
EXPLORATION OF KINASE-REGULATED CELLULAR SIGNALING IN 
CHLAMYDOMONAS REINHARDTII 

Emily G. Werth 

A dissertation submitted to the faculty at the University of North Carolina at Chapel Hill in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy in the Department 

of Chemistry in the School of Arts and Sciences. 

Chapel Hill  
2018 

Approved by: 

Leslie M. Hicks 

James W. Jorgenson 

Gary L. Glish 

Lee M. Graves 

Brandie M. Ehrmann 



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

© 2018 
Emily G. Werth 

ALL RIGHTS RESERVED



iii 

ABSTRACT 

Emily G. Werth: Exploration of kinase-regulated cellular signaling in Chlamydomonas 
reinhardtii 

(Under the direction of Leslie M. Hicks) 

Post-translational modifications (PTMs) on proteins to form functional protein products 

are a key level of cellular signaling regulation. Because of this, there has been an immense effort 

in the proteomics community to improve quantitative enrichment, acquisition, and bioinformatics 

strategies for the analysis of PTMs to probe metabolic pathways. The identification of dynamic 

protein phosphorylation events, a vital PTM, is especially important for understanding kinase/ 

phosphatase-regulated signaling pathways, and is the focus of this dissertation. The aim of this 

dissertation is to develop and apply phosphoproteomic strategies in the alga Chlamydomonas 

reinhardtii to characterize the role of protein phosphorylation on cellular regulation in a diverse 

array of signaling networks. 

Techniques for algal cell culturing, protein extraction, quantitative enrichment, 

acquisition and bioinformatics processing developed and adapted for Chlamydomonas are 

discussed (Chapter 2). Using these techniques, a quantitative workflow for a dual enrichment 

strategy to target intact protein kinases via capture on immobilized multiplexed inhibitor beads 

with subsequent proteolytic digestion of unbound proteins and peptide-based phosphorylation 

enrichment was developed (Chapter 3). This workflow obtained quantitative coverage on 115 

protein kinases and 2,304 phosphopeptides. Application of the quantitative phosphoproteomic 

pipeline was employed to study the effect of Target of Rapamycin (TOR) kinase inhibition on 

the Chlamydomonas phosphoproteome in wild-type (Chapter 4) and extension into a rapamycin
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hypersensitive mutant line (Chapter 5). From the wild-type study, three TOR inhibitors with 

varying mechanisms of inhibition were used to obtain quantitative coverage on 2,547 unique 

phosphosites with 258 phosphosites differentially changing following inhibition. This approach 

identified Chlamydomonas homologs of TOR signaling-related proteins such as RPS6 and 

LARP1 that had decreased phosphorylation upon TORC1 inhibition. Additionally, this led to 

follow-up experiments guided by our phosphoproteomic findings showing that carotenoid levels 

are affected by TORC1 inhibition, the first evidence that carotenoid production is under TOR 

control. From the rapamycin hypersensitive mutant study, the workflow obtained quantitative 

coverage on 2,699 phosphosites with 316 sites changing following rapamycin treatment. This 

study showed similarities with the sites modulated in the wild-type study described in Chapter 4 

while also providing another distinct group of phosphosites not previously interrogated. 
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CHAPTER 1:  Chlamydomonas reinhardtii Phosphoproteomics 

1.1 Phosphoproteomics 

Post-translational modifications (PTMs) such as phosphorylation, acetylation and 

ubiquitination are crucial aspects of regulating protein expression. Occurring after protein 

products are translated, the addition or removal of PTM functional groups regulates protein 

folding and converts the primary sequence of proteins into functional protein products, or 

proteoforms1, with diverse structure and function within the cell. Proteoforms can exist with 

multiple PTMs that work in tandem regulating cellular signaling and contributing to the 

complexity of possible protein products involved in a cell. 

Protein phosphorylation is a prevalent PTM responsible for regulating a myriad of cellular 

processes from cell cycle to programmed cell death2-4. The addition or removal of a phosphate 

moiety onto the hydroxyl group of either serine (Ser), threonine (Thr), or tyrosine (Tyr) amino 

acid residues by a kinase or phosphatase is responsible for conformational changes on direct 

substrates which affect downstream signaling networks. The significant and ubiquitous role 

protein phosphorylation has within cellular processes such as cell survival, proliferation, 

metabolism, and cellular signaling emphasizes the need for an efficient and selective method for 

enrichment capable of identifying phosphorylation sites to understand the biological significance 

of the modification. The effects of perturbing phosphorylation events and subsequently studying 

them in vivo is of significance because it allows for identification of key proteins and, 

specifically, the phosphosites on those proteins that are involved in signaling pathways.  
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To assess the changes in phosphorylation events at the systems-level as a result of abiotic or 

biotic stress, a quantitative label-free platform with a reproducible phosphopeptide enrichment is 

necessary to address the substoichiometric levels of phosphorylation in cellular proteins. 

Currently, characterization of protein phosphorylation events remains an analytical challenge due 

to numerous contributions toward phosphopeptide losses such as reduced ionization efficiency 

over unphosphorylated peptides and losses during chromatography5. Phosphorylation enrichment 

strategies to combat these challenges have allowed for robust detection and quantitation of 

phosphorylation events. For phosphopeptide studies, affinity purification techniques such as 

immobilized metal affinity chromatography6 (IMAC) and titanium dioxide7 (TiO2) enrichment 

schemes are two of the most frequently used approaches. These techniques permit qualitative and 

quantitative evaluation on thousands of phosphorylation events in a single analysis however, 

careful sample preparation at the protein and peptide level are essential for success in both8. In 

IMAC and TiO2 enrichment strategies, binding of carboxyl groups to the IMAC or TiO2 material 

can result in co-purification of acidic peptides and phosphopeptides limiting specificity and 

requires method development such as pH modulation for IMAC9 and addition of organic acids to 

binding solvents in TiO2 based enrichments10. Both require extensive method optimization and 

reproducibility in sample preparation to gain a meaningful understanding of the 

phosphoproteome. When comparing the two affinity purification techniques, IMAC has been 

shown to be less selective than TiO2
7 but identifies more multiply phosphorylated peptides10. 

Additionally, TiO2 chromatography has been shown to be less sensitive to interfering compounds 

such as salts and detergents9, 11 than IMAC and all of these characteristics should be evaluated 

when determining the enrichment strategy best for the experimental design.  
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1.2 Label-Free Quantitation 

Over the past two decades, the use of “gel-free” or mass-spectrometry-based techniques for 

quantification of differential proteomics in biological systems has gained popularity. Offering a 

powerful analytical technique for studying large-scale protein expression and characterization 

over gel-based methods, LC-MS/MS proteomic platforms offer highly reproducible and accurate 

systems-level quantification. This allows for the investigation of the global effect a diseased state 

or cellular stress would have on the proteome by comparing healthy cells to diseased or stressed 

cells and identifying key proteins that are changing between conditions. This is known as 

differential proteomics. From these experiments, protein targets affected by the disease or stress 

are identified by their significant change to that in healthy cells. One of the quantitation 

approaches used to identify these protein targets is label-free quantitative proteomics.  

1.2.1 Label-Free Quantitative Proteomics 

When considering the quantitation method most suitable for a biological question, both 

labeled and label-free methods have benefits and limitations to consider before moving forward. 

LFQ proteomic strategies are an especially useful analytical approach for differential 

experiments because they can accommodate a wide range of experimental designs and are 

unlimited in experimental complexity as long as reproducible chromatography and mass 

accuracy can be achieved and maintained12-13. This is an advantage over stable isotope labeling 

approaches such as Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC)14, Tandem 

Mass Tags (TMT)15, and Isobaric Tags for Relative and Absolute Quantification (iTRAQ)16, 

which are limited in experimental complexity and replicates to the number of labels available.  

A main advantage of labeling strategies is reduced acquisition time from pooling sample 

mixtures prior to acquisition and requiring a single LC-MS/MS run13. These multiplexing 



4 

capabilities allow for shorter acquisition time however labeling techniques, such as iTRAQ, have 

shown underestimations of ratios in quantitation, limited dynamic range, and instrument-specific 

requirements for use17. Multiple studies have compared labeling and label-free techniques in 

complex biological samples17-19, including a comparison in Chlamydomonas reinhardtii17, 

highlighting the benefits and limitations of each approach. To become a viable alternative to 

current labeling techniques, quantitative label-free proteomics must have highly reproducible 

sample processing and chromatography capable of accurately measuring changes in ion intensity 

amongst biological conditions or treatments across LC-MS/MS runs. Additionally, a 

comprehensive bioinformatics pipeline for accurate peak picking and processing -omics data into 

tangible quantitative information for biological inference is required20-21.  

This demand for high reproducibility both from chromatographic peaks across replicates and 

in the post-acquisition data analysis gave rise to a wide array of LFQ software suites available 

for peak picking, retention time alignment and statistical analysis. This includes commercial 

products such as Progenesis QI for proteomics (Nonlinear Dynamics), Scaffold22 and academic 

softwares such as MAXQUANT23 and Skyline24, among others13, 25. While the specific technical 

details are unique for each bioinformatic pipeline, the two most common methods for relative 

quantification using a label-free approach are peak intensity-based and spectral counting26. Peak 

intensity-based strategies rely on measuring and comparing MS signal intensity of peptide 

precursor ions belonging to a particular protein, (Figure 1.1) while spectral counting strategies 

count and compare the number of fragment spectra identifying peptides of a given proteins27. 

The fundamental steps of sample preparation (reduction, alkylation, digestion), separation and 

analysis by LC-MS/MS are common throughout. 
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For years, the predominant acquisition strategy for LFQ proteomics involves data-dependent 

acquisition (DDA) followed by searching of MS2 spectra against a database for protein inference. 

While this acquisition method is prevalent throughout current proteomic analyses, it can result in 

irreproducible precursor ion selection due to the stochastic nature of ion selection28, 

undersampling29, and a required minimal signal for ions to trigger MS2 analysis within a finite 

duty cycle30. Data-independent acquisition (DIA) strategies, which perform unbiased 

fragmentation of all peptide precursors to theoretically record all fragment ion signals above the 

instrument’s limit of detection (LOD)31, have gained in popularity in recent years. A hurdle to 

overcome is fragment ion identification since standard bottom-up (DDA) proteomic approaches 

such as searching an in silico digested library database are not possible and protein inference 

instead relies on preparing a spectral library for matching prior to performing an experiment32. 

While this technique requires additional front-end work to gain a comprehensive library of 

possible fragment ions for searching, the strategy can allow for a more complete look at the 

proteome.  

In addition to utilizing multiple acquisition strategies to improve proteome coverage and 

relative quantitation using an LFQ proteomic approach, experiments focused on subsets of the 

proteome can also require alterations to the LFQ pipeline discussed above. When focusing the 

analysis on PTMs, specifically phosphorylation on proteins, a reproducible enrichment strategy 

is required to remove background unphosphorylated species from interfering in the analysis. The 

study of protein phosphorylation events at the systems-level using this approach is called label-

free quantitative phosphoproteomics and is discussed further in the following section. 
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1.2.2 Label-Free Quantitative Phosphoproteomics 

Dynamic protein phosphorylation plays a central regulatory role in the living cell but 

studying these events remains an analytical challenge. Low phosphorylation stoichiometry and 

overall low abundance relative to unmodified proteins contribute to this and require an 

enrichment strategy prior to acquisition for reproducible detection and quantitation of 

phosphorylation events at the systems-level33-35. Enrichment can occur at the phosphoprotein 

level using pSer, pThr, pTyr antibodies and/or at the phosphopeptide level using mediums such 

as IMAC or metal oxide affinity chromatography (MOAC)34. For insight into the global 

phosphoproteome, peptide-based enrichment approaches in line with traditional LFQ sample 

processing have shown promise in maintaining high reproducibility among replicates allowing 

for label-free quantitation on phosphorylation sites that play significant roles in cellular 

pathways36. Similarly to differential proteomic experiments, the global effect a diseased state or 

cellular stress would have on the phosphoproteome can be determined by comparing healthy 

cells to diseased or stressed cells and identifying key phosphosites changing between conditions.  

While this uses many of the same software tools available for other LFQ experiments, the 

quantitative data in phosphoproteomic studies reflects both changes in phosphorylation status 

and change in expression of substrate proteins. Because of this, both factors must be considered 

when performing phosphosite quantification. While simultaneous quantification of protein 

expression and phosphorylation would allow true differential phosphorylation to be distinguished 

from protein expression, there are several technical challenges making this solution difficult to 

enact. Literature has shown a low overlap in quantitative coverage between unenriched whole-

cell proteins identified and phosphoproteins identified following enrichment with a significant 

portion of every phosphoproteome profile “invisible” without enrichment37. This is due to 
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limitations in instrument dynamic range and a bias toward high abundance proteins being 

selected for fragmentation, which is a driving force behind using a phosphopeptide enrichment 

strategy to remove unmodified proteins prior to analysis5 therefore making it possible in a single 

LC-MS/MS run to analyze the global protein expression or phosphorylation, but not both37. 

To address this, data normalization between global and phosphoproteome experiments to 

account for changes in protein expression when investigating changes in phosphorylation status 

are possible. This requires quantitative comparison of overlapping proteins in both whole-cell 

and phospho-enriched experiments to account for abundance differences not due to 

phosphorylation changes. But, normalization is only relevant for differential experiments that 

result in protein abundance levels changing during the time frame of the phosphoproteomic 

experiment. For experimental designs that investigate the phosphoproteome after short 

treatments such as 15 min. after target of rapamycin (TOR) inhibition38 to 24 hours following 

nitrogen stress39-40 in Chlamydomonas, no significant differences in protein abundances were 

identified. Therefore, phosphopeptide ratios in general were not considered affected by 

normalization to protein levels.  

1.3 Phosphoproteomics for Studying Cellular Signaling in Chlamydomonas reinhardtii 

The photosynthetic organism Chlamydomonas reinhardtii is an intensively-studied model for 

microalgal processes such as triacylglycerol (TAG) accumulation41-43 and cell cycle control44. 

With considerable efforts focused on genomic, transcriptomic and proteomic analyses42, 45-49, 

there have been significant advancements in understanding the molecular infrastructure and 

metabolic signaling in Chlamydomonas over the past decade since the genome was first 

sequenced45. From such analyses, interest in global studies on protein phosphorylation’s role in 

regulating cellular signaling arose with early studies detecting 83 phosphopeptides in the 
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Chlamydomonas eyespot50 and several hundred phosphoproteins in the flagella51-53. More 

recently, the phosphoproteome was extensively characterized with a conservative estimate of 

4,588 phosphoproteins corresponding to 15,862 unique phosphosites with numerous 

phosphoproteins in key biological pathways indicating the significance of protein 

phosphorylation and kinase-regulated signaling networks in Chlamydomonas54.  

Following these comprehensive studies, quantitative work in Chlamydomonas has been 

applied to investigate the effects of nutrient deprivation on the phosphoproteome. Nutrient 

deprivation has been shown to result in TAG and starch accumulation41-43 but fundamental 

research into algal metabolism regulation, specifically knowledge into Chlamydomonas 

signaling and regulatory processes to improve biofuel production, is needed. Recently, we have 

reported a quantitative phosphoproteomic strategy with coverage on 2,250 phosphopeptides32 

and similar reports have quantified 1,227 phosphopeptides where 470 phosphopeptides were 

significantly changing following nitrogen deprivation55.  

1.4 Target of Rapamycin Signaling in Chlamydomonas reinhardtii  

The Target of Rapamycin kinase is a conserved regulator of cell growth whose activity is 

modulated in response to nutrients, energy and stress56-60. TOR signaling coordinates a balance 

between protein synthesis and protein degradation as a response to the cell’s nutrient quality and 

quantity61. Because of the high potential behind microalgal biofuel production, significant 

attention has been focused on proteins regulating cell growth, such as the TOR kinase, in 

Chlamydomonas. As such, we have applied our LFQ phosphoproteomic work to probe the 

effects of TOR inhibition on the phosphoproteome quantifying 2,559 phosphopeptides with 219 

phosphopeptides significantly changing following TOR inhibition38. Homology among TOR 

targets in a diverse set of organisms suggests TOR-associated proteins are broadly conserved56; 
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and while the role of TOR in mammalian cell metabolism has been extensively investigated62, its 

role in photosynthetic organisms is less well established63-64. Since inhibition of the TOR kinase 

by rapamycin has shown TAG and lipid droplet formation similarly to other nutrient deprivation 

studies65, understanding its signaling and regulatory processes regulated by TOR is important. 

Key TORC1 complex proteins encoded by single-copy genes including TOR 

(Cre09.g400553.t1.1), regulatory associate protein target of rapamycin (RAPTOR) 

(Cre08.g371957.t1.1), and lethal with sec-13 protein 8 (LST8) (Cre17.g713900.t1.2) are 

conserved in Chlamydomonas66-67 but the substrates of TOR kinase and downstream signaling 

network have not been elucidated. In Chlamydomonas, TOR inhibition induces autophagy-like 

processes similar to those induced by nitrogen starvation59, 65, 68-69 and research into the 

regulatory processes is necessary to understand dynamic phosphorylation events involved in 

TAG accumulation and autophagy.  

1.5 Scope of Dissertation 

The focus of this dissertation is to improve the framework for studying protein 

phosphorylation quantitatively on a global scale in Chlamydomonas. For the work described 

herein, a peak intensity-based label-free quantitative approach has been optimized for studying 

the kinome and phosphoproteome in Chlamydomonas. First, I will introduce you to the standard 

operating procedures (SOPs) developed and optimized throughout the experimental chapters 

described herein (Chapter 2). SOPs have been established specifically for Chlamydomonas and 

detail optimized conditions from cell culture to biological inference via pathway analysis. 

Second, I will discuss the quantitative coverage obtained with this platform both from the 

kinome and the phosphoproteome (Chapter 3). This chapter focuses on employing the methods 

developed in Chapter 2 on studying the kinome and phosphoproteome in tandem in 
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Chlamydomonas with both DDA and DIA acquisition strategies (Figure 1.2). Next, I will build 

off the quantitative coverage that we have achieved in the phosphoproteome by using the 

quantitative phosphoproteomic workflow from Chapter 3 (Figure 1.3) to probe the effects of 

TOR inhibition in Chlamydomonas (Chapter 4). Following the investigation of TOR-modulated 

phosphosites in wild-type cells, I show the effects of studying this system using a rapamycin-

hypersensitive strain in Chapter 5 to glean more insight into the effects of TOR inhibition on the 

phosphoproteome. Lastly, I will highlight the expansion of this project through the investigation 

of other kinase-regulated cellular processes in Chlamydomonas in addition to other 

photosynthetic organisms such as Arabidopsis thaliana that would require minimal change to the 

optimized workflows developed in this work.  
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1.6 Figures 

 

 

Figure 1.1 Schematic of a label-free quantitative workflow showing n=5 replicates per condition. 
Chlamydomonas cells were cultured photoheterotrophically with subsequent protein extraction, 
digestion, and LC-MS/MS acquisition. Following acquisition, relative quantification using area 
under the curve (AUC) abundance at the MS1 level occurs between control and treatment 
samples to determine differentially changing proteins and protein identification is done through 
database searching using MS2 spectra.  
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Figure 1.2 DDA and DIA acquisition workflows for AB Sciex TripleTOF 5600 instrument 
platform. For DDA, first 20 peptide precursors are selected for fragmentation every 2 second 
cycle based on optimized proteomic parameters70. For DIA, 20 MS/MS are selected for 
fragmentation based on windows of varying widths optimized to effectively cover the entire 
mass range while concurrently focusing on dense m/z regions with smaller Q1 windows and 
larger Q1 windows on less dense m/z regions. 
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Figure 1.3 Standard bottom-up phosphoproteomic workflow including cell culturing, protein 
extraction, protein digestion, TiO2 phosphopeptide enrichment, LC-MS/MS acquisition, and 
label free quantitative analysis. 
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CHAPTER 2:  SOPs for Culturing, Extraction, Digestion, Enrichment, Data Analysis 
Techniques for Algal-based Phosphoproteomics 

2.1 Introduction 

Phosphoproteomic studies in plant and algal species are unique in a variety of ways when 

compared to mammalian-based studies from sample culturing to bioinformatic resources 

available for biological inference. While there are steps common throughout all bottom-up 

proteomic experiments, optimization specifically for algae at every step of the pipeline is 

required to achieve ideal results such as specialized culturing conditions and extraction 

techniques for effective lysis of cell-wall containing organisms. Because of this and other 

requirements, the following chapter describes the standard operating procedures optimized and 

utilized throughout the subsequent research chapters. 

2.2 Strain Selection and Algal Culturing 

Algal culturing can be performed under photoautotrophic conditions requiring light for 

growth or photoheteroautotrophically, which includes a carbon source in the media and allows 

for growth in the absence of light. For cell synchronization to occur in Chlamydomonas, cells 

grown photoautotrophically require minimal media and a consistent light period such as diurnal 

cycles (12 h light, 12 h dark) driving photosynthetic cell growth and the cell division cycle1. For 

the experiments described throughout this dissertation, photoheteroautotrophic growth was 

employed using Tris-Acetate-Phosphate (TAP) solid and liquid media2 from protocols made 

available through the Chlamydomonas Resource Center (https://www.chlamycollection.org). 
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Photohetereoautotrophic growth that does not involve cell synchronization was employed due to 

the dense cell cultures required for the large amount of cellular starting material needed for this 

phosphoproteomic workflow, a requirement not feasible with reproducible growth in light driven 

photoautotrophic cultures.  

The strains used in the experimental chapters are all cell-walled strains with much of the 

method development work done in the wild-type strain CC-2895 6145c mt-. While it requires an 

optimized extraction method for effective cell lysis, using a cell-walled wild-type strain for 

differential phosphoproteomic studies was chosen to not extraneously stress the cell prior to 

investigating the effect of exogenous stresses on the phosphoproteome, which is a concern if 

using a cell wall-less mutant. For work on the rapamycin-hypersensitive mutant, vip1-1, the cell-

walled strain CC-1690 mt+ was used as the parental strain to generate vip1-1 (Chapter 5). 

After strain selection, algal culturing conditions require uniform growth across replicates. To 

measure log-phase growth and ensure harvesting at early-log phase, growth conditions were 

assessed using a Beckman Coulter cell counter with corresponding optical density (OD750) 

measurements to evaluate during each experiment using UV-Vis. Cells were harvested at 

approximately 5x107 cells/mL (OD750 ~ 0.4). For differential phosphoproteomic experiments 

discussed in Chapters 4 and 5, replicates of drug treatments were harvested to avoid variability 

amongst drug treatments through performing drug incubations for each replicate together. For 

example, in chapter 4, replicate 1 for Torin1, AZD8055, Rapamycin, and control drug treatments 

were harvested together and the process was continued until the fifth replicate for each treatment. 

The following protocol outlines the cell culturing and harvesting process used throughout the 

subsequent research chapters. 
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Cell Culturing, Day 1: 

1. Prepare 350 mL starting liquid culture from strains grown on solid TAP media. Use a 1 L 

flask for 350 mL of culture to provide sufficient room for consistent mixing.  

a. Perform mixing at 120 RPM with 100 μmol m–2 s–1 white light at room 

temperature. 

2. Grow overnight; typical doubling time is approximately 6 hr. 

Day 2: 

3. Measure cell count using Beckman Coulter cell counter, perform dilutions into new 

liquid TAP media cultures splitting cells into the number of flasks required for each 

replicate of the final experiment. Cells will be harvested at approximately 5x107 cells/mL 

therefore dilute cultures of approximately 3.0 x106 cells/mL should be prepared 24 hours 

prior to harvesting.  

a. To reduce batch effects between replicates, dilutions for each set of replicates 

should be prepared so they are staggered growth. For example, if it requires 

approximately 1 hr to perform drug treatment and harvesting for each replicate, 

stagger dilutions of each replicate by one hour so each will grow to approximately 

5x107 cells/mL at the appropriate time. 

4. Grow overnight  

5. While cells are growing, prepare stock solutions of chemical inhibitors used. For 

Chapters 4 and 5, this requires a final concentration for AZD8055, Torin1, and 

Rapamycin of 700 µM, 500 µM, and 500 µM, respectively. 

a. Prepare 1 mM stock solutions in DMSO and store at -20°C to use the next day. 
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Day 3: 

6. For each replicate, perform drug incubation to actively growing cultures at approximately 

5x107 cells/mL concentration.  

7. Following drug incubation, quench cell cultures in a final concentration of 40% 

methanol. Prepare pre-chilled 80% methanol and pour equal volumes of cell culture prior 

to centrifugation for a final concentration of 40% methanol. This requires 350 mL 80% 

methanol for each replicate.  

8. Centrifuge each culture for 5 min at 6,000 x g at 4°C 

9. Decant supernatant with special attention to not disturb dark green cell pellet in 

centrifuge bottle. 

10. Resuspend pellet in 10 mL of fresh TAP media, transfer solution to 15-mL conical 

centrifuge tube. 

11. Centrifuge each culture for 2 min at 3,200 x g, maximum speed for Eppendorf 5810 

centrifuge, at 4°C 

12. Decant supernatant with special attention to not disturb dark green cell pellet in conical 

centrifuge tube. 

13. Place conical centrifuge tube containing cell pellet in liquid nitrogen, once fully frozen 

store at -80°C until performing plant-based protein extraction. 

2.3 Plant-based Extraction Techniques 

Similar to other protein extractions, the objective of this step is to lyse the cells and gain 

access to proteins for downstream analysis. Because Chlamydomonas cells contain a cell-wall, 

efficient protein extraction requires both physical and reagent-based methods for cell lysis such 

as the use of a sonication step and the addition of detergents. For this, both native and denaturing 
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protein extractions have been adapted for efficient protein extraction in Chlamydomonas and are 

described below.  

2.3.1 Native Extraction 

Some enrichment techniques require native protein conformations to properly function. This 

consideration limits the detergents available for use during protein extraction and can require 

additional steps to effectively lyse cells, especially those that contain a cell wall. For the kinome 

enrichment employed in Chapter 3, the multiplexed inhibitor beads (MIBs) designed to 

preferentially bind to kinases over other proteins in the cell lysate required native kinase 

conformation for effective binding thus a native protein extraction was adapted from Daub et. 

al.3 for algal cells. This protocol uses cell lysis via adaptive focused acoustics as an alternative to 

traditional sonication methods to reduce protein degradation and aggregation during cell 

disruption by avoiding sample overheating4. This is necessary to assist in lysing cells in a native 

environment absent from detergents. Compared to denaturing extraction procedures, this method 

yielded approximately 7.8 mg of protein per gram of wet cell pellet5, only slightly reduced from 

the 8.0-9.5 mg g-1 extracted under denaturing conditions6-7. 

Native Protein Extraction: 

1. Algal culturing is performed as described above in section 2.2 with minor changes to 

accommodate a native protein extraction. Specifically, cells are not quenched in methanol 

and protein extraction is performed directly following centrifugation instead of storage at 

-80°C. 

2. Following algal culturing, cells are resuspended in non-denaturing lysis buffer and kept 

on ice. Cells are resuspended in 4 mL for every 1 gram of cell pellet. 
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a. Non-denaturing lysis buffer contains: 50 mM HEPES, pH 7.5, 0.5% Triton X-

100, 150 mM NaCl, 1mM EDTA, 1mM EGTA, 10 mM NaF, 2.5 mM NaVO4, 

and EDTA-free cOmplete protease inhibitor cocktail (Roche) and phosphatase 

inhibitor cocktails 2 and 3 (Sigma). 

3. Cells in lysis buffer are then subjected to acoustic sonication for 3 min at 200 

cycles/burst, 100 W power, and 13% duty cycle using an E220 focused ultra-sonicator 

(Covaris, Woburn, MA, USA).  

4. Samples are transferred from glass Covaris tubes to Eppendorf centrifuge tubes. While 

transferring, the remaining samples are kept on ice. 

5. Cell lysates are centrifuged at 16,000 x g for 10 min and the supernatant is collected. 

6. While on ice, a small amount of each replicate is used for protein quantification using 

CB-X Protein Assay using manufacturer guidelines (G-Biosciences). 

7. Following protein quantification, each replicate is normalized to the same concentration 

of 5.5mg/3mL for subsequent kinome and phosphoproteome enrichments (Section 2.5) 

using fresh lysis buffer, requiring at least 5 mg of lysate for kinome enrichment. 

2.3.2 Denaturing Extraction 

For peptide-based enrichment techniques that did not require a native protein lysate, such as 

the enrichments employed in Chapters 4 and 5, a Tris-based protein extraction with ionic, and 

denaturing, detergents was utilized to reproducibly extract a large subset of the proteome in 

Chlamydomonas. While the native protein extraction was optimized to yield similar amounts of 

mg g-1,5 the addition of denaturing detergents to more effectively lyse cells was used when native 

conformation was not necessary.  

Denaturing protein extraction: 
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1. Algal culturing is performed as described in Section 2.2 

2. Following algal culturing, cells are resuspended in lysis buffer and kept on ice. Cells are 

resuspended in 4 mL for every 1 gram of cell pellet. 

a. Lysis buffer contains: 100 mM Tris, pH 8.0, 1% SDS, 1x cOmplete protease 

inhibitor and phosSTOP phosphatase inhibitor cocktails (Roche). 

3. Cells in lysis buffer are then subjected to acoustic sonication in a 4°C water bath for 3 

min at 200 cycles/burst, 100 W power, and 12% duty cycle using an E220 focused ultra-

sonicator (Covaris, Woburn, MA, USA).  

4. Samples are transferred from glass Covaris tubes to Eppendorf centrifuge tubes. While 

transferring, the remaining samples are kept on ice. 

5. Cell lysates are centrifuged at 16,000 x g for 10 min and the supernatant is collected. 

6. Back extraction from remaining pellet is performed by adding fresh lysis buffer and 

vortexing. 

7. The samples are centrifuge at 16,000 x g for 10 min and the supernatant is collected and 

recombined with the first extraction. 

8. Proteins are precipitated using 5 volumes of cold 100 mM ammonium acetate in 

methanol. 

9. Samples are incubated for 3hr at -80°C. 

10. After centrifugation for 5 min at 2,000 x g, the supernatant is decanted without disturbing 

the protein pellet. 

11. Two washes are performed with fresh 100 mM ammonium acetate in methanol and a 

final wash with 70% ethanol, each followed with another centrifugation as described in 

step 10. 



27 

a. Protein pellets are vortexed with wash solution before spinning down. 

12. Pellets are allowed to dry for approximately 5 min in hood followed by resolubilization in 

minimal resuspension buffer. Each 350 mL culture of starting material is resuspended in 

1-2 mL of resuspension buffer for each replicate. 

a. Resuspension buffer contains: 8M urea in 100 mM Tris 

13. Resuspended protein is incubated at room temperature for 1 hr. 

14. A small amount of each replicate is aliquoted for protein quantification using CB-X 

Protein Assay using manufacturer guidelines (G-Biosciences). 

15. Each replicate is normalized to the same concentration using fresh resuspension buffer 

before moving forward. 

16. Resuspended protein lysates are stored at -80°C until continuing to protein-level 

enrichment or reduction, alkylation, and digestion. 

2.4 Kinome Enrichment 

To effectively enrich for the kinome of Chlamydomonas over other proteins in the cell lysate, 

a kinome enrichment strategy known as multiplexed inhibitor beads, MIBs, was performed prior 

to digestion on protein lysate samples that underwent native extraction. The MIBs columns were 

adapted for algal samples from a workflow previously described8 and are composed of a 6 bead 

mix containing the following inhibitors: CTX0294885, VI16832, Purvalanol B, Shokat, PP58 

and UNC21474 in the ratio of 1.5:1 (CTX0294885, VI16832): (Purvalanol B, Shokat, PP58 and 

UNC21474). This protocol was utilized in Chapter 3 to quantitatively characterize the kinome in 

tandem with the phosphoproteome using an LFQ proteomics-based approach. 

Kinome enrichment:  
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1. Following native extraction, 5.5 mg/ 3 mL samples of protein lysate are loaded onto 

MIBs column. 

2. 350 µL of bead slurry are used per replicate. 

3. The MIBs mixture is vortexed to homogenize slurry and 350 µL are pipetted onto each 

column. 

4. Prior to loading sample, the MIBs column is washed with 2 mL of “high salt” buffer. 

a. High salt buffer contains: 50 mM HEPES, pH = 7.5, 1 M NaCl, 0.5% Triton X-

100, 1 mM EDTA, 1 mM EGTA. 

5. 3 mL of protein lysate is pipetted onto the MIBs columns. The flow-through is reloaded 

one time. 

6. The column is washed with 5 mL “high salt” buffer followed by 5 mL of “low salt” 

buffer. 

a. Low salt buffer contains: 50 mM HEPES, pH = 7.5, 50 mM NaCl, 0.5% Triton X-

100, 1 mM EDTA, 1 mM EGTA. 

7. The column is wash with 500 µL of low salt buffer containing 0.1% SDS. 

8. The column is incubated with 500 µL of MIBs elution buffer at 95°C for 15 min. 

a. MIBs elution buffer contains: 0.5% SDS, 1% β-mercaptoethanol, 0.1% Tris, pH = 

6.8 

9. The elution is collected following incubation 

10. The elution (steps 8 and 9) is repeated one time. 

11. Following protein-level enrichment, protein precipitation is performed (Section 2.3.2, 

step 5) followed by reduction, alkylation, and digestion as discussed in the following 

section. 
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2.5 Digestion and C18 Clean-Up Techniques 

While reduction, alkylation, and protein digestion are common steps throughout all bottom-

up proteomic experiments, numerous reducing and alkylating agents in addition to experimental 

parameters during protein digestion have been tested to determine the best conditions. In 

Chlamydomonas, reducing agents such as dithiothreitol (DTT)7 and Tris(2-

carboxyethyl)phosphine hydrochloride (TCEP)9-10 have been used to study protein thiols and the 

effectiveness of alkylation between iodoacetamide  (IAM) and N-Ethylmaleimide (NEM) has 

been studied7. Additionally, to limit overheating of phosphopeptides leading to sample 

degradation, digestion was performed at 25°C instead of the traditional 37°C overnight. The 

following protocol was used to perform the reduction, alkylation, and digestion followed by 

desalting using a C-18 column. 

Reduction, Alkylation, and Digestion: 

1. Samples stored at -80°C are allowed to thaw to room temperature. 

2. Samples are reduced using 10 mM dithiothreitol for 30 min at room temperature. 

a. Prepare 1 mL of 500 mM DTT solution and add 20 µL for each 1 mL of protein 

lysate. 

3. Alkylation is done using 40 mM iodoacetamide for 45 min in darkness at room 

temperature. 

a. Prepare 2 mL of 500 mM IAM solution and add 80 uL for each 1 mL of protein 

lysate. 

4. Following alkylation, samples are diluted 5-fold in 100 mM Tris so the concentration of 

urea is <2M, which is a requirement for effective protein digestion. 
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5. Overnight digestion is performed using Trypsin Gold (Promega) at a protease:protein 

ratio of 1:50 for 16 hr. at 25°C. For phosphopeptide enrichment experiments, this 

requires 40 µg of Trypsin Gold for every 2 mg of protein lysate. 

6. Following the 16 hr incubation, digestion is quenched using a stock of 5% TFA to 

pH<3.0 

7. Samples are frozen at -80°C following digestion until C18 Clean Up using 50 mg SepPak 

(Waters) cartridges. 

C-18 Clean Up: 

8. Desalting is performed following protein digestion using commercially available 50 mg 

SepPak (Waters) cartridges on a vacuum manifold. To prepare, samples are thawed on 

ice and centrifuged for 5 min at 5,000 x g to pellet. Undigested protein is removed from 

peptide mixture to avoid clogging C-18 cleanup columns. 

9. Prior to loading samples onto the column, columns are wet using 1 mL of acetonitrile 

working with up to five columns at a time. Experiments requiring 20 samples such as in 

Chapter 4, are done in four sets of five. 

10. A small amount of vacuum is used to maintain a constant flow of approximately 1 drop 

per second throughout the entire workflow until elution which is done without vacuum. 

11. Columns are equilibrated using 2 mL of 1% TFA in water. 

12. Peptide samples are passed through the column recovering flow through 

13. Flow through is reapplied across the columns 

14. Salts are removed by flowing 2 mL of 1% TFA in water following the flow through. 
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15. To elute desalted peptide mixture from column, 1.5 mL of 60% acetonitrile, 0.1% TFA in 

water is used. Elution is performed at ambient pressure with no additional vacuum 

applied. 

a. The desalted peptides are recovered using a 2 mL Eppendorf centrifuge tube. 

b. Once the 1.5 mL of 60% acetonitrile, 0.1% TFA in water have passed through the 

columns, the remaining amount is recovered by applying vacuum for 

approximately 5 sec. 

16. Following peptide elution, samples are frozen at -80°C and vacuum centrifuged to 

dryness prior to phosphopeptide enrichment 

a. For samples that will not undergo peptide-level enrichment, they are ready for 

LC-MS/MS analysis following vacuum centrifugation to dryness (Section 2.7) 

2.6 Phosphoproteomic Techniques 

Reproducibility in sample preparation and processing is crucial for LFQ proteomics. When 

introducing an enrichment strategy and additional sample handling steps to the pipeline, 

variability is inherently increased. To reduce the variability introduced with the phosphopeptide 

enrichment step, the ideal protein:resin ratio was determined specifically for the Chlamydomonas 

cellular matrix (Figure 2.1). The following protocol uses commercially available 3 mg. TiO2 

phosphopeptide enrichment columns (GL Sciences) and was adapted from the protocol provided 

by the Duke Proteomics Core Facility (http://www.genome.duke.edu/cores/proteomics/) for 

Chlamydomonas. 2 mg. of peptide lysate starting material was used for each replicate in the LFQ 

phosphopeptide work described in Chapters 3-5.  

Phosphopeptide Enrichment: 

1. Columns are pre-eluted using 100 µL of elution buffer for each sample replicate. 

http://www.genome.duke.edu/cores/proteomics/
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a. Elution buffer contains: 20% acetonitrile, 5% aqueous ammonia. 

2. Columns are centrifuged at room temperature at 1000 x g for 2 min. 

3. Conditioning is done by adding 100 µL of 80% acetonitrile, 1% TFA in water to each 

column. 

4. Columns are centrifuged at room temperature at 1000 x g for 2 min. 

5. Steps 3 and 4 are repeated one time. 

6. Columns are conditioned using 100 µL of 80% acetonitrile, 1% TFA, 30 mg/mL phthalic 

acid. 

7. Columns are centrifuged at room temperature at 1000 x g for 2 min. 

8. Steps 6 and 7 are repeated twice. 

9. Samples that were previously dried down following C18 clean-up (Section 2.4, step 16) 

are resuspended in 150 µL of 80% acetonitrile, 1% TFA, 30 mg/mL phthalic acid. 

10. Following resuspension, samples are centrifuged at 10,000 x g for 5 min prior to loading 

onto the column to make sure there is no solid material that could clog the column. 

11. 150 µL of peptide sample is added to each enrichment column. 

12. The columns are centrifuged at room temperature at 1000 x g for 5 min recovering the 

flow through. 

13. Flow through is reapplied following steps 11 and 12 twice. 

14. Following peptide lysate binding, the columns are washed using 100 µL of 80% 

acetonitrile, 1% TFA in water, 30 mg/mL phthalic acid. 

15. The columns are centrifuged at room temperature at 1000 x g for 2 min. 

16. Steps 14 and 15 are repeated one time. 

17. The columns are washed again using 100 µL of 80% acetonitrile, 1% TFA in water. 
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18. The columns are centrifuged at room temperature at 1000 x g for 2 min. 

19. Steps 17 and 18 are repeated twice.  

20. Phosphopeptide-enriched samples are eluted by adding 100 µL of elution buffer. 

21. The columns are centrifuged at room temperature at 1000 x g for 5 min. 

22. Steps 20 and 21 are repeated for a total of 200 µL of elution. 

23. The elution is then frozen and vacuum centrifuged to dryness prior to ZipTip sample 

clean-up and subsequent LC-MS/MS acquisition. 

2.7 LC-MS/MS Analysis 

Following sample preparation techniques used throughout the LFQ proteomic and 

phosphoproteomic pipelines described above, reproducible LC-MS/MS sample preparation and 

acquisition is additionally required. To prepare samples for LC-MS/MS, samples are dried to 

completeness via vacuum centrifugation prior to resuspension in 3% MeCN, 0.1% TFA in water 

for phosphopeptide samples and resuspended in 3% MeCN, 0.1% formic acid (FA) in water for 

kinome and non-enriched samples. The LC-MS/MS system used throughout this dissertation is a 

NanoACQUITY coupled to a TripleTOF 5600 (AB Sciex) that is optimized for one microgram 

of lysate on column per sample. For general workflows, dried samples are prepared in 1µg/ 5µL 

concentrations with 5 µL injection volumes. For phosphopeptide-enriched samples, dried 

elutions following phosphopeptide enrichment are resuspended in 20 µL with 5 µL injection 

volumes for each replicate.  

For peptide separation, a 90-min linear gradient from 95% H2O/5% MeCN /0.1% FA to 65% 

H2O/35% MeCN /0.1% FA was used. Each sample was loaded onto a trap column (NanoAcquity 

UPLC 2G-W/M Trap 5 μm Symmetry C18, 180 μm × 20 mm) at a flow rate of 5 μL min–1 for 5 

min. Peptides were separated using a C18 column (NanoAcquity UPLC 1.8 μm HSS T3, 75 μm 
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× 250 mm) at a flow rate of 300 nL min–1. For both MS acquisition strategies described below, 

the TripleTOF 5600 Q-TOF was operated in positive ionization nanoelectrospray and high-

sensitivity mode for data acquisition as previously described7. Data-dependent acquisition was 

employed for all phosphoproteomic work described in the following research chapters and the 

data-independent acquisition workflow described below was employed for the kinome analysis 

in Chapter 3. 

2.7.1 DDA and SWATH (DIA) Acquisition Parameters 

Based on previous performance studies for the TripleTOF 5600 system11 and our laboratory’s 

assessment of our NanoACQUITY coupled to TripleTOF 5600 platform7, DDA runs selected the 

first 20 features above 150 counts having a +2 to +5 charge state for fragmentation for each two 

second cycle. For DIA runs via SWATH (Sequential Windowed Acquisition of All Theoretical 

Fragment Ion Mass Spectra), fragmentation was instead performed across the entire mass range 

for each two second cycle. This was done using 20 sequential windows across the mass range 

with varying widths optimized to effectively cover the entire mass range while concurrently 

focusing on dense m/z regions with smaller Q1 windows and less dense m/z regions with larger 

Q1 windows (Figure 2.2). Sequential window widths optimized for the DIA kinome analysis can 

be found in Table 2.1. 

2.8 Label-Free Quantitative Data Processing and Analysis Techniques 

Following data acquisition, steps to align experimental runs, infer protein identifications, and 

provide quantitative information are necessary to infer biological significance. For DDA 

workflows, this was done using Progenesis QI for Proteomics (Nonlinear Dynamics) as 

discovery analysis software, Mascot Daemon (Matrix Science) for protein identification, and 

Python and Perseus for data filtering. For the SWATH workflow, this was done using PeakView 
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(AB Sciex) for quantitative review of MS/MS spectra and alignment to the ion library, which 

used Mascot Daemon database searching to generate the ion library identifications. The data 

processing steps for each acquisition type are outlined in the following sections. 

2.8.1 DDA Data Processing and Analysis 

DDA Data analysis workflow: 

1. Acquired spectra files (*.wiff) are imported into Progenesis QI for Proteomics (v2.0, 

Nonlinear Dynamics). 

2. Automatic processing is done, allowing a reference spectra to be assigned. 

3. To minimize run-to-run differences, each file is aligned to reference spectra and the 

alignment is manually validated requiring ≥ 80% score for each *.wiff against the 

reference spectra.  

a. For alignments with <80% score, manual alignment vectors are included before 

redoing the automatic alignment. 

4. Following alignment validation and review, the automatic processing is continued, setting 

up the experimental design specifying control and treatment runs. 

5. A combined peak list (*.mgf) is then generated under the “identify peptides” tab for all 

runs.  

6. The file is exported for peptide sequence determination and protein inference by Mascot 

(v2.5.1, Matrix Science) using parameters described in Figure 2.3. 

7. Following database searching, Mascot Percolator algorithm is employed, requiring ≤ 1% 

peptide FDR. 

8. Resulting matches are exported as *.xml file. Matches are also exported as *.csv file with 

query level raw peptide match data included. 
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9. *.xml file is uploaded into Progenesis QI for Proteomics to match peaks from the raw 

spectra. 

10. Following this, peptide measurements as *.csv are exported for analysis of 

phosphoproteomic experiments and protein measurements are exported as *.csv for 

analysis of phosphoproteomics and kinome experiments. Prior to exporting protein 

measurements for phosphoproteomic experiments, the identifications are refined so 

protein scores of less than 13 are removed. Filtering steps to parse results were written as 

custom scripts in the Python programming language. Figure 2.4 displays an example 

output following Python filtering to be used for filtering and data visualization. 

a. For phosphoproteomic work, data filtering steps employed are shown in Figure 

2.5 with the first three steps performed in Python and removal of rows with >50% 

zeros in each condition performed in Perseus. 

b. For kinome LFQ work, analysis was performed on protein measurements after 

filtering for proteins with ≥2 unique peptides used for identification in Excel. 

11. Data normalization and visualization is performed as described in Section 2.10. 

2.8.2 SWATH Data Processing and Analysis 

Prior to LFQ analysis of SWATH files, an ion library composed of DDA runs to compare 

SWATH spectra against is required. For the SWATH ion library, 15 strong cation exchange 

(SCX) fractions in addition to kinome DDA runs were analyzed to compose a library of 4,198 

protein identifications, which were used as the source for protein identifications for SWATH 

prior to LFQ analysis. The process of ion library generation in addition to SWATH file 

processing after ion library generation are described in this section.  

Ion Library Generation for SWATH: 
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1. Raw *.wiff files from fractionated DDA runs and additional DDA runs that will compose 

the ion library are imported into ProteinPilot (AB Sciex, v.5.0) under the LC “Identify 

Proteins” tab. 

2. Using Paragon processing, digestion and Cys alkylation type are specified as trypsin and 

iodoacetamide, respectively. 

3. Thorough ID search with a biological modification ID focus and the database of interest 

are specified before searching. 

4. Following searching, *.group file generated for ion library for SWATH data analysis is 

exported. 

SWATH Data Analysis Workflow: 

5. Following ion library generation, *.group file is imported into PeakView (AB Sciex, 

v.2.1) by selecting ion library from quantitation tab. 

6. When prompted, a maximum number of proteins to import is specified that is above the 

amount of identifications specified in ProteinPilot for the ion library of interest. 

7. Shared peptides are not imported and “unlabeled” sample type is selected. 

8. Once ion library is loaded, raw *.wiff sample files are added to PeakView. 

9. Retention time calibration is performed using 1-2 peptides every 10 minutes throughout 

gradient from 30-90 min. 

10. SWATH data is processed using settings specified in Table 2.2. 

11. The processed experiment is exported to an Excel workbook file. 

12. In Excel, a confidence cutoff score is filtered to be >1.3 (95% confidence). 

13. Data normalization and visualization is performed as described in Section 2.9. 
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2.9 Data Visualization and Biological Inference Techniques 

To find significance in the quantitative data provided in the above workflow, strategies for 

statistical analysis, data visualization and biological inference such as pathway annotation are 

required. To perform this, multiple software and online tools are available. For this work, 

statistical analysis is performed using Perseus12-13 and annotation data for Chlamydomonas is 

provided by Phytozome14, the Plant Comparative Genomics portal of the Department of 

Energy’s Joint Genome Institute (https://phytozome.jgi.doe.gov). Online tools such as KEGG 

pathway analysis15-16 and DAVID functional annotation17-18 allow for further understanding of 

pathways of interest from statistically significant proteins with annotation in the 

Chlamydomonas genome. Together, these resources provide downstream biological analysis 

from the quantitative data to better understand effects on cellular signaling from complex 

proteomic and phosphoproteomic datasets. 

Statistical Analysis Workflow: 

1. The quantitative dataset *.csv file is converted to a *.txt file in Excel to import to 

Perseus v1.6.0.0. 

2. The *.txt file is imported specifying normalized abundance data for each replicate in the 

experiment as “Main” type columns. 

3. Additional columns are specified as numerical, text, or categorical based on column 

characteristics. For phosphopeptide work, the Identifier column is imported and for 

kinome and unenriched work, the protein accession column is imported as a “text” 

column. 

4. Following importing of the data matrix, the experimental design is specified for 

statistical testing by adding a categorical annotation row. 

https://phytozome.jgi.doe.gov/
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a. Each replicate of a condition should have the same name in the categorical row. 

5. The data are Log2 transformed to normalize prior to testing. 

6. The appropriate test is performed based on the experimental design. Comparisons are 

specified using categorical rows. 

a. For example, if comparing two conditions, two-sample Student’s T-test are 

performed. For comparison across multiple conditions, ANOVA testing is used. 

7. Following testing, the final matrix is exported as *.txt file. 

8. In Excel, *.txt file is filtered for the appropriate fold change. This is performed by 

comparing averages of each condition with a threshold for significance. For chapters 4 

and 5, a fold change FC>2 and p-value<0.05 were used. 

9. Sites or proteins significantly changing based on statistical testing are highlighted. 

10. With matrix parsed for significantly changing rows, *.txt file is reimported into Perseus 

v.1.6.0.0 for data visualization and cluster analysis. 

11. Abundance values are standardized by performing a Z-score. 

12. Hierarchical clustering is performed following default parameters to compare site or 

protein trends across conditions. 

13. Following Perseus analysis, the final matrix is exported with cluster assignment. Figure 

2.6 shows an example block diagram to perform this analysis. 

14. KEGG or DAVID pathway analysis is performed from Phytozome annotations for sites 

or proteins of interest following testing. 
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2.10 Tables 

Table 2.1 Sequential window m/z values across Q1 mass range from 350.0-1250.0 m/z for 
SWATH acquisition employed during kinome analysis in Chapter 3.  

Window m/z range Window m/z range 

1 350.0-358.0 11 665.0-698.2 

2 357.0-411.9 12 697.2-731.8 

3 410.9-445.5 13 730.8-767.5 

4 444.5-474.9 14 766.5-805.3 

5 473.9-507.1 15 804.3-848.7 

6 506.1-541.4 16 847.7-893.5 

7 540.4-574.4 17 892.5-943.9 

8 573.4-605.1 18 942.9-1007.6 

9 604.1-635.2 19 1006.6-1102.1 

10 634.2-666.0 20 1101.1-1249.9 
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Table 2.2 Overview of processing settings for SWATH data processing. 

Number of Peptides per Protein: 6 

Number of Transitions per Protein 6 

Peptide Confidence Threshold % 95 

False Discovery Rate Threshold % 1.0 

XIC Extraction Window (min) 10 

XIC width (ppm) 20 
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2.11 Figures 

 
  

Figure 2.1 Figure reproduced from [5]. Overview of coverage of phosphopeptides identified and 
phosphopeptide efficiency using 600, 1000, 1200, 1500, 2000 µg of digested protein lysate 
starting material 
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Figure 2.2 Variable windows used for SWATH acquisition. Window sizes are based on 
generating a peak list from DDA LC-MS/MS run representative of SWATH samples. Smaller 
Q1 windows are used for regions of the mass range where many peptide precursors are 
measured. Wider windows used where there are less precursors while still interrogating the entire 
mass range. 
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Figure 2.3 Overview of database searching requirements employed in LFQ proteomic 
experiments. Searches of MS/MS data used a trypsin protease specificity with the possibility of 
two missed cleavages, peptide/fragment mass tolerances of 20ppm/0.1 Da, and variable 
modifications of acetylation at the protein N-terminus, carbamidomethylation at cysteine, 
oxidation at methionine, and deamidation at asparagine or glutamine. Variable modifications of 
phosphorylation at serine or threonine and phosphorylation at tyrosine were appended to this list 
when working with phosphorylation enriched datasets.  
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Figure 2.4 Example Python output following custom scripts written implemented to parse results. 
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Figure 2.5 Overview of filtering steps in phosphoproteomic experiments required following 
Progenesis QI for Proteomics and Mascot database searching workflows described in Section 
2.8.1. 
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Figure 2.6 Block diagram of Perseus v.1.6.0.0 workflow highlighted in Section 2.9. 
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CHAPTER 3:  Probing the Global Kinome and Phosphoproteome in Chlamydomonas 
reinhardtii via Sequential Enrichment and Quantitative Proteomics 

*Reprinted with permission, from Werth, E.G., McConnell, E.M., Gilbert, T. S. K, Lianez, I. C., 
Perez, C. A., Manley, C. K., Graves, L. M., Umen, J. G., Hicks, L. M. Probing the global kinome 
and phosphoproteome in Chlamydomonas reinhardtii via sequential enrichment and quantitative 
proteomics. Plant Journal 2017, 89, 416-426. doi: 10.1111/tpj.13384 
 
3.1 Introduction 

Expression and activity modulation of kinases is essential for organismal fitness and survival. 

Kinases regulate cellular signaling by site-specific phosphorylation of target proteins, thereby 

altering activity, subcellular localization, or complex formation1. Approaches for measuring 

kinase abundances have historically relied on highly specific antibody-based immunoassays2, 

thus restricting coverage and throughput to a small subset of target kinases. Research aimed at 

dissecting the roles of kinases on a global "-omics” scale has grown within the past decade with 

the potential to become more comprehensive for discovery-based, untargeted kinome analyses. 

Utilization of immobilized kinase inhibitors [e.g., multiplexed inhibitor beads (MIBs)3 or 

kinobeads4] preferentially capture low abundance protein kinases by targeting the ATP-binding 

domain of intact native kinases. This approach has enabled protein-level kinome analysis2, the 

utility of which has been demonstrated in numerous studies in mammalian systems5-8. Herein, we 

employ a MIBs-based kinome enrichment in tandem with a phosphoproteome analysis from the 

same starting material. Development of this sequential enrichment strategy in a model eukaryotic 

photosynthetic organism, Chlamydomonas reinhardtii (Chlamydomonas), enabled simultaneous   
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coverage and quantification of its kinome and phosphoproteome using mass spectrometry-based 

quantitative label-free proteomics. 

Chlamydomonas is an intensively-studied and well-developed model for investigating 

diverse biological processes including photosynthesis, chloroplast biogenesis, cell growth and 

motility9-11. The Chlamydomonas kinome contains an estimated 355 protein kinases12 and forms 

a highly dynamic network of signaling pathways as illustrated by studies of the flagellar 

phosphoproteome13 and proteomic analysis into the effects changes in kinase expression have on 

photosynthesis14. While global kinome enrichment has not yet been reported in Chlamydomonas, 

recent efforts by our laboratory to profile the global phosphoproteome identified 4,588 

phosphoproteins and 15,862 unique phosphosites in this model organism15.  

Herein, a strategy is described for in-tandem kinome and phosphoproteome analysis from a 

single sample that provides quantitative information and increased coverage of expressed kinases 

and localized phosphosites on phosphoproteins potentially involved in kinase signaling 

pathways. We first optimized a native protein extraction for cell wall-containing 

Chlamydomonas strain CC-2895 (6145c mt-). Then, a MIBs global kinome enrichment strategy 

was used to enrich for intact kinases and ATP-binding proteins from the background via 

preferential binding to a mixture of moderate- to broadly-selective immobilized pan-kinase 

inhibitors. Quantitative reproducibility and overall coverage was compared between both data-

dependent mass spectrometric acquisition (DDA) and data-independent mass spectrometric 

acquisition (DIA) via Sequential Windowed Acquisition of All Theoretical Fragment Ion Mass 

Spectra (SWATH) for the kinome-enriched samples. Proteolysis of unbound protein lysate from 

MIBs followed by TiO2-based phosphopeptide enrichment and DDA enabled quantification of 

site-specific phosphorylation from the same samples. This workflow generates extensive 
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complementary datasets that may help increase understanding of kinase signaling pathways and 

regulated phosphorylation events in a quantitative manner.  

3.2 Materials and Methods 

3.2.1 Cell Growth and Native Extraction 

Three biological replicates of C. reinhardtii strain CC-2895 6145c mt- (Chlamydomonas 

Resource Center) were grown at 22 ˚C in 350 mL Tris-acetate-phosphate (TAP) media16 under 

continuous light (50 µE m-2 s-1) on an Innova 2300 (New Brunswick Scientific, Enfield, CT, 

USA) shaker at 130 rpm. Cultures were harvested at early-log phase (OD750 0.4 – 0.5) by 

centrifuging at 4,000g for 5 min and discarding the supernatant.  Each replicate was resuspended 

in 50 mM HEPES, pH 7.5 buffer containing 0.5% Triton X-100 in the presence of EDTA-free 

cOmplete protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktails 2 and 3 

(Sigma) as previously described 3. Samples were lysed by sonicating for 3 min at 200 

cycles/burst, 100 W power, and 12% duty cycle using an E220 focused ultra-sonicator (Covaris, 

Woburn, MA, USA). Extracts were clarified via centrifugation (16,000g, 10 min) and adjusted to 

a final concentration of 1 M NaCl. Samples were normalized to 5.5 mg of protein per 3 mL of 

lysis buffer following determination of protein concentration using the CB-X protein assay (G-

Biosciences, St. Louis, MO, USA). 

3.2.2 Kinome Enrichment 

Following native extraction, 5.5 mg of protein from each Chlamydomonas biological 

replicate was introduced on a MIBs column to isolate protein kinases and ATP-binding proteins 

from the lysate as previously described3. MIBs columns were composed of a 6 bead mix 

containing the following inhibitors: CTX0294885, VI16832, Purvalanol B, Shokat, PP58 and 

UNC21474 in the ratio of 1.5:1 (CTX0294885, VI16832): (Purvalanol B, Shokat, PP58 and 
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UNC21474). The flow through was reloaded once to the column before being collected and 

stored at -80°C for downstream applications employed in conjunction with enrichment due to the 

large amount of total protein remaining (~5.3 mg). Non-specifically bound proteins were 

removed using 5 mL each of wash buffer (50 mM HEPES, pH 7.5, 0.5% Triton X-100, 1 mM 

EDTA, 1 mM EGTA and 0.1% SDS) containing high-salt (1 M NaCl) or low-salt (150 mM 

NaCl). MIBs bound proteins were eluted from the column using 500 μL of 100 mM Tris-HCl, 

pH 6.8, 0.5% SDS, and 1% β-mercaptoethanol heated to 95°C for 15 min, twice.  

3.2.3 Protein Digestion and Reduction 

Enriched proteins were purified using a chloroform/methanol precipitation and resuspended 

in 50 mM HEPES, pH 8. Samples were reduced using 10 mM dithiothreitol and subsequently 

alkylated with 40 mM iodoacetamide prior to overnight digestion. For kinome-enriched and 

whole-cell (unenriched) samples, digestion was performed at 37 °C with Trypsin Gold 

(Promega) at a ratio of 1:100 protease:protein. For phosphoproteome analysis, digestion of MIBs 

flow through was performed at 25 °C at a ratio of 1:50 protease:protein. 

3.2.4 Solid-Phase Extraction 

After digestion, samples were acidified to 0.2% trifluoroacetic acid (TFA) following solid-

phase extraction. For enriched and unenriched samples, desalting was performed using Pierce 

spin columns and C18 50 mg Sep-Pak cartridges (Waters) were used for phosphorylation-

enriched samples.  SPE columns were prepared by washing with acetonitrile (MeCN) followed 

by 80% MeCN/20% H2O/0.1% TFA and 0.1% TFA. Digested protein lysates were applied to the 

columns and reloaded 2 times before being washed with 0.1% TFA and eluted using 80% 

MeCN/20% H2O/0.1% TFA. 
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3.2.5 Phosphopeptide Enrichment  

Following protein digestion and solid-phase extraction, 2 mg aliquots of flow through from 

MIBs enrichment were subjected to phosphorylation enrichment using 3 mg Titansphere Phos-

TiO2 Kit spin columns (GL Sciences). Replicates were dried by vacuum centrifugation and 

resuspended in 200 μL of 80% MeCN, 1% TFA and containing 25 mg/mL phthalic acid. 

Following each step in the enrichment, centrifugation at 1,000g for 2 min was performed. After 

pre-eluting the TiO2 tips in 20% MeCN, 5% ammonium hydroxide, columns were conditioned 

with 80% MeCN, 1% TFA and peptide samples were loaded 3 times. Washes were performed 4 

times using 80% MeCN, 1% TFA to remove non-specifically bound peptides. Phosphopeptides 

were eluted with 20% MeCN, 5% ammonium hydroxide and concentrated using vacuum 

centrifugation prior to LC-MS/MS analysis.  

3.2.6 DDA and SWATH MS Acquisition 

For all samples, peptides were resuspended in 95% H20/5% MeCN/0.1% TFA before 

separation via a 100 min linear gradient from 95% H20/5% MeCN/0.1% formic acid (FA) to 

65% H20/35% MeCN/0.1% FA via a NanoAcquity UPLC (Waters, Milford, MA, USA). Each 

sample was loaded onto a trap column (NanoAcquity UPLC 2G-W/M Trap 5 μm Symmetry 

C18, 180 μm × 20 mm) at a flow rate of 5 μL min–1 for 5 min. Peptides were separated using a 

C18 column (NanoAcquity UPLC 1.8 μm HSS T3, 75 μm × 250 mm) at a flow rate of 300 nL 

min–1. A TripleTOF 5600 (AB Sciex, Concord, Canada) mass spectrometer was operated in 

positive ionization and high sensitivity mode for data acquisition as previously described17, with 

the first 20 features above 150 counts threshold having a charge state of +2 to +5 selected for 

fragmentation during every 2 s cycle for DDA runs. SWATH samples were acquired using a 

variable acquisition window SWATH approach generated from previous MIBs-enriched or 
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whole cell lysate DDA runs with the 20 m/z windows used for both kinome enriched and no 

enrichment datasets. In addition to supplementary tables for MS datasets, the mass spectrometry 

proteomics data have been deposited to the ProteomeXchange Consortium 

(http://www.proteomexchange.org) via the PRIDE partner repository18 with the dataset identifier 

PXD004681 and 10.6019/PXD004681. 

3.2.7 DDA Data Processing 

Acquired spectra (*.wiff) files were imported into Progenesis QI for proteomics (v2.0, 

Nonlinear Dynamics). A reference spectra was automatically assigned and total ion 

chromatograms were then aligned to minimize run-to-run differences in peak retention time. 

Alignment was validated (≥ 80% score) and a combined peak list (*.mgf) for all runs was 

exported for peptide sequence determination and protein inference by Mascot (v2.5.1, Matrix 

Science). Database searching was performed using the C. reinhardtii Phytozome v11 database 

(http://www.phytozome.net/; accessed May, 2015) appended with the NCBI chloroplast and 

mitochondria databases (19,603 entries). Sequences for common laboratory contaminants 

(http://www.thegpm.org/cRAP/; 116 entries) were appended to the database. Searches of MS/MS 

data used a trypsin protease specificity with the possibility of two missed cleavages, 

peptide/fragment mass tolerances of 10ppm/0.08 Da, and variable modifications of acetylation at 

the protein N-terminus, carbamidomethylation at cysteine, oxidation at methionine, and 

deamidation at asparagine or glutamine. Variable modifications of phosphorylation at serine or 

threonine and phosphorylation at tyrosine were appended to this list when working with 

phosphorylation enriched datasets. Significant peptide identifications above the identity or 

homology threshold were adjusted to ≤ 1% peptide FDR using the Mascot Percolator algorithm 

19 and resulting matches were exported (*.xml) for further analysis. Peptide identifications in the 

http://www.proteomexchange.org/
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result file were uploaded to Progenesis QI for proteomics and matched to peaks from the raw 

spectra. Peptide measurements were then exported (*.csv) and custom scripts written in the 

Python programming language were implemented to parse results. Briefly, only peptides with 

Mascot ion score ≥ 13 and abundance > 0 across all samples, requiring detection in every 

biological replicate, were considered. Homologous proteins with shared peptides were then 

grouped together to satisfy the principle of parsimony. After grouping, the script performed site 

localization of variable modifications using an implementation of the Mascot Delta Score20. 

Confident site localization was considered if the difference between the best and second best 

Mascot ion score was ≥ 10 for alternative modification sites on an otherwise identical peptide-

spectrum match. 

3.2.8 Ion Library Generation 

Raw (*.wiff) files from 8 MIBs-enriched DDA runs in addition to 15 SCX fraction DDA 

runs were combined and processed using ProteinPilot (Sciex, v5.0). Trypsin and iodoacetamide 

were specified for digestion and cysteine alkylation, respectively. A thorough ID search effort 

with a biological modification ID focus were specified and searched against the C. reinhardtii 

Phytozome v11 database concatenated with NCBI chloroplast and mitochondria entries as 

mentioned above. Following search, the resulting file (*.group) was imported into PeakView 

(v.2.1, AB Sciex) for SWATH data analysis. 

3.2.9 SWATH Data Processing 

Raw (*.swath) files were imported into PeakView for quantitative review of MS/MS spectra 

and alignment to ion library allowing for 6 peptides per protein and 6 transitions per peptide. 

Peptide confidence threshold was set to 95% with an FDR threshold of < 1%. XIC extraction 

window was opened to 10 minutes with 20 ppm mass tolerance. Following retention time 
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calibration in the PeakView software and processing, an Excel workbook file was exported and 

filtered for a confidence cutoff score > 1.3 (95% confidence). Logarithm base 2 transformation 

and data normalization by the central tendency approach were performed using the R package 

Inferno21 with subsequent data analysis in the Python and R programming languages. 

3.3 Results and Discussion 

3.3.1 Native Protein Extraction of Chlamydomonas 

The MIBs kinome enrichment strategy utilizes the affinity of kinases for ATP analogs and 

therefore requires non-denaturing protein extraction techniques. Cell lysis via adaptive focused 

acoustics is an alternative to traditional sonication methods that reduces protein degradation and 

aggregation during cell disruption by avoiding sample overheating22, and this method has 

previously been found effective for disrupting Chlamydomonas cells23. We optimized and 

implemented an acoustic-wave sonication method for native protein extraction from 

Chlamydomonas with the goal of maximizing yield to accommodate the requirement for high 

protein amounts in kinome and phosphoproteome enrichment steps used downstream. 

Our method (detailed in the Materials and Methods section) yielded an average of 7.8 mg of 

protein per g of wet cell pellet from each replicate that was only slightly reduced compared to a 

denaturing Tris-buffered phenol extraction routinely used for protein extractions from 

photosynthetic organisms that yields 8.0-9.5 mg/g17, 24. Coverage was also similar when 

comparing global profiles of whole cell lysates: 2,093 proteins were inferred from 9,607 unique 

peptides for native extraction and 2,063 proteins were inferred from 10,533 unique peptides for 

Tris-buffered phenol extraction based on standard DDA LC-MS/MS acquisition performed as 

previously described17. Importantly, the optimized native extraction provided sufficient material 

(5.5 mg protein extracted from 0.7 g wet pellet) for subsequent kinome and phosphopeptide 
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enrichments. As outlined in Figure 3.1, lysates from three biological replicates containing 5.5 mg 

each of native protein were subjected to a MIBs-based method to enrich for ATP-binding 

proteins (Figure 3.1B)25. Eluates were proteolyzed and processed via quantitative label-free 

proteomics as described below. 

3.3.2 Kinome DDA and SWATH Data Acquisition  

Both data-dependent acquisition (DDA) and data-independent acquisition (DIA) via SWATH 

were performed to compare depth of coverage of the kinome as well as quantitative accuracy of 

each acquisition approach. Untargeted methods relying on DDA are ubiquitous in bottom-up 

proteomics, but pose a challenge for identifying low abundance proteins because they require a 

minimum signal for specific ions to trigger a tandem MS (MS2) analysis within a finite duty 

cycle25. SWATH acquisition can improve detection of low abundance proteins because it is not 

limited by such parameters. Instead, SWATH acquisition allows for fragmentation of all 

transmitted ions simultaneously by iteratively stepping the quadrupole (Q1) through 20 separate 

windows across the mass range (350-1250 m/z) and passing all ions through to the collision cell. 

This DIA strategy is further enhanced by using narrower Q1 windows in dense regions of the 

mass range and wider Q1 windows in sparse regions. 

Implementation of a SWATH platform requires initial DDA runs with fractionation for 

exhaustive coverage to generate a spectral library for peptide matching and protein identification 

(Figure 3.2).  The resulting ion library comprised of 15 strong-cation exchange (SCX) fractions 

and 8 MIBs runs contains 4,198 proteins (64,124 distinct peptides) with a confidence cutoff 

score > 1.3 (95% confidence in ProteinPilot), serving as the basis for SWATH spectral 

matching/identification. These 4,198 proteins represent 21% (4,198/19,603) of the predicted C. 



59 

reinhardtii proteome and includes 235/355 protein kinases12 and 404/553 additional ATP-

binding proteins classified by gene ontology. 

Data from total lysates and MIBs-enriched samples showed improved coverage using 

SWATH acquisition over DDA alone, with lower between-replicate median variability in the 

kinome-enriched and total lysate samples from SWATH acquisition (Figure 3.3). Proteins 

identified through SWATH acquisition (Table S1) increased MIBs enriched data coverage by 

597 proteins (37%) relative to DDA (Figure 3.3A, Table S2) including 36 more kinases. Three 

biological replicates were used to compare quantitative reproducibility for both SWATH and 

DDA methods. For the kinome-enriched samples, 90% of the 1,391 quantified proteins from 

SWATH acquisition had a coefficient of variation (CV) below 10%, and 90% of the 974 proteins 

via the DDA workflow had a CV below 11% (Figure 3.3C).  The overall trend of increased 

coverage while maintaining low variability with SWATH is also evident with whole cell lysate 

samples (Figure 3.3B, C) where 253 (16%) additional proteins were identified using SWATH 

(Figure 3.3D) versus DDA alone. Compared to DDA acquisition, SWATH-MS maintains high 

reproducibility while providing additional coverage and is therefore preferential for label-free 

differential studies of MIBs enriched proteins. A breakdown of the chemical characteristics of 

the peptides identified in the MIB-enrichment dataset can be found in Figure 3.4. 

3.3.3 Phosphopeptide Enrichment 

Tandem investigation of the phosphoproteome and kinome from the same starting biological 

material simplifies analysis and may help generate or constrain hypotheses concerning kinase-

substrate relationships. Following lysate loading onto MIBs columns, the flow through that 

contained >95% of the starting protein was processed for phosphopeptides using a titanium 

dioxide-based enrichment (Figure 3.1C)26. 
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Variability between replicates for phosphopeptide enrichment was minimized by optimizing 

the protein-to-resin ratio and by use of a chemical additive that was selected from several tested 

candidates to minimize non-specific binding to the resin. A range of peptide loading levels from 

0.5-2.5 mg was tested for enrichment on pre-packed 3 mg TiO2 tip-columns and 2 mg was 

chosen for further experiments based on maximum reproducible phosphopeptide coverage. 

Numerous chemical additives have proven successful for decreasing non-specific binding during 

phosphopeptide enrichment, and were assessed here by their effect on recovery of non-

phosphorylated peptides identified in post-enrichment samples. Among the additives tested [e.g., 

glycerol, glycolic acid, and lactic acid27-28], phthalic acid yielded the greatest reduction in non-

specific binding with a phosphopeptide enrichment efficiency of approximately 67% (~33% of 

the dataset was not phosphorylated) and a 10% increase in phosphopeptide coverage over the 

second best additive, glycolic acid.  

Following enrichment for three biological replicates and DDA acquisition, retention time 

alignment, normalization of intensity across otherwise identical replicates and log transformation 

were performed. Ninety percent of the 2,304 phosphopeptides had < 11% CV (Figure 3.5C) with 

1,314 unique phosphosites localized among the 1,052 proteins (Table S5, highlighted in yellow). 

Among these 1,077 proteins were 243 identified from the kinome enrichment experiment (Figure 

3.5A) containing 484 phosphosites. Approximately 86.6% of the phosphosites detected were 

pSer, 12.8% pThr and 0.6% pTyr (Figure 3.5B) with >80% of the phosphopeptides singly 

phosphorylated (Figure 3.5D), similar to the distribution reported previously for 

Chlamydomonas15. A breakdown of chemical characteristics of the peptides identified in the 

phosphopeptide-enrichment dataset can be found in Figure 3.6. 
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3.3.4 Kinome and Phosphoproteome Coverage Using MIBs and TiO2 Enrichment 

Our enrichment method identified 115 protein kinases, >50% (62/115) of which were not 

detected without kinome enrichment (Figure 3.7A; Table S3). Gene ontology (GO) classification 

of proteins only identified following kinome enrichment (Table S4) revealed significant 

enrichment for the terms protein phosphorylation, ATP-binding, and MAP kinase (Figure 3.7B) 

validating the effectiveness of a MIBs approach for kinome analysis in Chlamydomonas. Among 

the kinases identified with MIBs enrichment and not from the total proteome, 57 serine/threonine 

protein kinases were identified whose homologs in other species are associated with signaling 

cascades which influence cell growth, survival, and differentiation.  Of the 115 kinases identified 

using MIBs, 36 were themselves phosphoproteins (Table S5, bolded) with a total of 71 

phosphosites quantified from the TiO2 enrichment experiment (Table 1).  Nine of these 

phosphosites (Table 1, asterisk) could not be confidently identified in  our prior global 

phosphoproteomics study15. Maintaining high reproducibility between replicates despite the 

MIBs enrichment not being exhaustive allows for capture during TiO2 enrichment of MIBs flow 

through - with 30 of the 36 kinases detected in the phosphopeptide dataset also appearing as high 

confidence proteins in the MIBs dataset (<11% CV). The phosphoproteomics dataset is also 

helpful in providing additional coverage on phosphoproteins/substrates not revealed in the 

kinome-enriched dataset. Figure 3.5A highlights the overlap between proteins identified in the 

kinome and phosphoproteome datasets, of which 834 phosphoproteins inferred from 1,584 

phosphopeptides were identified and quantified only from the phosphoproteome dataset. Protein 

kinases found from MIBs or phosphopeptide enrichment include Chlamydomonas homologs of 

mitogen-activated protein (MAP) kinases 4 and 5 (Cre01.g010000.t1.2, Cre12.g509000.t1.1, 

Cre12.g530000.t1.2, Cre13.g607300.t1.2) and MEKK protein kinase (Cre01.g016570.t1.1) in the 
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MIBs data set, along with MAP kinase related proteins Cre13.g563733.t2.1 (MAPK kinase 6) 

and Cre10.g461150.t1.2 (MAPK/ERK kinase kinase 1) from the phosphoproteome dataset.  

This combination of localizing phosphosites on kinases as well as coverage on downstream 

targets has the potential to provide quantitative information into dynamic protein 

phosphorylation events occurring in Chlamydomonas. For example, Table 3.2 shows the 

quantitative coverage provided by the kinome and phosphoproteome enrichments on 13 proteins 

with KEGG ontology (KO) terms29-30 mapping to the cell cycle. These proteins, three of which 

are Chlamydomonas cell-cycle regulatory genes with available Chlamydomonas mutants31, 

include cyclin-dependent kinases (Cre10.g465900.t1.2, Cre08.g372550.t1.1), a Chlamydomonas 

homolog of GSK3B (Cre12.g511850.t1.2) and phosphosite coverage on minichromosome 

maintenance (MCM2/3/5) family proteins (Cre07.g316850.t1.2 [pSer S119], 

Cre06.g295700.t1.1[pSer 545]) in addition to phosphosite localization on pSer25 of E2F 

transcription factor (Cre01.g052300.t1.1). Without this tandem enrichment approach, only 5 of 

the 13 proteins mapping to the cell cycle were identified without the benefit of site specificity.  

Kinases uniquely found in the kinome enrichment involved with cellular energy status 

include SNF1 kinase homolog 10 (Cre04.g211600.t1.1), 3'-phosphoinositide-dependent protein 

kinase 1 (Cre11.g467568.t1.1), and 5'-AMP-activated protein kinase beta-2 subunit protein 

(Cre10.g457500.t1.1). Previous work has shown energy dependent protein kinases, specifically 

SNF1 and phosphatidylinositol 3-kinase (PI3K), as important regulatory factors upon triggering 

of autophagy with SNF1 kinase, a key factor in glucose sensing in yeast, completely blocking 

autophagy induced by nitrogen starvation following gene deletion in Chlamydomonas32-33. Along 

with these, AMP-activated protein kinases (AMPKs) have been shown as important upstream 

positive regulators of autophagy in mammalian cells34. A relationship of positive regulation 
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between protein kinase expression levels and autophagy was evident in the Arabidopsis thaliana 

ATG1/13 kinase complex following nutrient limitation indicating ATG1/13 as both a regulator 

and a target of autophagy35, with possible relevance to stress adaptation in Chlamydomonas upon 

similar stresses. Because autophagy is such a crucial cellular response to stress, obtaining 

quantitative coverage of energy dependent protein kinases that might control autophagy and their 

possible downstream targets may facilitate experiments to elucidate autophagy related signaling 

mechanisms. For example, through the induction of stress in Chlamydomonas and the use of 

differential proteomic studies of the kinome and phosphoproteome, future studies using this 

tandem enrichment have the potential to target specific pathways and investigate global kinome 

and phosphoproteome changes in a quantitative fashion. While this method is capable of 

extensive coverage into the kinome, this approach is only an initial screen for proteins of interest 

and would require subsequent studies to further validate kinase activity and conformational 

changes occurring upon various physiological conditions.  

3.4 Conclusion/Summary 

Herein, a dual enrichment strategy first targeting intact protein kinases via capture on MIBs 

with subsequent proteolytic digestion of unbound proteins and peptide-based phosphorylation 

enrichment from the same sample is presented. MIBs enrichment permits a >50% increase in 

coverage of the kinome compared with unenriched samples, and increases the potential to 

investigate protein kinases and their predicted substrates in the same experiment. With high 

quantitative reproducibility among replicates and increased coverage of the kinome, studies 

aimed at investigating changes in kinase expression levels under different conditions could 

reveal kinases and ATP-binding proteins involved in specific signaling pathways. Further, 

tandem probing of the phosphoproteome allows for simultaneous discovery of differential 
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phosphorylation of substrate proteins in the same experiment. Ultimately, this approach can link 

changes in the kinome with the phosphoproteome to help elucidate intracellular kinase signaling 

networks. 
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3.5 Tables 

Table 3.1 Phosphosite coverage on MIBs-identified kinases. * previously undetected. Based on 
phosphopeptide enrichment on the MIBs flow through, 71 phosphosites were localized from 36 
protein kinases identified in the kinome enrichment dataset and 9 sites were not previously 
detected. 

Kinase Accession Description Phosphosites 
Cre01.g031300.t1.1 calcium dependent protein kinase 1 T1245 
Cre02.g076900.t1.1 serine/threonine protein kinase 2 S71 
Cre02.g113600.t1.2 ataurora3 T137, S432*, S434* 
Cre02.g120250.t1.1 STT7 homolog STN7 S533, S740 
Cre02.g147900.t1.1 Pyruvate kinase family protein S463, S584, T587*, S597 
Cre03.g168150.t1.2 VH1-interacting kinase S15 
Cre03.g199000.t1.2 phototropin 2 S577 
Cre05.g232750.t1.2 NIMA-related kinase 5 T300 
Cre06.g262900.t1.2 phosphofructokinase 5 S77, S81 
Cre06.g280950.t1.2 Pyruvate kinase family protein S463, S466, S490, S494, 

S497, S676 
Cre06.g292700.t1.2 Protein kinase superfamily protein S167 
Cre06.g302800.t1.2 with no lysine (K) kinase 3 S283 
Cre07.g317300.t1.1 Protein kinase superfamily protein S524 
Cre07.g328900.t1.2 calcium-dependent protein kinase 17 S472*, S481  
Cre07.g337300.t1.1 Protein kinase superfamily protein S70, S76, S82, S274, S507*, 

T508, S509, S532, S712 
Cre08.g382800.t1.2 calcium-dependent protein kinase 17 S645, S647 
Cre08.g385850.t1.2 cyclin dependent kinase group C2 T206 
Cre10.g428650.t1.2 geminivirus rep interacting kinase 2 T631 
Cre10.g457500.t1.1  5\'-AMP-activated protein kinase beta-2 subunit protein S25 
Cre10.g457700.t1.2 calmodulin-domain protein kinase cdpk isoform 2 S324 
Cre12.g485600.t1.2 Protein kinase superfamily protein S222*, S526* 
Cre12.g499500.t1.1 Protein kinase superfamily protein S173, S177 
Cre12.g508900.t1.2 MAP kinase 4 T202, Y204 
Cre12.g511850.t1.2 shaggy-like kinase 13 Y323 
Cre12.g527000.t1.2 calcium-dependent protein kinase 34 S612, S615 
Cre12.g551250.t1.2 Protein kinase superfamily protein S835 
Cre13.g566450.t1.2 Protein kinase superfamily protein with 

octicosapeptide/Phox/Bem1p domain 
S104*, S266, S274, T405 

Cre13.g571700.t1.1 calmodulin-domain protein kinase cdpk isoform 2 T365*, S448, S474 
Cre13.g575300.t1.1 Protein kinase family protein with ARM repeat domain S800 
Cre13.g584100.t1.1 PB1 domain-containing protein tyrosine kinase S661 
Cre13.g591400.t1.1 pantothenate kinase 2 S577, S1070 
Cre13.g607300.t1.2 MAP kinase 5 S403 
Cre16.g661100.t1.2 Protein kinase superfamily protein T156, Y158 
Cre16.g664850.t1.1 Protein kinase superfamily protein with 

octicosapeptide/Phox/Bem1p domain 
S772 

Cre16.g665364.t1.1 phosphoenolpyruvate carboxylase-related kinase 1 S92, T121 
Cre17.g734250.t1.1 PB1 domain-containing protein tyrosine kinase S848, S1003 
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Table 3.2 Identified proteins in the cell cycle signaling pathway in Chlamydomonas. * indicates 
Chlamydomonas cell-cycle regulatory genes with available Chlamydomonas mutants based on 
(Cross and Umen 2015). Bolded accessions indicate proteins unique to the kinome enrichment 
and italicized rows indicate proteins unique to phosphopeptide enrichment. 

Protein Protein Description KEGG/ec KO 
Cre07.g341700.t1.1 putative protein kinase 1 2.7.12.2 K08866 
Cre08.g372550.t1.1* cyclin-dependent kinase B1;2 2.7.11.22 K07760 
Cre10.g465900.t1.2* cell division control 2 2.7.11.22, 

2.7.11.23 
K02206 

Cre07.g316850.t1.2--S119 Minichromosome maintenance (MCM2/3/5) 
family protein 

3.6.4.12 K02212 

Cre12.g543450.t1.2--S2 RING-box 1  K03868 
Cre01.g052300.t1.1--S25* E2F transcription factor 1  K06620 
Cre06.g295700.t1.1--S545 Minichromosome maintenance (MCM2/3/5) 

family protein 
3.6.4.12 K02541 

Cre09.g387393.t1.1--S426 histone deacetylase 1 3.5.1.98 K06067 
Cre12.g511850.t1.2--Y323 shaggy-like kinase 13 2.7.11.1 K03083 
Cre06.g257500.t1.2 general regulatory factor 7  K06630 
Cre12.g515850.t1.2 proliferating cellular nuclear antigen 1  K04802 
Cre12.g559250.t1.2 general regulatory factor 7  K06630 
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3.6 Figures 

 
Figure 3.1 Figure reproduced from ref [36]. Overview of kinome and phosphoproteome 
workflow. (A) Schematic highlighting the focused ultrasonication performed during native 
protein extraction before MIBs kinome enrichment. (B) Following protein extraction, 5.5 mg of 
cell lysate is incubated with Sepharose beads covalently bound to a mixture of moderate and 
pan-kinase inhibitors. Proteins that are not bound to the MIBs beads (flow through) are saved for 
subsequent phosphopeptide enrichment. After washes, intact kinases and additional ATP-binding 
proteins are eluted from the columns and subjected to DDA and SWATH-MS analysis. (C) For 
the proteins collected in the flow through of the MIBs enrichment, phosphopeptide enrichment 
using TiO2 is performed on 2 mg of each of the cell lysates. 
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Figure 3.2 Figure reproduced from [36]. SWATH ion library generation. Schematic depicting ion 
library generation for SWATH data spectral matching and protein identification. An ion library 
was generated from a combination of 15 fractions derived from digested whole cell lysate 
separated by SCX and acquired via DDA. Additionally, 8 DDA runs of MIBs-enriched samples 
were included to assure exhaustive coverage of proteins in the ion library. After acquisition of all 
DDA runs, database searching was performed using ProteinPilot v5.0 and the result file (*.group 
file) was imported into PeakView v2.1 for SWATH data analysis. 
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Figure 3.3 Figure reproduced from [36]. Comparison of data independent (SWATH) and data 
dependent acquisition (DDA) methods for kinome identification. Venn diagram showing overlap 
of proteins identified between SWATH and DDA acquisition strategies for kinome enrichment 
(A) and no kinome enrichment (B) datasets. (C) Box-whisker plot showing distribution of CV 
values for 90% of proteins identified using DDA and SWATH acquisition strategies with and 
without enrichment. (D) Breakdown of coverage for both SWATH and DDA MS acquisition for 
kinome and no enrichment along with total unique proteins identified for each.  
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Figure 3.4 Figure reproduced from [36]. Chemical characteristics of the peptides identified in the 
MIBs dataset including (A) Amino acid length, (B) Molecular Weight, (C) pI, (D) amount of 
basic residues, (E) amount of acidic residues and (F) Hydrophobicity. 
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Figure 3.5 Figure reproduced from [36]. Comparison of proteins identified in MIBs and 
phosphopeptide enrichments. (A) Venn diagram comparing the overlap and unique proteins 
identified from kinome enrichment versus phosphopeptide enrichment. 243 proteins were found 
in both data sets, with 1307 identified solely in MIBs and 834 via phosphopeptide enrichment. (B) 
Of the phosphorylation sites confidently localized, 86.6% were pSer, 12.8% were pThr, and 0.6% 
were pTyr. (C) Box-whisker plot showing distribution of %CV of each protein for DDA from TiO2 
enrichment. (D) Distribution of phophosites among peptides showing that 80% (1394/1765) were 
singly phosphorylated. 
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Figure 3.6 Figure reproduced from ref [36]. Chemical characteristics of the peptides identified in 
the phosphopeptide dataset including (A) Amino acid length, (B) Molecular Weight, (C) pI, (D) 
amount of basic residues, (E) amount of acidic residues and (F) Hydrophobicity. 
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Figure 3.7 Figure reproduced from [36]. Comparison of proteins identified and enriched GO terms 
from MIBs. (A) Venn diagram comparing the overlap and unique proteins identified with and 
without enrichment in addition to a table highlighting protein groups of interest in the 229 proteins 
unique to MIBs enrichment. (B) Bar graph highlighting the GO terms enriched following 
enrichment of Gene Ontology terms for biological processes, molecular functions, and cellular 
processes using default parameters in Blast2GO (http://www.Blast2GO.com/b2ghome, BioBam, 
Valencia, Spain) using the Fisher method with multiple testing correction based on Benjamani 
Hochberg FDR cutoff of 0.05 with the Phytozome v11 C. reinhardtii predicted proteome as 
background. 
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CHAPTER 4:  Investigating the Effect of Target of Rapamycin Kinase Inhibition on the 
Chlamydomonas reinhardtii Phosphoproteome: From Known Homologs to New Targets. 

*Manuscript submitted for publication. Authors: Werth, E.G., McConnell, E.M., Couso, I., 
Perrine, Z., Crespo, J. L., Umen, J. G., Hicks, L. M. Investigating the effect of Target of 
Rapamycin kinase inhibition on the Chlamydomonas reinhardtii phosphoproteome: from known 
homologs to new targets. 2018 
 
4.1 Introduction 

The Target of Rapamycin (TOR) protein kinase is a conserved eukaryotic growth regulator 

whose activity is modulated in response to stress, nutrients and energy supply1-5. In metazoans 

and fungi, TOR is found in two compositionally and functionally distinct multiprotein complexes 

(TORC1) and (TORC2) that control rates of biosynthetic growth and cytoskeletal dynamics 

respectively2, 6. In the green lineage (algae and land plants), only homologs of TORC1 proteins 

have been identified3, 7-8. TORC1 kinase activity is modulated by nutrients and stress, and serves 

to control protein biosynthesis and other metabolic processes in response to environmental 

conditions6. Selective chemical inhibitors of TOR kinase including rapamycin, AZD8055, and 

Torin1 have been instrumental in dissecting the TOR signaling pathway9-12. Rapamycin (Rap) 

inhibits TORC1 activity through an allosteric mechanism requiring formation of a FKBP12-Rap 

complex13-15.  Recent studies support the notion that several functions of TOR kinase are not 

inhibited by rapamycin11. Instead, novel drugs like Torin1 and AZD8055 have been reported to 

more completely inhibit TOR kinase by acting as ATP-competitors10-11. Torin1 has slower off-

binding kinetics than other mTOR inhibitors in mammalian cell lines, possibly due to   
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conformational change induction in the kinase that is energetically more difficult to recover from 

leading to a more pronounced and longer inhibition of the TORC1 pathway16. AZD8055 is an 

ATP-competitive inhibitor of mTOR and all PI3K class I isoforms noted to inhibit the mTORC1 

and mTORC2 substrate phosphorylation17. These drugs were used to inhibit TOR activity in 

plants where rapamycin treatment is not highly effective18-19.  

The role of TOR in mammalian and fungal cell metabolism has been extensively 

investigated20-21, while its role in photosynthetic eukaryotes is less well established3, 22-23. TOR 

has been shown to control growth, metabolism and life span in the model plant Arabidopsis 

thaliana (Arabidopsis)24-27 where the TOR gene is essential28. The model green alga 

Chlamydomonas reinhardtii (Chlamydomonas) has key TORC1 complex proteins encoded by 

single-copy genes including TOR (Cre09.g400553.t1.1), regulatory associate protein target of 

rapamycin (RAPTOR) (Cre08.g371957.t1.1), and lethal with sec-13 protein 8 (LST8) 

(Cre17.g713900.t1.2) 7-8. Treatment of Chlamydomonas cultures with rapamycin has been shown 

to slow but not completely arrest cell growth29, activate autophagy 30, and induce lipid droplet 

formation31-32. Recent work reported a connection between TOR kinase and inositol 

polyphosphate signaling that governs carbon metabolism and lipid accumulation33. 

Chlamydomonas cells are sensitive to Torin1  and AZD8055 that are potent inhibitors of cell 

growth at saturating doses33 and induce triacylglycerol accumulation34. However, the TOR 

pathway in Chlamydomonas has yet to be extensively characterized and, to date, only a limited 

number of candidate TOR kinase substrates have been identified.  

We characterized the phosphoproteome of Chlamydomonas that produced a conservative 

estimate of 4,588 phosphoproteins / 15,862 unique phosphosites35 through a qualitative strategy 

involving extensive fractionation and complementary enrichment strategies, and have now 
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developed label-free quantification (LFQ) to allow simultaneous quantification of 2,547 

Chlamydomonas phosphosites36. Herein we characterized the effects of TOR inhibition on the 

Chlamydomonas phosphoproteome. Cultures treated with saturating doses of different TOR 

inhibitors (rapamycin, AZD8055 and Torin1) revealed hundreds of affected phosphosites with a 

significant overlap observed between those seen with different inhibitors. Phosphosites from an 

AZD-resistant mutant were compared with wild type after AZD treatment revealing very few 

potential off target effects.  Hierarchical clustering was used to classify sites and motif analysis 

was used to assess consensus motifs in clusters.   

4.2 Materials and Methods 

4.2.1 Cell Culturing and Drug Treatment 

Strain CC-1690 wild-type mt+ (Sager 21 gr) (Sager, 1955) was used for the wild-type 

Chlamydomonas analysis across all chemical inhibitors. For the control AZD-insensitive strain 

experiments, strain was obtained from the Umen laboratory (Donald Danforth Plant Science 

Center). All cultures were maintained on TAP (Tris acetate phosphate) agar plates and grown in 

350-mL TAP liquid cultures at 25ºC as previously described33. Experiments were done using 

five replicate cultures grown to exponential phase (1-2x106 cells/mL) for each drug condition 

and control and quenched with 40% methanol prior to harvesting by centrifuging at 4000 g for 5 

min and discarding supernatant. To limit batch effects, replicate “n” of each drug and control 

were harvested together (Figure 4.1) prior to downstream processing. Cell pellets were then flash 

frozen using liquid nitrogen and stored at -80ºC until use. For AZD8055-, Torin 1-, and 

rapamycin- treated (LC Laboratories) cultures, drug was added to a final concentration of 500 

nM for rapamycin and Torin 1, and 700 nM for AZD8055 from 1mM stocks in DMSO for 15 
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min prior to harvesting. For control replicates, just drug vehicle (DMSO) without a chemical 

inhibitor was added to each replicate culture for 15 min prior to harvesting. 

4.2.2 Protein Extraction 

Cell pellets were resuspended in lysis buffer containing 100 mM Tris, pH 8.0 with 1x 

concentrations of cOmplete protease inhibitor and phosSTOP phosphatase inhibitor cocktails 

(Roche, Indianapolis, IN, USA). Cells were lysed via sonication using an E220 focused 

ultrasonicator (Covaris, Woburn, MA, USA) for 120 s at 200 cycles/burst, 100 W power and 

13% duty cycle. Following ultrasonication, the supernatant was collected from cellular debris by 

centrifugation for 10 min at 15,000 g at 4ºC and proteins were precipitated using 5 volumes of 

cold 100 mM ammonium acetate in methanol. Following 3 hr incubation at -80ºC, protein was 

pelleted by centrifugation for 5 min at 2,000 g followed by two washes with fresh 100 mM 

ammonium acetate in methanol and a final wash with 70% ethanol. Cell pellets were 

resuspended in 8M urea and protein concentration was determined using the CB-X assay (G-

Biosciences, St. Louis, MO, USA). 

4.2.3 Protein Digestion and Reduction. 

Samples were reduced using 10 mM dithiothreitol for 30 min at RT and subsequently 

alkylated with 40 mM iodoacetamide for 45 min in darkness at RT prior to overnight digestion. 

Samples were diluted 5-fold in 100 mM Tris following alkylation and digestion was performed 

at 25°C for 16 h with Trypsin Gold (Promega) at a protease:protein ratio of 1:50. 

4.2.4 Solid-Phase Extraction. 

After digestion, samples were acidified to pH<3.0 with trifluoroacetic acid (TFA). Pelleted, 

undigested protein was cleared from the supernatant by centrifugation for 5 min at 5,000 g prior 

to solid-phase extraction. Desalting was performed using C18 50 mg Sep-Pak cartridges 
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(Waters). Columns were prepared by washing with acetonitrile (MeCN) followed by 80% 

MeCN/20%H2O/0.1% TFA and 0.1% TFA. Digested protein lysates were applied to the columns 

and reloaded twice before being washed with 0.1% TFA and eluted using 80% MeCN/20% 

H2O/0.1% TFA. 

4.2.5 Phosphopeptide Enrichment and Clean-Up. 

Following protein digestion and solid-phase extraction, replicates were dried down using 

vacuum centrifugation and phosphopeptide enrichment was performed on 2-mg aliquots of each 

sample using 3 mg Titansphere Phos-TiO2 kit spin columns (GL Sciences) as previously 

described36. After enrichment, samples were dried down and desalted again using ZipTips 

(Millipore) as per manufacturers protocol prior to LC-MS/MS acquisition. 

4.2.6 LC-MS/MS Acquisition and Data Processing. 

Following ZipTip clean-up, peptides were dried down and resuspended in 20 µL of 0.1% 

TFA, 5% MeCN before separation via a 90-min linear gradient from 95% H2O/5% MeCN/0.1% 

formic acid (FA) to 65% H2O/35% MeCN/0.1% FA via a NanoAcquity UPLC (Waters). Each 

sample was loaded onto a trap column (NanoAcquity UPLC 2G-W/M Trap 5 μm Symmetry 

C18, 180 μm × 20 mm) at a flow rate of 5 μL min–1 for 5 min. Peptides were separated using a 

C18 column (NanoAcquity UPLC 1.8 μm HSS T3, 75 μm × 250 mm) at a flow rate of 300 nL 

min–1. A TripleTOF 5600 (AB Sciex) Q-TOF was operated in positive-ionization 

nanoelectrospray and high-sensitivity mode for data acquisition as previously described37. In 

addition to the Supporting Information tables for MS datasets, the mass spectrometry proteomics 

data have been deposited to the ProteomeXChange Consortium via PRIDE partner repository38 

identifier PXD007221. Acquired spectra (*.wiff) files were imported into Progenesis QI for 

proteomics (v2.0, Nonlinear Dynamics) as previously described36 with peptide sequence 
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determination and protein inference done by Mascot (v.2.5.1; Matrix Science) using the C. 

reinhardtii Phytozome v.11 database (www.phytozome.net/; accessed May 2015) appended with 

the NCBI chloroplast and mitochondrial databases (19,603 entries) and sequences for common 

laboratory contaminants (http://thegpm.org/cRAP/; 116 entries). For database searching, trypsin 

protease specificity with up to two missed cleavages, peptide/fragment mass tolerances of 20 

ppm/0.1 Da, a fixed modification of carbamidomethylation at cysteine, and variable 

modifications of acetylation at the protein N-terminus, oxidation at methionine, deamidation at 

asparagine or glutamine, phosphorylation at serine or threonine and phosphorylation at tyrosine 

were used. Peptide false discovery rates (FDR) were adjusted to ≤1% using the Mascot 

Percolator algorithm39 and only peptides with a Mascot ion score over 13 were considered.  

Custom scripts written in Python were implemented to parse results following data 

normalization and quantification in Progenesis QI for proteomics. Shared peptides between 

proteins were grouped together to satisfy the principle of parsimony and represented in Table S1 

by the protein accession with the highest amount of unique peptides, otherwise the largest 

confidence score assigned by Progenesis QI for proteomics. Additionally, the script appended 

site localization of variable modifications using an implementation of the Mascot Delta Score40 

to the peptide measurements (*.csv) export from Progenesis QI for proteomics with confident 

site localization considered a Mascot Delta score >90%. Following scoring, only peptides with 

phosphorylation at serine, threonine, or tyrosine were considered for further processing and 

analysis. 

4.2.7 Downstream Bioinformatics Analysis. 

Missing value imputation was performed on logarithmized normalized abundances in Perseus 

v1.6.0.041-42 requiring at least three of the five replicates in all drug conditions and control to be 

http://www.phytozome.net/
http://thegpm.org/cRAP/
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nonzero to continue through the workflow. For t-test analyses, replicates were grouped and the 

statistical tests were performed with fold change threshold of ±2 and p≤0.05 significance 

threshold. KEGG pathway annotation43, Gene Ontology (GO)44 term annotation, hierarchical 

clustering, and motif analysis were performed following statistical testing to glean biological 

insight on modulated sites found in the study. For hierarchical clustering, visualization was 

performed in Perseus v1.6.0.0. Following data normalization and missing value imputation, 

intensity values were z-score normalized and grouped using k-means clustering with default 

parameters. For motif analysis, sequence logo visualizations were performed using pLOGO with 

serine or threonine residues fixed at position 0. Positions with significant residue presence are 

depicted as amino acid letters sized above the red line45. 

4.2.8 Carotenoid Analysis. 

Chlamydomonas cells were collected by centrifugation (4000 g for 5 min) and resuspended 

in 80% acetone. Samples were heat up for 5 min in a water bath at 90ºC and then centrifuge at 

10000g 10min. The supernatant evaporated under N2, and then resuspended in 80%acetone. The 

separation and chromatographic analysis of pigments was performed in a HPLC using a Waters 

Spherisorb ODS2 column (4.6 · 250 mm, 5 lm particle size). The chromatographic method 

described by Baroli et al., 200346. Pigments were eluted at a flow rate of 1.0 mL min-1 with a 

linear gradient from 100% solvent A (acetonitrile:methanol:0.1mM Tris-HCl pH 8.0 [84:2:14]) 

to 100% solvent B (methanol:ethyl acetate [68:32]) for 20 min, followed by 7 min of solvent B, 

then 1 min with a linear gradient from 100% solvent B to 100% solvent A, and finally 6 min with 

solvent A. The carotenoids were detected at 440 nm using a Waters 2996 photodiode-array 

detector. The different carotenoids were identified using standards from Sigma (USA) and DHI 

(Germany). This analysis was normalized by dry cell weight. 
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4.2.9 Dry Weight Determination 

Dry weight was determined by filtering an exact volume of microalgae culture (30 ml) on 

pre-targeted glass-fiber filters (1µm pore size). The filter was washed with a solution of 

ammonium formate (0.5 M) to remove salts and dried at 100 ◦C for 24 h. The dried filters were 

weighed in an analytical balance and the dry weight calculated by difference. 

4.2.10 SDS-PAGE and Western Blotting 

Chlamydomonas cells from liquid cultures were collected by centrifugation (4000 g for 5 

min), washed in 50 mM Tris-HCl (pH 7.5), 10 mM NaF, 10 mM NaN3, 10 mM p-

nitrophenylphosphate, 10 mM sodium pyrophosphate, and 10 mM b-glycerophosphate), and 

resuspended in a minimal volume of the same solution supplemented with Protease Inhibitor 

Cocktail (Sigma). Cells were lysed by two cycles of slow freezing to –80 °C followed by 

thawing at room temperature. The soluble cell extract was separated from the insoluble fraction 

by centrifugation (15 000 g for 20 min) in a microcentrifuge at 4 °C.  For immunoblot analyses, 

total protein extracts (20 μg) were subjected to 12% SDS–PAGE and then transferred to PVDF 

membranes (Millipore). Αnti-P-RPS6(Ser242) and Αnti-RPS6 primary antibodies were 

generated as described in Dobrenel et al., 201647  and produced by Proteogenix, (France). 

Phospho-p70 S6 kinase (Thr(P)-389) polyclonal antibody (Cell Signaling, 9205) was used as 

described in Xiong et al., 201248. Primary antibodies were diluted 1:2000 and 1:1000 

respectively. Secondary anti-rabbit (Sigma) antibodies were diluted 1:5000 and 1:10 000, 

respectively, in phosphate-buffered saline (PBS) containing 0.1% (v/v) Tween-20 (Applichem) 

and 5% (w/v) milk powder. The Luminata Crescendo Millipore immunoblotting detection 

system (Millipore) was used to detect the proteins. Proteins were quantified with the Coomassie 

dye binding method (BioRad).  
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4.3 Results and Discussion 

4.3.1 Parameter Selection for TORC1-Specific Inhibition 

Previous studies in Chlamydomonas have shown rapamycin drug saturation ranging from 

500 nM-1µM29. For this study, 500 nM rapamycin was selected and saturating doses for Torin1 

and AZD8055 in wild-type Chlamydomonas strain CC-1690 were determined using serial 

dilutions with previously published target concentrations33. Growth inhibition saturated at 500 

nM for Torin1 and 700 nM for AZD8055 (Figure 4.2). 

While reports have shown phosphorylation changes as early as 2 minutes after rapamycin 

treatment 49, a 15-minute time point was chosen based on the high number of changes seen in 

mammalian cell lines at this time point49-51 and to ensure reproducibility in treatment and 

harvesting across 20 samples (control, AZD8055-, Torin1-, and rapamycin-treated with n=5) 

from the early logarithmic phase of growth. Growth for each replicate was staggered, and to limit 

batch-effects replicates were harvested in sets, each containing a control sample and the three 

different drug-tested samples (Figure 1) prior to downstream processing.  

Prior rapamycin phosphoproteomic experiments in mammalian studies have shown that 

phosphopeptide ratios in general were not affected by normalization to protein levels at a 15 min 

time point51. To confirm this in Chlamydomonas reinhardtii, a whole-cell proteomics experiment 

(n=4) was performed to test the overlap between quantitative coverage on whole-cell and 

phospho-enriched results after 15 min of rapamycin inhibition. These results showed that protein 

abundance levels in general are not affected with only 18 of the 1,539 proteins quantified 

significantly changing (Supplemental Table S4) with no significant differences in protein 

abundances between control and treatment (Figure 4.3). While 4 of the 18 proteins changing at 

the protein level were identified in the phosphoproteomics study detailed below, they were not 
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detected as phospho-modulated following chemical inhibition and thus not proteins of interest in 

this study. Thus, we have confidence that the statistically significant phosphorylation sites 

detected are from changes in the phosphorylation status and not an artefact of protein expression 

or turnover. 

4.3.2 Quantitative Coverage of the TOR-Inhibited Phosphoproteome 

Label- free quantitative phosphoproteomics was used to compare normalized abundance 

values of control samples (n=5) versus samples treated with each of the chemical inhibitors 

(n=5) using an area under the curve (AUC) MS1 intensity-based quantitation method. For this 

approach, the change in chromatographic peak area between control and chemically-inhibited 

replicates for each phosphopeptide was the basis for determining relative phosphopeptide 

abundance. Tip-based TiO2 phosphopeptide enrichment that previously showed high 

reproducibility between samples36 was used for sample preparation. As part of the LFQ pipeline, 

quantitative data was filtered for only peptides containing a phosphorylation site on Ser, Thr, or 

Tyr after peak picking and peptide sequence determination. At least 3 of the 5 replicates for each 

condition were required to have nonzero abundances to remain in the final dataset presented in 

Table S1 and missing value imputation was performed on log-transformed normalized 

abundances41-42. Highly variable sites remaining in the dataset were then removed by filtering out 

those with a coefficient of variation of >25% in >2 experimental conditions. The resulting 

dataset contained 2,547 unique phosphosites from 1,432 different proteins (Table S1) in 

untreated control samples. To determine sites of interest following chemical inhibition with 

Torin1, AZD8055, or rapamycin, two sample Student’s T-tests were performed between samples 

from each chemical inhibitor compared and control samples. From this, 258 phosphosites from 

219 phosphopeptides showed at least a two-fold change and a p-value ≤ 0.05 (Figure 4.4A, Table 
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S2). High confidence phosphorylation site assignments (90% site-localization based on Mascot 

Delta scoring40) were achieved for 48% of the dataset (1,123 of the 2,363 phosphopeptides) 

listed in Table S1. AZD8055 treatment resulted in 97 phosphopeptides modulated in the wild-

type strain (Figure 4.4A). A matched control experiment using an AZD-insensitive strain which 

grow similar to wild-type (Figure 4.5) showed only 13 low abundance phosphosites differentially 

changing (Table S3, Figure 4.4B). Of the 13, no overlap was found with the 258 modulated 

phosphosites in the main dataset. 

Torin1 treatment caused the largest number of significant changes with 103 up- and 57 

down-modulated phosphosites. AZD8055 treatment caused 75 up- and 19 down-modulated 

phosphosites, while rapamycin treatment caused 40 up- and 35 down-modulated phosphosites. 

Overlap analysis of the differential sites for each drug revealed 88% (57/66) of all the down-

modulated sites were in the Torin1 subset, while 42% (24/57) of the Torin1 down-modulated 

sites were not detected with AZD or rapamycin. Up-regulated sites were also compared for each 

condition and to determine if the conditions had significant overlap between down- and up- 

modulated sites, a hypergeometric test was performed with p-values of 3.76x10-25 and 2.87 x10-

34, respectively, showing significant overlap. 

4.3.3 Cluster Analysis and Phosphosite Motif Identification 

Kinase specificity can be dictated by amino acid residues immediately surrounding 

phosphorylation sites on substrates52. Mammalian TOR has been shown to mainly (but not 

exclusively) phosphorylate (S/T)P motifs and motifs with hydrophobic residues surrounding the 

phosphorylation site making it a relatively promiscuous kinase whose substrate choices may also 

be influenced by additional interactions outside the phosphosite region53. Hierarchical clustering 

of Chlamydomonas modulated phosphosites generated 2 distinct clusters (Figure 4.6A,B), and 
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motif analysis45 was performed on decreasing (cluster 1) and increasing (cluster 2) clusters . 

Cluster 1 phosphosites, which contained 94% of sites that significantly decrease in 

phosphorylation upon TOR inhibition, had significant enrichment for a proline in the +1 position 

and arginine in the -3 position with respect to the phosphorylation site (position 0) that showed 

strong enrichment for serine over threonine (Figure 4.6C). Cluster 2 phosphosites also had 

significant enrichment for a proline in the +1 position and arginine in the -3 position in addition 

to enrichment for an aspartic acid at the +3 position. Thus, CrTOR may have a preference for 

phosphorylation of (S/T)P motifs on substrates, similar to mTOR53 and other diverse proline-

directed kinases including cyclin-dependent protein kinases (CDKs) and mitogen-activated 

protein kinases (MAPKs)54. Additionally, a phosphoproteomic study using mammalian cell line 

MCF7 identified the RXXS/TP motif identified in clusters 1 and 2 as a rapamycin-sensitive 

motif49. Other studies have also found RXRXXS/T and RXXS/T motifs50-51 enriched among 

rapamycin-sensitive phosphosites that are recognized by mTOR-regulated kinases Akt, S6K1 

and SGK155. Cluster 2 additionally has an acidic motif also found in casein kinase- II 

substrates56. 

4.3.4 Phosphosites in TORC1 Complex Proteins 

Numerous phosphosites in mammalian homologs of TORC1 complex proteins are regulated 

by the TOR pathway and/or are phosphorylated autocatalytically57. This includes sites on Raptor 

and mTOR homologs. Therefore, phosphosites found on CrTORC1 complex proteins could be 

affected by TOR inhibition. TORC1 complex proteins conserved in Chlamydomonas include 

TOR (Cre09.g400553.t1.1), Raptor (Cre08.g371957.t1.1), and LST8 (Cre17.g713900.t1.2)8, 30, 33, 

58. While there is a known LST8 homolog in Chlamydomonas, it is not known to be 

phosphorylated35. Phosphosites on Raptor (Ser782/783:NL) (Not Localized:NL) and TOR 
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(Ser2598) were detected in this study, however no statistically significant modulation in their 

abundance was detected. BLASTP alignment of human Raptor (Uniprot Q8N122) with CrRaptor 

revealed high sequence overlap on the N-terminal region of the protein (residues 9-627 with 57% 

identity), however known TORC1-sensitive phosphosites in the human Raptor homolog (i.e. 

Ser719, Ser721, Ser722, Ser859, and Ser86357, 59) were not conserved in CrRaptor. Similarly, 

human mTOR (Uniprot P42345) phosphosites Ser2159/Thr2164 that are within the kinase 

domain promoting mTORC1-associated mTOR Ser2481 autophosphorylation60 are not 

conserved in CrTOR. The limited sequence conservation among CrTORC1 phosphosites with 

mammalian TOR phosphosites precludes any predictions about functions of CrTORC1 protein 

phosphorylation. Other phosphosites on CrTORC1 complex proteins that were detected in 

previous work on the global phosphoproteome in Chlamydomonas35 might be significant for 

regulation but they were not observed in our data. Future experiments with additional 

fractionation to increase the dynamic range of quantitative coverage could allow for deeper 

coverage and more comprehensive detection of phosphosites. 

4.3.5 Sites Modulated by TORC1 Inhibition – Known and Putative Substrates. 

In animal cells TORC1-inhibition blocks phosphorylation of multiple substrates including S6 

kinases and eukaryotic translation initiation factors, leading to a reduction in translation initiation 

rates for a subset of mRNAs61-63. Phosphorylation of Ser371 and Thr389 in human p70S6K1 

(Uniprot P23443-2) are reduced by treatment of cells with TOR inhibitors64-65. While we 

identified one potential site (site was not localized) (Thr771/Ser773/Thr777:NL) on a 

Chlamydomonas homolog of ribosomal protein S6 kinase (S6K; Cre13.g579200.t1.2), its 

phosphorylation state was not significantly altered by TOR inhibitors (Table 1). No coverage 

was obtained on predicted conserved sites Ser915 and Thr932, which align to human p70S6K1 
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Ser371 and Thr389, respectively, although these sites have been detected previously in 

Chlamydomonas35. Moreover, while commercial anti-phospho S6K antibodies have been shown 

to detect phospho-S6K in plants48, 66 they have not detected a signal in Chlamydomonas in our 

hands (Figure 4.7A) and in another study 33, thus limiting our ability to independently validate 

Chlamydomonas TOR substrate phosphopeptides. On the other hand, Chlamydomonas 

ribosomal protein S6 (RPS6, Cre09.g400650.t1.2), a predicted target of S6K, showed a 2.1-fold 

decrease in phosphorylation on Thr127 following Torin1 treatment (Figure 4.8, Table 1). While 

this site is potentially TORC1-regulated, antibodies specific for this phosphosite needed for 

validation are not available. In Arabidopsis, a phosphosite on the C-terminal extremity peptide of 

RPS6, Ser240,  had decreased phosphorylation following TOR inactivation47. While this exact 

site is not conserved in Chlamydomonas, the phosphoserine next to it, Ser241 in Arabidopsis 

(aligning to Ser242 in Chlamydomonas) has been detected in prior work35; however it was not 

detected in this study (Figure 4.7B). To determine if Ser242 in Chlamydomonas is TORC1-

regulated, a western blot of proteins fractionated from wild-type cells under different drug 

treatments for 0, 5, 15, 30, and 60 min was performed with antibodies raised for phosphorylated 

and non-phosphorylated Ser242 (Figure 4.7C), the latter used as a control for monitoring protein 

level. Interestingly, this site does not seem to change drastically with Torin1, AZD8055, or 

rapamycin treatment contrary to results on the C-terminal phosphosite in Arabidopsis.  

4.3.6 Sites Modulated by TORC1 Inhibition – Known TOR Pathway Association. 

Of the 258 phosphosites detected as significantly modulated in this study, 10 are in homologs 

of proteins associated with the TOR signaling pathway (Figure 4.8, Table 1). In addition to four 

sites of decreasing phosphorylation, six proteins related to the TOR pathway had an increase in 

protein phosphorylation following chemical inhibition. While initially an unexpected 
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observation, similar increases were previously reported for some phosphosites in a 

phosphoproteomic study of TOR inhibition in mouse liver50. In our study, sites with increasing 

phosphorylation after TOR inhibition include elongation factor 2 (EEF2, Cre12.g516200.t1.2) 

whose animal homologs showed reduced activity upon phosphorylation. In human cells, 

phosphorylation of  EEF2 Thr57 by elongation factor 2 kinase (EEF2K, Cre17.g721850.t1.2) 

inactivates EEF2 activity, an essential factor for protein synthesis 67. This site is conserved in 

Chlamydomonas EEF2 (Thr57/Thr59:NL) where we detect a 4.75-fold increase in 

phosphorylation with AZD8055 treatment with a predicted effect of reduced translation initiation 

rates. From these data we predict that CrTOR signaling may inhibit EEF2 kinase activity, and 

that this inhibition is relieved in the presence of TOR inhibitors. 

LA RNA-binding protein (LARP1, Cre10.g441200.t1.2) had two phosphosites that both 

underwent large decreases in phosphorylation upon treatment with the three chemical inhibitors. 

Ser817 was decreased 0.06AZD8055, 0.05Torin1, and 0.13RAP and Ser 737/738:NL was decreased 

0.08AZD8055 and 0.01Torin 1 but no change in rapamycin (0.99RAP) (Figure 4.8). In mammals, 

LARP1 phosphorylation also requires mTORC155, 68-69 with studies in human cell lines 

establishing LARP1 as a target of mTORC1 and S6K with non-phosphorylated LARP1 

interacting with both 5’ and 3’ UTRs of RP mRNAs and inhibiting their translation70. Additional 

reports have shown LARP1 as a direct substrate of mTORC1 in mammalian cells with mTORC1 

controlling Terminal Oligopyrimidine (TOP) mRNA translation via LARP170-71. The dramatic 

modulation of LARP1 phosphorylation detected in our study indicates that LARP1 may have a 

parallel role in Chlamydomonas. The human LARP1 phosphosites are not conserved with those 

we found in Chlamydomonas. However, based on the NCBI conserved domain searching72, the 

DM15 domain required for the interaction of LARP1 with mTORC1 in human cell lines is 
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conserved in Chlamydomonas LARP1, and the phospho-Ser817 detected in our study is adjacent 

to the DM15 domain (877-915) in Chlamydomonas, a region in mammalian LARP1shown to be 

required for interaction with mTORC170.  

4.3.7 Additional Proteins with Phosphosites Altered by TORC1 Inhibition 

The majority of differential phosphosites we identified were not previously linked to TOR 

signaling, including in Chlamydomonas. These include sites on a translation-related protein 

(Cre17.g696250.t1.1) and RNA-binding proteins (Cre10.g441200.t1.2, Cre10.g466450.t1.1, 

Cre16.g659150.t1.1, Cre16.g662702.t1.1 Cre17.g729150.t1.2). One of the most down-modulated 

proteins annotated as CTC-interacting domain 4 (CID4, Cre01.g063997.t1.1), has been shown to 

have an important function in regulation of translation and mRNA stability in eukaryotes73-74. 

CID4 had 2 sites, Ser441 (FC=0.2AZD8055, FC=0.14TORIN1) and Ser439/Ser441/Ser446:NL 

(FC=0.03AZD8055, FC=0.05TORIN1) with a large decrease in phosphorylation upon inhibitor 

treatment. While little is known about the relationship between this protein and TORC1 

signaling, the CTC domain, more recently referred to as the MLLE domain75, is also found in 

evolutionarily conserved Poly (A)-binding proteins (PABPs). The large decrease in CID4 

phosphorylation seen upon inhibition of the CrTORC1 pathway in our study implies a potential 

role for TORC1 mediated control of translation through CID4.  

Another differential phosphosite of interest following TORC1 inhibition that was not 

previously linked to TOR regulation is a site on lycopene beta/epsilon cyclase protein 

(Cre04.g221550.t1.2--Thr800/Ser802:NL). This phosphosite is significantly increased upon 

Torin1 treatment (FC=4.02) and the total protein level remained constant upon rapamycin 

treatment (Supplementary Table S4, FC=0.88). Lycopene beta/epsilon cyclases are required for 

carotenoid biosynthesis, carrying out cyclation of lycopene to yield α- and β- carotenes76-78 
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which have been shown to be high-value compounds participating in light harvesting and in the 

protection of the photosynthetic apparatus against photo-oxidation damage79. To further 

investigate the effect of TORC1 inhibition on carotenoid biosynthesis based on this 

phosphoproteomic finding, carotenoid levels in AZD-, Torin1- and rapamycin-treated cells were 

assessed after eight hours of treatment with three biological and two technical replicates (Figure 

4.9, Table 2). After eight hours of treatment, there was a significant increase in various 

carotenoids measured in TOR-inhibited samples including β-carotene, which is directly 

downstream of cyclase activity (Figure 4.9, Table 2). While the effects on carotenoid 

biosynthesis and secondary metabolism following TORC1 inhibition required eight hours to 

become detectable, this is the first evidence that carotenoid production is modulated by TOR 

signaling. Additionally, altered cyclase protein levels are not likely responsible for this finding 

since previous studies showed no change in lycopene beta/epsilon cyclase protein level after up 

to 24 hours of nitrogen stress80-81, a condition that is metabolically similar to TOR inhibition30, 82.  

Numerous phosphosites from proteins without Phytozome database descriptions were also 

found to be down-regulated upon CrTORC1 inhibition, including some sites with large decreases 

(>five-fold). For all unannotated proteins, we searched for pfam, Panther, KOG, KEGG, KO, and 

GO pathway terms and domain conservation using Phytozome and NCBI annotations (Table S4). 

Numerous proteins had conserved domains including structural maintenance of chromosomes 

(Accession: cl25732), autophagy protein (Accession: cl27196), transmembrane proteins 

(Accession: cl24526), and small acidic protein (Accession: pfam15477). While the large changes 

upon chemical inhibition are potentially interesting, especially the five proteins containing sites 

with at least a five-fold decrease in phosphorylation (Cre03.g152150.t1.2, Cre06.g263250.t1.1, 

Cre11.g469150.t1.2, Cre05.g236650.t1.1, Cre13.g582800.t1.2), future targeted work would be 
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required to infer biological significance to this observation. To aid in this, the fifty-eight 

modulated sites without Phytozome database annotation were also homology searched for best 

BLAST hit IDs in Volvox, Gonium, and Arabidopsis to find homologs among green lineage 

(Table S5) and Table S2 displays all of the experimentally derived sites modulated by AZD8055, 

Torin1, and/or rapamycin and will serve as a guide in follow-up studies.  

4.4 Conclusion/Summary 

In summary, we obtained a candidate list of phosphosites modulated following TORC1 

inhibition. We achieved extensive coverage of the TOR-modulated phosphoproteome in 

Chlamydomonas using a quantitative label-free approach. Our approach was validated by the 

overlap of phosphosites altered using different TOR inhibitors and by our identification of 

Chlamydomonas homologs of TOR signaling-related proteins such as RPS6 and LARP1 that had 

decreased phosphorylation upon TORC1 inhibition. Follow-up experiments guided by our 

phosphoproteomic findings in lycopene beta/epsilon cyclase showed that carotenoid levels are 

affected by TORC1 inhibition, the first evidence that carotenoid production is under TOR 

control. Conserved TOR substrate motifs were also identified such as RXXS/TP and RXXS/TP. 

Our study provides a new resource for investigating the phosphorylation networks governed by 

the TOR kinase pathway in Chlamydomonas. 

  



96 

4.5 Tables 

Table 4.1 TOR targets identified with fold change values for drug condition versus control. Fold 
change values shaded red indicate a statistically significant increase in phosphopeptide 
abundance for specified drug treatment versus control. Fold change values shaded blue indicate a 
statistically significant decrease in phosphopeptide abudance for specified drug treatment versus 
control. Level of p-value statistical significance is denoted by p-value ≤ 0.05 (*) and ≤ 0.01 (**) 
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Table 4.2 Carotenoid content in WT Chlamydomonas after 8 hours of treatment with 
Rapamycin, Torin1, and AZD8055 compared to control. 
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4.6 Figures 

 

Figure 4.1 Figure reproduced from ref [83]. Drug treatment and cell harvesting workflow in 
Chlamydomonas cells. Replicate “n” (1-5) of each drug condition and control were harvested 
together prior to downstream processing. To minimize inter-condition batch effects, “n” replicate 
of each condition was harvested together and frozen until protein extraction. 
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Figure 4.2 Figure reproduced from ref [83]. Titration experiment for AZD8055 and Torin1 to 
determine drug concentrations required for saturation 
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Figure 4.3 Figure reproduced from ref [83]. Pearson correlation coefficient between replicates of 
control and rapamycin-treated cells following protein-level analysis. Logarithmized protein 
abundances across 4 replicates for control and 15 min. rapamycin-treated cells showing high 
correlation regardless of treatment with no significant differences in protein abundances between 
control and treatment replicates. 
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Figure 4.4 Figure reproduced from ref [83]. Sites modulated by chemical inhibition. Results of 
differential analysis between each chemical inhibitor drug treatment compared to control for both 
wild-type (A) and AZD-insensitive (B) Chlamydomonas strains. For comparison of overlap 
between the drug conditions in the WT dataset, a Pearson’s correlation was performed 
comparing all condition types. From this, the highest correlation among conditions was between 
AZD8055 and Torin1 at 0.986 and the lowest 3 were all drug inhibitor vs. controls. 

 

 

 

 

 

 

  



102 

 

Figure 4.5 Figure reproduced from ref [83]. Spot test for comparison of growth between WT and 
AZD-insensitive Chlamydomonas cultures after 3 and 5 days of growth. WT and AZD-
insensitive strains were grown on solid TAP media and cultures were diluted 1/5 and 1/25. 
Additionally, after 5 days of growth, spot tests for 0.5 uM- 2 uM AZD8055 treatment between 
WT and AZD-insensitive Chlamydomonas cultures were compared showing continued growth of 
the AZD-insensitive strain following AZD8055 treatment. 
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Figure 4.6 Figure reproduced from ref [83]. Hierarchical clustering of differentially changing sites 
into 2 clusters (A). Visualization was performed in Perseus v1.6.0.0. Following data 
normalization and missing value imputation, intensity values were z-score normalized and 
grouped using k-means clustering with default parameters. Overall trends in site intensity were 
graphed and colored based on intensity (B). For each of the two clusters, motif analysis was 
performed (C) : motif analysis on clusters 1 and 2 from hierarchical clustering. Sequence logo 
visualizations were performed using pLOGO with serine or threonine residues fixed at position 
0. Positions with significant residue presence are depicted as amino acid letters sized above the 
red line. For cluster 1, there was significant enrichment for a proline in the +1 position and 
arginine in the -3 position, RXXS/TP. For cluster 2, there was again significant enrichment for a 
proline in the +1 position and arginine in the -3 position in addition to an aspartic acid in the +3 
position, RXXS/TPXD. 

  



104 

 

Figure 4.7 Figure reproduced from ref [83]. Commercial anti-phospho S6K antibody reactivity in 
Chlamydomonas with no signal (A). Comparison of RPS6 protein sequence between Arabidopsis 
and Chlamydomonas (B). a western blot in wild-type under different drug treatments for 0, 5, 15, 
30, and 60 min with antibodies raised for Ser242 (C). 
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Figure 4.8 Figure reproduced from ref [83]. Bar charts of 10 modulated phosphosites on TOR 
pathway-associated proteins based on homology. Level of p-value statistical significance is 
denoted by p-value ≤ 0.05 (*) and ≤ 0.01 (**) 

  



106 

 

Figure 4.9 Figure reproduced from ref [83]. Bar chart of carotenoid content in WT 
Chlamydomonas after 8 hours of treatment with Rapamycin, Torin1, and AZD8055 compared to 
control 
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CHAPTER 5:  Pathway Inhibition of Rapamycin-Hypersensitive Vip-1 Mutant 
Chlamydomonas Strain Revealed via Phosphoproteomics 

*Manuscript to be submitted for publication. Authors: Werth, E.G., Couso, I., Umen, J. G., 
Hicks, L. M. Pathway Inhibition of Rapamycin-Hypersensitive Vip-1 Mutant Chlamydomonas 
Strain Revealed via Phosphoproteomics.  

 
5.1 Introduction 

Characterizing cellular regulation of carbon metabolism and triacylglycerol (TAG) 

accumulation in algae is required to harness its potential as a biofuel feedstock1-6. Elucidation of 

intracellular carbon regulatory networks and the interplay between them will provide better 

strategies for improving yields and storage of fixed carbon. Many interconnected signaling 

networks are tied to lipid and TAG accumulation in algae including target of rapamycin (TOR)1, 

7-8 and inositol polyphosphate (InsPs) signaling9-10. Recently, a connection between the TOR 

kinase pathway and inositol polyphosphate signaling has been reported in Chlamydomonas11, an 

interaction previously only suggested in yeast and animals12-13. 

TOR kinase signaling is a master regulator of cellular processes from cell cycle to autophagy 

and modulates activity in response to nutrients and stress to control protein biosynthesis and 

other metabolic processes14-19. Highly studied in metazoans and fungi15, 20, TOR is found in two 

compositionally and functionally distinct multiprotein complexes, TORC1 and TORC215, 19, but 

only homologs of TORC1 are found in the green lineage14, 21-22. In the model green alga 

Chlamydomonas reinhardtii (Chlamydomonas), key TORC1 complex proteins such as TOR 

(Cre09.g400553.t1.1), regulatory associate protein target of rapamycin (RAPTOR) 

(Cre08.g371957.t1.1), and lethal with sec-13 protein 8 (LST8) (Cre17.g713900.t1.2) are   
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conserved21, 23. Selective chemical inhibition of TOR kinase, has been shown to induce TAG 

accumulation8 and phosphoproteomics revealed 258 significantly modulated phosphosites on 

both TOR signaling-related proteins and numerous sites not previously known to be TOR-

regulated, including a role in carotenoid biosynthesis24.  

Inositol pyrophosphates are signaling molecules critically important in eukaryotes that play a 

role in stress response25-28 and function in diverse cellular processes such as energy sensing, 

telomere maintenance, homeostasis, and storage9, 29. In yeast and animal systems, two distinct 

families of enzymes are capable of producing pyrophosphorylated inositols, IP6K/KCS19 and 

VIP30-32. VIP proteins belong to a class of enzymes known as diphosphate kinases in animals33 

that are conserved in plants9, 32 and capable of synthesizing polyphosphate inositols. Plants have 

been shown to have large amounts of InsP6, the precursor to signaling molecules containing 

diphosphate or triphosphate chains attached to the inositol ring34-35. Molecules synthesized by 

InsP6, such as InsP7 and InsP8, contain high energy pyrophosphate bonds that may store energy in 

the cell36 however due to their low amounts and high turnover rates, it has been suggested that 

they serve as more than simply energy storage molecules37-38.  

A direct link between the Chlamydomonas TOR and InsP pathways was revealed by 

characterization of a mutant, vip1-1, that conferred hypersensitivity to the TOR inhibitor 

rapamycin. This loss-of-function mutation in the VIP1 gene was identified in an insertional 

mutagenesis screen for rapamycin-hypersensitive Chlamydomonas11. Vip1-1 is predicted to 

encode a conserved inositol hexakisphosphate kinase from the VIP family that 

pyrophosphorylates phytic acid, InsP6. This mutant has defects in InsP7 and InsP8 accumulation 

with InsP7 and InsP8 levels at 20 to 30% of wild-type levels but InsP6 levels maintaining 

approximately 70% wild-type levels11.  
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The discovery of interplay between the TOR and InsP signaling systems allows for the 

opportunity to investigate the effects of TOR inhibition on the phosphoproteome of a rapamycin-

hypersensitive mutant, vip1-1. Rapamycin-treated cultures revealed similarities with the sites 

modulated in the wild-type study (Chapter 4) and contained a subset of phosphosites not 

previously identified as TOR regulated. Cluster and motif analysis was used to identify 

significant trends among the phosphosites changing. 

5.2 Materials and Methods 

5.2.1 Cell Culturing and Rapamycin Treatment. 

Strain CC-1690 mt+ (Sager 21 gr) (Sager, 1955) was used as the parental strain to generate 

vip1-1 for the rapamycin-hypersensitive strain. Insertional mutagenesis39 with a hygromycin 

resistance gene, aph7”40 was used to generate mutants and transformation was performed as 

previously described11. Rapamycin-hypersensitive mutants were identified by comparing growth 

on TAP (Tris Acetate Phosphate) agar plates to TAP + 500 nM rapamycin plates.  

For phosphoproteomic studies, all cultures were maintained on TAP agar plates and grown in 

350-mL TAP liquid cultures at 25ºC as previously described11. Experiments were done using 

five replicate cultures grown to exponential phase (1-2x106 cells/mL) for control and rapamycin-

treated samples and quenched with 40% methanol prior to harvesting by centrifuging at 4000 g 

for 5 min and discarding supernatant as previously described24. Cell pellets were then flash 

frozen using liquid nitrogen and stored at -80ºC until use. For rapamycin-treated cultures, drug 

was added to a final concentration of 500 nM for rapamycin (LC Laboratories) from 1mM stocks 

in DMSO for 15 min prior to harvesting. For control replicates, drug vehicle (DMSO) without 

rapamycin was added to each replicate culture for 15 min prior to harvesting. 
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5.2.2 Protein Extraction. 

Cell pellets were resuspended in lysis buffer containing 100 mM Tris, pH 8.0 with 1x 

concentrations of cOmplete protease inhibitor and phosSTOP phosphatase inhibitor cocktails 

(Roche, Indianapolis, IN, USA). Cells were lysed via sonication using an E220 focused 

ultrasonicator (Covaris, Woburn, MA, USA) for 120 s at 200 cycles/burst, 100 W power and 

13% duty cycle. Following ultrasonication, the supernatant was collected from cellular debris by 

centrifugation for 10 min at 15,000 g at 4ºC and proteins were precipitated using 5 volumes of 

cold 100 mM ammonium acetate in methanol. Following 3 hr incubation at -80ºC, protein was 

pelleted by centrifugation for 5 min at 2,000 g followed by two washes with fresh 100 mM 

ammonium acetate in methanol and a final wash with 70% ethanol. Cell pellets were 

resuspended in 8M urea and protein concentration was determined using the CB-X assay (G-

Biosciences, St. Louis, MO, USA). 

5.2.3 Protein Digestion and Reduction. 

Each 2 mg protein sample replicate at approximately 1mg/mL concentration was reduced 

using 10 mM dithiothreitol for 30 min at RT and subsequently alkylated with 40 mM 

iodoacetamide for 45 min in darkness at RT. Following reduction and alkylation, samples were 

diluted 5-fold in 100 mM Tris to reduce urea concentration to 1.6M for effective trypsin 

digestion performed at 25°C for 16 h with Trypsin Gold (Promega) at a protease:protein ratio of 

1:50. 

5.2.4 Solid-Phase Extraction. 

After digestion, samples were acidified to pH<3.0 with trifluoroacetic acid (TFA). Pelleted, 

undigested protein was cleared from the supernatant by centrifugation for 5 min at 5,000 g prior 

to solid-phase extraction. Desalting was performed using C18 50 mg Sep-Pak cartridges 
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(Waters). Columns were prepared by washing with acetonitrile (MeCN) followed by 80% 

MeCN/20%H2O/0.1% TFA and 0.1% TFA. Digested protein lysates were applied to the columns 

and reloaded twice before being washed with 0.1% TFA and eluted using 80% MeCN/20% 

H2O/0.1% TFA. 

5.2.5 Phosphopeptide Enrichment and Clean-Up. 

Following protein digestion and solid-phase extraction, replicates were dried down using 

vacuum centrifugation and phosphopeptide enrichment was performed on 2 mg aliquots of each 

sample using 3 mg Titansphere Phos-TiO2 kit spin columns (GL Sciences) as previously 

described24, 41. After enrichment, samples were dried down and resuspended in 15 µL of 1% 

formic acid and 2% MeCN prior to desalting using ZipTips (Millipore). Briefly, ZipTip sample 

clean-up involved equilibrating tip-based columns 3x with 10 µL of 100% MeCN followed by 

3x with 10 µL of 0.1% formic acid. Peptides were then loaded on the ZipTip by passing the 

lysate through 10x. After loading peptides onto the column, ZipTips were washed 6x with 10 µL 

of 0.1% formic acid and eluted using 5 µL of 60% MeCN/0.1% formic acid repeatedly pipetting 

the ZipTip up and down 10x. 

5.2.6 LC-MS/MS Acquisition and Data Processing 

Following ZipTip clean-up, peptides were dried down and resuspended in 20 µL of 0.1% 

TFA, 5% MeCN with 25% of total sample loaded onto the column for LC-MS/MS analysis. 

Separation using a C18 column (NanoAcquity UPLC 1.8 μm HSS T3, 75 μm × 250 mm) was 

performed via a 90-min linear gradient from 95% H2O/5% MeCN/0.1% formic acid (FA) to 65% 

H2O/35% MeCN/0.1% FA via a NanoAcquity UPLC (Waters). Each sample was loaded onto a 

trap column (NanoAcquity UPLC 2G-W/M Trap 5 μm Symmetry C18, 180 μm × 20 mm) at a 

flow rate of 5 μL min–1 for 5 min. Peptides were separated using a C18 column (NanoAcquity 
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UPLC 1.8 μm HSS T3, 75 μm × 250 mm) at a flow rate of 300 nL min–1. A TripleTOF 5600 

(AB Sciex) Q-TOF was operated in positive-ionization nanoelectrospray and high-sensitivity 

mode for data acquisition as previously described42. The MS survey spectrum was accumulated 

from a mass range of 350 to 1250 m/z in 250 ms. For MS/MS experiments, the first 20 features 

above 150 counts threshold and having a charge state of +2 to +5 were fragmented using rolling 

collision energy ±5%, with 87.5 ms spectra accumulation/experiment. 

Acquired spectra (*.wiff) files were imported into Progenesis QI for proteomics (v2.0, 

Nonlinear Dynamics) as previously described41 with peptide sequence determination and protein 

inference done by Mascot (v.2.5.1; Matrix Science) using the C. reinhardtii Phytozome v.11 

database (www.phytozome.net/; accessed May 2015) appended with the NCBI chloroplast and 

mitochondrial databases (19,603 entries) and sequences for common laboratory contaminants 

(http://thegpm.org/cRAP/; 116 entries). For database searching, trypsin protease specificity with 

up to two missed cleavages, peptide/fragment mass tolerances of 20 ppm/0.1 Da, a fixed 

modification of carbamidomethylation at cysteine, and variable modifications of acetylation at 

the protein N-terminus, oxidation at methionine, deamidation at asparagine or glutamine, 

phosphorylation at serine or threonine and phosphorylation at tyrosine were used. Peptide false 

discovery rates (FDR) were adjusted to ≤1% using the Mascot Percolator algorithm43 and only 

peptides with a Mascot ion score over 13 were considered.  

Custom scripts written in Python were implemented to parse results following data 

normalization and quantification in Progenesis QI for proteomics as previously described24, 41. 

Shared peptides between proteins were grouped together to satisfy the principle of parsimony 

and represented in Table S1 by the protein accession with the highest amount of unique peptides, 

otherwise the largest confidence score assigned by Progenesis QI for proteomics. Additionally, 

http://www.phytozome.net/
http://thegpm.org/cRAP/
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the script appended site localization of variable modifications using an implementation of the 

Mascot Delta Score44 to the peptide measurements (*.csv) export from Progenesis QI for 

proteomics with confident site localization considered a Mascot Delta score >90%. Following 

scoring, only peptides with phosphorylation at serine, threonine, or tyrosine were considered for 

further processing and analysis. Additionally, a coefficient of variation filter to remove highly 

variable sites that were remaining was performed removing sites with >25% coefficient of 

variation in both control and rapamycin-treated subsets prior to statistical testing. 

Supporting Information tables and raw mass spectrometry data have been deposited to the 

ProteomeXChange Consortium via PRIDE partner repository45 identifier PXD009163.  

5.2.7 Downstream Bioinformatic Analysis. 

Missing value imputation was performed on logarithmized normalized abundances in Perseus 

v1.6.0.046-47 requiring at least three of the five replicates in rapamycin-treated and control to be 

nonzero to continue through the workflow. Missing values were replaced by random numbers 

drawn from a normal distribution on log-transformed normalized abundances46, 48. This was 

performed using default parameters in the statistical software Perseus v1.6.0.0 optimized to 

mimic the circumstance that typically missing values represent low abundance measurements49. 

For two sample Student’s T-test analyses, replicates were grouped and the statistical tests were 

performed with fold change ±2 and p≤0.05 significance threshold to compare control and 

rapamycin-treated replicates. KEGG pathway annotation50, Gene Ontology (GO)51 term 

annotation, hierarchical clustering, and motif analysis were performed following statistical 

testing to glean biological insight on modulated sites found in the study. For hierarchical 

clustering, visualization was performed in Perseus v1.6.0.0. Following data normalization and 

missing value imputation, intensity values were z-score normalized and grouped using k-means 
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clustering with default parameters for hierarchical clustering. For motif analysis, sites ±7 around 

the phosphosites in each cluster were visualized using pLOGO. Positions with significant residue 

presence are depicted as amino acid letters sized above the red line52. 

5.3 Results and Discussion 

5.3.1 Experimental Design 

Vip1-1 mutant cells were treated with a saturating dose of rapamycin (500 µM)7, 11 for 15 

minutes to study early phosphorylation changes. The concentration for rapamycin treatment was 

based on the concentration used to characterize the vip1-1 mutant line previously11 and the 15-

minute time point was based on the time point used in TOR inhibition phosphoproteomic studies 

in Chlamydomonas24 and other organisms53-55.  

5.3.2 Quantitative Coverage of the TOR-Inhibited Phosphoproteome in vip1-1 Mutant 

Five replicates of vip1-1 mutant cells treated with rapamycin were compared to five control 

replicates treated with drug vehicle (DMSO) to study the TOR-inhibited phosphoproteome using 

a label-free quantitative approach. Quantitative coverage on 2,699 phosphosites inferred to 1,442 

phosphoproteins (Table S1) was obtained. The majority of sites were found on serine with 82.4% 

(pS), 16.2% of sites phosphorylated on threonine (pT), and 1.4% phosphorylated on tyrosine 

(pY) (Figure 5.1A).  The majority, 90.8%, of phosphopeptides quantified, were singly 

phosphorylated with 8.2% doubly phosphorylated, and 1% multiply phosphorylated (Figure 

5.1B), similar to what has been found in previous investigations24, 41, 56. 

Inhibition of TOR in the Vip1-1 rapamycin-hypersensitive mutant revealed 316 phosphosites 

from 281 phosphopeptides significantly changing with at least a two-fold change and a p-value ≤ 

0.05 (Figure 5.2, Table S2). These sites are comprised of previously identified phosphosites that 
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are known to be TOR-regulated and highlighted in Table 5.1 in addition to novel sites that are 

significantly changing in the vip1-1 mutant but not previously in wild-type studies24.  

5.3.3 Cluster Analysis and Phosphosite Motif Identification. 

To identify significant trends among the phosphosites changing following TOR inhibition, 

hierarchical k-means clustering was performed resulting in 2 clusters for increasing and 

decreasing sites (Figure 5.3 A,B). Each cluster was examined for significant motifs surrounding 

phosphosites (Figure 5.3 C) since amino acid residues immediately surrounding phosphorylation 

sites on substrates can dictate kinase specificity57. Cluster 1, which is composed of sites 

increasing in abundance following rapamycin treatment, had significant enrichment for an 

aspartic acid residue in the +2 position and glutamic acids in the +3 and +4 positions with respect 

to the phosphorylation site (position 0). These sites indicate an overall acidic motif on the C-

terminal side of the phosphorylation sites. An acidic motif comprised of an enrichment for an 

aspartic acid in the +3 position was identified in the sites increasing in the wild-type study24 but 

additional sites in the +2 and +4 positions were only identified in the vip1-1 strain. This 

enhanced acidic motif may be connected to inositol polyphosphate signaling in Chlamydomonas, 

as acidic residues C-terminal to phosphoserines in yeast have been shown to be critical for 

inositol pyrophosphate signaling and is presumed to be required for binding to magnesium58. In 

cluster 2, which is composed of sites decreasing in abundance following rapamycin treatment, 

there was significant enrichment for a proline in the +1 position indicating substrates for proline-

directed kinases. This common motif was also identified in decreasing sites in the wild-type. 

However, common rapamycin-sensitive motifs such as RXRXXS/T and RXXS/T seen in wild-

type and previous mammalian cell line studies55 were not identified in either cluster 1 or 2 in 

vip1-1.  
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5.3.4 Phosphosites Modulated by TORC1 Inhibition in vip1-1 Strain– Known and Putative 
Substrates 

To begin to understand TOR signaling in vip1-1, proteins that are known TOR targets or 

associated with the pathway, based on homology to other systems21 and from previous TOR 

studies in Chlamydomonas7, 24, 59-60, were evaluated (Table 5.1). Sites on two proteins conserved 

in the CrTORC1 complex, TOR and RAPTOR, were identified in this study. Two phosphosites 

on CrTOR (Cre09.g400553.t1.1), S770/773:NL and S2598, were identified in addition to one 

phosphosite on RAPTOR (Cre08.g371957.t1.1), S782/S783:NL. Site S770/773:NL on CrTOR 

significantly decreased 2.86-fold in abundance following rapamycin treatment. Overall, 28 sites 

on 14 proteins were identified (Table 5.1) and 18 of the 28 sites (64%) were also identified in the 

wild-type study while 10 were unique, including protein kinases related to signal transduction 

regulating carbon metabolism in plants61. 

A phosphosite on a protein kinase related to energy sensing, CrSNF1 (T189/S190/S193:NL, 

Cre04.g211600.t1.1), was identified in this study as increasing by 1.73-fold following TOR 

inhibition. T189/S190/S193:NL is potentially the conserved site to T198 in Arabidopsis and 

T210 in yeast and is contained in the activation loop. This phosphorylation site regulates the 

catalytic activity of the kinase domain in Arabidopsis62-63 and yeast64 with rapamycin shown to 

induce an increase in phosphorylation at T210 in yeast65-66 with similar functionality possible in 

Chlamydomonas based on our vip1-1 findings. A site on another protein kinase, CrPDPK1 

(Cre11.g467568.t1.1), increased in phosphorylation following TOR inhibition. S403 on 

CrPDPK1, a site C-terminal to the kinase catalytic domain (Accession: cl21453), increased by 

2.56-fold and reports in mammalian studies have shown regulation of PDPK1 by inositol 

phosphates or pyrophosphates67.  
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5.3.5 Comparison of vip1-1 Mutant Study to Wild-Type TOR Inhibited Phosphoproteome 
Study 

To compare the phosphorylation sites modulated by TOR inhibition in this study to the wild-

type, fold-changes for differential sites were compared to wild-type fold-changes following TOR 

inhibition24. Of the 281 phosphopeptides changing, 97 (35%) of them overlap with sites 

identified in the previous wild-type work. This suggests most sites experimentally identified as 

TOR-regulated in the vip1-1 mutant were not detected in the wild-type study.  

For those that do overlap, Table 5.1 shows the fold-change comparison for TOR-associated 

proteins in Chlamydomonas and Table S2 provides this information on all differential sites. For 

TOR-associated sites, similar modulation following rapamycin treatment was observed across 

strains as demonstrated by S817 on LARP1 decreasing phosphorylation by 6.66-fold and 7.69-

fold in the vip1-1 mutant and wild-type strains, respectively. Additionally, heightened fold-

changes were observed in CrPRKAB which increased in phosphorylation abundance by 4.28-

fold in the vip1-1 mutant as compared to 2.27-fold in wild-type. This non-catalytic subunit of 

AMPK with a conserved 5'-AMP-activated protein kinase beta subunit, interaction domain 

(pfam: PF04739) serves as an energy sensor protein and the regulatory subunit monitoring 

cellular energy status activated under cellular metabolic stresses. Because of this, a larger 

modulation was observed in the rapamycin hypersensitive vip1-1 mutant. Other sites with 

heightened fold-changes include S155/157:NL on carnosine synthase protein 

(Cre13.g582800.t1.2), a protein with a conserved ATP-grasp domain (pfam: PF02655), that 

decreased 17.9-fold in vip1-1 mutant and 7.2-fold in wild type.  

Interestingly, numerous sites on phosphoproteins were identified with opposite trends in the 

mutant strain than were detected in wild-type (Table 5.2) such as Ser23/25:NL on pfkB-like 
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carbohydrate kinase protein (Cre06.g250500.t1.2). This protein has a conserved carbohydrate 

domain (pfam: PF01256) and ADP-dependent NAD(P)H-hydrate dehydratase activity based on 

gene ontology (GO:0052855). This site had a 1.78-fold increase following rapamycin treatment 

but in the mutant line, had a 2.56-fold decrease. Similarly, Ser481 of NAD(P)-binding 

Rossmann-fold superfamily protein (Cre06.g269050.t1.2), which has a conserved NAD(P)H-

binding domain conserved (pfam: PF13460), had a 2.38-fold decrease in wild-type but increased 

by 4.79-fold in the vip1-1 mutant. These sites, in addition to sites uniformly changing across cell 

lines, could help to increase the understanding between how the two kinase signaling pathways 

interact in Chlamydomonas. In combination with the previous work suggesting that InsPs play an 

essential role in cell growth through the discovery of interplay between these two pathways11, 

this work aims to better understand the relationship between TOR and InsPs through delineating 

overlapping targets and targets unique to both studies. 

5.3.6 Additional Proteins with Phosphosites Altered by TORC1 Inhibition 

Many of the sites changing from this study are from phosphoproteins not previously 

identified as TOR-regulated, including some phosphoproteins with numerous unique sites 

changing. For example, two proteins related to MAPK signaling, NPK1-related protein kinase 2 

(Cre10.g464100.t1.2) and a MAPKK-related protein (Cre06.g310100.t1.2), had two 

phosphosites each decreasing in phosphorylation (Table S2). Another protein, a rhodanese/cell 

cycle control phosphatase superfamily protein (Cre01.g003550.t1.1), had two sites, S763 and 

T764, increasing by 3.56- and 4.30- fold, respectively. While their function has not been 

explored in Chlamydomonas, cell cycle regulatory phosphatases are known to be critical as cell-

cycle checkpoint controls68. 
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The doubly phosphorylated phosphopeptide S1078-S1081 on the glycine-rich protein 

Cre12.g549150.t1.1 had the most significant fold change decrease of 55-fold following TOR 

inhibition. Additionally, two other phosphopeptides from this protein, the doubly phosphorylated 

S988-S991 and a monophosphorylated S1078, were also significantly decreasing, both by 4-fold. 

Glycine-rich proteins have been indicated in stress response in other plant species69 but there is 

limited site conservation to Chlamydomonas based on BLASTP analysis. While that limits the 

ability to infer biological significance on this finding, a previous phosphoproteomic study in 

Chlamydomonas identified S1078 as significantly decreasing following 72 hours of nitrogen 

depletion70, indicating that this site is potentially important for energy metabolism from both of 

these findings.  

5.3.7 Glycolysis-Related Enzymes Modulated by TOR Inhibition 

Key enzymes in the glycolytic pathway in Chlamydomonas have been reported to be under 

protein phosphorylation control71. A comprehensive study found seven of the ten enzymes of the 

late glycolytic pathway required for the conversion of fructose 1,6-bisphosphate to pyruvate to 

be phosphorylated56. In this study, we identified numerous sites on these enzymes and other 

proteins involved in glycolysis that were modulated following TOR inhibition including three 

pyruvate kinase family proteins (Cre03.g144847.t1.1 T34/36:NL, T88/S90:NL, T663/S665:NL, 

Cre05.g234700.t1.1 T63/S64:NL, Cre06.g280950.t1.2 S463/S466:NL) which are important 

regulatory enzymes since they perform irreversible steps in the pathway. Other phosphoproteins 

that had sites modulated include enolase (Cre12.g513200.t1.2 S417/T420:NL), an E1 component 

alpha subunit of the pyruvate dehydrogenase complex (Cre07.g337650.t1.2 S294/S296:NL), 

pyruvate orthophosphate dikinase (Cre17.g734548.t1.1 T535/S536:NL), and a 

phosphofructokinase (Cre06.g262900.t1.2 S81) that increased by 1.6-fold. Overall, these sites 
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were increasing following inhibition (Table S2) except T63/S64:NL on Cre05.g234700.t1.1, a 

pyruvate kinase family protein that decreased by 4-fold. Inositol pyrophosphates have been 

shown to participate in the control of intracellular ATP concentrations in yeast with mutants 

devoid of inositol pyrophosphates having increased glycolysis72. In this study, coverage on 

phosphosites that were not detected in the wild-type study on enzymes involved in glycolysis 

was obtained. The increases in phosphorylation following rapamycin treatment suggest a similar 

role of enhanced glycolysis and decreased ATP-consuming metabolic processes such as 

biosynthesis of macromolecules following TOR inhibition. 

5.4 Conclusion/Summary 

The objective of this study was to characterize the effect of TOR inhibition on the vip1-1 

Chlamydomonas mutant. The rapamycin-hypersensitive strain showed similarities with the sites 

modulated in the wild-type study while also providing other distinct groups of phosphosites not 

previously interrogated or without coverage in wild-type such as numerous sites on 

phosphoproteins related to glycolysis and energy metabolism. Common rapamycin-sensitive 

motifs such as RXRXXS/T and RXXS/T were not identified. A more pronounced acidic motif, 

S/TXEDE, was found in the mutant line over the wild-type, with implications to similar function 

to the critical sequence motifs found in inositol pyrophosphate signaling in yeast.  This could 

relate to the large subset of novel sites modulated just in the vip1-1 mutant study, however future 

work is required to continue to investigate the interplay between these pathways.  
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5.5 Tables 

Table 5.1 TOR targets identified with fold change values for rapamycin vs. control in the vip1-1 
mutant study compared to wild-type values from the study performed in wild-type24. Fold change 
values shaded red indicate a statistically signficant increase in phosphopeptide abundance for 
rapamycin versus control. Fold change values shaded blue indicate a statistically significant 
decrease in phosphopeptide abundance for rapamycin versus control. Sites that do not have a 
corresponding fold-change in the wild-type study because they were not identified are denoted 
with “n/a”. Level of p-value statistical significance is denoted by p-value ≤ 0.05 (*) and ≤ 0.01 
(**). 
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Table 5.2 TOR inhibited sites in vip1-1 mutant with opposite trends from sites identified in the 
rapamycin study performed in the wild-type24. Fold change values shaded red indicate a 
statistically signficant increase in phosphopeptide abundance for rapamycin versus control. Fold 
change values shaded blue indicate a statistically significant decrease in phosphopeptide 
abundance for rapamycin versus control. Level of p-value statistical significance is denoted by p-
value ≤ 0.05 (*) and ≤ 0.01 (**). 
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5.6 Figures 

 

Figure 5.1 Quantitative coverage of the phosphoproteome of Chlamydomonas vip1-1 mutant 
following TOR inhibition. A pie chart showing the ratio of sites phosphorylated in this study 
with 82.4% pSer, 16.2% pThr, and 1.4% pY (A). From the sites detected in this study, a bar chart 
with the amount of phosphorylation events detected per peptide with >90% of phosphopeptides 
detected singly phosphorylated (B).  
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Figure 5.2 Volcano plot of phosphosites modulated by TOR inhibition in a vip1-1 
Chlamydomonas mutant. 149 sites significantly decreasing are shaded blue and 132 sites 
significantly increasing are shaded red. Differentially changing sites were determined using a 
two-sample t-test with p-value ≤ 0.05 threshold and fold-change ± 2.  
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Figure 5.3 Hierarchical clustering of differentially changing sites into 2 clusters (A). 
Visualization was performed in Perseus v1.6.0.0. Following data normalization and missing 
value imputation, intensity values were z-score normalized and grouped using k-means 
clustering with default parameters. Overall trends in site intensity were graphed and colored 
based on intensity (B). For each of the two clusters, motif analysis was performed (C): motif 
analysis on clusters 1 and 2 from hierarchical clustering. Sequence logo visualizations were 
performed using pLOGO with serine or threonine residues fixed at position 0. Positions with 
significant residue presence are depicted as amino acid letters sized above the red line. For 
cluster 1, there was significant enrichment for S/TXDEE motif with a significant amount of C-
terminal acidic residues in the +2, +3, and +4 positions. For cluster 2, there was significant 
enrichment for a proline in the +1 position.  
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CHAPTER 6:  Conclusions and Future Directions 

6.1 Conclusions 

The overall goal of this work was to develop and implement label-free quantitative 

workflows to study the kinome and phosphoproteome in Chlamydomonas. This effort was 

derived from the limited understanding of the regulatory role post-translational modifications 

play in cellular signaling as it applies to kinase signaling pathways, specifically Target of 

Rapamycin kinase signaling, in Chlamydomonas. Prior to this work, a quantitative strategy to 

effectively probe dynamic protein phosphorylation following chemical inhibition in 

Chlamydomonas was limited, especially on the global scale.  

Phosphorylated protein detection in photosynthetic organisms has a history of almost three 

decades1. The ability to employ quantitative phosphoproteomic approaches using mass 

spectrometry, however, is relatively new, and at first traditionally focused on gel-based 

methods2. As advances in mass spectrometry continued to improve throughout the past few 

decades for proteomic applications3-4, detection of thousands of peptides or phosphopeptides in a 

single run became feasible. With this came the opportunity to solve complex biological questions 

requiring quantitative workflows. Efforts to employ quantitative phosphoproteomics in model 

mammalian systems benefitted extensively from this, creating workflows focused on improving 

human health. From this, high-quality, comprehensive, and freely accessible platforms for 

sharing functional information amongst the scientific community were furthered and continue to 

improve. During this time, significant advancements in the bioinformatic toolkit for studying 

plant-specific networks were also ongoing and helped push forward the significance behind   
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“omic” studies in plants as well. The extensive effort to integrate annotations from multiple 

protein analysis tools and protein homology across organisms, in addition to the advances in 

high-mass accuracy and high-resolving power instrumentation, allow for biological inference 

required to make sense of large-scale proteomic and phosphoproteomic data. While this process 

is constantly improving, the advancements in instrumentation and annotations into protein’s 

functionalities that are available permit quantitative label-free workflows such as the one 

developed in this work to exist. 

One of the primary advantages to using this label-free quantitative approach developed for 

investigating the kinome and phosphoproteome in Chlamydomonas is the ability to implement 

the platform on a wide array of potential experimental designs. In this workflow, >2,500 

phosphosites per experiment are consistently quantified with special attention focused on 

reproducibility both at the lab bench and in the data analysis processing post-acquisition. 

Development and implementation of this discovery-based method have led to a better 

understanding of TOR signaling in Chlamydomonas with new insights into the role of LARP1 in 

TOR signaling on downstream protein synthesis, evidence that carotenoid production is under 

TOR control, and further exploration into the interplay with inositol pyrophosphate signaling. 

Additionally, this work has guided follow-up efforts to continue to investigate the 

phosphorylation networks governed by the TOR kinase pathway in Chlamydomonas. This 

includes raising anti-phospho antibodies for site validation on targets of interest and follow-up 

affinity purification-mass spectrometry (AP-MS) experiments prioritized by tagging promising 

targets from this work to examine their interactome in Chlamydomonas through protein-protein 

interactions. 
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This workflow has been shown to successfully identify TOR-modulated phosphosites that 

play fundamental roles in TOR signaling in Chlamydomonas. Since this platform is discovery-

based and capable of optimization for a wide array of plant starting materials, future work in 

other kinase signaling networks in Chlamydomonas and in other photosynthetic organisms is 

possible moving forward. Through collaborative efforts, investigation into various other signal 

transduction pathways in Chlamydomonas and Arabidopsis are ongoing and while technology 

and informatics continue to improve, the ability to learn more from discovery-based methods 

will as well. 
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