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ABSTRACT

 Phosphorylation is the most common post-translational modification that occurs 

within the cell and is intricately involved in many biological processes. It is important to 

understand the roles that protein kinases and phosphatases play by mapping protein 

phosphorylation as many disease states stem from aberrant signaling events. With the 

advent of modern mass spectrometry (MS), researchers are now provided with more 

complex phosphorylation patterns from thousands of proteins in each mass spectrometric 

analysis. Further developments in quantification techniques, such as stable isotope 

labeling with amino acids in cell culture (SILAC) and label-free quantitation, have 

allowed researchers to reliably quantify changes to these proteins in response to different 

treatments. A main challenge in MS-based phosphoproteomics is the need for 

phosphopeptide enrichment prior to MS analysis which can be labor-intensive and is 

plagued by irreproducibility. In the Wang lab, we have developed an automated 

phosphopeptide enrichment protocol that addresses many of the issues normally 

associated with conventional phosphopeptide enrichment workflows. Our established 

method outperforms conventional manual phosphopeptide enrichment methods in terms 

of phosphopeptide identifications and specificity. We have applied our enrichment 

method to two different projects, one focused on understanding thymidylate synthase 

inhibition in colorectal cancer cells and the second focused on understanding how tomato 

cells respond to green leaf volatiles.  
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 Additionally, extracellular vesicles are a promising biomarker discovery tool that 

over the past 10 years researchers have used proteomic studies to identify potential 

biomarkers for disease diagnosis. One major problem is that the current extraction 

techniques are cumbersome and time consuming. To address these issues, we applied an 

IMCStip-based automated workflow for the purification of extracellular vesicles from 

urine samples. Further work is needed to optimize the extraction process, but this work 

highlights the potential for automating the extraction workflow aiding in EV-based 

biomarker discovery. 
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CHAPTER 1  

DEVELOPMENT OF AN AUTOMATED PHOSPHOPEPTIDE ENRICHMENT 

METHOD FOR GLOBAL AND TARGETED PHOSPHOPROTEOMIC STUDIES

1.1 INTRODUCTION 

 1.1.1 Importance of protein phosphorylation & phosphoproteomics  

Protein phosphorylation is an important post-translational modification used to 

communicate vital signals throughout the cell.1-5 Kinases and phosphatases are used 

within the cell to turn “off” or “on” signaling cascades, leading to a variety of critical 

intracellular events, such as cell proliferation and apoptosis.3, 4, 6 Understanding the roles 

that protein kinases and phosphatases play by mapping protein phosphorylation is of 

particular interest as many disease states, such as cancer and neurodegenerative diseases, 

stem from aberrant signaling events.7 Such interest is exemplified by the number of 

kinase inhibitors approved by the United States Food and Drug Administration (FDA) for 

treating cancers and other diseases.8 With the advent of modern mass spectrometry (MS), 

researchers are now provided more complex phosphorylation patterns from thousands of 

proteins in each mass spectrometric analysis.9-11 Further developments in labeling 

techniques, such as stable isotope labeling with amino acids in cell culture (SILAC) and 

Tandem-Mass Tag (TMT) labeling, have allowed researchers to reliably quantify changes 

to these proteins in response to different stress, treatments, or novel compounds.12-16  
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1.1.2 Overview of sample preparation techniques for phosphoproteomics 

While MS-based phosphoproteomics has advanced over the past 10 years, the field is still 

plagued by a labor-intensive sample preparation process, limiting its translational impact. 

Phosphopeptide analysis requires a multi-step sample preparation process prior to mass 

spectrometric analysis starting from cell lysis, protein digestion, pre-enrichment 

desalting, and phosphopeptide enrichment. Each step can introduce variations that can 

obfuscate mass spectrometric results. This challenge to provide a consistent and efficient 

automated workflow needs to be addressed before this powerful analytical process can be 

further expanded and translated to more routine clinical and pharmaceutical applications.  

Current sample preparation methods for generating phosphopeptide samples are 

segmented and laborious. Developing robust processes for these complex sample 

preparations that can provide reliable results is still needed. Alternatively, simplifying the 

workflow by eliminating the more laborious enrichment step is not feasible due to the 

low abundance of phosphopeptides. Recent advances in resin chemistries to specifically 

enrich phosphorylated peptides have been developed to address this low stoichiometry 

issue.17-19 Two approaches are typically employed, with the first approach using 

antibodies to perform immunoaffinity extractions. This approach can be used to isolate 

specific proteins or peptides, or it can be generalized to target all peptides that have a 

phosphorylated tyrosine residue. Immunoaffinity extractions have been widely used, 

although they are limited by a lack of cost-effective antibodies that can consistently 

enrich the target proteins or peptides.17, 20 The second approach uses metal-oxide or 

immobilized metal-ion affinity (IMAC) resins to extract phosphopeptides by leveraging 

the affinity of phosphates to iron, titania, or zirconia.18, 19 These resins are more cost-
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effective and have been used as the primary approach for enriching a broad spectrum of 

phosphorylated peptides.21  

Automated metal-oxide and IMAC -based phosphopeptide enrichment methods 

are widely reported using automated liquid handling systems.17-21 Many of these reported 

methods utilize automated liquid handling systems that are designed for single function 

operations, such as peptide desalting or phosphopeptide enrichment.22 Since the focus of 

this study is to streamline multiple processes onto an integrated automated workflow, a 

more advanced platform such as Hamilton Microlab® STAR was selected. Additionally, 

the reported automated methods utilize either functionalize magnetic beads or spin 

columns containing packed resin. While magnetic bead and spin column -based methods 

can be automated on the STAR system, these required additional hardware such as a 

robotic arm to move the sample plate to and from the magnet stand or a centrifuge to 

carry out the spin column workflow. This additional hardware would increase capital 

costs and would reduce the overall workspace on the robotic platform. Hence, we 

selected a tip-based extraction technique that utilizes IMCStips to automate the extraction 

process. 

1.1.3 Tip-based sample preparation techniques 

Tip-based extractions have been popularized over the last two decades, mostly involving 

applications ranging from food and forensic analysis and more recently in protein 

purification.23 One popular tip-based SPE is a monolith-based pipette tip that is used for 

desalting peptides prior to spotting on matrix-assisted laser desorption ionization time of 

flight mass spectrometer (MALDI TOF MS).24 Tip-based extractions employ pipette tips 

containing resins that perform SPE which is an extraction technique by which analytes of 
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interest (AOI) suspended in solution are separated from contaminates based on chemical 

or physical properties. The resin inside of the tip is exposed to the sample either via 

unidirectional or bidirectional flow through the pipette tip. Tip-based extractions follow a 

stepwise procedure in which the resin is conditioned using buffers to prepare the resin to 

bind the AOI, the resin is then exposed to the sample containing the AOI, molecules that 

are non-specifically bound to resin are then removed using wash buffers, and the AOI is 

then eluted using elution buffer. Conventionally, the resin inside the tip used for the tip-

based extraction is tightly restricted by two filters which results in high back pressure and 

clogging. In contrast, IMCStips contain loosely packed resin and operate as dispersive 

solid-phase extraction (dSPE). dSPE allows the resin to fully disperse throughout the 

liquid matrix, leading to faster binding of the AOI and limiting back pressure. The 

IMCStips are compatible with automated liquid handling platforms, including the 

Hamilton Microlab® STAR, which will be used to automate and standardize the 

desalting and phosphopeptide enrichment process. 

This study is the first to report this novel dSPE in comparison to a traditional Spin 

Tip approach in our pursuit for a standardized phosphopeptide analysis. The efficiency of 

the workflow is benchmarked against the traditional spin format which requires 

intermittent manual interventions. Our integrated workflow couples the peptide desalting 

and the phosphopeptide enrichment using the dSPE in a pipette tip. This automated 

workflow demonstrated higher specificities and greater number of phosphopeptide 

identifications (IDs) than the conventional approaches (such as the Spin Tip method). In 

addition, a tandem mass spectrometric analysis performed over a 3-week period 
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demonstrated the consistency of the method. Such reliability is critical for the further 

applications of this method. 

1.2 RESULTS AND DISCUSSION  

1.2.1 Overview of method development 

The overall aim of this study was to standardize and automate the desalting and 

phosphopeptide enrichment portion of the phosphopeptide sample preparation process 

(Figure 1.1). The overall goal of this study was to establish an automated desalting and 

phosphopeptide enrichment method to improve reproducibility and the overall 

phosphopeptide enrichment efficiency in terms of phosphopeptide IDs and specificity. 

The general workflow for MS-based phosphoproteomics begins with the lysis of a cell or 

tissue sample using specific lysis buffer. The released proteins are treated with a reducing 

agent to reduce disulfide bonds, and then are irreversibly alkylated. The reduced and 

alkylated proteins are then digested using trypsin, a protease that cleaves proteins at the 

carboxyl side of arginine and lysine residues. Each of these steps needed to be optimized 

to ensure proper protein digestion. For example, the ratio of trypsin to peptide used for 

the trypsin digestion portion of the protocol needs to be established to ensure complete 

digestion. Our in-house protocol yields complete alkylation of cysteine residues and good 

peptide digest based on the number of missed cleavages observed in the resulting peptide 

samples. Once the lysis and digestion protocol was established, different peptide 

desalting resins were screened. C18 resins are commonly used for the purification of 

peptides to remove contaminating salts as the C18 chain has good affinity for peptides 

although has less affinity for more hydrophilic peptides.25 Highly cross-linked 

poly(styrene/divinylbenzene) resins have also been used to desalt peptides and shown to
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Figure 1.1. Standard workflow for sample preparation of phosphopeptide samples for MS analysis. 
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capture a wider range of peptides, including more hydrophilic peptides that are not 

captured by C18 resins.26 Therefore, three different resins were evaluated in this work, 

including two C18 aqueous silica gel resins with bead sizes of 300 Å (C18AQ3) and 100 

Å (C18AQ1) from Sorbent Technologies and one highly cross-linked divinylbenzene 

resin (RP) from Dow Chemical. These resins were tested in a spin column format and 

compared with an IMCStip format using the extraction protocol found in Table 1.1. For 

the IMCStip extraction, the process was automated on a Hamilton STAR system. For the 

spin column format, the same extraction protocol was performed using a rocker to mimic 

the IMCStip-based extraction. 

1.2.2 Establishment of MRM assay and comparison of peptide desalting resins 

To determine the ability of the different resins to recover peptides with these workflows, 

four peptides and three phosphopeptides were spiked in protein digest samples and a 

multiple reaction monitoring (MRM) assay was used to quantify the recovered peptides. 

The list of peptides and phosphopeptides used and their associated precursor and product 

ions are listed in Table 1.2. The peptide recovery data from the resulting peptide desalting 

extractions are found in Figure 1.2. From this data, the spin column format showed lower 

recovery of phosphopeptides in comparison to the IMCStip format. Additionally, the RP 

resin in the IMCStip consistently outperformed the other two resins in terms of overall 

recovery of both the peptides and phosphopeptides. To determine if different types of 

peptides were identified using the different resins, HEK cell digest samples were desalted 

using 10 mg of either C18A1, C18A3, or RP resin in the 1 mL IMCStip. The resulting 

samples were analyzed via mass spectrometry to determine the amount and type of 

peptides identified within each sample (Figure 1.3).
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Table 1.1. Desalting protocol used for testing peptide desalting resins in the IMCStip (ACN: Acetonitrile, F.A.: Formic Acid, 

TFA: Trifluoroacetic Acid). 

Steps Process Solvent Aspiration, uL Volume, uL Repeat # Duration, min 

1 Activation 100% ACN 600 800 2 0.6 

2 Condition 70% ACN, 0.1% F.A. 400 800 3 1.0 

3 Equilibration 1% TFA 400 800 3 1.0 

4 Binding 1% TFA 400 500 10 3.3 

5 Washing I 0.1% TFA 400 800 3 1.0 

6 Washing II 0.1% F.A. 400 800 3 1.0 

7 Elution I 70% ACN, 0.1% F.A. 400 400 3 1.0 

8 Elution II 70% ACN, 0.1% F.A. 400 400 3 1.0 

     Total 9.9 
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Table 1.2. Peptides and associated MS information used for MRM Analysis. 

Phosphorylated amino acids are emboldened and underlined. 

Peptides Sequence 
 Ions 

 Precursors Products 

pAngiotensin2 DRVYIHPF   376.17423+ 
Y [y5] - 756.3117+, V 

[b3] - 371.2037+ 

Aquaproin-2 RQSVELHSPQSLPR   571.95263+ 
P [y6] - 697.3991+, Q 

[y5] - 600.3464+ 

pp60(v-SRC) RRLIEDNEYTARG   558.26493+ 
N [y7] - 890.3404+, Y 

[y5] - 647.2549+ 

Bradykinin RPPGFSPFR  354.19443+ 

S [y4] - 

506.2722+[1], P [y3] 

- 419.2401+[2] 

Angiotensin1 DRVYIHPFHL   432.89983+ 
I [b5] - 647.3511+, I 

[a5] - 619.3562+ 

Angiotensin2 DRVYIHPF   349.51883+ 
I [y4] - 513.2820+, V 

[b3] - 371.2037+[1] 

Neurotensin ELYENKPRRPYIL   558.31053+ 

Y [y11] - 

483.60513+[2], L [a2] 

- 197.1285+[1] 
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Figure 1.2. Peptide recovery data from MRM assay from peptide samples subjected to 

peptide desalting extraction using different resins (C18A1, C18A3, RP) and different 

extraction techniques (Spin column based or IMCStip-based).   
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Figure 1.3. Peptide desalting for global peptide analysis. A) Total number of peptides 

identified for each of the different samples desalted using the specified resin. B) 

Histograms of GRAVY values for peptides identified within the samples desalted with 

the specified resin.
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From this analysis the total number of peptides identified from samples desalted 

using either C18A1, C18A3, and RP was 3011, 2738, and 2721, respectively. This 

indicates that there is no significant difference in the number of peptides able to be 

identified using different resin types. Additionally, based on the grand average of 

hydropathicity (GRAVY) values of the identified peptides, there is no significant 

differences in the GRAVY values of the peptides extracted using the different resin types. 

Based on these results, RP resin was selected and used for all future desalting extractions 

based on multiple different factors including phosphopeptide recovery data from the 

MRM assay and resin cost. After selection of the RP resin, the binding capacity of the 

resin was determined using trypsin digested peptides purchased from Pierce as the 

starting sample, and the peptide recovery was determined using the Pierce Quantitative 

Colorimetric Peptide Assay (Thermo Scientific) (Figure 1.4). 

The peptide recovery data in Figure 1.4 highlights that peptide recovery is 

dependent on the amount of starting material and the peptide concentration of the starting 

sample. Samples with less than 200 µg of starting material have a peptide recovery of 

less than 90%. This could be due to a concentration effect. In this experiment, the starting 

sample had a fixed volume of 200 µL. Samples with less than 200 µg of peptide have a 

lower the concentration of peptide and, therefore, more time may be needed for the 

peptides to bind to the resin. Samples with more than 200 µg of starting material had a 

peptide recovery of less than 90%. This is most likely due to the binding sites of the resin 

being saturated, especially on the exterior of the resin where peptides can most readily 

access. This is consistent with the observation from Kates et al., which showed that the 

binding kinetics for porous affinity resins are driven by “fast” and “slow” binding  
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Figure 1.4. Percent recovery of peptides was established using trypsin digested peptides 

purchased from Pierce. The starting sample volume was 200 µL. The desalting program 

was preset on the automation platform using 5 mg of reverse phase resin (n = 3 per 

starting amount of peptide, data are mean ± s.d.). The starting peptide sample and eluted 

peptide samples were quantified using Pierce Quantitative Colorimetric Peptide Assay 

(Thermo Scientific). 
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events.27 Based on the above results we set the upper binding capacity for the 5 mg RP 

IMCStip to 200 µg. This is due to analytes being able to readily bind to the exterior of 

resins while binding sites on the interior of the resin are rate limited by diffusion. 

1.2.3 Comparison of phosphopeptide enrichment resins 

For the phosphopeptide enrichment several different resins were surveyed. As previously 

mentioned, metal oxide resins or immobilized metal-ion affinity resins have been widely 

used for phosphopeptide enrichment. This is due to the affinity of phosphate groups for 

the metal groups within the resin. One stipulation in our search was that the resin needed 

to be compatible with IMCStips to facilitate the automation of the enrichment process. 

Thus, the resin needed to have a pore size larger than 30 microns to retained by the frit of 

the IMCStip. Four different resins were initially tested for use in the phosphopeptide 

enrichment protocol. A TiO2 resin and a ZrO2 resin from Cospheric, as metal oxide resins 

have been shown to efficiently enrich phosphopeptides. Iliuk et al. previously showed 

that their polymer-based metal ion affinity capture (PolyMAC) method obtained highly 

specific isolation of phosphopeptides from cell lysate samples, and PolyMAC extraction 

kits are commercially available (Tymora Analytical).28, 29 The PolyMAC method utilized 

metal ion-functionalized magnetic beads, which are not compatible with IMCStips. In 

working with Tymora Analytical, they were able to perform the conjugation on silica 

beads to generate a metal ion-functionalized silica bead (PolyTi). Additionally, an 

agarose-based Fe-NTA resin from Cube Biotech was tested. As a starting point for the 

phosphopeptide enrichment workflow, the workflow published by Iliuk et al. was 

adapted for the IMCStips (Table 1.3). The phosphopeptide enrichment workflow from 
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Table 1.3. Initial phosphopeptide enrichment process with the inclusion of glycolic acid. 

Referred to as buffer set 1. 

Phosphopeptide Enrichment Workflow 

Steps Process Solvent Sample, µL 

1 Activation 100% ACN 400 

2 Condition 80% ACN 400 

3 Equilibration 100 mM glycolic acid, 1% TFA, 50% ACN 400 

4 Sample 100 mM glycolic acid, 1% TFA, 50% ACN 200 

5 Wash I 100 mM glycolic acid, 1% TFA, 50% ACN 400 

6 Wash II 100 mM Acetic Acid, 1% TFA, 80% ACN 400 

7 Wash III 80% ACN 400 

8 Elution I 1.5% NH4OH 100 

9 Elution II 1.5% NH4OH 100 
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Table 1.3 and buffer set (buffer set 1), which included glycolic acid and acetic acid was 

used, as it was shown that these chemicals helped improve phosphopeptide specificities.30 

The workflow from Table 1.3 was automated on the Hamilton STAR system. For the 

initial experiment, 200 µg of HCT116 cell digest was used as the starting material. 

Samples using the automated workflow from Table 1.3 were collected after 

phosphopeptide enrichment and dried completely. The dried samples were then 

resuspended and then analyzed via MS (Figure 1.5). 

Data from our initial studies with the four different resin types showed that ZrO2 

and PolyTi achieved the highest number of phosphopeptide identifications with 2517 ± 

130 and 2337 ± 115, respectively, compared to 1330 ± 13 phosphopeptide identifications 

for TiO2 and 1428 ± 73 phosphopeptide identifications for Fe-NTA. While the PolyTi 

resin achieved higher phosphopeptide identifications, the phosphopeptide specificity of 

64% ± 2% was lower than ZrO2 and Fe-NTA which had phosphopeptide specificities of 

79% ± 2% and 71% ± 2%. In subsequent analysis, the phosphopeptide specificity of TiO2 

resin decreased even further and samples from Fe-NTA yielded samples that cause 

considerable clogging of the LC system. Thus, the TiO2 and Fe-NTA resins were not 

explored further for the phosphopeptide enrichment. One of the overall goals of the 

phosphopeptide enrichment was to achieve an in-depth phosphopeptide profile, while 

limiting the amount of non-phosphopeptides in the enriched samples. Obtaining the 

highest number of phosphopeptides gives a better view of which kinase substrates are 

highly phosphorylated, indicating which kinases are most highly active within the 

dataset. Non-phosphopeptides invariably occlude the identifications of phosphopeptides 

within the sample and usually bind non-specifically to the resin, thus decreasing the 
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Figure 1.5. Summary of phosphopeptide enrichment data using four different resin types 

(n = 2 per resin type). These samples were processed using buffer set 1 prior to 

optimization.
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reproducibility of the enrichment and complicating downstream interpretation of the 

resulting dataset. 

The LC-MS system used for the analysis of the sample significantly influenced 

the number of phosphopeptide identifications. For instance, samples run on a LC column 

that was 100 mm in length compared to a column that was 250 mm in length generally 

achieved better separation of the peptides enabling higher identifications by the MS.31 

Additionally, one of the major advancements in MS over the past 10 years is in 

sensitivity, which is due to a host of different achievements including faster scan rates 

and optimizations in almost all facets of the instrument including ion storage, ion routing, 

and fragmentation. For phosphoproteomics specifically, there is a balance needed in 

terms of scan rate during the MS analysis to ensure the highest number of 

phosphopeptides, but also the phosphorylation sites need to be localized to a specific site, 

requiring high-quality fragmentation spectra, which generally requires slower scan rates, 

compromising the number of phosphopeptide identifications.10, 32 

To determine the ability of the phosphopeptide enrichment method to recovery 

specific phosphopeptides, the MRM assay that we established for the 4 non-

phosphopeptides and the 3 phosphopeptides was used to quantify the recovery of 

phosphopeptides and the lack of recovery of non-phosphopeptides. The 4 non-

phosphopeptides and 3 phosphopeptides were spiked into a peptide sample and subjected 

to phosphopeptide enrichment. After the phosphopeptide enrichment, the samples were 

dried. The resulting samples were resuspended, and the phosphopeptides and peptides 

were quantified using the established MRM assay (Figure 1.6). 
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Figure 1.6. Phosphopeptide recovery data from MRM assay from peptide samples 

subjected to phosphopeptide enrichment extraction using different resins (ZrO2 and 

PolyTi, N=8 per resin type). 
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Using the original phosphopeptide enrichment workflow, there was considerable 

variation in the amount of recovered phosphopeptides for both resin types with an 

average %CV of 29% for ZrO2 and 34% for PolyTi. Based on these results, 

significantoptimization in terms of reproducibility was needed to ensure a robust 

phosphopeptide enrichment protocol that can be applied for the MRM assay. Using the 

MRM assay, none of the four non-phosphopeptides were detected after the 

phosphopeptide enrichment using either resin types and none were not detected in any 

phosphopeptide enriched samples in subsequent experiments.  

1.2.4 Optimization of phosphopeptide enrichment 

The overall goal of this work was to establish a phosphopeptide enrichment that was 

robust and reliable. For global phosphoproteomic analysis, robustness and reliability are 

measured by number of phosphopeptide IDs, phosphopeptide specificity, and sample-to-

sample reproducibility. For targeted phosphoproteomic analysis, robustness and 

reliability are measured by phosphopeptide recovery and sample-to-sample 

reproducibility. The progress of the optimization of the phosphopeptide enrichment was 

measured using both global and target phosphoproteomic analyses. The optimization of 

the phosphopeptide enrichment was done by altering the following parameters: resin:cell 

lysate ratio, sample, washing and elution buffers, aspiration/dispense cycle number for 

each extraction step, and aspiration/dispense speeds at each extraction step. Each of these 

parameters was optimized for the phosphopeptide enrichment and only a summary of this 

optimization process is presented here. To begin the optimization for the phosphopeptide 

enrichment, a fixed quantity of resin was used with varying amounts of cell lysate to  
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determine if we achieved higher phosphopeptide identifications as we increased the 

starting material (Table 1.4). 

The data showed no significant improvement across different amounts of protein 

digest starting material for a set amount of resin. This is probably due to the saturation of 

the binding sites on the resin. The upper range of digest amount (400-1600 µg) would be 

impractical in clinical settings, therefore for all subsequent experiments, 100-200 µg of 

peptide starting material were used. During the optimization portion of this study, 

clogging issues occasionally occurred for both the ZrO2 and PolyTi samples. We 

hypothesized that trace amounts of glycolic acid were being carried over into the eluted 

samples, which clogged the LC column. This problem was remedied by an additional 

desalting step after phosphopeptide enrichment; however, this would introduce an 

additional step to the overall workflow, increasing the overall processing time and the 

potential for the loss of material. An alternative phosphopeptide enrichment buffer set 

was developed in place of buffer set 1, here referred to as buffer set 2 (Table 1.5). Buffer 

set 2 was based on previous work by Zhou et al. that showed that high concentrations of 

TFA (5-10%) in the sample binding buffer leads to high phosphopeptide specificity and 

the inclusion of 200 mM NaCl during the wash steps helped remove the non-specifically 

bound non-phosphopeptides.33, 34 The two different buffer sets were compared for overall 

phosphopeptide identifications and phosphopeptide specificity (Figures 1.7-1.8). Samples 

generated using buffer set 2 outperformed samples generated using buffer set 1 in terms 

of phosphopeptide specificity and phosphopeptide identifications. Also, samples prepared 

using buffer set 2 had no issues with clogging whereas samples prepared with buffer set 1 
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Table 1.4. Resin testing for determining resin capacity. 5 mg of resin was used. 

Resin Type 

Protein 

Digest 

Amount 

Protein 

Ids, # 

Phosphopeptide 

Ids, # 

Phosphopeptide 

Specificity, % 

MS/MS 

Scans 

ZrO2 200 µg 1070 1902 97% 8155 

ZrO2 400 µg 1220 2074 89% 8634 

ZrO2 800 µg 1308 2126 84% 9733 

ZrO2 1600 µg 1180 2263 96% 10103 

PolyTi 200 µg 883 1389 89% 7859 

PolyTi 400 µg 829 1473 97% 7632 

PolyTi 800 µg 958 1615 88% 8748 

PolyTi 1600 µg 911 1378 86% 8900 



 

23 

Table 1.5. Phosphopeptide enrichment process and buffer set. Referred to as buffer set 2. 

Phosphopeptide Enrichment Workflow 

Steps Process Solvent Sample, µL 

1 Activation 100% ACN 400 

2 Condition 80% ACN 400 

3 Equilibration 80% ACN, 6% TFA 400 

4 Sample 80% ACN, 6% TFA 200 

5 Wash I 80% ACN, 6% TFA 400 

6 Wash II 50% ACN, 6% TFA, 200 mM NaCl 400 

7 Wash III 30% ACN, 0.1% TFA 400 

8 Elution I 1.5% NH4OH 100 

9 Elution II 1.5% NH4OH 100 
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Figure 1.7. Comparison of number of phosphopeptides and non-phosphopeptides 

identified by two different workflows using ZrO2 (n = 2, data are mean ± s.d.). The buffer 

set 1 is the glycolic acid containing buffer set and the buffer set 2 is the current buffer set. 

Sample analysis was done using the Orbitrap Fusion. 
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Figure 1.8. Comparison of number of phosphopeptides and non-phosphopeptides 

identified by two different workflows using PolyTi (n = 2, data are mean ± s.d.). The 

buffer set 1 is the glycolic acid containing buffer set and the buffer set 2 is the current 

buffer set. Sample analysis was done using the Orbitrap Fusion. 
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consistently caused higher pressure when injected onto the LC or clogged the LC 

altogether. Buffer set 2 was used for all subsequent experiments. 

One parameter that affected recovery in the MRM assay was neutralizing the 

sample using formic acid and injecting directly instead of vacuum drying the sample after 

elution. When the samples were dried for the MRM assay, the recoveries were highly 

variable (CVs greater than 30%), while neutralizing the sample and skipping the dry 

down step decreased the CVs to less than 20% (Table 1.6). Loss of peptides during the 

drying step could be due to the peptides having increased time to bind to the plastics and 

not being recovered during the resuspension process or by simply eliminating other 

variables associated with drying and reconstituting the sample. Additionally, the 

inclusion of 50% acetonitrile in the elution buffer increased phosphopeptide recovery for 

the MRM assay (Table 1.7).  

Next, the mixing steps for each step in the enrichment were altered. Increasing the 

aspiration speed from 30 µL/s to 60 µL/s, adjusting dispense speeds from 5 µL/s to 15 

µL/s, and increasing the cycle number from 3 to 5 during the wash steps led to an average 

increase of phosphopeptide specificities by 27% for both PolyTi and ZrO2 (Figure 1.9). 

To determine if a second elution step was necessary, a comparison between the 

phosphopeptide samples eluted with one elution step versus samples eluted with two 

elution steps was performed. This experiment used buffer set 2 and used 1.5% 

Ammonium Hydroxide, 50% ACN as the elution buffer (Figures 1.10). A second elution 

step increased the number of phosphopeptide identifications by 160% and increased the 

overall phosphopeptide specificity for global analysis. Together the optimization process 

led to significant improvements in the phosphopeptide enrichment process in terms of  
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Table 1.6 Comparison of phosphopeptide recoveries and associated CVs for each 

phosphopeptide from different resin types (n = 8 per resin type) when the eluted samples 

are not dried versus when dried. 

    pAngiotensin2 Aquaporin-2 pp60(v-SRC) 

  
Resin 

Type 

Average 

Recovery 

% 

CV 

Average 

Recovery 

% 

CV 

Average 

Recovery 

% 

CV 

No Dry 

Down 

ZrO2  29% 28% 70% 6% 52% 10% 

PolyTi 62% 6% 73% 3% 61% 7% 

Dry 

Down 

ZrO2 42% 16% 71% 26% 70% 46% 

PolyTi 54% 53% 76% 11% 104% 37% 
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Table 1.7. Summary of phosphopeptide recoveries and associated CVs for each phosphopeptide from different resin types (n = 

4 per resin type) when using elution buffer 1 or elution buffer 2. Elution buffer 1 is 1.5% Ammonium Hydroxide. Elution 

buffer 2 is 1.5% Ammonium Hydroxide, 50% ACN. 

 Elution Buffer 1 Elution Buffer 2 
 PolyTi ZrO2 PolyTi ZrO2 

Phosphopeptides % Recovery % CV % Recovery % CV % Recovery % CV % Recovery % CV 

pAngiotensin2 2% 82% 40% 14% 41% 10% 85% 6% 

Aquaporin-2 1% 25% 56% 3% 59% 8% 80% 4% 

pp60(v-SRC) 5% 26% 54% 6% 61% 12% 81% 7% 
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Figure 1.9. Comparison of phosphopeptide specificities between Wash Condition 1 and 

Wash Condition 2 for both PolyTi and ZrO2 (n = 2 per resin type, data are mean ± s.d.). 

Wash Condition 1: 3 cycles at 30 µL/s aspiration speed and 5 µL/s dispense speed for 

each wash solution; Wash Condition 2: 5 cycles at 60 µL/s aspiration speed and 15 µL/s 

dispense speed for each wash solution. Sample analysis was done using the LTQ-

Orbitrap Velos Pro. 
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Figure 1.10. Comparison of number of phosphopeptides and non-phosphopeptides 

identified by two different workflows (n = 2, data are mean ± s.d.). The first workflow 

contained only one elution step and the second workflow contained two elution steps. 

Sample analysis was done using the Orbitrap Fusion.
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phosphopeptide identifications and phosphopeptide specificity for global analysis and 

increased recovery and reproducibility for targeted analysis. The optimization process 

also highlighted the benefits of the IMCStips as control of specific aspiration and 

dispense speeds have significant effects on the efficiency of the phosphopeptide 

enrichment. The final optimized automated desalting and phosphopeptide enrichment 

workflow is detailed in Table 1.8 with specific aspiration/dispense speeds, volumes, 

buffers, and the time associated with each step of the extraction process.  

This final automated desalting and phosphopeptide enrichment process was then 

compared to a standard Spin Tip workflow (Table 1.9). As part of the standardization 

process, the entire workflow was unified with one single cell type, human colon cancer 

cell line (HCT116). The cell culture, lysis, protein precipitation, and digested were all 

performed identically in bulk prior to splitting the samples into multiple aliquots for 

comparison of Spin Tips and IMCStips. The selection of colon cancer cell line as the 

initial starting point is due to the relatively well-established characterization of the cell 

line and the need for more effective colorectal cancer screens.35 A recent report 

highlighted that higher incidence rates of colon cancer for adults age 20 to 39 than adults 

aged 40-54 years old raises concerns for the well-being of the general public.36 Current 

novel biomarker research focuses on genetic, epigenetic, and protein markers as new 

screening modalities for early detection. This study is envisioned as an additional toolkit 

to expand that search for biomarkers, especially focusing on aberrant post-translational 

modifications involving phosphorylation events. 
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Table 1.8. Optimized automated desalting and phosphopeptide enrichment workflow. 

IMCStip Process Solvent 
Aspirate, 

µL 

Cycle 

Number 

Aspirate/Dispense 

Speed, µL/sec 

Sample, 

µL 

Time, 

mins 

RP Activation 100% ACN 250 1 30/15 400 1 

RP Equilibration 1% TFA 250 3 30/15 400 2 

RP Sample 1% TFA 200 10 30/15 250 10 

RP Wash 1 1% TFA 250 3 30/15 400 2 

RP Wash 2 0.5% Formic Acid 250 3 30/15 400 2 

RP Elution 80% ACN, 6% TFA 200 5 30/15 200 3 

Phospho. Activation 100% ACN 250 1 30/15 400 1 

Phospho. Condition 80% ACN 200 3 30/15 400 3 

Phospho. Equilibration 80% ACN, 6% TFA 200 5 30/15 400 3 

Phospho. Sample 80% ACN, 6% TFA 180 40 30/10 200 30 

Phospho. Wash I 80% ACN, 6% TFA 200 3 60/15 400 3 

Phospho. Wash II 
50% ACN, 6% TFA, 200 mM 

NaCl 
200 3 60/15 400 3 

Phospho. Wash III 30% ACN, 0.1% TFA 200 3 60/15 400 3 

Phospho. Elution I 1.5% NH4OH, 50% ACN 80 5 30/5 100 3 

Phospho. Elution II 1.5% NH4OH, 50% ACN 80 5 30/5 100 3 
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Table 1.9. Phosphopeptide enrichment process using the Spin Tips from GL Sciences and Thermo Scientific. For each step the 

specified solvent and volume was added to each Spin Tip. The Spin Tips were then centrifuged and the flow through was 

discarded. Elution 1 and elution 2 were collected, combined, and lyophilized. The dried samples were then stored at -80 oC 

until LC-MS/MS analysis. 

Process Solvent Volume, µL 
Centrifuge  

Speed, xg 

Time,  

mins 

Condition 100% ACN 200 3000 2 

Equilibration 80% ACN, 6% TFA 200 3000 2 

Sample (First Pass) 80% ACN, 6% TFA 200 1000 10 

Sample (Second Pass) 80% ACN, 6% TFA 200 1000 10 

Wash I 80% ACN, 6% TFA 200 3000 2 

Wash II 80% ACN, 6% TFA 200 3000 2 

Wash III 50% ACN, 6% TFA, 200 mM NaCl 200 3000 2 

Wash IV 50% ACN, 6% TFA, 200 mM NaCl 200 3000 2 

Wash V 30% ACN, 0.1% TFA 200 3000 2 

Wash VI 30% ACN, 0.1% TFA 200 3000 2 

Elution I 1.5% NH4OH, 50% ACN 100 1000 5 

Elution II 1.5% NH4OH, 50% ACN 100 1000 5 
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1.2.5 Comparison of automated phosphopeptide enrichment to conventional 

method 

The automated workflow which coupled desalting and phosphopeptide enrichment 

required less than 10 minutes of hands-on time to place reagents on the system. After 2 

hours, the eluates were ready for injection. Spin Tips required more manual interventions 

with several centrifugation steps, and the entire processing time was completed in similar 

time frames for approximately 8 samples. Increasing the sample number increased the 

processing time, whereas the time commitment for automated method was the same for 1 

to 96 samples.  

Each sample aliquot for analysis by Orbitrap Fusion comprised of 200 µg of 

peptide from the HCT116 digests. For the PolyTi and ZrO2 resins in IMCStip, the 

average phosphopeptide identifications were 10,191 and 9,796, respectively (Figure 

1.11A). The average phosphopeptide identifications from Thermo and GL Biosciences 

Spin Tips were 7,408 and 5,902, respectively (Figure 1.11A). The average specificities 

for PolyTi ranked highest at 93%, ZrO2 at 86%, and the two Spin Tips were significantly 

lower at 58% for Thermo Scientific and 32% for GL Biosciences (Figure 1.11B). The 

differences may be attributed to resin chemistries and/or the difference between dSPE in 

tips versus the Spin Tips. Some of these differences could not be examined as resins from 

Thermo and GL passed through the bottom filter of IMCStips. Hence, the PolyTi resin 

from IMCStips were transferred to a spin column format. The results from the PolyTi 

resins filled in spin column and IMCStips were comparable in terms of phosphopeptide 

identifications, but the specificities from the spin column were significantly lower than 

tip extraction (Figure 1.11C, D). This result suggests that PolyTi resins are superior to  
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TiO2 as the spin column containing PolyTi had higher phosphopeptide IDs compared to 

the Spin Tip products from GL and Thermo. The extraction using dSPE in the IMCStip 

also outperform the spin column format within the scope of the current study. Such a 

difference in specificities between dSPE and spin column is intriguing and warrants 

further study in the future using expanded portfolio of resins and different analytes. A 

summary of the results from each can be found in Table 1.10-1.11. 

Reproducibility of phosphopeptide enrichment methods was assessed using two 

biochemical replicates. Technical reproducibility was obtained by injecting a single 

sample that was divided in half and injected sequentially. The peptide overlap for the 

technical replicate from this “split” sample was 63% (Figure 1.11E). This overlap 

percentage is the maximum overlap, where a significant portion (~40%) of the sample-to-

sample differences are due to the limitations of the data dependent acquisition (DDA) 

mass spectrometry. The peptide overlap between biochemical replicates for the two resin 

types was 60.4% and 55.2% for PolyTi and ZrO2, respectively (Figure 1.11E). For 

comparison, the peptide overlap between Thermo Spin Tip biochemical replicates and 

GL Spin Tip biochemical replicates was 44.1% and 60.2%, respectively (Figure 1.11F).  

1.2.6 Phosphopeptide enrichment for MRM assay applications   

Given the intrinsic limitation of DDA, the reproducibility of the established automated 

phosphopeptide enrichment was further assessed using an in-house MRM assay with 

three phosphopeptides and three non-phosphopeptides. For this initial work, several 

commercially available phosphopeptides were screened, but these three phosphorylated 

peptides provided sufficient MS signal intensities. 
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Figure 1.11. Comparison of phosphopeptide enrichment methods. Two biochemical 

replicates were processed for each extraction type. A) Average number of 

phosphopeptides and non-phosphopeptides identified by PolyTi and ZrO2 represent 

automated extractions using IMCStips. Thermo and GL Bio are two different vendors 

using TiO2 in Spin Tips. B) Average specificities by resin type, where higher specificities 

are indicative of more efficient extraction as MS scans are dedicated to identifying 

phosphopeptides instead of non-phosphorylated peptides. C) Average number of 

phosphopeptides and non-phosphopeptides identified using IMCStips and Spin Columns 

both using PolyTi resin. For this experiment 200 µg of untreated HCT116 cell digest was 

used as the starting material for both the IMCStip and the spin column samples. D) 

Average phosphopeptide specificities for the IMCStip and the Spin Column method, both 

of which used PolyTi resin. E) Peptide overlap between samples analyzed by the orbitrap 

fusion. Peptide overlap between technical replicates of a phosphopeptide sample. Peptide 

overlap between biochemical replicates that were enriched for phosphopeptides using 

PolyTi and ZrO2. F) Peptide overlap between samples processed using the Spin Tips and 

analyzed by the orbitrap fusion. Peptide overlap between biochemical replicates that were 

enriched for phosphopeptides using the Thermo Spin Tip and using the GL Bio Spin Tip.
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Table 1.10. Summary of data from phosphopeptide enrichment of 200 µg of HCT116 cell lysate. Sample analysis was done 

using the Orbitrap Fusion. 

Resin 

Type 

IMCStip 

or Spin 

Tip 

Protein Ids, # Peptide Ids, # 
Phosphopeptide Ids, 

# 

Phosphopeptide 

Specificity, % 

MS/MS 

Scans 

PolyTi IMCStip 2976 10941 10570 97% 62803 

PolyTi IMCStip 3088 10890 9812 90% 64310 

ZrO2 IMCStip 3197 11928 10160 85% 64514 

ZrO2 IMCStip 3046 10855 9432 87% 68148 

Thermo Spin Tip 3738 10759 7557 70% 55413 

Thermo Spin Tip 4314 15936 7260 46% 74705 

GL Bio Spin Tip 4780 20235 6413 32% 76860 

GL Bio Spin Tip 4407 16794 5391 32% 71133 
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Table 1.11. Summary of data from phosphopeptide enrichment of 200 µg of untreated 

HCT116 cell lysate using 10 mg of PolyTi resin. Sample analysis was done using the 

Orbitrap Fusion. 

IMCStip or 

Spin Column 

Protein 

Ids, # 

Peptide 

Ids, # 

Phosphopeptide 

Ids, # 

Phosphopeptide 

Specificity, % 

MS/MS 

Scans 

IMCStip 3029 9675 8687 90% 60671 

IMCStip 3244 11736 10425 89% 61195 

Spin Column 2858 8079 5706 71% 51512 

Spin Column 3466 11897 9172 77% 60400 
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For three peptides, PKC substrate 4 from Anaspec, MAPK1 from New England 

Peptide, and MAPK14 from New England Peptide, the signal intensities were unreliable 

and were therefore not used in the assay. The sequence of the six peptides that were used 

for the MRM assay are listed in Table 1.2 along with the precursor and daughter ions. 

These peptides were spiked into a matrix of digested bovine serum albumin and subjected 

to automated phosphopeptide enrichment. The enrichment was done using the two 

different resins (n = 8 per resin) once a week over a 3-week period. From these 

experiments, the average recoveries for all phosphopeptides from both resin types were 

greater than 50% (Figure 1.12). The inter-plate and intra-plate averages and associated 

CVs for each resin type can be found in the supplemental information (Table 1.12-1.13). 

Among the two resins, ZrO2 provided higher recoveries than PolyTi with inter-plate 

averages of 77%, 73%, and 63% for pAngiotensin2, Aquaporin-2, and pp60 (v-SRC), 

respectively (Table 1.13). The %CVs for the resins were below 20% (Table 1.13). The 

higher recoveries with the ZrO2 resin for the MRM assay may be due to the resin’s 

preferential recovery of singly-phosphorylated peptides compared to the PolyTi resin as 

all three phosphopeptides used in the MRM-assay were singly-phosphorylated. This 

observation is in line with the global analysis data, where the ZrO2 contained 10-15% 

more singly-phosphorylated phosphopeptide identifications compared to the PolyTi resin 

(Figure 1.13). 

 1.2.7 Comparison of phosphopeptide profiles from different resins 

Zirconia, titania and iron are common metals used for phosphopeptide enrichment. Since 

zirconia and titania-based chemistries were available for dSPE in tips, the differences 

between the two resins using the same automated workflow were further investigated. 
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Figure 1.12. The average recovery for each phosphopeptide from three different 

extractions performed once a week over 3-weeks using two different resins (n = 8 per 

resin type).
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Table 1.12. Summary of phosphopeptide recoveries (% Recov.) and associated CVs (% CV) for each phosphopeptide from 

different resins for the 3-week experiment (n = 8 per resin type per week). 
 Week 1 Week 2 Week 3 

  PolyTi ZrO2 PolyTi ZrO2 PolyTi ZrO2 

Phosphopeptides 
 % 

Recov. 
% CV 

 % 

Recov. 
% CV 

 % 

Recov. 
% CV 

 % 

Recov. 
% CV 

 % 

Recov. 
% CV 

 % 

Recov. 
% CV 

pAngiotensin2 65% 4% 75% 7% 72% 14% 91% 7% 61% 8% 66% 9% 

Aquaporin-2 72% 3% 78% 4% 73% 9% 79% 5% 66% 4% 63% 6% 

 pp60(v-SRC) 60% 16% 63% 8% 62% 9% 69% 12% 55% 11% 57% 9% 
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Table 1.13. Summary of average inter-week phosphopeptide recoveries and associated 

CVs for each phosphopeptide from different resins for the 3-week experiment (n = 24 per 

resin type). 

 

Phosphopeptide Recovery: 

Inter-week Average Recovery 

Phosphopeptide Recovery: 

Inter-week CVs 

Phosphopeptides PolyTi ZrO2 PolyTi ZrO2 

pAngiotensin2 66% 77% 12% 16% 

Aquaporin-2 70% 73% 8% 11% 

pp60(v-SRC) 59% 63% 13% 13% 
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Figure 1.13. The distribution of singly-, doubly-, triply- phosphorylated peptides 

identified from 200 µg of HCT116 digest from the different extractions.
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The pool of singly, doubly and triply phosphorylated peptides from the two 

different resins were minor, where 86% of phosphopeptides identified with the zirconia 

resin were singly-phosphorylated compared to 75% for PolyTi resin. For PolyTi resin, on 

average, 19% of the phosphorylated peptides identified were multiply-phosphorylated 

compared to 13% for ZrO2 and less than 10% for both TiO2-based Spin Tips (Figure 

1.13). Prior studies have also reported a selective bias of zirconia towards singly 

phosphorylated peptides over the doubly and multiply-phosphorylated peptides, likely 

due to the strong interaction between zirconia and phosphates.37 From previous data 

using a glycolic acid containing buffer set and the LTQ-Orbitrap Velos Pro for sample 

analysis, the phosphopeptides enriched using PolyTi showed nearly equal enrichment of 

singly- and doubly- phosphorylated peptides (Figure 1.14). Additionally, a comparison in 

the number of singly-, doubly-, and triply-phosphorylated peptides identified using 

PolyTi with the current buffer set and the previous glycolic acid containing buffer set was 

done using the Orbitrap Fusion for sample analysis (Figure 1.15). From this comparison, 

a slight decrease in the average number of doubly-phosphorylated peptides was observed, 

from 37% to 19%, when using the current buffer set. This decrease in recovery of doubly 

phosphorylated could be attributed to a decrease in pH as the current buffer set uses a 

higher concentration of TFA creating an environment that could be more favorable 

toward binding singly-phosphorylated peptides to the resin. The peptide overlap between 

PolyTi and ZrO2 (pooled peptide identifications from two biological replicates for both 

resin types), showed a slight decrease in peptide overlap compared to the biological 

replicates (Figure 1.16A). However, these differences in overlap could be due to a variety 

of factors, one being the inherent limitations of data-dependent acquisitions. 



 

47 

PolyTi ZrO2 Thermo GL Bio

0

1000

2000

3000

4000

Comparison of Average number of

singly-, doubly-, triply-phosphorlated peptides

Resin Type

#
 o

f 
P

h
o

sp
h

o
p

e
p

ti
d

e
s

Singly-

Doubly-

Triply-

48.2%

41.8%

10.1%

90.7%

9.0%

0.2%

74.6%

19.1%

6.3%

70.0%

21.9%

8.1%

 

Figure 1.14. Number of singly-, doubly-, and triply-, phosphorylated peptides identified 

by four different extractions with glycolic acid containing buffer set (n = 2 per resin type, 

data are mean ± s.d.). Sample analysis was done using the LTQ-Orbitrap Velos Pro.
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Figure 1.15. Comparison of types of phosphopeptides enriched by PolyTi when using two 

different buffer sets (n = 2, data are mean ± s.d.). The first buffer set contains glycolic 

acid while the second buffer set contains a higher concentration of TFA. Sample analysis 

was done using the Orbitrap Fusion. 
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The hydrophobicity (GRAVY score) and the isoelectric point (pI value) for all 

identified phosphopeptides were determined to further detect any differences between the 

two resins. Previous reports have indicated that IMAC based resins enrich more 

hydrophilic phosphopeptides and metal oxide-based resins enrich more acidic 

phosphopeptides.38 However, this analysis showed no significant differences between 

PolyTi and ZrO2, in which the distribution of GRAVY scores and pI values of identified 

phosphopeptides are similarly aligned (Figure 1.16B, C). In general, positive (+) 

GRAVY scores are associated with peptides with overall hydrophobic character, whereas 

negative (−) GRAVY scores indicate hydrophilic character, suggesting that both resins 

preferentially enrich hydrophilic phosphopeptides. Both resins also show majority (> 

50%) of the identified phosphopeptides are acidic (pI < 6), but still ~ 30% of the 

identified phosphopeptides have basic isoelectric values > 8.  

As summary of the results with the two phosphopeptide enrichment resins is 

presented in Table 1.14. Based on the analysis, we find that the only differences in the 

phosphopeptides identified by PolyTi and ZrO2 resins are differences in numbers of 

singly- versus multiply- phosphorylated peptides. However, this observation could be 

highly dependent on variations in the sample binding environment as well as the 

chromatography and ionization conditions used during the LC-MS/MS analysis. These 

differences in types of phosphopeptides between the resins are intriguing, and further 

systematic investigation is needed to understand these differences and how such subtle 

differences could be exploited for future studies. 
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Figure 1.16. Comparison of phosphoprofile from different resin types. A) Peptide overlap 

between biochemical replicates (n = 2 per resin type) that were enriched for 

phosphopeptides using PolyTi or ZrO2. B) The average distribution of gravy values for 

all phosphorylated peptides identified by both PolyTi and ZrO2. C) The average 

distribution of pI values for all phosphorylated peptides identified by both PolyTi and 

ZrO2.



 

51 

Table 1.14. A summary table for the comparison between two different resins used in the 

IMCStip. The data shown was generated from phosphopeptide enrichments of 200 µg of 

HCT116 protein digest using two different resin types in the IMCStip using the 

optimized automated extraction protocol (n = 2 per resin type, data are mean ± s.d.). 

 
IMCStip Resins 

 PolyTi ZrO2 

Average Phosphopeptide Ids, # 10191 ± 379 9796 ± 364 

Average Phosphopeptide Specificity, % 93.3 ± 3.3 % 86.0 ± 0.9 % 

Sample to Sample Peptide Overlap, % 60.4 % 55.2 %  

Average Multi-phosphorylated peptide, % 24.1 ± 0.3 % 13.9 ± 1.8 % 

Average Peptide pI, # 6.33 ± 2.58 6.43 ± 2.56 

Average Peptide Gravy Score, # -1.05 ± 0.66 -1.05 ± 0.65 
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1.2.8 IMCStip-based extraction method transferability  

One of the advantages of the IMCStip-based workflow is that the method can be applied 

to several different types of automated liquid handling systems. This allows for more 

board adoption of the workflow as labs with different automated liquid handling systems 

could apply the same workflow. To demonstrate the transferability of the automated 

desalting and phosphopeptide enrichment workflow, programmed our method on an 

Integra Assist system and compared the desalting and phosphopeptide enrichment to the 

Hamilton STAR system. For comparison, a spin column method was used using RP resin 

for the desalting portion and PolyTi resin for the phosphopeptide enrichment (Figure 

1.17). 

The samples generated using the IMCStips with either the Integra Assist or the 

Hamilton STAR showed high phosphopeptide identifications with 11395 ± 220 

phosphopeptide identifications from samples generated using the Integra Assist and 

10126 ± 237 phosphopeptide identifications from samples generated using the Hamilton 

STAR. Additionally, the phosphopeptide specificity for IMCStip-based extractions did 

not differ significantly and had an average specificity of 90%. In contrast, the 

phosphopeptide samples generated using spin column-based extraction showed lower 

phosphopeptide identifications compared to the IMCStip-based extraction with an 

average of 7439 ± 1733 and showed lower phosphopeptide specificity with an average of 

74%. Together these results highlight the efficiency of the IMCStip-based extraction in 

comparison to the spin column-based method and the transferability of the IMCStip-

based extraction across different automated liquid handling systems. 
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Figure 1.17. Summary of results from phosphopeptide enriched samples using either the 

Hamilton STAR or Integra Assist for the IMCStip-based extraction and a centrifuge for 

the spin column-based extraction. For the phosphopeptide enrichment, 10 µL PolyTi 

resin was using for each extraction type (n = 3 per extraction type, data are mean ± s.d.). 
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1.3 CONCLUSION 

We established an automated workflow that couples desalting and 

phosphopeptide enrichment within 2 hours by leveraging dSPE that allows for 

reproducible desalting and phosphopeptide extraction. The total number of 

phosphopeptides identified reached ~10,000 per sample without fractionation. The 

program was integrated onto the Hamilton Microlab STAR without additional hardware. 

Greater than 90% phosphopeptide specificity was achieved on PolyTi, with biochemical 

replicates showing similar reproducibility as the technical replicates, indicating that 

extraction efficiencies are at the detection limits of the MS. Using the established MRM 

assay, greater than 50% phosphopeptide recovery for all three phosphopeptides with CVs 

below 20% for both resin types is reported over a 3-week period. Based on these results, 

this automated workflow should facilitate future studies for systematically screening 

different buffers, resins, and cell treatment conditions. 

Automating sample preparation is a growing field that continues to make 

technological advances in terms of hardware and software. The progress is primarily 

pushed forward due to the emergence of precision medicine where patients are treated on 

an individual level. Precision medicine opens new and exciting opportunities to help treat 

diseases effectively however, it creates a major challenge in handling the sample 

throughput required to carry out true precision medicine. To address these throughput 

issues not only is there a need to automate sample preparation processes, but there is also 

a need to be able to standardize preparation workflows across different automation 

platforms. Establishing standardized methods is critical to allow researchers to obtain 

reproducible results across different laboratories and expand the capacity of the 
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throughput allowed. The automated workflow described here can be used to standardize 

sample preparation, leading to reproducible results to study phosphorylation events. In 

future studies, we plan to expand upon our automated method to include both cell lysis 

and trypsin digestion to generate a “cells to peptides” workflow that will lead to better 

standardization. Additionally, the established automated method can also be applied to 

many other workflows that require significant hands-on time or suffer from low 

throughput. In the next decade, the automated workflow that we describe here could help 

address sample throughput issues, especially in the clinic, to help drive precision 

medicine.    

1.4 MATERIALS AND METHODS 

1.4.1 Cell culture and treatment 

HCT116 cells were grown in Gibco™ DMEM/F-12, containing 15 mM of HEPES and 

supplemented with 10% FBS. Cells were passaged by trypsin/EDTA treatment at 80-90% 

confluence. The cells were passaged at least 5 times prior to treatment with 10 mM 

H2O2/Na3VO4 for 30 minutes. After treatment, the cells were washed 3 times with cold 

1x PBS. The cells were collected by scraping from the dish, and pelleted by centrifuging 

for 5 min at 500 × g. The supernatant was removed and the cell pellets were stored at -

80°C until further processing. 

1.4.2 Cell lysis 

For HCT116 cell lysis, ~1 x 108 cells were lysed with 1 mL of RIPA buffer (Thermo 

Scientific Pierce, Rockford, IL) containing 1x of Halt Protease and Phosphatase Inhibitor 

Cocktail (Thermo Scientific Pierce, Rockford, IL). Proteins were reduced with addition 

of 10 mM TCEP at 56 °C for 30 minutes, then alkylated with addition of 25 mM 
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iodoacetamide for 30 minutes in dark at room temperature (20-25°C). Next, 1.5 mL of 

ice-cold acetone was added to the sample to precipitate the protein. The mixture was 

placed at -80°C for 30 minutes followed by -20°C for 30 minutes. The sample was then 

centrifuged for 5 minutes at 2000 × g and the supernatant was discarded. The protein 

pellet was washed using 1 mL of ice-cold acetone and centrifuged for 5 minutes at 2000 

× g. The supernatant was then discarded. The resulting pellet was suspended in 50 mM 

ammonium bicarbonate to a final concentration of 5 mg/mL followed by overnight 

trypsin digestion (1:50 enzyme to protein by mass ratio) at 37°C using MS Grade Trypsin 

Protease (Thermo Scientific Pierce, Rockford, IL). The sample was then acidified to 1% 

TFA and then centrifuged for 5 minutes at 5000 × g. The supernatant was then aliquoted 

and stored at -80°C until required for phosphopeptide enrichment. 

1.4.3 Phosphopeptide enrichment of HCT116 cell digests 

Cell digest was thawed on ice for 30 minutes. Aliquots of 20 µL of cell digest was then 

diluted with 1% TFA to final volume of 200 µL and transferred to a 1 mL 96-well plate. 

The automated phosphopeptide enrichment used 300 µL IMCStips (IMCS, Irmo, SC) 

which contain loosely packed resins that were specific to the workflow. All reagents were 

poured into large reagent troughs, and the program was designed to aliquot solutions and 

buffers into specific positions used for the enrichment process. The peptide desalting 

portion of the extraction was performed using pipette tips containing 5 mg RP. IMCStips 

containing 5 mg ZrO2 or 10 mg PolyTi were used to enrich phosphopeptides from the 

eluted peptide samples. Spin Tips containing TiO2 resin were purchased from GL 

Biosciences and Thermo Scientific. All Spin Tip-based extractions were processed 

according to vendor specifications with slight modifications to the reagents. For the spin 
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column-based extraction using PolyTi resin, 10 mg of resin was loaded into a spin 

column and the extraction protocol followed the same protocol as the automated method, 

however, instead of mixing by pipetting on the automated liquid handler, the spin 

columns were placed on a tumbler at room temperature to facilitate proper mixing. For 

each step in the extraction, the spin columns were centrifuged at 1000 × g for 2 minutes. 

All wash buffers and sample loading buffers were prepared in bulk to standardize the 

comparisons.  

For each experiment, the desalting and phosphopeptide enrichment method that 

was used will be specified. Once the sample was eluted, the eluted solutions were 

vacuum dried. The samples were then stored at -80°C until ready for analysis. 

1.4.4 LTQ-Orbitrap Velos Pro analysis for global phosphopeptide analysis 

This analysis was used during the optimization of the phosphopeptide enrichment 

protocol. Dried phosphopeptide samples were dissolved in 4.8 μL of 0.25% formic acid 

with 3% (vol/vol) acetonitrile and 4 μL of each sample was injected into Easy-nLC 1000 

(Thermo Fisher Scientific). Peptides were separated on a 40-cm in-house packed column 

(360 μm OD×75 μm ID) containing C18 resin (2.2 μm, 100 Å; Michrom Bioresources). 

The mobile phase buffer consisted of 0.1% formic acid in ultrapure water (buffer A) with 

an eluting buffer of 0.1% formic acid in 80% (vol/vol) acetonitrile (buffer B) run with a 

linear 60-min gradient of 6–30% buffer B at flow rate of 300 nL/min. Easy-nLC 1000 

was coupled online with a hybrid high-resolution LTQ-Orbitrap Velos Pro mass 

spectrometer (Thermo Fisher Scientific). The mass spectrometer was operated in the 

data-dependent mode, in which a full-scan MS (from m/z 300 to 1,500 with the resolution 

of 30,000 at m/z 400) was followed by MS/MS of the 10 most intense ions [normalized 
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collision energy - 30%; automatic gain control (AGC) - 3.0 x 104; maximum injection 

time (MS1) - 100 ms; 90 s exclusion; maximum injection time (MS2) – 150 ms]. 

1.4.5 Orbitrap Fusion analysis for global phosphopeptide analysis 

Thermo Scientific Orbitrap Fusion run under conditions established by the staff at the 

Nevada Proteomics Center was used for sample analysis. Liquid chromatography mass 

spectrometry (LC-MS) was performed on an UltiMate 3000 RSLCnano system (Thermo 

Scientific, San Jose, CA) on a self-packed UChrom C18 column (100 µm x 35 cm). The 

gradient used consisted of Solvent B from 2-90% (Solvent A: 0.1% formic Acid, Solvent 

B: acetonitrile, 0.1% formic Acid) over 175 mins at 50°C using a digital Pico View 

nanospray source (New Objectives, Woburn, MA) that was modified with a custom-built 

column heater and an ABIRD background suppressor (ESI Source Solutions, Woburn, 

MA). The self-packed column tapered tip was pulled with a laser micropipette puller P-

2000 (Sutter Instrument Co, Novato, CA) to an approximate id of 10 µm. The column 

was then packed with 1-2 cm of 5 µm Sepax GP-C18 (120 Å) (Sepax Technologies, 

Newark, DE) followed by 40 cm of 1.8 µm Sepax GP-C18 (120Å) at 9000 psi using a 

nano LC column packing kit (nanoLCMS, Gold River, CA). The MS1 precursor selection 

range is from 400-1500 m/z at a resolution of 120K and an automatic gain control (AGC) 

target of 2.0 x 105 with a maximum injection time of 100 ms. Quadrupole isolation 

window at 0.7 Th for MS2 analysis using CID fragmentation in the linear ion trap with a 

collision energy of 35%. The AGC was set to 4.0 x 103 with a maximum injection time of 

150 ms. The instrument was operated in a top speed data-dependent mode with a most 

intense precursor priority with dynamic exclusion set to an exclusion duration of 60 s 

with a 10 ppm tolerance. A technical replicate refers to multiple injections from a single 
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eluate to ensure system suitability, whereas biochemical replicate refer to single injection 

from a single sample to assess reproducibility of the extraction method. 

1.4.6 Database search and analysis 

The raw data files obtained from LTQ-Orbitrap Velos Pro and Orbitrap Fusion were 

searched against a human database using SEQUEST on Proteome Discoverer (Version 

2.2, Thermo Fisher). The peptide precursor mass tolerance was set to 10 ppm, and the 

fragment mass tolerance was set to 0.6 Da. Search criteria included a static modification 

of cysteine residues of +57.0214 Da and a variable modification of +15.995 Da to include 

potential oxidation of methionine and a modification of +79.966 Da on serine, threonine, 

or tyrosine for the identification of phosphorylation (three modifications allowed per 

peptide). Searches were performed with full tryptic digestion and allowed a maximum of 

two missed cleavages on the peptides analyzed from the sequence database. False 

discovery rates (FDR) were set to less than 1% for each analysis at the PSM level. 

Phosphorylation site localization from CID spectra was determined by PhosphoRS on 

Proteome Discoverer 2.2. All Venn diagrams for peptide overlap were generated using 

Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/). Confidence view was assigned a 

score of 0.4, indicating medium confidence. The GRAVY values of phosphopeptides 

were calculated using GRAVY calculator (http://gravy-calculator.de/index.php) and the 

pI values were calculated using the Compute pI/Mw tool 

(https://web.expasy.org/compute_pi/). 

1.4.7 Phosphopeptide enrichment for MRM assay 

Four purified phosphopeptides from Anaspec and two purified phosphopeptides from 

New England Peptide were screened for compatibility with the MRM assay based on 

http://bioinfogp.cnb.csic.es/tools/venny/
http://gravy-calculator.de/index.php
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stability and ionization efficiencies. Three phosphopeptides were selected as optimal 

candidates for monitoring by MS/MS. Three additional non-phosphopeptides were added 

to the assay to determine recovery of non-phosphorylated peptides. The standard sample 

comprised of 2 pmol of 3 phosphorylated and 2 pmol of 3 non-phosphorylated peptides 

fortified with 50 µg of trypsin digested bovine serum albumin (BSA). Once the starting 

sample was generated, the samples were aliquoted into a 96-well plate and enriched for 

phosphopeptides with either a 5 mg ZrO2 or 10 mg PolyTi using the automated 

phosphopeptide enrichment method. The desalting portion of the automated extraction 

was excluded in this assay. The eluates were neutralized 1:1 by volume with 20% formic 

acid. The neutralized eluates were then stored at -20°C until ready for analysis. 

1.4.8 Multiple reaction monitoring (MRM) assay  

MRM assay was used to analyze phosphopeptide samples after the automated 

enrichment. For the MRM assay, a TSQ Endura (Thermo Fisher) coupled to a Vanquish 

UHPLC was used. Reverse-phase separation was performed using a Waters BEH C18 

analytical column (100 x 2.1 mm, 1.7 µm) heated at 40°C with an LC gradient of 2%-

35% B (0.1% formic Acid in acetonitrile) for 10 minutes. TSQ Endura was run under 

optimized conditions with a Q1 and Q3 resolution of 1.2 FWHM and 0.7 FWHM, 

respectively, and CID Gas was set to 1.5 mTorr. All raw files were processed using 

Skyline 4.0. All samples were compared and quantified based on a neat sample injected 

before and after each sample set.
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CHAPTER 2 

USING PHOSPHOPROTEOMICS TO INVESTIGATE THYMIDYLATE SYNTHASE 

INHIBITOR TREATMENTS OF COLORECTAL CANCER CELL LINES. 

2.1 INTRODUCTION 

 2.1.1 Colorectal cancer and thymidylate synthase inhibitor treatments 

Colorectal Cancer (CRC) is one of the most deadly cancers in the United States and is 

expected to cause over 50,000 deaths in 2019 according to the American Cancer 

Society.39 Small molecule chemotherapy drugs, mostly commonly thymidylate synthase 

(TS) inhibitors such as 5-fluorouracil (5-FU) and 5-fluoro-2’-deoxyuridine 

monophosphate (5-FdUMP) and folate analogs such as folinic acid (drug name 

leucovorin or LV) are used as a first line treatment of CRC. TS has two binding sites, a 

nucleotide binding site, and a folate binding site, which are used in the catalysis of the 

reductive methylation of 2ʹ-deoxyuridine-5ʹ-monophosphate (dUMP) by N5N10-

methylenetetrahydrofolate (CH2THF), to form deoxythymidine monophosphate (dTMP) 

and dihydrofolate. TS is important for DNA synthesis as it is the primary generator of 

dTMP and thus, if inhibited, dTMP will be limited, leading to a disruption in DNA 

synthesis. This treatment is especially detrimental to highly proliferating cells (i.e. cancer 

cells) and thus TS inhibitors have been widely used as a first line of treatment for cancer 

patients. Currently, the standard of care for cancer patients includes a 5-FU and LV 

cotreatment used to inhibit TS by forming a stable ternary complex with metabolized 

forms of these drugs, namely 5-FdUMP and 5,10-methylenetetrahydrofolate (5,10-
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CH2FH4) (Figure 2.1).40-42 This process limits the availability of dTMP and disrupt 

normal DNA and RNA processes.  

2.1.2 Resistance to thymidylate synthase inhibitor treatments 

One of the main problems in cancer treatment is drug resistance. Innate or acquired drug 

resistance is thought to be the main cause of treatment failure in 90% of patients with 

metastatic cancer.43 There have been significant efforts to develop predictive markers of 

TS inhibitor resistance and to find additional drug targets to help combat resistance. 

Several different hypotheses for TS inhibitor resistance have been presented: existence of 

“drug tolerant” cells prior to drug treatment, acquired genetic mutations during treatment, 

and alterations in signaling pathways which immediately respond to drug treatment.44  Of 

these hypotheses for TS inhibitor resistance, the existences of “drug tolerant” cells prior 

to treatment and alterations in signaling pathways in response to treatment are most 

likely. This is based on cell culture studies and clinical studies where TS inhibitor 

resistance is established in a few weeks which is insufficient for de novo genetic 

alterations.44  

To understand how existing mutations affect TS inhibitor resistance, particularly 

5-FU resistance, a large-scale study in which 5-FU response in 77 CRC cell lines was 

monitored. This study found that replication error deficiency (RER), characterized by the 

existence of frequency mutations in (CA)n and other simple repeats, correlates well with 

5-FU resistance. This correlation could allow clinicians to screen patients for their RER 

status (+ or -) to help determine the 5-FU dose mostly likely to lead to effective 

treatment.45 As for acquired 5-FU resistance from alterations in signaling pathways, 

several studies have shown alterations in protein expression and post-translational 
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Figure 2.1. 5-FU is a thymidylate synthase inhibitor used to treat cancer. A) Chemical 

structure of Uracil, 5-Fluorouracil, and Thymine. B) Thymidylate synthase inhibition by 

5-FU and LV. The original figure is from reference 41 and the legend has been modified 

from the original.41 
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modifications, especially phosphorylation, upon drug treatment.44, 46-52 For example, a 

study published in 2018 showed that HCT-8 cells with acquired resistance had alterations 

in the p53-signaling pathway and the WNT-signaling pathway.46 The p53-signaling 

pathway is responsible for inducing cell arrest and apoptosis in response to DNA damage. 

The study found that Serine/threonine-protein kinase (CHK1) total and its phosphorylated 

form, were reduced in HCT-8 cells with acquired resistance. CHK1 is upstream of tumor 

protein p53 (p53) and suppression of CHK1 led to suppression of p53 and the p53-

signaling pathway, allowing the cells to escape cell arrest and apoptosis.45 Furthermore, 

the study found that activation of proteins in the WNT-pathway, β-catenin and 

Transcription factor 4, caused the suppression of CHK1 and the p53-signaling pathway.45 

Together, this study suggests that proteins within the p53-signaling pathway and the 

WNT-signaling pathway could be potential therapeutic targets that could be explored to 

address 5-FU resistance. 

Interestingly, cell cycle perturbation has also been observed in TS inhibitor 

resistant cells. These resistant cell lines have decreased expression levels of CDK2 and its 

phosphorylated form, leading to an increased delay in G1 and G1/S which allows for 

longer DNA synthesis and DNA repair. Additionally, other proteins associated with cell 

cycle transition show decreased phosphorylation levels including retinoblastoma-

associated protein (RB1), cyclin D3, and cyclin A.48, 49  

The MAPK signaling pathway is also thought to play a role in response to TS 

inhibitor treatments as an anti-apoptotic response, however, the understanding of the 

pathway’s role is complex and reports have been contradictory.53-55 In 2005, Kim et al. 

showed that reduction of kinase suppressor of Ras1 (KSR1), a positive regulator of ERK 
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activation, lead to a decrease in ERK activation and reduced sensitivity to chemotherapy 

treatments.53 However, in 2010, Yang et al. showed that inhibition of p38 MAPK 

significantly increased colorectal cancer cell sensitivity to 5-FU treatments.55  

2.1.3 Overview of aims and approach of this study 

The aim of this work is to further understand the phosphoproteomic changes in response 

to TS inhibitor drug treatments in sensitive cells as well as resistant cells. We use 

quantitative MS-based phosphoproteomics in this study to understand and quantify 

changes in phosphoproteins in response to the TS-inhibitor cotreatment. This was done 

using stable isotope labeling by amino acids in cell culture (SILAC) to specifically label 

cells with heavy isotope labelled lysine and arginine generating a “heavy” cell line and, 

by extension, a “light” cell line. SILAC was first demonstrated for proteomics studies in 

2002 by Ong et al.13 With this approach, one of the cell lines (conventionally the “light” 

cell line) can be subjected to a drug or stress treatment and then combined with the 

untreated cell line and analyzed by mass spectrometry. From this analysis, differences in 

protein abundance and post translational modifications (PTMs) can be detected between 

the “light” and “heavy” sample. These quantified differences give an indication of how 

the cell responds to the stress or drug treatment that can be used to better understand the 

mechanism of action of the drug, identify potential biomarkers for resistance/sensitivity 

to the drug treatment, and screen therapeutic targets that can increase the treatment 

efficacy. Studies have identified proteins that change in response to TS-inhibitor 

treatment, but these studies were done using whole-genome cDNA microarray analysis.41 

Although this technology is useful in understanding changes in expression levels of 
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proteins in response to treatments, it is not able to show changes in PTMs including 

changes in phosphorylation signaling pathways. 

 One of the limitations of SILAC-based analysis is that the samples that are 

analyzed only give a snapshot of the phosphoproteome at the time of collection of the 

cells. While this can be useful, quantifying changes in the phosphoproteome over time 

can give a better indication of the drug’s mechanism of action and how the cells respond. 

Conventionally, phosphoproteome changes happen relatively quickly (5-120 mins) as 

phosphorylation operates similar to a switch to turn “off” or “on” particular signaling 

pathways and protein expression changes happen over several hours to help drive larger 

cellular response including cell senescence and apoptosis.56, 57 Therefore, performing a 

time course study of the cells subjected to the cotreatment will allow us to obtain several 

snapshots at different time points showing how changes in the phosphoproteome are used 

by the cell to respond to the treatment over time.  

2.2 RESULTS & DISCUSSION 

2.2.1 Establishment of TS inhibitor treatment with 5-FU 

We established an in-house 5-FU treatment of HCT116 cells by determining the 50% 

growth inhibition concentration (GI50) for a 48-hour treatment. HCT116 cells were 

treated with various concentrations of 5-FU including, 1.56, 3.12, 6.25, 12.5, 25, 50, 100, 

200, 400 and 800 µM for 48 hours. Using the CTB assay, relative cell viability was 

determined for each 5-FU concentration (Table 2.1). A Monod equation was generated to 

calculate the GI50 based on the data points from the CTB assay (Figure 2.2).   

RFU[5-FU] = RFUo × 
1.064

[5−𝐹𝑈]

0.187
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Table 2.1. The relative growth inhibition of HCT116 using various concentrations of 5-

FU based on the CTB assay.  

[5-FU], µM 590 nm, RFU Percent Inhibition, % 

0 3470.7 0% 

1.5625 3379.3 3% 

3.125 2689.8 22% 

6.25 2488.2 28% 

12.5 2012.6 42% 

25 1660.7 52% 

50 1586.9 54% 

100 1434.2 59% 

200 1469.0 58% 

400 1491.6 57% 

800 885.9 74% 
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Figure 2.2. Cell viability plot of HCT116 cells after 5-FU treatment at each 

concentration. The cell viability was quantified by 590 nm RFU values after incubation 

with CTB reagent. The displayed trendline is based on the generated Monod equation 

using the 590 nm RFU values from the CTB assay where RFUo is the RFU value at 0 µM 

5-FU. 
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Based on this equation, the GI50 for our HCT116 cell line was 42 µM, which was 

consistent with reported results that the GI50 5-FU concentration for the HCT116 cell line 

was reported to be between 0.5 and 77 µM.45, 58 Based on these results, 10 µM 5-FU was 

selected as the concentration to be used for the cell treatment with a calculated theoretical 

growth inhibition of 35%. This 5-FU treatment of HCT116 cells was then used to 

perform the SILAC-based quantitative phosphoproteomic analysis. 

2.2.2 Global phosphoproteomics of 5-FU treated HCT116 cells 

In previous studies, we established an automated desalting and phosphopeptide 

enrichment method using IMCStips on a Hamilton Microlab STAR™, which allowed us 

to identify over 10,000 phosphopeptides from 200 µg of HCT116 cell lysate without 

fractionation. Here, we used this established automated method to desalt and enrich for 

phosphopeptides from 200 µg of 1:1 mixed Heavy:Light cell lysate to quantitate protein 

fold changes in 5-FU treated HCT116 cells. For the analysis, 8 samples were desalted 

using RP IMCStips. Two of the desalted samples were collected and vacuum dried 

without further enrichment. Six samples were further enriched using phosphopeptide 

enrichment IMCStips, i.e., 3 using PolyTi IMCStips and 3 using ZrO2 IMCStips, 

respectively. Our previous studies showed a slight differential enrichment between the 

two resin types. Therefore, both PolyTi and ZrO2 resin types were used for enrichment to 

obtain a comprehensive phosphorylation profile (Table 2.2). 

From the analysis, a total of 5,985 unique proteins and 67,250 unique peptides 

were identified from our analyzed samples. For the phosphopeptide enriched samples, the 

PolyTi IMCStips samples averaged a total of 10,465 phosphopeptides identified and an 

average specificity of 85%. ZrO2 IMCStips samples averaged 8,351 phosphopeptides  
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Table 2.2. MS data from 8 HCT116 cell digest samples. 

Sample Resin 
Protein Ids, 

# 
Peptide Ids, 

# 
Phosphopeptide Ids, 

# 
Phosphopeptide 

Specificity, % 
Quantified 

Proteins, # 
Quantified 

Peptides, # 

1 RP 4200 38423 260 1% 3490 19785 

2 RP 4132 36539 234 1% 2838 18911 

3 PolyTi 2886 12598 11156 89% 2458 6788 

4 PolyTi 2879 12388 10365 84% 2195 6678 

5 PolyTi 2835 12085 9874 82% 2221 6422 

6 ZrO2 2395 9012 8489 94% 1842 4919 

7 ZrO2 2483 9589 7895 82% 1835 5175 

8 ZrO2 2407 9138 8670 95% 1862 4921 
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identified with an average specificity of 90% (Figure 2.3). The unenriched samples 

processed using RP IMCStips samples showed very low phosphopeptide identifications, 

highlighting the need for the phosphopeptide enrichment. 

2.2.3 Reproducibility of SILAC-based quantification and phosphopeptide 

enrichment 

The reproducibility of the SILAC-based quantification was determined for unenriched 

and enriched samples by plotting the calculated log2 fold change values for biochemical 

replicates (Figure 2.4). By Pearson correlation, the r-values for the comparison of 

calculated fold change ratios for two replicates from RP, PolyTi and ZrO2 were obtained 

as 0.88, 0.80 and 0.78 respectively. Based on these high r-values, we concluded that the 

sample preparation and analysis process generated reproducible quantitative proteomic 

and phosphoproteomic data. 

Using the calculated fold change ratios, we then determined the number of 

proteins “significantly” decreased or increased for each sample analyzed. A protein was 

considered “significantly” decreased or increased if the calculated fold change was above 

2 or below 0.5 with a calculated p-value less than 0.05. For the unenriched samples, an 

average of 685 ± 6 proteins were significantly decreased and an average of 523 ± 18 

proteins were significantly increased. For the phosphopeptide enriched samples, an 

average of 659 ± 20 proteins were significantly decreased and an average of 576 ± 27 

proteins were significantly increased. Volcano plots for each sample were generated to 

show the overall distribution of protein fold changes (Figure 2.5). 
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Figure 2.3. A comparison of the total amount of phosphopeptides and non-

phosphopeptides identified by either PolyTi or ZrO2 resin. All samples were processed 

with IMCStips using our fully automated phosphopeptide enrichment method (n = 3, data 

are mean ± s.d.). 
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Figure 2.4. A comparison of peptide fold change ratios (log2) between two biochemical replicates of 200 µg of 1:1 mixed 

SILAC samples. Samples were prepared using A) the desalting extraction using RP IMCStips, B) the desalting extraction 

using RP IMCStips followed by the phosphopeptide enrichment using PolyTi IMCStips or C) the desalting extraction using RP 

IMCStips followed by the phosphopeptide enrichment using ZrO2 IMCStips. R-values equal to 0.88, 0.80 and 0.78 

respectively by Pearson correlation (P-Values < 0.00001).  
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Figure 2.5. Volcano plots of quantified proteins from each sample analyzed. The volcano plot is based on the proteins fold 

change and its associated p-value. A) RP- Sample 1 Proteins: 679 Significantly Decreased, 505 Significantly Increased. B) RP- 

Sample 2: 690 Significantly Decreased, 541 Significantly Increased. C) PolyTi- Sample 1 Proteins: 657 Significantly 

Decreased, 576 Significantly Increased. D) PolyTi- Sample 2 Proteins: 645 Significantly Decreased, 605 Significantly 

Increased. E) PolyTi-Sample 3 Proteins: 701 Significantly Decreased, 606 Significantly Increased. F) ZrO2- Sample 1 Proteins: 

660 Significantly Decreased, 531 Significantly Increased. G) ZrO2- Sample 2 Proteins: 640 Significantly Decreased, 553 

Significantly Increased. H) ZrO2-Sample 3 Proteins: 652 Significantly Decreased, 584 Significantly Increased.
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2.2.4 Pathway analysis of quantitative phosphoproteomic data 

To further determine the biological relevance of the data, Ingenuity Pathway Analysis 

(IPA) software was used. For this proof-of-concept study, we were primarily interested in 

analyzing the phosphopeptide enriched data set to understand the phosphorylation 

signaling pathways affected by the 5-FU treatment. The expression fold change data from 

the phosphopeptide enriched samples was analyzed using IPA to determine the affected 

signaling pathways (Figure 2.6). In our data set, we observed a collective decrease in 

kinases within the eukaryotic initiation factor-2 (EIF2) pathway, which are generally 

associated with growth factors such as PI3K, AKT, c-RAF, potentially in response cell 

stress (Figure 2.7). The EIF2 signaling pathway is generally associated with cellular 

growth and proliferation. It is known that in response to stress and amino acid starvation, 

phosphorylation of EIF2a can inhibit translational initiation and by association cellular 

growth.59-61  

A tox list was generated to illustrate the pathways associated with toxicity that 

were enriched in the analyzed dataset (Figure 2.8). The NRF2-Mediated Oxidative stress 

response pathway was shown to be increased within our dataset. This pathway has been 

implicated as a primary response pathway to 5-FU treatment due to an increase in 

reactive oxygen species.42 In previous studies, it has been shown that upregulation of 

NRF2 can lead to resistance to 5-FU treatment. Additionally, phosphorylation plays is 

thought to play a key role in the upregulation of NRF2 and NRF2-associated proteins.62 

The p53 signaling pathway was also shown to be affected in our dataset. It has recently 

been reported that p53 signaling pathway is crucial for initiating cell death in response to 

5-FU treatment. In cells resistant to 5-FU treatment, the WNT-signaling pathway can  
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Figure 2.6. Canonical pathways identified using the proteins from the phosphopeptide enriched data set. The p-value represents 

the probability of random association of molecules with the identified pathway. A -log(P-value) threshold of 5 for this dataset. 

A positive z-score indicates an increase of the pathway, while a negative z-score indicates an inhibition of the pathway.
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Figure 2.7. EIF2 signaling pathway with proteins identified and quantified within the phosphopeptide enriched sample set. The 

z-score for this pathway was calculated to be -2.46 indicating inhibition of the EIF2 signaling pathway. Molecules with purple 

bands indicate identification of the protein within the dataset. 
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Figure 2.8. Tox list generated by IPA software based on molecules from the 

phosphopeptide enriched dataset. The p-value represents the probability of random 

association of molecules with the identified pathway. A -log(P-value) threshold of 3 was 

used for this dataset.



 

80 

inactivate the p53 signaling pathway cell death response.46 Together this analysis points 

to several different signaling pathways that could be responsible for drive the toxicity of 

the 5-FU treatment. 

The phosphopeptide enriched data set was further filtered by selecting proteins 

that were identified across all analyzed phosphopeptide samples and were calculated to 

have a fold change of greater than 2 or less than 0.5. In total 22 proteins were identified, 

11 proteins with a fold change greater than 2 and 11 proteins with a fold change less than 

0.5 (Table 2.3). From this list Lamin-B1 is of particular interest as it was recently 

reported that the overexpression of the protein leads to worse clinical outcomes in 

patients with colon cancer due to an increase in mitotic catastrophe allowing cancers cells 

to avoid apoptosis.63 Additionally, upregulation of deoxycytidine kinase, an important 

enzyme in DNA synthesis, has been shown to correlate well with 5-FU sensitivity and 

has been highlighted as a potential prognostic marker for the drug treatment.64 The 

proteins in Table 2.3 highlight phosphoproteins that could be further investigated to 

understand their role in response to 5-FU. 

2.2.5 Establishment of TS inhibitor treatment with 5-FdUMP/LV 

Based on our initial study using 5-FU, it was determined that a more targeted TS inhibitor 

treatment may lead to a better understanding of the cell’s response to TS inhibition. 

However, 5-FU is known to incorporate into both RNA and DNA as well as has many 

off-target affects that complicate the data analysis of the treated cells. To simplify our 

system, we established a more targeted TS inhibitor treatment using 10 µM 5-FdUMP 

and 10 µM folinic acid. This treatment has previously been used by Dr. Frank Berger et 

al. to study TS inhibition.42 Furthermore, to understand how different colorectal
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Table 2.3. List of proteins that were identified across all analyzed phosphopeptide samples and were calculated to have a fold 

change of greater than 2 or less than 0.5. 

Uniprot Id Protein Description Average Fold Change Phospho-Site(s) 
Q8IV50 LysM and putative peptidoglycan-binding domain-containing protein 2 100.00 S24 

Q9Y285 Phenylalanine--tRNA ligase alpha subunit 100.00 S301 

Q8N6N3 UPF0690 protein C1orf52 11.91 T155 

Q92878 DNA repair protein RAD50 9.77 S635; T690 

Q92547 DNA topoisomerase 2-binding protein 1 5.46 S350; S888 

P27707 Deoxycytidine kinase 4.35 S74 

Q8N4S0 Coiled-coil domain-containing protein 82 4.03 S282 

O14545 TRAF-type zinc finger domain-containing protein 1 3.50 S327; S415 

Q8WWA1 Transmembrane protein 40 2.88 S141 

Q08174 Protocadherin-1 2.78 S962; S984 

Q9Y6W5 Wiskott-Aldrich syndrome protein family member 2 2.35 S293 

Q5VTL8 Pre-mRNA-splicing factor 38B 0.44 S529 

Q5JVS0 Intracellular hyaluronan-binding protein 4 0.36 S108 

P22234 Multifunctional protein ADE2 0.31 S27 

O43583 Density-regulated protein 0.30 S73 

Q6AI08 HEAT repeat-containing protein 6 0.30 S337; S643 

Q15717 ELAV-like protein 1 0.29 S202 

Q9UKX7 Nuclear pore complex protein Nup50 0.28 S296 

P20700 Lamin-B1 0.26 S23; S391; T575 

Q9H910 Hematological and neurological expressed 1-like protein 0.24 S97 

Q9UN79 Transcription factor SOX-13 0.01 S334 

Q86U06 Probable RNA-binding protein 23 0.01 S149 
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cancer cell lines respond to TS inhibition, HCT116/200 cells, which was established by 

Dr. Frank Berger et al, was employed in our study. HCT116/200 cells overexpress TS 

and is resistant to conventional TS inhibitor treatments.42 Additionally, to ensure that 

HCT116 cells were sensitive to the chemotherapy through the inhibition of TS, we 

performed a TS inhibition treatment with 10 µM thymidine. Thymidine is phosphorylated 

by thymidylate kinase, thereby bypassing the need for TS and the cell is provided with 

dTTP for DNA synthesis, rescuing the cells from cell death.  

Based on the CTB assay, HCT116 cells treated with 10 µM 5-FdUMP and 10 µM 

folinic acid for 24 hours decreased the cell viability to 57.2 ± 1.0 %. As a comparison, 

HCT116/200 cells treated with 10 µM 5-FdUMP and 10 µM folinic acid for 24 hours did 

not have a significant change in the cell viability (Figure 2.9). Additionally, HCT116 

cells and HCT116/200 cells treated with 10 µM 5-FdUMP and 10 µM folinic acid along 

with 10 µM thymidine for 24 hours did not have a significant change in the cell viability. 

The data in Figure 2.9 indicates that HCT116 cells are sensitive to the 10 µM 5-

FdUMP/LV treatment due to TS inhibition as thymidine, which bypasses the need for TS, 

rescues the cells from the treatment. Additionally, the HCT116/200 cell line is resistant to 

the TS inhibitor treatment as no decrease in cell viability was detected after the 24-hour 

treatment (Figure 2.9). Based on these cell viability results, we used the 10 µM 5-FdUMP 

and 10 µM folinic acid treatment to study how the phosphoproteome is differentially 

affected for cells that are sensitive (HCT116) and resistant (HCT116/200) to the 

treatment as well as cells that are rescued from the treatment (HCT116 + thymidine).
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Figure 2.9. CTB assay results from HCT116 and HCT116/200 cells untreated and treated 

for 24 hours with 10 µM 5-FdUMP/LV or 10 µM 5-FdUMP/LV/THY (n = 3, data are 

mean ± s.d.).
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2.2.6 Global phosphoproteomics of 5-FdUMP/LV treated HCT116, 

HCT116/200, HCT116 + THY cells over a set time-course 

Based on the initial 5-FU treated HCT116 phosphoproteomic data, it was seen that there 

were significant changes in the phosphoproteome in comparison to the untreated cells. 

However, this data only gave a snapshot of the cells at the 48-hour time point rather than 

an overall picture of how the phosphoproteome changes over the course of the treatment. 

To generate a more comprehensive dataset we performed a time-course experiment in 

which SILAC labeled HCT116 and HCT116/200 cells were treated with 10 µM 5-

FdUMP and 10 µM folinic. Meanwhile, SILAC labeled HCT116 cells were treated with 

10 µM 5-FdUMP and 10 µM folinic and 10 µM thymidine. For the time-course 

experiment, cells were harvested after 0.5, 1, 2, 4, 8, 24, and 48 hours. The overall 

schematic of the experiment is detailed in Figure 2.10. Once the samples were analyzed 

by MS, the raw data was loaded to Proteome Discoverer to generate the SILAC-based 

quantitative data. From this analysis, it was determined that the total number of 

phosphoproteins identified from the samples was 2,319 and the total number of 

phosphopeptides was 15,167 with an overall phosphorylation specificity of 85% (Figure 

2.11A). Furthermore, the total number of Class I phosphosites was 13,536. Class I 

phosphosites are defined as phosphosites that were localized to an amino acid with a 

probability of at least 75% and a probability localization score difference greater than or 

equal to 5. Class I phosphosites along with their associated fold changes is the data that is 

used in the downstream data analysis software, CLUster Evaluation (CLUE) and Kinase-

Substrate Enrichment Analysis (KSEA), as to limit erroneous data interpretation that can 

come without this statistical cutoff.  
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Figure 2.10. Schematic illustration of SILAC-based time course thymidylate synthase inhibitor treatment experiment. 
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To gain a better understanding of the phosphopeptides enriched during the 

phosphopeptide enrichment, the number of singly, doubly, and triply phosphorylated 

peptides was calculated. Of the phosphopeptides identified, 10,944 (72.2%) were singly 

phosphorylated, 3,351 (22.1%) were doubly phosphorylated, and 872 (5.7%) were triply 

phosphorylated (Figure 2.11B). This is in line with our previously published 

phosphoproteomic data for sample enriched with PolyTi resin.25 Additionally, the number 

of phospho-serines, phospho-threonines, and phospho-tyrosines that were detected in the 

samples was calculated. Of the phosphosites identified, 11,919 (88.1%) were phospho-

serines, 1,478 (10.9%) were phospho-threonines, and 139 (1.0%) were phospho-tyrosines 

(Figure 2.11B). This observed ratio of phospho-serines to phospho-threonines to 

phospho-tyrosines is in line with literature values and most likely represents the overall 

naturally occurring abundance of each phosphosite.65 The low percentage of the phospho-

tyrosines identified in our dataset highlights the need for specific enrichment of 

phosphorylated tyrosines as it is known that many tyrosine kinases, such as EGFR and 

VEGF, play a key role in cancer development.66  

Using Proteome Discoverer, the fold change between the light and heavy (treated 

and untreated) proteins could be calculated for each of the samples for each time point. 

The cutoff for significance for the calculated fold change was set at greater than or equal 

to 2 and less than or equal to 0.5 which is the standard practice for quantitative 

proteomics. For each time point and each treatment type, the number of proteins that have 

a fold change greater than or equal to 2 or less than or equal to 0.5 was calculated (Figure 

2.11C). Interestingly, at the 0.5-hour time point, the 5-FdUMP/LV treated HCT116 

sample contained significantly more proteins with a fold change greater than or equal to 2
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Figure 2.11. Summary from the phosphoproteomic analysis of samples from TS inhibitor time course samples. This summary 

data includes all samples from each different time point (0.5-, 1-, 2-, 8-, 24-, 48-hour) and from each different sample type (5-

FdUMP/LV treated HCT116 cells, 5-FdUMP/LV treated HCT116/200 cells, and 5-FdUMP/LV/THY treated HCT116 cells) 

for a total of 18 different samples. A) Numbers of phosphoproteins, phosphopeptides, phosphosites, and phosphosites (Class 1) 

from the MS analysis. B) The phosphopeptide profiles including the percentage of singly, doubly, and triply phosphorylated 

peptides and the percentage of phosphoserines, phosphothreonines, and phosphotyrosines from all 18 samples. C) Bar graph of 

the number of phosphoproteins with abundance ratios greater than 2 or less than 0.5 for each of the different treated sample 

types and at different treatment times. 
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(754) in comparison to the 5-FdUMP/LV treated HCT116/200 cell sample (259) and to 

the 5-FdUMP/LV/THY treated HCT116 cell sample (38). Conversely, at the 0.5-hour 

time point, the 5-FdUMP/LV/THY treated HCT116 cell sample contained significantly 

more proteins with a fold change less than or equal to 0.5 (617) in comparison to the 5-

FdUMP/LV treated HCT116/200 cell sample (65) and to the 5-FdUMP/LV/THY treated 

HCT116 cell sample (11). This implies that there is a significant early response through 

the phosphoproteome to the 5-FdUMP/LV treatment for 5-FdUMP/LV-sensitive cells 

that is observed to a lesser extent in resistant cells and is inverted for sensitive cells that 

are given thymidine alongside the 5-FdUMP/LV treatment. For the 1–8-hour time points, 

for 5-FdUMP/LV treated HCT116 cell samples, 5-FdUMP/LV treated HCT116/200 cell 

samples, and 5-FdUMP/LV/THY treated HCT116 cell samples, there are 332 ± 65, 236 ± 

40, and 272 ± 31 proteins with fold changes greater than or equal to 2, respectively. For 

the 1–8-hour time points, for 5-FdUMP/LV treated HCT116 cell samples, 5-FdUMP/LV 

treated HCT116/200 cell samples, and 5-FdUMP/LV/THY treated HCT116 cell samples, 

there are of 27 ± 7, 133 ± 45, and 41.5 ± 19 proteins with fold changes less than or equal 

to 0.5, respectively. This data indicates that for 5-FdUMP/LV treated HCT116 cell 

samples and 5-FdUMP/LV/THY treated HCT116 cell samples, there is a relative leveling 

off of the phosphoproteome response in comparison to the 0.5-hour time point. In 

contrast, there is no significant difference, in terms of differential abundance of 

phosphoproteins, observed for the 5-FdUMP/LV treated HCT116/200 cells at the 0.5-

hour and 1–8-hour time points. For the 24-hour time point, a significant increase in the 

number of proteins (n = 947) with a fold change greater than or equal to 2 was observed
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in the 5-FdUMP/LV/THY treated HCT116 cell sample, whereas the number for the 5-

FdUMP/LV treated HCT116 cell sample and for the 5-FdUMP/LV treated HCT116/200 

cell sample stayed relatively steady at, 329 and 164, respectively. For the 48-hour time 

point, for each sample type, there was a significant increase in the number of proteins 

with a fold change greater than or equal to 2 observed.  

2.2.7 Clue analysis of global phosphoproteomics data 

To better understand the changes in the phosphoproteome over time, CLUE was used to 

cluster phosphosites into different cluster groups and then further can implicate the 

kinase(s) likely involved in the temporal changes observed in the cluster plot.67 The 

software first generates distinct phosphopeptide cluster groups using k-means clustering 

algorithms where the “k” is the number of clusters. The “k” with the highest enrichment 

score is the optimal cluster for the dataset.67 For each cluster group, a temporal plot is 

generated showing the normalized fold change data for phosphopeptides within the 

cluster at each time point. The color gradient is formed based on an individual peptide’s 

membership score to the cluster where green signifies a low membership score and red 

signifies a high membership score. The “size” indicated for each cluster is the number of 

phosphosites that fit within the cluster. This program was previously applied to a human 

embryonic stem cell differentiation phosphoproteomic time course data set to determine 

which substrates and their associated kinases were involved in the differentiation 

process.67 The CLUE analysis requires that the dataset includes only Class I phosphosites 

that were quantified across each time point. The time course datasets from each of the 

different treatment types, 5-FdUMP/LV treated HCT116, 5-FdUMP/LV/THY treated 

HCT116, and 5-FdUMP/LV treated HCT116/200, were restricted to include only Class I 
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phosphosites that were quantified across each time point and the datasets were then 

analyzed using CLUE. 

The CLUE analysis of the 5-FdUMP/LV treated HCT116 cells time course data 

resulted in three distinct phosphopeptide clusters based on the enrichment score generated 

from k-means clustering of the dataset. For each temporal plot generated, there is a slight 

decline in the normalized fold change from the 0.5-hour time point to the 1-hour time point. 

This slight decline is followed by general leveling off between 1 and 8 hours. For clusters 

2 and 3, at the 24-hour time point there is a slight decrease in the plot followed by a sharp 

increase at the 48-hour time point, whereas for cluster 1 there is a gradual increase in the 

plot for both the 24-hour time point as well as the 48-hour time point (Figure 2.12A). For 

each of the clusters, the software was able to find one or more kinases whose substrates 

were enriched within the cluster, each with a p-value of less than 0.05.  

For Cluster 1, Cyclin dependent kinase 2 (CDK2), Cyclin-dependent kinase 1 

(CDK1), and Cyclin-dependent kinase 5 (CDK5) had substrates enriched within the cluster 

group (Figure 2.12B). In total, 39 phosphosites within the cluster could be linked to these 

kinases. The 39 phosphosites linked to CDK2, CDK1, and CDK5 were plotted based on 

the log base two of the fold change (log2(FC)) for each time point showing a similar plot 

to the temporal plot generated by CLUE (Figure 2.12C). The average log2(FC) was 

calculated for the substrate group at each time point. From this data, time points 0.5-, 24-, 

and 48-hour each show an average log2(FC) greater than 1, signifying a significant overall 

upregulation in phosphorylation of the substrates for those time points. 

For Cluster 2, the CLUE analysis found glycogen synthase kinase 3 beta (GSK3β) 

had substrates enriched within the cluster group. Five phosphosites within the cluster could  
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Figure 2.12. CLUE analysis of HCT116 5-FdUMP/LV treated dataset for all time points. 

This dataset only includes class 1 phosphosites and phosphosites that were quantified at 

all time points. A) HCT116 5-FdUMP/LV Clusters. B) Cluster Associated Kinases C) 

Log2FC changes for specified substrate groups over time course treatment.
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be linked to GSK3β. The 5 phosphosites linked to GSK3β were plotted based on the 

log2(FC) for each time point showing a similar plot to the temporal plot generated by 

CLUE, although there is a slight deviation at the 4-hour time point (Figure 2.12C). From 

this data, the 0.5-hour, 4-hour, and 48-hour time points each show an average log2(FC) 

greater than 1, indicating a significant overall upregulation in phosphorylation of the 

substrates for those time points.  

For Cluster 3, the CLUE analysis found catalytic subunit α of protein kinase A 

(PKACA) had substrates enriched within the cluster group. Eleven phosphosites within the 

cluster could be linked to PKACA. The 11 phosphosites linked to PKACA were plotted 

based on the log2(FC) for each time point showing a similar plot to the temporal plot 

generated by CLUE (Figure 2.12C). From this data, only time point 0.5-hour shows an 

average log2(FC) greater than 1, indicating a significant overall upregulation in 

phosphorylation of the substrates at that time point (Figure 2.12C).  

The CLUE analysis of the 5-FdUMP/LV treated HCT116/200 cells time course 

data resulted in four distinct phosphopeptide clusters based on the enrichment score 

generate from k-means clustering of the dataset, however only one kinase, Casein Kinase 

2 Alpha 1 (CK2A1), was able to be linked to a certain cluster, Cluster 2 (Figure 2.13A). In 

total, 19 phosphosites within cluster 2 could be linked to CK2A1. The 19 phosphosites 

linked to CK2A1 were plotted based on the log base two of the fold change (log2(FC)) for 

each time point showing a similar plot to the temporal plot generated by CLUE (Figure 

2.13A). From this data, no time point had an average log2(FC) greater than 1 or less than -

1, indicating no significant overall upregulation or downregulation in phosphorylation of 

the substrates at these time points (Figure 2.13C). 
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Figure 2.13. CLUE analysis of HCT116/200 5-FdUMP/LV treated dataset for all time 

points. This dataset only includes class 1 phosphosites and phosphosites that were 

quantified at all time points. A) HCT116/200 5-FdUMP/LV Clusters. B) Cluster 

Associated Kinases. C) Log2FC changes for specified substrate groups over time course 

treatment. 



 

95 

The CLUE analysis of the 5-FdUMP/LV/THY treated HCT116 cells time course 

data resulted in three distinct phosphopeptide clusters based on the enrichment score 

generate from k-means clustering of the dataset (Figure 2.14A). For cluster 1, two kinases, 

Cyclin Dependent Kinase 4 (CDK4) and CDK2, were linked to the phosphosites within the 

cluster.  

In total, 29 phosphosites within cluster 1 could be linked to CDK4 and CDK2 

(Figure 2.14B). The 29 phosphosites linked to CDK4 and CDK2 were plotted based on the 

log2(FC) for each time point showing a similar plot to the temporal plot generated by CLUE 

where there is an overall increase in the average log2(FC) over the course of the treatment. 

From this data, time points 24-hour and 48-hour have an average log2(FC) greater than 1, 

signifying a significant overall upregulation in phosphorylation of the substrates at these 

time points (Figure 2.14C). For cluster 2, two kinases, Ribosomal protein S6 kinase beta-

1 (p70S6K) and (cAMP-dependent protein kinase catalytic subunit alpha) PKACA, were 

linked to the phosphosites within the cluster. In total, 11 phosphosites within cluster 2 could 

be linked to p70S6K and PKACA. The 11 phosphosites linked to p70S6K and PKACA 

were plotted based on the log2(FC) for each time point. From this plot, the log2(FC) of the 

substrates vary significantly at some time points. For example, at the 1-hour time point the 

average log2(FC) is 0.69 ± 1.32 indicating significant differences in fold changes within 

this substrate group at that time point (Figure 2.14C). This could be due to some of the 

substrates within this cluster having low membership scores and thus be differentially 

regulated compared to substrates with high membership scores to the cluster. From this 

data, no time point had an average log2(FC) greater than 1 or less than -1, indicating no 

significant overall upregulation or downregulation in phosphorylation of the substrates at  
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Figure 2.14. CLUE analysis of HCT116 5-FdUMP/LV/THY treated dataset for all time 

points. This dataset only includes class 1 phosphosites and phosphosites that were 

quantified at all time points.  A) HCT116-5-FdUMP/LV/THY Clusters. B) Cluster 

Associated Kinases. C) Log2FC changes for specified substrate groups over time course 

treatment. 
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these time points. Based on these observations, we wanted to probe further into the early 

phosphorylation changes seen at the 0.5-hour time point for the 5-FdUMP/LV treated 

HCT116 cells. The early response of the phosphoproteome at the 0.5-hour time point has 

not been previously reported. To further confirm this data, we repeated the experiment in 

which HCT116 cells were treated with 5-FdUMP/LV for 0.5 hour in triplicate. The main 

objective was to confirm the early response seen in the original data was reproducible and, 

further, to probe which kinases may be involved in this early response to the drug treatment. 

The phosphopeptide samples were generated using the same workflow from the initial 

experiment and the data was processed using Proteome Discoverer. 

From this analysis, it was determined that the average number of proteins identified 

from each sample was 2,018 ± 26 and the average number of phosphopeptides was 5334 ± 

249 with an average phosphopeptide specificity of 85 ± 2% (Figure 2.15A). Furthermore, 

the SILAC-based fold change calculation was performed for each protein where the fold 

change was calculated based on the data from each of the samples generated. Similar to the 

initial data set for the 0.5-hour 5-FdUMP/LV treated HCT116 cell sample, there were a 

high number of phosphoproteins with a fold change ratio greater than or equal to 2 (394) 

and a low number of phosphoproteins with a fold change ratio less than or equal to 0.5 (5) 

(Figure 2.15B).  

2.2.8 Kinase substrate enrichment analysis of global phosphoproteomics data  

For this dataset, KSEA was used to understand which kinases were most likely responsible 

for this early response to the drug treatment. KSEA is a software tool that draws on publicly 

available phosphosite databases such as PhosphoSitePlus and NetworKin to calculate 

kinase activity scores (z-scores) from quantitative phosphoproteomic data.68 KSEA outputs 



 

 

9
8
 

HCT116-5FdUMP/LV (3 Bio Reps)

0

2000

4000

6000

0

20

40

60

80

100

Summary Data-
HCT116- 0.5-hr 5-FdUMP/LV

Id
s,

 #

S
p

ecificity
, %

Proteins, kDa Quantified Proteins

Phosphopeptides Specificity, %

0 500 1000

Abundance Ratio > 2

0.5 < Abundance Ratio > 2

Abundance Ratio < 0.5

SILAC Quantitative Data-
HCT116- 0.5-hr 5-FdUMP/LV

Proteins

S
IL

A
C

 A
b

u
n

d
a
n

ce
 R

a
ti

o
 (

L
ig

h
t/

H
ea

v
y
)

A B

 
Figure 2.15. Summary data from 0.5-hour 5-FdUMP/LV treated HCT116 samples (n = 3). A) Summary of phosphoproteomic data 

from 0.5-hour 5-FdUMP/LV treated HCT116 cell samples (n = 3) including number of protein identifications, phosphopeptide 

identifications, quantified proteins, and phosphopeptide specificity. B) Summary of SILAC-based abundance ratios calculated from 

0.5-hour 5-FdUMP/LV treated HCT116 cell samples (n = 3, data are mean ± s.d.). 
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a bar plot of kinases based on their calculated z-score and their associated p-values as well 

as the substrate links the software was able to be determined within the dataset. For the 

analysis, both the PhosphoSitePlus database and the NetworKin database were used.  The 

minimum number of substrates per kinase required (“m.cutoff”) was set to 5 and the p-

value cutoff was set to 0.05.  

From the KSEA analysis of the 0.5-hour 5-FdUMP/LV HCT116 cell sample 

triplicate dataset, it was determined that CDK2, CDK1, CDK4, and Mitogen-activated 

protein kinase 8 (MAPK8) had the highest calculated z-scores of 5.00, 3.84, 3.05, and 3.03, 

respectively, with associated p-values less than 0.05. Ribosomal Protein S6 Kinase B1 

(RPS6KB1) and Ribosomal Protein S6 Kinase A1 (RPS6KA1) had the lowest calculated 

z-scores of -2.52 and -3.23, respectively, with associated p-value less than 0.05 (Figure 

2.16A). Of note, the KSEA software normalizes the fold change data across the data set so 

that the resulting kinase z-scores are relative to the dataset. This is shown when plotting 

the substrate groups for the kinases with the highest and lowest calculated z-scores, where 

the average log2FC of substrates within the CDK2 and CDK1 substrate group is 1.14 and 

the average log2FC of substrates with the RPS6KB1 and RPS6KA1 substrate group is 0.13 

(Figure 2.16B).  

Using KSEA, we compared our triplicate data set to the previously generated 0.5-

hour data for all three of the different sample types. Based on the kinase-substrate links 

determined by KSEA, we generated heatmaps to compare the log2FC of the specified 

substrates within different kinase substrate groups (Figure 2.17). Interestingly, for most 

highly active kinases, the CDK1 substrate group, the CDK2 substrate group, and the 

MAPK family substrate group, the 0.5-hour 5-FdUMP/LV treated HCT116 cell samples  
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Figure 2.16. KSEA analysis of data from 0.5-hour 5-FdUMP/LV treated HCT116 

samples (n = 3). This dataset only includes class 1 phosphosites. A) KSEA bar plot from 

phosphoproteomic data from 0.5-hour 5-FdUMP/LV treated HCT116 cell samples (n = 

3). Kinases with red or blue bars have at least 5 linked substrates found within the dataset 

and the calculated z-score has a p-value that is less than 0.05. B) Dot plots of substrates’ 

log2 fold changes associated with the indicated kinase(s). The average log2 fold change is 

indicated for each substrate group. 
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Figure 2.17. Heatmaps generated using data from 0.5-hour 5-FdUMP/LV treated 

HCT116, HCT116/200, and HCT116+THY samples. A) Heatmap of CDK1 substrate 

groups from each of the sample groups at the 0.5-hour time point. The mean log2(FC) for 

the substrate group is calculated for each sample group.  B) Heatmap of CDK2 substrate 

groups from each of the sample groups at the 0.5-hour time point. The mean log2(FC) for 

the substrate group is calculated for each sample group. C) Heatmap of MAPK family 

(MAP2K1, MAP2K2, MAP3K8, MAPK1, MAPK13, MAPK14, MAPK3, MAPK8, 

MAPKAPK2) substrate groups from each of the sample groups at the 0.5-hour time 

point. The mean log2(FC) for the substrate group is calculated for each sample group.   
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from both datasets show similar patterns in terms of average fold change within the 

different substrate groups (Figure 2.17). Additionally, comparing the 0.5-hour 5-

FdUMP/LV treated HCT116 cell sample heat maps to the 0.5-hour 5-FdUMP/LV treated 

HCT116/200 cell sample shows a slight decrease in the fold change averages across each 

substrate group and the 0.5-hour 5-FdUMP/LV/THY treated HCT116 cell sample 

heatmaps show a decrease in average fold change averages across each substrate group 

(Figure 2.17). 

Previous reports have shown that CDK1, CDK2, and various kinases within the 

MAPK family are involved in response to TS inhibition, however generally these 

responses are shown in cells that have been subjected to the treatment for 24-72 hours 

rather than 0.5 hour. To our knowledge this is the first report of the early phosphorylation 

response to TS inhibition. As mentioned previously, phosphorylation is used within the 

cell as a “on” and “off” switch that signal for responses to stimuli that lead to 

downstream responses sometimes seen several hours after the initial phosphorylation 

response. The phosphorylation changes that we observed in this dataset could provide 

insight into how the cell uses phosphorylation to trigger downstream affects.  

Furthermore, these differential responses observed between the sensitive, 

resistant, and rescued cells could be used to generate a model for prediction of resistance 

to TS inhibitor treatments. Select proteins from these substrate groups could be used to 

establish a quantitative assay for the specific phosphopeptides to probe TS inhibitor 

sensitivity (Table 2.4). This “top 20” list of phosphorylated proteins could provide 

clinicians with a tool to screen patients for sensitivity to TS inhibitor treatment prior to 

treatment to determine if TS inhibitor treatment will be effective or if alternative 
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treatments should be pursued. This tool could be generated by selecting the substrates 

within the CDK1, CDK2, and MAPK family substrate groups as biomarkers for TS 

sensitivity. Patient samples could then be collected, subjected to TS inhibitor treatments 

for 0.5 hour and then the sample could be analyzed using the workflow shown in this 

work. 

2.3 CONCLUSION 

TS inhibitor resistance is a major problem in the cancer treatment. To understand 

why innate or acquired resistance occurs, the mechanisms underlying the treatment need 

to be better investigated. In this study, mass spectrometry-based phosphoproteomics was 

used to advance our current understanding of how colorectal cancer cells respond to TS 

inhibitor treatments. To carry out quantitative phosphoproteomic studies we used our 

automated phosphoproteomic method in conjunction with SILAC-based quantitation to 

generate reproducible phosphoproteomic data. HCT116 cells treated for 48 hours showed 

an activation of several different pathways including the EIF2 signaling pathway, the 

NRF2 signaling pathway, and the p53 signaling pathway. Additionally, we highlighted 

specific phosphoproteins whose abundance ratios that were significantly changed in 

response to the 5-FU treatment. In our follow up study using a more targeted TS inhibitor 

treatment, we showed changes in the phospho-profile over several different time points. 

Interestingly, the earliest time point, 0.5-hour, showed significant changes in the 

phosphoproteome and a follow up study of that time point confirmed these changes. The 

0.5-hour phosphoproteomic data show clear changes in the CDK1, CDK2, and MAPK 

family substrate groups that were different between TS inhibitor sensitive, resistant, and 

thymidine rescued cells.  
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Table 2.4. Top 20 phosphorylated proteins from CDK1, CDK2, or MAPK family substrate groups that show differential 

responses to the 5-FdUMP/LV treatment at the 0.5-hour time point. 
 

  Log2(Fold Change) Data 

Protein Description Phosphosite 
HCT116 

(3 Reps) 
HCT116 HCT116R 

HCT116

+THY 

DNM1L Dynamin-1-like protein S616 1.910 1.868 1.122 -0.236 

PRKAR1

A 

cAMP-dependent protein kinase type I-alpha 

regulatory subunit 
S83 1.812 2.096 1.267 0.343 

SAMHD1 
SAM And HD Domain Containing 

Deoxynucleoside Triphosphate 
T592 1.712 1.922 1.234 -0.249 

EFHD2 EF-hand domain-containing protein D2 S74 1.334 1.125 0.568 -1.204 

PGK1 Phosphoglycerate kinase 1 S203 1.256 1.159 0.148 -0.527 

MAP4 Microtubule-associated protein 4 S787 1.176 1.405 0.737 -0.949 

EIF4G1 
Eukaryotic translation initiation factor 4 

gamma 1 
S1231 1.063 1.267 -0.146 -0.241 

LMNA Prelamin-A/C S392 1.009 1.018 0.324 -0.869 

KAT7 Histone acetyltransferase KAT7 T88 0.976 1.051 1.642 -0.295 

HNRNPH

1 
Heterogeneous nuclear ribonucleoprotein H S104 0.883 1.044 -0.160 -0.468 

PKM Pyruvate kinase PKM S37 0.869 0.888 0.305 -0.730 

RANBP2 E3 SUMO-protein ligase RanBP2 S2280 0.833 0.809 0.200 -1.228 

SRSF9 Serine/arginine-rich splicing factor 9 S216 0.816 1.038 -0.108 -0.667 

EIF4EBP1 
Eukaryotic translation initiation factor 4E-

binding protein 1 
T46 0.807 0.923 2.314 0.543 

RPL12 60S ribosomal protein L12 S38 0.691 0.759 0.088 -0.390 

PXN Paxillin S85 0.660 0.707 -0.037 -0.935 

CDK7 Cyclin-dependent kinase 7 S164 0.596 0.509 -0.480 -0.969 

NPM1 Nucleophosmin S70 0.581 0.447 -0.063 -0.911 

MCM2 DNA replication licensing factor MCM2 S41 0.530 0.377 1.092 -1.510 

HNRNPK Heterogeneous nuclear ribonucleoprotein K S216 0.425 0.642 -0.476 -0.824 



 

107 

Altogether the data generated in this project, especially from the CLUE and 

KSEA analysis, provide helpful data in future explorations into TS inhibitor sensitivity 

and resistance. This data justifies that it is necessary to further explore how these specific 

phosphorylation changes drive sensitivity and resistance within cancer cells. Further 

research is needed to determine if this workflow could screen colorectal tumor samples 

for TS inhibitor sensitivity. Finally, we need to explore if this workflow can be applied 

for other cancer types. 

2.4 MATERIALS & METHODS 

2.4.1 Cell culture and treatment 

HCT116 cells were grown in Gibco™ DMEM/F-12, containing 15 mM of HEPES and 

supplemented with 10% FBS. Cells were passaged by trypsin/EDTA treatment at 80-90% 

confluence. The cells were passaged at least 5 times prior to treatment with 10 µM 5-

fluoro-2′-deoxyuridine-5′-monophosphate and 10 µM folinic acid for the specified 

amount of time. After treatment, the cells were washed 3 times with cold 1x PBS. The 

cells were collected by scraping from the dish, and pelleted by centrifuging for 5 min at 

500 × g. The supernatant was removed, and the cell pellets were stored at -80 oC until 

further processing. 

2.4.2 Cell viability assay 

Cell viability of HCT116 and HCT116/200 cells was determined via a CellTiter‐Blue 

(CTB) assay (Promega). Two thousand cells were seeded in 96-well plates and allowed to 

attached overnight. The cells were incubated with the specified drugs for 24 hours. After 

24 hours, diluted CTB reagent (20 µL of CTB to 100 µL of media) was added and 
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allowed to incubate for 1 hour. The wells were measured for the florescent product 

(560(20)Ex/590(10)Em) using a SpectraMax M2. 

2.4.3 Cell lysis 

For HCT116 cell lysis, 1 x 108 cells were lysed with 1 mL of RIPA buffer (Thermo 

Scientific Pierce, Rockford, IL) containing 1× of Halt Protease and Phosphatase Inhibitor 

Cocktail (Thermo Scientific Pierce, Rockford, IL). Protein concentration was determined 

via Bicinchoninic acid assay. Based on the calculated protein concentration “heavy” and 

“light” samples were mixed 1:1. Proteins were reduced with addition of 10 mM tris(2-

carboxyethyl)phosphine (TCEP) at 56 °C for 30 minutes, then alkylated with addition of 

25 mM iodoacetamide for 30 minutes in dark. Next, 1.5 mL of ice-cold acetone was 

added to the sample to precipitate the protein. The mixture was placed at -80 oC for 30 

minutes followed by -20 oC for 30 minutes. The sample was then centrifuged for 5 

minutes at 2000 × g and the supernatant was discarded. The protein pellet was washed 

using 1 mL of ice-cold acetone and centrifuged for 5 minutes at 2000 × g. The 

supernatant was then discarded. The resulting pellet was suspended in 50 mM ammonium 

bicarbonate to a final concentration of 5 mg/mL followed by overnight trypsin digestion 

(1:50 enzyme to protein by mass ratio) at 37 °C using MS Grade Trypsin Protease 

(Thermo Scientific Pierce, Rockford, IL). The sample was then acidified to 1% TFA and 

then centrifuged for 5 minutes at 5000 × g. The supernatant was then aliquoted and stored 

at -80 oC until required for phosphopeptide enrichment. 

2.4.4 Phosphopeptide enrichment of HCT116 cell digests 

Cell digest was thawed on ice for 30 minutes. Aliquots of 20 µL of cell digest was then 

diluted with 1% TFA to final volume of 200 µL and transferred to a 1 mL 96-well plate. 
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The peptide sample was then desalted using 5 mg RP 300 µL IMCStips (IMCS, Irmo, 

SC) and then enriched for phosphopeptides using 10 µL PolyTi 300 µL IMCStips (IMCS, 

Irmo, SC). The automated peptide desalting and phosphopeptide enrichment was 

performed on a Hamilton STAR system following the previously published workflow25. 

Once the sample was eluted, the eluted solutions were lyophilized. The samples were 

then stored at -80 oC until ready for analysis. 

2.4.5 Orbitrap Fusion analysis for global phosphopeptide analysis 

Thermo Scientific Orbitrap Fusion run under conditions established by the staff at the 

Nevada Proteomics Center was used for sample analysis. Liquid chromatography mass 

spectrometry (LC-MS) was performed on an UltiMate 3000 RSLCnano system (Thermo 

Scientific, San Jose, CA) on a self-packed UChrom C18 column (100 µm x 35 cm). The 

gradient used consisted of Solvent B from 2-90% (Solvent A: 0.1% formic Acid, Solvent 

B: acetonitrile, 0.1% formic Acid) over 175 mins at 50 oC using a digital Pico View 

nanospray source (New Objectives, Woburn, MA) that was modified with a custom-built 

column heater and an ABIRD background suppressor (ESI Source Solutions, Woburn, 

MA). The self-packed column tapered tip was pulled with a laser micropipette puller P-

2000 (Sutter Instrument Co, Novato, CA) to an approximate id of 10 µm. The column 

was then packed with 1-2 cm of 5 µm Sepax GP-C18 (120 Å) (Sepax Technologies, 

Newark, DE) followed by 40 cm of 1.8 µm Sepax GP-C18 (120Å) at 9000 psi using a 

nano LC column packing kit (nanoLCMS, Gold River, CA). The MS1 precursor selection 

range is from 400-1500 m/z at a resolution of 120K and an automatic gain control (AGC) 

target of 2.0 x 105 with a maximum injection time of 100 ms. Quadrupole isolation 

window at 0.7 Th for MS2 analysis using CID fragmentation in the linear ion trap with a 
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collision energy of 35%. The AGC was set to 4.0 x 103 with a maximum injection time of 

150 ms. The instrument was operated in a top speed data-dependent mode with a most 

intense precursor priority with dynamic exclusion set to an exclusion duration of 60 s 

with a 10 ppm tolerance.  

2.4.6 Database search and analysis 

The raw data files obtained from the Orbitrap Fusion were searched against a human 

database using SEQUEST on Proteome Discoverer (Version 2.2, Thermo Fisher). The 

peptide precursor mass tolerance was set to 10 ppm, and the fragment mass tolerance was 

set to 0.6 Da. Search criteria included a static modification of cysteine residues of 

+57.0214 Da and a variable modification of +15.995 Da to include potential oxidation of 

methionine, a modification of +79.966 Da on serine, threonine, or tyrosine for the 

identification of phosphorylation (three modifications allowed per peptide). To detect 

heavy labeled peptides, variable modifications of +6.020 Da on lysine and +10.008 Da on 

arginine. Searches were performed with full tryptic digestion and allowed a maximum of 

two missed cleavages on the peptides analyzed from the sequence database. False 

discovery rates (FDR) were set to less than 1% for each analysis at the PSM level. 

Phosphorylation site localization from CID spectra was determined by PhosphoRS on 

Proteome Discoverer 2.2. Confidence view was assigned a score of 0.4, indicating 

medium confidence. For quantification, the Minora Feature detector was used with the 

quantification method set to SILAC 2plex (Arg10, Lys6). GraphPad Prism 8 was used for 

graph generation, statistical analysis, and heat map generation. Ingenuity Pathway 

Analysis (IPA) was used for performing pathway analysis, generating the tox list, and 

visualization of signaling pathways. RStudio version 1.3 was used for implementing R-
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based programs. CLUE was implemented as an R package. The source code and 

documentation are freely available from CRAN (http://cran.r-

project.org/web/packages/ClueR/index.html).67 KSEAapp was implemented as an R 

package. The source code and documentation are freely available from GitHub 

(https://github.com/casecpb/KSEAapp).68  

http://cran.r-project.org/web/packages/ClueR/index.html
http://cran.r-project.org/web/packages/ClueR/index.html
https://github.com/casecpb/KSEAapp
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CHAPTER 3 

PHOSPHOPROTEOMIC ANALYSIS OF TOMATO CELLS TREATED WITH 

GREEN LEAF VOLATILES. 

3.1 INTRODUCTION 

 3.1.1 Overview of green leaf volatiles 

Green leaf volatiles (GLVs) are emitted by plants and are known to play an important 

role in plant defense.69-74 These GLVs are responsible for the smell associated with 

freshly cut grass as they are emitted following damage to plants.75 GLVs were first 

isolated in early 20th century where E-2-hexenal was extracted from European hornbeam 

leaves and many others have since been isolated.70, 72 Since their discovery, significant 

effort has been made to understand their role in plant-to-plant communication as well as 

intraplant (or within plant) communication. These 6 carbon compounds are derived from 

linolenic or linoleic acid and are diverse in structure and include alcohols, aldehydes, and 

esters. Biosynthesis of GLVs has been linked to the oxylipin pathway where enzymes 

convert linolenic and linoleic acids into each of the different GLVs (Figure 3.1).76  

3.1.2 Roles of green leaf volatiles in plant communication 

GLVs are known to be released by plants under both biotic and abiotic stress situations 

including herbivory, mechanical damage, fungal or bacterial infection, drought, and heat 

(Figure 3.2).69-71, 73, 77-80 GLVs play multiple roles in plant defense in response to these 

stressors. For example, upon herbivory, the resulting GLVs can attract predators of 

feeding herbivores and thus they act as an indirect defense mechanism.73, 74 
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Figure 3.1. Biosynthetic pathway of GLVs. For the formation of GLVs, lipoxygenase 

(13-Lox) catalyzes the oxygenation of linolenic acid or linoleic acid at the 13th position to 

form 13-hydroperoxy octadecatrienoic and 13-hydroperoxy octadecadienoic acid (13-

HPTrA and 13-HPDiA). Fatty acid 13-hydroperoxide lyase (HPL) then metabolizes 13-

HPTrA and 13-HPDiA further to form Z-3-hexenal and hexanal and 12-oxo-(Z)-9-

dodecenoic acid. z-3-hexenal can readily isomerize to form E-2-hexenal. The aldehyde 

groups in the newly formed GLVs can be reduced by alcohol dehydrogenases to form Z-

3-hexenol, E-2-hexenol, and hexanol. Both Z-3-hexenol and E-2-hexenol can be further 

modified by acyltransferases to form Z-3-hexenyl acetate and E-2-hexenyl acetate. The 

boxed compounds are GLVs highly produced by damaged plant tissue, while the other 

GLVs are synthesized in cells adjacent to damaged cells. The original figure is from 

reference 76 and the legend has been modified from the original.76  
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Figure 3.2. Schematic of different stressors that induce GLVs (red) and their associated 

roles they play in plant defense (black). The original figure is from reference 70 and the 

legend has been modified from the original.70 
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Another well documented effect of GLVs are priming effects. When GLVs are released 

by damaged plants, neighboring plants can perceive these volatiles and arm themselves 

for the impending attack.70, 74, 81-83 In 2004, Engelberth et al. showed that, when infested 

with caterpillars, maize seedlings released Z-3-hexenal, Z-3-hexenol, and Z-3-hexenyl 

acetate. When neighboring seedlings were subsequently exposed to caterpillar regurgitate 

to mimic herbivory, they produced significantly higher amounts of the major defense 

related hormone jasmonic acid, as compared to untreated plants.74 In 2006, van Hulten et 

al. reported that Arabidopsis treated with a low level (10 mg/L) of β-Aminobutyric acid 

(BABA), a chemical known to cause resistance to biotrophic and necrotrophic pathogens, 

did not directly induce defense related genes or lead to significant reductions in relative 

growth rate (RGR) while Arabidopsis treated with higher levels (60 or 200 mg/L) of 

BABA showed direct induction of defense related genes and a significantly decreased 

RGR. However, Arabidopsis that were primed with 10 mg/L BABA and then exposed to 

H. parasitica, showed enhanced activation of defense related genes compared to non-

primed Arabidopsis plants.83 In 2015, Ameye et al. used the GLV Z-3-hexenyl acetate to 

determine if priming effects were seen in wheat from attacks by fungus. In this work, 

they showed that not only did Z-3-hexenyl acetate pretreated wheat plants show greater 

resistance to F. graminearum in terms of number of necrotic lesions and jasmonic acid 

production, but so did leaves from seedlings derived from seeds of the primed wheat 

plants.81 This highlights that not only do primed plants show higher resistance to fungus, 

but so do the offspring of the plants. Priming therefore is an efficient defense strategy for 

plants as it confers the ability to quickly respond to attacks without the costly benefits of 

a direct defense response (Figure 3.2). While this priming affect by GLVs as well as 
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many other chemicals has been reported for over a decade, the pathways that cause these 

priming effects are not well understood. Priming could have meaningful application in 

sustainable agriculture to arm plants against common biotic stressors in place of current 

pesticides, but the underlying mechanisms and pathways that lead to priming need to be 

elucidated for more targeted studies. 

3.1.3 Damage-associated molecular patterns and GLVs 

While GLVs are known to have many different functions including priming and 

antimicrobial effects, over the last couple of years, it has been speculated that GLVs 

primarily function as DAMPs or damage-associated molecular patterns.69, 71 DAMPs are 

host biomolecules that signal danger and trigger damage associated signaling responses 

such as an increase in reactive oxygen species (ROS), membrane depolarization, influx of 

Ca2+, and activation of mitogen-activated protein kinases (MAPKs).84-87 These early 

responses take place within minutes or seconds of exposure, and they trigger production 

of jasmonic acid through the octadecanoid pathway that lead to the transcriptional 

upregulation of proteinase inhibitors and amino acid-catabolizing enzymes that have 

negative effects on the attacking species.70, 86, 88 Extracellular ATP (eATP) is a classical 

DAMP. ATP has a relatively high concentration within the cell and when cells are 

damaged, ATP is released into the extracellular space where it is absent in undamaged 

tissue. Plant cells have a plasma membrane protein called Does not Respond to 

Nucleotides1 (DORN1) that binds to eATP and is required for ATP-induced Ca2+ influx 

and for increased MAPK signaling demonstrated in Arabidopsis.89, 90 As expected, 

DORN1 mutant plants show significantly reduced response to ATP treatment and 

wounding, while plants overexpressing DORN1 show an elevated response to both 
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treatments.89 The signaling peptide systemin is another well studied DAMP.71, 86, 87, 91 

Systemin belongs to a class of signaling peptides that are derived from plants and confers 

a wound response. Systemin contains 18 amino acids and is derived from the C-terminal 

region of prosystemin, a wound-induced prohormone.71 Plants lacking prosystemin 

showed low levels of defense related protein upon wounding, and the overexpression of 

prosystemin caused continuous expression of defense related genes. The receptor of 

systemin has been identified as SYR1, a leucine-rich repeat receptor kinase. Once 

systemin is bound to SYR1, a signaling pathway is induced leading to the activation of 

MAPKs, ion fluxes, calcium-dependent proteins, ROS, and production of jasmonic 

acid.86, 87, 92, 93 Stratmann et al. in 2007 used virus-induced gene silencing to co-silence 

MPK1 and MPK2 in tomato plants. This resulted in reduced MPK1/2 kinase activity as 

well as systemin-induced jasmonic acid production. Silencing of MPK1 and MPK2 

significantly reduced the prosystemin-mediated resistance to Manduca sexta.86  

As mentioned above, it has been hypothesized that GLVs operate as DAMPs. The 

early responses to GLVs such as membrane depolarization and an increase in [Ca2+]cyt 

have been reported.84, 85 A complex relationship between GLVs and jasmonic acid has 

also been reported. Plants treated with GLVs or jasmonic acid show increases in the 

biosynthesis pathways of both these molecules indicating a positive feedback loop for 

alerting plants to attack. However, plants that were deficient in jasmonic acid production 

still showed levels of GLVs after damage by the caterpillar S. exigua, highlighting that 

the jasmonic acid pathway is not singly responsible for GLV production.70, 94 To better 

understand the signaling pathways involved in response to GLVs, the signal perception 

and signal transduction mechanisms need to be further studied. Over the past few 
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decades, much of the research into GLVs has been on plant-to-insect communication 

rather than plant-to-plant communication. Therefore, the perception mechanism for 

GLVs in insects has been characterized but is not understood in plants. The primary 

processing of plant volatiles in insects is via odorant receptor proteins in the antennae that 

primarily trigger olfactory signals.70, 95 These receptor proteins are highly specific and 

therefore induce specific responses to the volatiles. Similar mechanisms have not been 

elucidated in plants and it remains to be determined if such specificity of perception for 

GLVs, for example between Z-3-hexenal and Z-3-hexenyl acetate, is available in plant 

cells. Furthermore, no genes with homology to odorant receptors are present in plants.96 

In addition to GLV perception, understanding GLV signal transduction is also vital to 

understanding how the cell triggers the physiological changes seen upon treatment of 

cells with GLVs. As mentioned previously, these damage signals, namely membrane 

depolarization and cytosolic influx in Ca2+ occur within minutes or seconds of treatment. 

This implies that these changes are not driven by transcriptional changes. It has been 

hypothesized that phosphorylation and dephosphorylation play a major role in these 

damage related signals. A recent study by Ahmad et al. used mass spectrometry-based 

phosphoproteomics to study the early phosphorylation changes in response to systemin in 

tomato (Solanum peruvianum) cells.91 In that work, phosphorylation changes in MAPKs, 

first reported by Stratmann et al. were confirmed.86, 91 MPK2 was found to be transiently 

phosphorylated after 15 minutes in response to the systemin treatment. Rapid 

dephosphorylation of H+-ATPase and phosphorylation of NADPH-oxidase and Ca2+-

ATPase were observed at the 2-minute time point in response to the systemin treatment. 

They proposed that dephosphorylation after 2 minutes at the T955 position of the H+-
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ATPase is responsible for the systemin-induced alkalization of the growth medium and 

reported 44 early systemin-responsive kinases that were transiently phosphorylated 

within their study.91 This study provided the first phosphoproteomic evidence for the 

early alarm signals typically seen in response to systemin treatment. 

In view of these studies, the aim of this chapter is to contribute to the 

understanding of GLV perception and signal transduction. In collaboration with the 

Stratmann group, we show via western blot an early transient phosphorylation of MAPK1 

in response to cis-3-hexenol, a well-studied GLV. We also observed pH changes in 

response to cis-3-hexenol, which are similar to the pH changes in response to systemin as 

shown by Ahmad et al.91 Based on this, we used our previously described 

phosphoproteomic workflow to study the signal transduction in response to cis-3-hexenol 

in tomato (Solanum peruvianum) cells.25 These data showed similar phosphorylation 

changes for MAPKs, receptor like kinases (RLKs), and calcium/calmodulin signal 

proteins to previous studies further suggesting the role of GLVs as DAMPs. 

3.2 RESULTS & DISCUSSION 

 3.2.1 Activation of MAPK1 in response to GLV and systemin treatments of 

tomato cells 

It has been hypothesized that GLVs act as DAMPs due to recent reports that they cause 

depolarization of the plasma membrane and an increase in [Ca2+]cyt. In 2018, 

Domborowski et al. reported early activation (3-20 mins) of MAPKs in model grass 

(Lolium temulentum) in response to various GLVs including cis-3-hexenol.97 To confirm 

this response in tomato cells, in collaboration with Dr. Johannes Stratmann’s group, 

tomato cells were treated with 28 mM cis-3-hexenol and cells were collected at different 
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time points of the treatment. Because cis-3-hexenol was dissolved in ethanol, ethanol 

alone was used as the control sample. Additionally, tomato cells were treated with 10 nM 

systemin for 5 minutes using the untreated sample as the control sample. These samples 

were collected and probed for phosphorylated MAPK1 via western blot using a 

previously described protocol (Figure 3.3).98 

Based on the western blot, there is clear activation of phosphorylated MAPK1 in 

response to cis-3-hexenol at the 5- and 10-minute time points and in response to systemin 

at the 5-minute time point, while there is no difference in phosphorylated MAPK1 for 

any of the control samples. This early (5-10 minute) activation of phosphorylation 

MAPK1 is consistent with 2018 report by Domborowski et al. in which they showed this 

same activation at these same time points in response to GLVs in model grass.97 Based on 

this data, samples treated with either cis-3-hexenol or systemin for 5 minutes were used 

for our phosphoproteomic studies to better understand how tomato cells respond using 

phosphorylation in response to these treatments.   

3.2.2 Initial testing of phosphopeptide enrichment workflow for tomato cells 

The phosphopeptide enrichment in this project was previously applied to human cell 

lysate. To determine if the current phosphopeptide enrichment workflow could be applied 

to tomato cells an initial experiment was conducted to compare the resulting 

phosphoprofile from tomato samples when enriched using the IMCStip-based desalting 

and phosphopeptide enrichment method. Three different sample types were generated for 

the initial experiment: tomato cells treated with 28 mM cis-3-hexenol for 5 minutes, 

tomato cells treated with ethanol for 5 minutes, and untreated tomato cells. For each 

sample, 
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Figure 3.3. Western blot showing changes in phosphorylated MAPK1 in tomato cell 

lysate in response to different treatments at different time points. The lane under “unt” is 

untreated tomato cell lysate. The lane under “sys” is tomato cell lysate from cells treated 

for 5 minutes with 10 nM systemin. Lanes under “ethanol” are tomato cell lysate from 

cells treated for 5, 10, 20, and 30 minutes with 15 µL of ethanol. Lanes under “cis-3-

hexenol” is tomato cell lysate from cells treated for 5, 10, 20, and 30 minutes with 28 

mM cis-3-hexenol. The primary antibody used for this protocol was anti-pERK MAPK 

(Cell Signaling Technology, Danvers, MA).
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200 µg of cell lysate was used for the desalting and phosphopeptide enrichment. Nine 

samples were generated (n = 3 per treatment type) and a sample from each of the 

treatment types were analyzed by different MS systems, an LTQ Orbitrap Velos, a Q 

Exactive HF-X, and an Orbitrap Fusion (Table 3.1 & Figure 3.4).  

The data from the initial experiment showed that different MS systems resulted in 

different phosphopeptide specificities from the same sample types (Figure 3.4). The LTQ 

Orbitrap Velos showed the highest phosphopeptide specificity for the phosphopeptide 

samples, with an average of 98%, while identifying the lowest number of 

phosphopeptides, with average of 514 ± 36 phosphopeptides per sample (Figure 3.4). The 

Q Exactive HF-X showed the second highest phosphopeptide specificity for the 

phosphopeptide samples, with an average of 92%, while identifying the second highest 

number of phosphopeptides, with average of 1804 ± 154 phosphopeptides per sample 

(Figure 3.4). The Orbitrap Fusion showed the lowest phosphopeptide specificity for the 

samples with an average of 59% but showed the highest average number of 

phosphopeptide identifications with 3045 ± 387 (Figure 3.4). These differences in 

phosphopeptide specificity and phosphopeptide identifications could stem from several 

differences between the MS systems. However, one difference between the sample 

analysis is that samples analyzed by the Orbitrap Fusion system, were first separated on 

an LC column that was 35 cm in length, while samples analyzed by the LTQ Orbitrap 

Velos and the Q Exactive HF-X which used columns that were 10 cm and 15 cm in 

length, respectively. This column length difference could account some of the difference 

in phosphopeptide identifications between the Q Exactive HF-X and the Orbitrap Fusion 

as a longer LC column leads to better separation of the peptides prior to ionization.31 
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Table 3.1. Summary data from the tomato cells with different treatments and analyzed by 

different MS systems.  

Sample Instrument Treatment 
Protein 

Ids 
Peptide 

Ids 
Phosphopeptide 

Ids 
Enrichment 

Specificity, % 

1 
LTQ Orbitrap 

Velos 
Untreated 318 468 464 99% 

2 
LTQ Orbitrap 

Velos 
Ethanol  347 551 547 99% 

3 
LTQ Orbitrap 

Velos 

Cis-3-

hexenol 
359 548 531 97% 

4 
Q Exactive 

HF-X 
Untreated 859 1647 1597 97% 

5 
Q Exactive 

HF-X 
Ethanol  1101 2107 1968 93% 

6 
Q Exactive 

HF-X 

Cis-3-

hexenol 
1142 2139 1849 86% 

7 
Orbitrap 

Fusion 
Untreated 2546 5509 3003 55% 

8 
Orbitrap 

Fusion 
Ethanol  2306 5118 2593 51% 

9 
Orbitrap 

Fusion 

Cis-3-

hexenol 
2286 4949 3540 72% 
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Figure 3.4. Summary data from the treated tomato cells. Three samples per treatment type 

were collected. A sample from each treatment type was analyzed by the Orbitrap LTQ 

Velos, the QE-HFX, and the Orbitrap Fusion system. 
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3.2.3 Label-free quantitative phosphoproteomic analysis of cis-3-hexenol 

treated tomato cells and systemin treated tomato cells 

Based on the initial study, it was determined that our current phosphopeptide enrichment 

process could be applied to tomato cell lysis samples. We then applied this workflow to 

better understand phosphorylation changes that occur in tomato cells in response to GLV 

treatments. In this experiment, tomato cells were treated for 5 minutes with 28 mM cis-3-

hexenol, in triplicate, with ethanol treated tomato cells as a control sample. For 

comparison, tomato cells were also treated with 10 nM systemin for 5 minutes, in 

triplicate, with untreated cells as the control sample. These samples were prepared in 

triplicate using the automated desalting and phosphopeptide enrichment workflow and 

was analyzed by MS. The data was processed in Proteome Discoverer 2.2. The raw data 

including average protein and phosphopeptide identifications were calculated as well as 

the phosphopeptide specificity for each treatment type (Figure 3.5).  

From the raw data analysis, a total of 1575 phosphoproteins, 6097 

phosphopeptides, 7866 phosphosites, and 6849 class I phosphosites were identified from 

all analyzed samples. On average, 1321 ± 51 phosphoproteins and 2604 ± 179 

phosphopeptides were identified from each sample (Figure 3.5B). Additionally, average 

phosphopeptide specificity was determined to be 85% ± 6% (Figure 3.5B). This data 

highlights the reproducibility of the sample preparation process as the identifications 

across all samples are similar and each sample had good phosphopeptide specificity. To 

gain a better understanding of the phosphopeptides enriched during the phosphopeptide 

enrichment, the number of phospho-serines, phospho-threonines, and phospho-tyrosines 

that were detected in the samples was calculated. Of the phosphosites identified, 88.7% 
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Figure 3.5. Summary of the data generated from phosphopeptide enriched samples from 

tomato cell lysis (n = 3 per treatment, data are mean ± s.d.). A) Summary of number of 

phosphoproteins, phosphopeptides, phosphosites, and phosphosites (Class 1) from the 

MS analysis.  B) The number of proteins identified, the number of phosphopeptides 

identified, and the phosphopeptide specificity for each treatment type. C) Summary of the 

phosphopeptide profile including the percentage of phospho-serines (pSer), phospho-

threonines (pThr), and phospho-tyrosines (pTyr) and the percentage of singly, doubly, 

and triply phosphorylated peptides from all samples.
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were phospho-serines, 10.4% were phospho-threonines, and 0.9% were phospho-

tyrosines (Figure 3.5C). Additionally, the number of singly, doubly, and triply 

phosphorylated peptides was calculated. Of the phosphopeptides identified, 74.6% were 

singly phosphorylated, 21.7% were doubly phosphorylated, and 3.7% were triply 

phosphorylated (Figure 3.5C). This is in line with our previously published 

phosphoproteomic data for sample enriched with PolyTi resin and in line with our 

SILAC-based phosphoproteomic data shown in chapter 2.25   

Using this MS data, label-free quantitation was performed using the Minora node 

in Proteome Discoverer. The resulting quantitative data calculates the fold change in 

comparison to the control sample. In our experiments, all calculated fold changes are 

based on identifications from at least two replicates. Using Proteome Discoverer, the fold 

change between the sample and control proteins could be calculated for both the cis-3-

hexenol treated samples and the systemin treated samples. The cutoff for significance for 

the calculated fold change was set at greater than or equal to 2 and less than or equal to 

0.5 which is the standard practice for quantitative proteomics. For each treatment type, 

the number of proteins that have a fold change greater than or equal to 2 or less than or 

equal to 0.5 was calculated (Figure 3.6). For the cis-3-hexenol samples, 229 proteins had 

a fold change of greater than 2 and 7 proteins with a fold change less than 0.5. For the 

systemin samples, 472 proteins had a fold change of greater than 2 and 14 proteins with a 

fold change less than 0.5.  

 



 

128 

Abundance Ratio > 2 2 > Abundance Ratio > 0.5 Abundance Ratio < 0.5

0

500

1000

1500

Label Free Quantitation:

Cis-3-hexenol & Systemin Treatments

LFQ Abundance Ratio (Treated/Control)

P
r
o

te
in

, 
#

Cis-3-Hexenol

Systemin

 
Figure 3.6. Bar graph of the number of proteins with abundance ratios greater than 2, less 

than 2 and greater than 0.5, and less than 0.5 for both cis-3-hexenol treated and systemin 

treated samples (n = 3 per treatment type). 
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3.2.4 Comparison of phosphoproteome changes in response to cis-3-hexenol 

and systemin 

One of the aims of this work is to understand if plant cells respond to GLVs similarly to a 

well-established DAMP, namely, systemin. To this end, the overlap in phosphoproteins 

that had fold changes that were significantly increased or decreased in response to both 

cis-3-hexenol and systemin was determined. The number of phosphoproteins whose 

abundance ratios were significantly changed in both the cis-3-hexenol-treated samples 

and the systemin-treated samples was determined to be 84 (Table 3.2). Consistent with 

previous data, cells treated with cis-3-hexenol and systemin show increased 

phosphorylation of phosphosite Y223 of MAPK1 (Solyc12g019460.1.1).86, 91 A 

representative mass spectrum of the phosphorylated peptide from the cis-3-hexenol 

sample is shown Figure 3.7. The spectrum in Figure 3.7 is annotated with the associated 

b/y ions from the peptide with the sequence VTSETDFMTEyVVTR. Based on the b/y 

ions, the phosphorylation site can be localized to the residue Y11, corresponding to Y223 

of MAPK1. For both cis-3-hexenol and systemin, phosphorylation of phosphosite Y223 

of MAPK1 showed the highest fold change of any class I phosphosite within the dataset. 

Two other MAPKs, MAPK 16 (Solyc01g080240.2.1) and MAPK (Solyc04g007710.2.1), 

had fold changes greater than 2 in both treatment types. This highlights that both 

treatment types activate the MAPK signaling pathway which is characteristic of 

DAMPs.69, 91 Further, Receptor-like kinase (Solyc02g081040.2.1) and Universal stress 

protein (Solyc10g006760.2.1) both show increased phosphorylation for both treatments 

consistent with previous reports and are associated with the DAMP response.69, 99-101  
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Table 3.2. List of phosphoproteins whose abundance ratios were significantly increased in both the cis-3-hexenol-treated 

samples and the systemin-treated samples. 

Accession Protein Description 

Average Fold 

Change:  

cis-3-hexenol 

Average Fold 

Change:  

systemin 

Modifications 

Solyc12g019460.1.1 Mitogen-activated protein kinase 1 8.74 37.24 Y223 

Solyc02g081040.2.1 Receptor-like kinase 7.29 5.85 S314 

Solyc11g043130.1.1 Phosphatidylinositol 4-kinase 6.45 10.03 S535 

Solyc06g069890.2.1 Nucleosome assembly protein family 6.00 6.94 S192 

Solyc01g103780.2.1 TCP family transcription factor 5.72 2.09 S327 

Solyc10g006760.2.1 Universal stress protein 5.42 4.08 T39 

Solyc02g065150.1.1 LOB domain family protein 5.35 10.52 T272 

Solyc03g008010.2.1 PPPDE peptidase domain-containing protein 1 5.24 15.83 S187 

Solyc10g083360.1.1 Calmodulin binding protein 5.00 17.94 S381; S386 

Solyc09g009690.2.1 Ribonucleoside hydrolase 1 4.73 3.18 S112 

Solyc07g061930.1.1 Unknown Protein 4.69 2.87 S16 

Solyc02g090410.2.1 LOB domain family protein 4.20 9.89 T295 

Solyc06g074650.2.1 AP-2 complex subunit alpha 4.18 7.55 S656 

Solyc07g065640.2.1 RPM1 interacting protein 4 transcript 2 4.00 2.33 S44 

Solyc01g008130.2.1 DEP domain-containing protein 1B 3.78 8.76 S83; S103 

Solyc05g051290.2.1 High mobility group family 3.73 15.27 S108 

Solyc02g082280.2.1 
Genomic DNA chromosome 5 TAC clone 

K2A18 
3.60 14.26 S803 

Solyc09g082190.1.1 Unknown Protein 3.54 12.16 S90 

Solyc04g072560.2.1 IST1 homolog 3.52 3.70 
S351; S376; 

S517 

Solyc03g117420.2.1 Leucine-rich repeat family protein 3.47 9.25 S17 

Solyc03g117020.2.1 Stromal cell-derived factor 2 3.40 4.42 S111 

Solyc12g055830.1.1 Inorganic pyrophosphatase 3.36 3.10 S25 

Solyc08g016070.1.1 Dedicator of cytokinesis 11 3.14 4.96 S388 

Solyc03g116780.2.1 CUE domain containing protein 3.09 14.11 T21 
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Solyc08g065150.1.1 
Genomic DNA chromosome 5 P1 clone 

MHM17 
3.06 2.79 S79; S251 

Solyc08g005450.1.1 CAX-interacting protein 4 3.02 5.20 
S160; S219; 

S221; S294 

Solyc04g071860.2.1 Palmitoyltransferase AKR1 2.96 3.53 S372 

Solyc02g068200.1.1 TCP family transcription factor 2.94 3.26 S262 

Solyc01g107880.2.1 Membrane-associated ring finger 6 2.93 2.96 S33 

Solyc02g069660.2.1 Vacuolar protein sorting-associated protein 54 2.92 9.80 S30 

Solyc02g090570.2.1 Transducin family protein 2.87 2.02 S1154; S1155 

Solyc01g080240.2.1 Mitogen-activated protein kinase 16 2.77 2.25 T187; Y189 

Solyc08g006030.2.1 Unknown Protein 2.74 2.90 S429 

Solyc12g098420.1.1 Ubiquitin carboxyl-terminal hydrolase 2.72 10.63 S280 

Solyc03g007740.2.1 Reticulon family protein 2.68 17.10 S33 

Solyc01g086690.2.1 Double-strand-break repair protein rad21 2.64 2.60 S201; S414 

Solyc07g022760.2.1 Pre-mRNA-processing factor 40 homolog A 2.63 2.47 

S362; S921; 

S922; S957; 

S984 

Solyc06g084440.2.1 Nuclear protein localization 4 2.62 12.18 S102 

Solyc01g005430.2.1 UBX domain protein 6 2.61 10.09 S16 

Solyc09g014500.2.1 Yippee zinc-binding-like protein 2.57 3.02 T126 

Solyc01g091340.2.1 Peptidyl-prolyl cis-trans isomerase 2.57 2.31 S379 

Solyc02g087760.2.1 Calmodulin binding protein 2.56 2.17 S49; S386; S509 

Solyc04g082820.2.1 
ARID/BRIGHT DNA-binding domain-

containing protein 
2.52 7.03 S203; T384 

Solyc04g056270.2.1 Calmodulin-binding transcription activator 3 2.52 2.55 S452; S961 

Solyc04g007370.2.1 Chaperone protein dnaJ 15 2.51 3.48 S364 

Solyc04g007710.2.1 Mitogen-activated protein kinase 2.50 2.01 T180; Y182 

Solyc03g095840.2.1 
Eukaryotic translation initiation factor 2 alpha 

subunit family protein expressed 
2.50 2.71 S322 

Solyc06g071800.2.1 Serine/threonine protein kinase 2.47 2.61 
S302; S305; 

S531 

Solyc09g008940.2.1 AT-hook motif nuclear localized protein 1 2.47 3.33 S22 
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Solyc10g051340.1.1 Adenylyl cyclase-associated protein 2.46 4.22 S303 

Solyc05g015920.2.1 GYF domain-containing protein 2.46 2.70 S348 

Solyc01g095730.2.1 Os12g0114200 protein 2.44 2.53 S1336 

Solyc03g034440.2.1 Eukaryotic translation initiation factor 5 2.41 5.16 
S182; S408; 

S410 

Solyc02g082270.2.1 RNA-binding protein 68390-68829 2.40 2.39 S256 

Solyc06g067990.2.1 Lys-63-specific deubiquitinase BRCC36 2.39 3.89 S386 

Solyc11g027880.1.1 Phosphatidylinositol transfer protein SFH5 2.36 4.02 S102 

Solyc02g065630.2.1 Myosin-like protein 2.35 3.25 S289 

Solyc04g074230.2.1 14-3-3 protein sigma gamma zeta beta/alpha 2.33 6.61 S211 

Solyc04g081820.2.1 La domain containing protein expressed 2.32 2.12 S38; S65; T198 

Solyc04g007120.2.1 UV excision repair protein RAD23 2.31 8.88 S77; S231 

Solyc07g049480.2.1 
Cleavage and polyadenylation specificity factor 

subunit 3 
2.31 2.17 S51 

Solyc10g081710.1.1 RING finger protein 43 2.28 10.80 S299 

Solyc01g106440.2.1 Ankyrin repeat-containing protein-like 2.28 2.13 S249 

Solyc04g082070.2.1 tRNA pseudouridine synthase family protein 2.27 4.40 S191 

Solyc09g074940.1.1 Translocase of chloroplast 90, chloroplastic 2.24 2.46 S14; T523; S594 

Solyc06g035450.2.1 ATP-dependent RNA helicase 2.22 4.36 S50; S52 

Solyc05g014370.2.1 Mitotic spindle checkpoint protein MAD2 2.21 3.62 S185 

Solyc05g015500.2.1 
Zinc finger Ran-binding domain-containing 

protein 2 
2.20 2.69 S273 

Solyc11g020560.1.1 Pol polyprotein 2.20 4.34 T62 

Solyc09g007160.2.1 TBC1 domain family member 9B 2.18 3.52 S744 

Solyc12g005770.1.1 
Zinc finger CCCH domain-containing protein 

13 
2.18 2.35 S61; S85; S314 

Solyc11g072210.1.1 Zinc finger protein-like 2.18 2.12 S457 

Solyc02g080470.2.1 Heat shock protein 4 2.18 4.01 S590 

Solyc09g097900.2.1 Ras-related protein Rab-25 2.17 3.08 S4 

Solyc03g117280.2.1 Unknown Protein 2.16 2.87 S529 
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Solyc05g054970.2.1 
Ankyrin repeat domain-containing protein 13C-

A 
2.12 2.50 T566 

Solyc10g083640.1.1 Splicing factor U2af subunit 2.10 2.52 S259; S265 

Solyc11g069600.1.1 Inter-alpha-trypsin inhibitor heavy chain H4 2.09 2.52 S50 

Solyc11g008340.1.1 Exocyst complex component 4 2.09 7.46 S331 

Solyc10g006770.2.1 FACT complex subunit SPT16 2.08 3.31 S810 

Solyc04g007230.2.1 IST1 homolog 2.07 2.58 S231; S243 

Solyc07g062940.2.1 Serine/threonine kinase 25 2.06 3.53 
S294; S477; 

T480 

Solyc02g069650.1.1 Vacuolar sorting-associated protein 2.03 3.01 S424 

Solyc04g078950.1.1 Genomic DNA chromosome 5 P1 clone MBD2 2.01 2.93 
S257; S271; 

S272 
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Figure 3.7. Mass spectrum showing the fragmentation pattern from an MS2 scan of a phosphopeptide with the sequence 

VTSETDFMTEyVVTR with a charge state of 2+. The spectrum is from the cis-3-hexenol treated peptide sample MS analysis. 

This phosphopeptide is part of MAPK1 (Solyc12g019460.1.1) and is phosphorylated at residue Y11 (Y223 for the protein). 

The B/Y ions were manually annotated.  
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As mentioned previously, it has been hypothesized that GLVs act as DAMPs due 

to recent research that showed activation of MAPKs and activation of 

calcium/calmodulin signaling. To highlight proteins associated with processes or 

pathways that are involved in the DAMP response, we manually curated a list of proteins 

from the cis-3-hexenol triplicate dataset that could be linked to DAMP associated 

processes or pathways (Table 3.3 & Figure 3.8). 

From the cis-3-hexenol dataset, a total of 4 MAPKs were identified and their fold 

changes were quantified. As mentioned previously, MAPK1 was shown to be increased 

in response to the cis-3-hexenol treatment in line with the data shown in Figure 3.3 and 

previous reports using Lolium temulentum. MAPK1 is a TEK MAPK and is well 

characterized as being responsible for driving activation of the jasmonic acid pathway.86 

Two other MAPKs (Solyc01g080240.2.1 and Solyc04g007710.2.1) had more modest, but 

still significant increase in fold change in response the cis-3-hexenol. One main 

difference between these two MAPKs compared to MAPK1 is that they are TDY 

MAPKs as opposed to TEK.102, 103 Currently, there has been no functional data for TDY 

MAPKs and are reported here for the first time to be activated in response to the cis-3-

hexenol treatment.102, 103  

As mentioned above, Ahmad et al. showed that the plasma membrane H+-ATPase 

(AHA) was rapidly dephosphorylate at the T955 position at 2 minutes in response to 

systemin treatments and showed a decreased activity of H+-ATPase at 5 minutes 

presumably due to the rapid dephosphorylation at the 2-minute time point. Ahmad et al. 

showed that there is a rapid alkalinization of the media and hypothesized that the 
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Table 3.3. List of phosphoproteins from the cis-3-hexenol triplicate dataset that are linked to DAMP associated processes or 

pathways. 

 

Accession Protein Description 

Average Fold 

Change:  

cis-3-hexenol 

Modifications 

MAPKs 

Solyc12g019460.1.1 Mitogen-activated protein kinase 1  8.737 Y223 

Solyc01g080240.2.1 Mitogen-activated protein kinase 16  2.769 T187; Y189 

Solyc04g007710.2.1 Mitogen-activated protein kinase  2.499 T180; Y182 

Solyc06g068990.2.1 Mitogen-activated protein kinase  1.022 T270; Y272; S529 

H+-ATPase 

Plasma 

Membrane 

Solyc03g113400.2.1 H+-ATPase  1.802 T955 

Solyc07g017780.2.1 H+-ATPase  0.965 T897; S915; T964 

Receptor 

Like 

Kinases 

Solyc02g081040.2.1 Receptor-like kinase  9.8815 S314 

Solyc01g109650.2.1 Receptor like kinase, RLK 3.1575 S813; S832 

Solyc11g011020.1.1 Receptor like kinase, RLK 2.22125 S356 

Solyc11g006040.1.1 Receptor like kinase, RLK 1.847 S529 

Solyc01g080880.2.1 Receptor-like kinase  1.683 S13; Y212 

Solyc04g054200.2.1 Receptor like kinase, RLK 1.638 S732; S737 

Solyc01g108840.2.1 Receptor like kinase, RLK 1.657 S532; S534 

Solyc02g077850.2.1 
LRR receptor-like serine/threonine-

protein kinase 
1.483 S584 

Solyc09g083210.2.1 Receptor-like protein kinase  1.479 S622 

Solyc03g111670.2.1 Receptor like kinase, RLK 1.370 S327; S354 

Solyc07g056270.2.1 Receptor-like protein kinase  1.345 S134 

Solyc10g085000.1.1 Receptor-like kinase  1.210 S25 

Solyc03g111670.2.1 Receptor like kinase, RLK 1.16975 S327; S354 

Solyc02g086270.2.1 Receptor-like kinase  1.122 S766; S767 

Solyc09g064270.2.1 Receptor-like kinase  1.0335 S550 

Solyc12g044840.1.1 Receptor-like kinase  1.014 S178 

Solyc11g013880.1.1 Receptor-like protein kinase  0.939 S785 
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Solyc09g064270.2.1 Receptor-like kinase  0.889 S550 

Calcium/ 

Calmodulin 

Signaling 

Solyc01g112250.2.1 Calcium-dependent protein kinase 3  2.139 S526 

Solyc04g009800.2.1 Calcium-dependent protein kinase 2  1.571 T65; S572 

Solyc11g018610.1.1 Calcium-dependent protein kinase 4  1.225 S371; T489 

Solyc11g065660.1.1 Calcium-dependent protein kinase 8  0.637 S524 

Solyc04g049160.2.1 Calcium dependent protein kinase  1.125 T491 

Solyc01g096830.2.1 Calcium-transporting ATPase 1  1.692 S859 

Solyc02g064680.2.1 Calcium-transporting ATPase 1  1.498 S46 

Solyc10g083360.1.1 Calmodulin binding protein  5.001 S381; S386 

Solyc06g073830.1.1 Calmodulin-like protein  3.351 S92 

Solyc02g087760.2.1 Calmodulin binding protein  2.565 S49; S386; S509 

Solyc01g008950.2.1 Calmodulin 5/6/7/8-like protein  2.295 S82 

Solyc08g080470.2.1 Calmodulin binding protein  1.715 S344; S354; S492 

Solyc04g081210.2.1 Calmodulin binding protein IQ  1.538 
S53; S168; S589; 

S686; T696; S841 

Solyc10g074740.1.1 Calmodulin-like protein  1.439 S28; S35 

Solyc01g005800.2.1 Calmodulin binding protein  1.035 S411 

Solyc04g056270.2.1 
Calmodulin-binding transcription 

activator 3  
2.521 S452; S961 

Solyc12g099340.1.1 
Calmodulin-binding transcription 

activator 5  
1.812 S334 

Solyc10g006010.2.1 
Calcium-activated outward-rectifying 

potassium channel 1  
1.151 S23; S33 
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Figure 3.8. DAMP/Hexenol signal perception and signal integration pathway based on 

phosphoproteomic dataset. Green dots are previously reported phosphorylation sites. 

Green dots with an “X” are previously reported phosphorylation sites observed in our 

phosphoproteomic dataset. The pathway shows potential binding of cis-3-hexenol to 

RLKs (receptor like kinases) that lead to the activation of MAPK activation. Calcium 

dependent protein kinases (CDPK) and calmodulin proteins are activated that drive the 

production of reactive oxygen species (O2
-, H2O2, etc.) through phosphorylation of 

NADPH oxidase (NOX). Activation of MAPKs and CAPK/calmodulin proteins also 

drive activation of transcription factors leading to the expression of defense related genes  

Phosphorylation of Ca2+ ATPases (CA) and plasma membrane H+-ATPase (AHA) play 

key roles in regulating Ca2+ and H+ levels which are key for the DAMP response. 
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decreased activity of the H+-ATPases is responsible for the alkalinization of the media. 

In their dataset, at 5 minutes the phosphorylation of both H+-ATPases were not 

significantly different than the starting point level and there is a subsequent increase in 

phosphorylation at the T955 position, more pronounced in Solyc03g113400.2.1, after 15 

minutes. Similarly, Stratmann et. al. observed alkalinization of the cell media in response 

to different GLVs. Our dataset is in line with Ahmad et al. in that at the 5-minute time 

point there is no significant change in the phosphorylation of either H+-ATPases. In 

future studies, similar time point data could be generated to show these transient 

phosphorylation levels at the 2-minute and 15-minute time points to further confirm this 

data. 

From Table 3.3 three receptor like kinases (Solyc01g109650.2.1, 

Solyc11g011020.1.1, Solyc01g108840.2.1) were found to have increased fold changes in 

response to the cis-3-hexenol treatment. Solyc02g081040.2.1 is the LysM receptor-like 

kinase SlLYK11 and is a part of a clade of RLKs (SlLYK1, SlLYK12, SlLYK13). An 

ortholog in Arabidopsis of SILYK11 called CERK1 is the receptor for chitin-oligomers 

and it has been shown that plants with silenced SlLYK11, SlLYK1, SlLYK12, SlLYK13 are 

more susceptible to  Pseudomonas syringae.104 Overall RLKs are known to play a role in 

plant immunity and the activation of these RLKs could point to a general binding of cis-

3-hexenol to RLKs for activation of downstream signaling.101 

  Calcium and calmodulin signaling has previously been shown in response to 

GLVs.84, 85 In our dataset, many different calcium/calmodulin associated signaling 

proteins were identified as well as Ca2+ ATPases (CA). Specifically, calcium-dependent 

protein kinase 3 (CDPK3) (Solyc01g112250.2.1) was found to be increased in response 



 

140 

to the cis-3-hexenol treatment as well as 4 calmodulin-like or calmodulin-binding 

proteins and 1 calmodulin-binding transcription factor. CDPKs are early responders to 

changes in [Ca2+]cyt levels and have been shown to play a key role in stress signaling and 

lead to synthesis of reactive oxygen species (ROS) through phosphorylation of NADPH 

oxidase (NOX), increase in phytohormone synthesis, and changes in gene expression 

through activation of transcription factors (TF).105-107 

Altogether this data provides novel insight into how the phosphoproteome is 

changed in response to cis-3-hexenol and further suggest that GLVs act as DAMPs. To 

our knowledge this is the first phosphoproteomic analysis of plant cells treated with a 

GLV and thus many of these phosphoproteins found in Table 3.2 and Table 3.3 have not 

been reported as being involved in the cellular response to GLVs. These lists could 

provide insight into phosphoproteins that drive the cellular response leading to traditional 

DAMP signals. Further work probing these specific proteins will be needed to further 

understand their relevance in the cellular response to GLVs. 

3.3 CONCLUSION 

Over the past decade, researchers have found that GLVs play a key role in 

interplant and intraplant signaling. GLVs have been shown to lead to priming affects in 

neighboring plants that causes increase resistance to future attacks without the cost of an 

active defense attack. Additionally, GLVs are involved in intraplant communication that 

lead to upregulation of key defense proteins in response to active abiotic and biotic 

stressors. Over the past couple of years, it has been hypothesized that GLVs act as 

DAMPs, which show characteristic stress signaling such as an increase in MAPK 

signaling and increase in [Ca2+]cyt. However, in-depth studies of how the 
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phosphoproteome changes in response to GLVs have not been conducted. Here, we use 

mass spectrometry-based phosphoproteomics to show changes in tomato cells in response 

to cis-3-hexenol, a known GLV, and compared the phosphoproteome changes to 

systemin treated tomato cells. Our generated data shows phosphoproteome changes 

consistent with previous data, specifically increased phosphorylation of MAPKs, RLKs, 

and calcium/calmodulin associated signaling phosphoproteins. In future studies, our 

analysis could be expanded to other types of GLVs to determine if the same changes in 

the phosphoproteome are seen and to further our understanding of how plant cells signal 

for damage responses in response to GLVs. In addition, plasma membrane enrichments 

should be performed to gain a more comprehensive profile of plasma membrane related 

proteins as these proteins are key for GLV perception. 

3.4 MATERIALS AND METHODS 

3.4.1 Cell suspension cultures & cell lysis 

Tomato cells were provided by Dr. Johannes Stratmann. For GLV treatments, 15 µL of 

cis-3-hexenol diluted in ethanol was added to cells for a final concentration of 28.5 mM 

and 15 µl of ethanol was added to cells as a control. For systemin treatments, systemin 

was added to cells for a final concentration of 10 nM. For tomato cell lysis, cells were 

lysed with 1 mL of RIPA buffer (Thermo Scientific Pierce, Rockford, IL) containing 1x 

of Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific Pierce, Rockford, 

IL). Protein concentration was determined via Bicinchoninic acid assay. Proteins were 

reduced with addition of 10 mM TCEP at 56 °C for 30 minutes, then alkylated with 

addition of 25 mM iodoacetamide for 30 minutes in dark. Next, 1.5 mL of ice-cold 

acetone was added to the sample to precipitate the protein. The mixture was placed at -80 
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oC for 30 minutes followed by -20 oC for 30 minutes. The sample was then centrifuged 

for 5 minutes at 2000 × g and the supernatant was discarded. The protein pellet was 

washed using 1 mL of ice-cold acetone and centrifuged for 5 minutes at 2000 × g. The 

supernatant was then discarded. The resulting pellet was suspended in 50 mM ammonium 

bicarbonate to a final concentration of 5 mg/mL followed by overnight trypsin digestion 

(1:50 enzyme to protein by mass ratio) at 37 °C using MS Grade Trypsin Protease 

(Thermo Scientific Pierce, Rockford, IL). The sample was then acidified to 1% TFA and 

then centrifuged for 5 minutes at 5000 × g. The supernatant was then aliquoted and stored 

at -80 oC until required for phosphopeptide enrichment. 

3.4.2 Phosphopeptide enrichment of tomato cell digests 

Cell digest was thawed on ice for 30 minutes. Aliquots of 20 µL of cell digest was then 

diluted with 1% TFA to final volume of 200 µL and transferred to a 1 mL 96-well plate. 

The peptide sample was then desalted using 5 mg RP 300 µL IMCStips (IMCS, Irmo, 

SC) and then enriched for phosphopeptides using 10 µL PolyTi 300 µL IMCStips (IMCS, 

Irmo, SC). The automated peptide desalting and phosphopeptide enrichment was 

performed on a Hamilton STAR system following the previously published workflow 25. 

Once the sample was eluted, the eluted solutions were lyophilized. The samples were 

then stored at -80 oC until ready for analysis. 

3.4.3 LTQ-Orbitrap Velos Pro analysis for global phosphopeptide analysis 

Dried phosphopeptide samples were dissolved in 4.8 μL of 0.25% formic acid with 3% 

(vol/vol) acetonitrile and 4 μL of each sample was injected into Easy-nLC 1000 (Thermo 

Fisher Scientific). Peptides were separated using a 105-mm column (75 μm ID) 

containing Reproosil-PUR C18 resin (New Objective). The mobile phase buffer consisted 
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of 0.1% formic acid in ultrapure water (buffer A) with an eluting buffer of 0.1% formic 

acid in 80% (vol/vol) acetonitrile (buffer B) run with a linear 60-min gradient of 6–30% 

buffer B at flow rate of 300 nL/min. Easy-nLC 1000 was coupled online with a hybrid 

high-resolution LTQ-Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific). 

The mass spectrometer was operated in the data-dependent mode, in which a full-scan 

MS (from m/z 300 to 1,500 with the resolution of 30,000 at m/z 400) was followed by 

MS/MS of the 10 most intense ions [normalized collision energy - 30%; automatic gain 

control (AGC) - 3.0 x 104; maximum injection time (MS1) - 100 ms; 90 s exclusion; 

maximum injection time (MS2) – 150 ms]. 

3.4.4 Q Exactive HF-X analysis for global phosphopeptide analysis 

Dried phosphopeptide samples were dissolved in 4.8 μL of 0.25% formic acid with 3% 

(vol/vol) acetonitrile.  Liquid chromatography was performed on a Dionex Ultimate 3000 

nano-flow liquid chromatograph. Four μL of sample was injected onto a cartridge trap 

column (Thermo Fisher Scientific) and then transferred to a capillary analytical column 

for separation (PepMap RSLC C18, EasySpray format, 15 cm by 75 μm packed with 3 

um 100Å particles). The separation solvents were 2% acetonitrile (solvent A) and 80% 

acetonitrile (solvent B) both with 0.1 % formic acid. The solvent program started at 5% 

solvent B for 3 min then ramped to 55% B over 40 minutes and 95% B over 3 minutes 

where it remained for 9 minutes. The EasySpray nano-spray source was interfaced to a 

Thermo Q-Exactive HF-X quadrupole-orbitrap mass spectrometer which was operated 

using a standard Top-6 data dependent acquisition (DDA) protocol. MS1 spectra 

(scanned from 400 to 1500 m/z at 60,000 resolution) were followed by MS2 spectra of 

the 6 most intense multiply charged parent ions (normalized collision energy 28 ev, 
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resolution 30,000). Dynamic exclusion was used to prevent reanalyzing the same parent 

ion over the next 5 seconds. 

3.4.5 Orbitrap Fusion analysis for global phosphopeptide analysis 

Thermo Scientific Orbitrap Fusion run under conditions established by the staff at the 

Nevada Proteomics Center was used for sample analysis. Liquid chromatography mass 

spectrometry (LC-MS) was performed on an UltiMate 3000 RSLCnano system (Thermo 

Scientific, San Jose, CA) on a self-packed UChrom C18 column (100 µm x 35 cm). The 

gradient used consisted of Solvent B from 2-90% (Solvent A: 0.1% formic Acid, Solvent 

B: acetonitrile, 0.1% formic Acid) over 175 mins at 50 oC using a digital Pico View 

nanospray source (New Objectives, Woburn, MA) that was modified with a custom-built 

column heater and an ABIRD background suppressor (ESI Source Solutions, Woburn, 

MA). The self-packed column tapered tip was pulled with a laser micropipette puller P-

2000 (Sutter Instrument Co, Novato, CA) to an approximate id of 10 µm. The column 

was then packed with 1-2 cm of 5 µm Sepax GP-C18 (120 Å) (Sepax Technologies, 

Newark, DE) followed by 40 cm of 1.8 µm Sepax GP-C18 (120Å) at 9000 psi using a 

nano LC column packing kit (nanoLCMS, Gold River, CA). The MS1 precursor selection 

range is from 400-1500 m/z at a resolution of 120K and an automatic gain control (AGC) 

target of 2.0 x 105 with a maximum injection time of 100 ms. Quadrupole isolation 

window at 0.7 Th for MS2 analysis using CID fragmentation in the linear ion trap with a 

collision energy of 35%. The AGC was set to 4.0 x 103 with a maximum injection time of 

150 ms. The instrument was operated in a top speed data-dependent mode with a most 

intense precursor priority with dynamic exclusion set to an exclusion duration of 60 s 

with a 10 ppm tolerance.  
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3.4.6 Database search and analysis 

The raw data files obtained from the Orbitrap Fusion, Orbitrap Velos Pro, and Q Exactive 

HFX were searched against a Solanum peruvianum protein databased (ITAG 2.3) using 

SEQUEST on Proteome Discoverer (Version 2.2, Thermo Fisher). The peptide precursor 

mass tolerance was set to 10 ppm, and the fragment mass tolerance was set to 0.6 Da. 

Search criteria included a static modification of cysteine residues of +57.0214 Da and a 

variable modification of +15.995 Da to include potential oxidation of methionine, a 

modification of +79.966 Da on serine, threonine, or tyrosine for the identification of 

phosphorylation (three modifications allowed per peptide). To detect heavy labeled 

peptides, variable modifications of +6.020 Da on lysine and +10.008 Da on arginine. 

Searches were performed with full tryptic digestion and allowed a maximum of two 

missed cleavages on the peptides analyzed from the sequence database. False discovery 

rates (FDR) were set to less than 1% for each analysis at the PSM level. Phosphorylation 

site localization from CID spectra was determined by PhosphoRS on Proteome 

Discoverer 2.2. Confidence view was assigned a score of 0.4, indicating medium 

confidence.  
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CHAPTER 4 

GENERATING AN AUTOMATED EXTRACTION OF EXTRACELLULAR 

VESICLES FROM URINE SAMPLES. 

4.1 INTRODUCTION  

4.1.1 Overview of extracellular vesicles  

EVs are small membrane-enclosed vesicles that are released by many different cell 

types.108 There are numerous subtypes of EVs that have been reported in the literature 

including exosomes, shed microvesicles (MVs), migrasomes, oncosomes, and apoptotic 

bodies (Figure 4.1).109 The EV subtypes, including exosomes and MVs, are generally 

distinguished based on size, buoyant density, and protein content (Table 4.1).109 Many 

reports have focused on exosomes and MVs, but here the term EVs will be used to refer 

to all secreted vesicles.  

EVs are known to carry a vast array of cargo including DNA, mRNA, and 

proteins.108-110 Over the past decade, EVs have attracted attention as it has been reported 

that they can be used as an intercellular communication tool, allowing both distant and 

local cell communication.108, 110 While EVs are important for normal biological functions, 

they also play a role in the development of many diseases, including cancer.108-110 In 

particular, tumor-derived EVs have been shown to carry biological material that can aid 

in the formation of the premetastatic niche and increase angiogenesis to facilitate cancer 

growth.108, 110 EVs are of interest in the field of precision medicine because they are 

known to be secreted in many different biological fluids including serum and urine.
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Figure 4.1. Diagram of EV subpopulations. Inlet shows three different compartments 

associated with EVs. Image is from reference 109.109 
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Table 4.1. Characteristics of exosomes and MVs that can be used to differentiate between 

these EV subtypes.109 

  Exosome MVs 

Size (diameter) 40–120 nm 100–1000 nm 

Buoyant Density 1.08–1.20 g/mL 1.13–1.19 g/mL 

Marker 
Alix, CD9, CD63, CD81, FLOT1, 

FLOT2, TSG101, CM 

CD9, CD63, actinin‐4, 

mitofillin 

References 111-113 111, 112, 114, 115 
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This allows researchers to isolate EVs from these fluids to monitor biomarkers that can 

detect the onset of many different diseases, most notably, cancer.108-110 It has been 

reported that tumor-derived EVs can be detected in biological fluids before physical 

detection of a tumor is possible making EVs an extremely promising biological resource 

for early detection of cancer.112, 116, 117  

4.1.2 EVs for clinical diagnostics of colorectal cancer 

Colorectal cancer (CRC) is the third most diagnosed cancer in the United States and is 

expected to cause over 50,000 deaths in 2019 alone.11 While better treatment of CRC is 

needed, early detection is key for better treatment of the disease. Currently, 

carcinoembryonic antigen (CEA) is a biomarker found in the blood and has been used to 

detect CRC. However, CEA is controversial in the oncology world mostly because of its 

low detection accuracy. While it has been shown to be useful under certain conditions 

and with the proper constraints, it has been shown ineffective for detecting early-stage 

CRC and only effective for 30% of stage two patients.118, 119 Researchers are working to 

discover better biomarkers, including within EVs from patient samples, which could 

eventually be used to develop clinical assays to diagnose and monitor diseases. Mass-

spectrometry based proteomics is one of the tools that is currently used to realize these 

types of clinical assays. For example, in 2017 Tomonaga et al. identified 725 potential 

candidate biomarkers for CRC based on their own generated data and a global search of 

the published literature.120 Of these candidate biomarkers, they were able to identify 356 

candidate proteins in serum or CRC cell culture EV samples and quantitate putative 

colorectal cancer biomarker candidates in serum extracellular vesicles. In this study, they 
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identified 22 proteins that showed significant differences between healthy and CRC 

patient samples.120 

In a recent report, S. Wang et al. used urinary EVs to show biomarkers for 

neurologic disease.121 In this work, they showed that, as expected, urine derived EVs 

were enriched in proteins associated with vesicle biogenesis and transport, however they 

were not significantly enriched in kidney derived proteins (Figure 4.2A). In fact, using 

quantitative MS-based proteomics, network analysis of their protein list showed no over-

representation of proteins of any particular tissue type or biofluid (Figure 4.2B).121  

In this work they identified two different proteins that could be used in as a 

diagnostic immunoblot assay for Parkinson’s disease with better than 70% accuracy in a 

replication cohort. This was the first report of using urine derived EVs to be applied as a 

diagnostic tool for a disease unrelated to kidney function. This is significant because 

urine is a highly desirable diagnostic biofluid as it is noninvasive, readily available, and, 

in comparison to serum samples, has a relatively low protein concentration which 

simplifies the EV purification process. However, there are many issues that plague EV 

research inhibiting its translation into the clinical setting. 

4.1.3 Isolation techniques for EVs purification  

One major issue hindering EV research is that current protocols for isolating and 

purifying EVs are timing consuming, suffer from low recovery, require specialized 

equipment, and are low-throughput.122 The most common method of isolation is 

differential ultracentrifugation (DUC) where samples are subjected to various 

centrifugation speeds to separate EVs from intact cells and cell debris. This method is 

time consuming (>3 hours) and is subject to inter-lab irreproducibility. Other popular
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Figure 4.2. Network analysis of proteomic data generated by S. Wang et al.121 The 

original figure is from reference 121 and the legend has been modified from the original. 

A) Pathway analysis of proteins generated from urinary EV samples. B) Tissue 

enrichment analysis of proteins generated from urinary EV samples. 
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methods of purifying EVs are size exclusion-based, precipitation-based, or affinity-based. 

Over the past 5-years significant work has been done to improve upon these isolation 

techniques several of which outperform the conventional DUC method.122-124 In 2018, 

Tao et al. reported the use an affinity-based method called EVTRAP for efficient 

purification of EVs from urine samples.122 In this study they showed that EVTRAP 

outperformed the conventional ultracentrifugation method in terms of overall recovery of 

both exosomes and MVs as well as overall purity of the final sample. Also, in 2018, Xing 

et al. presented an EV isolation method using anion exchange (AE) magnetic beads.123 

EVs have a net negative surface charge and therefore can be bound to a positively 

charged AE magnetic beads and subsequently eluted with a high ionic strength elution 

buffer. This method showed improved recovery of EVs in comparison to DUC from both 

cell culture supernatant and plasma samples. These two different methods are promising 

isolation methods, and both could be used in place of ultracentrifugation in a clinical 

setting.  

4.1.4 EVs purification using IMCStips 

Due to the promise of these two resins, we aimed to establish a clinically relevant 

extraction method for EV purification using these resins in combination with the 

IMCStips as it has been previously established that the IMCStips allow for convenient 

automation of the extraction process. Toward this end, we tested a silica-based EVTRAP 

resin and a commercially available AE resin in the IMCStip for efficient purification of 

EVs from urine samples. To confirm that EVs were able to be isolated from biological 

samples several different techniques have been used. The most widely used method for 

EV detection is western blot for proteins known to be abundant in EVs. For example, 
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proteins in the tetraspanin family, most commonly CD9 and CD81, are known to be 

found on the membrane of most EVs and are therefore used for detection of EVs. 

Electron microscopy (EM) is also used for confirming the presence of EVs. Typically, 

EVs are 40-1000 nm in size and therefore EM is able to image EVs within biological 

samples. In the last few years, mass spectrometry has also become a useful tool in 

confirming the presence of EVs. This is done by performing a trypsin digestion on the 

purified EV sample and then injecting the digested protein sample onto an LC-MS 

system for detection of peptides. Then using proteomics software, the peptides are linked 

back to their associated proteins and the presence of EV-related proteins can be detected. 

Each of these methods have their drawbacks when being used for confirming the 

presence of EVs. For example, using western blot to confirm the presence of EVs using 

primary antibodies for CD9 and other EV-related proteins is highly dependent on the 

efficiency of the primary antibody’s binding to the target protein. CD9 has primarily been 

used for confirming the presence of EVs because the primary antibody for this protein 

has been well developed but can lead to bias toward EV samples with high amounts of 

CD9 in the membrane and thus underreport the presence of EVs when CD9 is not as 

abundant. For imaging EVs using EM, the EV sample needs to be extremely pure as the 

presence of protein within the sample can hinder the light scattering for proper imaging 

of the EVs. Additionally, prior to imaging the sample is first fixed and dehydrated onto a 

grid. This process can deform the EVs, giving them a “cupped” shape and their native 

state is not able to be imaged thus, leading to error in determining the size dispersity of 

the EVs. For detecting EVs using MS, similar to EM, it is important than contaminating 

protein is removed from the EV sample prior to analyses as the contaminating protein 
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will be detected by the MS analysis and can swamp out the EV-related peptides thus 

limiting the number of EV-related proteins detected by the analysis. With these 

challenges in mind, it is important to confirm the presence of EVs using each of the three 

techniques to ensure the purity of the EV sample resulting for the extraction.   

4.2 RESULTS & DISCUSSION 

 4.2.1 Resin selection and initial IMCStip functionality testing 

To begin establishing an EV purification process with the IMCStips, resins first needed to 

be tested for basic functionality in the IMCStip. For the EVTRAP resin to be applied in 

the IMCStips, a silica-based EVTRAP resin was needed as previous EVTRAP 

extractions were done using magnetic beads. The IMCStip has a bottom frit that can 

retain resin with a particle size of 50 microns or higher. For initial testing, a silica resin 

from Sorbtech was used with a particle size of around 70 microns. After basic 

functionality testing to ensure there was proper dispersion of the resin inside of the 

IMCStip and no significant clogging issues, an extraction method was established for 

each of the different resin types based on previous literature and resin chemistry. For the 

EVTRAP resin, based on previous work by Iliuk et al. the EVTRAP resin needs to be 

first conditioned with PBS and then can incubate directly with the sample for EV 

extraction. The EVTRAP resin then needs to be washed with PBS twice and then the EVs 

are eluted using 100 mM triethylamine (TEA). The initial extraction method that was 

used is showed in Table 4.2.122 A similar workflow was established for a weak anion 

exchange resin, Macro-Prep DEAE, from Biorad based on the previous work by Heath et 

al (Table 4.3).123  
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Table 4.2. Extraction workflow for EVTRAP resin in the 1 mL Integra IMCStip. 

Process Solvent Aspirate, µL Cycle Number Sample, µL 
Time, 

mins 

Equilibration 1xPBS 750 3 800 3 

Sample 1xPBS 1000 30 800 30 

Wash 1 1xPBS 750 5 800 5 

Wash 2 1xPBS 750 5 800 5 

Elution 100 mM TEA 200 5 200 5 
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Table 4.3. Extraction workflow for DEAE resin in the 1 mL Integra IMCStip. 

Process Solvent 
Aspirate, 

µL 

Cycle 

Number 

Sample, 

µL 

Time, 

mins 

Equilibratio

n 

25 mM NaCl, 50 mM 

HEPES, pH 8.2 
750 3 800 3 

Sample 
25 mM NaCl, 50 mM 

HEPES 
1000 30 800 30 

Wash 1 
25 mM NaCl, 50 mM 

HEPES, pH 8.2 
750 5 800 5 

Wash 2 
25 mM NaCl, 50 mM 

HEPES, pH 8.2 
750 5 800 5 

Elution 
500 M NaCl, 50 mM 

HEPES, pH 8.2 
200 5 200 5 
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This IMCStip-based workflow was programmed on the Integra Assist system. For 

initial testing, a 1 ml urine sample was used in combination with 25 mg of EVTRAP 

resin or 25 mg of DEAE resin (n = 3 per resin type). Once the samples were processed 

using either the EVTRAP resin or the DEAE resin the sample were immediately 

neutralized with 1 M acetic acid to pH 7. The samples were then ran on an SDS page gel 

and transferred to a PVDF western blot membrane. The blot was incubated with a 1:1000 

diluted CD9 primary antibody and subsequently incubated with the proper secondary 

antibody and ECL western blotting substrate. The resulting blot was imaged using 

chemiluminescence to detect the presence of CD9 in the samples (Figure 4.3).  

The blot in Figure 4.3, showed that were able to detect a visible band on the blot 

corresponding to CD9. Additionally, the EVTRAP purified samples, based on band 

intensity, contained more CD9 protein than the DEAE purified samples. Based on these 

initial results, only EVTRAP resin was used for the remainder for the study. However, 

based on the band intensity, there was significant variation among the EVTRAP purified 

samples and further follow up experiments were needed to confirm reproducibility and to 

confirm the presence of EVs using different primary antibodies.  

4.2.2 Troubleshooting and development of the EVTRAP IMCStip extraction 

workflow for EV purification from urine 

A follow up study was ran using the same parameters with the EVTRAP resin in the 

IMCStip. For this experiment, the flow through urine sample was collected to determine 

if CD9 could be detected after the EVTRAP resin binding step. For this experiment, a 

purified EV sample from cell culture from Cell Guidance Systems (CGS) was included in  
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Figure 4.3. Western blot of EV sample from 1 mL of urine. Lane 1 is the undiluted urine 

sample. Lanes 2-4 are the DEAE purified EV samples which have a final volume of 200 

µL. Lanes 5-7 are the EVTRAP purified EV samples which have a final volume of 200 

µL. 
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the western blot as a control. For the western blot, a 1:500 diluted CD9 primary antibody 

was used as well as a 1:500 diluted CD81 primary antibody (Figure 4.4). 

Based on the blots in Figure 4.4, the EVTRAP purified samples gave a clear band 

corresponding to the CD9 protein however using the CD81 antibody, the bands were 

inconsistent and needed a significantly longer exposure time compared to CD9. This 

could be due to several different issues including the absence of the CD81 protein in the 

EV sample or inefficient binding of the primary antibody to CD81 in the EV sample. 

Additionally, Lane 2 of Figure 4.4B shows a clear band showing that a significant 

amount of the EV sample is still in the flow through of the sample. During the EVTRAP 

extraction, significant clogging was seen leading to different amounts of sample being 

aspirated during the sample binding portion of the extraction. This was unexpected as this 

type of clogging was not seen in previous experiments. This clogging could lead to 

inefficient binding of the EVs to the resin as the clogging limits the exposure of the resin 

to the sample. 

To determine the presence of EVs in the EVTRAP purified sample, transmission 

electron microscopy was used to image EVs in the sample. As a control, the purified EV 

sample from CGS was used for TEM imaging. For the TEM imaging, EVTRAP purified 

samples were pooled and dried. The dried sample was resuspended in 100 uL of ultrapure 

water. The samples were then applied TEM grids and affixed for imaging. The resulting 

images are shown in Figure 4.5. Based on the TEM images in figure 4.5, the purified 

CGS EV sample contained a significant amount of contaminants including salts and 

proteins negatively affecting the TEM images. Additionally, there seems to be a high 

abundance of EVs within the sample although this was unable to be confirmed because  
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Figure 4.4. Western blot of EVTRAP purified samples from 1 mL of urine. Lane 1 is the 

undiluted urine sample. Lane 2 is the undiluted flowthrough urine sample. Lanes 3-5 are 

the EVTRAP purified EV samples which have a final volume of 200 µL. Lane 6 is the 

purified EV sample from CGS. A) Western blot of EV sample from 1 mL of urine using 

1:500 diluted CD9 primary antibody (exposed for 1 min). B) Western blot of EV sample 

from 1 mL of urine using 1:500 diluted CD81 primary antibody (exposed for 20 mins).
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Figure 4.5. TEM images of purified EV samples. TEM images of representative of at 

least 3 TEM images for the denoted sample. A) CGS EV sample purified from cell 

culture supernatant. B) EVTRAP purified EV samples from 1 mL urine using IMCStips. 
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the sample was too concentrated and contained contaminants (Figure 4.5A). The 

EVTRAP purified EV sample contained significantly less salt and protein contamination, 

however the sample contain few particles that were within the 40-1000 nm range (Figure 

4.5B). 

To further understand the EVTRAP extraction, we collaborated with Dr. Anton 

Iliuk at Tymora Analytical to do further experiments with the aim of addressing the low 

binding efficiency of the EVTRAP and to ensure proper handling of EV samples during 

downstream analysis and characterization. For these experiments, a new batch of 

EVTRAP resin was generated to ensure that deterioration of the EVTRAP beads was not 

the cause of the low binding efficiency of the resin. Additionally, an update to the 

extraction was made to include a 10x loading buffer addition to the urine sample prior to 

the EVTRAP extraction. The loading buffer is a proprietary solution from Tymora 

Analytical that is a combination of detergent to facilitate more efficient EV binding. This 

loading buffer was included in the sample for all following experiments. After EVTRAP 

elution, the eluted sample was completely dried and resuspended in 10 µL of 1x SDS 

loading buffer. For western blot analysis, the previously published western blot protocol 

used by Iliuk et al. was used which uses an Odyssey near-infrared scanner from Licor for 

detection of an Alexa Fluor 680 nm secondary antibody that is bound to the primary 

antibody. This detection protocol allows for better sensitivity and better quantification of 

resulting bands.  In first experiment with Dr. Iliuk, two different EVTRAP resin amounts 

were used, 10 mg and 25 mg, to purify EVs from 500 µL of urine. For comparison, 10 

mg of EVTRAP resin was used in a manual spin tube format (Figure 4.6). Based on the 

blot from Figure 4.6, the urine sample purified using 10 mg of EVTRAP resin in the spin
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Figure 4.6. Western blot of EVTRAP purified samples from urine. The primary antibody 

was 1:3000 diluted CD9. Lanes 1-3 are samples purified using 25 mg of EVTRAP resin 

in 1 mL IMCStips. Lanes 4-6 are samples purified using 10 mg of EVTRAP resin in 1 

mL IMCStips. Lane 7 is the EV sample purified using 10 mg of EVTRAP resin in a 

manual spin tube format. 
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tube format yielded a more intense CD9 band in comparison to either the 25 mg or 10 mg 

of EVTRAP resin in the IMCStip where the band intensity is 56% and 64% lower than 

the manual format band intensity, respectively. It was observed that for the IMCStip 

extraction the clogging during the sample bind was reduced in comparison to previous 

experiments however there is still inefficient binding of EVs in comparison to the manual 

format. For the IMCStip-based format, based on the band intensities, samples purified 

with 25 mg of EVTRAP resin yielded higher band intensity, an average of 20,233 ± 

2,696 RFU, than samples purified with 10 mg of EVTRAP resin with an average band 

intensity of 16,333 ± 2,007 RFU. 

To determine if the inefficient binding could be remedied by increasing the 

sample binding time, a follow up experiment was performed for which the sample 

binding time was set to 60 minutes rather than 30 minutes. All other aspects of the 

extraction were kept the same. For the experiment, 25 mg of EVTRAP resin and 10 mg 

of EVTRAP resin in the IMCStip were compared (n = 4 per resin amount) as well as 25 

mg of EVTRAP resin and 10 mg of EVTRAP resin in a manual spin tube format were 

compared to the IMCStip-based extraction (Figure 4.7). From the blot in Figure 4.7, the 

manual format yielded higher band intensity for both resin amounts, 24,700 RFU for the 

25 mg EVTRAP sample and 27,600 RFU for the 10 mg EVTRAP sample, than the 

IMCStip-based format with an average band intensity of 20,450 ± 861 RFU for IMCStips 

containing 25 mg of EVTRAP resin and 12,675 ± 3,100 RFU for IMCStips containing 10 

mg of EVTRAP resin. While the manual format still outperforms the IMCStip format, the 

average band intensity for the 25 mg EVTRAP resin in the IMCStip is only 26% lower
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Figure 4.7. Western blot of EVTRAP purified samples from urine. The primary antibody 

was 1:3000 diluted CD9. For this experiment, all sample binding times were set to 60 

minutes. Lanes 1-4 are samples purified using 25 mg of EVTRAP resin in the IMCStip. 

Lanes 5-8 are samples purified using 10 mg of EVTRAP resin in the IMCStip. Lane 9 is 

a sample purified using 25 mg of EVTRAP resin in a manual spin tube format. Lane 10 is 

a sample purified using 10 mg of EVTRAP resin in a manual spin tube format. 
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than the 10 mg EVTRAP manual sample compared to 56% lower in the previous 

experiment. In all following experiments, the sixty-minute sample binding time was used. 

To further optimize the IMCStip-based extraction, the elution time was increased 

from 5 minutes to 10 minutes and the sample binding time was kept at 60 minutes. 

Additionally, to determine the reproducibility of IMCStip-based extraction the sample 

number was increased to 8. For comparison, the same extraction was performed using 25 

mg of EVTRAP resin in a manual spin tube format (Figure 4.8). The blot in Figure 4.8 

shows significant variation in the band intensity of the 8 IMCStip-based extractions with 

an average band intensity of 21,312 ± 4857 and is 21% lower in comparison to the 

manual format. This is a slight improvement from the previous experiment showing that 

the increased elution time marginally improved the extraction efficiency of the IMCStip-

based workflow. In all following experiments, the ten-minute elution time was used.  

Based on these experiments, the clogging observed during the sample binding 

step with the IMCStip seemed to significantly affect the efficiency of the EV binding. 

This is especially highlighted by the manual process outperforming the IMCStip-based 

extraction in terms CD9 band intensity from the western blot. Based on conversations 

with IMCS, the clogging of the IMCStip could be due to the resin used and suggested 

that a higher particle size could prevent the clogging. To this end, a silica resin with a 

particle size of approximately 100 microns was used for the EVTRAP conjugation. Once 

the new EVTRAP resin was received, a basic functionally test was performed to ensure 

there was no clogging using 25 mg of the resin in the 1 mL IMCStip. Once this initial 

testing was performed, 25 mg of the EVTRAP resin in the 1 mL IMCStip was used to 

extract EVs from 0.5 mL of urine (n = 3). Following the updated EV processing method,  
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Figure 4.8. Western blot of EVTRAP purified samples from urine. The primary antibody 

was 1:3000 diluted CD9. For this experiment, all sample binding times were set to 60 

minutes and the elution times were set to 10 minutes. Lanes 1-8 are samples purified 

using 25 mg of EVTRAP resin in the IMCStip. Lane 9 is a sample purified using 25 mg 

of EVTRAP resin in a manual spin tube format. 
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the samples were completely dried and resuspended in SDS loading buffer. For 

comparison, the starting sample and the flow through samples were concentrated using 

30 kDa filters, dried completely, and resuspended in SDS loading buffer. The samples 

were when transferred to PVDF, incubated with the 1:1000 diluted CD9 primary 

antibody, and then incubated with the proper secondary antibody and ECL solution. The 

blot was then imaged under chemiluminescence using a GE imager (Figure 4.9). The blot 

in Figure 4.9 shows that bands in lanes 2-4, corresponding to the eluted EVTRAP 

samples, are wavy rather than one clear straight band in conflict with all previous blots 

using the EVTRAP resin. Based on conversations with Dr. Iliuk, it was suggested that the 

new resin had a higher binding capacity than the previous resin and therefore less resin 

should be used. The “wavy” bands from the western blot could stem from excessive resin 

binding to lipids in the urine sample, leading to improper migration of the sample during 

the gel electrophoresis portion of the western blot protocol. To test this hypothesis, a 

range of EVTRAP resin amounts were tested, 5 mg, 10 mg, and 15 mg for extracting EVs 

from 0.25 ml of urine. The updated western blot protocol was followed for these 

experiments (Figure 4.10). Based on the blot from Figure 4.10, the 15 mg EVTRAP 

eluted samples yield “wavy” bands, while samples using the 10 mg EVTRAP IMCStip 

and the 5 mg EVTRAP IMCStip yield normal bands on the blot. Additionally, the 

flowthrough samples show no bands corresponding to CD9 showing that all three resin 

amounts adequately bind all EVs from the sample, although based on the starting material 

band, some of the EVs may be lost during the size-based filtration process. 

In a follow up experiment, we examined if the amount of urine affects the 

appearance of the “wavy” bands on the blot. For this experiment 0.5 mL of urine was  
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Figure 4.9. Western blot of EVTRAP purified samples from 0.5 ml of urine. The primary 

antibody was 1:1000 diluted CD9. Lane 1 is the starting urine sample filtered using a 30 

kDa amicon filter. Lanes 2-4 are EVTRAP (~ 200-micron silica) purified samples. Lanes 

5-7 are the flowthrough samples from the EVTRAP extraction process after sample 

binding. 
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Figure 4.10. Western blot of EVTRAP purified samples from 0.25 mL of urine. Lane 1 is 

the starting urine sample filtered using a 30 kDa amicon filter. Lanes 2-3 are samples 

purified using 15 mg of EVTRAP resin in the IMCStip. Lanes 4-5 are samples purified 

using 10 mg of EVTRAP resin in the IMCStip. Lanes 6-7 are samples purified using 5 

mg of EVTRAP resin in the IMCStip. Lanes 8-10 are the flowthrough samples from the 5 

mg, 10 mg, and 15 mg EVTRAP IMCStip extraction process after sample binding. 
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used as the starting material and 5 mg and 10 mg of EVTRAP resin in the IMCStip was 

compared. The samples were processed and probed for the presence of CD9 via western 

blot. Based on the blot in Figure 4.11, the 10 mg EVTRAP IMCStip samples led to 

“wavy” bands whereas the 5 mg EVTRAP IMCStip samples had normal bands. 

Additionally, there was a prominent band show good EV recovery from the extraction 

process. Although the bands for the 5 mg EVTRAP IMCStip sample showed good EV 

recovery, contaminating species could be coeluting, but not enough to affect the protein 

migration during the gel electrophoresis process.  

One of the main factors that needs to be established for the extraction is the 

reproducibility of the EVTRAP extraction. To test the reproducibility of the extraction, 

the extraction process was repeated for 8 0.5 mL urine samples using 5 mg EVTRAP 

IMCStips. The samples were processed and then probed for the presence of CD9 via 

western blot. Based on the band intensities from the blot in Figure 4.12, detailed in Table 

4.4, substantial irreproducibility remains, with a relative standard deviation of 28%. This 

irreproducibility is unexpected and is not in line with previous experiments performed by 

Iliuk et al. or other extraction types performed with the IMCStips. Generally, due to the 

ability to automate the extraction process using the IMCStips, an overall increase in 

sample-to-sample reproducibility is seen, however there are several factors that could 

lead to irreproducibility including resin clumping, inhibiting the dispersion of the resin 

throughout the sample or frit clogging due to either the resin or particles from the sample 

lodging inside of the frit inhibiting proper flow of the sample through the frit. Neither of 

these issues were visually seen using the new EVTRAP resin with the larger particle size, 

however these issues could still be occurring leading to poor reproducibility.  
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Figure 4.11. Western blot of EVTRAP purified samples from 0.5 mL of urine. Lane 1 is 

the starting urine sample filtered using a 30 kDa amicon filter. Lanes 2-5 are samples 

purified using 5 mg of EVTRAP resin in the IMCStip. Lanes 6-9 are samples purified 

using 10 mg of EVTRAP resin in the IMCStip. 
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Figure 4.12. Western blot of EVTRAP purified samples from 0.5 mL of urine. Lanes 1-8 

are samples purified using 5 mg of EVTRAP resin in the IMCStip. 
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Table 4.4. Band intensities from samples from experiments in Figure 4.12. 

Sample Band Intensity 

1 10422916.04 

2 11652908.37 

3 14046686.64 

4 10587487.05 

5 5506766.83 

6 6912797.15 

7 7436011.28 

8 8963066.26 

Avg. 9441079.95 

RSD, % 28% 
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4.2.3 Mass spectrometry analysis of EV peptides samples purified using 

EVTRAP IMCStip extraction  

An aim of this project was to determine if EV-associated proteins could be identified 

through MS analysis of  the purified samples. To this end, the EVTRAP extraction was 

used to purify EVs from 1 mL of 10x concentrated urine, concentrated using a 30 kDa 

filter. The purified samples were lysed and trypsin digested using our previously 

described protocol as well as a protocol detailed by Iliuk et. al (n = 2 per digestion 

protocol).122 Once the samples were digested, the resulting peptides were desalted and 

dried completely. The samples were then resuspended and half of the sample was injected 

on the LC-MS/MS and the raw data was processed using Proteome Discoverer to 

determine proteins detected by the LC-MS/MS analysis. Based on the total ion 

chromatograms from the LC-MS/MS, a clear difference in the amount of protein digested 

can be seen. In Figures 4.13A-B, there are clear peaks for which MS2 scans were 

performed whereas in Figures 4.13C-D the material eluted after 57 minutes, characteristic 

of undigested protein, dwarfs the peaks detected between 20-57 minutes of the analysis. 

These differences are highlighted in the number of PSMs recorded during the LC-MS/MS 

analysis and the number of peptides detected within the sample (Table 4.5). 

Using our current digestion protocol, we can achieve higher peptide and protein 

ids than using the protocol described by Iliuk. These differences can be directly attributed 

to the lack of digestion of protein material shown as eluting after 57 minutes in the LC-

MS/MS analysis. However, the number of protein identifications we achieved is far less 

than previous reports by Iliuk et. al from 1 mL of 10x concentrated urine using the 

EVTRAP resin.122 Specifically, Iliuk et al. achieved over 2000 protein ids and 16,000
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Figure 4.13. Total ion chromatograms (TICs) from LC-MS/MS analysis of EVTRAP 

purified peptide samples. A) TIC from EVTRAP purified sample digested using our in-

house digestion protocol (sample 1). B) TIC from EVTRAP purified sample digested 

using our in-house digestion protocol (sample 2). C) TIC from EVTRAP purified sample 

digested following the digestion protocol described by Iliuk et al. (sample 3). D) TIC 

from EVTRAP purified sample digested following the digestion protocol described by 

Iliuk et al. (sample 4). 
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Table 4.5. Summary of protein, peptide, and peptide spectral matches from EVTRAP 

purified peptide samples. Sample 1 and 2 were digested following our in-house digestion 

protocol. Samples 3 and 4 were digested following the digestion protocol described by 

Iliuk et al. 

Sample Protein Ids, # Peptide Ids, # Peptide Spectral Matches, # 

1 52 239 630 

2 68 344 899 

3 28 78 131 

4 25 63 110 
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unique peptide ids. These differences could be due to a difference in the efficiency of the 

digestion protocol and the sensitivity of the MS instrument used for the analysis, however 

these differences also highlight that less EVs are able to be purified using the IMCStip-

based extraction protocol using the new EVTRAP resin. To determine if the proteins that 

were identified by the MS analysis were EV associated, the list of identified proteins 

were compared to a top 100 EV-associated protein list published by Vesiclepedia 

(http://microvesicles.org/extracellular_vesicle_markers). These proteins are ranked 1 to 

100 based on the number of reports that have listed the protein as EV-associated.  

From the list of proteins identified from the MS analysis from samples 1 and 2, 7 

of the 68 proteins were found on the Vesiclepedia top 100 EV-associated protein list. In 

particular, ACTB and CD63 are well studied EV-associated proteins that are trusted 

markers for EVs. This enrichment of EV-associated proteins within the protein list in 

Table 4.6 shows that the IMCStip-based EVTRAP extraction can purify EVs from urine, 

however there are still contaminating proteins in the resulting EV sample and a lower 

amount of EVs are purified compared to previous reports with EVTRAP resin. 

4.3 CONCLUSION 

Extracellular vesicles are a promising tool for biomarker discovery for early 

detection of disease including cancer. One of the main hinderances in the development of 

EV research for biomarker discovery are the extraction techniques currently used for EV 

purification are time consuming and are not easily transferable to a clinical setting. In this 

work we aimed to address these issues by establishing an automated IMCStip-based 

extraction using resins previously shown to purify EVs from urine. In this study, we 

showed that the established IMCStip-based extraction using EVTRAP resin can

http://microvesicles.org/extracellular_vesicle_markers
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Table 4.6. List of proteins identified by samples 1 and 2 from Table 5. 

Accession 
Gene 

Symbol 
Protein Description 

# 

Peptides 

EV 

Associated 

P13645 KRT10 Keratin, type I cytoskeletal 10  26 ✔ 

P07911 UMOD Uromodulin  30   

P35908 KRT2 Keratin, type II cytoskeletal 2 epidermal  27   

P35527 KRT9 Keratin, type I cytoskeletal 9  21   

P04264 KRT1 Keratin, type II cytoskeletal 1  28 ✔ 

Q04695 KRT17 Keratin, type I cytoskeletal 17  14   

P01133 EGF Pro-epidermal growth factor  18   

P13647 KRT5 Keratin, type II cytoskeletal 5  20   

P04259 KRT6B Keratin, type II cytoskeletal 6B  20   

P02538 KRT6A Keratin, type II cytoskeletal 6A  20   

P05090 APOD Apolipoprotein D  13   

Q6EMK4 VASN Vasorin  9   

P10909 CLU Clusterin  11   

P02533 KRT14 Keratin, type I cytoskeletal 14  11   

P05154 SERPINA5 Plasma serine protease inhibitor  8   

P07602 PSAP Prosaposin  6   

P02768 ALB Serum albumin  2 ✔ 

P08473 MME Neprilysin  6   

P16444 DPEP1 Dipeptidase 1  5   

P01042 KNG1 Kininogen-1  6   

P12109 COL6A1 Collagen alpha-1(VI) chain  2   

P05155 SERPING1 Plasma protease C1 inhibitor  6   

P15144 ANPEP Aminopeptidase N  5   

P19440 GGT1 Gamma-glutamyltranspeptidase 1  5   

Q86Y46 KRT73 Keratin, type II cytoskeletal 73  5   

P06702 S100A9 Protein S100-A9  3   

P05452 CLEC3B Tetranectin  3   

P68871 HBB Hemoglobin subunit beta  5   
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Q9H8L6 MMRN2 Multimerin-2  4   

O14773 TPP1 Tripeptidyl-peptidase 1  3   

P62979 RPS27A Ubiquitin-40S ribosomal protein S27a  2   

P01009 SERPINA1 Alpha-1-antitrypsin  2   

O96009 NAPSA Napsin-A  2   

P15309 ACP3 Prostatic acid phosphatase  3   

Q9NZH0 GPRC5B G-protein coupled receptor family C group 5 member B  2   

Q9BRK3 MXRA8 Matrix-remodeling-associated protein 8  1   

P02765 AHSG Alpha-2-HS-glycoprotein  1   

P10451 SPP1 Osteopontin  1   

Q16769 QPCT Glutaminyl-peptide cyclotransferase  1   

P02760 AMBP Protein AMBP  2   

P27487 DPP4 Dipeptidyl peptidase 4  1   

O14498 ISLR Immunoglobulin superfamily containing leucine-rich repeat protein  2   

P04406 GAPDH Glyceraldehyde-3-phosphate dehydrogenase  2 ✔ 

P01034 CST3 Cystatin-C  1   

P69905 HBA1 Hemoglobin subunit alpha  2   

P60709 ACTB Actin, cytoplasmic 1  1 ✔ 

Q9BZG9 LYNX1 Ly-6/neurotoxin-like protein 1  1   

P02649 APOE Apolipoprotein E  1   

Q86YZ3 HRNR Hornerin  2   

P31151 S100A7 Protein S100-A7  1   

P15941 MUC1 Mucin-1  1   

O43895 XPNPEP2 Xaa-Pro aminopeptidase 2  1   

O43653 PSCA Prostate stem cell antigen  1   

P15311 EZR Ezrin  1 ✔ 

O95865 DDAH2 N(G),N(G)-dimethylarginine dimethylaminohydrolase 2  1   

P08962 CD63 CD63 antigen  1 ✔ 

P05109 S100A8 Protein S100-A8  1   

O00187 MASP2 Mannan-binding lectin serine protease 2  1   
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Q16651 PRSS8 Prostasin  1   

Q8WVJ2 NUDCD2 NudC domain-containing protein 2  1   

P20472 PVALB Parvalbumin alpha  1   

P11532 DMD Dystrophin  1   

P00749 PLAU Urokinase-type plasminogen activator  1   

Q9UMS6 SYNPO2 Synaptopodin-2  1   

Q9UN37 VPS4A Vacuolar protein sorting-associated protein 4A  1   

Q8IY63 AMOTL1 Angiomotin-like protein 1  1   

Q8WUT4 LRRN4 Leucine-rich repeat neuronal protein 4  1   



 

182 

purify EVs from urine samples, however significant issues remain to be addressed 

including lack of reproducibility and low EV extraction efficiency. These issues could 

stem from contaminates binding to the frit inside of the IMCStip leading to clogging or 

could be due to clumping of the resin inside of the IMCStip. In future work, other resins 

including the DEAE resin could be more thoroughly tested to determine if better 

reproducibility and EV extraction efficiency could be achieved.  

4.4 MATERIALS & METHODS 

4.4.1 Western blot analysis 

The purified EV samples were dried using a centrivap and then reconstituted in laemmli 

buffer. All urine control were first filtered and dried in a vacuum centrifuge and 

reconstituted in laemmli buffer. Aliquots of each sample were loaded at the equivalent 

volumes and were separated on an 4–20% Mini-PROTEAN® TGX™ Precast Protein gel 

(BIO-RAD). The proteins were transferred onto a low-fluorescence PVDF membrane 

(MilliporeSigma), and the membrane blocked with 1% BSA in TBST for 1 hour. The 

membranes were then incubated with rabbit anti-CD9 (D3H4P; Cell Signaling 

Technology) at the specified ratio overnight in 1% BSA in TBST. The secondary 

antibody visualizing the binding of primary antibodies was Goat anti-Rabbit IgG-HRP 

(Santa Cruz Biotechnology) or Goat anti-Rabbit Alexa Fluor 680 nm (Thermo Fisher 

Scientific), incubated for 1 hour in 1% BSA in TBST. Using the Goat anti-Rabbit IgG-

HRP, the membrane was then stained with ECL western blotting substrate (Thermo 

Fisher Scientific) and was scanned by a GE imager using chemiluminescence for signal 

detection and quantitation. Using the Goat anti-Rabbit Alexa Fluor 680 nm, the 
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membrane was scanned by an Odyssey near-infrared scanner (Licor) for signal detection 

and quantitation. 

4.4.2 Transmission electron microscopy  

Transmission electron microscopy (TEM) analysis was performed by depositing 15 µL of 

the purified EV sample onto 300-mesh carbon coated copper grid. The grids were stained 

with 2% uranyl acetate and viewed with a Hitachi HT7800 transmission electron 

microscope.  

4.4.3 LTQ-Orbitrap Velos Pro analysis for global phosphopeptide analysis 

Dried phosphopeptide samples were dissolved in 10 μL of 0.25% formic acid with 3% 

(vol/vol) acetonitrile and 4 μL of each sample was injected into Easy-nLC 1000 (Thermo 

Fisher Scientific). Peptides were separated on a 105-mm column (75 μm ID) containing 

Reproosil-PUR C18 resin (New Objective). The mobile phase buffer consisted of 0.1% 

formic acid in ultrapure water (buffer A) with an eluting buffer of 0.1% formic acid in 

80% (vol/vol) acetonitrile (buffer B) run with a linear 60-min gradient of 6–30% buffer B 

at flow rate of 300 nL/min. Easy-nLC 1000 was coupled online with a hybrid high-

resolution LTQ-Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific). The 

mass spectrometer was operated in the data-dependent mode, in which a full-scan MS 

(from m/z 300 to 1,500 with the resolution of 30,000 at m/z 400) was followed by 

MS/MS of the 10 most intense ions [normalized collision energy - 30%; automatic gain 

control (AGC) - 3.0 x 104; maximum injection time (MS1) - 100 ms; 90 s exclusion; 

maximum injection time (MS2) – 150 ms]. 
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4.4.4 Database Search and Analysis 

The raw data files obtained from the LTQ-Orbitrap Velos Pro were searched against a 

human database using SEQUEST on Proteome Discoverer (Version 2.2, Thermo Fisher). 

The peptide precursor mass tolerance was set to 10 ppm, and the fragment mass tolerance 

was set to 0.6 Da. Search criteria included a static modification of cysteine residues of 

+57.0214 Da and a variable modification of +15.995 Da to include potential oxidation of 

methionine, a modification of +79.966 Da on serine, threonine, or tyrosine for the 

identification of phosphorylation (three modifications allowed per peptide). Searches 

were performed with full tryptic digestion and allowed a maximum of two missed 

cleavages on the peptides analyzed from the sequence database. False discovery rates 

(FDR) were set to less than 1% for each analysis at the PSM level. Phosphorylation site 

localization from CID spectra was determined by PhosphoRS on Proteome Discoverer 

2.2. Confidence view was assigned a score of 0.4, indicating medium confidence. 

Proteins were manually search against the top 100 EV-associated protein list published 

by Vesiclepedia (http://microvesicles.org/extracellular_vesicle_markers).
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