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Top-Down proteomics studies protein complexity at the intact proteoform level in order to study 

chemical modifications, such as co-post translational modifications and non-enzymatic protein 

processing (e.g., redox active modifications, glycation). With this approach, information content 

associated with the diversity of chemical/biological processes, such as glycosylation, lipidation, 

and proteolysis that occur in vivo, is captured facilitating an enhanced representative observation 

of biological complexity. To obtain this information, a traditional Top-Down approach uses 

liquid chromatography separations in conjunction with mass spectrometry and database querying 

techniques in order to identify proteoforms. For example, this approach was used in a study 

highlighting differentially expressed levels of phosphor-proteoforms within cardiac 

myofilaments and their association with different degrees of congestive heart failure. Although 

these strategies have been well characterized, such an approach is not applicable towards large 

scale proteome analysis due to the high heterogeneity of expressed proteoforms. For this type of 

analysis, multiple dimensions of orthogonal chromatographic separations are used to antagonize 

proteoform complexity, with prior attempts identifying over 3,000 unique proteoforms from the 

HeLa S3 cell line. These Top-Down platforms have also been used towards completing proteome 
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scale label-free quantitative studies; however, such approaches have often struggled due to 

limited quantitative dynamic range. Additionally, chromatographic separation strategies have 

been protein driven reducing proteoform observation to only the most abundant species, and in 

some cases a complete loss of proteoform information (i.e., related glycoproteoforms) due to 

limitations associated with charging/ionization efficiency, ion transfer, and mass spectrometer 

resolving power. To address these obstacles, a novel platform that utilizes the concept of 

isoelectric point separation has been implemented in order to complete chromatographic 

separations at the proteoform level. Utilizing high resolution in solution isoelectric focusing with 

superficially porous liquid chromatography and Fourier-transform mass spectrometry, a ~5x 

improvement of observed proteoforms from cardiac myofibril tissue (1D: 112 vs. 2D: 582 

proteoforms) was determined with species ranging from 3 – 230 kDa in size. In addition, novel 

data processing strategies that are capable of distinguishing related proteoform information 

content separated into different mass spectra have been implemented with the objective to 

establish the three quantitative levels of Top-Down proteomics (proteoform, protein, and 

proteoform ratios). Standard proteins with different physiochemical properties and modification 

classes were studied to create calibration curves under non-spiked and spiked conditions (i.e., E. 

coli matrix effect) with a linear dynamic range of 10
2
 – 10

3 
and low femtomole limits of

detection values established. Additionally, results indicate that proteoform ratio information 

content, outside of matrix effects, is independent of protein loading. To aid in automating the 

data processing strategies associated with mass spectral deconvolution and data binning 

procedures, triplicate E. coli proteome analyses have been completed with a sliding window 

approach illustrating reproducible spectral intensity values (~15.1% relative standard deviation) 
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and chromatographic precision tolerances of  ± 0.2 pI units and ± 12 seconds for weighted pI and 

hydrophobicity calculations respectively. Using this platform, Lipocalin-type Prostaglandin D-

Synthase, a highly glycosylated cerebrospinal fluid (CSF) protein, was fully characterized with 

200+ proteoforms identified, a 65x improvement compared to other non-pI based Top-Down 

platforms that are chromatographically protein driven. In the future, the completion of CSF 

proteome profiling investigations will contribute to the interpretation of changes in proteoform 

modifications and expression levels and the correlation to unique pathobiology associated with 

different neurodegenerative and neuroinflammatory diseases. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background Information 

In the field of proteomics, the most commonly employed method is that of a bottom-up 

viewpoint wherein protein solutions are enzymatically digested and their corresponding peptides 

analyzed via a mass spectrometer (Figure 1.1). The advantages for using bottom-up methods are 

that most techniques are well characterized, including chromatographic separation and 

quantitation, and have fully automated data processing [1, 2]. Some disadvantages of using a 

bottom-up approach are incomplete protein sequence coverage, loss of labile post-translation 

modifications (PTMs), and proteoform information, with a proteoform being defined as a group 

of related protein molecules arising from all combinatorial sources of variation arising from a 

single gene (Figure 1.2) [3]. Another approach for protein analysis is completed using a top-

down approach with the analysis occurring on intact proteins (Figure 1.1). Key advantages 

associated with the top-down approach are the potential for complete protein sequence coverage, 

ability to locate and characterize PTMs, and retention of proteoform information [4]. Important 

disadvantages for using top-down methods are incomplete characterization of methods and the 

lack of automated data processing outside of expert labs, necessitating the need to complete most 

data analyses manually. 

Newer reports have indicated that changes in PTM levels are important for disease 

progression, such as changes in glycosylation structure and expression due to mutated 

glycosyltransferases in breast cancer, acetylation deregulation altering chromatin structure 
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contributing to congenital heart disease, and ubiquitination dysregulation during the NF-κB 

signaling pathway in neurodegenerative diseases [5-7]. Currently, most biological platforms 

studying protein expression and PTM changes use a bottom-up approach for global 

quantification [8].  

A common approach to further understand biological systems uses the in vivo stable 

isotope labeling by amino acids in cell culture (SILAC) technique wherein cell cultures 

corresponding to different biological conditions are treated with “light” and “heavy” versions of 

amino acids and protein mixtures analyzed in tandem [9]. Quantitation is subsequently 

completed based on the ratio of peak intensities captured in the MS1 domain among related 

peptides in order to determine relative protein abundance changes. Using this approach, scientist 

have successfully determined key substrates in the insulin signaling pathway and identified 

potential secretome biomarkers associated with esophageal squamous cell carcinoma [10-11]. 

However, the requirement of the labeling process to be completed in vivo is not applicable for 

biofluid based analysis (i.e., plasma, serum, cerebrospinal fluid (CSF)). Additionally, due to the 

“light” and “heavy” amino acid treatment, the overall signal is split into at least two states (e.g., 

arginine “heavy” is +6 Da compared to arginine “light”) reducing the overall intensity and 

spectra signal to noise (s/n). 

To address these issues, isobaric labeling techniques that are completed in vitro have 

been created (i.e., isobaric tags for relative and absolute quantitation (iTRAQ) and tandem mass 

tags (TMT)) and are applicable to biofliud based analysis due to the labeling procedure 

completed post digestion of the protein mixtures [9]. Furthermore, due to the nature of the 

isobaric labeling strategy, the MS1 s/n ratio during multiplex studies is improved facilitating the 
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observation, identification, and quantitation of low in abundance peptides with quantitation 

completed based on reporter ions observed in the MS/MS domain. With these strategies, 

scientists have demonstrated the importance of Cys-based PTMs and their importance in cellular 

events [12-14].  Although these isobaric approaches have found success, they often are not 

applicable to very complex samples because of systematic biases due to differences in labeling 

efficiency and protein digestion [15]. Additionally, the precision of quantitation of reporter ions 

may suffer due to coeluting contaminating ions requiring many replicate runs to obtain enough 

quantitative data points and may require additional procedures to correct for any interferences or 

biases [16-18]. 

In contrast, a label-free approach does not have many of the shortcomings associated with 

labeled strategies, with evidence indicating a higher dynamic range of quantification with many 

data analysis schemes aiming to simultaneously achieve both protein identification and 

quantification [19]. In regards to label-free methods, the multiple reaction monitoring (MRM) 

approach is often considered the gold standard due to the assays good selectivity/sensitivity, 

quantitative reproducibility, and the ability to complete absolute quantitation experiments; 

however, this approach is mainly completed on targeted/known precursor ions and is often not 

applicable for proteome scale studies [20]. Other label-free approaches have been created (i.e., 

data-dependent, data-independent, sequential window acquisition of all theoretical spectra 

(SWATH)) facilitating proteome scale studies; however, finding the right balance between 

quantitation and identification is often difficult with sacrifices in one area often occurring, 

resulting in the need for many repetitive MS runs [21]. 
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Due to the fact that proteoforms have been shown to be crucial for regulating 

mechanisms in eukaryotic cells (e.g., microheterogeneity of epigenetic combinatorial histone 

forms, glycosylation specific cancer proteoforms), many scientists are interested in applying 

quantitative strategies with a  top-down approach in order to maximize information content that 

more closely resembles processes occurring in vivo [22-25]. In regards to top-down, a SILAC 

approach has been completed; however, as Waanders et. al. demonstrated, typical labeling 

efficiency between 95-98% is observed resulting in both peak splitting (i.e., 95% labeling 

efficiency results 3+ identical charge state peaks) and broadening (i.e., 95% labeling efficiency 

results in 3x peak width) which greatly reduces overall signal intensity and spectra s/n, a fact that 

is greatly compounded upon when attempting to analyze PTM information [26]. Both iTRAQ 

and TMT chemical labeling have additionally been implemented for top-down identification and 

quantitation; however, there are currently no labeling procedures that offer reproducible 100% 

labeling efficiency, and thus these approaches have not been successfully implemented at a 

proteome level [27-28]. Due to these reasons, quantitative top-down methods for biological 

systems are often completed using a label-free strategy on targeted species due to challenges 

associated with global intact proteome runs. To address this, the surface-enhanced laser 

desorption/ionization (SELDI) technology was utilized wherein proteins of interest are bound to 

surfaces and separated through solid-phase chromatographic procedures and subsequently 

analyzed; however, this method often suffers from poor reproducibility and surface batch-to-

batch variability [29-30]. Currently, many quantitative label-free top-down studies are completed 

using liquid chromatography and mass spectrometry (LC-MS) strategies (e.g., troponin 

phosphorylation, O-glycosylated apolipoprotein C-III); however, these approaches are often 
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limited to a linear quantitative dynamic range of ~10
1
 within complex mixtures, reducing the 

number of species that can be quantitated with current estimates for  expressed proteoform 

dynamic range being ~10
13 

[31-33]. Therefore, a top-down platform that is capable of label-free 

quantitation of proteoforms across the proteome and able to improve upon the current limited 

linear quantitative dynamic range is greatly needed. Presented throughout this thesis are the 

supporting works that establish a new platform that is capable of reproducible proteoform 

quantitation across a proteome that greatly increases proteoform linear quantitative dynamic 

range and the creation of novel informatics procedures for multi-dimensional dataset processing. 

 

1.2 Chromatographic Separations 

As mentioned above, many top-down platforms use a liquid chromatographic approach to 

separate proteoform species due to the ability to easily electrospray and ionize separated species 

into a mass spectrometer for detection [34]. One of the most common approaches involves using 

reverse-phased (RP) separations that are facilitated through the interaction among hydrophobic 

amino acid domains, chromatographic resin, and a non-polar stationary phase. Conventional 

RPLC porous resins, with carbon-alkyl side chains (e.g., C3, C8, C18), offer high loading 

capacity and have successfully been used towards intact protein studies; however, protein elution 

often occurs over several minutes resulting in poor chromatographic separations. Additionally, 

concerns with irreversible adsorption of proteins and sample recovery have been noted, with 

shorter alkyl chains (C4) providing optimal results at the sacrifice of chromatographic resolution 

[35]. The introduction of column heating (~60-70 °C) has facilitated the use of medium sized 

alkyl chains (C8) by reducing column interdiffusion and shortening elution time; however, prior 
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calculations have determined that optimal chromatographic separation for porous resins will not 

occur until particle sizes <1 µm are used, posing technological limitations outside of expert labs 

[36-37] To address these limitations many reports have been completed using nonporous resin 

with results offering improved protein recovery and elution profiles, but suffer from low loading 

capacity and high back pressure requiring the use of more sophisticated instrumentation (e.g. 

UPLC) [38-39]. As a middle ground, Roth et. al. utilized superficially porous (SP) particles 

containing nonporous cores with a porous shell providing nonporous like separations (~10 s), but 

with reduced back pressure and loading capacities similar to porous media [40]. Additionally, 

results on standard proteins demonstrated a 10
4
 linear dynamic range with low attomole limits of 

detection, suggesting the potential of quantitative range >10
1 

when applied to complex mixtures. 

Other chromatographic strategies besides RPLC have been implemented; however, due to 

the high heterogeneity of proteoforms within biological solutions, many of these strategies are 

used in tandem to create multi-dimensional orthogonal chromatography platforms. Previous 

reports have used either weak anion or strong cation exchange to separate proteins based on 

charge-charge interactions between charged resin and proteins and when coupled with RPLC, 

studies on different cell lysates have been completed with the observations of over 700 unique 

proteoforms [41-42]. Other studies have used in-solution molecular weight (GELFrEE) based 

methods for the first dimension of separation to remove high mass species (> 30 kDa), followed 

by RPLC to facilitate targeted mass range interrogation of proteoforms of interest [43]. The 

underlying philosophy of completing an additional mass based separation alongside the mass 

separation occurring within a mass spectrometer is to eliminate high in mass species that would 

interfere through charge competition during the electrospray ionization reducing spectral s/n. 
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Using such an approach, Ntai et. al. has demonstrated the capability to identify over a thousand 

unique proteoforms from S. cerevisiae [44].  

Although the above presented methods have established a foundation on which top-down 

experiments may be conducted, much of the top-down chromatographic innovation has been 

created from a “protein” centric viewpoint. For example, as previously described, multiple 

dimensions of chromatographic separation are required with prior strategies focusing on protein 

based separation. These platforms have achieved success in regards to the number of proteins 

identified, but a protein centric viewpoint often results in only the most abundant (e.g., 2-3 

unique) proteoforms per protein observed. Furthermore, these chromatographic platforms often 

suffer from poor reproducibility requiring backend data normalization procedures that may 

eliminate the observation of subtle proteoform changes of less abundant expressed species (e.g. 

modification states). Additionally, these platforms are often incompatible with proteoforms 

containing heterogeneous glycosylated species, a modification that occurs on at least 50% of all 

eukaryotic expressed proteins, due to a lack of resolution in both the m/z range and 

chromatography domain [45]. With the future goal of applying top-down strategies towards 

understanding the complexities associated with neurological diseases, a new chromatographic 

platform that is capable of separating related proteoforms within a heterogeneous protein mixture 

into different chromatographic “fractions” is needed in order to maximize proteoform 

information content. To accomplish this “proteoform” centric platform, an understanding of 

proteoform physiochemical properties is vital. More importantly, the realization that related 

proteoforms (same protein) containing different modification states can be separated by their 

isoelectric point (pI) must be comprehended. 
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1.2.1 pI Separations and Isoelectric Focusing 

The underlying philosophy of pI based separation is that a molecule present across a pH 

gradient with an external voltage applied will migrate to a pH value at which the molecule no 

longer carries a net electrical charge, as is explained through the Henderson-Hasselbach equation 

             
[  ]

[  ]
  [46]. In regards to amino acid pI separation,     

              

 
 with 

pKa1 and pKa2 corresponding to the charges associated with the amine (N-terminal) and carboxyl 

(C-terminal) ends of the amino acid, with a pKa3 included if there are additional side chain 

charges (e.g. glutamic or aspartic acid, PTMs) and a n value equal to the number of pKa values in 

the numerator [47]. Using these equations, the pI for a polypeptide (protein) sequence can be 

determined, with original works by Bjellqvist et. al., correlating protein pI to known 

immobline/ampholyte pKa values; however, recent work by Kozlowski has integrated machine 

learning technologies with experimental data of several proteomes to create software for more 

accurate automated pI calculations [48-49]. 

Traditionally, pI separation completed on proteins is completed as the first dimension 

with mass based separation following in order to create a 2D gel electrophoresis (2D-GE), with 

these gels used to aid in visualizing proteome complexity and protein abundance [50]. There 

have been several generations in regards to pI separation, with the first separation on proteins 

illustrated by O’Farrell with tubular isoelectric focusing (IEF) with sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) requiring radioactive labeling (
14

C) in order to 

visualize separations [50]. In addition to having to use radioactive labeling, issues with cathodic 

drift and inconsistent conductivity and buffering capacities were observed. The second 

generation of IEF based separation was completed by Bjellqvist et. al., wherein pH gradients 
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were immobilized to acrylamide matrices, providing higher loading capacity and resolving 

power and eliminating concerns associated with prior techniques; however, the need for tube 

based gels often resulted in nonreproducible results due to the high level of electrical 

conductivity needed to drive separation [51]. A third generation of IEF by Gorg et. al. eliminated 

tube based separations with immobilized pH gradients (IPG) created on polymerized plastic 

strips facilitating the ability to wash away unreacted polymerization reagents pre-IEF separation, 

thus reducing electrical conductivity resulting in more reproducible results [52]. Additionally, 

this strip format promotes higher levels of experimental throughput due to IPGs capable of being 

created in batch formats (1 batch = 12+ IPG strips). More recently, a fourth generation of pI 

based separation has been created using the concept of isoelectric trapping (IET), wherein 

separation is completed without the presence of ampholytes, instead using different buffer 

compositions of glutamic acid and lysine and isoelectric membranes to “trap” proteins between 

set pI windows [53]. Results using this method have highlighted higher levels of sample 

recovery compared to prior generations, but the need for wide pI windows (1+ pI unit) limits the 

resolving power of chromatographic separation. Although this newer methodology shows 

potential, currently most pI based separations are completed using IPG strips due to their high 

resolving power, greater reproducibility, and the easy coupling of IPGs to SDS-PAGE gels.  

In regards to mass spectrometry based proteomics, there have been many proteomics 

studies that have used 2D-GE to assist in comprehension of changing protein expression and 

their potential association with disease pathobiology [54]. More specific to neurodegenerative 

studies, the technique of 2D difference gel electrophoresis (2D-DIGE) has been used to provide 

quantitative comparisons among different disease states with bottom-up strategies subsequently 
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completed to identify differentially expressed protein “spots” [55]. For example, Hartl et. al. 

analyzed the amyloid precursor protein (APP) transgenic mouse model APP23, an Alzheimer’s 

disease (AD) model with ~7x higher APP expression, to investigate the cortex and hippocampus 

of transgenic and wild type mice at varying ages with results indicating that APP23 hippocampal 

proteins associated with neuronal plasticity and regulatory upkeep were at the same expression 

level in juvenile mice (~1 month old), but were very down regulated compared to wild type adult 

mice (~2+ month) [56]. More importantly, all protein changes were observed pre-formation of 

amyloid plaques, a hallmark of neurofibrillary tangles associated with AD, with the authors 

suggesting that proteomics changes occur during a clinical silent period that precedes 

observations associated with AD. Additional methods have been created in order to apply 2D-

DIGE to identify changing levels of PTMs that may be associated to different disease states [57]. 

Using these methods, Grant et. al. showed that several proteins’ “spots” observed in the 2D-GE 

of the lumbar spine proteome for the species Rattus norvegicus were all related to different 

phosphorylated states of the same protein (neurofilament light protein (NF-L)) [58]. 

Furthermore, these authors demonstrated that increased levels of phosphorylation were observed 

for NF-L in experimental autoimmune encephalomyelitis (EAE, a Multiple Sclerosis disease 

model) rats compared to their wild type counterparts. 

The idea of applying pI based separation in itself towards top-down proteomics is not a 

novel concept; however, different methodologies must be applied due to the inability and 

incompatibility of bottom-up methods, such as in gel digestion protocols. To address these 

issues, some labs have used a capillary IEF (cIEF) approach wherein pI focusing is completed in 

a fused-silica capillary resulting in high resolution pI separation with fractionated species 
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hydrodynamically pushed and ionized into the mass spectrometer [59]. Using this approach, 

cIEF has been used to analyze complex glycosylated proteoforms, as well as identify hundreds of 

proteins ranging from 2 – 100 kDa in size from ~300 ng of E. coli lysate [60-61]. cIEF has also 

been coupled online with RPLC strategies in order to further improve platform sensitivity with 

one platform demonstrating low femtomol limits for bovine carbonic anhydrase spiked into C. 

tepdium extract; however, these strategies often require concentrations of ~30% glycerol to avoid 

protein precipitation resulting in decreased ionization efficiency and sensitivity [62]. 

Additionally, prior studies using IEF techniques have been unable to obtain quantitative linear 

dynamic ranges beyond an order of magnitude greatly reducing the number of species that can be 

quantified [63]. Furthermore, cIEF struggles with reproducible electroosmotic flow of proteins 

due to protein-wall interactions creating inconsistent pI fractionation resulting in the need for 

high in abundance internal pI calibrates leading to decreased protein sensitivity [64]. To address 

this issue, some investigators have chosen to apply in-solution based IEF, with Tran et. al. 

additionally using GELFrEE and RPLC-FTMS for a 3D chromatographic platform to identify 

over 3,000 proteoforms from human cells; however, this IEF step was completed in a low 

resolution setting with each fraction covering 2+ pI units [4]. Although this study identified a 

large number proteoforms, the IEF step used did not take advantage of the high chromatographic 

resolving power available to IEF. Furthermore, this study states that the use of IEF actually is 

detrimental for top-down studies due to the fact the proteoform signal can be split into multiple 

fractions in a non-reproducible fashion, thus reducing proteoform signal intensities and the 

ability to quantify. Therefore, the challenges associated with IEF chromatographic 
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reproducibility and the difficulties in obtaining a large linear quantitative dynamic range must be 

addressed. 

 

1.3 Mass Spectrometers 

As previously mentioned, protein species are analyzed using a mass spectrometer that 

uses electric or magnetic fields to separate ions by their m/z (mass to charge ratio), with detection 

occurring in units of time, current, or frequency. There are several different types of mass 

spectrometers that can be used for top-down studies: quadrupole (Q), linear quadrupole traps 

(LTQ/ion trap), time-of-flight (TOF), and Fourier transform (FT), with the latter including ion 

cyclotron resonance (FT-ICR) and Orbitrap instruments. When completing a top-down 

experiment, the research scientist must attempt to balance instrument processing duty cycle vs. 

mass accuracy and spectral resolving power, usually calculated by the full-width half-maximum 

of a peak at a certain m/z value (i.e., 200 m/z or 400 m/z for newer and older Thermo instruments, 

respectively). Additionally, a user must be aware of the changes in resolution that may occur 

across the m/z range for certain instruments, with a prior report highlighting the differences in 

resolution observed across the m/z domain between FT-ICR and Orbitrap based instruments [65].  

Instruments such as Q, LTQ, and TOF facilitate millisecond scan rates useful for fast 

quantitative measurements during LC-MS and for high-throughput MS/MS; however, this high 

data collection rate often reduces resolving power, thus affecting mass precision and accuracy. 

[66]. FT based instruments have traditionally used high-field superconducting magnets to trap 

and form “ion packets” that are subsequently excited (resonant frequencies) into cyclotron radii 

through oscillating axial electrical fields compared to the magnetic field. The removal of this 
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electrical field facilitates the detection of “ion packets,” rotating at their cyclotron frequencies, 

producing an image current when the differentially charged “ion packets” pass by detection 

electrodes, with the resulting signal being a free induction decay, a time domain superposition of 

sine waves that are subsequently processed with fast Fourier transform equations to arrive at a 

mass spectrum. Due to the slower scan rates in a FT-ICR (100-1,000’s ms), these instruments are 

capable of obtaining resolving powers beyond 1,000,000 (400 m/z) which permits mass accuracy 

measurements on part-per-millions to part-per-billion levels. This high level of mass accuracy is 

needed to differentiate PTMs close in mass (e.g., phosphorylation (+79.9663 Da) vs. sulfonation 

(+79.9568 Da)); however, the slower scan rate of these instruments come at the cost of lower s/n 

ratios.  A previous limitation of FT based instruments was the requirement of expert labs that are 

familiar with large magnets but the introduction of the Orbitrap system eliminated the need for 

large magnets with ion trapping completed by using high-electric fields, facilitating a more user 

friendly instrument that can be operated outside of expert labs. Currently, one of the most 

common proteomics instrument is the combined IT-Orbitrap system taking advantage of the fast 

scan rate of IT instruments in combination with the high mass accuracy and resolution associated 

with FTMS. 

  

1.4 Protein Fragmentation 

Currently, most top-down proteomics studies are very much “-omics” driven, meaning 

that experiments are completed with the goal of identifying as many proteins as possible within a 

studied proteome using tandem mass spectrometry (MS/MS) methods. Traditionally, a data-

dependent (DD) approach is most commonly employed with a targeted precursor ion isolated, 
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enriched, and subsequently fragmented to create fragment ions that correspond to the amino acid 

backbone of the selected protein. In regards to fragmentation, several different methods can be 

grouped into either vibrational activation or electron based approaches [67]. Energy based 

fragmentation, such as resonant collision induced dissociated (CID), high-energy collisional 

dissociations (HCD), and photon dissociation (infrared and ultraviolet), often cleave proteins at 

their weakest amide bonds leading to “y” (C-terminal) and “b” (N-terminal) fragment ions; 

however, depending on instrument settings, photon based methods may be used to create random 

cleavages resulting in a variety of fragment types. Contrarily, an electron based approach, 

electron transfer/capture dissociation (ETD, ECD), typically creates “z” (C-terminal) and “c” (N-

terminal) fragments produced through the creation of a radical cation, from introduced electrons, 

that rapidly cleave randomly along a protein’s polypeptide backbone producing spectra with 

many terminal fragment ions. Additionally, these electron fragmentation techniques often do not 

eject labile PTMs, such as phosphorylation and glycosylation, which are usually lost during 

energy based methods, and thus are a good option when needing to localize PTM location to a 

certain amino acid. 

In theory, the fragmentation methods that create more random cleavages should provide 

greater protein sequence coverage; however, this increase in fragment ions often lowers spectral 

s/n requiring longer instrument duty cycle, and thus may not be compatible with some online 

LC-MS applications. Often, data-dependent MS/MS experiments at an “-omics” level will 

combine both energy and electron based approaches with programmed decision trees 

determining appropriate fragmentation settings based on a series of factors (e.g., protein vs. 

proteoform, m/z and charge states); however, many of these methods are not applicable to 



 

15 

proteins < 30 kDa due to limitations associated with large protein analysis in an online LC-MS 

setting. To address this issue, a data-independent method, wherein fragmentation occurs on all 

species across the m/z range, has been used with fragmentation traditionally occurring before 

introduction to the mass spectrometer (nozzle-skimmer, front end ETD), with prior reports 

highlighting good sequence coverage of proteins > 100,000 Da [68]. Although this approach 

increases the mass of proteins that can be identified, the absence of ion selection often results in 

fragments relating to only the most abundant species being observed. 

 

1.5 Informatics and Data Processing 

 After collecting mass spectra, different software algorithms can be used to translate the 

information in the m/z domain to the mass (Da) domain. For data collected under high resolving 

power conditions, sufficient separation among carbon isotopologues (
12

C vs. 
13

C) is achieved, 

and thus a typical approach is to calculate charge states based on the Δm/z difference between 

adjacent isotopes. For the THRASH algorithm (a common high resolution processing algorithm), 

when a charge state is defined, an intact monoisotopic mass (
12

C100
13

C0) is calculated using an 

averagine model that depicts the molecular formula derived from the average statistical 

occurrences of amino acids in proteins (C4.9384, H7.7583, N1.3577, O1.4773, S0.0417) [69]. For low 

resolving power conditions, collected data often lacks isotopic distributions and thus charge 

states must be calculated through the spacing between adjacent peaks with the equation of charge 

state equal to 
 

    
 

 

    
⁄  

 

  
 . In order to accomplish this, additional procedures such as baseline 

correction, peak realignment, and spectral normalization are required. 
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As mentioned above, most top-down approaches have been more “-omics” driven, and 

thus most software has been created to facilitate fast understanding of collected fragmentation 

data. One of the most common software packages is the ProSight series created by Kelleher et. 

al. and is commercially available through Thermo [70]. In order to statistically identify proteins, 

a Poisson model is used to determine the likelihood for a random identified protein for a series of 

observed terminal fragment ions, with various scoring metrics used to determine false discovery 

rates (P, E, C, and Q scores). Recent versions of ProSight have made database searching more 

user friendly through the introduction of tools (i.e. high-throughput wizard) that automate data 

processing for data-dependent mass spectra files and auto populate spreadsheets with identified 

proteins. In regards to data-independent methods, there are currently no commercially available 

software packages that can handle “-omics” based data in an automated fashion, and thus users 

often have to either manually process the data or adapt current data-dependent software, resulting 

in a decreased levels of productivity and throughput. 

Transitioning these strategies towards quantitation, Ntai et. al. demonstrated one of the 

first proteome scale label-free quantitative studies in order to understand the effects of deleting 

histone deacetylase in S. cerevisiae by using the GELFrEE-RPLC-MS platform with over 800 

unique proteoforms identified [44]. To complete quantitation, MS1 intensity values were 

calculated and novel informatics and data visualization strategies implemented in order to 

discern statistically significant proteoform expression changes; however, with the top-down 

philosophy of being “-omics” driven, the majority of the instrumentation duty cycle (70-90%) 

was focused on collecting MS/MS data for protein identification requiring many replicates in 

order to derive enough quantitative points for each proteoform. Additionally, due to non-
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reproducible chromatographic separations and experimental design, data normalization 

procedures were needed, limiting the number of quantifiable proteoforms. In regards to 

instrument duty cycle concerns, a differential top-down proteomics approach has been 

implemented wherein the use of MS1 only runs for intensity values followed by directed MS/MS 

reinjections on quantifiably changing species resulting in ~2x increase of observed proteoforms 

and the creation of automated software (i.e., Quantitative Autopilot) [71]. Although these studies 

advanced the field of top-down proteomics, they have yet to find success when transitioning 

away from cell cultures, potentially due to the issues associated with a “protein” centric 

chromatographic platform and the inability to quantitate species above 30 kDa. 

As stated above, a chromatographic platform that utilizes pI based separation for a 

“proteoform” driven separations will be developed; however, the implementation of such a 

platform creates informatics challenges that must be addressed. Due to the chosen separation 

strategy, it is likely that a proteoforms’ signal may be present in more than one pI fraction, as 

witnessed in traditional 2D-GE, resulting in the signal being split into multiple mass spectra files. 

Traditionally, a top-down approach has required proteoform information to be contained in a 

single data set, with a recent publication stating that quantitation of proteoforms was only 

possible if a proteoforms’ entire signal was contained in a single spectrum; however, these 

results may have arisen due to non-reproducible chromatographic separations [72]. Therefore 

with reproducible chromatography, proteoform information content will be maintained even 

when split across mass spectra, and thus procedures that are capable of combining mass spectral 

intensity values for each observed proteoform are needed. Additionally, since studies have 

shown that global changes in protein modification states may be indicative of disease 
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progression (i.e., sialylation in cancer), generated procedures that are able to group related 

proteoforms in a label-free fashion are needed, a process that to date has only been completed 

using labeled SILAC/NeuCode strategies [72-73].  

 

1.6 Overview 

As stated above, top-down proteomics has the capability to identify and quantify 

thousands of proteoforms; however, all current top-down technologies have been created with 

the mindset of optimizing protein level information and separations. For the top-down 

philosophy to reach its true potential, technologies that emphasis proteoform level information 

content, rather than a protein centric workflow, must be used due to the high heterogeneity and 

large dynamic range of expressed proteoforms. In addition, with an understanding of the impact 

that PTMs and proteoforms may have on disease states and progression, new technologies that 

are capable of high-throughput screening across a proteome are needed to better understand 

potential innovative disease pathobiology.  

The goals of my lab (Patrie Lab) are to apply top-down strategies in order to further 

understand the complexities associated with neurodegenerative and neuroinflammatory diseases, 

with special emphasis on studying how glycosylation changes during disease progression. In 

order for my lab to complete these future studies a new top-down platform that addresses current 

issues related to the top-down field must be created. To address these issues, a novel automated 

top-down proteomics platform that emphasizes proteoform chromatographic separations and data 

processing strategies have been developed. In Chapter 2, a multi-dimensional chromatographic 

platform that utilizes the high peak capacity and resolving power associated with pI based 
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separations (Offgel) in tandem with traditional LC/MS strategies for proteoform driven 

chromatographic separations. In Chapter 3, a rigorous analysis of this chromatographic platform 

is completed in order to define boundaries and establish automated data processing procedures 

that can be utilized across a proteome with a final result reducing the traditional manual 

processing strategy (a year per proteome) to ~1 hour when completed in an automated fashion. 

Additionally, this chapter highlights that proteoform information content and quantitation can be 

accomplished even when a proteoforms signal is in multiple mass spectra. In Chapter 4, 

additional data processing procedures that emphasize proteoform driven informatics are 

demonstrated through the thorough characterization of a highly modified glycoprotein observed 

in cerebrospinal fluid, offering a 5-10x improvement in proteoform assignment compared to 

other platforms. In total, my thesis highlights a novel platform that enhances the current field of 

top-down proteomics facilitating the future goal of better advancing the intricacies associated 

with neurodegenerative and neuroinflammatory diseases. 
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Figure 1.1 Bottom-Up vs. Top-Down proteomics. Adapted and modified from Patrie, S. M.; 

Roth, M. J.; Zhang, J. Proteomics and Metabolomic Approaches to Biomarker Discovery; 

Veenstra, T. D., Issaq, H. J., Eds.; Elsevier: 2013.  
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Figure 1.2 A single protein that correlates back to a genetic sequence is often comprised of 

many related proteoforms differing either by single nucleotide polymorphisms, alternative 

splicing/variants, and/or post-translational modifications. 
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CHAPTER 2 

 

TOP-DOWN MASS SPECTROMETRY ON TISSUE EXTRACTS WITH ISOELECTRIC 

FOCUSING AND SUPERFICIALLY POROUS LIQUID CHROMATOGRAPHY
1
 

 

2.1 Introduction 

Top-down mass spectrometry (MS) on intact proteins allows direct detection of post-

translational modifications (PTMs), polymorphisms, homologous genes, and alternative splicing 

events in combination (i.e., a translated gene’s “proteoform”) [1-5]. Studies utilizing top-down 

MS in molecular biology investigations or for the characterization of clinical markers have 

recently been reviewed [6]. Over the past decade, the development of instrumentation and 

informatics has improved the throughput and availability of top-down MS; however, the majority 

of investigations have focused on relatively simple protein systems (e.g., immunoprecipitated 

proteins, microorganisms, and cultured cell lines) and have not been routinely exploited in 

clinical proteomics settings on tissue or biofluids with the regularity of other proteomics 

approaches (e.g., two dimensional gel electrophoresis (2D GE) and surface-enhanced laser 

desorption ionization time of flight mass spectrometry (SELDI-TOF-MS) [7-10]. We seek to 

apply top-down MS in clinical proteomics investigations with the goal of not only identifying 

gene products, but also quantifying related gene proteoforms in the context of disease 

pathobiology. Analysis of tissue and biofluids (e.g., plasma and cerebrospinal fluid (CSF)) 

remains challenging because proteins are expressed over a large range of concentrations and are 

                                                 

1
 A major portion of this work has been reprinted with permission from Zhang, J., et al., Top-down mass 

spectrometry on tissue extracts and biofluids with isoelectric focusing and superficially porous silica liquid 
chromatography. Anal Chem, 2013. 85(21): p. 10377-84. Copyright 2013 American Chemical Society. 
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confounded by the presence of abundant proteins (e.g., albumin) [11-12].  Improvements to 

intact protein separations (e.g., prefractionation and chromatographic separations) are required to 

increase applicability of top-down in large-scale biomarker discovery investigations.  

Studies have demonstrated that preparative techniques (e.g., molecular weight cutoff filters, 

subcellular fractionation, ultracentrifugation, immunoprecipitation, and protein depletion), as 

well as, complementary chromatographic strategies (e.g., ion exchange chromatography, 

hydrophilic interaction liquid chromatography, chromatofocusing, isoelectric focusing (IEF) 

including capillary IEF,  size exclusion chromatography, and GE) increase the dynamic range of 

top-down investigations, as recently reviewed [6, 13].   We recently reported that superficially 

porous (SP) silica resins packed in capillary LC columns provided robust, high peak capacity 

separations on intact proteins enriched from cell cultures with typical protein elution periods of 

~6 s and routine attomole detection limits observed [1]. In this work, we demonstrated the utility 

of combined solution-based IEF that separates proteins through commercially available 

immobilized pH gradient (IPG) and the previously reported superficially porous liquid 

chromatography (SPLC) separations for multidimensional protein separations from complex 

tissue and biological fluids [14, 1]. Our results on mouse heart tissue show that the combined 

IEF-SPLC, with intact mass analysis on an LTQ-Orbitrap XL mass spectrometer, supports 

proteome analysis over a broad molecular mass range. Importantly, individual IEF fractions were 

directly injected onto the SPLC column, allowing highly efficient sample loading which suggests 

that SPLC-MS analysis of an entire IEF separated proteome can be readily achieved in <1 day. 

The benefits of top-down processing are demonstrated by the elucidation of multiple PTM 

classes on heart myofibrils and CSF proteins.   
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2.2 Experimental Methods 

Reagents and Materials 

 All reagents were purchased from Sigma (St. Louis, MO) unless otherwise specified.  

Solvents and acids used for LC/MS were Optima Grade (Thermo Fisher, Waltham, MA). 

Trypsin gold (mass spectrometry grade) was purchased from Promega (Madison, WI). The 

Immobiline DryStrips and OFFGEL buffer were obtained from GE HealthCare (Piscataway, NJ). 

Mouse heart myofibrils, standard proteins, and cell lysates were prepared and fractionated as 

described in Appendix A. 

Online SPLC-MS with Fraction Collection 

 24 IEF fractions with a volume of 150 µL per fraction are typically generated per IEF run.  

Either 50 µL of each myofibril IEF fraction or 25 µL of each CSF IEF fraction was injected onto 

a 0.5 × 75 mm Poroshell 300SB-C8 column (Agilent, Santa Clara, CA) heated to 70 ºC. The 

mobile phase compositions were as follows: solvent A – 0.025% trifluoroaceitc acid (TFA), 

0.3% formic acid (FA), and 20% acetonitrile in water; solvent B – 0.025% TFA, 0.3% FA, and 

20% isopropanol (IPA) in acetonitrile. After online desalting at 0% B for 10 min at a flow rate of 

200 µL/min, separation of proteins was achieved with a 30 min gradient (from 0 to 60% B). The 

200 µL/min SPLC eluate was split by a TriVersa NanoMate (Advion Biosystems, Ithaca, NY) 

with ~0.4 µL/min directed into the LTQ Orbitrap XL mass spectrometer (Thermo Fisher, 

Waltham, MA) for intact protein analysis and the remaining ~99.8% was collected into fractions 

for subsequent experiments. The LTQ Orbitrap XL was operated at a resolving power of 60,000 

(defined as resolution of 60,000 at m/z 400 at a scan rate of 1 Hz by Thermo Fisher) in positive 
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ion mode, with 800-2000 mass to charge (m/z) range. The maximum ion injection time was set to 

300 ms, the number of microscans was set to 6, and the automatic gain control (AGC) was set to 

2×10
5
 for intact protein profiling. Online fragmentation was performed with in-source 

dissociation (ISD) with 60 V collision energy [15]. Offline ISD, trypsin digestion and bottom-up 

CID and data analysis protocols were performed as described in Appendix A. 

2.3 Results and Discussion 

2.3.1 IPG-based IEF with SPLC-FTMS 

1D Intact Protein Profiling. Preliminary work examined the compatibility of an analytical SPLC 

column and a nano-electrospray ionization (ESI) robot which supports simultaneous introduction 

of column eluate to the mass spectrometer and fraction collection for subsequent studies (Figure 

2.1) [16]. We consider the generation of IEF-SPLC protein libraries significant because it may 

facilitate prospective “offline” studies to identify proteins or perform targeted “deep sequencing” 

on related gene proteoforms observed during SPLC-MS runs [17-18]. Experiments on standard 

proteins and model cell lysates were initially performed to establish common figures of merit for 

1D SPLC-MS, with results on standard proteins demonstrating chromatographic elution with 

<10s peak width, ~3 femtomole (fmol) detection limits (Appendix Figure A.1), as well as, ~99% 

inter-replicate repeatability and good correlation of Xtracted peak height intensities for intact 

mass tags with unique monoisotopic intact mass tags (mIMTs) observed in separate cell lysate 

preparations (Appendix Figure A.2) [19]. We next performed SPLC-MS on mouse heart 

myofibril and human CSF proteins to establish baseline data to compare with subsequent 2D 

analysis. For the enriched myofibrils, approximately 500 ng of proteins were subjected to a 30 
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min gradient (Appendix Figure A.3a). The corresponding MS data showed that 112 mIMTs over 

a mass range of 5-30 kDa were observed. Myofibril proteins larger than 50 kDa (e.g., myosin 

heavy chain variants >200 kDa) were not routinely observed via 1D separations despite clear 

presence with GE (Appendix Figure A.3a, inset). Previous work has shown that the observation 

of proteins and protein complexes >100 kDa with MS has become relatively commonplace with 

both low and high resolving power acquisition events;  although, such investigations are 

typically performed from isolated or partially purified species [20-24]. The high mass bias 

observed with SPLC-MS most likely derives from sensitivity limitations faced when 

simultaneously analyzing large molecules in the presence of abundant smaller species with ESI-

MS [25]. In the case of acetone precipitated CSF proteins, SPLC-MS analysis resulted in a 

relatively simple chromatogram dominated by albumin and transferrin with 132 mIMTs over a 

mass range of 5-30 kDa observed (Appendix Figure A.4). These results highlight a well-known 

challenge when analyzing biofluids as compared to homogeneous cell or tissue populations in 

that the biofluids are dominated by a few abundant species [12].  

 

IPG-based IEF.  For 2D studies, in-solution IEF was performed through an immobilized IPG to 

prefractionate the proteomes prior to SPLC-MS analysis (Figure 2.1). Prior efforts have 

exploited IPG-based IEF for bottom-up studies where IEF was performed on previously digested 

proteins, or alternatively, IEF was performed on intact proteins followed by tryptic digestions on 

each individual IEF fraction [26-28]. We postulated that IPG-based IEF would be advantageous 

for top-down investigations in part due to reduced sample complexity and the reduced bias 

associated with simultaneously analyzing species over broad pI ranges with ESI [14, 29].
 
 To test 
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this, 0.5 mg of mouse heart myofibrils or 1.2 mg human CSF proteins were fractionated by IEF 

across a 3-10 pI range with fractions collected at ~0.3 pI intervals. SDS-PAGE analysis of the 

IEF fractions demonstrates pI fractionation for proteins over a broad molecular mass range 

(Figure 2.2). Assessment of inter-IEF repeatability was performed by comparison of the gel band 

intensities of myofibril proteins with the GelQuant imaging software. The results show good 

repeatability between the relative abundance of species observed in each of the four biological 

replicate sample preparations (Appendix Figure A.5).   

 

IEF-SPLC-MS. IEF fractions were subjected to SPLC-MS without additional sample 

processing. Early work on IEF fractionated myofibrils and standard proteins showed that despite 

the presence of a complex buffer system which includes ampholytes and reagents such as urea, 

thiourea and dithiothreitol (DTT), SPLC-MS enabled evaluation of low molecular mass species 

(<30 kDa) directly from IEF fractions with typical elution profiles of just a few seconds 

(Appendix Figure A.6). Inspection of the MS results showed that artificial modifications 

resulting from sample processing (e.g., oxidation, cysteine alkylation, or protein carbamylation) 

were generally not observed; although artificial carbamylation (+43 Da) and oxidation (+16 Da) 

increased with extended storage periods at -80 °C, potentially inflating estimates of proteome 

diversity and interfering with observation of biologically relevant PTMs (e.g., methylation and 

acetylation). Therefore, IEF fractions were analyzed within ~1 week of preparation to minimize 

the extent of technical artifacts. 

 For the IEF separated myofibrils, the total ion current (TIC) chromatograms observed for the 

pI 9.0 and 4.5 fractions typify those obtained from the SPLC-MS on IEF fractions (Figure 2.3a 
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and b). At the resolving power employed, isotopic envelopes for species up to ~30 kDa were 

observed even for species at the TIC baseline with MS spectral S/N of ~4 (Figure 2.3b, asterisk 

and Appendix Figure A.7). From pI 3-10 502 unique mIMTs were detected in the mass range of 

5-30 kDa (Appendix Figure A.8a), a ~5× improvement over the 1D analysis. Manual inspection 

of the MS data across the fractionated proteome permitted the observation of ~80 IMTs with 

unique average intact mass tags (aIMTs) >30 kDa including abundant forms of myosin heavy 

chain family at ~227 kDa (Figure 2.3a, insets, and c). Similar results were noted at pI ~4.5 where 

along with myosin essential light chain (23 kDa), proteins including alpha-actin (42 kDa), 

mitochondrial ATP-synthase (51 kDa), and modified forms of desmin (52 kDa) were observed.  

 For the IEF fractionated CSF proteins, SDS/PAGE of the resulting fractions shows that the 

majority of proteins were separated into discrete pI ranges, with notable exceptions for several 

species with pI >5 (Figure 2.2b). These results are consistent with conventional 2D gel 

electrophoresis on CSF proteins [30].  Inspection of the MS data revealed that when challenged 

by the presence of albumin, an abundant species in human CSF, IPG-based IEF was capable of 

confining 90% of albumin to the pI 6.0 ± 0.6 fractions with ~60% localized in a single fraction. 

For the entire CSF proteome, SPLC-MS of the IEF fractions facilitated the observation of ~800 

unique mIMTs in the mass range of 5-30 kDa (Appendix Figure A.8b), a ~6× improvement over 

1D analysis. The repeatability of the IEF fractionation was assessed by the analysis of redundant 

mIMTs observed in the pI 6.0-8.1 fractions of two CSF biological replicates. For 150 redundant 

mIMTs observed, ~90% were observed in the same (63%) or immediately adjacent IEF fraction 

(27%), (Appendix Figure A.9a), which suggests that species repeatedly migrated to similar pI. In 
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addition, good correlation between Xtract peak height intensities of the biological replicates was 

also observed (Appendix Figure A.9b).   

2.3.2 Label-free Quantitative Analysis and PTM Stoichiometry 

 In the absence of chemical, radiologic, or metabolic labels for quantitation, the universality 

of gel staining for detection of proteins with diverse physiochemical properties permits “label-

free” differential expression analysis over a narrow dynamic range through density 

measurements with gel imaging software [31]. Similarly, we sought to evaluate the utility of TIC 

spectral response for quantitative comparison of protein abundance from IEF-SPLC-MS datasets 

[32]. As proof of concept we evaluated the relative spectral intensity for myofibril proteins 

observed from pI 3.0-5.1 with results showing that the relative spectral intensity determined for 

IEF-SPLC chromatographically resolved proteins correlated well with that determined by gel 

imaging (Figure 2.4a-c). To further establish the dynamic range for 2D label-free quantitative 

analysis we evaluated the standard protein bovine ubiquitin at various starting IEF sample loads 

(0.3 to 3000 picomole) (Appendix Figure A.1). The results show a linear increase in MS spectral 

response across the ~10
4
 sample load with coefficient of determination (R

2
) of 0.9997. The 

average RSD for triplicate SPLC-MS runs on each IEF fraction was ~13.6%. From the 

calibration curve the LOD for the 2D platform was estimated to be 7 fmol, ~2× higher than 1D 

SPLC-MS. The ~50% sample loss observed is consistent with previous reports of 50-90% 

protein recovery from IPG-based strips [33].  

 Previous 1D top-down investigations have shown that PTM stoichiometry of differentially 

modified species can be determined by the ratios of MS spectral intensities; however, similar 

quantitative analysis may be compromised when the modified forms are fractionated by 
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orthogonal techniques [34-35]. With IPG-IEF differentially modified proteins often eluted into 

adjacent IEF fractions.  For example, the SPLC-MS mass spectra of adjacent IEF fractions show 

that un-modified and mono- and di-phosphorylated myofibril proteins myosin regulatory light 

chain (RLC) and troponin I were separated into separate pI compartments  (Figure 2.4d and e).  

Histograms were generated from the summed MS spectral intensity for the 2D separated 

proteoforms and compared with that of the same proteins observed in the 1D SPLC-MS run 

(Figure 2.4d and e, inset). The results show that for these proteins PTM stoichiometry is 

conserved between the 1D and 2D platforms. Overall, these preliminary observations suggest 

that combined IEF and SPLC separations may support 2D label-free differential MS (dMS) 

analysis in future clinical proteomics investigations, serving to evaluate both changes in protein 

abundance and isoform stoichiometry [36-37].  

2.3.3 Protein Identification 

 For many IEF fractions we sought to identify proteins by LC-MS with online ISD. 

Representative results for the myofibril IEF fraction in Figure 2.3b highlight the compatibility of 

ISD for identification of IEF fractionated proteins on a LC timeframe (Appendix Table A.1). 

This included myosin RLC observed at S/N ~4 at pI 4.5 (Appendix Figure A.7). Identities of the 

observed species could also be verified offline owing to the generation of IEF-SPLC protein 

libraries by fraction collection. For example, an abundant protein in CSF at pI ~8.7 was readily 

identified as cystatin C
37

 via online IEF-SPLC-MS with ISD (Figure 2.5a and b); however, 

several low abundant co-eluting species were not identified. Analysis of the corresponding IEF-

SPLC fraction within the protein library by capillary SPLC-MS with ISD identified lipocalin-

type prostaglandin D-synthase (L-PGDS), light chain antibody, and several other cystatin C 
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variants (Figure 2.5c, d and Appendix Table A.2) with results verified by bottom-up analysis on 

the same IEF-SPLC protein library fraction (Appendix Table A.3). Bottom-up also facilitated the 

identification of the >100 kDa species from IEF fractions or the protein library which were not 

identified by top-down with ISD (Appendix Table A.4). These later observations confirm earlier 

studies that highlight top-down and bottom-up as complementary techniques for characterizing 

the low and high molecular mass proteome, respectively.  

 

2.3.4 Proteoform Analysis 

 Rapid elucidation of different molecular products of a single gene (i.e., proteoforms) is 

increasingly important with the recognition that human proteome diversity does not derive solely 

from a high number of distinct genes [5]. New repositories are beginning to catalog 

experimentally-derived proteoforms, complementing gene-centric protein databases (e.g., 

UniProt) by clarifying protein heterogeneity associated with concomitant sources (e.g., splicing, 

mutations, or chemical modifications) [40]. To facilitate discovery of PTMs in the absence of 

protein identifications the <30 kDa intact mass datasets were screened via in-house developed 

software for mass defect values associated with masses of common PTMs [41]. When applied to 

the myofibril 2D dataset 67 PTM pairs were reported, with a high occurrence of putative 

methylation, acetylation, and phosphorylation detected (Appendix Figure A.8). Manual 

inspection of these species validated putative PTM mass-tag search results, which included 

numerous phosphorylation modifications on common contractile proteins (Appendix Figure 

A.3b) and acetylation and methylation modifications on several common hyper-modified histone 

family members (not shown) which have previously been shown to be readily characterized via 
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top-down and middle-down MS strategies [1]. Diverse sources of biological heterogeneity are 

also expected for CSF proteins. For example, at least 100 transthyretin (TTR) variants are known 

to exist, with many previously characterized by top-down MS [42-45].  With the IEF-SPLC-MS 

platform, 27 putative TTR variants at varying abundance were separated by mass, pI, or 

hydrophobic characteristics from these pooled populations (Appendix Figure A.10).  

 

2.3.5 Discussion 

 With the advancements in MS instrumentation, chromatographic separations, data 

processing, and informatics, top-down may soon enable routine clinical proteomics 

investigations with dynamic range, quantitative reliability, and LOD similar to those routinely 

undertaken by multidimensional protein identification technology (MUDPIT), 2D GE, or 

SELDI-TOF studies. An important hurdle yet to be standardized for top-down workflows is 

development of robust and user friendly separation platforms that can be readily implemented in 

conventional core, research, or clinical labs. Herein, we have undertaken preliminary 

examinations on the utility of IPG-based IEF and SPLC for large-scale multidimensional 

processing of intact proteins isolated from complex mixtures. Hydrophobicity index and pI 

satisfy the universality criteria that complement the exceptional molecular mass measurement 

capacity of modern high-resolving power mass spectrometers. When combined, the orthogonal 

separation techniques serve to maximize dynamic range for comprehensive proteome mining.    

 We postulate the IPG-based IEF approach is amenable to proteomics in part to the 

affordability, ease of use, repeatability, and high-resolving power over high sample loads. Its 

combination with SPLC separations and Fourier transform mass spectrometry (FTMS) 
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instrumentation made the characterization of hundreds of protein forms from 5-227 kDa possible 

from a single IEF fraction in a few minutes. From an average IMT observation rate of 1 species 

per 3 seconds in some fractions (e.g., Appendix Figure A.6) we estimate ~500 IMTs can be 

observed via 1D SPLC-MS, and ~12,000 IMTs is theoretically possible for the IEF-SPLC-MS 

platform. We estimate 5-10 μg of protein per IEF fraction are consumed with each SPLC-MS run 

with ~0.5-1 mg consumed for triplicate SPLC-MS runs across an IEF fractionated proteome. A 

10× improvement in observable IMTs is expected by use of IPG strips over narrower pI ranges 

(e.g., pI 3.9-5.1). Further dynamic range improvements may also be gained by abundant protein 

depletion columns, other orthogonal chromatography methods (e.g., gel-eluted liquid fraction 

entrapment electrophoresis (GELFREE), or targeted preparative techniques (e.g., 

immunoprecipitation) [35, 45-46]. The current workflow is limited by manual injection of 

samples and serial column conditioning events. We envision that with inclusion of dual column 

protocols to streamline column conditioning and automated sample injections, 2D proteome 

processing (i.e., 24 IEF fractions from pI 3-10) will be routinely possible in several hours of MS 

time. Further improvements will also be realized by implementation of automated data reduction 

methods for the detection and identification of large molecular mass species [41, 47-48]. In 

addition, streamlined proteoform analytics and automated informatics are needed for 

identification of heterogeneous proteoforms without a priori knowledge of their existence,
 
as 

well as, the determination of their abundance ratios when separated into different IEF 

compartments [41, 49]. New higher resolution FTMS instrumentation may also facilitate 

proteotyping experiments on high molecular mass species [24, 50-51].  
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 Proteins are diversified into a myriad of proteoforms by biological events such as mutations, 

alternative splicing, and the ~400 known PTMs. Bottom-up methods have proven amenable to 

characterization of many sources of biological variation; however, these methods often do not 

readily discriminate their combinatorial relationships on the same proteins or their abundance 

ratios making development of new top-down protocols of great importance. The results show 

that the combination of IPG-based IEF and SPLC-MS enables the characterization of protein 

heterogeneity on a proteome scale. PTMs on proteins in heart myofibrils (e.g., methylation, 

acetylation, and phosphorylation) may serve as epigenetic regulators, govern assembly and 

protection of myofibrils, serve in degradation pathways, and play key roles in the development of 

myofibril dysfunction in diseased myocardium leading to heart failure [52-55]. For example, 

phosphorylation is associated with cardiac contractile mechanisms and top-down investigations 

on specific myofibril proteins have begun to correlate augmented phosphorylation with the 

development of hypertensive heart failure [56-57].  

 

2.4 Conclusions 

 Evaluation of standard intact proteins, mouse heart myofibril, and human CSF proteins with 

IEF-SPLC-MS demonstrates that IPG-based IEF is capable of fractionating proteins into ~0.3 

ΔpI intervals from pI 3-10 with good repeatability observed between replicates. The 2D top-

down MS results, in comparison with 1D analysis, yielded 5-6× increase in number of unique 

mIMTs <30 kDa observed, ~4× improved mass range enabling the observation of proteins >200 

kDa, femtomole detection limits for standard proteins, and linear MS signal response for 

standard proteins at ~10
4 

sample loads. Analysis of myofibril proteins demonstrated the detection 
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of several structural protein species >50 kDa not observed in 1D analysis, including myosin 

heavy chain at ~227 kDa, and the detection of numerous modification states (e.g., methylation, 

acetylation, and phosphorylation). Results on myofibril proteins RLC and troponin I suggest that 

quantitative evaluation of PTM stoichiometry is possible despite differentially modified forms 

being fractionated into separate pI compartments. The 2D IEF-SPLC-MS platform presented in 

this work requires minimal sample preparation, permitting efficient 2D processing of an entire 

IEF fractionated proteome. In addition, the workflow enables the generation of a protein library 

for each sample analyzed which may be accessed at will for prospective protein identification 

and proteoform analysis investigations by both top-down and bottom-up fragmentation schemes.  
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Figure 2.1 Workflow used for intact protein profiling, fragmentation, identification, and 

proteoform analysis. Proteins in complex mixtures were focused into discrete ~0.3 ΔpI intervals 

from pI 3-10 by IPG-based, solution IEF prior to desalting and reversed-phased separations by 

SPLC. The SPLC protein eluate for each IEF fraction was then split (~0.2:99.8) for simultaneous 

MS analysis and fraction collection into a protein library which was stored for future use. 

Proteins were identified from organism protein databases from fragmentation data obtained 

either online by top-down LC-MS with ISD or offline utilizing a specific fraction from the 

protein library by capillary SPLC-MS with ISD or bottom-up SPLC-MS/MS with CID. 
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Figure 2.2 SDS/PAGE analysis of IEF fractionated proteomes. a) Mouse heart myofibrils, and b) 

Human CSF. 
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Figure 2.3 SPLC-MS analysis of myofibril IEF fractions. a) SPLC-MS TIC of proteins observed 

at pI ~9.0 with a partial mass spectrum of a ~227 kDa protein. The histogram (inset) depicts the 

number and size distribution of proteins >30 kDa observed in (a). b) SPLC-MS TIC of the IEF 

fraction at ~pI 4.5 with identities for four myofibril proteins. The “*” indicates position of RLC 

observed at S/N ~4 and identified by online ISD (Appendix Figure A.7). c) Representative mass 

spectra of ten common myofibril proteins observed by IEF-SPLC-MS.  
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Figure 2.4 Label-free quantitation and PTM stoichiometry analysis. a) SPLC-MS TIC with 

normalized intensity axis and b) SDS/PAGE for myofibril protein IEF fractions over the 3.0-5.1 

ΔpI range. c) Comparison of relative intensity of proteins determined by either IEF-SPLC-MS or 

SDS/PAGE images. Relative intensity was calculated by comparison of individual protein signal 

response (MS spectral peak height for MS analysis or band signal density for GE analysis) vs. 

total signal response for all species examined. d-e) Quantitative evaluation of RLC (d) and 

troponin I (e) PTM stoichiometry by 1D SPLC-MS and 2D IEF-SPLC-MS. The deconvoluted 

mass spectra generated from 2D IEF-SPLC-MS runs of IEF fractions that contain separated un-

modified and phosphorylated proteoforms are shown. The histograms compare MS spectral 

intensities observed by 1D analysis versus the summed intensity of the respective species 

observed in the 2D analysis (insets). Error bars indicate standard deviation from the mean value 

determined through triplicate analysis. The “*” indicates single analysis.  
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Figure 2.5 Offline protein identification. a) SPLC-MS TIC of the human CSF pI ~8.7 fraction. 

b) Left: Broadband mass spectrum for TIC time interval 19-20 min (highlighted in (a)). Cystatin 

C was identified as the dominant protein present from SPLC-MS analysis with online ISD. 

Right: Isotope envelop of the 12+ charge state (top) and ISD mass spectrum for cystatin C 

(bottom). c) Capillary SPLC-MS TIC for a sample retrieved from the protein library 

corresponding to the time interval 19-20 min. d) Broadband mass spectrum of lipocalin-type 

prostaglandin D-synthase (L-PGDS) (left) and light chain antibody (right) identified along with 

cystatin C variants by offline ISD at ~13.8 min and 15.1 min, respectively. Protein identity 

information is contained in Appendix Table A.2. 
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CHAPTER 3 

 

ON THE ACCURACY, PRECISION, AND REPRODUCIBILITY OF ISOELECTRIC 

FOCUSING AND SUPERFICIALLY POROUS LIQUID CHROMATOGRAPHY WITH 

FOURIER TRANSFORM MASS SPECTROMETRY FOR TOP-DOWN PROTEOMICS
 2
 

 

3.1 Introduction 

The introduction of 2D-gel electrophoresis (2D-GE) in the mid-1970s facilitated a high 

resolution chromatographic method for separating out complex protein mixtures based on their 

physiochemical properties (isoelectric point and mass) with proteins visualized via gel staining 

or fluorescence probes [1]. 2D difference gel electrophoresis was subsequently introduced 

wherein up to three different protein mixtures are labeled with different fluorescent dyes (i.e., 

Cy3, Cy5, Cy2) and analyzed together in a multiplexing fashion [2]. These techniques have been 

used in order to study the complexity associated with neurodegenerative and neuroinflammatory 

diseases. In many studies cerebrospinal fluid (CSF) was used based on its close proximity and 

the mechanical and immunological protection of the central nervous system (CNS). Preliminary 

results have shown that at the proteomics level, differences in protein abundance levels in CSF 

have been identified and may serve as potential diagnostic biomarkers for these diseases [3-5]. 

Furthermore, studies have shown that relative band ratios among related species may differ 

between disease states [6]. 

With the introduction of soft ionization techniques (matrix assisted laser desorption 

ionization and electrospray ionization) in the 1980s, the field of proteomics began to shift 

                                                 

2
 A major portion of this work has been submitted to the Journal of Analytical Chemistry 2017. 
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towards using mass spectrometers as a primary method for high throughput and large scale 

sample analysis due to the limitations associated with 2D-GE [7-9]. To take advantage of the 

benefits associated with mass spectrometry based analysis, a traditional bottom-up proteomics 

scheme was implemented wherein a complex protein mixture is proteolytically digested and the 

corresponding peptides analyzed. Multi-dimensional chromatography platforms have also been 

created in order to increase the dynamic range of protein species observed with results showing 

improvements beyond that of 2D-GE [10, 11]. By using these strategies, studies have identified 

changes at the protein level, as well as among the relative ratios calculated from post-translation 

modifications (PTMs) occurring globally and on targeted proteins [12-16]. Furthermore, peptide 

identification and modification localization procedures for well characterized PTMs (i.e., 

phosphorylation, acetylation, methylation) have been automated; however, there are still current 

challenges that need to be addressed [17, 18].  

Contrary to a bottom-up approach, a top-down proteomics study omits the proteolytic 

step and analyzes proteins in their intact state [19]. Furthermore, top-down analysis facilitates the 

observation of intact proteoforms that are either ignored at the bottom-up level or must be 

derived to arrive at theoretical proteoforms [20, 21].  Advancements in both instrumentation and 

informatics procedures have facilitated automated identification of thousands of unique 

proteoforms, an important result due to the fact that intact proteoforms are more physiologically 

representative of reactions occurring in vivo [22]. Additionally, the study of proteoform families 

(group of related proteoforms) brings a broader perspective to ways that top-down proteomics 

studies can potentially be integrated into the clinical setting [23, 24]. Through the creation of 
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proteoform families, studies among related species become possible with the introduction of the 

three quantitative metrics of top-down. 

The first quantitative metric is accomplished by conventional proteoform level analysis 

wherein each proteoform is treated as a unique species and quantitated separately. Several 

studies exemplifying top-down label-free quantitation (LFQ) at the proteoform level identified 

that different glycosylated forms of apolipoproteins are highly expressed in diseases related to 

coronary artery disease and type 2 diabetes; however, many of such studies are completed on 

either targeted or a limited number of proteins and thus are very expensive and time exhaustive if 

applied across a proteome [25, 26]. To address this issue, a top-down LFQ platform for 

proteoform quantitation across a proteome has previously been introduced; however, this 

platform is currently mass restricted with quantitation only occurring for proteoforms < 30 kDa 

[27]. With an average protein mass of 53-kDa for eukaryotes, there is a need for a top-down 

platform that can systematically conduct LFQ of larger proteoforms across a proteome [28]. 

The second quantitative metric is accomplished through the summation of all related 

proteoforms within a proteoform family to provide an indirect measurement of protein 

expression level. Currently, there are non-mass spectrometry based platforms able to quantify 

multiple proteins across a proteome; however, these platforms are often not high throughput and 

suffer from poor reproducibility [7-9]. On the other hand, platforms that use mass spectrometers 

for high throughput protein quantitation are also available, but such platforms often have a 

limited working dynamic range [29, 30]. Thus, due to the high heterogeneity present in 

biological systems, a quantitative platform that can both observe and quantitate protein species 

across a wide dynamic range is needed [31]. 
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The last quantitative metric is accomplished by deriving relative ratios among related 

proteoforms within a proteoform family. Studies using this top-down quantitative metric have 

shown that myocardium troponin phosphorylation levels will increase depending on the severity 

of heart failure [32-34]. Such top-down studies are often completed on a targeted or limited set 

of proteins. This second quantitative metric can further be expanded to include global screening 

of changing modification levels. Bottom-up studies have begun to incorporate such an approach 

with results identifying that altered levels of sialyation occur in cancerous cells compared to their 

healthy counterpart [35-37]. Therefore, a top-down platform that can quantitate both targeted and 

global ratio changes is needed. 

 Previous reports have established that superficially porous liquid chromatography 

(SPLC) with Fourier-transform mass spectrometry (FTMS) supports high peak capacity for top-

down mass spectrometry with ~6 s chromatographic peak widths [38]. To further address the 

high heterogeneity of biological systems, off-gel isoelectric focusing (IEF), for pI based 

separation, has been included to form the IEF-SPLC-FTMS 2D chromatographic platform 

(Figure 3.1A) [39, 40]. Using this platform, investigations on select cardio myocyte proteins 

have been completed with phosphorylation ratios created for troponin I and proteins beyond 200 

kDa observed. Prior works that have used the off-gel system for bottom-up studies have stated 

that quantitation of peptides present in multiple fractions are ~4x less quantitative than the 

standard LC-MS approach or require the use of labels to retain quantitative reproducibility [42, 

43]. We envision that the IEF-SPLC-FTMS platform can be applied towards top-down LFQ; 

however, the effect of signal splitting for a single proteoform into multiple pI fractions and its 

subsequent binned values on quantitative reproducibility must be addressed (Figure 3.1B). 
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Presented here is a rigorous analytical work up of the IEF-SPLC-FTMS platform with the three 

top-down quantitative metrics evaluated using standard proteins covering a wide physiochemical 

property range (e.g., mass, pI, hydrophobicity) and replicate  proteome analyses on the 

heterogeneous Escherichia coli lysate. 

 

3.2 Experimental Methods 

Cell Cultures and Sample Preparation. A 5 mL Escherichia coli (E. coli) strain NM522 cells 

starter culture was to inoculate 1L of Luria-Bertani (LB) medium incubated at 250 rpm at 37 ˚C 

to an OD600 = 1.2. Cells were harvested by centrifucation (3000 rpm, 4 ˚C, 20 min) and stored at 

-80 ˚C. For protein extraction, cells were twice washed in ice chilled 0.1x PBS followed by 

centrifucation (3000 rpm, 4 ˚C, 10 min), and then suspended and lysed in 0.1x PBS (4 ˚C) by 

pulse sonication with 10 s/10 s on/off cycles for 1 min with cell debris removed by centrifucation 

(4 ˚C, 16,000 rpm, 10 min). The supernatant was concentrated through a 3 kDa MWCO 

(Millipore, Billerica, MA) and proteins precipitated overnight with acetone at -20 ˚C. Protein 

quantification was performed by bicinchoninic acid assay (Pierce, Rockford, IL). 

 

Isoelectric Focusing. All IEF studies were conducted on a 3100 Offgel fractionator (Agilent, 

Santa Clara, CA) using pH 3-11 nL, 240 x 3 x 0.5 mm, nonlinear gradient immobilized pH 

gradient (IPG) strips and buffers from GE Healthcare (Piscataway, NJ). IEF power timetables 

were from the user manual with IEF completed at 20 ˚C. For loading studies on target proteins, 

the standard proteins RNase A, RNase B, α-lactalbumin (α-lac), bovine serum albumin, and 

transferrin (Sigma, St. Louis, MO) were suspended in 750 mM urea, 300 mM thiourea, 200 mM 



 

55 

DTT, 1% ampholytes, and 3% glycerol and examined in triplicate at each of the four different 

loading amounts (0.3 µg, 3 µg, 30 µg, and 300 µg). To assist in the electroosmotic flow/mobility 

for RNase A, RNase B, and α-lac, an additional 50 µg of BSA was added to each run, while for 

BSA and transferrin runs an additional 50 µg of bovine ubiquitin was added. For both spiked 

protein and E. coli proteome analysis, an IEF buffer condition of 2 M urea, 600 mM thiourea, 

200 mM DTT, 0.75% ampholytes, and 2% glycerol were used. For spiked protein analysis, the 

same proteins and loading amounts used in the non-spiked IEF experiments (minus 

electroosmotic add-ins) was completed in the presence of 1 mg of E. coli protein lysate. All IEF 

runs were subsequently processed with gel electrophoresis and visualized via silver stain with 

ImageLab software (BioRad, Hercules, CA). 

 

SPLC-FTMS and SPLC-NSD-FTMS. Optima Grade solvents and acids were from Thermo 

Fisher (Waltham, MA, USA). IEF fractions were reduced with 20 mM DTT at 35 ˚C for 30 

minutes. Samples were injected via an autosampler (LC Packings) with LC performed on an 

Agilent 1100 Series HPLC, with a 0.5 x 75 mm, Poroshell 300SB-C8 column with 300 Å pore 

size, 5 µm diameter particles (Agilent), heated to 70 ˚C at a flow rate of 150 µL/min. Flow split 

was conducted via a TriVersa NanoMate nano-electrospray robot (Advion Biosystems, Ithaca, 

NY) with approximately 0.2% of the SPLC eluate directed into a LTQ Orbitrap XL/ETD mass 

spectrometer (Thermo Fisher). For all studies solvent conditions of 95/5 water/CAN with 0.3% 

FA and 0.025% TFA for phase A and 80/20 CAN/IPA with o.3% FA and 0.025% TFA for phase 

B were used. For non-spiked and spiked standard protein studies 15 µL of reduced sample was 
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analyzed with a 9-minute linear gradient ranging from 0%-70%B. For E. coli proteome studies, 

25 µL of reduced sample was analyzed over 50 minutes with a gradient ranging from 0%-45%B. 

 An automatic gain control (AGC) of 2E5 and trap fill time of 500 ms were used for all 

MS runs. For proteins ≤ 30 kDa, instrument conditions were: a resolving power of 60,000 at m/z 

400, positive ion mode, with data acquired over a 900-2,000 m/z range. For proteins > 30 kDa, 

instrument conditions were: a resolving power of 15,000 at m/z 400, positive ion mode with data 

collected a selected ion monitoring (SIM) setting over a 1,200-1,800 m/z range. A SIM setting 

was used to eliminate ions < 1,200 m/z from AGC calculations due to these species providing 

unreliable charge state, mass (Da), and intensity calculations during automated data processing 

procedures, with an estimated 2-5x increase in spectral quality (i.e. intensity, species observed) 

for species covering the 1,200-1,800 m/z range observed. Runs for targeted and spike protein 

analysis were collected at 1 µscan while those for the E. coli proteome analyses collected at 3 

µscan. Nozzle skimmer dissociation (NSD) was completed at a resolving power of 30,000 at m/z 

400 with data acquired over an 800-2,000 m/z range and 6 µscans. 

 

Data Processing. Data deconvolution: For high and low resolving power datasets, modified 

THRASH and Respect algorithms, with custom sliding window parameters, were used for 

monoisotopic and average mass determination respectively over time within .raw files. Typical 

low mass deconvolution settings used were: signal to noise (S/N), 1.0; minimum number of 

detected charges for intact protein, 2; minimum number of detected charges for fragments, 1; 

isotopologue fit factor, 80%; isotopologue remainder threshold, 80%; monoisotopic mass merge 

tolerance, 15 ppm. Outputs were converted into observed mass, rentention time, intensity, and 
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estimated grand average hydrophobicity index (GRAVY) values, the later determined by an 

internal calibration verve created from known E. coli proteins within the sample. Monoisotopic 

masses are denoted by the -0 isotopologue label. High mass species (low resolution data) were 

further filtered with species considered real if half of the theoretical numbers of charge states are 

observed. For example, a 55 kDa proteoform will theoretically have charge states ranging from 

31-45 [M+H]
H+

 for a total of 14 unique charge states. Therefore, to be considered a real species 

this 55 kDa must have at least seven observed charge states. A divide by “n” rule was next 

applied (i.e., 60 kDa, 30 kDa, 20 kDa, …) to eliminate redundant observations. 

 

Multidimensional Binning. Intensity, pI, and SPLC retention time information was compiled for 

each mass using in-house developed software. Compiled datasets were automatically binned to 

avoid duplicate reporting of redundant masses observed in adjacent IEF fractions and for the 

calculation of summed intensity and weighted hydrophobicity and pI values. Initial binning 

criteria of ± 3 minutes, ± 3 pI units, > 1,000 intensity, and 30 ppm and 2 Da for high and low 

resolution data sets, respectively were used. Weighted hydrophobicites and pI were calculated 

using a weighted average function. Propagation of error for weighted pI values was calculated by 

   √               where         . Limits of detection (LOD) for figures of merit were 

calculated as                                              ⁄  where x is 0.1 due to 

only 15 µL of the 150 µL IEF fraction being injected. 

 

Protein Identification. For fragment assignment, E. coli (strain K12) proteome was downloaded 

from UniProt and shotgun annotated in ProSightPC 3.0 (Thermo) with six concurrently 
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occurring PTMs considered. Annotated database was extracted and then processed with ProPAS 

to create theoretical hydrophobicity and pI values. Proteoform identification and subsequently 

physiochemical property calibration curves were completed using in house software.  

Protein/proteoform identification was accomplished with a custom search engine run on a 

Windows 2012 Server.  This search engine supports generation of Poisson-based P-scores (P) of 

proteins/proteoforms at sequential time intervals across an entire SPLC-NSD-FTMS dataset. The 

software also automates data reporting and generation of various protein, fragmentation, and 

proteoform feature maps. For absolute mass searches, target masses were first populated from 

intact masses observed in both the SPLC-NSD-FTMS dataset and the separate SPLC-FTMS 

dataset performed without NSD. DB searches started with an absolute mass test utilizing a 1.2 

Dalton (Da) mass tolerance. Each candidate sequence is then tested against the fragment data at 

all-time points simultaneously across the SPLC-NSD-FTMS run with a P(i) reported at every 

time point i.  To avoid spurious matches across the entire time range, a Pdecoy value was 

determined coinciding to the real target search at each i by way of a test against the same SPLC-

NSD-FTMS data performed automatically on an inverted and scrambled sequence that retains 

the candidate’s PTMs at the same amino acid location to that of the target. Assuming that all 

decoy matches over time are random, we created a decoy baseline that sought to ensure that on 

average < 1% of the hits across all time points in the decoy series yielded significant hits (< 

0.01). To accomplish this, the reported Pdecoy(i) values were corrected for (divided by) the 

number of related proteoforms in the database for the target protein sequence (P’decoy(i)).  Then a 

99
th

 percent confidence value at each i (denoted P’decoy(i),α=0.01) was determined on a 5-pt 

moving average P’decoy over time.  Finally, to test significance of each P(i) hit for the candidate 
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sequence across the time series an adjusted P-score (P’(i)) was determined by P(i) - 

Pdecoy(i),α=0.01 and only P’(i) < 0.01 were considered true hits. The method employed avoided the 

significant DB scoring penalty used in the determination of an expectation value (e-values) that 

corrects p-scores for multiple testing. E-value corrections are adversely influenced by large 

custom databases that contain numerous highly related proteoform sequences for unrelated 

proteins.   

 

3.3 Results and Discussion 

3.3.1 Weighted pI Precision at Varying Sample Loads 

3.3.1.1 Effect of sample load on protein pI. Initial work examined precision of pI measurements 

in replicate runs (n = 3) performed on standard proteins with different physiochemical properties 

and modification class (Figure 3.2A). The proteins were subjected to IEF from pI 3-11 with the 

replicates performed for four different sample loads (0.3 µg, 3 µg, 30 µg, and 300 µg). 

Evaluation of the fractionated proteins by silver stain gel electrophoresis (Figure 3.2B) showed 

that sample loads ≥ 3 μg had peak broadening between IEF fractions with a maximum of 5-6 

fractions observed for highest loads. The collected fractions were subsequently analyzed with 

SPLC-FTMS with mass and intensity values for the various proteoforms for each protein 

tabulated at each individual fraction (Appendix Figure B.1). Direct inspection of the summed 

spectral intensity RSDs for the proteoform signals across the sample loads averaged 13.81%, 

suggesting that the mass spectral intensities determined in each SPLC-FTMS run on the three 

replicates at each sample load was consistent (Appendix Figure B.2). Generation of weighted pI 

values followed for each individual proteoform (pfm-wpI) and parent protein (prot-wpI) (Figure 
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3.2C-D). Overall, for each protein sample load series the average prot-wpI observed were 8.62 ± 

0.08, 5.59 ± 0.07, 5.41 ± 0.08, and 6.23 ± 0.07 for RNase B, α-Lac, BSA, and transferrin 

respectively. The results highlight that despite peak broadening that extended to ~2 ∆ pI units for 

the 300 µg load, the precision of the calculated average prot-wpI was less than the tolerance 

associated with an individual IEF fraction (± 0.15 pI). Notably the highest standard deviation 

reported for the replicates for each protein at any sample load was ± 0.15 pI and was associated 

with the lowest sample loads where signal was localized to a single fraction. For samples where 

the protein was observed in multiple fractions standard deviation of the calculated pI between the 

three replicates at each sample load for all proteins averaged ± 0.05. Assessment of the prot-wpI 

between each sample load for each protein showed that for BSA and Transferrin there was a 

consistent decrease in prot-wpI with increased load amount; however, no such trend was readily 

obvious for RNase B and α-Lac (Figure 3.2E).    

 

3.3.1.2 Effect of sample load on an individual proteoforms pI. We next sought to determine if the 

prfm-wpI of discrete proteoforms for the standard proteins were differentially affected by the 

sample load (Figure 3.2D). We first determined pfm-wpI for the most abundant proteoform for 

each sample load was 8.62 ± 0.08, 5.59 ± 0.07, 5.45 ± 0.08, and 6.34 ± 0.07 for RNase B, α-Lac, 

BSA, and transferrin respectively. The typical error observed for the discrete proteoforms for 

BSA and transferrin were consistent with that of prot-wpI observations; however, for RNase B 

and α-Lac one of the four samples loads exhibited an absolute error from the average of ~0.3 pI, 

suggesting the position of the well frames relative to the IPG strips for these samples run in 

parallel, yet separate from the other sample loads, were shifted by one IEF fraction. 
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3.3.1.3 Effect of sample load on pI of different modification classes. Finally, we examined if the 

pfm-wpI of proteoforms harboring different PTMs for each protein were affected by sample load. 

For RNase B and α-Lac, which consist of net neutral PTMs such as non-sialylated N-glycans or 

amino acid losses (Figure 3.2A), the inter proteoform pfm-wpI error, among adjacent species, 

within a given sample load averaged ± 0.02 and ± 0.01 respectively. For BSA and transferrin, 

which consist of differentially phosphorylated and sialylated proteoforms, the maximum absolute 

wpI error observed at the lowest load (0.3 µg) was ± 0.01 and ± 0.02 respectively; however, we 

noted that for both proteins the error systematically increased with sample load to ± 0.13  for 

BSA and ± 0.09  for Transferrin at 300 μg. The results suggest that protein modifications with net 

neutral charge changes will exhibit the same wpI ± 0.01 while protein modifications with non-

neutral charge (such as phosphorylation or sialylation) may migrate to different fractions, 

particularly at higher sample loads, a result that has previously been observed in other top-down 

studies on intact phospho- and glycoproteins.   

 

3.3.2 Proteoform, Protein, and Proteoform Ratio LOD and Dynamic Range 

Due to the good spectral reproducibility at each load we next evaluated the three 

quantitative metrics available to the top-down workflow (Figure 3.1B) in order to estimate limits 

of detection (LOD) and a linear dynamic range associated with calibration curves generated from 

IEF-SPLC-FTMS data (Figure 3.3). Along with compiled results for the previous standard 

protein datasets the four standard proteins were spiked at the same sample loads into an E. coli 

lysate and then subjected to IEF (n=3) followed by SPLC-FTMS in order to examine the effect 

of a complex matrix on the FOMs determined for the standards. Charts of compiled non-spiked 
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and spiked results show 1) proteoforms spectral intensity vs. sample load calibration curves, 2) 

estimated total protein spectral intensity vs. sample load calibration curves, and 3) proteoform 

ratios vs. sample load are shown for RNase B (Figure 3.3A-B), α-Lac (Figure 3.3C-D), BSA 

(Figure 3.3E-F), and transferrin (Figure 3.3G-H). 

3.3.2.1 Proteoform level calibration curves. The results for the non-spiked systems (Figure 3.3A, 

C, E, G) show that all proteoform spectral intensities increased linearly across the entire sample 

load range (0.3 - 300 µg). The non-spiked proteoform LOD values with an average error ranged 

from 20 – 40 ± 4.228 fmol for RNase B, 48 – 517 ± 10.498 fmol for α-Lac, 18 – 50 ± 3.444 fmol 

for BSA, 36 – 204 ± 8.874 fmol for transferrin, while the spiked results LOD for individual 

proteoforms ranged from 40 – 150 ± 9.132 fmol, 59 – 1269 ± 22.981 fmol, 26 – 73 ± 8.108 fmol, 

and 65 – 370 ± 12.982 fmol for each protein respectively. BSA and transferrin (Figure 3.3F and 

3.3H, respectively) spiked into E. coli yielded similar results because no E. coli protein interfered 

with its detection of any target proteoform; however, at 0.3 μg interfering proteins obscured 

detection of specific proteoforms for RNase B and α-Lac limiting the linear range of the 

proteoform calibration curve to ~10
2
. A comparison of LODs between non-spiked and spiked 

standards results show that on average there was an ~2.16 fold, ~1.84 fold, ~1.45 fold, ~1.83 fold 

increased LOD for spiked proteins highlighting in some cases sample complexity may limit 

dynamic range for discrete proteoform detection. 

 

3.3.2.2 Protein level calibration curves. Protein level calibration curves results show a similar 

linear trend across the sample load range. In this case estimated protein LOD values with an 

average error were 11 ± 0.792 fmol, 45 ± 5.132 fmol, 15 ± 1.545 fmol, and 32 ± 4.768 fmol for 
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the respective non-spiked proteins, while the spiked results LOD were 23 ± 3.278 fmol, 55 ± 

8.157 fmol, 22 ± 2.702 fmol, and 58 ± 9.599 fmol. An additional comparison between non-

spiked RNase B and RNase A (unmodified RNase B) yield comparable LOD results, suggesting 

that estimated protein level calculations may be used to determine transcriptional activity.   

3.3.2.3 Proteoform ratios vs. sample load. An examination of proteoform ratios for the non-

spiked and spiked results generally highlights a good correlation between the relative ratios 

determined for the proteoforms for each protein across the sample load range for both the non-

spiked and spiked samples; however, as noted above spectral interference in the spiked sample at 

the lowest (0.3 μg) load obscured detection of specific proteoforms for RNase B and α-Lac 

preventing accurate ratio determination at this level. Overall the combined results  from the non-

spiked and spiked data suggests that despite sample broadening at higher loads, recombination of 

spectral intensities from the SPLC-FTMS runs on the different IEF fractions can be done to 

generate a linear response with an average R
2
 = 0.997 ± 0.010 in the calibration curves for 

discrete proteoforms,  linear response curves that approximate total protein content, as well as, 

consistent relative ratio determination across 10
2
-10

3
 orders of magnitude sample loads, a result 

in agreement with the reported ~4,000 dynamic range of our instrument [23]. Although these 

studies highlight a wide dynamic range, it is important to note that under max AGC conditions 

the extracted data contains intensity values that have been derived and extrapolated based on 

known equations to arrive at quantitative trends similar to that of a triple quadrupole mass 

spectrometer [44-45]. 
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3.3.3 Proteome Chromatographic Analysis 

3.3.3.1 Assessment of E. coli proteome reproducibility. To understand the chromatographic 

reproducibility of the IEF-SPLC-FTMS platform at the proteome scale, triplicate E. coli lysates 

were IEF separated, visualized with gel electrophoresis, and then analyzed at both high and low 

FTMS resolution (Figure 3.4A). In total, an average of 994 and 189 unique proteoforms were 

observed within the triplicate high and low resolution datasets. Venn diagram analysis further 

revealed that 770 and 163 proteoforms were observed in all three replicates, yielding a >77% and 

86% overlap (Figure 3.4B). Query of the remaining 224 and 26 high and low resolution observed 

proteoforms revealed that on average, their respective summed intensity values were ≤ 1.5% 

relative abundance. For the 770 high resolution observed proteoforms, the reproducibility of their 

calculated summed intensity values were assessed using EIC volumes, incremental time window 

peak intensities, and sliding time window peak intensities with average %RSD values of 16.4%, 

42.7%, and 16.7% respectively determined (Figure 3.4C). The 189 unique proteoforms above 30 

kDa did not facilitate EIC volume analysis due to the absence of isotopic distributions but 

analysis of incremental and sliding time windows resulted in average %RSD values of 46.3% 

and 13.4% (Figure 3.4D). The EIC volume and incremental time window results agree with prior 

publications with the later possibly being due to a lack of quantitative points across the 

chromatogram; however, a sliding window approach offers an alternative to EIC while offering 

comparable %RSD values with different sliding window settings tested and an average sub 

20%RSD occurring when there were at least four quantitative points present for an observed 

proteoform (Appendix Figure B.3).  
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3.3.3.2 Assessment of E. coli mass, hydrophobicity, and pI precision. The 770 and 163 

proteoforms were further assessed for their physiochemical property precision with a mass 

precision of ± 3ppm (with a percentage of species having miss assigned 

elemental 
12

C100%
13

C0% isotopes: ± 1.01 Da) and ± 1 Da for the high and low resolution datasets 

determined for 95% of the observed species (Appendix Figure B.4). To assess hydrophobicity 

and weighted pI precision, nozzle skimmer dissociation experiments were completed across the 

E. coli proteome in order to create calibration curves comparing observed vs. theoretical 

physiochemical property values with a total of 214 unique proteoforms identified. From these 

214 proteoforms, 86 corresponded to masses observed in the intact runs with the remaining 128 

proteoforms corresponding to proteoforms identified using a Δ m mode. Using these 86 

identified proteoforms, hydrophobicity and pI calibration curves were generated with a R
2
 = 

0.989 and R = 0.812 respectively calculated (Figure 3.5A, C). Prior to calibration, results for the 

hydrophobicity and weighted pI precision highlighted an error tolerance window of ± 30 seconds 

and ± 0.33 pI units; however, utilizing calibrated data reduced these error values to ± 12 seconds 

and ± 0.21 pI units respectively (Figure 3.5B, D). Further interrogation of the data reveals 

differences of weighted pI precision based on proteoform mass and intensity ranging from ± 0.09 

– 0.37 pI units (Appendix Figure B.5). In total, these physiochemical property precision results 

provide information that can be used to optimize future data binning procedures across the IEF-

SPLC-FTMS platform. 

 

3.3.3.3 Accuracy of pI post calibration. With the weighted pI calibration curve generated (Figure 

3.5C), the post-calibrated weighted pI values for the 86 proteoforms identified across the 3–11 
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NL IPG strips were compared to their theoretical pI values to assess accuracy, with an average 

error of zero and a standard deviation of ± 0.449 calculated; however, an accuracy ranging from -

1.781 – +1.503 was observed with larger values corresponding to proteoforms observed at pI 

extremes. Review of the literature highlighted that the 4–7 pI range on 3–11 NL IPG strips are 

fashioned in a linear manner. Out of the 80 proteoforms identified, a total of 52 proteoforms 

were identified within this range and a new calibration curve generated and a R
2
 = 0.623 

determined with a reduced standard deviation of ± 0.290 and new pI accuracy range of -0.681 – 

+1.489 calculated (Appendix Figure B.6). With the goal of further improving pI accuracy, a 

similar analysis for these 52 proteoforms was completed on a high resolution 4–7 linear IPG strip 

with a R
2
 = 0.929, a standard deviation of ± 0.156, and an accuracy range of -0.327 – +0.311 

observed (Figure 3.5E-F). This improvement in pI accuracy may be attributed to a greater 

buffering capacity observed in the high resolution IPG strip. Additionally, the 4 – 7 IPG strip 

offers a 2x improvement in Δ pI fraction measurement (~0.125 vs. ~0.3) and a reduced epI (0.075 

vs. 0.15) facilitating a greater level of precision when calculating weighted pI values.     

 

3.4 Conclusions 

The work entailed herein provides the results of a rigorous analytical workup of the IEF-SPLC-

FTMS platform for top-down proteomics. Precision assessment of weighted pI values on 

standards highlighted reproducible data binning beyond a 2 pI unit window with average 

standard deviations of ± 0.08 calculated, a result less than the ± 0.15 pI unit tolerance associated 

with an individual IEF fraction. Linear quantitative reproducibility for the three different 

quantitative metrics of top-down were observed across 10
2
-10

3 
loading amounts with low 
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femtomole detection limits determined. Chromatographic reproducibility at the proteome scale 

was assessed with E. coli lysate proteoforms having summed intensities greater than >1.5% 

relative intensity observed across the three triplicate analyses with sliding window data 

processing procedures providing %RSD results comparable to EIC. Procedures for calibrating 

physiochemical properties across a proteome have been created facilitating precision window 

determination of ± 12 seconds and ± 0.2 pI units for hydrophobicity and weighted pI calculations 

respectively.  

In the future, our lab seeks to employ these chromatographic and data processing workflows 

towards understanding the complexities associated with neurodegenerative and 

neuroinflammatory diseases. Due to the wide linear quantitative dynamic range and the high 

precision and reproducibility associated with the IEF-SPLC-FTMS platform, proteoforms 

expressed over a wide dynamic and their associated changes in relative quantitation, potentially 

arising due to different biological processes associated with disease states, will be confidently 

observed. In addition, with further improvements in chromatography we envision that low 

attomole detection limits are obtainable.  
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Figure 3.1 A) The IEF-SPLC-FTMS workflow. Mass, intensity, retentions time, and pI 

information were tabulated for discrete IEF fractions followed by binning to remove redundant 

observations with summed intensity and weighted pI and hydrophobicity values reported. B) 

Illustration of the three quantitative metrics (proteoforms, proteins, and ratios) facilitated via top-

down.  
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Figure 3.2 A) Representative deconvoluted spectra for standard proteins analyzed via 1D SPLC-

FTMS with their respective proteoforms labeled. B) Representative gel analyses for RNase B, α-

lactalbumin, BSA, and transferrin that were subjected to IEF across a wide range of sample 

loading (0.3 µg, 3 µg, 30 µg, and 300 µg) and visualized with silver staining. C) Average prot-

wpI across the four sample loadings for the four standard proteins. D) Averaged weight pI bubble 

plots (n=3) for each proteoform at the four different sample loadings. Average pI values for the 

base proteoforms (most intense) and their respective pI errors are shown across the sample 

loadings. Averaged weighted pI trends among related proteoforms and the four different sample 

loadings are shown (dashed line). E) Averaged total standard protein (n=3) weighted pI values 

and their relationship across the four different sample loadings. 
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Figure 3.3 Averaged calibration curves (n=3) for the proteoforms and estimated total protein and 

proteoform ratios for non-spiked and spiked (A, B) RNase B, (C, D) α-lactalbumin, (E, F) BSA, 

and (G, H) transferrin across the four loading amounts. Presented LODs for proteoform 

calibration curves are for the base peak proteoform (most intense). List of slopes, standard 

deviations, and other LOD values are presented in Supplemental Table 2. NQ is short for not 

quantitated. 
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Figure 3.4 A) Representative silver stained SDS gel for the 3-11 NL IEF fractionated E. coli 

lysate. B) Venn diagram analyses for the number of proteoforms observed across the triplicate E. 

coli high and low resolution datasets. C-D) EIC, spectral intensity, and/or sliding window (S.W.) 

histograms for the average %RSD values of the proteoforms observed in the high and low 

resolution datasets, respectively. 
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Figure 3.5 A, C) Hydrophobicity and weighted pI calibration curves. B, D) Hydrophobicities 

and weighted pIs pre- and post-calibration precision error values. E) Calibration curve of 

observed weighted pI values across the 4-7 pI range from data collected on a 4-7 IPG strip. F) 

Average calculated standard deviation values for pI accuracy. * Represents singlet analysis. 
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CHAPTER 4 

 

PROTEOFORM ANALYSIS OF LIPOCALIN-TYPE PROSTAGLANDIN D-SYNTHASE 

FROM HUMAN CEREBROSPINAL FLUID BY ISOELECTRIC FOCUSING AND 

SUPERFICIALLY POROUS LIQUID CHROMATOGRAPHY WITH FOURIER 

TRANSFORM MASS SPECTROMETRY
3
 

 

4.1 Introduction 

Lipocalin-type prostaglandin D-synthase (L-PGDS) is a multifunctional protein found in 

diverse cells, tissues, and biofluids (e.g., cerebrospinal fluid (CSF)) [1]. L-PGDS is an enzyme in 

the cyclooxygenase (COX) pathway where it participates in the conversion of arachidonic acid to 

PGD2. PGD2 contributes to the homeostatic management of inflammation, pain response, 

circadian bio-rhythms, and thermal regulation [1]. Other non-enzymatic functions include 

transporting small molecules (e.g., retinoic acid, bilirubin, thyroid hormones, gangliosides, and 

transports) across membranes, protein interactions (e.g., transthyretin and myristoylated alanine-

rich protein kinase C substrate (MARCKS)), as well as, scavenging reactive oxygen species or 

polypeptide toxins in the central nervous system (CNS) [2-6]. For example, L-PGDS interacts 

with neurotoxic amyloid-beta (aβ) peptides, inhibiting the insoluble aβ-aggregates that are a 

hallmark of Alzheimer’s disease [7]. L-PGDS and PGD2 are also involved in human 

autoimmunity and neurodegeneration, regulating T-cell proliferation and CNS cell viability and 

chemotaxis events via NFκB, PPARγ, and Nrf2 stress/antioxidant pathways [8, 9]. 

                                                 

3
 A major portion of this work has previously been published in Proteomics. 2014 May; 14(10): 1223-31. PMID 

24678018. 
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 Post-translational modifications (PTMs) may diversify L-PGDS function. N-glycosylation at 

asparagine-29 (N29) and asparagine-56 (N56) presumably dictates intercellular localization 

(nuclear envelope, rough endoplasmic reticulum (ER), Golgi apparatus, and cytoplasmic 

vesicles) and secretion [10, 11]. Also, N29 N-glycosylation and other PTMs such as 

phosphorylation and oxidation are believed to regulate PGD2 production, while N56 has little 

effect [5, 12]. With 2D gel electrophoresis (2DGE) [13], clinical investigations have shown 

qualitative and quantitative  differences in L-PGDS proteoforms related to aging [14], 

therapeutic response [15], cell-types [5], as well as, in different biofluids, including urine [16], 

synovial fluid [17], aqueous humor [18], plasma [19], and CSF between CNS diseases [20, 21]. 

However, the limited resolving power of 2DGE has largely prevented the elucidation of chemical 

determinants that drive proteoform changes in these studies.  

Glycoproteomics approaches [22] are well established for glycosylation site mapping and 

glycan composition interrogation on proteins, including L-PGDS [23-25]. However, the 

selectivity of glycopeptide and glycan sample preparation prevents observation of concomitant 

PTMs, as well as, the determination of the relative abundance of related proteoforms. Top-down 

mass spectrometry (MS) [26], incorporating high-resolving power Fourier transform MS 

(FTMS) [27], has become a useful approach for comparative proteoform analysis of key 

regulatory proteins (e.g., histones [28, 29]), candidate biomarkers (transthyretin [30, 31], and 

cardiac troponins [32]), including, glycoproteins (e.g., ribonuclease A and B [33], 

apolipoproteins [34], bacterial flagellin proteins [35], therapeutic monoclonal antibodies and 

their breakdown products [36, 37]). Here we sought to use top-down MS to characterize the 

common L-PGDS proteoforms in human CSF. Previous reports established that off-gel 
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isoelectric focusing [38], superficially porous liquid chromatography, and FTMS (IEF-SPLC-

MS) support high peak capacity, top-down MS of complex proteomes (cell lysates, tissues, and 

biofluids) [39-41]. The orthogonal techniques supports the analysis of intact proteins >200 kDa 

with good technical repeatability (<15% RSD), attomole-femtomole detection limits, and 

supports label-free quantitation of proteins and PTM stoichiometry across the multidimensional 

datasets [39, 41]. Here we show the utility of IEF-SPLC-MS for investigations on the chemical 

diversity associated with a single protein, L-PGDS. 

 

4.2 Experimental Methods 

Reagents:   LC-MS solvents and acids were Thermo Fisher Optima Grade (Waltham, MA). 

Trypsin gold was from Promega (Madison, WI). Immobilized pH gradient (IPG) Immobiline 

DryStrips and IPG buffer were from GE HealthCare (Piscataway, NJ). CSF preparation is 

described in the Supporting Information. 

 

Isoelectric Focusing: IEF was conducted on a 3100 OFFGEL fractionator (Agilent, Santa Clara, 

CA) as previously reported [41]. 1.2 mg of acetone-precipitated CSF proteins was mixed with 

0.72 mL of water and 2.88 mL of protein OFFGEL solution (GE HealthCare, Piscataway, NJ). 

The solution was incubated at 35 °C for 40 minutes prior to IEF. 150 μL of the protein sample 

was loaded in each of the 24 wells in the fractionator. IEF was performed through a pH 3-10, 

240×3×0.5 mm, non-linear gradient IPG. IEF power timetables were from the user manual.  
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SPLC-MS:  The IEF fractions were processed by SPLC-MS within 7 days [41]. 25 μL of each 

fraction was reduced with 20 mM dithiothreitol at 35 °C for 1 hour. SPLC was performed on an 

Agilent 1100 Series HPLC, with a 0.5×75 mm, Poroshell 300SB-C8 column with 300 Å pore 

size,  5 μm diameter particles (Agilent, Santa Clara, CA), heated to 70 °C. Gradient conditions 

are provided in the Supporting Information. Approximately 0.2% of the SPLC eluate was 

directed into the mass spectrometer by a TriVersa NanoMate nano-electrospray robot (Advion 

Biosystems, Ithica, NY). The robot directed the remaining ~99.8% to a 96 well plate. The SPLC 

runs were collected at 1 min intervals across the LC gradient (denoted “IEF-SPLC protein 

libraries”). 

 The LTQ Orbitrap XL (Thermo Fisher, Waltham, MA) was operated at a resolving power of 

60,000 at m/z 400, positive ion mode, with 700-2,000 mass-to-charge (m/z) range. Intact mass 

data was collected with 300 ms maximum ion injection time, 3 microscans per data point, and 

2x10
5
 automatic gain control (AGC). Sampling conditions were optimized for the SPLC column 

peak capacity [39, 41] in order to achieve a minimum of 3 data points per protein. In-source 

dissociation (ISD) was performed at 60 V collision energy. Offline IEF-SPLC protein library 

glycoprotein, glycopeptide analysis, and protein identification procedures are described in the 

Supporting Information. “-0” indicates the monoisotopic mass is reported [42]. 

 

Top-Down Data Processing: MS and fragmentation data was processed with the Xtract 

algorithms in XCalibur (Thermo Fisher, Waltham, MA) to generate decharged, deisotoped, 

monoisotopic intact mass (mIM) and intensity lists. Xtract parameters were 3:1 signal-to-noise 

(S/N) and 90% fit factor and remainder values. For each mIM, intensity, pI, and SPLC retention 



 

82 

time (RT) information was compiled with in-house developed software. Datasets were filtered 

(binned) to avoid duplicate reporting of redundant mIMs observed in adjacent IEF fractions, or 

in a single SPLC-MS analysis. The binning criteria were ±200 ppm mass window, ±3 IEF 

fractions, and ±3 min RT window. For tables, the data reported corresponded to the most intense 

mIM within the bin. Weighted pI estimates were calculated by: 

∑                            
   
   , where n was the number of putative mIMs binned. 100% 

relative intensity is used for y-axis in figures. 

 

L-PGDS Proteoform Annotation: Theoretical proteoforms were predicted and assigned 

without regard to N-glycan position at N29 or N56. A proteoform was annotated when the 

observed and theoretical intact mass differed by < 20 ppm. A mIM was also assigned when +1 

Da (± 20 ppm) or -1 Da (± 20 ppm) error was observed. The single Dalton error was attributed to 

misassigned elemental 
12

C100%
13

C0% isotope during spectral deconvolution [43]. Proteoforms 

with isobaric masses are provided in the data tables. 

 

4.3 Results and Discussion 

4.3.1 IEF-SPLC-FTMS of CSF L-PGDS 

Our research objective was to use IEF-SPLC-MS to characterize the common L-PGDS 

proteoforms in human CSF (Figure 4.1a). CSF proteins were precipitated and subjected to IEF 

with fractions collected at ~0.3 pI intervals from ΔpI 3-10. Individual IEF fractions were then 

separated by SPLC. The column eluate was bifurcated by a post-column split for simultaneous 

FTMS on intact proteins, as well as, eluate fraction collection into an IEF-SPLC protein library.  
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Retrospective analysis of discrete library fractions by digestion and LC-MS/MS was performed 

to validate PTMs inferred from mIM datasets. The validated PTMs were subsequently used to 

generate theoretical intact L-PGDS proteoforms that were assigned to observed mIMs by 

accurate mass tag assignment.  

SDS/PAGE shows the chromatographic profile of the IEF focused CSF proteins over the 

approximate Δmass and ΔpI range reported for L-PGDS by 2DGE [13] (Figure 4.1b). SPLC-MS 

of the pI 8.4 fraction resulted in a total ion current (TIC) chromatogram that is representative of 

similar TIC across the 5-10 pI range (Figure 4.1c). To discriminate L-PGDS from other CSF 

proteins in the TIC, the IEF samples were also subjected to online ISD. Under disulfide-bond 

reduced conditions, the preferential cleavage between L-PGDS amino acids L158/P159 resulted 

in a dominant C-terminal fragment ion at m/z 1180.5 ([M+1H]
1+

) (Appendix Figure C.1a). An 

extracted ion current (EIC) chromatogram for this fragment localized L-PGDS to the ~19-20 min 

RT interval (Appendix Figure C.1b). A 14 amino acid sequence tag generated from ProSightPC 

2.0 Sequence Tag Search Mode confirmed the presence of the protein (Appendix Figure C.1a, c). 

A broadband mass spectrum corresponding to the 19-20 min RT interval, revealed a mixture of 

protonated molecular ions [M+zH]
z+

 distributions (Figure 4.1d), and the resultant deconvoluted 

(z = 0) mass spectrum shows the relative abundance for the proteins observed (Figure 4.1e). The 

mIM intensities observed at pI 8.4 were repeatable between biological replicates (Appendix 

Figure C.2). No other proteins were identified in targeted ISD experiments on the pI 8.4, 19-20 

min RT, IEF-SPLC protein library fraction, suggesting the mIMs observed were associated with 

L-PGDS.  
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L-PGDS N-glycans contain deoxyhexose (dHex), hexose (Hex), N-acetylhexosamine 

(HexNAc), and N-acetylneuraminic acid (NeuAc) in variable stoichiometric ratios (X:X:X:X). 

The 1:3:5:0 N-glycan represents a core structure from which subsequent branching occurs [24, 

25]. Summation of the L-PGDS molecular mass (18686.13-0 Da) with the molecular mass of 

1:3:5:0 N-glycan (1647.62-0 Da) at both N29 and N56 predicts a base di-N-glycosylated 

proteoform (21981.36-0  Da) that matched to an abundant protein observed at pI 8.4 (21981.27-0  

Da) (Figure 4.1e). A PTM mass difference evaluation between the observed mIMs suggested the 

remaining proteins were related by increased N-glycan (dHex, Hex, HexNAc, NeuAc) branching 

at N29 and/or N56 (Appendix Figure C.3). 

To validate these predictions, the pI 8.4, ΔRT 19-20 min, IEF-SPLC protein library fraction 

was concentrated, digested, and analyzed by capillary LC-MS/MS with CID. L-PGDS was 

identified with ~90% peptide sequence coverage (Mascot score of 3142). The unmodified 

WFSAGLASN(29)SSWLR and SVVAPATDGGN(56)LTSRFLR were characterized as minor 

components at the 31 – 32 min RT interval of the peptide TIC (Figure 4.2a). MS/MS data 

(Figure 4.2b and c) also revealed the two abundant 1:3:5:0-N29 (3228.396-0 Da) and 1:3:5:0-

N56 (3565.639-0 Da) glycopeptides eluted with increased hydrophilic character compared to the 

unmodified analogues (Figure 4.2a). The deconvoluted MS spectrum of the 29 – 30 min RT 

elution period revealed a total of 4 N29 and 11 N56 N-glycan compositional variants with varied 

intensity (Figure 4.2d). The oligosaccharides characterized are largely consistent with previous 

descriptions of L-PGDS N-linked glycans [24, 25]. 32 non-isobaric, di-N-glycosylated 

proteoforms were predicted from the observed glycopeptides, matching 18 of the observed mIMs 

within ±10 ppm mass accuracy (Figure 4.2e). 
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4.3.2 L-PGDS N-glycosylation vs. Isoelectric Point 

We next sought to corroborate the existence of other L-PGDS proteoforms in CSF. PTM 

mass difference evaluation of mIM datasets suggests that other PTM and N-glycan 

compositional variants exist (Figure 4.3a). Plots comparing the mass, RT, and pI of the related 

species (Figure 4.3b-d) show that most fall between ΔpI 5-10, molecular mass 21-24 kDa, and 

RT 19-20 min. L-PGDS was identified as a dominant protein in each IEF fraction by SPLC-MS 

with ISD (not shown). Inspection of the deconvoluted mass spectra obtained over the 19-20 min 

RT interval, at select pI, shows that the high molecular mass species observed focused to lower 

pI (Figure 4.3e). A virtual 2D gel plot shows the abundance ratios for the proteoforms relative to 

their weighted pI (Appendix Figure C.4). A total of 217 unique mIMs were observed. 

We hypothesized that proteoform variability from ΔpI 5-10 would be largely explained by 

distinct N-glycan compositional variants at N29 and N56. LC-MS/MS on tryptic peptides 

obtained from the ΔpI 5-10, ΔRT 19-20 min, IEF-SPLC protein library fractions, characterized a 

total of 14 N29 and 15 N56 N-glycans. 78 unique di-N-glycosylated proteoforms were predicted 

from the observed N29/N56 glycans, matching 77 of the 217 observed species. Inspection of the 

N-glycan composition and weighted pI of the assigned di-N-glycosylated proteoforms showed 

that most could be grouped by the number of sialic acid residues, with 0-2 sialic acid moieties 

possible at either N29 or N56 (Figure 4.4a). The observed correlation between pI and sialic acid 

content was corroborated at the glycopeptide level which shows the average N-glycan sialic acid 

content of the glycopeptides increased with decreasing pI (Figure 4.4b). The results suggest that 

sialic acid is a major factor for pI differences between abundant CSF L-PGDS proteoforms.  
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The glycopeptide results also showed that N-glycan compositional variants were relatively 

consistent between N29 and N56. However, the evaluation of the intensity of each glycan at the 

individual N-linked sites shows that, N29 was frequently occupied by lower molecular mass 

oligosaccharides without sialic acid, while N56 predominately harbored higher molecular mass 

N-glycans that contain sialic acid (Figure 4.4c). The differential incorporation of sialic acid at the 

two asparagine residues was validated by comparison of the percent sialic acid content in low, 

middle, and high pI fractions (Figure 4.4d and Appendix Figure C.5). The results suggest that at 

pI >8 L-PGDS proteoforms will predominantly present N-glycans with sialic acid at only N56.   

 

4.3.3 Other PTMs 

mIM datasets also indicated that other PTM classes exist concomitant with L-PGDS N-

glycosylation (Figure 4.3a). For example, the mass spectrum at pI 5.4 shows that for the 6 most 

abundant di-N-glycosylation proteoforms observed, each had un-assigned spectral partners with 

mass differences of +42 Da and +365 Da (Figure 4.5a). For the latter, evaluation of LC-MS/MS 

CID data shows that the N-terminal tryptic peptide APEAQVSVQPNFQQDK exhibited 

dominant neutral losses of Δ365 and Δ162, which confirms the presence of a core-1 

HexHexNAc-O-glycan (+365.13 Da) localized to the amino acid S7 (Figure 4.5b). The result is 

consistent with recent reports that show most O-glycosylated proteins in CSF share a –S(or 

T)/X/X/P– consensus sequence, such as L-PGDS at S7-P10 [23]. Mascot searches on the LC-

MS/MS datasets also confirmed the presence of previously unreported acetylation events at K16 

and K138 (Figure 4.5c and d).   
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Similar investigations characterized the presence of a +Δ80 Da modification (either 

phosphorylation or sulfonation) on KAALS(41)MCK and EKFT(142)AFCK (Appendix Figure 

C.6a and b). Previous work on vascular smooth muscle cells suggests that L-PGDS can be 

phosphorylated by protein kinase C at S84 [5], but no reports of phosphorylation or sulfonation 

have been made experimentally for S41 and T142.  β-elimination of phosphoric acid (-98 Da) is 

a commonly observed CID fragmentation pathway for serine and threonine phosphorylated 

peptides [44], while elimination of the sulfono-moiety (-80 Da) is commonly observed for O-

sulfonation [45]. Here, dominant loss of 80 Da was observed on both S41 and T142 residues, 

suggesting sulfonation (Appendix Figure C.6a and b). The assignment is corroborated by high 

resolving power MS datasets, where the calculated mass difference between the modified and 

unmodified S41 or T142 peptides closely matches the mass of sulfonation (Appendix Figure 

C.7). Finally, the LC-MS/MS experiments also confirmed the presence of dioxidation (+Δ32 Da) 

at C43 and C145 that occurred concomitant with S41 and T142 sulfonation (Appendix Figure 

3.6c and d). No obvious oxidation or dioxidation was found on C67 and C164, which are 

believed to form a disulfide bond in vivo [46], suggesting the dioxidation of C43 and C145 

occurs in vivo [3]. Overall, the 7 other PTMs (Appendix Figure C.8), combined with N-glycans 

characterized on N29 and N56, permitted the assignment of 208 of the 217 putative species 

observed (Appendix Figure C.9).  

 

4.4 Discussion and Conclusion 

We demonstrate the utility of IEF-SPLC-MS for the in-depth interrogation of an 

endogenous population of L-PGDS proteoforms in CSF. The orthogonality of the 
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chromatography used, combined with the high resolving power of FTMS, provided the 

observational peak capacity that is ~30-40× that of conventional 2DGE studies [13]. Integrated 

proteomics workflows  incorporate the strengths of traditional top-down and bottom-up 

methodologies [41, 47, 48]. Here, FTMS provided accurate mass and relative abundance 

information for unknown proteoforms present in CSF. Conventional peptide-based methods 

permitted a rapid survey of the L-PGDS PTM landscape predicted at the intact protein level. 

The evidence feedback strategy between protein and peptide levels allowed confident 

assignment of 208 proteoforms (Table S6). Approximately 90% matched the predicted forms 

to within ±10 ppm mass accuracy. This increased to 96% when accounting for error associated 

with misassigned elemental 
12

C
13

C isotope abundances (~1.0023 Da) [43]. However, the 

presented protocols did not readily establish concomitant relationships among the PTMs, nor 

did they resolve proteoforms with isobaric masses (~25% of annotated species). Initial 

attempts at validating identifications through intact protein MS/MS, and probability-scoring 

metrics on a shotgun-annotated database [49] of all possible L-PGDS proteoforms, did not 

provide statistically significant assignments (not shown). This was likely due to extensive 

internal fragmentation in ISD datasets which prevented assignment of N-terminal fragment 

ions that harbor the PTMs. Future work should combine gas-phase selection of individual 

proteoforms [50, 51] with complementary MS
n
 approaches (e.g., CID, electron transfer/capture 

dissociation (ETD or ECD), and infrared multiphoton dissociation (IRMPD)) to aid parallel 

characterization of concomitant PTMs [28, 32, 49, 52, 53] and N-glycan structures [54, 55].  

The universality of physiochemical space covered suggests that comprehensive evaluation 

of all L-PGDS proteoforms is possible with this platform; however, other forms most likely 



 

89 

exist in CSF, or possess unique tissue/cell specificity. For example, across the ΔpI range tested, 

the ISD data suggests that minor L-PGDS proteoforms exist with increased hydrophobic 

character (Appendix Figure C.1b), but interference from other abundant CSF proteins (light 

chain antibody and cystatin C) largely suppressed their S/N. To fully understand the chemistry 

of other L-PGDS proteoforms and quantify their abundance ratios the purification of L-PGDS 

is required (e.g., immunoprecipitation).  

The structural or functional relevance of L-PGDS proteoform diversification by 15 

structurally related N-linked glycans, 1 core-1 O-glycan, 2 acetylation sites, 2 sulfonation sites, 

and 2 cysteine dioxidation sites is unclear (Appendix Figure C.8). Considering the many intra- 

and inter- cellular locations reported, its interacting partners, and its role in the COX pathway, L-

PGDS activity may be dictated by a combinatorial code derived post-translationally. C43 is 

important for PGD2 production, and in vivo oxidation, or proximal S41 sulfonation (or 

phosphorylation), may attenuate this activity (Appendix Figure C.8b-c) [12, 56]. C145 function 

has not been established; however, the proximity of acetylated K138 and sulfonated T142 

warrants further investigation into the impact of this alpha helical region on L-PGDS function 

(Appendix Figure C.8e). Our data also shows preferential incorporation of specific N-glycans 

(particularly sialic acid-containing) on N29 and N56. The N29 glycan sits at the opening of the 

lipocalin/fatty acid binding pocket of L-PGDS and therefore specific glycan moieties may 

regulate access [5]. In contrast, the function of N56 glycosylation remains unknown. Future work 

should combine top-down MS with conventional bioassays (cell/tissue cultures and animal 

models) to examine whether unique L-PGDS proteoforms exert specific functions, as well as, 
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examine their diagnostic significance in disease pathobiology. Plus, western blot analysis or 

other cell biology assays are needed to validate the proteoform assignments made in this work. 
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Figure 4.1 a) IEF-SPLC-MS workflow for high resolution L-PGDS proteoform analysis. b) 

SDS/PAGE of the CSF proteins separated by off-gel IEF. c) SPLC-MS TIC of the pI 8.4 fraction 

(“” in (b)). d) Broadband mass spectrum that corresponds to the 19-20 min RT interval in (c). e) 

Deconvoluted mass spectrum of (d) with the annotated di-N-glycosylated proteoform that 

contains the 1:3:5:0 (dHex:Hex:HexNAc:NeuAc) N-glycan on N29 and N56.  
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Figure 4.2 a) LC-MS/MS TIC of the pI 8.4, RT 19-20 min, IEF-SPLC fraction after trypsin 

digestion. The elution of WFSAGLASN(29)SSWLR and SVVAPATDGGN(56)LTSTFLR and 

their N-glycosylated counterparts is highlighted. b-c) MS/MS spectra of the N29 and N56 

glycopeptides modified with the 1:3:5:0 N-glycan. d) Deconvoluted mass spectrum of the 

N29/N56 glycopeptides that eluted over the 29-30 min RT interval in (a). e) Deconvoluted mass 

spectrum (Fig. 4.1e) with the mIMs annotated as di-N-glycosylated L-PGDS proteoforms.  
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Figure 4.3 a) Chart containing results for the evaluation of mIM mass differences associated 

with select PTMs and dHex, Hex, HexNAc, NeuAc moieties. b-d) Plots that correlate mass vs. pI 

(b), RT vs. mass (c), and RT vs. pI (d), for the paired mIMs from (a). e) Deconvoluted mass 

spectra for the 19-20 min RT interval at select pI. Relative Intensity (R. I.). 
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Figure 4.4 a) Mass vs. weighted pI plot for the 77 di-N-glycosylated L-PGDS proteoforms. The 

most abundant proteoforms were grouped by the total number of sialic acid (S.A.) residues 

present (Table S5). b) A table that shows the average S.A. content per glycopeptide (relative 

intensity >5%) observed at distinct pI. c) Comparison of normalized intensity of the 15 observed 

N-glycans at N29 and N56. A star or double star represents presence of one or two S.A. moieties. 

d) The percentage of N29 and N56 glycopeptides with or without S.A. at distinct pI.  
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Figure 4.5 a) Deconvoluted SPLC-MS mass spectrum at pI 5.4 that shows un-assigned spectral 

partners +42 Da and +365 Da from each of the 6 assigned di-N-glycosylated proteoforms. b-d) 

MS/MS spectra of HexHexNAc-O-glycan modified APEAQVS(7)VQPNFQQDK (b), 

acetylation in APEAQVSVQPNFQQDK(16)LGR (c), and acetylation  in AELK(138)EK (d), 

respectively. An asterisk represents loss of H2O. 
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CHAPTER 5 

 

CONCLUSION 

 

5.1 Summary 

Top-down mass spectrometry (MS) has emerged as a powerful complement to peptide-

based proteomics. Despite advancements, the field has had limited application to clinical 

proteomics investigations due to the complexity and poor dynamic range of chromatography 

used to separate intact proteins from tissue and biofluids. To address these limitations, we 

developed a 2D chromatography platform that includes isoelectric focusing (IEF) through 

immobilized pH gradient and superficially porous liquid chromatography (SPLC). Analysis of 

standard proteins demonstrates compatibility of IEF-SPLC processing and high resolving-power 

MS analysis with results showing ~7.0 femtomole detection limits and linear spectral response 

for proteins fractionated over ~4 log sample loads. For proteins from heart myofibrils and 

cerebrospinal fluid (CSF), compared to 1D SPLC-MS the 2D, IEF-SPLC-MS platform resulted 

in 5-6× increase in the number of unique monoisotopic masses observed <30 kDa, and ~4× 

improved mass range enabling the observation of proteins >200 kDa. In the heart myofibrils, 

common protein proteoforms observed were associated with phosphorylation of contractile 

proteins with results showing that quantitative evaluation of their PTM stoichiometry was 

possible despite differentially modified forms being fractionated into separate pI compartments. 

In CSF, diverse protein mutations and PTM classes were also observed including differentially 

glycosylated protein forms separated to different pI. Results also demonstrate that by the 

generation of IEF-SPLC protein libraries by fraction collection, the platform enables prospective 

protein identification and proteoform analysis investigations by complementary top-down and 
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bottom-up strategies. Overall, the 2D platform presented provides the speed and sensitivity 

necessary to identify and characterize proteoform-based biomarkers. 

A rigorous investigation of the multi-dimensional chromatographic platform composed of 

isoelectric focusing (IEF) and superficially porous liquid chromatography (SPLC) with Fourier 

transform mass spectrometry (FTMS) for top-down proteomics has been completed. Assessment 

of weighted pI precision of standards across three orders of magnitude loading range highlights 

that an average precision error of ± 0.08 is observed, a values less than the tolerance associated 

with an individual IEF fraction (± 0.15 pI). Figures of merit have been generated to demonstrate 

the concept of the three quantitative metrics for top-down related studies (proteoforms, ratios, 

and proteins) under both non-spiked and spiked (E. coli lysate “matrix effect”) conditions with 

reproducible ratios and linear quantitative trends of 10
2
-10

3
 and low femtomole detections limits 

with minimal matrix effects observed. Chromatographic accuracy, precision, and reproducibility 

across the E. coli proteome at both high (3-29 kDa) and low (30-100 kDa) FTMS resolutions, 

with an average 994 and 189 non-redundant proteoforms present with >86% and 88% overlap 

between replicates and masses ranging from 3-100 kDa respectively observed. Different data 

processing steps have been tested with a sliding window approach offering comparable summed 

intensity RSDs, 16.4% and 15.7% respectively, compared to more traditional top-down 

procedures (42.7%). Calibration of chromatographic metrics across the proteome has been 

completed through the comparison of observed vs. theoretical physiochemical properties of 

nozzle skimmer identified 214 proteoforms with precision tolerance windows of ± 12 seconds 

and ± 0.21 pI units observed. The accuracy of calibrated weighted pI values was assessed at three 

different pI intervals with all intervals having a Δ0 average, with the lowest standard deviation 
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and accuracy range of ± 0.156 and -0.327 - +0.311 respectively, occurring across the high 

resolution 4-7 pI range. 

Lipocalin-type prostaglandin D-synthase (L-PGDS) in cerebrospinal fluid (CSF) 

contributes to the maturation and maintenance of the central nervous system (CNS). L-PGDS 

post-translational modifications (PTMs) may contribute to pathobiology of different CNS 

diseases, but methods to monitor its proteoforms are limited. Herein, we combined off-gel 

isoelectric focusing (IEF) and superficially porous liquid chromatography (SPLC) with Fourier 

transform mass spectrometry (FTMS) to characterize common CSF L-PGDS proteoforms. 

Across 3D physiochemical space (pI, hydrophobicity, and mass), 217 putative proteoforms were 

observed from 21-24 kDa and pI 5-10. Glycoprotein accurate mass information, combined with 

tandem MS analysis of peptides generated from 2D fractionated proteoforms, enabled the 

putative assignment of 208 proteoforms with varied PTM positional occupants. Fifteen 

structurally-related N-glycans at N29 and N56 were observed, with different N-glycan 

compositional variants being preferred on each amino acid. We also observed that sialic acid 

content was a major factor for pI shifts between L-PGDS proteoforms. Other putative PTMs 

characterized include a core-1 HexHexNAc-O-glycan at S7, acetylation at K16 and K138, 

sulfonation at S41 and T142, and dioxidation at C43 and C145. The IEF-SPLC-MS platform 

presented provides 30-40× improved peak capacity versus conventional 2D gel electrophoresis 

and shows potential for repeatable proteoform analysis of surrogate PTM-based biomarkers. 
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5.2 Future Directions 

 As discussed above, our lab is interested in using Top-Down in order to view 

proteoforms that may improve our understanding of the complexities associated with 

neurodegenerative and neuroinflammatory diseases. More importantly, the ability to use 

glycosylation patterns present in biofluids, such as CSF, to understand potential dysregulation 

occurring in neuronal tissue will potentially guide future therapeutic endeavors. In theory, with 

the enzyme pathways responsible for glycosylation known, the changes in glycosylation patterns 

on proteins secreted from the choroid plexus will inform on how disease factors (i.e. cytokines, 

interleukins) affect glycosylation pathways [1-4]. In addition, immunohistochemistry techniques 

can be used to evaluate targeted enzymes in a hypothesis driven fashion [5]. For example, a 

decrease in L-PGDS sialylated proteoforms would indicate a decrease in expression for one or 

more of the ST3 beta-galactoside alpha-2,3-sialtransferase (ST3GAL) family, due to the known 

N-acetylneuraminic acid alpha-2,3 linkage [6-7].   

 In addition to glycosylation, by using this platform, modifications representing a +1 Da 

shift in mass (deamidation/citrullination) will be observed. In regards to neurodegeneration, prior 

studies have shown a prevalence of deamidation and citrullination, with a previous Bottom-Up 

study completed on EAE lumbar spine demonstrating an increase in citrullination in proteins 

potentially associated with Multiple Sclerosis disease progression [8-10] Traditionally, studying 

+1 Da modifications via Top-Down has been a challenge due to limitations associated with data 

processing, chromatographic separations, and resolving power of FTMS instruments. The reason 

I believe our platform should be able to resolve deamidation/citrullination is due to the fact that 

these modifications cause a minor pI shift in the acidic direction. A prior Top-Down study 
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highlighted that pI separation on targeted RNase A was able to resolve up to five sites of 

deamidation [11]. In the future our lab will be creating custom IPG strips that can cover a single 

pI unit (~ Δ0.04) and thus should be capable of resolving deamidated/citrullinated species, but at 

a proteome scale.  
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APPENDIX A 

CHAPTER 2 SUPPLEMENTAL MATERIAL 

 

Preparation of Yeast Nuclear Lysates 

Yeast cells were graciously prepared and donated by the Benjamin Tu Lab (UT 

Southwestern) as previously described.
1
  Nuclear lysates were prepared as previously described.

2
 

 

Preparation of Mouse Cardiac Myofibrils 

Adult (10-12 weeks old) male C57/Bl6 mice (Harlan) were anesthetized with Avertin and the 

excised hearts (atria removed) were snap-frozen in liquid nitrogen. Frozen ventricles were 

ground with mortar and pestle in liquid nitrogen, and frozen tissue powder was stored at -80 ºC 

until use. For isoelectric focusing (IEF) of heart myofibril proteins, an aliquot of tissue powder 

from approximately one fifth of a heart was used for each preparation. The frozen tissue powder 

aliquot was immediately homogenized on ice in 20× volume (400 µL for 20 mg heart) of 

detergent wash buffer (20 mM sodium phosphate buffer pH 7.2, 50 mM sodium fluoride, 2 mM 

ethylene glycol tetraacetic acid, 10 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl 

fluoride, 10 mM β-glycerophosphate, 250 µM sodium orthovanadate, 1% N-octyl-β-

glucopyranoside, 10 mM dithiothreitol (DTT)). Homogenization of heart powder was performed 

with a plastic pestle directly in the microcentrifuge tube containing the tissue sample to minimize 

sample loss and oxidation from cavitation. The homogenized sample was incubated on ice for 5 

min and the myofibrillar fraction was collected by centrifugation at 10,000× g for 1 min at 4 ºC.  

Homogenization and centrifugation were repeated 2 more times, at which point the myofibril 

pellet appeared white. The myofibril proteins were then washed twice in detergent wash buffer 
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without 1% N-octyl-β-glucopyranoside prior to resuspension in saturating urea (8 M urea, 10 

mM DTT, 5 mM ethylenediaminetetraacetic acid, additional urea crystals added) by vigorous 

agitation in a platform shaker at room temperature. Protein concentration was determined by 

bicinchoninic acid (BCA) assay, and a 0.5 mg aliquot of the myofibril proteins was separated by 

IEF. 

 

Isoelectric Focusing 

 0.5 mg of the mouse heart myofibril proteins or 1.2 mg of the human CSF proteins was 

raised to a volume of 0.72 mL with water and mixed with 2.88 mL of protein OFFGEL stock 

solution (1.25×) with 0.5% pH 3-10 OFFGEL buffer (GE HealthCare, Piscataway, NJ) according 

to the manufacturer’s instructions. After incubation at 35 °C for 40 min, 150 µL of the reduced 

protein sample was loaded in each of the 24 wells with a pH 3-10, 24 cm Immobiline DryStrip 

(GE HealthCare, Piscataway, NJ) already wetted with 1× IPG strip rehydration solution. 

Voltages up to 8000 V were applied with current limit of 50 µA and power limit of 200 mW to 

achieve high-resolution fractionation. ~150 µl was collected for each IEF fraction. The IEF 

fractions were visualized by Coomassie blue or silver staining after sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) separation. Each fraction was reduced with 20 

mM DTT at 35 °C for 1 hr before superficially porous liquid chromatography mass spectrometry 

(SPLC-MS) analysis. To avoid development of protein artifacts, such as oxidation and protein 

carbamylation, IEF samples were processed by SPLC-MS within ~1 week of preparation.  
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Offline SPLC-MS Experiments  

 All the proteins could be retrieved from the protein library generated by fraction collection of 

the robot during SPLC-MS. To identify a protein in the protein library, the IEF-SPLC fraction 

containing the protein of interest was concentrated in a speedvac to remove organic solvents 

(acetonitrile, isopropanol (IPA)) and acids (formic acid (FA), trifluoroacetic acid (TFA)). The 

concentrated sample was either directly injected onto a capillary SPLC column for top-down 

fragmentation with in-source dissociation (ISD) or digested with trypsin for bottom-up LC-

MS/MS with collision induced dissociation (CID) analysis. 

 Top-down. For top-down SPLC with ISD, capillary SPLC columns were packed as described 

previously.
4
 Briefly, C3 Poroshell-300 (Agilent Technologies, Santa Clara, CA) particles, 5 m 

diameter, 300 Å pore size, were packed to a bed length of 15 cm into Picofrit 75 m I.D. x 360 

m O.D. columns (New Objective, Inc., Woburn, MA) with a terminal 15 m I.D. microspray 

tip. 1 µL of the concentrated sample was injected onto a SPLC capillary column operated at 60 

ºC at 0.4 µL/min. The mobile phase was composed of solvent A: 0.025% TFA, 0.3% FA, and 

5% acetonitrile in water; and solvent B: 0.025% TFA, 0.3% FA, and 20% IPA in acetonitrile. 

The sample was desalted for 3 min in 0% B followed by a 6 min gradient (30 to 40% B) to 

separate the proteins before mass spectrometry analysis. The LTQ Orbitrap XL was operated 

with resolving power of 60,000 (defined as resolution of 60,000 at m/z 400 at a scan rate of 1 Hz 

by Thermo Fisher) and the ISD spectra were collected with 4 microscans in the m/z range of 700-

2000.  

 Bottom-up. For bottom-up LC-MS/MS experiments, Poroshell 120 EC-C18 particles, 2.7 m 

diameter, 120 Å pore size, were packed to a bed length of 12 cm into Picofrit columns with the 
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dimensions described above. A sample was digested with 200 ng of trypsin in 50 mM 

ammonium bicarbonate at 37 ºC overnight. The dried tryptic digest was desalted with a C18 Zip 

Tip (Millipore, Billerica, MA) and then dried in a speedvac. The dried sample was reconstituted 

in 1.2 µL 0.5% FA before injection onto the capillary column (operated at room temperature) 

through a 1.0 µL sample loop. The mobile phase was as follows: solvent A – 0.1% FA, and 2% 

acetonitrile in water; and solvent B – 0.1% FA, and 90% acetonitrile in water. A 25 min gradient 

(from 3 to 45% B) was used to separate the tryptic peptides at 0.25 µL/min and the eluate was 

then mass analyzed by the LTQ Orbitrap XL in a data dependent mode with dynamic exclusion: 

1 full MS at resolving power of 30,000 followed by CID of the five most intense ions.  The CID 

energy was set to 35%, and 1 microscan was used to collect both full scan and MS/MS spectra.  

 

Top-down Data Processing 

 Data was processed with the Xtract algorithms within XCalibur (Thermo Fisher, Waltham, 

MA) to generate decharged, deisotoped chromatograms and compiled by customized software.  

Typical Xtract parameters included: 3:1 S/N and 90% fit factor and remainder values. For larger 

species (>30 kDa) manual mass deconvolution was performed with an average intact mass tag 

(aIMT) reported. For peak detection in profiling experiments, a unique monoisotopic intact mass 

tag (mIMT) was reported when at least three charge states were detected within a single 

spectrum. To avoid duplicate reporting of a mIMT for the same protein present in adjacent IEF 

fractions or multiple scans at different retention times monoisotopic mass data was binned 

together when species fell within ±200 ppm, ±3 IEF fractions, ±3 min SPLC elution time. A 
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single mass with a single summed intensity for all values in the bin was used to generate a 

comprehensive list of unique mIMTs.  

PTM Mass-tag Analysis. To facilitate discovery of PTMs in the absence of protein 

identifications the <30 kDa intact mass datasets were screened for mass defects (m) associated 

with common PTMs (such as methylation, acetylation, phosphorylation and glycosylation (e.g. 

deoxyhexose, hexose, N-acetylhexosamine, and sialic acid).
5
 A putative PTM was found when 

the difference between two mIMTs correlated with the m for the PTM within a user defined 

mass tolerance t. The t value was adjusted to give an estimated overall false discovery rate 

(FDR) of 1% for each data set. The FDR was estimated by equation 
tr

i
n

i

/

1

1




 , where n is the number 

of mIMTs, r is the mass window (e.g. 5000 Da for the 10-15 kDa mass range), and t is the mass 

tolerance. 

 Protein Identification. ProSightPC 2.0 (Thermo Fisher, Waltham, MA) was used to obtain 

protein identification and PTM localization. The top-down ISD fragmentation data was searched 

against the ProSight official_mouse_TD (1,260,319 basic sequences and 5,097,711 protein 

forms, released on March 24, 2008) and ProSight official_human_TD (117,059 basic sequences 

and 7,563,274 protein forms, released on April 18, 2008) for the mouse heart myofibrils and 

human CSF, respectively. Monoisotopic precursor masses (proteins typically <30 kDa) were 

searched with a ±2.2 Da intact mass window and fragment mass tolerance of ±15 ppm. Average 

mass searches for proteins >30 kDa were searched with ±50 Da mass window. Intact protein 

masses and fragmentation data for protein identifications with E score <0.005 were manually 

inspected and validated. To accommodate mass shifts associated with unpredicted PTMs or 
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proteolysis events the entire database may be searched in ±5000 Da intact mass window 

increments.
6
 Similarly, manual scrutiny of Δm values of suspected related proteoforms was 

performed in the ProSightPC 2.0 - Single Protein Mode. If parallel fragmentation of multiple 

species occurred, (a potential occurrence in ISD experiments) identifications were confirmed 

manually, which includes researching the fragment datasets excluding fragment ions associated 

with more abundant species identified.
6
 In select cases identities were verified via offline LC-MS 

with ISD of fractions in the protein library (vide supra).  

 

Bottom-Up Data Processing 

 Mascot 2.3 (Matrix Science, London, UK) was used to search against the Swiss Prot mouse 

(16,441 sequences) and human (20,245 sequences) databases released in August 2011 (531,473 

sequences; 188,463,640 residues). For database search, one missed cleavage was allowed for 

trypsin, and methionine oxidation was considered as a variable modification. The mass tolerance 

for precursor and fragment ions was set as 15 ppm and 0.6 Da, respectively. Peptides with score 

>20 were considered for sequence coverage calculations. 

 

Gel Band Intensity Analysis  

 GelQuant.NET software provided by biochemlabsolutions.com was used to quantify gel band 

intensities. Data was normalized by the sum of the total intensity of all of the bands present on 

each gel.  
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Appendix Figure A.1 1D SPLC-MS and 2D IEF-SPLC-MS analysis of standard proteins. a) 

Total ion current (TIC) chromatogram demonstrates separation of six standard proteins at 500 

fmol injection. b) Calibration curve generated from SPLC-MS data of IEF fractionated bovine 

ubiquitin where the IEF sample load varied from 0.3 to 3000 pmol. c) Limits of detection (LOD) 

of bovine ubiquitin were calculated from the slope of the calibration curve and standard 

deviation of the slope for 1D SPLC-MS (not shown) and 2D IEF-SPLC-MS. LOD =  ( (3.3 * 

standard deviation of the curve) / (slope of the curve)) / x  * y; where x = 3 because only 1/3 of 

each IEF fraction was analyzed by SPLC/MS and y = 0.6 because protein signal was split 

between IEF compartments. 
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Appendix Figure A.2 Comparison of two yeast nuclear lysate replicates (25 ng total proteins 

injected) with 1D SPLC-MS. a) The TIC demonstrates separation of various protein forms by 

SPLC. b) The Venn diagram illustrates that 333 and 336 mIMTs were observed for the separate 

SPLC-MS runs with 99% overlap between the replicates. c) A scatter plot compares 

monoisotopic Xtract peak intensity for the common species and shows correlation between 

biological replicates with a Pearson correlation coefficient (R) of 0.967. d) A log2 y/x box-and-

whisker plot illustrates typical spread of Xtract peak intensity ratios for similar yeast nuclear 

extract replicates with the median at -0.062. The results show good reproducibility for 1D SPLC-

MS, with ~85% of redundant species having spectral intensities ratios < 2×. 
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Appendix Figure A.3 1D SPLC-MS of mouse heart myofibrils. a) SPLC-MS TIC and 

SDS/PAGE gel (inset, left) of mouse heart myofibril proteins. The histogram (inset, right) 

highlights the number of unique mIMTs observed in discrete mass ranges. The “*” indicates 

manual deconvolution was performed to determine aIMTs >30 kDa. Putative acetylation (a), 

formylation (f), methylation (m), and phosphorylated (p) were assigned via mass defect 

evaluation. b) Representative mass spectra with the charge states labeled showing putative 

phosphorylation events (defined by a Δ80 Da defect between observed species in the mass 

domain) observed on several myofibril proteins. Proteins >30 kDa were not well resolved under 

our experimental conditions. 
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Appendix Figure A.4 1D SPLC-MS analysis of human cerebrospinal fluid (CSF). a) TIC and 

the SDS/PAGE gel (inset). b) Mass range of mIMTs observed. 
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Appendix Figure A.5 Comparison of four gels obtained from separate mouse heart myofibril 

preparations. a) Representative gel with the gel bands labeled. b) Gel intensities with error bars 

measured by GelQuant imaging software. Relative intensity was determined by comparison of 

individual protein signal response (band signal density) vs. total signal response for all species 

examined.   
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Appendix Figure A.6 Peak capacity of the IEF-SPLC-MS platform. a) TIC (left) and 

representative mass spectra (right) of mouse heart myofibrils for the pI ~4.8 IEF fraction. b) 

Contour plot of the ~200 unique mIMTs observed in the same IEF fraction. 
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Appendix Figure A.7 SPLC-MS analysis of myosin regulatory light chain (RLC) from the pI 

4.5 IEF fraction of mouse heart myofibrils (labeled with an “” in Figure 3b). a) Mass spectrum 

with S/N ~4. b) Comparison of the observed isotopic distribution for the [M+15H]
15+

 molecular 

species with the theoretical one calculated by Isopro version 3.0a1 (shown by dots). c) Single 

scan ISD mass spectrum of RLC in (a) with the b and y fragment ions labeled. d) List of 

fragment ions and their mass accuracy that led to the identification of RLC in the fraction. 
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Appendix Figure A.8 IEF-SPLC-MS analysis of mouse heart myofibrils (a, c) and human CSF 

(b, d). a-b) Mass range of mIMTs observed. c-d) Putative PTMs observed by a PTM mass-tag 

search. 
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Appendix Figure A.9 Repeatability of IEF-SPLC-MS. a) Histogram that demonstrates ~90% of 

the 150 redundant species in the 6-8.1 ΔpI range of human CSF were observed in the same or 

immediately adjacent IEF fraction in two biological replicates. b) Scatter plot shows correlation 

between spectral intensity for the 20-25 kDa species in the pI 6.0-6.9 fractions in biological 

replicates. 
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Appendix Figure A.10 Putative transthyretin variants observed in the IEF fractionated human 

CSF. a) Representative mass spectrum obtained from the pI ~5.1 fraction. The isotope 

distribution for the 13+ charge state is shown as an inset. b) Composite mass spectrum of the 27 

putative variants observed. The putative assignments of known mutation variants are based on 

accurate mass. 
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Appendix Table A.1 Proteins identified from the pI 4.5 fraction of mouse heart myofibrils by 

top-down SPLC-MS with ISD and ProSightPC 2.0. 

 

 

* An aIMT is tabulated for the protein.  

ID/Gene Name/Description UniProt

Observed 

Mass (Da)

Theoretical 

Mass (Da)

Mass 

Difference 

(Da)

Mass 

Difference 

(ppm) b Ions y Ions E Score PTMs

1127796/1741

Myosin regulatory light chain 2: 

ventricular/cardiac muscle isoform P51667 18763.56 18763.36 0.20 10.66 5 3 5.80E-05

Met-cleaved; 

N-Acetylation

313644/737 Desmin* P31001 53408.80 53408.81 -0.01 -0.19 6 5 5.08E-04

Met-cleaved; 

N-Acetylation

15590660/8557

Myosin light chain 3          

(Myosin essential light chain) P09542 22318.40 22318.23 0.17 7.62 18 5 9.63E-26

Met-cleaved; 

N-Acetylation

109584/270

ATP synthase subunit beta, 

mitochondrial* P56480 51750.37 51749.39 0.98 18.94 7 7 2.55E-08

Transit 

peptide clip

5207/274715 Actin: alpha cardiac* Q497E4 41898.09 41887.97 10.12 241.60 1 17 1.98E-11 Met-cleaved
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Appendix Table A.2 Proteins identified from an IEF-SPLC fraction (pI 8.7/RT 19-20 min) of 

human CSF by top-down SPLC-MS with ISD and ProSightPC 2.0. RT = Retention Time. 

 

 

*Accurate mass agrees with the literature
7
 that the protein is glycosylated at both N29 and N56 residues with the 

same glycan composition (dHex1Hex3HexNAc5, 1647.61 Da). For simplicity, other less abundant glycoforms of 

the same protein are not listed.  

ID/Gene Name/Description UniProt

Observed 

Mass (Da)

Theoretical 

Mass (Da)

Mass 

Difference 

(Da)

Mass 

Difference 

(ppm) b Ions y Ions E Score PTMs

31232558/13178 Prostaglandin-H2 D-isomerase P41222 21981.360 21981.380 -0.020 -0.91 0 14 2.62E-12

Signal peptide clip; 

Glycosylated*

723323/4404  Cystatin-C precursor P01034 13067.700 13067.482 0.218 16.68 1 7 2.35E-03

Signal peptide clip; 

First three residues 

SSP cleaved

723323/4404  Cystatin-C precursor P01034 13251.570 13251.568 0.002 0.15 0 8 2.35E-03

Signal peptide clip; 

First residue S 

cleaved

723323/4404  Cystatin-C precursor P01034 13267.580 13267.562 0.018 1.36 0 8 2.35E-03

Signal peptide clip; 

First residue S 

cleaved; Third 

residue P oxidized

723323/4404  Cystatin-C precursor P01034 13338.600 13338.600 0.000 0.00 2 9 3.72E-08 Signal peptide clip

723323/4404  Cystatin-C precursor P01034 13354.640 13354.594 0.046 3.44 4 9 1.50E-11

Signal peptide clip; 

Third residue P 

oxidized

32891679/55135 IGKC protein Q6P5R5 22684.03 24014.98 -1330.95 -55421.54 0 13 2.64E-09 ?
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Appendix Table A.3 List of proteins with Mascot score >100 (excluding keratin) identified 

from an IEF-SPLC fraction (pI 8.7/RT 19-20 min) after SPLC-MS/MS of the tryptic peptides 

and Mascot 2.3. Proteins were manually validated.  

 

  

Protein 

Hit #

Protein 

Family 

Member

Protein 

Accession # Protein Description

Protein 

Score

Protein 

Mass (Da)

# of Non-

Redundant 

Peptides

1 1 CYTC_HUMAN Cystatin-C OS=Homo sapiens GN=CST3 PE=1 SV=1 9708 15789 9

2 1 PTGDS_HUMAN Prostaglandin-H2 D-isomerase OS=Homo sapiens GN=PTGDS PE=1 SV=1 3142 21015 11

3 1 LAC2_HUMAN Ig lambda-2 chain C regions OS=Homo sapiens GN=IGLC2 PE=1 SV=1 672 11287 6

3 2 IGLL5_HUMAN

Immunoglobulin lambda-like polypeptide 5 OS=Homo sapiens GN=IGLL5 

PE=2 SV=2 475 23049 7

4 1 IGKC_HUMAN Ig kappa chain C region OS=Homo sapiens GN=IGKC PE=1 SV=1 472 11602 4

5 1 LYSC_HUMAN Lysozyme C OS=Homo sapiens GN=LYZ PE=1 SV=1 388 16526 6

6 1 KV305_HUMAN Ig kappa chain V-III region WOL OS=Homo sapiens PE=1 SV=1 353 11739 6

6 2 KV118_HUMAN Ig kappa chain V-I region WEA OS=Homo sapiens PE=1 SV=1 103 11833 2

9 1 LV302_HUMAN Ig lambda chain V-III region LOI OS=Homo sapiens PE=1 SV=1 164 11928 2

10 1 KV206_HUMAN Ig kappa chain V-II region RPMI 6410 OS=Homo sapiens PE=4 SV=1 127 14697 3

11 1 CALL5_HUMAN Calmodulin-like protein 5 OS=Homo sapiens GN=CALML5 PE=1 SV=2 120 15883 5

13 1 IGHG1_HUMAN Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1 114 36083 4

14 1 TRFE_HUMAN Serotransferrin OS=Homo sapiens GN=TF PE=1 SV=3 108 77014 4
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Appendix Table A.4 Partial list of >100 kDa proteins with Mascot score >100 (excluding 

keratin) identified from the mouse heart myofibrils after SPLC-MS/MS of the tryptic peptides 

and Mascot 2.3. Proteins were manually validated.  

 

 

 

 

  

Protein 

Hit #

Protein 

Family 

Member

Protein 

Accession # Protein Description

Protein 

Score

Protein 

Mass (Da)

# of Non-

Redundant 

Peptides

1 1 MYH6_MOUSE Myosin-6 OS=Mus musculus GN=Myh6 PE=1 SV=2 6798 223426 103

1 2 MYH7_MOUSE Myosin-7 OS=Mus musculus GN=Myh7 PE=1 SV=1 5322 222741 94

2 1 SPTB2_MOUSE

Spectrin beta chain, brain 1 OS=Mus musculus GN=Sptbn1 PE=1 

SV=2 1746 274052 49

2 2 SPTB1_MOUSE

Spectrin beta chain, erythrocyte OS=Mus musculus GN=Sptb 

PE=1 SV=4 377 245098 14

3 1 DESP_MOUSE Desmoplakin OS=Mus musculus GN=Dsp PE=3 SV=1 1628 332706 56

4 1 MYH11_MOUSE Myosin-11 OS=Mus musculus GN=Myh11 PE=1 SV=1 1476 226888 45

4 2 MYH14_MOUSE Myosin-14 OS=Mus musculus GN=Myh14 PE=1 SV=1 1374 228446 35

4 3 MYH9_MOUSE Myosin-9 OS=Mus musculus GN=Myh9 PE=1 SV=4 696 226232 22

5 1 FLNC_MOUSE Filamin-C OS=Mus musculus GN=Flnc PE=1 SV=3 1398 290937 39

6 1 TITIN_MOUSE Titin OS=Mus musculus GN=Ttn PE=1 SV=1 1291 3904053 62

7 1 SPTA2_MOUSE

Spectrin alpha chain, brain OS=Mus musculus GN=Sptan1 PE=1 

SV=4 966 284422 33

8 1 MYPC3_MOUSE

Myosin-binding protein C, cardiac-type OS=Mus musculus 

GN=Mybpc3 PE=1 SV=1 811 140545 25

9 1 LAMC1_MOUSE

Laminin subunit gamma-1 OS=Mus musculus GN=Lamc1 PE=1 

SV=2 646 177185 20

10 1 MYOM1_MOUSE Myomesin-1 OS=Mus musculus GN=Myom1 PE=1 SV=2 628 185349 22

11 1 LAMB1_MOUSE Laminin subunit beta-1 OS=Mus musculus GN=Lamb1 PE=1 SV=3 424 196961 16

12 1 TLN2_MOUSE Talin-2 OS=Mus musculus GN=Tln2 PE=1 SV=3 406 253462 12

13 1 SVIL_MOUSE Supervillin OS=Mus musculus GN=Svil PE=1 SV=1 343 243011 9

14 1 XIRP1_MOUSE

Xin actin-binding repeat-containing protein 1 OS=Mus musculus 

GN=Xirp1 PE=1 SV=2 336 123355 9

15 1 LAMB2_MOUSE Laminin subunit beta-2 OS=Mus musculus GN=Lamb2 PE=2 SV=2 291 196451 10

18 1 NRAP_MOUSE

Nebulin-related-anchoring protein OS=Mus musculus GN=Nrap 

PE=1 SV=3 232 195633 7

20 1 CO6A1_MOUSE

Collagen alpha-1(VI) chain OS=Mus musculus GN=Col6a1 PE=2 

SV=1 215 108422 7

21 1 LAMA2_MOUSE Laminin subunit alpha-2 OS=Mus musculus GN=Lama2 PE=1 SV=1 192 342458 9

24 1 DMD_MOUSE Dystrophin OS=Mus musculus GN=Dmd PE=1 SV=3 107 425566 3

25 1 CO6A6_MOUSE

Collagen alpha-6(VI) chain OS=Mus musculus GN=Col6a6 PE=1 

SV=2 103 246169 4
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APPENDIX B 

CHAPTER 3 SUPPLEMENTAL MATERIAL 

 

 

Appendix Figure B.1 A-D) Average (n=3) pre-binned for RNase B, α-lactalbumin, BSA, and 

transferrin for the four loading amounts. 
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Appendix Figure B.2 Average proteoform summed intensity %RSD values for the four standard 

proteins at each loading amount. 

 

 

 

 

Appendix Figure B.3 Average %RSD values compared to the number of data points used to 

calculate a proteoforms summed intensity value. 
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Appendix Figure B.4 Mass precision histograms for the high and low resolution binned 

extracted proteoforms.  

 

 

 

Appendix Figure B.5 A) Weighted pI histograms for the high and low mass observed 

proteoforms. B) Weighted pI histograms for the high, medium, and low summed intensity 

ranges. R.I. stands for relative intensity. 
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Appendix Figure B.6 Calibration curve of observed weighted pI values across the 4 – 7 pI range 

from data collected on a 3 – 11 NL IPG strip. 
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APPENDIX C 

CHAPTER 4 SUPPLEMENTAL MATERIAL 

Protein/Sample Handling 

All protein reagents, the 24 IEF fractions, and IEF-SPLC-MS protein libraries were stored at -80 

°C prior to use. 

 

Preparation of Cerebrospinal Fluid 

Human cerebrospinal fluid (CSF) samples from 20 patients were obtained from the UT 

Southwestern Multiple Sclerosis Center under IRB number 022009-049. Sample aliquots not 

processed immediately were snap-frozen and stored at -80 ºC. The CSF from the 20 patients 

were pooled for two biological replicates (10 patients per pool) and each filtered through a 3 kDa 

MWCO filter (Millipore, Billerica, MA). The resulting proteins were precipitated with acetone, 

resuspended in water, and quantified by bicinchoninic (BCA) assay.   

 

Protein OFFGEL Stock Solution 

The OFFGEL stock solution consisted of urea (0.5 g/mL), thiourea (0.18 g/mL), 0.15g/mL 

glycerol, 0.012 g/mL dithiothreitol (DTT), and 0.5% pH 3-10 ampholyte OFFGEL buffer (GE 

HealthCare, Piscataway, NJ). 

 

Online SPLC-MS Gradient for IEF Fractions  

The mobile phase compositions were as follows: solvent A – 0.025% trifluoroacetic acid (TFA), 

0.3% formic acid (FA), and 20% acetonitrile (ACN) in water; solvent B – 0.025% TFA, 0.3% 
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FA, and 20% isopropanol (IPA) in ACN. After online desalting at 0% B for 10 min at a flow rate 

of 200 µL/min, proteins were separated with a 30 min gradient (from 0 to 60% B). 

 

Offline SPLC-MS on IEF-SPLC Protein Library Fractions for Protein Identification  

Individual IEF-SPLC protein fractions were retrieved from the protein library and concentrated 

in a speedvac to remove organic solvents and acids. The concentrated sample was either directly 

injected onto a capillary SPLC column for top-down fragmentation with in-source dissociation 

(ISD) (see below) or digested with trypsin for bottom-up LC-MS/MS with collision induced 

dissociation (CID) analysis (see below). 

Offline top-down analysis with ISD. IEF-SPLC-MS protein fractions were analyzed by capillary 

SPLC-MS as previously described. Poroshell 300 SB-C3 particles (5.0 m diameter, 300 Å pore 

size) (Agilent Technologies, Santa Clara, CA) were packed to a bed length of 15 cm into Picofrit 

75 µm I.D. x 360 µm O.D. columns with a terminal 15 µm microspray tip (New objective, Inc., 

Woburn, MA). 1 µL of the concentrated IEF-SPLC protein fraction was injected onto the 

capillary column operated at 60 ºC at 0.4 µL/min flow rate. The capillary column mobile phase 

was composed of solvent A: 0.025% TFA, 0.3% FA, and 5% ACN in water; and solvent B: 

0.025% TFA, 0.3% FA, and 20% IPA in ACN. The sample was desalted for 3 min in 0% B 

followed by a 6 min gradient (30 to 40% B) to separate the proteins for MS analysis. The LTQ 

Orbitrap XL was operated with resolving power of 60,000 (defined as resolution of 60,000 at 

m/z 400 at a scan rate of 1 Hz by Thermo Fisher) in positive ion mode, and the ISD spectra were 

collected with 4 microscans per data point, and 2x10
5
 automatic gain control (AGC) in the m/z 

range of 700-2000.  
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Offline bottom-up analysis with LC-MS/MS. IEF-SPLC-MS protein fractions were digested and 

analyzed by capillary SPLC-MS/MS. Concentrated IEF-SPLC-MS protein fractions were 

digested with 200 ng of trypsin in 50 mM ammonium bicarbonate at 37 ºC overnight and 

desalted with C18 Zip Tips (Millipore, Billerica, MA) prior to capillary SPLC-MS/MS analysis. 

Poroshell 120 EC-C18 particles (2.7 m diameter, 120 Å pore size) were packed to a bed length 

of 12 cm into Picofrit 75 µm I.D. x 360 µm O.D. columns (New objective, Inc., Woburn, MA) 

with a terminal 15 µm microspray tip. The mobile phase was as follows: solvent A – 0.1% FA, 

and 2% ACN in water; and solvent B – 0.1% FA, and 90% ACN in water. Tryptic peptides were 

injected onto the column through a 1.0 µL loop and separated with a 25 min gradient (from 3 to 

45% B) at 0.25 µL/min flow rate. The LC eluate was mass analyzed by a LTQ Orbitrap XL in a 

data dependent mode with dynamic exclusion: 1 full MS at resolving power of 30,000 followed 

by CID of the five most intense ions.  The CID energy was set to 35%, and 1 microscan was used 

to collect both full scan and MS/MS spectra. 

 

Top-Down and Bottom-UP Data Processing for Protein Identification and PTM Evaluation   

Top-down protein identification. Numeric reference to amino acid residues uses the L-PGDS 

sequence (Uniprot-P41222) minus the Δ22 amino acid signal peptide 

(MATHHTLWMGLALLGVLGDLQA). ProSightPC 2.0 (Thermo Fisher, Waltham, MA) was 

used to obtain protein identification from top-down ISD datasets. The fragmentation data were 

searched against the ProSight official_human_TD (117,059 basic sequences and 7,563,274 

protein forms, released on April 18, 2008). Monoisotopic precursor masses were searched with a 

±5000 Da intact mass window and fragment mass tolerance of ±15 ppm. Evaluation of ISD 
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datasets for other proteins was performed by incremental searches (±5000 Da) across the mass 

range for the entire human database.  

Global PTM mass difference evaluation. To facilitate discovery of novel post-translational 

modifications (PTMs), a PTM evaluation was performed by a custom algorithm developed in 

MATLAB (The Mathworks Inc., Natick, MA). A putative PTM was found when the difference 

between two mIMs correlated with the mass for the PTM within a user defined mass tolerance t. 

The t value was adjusted to give an estimated overall 5% probability for random matches for 

each data set. This probability was approximated by the equation
tr

i
n

i

/

1

1




 , where n is the number of 

mIMs, r is the mass window (e.g. 3000 Da for the 21-24 kDa mass range), and t is the mass 

tolerance. 

Bottom-Up Data Processing. Mascot 2.3 (Matrix Science, London, UK) was used to search 

against the Swiss Prot database released in August 2011 (531,473 sequences; 188,463,640 

residues) with human as the specified taxonomy (20,245 human sequences). For protein 

identification, one missed cleavage was allowed for trypsin, and methionine oxidation was 

considered as a variable modification. When PTMs were of interest, lysine acetylation, lysine 

trimethylation, lysine methylation, serine/threonine/tyrosine phosphorylation or sulfonation, 

cysteine oxidation or dioxidation were also considered as variable modifications. Due to the 

large number of variable PTMs, a customized small database (305 sequences; 167,583 residues) 

was used instead. The mass tolerance for precursor and fragment ions was set as 15 ppm and 0.6 

Da, respectively. Peptides with score >15 were manually validated for presence of PTMs. N-
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glycan composition assignments were made through manual data interpretation, as well as, by 

comparison of predicted N-glycans with previous reports. 
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Appendix Figure C.1 ISD fragmentation of disulfide bond reduced L-PGDS observed in SPLC-

MS analysis of IEF samples, and non-reduced L-PGDS observed in capillary SPLC-MS analysis 

of IEF-SPLC protein fractions stored at -80 ºC. a) A representative ISD mass spectrum for L-

PGDS observed by online SPLC-MS with ISD on reduced IEF fractions. L-PGDS was identified 

with an E-score 1.72E-14. The amino acid tag determined by ProSightPC 2.0 Sequence Tag 

Search Mode is highlighted in red. All the C-terminal fragments are labeled as classical “y-ion” 

with the subscript “i” to designate the fragments as products of internal fragmentation of the C-

terminal IVFLPQTDKCMTEQ (1651.795-0). All other fragment ions have [M+5H]
5+ 

charge 

state. -0 indicates monoisotopic mass. b) EIC for m/z 1180.5 primarily localizes L-PGDS to the 

19-20 min ΔRT interval. c) Representative ISD mass spectrum of the non-reduced L-PGDS 

observed at 19-20 min ΔRT interval from IEF-SPLC libraries stored at -80 ºC. All the fragment 

ions have [M+7H]
7+

 charge. L-PGDS was identified with an E-score 2.62E-12 with ProSightPC 

2.0. All the C-terminal fragments are labeled with classical “y-ion” designation. 
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Appendix Figure C.2 Biological replicate analysis. The two pooled populations consisting of 10 

distinct CSF samples each were subjected to IEF-SPLC-MS analysis. Pooled samples were 

normalized for total protein content. a-b) Deconvoluted intact mass spectra for the putative L-

PGDS proteoforms observed by SPLC-MS analysis of the pI 8.4 fraction in the respective 

replicates. c) Scatter plot comparison for the monoisotopic Xtract peak intensities for the putative 

L-PGDS proteoforms with >90% relative abundance with a Pearson correlation coefficient (r) of 

99.4%, and a log2 y/x box-and-whisker plot for the L-PGDS replicates (inset). Boxes represent 

1
st
 quartile, median (~ -0.065), and 3

rd
 quartile; whiskers represent 5

th
 and 95

th
 percentiles.  
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Appendix Figure C.3 Monoisotopic mass spectrum that corresponds to the data in Figiure 4.1e with 

putative mass-difference relationships highlighted by colored bars. -0 indicates monoisotopic mass.  
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Appendix Figure C.4 A virtual 2D gel that shows the relative abundance (spot size) for 217 

putative CSF L-PGDS proteoforms with unique monoisotopic masses relative to their weighted 

pI. The pI value was determined from a weighted average estimate determined from intensities 

of redundant “binned” masses observed by SPLC-MS in adjacent IEF fractions (see methods in 

Chapter 4). 
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Appendix Figure C.5 Charts that show normalized glycopeptide intensity vs. glycan number at 

a) pI 5.4, b) pI 6.9, and c) pI 8.7. The glycan compositions for all the glycan numbers (x-axis) are 

presented in Supporting Information Table 3. A star or double star represents the presence of one 

or two sialic acid (S.A.) moieties per glycopeptide N-glycan, respectively. 
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Appendix Figure C.6 MS/MS (CID) spectra of [M+2H]
2+

 L-PGDS tryptic peptides that contain 

PTMs. a) S41 sulfonation. b) T142 sulfonation. c) S41 sulfonation and C43 dioxidation. d) T142 

sulfonation and C145 dioxidation. An asterisk represents neutral loss of H2O (~18 Da). 

Sulfonation instead of phosphorylation (with neutral loss of ~98 Da) was assigned because 

accurate mass difference information observed between the modified and unmodified peptides 

(Appendix Figure C.7). 
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Appendix Figure C.7 Average monoisotopic mass differences observed for the unmodified and 

modified tryptic peptides containing S41 or T142 (Appendix Figure C.6). The theoretical 

monoisotopic masses for phosphorylation and sulfonation are indicated with dashed lines. The 

high resolving power MS data, combined with the ~80 Da neutral loss data in the CID spectra 

(Figure S6) suggests that S41 and T142 residues are modified by sulfonation.  Error bars 

represent standard deviation from >6 independent observations for the unmodified and modified 

tryptic peptides containing S41 or T142. 
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Appendix Figure C.8 a) L-PGDS sequence (minus the 22 amino acid leader sequence) with 

the positions of PTMs observed highlighted. b) Tertiary structure of L-PGDS highlighting the 

dioxidized catalytic C43 and N-glycosylated N29 and N56 residues. c) Tertiary structure of L-

PGDS highlighting the dioxidized catalytic C43 and sulfonated S41 residues.  d) Tertiary 

structure of L-PGDS highlighting the dioxidized catalytic C43 and acetylated K16 residues. e) 

Tertiary structure of L-PGDS highlighting the dioxidized catalytic C43, acetylated K138, 

dioxidized C145, O-linked glycosylated S7, and sulfonated T142 residues. The structures were 

generated by PyMOL (Schrodinger, New York, NY) with protein data bank entry: 4imo.  
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Appendix Figure C.9 Venn diagram that highlights the progression of L-PGDS proteoform 

assignments for the observed 217 L-PGDS species (green) accounting for the different PTMs 

observed. The different putative PTM status includes: 77 di-N-glycosylated, 112 di-N-

glycosylated with the addition of one other PTM, and 208 matches that derives from 

combinatorial assignments including di-N-glycosylated and multiple other PTMs (e.g., di-N-

glycosylated + sulfonation + dioxidation). 
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 Computer aided design/engineering: AutoCAD, Solidworks 

 Proficient in multiple machining processes with expert level knowledge/machinist 

certificate (2012) in water jet cutting 
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