54 
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159130650 endo-1,3-beta-glucanase Engl1 [Aspergillus fumigatus A1163] 10.16 9 9 26 
70993064 glutathione S-transferase Ure2-like [Aspergillus fumigatus Af293] 24.44 5 5 19 
159128409 class II aldolase/adducin domain protein [Aspergillus fumigatus A1163] 21.31 5 5 20 
159127936 aspartate-semialdehyde dehydrogenase [Aspergillus fumigatus A1163] 26.72 5 5 25 
159127699 phosphoglycerate mutase, 2,3-bisphosphoglycerate-independent 

[Aspergillus fumigatus A1163] 
30.77 11 11 17 

159130238 glucooligosaccharide oxidase, putative [Aspergillus fumigatus A1163] 18.70 6 6 32 
159125878 conserved hypothetical protein [Aspergillus fumigatus A1163] 18.54 3 3 18 
159122490 2-methylcitrate dehydratase, putative [Aspergillus fumigatus A1163] 22.94 7 7 18 
159126550 transaldolase [Aspergillus fumigatus A1163] 21.30 6 6 22 
73621317 RecName: Full=Phosphatidylglycerol/phosphatidylinositol transfer protein; 

Short=PG/PI-TP; Flags: Precursor 
35.43 6 6 18 

70991443 enolase/allergen Asp F 22 [Aspergillus fumigatus Af293] 31.51 7 7 25 
159129408 mitochondrial Hsp70 chaperone (Ssc70), putative [Aspergillus fumigatus 

A1163] 
11.65 6 6 23 

66851228 alpha-1,2-mannosidase family protein [Aspergillus fumigatus Af293] 16.40 8 8 17 
159125277 transcription factor RfeF, putative [Aspergillus fumigatus A1163] 13.78 7 7 25 
159128667 1,3-beta-glucanosyltransferase Gel1 [Aspergillus fumigatus A1163] 18.14 4 4 20 
159130227 conserved hypothetical protein [Aspergillus fumigatus A1163] 26.07 4 4 18 
159125948 alpha-galactosidase [Aspergillus fumigatus A1163] 17.14 4 4 18 
159122040 acid phosphatase, putative [Aspergillus fumigatus A1163] 22.53 4 4 16 
40850672 LAP1 [Aspergillus fumigatus] 20.28 6 6 15 
159125633 conserved hypothetical protein [Aspergillus fumigatus A1163] 14.95 2 2 19 
159123359 pectate lyase, putative [Aspergillus fumigatus A1163] 35.12 4 4 14 
159129380 aspartate transaminase, putative [Aspergillus fumigatus A1163] 22.22 6 6 16 
159131579 phosphoribosyl-AMP cyclohydrolase, putative [Aspergillus fumigatus 

A1163] 
12.39 6 6 14 

159125593 gamma-glutamyltranspeptidase [Aspergillus fumigatus A1163] 17.17 5 5 13 
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159131742 GPI anchored protein, putative [Aspergillus fumigatus A1163] 11.85 3 3 9 
159128459 FAD-dependent oxygenase, putative [Aspergillus fumigatus A1163] 13.41 4 4 12 
36244709 lysophospholipase [Aspergillus fumigatus] 10.90 6 6 16 
159125611 penicillolysin/deuterolysin metalloprotease, putative [Aspergillus fumigatus 

A1163] 
7.84 2 2 11 

159125407 Mn superoxide dismutase (SodB), putative [Aspergillus fumigatus A1163] 28.38 3 3 16 
159123982 Melibiase subfamily, putative [Aspergillus fumigatus A1163] 12.30 6 6 13 
159128318 hypothetical protein AFUB_046090 [Aspergillus fumigatus A1163] 42.38 4 4 18 
159130605 glutamate carboxypeptidase, putative [Aspergillus fumigatus A1163] 10.47 3 3 10 
146322775 aldehyde reductase [Aspergillus fumigatus Af293] 24.07 5 5 15 
159131199 alpha-1,2-mannosidase family protein, putative [Aspergillus fumigatus 

A1163] 
10.01 5 5 11 

159123408 branched-chain amino acid aminotransferase, putative [Aspergillus 
fumigatus A1163] 

23.84 5 5 11 

159131594 beta-glucosidase, putative [Aspergillus fumigatus A1163] 10.77 3 3 9 
159122175 histidinol-phosphatase [Aspergillus fumigatus A1163] 19.81 3 3 8 
159125933 BYS1 domain protein, putative [Aspergillus fumigatus A1163] 22.44 2 2 7 
159127375 acyl-CoA:6-aminopenicillanic-acid-acyltransferase, putative [Aspergillus 

fumigatus A1163] 
14.20 3 3 9 

159125843 conserved hypothetical protein [Aspergillus fumigatus A1163] 16.67 3 3 9 
159124179 ABC transporter (Adp1), putative [Aspergillus fumigatus A1163] 7.54 5 5 9 
159128652 myo-inositol-phosphate synthase, putative [Aspergillus fumigatus A1163] 7.87 3 3 10 
159125965 peroxidase, putative [Aspergillus fumigatus A1163] 14.91 3 3 7 
159125078 succinate-semialdehyde dehydrogenase Uga2, putative [Aspergillus 

fumigatus A1163] 
16.01 5 5 7 

159122660 conserved hypothetical protein [Aspergillus fumigatus A1163] 9.87 3 3 9 
159129392 glucose-6-phosphate isomerase [Aspergillus fumigatus A1163] 8.14 3 3 9 
159128447 conserved hypothetical protein [Aspergillus fumigatus A1163] 41.76 4 4 8 
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70992001 zinc metallopeptidase [Aspergillus fumigatus Af293] 7.13 2 2 11 
159125859 ankyrin repeat protein [Aspergillus fumigatus A1163] 20.41 4 4 8 
66850355 transketolase TktA [Aspergillus fumigatus Af293] 10.23 4 4 10 
272718721 heat shock protein 70 [Aspergillus fumigatus] 10.86 4 4 6 
159123365 cell wall organization protein/glutathione transferase (Gto3), putative 

[Aspergillus fumigatus A1163] 
12.75 3 3 7 

159131698 3-isopropylmalate dehydrogenase Leu2A [Aspergillus fumigatus A1163] 10.38 3 3 7 
159128751 fructosyl amine:oxygen oxidoreductase [Aspergillus fumigatus A1163] 9.66 3 3 7 
83274377 mRNA splicing protein PRP8 precursor [Aspergillus fumigatus var. ellipticus] 3.02 3 3 6 
159125535 thioredoxin reductase Trr1/Trr2, putative [Aspergillus fumigatus A1163] 10.71 3 3 6 
159125612 conserved hypothetical protein [Aspergillus fumigatus A1163] 21.57 2 2 10 
159127567 glutamate carboxypeptidase Tre2, putative [Aspergillus fumigatus A1163] 5.95 4 4 8 
159129842 endoglucanase, putative [Aspergillus fumigatus A1163] 10.00 2 2 5 
159129864 endo-arabinase, putative [Aspergillus fumigatus A1163] 30.25 5 5 6 
159124996 5-methyltetrahydropteroyltriglutamate--homocysteine S-methyltransferase 

[Aspergillus fumigatus A1163] 
9.17 5 5 5 

159122313 toxin biosynthesis peroxidase, putative [Aspergillus fumigatus A1163] 15.43 3 3 9 
159124455 patched sphingolipid transporter (Ncr1), putative [Aspergillus fumigatus 

A1163] 
2.67 3 3 6 

70985857 cell wall protein [Aspergillus fumigatus Af293] 18.89 3 3 5 
159125614 glycosyl hydrolase, putative [Aspergillus fumigatus A1163] 26.27 4 4 6 
159127240 extracellular phytase, putative [Aspergillus fumigatus A1163] 13.17 4 4 5 
159122604 alpha-galactosidase, putative [Aspergillus fumigatus A1163] 8.20 2 2 6 
159124657 FAD binding domain protein [Aspergillus fumigatus A1163] 11.07 3 3 5 
70988980 peptidyl-prolyl cis-trans isomerase Cpr7 [Aspergillus fumigatus Af293] 9.28 2 2 4 
129558357 deoxyribose-phosphate aldolase, putative [Aspergillus fumigatus Af293] 21.89 3 3 6 
159128314 alpha,alpha-trehalose glucohydrolase TreA/Ath1 [Aspergillus fumigatus 

A1163] 
2.80 2 2 5 
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159126648 alcohol dehydrogenase, zinc-containing, putative [Aspergillus fumigatus 
A1163] 

11.71 2 2 11 

159122247 exo-beta-1,3-glucanase, putative [Aspergillus fumigatus A1163] 5.78 3 3 6 
159130181 conserved hypothetical protein [Aspergillus fumigatus A1163] 7.34 4 4 5 
66845315 spore-specific catalase CatA [Aspergillus fumigatus Af293] 9.47 5 5 5 
159127446 dihydrodipicolinate synthetase family protein [Aspergillus fumigatus A1163] 8.06 2 2 4 
159125967 conserved hypothetical protein [Aspergillus fumigatus A1163] 11.32 2 2 4 
159124449 glutaminase, putative [Aspergillus fumigatus A1163] 4.58 2 2 4 
159122578 GPI anchored protein, putative [Aspergillus fumigatus A1163] 15.29 2 2 3 
159123635 oxidoreductase, short chain dehydrogenase/reductase family [Aspergillus 

fumigatus A1163] 
16.72 3 3 4 

159129967 cell wall biogenesis protein/glutathione transferase, putative [Aspergillus 
fumigatus A1163] 

5.53 2 2 4 

146322313 carboxypeptidase S1 [Aspergillus fumigatus Af293] 5.77 2 2 3 
159127279 cupin domain protein [Aspergillus fumigatus A1163] 17.32 2 2 3 
159128225 endo-1,3(4)-beta-glucanase, putative [Aspergillus fumigatus A1163] 11.58 3 3 3 
159131179 GPI anchored protein, putative [Aspergillus fumigatus A1163] 13.73 4 4 4 
41581203 hypothetical protein AfA24A6.020c [Aspergillus fumigatus] 34.02 2 2 2 
159128509 conserved hypothetical protein [Aspergillus fumigatus A1163] 20.56 2 2 2 
129558549 aminotransferase family protein (LolT), putative [Aspergillus fumigatus 

Af293] 
5.96 2 2 4 

159124877 dipeptidyl peptidase, putative [Aspergillus fumigatus A1163] 2.95 2 2 4 
159127873 exo-beta-1,3-glucanase, putative [Aspergillus fumigatus A1163] 3.09 2 2 3 
42820759 spermidine synthase, putative [Aspergillus fumigatus] 7.85 2 2 2 
159124716 beta-alanine synthase, putative [Aspergillus fumigatus A1163] 3.98 2 2 3 
159128674 beta-fructofuranosidase, putative [Aspergillus fumigatus A1163] 6.03 3 3 4 
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Appendix B. Table of Proteins Identified in LH DIGE Experiment 
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A1 

GI Protein Function/homology 

13905026 phosphatidyl 3-kinase, regulatory subunit, p85 Signal transducer for many cell functions 
219521767 Nbeal2 protein May play a role in megakaryocyte alpha-granule biogenesis.[1] 
30088972 intersectin 1 isoform 7 Indirectly coordinates endocytic membrane traffic with the actin 

assembly machinery; may regulate the formation of clathrin-
coated vesicles and could be involved in synaptic vesicle recycling 

12857628 unnamed protein product Blast shows only 3 other species with hypothetical protein, and 
one with a p450 like protein 

148673257 mCG66787 High homology to histone deacetylase 
50517 unnamed protein product  High homology to serine peptidase inhibitor 

148681587 mCG124047 Tyrpsinogen, protease serine 
148672081 mCG17589 High homology to keratin type II 
30704948 Ash1 protein This protein plays a role in the neuronal commitment and 

differentiation and in the generation of olfactory and autonomic 
neurons 
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A2 

GI Protein Function/homology 

15320546 leucine-rich alpha-2-glycoprotein The leucine-rich repeat (LRR) family of proteins, including LRG1, 
have been shown to be involved in protein-protein interaction, 
signal transduction, and cell adhesion and development. LRG1 is 
expressed during granulocyte differentiation 

52787 unnamed protein product Kertatin like 
85726518 krt42 protein Keratin assembly 
26355849 unnamed protein product Tubulin beta chain-4 

119850791 krt78 protein Keratin assembly 
148708840 mCG7881 High homology to ubiquitin 60s ribosomal protein 
117938810 Tbl3 protein The protein encoded by this gene has sequence similarity with 

members of the WD40 repeat-containing protein family. The 
WD40 group is a large family of proteins, which appear to have a 
regulatory function. It is believed that the WD40 repeats mediate 
protein-protein interactions and members of the family are 
involved in signal transduction, RNA processing, gene regulation, 
vesicular trafficking, cytoskeletal assembly and may play a role in 
the control of cytotypic differentiation. This gene has multiple 
polyadenylation sites 

26340530 unnamed protein product nfkappa Beta-related protein 

 
 
 
 
 
 



 222

A3  
GI Protein Function/homology 

148703984 Rho-related BTB domain containing 2, isoform CRA The protein encoded by this gene is a small Rho GTPase and a 
candidate tumor suppressor. The encoded protein interacts with 
the cullin-3 protein, a ubiquitin E3 ligase necessary for mitotic cell 
division. This protein inhibits the growth and spread of some 
types of breast cancer. Three transcript variants encoding 
different isoforms have been found for this gene 

A4 

GI Protein Function/homology 

12850108 unnamed protein product 
High homology to indolethylamine N-methyltransferase; amino 
acid synthesis 

B1 

GI Protein Function/homology 

26341396 unnamed protein product High homology to albumin, albumin precursor 
30088972 intersectin 1 isoform 7 Indirectly coordinates endocytic membrane traffic with the actin 

assembly machinery; may regulate the formation of clathrin-
coated vesicles and could be involved in synaptic vesicle recycling 

162138915 carnitine O-palmitoyltransferase 2, mitochondrial 
precursor 

Is a mitochondrial transferase enzyme (EC 2.3.1.21) involved in 
the metabolism of palmitoylcarnitine into palmitoyl-CoA. A 
related transferase is carnitine acyltransferase 

14349146 transmembrane protein T1ARP Metalloreductase superfamily member, ferric reductase domain 
74189410 unnamed protein product Related to interlukin 4 signal transducer protein 

148674895 mCG125773 High homology to vomeronasal receptor Vmn2r75 precursor  
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B2  
GI Protein Function/homology 

15320546 leucine-rich alpha-2-glycoprotein The leucine-rich repeat (LRR) family of proteins, including LRG1, 
have been shown to be involved in protein-protein interaction, 
signal transduction, and cell adhesion and development. LRG1 is 
expressed during granulocyte differentiation 

C1  
GI Protein Function/homology 

40254595 dihydropyriimidnase-related protein This enzyme participates in 3 metabolic pathways: pyrimidine 
metabolism, beta-alanine metabolism, and pantothenate and coa 
biosynthesis. 

1938223 beta-2-glycoprotein Now called apolipoprotein; Apo-H has a complex involvement in 
agglutination, it appears to alter ADP mediated agglutination of 
platlets 

26341396 unnamed protein product High homology to albumin, albumin precursor 
148673257 mCG66787 High homology to histone deacetylase 
30088972 intersectin 1 isoform 7 Indirectly coordinates endocytic membrane traffic with the actin 

assembly machinery; may regulate the formation of clathrin-
coated vesicles and could be involved in synaptic vesicle recycling 

119850791 krt78 protein keratin assembly 
1065884 RanBP2 protein RanBP2 is also known as Nup358 since it is a member 

nucleoporin family that makes-up the nuclear pore complex. 
RanBP2 has a 358 KDa molecular weight. 

74189250 unnamed protein product No homology to anything really…scant homology to a transposon 
protein 
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C4  
GI Protein Function/homology 

37359984 mKIAA0543 High homology to Zinc finger protein 862 , May be involved in 
transcriptional regulation  

D1  
GI Protein Function/homology 

50511235 mKIAA1998 High homology to Rho-guanine nucleotide exchange factor  
755764 unnamed protein product High homology to mouse C9 precursor 

D2  
GI Protein Function/homology 

12843002 unnamed protein product trypsin precursor 
45500997 Trim72 protein role in cell membrane repair 

139948465 F-box only protein 22 F-box proteins are proteinscontaining at least one F-box domain. 
The first identified F-box protein is one of three components of 
the SCF complex, which mediates ubiquitination of proteins 
targeted for degradation by the proteasome. F-box proteins have 
also been associated with cellular functions such as signal 
transduction and regulation of the cell cycle 

148705853 mCG10523 ubiquitin ligase like 

D3  
GI Protein Function/homology 

26341396 unnamed protein product High homology to albumin, albumin precursor 
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E1  
GI Protein Function/homology 

45872600 Uap1/1 protein Converts UDP and GlcNAc-1-P into UDP-GlcNAc, and UDP and 
GalNAc-1-P into UDP-GalNAc. Isoform AGX1 has 2 to 3 

E3  
GI Protein Function/homology 

148669734 mCG49764 Some homology to PREDICTED: 60S ribosomal protein L31-like 
[Nomascus leucogenys]  

58037509 membrane protein FAM159B Unknown function, belongs to this family of single pass membrane 
proteins, no ducumented eveidence of function or expression. 
Evidence of transcript 

F1  
GI Protein Function/homology 

148672081 mCG17589 High homology to keratin type II 
148665236 mCG128253 High homology to kininogen-1 isoform 3 precursor [Mus 

musculus] 
148678996 calcium channel, voltage dependent, p/q type, alpha 

1a subunit 
The Cav2.1 P/Q voltage-dependent calcium channel is encoded by 
the CACNA1A gene. Voltage-dependent calcium channels mediate 
the entry of calcium ions into excitable cells, and are also involved 
in a variety of calcium-dependent processes, 
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F2  
GI Protein Function/homology 

148672081 mCG17589 High homology to keratin type II 
119850791 krt78 protein Keratin assembly 

  
  

F3  
GI Protein Function/homology 

74212236 unnamed protein product High homology to 26S proteasome non-ATPase regulatory subunit 
9 [Mus musculus]  

119850791 krt78 protein Keratin assembly 
  
  

G1  
GI Protein Function/homology 

223461411 krt77 protein Keratin assembly 
14349146 transmembrane protein T1ARP 

Metalloreductase superfamily member, ferric reductase domain 
  
  

G2  
GI Protein Function/homology 

12857628 unnamed protein product Blast shows only 3 other species with hypothetical protein, and 
one with a p450 like protein 
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G3  
GI Protein Function/homology 

223461411 krt77 protein keratin assembly 
54043 unnamed protein product High homology to serum amyloid P-component precursor [Mus 

musculus]  
119850791 krt78 protein Keratin assembly 

  
  

H1  
GI Protein Function/homology 

15320546 leucine-rich alpha-2-glycoprotein 

The leucine-rich repeat (LRR) family of proteins, including LRG1, 
have been shown to be involved in protein-protein interaction, 
signal transduction, and cell adhesion and development. LRG1 is 
expressed during granulocyte differentiation 

148672081 mCG17589 High homology to keratin type II 
  
  

H2  
GI Protein Function/homology 

148672081 mCG17589 High homology to keratin type II 
  
  

H3  
GI Protein Function/homology 

223461411 krt77 protein Keratin assembly 
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Proteins in multiple spots 

GI Protein 

30088972 intersectin 1 isoform 7 
12857628 unnamed protein product 

148673257 mCG66787 
148672081 mCG17589 

15320546 leucine-rich alpha-2-glycoprotein 
119850791 krt78 protein 

26341396 unnamed protein product 
14349146 transmembrane protein T1ARP 

223461411 krt77 protein 
 
B3, B4, C2, C3 and E2 contains no identified proteins. 
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Appendix C. Aspergillus Proteins Identified in Biological Replicate 2 Plasma.  

  Protein Probability Spectral Count Spectral Quality  

Identified Proteins  Accession Asthma IA Naive Asthma IA Naive Asthma IA Naïve Peptides 

threonine aldolase  70986734 0 92% 60% 0 2 0  good  VPGVNGK 

conserved 
hypotetical protein  

70984308 47% 61% 0% 0 3 0  good  FAAAHCLGEVFAVAG, 
CRcLEQLVK, IEFLDDLPR 

C6 transcription 
factor  

70982546 0% 99% 0% 0 3 0  good  EALVSLPR 

quinate pathway 
repressor protein 

QutR  

70995548 0 91% 0% 0 3 0  1 
good 

 AIGAVNTLIP 

conserved 
hypothetical protein  

70997912 0 90% 0 0 2 0  good  GEVSENGVVSGK 

GNAT family 
acetyltransferase  

70984705 0% 83% 0% 0 1 0  good  VAIYHDHPVAAAPSTTP 

conserved 
hypothetical protein  

70989147 0% 44% 0 0 1 0  good  SDSSDESMIINGLDFN 

cell wall biogenesis 
protein Mhp1  

14632263
4 

0 67% 0% 0 1 0  good  LDmPNPFGAAY 

conserved 
hypothetical protein  

14632302
0 

0% 64% 0% 0 1 0  good  mDcLSSVLGSK 

autophagy related 
lipase Atg15 [ 

71001484 0 56% 0% 0 1 0  good  RRVLQDmSISGLL 

Snf1 kinase complex 
beta-subunit Gal83  

70984222 0% 47% 0% 0 1 0  good  NGVENQSDK 

hypothetical protein 
AFUA_6G03190  

70984503 0 32% 0 0 1 0  good  VMVKGGTEGVLPE 

C6 transcription 
factor  

70983468 0% 30% 0% 0 1 0  good  ADLEQQTTDDKDGTAPVPK 

glucose oxidase  71002270 0 90% 0 0 1 0  good  AGRALGGGSAINGESSPSG 
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0 

conserved 
hypothetical protein  

70997415 0% 88% 0% 0 8 0  good  EKQLFYRIAmR 

hypothetical protein 
AFUA_8G01760  

70983005 0 89% 0 0 9 0  good  IScSYDGVLQmQVA 

C2H2 finger domain 
protein  

70991937 0% 98% 0% 0 4 0  good  DHPELQEARR 

HET domain protein  70992479 0% 85% 0% 0 3 0  good  FIcIDQNNGK 

UbiA 
prenyltransferase 

family protein  

70988962 27% 50% 0% 0 3 0  good  FHDREGDKK 

conserved 
hypothetical protein  

71002470 0% 92% 0 0 4 0  good  PNRSGPVNKTQ 

C6 finger domain 
protein  

71002886 0% 86% 0% 0 3 0  good  RAKEIEELGLDENE 

conserved 
hypothetical protein  

71002744 0% 64% 0% 0 3 0  good  LQLSGLLSEND, LDNTLDSR 

peroxisome 
biosynthesis protein 

(PAS8/Peroxin-6)  

71000221 0% 40% 79% 0 1 0  good  FHCGPHCTALLIK 
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Appendix D. Aspergillus Proteins Identified in Biological Replicate 1’s Plasma. 

 
  Protein Probability Spectral Count Spectral Quality  

Identified Proteins Accession Asthma IA Naive Asthma IA Naive asthma IA Naïve Peptides 

protein kinase 
domain-containing 

protein 

70999159 0% 93% 78% 0 1 0  good  LGAVTLDIFTHLCK 

sensor histidine 
kinase/response 

regulator 

70999294 0% 91% 72% 0 1 0  good  NNTQYNFGR 

NADPH-adrenodoxin 
reductase Arh1 

71001824 0 57% 93% 0 1 0  good  DAmVDmYEK 

GTP-binding protein 
Obg 

70996324 0% 94% 0% 0 1 0  good  RGEDVLL 

MFS allantoate 
transporter 

70996168 0 82% 0% 0 1 0  good
? 

 DDIAPEDIRDIGANLYAEVERLSPE 

AMID-like 
mitochondrial 

oxidoreductase 

70985890 0 92% 0% 0 3 0  good  VLPmLKTSGSKAAETLL 

CBS and PB1 domain 
protein 

70991156 0 92% 0% 0 1 0  good   

 
  



 232

Appendix E. Aspergillus Proteins Identified in Patient 2906 

ID Protein Name  Peptide  Match?  
Peptide (fungal protein check, 
human peptide blast) 

Peptide blast by 
itself 

Protein 

70985747 Asp Hemolysin  

SDASSGTTGGFDLYDGNTK  yes  A. fumigatus specific, no human A. fumigatus only  

Protein is A. 
fumigatus 

specific 

YGGAIGTVDVEVGR  yes  A. fumigatus specific, no human A. fumigatus only  

NYWVEIGTWNK  yes  A. fumigatus specific, no human A. fumigatus only  

DGDKDAEITSEDVQQK  yes  A. fumigatus specific, no human A. fumigatus only  

WYKDGDKDAEITSEDVQQK  no  A. fumigatus specific, no human A. fumigatus only  

NKNYWVEIGTWNK  
No antigen 
spectra  

A. fumigatus specific, no human A. fumigatus only  

3005841 rAsp f13  

VQATYEEADPSHCASGV  yes  A. fumigatus specific, no human A. fumigatus only  

Protein is A. 
fumigatus 

specific 

IGGAPTIPGWNSPNCGK  yes  A. fumigatus specific, no human 
A. fumigatus, 
clavatus, terreus (A-
S change) 

DAIPVSVSYDPR  
No antigen 
spectra  

A. fumigatus specific, no human A. fumigatus only  

159122933 
Cysteine-rich 
secreted 
protein  

TPTFANAGQFVLSK  yes  A. fumigatus specific, no human A. fumigatus only  

Protein is A. 
fumigatus, 

clavatus 
NDGVYYAAPDSMVQR  Only 1*  

A. fumigatus specific, G-N change in 
clavatus 

A. fumigatus only, 
clavatus (N-G 
change) 

ANVNNCIWK  no  A. fumigatus specific, no human A. fumigatus only  

1857716 Catalase  

GVDFTEDPLLQGR  yes  
Aspergilli, penicillium, other fungi 
(V-I change) 

All fungi in list at 
100%  

Protein is 
mostly A. 

fumigatus. Some 
other aspergilli, 
and other fungi 

all at 70% 

DGVYVAQSVTDDFANDLKE
GLR  

yes  A. fumigatus specific, no human A. fumigatus only 
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HVDGFGVHTFR  no antigen  
Aspergilli, penicillium, other fungi 
(V-I, V-M change) 

A. fumigatus, 
fusarium spp, 
parricocci spp 

TVGALGSGTAALR  yes  Aspergilli 
A. fumigatus, 
clavatus  

45826518 Mannosidase I  LSDLTGDQEYAK  
no antigen 
charge state  

A. fumigatus specific, no human A. fumigatus only    

3549630 
Alkaline 
Protease  

IKELATNGVVTNVK  no antigen  A. fumigatus specific, no human A. fumigatus only  
Proteinis 

aspergilli, 62% 
and down other 

fungi  

ELATNGVVTNVK  no antigen  
A. fumigatus specific (same as the 
one above) 

A. fumigatus only  

ASLAYNAAGGSHVDSIGHGT
HVAGTIGGK  

no antigen  A. fumigatus specific, no human A. fumigatus only  

159128620 

Glucan 1,4-
alpha-
glucosidase, 
putative  

ALVEGSTFAK  yes  A. fumigatus specific, no human A. fumigatus only  Protein is A. 
fumigatus, 

talaromyces spp 
have 80% and 

then drops into 
65% and down 
for other fungi 

SVYAINSGIPQGAAVSAGR  yes  A. fumigatus specific, no human A. fumigatus only  

2980819 
IgE-binding 
protein  

VPESLSDIAAQLSAGITAAIQ
K  

no antigen  A. fumigatus specific, no human A. fumigatus only  Protein (GM-
protein MP1) is 

A. fumigatus 
specific (60% 

other 
aspergilli), less 

for other fungi if 
at all  

QVEGVIDDLISKK  

top three 
peaks 
match. 
Antigen 
spectra 
missing 
other peaks  

A. fumigatus specific, no human A. fumigatus only  
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159128627 Pectate lyase A  ALYSTDDGYAVER  

assigned 
peaks 
match, but 
sample has 
many 
unassigned 
peaks  

A. fumigatus specific, no human A. fumigatus only  

Protein is A. 
fumigatus, some 
aspergilli and 
Penicillium 
spp.are 70%, 
other fungi 
>60% 

159130342 
Exo-beta-1,3-
glucanase, 
putative  

GDGVTDDTAAINAAMSDGG
R  

not really 
and both 
noisy  

A. fumigatus specific, no human 
A. fumigatus, 
clavatus, some other 
fungi (A-R change) 

Protein is A. 
fumigatus, some 

aspergilli and 
penecillium 
80%, <60% 
other fungi 

159127509 
Class V 
chitinase, 
putative  

IVYFDQGVYK  no antigen  Belongs to Exo-beta 1,3 glucanase A. fumigatus only  

Protein is A. 
fumigatus, 70% 
and down other 
fungi 

159124026 
Conserved 
Hypothetical 
Protein  

DDLVNVLR  

possible… 
both 
spectra 
noisy  

A. fumigatus specific, no human 
 A. fumigatus, 
Methanoculleus 
bourgensis 

Protein is A. 
fumigatus, some 
conservation in 
some aspergilli, 
no other fungi 

159124129 
peptidase, 
putative  

VDQLGDIPVEEGGLPASDKY
GR  

yes but 
fragmentati
on pattern 
not as 
expected  

A. fumigatus specific, no human A. fumigatus only  

Protein is A. 
fumigatus, other 
aspergilli 68%, 
other fungi less 

159125217 
Major allergen 
Asp F2  

QIEAGLNEAVELAR  

yes but 
fragmentati
on pattern 
not as 
expected  

A. fumigatus specific, no human A. fumigatus only  

Protein is A. 
fumigatus, no 
other aspergilli, 
other fungi 
<60% 
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159129061 
Conserved 
hypothetical 
protein  

VVDVGGGVHSVVYEGEGGA
K  

Yes but 
fragmentati
on pattern 
hard to tell  

A. fumigatus specific, no human A. fumigatus only  

Proein is A. 
fumigatus, no 
other aspergilli, 
other fungi 
<60% 

159126129 
Aspartyl 
aminopeptidase  

GFFDHFEEVDKEFADF  

yes but 
fragmentati
on pattern 
not as 
expected  

A. fumigatus, terreus. F-Y change in 
other fungi, no human 

A. fumigatus, other 
pathogenic fungi 

Protein is A. 
fumigatus, 
tereus…other 
fungi 80% 

159128411 
Hypothetical 
protein 
AFUB_047070  

LIIYqGR  no antigen  
Peptide too short but is only A. 
fumigatus 

A. fumigatus, other 
fungi (I-V change) 

Protein is A. 
fumigatus, 
nothing else 

159124040 
Acetate-CoA 
ligase, putative  

TVWqWIQR  no antigen  A. fumigatus specific, no human A. fumigatus only  

Protein is A. 
fumigatus, no 
other aspergilli, 
other fungi 
<60% 
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Appendix F. Proteins and Peptides Used for MRM with Their BLAST Results 

 

Protein 
Peptide sequence with charge 

state 
Peptide Blast Protein Blast 

Secreted_Dipeptidyl_peptidase 

LPVAEGLSLFNVLQER.2 A. fumigatus and Ajellomyces 
capsulatus (I/L substitution) 

A. fumigatus 98-100%; other Asp >73%, 
Penicillium ~70% 

LPVAEGLSLFNVLQER.3 

IASANEIDPELK.2 A. fumigatus specific 

TLIVGSEDLGR.2 A. fumigatus specific 

ALVSHDGTFVADAK.2 Pan Aspergilli and Penicillium 
digitatum ALVSHDGTFVADAK.3 

NGYSLDGELK.2 A. fumigatus specific 

IYDSIYVR.2 Asp and other fungi 

VLYVYSLGSK.2 A. fumigatus specific 

TIPSVAGDWDR.2 A. fumigatus specific 

WDPSAPER.2 Pan Aspergilli 

AASLPASFSGLK.2 A. fumigatus and A. nidulan 

SNPNAVSLEDTVVPVVNYN.3 A. fumigatus specific 

Cell_Wall_Protein_PhiA 
VEDVTNPNSC[+57.0]VYTQ.2 A. fumigatus specific A. fumigatus 98-100%, other Asp and 

Penicillium >60% IGYTTGAQPAPR.2 various fungi 

Catalase 

GAGAHGVFTSYGDFSNITAASFLAK.3 A. fumigatus specific 

A. fumigatus 98-100%, other Asp and 
Penicillium 80-90% 

GVDFTEDPLLQGR.2 various fungi 

DGVYVAQSVTDDFANDLKEGLR.3 A. fumigatus specific 

DGVYVAQSVTDDFANDLK.2 A. fumigatus specific 

VGVLGSVQHPGSVEGASTLR.3 A. fumigatus specific 

IVPEEFVPITK.2 A. fumigatus specific 

Pectate_Lyase_A 

DSTAVLEGFGLLVK.2 A. fumigatus specific 

A. fumigatus >90%, Other Asp >75% VGSNTSIIGK.2 various fungi 

ALYSTDDGYAVER.2 A. fumigatus specific 
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Thioredoxin_reductase_GliT 

EIQQAAEESPVGASGLK.2 A. fumigatus specific 

Mostly A. fumigatus specific, A. terreus at 
81%, all others below 55% 

QVETNQLFEAR.2 A. fumigatus specific 

VVLATGVR.2 various organism (not just fungi) 

KVVLATGVR.2 various organism (not just fungi) 

Dna_Replication_Licensing_Factor 
ILN[+1.0]LVVR.2 various organism (not just fungi) 

Pan Aspergilli 
NTAQENMQLR.2 Pan Aspergilli 

Asp_Hemolysin 

SDASSGTTGGFDLYDGNTK.2 A. fumigatus specific 

A. fumigatus specific 
YGGAIGTVDVEVGR.2 A. fumigatus specific 

NYWVEIGTWNK.2 A. fumigatus specific 

DGDKDAEITSEDVQQK.3 A. fumigatus specific 

rAsp_13 

VQATYEEADPSHCASGV.2 A. fumigatus only 

A. fumigatus specific 
IGGAPTIPGWNSPNC[+57.0]GK.2 

A. fumigatus, clavatus, terreus (A-S 

change) 

Cysteine-rich_secreted_protein 

TPTFANAGQFVLSK.2 A. fumigatus specific 

A. fumigatus, clavatus 
NDGVYYAAPDSMVQR.2 

A. fumigatus only, clavatus (N-G 

change) 

Aspartyl_aminopeptidase GFFDHFEEVDKEFADF.3 
A. fumigatus, other pathogenic 

fungi 
A. fumigatus, tereus…other fungi 80% 

Conserved_Hypothetical_Protein VVDVGGGVHSVVYEGEGGAK.3 A. fumigatus specific 
A. fumigatus, no other aspergilli, other fungi 

<60% 

Glucan_1,4_alpha 
ALVEGSTFAK.2 A. fumigatus specific A. fumigatus, talaromyces spp have 80% 

and then drops into 65% and down for other 
fungi SVYAINSGIPQGAAVSAGR.2 A. fumigatus specific 

Mannosidase_1 LSDLTGDQEYAK.2 A. fumigatus specific A. fumigatus, other asp. >75% 
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Appendix G CID vs SID of Reverse Peptide and C-Reactive Protein 

 
Ion Mobility separation showing separation of reverse peptides. X-axis is drift time 

in miliseconds.  

 

 
The MS/MS of each reverse peptide was extracted. Top showing GRGDS and bottom 

showing SDGRG at CID 20. The difference in fragmentation pattern is due to the 

position of the arginine in the peptide.  
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SID of reverse peptide. Top showing GRGDS, bottom SDGRG at SID 20. As observed, 

a lot more fragments are present in the SID spectra.  
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pdb 1lj7 of C-reactive protein (CRP) as a homo pentamer. Image from Protein Data 

Bank. 

 

 
Mobiligram showing nanoESI of CRP. Separation of the different charge states of the 

homopentamer can be observed.  
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CID (top) vs SID (bottom) of CRP. The scheme on the side shows the fragments 

observed in each MS/MS in cartoon form. SID shows predominately monomers with 

about 1/5 of the original charge where as CID shows mostly highly charged 

monomers (about half of the original charge of the complex) with lower-charged 

tetramer.  
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Appendix H Nanospray of Monoclonal Antibody IgM 

 

 
Mobiligram of MAb at 1μM concentration.  

 

 
Zoom-in region of m/z 4000 – 6500. The peaks here are calculated to be from the 

intact six-armed IgM. 
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Extracted MS from the mobiligram. X-axis indicates the m/z range extracted. The peaks are estimated to be of IgM. However, as 

the MS shows, there are too many overlapping peaks present. 
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Mobiligram of a repeat run as the one shown on the previous two pages. This time, 

the resolution on the IgM peaks is poor.  

 
Extracted MS from the above mobiligram. It is impossible to deconvolute the peaks 

present here.  
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