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Chemical genetics seeks to use chemical entities to identify novel 

proteins and cellular processes that are responsible for complex biological 

processes.  Unlike classical forward genetics, however, the identification of the 

proteins and signaling pathways targeted by small molecules remains 

extremely challenging.  Affinity approaches are limited by their inherent low 

throughput and high incidence of identifying irrelevant proteins that interact 

with the chemical probe. Here an approach is described that attempts to 

discover targets based on the chemical-induced changes in phosphoproteins.  

As a test case, the small molecule benzimidazole derivative termed 206A that 
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synergizes with Wnt signaling by an unknown mechanism was chosen.  Initial 

studies focused on the quantitative western blotting-based Kinexusʼ 

Phosphosite Profiling service, but the small proportion of the 

phosphoproteome probed and the inherent low sensitivity of the western 

blotting limits antibody-based methods.  Label-free mass spectrometry 

analysis with phosphopeptide enrichment provided a vastly greater number of 

proteins, resulting in semi-quantitative phosphoprotein data for 206A-treated 

RKO cells over a time course.  Custom software was developed to process the 

data, including modifications to the Trans-Proteomic Pipeline software suite to 

convert manual phosphopeptide validation to an automated system. 

Furthermore, a novel binning algorithm was used to detect 742 statistically 

significant differentially phosphorylated protein “hits” despite the lack of 

experimental replicates.  The protein set was expanded using a protein-protein 

interaction database, and analysis with the DAVID Bioinformatics Resources 

website demonstrated that 243 of the original 742 proteins interacted directly 

with Wnt signaling proteins. These were assessed by selective siRNA 

knockdown, revealing RPLP0 as a Wnt pathway modulator induced by 206A.  

Taken together, these data indicate that mass spectroscopy-based 

phosphoproteomics analysis coupled with systems-level network analysis can 

be used to identify unknown targets of small molecules in a complex biological 

setting.
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I 

Introduction 

 

Biologists have long had a fruitful relationship with genetic mutations to 

probe biological function in model organisms.  In the past, genetic screens 

involved random mutagenesis, selection of organisms displaying cellular 

behavior of interest, and then identifying the gene underlying the mutation, 

thereby associating the gene with the changed function [1].  However, with the 

current availability of fully sequenced genomes of many model organisms, the 

biologist can efficiently excise or alter nearly any gene of interest and observe 

the results to define the gene-function relationship.  Identifying the small 

molecule, or possibly set of molecules, required to replicate the altered cellular 

behavior due to gene mutation would necessitate many costly chemical library 

screens and follow-up.  The highly specific control over genetic function and 

cost-effectiveness are prime advantages that genetic mutations hold over 
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small molecule probes for assaying biological function.  On the other hand, the 

transitory and temporal qualities of protein function cannot be mimicked by 

permanent genetic changes but can be by small molecules, whose effects are 

eliminated by washing them out of the model organism environment [2].  This 

allows for the transient induction and study of specific phenotypes and 

signaling pathways.  Mutations are not feasible in larger organisms such as 

mammals, which reproduce slowly.  Moreover, while gene deletion would lead 

to the elimination of all of the affected proteinʼs functions, small molecules are 

able to block particular protein functions but not others.  Small molecules may 

also have therapeutic effects that lead to their development as drugs [3].  For 

these reasons, both pharmaceutical and academic groups have invested 

substantial efforts and resources into the development of chemical libraries 

and the identification of novel small molecules as biological probes of proteins 

and signaling pathways, leading to rise of the “chemical genomics” field. 

Early small molecule bioactive probes and chemical libraries were 

developed almost entirely by pharmaceutical companies.  Their collections of 

small molecules, which collectively number in the millions, were the result of 

screening natural products derived from sources such as marine sponges, 

fungi, and bacteria, and the evaluation of peptidic and non-peptidic chemically 

synthesized compounds.  Pharmaceutical chemical libraries tend to be 

focused; that is, each library targets a specific class of proteins by including 

small molecules with the same or similar backbone structures that are 
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oftentimes related to those of the proteinsʼ ligands [3].  Furthermore, these 

libraries have been optimized to contain “drug-like” molecules, for which many 

metrics exist.  One of the most widely used, Lipinskiʼs “rule of five,” notes that 

90% of all orally administered drugs contain less than five hydrogen-bond 

donors and ten acceptors, molecular masses under 500 daltons and log P 

values below five [2].  Compounds that meet these restrictions are more likely 

to be able to cross biological membranes, to be chemically stable, and to be 

soluble in water and DMSO [3].  Small molecules that had biological properties 

which interested pharmaceuticals, such as anti-inflammatory, anti-cancer, and 

anti-angiogenic functions, were selected after screens of the compound 

libraries [2,4].  While still very useful as probes in basic research, these 

libraries are only able to perturb a small fraction of cellular activities.  However, 

once academic groups began small molecule screens of their own, new 

compounds were identified that affected biological functions but did not 

necessarily have therapeutic properties [4].  “Diversity-oriented” small 

molecule libraries were created which contained structurally dissimilar 

molecules capable of targeting many different protein classes.  Screens using 

these libraries can identify multiple entry points towards perturbing a signaling 

pathway, whereas a focused library would typically contain molecules that 

affect only a single protein in the pathway.  While there often is a higher 

chance of finding a small molecule “hit” when using focused libraries, diversity-
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oriented libraries offer the chance to discover novel proteins and protein 

functions [3].   

Given a small molecule library, the two general methods for identifying 

small molecules of interest are target-based and phenotypic screens.  In 

target-based screens, the library of small molecules is immobilized on a 

surface, and a protein of interest in solution covers this surface to allow 

compound-protein binding.  The labeled protein is then detected, and the 

bound small molecule is identified and undergoes further investigation.  The 

reverse of this process, with immobilized proteins incubated with a single 

labeled small molecule, allows protein targets of the small molecule to be 

determined.  Labeling continues to be necessary for many high-throughput 

screens but may introduce complications.  For instance, adding a label to 

compounds may be challenging, and labeled proteins may have altered 

biological functions when compared to their unlabeled counterparts.  

Unlabeled approaches for detecting compound-protein interactions are 

available, such as nuclear magnetic resonance, surface plasmon resonance, 

and mass spectrometry, but these methods are considerably slower.  In 

contrast to target-based screening, phenotypic screens measure changes to 

cell or organism characteristics following exposure to small molecules.  These 

changes may relate to growth, death, or gene expression at the cell level, and 

weight, behavior, and limb formation at the organismal level.  While there are 

an infinite number of measureable features for phenotypic screens, the 
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requirements for high-throughput screening limit which features can actually 

be used.  DNA microarrays to quantify gene expression, automated 

microscopy to track changes in cell morphology and motility, and fluorescent 

markers tied to the expression of specific proteins are examples of such high-

throughput screens [3].  In the Mercola lab, embryonic stem cells have been 

engineered to express fluorescent mCherry in the presence of cardiac-specific 

alpha myosin heavy chain (α-MHC).  The measured fluorescence in any well 

is directly proportional to the number of cardiomyocytes, permitting a 

straightforward readout in assaying the effects of small molecule and inhibitor 

screens.  In this project, colon carcinoma RKO cells modified to secrete 

luciferase in response to Wnt signaling will be utilized. 

While target-based screens may be able to identify a compoundʼs 

immediate protein binding partner, and while phenotypic screens can specify 

endpoint phenotypes, there is an enormous gap of knowledge regarding the 

signaling that occurs between those two points.  This absence is critical 

because many small molecules bind multiple targets, sometimes non-

specifically, leading to off-target effects and toxicity that can derail otherwise 

useful or therapeutic compounds.  There are means to avoid or to at least 

predict crippling toxicity.  One option is to only use potent compounds, as off-

target effects due to non-specific binding commonly appear only at higher 

concentrations.  A second is to perform the protein-immobilized target-based 

screening described previously and to carefully examine interacting proteins 
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[3].  Alternatively, intermediate signaling pathways may be elucidated through 

bioinformatics analysis of DNA microarrays following small molecule treatment 

over a time course, or by assaying fluorescent probes tied to the expression of 

proteins in multiple signaling pathways [5].  Yet even these approaches 

measure affects hours after treatment and cannot accurately quantify the 

differential phosphorylation of signaling proteins minutes after small molecule 

induction.  Antibody-based, Western blot-type approaches to evaluate a time 

course of treated cell lysates are possibilities, but these too are limited by the 

availability of antibodies and are decidedly low-throughput.  The solution is a 

powerful method that will be the focus of this thesis, mass spectrometry 

detection and analysis of phosphoproteins [6] in total lysates of cells treated 

with a small molecule over a time course.  The staggering amount of 

phosphoprotein data generated for these samples will be mined to identify 

differentially phosphorylated proteins and the signaling pathways enriched by 

them.  Additionally, methods will be presented to identify signaling pathway 

modulators for specific pathways of interest. 

This thesis will present a pipeline for elucidating signaling pathways and 

their modulators induced by a small molecule through mass spectrometry-

based phosphoproteomics.  This will be of great utility to groups investigating 

small molecules with unknown mechanisms or with off-target effects.  The 

small molecule 206A will be used to develop this pipeline.  206A was initially 

selected due to its pro-cardiogenic effects in an embryonic stem cell screen of 
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the ChemBridge DIVERSet performed by Ph.D. student Paul Bushway from 

Mercola lab.  Dr. Masanao Tsuda of the same lab later determined that 206A 

could synergize with but not induce Wnt signaling.  The proof-of-concept for 

the pipeline will therefore be the identification of the modulators induced by 

206A that are responsible for its synergy with Wnt signaling. 
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II 

Kinexus Phosphosite Profiling 

 

A. Introduction 

Dr. Masanao Tsuda in the Mercola lab optimized the conditions to 

maximize the Wnt synergy response of RKO cells using 206A in 96- and 384-

well plates, adding 2.5% Wnt-conditioned media (WCM) and 2 μg/mL 206A 

into each well.  However, these conditions did not scale linearly to the larger 

10cm and 15cm plates, as the Wnt response as measured by firefly luciferase 

was considerably muted.  The first section of this chapter will discuss the 

experiment to determine the optimum amount of WCM and 206A to add to 

these larger formats.  Once these optimized conditions were obtained, the 

search for proteins differentially phosphorylated by 206A could begin in 

earnest.  Sanford-Burnhamʼs mass spectrometry system was still in the midst 

of setup and testing, so antibody-based discovery of phosphoproteins was 
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pursued in the meantime.  Since nothing was known about 206Aʼs mechanism 

of action other than the endpoints of improved cardiogenesis in embryonic 

stem cells and Wnt synergy in RKO cells, randomly selecting and testing 

phosphoprotein antibodies via Western blotting of treated RKO lysates would 

be a laborious needle-in-the-haystack situation.  The more viable approach 

that was selected was to utilize Vancouver-based Kinexusʼ Phosphosite 

Profiling service (http://www.kinexus.ca/).  Their KPSS-1.3 “Broad Coverage 

Pathway” screen quantifies the binding of antibodies to 38 phosphosites, 

although a number of sites share the same protein (Table 1).  Since the 

protein requirement for each sample was 500 μg, confluent RKO cells in 15cm 

plates were treated with either WCM or WCM plus 206A and lysed over a time 

course.  The sample sets for both treatment conditions were sent to Kinexus 

for analysis and quantitative phosphoprotein binding data was returned.  Given 

that each treatment condition included five time points and a negative control, 

and given the cost of the Kinexus analysis, only a single sample for each 

condition-time was sent for analysis.  Thus, no statistical analysis could be 

performed on the results, and the selection of “hits” was based on crude visual 

comparison.  Adducin gamma (ADD3) was identified as a differentially 

phosphorylated protein, but later siRNA analysis (Chapter 4) showed that its 

phosphorylation was not related to Wnt pathway modulation. 
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B. Optimizing WCM and 206A Addition to Large Format Plates 

Materials and Reagents 

RKO cells were obtained from Dr. Randall T. Moonʼs lab.  These cells 

express TCF-responsive firefly luciferase in the presence of Wnt signaling and 

constitutively express Renilla luciferase. 

10% FBS media (500mL) was generated by combining 50mL FBS 

serum (Gibco FBS serum, cat. #10437-028, lot #314688), 5 mL of 100X 

penicillin/streptomycin (Thermo Scientific cat. #SV30010), 5 mL of 100X L-

glutamine (Gibco cat. #25030), and 440 mL DMEM High Glucose Media 

(Hyclone cat. #SH30081.01, does not contain L-glutamine or sodium pyruvate).  

The mixture was vacuum filtered and stored at 4°C until needed.   

Wnt3a-conditioned media #1 (WCM #1) and #2 (WCM #2) were 

generated by collecting 10% FBS media after it was depleted on 100% 

confluent L-cells modified to secrete Wnt3a.  20 mL media was depleted on 

each 150mm plate.  To generate WCM #1, after plates initially reached 100% 

confluency, media was changed and then collected 5 days later.  To generate 

WCM #2, fresh media was added to replace WCM #1 depleted media and 

then collected 4 days later.  For the remainder of this document, “WCM” will 

refer to WCM #2.   
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206A is a benzimidazole derivative (MW 387.9) produced by Human 

BioMolecular Research Institute (HBRI, 5310 Eastgate Mall, San Diego, CA 

92121).  It was provided in powder form and was resuspended in dimethyl 

sulfoxide (DMSO, Sigma cat. #D2650) to form a stock solution at 10 mg/mL.  

Dual-Luciferase® Reporter Assay System (Promega cat. #E1960) 

Protocol 

The first objective was to determine the proper amount of WCM to add 

to each plate.  RKO cells were maintained in culture in 10mm plates in 10% 

fetal bovine serum (FBS) media.  Routine passages were conducted using 

phosphate-buffered saline (PBS) (Cellgro cat. #21-040-CV), 0.25% trypsin-

EDTA (Gibco cat. #25200), and gelatin (Stemcell Technologies cat. #07903).  

One day prior to the experiment, 2*106 cells were added to each of 16 60mm 

plates, such that the cell population would be approximately 4*106 24 hours 

later during and 8*106 48 hours later at the time of the luciferase assay.  24 

hours after plating, each of the WCM volumes to be tested was added to two 

60mm plates.  WCM at 5%, 10%, 20%, 30%, 40%, and 50% of final volume 

were tested.  This corresponded to adding 0.211, 0.444, 1, 1.714, 2.667, and 4 

mL of WCM to each plate, respectively.  The remaining four plates were 

untreated and served as negative controls.  After waiting an additional 24 

hours, the plates were aspirated of media and washed with PBS before 1.5 mL 

of Dual-Luciferase Passive Lysis Buffer (PLB) was added.  The plates were 
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placed on a rocker for 15 minutes before 20 μL from each plate was 

transferred to wells in a 96-well plate.  10 μL of Dual-Luciferase Luciferase 

Assay Reagent II (LAR II) was added to each well, and the luciferase 

response measuring Wnt activity was read on a Veritas Luminometer 

(Promega).  10 μL of Dual-Luciferase Stop & Glo Reagent (SGR) was then 

added to each well, and the constitutively active Renilla response was read on 

the Veritas.  Each wellʼs firefly reading was divided by its Renilla reading (f/R), 

and the means and standard deviations of the f/R values across the two 

samples for each condition are shown in Figure 1.  The process for obtaining 

luciferase readings and calculating the f/R values will hereafter be referred to 

as the “luciferase assay.”  10% WCM was selected as the “low Wnt” condition 

and 40% was selected as the positive control “high Wnt” condition. 

The second task was to add different concentrations of 206A to 10% 

Wnt such that the f/R value for 10% Wnt plus 206A was approximately equal 

to the 40% Wnt f/R value.  Using the same preparation as with the WCM 

condition testing with 16 60mm plates, 40% WCM was added to two plates 

while there were three plates each of 10% WCM plus 5 μg/mL 206A, 10% 

WCM plus 7.5 μg/mL 206A, and 10% WCM plus 10 μg/mL 206A.  The last two 

plates were set aside as negative controls.  The luciferase assay was 

performed 24 hours later.   The means and standard deviations for each 

condition are shown in Figure 2.  As the 10% WCM plus 10 μg/mL condition 

had an f/R value close to that of 40% WCM, 10 μg/mL was chosen as the 
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206A concentration.  These WCM and 206A conditions also produced 

acceptable f/R values with 15cm plates (Chapter 3 Figure 2). 

 

C. Kinexus Phosphosite Profiling 

C.1. Experimental Design 

Materials and Reagents 

RKO cells 10% FBS media, Wnt3a conditioned media (WCM), and 

206a as previously described. 

Lysis buffer, 10 mL, was provided by Kinexus, to which was added a 

cOmplete Mini Inhibitor cocktail tablet (Roche cat. # 11836153001) also 

provided by Kinexus and 1.54 g dithiothreitol (DTT, Fluka cat. #43817).  Lysis 

buffer was kept on ice. 

Sample buffer, 10mL, 4X, was prepared by combining 5 mL glycerol 

(Sigma cat. #G-6279), 1.25 mL 1 M Tris-HCl pH 6.8 (J.T. Baker cat. #X171-03, 

stock solution made in Milli-Q water by lab technician), 2 mL 20% SDS (Bio-

Rad cat. #161-0302), 0.8 mL 1% Bromophenol blue (MP Biomedicals cat. 

#150522), 0.45 mL distilled water, and 0.5 mL β-mercaptoethanol (Sigma cat. 

#M-7522). 
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Large cooking spatulas (Vons) for scraping cells were washed with 

distilled water and 70% ethanol and autoclaved at 250°F prior to the 

experiment. 

Protocol 

The treatment conditions were 10% WCM, 40% WCM, 10 μg/mL 206A, 

10% WCM plus 206A, and an untreated negative control.  There would 

additionally be a time course of 2, 5, 10, 30, and 90 minutes.  Five conditions 

and five time points, where each condition-time would have its own plate, 

meant that 25 15cm plates would be required.  The experiment was divided 

into two days.  On the first day, the five negative control plates and the four 2 

minute plates would be treated and processed, for a total of 9 plates.  The 

remaining 16 plates consisting of 4 plates each for 5, 10, 30, and 90 minutes 

would be treated and processed the following day. 

RKO cells were maintained as described previously until needed.  On 

the day prior to each half of the experiment, 3*107 cells were plated in each 

15cm plate.  The following day, each plate was handled individually.  The 

assigned treatment condition was added to the plate, and the plate media was 

mixed by gently swirling the plate.  After the allotted time had passed, the 

media was aspirated, and the plate was washed twice with ice-cold PBS.  

After aspirating the PBS the second time, 200 μL of ice-cold lysis buffer was 

added to the plate, and the cells were scraped with a cooking spatula.  The 
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cell suspension was transferred to an ultracentrifuge tube (Beckman cat. 

#343778), then sonicated (Misonix XL2020) four times for 10 seconds, with 

15-second breaks in between.  After centrifuging the tube at 90,000g 

(Beckman Airfuge) at 4°C for 30 minutes, the supernatant was transferred to a 

1.5 mL screw-cap tube.  The protein concentration was determined by the 

Bradford assay using the Coomassie Blue reagent (Thermo cat. #23238).  The 

volume of supernatant containing 750 μg of protein was transferred to a fresh 

1.5 mL screw-cap tube, to which was added 125 μL of sample buffer.  The 

volume was brought up to 750 μL with lysis buffer such that the final 

concentration was 1 mg/mL.  The aliquot was then boiled at 100°C for 4 

minutes on a hot plate.   

Aliquots of each time point for the 10% WCM plus 10 μg/mL 206A 

condition along with the 2-minute negative control were sent to Kinexus for 

analysis (set #2059).  A second set of aliquots that included all the time points 

for the 10% WCM condition and the 5-minute negative control were also sent 

to Kinexus later for analysis (set #2088). 

 

C.2. Results and Analysis 

The only protein that was clearly differentially phosphorylated was 

adducin gamma (ADD3) (Figure 3).  In the WCM plus 206A condition, the 

adducin gamma phosphorylation significantly increased over time, while in the 
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WCM condition, its phosphorylation experienced a minor increase before 

returning to the control level.  As the mass spectrometer was now ready for 

testing, sample preparation for mass spec analysis began in earnest and the 

relationship between adducin gamma and 206Aʼs Wnt synergy activity was set 

aside for later confirmation.  ADD3 was identified as a significantly 

phosphorylated protein in the mass spec analysis as well, but silencing ADD3 

using siRNA did not inhibit 206Aʼs Wnt synergy activity (Chapter 4). 

In hindsight, the samples for the 10 μg/mL 206A treatment condition 

probably should have been submitted for analysis.  All phosphorylation 

changes would have been due to 206A alone.  Instead, in this situation the 

phosphorylation due to 206A had to be deciphered in the presence of Wnt 

signaling.  Moreover, since only a single sample was submitted for each 

condition-time, no statistical analysis could be performed on the data sets.  To 

complicate matters further, since sets #2059 and #2088 were analyzed at 

Kinexus at different times and were accompanied by different control samples, 

a direct comparison between samples of the “Normalized Counts per Minute” 

quantifying antibody binding for a phosphoprotein at each condition-time was 

not possible.  Instead, a very rough comparison would be made by examining 

the change in phosphorylation at each condition-time when referenced against 

its accompanying control.  That is, if there were significant changes in 

detected phosphorylation versus the control in one condition that was not 

present in the other condition across multiple times, then further investigation 
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of that phosphoprotein would be warranted.  However, it is important to note 

that even if this protein was indeed differentially phosphorylated, there was no 

guarantee that it would be involved in Wnt signaling. 
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Figure II.1. Wnt Condition Test.  Different volumes of Wnt-conditioned media 
(WCM) were added to each 60mm dish.  The negative control was a 
quadruplicate, the others were duplicates.  10% and 40% WCM were selected 
as the low and high Wnt conditions, respectively. 
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Figure II.2. Wnt Plus 206A Condition Test.  The “%” values are the final 
volumes of WCM, while the non-percentage values are the final concentrations 
of 206A in μg/mL.  Negative control (N.C.) and the 40% Wnt condition were 
prepared as duplicates while the other four conditions were performed in 
triplicate.  10 μg/mL of 206A was selected for further experimentation, since 
the f/R value of 10% WCM plus 10 μg/mL 206A approached the f/R value of 
40% Wnt. 
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Figure II.3. Adducin Gamma Phosphorylation.  WCM plus 206A is in blue, 
WCM only is in red.  Overall, phosphorylation increases considerably for WCM 
plus 206A, while there is a slight increase that returns to the control level for 
WCM only.  
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Table II.1. Kinexus Phosphosites.  A list of phosphosites detected by the 
Kinexus Phosphosite Profiling service, KPSS 1.3. 
Protein Phosphosite 
Adducin a  S726 
Adducin g S693 
B23 [NPM] S4 
CDK1/2  Y15 
CREB1  S133 
Erk1 T202+Y204 
Erk2  T185+Y187 
GSK3a  T185+Y187 
GSK3a Y279 
GSK3b  S9 
GSK3b Y216 
JNK T183+Y185 
Jun S73 
MEK1/2 [MAP2K1/2]  S217+S221 
MEK3/6 [MAP2K3/6]  S189/S207 
MEK6 [MAP2K6]  S207 
Msk1  S376 
NR1  S896 
p38a MAPK  T180+Y182 
PKBa [Akt1]  T308 
PKBa [Akt1]  S473 
PKCa  S657 
PKCa/b2  T638/T641 
PKCd  T507 
PKCe  S729 
PKR  T451 
Raf1  S259 
Rb  S780 
Rb  S807+S811 
RSK1/3  T359+S363/T356+S360 
S6K2 p85  T412 
S6Ka p70  T389 
Smad1/5/9 S463+S465/S463+S465/ 

S465+S467 
Src  Y418 
Src  Y529 
STAT1  Y701 
STAT3  S727 
STAT5 Y694  
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III 

Mass Spectrometry Sample 

Processing and Data Generation 

 

A. Introduction 

Upon being recruited to the Sanford-Burnham Medical Research 

Institute in 2007, Dr. Laurence Brill began designing and implementing a 

multidimensional liquid chromatography (MDLC) tandem mass spectrometry 

(MS/MS) system capable of identifying phosphoproteins in complex total cell 

lysates.  The resulting system was not simple, featuring multiple precision 

devices and a protocol that takes weeks to complete for each sample set 

(Figure 1).  In the first half of this chapter, we will discuss this protocol in detail.  

The system was ready for testing in 2009 but lacked a number of software 

components necessary for efficient post-processing.  As mentioned previously, 
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quantitative mass spectrometry deals in probabilities, not absolutes.  The 

MS/MS spectra of peptides are searched against a database of protein 

sequences and given a probability score based on the quality of the match of 

the computed theoretical MS/MS spectrum and experimental MS/MS spectrum, 

as long as the precursor ion mass accuracy is within a specified tolerance (5 

or 10 ppm in the case of this work).  Non-degenerate identified peptides are 

assigned to their originating parent protein, degenerate peptides are assigned 

to a group of proteins that can contain them, and the proteins are also given a 

probability score that is determined by the quality and number of unique 

peptides assigned to it [1].  Given the usual low abundance of 

phosphoproteins in cell lysates and the low abundance of phosphopeptides 

resulting from the phosphopeptide enrichment protocol discussed later in this 

chapter, a phosphopeptide may be the only peptide assigned to its parent 

protein.  Further adding to the challenge of identifying phosphopeptides is the 

phenomenon of neutral loss of phosphoric acid (H3PO4) during fragmentation 

of the phosphopeptide [2].  Briefly, the energy required to break the bond 

between the phosphate group and the S or T (less so for Y) residue is often 

less than the energy required to break bonds along the peptide backbone.  In 

these cases, the most common fragment ion after CID is the original 

phosphopeptide minus phosphoric acid [3].  The database searching algorithm, 

which requires fragmentation of the peptide backbone to generate peptide 

sequence information, has considerable difficulty matching the MS/MS spectra 
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with a prominent neutral loss of phosphoric acid and limited backbone 

fragmentation, and calculates a frequently aberrantly low identification score 

for the phosphopeptide.  The typical use of a probability score threshold, 

determined by having a predicted false discovery rate (FDR) of between 0.5 - 

0.9% in this work, to automatically accept or reject proteins often results in the 

incorrect rejection of phosphopeptide identifications [4-6].  As a result, when 

expert personnel are available, phosphopeptides failing to score above the 

FDR threshold can be manually validated to determine if they should be 

included in the accepted protein and peptide list [7].  This entails hundreds to 

thousands of laborious, time-consuming manual examinations of MS/MS 

spectra for each sample fraction.  To make matters worse, identical 

phosphopeptide spectra may appear in several fractions and samples, leading 

to tedious repeat validations.  Prior to the implementation of the software 

modifications to be discussed later in this chapter, Dr. Brill would visually 

inspect each proposed phosphopeptide identification in a sample fraction, then 

note on paper if the phosphopeptide had an acceptable spectrum.  Once the 

validation for a sample fraction was complete, Dr. Brill would return to the list 

of accepted proteins and peptides and copy-and-paste the accepted 

phosphopeptides into the list.  Aside from the actual examination of spectra, 

software was written to automate the phosphopeptide validation methodology, 

substantially reducing human errors and processing time.  These software 

modifications will be described in the second half of this chapter. 
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B. Materials and Methods – Mass Spectrometry 

B.1 Cell Lysate Generation and Protein Precipitation 

Materials and Reagents 

10% FBS media , Wnt3a-conditioned media  (WCM), and 206A as 

previously described. 

Lysis buffer (70mL) preparation began one day before the cell lysis.  On 

a stir plate, 3.5 mL 1M Tris pH 7.5 (J.T. Baker cat. #X171-03, stock solution 

made in Milli-Q water by lab technician, 50 mM final), 1.4 mL 5M NaCl (J.T. 

Baker cat. #4058-05, stock solution made in Milli-Q water by lab technician, 

1% of final volume), 0.7 mL Nonidet P-40 (American Bioanalytical cat. 

#AB01425, 10% of final volume), and 0.14 mL 0.5M EDTA (Sigma-Aldrich cat. 

#ED2SS-500G, 1 mM final) were combined with 22.3 mL HPLC-grade water 

(Sigma-Aldrich cat. #34877-4L) for a final volume of 35 mL and left overnight 

at 4°C.  On the day of the experiment, 51.45 mg sodium orthovanadate 

(Aldrich cat. #450243-10G, 4 mM final), 302.6 mg glycerol 2-phosphate 

disodium salt hydrate (Sigma G9891-25G, 20 mM final), 0.7 mL phosphatase 

inhibitor cocktail I (Sigma cat. #P2850-1ML, 1:100 dilution), 0.7 mL 

phosphatase inhibitor cocktail II (Sigma cat. #P5726-1ML, 1:100 dilution), 0.14 

mL of 50 μg/mL Calyculin A stock in DMSO (A.G. Scientific cat. #C-1031, 100 
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nM final), 33.6 mg Pefabloc (Fluka cat. #76307-100MG, 2mM final), and 0.7 

mL protease inhibitor (Sigma cat. #P840-1ML, 1:100 dilution) were added to 

the existing mixture while iced on a stir plate along with another 33.5 mL HPCL 

water for a final volume of 70 mL.  The lysis buffer is kept on ice or at 4°C for 

the duration of the experiment. 

Large cooking spatulas (Vons) for scraping cells were washed with 

distilled water and 70% ethanol and autoclaved at 250°F prior to the 

experiment. 

Centrifuge tubes with caps able to withstand 30,000g were washed with 

distilled water and 70% ethanol and allowed to dry before the experiment.  

These were thoroughly washed and dried again between uses during the 

experiment. 

Protocol 

RKO cells as previously described were maintained in culture in 150mm 

plates in 10% fetal bovine serum (FBS) media.  Routine passages were 

conducted using phosphate-buffered saline (PBS) [Cellgro cat. #21-040-CV], 

0.25% trypsin-EDTA [Gibco cat. #25200], and gelatin [Stemcell Technologies 

cat. #07903].  One day prior to the experiment, 2*107 cells were added to each 

plate such that there would be ~4*107 cells per plate on the day of the 

experiment.  32 plates total were prepared for the experiment, of which 24 
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were used for generating lysates for mass spectrometry analysis, two plates 

for each of 12 conditions (Table 1).  Four additional plates were prepped as 

backup plates in case of error, and the final four plates were set aside to be 

used for 24-hour luciferase assay validation, to confirm Wnt and 206A activity.  

With regards to the assay validation plates, the first plate was designated as 

the control and left untreated, the second plate had 1.7 mL WCM added to it, 

the third plate had 15 μL 206A stock added, and the fourth plate had both 1.7 

mL WCM and 15 μL 206A stock included.  The luciferase assay was 

performed 24 hours later as described in the previous chapter.   Firefly 

luciferase readings were normalized by Renilla luciferase values and expected 

behavior in all cases (Figure 2). 

Here, treatment and lysis of cells will be discussed.  For the given 

condition (Table 1), one confluent 150mm plate was removed from the 

incubator and 1.7 mL WCM, 15 μL 206A stock, both, or neither (for the 

negative control) were added to the plate.  The plate was moved in a circular 

motion to gently but thoroughly mix the media and then replaced in the 

incubator.  After waiting 5, 10, or 30 minutes as required, the plate was moved 

from the incubator onto an ice-filled bucket to slow cell metabolism.  The 

media was aspirated and replaced with 12 mL ice-cold PBS, which was then 

aspirated following gentle swirling of the plates.  2.4 mL lysis buffer was 

pipetted onto the cells, which were then scraped off the plate using a cooking 

spatula and collected into a labeled centrifuge tube on ice.  The procedure was 
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repeated for all 24 plates, where lysates from each set of two plates with the 

same condition were added to the same centrifuge tube.  The 24 plates were 

divided into three groups of eight plates based on the time of treatment.  For 

example, the “5-minute set” consisted of the 5-minute control plates, the 5-

minute 10% WCM-treated plates, the 5-minute 10 μg/mL 206A-treated plates, 

and the 5-minute 10% WCM plus 10 μg/mL 206A-treated plates.  Plates in the 

same “time set” were processed sequentially.  Due to the limited number of 

centrifuge tubes available, each “time set” was processed separately and 

taken to the overnight protein precipitation step (described below) before the 

next “time set” was processed.  For the treatment and lysis portion of the 

experiment, lab technician Jessica Kim assisted by adding WCM and 206A to 

plates. 

The following reviews the steps necessary to separate and retain 

protein from cellular debris.  Centrifuge tubes with lysates were angled at a 

45° angle, where 90° is vertical, in the ice bucket, and the bucket was placed 

on a rocker at ~1 Hz for 30 minutes to agitate lysates and further solubilize 

proteins.  The tubes were then weighed, and additional lysis buffer was added 

if warranted to balance the tubes.  Lysates were centrifuged for 20 minutes at 

15,000 g at 2°C and supernatants were transferred to fresh centrifuge tubes.  

Lysates were centrifuged again for 20 minutes at 15,000 g at 2°C and 

supernatants were transferred to fresh centrifuge tubes.  These “clarified 

lysates,” containing proteins in solution, were now free of cellular debris.  The 
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next task was to induce protein precipitation by saturating with ammonium 

sulfate ((NH4)2SO4, Sigma-Aldrich cat. #A4915-500G) at 0.608 g/mL.  From 

earlier test runs, this was too much ammonium sulfate and some remained un-

dissolved, so after measuring the lysate volume in a centrifuge tube and 

calculating the required amount of ammonium sulfate, 0.06 g less than 

calculated was measured out and added to the lysates.  The tubes were 

secured along their long axes to a rotating rocker overnight at 4°C.  At this 

point, used centrifuge tubes were washed as described to be available for the 

next “time set” treatment and lysis. 

The next procedure was used to remove excess ammonium sulfate 

while minimizing loss of precipitated protein. On the following day, the 

centrifuge tubes containing lysates were removed from the rotating rocker and 

checked for un-dissolved ammonium sulfate crystals.  In addition to 

precipitated protein floating within the cloudy liquid phase, considerable 

amounts of protein were attached to the walls of the tubes, on the side that 

had been in contact with the rocker.  Scraping the protein from the walls would 

have resulted in an unacceptable loss of protein, thus the ammonium sulfate 

crystals resting at the base of the tube had to be removed prior to pelleting of 

protein.  Dr. Brill recommended the use of ultraclean tweezers to remove the 

crystals, however the opaque liquid in conjunction with the still significant 

number of crystals present would have made this a daunting, painstaking, and 

time-consuming task.  An alternative method was developed whereby the 
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liquid phase in each original centrifuge tube (A) was first gently decanted 

along a protein-free side into a clean centrifuge tube (B), leaving as many 

crystals within tube A as possible.  Next, HPLC-grade water was then pipetted 

into tube A, with care taken not to touch the protein attached to the tube walls.  

HPLC-grade water and crystals were then rapidly decanted along a protein-

free wall into a waste container.  Further HPLC-grade water addition and rapid 

decanting were performed until crystals were completely cleared from tube A.  

The liquid phase was then poured from tube B back into tube A, and tube A 

was centrifuged at 15,000 g at 2°C for 20 min to pellet the precipitated protein.  

The now-clear supernatant was discarded, and the tubes with protein pellets 

were stored at -80°C until preparations were complete for the next phase of 

processing. 

 

B.2 Protein Re-suspension and Digestion with Trypsin 

Materials and Reagents 

Wash buffer was prepared consisting of 20 mL final volume of 

Dulbeccoʼs PBS (DPBS, Cellgro cat. #21-031-CV) that was 85% saturated 

with ammonium sulfate ((NH4)2SO4).  This was accomplished by pipetting 15 

mL of DPBS, then measuring out and adding 0.608 g/mL of 85% of the final 

volume (20 mL * 0.85 * 0.608 g/mL = 10.336 g) of ammonium sulfate on a stir 

plate before raising the volume to 20 mL with DPBS.  40 μL of Calyculin A 



  32 

   

stock (100 nM final) and 200 μL each of Sigma phosphatase inhibitor cocktails 

I and II (1:100 dilution) were also included. This preparation was kept on ice 

until needed.  This volume is sufficient to wash two samples. 

8 M urea/100 mM ammonium bicarbonate mixture, 220 mL final volume, 

was made by starting with 55% of final volume, or 121 mL, of HPLC-grade 

water, then adding 105.71 g urea (Sigma cat. #U1250) and 1.739 g 

ammonium bicarbonate (NH4HCO3, Fluka cat. #09830) based on the final 

volume.  Dissolution of the urea improved after briefly microwaving the solution.  

More HPLC-grade water was added to reach 220 mL.  After all the urea and 

ammonium bicarbonate entered solution, the mixture was kept on ice.   

Re-suspension/elution buffer preparation began with 43 mL of the 8 M 

urea/100 mM ammonium bicarbonate mixture, to which was added 430 μL 

each of Sigma phosphatase inhibitor cocktails I and II for a 1:100 dilution.  86 

μL of Calyculin A stock was also added, for a final concentration of 100 nM.  

This buffer was well mixed and kept on ice.  

Sequencing grade trypsin was reconstituted just before use by 

combining 40 μL trypsin re-suspension buffer to 20 μg lypholized trypsin 

(Promega cat. #V5111).  Both were kept at -20°C prior to reconstitution. 
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50 mM dithiothreitol (DTT) stock was prepared by adding 92.6 mg DTT 

(Fluka cat. #43817) to 12 mL HPLC-grade water.  DTT stock was stored at 

room temperature. 

200 mM iodoacetamide (IAA) stock was prepped by adding 51.8 mg 

IAA (Sigma cat#16125) to 1.4 mL HPLC-grade water in a foil-wrapped 

Sarstedt tube.  The tube was protected from light while in use and stored at -

80°C, also protected from light. 

0.1 M ammonium bicarbonate (NH4HCO3) stock was formulated by 

combining 79.1 mg of NH4HCO3 (Fluka cat. #09830) with 10 mL HPLC-grade 

water and kept at room temperature. 

0.1% formic acid was prepared by combining 10.2 mL 98% formic acid 

(EMD Biosciences cat. #11670-1) with 9989.8 mL HPLC-grade water for a 10 

L solution.   

50% acetonitrile (Fisher cat. #A998-4 )/0.05% formic acid was made by 

combining equal volumes of 0.1% formic acid and 100% acetonitrile.   

0.1% formic acid/2.0% acetonitrile with volume 2 L was generated by 

combining 2.04 mL 98% formic acid, 20 mL 100% acetonitrile, and 1978 mL 

HPLC-grade water. 

40% acetonitrile/0.06% formic acid was prepared by combining two 

parts 100% acetonitrile to three parts 0.1% formic acid by volume. 
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Protocol 

Two sets of five samples each were selected for mass spectrometry 

analysis (Table 1).  The first set, consisting of samples 3745-3748, included a 

technical replicate of the negative control 3745 and three experimental 

conditions, 3746-3748, for five samples total.  The first set had a fixed 

treatment time of 10 minutes but differing experimental treatment conditions of 

10% Wnt, 10 mg/mL 206A, and a combination of 10% Wnt plus 10 mg/mL 

206A.  In contrast, samples 4261-4265 had biological replicates of the 

negative control in 4261-4262 and the fixed experimental condition of 10 

mg/mL 206A with varying treatment times of 5, 10, and 30 minutes for 4263-

4265.  It is important to note that the experimental samples were processed as 

singletons, without replicates.  The reason for this was the high cost in both 

resources and time.  The lengthy protocol and costly reagents made the cost 

per sample very expensive.  Moreover, the average processing time per 

sample was approximately one month or sometimes more if there was a 

backlog of samples that required mass spec-based analysis.  The lack of 

experimental replicates significantly complicates mass spec data analysis and 

will be the topic of Chapter 4.  The selected samples required further 

processing to prepare them for mass spec analysis. 

The first task was to thaw, rinse, and re-suspend the protein.  Protein 

pellets for two samples were removed from -80°C storage, and 10 mL of wash 
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buffer was added to each centrifuge tube.  The pellets were rinsed by gently 

swirling the wash buffer in the tubes, then re-pelleted by centrifugation at 

15,000 g for 20 minutes at 2°C followed by removal of the supernatant.  5 mL 

re-suspension buffer was added to each tube, and following complete re-

suspension of the pellet, performed carefully to avoid frothing, the volume was 

raised to 7.5 mL with the same buffer. 

The next step was to begin removing impurities via gel filtration and to 

quantify the amount of protein.  Six PD-10 columns (GE Healthcare cat. #17-

0851-01) were equilibrated by loading each with 25 mL of 8 M urea/100 mM 

ammonium bicarbonate mixture.  2.5 mL of re-suspended protein was added 

to each column, such that the 7.5 mL from one sample was loaded on three 

columns.  1 mL re-suspension buffer was added to each of six 15 mL labeled 

conical Falcon tubes, which were then positioned under appropriate 

corresponding PD-10 columns.  Protein was eluted with 3.5 mL of re-

suspension buffer into each of the columns.  The Bradford protein assay was 

then performed in duplicate for each Falcon tube (Thermo cat. #23238).  Using 

bovine serum albumin (BSA, New England Biolabs cat. #B9001S) with stock 

concentration 10 mg/mL, a standard curve with concentrations between 25 

μg/mL and 2 mg/mL was generated using re-suspension buffer as the diluent.  

50 μL of standard or sample was added to 1.5 mL of Bradford reagent in 2 mL 

Eppendorf tubes, which were inverted multiple times and then incubated at 

room temperature for 10 minutes.  The contents of each Eppendorf tube were 
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transferred to plastic cuvettes, and a luminometer was set to read absorbance 

at 595 nm.  Following the reading of an HPLC-grade water blank, the standard 

ladder was read into the luminometer and then followed by sample readings.  

In order to avoid proteins irreversibly aggregating, a mixture of 80% 

glycerol/20% HPLC-grade water was added in a 1:1 ratio to protein 

suspension solution in each 15 mL conical Falcon tube, such that the final 

urea concentration was 4 M.  The Falcon tubes could then be safely stored at -

80°C. 

Proteins were digested with trypsin into peptides, and disulfide bonds 

were reduced and alkylated, then more trypsin was added for further digestion.  

One sample tube (or more if the total protein mass in one Falcon tube was 

less than 1 mg) was thawed, then 1 mg of protein was aliquoted into 1.5 mL 

screw cap Sarstedt tubes (part no. 72.692.005) such that the protein mass in 

any single Sarstedt tube was a convenient fraction of 1 mg (e.g. 0.5 mg, 0.25 

mg, 0.125 mg, etc.) and the sample volume in the tube was less than 500 μL.  

Falcon tubes with remaining sample were returned to -80°C.  The suggested 

mass fractions enabled simpler division of trypsin later, and the volume 

limitation was due to the need to load additional reagents without overfilling the 

Sarstedt tubes.  40 μL (20 μg) of sequencing-grade trypsin was divided evenly 

among the tubes which together contained a total of 1 mg of sample protein, 

and the tubes with samples were left to digest overnight at 37°C, 600 RPM in 
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an Eppendorf Thermomixer.  The next day, 50 mM DTT stock equal to 1/4 the 

existing volume within the Sarstedt tube was added, for a 10 mM DTT final 

concentration, then incubated at 37°C for 30 minutes.  200 mM IAA stock 

equal to 1/9 the current volume within the tube was added to each Sarstedt 

tube, and the tubes were incubated while protected from light for 45 minutes at 

37°C.  The volume in each tube was then doubled with 0.1 M NH4HCO3 stock, 

and an additional 40 μL (20 μg) of sequencing-grade trypsin was divided 

evenly among the tubes before allowing the samples to digest overnight at 

37°C and 600 RPM. 

Digested proteins were desalted and dried.  For peptides from each 1 

mg protein sample, a Sep Pak Plus C18 cartridge (Waters part #Wat020515) 

was obtained.  A 10 mL syringe was washed with 10 mL of acetonitrile, then 

10 mL of 50% acetonitrile/0.05% formic acid.  Next, each cartridge was 

washed with 10 mL 50% acetonitrile/0.05% formic acid and 10 mL of 0.1% 

formic acid/2.0% acetonitrile with a flow rate of 5 mL/minute.  The entire 1 mg 

of one sample was drawn into the syringe and loaded into a cartridge with a 

flow rate of 2 mL/minute.  Desalting occurred by passing 10 mL 0.1% formic 

acid/2.0% acetonitrile twice through a cartridge, and a sample was eluted from 

a cartridge with 1.6 mL of 40% acetonitrile/0.06% formic acid with a 2 

mL/minute flow rate into a 2 mL screw cap Sarstedt tube.  Using the syringe 

needle, the Sarstedt tube caps were each punctured twice, then the tube was 

placed in a speed vac overnight at 35°C to dry the sample.  The next day, the 
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cap was replaced with a new one, and the sample was stored at -80°C until 

needed for strong cation exchange chromatography (SCX) fractionation. 

 

B.3 Automated SCX Fractionation, Automated Desalting, and 

Phosphopeptide Enrichment 

Materials and Reagents 

Solvent A was 0.1% formic acid as described previously.  Solvents A, B, 

C and D were reformulated by Dr. Brill or Dr. Hou whenever stock ran low.   

Solvent B was 100% acetonitrile. 

Solvent C was 5% acetonitrile/0.1% formic acid in HPLC-grade water. 

Solvent D was 25% acetonitrile/0.1% formic acid containing 500 mM 

potassium chloride (KCl, Sigma cat. #P-9333) in HPLC-grade water. 

95:5 A:B contained 95% Solvent A and 5% Solvent B by volume. 

95:5 C:D consisted of 95% Solvent C and 5% Solvent D by volume. 

Wash solvent consisted of a 40:40:20 mixture by volume of 100% 

acetonitrile, isopropanol (IPA, JT Baker cat. #9084-05), and HPLC-grade 

water.  It was used to clean columns used in the separations. 
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TiO2 Loading buffer contained 65% acetonitrile / 2% trifluoroacetic acid 

(TFA, Thermo Scientific part #TS-28904) in HPLC-grade water, saturated at 

~10 mg/mL with glutamic acid (Sigma-Aldrich cat. #G1251). 

TiO2 Wash buffer 1 was 65% acetonitrile/0.5% TFA in HPLC-grade 

water. 

TiO2 Wash buffer 2 was 50% acetonitrile/0.1% TFA in HPLC-grade 

water. 

TiO2 Elution Buffer 1 was 50% acetonitrile/0.3 M ammonium hydroxide 

(NH4OH, Mallinckrodf cat. #3256) in HPLC-grade water. 

TiO2 Elution Buffer 2 was 5% acetonitrile/0.3 M NH4OH in HPLC-grade 

water. 

Titanium dioxide (TiO2) slurry was prepared by adding TiO2 beads (GL 

Sciences part #1400B500) at a final concentration of 10 mg/mL in loading 

buffer.  After weighing a 1.5 mL Sarstedt tube, beads were added directly to 

the tube, and the difference in weight determined the amount of loading buffer 

to add. 

Protocol 

Automated fractionation and desalting was performed by Paradigm 

MDLC instrumentation consisting of auto-sample/fraction collector, binary-
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binary HPLC-grade and UV detector from Brucker-Michrom.  Solvent bottles 

containing Solvents A, B, C, and D were connected to this instrumentation, 

and sufficient volumes of all four were maintained throughout both procedures.  

Xcalibur v. 2.0 software from Thermo Fisher Scientific with custom plug-ins 

from Bruker-Michrom running on a Windows XP PC controlled all the 

instrumentation.  The complex automated methods for fractionation and 

desalting were developed by Dr. Brill and will not be presented here, see [8] 

for detailed descriptions of both procedures.  The methods included below only 

describe the manual work necessary for the protocols.  

To collect the soon-to-be-produced SCX fractions, 64 plastic vials with 

caps (Sun-sri, Inc., cat. #501307 and #501318) were washed by filling with 

IPA, aspirating, filling with methanol (Sigma cat. #439193), aspirating again, 

and leaving them upside-down on Kimwipes.  After aspirating them once 

more, one set of 32 vials was marked to indicate 300, 350, and 400 μL of 

volume using HPLC-grade water.  These lines would be used later to estimate 

the volume remaining in the vials after partial dry-down.  The HPLC-grade 

water was aspirated from the vials after the final marking.  A Sarstedt tube 

containing 1 mg dried tryptic peptides from a total (phospho)proteome sample 

was resuspended in 80 μL 95:5 solvents C:D, followed by maximum vortexing 

(Vortex Genie 2, Scientific Industries, Inc.) for 30 seconds, vortexing at setting 

6 for 10 minutes, maximum vortexing for 30 seconds, sonication in a water 

bath for 10 minutes, and maximum vortexing for 30 seconds.  Centrifugation 
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for 10 minutes at 14,000 rpm pelleted insoluble material and the supernatant 

containing the peptides was transferred to a sample glass vial (Waters part 

#186001124DV), taking care not to include any of the pelleted material, and 

the pellet was discarded. 

Preparations were now ready for automated SCX fractionation.  All 80 

μL of sample peptides were loaded onto a polysulfoethyl A column (PolyLC 

Inc. item #202SE0502).  Peptides were eluted from the column with an SCX 

gradient starting from 95% Solvent C / 5 % Solvent D whereby Solvent C 

content decreased and Solvent D content increased to 100% Solvent D.  The 

gradient was described previously [9] At the end of the process, there were 32 

X 400 μL fractions.  The vials containing the fractions were placed in a speed 

vac at 35°C for 15 minutes to evaporate some of the acetonitrile and improve 

binding of peptides to the macrotrap during the upcoming desalting process.  

Following partial dry-down, the vials were capped and stored at 4°C. 

The marks on the vials were used to estimate the remaining volume of 

each SCX fraction, and these volumes were entered into the sample queue for 

automated desalting.  Using these volumes, the SCX fractions were loaded 

individually and separately from 1 to 32 on a macrotrap (Bruker-Michrom), to 

which the peptides became bound.  98% Solvent A / 2% Solvent B was 

passed through the macrotrap to desalt the sample.  A step gradient of 98% 

Solvent A / 2% Solvent B to 50% Solvent A / 50% Solvent B was used to elute 
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desalted SCX fractions as described in detail elsewhere [9].  The desalted 

eluant in each fraction contained approximately 840 μL, measured precisely 

with a pipetteman, and the volume was divided evenly between two 1.5 mL 

Sarstedt screw cap tubes, such that each tube contained approximately 420 

μL.  The Sarstedt caps were punctured, and the fractions were dried overnight 

in a speed vac at 35°C.  The following day, the Sarstedt caps were replaced, 

and all fractions were stored in -80°C.  Only one of the two Sarstedt tubes 

from each fraction would undergo further processing, where the other would 

serve as a backup in case of experimental error with the first.  As fractions 1 

and 29-32 contained essentially no peptides, they were not processed any 

further. 

Phosphopeptide enrichment proceeded via Fe3+-immobilized metal 

affinity chromatography (IMAC) for Samples 3745-3748 and using a TiO2-

based method for samples 4261-4265.  Prior to Dr. Junjie Houʼs arrival, 

phosphopeptide enrichment was performed on desalted SCX fractions by Dr. 

Brill using IMAC.  The methods were similar to that of automated SCX 

fractionation and desalting, with the use of a 0.3 X 150 mm IMAC column 

(Bruker-Michrom) packed with Poros20MC beads (Applied Biosystems) to 

enrich phosphopeptides, and the additional collection of wash and flow-

through fractions, which contained primarily non-phosphopeptides, and 

finishing with the elution of enriched phosphopeptides.  After Dr. Houʼs arrival, 

he developed a TiO2-based batch method which had the advantage of 
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improved phosphopeptide selectivity.  The process began by vortexing the 

TiO2 slurry for 30 minutes at room temperature to re-suspend the TiO2 beads.  

One Sarstedt tube from each desalted SCX fraction of a sample half-set 

(fractions 2-14 or 15-28) were filled with 40 μL slurry and 160 μL loading 

buffer, and vortexed at setting 6 for 60 minutes at room temperature.  Plastic 

vials (Sun-sri, part no. 501-307), one for each fraction being processed, were 

washed with methanol and IPA as before and air-dried.  Glass vials, one for 

each fraction being processed, were successively filled with 100, 150, and 200 

μL of HPLC-grade water, with a mark placed to delineate the height of each 

volume, and the water was discarded when done.  Sarstedt tubes were then 

transferred to a picofuge and spun for 30 seconds at maximum speed.  The 

supernatant from each fraction was transferred to the corresponding fraction 

number-labeled plastic vial, and the Sarstedt tubes were refilled with 200 μL 

loading buffer.  The Sarstedt tubes were vortexed at setting 6 for 30 minutes at 

room temperature and centrifuged for 30 seconds at maximum speed, and the 

fraction supernatants were transferred to their corresponding plastic vials.  

This process was repeated for 200 μL wash buffer 1 and again for 200 μL 

wash buffer 2.  After saving wash buffer 2, 200 μL elution buffer 1 was added 

to each vial, and the Sarstedt tubes were incubated at 45°C at 1400 RPM for 

one hour in the Thermomixer.  The tubes were then centrifuged at maximum 

speed for 30 seconds, and the supernatants were transferred to a fraction 

number-labeled glass vial.  This procedure was repeated with 200 μL elution 
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buffer 2.  The vials were now placed in the speed vac at 40°C for partial dry-

down.  The goal of the dry-down was to reduce the volume in each vial to 

under 100 μL, ideally around 50 μL, but avoid complete evaporation.  Due to 

their higher starting volumes, the plastic vials containing nonphosphopeptides 

were placed in the speed vac immediately after the inclusion of wash buffer 2 

and were joined by the glass vials containing phosphopeptides as soon as 

enriched phosphopeptides contained in elution buffers 1 and 2 were collected.  

Volumes were frequently checked due to irregular and unequal drying rates for 

each fraction.  Drying time for any one fraction varied from two to five hours.  

Once each fraction was reduced to 50 μL or less, 100 μL of 95:5 solvents A:B 

was added to each vial.  The exact volumes in the plastic vials were 

determined using a pipette, and the volumes in the glass vials were estimated 

using the markings prepared earlier.  These volumes would be utilized to cue 

samples for LC-MS/MS analysis. 

 

B.4. LC-MS/MS Analysis and Database Searching for Peptide and Protein 

Identification 

Given the delicate, complex, and expensive nature of the mass 

spectrometers, Dr. Brill and Dr. Hou performed the actual mass spec analysis 

as well as the protein database search to match spectral data to peptides and 

proteins.  An overview of the characteristics and salient points regarding these 
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processes is presented here.  Samples 3745-3748 were processed on an LTQ 

Orbitrap XL whereas samples 4261-4265 were processed on the newer LTQ 

Orbitrap Velos equipped with electron transfer dissociation (ETD; henceforth 

termed the “Velos”).   The Velos was purchased and installed after finishing 

the analysis of samples 3745-3748, which was why it was unavailable to 

process that sample set.  The Velos is faster and more sensitive than the 

Orbitrap XL.  In both cases, the samples were loaded onto a peptide captrap 

(Bruker-Michrom) and separated using a reverse phase high performance 

liquid chromatography (RP HPLC) column (0.2 X 150 mm, Magic C18, 3 um 

particles, 100 angstom pores, Bruker-Michrom) and gradually eluted for 

analysis using a gradient of 2%-30% Solvent B over 90 min (Samples3745-

3748) [8] or 10%-30%B over 30 or 45 min for Samples4261-4265 [9].  The 

MS/MS methods were data-dependent in which precursor ions were scanned 

in the Orbitrap at a resolution of 60,000, and the most abundant precursor ions 

(top 4 for the Orbitrap XL and top 20 for the Velos) were subjected to MS/MS 

scans (When successful peptide IDs were obtained from MS/MS scans, their 

spectral counts were incremented).  Dynamic exclusion was for 30 seconds on 

the Velos and 90 seconds on the Orbitrap XL.  On the OrbitrapXL, the repeat 

count was 2, whereas the repeat count was 1 on the Velos.  The Velos 

fragments and scans approximately 2-3-fold faster than the OrbitrapXL.  

MS/MS methods on the Velos included “decision tree” software, which 

includes the ability to dynamically choose between collision induced 
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dissociation (CID) or electron transfer dissociation (ETD) to increase the 

probability of a successful peptide ID [10].  In addition, the Velos is about 10-

fold more sensitive, so this combined with its higher speed resulted in the 

detection of more unique peptides, where each peptide typically has an equal 

or higher spectral count when compared to the Orbitrap XL.  The LC-MS/MS 

methods using the OrbitrapXL were described previously [8], whereas those 

for the Velos have been accepted for publication [9].  For each half-set 

(fractions 2-14 or 15-28) for one sample, the running time on the Velos was 

approximately two-and-a-half days, and longer on the OrbitrapXL. 

The resulting raw data was processed to correct mean precursor ion 

mass drift based on known background ion m/z ratios of 445.120029 and 

519.138821, remove H3PO4-neutral loss ions from CID spectra and remove 

un-fragmented precursor ions, un-fragmented, charge-reduced precursor ions 

and neutral losses from un-fragmented precursor ions and charge-reduced 

precursor ions in ETD MS/MS spectra using a script developed by Dr. Hou [9].  

LC-MS/MS data from enriched phosphopeptide fractions, non-binding 

and wash fractions from phosphopeptide enrichment procedures was 

combined.  If the sample fraction contained low numbers of peptides from 

early or late in the SCX gradient, it was combined with a neighboring SCX 

fraction (e.g. fractions 2 and 3) before the protein database searches.  The 

actual spectral datasets used in the search will be referred to as “search 
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fractions.”  Samples 3745-3748 from the OrbitrapXL had 4 search fractions per 

sample, whereas samples 4261-4265 from the Velos had 23 search fractions 

per sample due to the larger quantity of data produced by the Velos.  These 

fractions were searched against an international protein index (IPI) v. 3.22 for 

Orbitrap XL data or v. 3.73 protein database for Velos data to identify 

peptides. Post search filtering at a FDR < 1% was with ProteinProphet (Trans-

Proteomic Pipeline, Institute for Systems Biology, Seattle, WA), which also 

grouped peptides into protein entries. Phosphopeptides belonging to proteins 

passing the FDR threshold were automatically accepted after extensive 

confirmation of their low FDR by Dr. Brill, whereas those whose identification 

was acceptable in spite of lower search scores were validated and added to 

the library of accepted phosphopeptides so they could be automatically 

accepted when identified subsequently. Excel files for each search fraction 

containing the protein and peptide data were prepared.  The partial automation 

of phosphopeptide validation and complete automation of Excel data file 

preparation will be the topic of the second half of this chapter. 

 

C. Automation of Phosphopeptide Validation and Fraction 

Data File Generation 
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C.1. Overview of the Software Development Platform 

Sorcerer-SEQUEST and its successor, Sorcerer Enterprise (SageN 

Research, Inc., Milpitas, CA), are servers that run both the SEQUEST protein 

search algorithm for matching MS/MS spectra to peptide sequences as well as 

ProteinProphet, a component of the Trans-Proteomic Pipeline software (TPP, 

Seattle Proteome Center, Seattle, WA) post-search protein and peptide 

viewing and FDR filtering, which utilizes a web interface.  All software 

modifications were integrated into TPP on the Sorcerer and Sorcerer 

Enterprise (henceforth “production servers”), but software development and 

debugging occurred on a test server.  In order to eliminate software 

incompatibilities due to differences in the operating system, the test server 

was set up to mimic the production server as closely as possible.  At the start 

of software development, the production server used the open source Linux-

based Community Enterprise Operating System (CentOS, 

http://www.centos.org/) version 5 and TPP version 4.3.1.  The test server was 

a MacBook Pro running OS X Snow Leopard (10.6) as well as VMware Fusion 

version 2, virtual machine software on which was loaded CentOS 5 and TPP 

4.3.1.  The web server configuration file (httpd.conf) used on the production 

server was provided by Patrick Chu of SageN for use on the test server.  The 

Perl module perl-DBD-pg was installed on both test and production servers to 

allow Perl scripts access to PostgreSQL databases.  After the production 

server was upgraded to Sorcerer Enterprise, which runs Red Hat Enterprise 
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Linux (RHEL), it was determined that it was not necessary to install and 

configure RHEL on the test server, given the substantial similarities in the 

CentOS and RHEL operating systems.  TPP on the test server was upgraded 

to version 4.4 to mirror the production server. 

The primary programming languages underlying the automation 

software were Java and Perl, although XSL, XML, HTML, SQL, and shell 

scripts were also involved.  For Java, Netbeans [11] version 6.8 running Java 

Standard Edition (SE) 6.0 was used for design and implementation of web 

applets with graphical user interfaces (GUIs).  Both Eclipse and Netbeans 

were installed in OS X on the test server, and the applets designed in 

Netbeans were transferred to CentOS on the test server VM for further 

evaluation prior to use on the production server.  The Java SE 6.0 application 

programming interface [12] was frequently referenced throughout the 

programming process.  Perl programming was conducted on the CentOS VM 

using the text editor emacs, a program pre-loaded during the installation of 

CentOS.  “Essential Perl” by Nick Parlante [13], a compilation of the most 

important Perl programming functions and associated syntax, was an 

invaluable reference.  Emacs was also used as an editor for the other 

languages. 
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C.2. Custom Phosphopeptide Database Design and Implementation 

The goal of this database was to store accepted phosphopeptides, to 

prevent the need for repeated validations of the same phosphopeptide across 

several fractions and different total (phospho)proteome samples.  Once 

validated, a phosphopeptide would be included in the list of detected peptides 

and proteins generated for a sample regardless of the phosphopeptide and its 

parent proteinʼs calculated probabilities of identification accuracy by 

ProteinProphet, because calculation of these probabilities is especially 

challenging for phosphopeptides.  The characteristics to be recorded included 

not only the phosphopeptide sequence but also the name of the fraction and 

sample from which the phosphopeptide was validated, the date of validation, 

and the name of the validating scientist (Dr. Brill or Dr. Hou).  Mistakes can be 

corrected via removal of inaccurately accepted phosphopeptides. 

The initial implementation used a flat text file to store the 

aforementioned phosphopeptide characteristics.  Each line in the text file 

contained the information for a single validated phosphopeptide, and lines in 

the file would be added or removed as phosphopeptides were added or 

removed.  Due to unexpectedly rapid growth in the number of validated 

phosphopeptides, this approach soon became unusable.  A robust database 

management system (DBMS) was clearly needed.  The popular open source 

DBMS MySQL was chosen first but was quickly substituted with PostgreSQL 
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[14] to avoid conflict with a MySQL database already utilized by SageN on the 

production server. 

Although a single table containing all the phosphopeptide 

characteristics would have been possible, good database design stipulates 

that no text should be repeated in any column.  The rationale is that text that is 

repeated in multiple records in the same table need to be edited, then all the 

records with that text would have to be edited.  This could potentially be a 

resource-expensive and time-consuming operation.  Instead, text that 

otherwise would be repeated should be placed in a separate table, so that 

edits to that text need only to occur to a single record.  For the accepted 

phosphopeptide database, the fraction/sample names and scientist names 

would have been repeated, thus each received its own table.  The third table 

contained unique, accepted phosphopeptide sequences and references to 

records in the other two tables.  Although access to the production server was 

limited to users on the Sanford-Burnham intranet, the database was password 

protected to further limit unauthorized access to the accepted phosphopeptide 

database.  Additionally, daily, weekly, and monthly backups of the database 

were automatically generated using a custom shell script and the Linux built-in 

cron command.  This would provide a safeguard against accidental 

catastrophic loss of accepted phosphopeptide data due to user error or 

hardware/software failure. 
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C.3 Modifying protxml2html.pl: Marking Accepted Phosphopeptides 

Early automation efforts focused on providing Dr. Brill with software 

tools that would reduce both user error and user workload during manual 

phosphopeptide validation within each search fraction.  These tools would 

supplement Dr. Brillʼs existing methods for manual validation and make these 

methods more efficient.  Previously, Dr. Brill would visually scan the list of 

identified peptides for a search fraction in TPPʼs ProteinProphet protXML 

Viewer web interface to find phosphopeptides, which are denoted by addition 

of 79.96633 Da, rounded to 80 Da for ion trap data, to serine, threonine, and 

tyrosine residues, specifically resulting in residue masses of S167, T181 and 

Y243, respectively (Figure 3A).  With visual scanning, phosphopeptides could 

be easily overlooked and missed.  The first modification involved placing a 

unique identifying mark (“----“) next to phosphopeptides that had not yet been 

auto-accepted due to their high probability or manually validated, so that Dr. 

Brill could use a web browserʼs search function to find that mark.  Once a 

phosphopeptide had been accepted/validated, a second unique identifying 

mark (“####”) was used to indicate the phosphopeptideʼs accepted status.   

Proteins and peptides identified by searching experimental MS/MS data 

against databases of protein sequences are frequently stored in data files 

using a mass spectrometry-specialized derivative of extensible markup 
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language (XML) called mzXML.  Readers familiar with HyperText Markup 

Language (HTML) used to store and format Internet web pages should be able 

to draw parallels with the syntax used for mzXML.  Markup languages use 

“tags” to identify the type of data stored between the start-tag and end-tag.  

For example, in mzXML “<protein>” and “</protein>” mark the beginning and 

ending of data for a protein, while “<peptide>” and “</peptide>” have the same 

function for a peptide.  For clarity, from here on references to tags will implicitly 

include both the start-tags and the end-tags.  Tags may be enclosed within 

other tags, forming a hierarchy of data.  To illustrate, every “<protein>” tag 

always encloses one or more “<peptide>” tags, where the enclosed peptides 

are tryptic or semi-tryptic fragments of the protein.  Tags also include 

associated “attributes” that are stored within the tag itself.  An example in 

HTML is the “href” attribute within the “<a>” tag, which specifies the web 

address for a hyperlink.  Attributes for the “<protein>” tag include the protein 

score and the number of peptides assigned to the protein, while those for the 

“<peptide>” tag include the peptide sequence and peptide score, among many 

others.   

In order for the protXML Viewer to display the mzXML data in a web 

page, the mzXML must first be converted to HTML.  The Perl script 

protxml2html.pl performs this function for the Viewer by utilizing extensible 

stylesheet language transformations (XSLT).  The script produces an XSLT 

stylesheet (conventionally misnamed as an XSL file) that contains rules 
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regarding how mzXML terms should be formatted in HTML.  Rules include 

“how protein data should be displayed” and “how peptide information should 

be organized” in HTML.  An XSLT processing engine then applies the mzXML 

file to the XSL template file and outputs HTML, which can then be displayed 

on a web page via ProteinProphet.  A physical HTML file is not written to the 

server, rather the HTML is sent directly to the client computer requesting the 

page.  Each time the peptide and protein data for a search fraction is viewed 

or refreshed in the protXML Viewer, the protxml2html.pl script is executed, the 

XSL file is rewritten, and the XSLT processing engine reapplies the mzXML 

data file to the XSL template to reproduce the HTML.  As a consequence of 

this behavior, implementation of the modifications described above required 

customization of both the mzXML and XSL files within protxml2html.pl, where 

the XSLT processing engine then produced HTML using these customized 

files. 

Custom functions were added to protxml2html.pl to perform these 

tasks.  Within a modified search fraction mzXML file, text was added to each 

peptide to indicate whether or not the peptide had already been accepted.  

Specifically, the script examined the sequence of each peptide contained 

within the mzXML file.  If the sequence contained a phosphosite (i.e. S[167], 

T[181], or Y[243]), then the script checked the sequence against the accepted 

phosphopeptide database to determine if the phosphopeptide had been 

validated/accepted.  The script next added the attribute “has_been_valiadated” 
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to the “<modification_info>” tag enclosed by the “<peptde>” tag, with a value of 

“Y” for a validated phosphopeptide, “N” for an unvalidated phosphopeptide, 

and “-“ for nonphosphopeptides.  Two rules were added to the XSL file.  If the 

peptideʼs “modification_info” tag contained ʻhas_been_validated=”N”ʼ, then “----

“ would be printed immediately following the peptide sequence (Figure 3B).  If 

ʻhas_been_validated=”Y”ʼ was present, then “####” would be printed after the 

peptide sequence (Figure 3C).  No action was taken for 

ʻhas_been_validated=”-“ʼ. 

 

C.4 Modifying protxml2html.pl: Maximum Probability Display Restriction 

While attempting to view search fractions containing very large 

numbers of proteins and peptides on a client computer, protXML Viewer would 

often display a blank page.  XSL transformations consume considerable 

computational time and resources.  If too much was spent, the server would 

terminate protxml2html.pl before the transformations completed and send 

nothing to the client, resulting in an empty webpage.  This will be referred to as 

“server time out.”  Reducing the number of proteins and peptides processed by 

XSL transformations would prevent server time out and allow the webpage to 

become visible in protXML Viewer again.  One method to perform this 

reduction would be to use the protXML Viewer control panel situated at the top 

of the webpage when viewing a search fraction (Figure 4A).  Entering a 
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decimal value between 0 and 1 in the “min probability” text box and pressing 

the “Filter / Sort / Discard checked entries” button would force protxml2html.pl 

to reprocess the search fraction mzXML file and only display proteins (and 

associated peptides) with predicted probability scores greater than or equal to 

the specified decimal value.  Although the control panel would also not be 

visible after a server time out, a feature of Perl scripts is that environmental 

variables such as min probability can be entered at the address bar of the web 

browser.  Entering the protXML Viewer address with the search fraction and 

min probability specified permitted a section of the otherwise un-viewable 

search fraction to be displayed.  However, low probability proteins, such as 

those with a predicted probability of “0,” and their accurately 

identified/validated phosphopeptides would not be recoverable using this 

method.  The simplest solution was to implement a “max probability” 

environmental variable to complement min probability.  The XSL file written by 

protxml2html.pl was adjusted in two ways.  First, a “max probability” text box 

was added to the control panel (Figure 4B, solid arrow).  Second, every rule in 

the XSL file containing the condition “if the protein probability is greater than or 

equal to the min probability” was changed to “if the protein probability is 

greater than or equal to the min probability and less than or equal to the max 

probability.”  As a result, every section of a search fraction was now viewable. 
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C.5 PhosphopepValidationApplet: Adding and Removing 

Phosphopeptides from the Library of Accepted Phosphopeptides 

With the validation database and interface modifications in place, it was 

necessary to devise a method to add phosphopeptides into the database.  

One possibility would be to design a Java program that would be installed and 

run on individual computers.  However, as the program was expected to run 

on multiple machines as well as off site, the program would have to be 

installed separately on each of those machines.  Moreover, an update to the 

program would require its reinstallation at all of those machines.  An 

alternative that was pursued instead was to design a web-accessible Java 

applet, PhoshpopepValidationApplet (PVA), capable of running within web 

browsers such as Internet Explorer and Mozilla Firefox.  Each time a client 

computer visited the PVA website, the most current version of PVA would be 

downloaded to and used by the client, behavior that is inherent to web-based 

Java applets.  As a consequence, changes to the program only required 

updates to the serverʼs version of PVA.  Moreover, PVA could be accessed 

from any local or remote client with access to the Sanford-Burnham network. 

A brief explanation of how PVA is used will accompany a broad 

description of the programʼs underlying functions.  The PVA interface is shown 

in Figure 5.  Within the “Add Phosphopeptides” area at the very top is the 

“Initials” dropdown menu (5A) specifying the initials of the scientist performing 

the validation.  The dropdown menu is populated from the table of scientist 
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names in the accepted phosphopeptides database.  Once the initials are 

selected, the full name of the scientist is also taken from the table and printed 

adjacent to the initials.  Below the dropdown box is “Source Filename” text box 

(5B) for entering the name of the search fraction in which the phosphopeptide 

was found.  Underneath that is the “Sequence” text box (5C) for entering the 

phosphopeptide sequence to be added to the database of accepted 

phosphopeptides.  The sequence is checked prior to its addition such that only 

letters may appear aside from “ [167],” “[181],” “[243],” “[147],” and “_ETD.”  

This prevents some but not all peptide sequence syntax errors, however given 

that sequences are typically copy-pasted directly from the protXML viewer, 

such errors are rare.  In the bottom-right corner of the “Add Phosphopeptides” 

area is the “Add” button (5D), which attempts to add phosphopeptides to the 

database of accepted phosphopeptides.  Only when “Source Filename” and 

“Sequence” text boxes (5B, 5C) are properly filled will the phosphopeptide be 

successfully added, or else an error is reported.  The “Status Message” area 

and text box (5E) is for reporting errors as well as successful phosphopeptide 

additions and removals.  In the “View and Remove Phosphopeptides” area, 

the “Save Local Copy” button (5F) prompts the user to select a filename and 

location on the local computer at which a tab-delimited file containing all 

validated phosphopeptides, one per line, will be saved.  The “Refresh List” 

button (5G) updates the validated phosphopeptide scrolling list area (5H) to 

ensure that the most recent 5000 validated phosphopeptides are available for 
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viewing.  The lower “Sequence” text box (5I) just below the phosphopeptide list 

prints the phosphopeptide selected in the list (5H) and also allows the user to 

type in a peptide sequence.  The “Remove” button (5J) removes the 

phosphopeptide printed in the lower “Sequence” text box (5I) if that 

phosphopeptide is in the database of accepted phosphopeptides, reporting an 

error if it is not. 

A few additional details necessary for running web-based Java applets 

will be mentioned here that are also applicable to the upcoming 

ExcelValidPepExtractorApplet section.  First, in order to direct the server to 

upload the applet to the client, the applet HTML file must contain the 

“<applet>” tag along with attributes specifying the dimensions of the applet 

and the file path to the compiled applet on the server.  Second, the client 

computer must have Java Runtime Environment (JRE) version 6 or higher 

installed.  Third, when compiling the applet, all the Java libraries used by the 

applet must be included in the applet package, as there are no guarantees 

that the client computer will have these libraries available.  Finally, the applet 

must be signed with a digital certificate, which can be accomplished by using 

the “keytool” and “jarsigner” Unix/Linux commands in the CentOS or Mac OS 

X terminal.  To run the applet, the client computer uses a web browser to visit 

the applet HTML page and accepts the digital certificate, which allows the 

applet to be downloaded and run locally. 
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C.6 ExcelValidPepExtractorApplet: Automated Excel File Processing 

Prior to the automation, Excel files were prepared manually and 

contained proteins (and associated peptides) with scores above the FDR 

threshold as well as validated phosphopeptides.  The FDR threshold was 

determined by examining the “Sensitivity/Error Info” page for a search fraction 

(Figure 6), which is derived from data stored within the search fraction mzXML 

file.  The “err” column was examined to find the greatest predicted FDR value 

that is less than or equal to 0.009.  In the example, this condition is met by an 

FDR of 0.005 in line 6, corresponding to a predicted protein minimum 

probability of correct identification (“min_prob”) of 0.95.  An Excel file (XLS 

format) containing all proteins and peptides in the search fraction was 

obtained from a link in the protXML Viewer.  The XLS file was opened in Excel, 

and proteins with scores less than 0.95 were deleted from the file with the 

exception of validated phosphopeptides, which were kept.  Phosphopeptides 

that were not validated but were associated with proteins having scores 

greater than or equal to 0.95 were also deleted in the first version of the 

applet, but this was modified later, following experimentation by Drs. Brill and 

Hou, as described below.  In other words, regardless of protein score, only 

manually validated or accepted phosphopeptides were retained.  The 

ExcelValidPepExtractorApplet (EVPEA) seeks to replicate and automate this 

process by starting with the Excel input file containing all proteins and 



  61 

   

peptides, interfacing with the validation database, and outputting a tab-

delimited text (TXT) file that is readable in Excel and identical to the manually 

prepared Excel file described above.  The output files will be referred to as 

“trimmed,” in reference to removal of proteins with scores below the FDR 

threshold. 

The EVPEA interface is presented in Figure 7.  In the “File Selection” 

area, the input and output file paths can be typed in using the text boxes (7A, 

7C) or by browsing for and selecting these files in the file system via a file 

prompt after pressing the “Browse…” buttons (7B, 7D).  In the central 

“Customization” area, the checkbox to include phosphopeptides (7E) should 

always remain checked, or else all phosphopeptides will be removed from the 

output document.  The “entry number” text box (7F) just below the checkbox 

requires some explanation.  In a search fraction, proteins are ordered in 

descending order based on their predicted probability of accurate 

identification.  The first protein with the highest score (often “1.0000”, and with 

an early indexing entry number from the protein database) receives entry 

number 1, the second protein receives entry number 2, etc.  What should be 

entered into this text box is the entry number of the last protein with a score 

equal or above the FDR threshold, such that the next protein and entry 

number in the list has a predicted probability of accurate identification below 

the FDR threshold.  After pressing the “Extract” button (7H), any errors or a 

success message will be displayed in the “Status” text box (7G). 
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EVPEA uses the open source Apache POI (“Poor Obfuscation 

Implementation”, a programming joke) [15] to convert Excel files into a format 

that Java can process.  The most straightforward use of Apache POI involves 

the complete conversion of the Excel file into a Java object.  Given the size of 

some search fractions (several thousand protein entries, many with multiple 

peptide IDs), this could use hundreds of megabytes of computer random 

access memory (RAM), which could cause the web browser to crash or 

system slowdowns.  Instead, a more complicated low-memory approach was 

used that read Excel cells one-by-one.  Each line of peptide data was 

reconstructed in Java and analyzed for inclusion in the output file.  Peptides 

belonging to proteins with predicted probability scores above the FDR 

threshold and accepted phosphopeptides were immediately written to the 

output text file to minimize memory usage.  The resulting trimmed output file 

could be opened in Excel using tab-delimiters, and saving the file in Excel 

converted it into the XLS or XLSX format. 

 

C.7 Modifying protxml2html.pl: Auto-accepting Phosphopeptides 

Search fractions from IMAC phosphopeptide enrichments occasionally 

included high-scoring proteins that contained phosphopeptides with 

unacceptable MS/MS spectra.  These phosphopeptides were not added to the 

database of accepted phosphopeptides and were not included in the EVPEA 
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output files.  However, the TiO2-based phosphopeptide enrichment protocol 

proved to be substantially more effective than IMAC, including better 

phosphopeptide binding and selectivity of enrichment, which was the likely 

primary cause of higher quality, higher-scoring MS/MS spectra from many of 

the proposed phosphopeptide IDs (Singec et al., submitted). After performing 

manual validation on 16 search fractions from TiO2-based phosphopeptide 

enrichments (run on the Velos), Dr. Brill verified that as a consequence of the 

improved quality of the MS/MS spectra of phosphopeptides enriched using 

TiO2, phosphopeptides derived from proteins with scores above the FDR 

threshold nearly always had acceptable MS/MS spectra, including a FDR of 

0.01 for those phosphopeptides on the 10 proteins most narrowly passing the 

FDR threshold.  As a result, phosphopeptides from high-scoring proteins could 

be automatically accepted into the database of accepted phosphopeptides. 

This reduced the manual phosphopeptide validation work when lower-scoring 

but accurate MS/MS spectra of phosphopeptides were matched to confidently 

identified phosphopeptides in subsequent search fractions, in a very similar 

manner to that recently described for recovering lower scoring peptide spectra 

matched to confidently identified peptide sequences [16]. Another benefit of 

the recovery of lower-scoring but accurate MS/MS spectra was improved 

spectral count statistics [16].  Thus, in order to auto-accept phosphopeptides 

derived from proteins passing the FDR threshold in conjunction with TiO2-
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based phosphopeptide enrichment, protxml2html.pl and the protXML Viewer 

control panel was further customized. 

To start the phosphopeptide auto-accept process, the validating 

scientist clicks the checkbox to the left of “auto-accept probability” in the 

protXML Viewer control panel and fills in the text boxes for the minimum 

protein probability at the correct FDR threshold, search fraction name, and 

scientist initials (Figure 2B, dashed arrow).  Once the “Filter / Sort / Discard 

checked entries” button is clicked, these environmental variables are sent 

back to protxml2html.pl for reprocessing the search fraction mzXML file.  In 

this Perl script, additional code was added to the custom functions described 

in section III.C.  While traversing the mzXML file, if the auto-accept checkbox 

is checked and the current protein has a score above the specified “min_prob” 

threshold, then the proteinʼs phosphopeptides are added to the database of 

accepted phosphopeptides if they are not already present.  The 

“has_been_modified” attribute is then set for each peptide as described in 

section III.C. 

 

C.8 batchProcessProtXml.pl: Batch Processing Search Fractions 

Manual validation of the four search fractions produced per sample by 

IMAC in conjunction with the Orbitrap XL for samples 3745-3748 required 

weeks of concentrated work.  Doing the same for the 23 search fractions 
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produced per sample by the Velos for samples 4261-4265 would likely have 

required months of focused labor on a tedious task.  Given the time and 

personnel constraints, the only feasible procedure was that data files for the 

Velos samples would be prepared by auto-accepting phosphopeptides in each 

search fraction followed by automated Excel data file generation using the 

FDR threshold as previously described.  However, there was a time cost of 

about five minutes per search fraction to auto-accept phosphopeptides and 

obtain an Excel file from the protXML Viewer, then generate the trimmed data 

file using EVPEA.  In addition, the “timing out” problem, described above, was 

prominent and further slowed the data collection following filtering and auto-

accepting. With 115 search fractions to process for sample 4261-4265, even if 

the “timing out” could be avoided, which was not the case, it would take nearly 

ten hours to obtain the trimmed Excel files, with user input required every five 

minutes throughout the process.   Clearly, the processing of the entire set of 

search fractions was a prime target for automation. 

The Perl script batchProcessProtXml.pl automates this process.  When 

calling it at the Unix/Linux command line, it takes as its sole argument the path 

to a configuration file.  The top portion of the configuration file used to process 

samples is shown in Figure 8.  The first line contains the initials of the 

scientist, while the second line specifies the maximum acceptable FDR, which 

will be used to calculate the FDR threshold score.  The third line is the 

directory in which trimmed output text files will be saved.  From the fourth line 
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on, search fraction parameters are specified and separated by tabs.  The first 

parameter is the search ID number given to the search fraction when its 

spectral data was being analyzed and is used by the script to find the directory 

in which the search fraction mzXML file is stored.  The second parameter is 

either “auto” to direct batchProcessProtXml.pl to use the FDR from the second 

line, or a decimal value between 0 and 1 which will be used as the FDR for just 

that particular search fraction.  The third parameter is the filename to be used 

for adding phosphopeptides to the database of accepted phosphopeptides as 

well as the for naming the trimmed output file for that search fraction. 

After reading through the configuration file, batchProcessProtXml.pl 

reads through all the indicated mzXML files twice.  In the first pass, for each 

mzXML file, the script determines the FDR threshold score for that search 

fraction and then auto-accepts the phosphopeptides belonging to proteins with 

scores above the threshold.  In the second pass, the script produces trimmed 

output files identical to the ones described in section III.F into the output 

directory.  The script also creates an additional file “senserr.txt” that records 

the FDR threshold score used for each search fraction.  In comparison to the 

methods used prior to the creation of the script, batchProcessProtXml 

extensively reduces both user work and time spent, where the only user 

requirement is the creation of the configuration file.  The running time for the 

script to process all 115 files in samples 4261-4265 was about 15 minutes. 
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Figure III.1.  Schematic of the mass spectrometry sample analysis pipeline.  
This image was provided by Dr. Laurence Brill.  



  68 

   

 

 

Figure III.2. Luciferase assay validating 206A synergist activity 24 hours after 
treatment of cells used for mass spectrometry samples. 
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Figure III.3. Protein with phosphopeptides as displayed in ProteinProphet 
protXML Viewer.  A. Using original unmodified version of protxml2html.pl.  B. 
Using modified version of protxml2html.pl, with phosphopeptides that had not 
yet been accepted.  C. Using modified version of protxml2html.pl, with 
validated/accepted (high-scoring, auto-accepted) phosphopeptides. 
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Figure III.4. Control panel at the top of the protXMLViewer when examining 
any search fraction.  A. Original control panel.  B. Modified control panel.  
Note the addition of the “max probability” text box indicated by the solid arrow, 
and the inclusion of a checkbox and three text boxes in the line marked by the 
dashed arrow.  
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Figure III.5. PhosphopepValidationApplet (PVA) interface. A. User dropdown 
menu.  B. Source/sample fraction name.  C. Phosphopeptide sequence.  D. 
Button to add phosphopeptide to the accepted phosphopeptide database.  E. 
Status message following executing add or remove; as the phosphopeptide 
sequence (C) was already present within the validation database (top of H), an 
error message was generated.  F. Button to save a copy of the 
phosphopeptide database to local disk, tab-delimited lines, one 
phosphopeptide per line.  G. Button to refresh the list of phosphopeptides in 
the displayed list (H), to ensure the list and a accepted phosphopeptide 
database are in sync.  H. The 5000 most recently added phosphopeptides are 
displayed in this scrolling list.  I. The sequence of the currently selected 
phosphopeptide in the display list (H); no phosphopeptide is currently selected, 
so nothing is displayed.  J. Button to remove the currently selected 
phosphopeptide from the accepted phosphopeptide database. 
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Figure III.6.  Sample sensitivity and error page for an example search fraction.  
This page is used to determine the false-discovery rate (FDR) probability 
threshold for proteins.  The “err” column is examined to find the highest value 
less than or equal to the maximum acceptable predicted FDR.  For a 
maximum acceptable FDR of 0.009 on this example search, the selected FDR 
is 0.005 in the sixth row, corresponding to threshold minimum predicted 
protein probability of 0.95 in the “min_prob” column.  
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Figure III.7.  The ExcelValidPepExtractorApplet (EVPEA) interface.  A. Text 
box to enter the input file.  B. Button to browse for an input file in the local 
filesystem; selected fileʼs path will be entered in the text box (A).  C. Text box 
to enter the output file.  D.  Button to browse for an output file, which will be 
overwritten, in the local filesystem; selected fileʼs path will be entered in the 
text box (C).  E. Checkbox to include phosphoproteins in the trimmed output 
file.  F. Text box to enter highest protein entry number guaranteed to be 
included in the output file.  G. Text box for status messages.  H. Button to 
perform input file extraction and write output file. 
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Figure III.8.  Example configuration file for batchProcessProtXml.pl.  The first 
line contains the initials of the scientist running the script.  The second line 
contains the maximum acceptable false discovery rate (FDR).  The third line 
contains the directory to which trimmed output files will be written.  The fourth 
line onwards contains tab-delimited configuration information for each search 
fraction to be processed.  The first term in each line is the search fraction ID 
and is used to find the directory for the search fraction mzXML file.  The 
second term is “auto” to use the maximum acceptable FDR from line two, or a 
decimal value between 0 and 1 to be used as the maximum acceptable FDR 
for that search fraction only.  The third term is the name of search fraction. 
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Table III.1.  Treatment conditions for RKO cell lysates prepared for mass 
spectrometry analysis.  Sample IDs are assigned to each processed sample 
by the Sanford-Burnham Proteomics Facility. 

Condition Treatment Sample ID 

1 Negative Control for 5 minutes (no WCM or 206A added) 4261 

2 10% final volume WCM for 5 minutes  

3 10 ug/mL 206A for 10 minutes for 5 minutes 4263 

4 10% final volume WCM +10 ug/mL 206A for 5 minutes  

5 Negative Control for 10 minutes (no WCM or 206A added) 3645/4262 

6 10% final volume WCM for 10 minutes 3746 

7 10 ug/mL 206A for 10 minutes 3747/4264 

8 10% final volume WCM +10 ug/mL 206A for 10 minutes 3748 

9 Negative Control for 30 minutes (no WCM or 206A added)  

10 10% final volume WCM for 30 minutes  

11 10 ug/mL 206A for 30 minutes 4265 

12 10% final volume WCM +10 ug/mL 206A for 30 minutes  

  



  76 

   

Works Cited 

1. Nesvizhskii A.I., and Aebersold R.  “Interpretation of shotgun proteomic 
data: the protein inference problem.”  Molecular and Cellular 
Proteomics 4.10 (Oct 2005): 1419-40. 
 

2. Lu B., Ruse C., Xu T., Park S.K., and Yates J. 3rd.  “Automatic 
validation of phosphopeptide identifications from tandem mass spectra.”  
Analytical Chemistry 79.4 (Feb 2007): 1301-10. 
 

3. Elias J.E. and Gygi S.P.  “Target-decoy search strategy for increased 
confidence in large-scale protein identifications by mass spectrometry.” 
Nature Methods 4.3 (Mar 2007): 207-14. 
 

4. Keller A., Nesvizhskii A.I., Kolker E., and Aebersold R.  “Empirical 
statistical model to estimate the accuracy of peptide identifications 
made by MS/MS and database search.” Analytical Chemistry 74.20 
(Oct 2002): 5383-92. 
 

5. Nesvizhskii A.I., Keller A., Kolker E., and Aebersold R. “A statistical 
model for identifying proteins by tandem mass spectrometry.” Analytical 
Chemistry 75.17 (1 Sep 2003): 4646-58. 
 

6. Boersema P.J., Mohammed S., and Heck A.J.  “Phosphopeptide 
fragmentation and analysis by mass spectrometry.”  Journal of Mass 
Spectrometry 44.6 (Jun 2009): 861-878. 
 

7. Goldstrohm D.A., Broeckling C.D., Prenni J.E., and Curthoys N.P.  
“Importance of manual validation for the identification of 
phosphopeptides using a linear ion trap mass spectrometer.”  Journal of 
Biomolecular Techniques 22.1 (Apr 2011): 10-20. 
 

8. Brill L.M., Motamedchaboki K., Wu S., and Wolf D. A.  “Comprehensive 
proteomic analysis of Schizosaccharomyces pombe by two-dimensional 
HPLC-tandem mass spectrometry.”  Methods 48.3 (Jul 2009): 311-319. 
 

9. Hou J., Tobe B.T.D., Lo F., Crain, A.M., Blethrow J.D., Wolf D.A. 
Snyder E. Y., Singec I., and Brill L.M. "Combined Total Proteomic and 
Phosphoproteomic Analysis of Human Pluripotent Stem Cells", invited 
chapter for Zavazava, N. ed., Embryonic Stem Cell Immunobiology: 
Methods and Protocols  (in press). 
 

10. Swaney D.L., McAlister G.C., and Coon J.J.  “Decision tree-driven 
tandem mass spectrometry for shotgun proteomics.”  Nature Methods 



  77 

   

5.11 (Nov 2008): 959-964. 
 

11. Netbeans.  IDE 6.8 Build 200912041610.  Oracle.  Jan 2010 
<http://netbeans.org/>. 
 

12. Java™ Platform, Standard Edition 6.  2011, Version 6.  Oracle.  14 
August 2011 <http://download.oracle.com/javase/6/docs/api/>. 
 

13. Parlante, Nick.  “Essential Perl.”  Stanford Computer Science.  May 
2002.  17 August 2011 
<http://cslibrary.stanford.edu/108/EssentialPerl.html >. 
 

14. PostgreSQL.  PostgreSQL Global Development Group.  2011.  17 
August 2011 < http://www.postgresql.org/>. 
 

15. Apache POI - the Java API for Microsoft Documents.  2011.  The 
Apache Software Foundation.  14 August 2011 < http://poi.apache.org/>. 
 

16. Zhou J.Y., Schepmoes A.A., Zhang X., Moore R.J., Monroe M.E., Lee 
J.H., Camp D.G., Smith R.D., and Qian W.J.  “Improved LC-MS/MS 
spectral counting statistics by recovering low-scoring spectra matched 
to confidently identified peptide sequences.”  Journal of Proteome 
Research 9.11 (5 Nov 2010): 5698-5704. 

 



 

 78 

 

 

 

IV 

Analysis of Mass Spectrometry Data  

A. Introduction 

Chapter 3 described the generation of search fraction data files 

containing proteins and peptides identified in the samples analyzed by mass 

spectrometry.  Four data files were generated for each of the five samples 

analyzed by the OrbitrapXL, while 23 files were generated for each of the five 

samples analyzed by the Velos.  The reason why the searches for each 

sample had to be performed in parts, instead of searching all fractions of a 

sample altogether at once, was due to the inability of ProteinProphet protXML 

Viewer to display large search results.  This topic was briefly covered in 

Chapter 3, section III.D.  Since peptides for a particular sample may be 

present in multiple search fractions, the first task was to devise a way to 

determine the total spectral count for each peptide across all fractions.  Once 

the total spectral count for all peptides were determined, the count at individual 
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phosphosites had to be ascertained, since tryptic peptides could be 

phosphorylated at multiple residues.  After phosphosite counts were 

enumerated, each phosphositeʼs count was compared between the control 

and experimental conditions.  Without duplicates of the experimental 

conditions, a novel breadth-first method that took advantage of the thousands 

of unique peptides recognized in each sample was devised to identify 

phosphosites whose spectral counts significantly changed due to the 

experimental treatment.  This “hit identification” utilized a binning strategy 

based on “spectral pairs,” pairwise spectral count comparisons between two 

conditions.  By using the log2 ratio of the spectral pairs (LRSPs) of the 

duplicate controls, “significance thresholds” were calculated for each bin, such 

that each phosphosite LRSP comparing control and experimental conditions 

that fell outside of the thresholds indicated that the phosphosite, and thus its 

parent protein, was differentially regulated and therefore a “hit.”  For samples 

4261-4265, the time course of 206A treatment, the analysis was extended by 

combining the protein hits from all three time points and then using those hits 

to build an expanded network of interacting proteins that may play a role in 

206A activity.  The expanded network is searched using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) [1] against the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) [2] to determine which 

KEGG pathways may have activated due to 206A induction.  As this project 

focused on 206Aʼs role as a Wnt synergist, the KEGG results were used to 
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filter the list of hits for proteins that were either members of or one interactant 

removed from the Wnt pathway.  RKO cells were transfected with siRNA 

against each protein on this filtered list and assayed for luciferase activity after 

treatment with Wnt-conditioned media (WCM) and 206A, to determine which 

proteins were modulators of the 206A Wnt pathway.  One protein, RPLP0, was 

identified as a Wnt pathway modulator after siRNA validation.  An overview of 

the analytical methods presented in this chapter is shown in Figure 1. 

 

B. Systems Biology and Bioinformatics Approaches Towards 

Hit Identification 

B.1 Overview of the Software Development Platform 

All programs described in section II were written in Eclipse IDE 

(integrated design environment) for Java EE Developers [3] running in OS X 

on a MacBook Pro.  The programs were not designed as standalone 

executables but rather were scripts run within the Eclipse IDE, although it 

would be straightforward to make the conversion.  Throughout the software 

development process, the Java Standard Edition 6 API (application 

programming interface) was frequently referenced for the use of standard Java 

libraries and objects [4]. 
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B.2 Tracking Spectral Counts Across Multiple Search Fractions: 

BrillDataAggregator.java 

The goal of the Java program BrillDataAggregator (BDA) is to 

consolidate peptide spectral counts across multiple fractions.  The program 

takes a filesystem directory as an input and processes all the search fraction 

data files found within the directory.  BDA takes advantage of the Excel file-

reading protocols developed in Chapter 3 using Apache POI [5] to convert 

each non-empty line of Excel cells into a line of tab-delimited values, which 

can then be tokenized and processed by the program.  The values most 

important to BDA are the peptide sequence, the peptideʼs spectral count, the 

International Protein Index (IPI) identifier of the peptideʼs parent protein, and 

the protein name. 

To track the protein and peptide data, BDA utilizes nested HashMaps.  

A HashMap, also called a hashtable in other programming languages, stores 

key-value pairs, where the value is retrieved given the key in constant time.  

Real-life approximations of HashMaps include dictionaries and glossaries, 

where the word is the key and the definition is the value.  The key is unique 

but the value need not be, such that the key-value relationship may be many-

to-one.  The top level HashMap uses the IPI identifier as the key, which maps 

to a custom object that includes the protein name and the nested HashMap.  

This second HashMap uses the peptide sequence String as the key and maps 

to an integer to keep track of the spectral count for that peptide.  For each 
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nonempty line from the search fraction data file, BDA checks if the IPI identifier 

is already present in the top level HashMap.  If it is, then the existing nested 

HashMap is obtained.  If it is not, the IPI identifier is added as the key and 

linked to a new custom object with the protein name and a blank nested 

HashMap.  Next, the peptide sequence in the line is checked against the 

nested HashMap.  The existing tracking integer is obtained, or the sequence 

as the key and an integer equal to zero as the value are added if the peptide is 

absent.  BDA then increments the tracking integer for the peptide by the 

peptideʼs spectral count in that search fraction.  This repeats for every line in 

the file and every file in the directory.  When file processing is complete, the 

file “output.txt” is created in which each line contains a unique IPI identifier for 

a protein, the proteinʼs name, and every detected tryptic peptide associated 

with that protein, where each peptide is coupled with its total spectral count 

across all processed files. 

For each sample, data from fractions 2 through 14 were consolidated 

into one file, and data from fractions 15-28 were combined into another file, for 

a total of ten aggregated files per five samples.  This was because each half-

set of a sampleʼs fractions was processed and analyzed on the mass 

spectrometer separately, as discussed in Chapter 3.  As there were 

differences in both the manual preparation of fractions (that is, human error) 

as well as small variations in the performance of the mass spectrometer from 

run to run, and since the data was normalized for sample comparison later in 
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the analysis, fractions 2-14 (top set) and 15-28 (bottom set) were analyzed 

apart from each other while identifying significantly regulated phosphopeptides.  

The “hits” for each half-set of a sample were later combined for further 

analysis. 

A helper program SpectralCounter.java calculates the total spectral 

count detected across all peptides in the BDA-produced output.txt file.  

SpectralCounter uses a HashMap to build a list of unique peptide sequences 

and their spectral counts from the output.txt file, then sums the counts to find 

the total spectral count.  This “total spectral count” is used for the 

normalization mentioned above.  The HashMap data can also be reprocessed 

to determine the summed spectral count for just phosphopeptides 

(phosphopeptide spectral count), the number of unique peptide sequences if 

modifications such as phosphorylation are ignored (total base sequences), the 

subset within total base sequences that are phosphorylated (phosphopeptide 

base sequences), and the number of unique phosphosites.  These calculated 

values are presented in Tables 1 and 2. 

 

B.3 Identifying Significantly Regulated Phosphopeptides: 

BinnedStats.java 

BDA produces output.txt files in which each line contains one protein 

that is the parent of one or more tryptic peptides, along with the peptide 
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spectral counts.  To determine if significant protein phosphorylation or 

dephosphorylation has occurred due to experimental treatment, the change in 

the spectral count at each of the proteinʼs phosphosites must be ascertained.  

This is the first task of the Java program BinnedStats.  Complicating 

phosphosite enumeration is that some phosphosites may be indistinguishable 

from one another based on the available spectral data.  More specifically, if 

two residues that can become phosphorylated, namely serine, threonine, and 

tyrosine, are adjacent to one another in a peptide sequence, phosphorylation 

of one is frequently very difficult to distinguish from phosphorylation of the 

other [6].  This is due to the ease with which the phosphate group is lost during 

collision-induced dissociation (CID), as discussed in Chapter 3.  As a result of 

this limitation, when enumerating the total spectral count for phosphosites, 

adjacent phosphosites are counted together. 

The “base sequence” for a peptide, already mentioned previously in 

section II.B, is the peptide sequence with all modifications removed.  

Specifically,  “[143],” “[167],” “[181],” and “[243]” are all deleted from the 

sequence such that only the residues themselves remain.  Thus, the base 

sequence of “AT[181]AAAS[167]YAA” is “ATAAASYAA.”  To count 

phosphosites, a “phosphosite mask” consisting of 0ʼs and 1ʼs is built for each 

phosphorylation present in the peptide.  The length of the mask is equal to 

length of the base sequence.  For our example “AT[181]AAAS[167]YAA,” two 

masks are built.  The first is “010000000,” corresponding to the 
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phosphorylated threonine.  The second is “000001100” for phosphorylated 

serine, with the second “1” indicating that phosphorylation of tyrosine is 

indistinguishable from that of serine.  Another phosphopeptide 

“ATAAASY[243]AA” with the same base sequence would generate a single 

identical phosphosite mask “000001100.” 

As in BDA, the key to counting phosphosites is nested HashMaps.  The 

top level HashMap uses peptide base sequences as keys to store a custom 

object containing two HashMaps.  The first of the nested HashMaps contains 

the IPI identifiers of parent proteins.  The second does the actual phosphosite 

counting, with the phosphosite mask as the key and an integer to store the 

running spectral count total for that phosphosite.  The strategy for filling these 

HashMaps is very similar to the one used for BDA in section II.B, so an 

abbreviated description will be presented here.  For each phosphopeptide in 

each line of the BDA output.txt file, the phosphopeptideʼs base sequence is 

added to the top HashMap if necessary, or the existing nested HashMaps are 

retrieved otherwise.  The parent protein is added to the nested protein 

HashMap if it is not already present.  Phosphosite masks are generated for the 

phosphopeptide, which are then added to the nested phosphosite HashMap if 

needed, or the existing phosphosite counting integers are retrieved.  These 

integers are incremented by the phosphopeptide spectral count. 
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With phosphosite counting complete, the next task was to formulate an 

algorithm for comparing phosphosite counts between control and experimental 

conditions that would identify significant protein phosphorylation or 

dephosphorylation, or “phosphoprotein hits.”  The major hurdle was the lack of 

replicates for the experimental conditions.  The typical case in biology is to 

have multiple replicates for each condition, such that averages and standard 

deviations can be calculated.  The averages and standard deviations for two 

conditions can then be compared using a t-test or z-test, and the test score will 

indicate if the null hypothesis can be rejected with a p-value of 0.05 or less.  

With many replicates, this can be called a “depth-first” approach, one that was 

not possible with the singleton experimental data sets in this case.  Instead, a 

“breadth-first” approach was implemented that took advantage of the 

thousands of phosphosites present in each sample. 

When comparing two samples, the spectral count of a phosphosite in 

one sample is compared to the spectral count of the same phosphosite in the 

second sample.  Such a pair of spectral counts will be defined as a “spectral 

pair.”  Taking the log2 ratio of the spectral pair (LRSP) produces the 

phosphorylation fold-change.  For any phosphositeʼs spectral pair comparing 

samples 1 and 2, its LRSP will be defined as 

!"#$ = !"#! !! !! !! + 1 !! + 1  
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where n1 and n2 are the spectral counts of the phosphosite in samples 1 and 2, 

respectively, and t1 and t2 are the total summed spectral counts for all 

phosphopeptides in samples 1 and 2, respectively [7].  As mentioned 

previously, mass spectrometer performance may vary from run to run, so the 

ratio of total summed spectral counts, t1/t2, normalized for that bias.  That ratio 

may also have corrected for loss of sample due to errors during the manual 

preparation described in Chapter 3.  The addition of 1 to the phosphosite 

spectral counts allows for comparison when a phosphosite is detected in one 

sample but not detected in the other, such that its spectral count is zero.  A 

positive LRSP indicates that there is more phosphorylation detected at that 

phosphosite in sample 2 than in sample 1, while a negative LRSP marks the 

opposite case. 

One possibility at this point would be to select an arbitrary fold-change 

threshold, such as two-fold, and spectral pairs whose LRSP were above the 

threshold would be declared significant.  There is a flaw to this approach that 

also arises and was addressed for microarray data.   Namely, low intensity 

signals suffer from low signal-to-noise ratios and require larger fold-changes to 

be significant, while high intensity signals have high signal-to-noise ratios and 

can be significant at a lower fold-change [8].  In other words, the fold-change 

threshold should decrease as the signal intensity increases.  In BinnedStats, 

this is performed in a discrete manner by separating spectral pairs into “bins” 

based on the lesser of the two spectral counts.  There are five bins, each 
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accepting different ranges of spectral counts: 0, 1, 2, 3-4, and 5+.  Thus, the 

spectral pair (5, 0) would be placed in the 0 bin, (2, 7) in the 2 bin, and (4, 4) in 

the 3-4 bin.  This binning procedure continues for every phosphosite spectral 

pair present. 

 The next challenge was to calculate the thresholds for each bin.  The 

null hypothesis for each phosphosite is that the phosphosite spectral count will 

remain unchanged between samples, such that the LRSP is 0.  The question 

then is how far removed from 0 the LRSP must be in order for it to be 

considered significant.  If the LRSPs for all phosphosites in a bin follow a 

normal distribution (Figure 2), then LRSPs that fall outside of two standard 

deviations from 0 will indicate that there is a 5% or lower chance that the two 

spectral counts in the spectral pair belong to the same population [9].  Then, 

by definition, the null hypothesis for that phosphosite can be rejected with p < 

0.05, and the phosphosite can be declared to have experienced significant 

phosphorylation or dephosphorylation.  It should be noted that the factor by 

which the standard deviation is multiplied to set the threshold may be 

increased or decreased, where reducing the factor would elevate the number 

of phosphosite “hits” but lower the confidence in those hits.  To calculate the 

standard deviations for each bin, the two negative control samples were 

compared.  Since the composition of the negative controls should have been 

nearly identical, this comparison revealed the “noise” introduced into the 

system by errors in manual sample preparation and by variations in mass 
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spectrometer performance.  The calculated standard deviations are shown in 

Table 3.  The spectral counts for each phosphosite for the controls were 

averaged, and these averaged phosphosite spectral counts were compared 

against the spectral counts in each of the experimental samples.  The 

thresholds calculated for each bin were then used to find phosphosite hits in 

each of the experimental samples. The number of unique IPI identifiers found 

in each sample is shown in Table 4. 

Each line in the BinnedStats output file contains the sequence of the 

peptide hit, its phosphosite mask, the spectral counts from both conditions, the 

calculated LRSP, and the parent protein IPI identifiers.  A helper program 

IPIExtractor.java creates a list of unique IPIs contained in a BinnedStats output 

file and also allows IPIs lists from multiple output files to be combined using 

union or intersection operators.  IPIExtractor output files contain a single 

column of unique IPI identifiers.  

 

B.4 Generating an Expanded Protein Set and Finding Pathways: 

PPIFinder.java 

The proteins identified as hits will later be searched against KEGG 

pathways, and a pathway in which a large fraction of its members are also 

protein hits are strong candidates for activation by the experimental treatment.  

Given the small number of protein hits, an expanded protein set can be 
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constructed by applying a protein-protein interaction database [10] to the 

original list of protein hits.  This is the primary purpose of Java program 

PPIFinder.  The interaction database is rooted in the Human Protein 

Reference Database [11] and has been manually enriched by a survey of 

protein-protein interaction literature.  There are a number of ways a “chain” of 

proteins connected by interactions can grow.  The first is by starting with a 

protein hit, then using an interaction to connect it to a second protein, which in 

turn interacts with a third protein, and so forth for any arbitrary chain length.  

This type of chain will be defined as a “singly hit-anchored chain (SHAC).”  If 

the length of the chain is defined by the number of edges (interactions) in the 

chain, then the set of all SHAC chains of length n is an “n-deep SHAC search” 

or an “n-SHACS.”  The n-SHACS is performed using a depth-first search 

algorithm, which terminates once the number of edges in a chain equals n, 

which is equivalent to having the number of protein “nodes” in the chain equal 

n+1.  Intuitively, the greater the number of edges between a protein and an 

original protein hit, the less relevant that protein is to the true pathways 

induced by the experimental treatment.  Including lengthy interaction chains 

would introduce noise, and pathways selected using the resulting protein sets 

would not be trustworthy.  Thus, minimizing the search depth would limit the 

noise.  To further increase both confidence in and the relevance of interacting 

proteins, both ends of the interaction chain can be required to terminate on 

protein hit, a “doubly hit-anchored chain (DHAC).”  Searches using this 
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strategy are “n-DHACS.”  This project will utilize protein expansions using 1-

SHACS and 2-DHACS, noting that the 2-DHACS produces a subset of the 1-

SHACS. 

Once an expanded protein set of Entrez Gene IDs has been generated, 

it is introduced into the Functional Annotation Tool at DAVID.  This tool 

searches a large number of proteomics databases to assign functional 

categories, protein domains, pathways, and many other characteristics to the 

input set of proteins.  In this project, the KEGG pathways assigned using this 

tool are closely examined.  For each high-scoring pathway, highlighted 

proteins within the pathway correspond to proteins found within the input 

expanded protein set.  Recalling that the input proteins are either the original 

protein hits or one interaction removed from the hits, the highlighted proteins 

within a selected pathway are mapped back to the originating protein hits, 

producing a protein list which is a subset of the full list of hits.  This subset, all 

significantly phosphorylated or dephosphorylated protein resulting from 

experimental treatment, represents potential modulators of the selected 

pathway.  These modulators must be validated in some way.  An siRNA 

approach towards validation is discussed in section III of this chapter. 
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B.5 Results and Analysis 

Each of the four search fractions of a sample in the 3745-3748 sample 

set was combined using BDA.  The experimental conditions were compared to 

the controls to find protein hits using BinnedStats.  Here the focus will be on 

sample 3746, which was treated for 10 minutes with 10% WCM.  Since the 

Wnt pathway is well characterized, the hope was that this sample would help 

validate the multistage analysis described above.  The 114 original protein hits 

from sample 3746 were processed by DAVID, which returned only one KEGG 

pathway, “Axon guidance.”  Upon expanding the protein set to 574 via 2-

DHACS using PPIFinder, DAVID reported that Wnt was a KEGG pathway, 

although it was ranked 28th by p-value in the list of 60 identified pathways.  

The Wnt signaling proteins within the expanded protein set mapped back to 21 

of the original protein hits, of which only GSK3B was an actual Wnt signaling 

protein (Table 6).  Moreover, while GSK3B should have been phosphorylated 

at S9 during Wnt signaling, it was instead differentially phosphorylated at Y216.  

There are at least three possibilities why Wnt signaling proteins do not appear 

in the list of protein hits for sample 3746.  One is that 10 minutes is not enough 

time for the Wnt signaling cascade to propagate, and therefore the Wnt-related 

phosphoproteins are not present in the lysates.  A second is that the Wnt 

signaling cascade did occur, but the quantity of phosphorylated signaling 

proteins was insufficient for detection by the mass spectrometer.  The third 

possibility is that the phosphoproteins were detected, but the value of the 
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LRSP did not pass the threshold of significance for its bin.  Examination of the 

BDA output for sample 3746 revealed that this third option was not the case at 

least for GSK3B, as phosphorylated S9 was not detected.  Sample 3746 was 

therefore not able to serve as “proof-of-principle” for the analysis methods. 

The 742 protein hits obtained by combining the BinnedStats-derived 

protein hits from samples 4263-4265 were processed using DAVID, and the 

Wnt pathway did not appear in the list of KEGG pathways (Figure 3).  

Investigation of the listed pathways might provide insights into the 

mechanisms underlying other 206A activities but does not offer a 

straightforward approach for deciphering 206Aʼs Wnt synergy activity.  The 

absence of the Wnt pathway was expected, since 206A by itself does not 

induce Wnt signaling in RKO cells.  However, 206A signaling might 

phosphorylate a Wnt pathway modulator that is one interaction removed from 

a Wnt signaling protein, and that phosphorylated modulator could affect the 

Wnt pathway.  To maximize the chance of finding this modulator, a 1-SHACS 

was performed on the 742 protein hits using PPIFinder, resulting in an 

expanded set of 4354 proteins.  The expanded set was analyzed by DAVID, 

and the resulting Wnt signaling proteins (Figure 4) were mapped back to 243 

original protein hits, of which 8 members of KEGGʼs Wnt signaling pathway 

(Table 7).   
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Earlier analysis of samples 4261-4265 was hampered by an algorithm 

error in batchProcessProtXml.pl (discussed in Chapter 3) that was recently 

remedied.  The error left out a number of phosphoproteins in many of the 

trimmed search fractions, and consequently fewer proteins were identified as 

differentially phosphorylated.  This earlier analysis produced 165 Wnt-

associated proteins, of which 16 were not found to be differentially 

phosphorylated after the correction was made to batchProcessProtXml.pl 

(Table 8).  Sanford-Burnham has 163 of these 165 siRNA available in their 

library (Dharmacon/Thermo Fischer Scientific), where the siRNA for RPLP2 

and TUBA3C are not present.  The error in batchProcessProtXml.pl was not 

caught until after siRNA validation using the 163 siRNA was attempted. 

 

C. siRNA Validation of Potential Wnt Pathway Modulators 

C.1 Experimental Design 

Materials and Reagents 

RKO cells, 10% FBS media, Wnt3a-conditioned media (WCM), 206A, 

trypsin, and PBS, as previously described. 

Phenol-free 10% FBS media was identical to standard 10% FBS RKO 

media, except DMEM High Glucose Media has been replaced by with DMEM 

without phenol red (Mediatech cat. # 17-205-CV). 
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Phenol-free 2% FBS media was prepared by diluting one part phenol-

free 10% FBS media with four parts phenol-free DMEM containing, by volume, 

1% 100X L-glutamine and 1% 100X penicillin/streptomycin. 

250 nM solutions of si-β-catenin (Ambion cat. #4390771, 100 μM stock) 

and si-control (Ambion cat. #AM4611, 100 μM stock) were prepared by 

diluting stock siRNA with DNase-free water (Ambion).   These would be used 

for positive and negative controls, respectively. 

Transfection media consisted of 89 parts OptiMEM (Gibco cat. #31985-

070) to 1 part Lipofectamine RNAiMax (Invitrogen cat. #13778-075).  

WCM plus 206A was made by combining 14.7 μL of 10 mM 206A stock 

per 1 mL of WCM.  The 206A concentration in this mixture was 147 μM. 

WCM plus DMSO contained 14.7 μL DMSO per 1 mL WCM. 

Dual-Glo Luciferase Assay System (Promega cat. #2940) 

Protocol 

RKO cells were maintained in 10% FBS until the day of cell seeding 

onto 384-well plates and siRNA transfection.  On that day, RKO cells were 

washed with PBS and 4 mL of trypsin was added to each 15cm plate.  The 

trypsin was neutralized with phenol-free 10% FBS, and while these cells were 

being centrifuged at 300 RCF, a small sample of cells dilute 1:20 were counted 
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in a hemocytometer.  After aspirating the existing media, an appropriate 

amount of phenol-free 2% FBS media was added to the cells.  Depending on 

whether siRNA were allowed to transfect the RKO cells for 24- or 48-hours, 

the number of cells seeded in each well of a 384-well plate changed.  For the 

24-hour transfection, 5000 cells were seeded per well, whereas for the 48-

hour transfection, 3000 cells per well were seeded, where 40 μL of media 

containing cells were added to each well.  Thus, for the 24-hour transfection, 

the cell density was 75,000 cells per mL, whereas the 48-hour transfection had 

a cell density of 125,000 cells per mL.  150 mL of media, with cells, was 

prepared such that all 384 wells could be filled in each of the eight plates in 

the screen.  Aside from the different cell densities and the added waiting time 

for the 48-hour transfection, the protocol was identical for both transfection 

times. 

Prior to the day of cell seeding, siRNA was added to eight duplicate 

384-well plates.  Jennifer Buenviaje from Sanford-Burnhamʼs Functional 

Genomics added 1 μL of 250 nM stock siRNA for each of four different siRNA 

against each of the 163 proteins to 163 wells (Figure 5) in eight 384-well 

plates using the Bravo Automated Liquid Handling Platform (Agilent 

Technologies, henceforth the “Bravo”).  Jennifer performed all of the upcoming 

tasks involving the Bravo.  These plates were covered with a foil seal and kept 

at -20°C until the day of cell seeding.  On that day, the plates were thawed at 

room temperature and centrifuged at 300 RCF for 15 seconds.  The foil seal 



  97 

   

was removed, and 1uL each of si-β-catenin and si-control was added by hand 

to multiple empty wells.  The 24-hour transfection utilized three positive and 

negative controls, whereas the 48-hour transfection included six of each.  20 

mL of transfection media was prepared and allowed to incubate at room 

temperature for 10 minutes.  The wells of a v-bottom plate corresponding to 

the 163 pre-plated siRNA and to the control siRNA were filled with 90 μL of 

transfection media.  The v-bottom plate and the 8 siRNA plates were taken to 

the Bravo, where 9 μL of transfection media was transferred to each siRNA 

well in the 8 plates, and the plates were centrifuged for 15 seconds at 300 

RCF.  The plates were incubated at room temperature for 15 minutes and 

taken back to the Bravo where 40 μL of RKO cells was added to every well in 

every plate.  The volume in each well was 50 μL, so the diluted siRNA 

concentration was 5 nM.  The plates were enclosed in Saran wrap to minimize 

media evaporation and then placed in an incubator at 37°C.   

After transfecting for 24 or 48 hours, the plates were taken from the 

incubator, and the saran wrap was removed.  For four of the plates, 5.7 μL of 

WCM plus DMSO was added using the Bravo to each siRNA-containing well, 

while the other four plates received 5.7 μL WCM plus 206A.  The final 

concentration of 206A in those wells was 15 μM.  The plates were centrifuged 

for 15 seconds at 300 RCF, rewrapped in Saran, and replaced in the incubator. 
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24 hours later, the plates were removed from the incubator and the 

Saran wrap was discarded.  Using the Bravo, the tips on the liquid handling 

apparatus were lowered to a fixed height [check with Jennifer] and 45.7 μL or 

all the available media above that height was removed from every well on all 

eight plates.  10 μL of Dual-Glo Luciferase Reagent was added to each siRNA 

well and allowed to incubate at room temperature for 10 minutes.  As a 

reminder, this first reagent is processed by firefly luciferase and measures the 

Wnt response.  The luciferase reaction on the plates was read on an EnVision 

2104 (Perkin-Elmer) and the data recorded.  10 μL of Dual-Glo Stop & Glo 

Reagent was added to the same wells and allowed to incubate for 10 minutes 

before being read on the EnVision.  The second reagent quenches the firefly 

luciferase reaction and is processed by Renilla luciferase that is constitutively 

expressed in these RKO cells.  

 

C.2 Results and Analysis 

As in Chapter 2, each wellʼs firefly luciferase readout is normalized by 

its Renilla luciferase readout, to obtain a firefly/Renilla (f/R) value.  Since the 

Renilla luciferase readout is proportional to the wellʼs cell count, the f/R value 

measures the Wnt activity per unit cell volume.  Thus, the f/R values can be 

compared between wells and plates.  As each condition, DMSO (plus WCM) 

and 206A (plus WCM), was tested on quadruplicate plates, the means and 
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standard deviations for each siRNA across all four plates of each condition 

was calculated.   

The goal of the knockdown experiment was to find an siRNA that either 

blocked 206A Wnt synergy activity in the 206A condition or removed Wnt 

activity inhibition in the DMSO condition.  In both cases, the difference 

between the siRNA DMSO and 206A means (mean difference) would ideally 

be equal.  However, hypothesis testing using the t-test or z-test determines 

whether or not two means belong to dissimilar populations, while in this case 

the DMSO and 206A means would appear to belong to the same population.  

Since the t- and z-tests were not usable, the bin threshold strategy for spectral 

pairs was adapted for use here.  For each condition, the mean and standard 

deviation across all siRNA mean differences was calculated.  While the bin 

algorithm used a threshold of 2 times the standard deviation away from the 

mean, a slightly less stringent 1.8 times the standard deviation away from the 

mean was implemented here.  In equation form, an siRNA would be 

considered significant if 

!!,!" < !! − 1.8 ∗ !"! 

where “t” is the time length of transfection (either 24 or 48), “mt,si” is the mean 

difference for an siRNA, “Mt” is the mean of all siRNA mean differences, and 

“SDt” is the standard deviation of all siRNA mean differences.  It is important to 

note that this method does not take the f/R standard deviation across four 
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plates into account.  For the 24-hour transfection, the siRNA for BAZ1A, 

NOLC1, and RPLP0 had mean differences that passed this significance test 

(Figure 5A).  For the 48-hour transfection, only RPLP0 still passed the test, 

while BAZ1A and NOLC1 knockdown did not appear to have any affect on 

206A activity (Figure 5B).  RPLP0 was in fact the only protein whose siRNA 

passed the significance test for the 48-hour transfection.  It is important to note 

that while four different mRNA transcripts for each protein are blocked by the 

pooled siRNA, there may be additional transcripts that are not blocked, 

allowing that protein to express substantially and to continue its role in 206Aʼs 

Wnt synergy pathway.  In such cases, the detected firefly luciferase response 

will remain high, and the protein will be a false negative and incorrectly 

rejected.  

RPLP0 is a ribosomal component of the 60s subunit and a member of 

the L10P ribosome family [12].  The Wnt pathway member with which RPLP0 

interacts is SMAD3.  SMAD3 stabilizes B-catenin, averting its ubiquitin-

mediated degradation, and also enables B-catenin nuclear translocation, 

thereby enhancing transcription of B-catenin target genes [13].  Other than this 

connection with SMAD3, there is no other prior literature indicating that RPLP0 

is a modulator of the Wnt pathway.  Since RPLP0 is a ribosomal component, it 

is possible that silencing RPLP0 inhibits the expression of Wnt pathway 

members or luciferase.  Indeed, RPLP0 appears to be necessary for cell 

growth, as its silencing substantially reduces the Renilla readout for both 
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DMSO and 206A conditions (Figure 6).  This correlates with previous research 

that overexpression of RPLP0 increases the proliferative capacity of 

carcinomas [14].  However, the f/R values for RPLP0 for both conditions is 

comparable to the f/R value for the DMSO negative control after 24- and 48-

hour transfection (Figure 5), suggesting that the Wnt pathway has not been 

repressed.  Although RPLP0 was the only Wnt pathway modulator identified in 

this siRNA screen, it is important to remember that there are an additional 94 

Wnt-associated proteins (Table 7) that still must be tested.  It is quite possible 

that one or more Wnt pathway modulators will be found within that set. 
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Figure IV.1. Methods to Identify Signaling Pathway Modulators.  A. 
BrillDataAggregator (BDA) combines search fractions containing protein and 
peptide data into a single file.  B. BinnedStats identifies differentially 
phosphorylated protein “hits.”  C. PPIFinder adds interacting proteins to the 
original protein hit list to generate an expanded protein set.  D. DAVID website 
identifies signaling proteins in the expanded set, and PPIFinder relates these 
signaling proteins back to the protein hits to find potential pathway modulators.  
E. Modulators are validated using siRNA. 
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Figure IV.2.  LRSP Distribution of Control Samples 4261/4262, SCX 2-14 vs. 
Normal Distribution.  The LRSP was calculated for every spectral pair after 
binning for the half set SCX fractions 2-14 for the control samples 4261 and 
4262.  The average and standard deviation were calculated for each bin, and 
the normal distribution given those values is shown in red each graph.  The 
spectral pairs in each bin were grouped by their LRSP value and plotted as 
blue bars. 
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Figure IV.3. KEGG Pathways Identified by DAVID for Samples 4263-4265.  A. 
All KEGG pathways identified after inputting all 742 differentially 
phosphorylated proteins identified by BinnedStats.  The pathways are sorted 
by p-value.  B.  The top 10 of 80 KEGG pathways identified by DAVID after 
inputting the 4354 proteins produced by a 1-SHACS expansion.  The Wnt 
pathway is the 65th pathway as sorted by p-value.  Figure prepared from 
screenshots taken of the DAVID website. 

  

A 

B 
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Figure IV.4. Starred KEGG Wnt Signaling Proteins Are Associated with 
Differentially Phosphorylated Proteins.   Some differentially phosphorylated 
proteins are also members of the Wnt signaling pathway (see Table 7).  All 
other starred signaling proteins are one interaction removed from at least one 
of the proteins “hits.”  Screenshot of modified KEGG pathway taken from 
DAVID website. 
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Figure IV.5. Wnt Pathway Modulators.  A. For the 24-hour transfection 
experiment, the difference between 206A and DMSO means (mean difference) 
was determined for every siRNA, and the mean (M24) and standard deviation 
(SD24) of the mean differences were also calculated.  The mean differences of 
BAZ1A, NOLC1, and RPLP0 were all less than M24 – 1.8*SD24.  B. The same 
analysis was performed for the 48-hour transfection, and only RPLP0ʼs mean 
difference was less than M48 – 1.8*SD48.  
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Figure IV.6. RPLP0 Knockdown Inhibits Cell Growth.  The Renilla readout 
values following RPLP0 siRNA knockdown are much less than the negative 
and positive control Renilla values, suggesting the RPLP0 is necessary for cell 
proliferation. 
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Table IV.1. Characteristics of Samples 3745-3748.  The “total spectral count” 
is the sum of spectral counts across all peptides detected.  The 
“phosphopeptide spectral count” is the sum of spectral across all 
phosphopeptides detected and is a subset of total spectral count.  The “total 
base sequences” is the number of unique peptide sequences after removing 
all modifications such as phosphorylation.  “Phosphopeptide base sequences” 
is the subset of total base sequences that were phosphorylated at one or more 
phosphosites.  “Unique phosphosites” is the number of unique residues that 
were phosphorylated. 

Sample Number 3745_2 3745_3 3746 3747 3748 
Description Control Control, 

technical 
replicate 
of 
3745_2 

10% 
WCM, 
10 
minutes 

10 μg/mL 
206A, 10 
minutes 

10% 
WCM 
+10 
μg/mL 
206A, 10 
minutes 

Total Spectral 
Count 

136067 113967 
 

75801 91325 
 

94956 
 

Phosphopeptide 
Spectral Count 

2940 2094 2187 2471 
 

2144 
 

Total Base 
Sequences 

19432 15549 12297 14416 14676 
 

Phosphopeptide 
Base Sequences 

1652 1383 1007 1093 
 

1137 
 

Unique 
Phosphosites 

1941 
 

1705 1121 
 

1222 
 

1275 
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Table IV.2. Characteristics of Samples 4261-4265.  Terms are as described in 
Table 1.  A. Data for strong cation exchange (SCX) fractions 2-14.  B. Data for 
SCX fractions 15-28. 

A. SCX 2-14 

Sample Number 4261 4262 4263 4264 4265 
Description Control Control, 

biological 
replicate 

10 μg/mL 
206A, 5 
minutes 

10 μg/mL 
206A, 10 
minutes 

10 
μg/mL 
206A, 30 
minutes 

Total Spectral 
Count 

83502 86302 78164 88070 100864 

Phosphopeptide 
Spectral Count 

18458 18685 15292 18862 19608 

Total Base 
Sequences 

23659 25224 21164 24859 28713 

Phosphopeptide 
Base Sequences 

6572 7118 5295 6415 7070 

Unique 
Phosphosites 

8648 9587 6824 8482 9258 

 

B. SCX 15-28 

Sample Number 4261 4262 4263 4264 4265 
Description Control Control, 

biological 
replicate 

10 μg/mL 
206A, 5 
minutes 

10 μg/mL 
206A, 10 
minutes 

10 
μg/mL 
206A, 30 
minutes 

Total Spectral 
Count 

87337 91121 68642 69240 92491 

Phosphopeptide 
Spectral Count 

8164 8084 7656 8110 6501 

Total Base 
Sequences 

24845 26759 18275 19842 23409 

Phosphopeptide 
Base Sequences 

3771 3724 3153 3802 3001 

Unique 
Phosphosites 

4860 4623 4117 4907 3760 
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Table IV.3.  Bin Standard Deviations.  For the given sample set, the two 
control samples were used to calculate the standard deviations of the LRSPs 
within each bin.  Two times the standard deviation was the threshold for 
significance for each bin. 

Bin\Sample Set 3745-3748 4261-4265  
(SCX 2-14) 

4261-4265 
(SCX 15-28) 

0 1.232678134	   1.259927606	   1.206326746	  
1 0.730034077 0.787290456	   0.777999	  
2 1.017098661 0.729767158	   0.800186709	  
3-4 0.86275688 0.711120133	   0.688670547	  
5+ 0.527612664	   0.684353598	   0.606167091	  

 

 

 

 

 

 

 

 

 

  



  111 

   

Table IV.4.  Protein Interaction Chains.  A comparison between single hit-
anchored chain (SHAC) and a double hit-anchored chain (DHAC).  Nodes are 
proteins, and edges are interactions between proteins.  Red nodes are protein 
“hits” that were significantly phosphorylated or dephosphorylated according to 
BinnedStats.  Blue nodes are interacting proteins based on the protein-protein 
interaction database and may also be protein hits.  A DHAC is always a SHAC 
as well, but the reverse is not true. 
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Table IV.5.  Expansion of Entrez Gene IDs Using Protein-Protein-Interactions.  
“Base Protein Hits” refers to the number of protein hit IDs prior to expansion.  
The expanded set of proteins following a 2-DHACS is a subset of the 1-
SHACS set. 

Sample 3746 4263-4265 (combined) 
Base Protein Hits 114 742 
2-DHACS 574 2555 
1-SHACS 1487 4354 
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Table IV.6.  Wnt-associated Protein Hits.  With the exception of GSK3A/B, all 
of these protein hits were one interaction removed from a Wnt signaling 
protein.  These proteins resulted from a 2-DHACS of sample 3746 proteins 
using PPIFinder and DAVID analysis. 

E.G. ID Description Site(s) LRSP 
ACLY ATP citrate lyase T445 / 

T447 
1.7218 

ARHGEF12 Rho guanine nucleotide exchange factor 
(GEF) 12 

S1288 3.3068 

ARHGEF2 Rho/Rac guanine nucleotide exchange 
factor (GEF) 2 

S174 / 
T175 

1.7218 

ARHGEF6/7 Rho guanine nucleotide exchange factor 
(GEF) 6/7 

S448 1.0844 

BCLAF1 BCL2-associated transcription factor 1 S658 1.9144 
CDK1/2 cyclin-dependent kinase 1/2 T14 / Y15 1.6287 
COIL coilin T122 2.3068 
FLNA filamin A, alpha S1459 3.3068 
GSK3A/B glycogen synthase kinase 3 alpha/beta Y216 2.2364 
HSPB1 heat shock 27kDa protein 1 S82 / S83 1.8593 
IRAK3 interleukin-1 receptor-associated kinase 3 T188 / 

Y189 
3.0438 

KPNA2 karyopherin alpha 2 (RAG cohort 1, 
importin alpha 1) 

T61 / S62 1.5292 

LCP1 lymphocyte cytosolic protein 1 (L-plastin) S5 1.5413 
PAK2 p21 protein (Cdc42/Rac)-activated kinase 

2 
S141 1.2364 

PARD3 par-3 partitioning defective 3 homolog (C. 
elegans) 

S383 2.0438 

POLR1A polymerase (RNA) I polypeptide A, 
194kDa 

? 2.7218 

SERPINA1 serpin peptidase inhibitor, clade A (alpha-
1 antiproteinase, antitrypsin), member 1 

S122 1.7218 

SNAP23 synaptosomal-associated protein, 23kDa S110 2.1369 
TACC2 transforming, acidic coiled-coil containing 

protein 2 
S2512 2.1369 

THRAP3 thyroid hormone receptor associated 
protein 3 

S682 1.7218 

USP9X ubiquitin specific peptidase 9, X-linked S301 2.7218 
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Table IV.7.  Entrez Gene IDs of Protein Hits Associated with the Wnt Pathway 
As Identified by DAVID and PPIFinder.  235 differentially phosphorylated 
proteins are one interaction removed from a Wnt signaling protein, while the 8 
proteins in bold are members of KEGGʼs Wnt signaling pathway. 
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Table IV.8.  Entrez Gene IDs of Protein Hits Associated with the Wnt Pathway 
As Identified by DAVID and PPIFinder (Incomplete).  The implementation of 
batchProcessProtXml.pl (discussed in Chapter 3) had an error in its 
processing algorithm when generating trimmed search fractions, and as a 
result those trimmed search fractions improperly excluded a number of 
phosphopeptides.  The 165 differentially phosphorylated proteins were 
identified using the same methods as those used for preparing the list in Table 
7.  The 7 proteins marked in bold are members of KEGGʼs Wnt signaling 
pathway.  The 16 proteins marked in italics on the far right were not reported 
as differentially phosphorylated using the correct trimmed search fractions and 
are thus not present in Table 7.  This entire set of proteins, with the exceptions 
of RPLP2 and TUBA3C, was used for siRNA validation. 
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V 

Conclusions 

A. Conclusions 

1. This thesis has presented a pipeline for identifying differentially 

phosphorylated proteins and signaling pathways induced by small 

molecule treatment by using a phosphoproteomics approach centered 

on mass spectrometry analysis.  These protocols can be adapted for 

use with other small molecules to identify their signaling proteins and 

off-target effects.  This thesis also presented methods for selecting and 

validating potential phosphoprotein modulators for a signaling pathway 

of interest. 

 

2. In Chapter 2, an antibody-based approach, Kinexusʼ Phosphosite 

Profiling service, was used in an attempt to find phosphoproteins 
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induced by 206A treatment, with the hope that one of these 

phosphoproteins would be a Wnt pathway modulator responsible for 

206Aʼs synergy activity.  The service included quantitation of antibody 

binding to 38 phosphosites that spanned a number of major signaling 

pathways including JNK, MAPK, and ERK.  Samples that were treated 

with either Wnt-conditioned media (WCM) only or a combination of 

WCM and 206A were submitted to Kinexus for processing.  Analysis of 

the returned data was hampered by a lack of both replicates and a 

robust method for comparing samples between conditions.  Only one 

protein, adducin gamma (ADD3), clearly experienced increased 

phosphorylation due to 206A treatment.  However, siRNA silencing of 

ADD3 followed by a luciferase assay to determine the Wnt response 

showed that there was no reduction in 206Aʼs Wnt synergy activity.  

Thus, a phosphoprotein modulator of the Wnt pathway was not found 

using Phosphosite Profiling.  As shown in Chapter 4, there are 

thousands of unique phosphosites that can be currently detected via 

mass spectrometry, so the 38 antibodies used here tested just a tiny 

fraction of all possible phosphosites.  Attempting a purely antibody-

based approach towards discovering signaling proteins and pathway 

modulators given a small molecule of unknown mechanism such as 

206A would be a laborious, time-consuming, needle-in-the-haystack 

endeavor.  There would not even be any guarantee that antibodies 
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would be available against the phosphosites of proteins underlying 

206Aʼs synergy mechanism. 

 

3. Chapter 3 explored the methods for obtaining mass spectrometry data 

starting from treated cell samples.  Each sample took weeks of 

preparation and was both labor and resource intensive.  Great care was 

taken to minimize sample loss due to the large number of steps in the 

protocol.  Each sample underwent multiple stages of purification and 

separation, including strong cation exchange (SCX) fractionation, 

titanium dioxide-based phosphopeptide enrichment, and high 

performance liquid chromatography (HPLC) separation.  The resulting 

spectral data was searched against databases containing known 

protein spectra to identify and score tryptic peptides and to assign them 

to parent proteins, producing a number of “search fractions” for each 

sample.  Due to the phenomenon of neutral loss of the phosphate group 

during collision-induced dissociation, phosphopeptides were commonly 

given poor scores and required manual validation before being included 

in the data set.  A PostgreSQL database and a number of Java-based 

programs were implemented to automate the validation process as well 

as output trimmed search fractions containing the validated 

phosphopeptides.  These tools could be integrated into any mass 

spectrometry facility using the Trans-Proteomic Pipeline software 



  121 

   

analysis suite to substantially reduce the time and effort required for 

phosphopeptide validation. 

 

4. Identification of differentially phosphorylated protein “hits” and the 

selection and validation of potential signaling pathway modulators are 

the focuses of Chapter 4.  To compensate for the lack of sample 

replicates, Java programs were devised to take advantage of the rich 

breadth of phosphoprotein data within each sample data set.  A novel 

approach involving binning and the calculation of bin significance 

thresholds following statistical analysis of the control sample data sets 

allowed phosphoprotein hits to be identified in each experimental 

sample.  The DAVID Bioinformatics Resources website identified KEGG 

signaling pathways enriched by these phosphoprotein hits, and a 

combination of DAVID and an expanded protein set generated with a 

protein-protein interaction database allowed for the selection of 

phosphoprotein hits that were members of or one interaction removed 

from a pathway of interest.  Of the 742 phosphoprotein hits that 

appeared following 206A treatment, 243 were selected because of their 

close proximity to the Wnt pathway.  Due to an algorithm error, only 163 

proteins were silenced using siRNA, but after siRNA transfections for 

24 and 48 hours with luciferase assays in two separate screens, RPLP0 

emerged as a phosphoprotein induced by 206A that modulates the Wnt 
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signaling pathway.  Without mass spec, it would have been extremely 

unlikely that RPLP0 would have been implicated.  While multiple 

biological replicates for every sample condition are always preferred, 

the nontrivial costs in both time and resources for mass spectrometry 

analysis, especially for total cell lysates as in this case, may make 

replicates an unfeasible option.  The ability of these methods to 

confidently identify differentially phosphorylated proteins without 

replicates may permit other groups to afford and to take advantage of 

the extensive data sets generated through mass spectrometry. 

 

B. Possible Future Research 

1. Additional siRNA validation.  149 of the 165 Wnt-associated 

phosphoproteins identified by the flawed algorithm were also found in 

the set of 243 phosphoproteins selected with the correct algorithm.  The 

94 untested proteins should also undergo siRNA validation, and 

perhaps one of more additional Wnt pathway modulators induced by 

206A will be identified. 

 

2. Signaling pathway reconstruction.  One of the original goals of this 

project was to rebuild the signaling pathway leading to 206A Wnt 

synergy.  For each Wnt pathway modulator identified, proteins 
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interacting with the modulator could be tested using siRNA, to 

determine if these interactors were also members of the Wnt synergy 

pathway.  This process would repeat until pathway reconstruction was 

complete. 

 

3. Improving the algorithm for calculating bin significance thresholds.  The 

LRSPs in bins 2, 3-4, and 5+ follow the normal distribution reasonably 

well, but LRSPs in bins 0 and 1 do not.  A different distribution will be 

necessary to properly fit the LRSPs in all of the bins.  This would lead to 

more accurate selection of differentially phosphorylated proteins. 

 

4. Supplementing existing siRNA screening data with an siRNA screen 

against kinases and a kinase inhibitor screen.  These additional 

screens will identify which kinases are necessary for 206A signaling.  

The targets for such kinases will be potential members of the 206A Wnt 

synergy signaling pathway. 

 

 

 




