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Abstract: 

 

Post-translational modifying (PTM) enzymes constitute 5% of the human genome but most have 

yet to be fully characterized.(Walsh, Garneau-Tsodikova, & Gatto, 2005) Elucidating the 

biological functions of PTM enzymes requires tools that allow for profiling their activities in 

biological systems. Over the course of my graduate studies I furthered the development of a mass 

spectrometry-based technology, which enabled the study of a variety of post-translational 

modifying enzymes. The technology that I expanded, known as Multiplex Substrate Profiling by 

Mass Spectrometry (MSP-MS), employs a 228-member physico-chemically diverse library of 

rationally designed peptide substrates that have maximum sequence diversity within a short 14-

mer peptide.(O’Donoghue et al., 2012) I employed this technology in order to study proteases 

from Mycobacterium, detect modifications from an O-GlcNAc transferase and 

methyltransferase, and established the use of this method for the characterization of kinases. 

 

The more than 500 protein kinases comprising the human kinome catalyze hundreds of 

thousands of phosphorylation events to regulate a diversity of cellular functions; however, the 

substrate specificity has been annotated for only a fraction of these kinases. I established that this 

method can be deployed with as low as 10 nM kinase to determine activity against S/T/Y-

containing peptides; additionally, label-free quantitation was used to ascertain catalytic 

efficiency values for individual peptide substrates in the multiplex assay. Using this profiling 

approach, I developed quantitative motifs for a selection of kinases from each branch of the 

kinome. To increase the information content of the quantitative kinase motifs, a sub-library 

approach was used to expand the testable sequence space within a peptide library of 
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approximately 100 members. I applied this method to address disputed aspects of the HIV-1 Tat 

– positive transcription elongation factor b (P-TEFb) interaction as well as to characterize several 

kinases without known substrates. The sensitivity of this approach is highlighted by its ability to 

detect phosphorylation events from microgram quantities of immunoprecipitated material, which 

will allow for wider applicability of this method. 
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Chapter 1. Introduction 
 
 
 
1.1 Post-translational modifying enzymes: an overview 

 

Analysis of the human proteome reveals that the proteome is significantly more complex than the 

human genome.(International Human Genome Sequencing Consortium, 2004)(Jensen, 2004) 

While initial reasoning may lead one to believe that transcription and translation of a single gene 

will lead to production of a single protein, that is far from the case. A first round of amplification 

can occur at the mRNA level, where several different mRNA transcripts can be produced from a 

single gene due to processes such as recombination, variable termination of transcription, and 

splicing of the mRNA transcript.(Ayoubi & Van De Ven, 1996) These transcripts are transcribed 

into proteins, and the number of mature proteins is expanded again as a result of post-

translational modifications (PTMs). Overall, the 20,000-25,000 genes that constitute the human 

genome are amplified to a transcriptome consisting of ~100,00 mRNA transcripts, which are 

then translated and post-translationally modified, resulting in a proteome of over 1,000,000 

mature proteins. 

 

Post-translational modifications can be divided into two distinct mechanistic categories: (1) 

enzymes that hydrolyze peptide bonds (proteases) and (2) enzymes that covalently modify amino 

acid side chains. This second group of PTM enzymes carries out modifications such as 

phosphorylation, glycosylation, methylation, acetylation, and ubiquitination. PTMs are an 

important part of biology to understand, since the addition and/or removal of these modifications 
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at specific sites and at specific times throughout the cell are responsible for regulating the 

substrate’s activity, localization, and interaction with other macromolecules and small molecules. 

 

Post-translational modifying enzymes are key regulators of cellular processes. Their importance 

is underlined by the fact that approximately 5% of the proteome is made up of PTM enzymes. 

These enzymes are responsible for carrying out more than 200 different types of post-

translational modifications.(Walsh et al., 2005) Most PTMs are reversible, therefore allowing for 

a given protein to be modulated by the addition or removal of a PTM at any stage of its 

existence. Nascent proteins are regularly modified immediately after translation in order to allow 

for correct protein folding or localization. Subsequent modifications may be responsible for 

activating or inactivating an enzyme, or allowing for a protein’s interaction with a binding 

partner. Old or damaged proteins can be marked for degradation through the addition of 

ubiquitin markers, another PTM.(Burger & Seth, 2004) 

 

Post-translational modifications are at the nexus of many areas of research, including cancer, 

neurodegenerative diseases, diabetes, and infectious diseases. Many PTM enzymes have yet to 

be fully characterized, a process that is integral to understanding their role in these diseases. 

Elucidating the biological functions of PTM enzymes requires tools that allow for profiling their 

activities in biological systems. This is a challenging undertaking but has been enabled through 

the advancement of technologies such as mass spectrometry. Much of the work of my thesis has 

been towards the development of a technology that allows for the characterization of a post-

translational modifying enzyme’s substrate specificity and catalytic efficiency. 
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Proteases 

The first major portion of my thesis work focused on studying proteases that had been secreted 

from Mycobacterium. Proteases, or peptidases, are a large and diverse class of PTM enzymes 

that share a common enzymatic activity of the hydrolytic cleavage of peptide bonds. There are 

approximately 500-600 proteases, which constitute upwards of 2% of the human 

genome.(Puente, Sánchez, Gutiérrez-Fernández, Velasco, & López-Otín, 2005) These proteases 

have been grouped into seven distinct classes of proteases on the basis of the mechanism they 

employ to achieve hydrolysis. Unlike other PTMs that are covalent additions and therefore easily 

reversible, proteolytic cleavage is thermodynamically favorable and essentially irreversible. 

Proteases play critical roles in many processes, including ones such as apoptosis, antigen 

processing, and cell signaling.(Chowdhury & Enenkel, 2015)(Rawlings, Waller, Barrett, & 

Bateman, 2014)(Afonina, Müller, Martin, & Beyaert, 2015)(ZHANG, ZHAO, SHEN, & 

ZHANG, 2016) While some proteases such as trypsin are highly active and accept a large 

number of disparate substrate proteins, other proteases are extremely specific, only cleaving 

substrates containing a highly conserved sequence motif. Determining a given protease’s 

substrate specificity is of great importance in order to better understand its biological function. 

 

Kinases 

The majority of my thesis work has been developing a mass spectrometry-based technology that 

was established in our lab for use with proteases and expanding its use for the characterization of 

other PTM enzymes, with a strong emphasis on kinases. Protein phosphorylation is one of the 

most important PTMs in terms of regulating enzymatic activity and signal transduction 

pathways. The importance of phosphorylation is underscored by the estimation that roughly 1/3rd 
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of the human proteome is at some point phosphorylated.(Cohen, 2000) Kinases phosphorylate 

proteins primarily on serine, threonine, or tyrosine residues. This phosphorylation is achieved 

through the transfer of the terminal phosphate group from the universal phosphoryl donor 

adenosine triphosphate (ATP) onto an amino acid side chain. This process is facilitated by 

magnesium chelation of the β- and γ-phosphate groups of ATP, which lowers the energy 

threshold for transfer of the phosphoryl group. 

 

Activation or inactivation of a many proteins is tightly regulated through phosphorylation. The 

addition of a phosphate group to a protein changes the local electrostatic nature of the protein, 

which results in a change in protein conformation. These changes in conformation are commonly 

responsible for either activating or deactivating an enzyme and for recruiting binding partners to 

the newly formed phosphomotif. There are a number of well-studied binding domains that have 

specificity for different phosphorylated amino acid residues, such as the MH2 and WW domains 

that recognize phosphoserine and the Src homology 2 (SH2) and phosphotyrosine binding (PTB) 

domains that recognize phosphotyrosine residues. The recruitment of binding partners through 

motif recognition of a phosphorylated protein is integral for signal transduction. 

 

The human proteome contains more than 500 kinases. This complement is referred to as the 

human kinome.(Manning, Whyte, Martinez, Hunter, & Sudarsanam, 2002) There are two main 

kinds of catalytic domains found in kinases – one kind allows for phosphorylation of tyrosine 

residues, while the other allows for phosphorylation of serine/threonine kinases. Kinases 

typically phosphorylate unstructured regions of proteins and their specificity, particularly that of 

serine/threonine kinases, is strongly dependent on the amino acid residues surrounding the 
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phosphoacceptor site.(L. N. Johnson, Lowe, Noble, & Owen, 1998)(Z. Songyang et al., 1996) 

Available crystal structures of eukaryotic kinases reveals that many kinases, like proteases, bind 

their substrates in an extended linear conformation.(L. N. Johnson et al., 1998)(Brinkworth, 

Breinl, & Kobe, 2003) Computational efforts using these crystal structures have been able to 

successfully identify peptide substrates, highlighting the importance of linear peptide sequences 

in kinase substrate specificity.(Hutti et al., 2004) 
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1.2 Probing PTM enzyme substrate specificity 

 

Understanding the functions of post-translational modifying (PTM) enzymes requires in vitro 

assays in which their specific activity can be monitored. While a variety of assays exist for 

profiling PTM enzymes there is particular value in an assay in which post-translational 

modifications of peptide substrates can be quantitatively measured using colorimetric, 

radiographic, or mass spectrometry-based methods. Recent advances in mass spectrometry have 

allowed for extremely sensitive and direct measurement of substrate modification, making mass 

spectrometry technologies employing a peptide library very powerful. In order to facilitate this 

type of assay format, researchers have taken advantage of synthetic peptide chemistry to develop 

peptide libraries.  

 

Peptide synthesis began with the work of Emil Fischer and Ernest Fourneau, who synthesized the 

dipeptide glycylglycine in 1901. Fischer’s peptide synthesis work laid the foundation for 

subsequent work by others synthesizing peptides. The Nobel Prize in Chemistry was awarded to 

Bruce Merrifield in 1984 for his work developing solid phase peptide synthesis. Merrifield’s 

strategy involved assembly of a peptide chain in a stepwise manner with one end of the nascent 

peptide anchored to a solid resin until completion synthesis.(Merrifield, 1985) Covalent 

attachment of the growing peptide chain to a solid support renders it insoluble, which facilitates 

easier transition between steps in the reaction, where washing away of excess reactant and 

byproduct can be easily accomplished. This solid phase peptide synthesis (SPPS) has been 

further streamlined and Fmoc solid phase peptide synthesis (SPPS) is currently the most widely 

used method for peptide synthesis.(Behrendt, White, & Offer, 2016) Generating synthetic 
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peptides using this technology first gained popularity when biologists recognized that synthetic 

peptides could be used for rapid antibody production.(Walter, 1986) Fmoc SPPS is now easily 

accomplished using a highly automated method in which a large number of peptides can be 

synthesized in a single machine run, and that only requires the use of corrosive TFA at the end of 

synthesis.(Eberle, Atherton, Dryland, & Sheppard, 1986) The Craik lab has one such peptide 

synthesizer (Biotage Syro II), which I have used to synthesize a number of peptides in my thesis 

work with the help of Matt Ravalin, another graduate student in the Craik lab. 

 

Use of synthetic peptide libraries to profile substrate modification presents advantages over other 

profiling techniques that are available. Since all peptide sequences within the library are known 

and the sample is less complex and is free of contaminating enzymes, modification detection and 

localization of modification site is much simpler and less error-prone. Another advantage of 

using a synthetic peptide library over one derived from a cell lysate is that factors like substrate 

concentration can be easily controlled and optimized. Results from synthetic peptide library 

screening also are more reproducible than those from proteome-derived library analyses. 

Algorithms can be employed in order to develop unbiased libraries that have maximal sequence 

diversity within a relatively small number of sequences. The Craik lab developed a mass 

spectrometry based peptide library assay for profiling proteases known as multiplex substrate 

profiling by mass spectrometry (MSP-MS), the use of which will be discussed further in 

Chapters 2 and 3. 

 

There are numerous peptide-based approaches for profiling the substrate specificity of 

kinases.(Hutti et al., 2004)(J. J. Wu, Phan, & Lam, 1998)(Rychlewski, Kschischo, Dong, 
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Schutkowski, & Reimer, 2004)(Rodriguez, Li, Harper, & Songyang, 2004)(Luo, Zhou, & 

Lodish, 1995)(Pearson & Kemp, 1991) These methods employ fluorescence, radioactivity, or 

colorimetry to detect kinase activity. Direct modification measurement using mass spectrometry 

therefore presents a significant improvement upon these currently available methods, since 

fluorescent and colorimetric reporter groups can interfere with enzyme-substrate binding and 

lack sensitivity, and radioactivity-based methods have costly disposal and health hazards to the 

researcher. MSP-MS, by allowing for direct, rapid, unbiased, and label-free quantitation of post-

translational modifications, presents a useful alternative to existing profiling methods for 

kinases, and through my thesis work I have developed the MSP-MS workflow for use with 

kinases. 
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1.3 Pathogens utilize post-translational modifications to drive cellular processes 

 

Infectious agents use a variety of mechanisms in order to modulate the cellular processes within 

their hosts. In order to control host cell machinery, pathogens such as viruses and bacteria secrete 

enzymes that alter normal host cellular pathways in order to allow for virulence. Post-

translational modifying enzymes are frequently involved in these interactions. 

 

Many kinds of pathogens secrete proteases that allow for virulence by allowing for functions 

such as adhesion and invasion to hosts, immune system evasion, and procurement of nutrition. 

Vibrio cholera secretes a protease that allows for host tissue invasion. (Naglik, Challacombe, & 

Hube, 2003) The fungus Candida albicans secretes aspartyl proteases (SAPs) that allow for 

adhesion, invasion, and tissue degradation.(Vaitkevicius et al., 2008) These are just a few 

examples of pathogens secreting proteases in order to enable virulence and there are many more. 

 

Other pathogens hijack the host’s post-translational modifying enzymes in order to promote their 

own replication, as is the case with human immunodeficiency virus (HIV). HIV has a small 

genome encoding only 15 proteins and is therefore highly dependent upon host cellular 

machinery for replication and proliferation. Modulation of host factors by HIV is accomplished 

in a variety of mechanisms, and post-translational modifications (PTMs) have been increasingly 

recognized as an essential and poorly understood aspect in controlling viral pathogenesis. On 

example that will be discussed in more detail later is the HIV-1 Tat protein – it coordinates the 

host kinase P-TEFb in order to phosphorylate proteins that allow for increased transcription of 

the integrated viral genome. This and other protein-protein interactions between each of the HIV-
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1 proteins and various host proteins were mapped as part of a joint project between the Krogan 

and Craik labs (UCSF). In these series of experiments, the total interactome of each of the fifteen 

HIV-1 proteins was mapped using affinity purification followed by mass spectrometry (AP-

MS).(Jäger et al., 2011) In order to map these interactions, a strep tag was added to the C-

terminus of catalytically inactive versions of each HIV-1 factor. These constructs were expressed 

in two different human cell lines and then immunoprecipitated using the strep tag. Interacting 

host proteins were identified using liquid chromatography tandem mass spectrometry (LC-

MS/MS) analysis of the immunoprecipitated material.(Jäger et al., 2011) Ten percent of the 497 

high-confidence HIV-host protein-protein interactions identified in this screen involved host 

PTM enzymes. Investigation directed by this comprehensive data set may enable understanding 

of the mechanisms by which HIV modulates host PTM enzyme activity for its own benefit. 

Several of the HIV-1 factor – host protein pairs identified in this study were studied further, as 

will be described in Chapters 3 and 4. 
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1.4 HIV-1 Tat hijacking of P-TEFb activity 

 

HIV-1 Tat was one of the viral factors whose protein-protein interactions with host proteins were 

mapped in the HIV interactome study described earlier.(Jäger et al., 2011) One of Tat’s critical 

interactions is with the human kinase P-TEFb. This interaction is integral to Tat’s transactivation 

of the integrated viral genome activity. 

 

The activity of RNA polymerase II (RNAP II) is tightly regulated throughout every stage of 

transcription and differential phosphorylation of the RNAP II C-terminal domain (CTD) allows 

for binding of specific regulators.(Kuras & Struhl, 1999)(Sims, Belotserkovskaya, & Reinberg, 

2004)(Ptashne, 2005)(Saunders, Core, & Lis, 2006) In HIV-infected cells, HIV-1 Tat recruits the 

host kinase P-TEFb to the transactivation response element located at the 5’ end of all viral 

transcripts. Tat recruits P-TEFb as part of a larger super elongation complex (SEC) that also 

contains AFF4, ENL or AF9, and the elongation factor ELL2.(He et al., 2010) Tat mediates its 

transactivation activity through coordinating P-TEFb phosphorylation of the RNAP II CTD and 

the negative elongation factors NELF and DSIF, thereby stimulating transcriptional elongation 

along the viral genome (Figure 1.1).(Buratowski, 2009)(Peterlin & Price, 2006) Different groups 

have reported that Tat stimulates the catalytic efficiency of CDK9 between two- and ten-fold, 

and the effect of P-TEFb catalytic efficiency is under debate as well.(Czudnochowski, Bösken, & 

Geyer, 2012)(Schulze-Gahmen et al., 2013) 

 

The mammalian CTD is comprised of 52 repeats of the heptapeptide Tyr1-Ser2-Pro3-Thr4-Ser5-

Pro6-Ser7, and is phosphorylated predominantly at serine residues 2 and 5 during 
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transcription.(Dahmus, 1996)(Orphanides, Lagrange, & Reinberg, 1996)(“Characterization of the 

Residues Phosphorylated in Vitro by Different C-Terminal Domain Kinases,” n.d.) A general 

consensus is that Ser-5 is phosphorylated during transcriptional initiation by CDK7 and Ser-2 is 

phosphorylated during transcriptional elongation by P-TEFb; however, the kinase responsible for 

phosphorylating each residue as well as the role of Tat in controlling these phosphorylation 

events has been the subject of some debate.(Czudnochowski et al., 2012)(Zhou et al., 

2000)(Ramanathan, Reza, Young, Mathews, & Pe’ery, 1999) Additionally, a more broad 

analysis of the effect of Tat on P-TEFb substrate specificity outside of the context of the RNAP 

II CTD has not been done. As will be discussed in Chapter 3, a large portion of my thesis work 

was devoted to determining what effect Tat has on the substrate specificity and catalytic 

efficiency of P-TEFb, as well as what P-TEFb’s preferred phosphorylation site is, using my 

adapted version of the MSP-MS technology. 
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1.5 Figure 

 

 
Figure 1.1. Model of Tat-mediated transactivation through coordination of P-TEFb 

phosphorylation.
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Chapter 2. Characterization of secreted Mycobacterium proteolytic activity 

 
 
 
2.1 Forward 

 

During the Winter quarter of 2012 I rotated in the laboratory of Jeff Cox, who is now at UC 

Berkeley. During my rotation I worked with Mycobacterium smegmatis in order to examine the 

Mycobacterium tuberculosis CRISPR-Cas system. Through this rotation I realized that I was 

quite interested in Mycobacterium tuberculosis and its mechanisms of evading host defense 

mechanisms. A previous student in the Craik lab, Manisha Ray, had worked jointly between the 

Cox and Craik laboratories to study a Mycobacterium protease, MycP1. This provided 

inspiration for my rotation project, which would employ the MSP-MS technology recently 

developed in the Craik lab in order to study the secreted proteases from Mycobacterium with the 

aim of characterizing the proteases’ role in host evasion.  
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2.2 Introduction 

 

Mycobacterium tuberculosis, the causative agent of tuberculosis, affects one third of the world’s 

population causes two million deaths annually. This can be somewhat attributed to the multiple 

mechanisms that M. tuberculosis has evolved to resist bactericidal host defenses, including acid 

and oxidative stresses. After being inhaled, M. tuberculosis infects the alveolar macrophages and 

grows very slowly. M. tuberculosis is able to survive and reproduce inside macrophages due to 

its secretion of a number of proteins that allow it to escape the host’s immune response.(Hsu et 

al., 2003)(Stanley, Raghavan, Hwang, & Cox, 2003) Several groups have identified secreted 

proteases of M. tuberculosis, but the global proteolytic activity of the secretome has yet to be 

characterized. I was interested in using technology developed in the Craik lab in order to 

examine the proteases that M. tuberculosis may secrete in order to evade host defense 

mechanisms. 

 

The secreted proteolytic activity of M. tuberculosis was hypothesized to be of importance to 

pathogenicity since many bacterial pathogens employ proteases in order to modulate host 

response. Proteases, enzymes that irreversibly cleave proteins, are essential regulators for all 

cellular processes, making up roughly 3% of an organism’s genetic material.  Proteases in M. 

tuberculosis and other bacterial pathogens are essential for a number of cellular processes, such 

as regulation of cell cycle progression through cleavage of specific transcription factors, 

destruction of misfolded proteins, and secretion of bacterial virulence factors.(Gottesman, 2003)  
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In order to characterize the secreted proteolytic signature of M. tuberculosis, the workflow was 

first optimized using a common model organism for M. tuberculosis, M. smegmatis. While direct 

analysis of M. tuberculosis samples is ideal, M. tuberculosis requires three to four weeks to 

develop colonies on a Petri dish, making direct assay optimization unrealistic. In contrast, M. 

smegmatis has a generation time of approximately 24 hours and is non-pathogenic, making it an 

optimal model system for the slow growing and extremely hazardous (Biosafety Level 3) M. 

tuberculosis. M. smegmatis was used in order to optimize the assay workflow, and then analysis 

was able to be carried out using samples from M. tuberculosis. 

 

The main tool employed to study M. tuberculosis secreted proteolytic activity was Multiplex 

Substrate Profiling by Mass Spectrometry (MSP-MS). This assay, employing a synthetic peptide 

library of 228 14-mer peptides with maximal physico-chemical diversity, allows for the 

characterization of proteolytic activity from either a purified protease or a complex sample, the 

latter being the case for our M. tuberculosis samples. Use of a panel of protease inhibitors allows 

for delineation of the kinds of proteases implicated in the activity, and a proteolytic substrate 

signature is easily obtained using this technology. Using MSP-MS, the secreted proteolytic 

signature of first M. smegmatis and then M. tuberculosis was uncovered. These signatures were 

used to direct synthesis of early stage fluorescent probes that could potentially be used to 

diagnose M. tuberculosis infection and examine the success of a course of antibiotic treatment 

against an infection.  

 

Having a characteristic proteolytic signature for either lysed M. tuberculosis cells or the secreted 

fraction from M. tuberculosis could be useful in developing a diagnostic tool for M. tuberculosis. 
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The current tools available for diagnosing an M. tuberculosis infection are costly and not widely 

available in the primarily third world countries where M. tuberculosis infections are most 

common. One could envision synthetic fluorescent substrates that could be used to rapidly 

identify proteolytic activity that is stemming either from secreted M. tuberculosis material, or 

from lysed M. tuberculosis cells. The former could be used in order to rapidly diagnose M. 

tuberculosis infection. Sputum isolated from a sick patient could be assayed on this fluorescent 

substrate, and activity on the substrate would suggest that the patient is indeed infected with M. 

tuberculosis. A substrate selective for proteolytic material from lysed M. tuberculosis cells could 

be useful in monitoring the progress of individuals undergoing antibiotic treatment. Successful 

antibiotic treatment would result in lysis of the M. tuberculosis cells in their lungs. Sputum from 

such patients would contain the contents of these lysed M. tuberculosis cells, and effective 

antibiotic treatment could be confirmed through observing activity on the lysis-selective 

substrate.  
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2.3 Methods 

 

Collection of conditioned media 

In order to determine secreted proteolytic signature for M. smegmatis, conditioned media was 

collected. M. smegmatis (strain obtained from the Cox laboratory) was grown up in minimal 

media until they reached an OD600 just below 0.2 in order to avoid autolysis. Six one-liter 

cultures were grown up in parallel and the media was harvested at OD600 0.19. The cell pellet 

was discarded and the media was concentrated down 25-50x using a 10kDa cutoff. Initial assays 

using 25x concentrated media showed low levels of protease activity, so subsequent preparations 

were concentrated down 50x (six liters of conditioned media concentrated down to 30 mL) in 

order to establish higher levels of activity. M. tuberculosis conditioned media (concentrated 50x) 

was obtained from a collaborator in the Cox lab. 

 

iFRET assays 

In order to determine the approximate levels of proteolytic activity in our conditioned media 

samples, fluorescent assays were carried out using the Craik lab library of iFRET peptides. 

Conditioned media samples (49 uL) were added to wells on a plate containing 1 uL of 5 mM 

fluorescent peptide, and cleavage of these peptide substrates was measured kinetically using a 

plate reader. A variety of protease inhibitors were included in subsequent assays (EDTA, E-64, 

Pefabloc, 1,10-Phenanthroline, and “Complete” Protease Inhibitor Cocktail tablets (Roche)), 

which allowed for the determination of what kind of proteases were present in the samples. 

These assays were optimized using M. smegmatis samples and then repeated with M. 

tuberculosis samples.  
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MSP-MS analysis 

After iFRET analysis confirmed that conditioned media samples were proteolytically active, 

MSP-MS analysis was carried out for M. smegmatis and M. tuberculosis samples. Conditioned 

media samples were incubated with the peptide library (500 nM). 30 uL time points were 

removed at 15, 60, 240, and 1200 minutes and quenched using 7.5 uL of 20% formic acid. Time 

points were desalted using C18 ZipTips and dried down using a SpeedVac. Prior to analysis, 

samples were resuspended in 30 uL 0.1% formic acid. 1 uL of sample was injected into an LC-

MS/MS system. A no enzyme control (NEC) was done under identical reaction conditions for 

each experiment to identify any background false phosphopeptide identifications. 

 

Cleavage product identification by LC-MS/MS Peptide Sequencing. 

Peptides were sequenced using an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific) 

paired with a 10,000 p.s.i. system-nanoACQUITY (Waters) ultra-performance liquid 

chromatography instrument with an EASY-Spray column (15 cm x 75 μm ID, PepMap C18, 3 

μm; ES800; Thermo Scientific). The LC was run at a flow rate of 600 nL/min for sample loading 

and 300 nL/min for peptide separation using a linear gradient from 2% B to 30 %B (solvent A: 

0.1% formic acid in water, solvent B: 0.1% formic acid in 70% acetonitrile), resolved over 27 

min for sub-library or 57 min for full library analysis. Survey scans were recorded over a 350 – 

1,400 m/z range, and MS/MS was performed in data-dependent acquisition mode with higher-

energy collisional dissociation (HCD) fragmentation on the ten most intense precursor ions.  
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Resulting peak lists were generated using PAVA (UCSF-developed software) and data were 

searched using Protein Prospector software v. 5.15.0.(Chalkley, Baker, Medzihradszky, Lynn, & 

Burlingame, 2008) Data were searched against a defined database of our 228 peptides. Mass 

tolerances were set at 20 ppm for parent ions and 30 ppm for fragment ions. Peptide sequences 

were matched as non-enzymatically digested peptides. N-terminal pyroglutamate from glutamine 

and glutamate, oxidation of tyrosine, and mono- and di-oxidation of tryptophan were set as 

variable modifications. Protein Prospector search compare score settings were set at: minimum 

protein score of 20, minimum peptide score of 15, and maximum expectation values of 0.01 for 

protein and 0.00001 for peptide matches. The full length sequences of the identified cleavage 

products were deduced by comparison to the intact peptides found in the library, and an excel 

format of the results was generated using the Extractor program (UCSF).(O’Donoghue et al., 

2012) 

 

Specificity motif generation. 

All possible decapeptide sequences from the 228-member library (2964 in total) were generated 

and imported into iceLogo as a negative set.(Colaert, Helsens, Martens, Vandekerckhove, & 

Gevaert, 2009) The difference in frequency of an amino acid at a position between the positive 

and negative data sets was calculated as a percentage difference. Amino acids that were 

significantly (P ≤ 0.05) over- or under-represented in the positive set were graphically 

represented in the iceLogo plot, with the size of each letter proportional to the magnitude of its 

percent difference.  

 

Purification of the major secreted proteolytic activity 
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MSP-MS analysis of M. smegmatis samples identified the sequence “ARSAFAEM” as a highly 

preferred substrate. This peptide was synthesized as a fluorescent probe, with a C-terminal DNP 

quencher and N-terminal MCA fluoro group. Peptide synthesis was performed on an automated 

peptide synthesizer using solid-phase conditions, Fmoc-Arg(Pbf)-Wang resin (100-200 mesh; 

Millipore) and Fmoc main-chain protecting group chemistry. Fmoc-protected amino acids were 

purchased from Fisher Scientific. HBTU/HOBt/DIEA was used for coupling. Following 

synthesis, peptides were deprotected and cleaved from the resin using trifluoroacetic acid, and 

then ether precipitated to yield a crude product. Pure peptides were obtained using high-

performance liquid chromatography (HPLC) (Varian ProStar) on a reversed-phase C18 column 

(Varian). Molecular mass of the purified peptides was confirmed using MALDI-TOF (PE-

Biosystems Voyager Elite STR MALTI-TOF). Stock solutions (5 mM in DMSO) were prepared 

for each peptide and were stored at -80°C. 

 

This synthetic peptide substrate was then used to monitor proteolytic activity throughout 

purification. Six liters of conditioned M. smegmatis media was concentrated down to 30 mL. 

This media was then run over a DEAE Anion Exchange column (GE Healthcare) with a 0-1 M 

NaCl gradient. A fluorescent protease assay was performed on each fraction using the 

fluorescent substrate and the most active fractions were pooled. These pooled fractions were then 

injected into and run over a Sephadex 75 Size Exclusion column (GE Healthcare). Again, each 

fraction was assayed for proteolytic activity against the fluorescent probe and active fractions 

were pooled. The identity of the proteases in this sample was then determined using in-gel and 

in-solution trypsin digestion and mass spectrometry peptide sequencing. 
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Proteomics 

In-solution trypsin digestion was conducted as previously described using a 1:50 mass ratio of 

trypsin:protein.(O’Donoghue et al., 2012) Peptides were recovered and desalted using C18 

ZipTips (Rainin). Peptide indentification was conducted as previously described using the LTQ-

Orbitrap XL mass spectrometer (Thermo).(O’Donoghue et al., 2015) To identify proteins, 

searches were carried out against the Uniprot database (downloaded March 21, 2012). This 

database was concatenated with a fully randomized set of proteins for determination of false-

identification rate. Peptides were matched with up to two missed trypsin cleavages, 

carbamidomethylated cysteines as a fixed modification, and oxidation of methionine, N-terminal 

methionine loss with or without acetylation, N-terminal acetylation or oxidation, and 

pyroglutamate from glutamine at the N-terminus were set as variable modifications. Toleraces 

for mass accuracy were chosen as 20 ppm for parent and 0.8 Da for fragment ions.  Protein 

Prospector settings for protein identification from the database were set as 20 for the minimum 

protein score and 15 for the minimum peptide score. The maximum expectation value for 

proteins was set at 0.009 and for peptides was 0.05.  
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2.4 Results 

 

Initial iFRET assays 

Protease assays of concentrated secreted material from M. smegmatis and then M. tuberculosis 

were carried out on the Craik Lab iFRET library. Assays were initially attempted using 25x 

concentrated M. smegmatis conditioned media but the activity was quite low, making the signal 

to noise ratio below a desirable limit. Subsequent assays were then carried out using 50x 

concentrated media. After the presence of proteolytic activity was established, a variety of 

inhibitors were included in the assay to determine what kinds of proteases were present in the 

secreted material. The major proteolytic activity from both Mycobacterium species was sensitive 

to the metalloprotease inhibitor 1,10-phenanthroline, suggesting that much of the secreted 

proteolytic activity is due to cleavage by one or more metalloproteases (Figure 2.1, Figure 2.2). 

 

MSP-MS analysis of Mycobacterium conditioned media 

MSP-MS analysis identified a set of substrates that were robustly cleaved by proteases secreted 

from each bacterial species. For M. smegmatis secreted material, a strong substrate preference for 

hydrophobic residues in the P1’ position was identified for endopeptidase cleavages (Figure 2.3). 

There was also a preference for basic residues in the P3, P2, and P1 positions. In addition to the 

endopeptidase activity detected, M. smegmatis secretions also included activity from a 

monoaminopeptidase that preferred Lys in the P1 position (Figure 2.4). This identified 

preference or a hydrophobic residue in the P1’ position and basic residues at P3-P1 directed the 

synthesis of an optimal substrate that could be used to purify out the major proteolytic material. 

A fluorescent peptide substrate (ARSAFAEM) was then synthesized based on these MSP-MS 
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results. This substrate proved to be a better substrate for the secreted proteolytic material than the 

other FRET substrates available in the lab (Figure 2.5). 

 

Purification of the major M. smegmatis secreted protease 

The synthesized “MCA-ARSAFAEM-DNP” substrate was then used to purify out the major 

protease from M. smegmatis, hypothesized to be a metalloprotease based on the iFRET 

experiments including 1,10-phenanthroline. Purification of this protease was achieved through 

use of anion exchange chromatography followed by size exclusion chromatography (Figure 2.6). 

Six liters of conditioned media was concentrated down to 30 mL, which was then run through a 

DEAE column. Fractions were assayed for activity on the fluorescent substrate and highly active 

fractions were pooled. These pooled fractions were then subjected to size exclusion 

chromatography, and resulting fractions were again assayed on the fluorescent substrate. Highly 

active fractions were pooled and this final semi-pure prep was subjected to in-solution trypsin 

digest followed by peptide sequencing via mass spectrometry in order to identify the protease. 

 

Proteomics 

The final semi-pure preparation of the major secreted protease from M. smegmatis was digested 

with trypsin and then analyzed via mass spectrometry. The proteomics results with proteases 

highlighted are listed in Table 2.1. The metallopeptidase (rank 18) is 11 times enriched from the 

DEAE pooled fractions to the final semi-pure prep, suggesting that this was the protease that was 

successfully selected for in purification based on its activity on the synthesized iFRET substrate. 

This metallopeptidase has an ortholog in M. tuberculosis, which has recently been characterized 

and is known as Zmp1. Two other proteases showed up in the proteomics list. Aminopeptidase N 
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(rank 33) may be responsible for the exopeptidase activity that is described in Figure 2.4. Since 

the major protease identified is non-essential to M. tuberculosis and already well characterized, 

subsequent experiments focused on description of M. tuberculosis proteolytic activity specific to 

the lysed and secreted fractions of M. tuberculosis. 

 

Comparison of secreted Mycobacterium tuberculosis proteolytic activity to intracellular 

protease activity 

With the aim of developing a protease-based imaging agent for M. tuberculosis that could 

distinguish between viable M. tuberculosis, secreting proteases, and antibiotic-lysed M. 

tuberculosis, we compared the secreted fraction of M. tuberculosis to an antibiotic-lysed sample. 

Initial comparison between the secreted fraction and antibiotic-treated (lysed) fractions revealed 

that antibiotic-treated M. tuberculosis samples have a slightly higher amount of proteolytic 

activity (Figure 2.7). MSP-MS was then carried out on both M. tuberculosis conditioned media 

and antibiotic-treated M. tuberculosis samples. Cleavages specific to antibiotic-treated M. 

tuberculosis are visualized by the iceLogo in Figure 2.8, and cleavages from secreted proteases 

are visualized in Figure 2.9. These logos were distinct enough and enough of the substrate 

peptides were unique to each sample that candidate probe sequences were able to be chosen. 

 

Development of secreted-specific and lysed-specific M. tuberculosis probes 

Four peptides specific to the antibiotic-treated M. tuberculosis samples were chosen as candidate 

substrates to be synthesized and used as a potential diagnostic for lysis. These sequences were: 

FGIFYLNG, GLYFITHR, LVATVYEF, and RVIFFRLN. Four peptides were also chosen that 

were specific for secreted proteases. These sequences were: HWQRVIFF, MYYKRFMA, 
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ALFRKYP, and SYEKQRFH. These FRET peptides were synthesized with high yield; however, 

they proved to be highly insoluble, and successful HPLC purification was never able to be 

carried out. 
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2.5 Discussion 

 

In this project, I was able to successfully use the MSP-MS assay to describe the complex 

biological mixtures of Mycobacterium secretions. M. smegmatis extracellular proteolytic activity 

is dominated by several metalloproteases – an endopeptidease and a monoaminopeptidase. This 

endopeptidase exhibited a strong preference for Phe at P1’, which allowed for the purification of 

this protease through the use of a synthesized fluorescent peptide substrate. The successful 

purification of the main proteolytic activity from M. smegmatis out of this complex mixture 

provides an example of a promising application of the MSP-MS technology. Coupled with the 

rapid peptide synthesis now available in the Craik lab, it is forseeable that any secreted protease 

of interest that has a strong substrate preference could be purified, identified, and characterized 

out of a complex mixture in a similar fraction. 

 

The probes that were synthesized to be selective for either the intracellular M. tuberculosis 

proteases, which would only be secreted upon lysis, or the secreted proteases, which would be 

present in samples from M. tuberculosis-infected individuals, were never successfully purified. If 

the purification of these probes was able to be finished it is forseeable that they would be useful 

in determining the viability of M. tuberculosis samples, and applied to characterize the sputum of 

infected or suspected to be infected individuals. The currently available tests to determine if an 

individual is infected with M. tuberculosis are slow, since it takes upwards of three weeks for M. 

tuberculosis colonies to form on Petri dishes. Therefore, if an individual is suspected to be 

infected with M. tuberculosis, their sputum could be assayed against the fluorescent probes 

specific to secreted proteases. Cleavage of these probes would reveal an M. tuberculosis 
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infection and would be a faster way to diagnose an infection. Similarly, patients that are 

undergoing a course of antibiotic treatment for an M. tuberculosis infection do not have a rapid 

test that can determine the efficacy of their treatment regimen. If the sputum from these samples 

cleaves the substrates specific for the intracellular proteases, that would signal that the antibiotics 

are working, lysing the M. tuberculosis in this individual and clearing the infection. Therefore, 

finishing the development of these probes may be a worthwhile project. 
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2.6 Figures 

 
Figure 2.1. 50x concentrated M. smegmatis conditioned media against two iFRET substrates and 

a panel of inhibitors. The major proteolytic activity is sensitive to 1,10-phenanthroline, which 

suggests that it is stemming from one or several metalloproteases. 
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Figure 2.2. 50x concentrated M. smegmatis and M. tuberculosis secreted material against four 

iFRET substrates and the metalloprotease inhibitor 1,10-phenanthroline (2.5 mM). These results 

indicate that the major proteolytic activity from each Mycobacterium strain is due from one or 

more metalloproteases. 
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Figure 2.3. MSP-MS results for M. smegmatis, endopeptidase cleavages. There is a strong 

preference for hydrophobic/aromatic amino acid residues at P1’ and basic residues at P3-P1. 

These preferences directed the development of a fluorescent probe specific for the major 

proteolytic activity with the sequence ARSAFAEM. 
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Figure 2.4. MSP-MS results for M. smegmatis, exopeptidase cleavages. This monoamino 

peptidase activity has a strong preference for Lys at the P1 position. A probe specific for this 

protease could easily be synthesized in order to purify out the protease. 

  



 

 33 

 
Figure 2.5. Comparison of the new iFRET substrate for M. smegmatis to previously available 

substrates. The synthesized substrate “ARSAFAEM” is ≥1.5x times better than the other iFRET 

substrates that were previously available.  
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Figure 2.6. Purification of the major secreted protease from M. smegmatis using a DEAE 

column and then a Sephadex 75 column. Fractions that were active against the synthesized 

substrate for the major secreted proteolytic activity and were pooled are filled in in green. 
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Table 2.1. Proteomics analysis of semi-pure protease and intermediate purification pool. The 

proteases are highlighted in yellow. The metallopeptidase (rank 18) was successfully purified 

using the synthesized fluorescent substrate. 

  Semi-pure Prep DEAE Pool     

Rank Peptide 
Count % Coverage Peptide 

Count % Coverage Protein MW Protein Name 

[1] 48 42.8 22 23.6 102171.6 Aconitate hydratase 1 (Putatice aconitate 
hydratase) 

[2] 35 34.1 13 13.8 77368.4 Elongation factor G 
[3] 36 39.4 24 26.1 56487.7 60 kDa chaperonin 1 
[4] 35 48.9 20 30.7 55098.9 Glycerol kinase 
[5] 27 69.9 15 32.4 42095.1 Phosphoglycerate kinase 
[6] 41 63.1 36 63.1 40909.6 Secreted protein 

[7] 31 63 14 37 40932.7 Succinyl-CoA ligase [ADP-forming] subunit 
beta 

[8] 28 54.4 28 50.9 39936.3 Transaldolase 

[9] 26 57 9 21.7 30948.7 Succinyl-CoA ligase [ADP-forming] subunit 
alpha 

[10] 22 33.7 5 7.2 67297.5 Phosphoenolpyruvate carboxykinase [GTP] 
[11] 28 37.3 10 13.8 66647 Chaperone protein dnaK 
[12] 29 40.9 27 48.7 43736.1 Elongation factor Tu 
[13] 17 42.2 4 6.9 42591.6 Beta-ketoadipyl CoA thiolase 

[14] 16 39.4 5 14.6 37919.9 DNA-directed RNA polymerase subunit 
alpha 

[15] 13 38.3 13 27.6 33069 Methoxy mycolic acid synthase 1 
[16] 12 27.4     58097.9 Methionyl-tRNA synthetase 
[17]     10 70.1 18005 Transcription elongation factor greA 
[18] 11 15.6 1 2.4 74130.4 Metallopeptidase 
[19] 12 46.2 11 33.2 23464.4 Short chain dehydrogenase 
[20] 12 32.5 2 5.8 47090.3 Isocitrate lyase 
[21] 11 16.3 2 3.3 68247.4 GTP-binding protein TypA/BipA 

[22] 10 31.1 1 4.1 41922.8 Pyridine nucleotide-disulphide 
oxidoreductase 

[23] 6 27.5 3 21.7 33360.8 Immunogenic protein MPT63 
[24]     6 57.2 14909.5 Putative uncharacterized protein 

[25] 9 17.2     51812.9 6-phosphogluconate dehydrogenase, 
decarboxylating 

[26] 6 48.3 15 64.4 12394.8 HesB/YadR/YfhF family protein 
[27] 10 33.1     27142.7 Putative uncharacterized protein 

[28] 8 22.3 2 9.3 27300.2 2,3-bisphosphoglycerate-dependent 
phosphoglycerate mutase 

[29] 10 21.3     59429.3 Arginyl-tRNA synthetase 
[30] 7 22.3     53316.3 30S ribosomal protein S1 
[31] 3 39 15 85 10763.2 10 kDa chaperonin 
[32]     7 29.3 31925.5 Fructose-bisphosphate aldolase class-I 
[33] 9 7.1 2 3 94099.1 Aminopeptidase N 
[104] 3 10.5   45705.7 Peptidase M20 
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Figure 2.7. Comparison of the total proteolytic cleavages detected using the same amount (total 

protein) of the secreted fraction and antibiotic-treated M. tuberculosis samples. These results 

indicate that the intracellular proteases either make up more of the total percent of protein in the 

sample, or are more active than the secreted proteases. 
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Figure 2.8. iceLogo of cleavages specific to antibiotic-treated M. tuberculosis. This logo and the 

cleavages specific to this sample allowed for selection of candidate probe sequences to indicate 

activity due to lysed M. tuberculosis cells. 
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Figure 2.9. iceLogo of cleavages specific to secreted M. tuberculosis. This logo and the 

cleavages specific to this sample allowed for selection of candidate probe sequences to indicate 

activity due to the secreted M. tuberculosis proteases.  
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Chapter 3. Multiplex Substrate Profiling by Mass Spectrometry for Kinases Reveals 
Quantitative Substrate Motif 
 
 

 
3.1 Abstract 

 

The more than 500 protein kinases comprising the human kinome catalyze hundreds of 

thousands of phosphorylation events to regulate a diversity of cellular functions; however, the 

extended substrate specificity has been annotated for only a fraction of these kinases. We report 

here a method for quantitatively describing kinase substrate specificity using an unbiased peptide 

library-based approach with direct measurement of phosphorylation by tandem LC-MS/MS 

peptide sequencing (Multiplex Substrate Profiling by Mass Spectrometry, MSP-MS). This 

method can be deployed with as low as 10 nM enzyme to determine activity against S/T/Y-

containing peptides; additionally, label-free quantitation is used to ascertain catalytic efficiency 

values for individual peptide substrates in the multiplex assay. Using this profiling approach we 

developed quantitative motifs for a selection of kinases from each branch of the kinome, for 

kinases with and without known substrates, highlighting the applicability of the method. To 

increase the information content of the quantitative kinase motifs, a sub-library approach was 

used to expand the testable sequence space within a peptide library of approximately 100 

members for CDK1, CDK7, and CDK9. Quantitative kinetic analysis of the HIV-1 Tat – positive 

transcription elongation factor b (P-TEFb) interaction allowed for localization of the P-TEFb 

phosphorylation site as well as characterization of the stimulatory effect of Tat on P-TEFb 

catalytic efficiency. The sensitivity of this approach is evidenced by its ability to detect 

phosphorylation events from microgram quantities of immunoprecipitated material, which will 

allow for wider applicability of this method. 
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3.2 Introduction 
 

Protein kinases are a class of post-translational modifying (PTM) enzymes that are essential for 

carrying out a multitude of functions in the eukaryotic cell. Through the specific addition of a 

phosphoryl group to a serine, threonine, or tyrosine residue on a substrate protein, kinases 

regulate processes such as signaling, cell cycle, and gene expression.(Chen et al., 2001)(G. L. 

Johnson & Lapadat, 2002) Roughly one third of the proteome is likely phosphorylated by one of 

the over 500 predicted kinases that make up the human kinome.(Manning et al., 2002)(Cohen, 

2000) Despite their importance, many kinases and their endogenous substrates have yet to be 

described.(Manning et al., 2002)(Walsh et al., 2005)  

 

Elucidating the biological functions of PTM enzymes such as kinases requires tools that allow 

for profiling their activities in biological systems. There are currently a variety of tools for 

studying the activity of kinases. The chemical genetics (Shah, Liu, Deirmengian, & Shokat, 

1997)(Ulrich, Kenski, & Shokat, 2003) and KESTREL (Knebel, 2001) approaches allow for 

labeling and identification of endogenous substrates. The more rapid peptide array-based 

methods allow for generation of specificity motifs.(Hutti et al., 2004)(J. J. Wu et al., 

1998)(Rychlewski et al., 2004)(Rodriguez et al., 2004)(Luo et al., 1995) A variety of 

phosphoproteomic-linked methods 

 

We wanted to test whether the substrate specificity of kinases could be probed using a small, 

defined synthetic peptide library to accurately report the endogenous specificity of the enzyme. 

We accomplished this by expanding upon a recently developed method known as Multiplex 

Substrate Profiling by Mass Spectrometry (MSP-MS).(O’Donoghue et al., 2012) This approach 
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makes use of a 228-member physicochemically diverse library of rationally designed peptide 

substrates that have maximum sequence diversity within a short tetradecameric peptide. Purified 

enzymes or complex biological mixtures can be added to the library and the resulting modified 

peptide products (mass shifted by +80 Da from addition of a phosphate group) are directly 

monitored throughout the reaction by peptide sequencing via liquid chromatography-mass 

spectrometry (LC-MS/MS). Using this highly sensitive method, quantitative substrate specificity 

motifs and catalytic efficiency values can be obtained for a kinase of interest. 

 

PTM enzymes can be divided into two distinct mechanistic categories - enzymes that hydrolyze 

peptide bonds (proteases) and enzymes that covalently modify amino acid side chains. MSP-MS 

was designed and validated using proteases as a proof-of-concept class of PTM enzymes as they 

readily accept free peptides as substrates, require a minimal sequence recognition motif of two 

essential amino acids, and protease cleavage products are easily detectable via mass 

spectrometry. MSP-MS has been used to uncover substrate specificity information for all major 

classes of proteases.(O’Donoghue et al., 2012) We demonstrate here the expansion of the MSP-

MS method to the characterization of kinases, successfully profiling a diversity of kinases from 

across the kinome. This MSP-MS approach employs a chemically defined library of linear 

peptides (O’Donoghue et al., 2012), which we hypothesize can be recognized by various PTM 

enzymes in addition to proteases. In this work, we demonstrate that the current library of 228 14-

mer peptides contains modifiable sequences with suitable diversity to determine substrate 

specificity information representative set of evolutionary distinct kinases. 
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Kinases generally phosphorylate flexible (i.e. not structured) regions of proteins with 

specificities that are strongly influenced by the primary amino acid sequence flanking both sides 

of the phosphoacceptor site.(Z. Songyang et al., 1996) Based on these principles, we 

hypothesized that our linear peptide library would provide appropriate substrates for kinases. 

Available crystal structures of eukaryotic kinases suggest that most kinases adopt a conserved 

fold with little to no conformational differences in the ATP-binding site, and that 

serine/threonine kinases bind their substrates in an extended conformation.(Brinkworth et al., 

2003)(L. N. Johnson et al., 1998) Additionally, previous computational efforts have been able to 

successfully predict kinase substrates based on analysis of the crystal structure and protein 

sequence of the active site.(Hutti et al., 2004) Co-crystal structures of kinases in complex with a 

peptide substrate provide proof that many kinases can accept a substrate in an extended linear 

conformation. Based on this structural evidence, linear peptides can be suitable kinase substrates, 

and this has been exploited by many peptide-based approaches for profiling the substrate 

specificity of kinases.(Hutti et al., 2004)(Pearson & Kemp, 1991)(J. J. Wu et al., 

1998)(Rychlewski et al., 2004)(Rodriguez et al., 2004)(Luo et al., 1995)  

 

MSP-MS presents a significant improvement upon traditional methods available for studying the 

activity of PTM enzymes that employ fluorescence, radioactivity, or colorimetry.(Marnett & 

Craik, 2005)(Lin, Xie, Zhu, & Qian, 2010) Fluorescent and colorimetric reporter groups can 

interfere with enzyme-substrate binding and therefore affect enzymatic activity. In addition, 

colorimetric assays lack sensitivity and radioactivity-based methods have costly disposal and 

health risks to the user. In contrast, MSP-MS offers direct, rapid, unbiased, and label-free 

quantitation of post-translational modifications using mass spectrometry. We employed our 
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MSP-MS method to obtain quantitative substrate signatures for kinases from each branch of the 

kinome by generating an initial qualitative motif and obtaining kinetic constants for individual 

peptide substrates. This assay is highly reproducible since it does not require fractionation, 

enrichment, or labeling to detect and localize phosphorylation sites. In addition, peptide 

phosphorylation kinetics can be determined for each substrate in the multiplex assay. Because of 

the sensitivity of this method, immunoprecipitated kinases can be profiled, obviating the need to 

express these enzymes in a recombinant system. This approach allowed us to uncover the 

substrate specificity and catalytic efficiency for native P-TEFb, as well as characterize the 

stimulatory effect of Tat on these parameters. We envision that the successful development of 

MSP-MS for use with other classes of PTM enzymes will impact the field of functional 

proteomics by affording sensitive and quantitative enzymatic signatures of PTM enzymes, either 

alone or in biological samples. 
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3.3 Methods 

 

Enzymes 

The following kinases were either purchased or acquired as generous gifts: P-TEFb (U. Schulze-

Gahmen, UC Berkeley)(Schulze-Gahmen et al., 2013), cSrc and LegK1 (Shokat lab, UCSF), 

Protein Kinase A (PKA; P6000S; New England Biolabs), CSNK1γ1 (PV3825; Thermo Fisher), 

CAMKK2 (PV4206; Life Technologies), Casein Kinase II (CKII; P6010S; New England 

Biolabs), CDK1/Cyclin B (P6020L; New England Biolabs), CDK2/Cyclin A1 (PV6289; New 

England Biolabs), CDK7/Cyclin H/MNAT1 (PV3868; Life Technologies), p42 MAP Kinase 

(MAPK; P6080S; New England Biolabs), GCK (14-743; Millipore), BMPRII and ALK2 (Jura 

lab, UCSF), TbERK8 (Z. Mackey, Virginia Tech). P-TEFb referred to throughout the paper 

corresponds to CDK9 (1-330) and CyclinT1 (1-264) unless indicated otherwise. 

 

P-TEFb Immunoprecipitation 

HEK293 cells stably expressing FLAG-CDK9 with Dox-inducible HA-Tat (kind gift from Q. 

Zhou lab, UC Berkeley) were grown in DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin.(He et al., 2010, p. 1) Cells were grown in T150 flasks and were 

harvested for immunoprecipitations at 100% confluence. Cells were lysed in cold buffer (50 mM 

Tris HCL pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.2% NP40, cOmplete protease inhibitor 

(Roche), and PhosSTOP (Roche). Supernatant was incubated with Anti-FLAG M2 magnetic 

beads (Sigma-Aldrich) overnight at 4ºC. Beads were washed three times with 0.05% NP40 in 

TBS and material was eluted with 100 ug/mL 3X FLAG peptide (Sigma-Aldrich). Protein 

samples were analyzed by SDS-PAGE on 10% Bis-Tris polyacrylamine gels (Life Technologies) 
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and silver stained. Co-immunoprecipitation of Cyclin T1 by FLAG-CDK9 was probed with anti-

CyclinT1 (06-1289; Millipore) and rabbit anti-sheep IgG secondary antibody, HRP conjugate 

(31480; Thermo Fisher). 

 

Multiplex peptide phosphorylation assay 

Multiplex Substrate Profiling by Mass Spectrometry (MSP-MS) assays were performed for the 

initial activity screening analysis of each kinase of interest. MSP-MS employs a library of 

physicochemically diverse tetradecamer peptides, the design of which has been described 

previously (O’Donoghue et al., 2012). An expanded library of 228 peptides from the original 

124-member library was used for these assays, which contained 104 additional 14-mer peptides 

designed using the original algorithm. The complete library of 228 peptides was split into two 

pools of 114 peptides for optimal LC separation. Kinase MSP-MS assays were performed using 

10-100 nM kinase, 500 nM of each peptide, 50 mM Tris pH 7.4, 150 mM NaCl, 10 mM MgCl2, 

and 1 mM ATP. Reactions were carried out at room temperature. Aliquots of the reaction 

containing 1 μg total peptide (30 μL of reaction containing 500 nM of each peptide) were 

removed at several time points, acidified to pH < 3.0 with the addition of 2 μL formic acid 

(20%), and immediately desalted using C18 ZipTips (Millipore). A no enzyme control (NEC) 

was done under identical reaction conditions for each experiment to identify any background 

false phosphopeptide identifications. 

 

Peptide phosphorylation identification by LC-MS/MS Peptide Sequencing 

Peptides were sequenced using an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific) 

paired with a 10,000 p.s.i. system-nanoACQUITY (Waters) ultra-performance liquid 



 

 46 

chromatography instrument with an EASY-Spray column (15 cm x 75 μm ID, PepMap C18, 3 

μm; ES800; Thermo Scientific). The LC was run at a flow rate of 600 nL/min for sample loading 

and 300 nL/min for peptide separation using a linear gradient from 2% B to 30 %B (solvent A: 

0.1% formic acid in water, solvent B: 0.1% formic acid in 70% acetonitrile), resolved over 27 

min for sub-library or 57 min for full library analysis. Survey scans were recorded over a 350 – 

1,400 m/z range, and MS/MS was performed in data-dependent acquisition mode with higher-

energy collisional dissociation (HCD) fragmentation on the ten most intense precursor ions.  

 

Resulting peak lists were generated using PAVA (UCSF-developed software) and data were 

searched using Protein Prospector software v. 5.15.0.(Chalkley et al., 2008) Data were searched 

against a defined database of our 228 peptides. Mass tolerances were set at 20 ppm for parent 

ions and 30 ppm for fragment ions. Peptide sequences were matched as non-enzymatically 

digested peptides. Phosphorylation of serine, threonine, and tyrosine, N-terminal pyroglutamate 

from glutamine and glutamate, oxidation of tyrosine, and mono- and di-oxidation of tryptophan 

were set as variable modifications. Protein Prospector search compare score settings were set at: 

minimum protein score of 20, minimum peptide score of 15, and maximum expectation values of 

0.01 for protein and 0.00001 for peptide matches. False discovery rate was below 0.1%, 

determined using a decoy database search with the same parameters.(Elias & Gygi, 

2010)(O’Donoghue et al., 2012) Modification site assignments were reported with a Protein 

Prospector SLIP score, where a SLIP score ≥6 corresponded to a false localization rate below 

5%.(Baker, Trinidad, & Chalkley, 2011) Phosphorylation site localization was also confirmed by 

visual inspection of spectral matches. Peptide reports for all identified phosphopeptides are 

provided in Supplemental Table 3.1. All raw mass spectrometry data files can be accessed at the 
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MassIVE repository, accession number MSV000080112, with the password “a” during review. 

Annotated spectra for all phosphopeptides identified are provided in MS Viewer, hosted at 

http://msviewer.ucsf.edu/prospector with the search key qdfm4yhjtd. Spectra for the reference 

library of unmodified peptides in the No Enzyme Control reactions are available under the search 

key 7mhuaphti9. 

 

Specificity motif generation 

All possible decapeptide sequences from the 228-member library (2964 in total) were generated 

and imported into iceLogo as a negative set.(Colaert et al., 2009) These decapeptides correspond 

to all possible P-4 to P+5 sequences where “P” is the phosphorylation site, and P-1, P-2, etc. is 

used to describe positions to the N-terminus of the phosphorylation site and P+1, P+2, etc. is 

used to describe positions to the C-terminus of the phosphorylation site. Decapeptides 

corresponding to each observed phosphopeptide were used as a positive data set in 

iceLogo.(Colaert et al., 2009) The difference in frequency of an amino acid at a position between 

the positive and negative data sets was calculated as a percentage difference. Amino acids that 

were significantly (P ≤ 0.05) over- or under-represented in the positive set were graphically 

represented in the iceLogo plot, with the size of each letter proportional to the magnitude of its 

percent difference.  

 

Serine/threonine-proline sub-library design 

A sub-library of 27 peptides containing a serine/threonine-proline motif was generated for in-

depth quantitative assays for proline-directed kinases. This sub-library included 15 peptides from 

the 228-member library that contain a serine-proline or threonine-proline sequence, as well as 
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seven sequences derived from known P-TEFb substrates including RNA Pol II C-terminal 

domain, DSIF, NELF. In addition, five synthetic variants of the 228-member library peptides 

were included to further explore the substrate sequence motif. Equimolar amounts of each 

peptide in DMSO were combined into a final pooled stock of 200 μM each and stored at -80°C. 

Sequences of peptides in the sub-library are included in Supplemental Table 3.2. 

 

Peptide synthesis 

Peptide synthesis was performed on an automated peptide synthesizer (Biotage Syro II) using 

solid-phase conditions, Fmoc-Arg(Pbf)-Wang resin (100-200 mesh; Millipore) and Fmoc main-

chain protecting group chemistry. Fmoc-protected amino acids were purchased from Fisher 

Scientific. HBTU/HOBt/DIEA was used for coupling. Following synthesis, peptides were 

deprotected and cleaved from the resin using trifluoroacetic acid, and then ether precipitated to 

yield a crude product. Pure peptides were obtained using high-performance liquid 

chromatography (HPLC) (Varian ProStar) on a reversed-phase C18 column (Varian). Molecular 

mass of the purified peptides was confirmed using MALDI-TOF (PE-Biosystems Voyager Elite 

STR MALTI-TOF). Stock solutions (5 mM in DMSO) were prepared for each peptide and were 

stored at -80°C. 

 

Serine/threonine-proline sub-library kinase assays 

Serine/threonine-proline sub-library assays were performed for each proline-directed kinase 

(CDK1/Cyclin B, CDK2/Cyclin A1, CDK7/Cyclin H/MNAT1, CDK9/Cyclin T1). Assays were 

performed using 10-100 nM kinase, 3 μM of each peptide, 50 mM Tris pH 7.4, 150 mM NaCl, 

10 mM MgCl2, and 1 mM ATP. Reactions were carried out at room temperature. Aliquots (30 
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μL) of the reaction were removed at several time points, acidified to pH < 3.0 with 20% formic 

acid, and desalted using C18 ZipTips (Millipore). A no enzyme control was done under identical 

reaction conditions for each experiment to identify any background phosphopeptide false 

identifications. Samples were analyzed by LC-MS/MS as described above, and data were 

searched against the sequences of the 27 peptides in the sub-library using identical Protein 

Prospector parameters as above (Supplemental Table 3.2). Peptide reports for identified 

phosphopeptides, including quantitation values, are supplied in Supplemental Table 3.3. 

Annotated, mass labeled spectra for all phosphopeptides identified in the sub-library experiments 

are proved in MS Viewer (http://msviewer.ucsf.edu/prospector) with the search key m2y8wilesh. 

 

P-TEFb assays with and without HIV-1 Tat and AFF4 

P-TEFb assays with and without HIV-1 Tat and/or AFF4 were performed on both the 228- and 

27-member libraries. Reaction conditions were identical to previous kinase assays, using 100 nM 

P-TEFb, 100 nM HIV-1 Tat, and 830 nM AFF4. P-TEFb, P-TEFb co-expressed with HIV-1 Tat, 

and AFF4 were provided by U. Schulze-Gahmen, UC Berkeley. Samples were analyzed on the 

mass spectrometer as described above. 

 

Kinetics calculations 

Percent phosphorylation for each peptide was calculated for the substrate and phosphorylated 

product peptides at each time point using the precursor mass peak areas determined with 

quantitation in Protein Prospector. Percent conversion (Y) was defined as 100 × [Area of 

Product] / ([Area of Product] + [Area of Substrate]). Enzymatic progress curves were generated 

for each phosphorylated substrate. Curves were fit to the first-order kinetics equation Y = exp(-t 
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× kcat / KM × [Eo]), where Eo is the total enzyme concentration, using the one phase decay model 

in GraphPad Prism v. 6, which generated K values and corresponding standard error of the mean 

(SEM) and 95% confidence interval (CI) values. Catalytic efficiency values (kcat/KM) were 

calculated by multiplying the resulting K value by the amount of peptide (0.09 or 0.015 nmol) 

divided by the amount of enzyme (typically 3 × 10-12 mol) in the assay, yielding kcat/KM values in 

units of nmol product / [minutes × nmol enzyme].  

 

Weighted specificity motif generation 

Catalytic efficiency ratios (kcat/KM) were used to compare substrates for each enzyme, calculated 

within a particular data set relative to the smallest value. The decapeptides corresponding to P-4 

through P+5 for each phosphopeptide were then imported into iceLogo and represented multiple 

times – each peptide was represented in the positive set as many times as the closest integer to its 

normalized catalytic efficiency value. The negative set used was all possible decapeptide 

sequences from either the 228-member or 27-member library, depending on which library was 

used for the assay. Amino acids that were significantly (P ≤ 0.05) over- or under-represented in 

the positive set were again graphically represented in the iceLogo plot.  

 

PS-SCL library development 

A positional scanning synthetic peptide combinatorial library was developed for proline-directed 

serine/threonine kinases. The scaffold sequence for the library was a peptide from the 228-

member MSP-MS library, HRRVYLTSPKAPES. This peptide was chosen because it had a high 

catalytic efficiency value for several proline-directed kinases and was reproducibly detected in 

multiple assays. Positions P (serine) and P+1 (proline) were fixed in every pool and all other 
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positions were varied. The sequence was shortened to RVYLTSPKAPES since 12mer peptides 

have a low likelihood of developing secondary structure. Positions P-5, P-4, P-3, P-2, P-1, P+2, 

P+3, P+4, P+5, and P+6 were each varied and substituted with a pool containing an equimolar 

mixture of ten representative amino acids, resulting in ten pools of ten peptides (Supplemental 

Table 3.4). The central serine and proline residues remained fixed in each pool. To ensure 

adequate LC separation, the 20 amino acids were simplified into 10 groups with distinct 

physicochemical characteristics, excluding methionine: Ile/Leu/Val, Ser/Thr, Glu/Asp, Lys/Arg, 

Try/Trp/Phe, Gln/Asn, Gly, Pro, Ala, and His. The ten amino acids included in the mixed pool 

were Val, Ser, Glu, Lys, Phe, Gln, Gly, Ala, His, and Pro. Peptide pools were synthesized as 

described above.  

 

PS-SCL kinase assays 

PS-SCL assays were performed for each proline-directed kinase  

(CDK1/Cyclin B, CDK2/Cyclin A1, CDK7/Cyclin H/MNAT1, CDK9/Cyclin T1). A separate 

reaction was performed for each pool of peptides. Assays were performed using 10-100 nM 

kinase, 10 μM peptide, 50 mM Tris pH 7.4, 150 mM NaCl, 10 mM MgCl2, and 1 mM ATP. 

Reactions were carried out at room temperature. Aliquots (30 μL) of the reaction were removed 

at several time points, acidified to pH < 3.0 with 20% formic acid, and desalted using C18 

ZipTips (Millipore). A no enzyme control was done under identical reaction conditions for each 

experiment to identify any background phosphopeptides that may be observed by that mass 

spectrometer. Samples in these positional scanning pools were analyzed with MS settings as 

described above. Data were searched against the sequences of the individual 10 pools of 10 

peptides (100 peptides total) in the PS-SCL-style sub-library (Supplemental Table 3.4). Peptide 
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reports for identified phosphopeptides, including quantitation values, are supplied in 

Supplemental Table 3.5. Annotated, mass labeled spectra for all phosphopeptides identified are 

provided in the publicly accessible database MS Viewer under the search key 7oasv0ozuk. 

 

Heat maps 

Catalytic efficiency values were obtained for each peptide in the ten PS-SCL pools. Catalytic 

efficiency values and the maximum percent conversion were subjected to clustering with the x 

algorithm in Cluster software and visualized using Java Treeview.(de Hoon, Imoto, Nolan, & 

Miyano, 2004)(Saldanha, 2004) Positive enrichment was visualized as blue and zero was set to 

yellow. 

 

Experimental Design and Statistical Rationale. 

MSP-MS was used to perform initial screens for fifteen kinases. Each kinase was incubated with 

the 228-member library to generate a specificity motif with n=1 or 2 biological replicates. In 

these screens, which we performed to generate an initial qualitative motif, time points served as 

replicate observations for phosphorylated species, which should also increase in intensity with 

time under catalytic conditions. Using iceLogo software, amino acids that were significantly (P ≤ 

0.05) over- or under-represented in the experimental dataset relative to background were 

represented using frequency logos.(Colaert et al., 2009) For more quantitative kinetic analyses 

using focused sub-libraries where kcat/KM values were extracted, three or four technical replicates 

were performed. For the P-TEFb immunoprecipitation experiments three biological replicates 

were performed. For each MSP-MS assay, a control reaction was carried out in the absence of 

enzyme. Statistical analysis for kinetic experiments was carried out using GraphPad Prism v. 6 as 
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described previously and 95% confidence interval (CI) and standard error of the mean (SEM) 

values were generated.  
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3.4 Results 

 

In this study, we sought to test whether a defined, synthetic peptide library could be used to 

accurately and reliably probe kinase substrate specificity, with the goal of producing maximal 

specificity information at minimal cost and with minimal sample manipulation. We have 

previously developed a synthetic peptide library of 228 tetradecapeptides designed specifically to 

maximize physicochemical diversity within a minimal sequence space. The library was 

constructed based on the hypothesis that two optimally positioned amino acids are the primary 

determinants for PTM enzyme substrate recognition and catalysis; this principle has been 

validated for protease specificity profiling.(O’Donoghue et al., 2012) The current library of 

contains at least three representations of every neighbor (XY) and near-neighbor (X*Y, X**Y) 

pair of 19 amino acid residues (Figure 3.1a), excluding cysteine residues and replacing 

methionine with norleucine (Nle) for ease of peptide synthesis. Specificity profiling using this 

approach (referred to as “MSP-MS”) is carried out through addition of a kinase-containing 

sample (recombinant or immune-precipitated) to the peptides combined at equimolar 

concentration in kinase assay buffer with ATP. Aliquots are removed at selected time points and 

phosphopeptide products are identified and quantified by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) (Figure 3.1b). The phosphopeptides can be used to generate 

specificity profiles (i.e. iceLogo representations), and catalytic efficiency values can be 

calculated for individual peptide substrates in the library. Driven by these results for proline-

directed kinases, additional libraries were developed for more accurate quantitation and 

expansion of sequence diversity. 
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Establishment of specificity motifs for diverse kinases 

To test the ability of the MSP-MS peptide library to provide kinase specificity information, we 

selected at least one kinase from each branch of the kinome for specificity profiling. The kinases 

profiled include PKA, MAPK, P-TEFb, cSrc, CSNK1γ1, CAMKK2, casein kinase II, 

CDK1/Cyclin B, CDK2/Cyclin A1, CDK7/Cyclin H/MNAT1, and GCK (Figure 3.2, 

Supplemental Figures 3.1-5). Recombinant kinase was incubated with the 228-member peptide 

library, and the reaction was assayed over time to monitor catalysis. Aliquots of the reaction 

were removed at four time points, acid-quenched, desalted, and analyzed via LC-MS/MS. Data 

were searched using Protein Prospector software (Chalkley et al., 2008) and the identified 

phosphopeptides were used to generate iceLogo representations of sequence specificity.(Colaert 

et al., 2009) Our method was able to identify phosphorylation by both serine/threonine kinases 

and tyrosine kinases. These recombinant kinases phosphorylated between eight and 60 peptides 

in the MSP-MS assay (full lists of identified phosphopeptides are provided in Supplemental 

Table 3.1). The results showed that both serine/threonine and tyrosine kinases can produce a 

strong specificity motif, exemplified by the CDK1 substrate profile with a strong preference for 

proline in P+1 (Figure 3.2a). The results of this screen also demonstrate limitations in sequence 

diversity for this library; for example, the specificity of Src extends across P-3 to P+3 positions 

(Rush et al., 2005), a sequence space that is not fully covered by the MSP-MS library. 

Nevertheless, after the phosphorylated-tyrosine position, leucine in P-1 was the second strongest 

preference, which is consistent with current reports of Src speciticity (Figure 3.2b) (Rush et al., 

2005). MSP-MS profiling of well-known kinases such as CKII and PKA revealed specificity 

motifs that aligned well with their known substrate preferences.(Hutti et al., 2004)(Z. Songyang 

et al., 1996)(Pearson & Kemp, 1991) CKII had a preference for acidic residues in the P+1, P+2, 
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and P+3 positions (Figure 3.2c), whereas PKA showed a preference for basic residues at the P-3 

and P-2 positions and a small hydrophobic residue at the P+1 position (Figure 3.2d). GCK and 

CSNK1γ1 preferred to phosphorylate proteins with a small hydrophobic residue at P+1 (Figure 

3.2e, 2f). Thus, initial MSP-MS analysis allows for rapid determination of two to three amino 

acids that dominate substrate specificity for a given kinase of interest. Key residues that 

contribute to substrate specificity within a peptide sequence will be indicated by bold typeface 

throughout the remainder of the discussion. These key amino acid specificity determinants were 

subsequently used to guide the development of focused sub-libraries (e.g., using positional 

scanning approaches) to refine specificity motifs.  

 

Substrate profiling of less characterized kinases 

To broaden the scope of the analysis, several less characterized kinases were also profiled using 

MSP-MS, with the goal of aiding in endogenous substrate identification. Bone morphogenetic 

protein receptor type-2 (BMPR2) is a transmembrane protein integral to paracrine 

signaling.(Feng & Derynck, 2005) Upon ligand binding, BMPR2 forms a receptor complex 

made up of two type-2 and two type-1 BMPs. BMPR2 phosphorylates and activates BMPR1. 

BMPR2 is hypothesized to be autophosphorylated at Thr379 and Ser586 but that has yet to be 

confirmed. MSP-MS profiling of BMPR2 revealed a preference for similarly sized I/E/L residues 

at P+1 and L at P+2 (Figure 3.3a). This motif aligns with both of the potential 

autophosphorylation sites, Thr379 (SEVGT(Phospho)IRYMAP) and Ser586 

(KNRNS(Phospho)INYE). A related receptor kinase, ALK2, was also profiled using MSP-MS, 

and was found to phosphorylate 24 peptides (Figure 3.3b). 
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TbERK8 is an essential mitogen-activated protein kinase (MAPK) expressed in the bloodstream 

form of Trypanosoma brucei, the causative agent of sleeping sickness.(Valenciano, Ramsey, & 

Mackey, 2015) MSP-MS profiling of TbERK8 revealed phosphorylation of five library peptides 

(Supplemental Table 3.1), with a consensus sequence S/T(Phospho)-X-R/K (Figure 3.3c). This 

motif aligns with two phosphorylation sites on a recently identified substrate of TbERK8, 

proliferating cell nuclear antigen (TbPCNA), which is phosphorylated by TbERK8 at Ser211 

(ADACS(phospho)VRTH) and Ser216 (VRTHS(Phospho)AKGKD).(Valenciano et al., 2015) 

These results show that MSP-MS screening for TbERK8 substrates allowed for initial 

identification of two key amino acid residues (S/T (Phospho)-X-R) as lead specificity 

determinants that are consistent with its endogenous substrate sites. 

 

Legionella pneumophila is a pathogenic bacterium that causes Legionnaires’ disease in humans. 

Legionella has several kinases and their role in pathogenesis is currently the focus of 

investigation. Legionella kinase 1 (LegK1) is currently the only known Legionella protein with 

NF-kappa-B-stimulating activity. LegK1 phosphorylates NF-kappa-B inhibitor alpha (NFKBIA, 

IKBA) both in vitro and in vivo and phosphorylates I-kappa-B-p100 (NFKB2 p100). LegK1 was 

profiled using MSP-MS and eight phosphopeptides were identified (Supplemental Table 3.1). An 

iceLogo generated from these phosphopeptides revealed a strong preference for acidic amino 

acids at P-1, P+1, and P+2 (Figure 3.3d). The P-1 specificity aligned with the phosphorylation 

sites within the known substrate IKBA, at Ser32 (RHDS(Phospho)GLD) and Ser36 

(GLDS(Phospho)MKDE).(Ge et al., 2009) The P-1 and P+1 specificity also aligned with the 

phosphorylation sites within a suggested substrate NFKB2 p100 at Ser713, Ser715, and Ser717 

(PPTSDS713DS715DS717EGP). Peptides corresponding to the sequences of IKBA and NFKB2 
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p100 were synthesized and used in an in vitro kinase assay with LegK1. LegK1 phosphorylated 

both peptides, with kcat/KM values of 0.0037 ± 0.0018 nmol product / [min × nmol enzyme] for 

IKBA and 0.0076 ± 0.0026 nmol product / [min × nmol enzyme] for NFKB2 (Figure 3.3e). 

 

Determination of catalytic efficiency values for peptide substrates 

CDK9/Cyclin T1 (P-TEFb), CDK1/Cyclin B, CDK2/Cyclin A1, and CDK7/Cyclin H/MNAT1 

were all confirmed to be proline-directed kinases, phosphorylating only peptides containing a 

serine/threonine followed by a proline in the P+1 position. To compare the catalytic efficiency of 

our generic peptide substrates in the MSP-MS library with peptides derived from authentic 

substrates, all fifteen of the serine/threonine-proline pair-containing peptides from the 228-

member library were combined into a sub-library with 12 additional synthetic peptides derived 

from natural substrates for P-TEFb. The resulting sub-library peptide sequences are listed in 

Supplemental Table 3.4. Each cyclin-dependent kinase (CDK) was assayed against the 

serine/threonine-proline sub-library and time-dependent formation of phosphorylated products 

was quantified using their precursor mass peak integrations by label-free quantitation (Figure 

3.4a and Supplemental Figure 3.6). These data were then fit to a first order rate equation (Figure 

3.4b), and catalytic efficiency (kcat/KM) values were extracted for each peptide. P-TEFb 

phosphorylated natural substrate peptides with a 5-20-fold greater catalytic efficiency than any of 

the library peptides (Figure 3.4 and Supplemental Table 3.6). For example, the natural substrate 

peptide YGSGSRTPLYGSQT (from DRB Sensitivity Inducing Factor, DSIF) had a kcat/KM of 

0.36 ± 0.02 nmol product / [min × nmol enzyme] compared to the best peptide from the library, 

HRRVYLTSPKAPES, which had a kcat/KM value of 0.073 ± 0.02 nmol product / [min × nmol 

enzyme], with both peptides phosphorylated at S/T-P. kcat/KM values for CDK1/Cyclin B, 
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CDK2/Cyclin A1, and CDK7/Cyclin H/MNAT1 for each of the peptides in the sub-library are 

reported in Supplemental Tables 3.7-3.9 and Supplemental Figures 3.7-3.9. Thus in this small set 

of proline-directed kinases, the MSP-MS library contains generic substrates that are poorer than 

the authentic substrates, yet the aggregated motif generated from multiple weak substrates was 

able to point to a first-level of sequence specificity. 

 

Positive transcription elongation factor b (P-TEFb) phosphorylates Ser-5 

P-TEFb is known to phosphorylate the C-terminal domain (CTD) of RNA Polymerase II (RNAP 

II), which consists of 52 repeats of the heptad Y1S2P3T4S5P6S7. Both Ser2 and Ser5 are potential 

P-TEFb substrates based on the presence of proline in the P+1 position, but there is controversy 

as to which serine residue P-TEFb phosphorylates.(Saunders et al., 2006) Experiments involving 

antibodies designed to be specific to either phosphoserine-2 or phosphoserine-5 have concluded 

that P-TEFb phosphorylates Ser-2, whereas more recent studies employing both antibodies and 

mass spectrometry analysis identified Ser-5 as the P-TEFb substrate. (Schüller et al., 2016, 

p.),(Buratowski, 2009),(Egloff & Murphy, 2008),(Chapman, Heidemann, Hintermair, & Eick, 

2008),(Phatnani & Greenleaf, 2006),(Meinhart, Kamenski, Hoeppner, Baumli, & Cramer, 

2005),(Saunders et al., 2006),(Czudnochowski et al., 2012) An RNAP II CTD peptide consisting 

of two repeats of the YSPTSPS heptad was synthesized (YSPTSPSYSPTSPSR) and S2A and 

S5A alanine mutants of this peptide were also synthesized (YAPTSPSYAPTSPSR, 

YSPTAPSYSPTAPSR) to confirm phosphorylation site localization within the CTD. These CTD 

peptides were included in the serine/threonine-proline sub-library for MSP-MS analysis. P-TEFb 

MSP-MS assays on this sub-library revealed that recombinant P-TEFb phosphorylated Ser5 of 

the CTD peptide (Figure 5a). P-TEFb also phosphorylated Ser5 of the CTD S2A peptide while 
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no phosphorylation was observed on the CTD S5A peptide. Our data showing Ser-5 as the P-

TEFb phosphorylation site are in agreement with a recent study addressing P-TEFb specificity 

that also employed peptide substrates, although this preference for Ser-5 may not necessarily 

translate to the same specificity within full length RNA Pol II CTD in vivo.(Czudnochowski et 

al., 2012) 

 

P-TEFb mutants containing Cyclin T1 variants with differently truncated C-terminal domains 

were also assayed against the CTD WT and alanine mutant peptides to determine whether the 

CTD of Cyclin T1 controls P-TEFb substrate specificity. The four truncated forms of Cyclin T1 

in addition to full-length were amino acids 1-254, 1-333, 1-433, 1-533. All truncated forms of 

Cyclin T1 and full-length Cyclin T1 still exclusively phosphorylated Ser5. The CTD of Cyclin 

T1 was found to not alter P-TEFb selectivity, although longer Cyclin T1 CTDs exhibited lower 

kinase activity (Supplemental Figure 3.10). 

 

Next, the effect of cis/trans conformation of Pro within the substrate heptad motif was 

considered, based on the hypothesis that proline conformation and phosphorylation state may be 

related.(Xu & Manley, 2007, p. 1),(Xu, Hirose, Zhou, Lu, & Manley, 2003, p. 1) Additional 

mutant CTD peptides were synthesized to determine if having P3 or P6 locked in the cis-

conformation would alter the phosphorylation site. YSP(cis)TSPSYSP(cis)TSPS and 

YSPTSP(cis)SYSPTSP(cis)S peptides were synthesized using 5,5-dimethyl-pyrrolidine-2-

carboxylic acid to simulate a proline locked in the cis-conformation.(Bielska & Zondlo, 2006) 

Proline conformation did not appear to have an effect on P-TEFb phosphorylation site, as Ser5 

phosphorylation was still observed exclusively on each peptide. However, these “cis-locked” 
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CTD peptides did exhibit a diminished kcat/KM values as compared to the natural CTD peptide, 

with 17- and 13-fold lower values for cis-Pro3 CTD and cis-Pro6 CTD peptides, respectively 

(Supplemental Figure 3.11 and Supplemental Table 3.10).  

 

Immunoprecipitated P-TEFb  

To test whether the phosphorylation site analysis with recombinant P-TEFb reproduced native P-

TEFb specificity, P-TEFb complexes were immunoprecipitated from HEK293 cells stably 

expressing FLAG-tagged CDK9. Cyclin T1 binds tightly to CDK9, and this association was 

confirmed for FLAG-CDK9 by co-immunoprecipitation (Figure 3.5c). Immunoprecipitated P-

TEFb was analyzed using the full 228-peptide MSP-MS assay, which resulted in the 

phosphorylation of eight peptides. An iceLogo generated from this data (Figure 3.5d) revealed 

that recombinant and immunoprecipitated P-TEFb had matching substrate specificity 

(Supplemental Figure 3.5). Immunoprecipitated P-TEFb was also analyzed using the 

serine/threonine-proline sub-library containing the CTD, CTD S2A, and CTD S5A peptides. In 

agreement with our profiling of recombinant P-TEFb, immunoprecipitated P-TEFb only 

phosphorylated Ser5 of the CTD and CTD S2A peptides and did not phosphorylate CTD S5A. In 

this experiment, the total yield of immunoprecipitated P-TEFb complex was estimated as 20 ug 

by densitometry of gel bands relative to standards, such that kinase assays could be performed 

with 20-30 nM enzyme. This is comparable to the minimum concentration of recombinant P-

TEFb required to detect activity (10 nM; Supplemental Figure 3.12). Recombinant P-TEFb 

MSP-MS assays were scaled down in a dilution series to determine the minimum amount of 

material that was practical for sample handling and analysis, and the limit of detection for P-

TEFb was found to require 0.3 pmoles, an amount easily attainable with a single 
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immunoprecipitation experiment. The ability of our MSP-MS method to detect phosphorylation 

by an immunoprecipitated kinase speaks to the sensitivity and potential wide applicability of our 

method, allowing for profiling of kinases that cannot be produced recombinantly.  

 

HIV-1 Tat increases P-TEFb catalytic efficiency and strengthens substrate specificity 

HIV-1 Tat coordinates P-TEFb phosphorylation of the RNAP II CTD as well as two negative 

elongation factors, NELF and DSIF, to overcome the stalled transcription of the integrated viral 

genome (Figure 3.5e). Tat has been reported to increase P-TEFb catalytic efficiency, and perhaps 

alter its substrate specificity, but these claims were made using less sensitive assays employing 

phospho-specific antibodies. (Schüller et al., 2016, p.)(Buratowski, 2009)(Egloff & Murphy, 

2008)(Chapman et al., 2008)(Phatnani & Greenleaf, 2006)(Meinhart et al., 2005)(Saunders et al., 

2006) P-TEFb was profiled in the presence and absence of Tat using the full 228-member MSP-

MS library and the serine/threonine-proline sub-library to elucidate the effect of Tat on P-TEFb 

substrate specificity and catalytic efficiency. MSP-MS profiling of P-TEFb in the presence of Tat 

did not result in phosphorylation of any additional peptides from the 228-member library that P-

TEFb did not already phosphorylate on its own (Supplemental Table 3.1). Kinetic analysis using 

the serine/threonine-proline sub-library revealed that Tat did however increase the catalytic 

efficiency of P-TEFb toward most of the peptides in the sub-library (Supplemental Table 3.11). 

Addition of the scaffolding protein AFF4 to P-TEFb showed no significant alteration to either 

catalytic efficiency or substrate specificity (Supplemental Table 3.12). The effect of Tat on P-

TEFb activity was non-uniform – the catalytic efficiency of some peptides was enhanced more 

than others (Figure 3.5f). A weighted specificity motif was generated based on the sequences of 

peptides with Tat-increased kcat/KM values of more than two-fold (Figure 3.5g, Supplemental 
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Table 3.11). Alignment of this motif with RNAP II CTD Ser5 and RNAP II CTD Ser2 as the 

phosphorylation site indicates that Tat selectively increases P-TEFb catalytic efficiency towards 

peptides that are similar to CTD Ser5; Ser5 as the modification site aligns with the weighted 

motif at six out of seven positions, whereas Ser2 as the modification site only aligns at three out 

of seven positions (Figure 3.5g). 

 

 

PS-SCL analysis of several cyclin-dependent kinases allows for delineation of their 

specificity  

Initial MSP-MS analysis of several recombinant cyclin-dependent kinases (CDK1/Cyclin B, 

CDK7/Cyclin H/MNAT1, and CDK9/Cyclin T1) confirmed that each of these kinases is proline-

directed (Figure 3.6a, 5c, 5e). The iceLogo representations for these kinases were dominated by 

the serine/threonine-proline motif and more detailed information is required to delineate their 

substrate specificities. We developed a positional scanning-synthetic peptide combinatorial 

library (PS-SCL) derived from a common substrate for each CDK from the 228-member peptide 

library, RVYLTSPKAPES, to allow for delineation of the substrate specificities of proline-

directed serine/threonine kinases. Positions P-5 through P-1 and P+2 through P+6 were each 

varied in the parent substrate and substituted with a pool containing an equimolar mixture of 

eleven representative amino acids, resulting in ten pools of eleven peptides (the central serine 

and proline residues remaining fixed; Supplemental Table 3.4). Kinetic assays were carried out 

on the PS-SCL pools using each CDK. Phosphopeptides were identified and quantified at each 

time point via LC-MS/MS analysis. Percent phosphorylation was determined for each peptide at 

each time point and then used to calculate catalytic efficiency values. These catalytic efficiency 
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values were then used to generate substrate specificity heat maps (Figure 3.6b, 6d, 6f). 

Comparison of the heat maps revealed distinct substrate preferences and allowed for the 

identification of isoform-selective substrates. For example, RVYLTSPKKPES, was a 20-fold 

better substrate for CDK1 (kcat/KM = 3.5 ± 0.63 nmol product / [min × nmol enzyme]) than for 

CDK9 (kcat/KM = 0.17 ± 0.08 nmol product / [min × nmol enzyme]) or for CDK7 (substrate is 

too poor to obtain kcat/KM value) (Figure 3.6g). Compared to the parent peptide, 

RVYLTSPKAPES, changing the P+3 residue from A to K leads to a 2.5-fold increase in the 

kcat/KM value for CDK1 (kcat/KM increases from 1.4 ± 0.24 to 3.5 ± 0.63 nmol product / [min × 

nmol enzyme]Figure 3.6h). This kinetic analysis highlights the preference of CDK1 for a basic 

residue over a non-polar residue at the P+3 position and suggests how a coupled MSP-MS/PS-

SCL approach can be used to distinguish between even closely related kinases. 
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3.5 Discussion 

 

Kinases have traditionally been profiled using peptide arrays requiring radioactivity or phospho-

specific antibodies. In this study, we took advantage of sensitive mass spectrometry to instead 

directly detect the site-specific phosphorylation of a chemically defined peptide library in 

enzymatic reactions containing as little as low nanomolar amounts of kinase. This method also 

allows for simultaneous, label-free quantitative detection of phosphorylation events in an assay 

format that is amenable to high-throughput development. The physicochemical diversity of our 

228-member library allows for rapid determination of key specificity residues in a kinase 

substrate motif. This motif can be subsequently probed and refined with tailored sub-libraries 

that can be assayed in mixed pools to more fully describe substrate specificity and catalytic 

efficiency. In initially developing this library for proteases, we hypothesized that substrate 

recognition hinged on two key amino acid residues positioned optimally to one another within a 

peptide substrate. While the primary amino acid sequence flanking the modification site is not 

the sole determinant of PTM enzyme substrate specificity, and conformational effects from 

scaffolding proteins or docking domains are often important as well, linear peptide substrates 

have proven appropriate predictors of kinase substrate specificity for a number of 

serine/threonine kinases.(Brinkworth et al., 2003)(L. N. Johnson et al., 1998)(Ubersax & Ferrell, 

2007) 

 

We profiled kinases from each branch of the kinome to establish the applicability of MSP-MS 

for kinases. Using this chemically-defined library of peptides, we established quantitative 

substrate specificity profiles that match or expand upon the currently known substrate 
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preferences of well-characterized kinases, such as CKII, PKA, members of the cyclin-dependent 

kinase family, and several other disparate kinases. For example, we obtained a motif of S/T-D/E-

D/E-E at positions P through P+3 for CKII, in agreement with its previously reported 

specificity.(M. F. Chou et al., 2012)(Zhou Songyang et al., 1994)(Meggio & Pinna, 2003) PKA 

has previously been shown to prefer arginine at the -3 position and hydrophobic amino acids at 

the +1 position.(Yaffe et al., 2001)(Nishikawa, Toker, Johannes, Songyang, & Cantley, 1997) 

MSP-MS analysis of PKA generated an iceLogo highlighting comparable specificity with K/R at 

positions P-3 and P-2, and small hydrophobic residues at P+1 (Figure 3.2). Other kinases with 

known specificity, such as the cyclin-dependent kinases, also exhibited specificity that matches 

what is known of their substrate preference. As expected, all members of the cyclin-dependent 

kinase family exhibited a strong preference for proline in the P+1 position (Figure 3.2, Figure 

3.6).(Chang, Begum, Chait, & Gaasterland, 2007)(Brown, Noble, Endicott, & Johnson, 1999) 

 

There has been ongoing debate as to which serine residue within the RNA Pol II CTD is the 

endogenous phosphorylation site of P-TEFb. Experiments involving antibodies designed to be 

specific to either phosphoserine-2 or phosphoserine-5 have concluded that P-TEFb 

phosphorylates Ser-2, whereas more recent studies employing both antibodies and mass 

spectrometry analysis identified Ser-5 as the P-TEFb substrate.(Czudnochowski et al., 

2012)(Schüller et al., 2016, p.)(Buratowski, 2009)(Egloff & Murphy, 2008)(Chapman et al., 

2008)(Phatnani & Greenleaf, 2006)(Meinhart et al., 2005)(Saunders et al., 2006) We employed 

our MSP-MS method to characterize the activity of both recombinant and immunoprecipitated P-

TEFb. Our findings indicated that P-TEFb phosphorylates Ser-5 on CTD peptide substrates, 

which we secondarily confirmed using Ser-2-Ala and Ser-5-Ala mutant peptides. The addition of 
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HIV-1 Tat to these assays increased P-TEFb catalytic efficiency and the largest increase in 

kcat/KM was observed for peptides whose phosphorylation site aligned preferentially to Ser-5, 

suggesting that Tat strengthens P-TEFb specificity for Ser-5. Our data showing Ser-5 as the P-

TEFb phosphorylation site are in agreement with the most recent study addressing P-TEFb 

specificity, although it should be noted that this preference for Ser-5 on peptide substrates does 

not necessarily translate to the phosphorylation site within full length RNA Pol II CTD in vivo. 

 

A highly promising application of our method is the ability to delineate substrate specificity 

preferences within a family of closely related kinases. Initial MSP-MS analysis of a kinase of 

interest results in the identification of two to three key amino acid residues that drive substrate 

specificity; however, further assessing the roles of residues outside those key positions requires 

synthesis of a second-generation positional scanning library in which the key specificity-

determining positions are fixed. We applied this technique to several cyclin-dependent kinases 

that all share a requirement for P+1 proline. Preliminary MSP-MS analysis of these kinases 

produced highly similar motifs; however, our second-generation positional scanning library 

allowed for the identification of an isoform-selective substrate for CDK1. In principle, this same 

technique could be applied to any family of kinases of interest in order to obtain extended 

substrate specificity motifs and identify preferred substrates. 

 

Existing techniques to profile kinase specificity make use of radiographic- or antibody-based 

detection to signal phosphorylation and generate specificity motifs.(Hutti et al., 

2004)(Lesaicherre, Uttamchandani, Chen, & Yao, 2002) We have presented an alternative 

technique that avoids these secondary detection methods through direct quantitation and site 
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localization of phosphorylation events on a physicochemically diverse peptide library. This new 

method is highly sensitive, as evidenced by its ability to detect phosphorylation events on the 

library by an immunoprecipitated kinase of interest at a concentration of approximately 20 nM. 

This enhanced sensitivity will allow for wider applicability of our method because a single 

immunoprecipitation experiment is sufficient to obtain enough kinase material for MSP-MS 

profiling. This approach presents other advantages over currently available methods, as it allows 

for reproducible determination of catalytic efficiency values for each peptide substrate within the 

multiplex assay. Furthermore, our assay is performed in solution, which avoids potential artifacts 

that may arise from immobilization of substrates. We envision that this simple and rapid 

profiling strategy will allow for quantitative description of substrate specificity for a wide variety 

of kinases. Through combination with phosphoproteomic data sets, we envision that one 

potential application of our approach would be to use the substrate specificity motifs derived 

from MSP-MS to rank candidate endogenous substrates. While biased libraries are clearly useful 

for profiling specific kinases of interest, it is notable that our unbiased library was sufficiently 

diverse to allow for detection of phosphorylation events from numerous evolutionarily- and 

substrate preference-diverse kinases. As an initial screen, this rapid experiment provides enough 

key specificity information to direct the development of custom-designed libraries for an 

individual enzyme. The ability of our chemically defined peptide library to capture substrate 

specificity for proteases and now kinases suggests its potential use for other kinds of PTM 

enzymes. 
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3.6 Figures 

Figure 3.1 

 

 

Figure 3.1. Design of a physicochemically diverse library of synthetic peptides and execution of 

the Multiplex Substrate Profiling by Mass Spectrometry (MSP-MS) method for kinases. (a) 

Library design, incorporating three or more representations of every combination of every 

neighbor (XY) and near neighbor (X*Y, X**Y) pair of amino acids. All amino acids were 
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included except for Cys, and nLeu was substituted for Met. (b) Depiction of the MSP-MS assay 

for kinases. Recombinant or immunoprecipitated kinases are added to the peptide library. 

Aliquots are removed from the reaction at several time points, quenched, and then analyzed by 

LC-MS/MS. Phosphopeptides were identified and quantified at each time point, then used to 

develop specificity motifs and generate catalytic efficiency values for each peptide in the 

multiplex assay. 
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Figure 3.2
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Figure 3.2. Validation of the use of MSP-MS for kinases using a variety of disparate kinases. All 

substrate signatures were developed using the phosphopeptides identified after 1200 min of 

kinase reaction with the peptide library. (a) CDK1. (b) cSrc. (c) Casein Kinase II. (d) Protein 

Kinase A. (e) GCK. (f) CSNK1γ1. 
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Figure 3.3

 

 



 

 74 

Figure 3.3. Characterization of less-studied kinases using MSP-MS. Substrate signatures in a-d 

were developed using the phosphopeptides identified after 1200 min of kinase reaction with the 

peptide library. (a) BMPR2 substrate signature, with a preference for aromatic residues at P-1. 

(b) ALK2 substrate logo. (c) TbERK8 substrate signature, dominated by alanine at P+1 and 

arginine at P+2. (d) LegK1 substrate logo, highlighting a strong preference for acidic residues at 

P-1, P+1, and P+2. (3) Time course experiment using peptides synthesized based on the 

sequences of candidate LegK1 substrates. Peak area values for the substrate and product at each 

time point were measured and used to calculate percent conversion to the phosphorylated 

product. These values were fit to a first order rate equation. kcat/KM values were be extracted for 

each peptide, resulting in values of 0.0037 ± 0.0018 nmol product / [min × nmol enzyme] for 

IKBA and 0.0076 ± 0.0026 nmol product / [min × nmol enzyme] for NFKB2. 
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Figure 3.4. Determination of catalytic efficiency values for individual substrates from the 

multiplex substrate assay. Initial MSP-MS analysis of P-TEFb revealed a strong S/T(Phospho)-P 

preference, directing the development of a 27-member S/T-P sub-library. (a) The P-TEFb time 

course experiment using the sub-library was repeated four times. Peak area values for the 

substrate and product at each time point were measured and used to calculate percent conversion 

to the phosphorylated product. These values were fit to a first order rate equation. (b) Catalytic 

efficiency values were obtained for each individual peptide from the assay. The kcat/KM value for 

one of the P-TEFb endogenous substrate peptides, YGSGSRTPLYGSQT, was five-fold higher 

than the best substrate from the 228-member peptide library. 
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Figure 3.5
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Figure 3.5. MSP-MS analysis of recombinant and immunoprecipitated P-TEFb and the HIV-1 

Tat-P-TEFb interaction. (a) Spectra of P-TEFb phosphorylation on the RNA Pol II CTD peptide, 

confirming Ser5 as the phosphorylation site. (b) Silver stain gel of FLAG-CDK9 

immunoprecipitation from HEK293 cells stably expressing FLAG-CDK9. Lane contents: 1 – 

ladder, 2 – unbound to beads, 3 – first wash, 4 – FLAG eluent, 5 – lysate. Indicated bands 

correspond to the correct molecular weight expected for FLAG-CDK9 and Cyclin T1. (c) Anti-

Cyclin T1 western blot of FLAG-CDK9 immunoprecipitation from HEK293 cells stably 

expressing FLAG-CDK9 reveals that Cyclin T1 is the primary co-immunoprecipitant of FLAG-

CDK9. Lane contents: 1 – ladder, 2 – unbound to beads, 3 – FLAG eluent. (d) Substrate profile 

from immunoprecipitated P-TEFb, which aligns with recombinant P-TEFb substrate specificity. 

(e) Schematic representing the Super Elongation Complex (SEC) in which Tat associates with P-

TEFb and the scaffolding protein in order to coordinate P-TEFb phosphorylation of the RNA Pol 

II CTD and the two negative elongation factors NELF and DSIF, which allows the stalled RNA 

Pol II to resume transcription of the integrated viral genome. Residues phosphorylated by P-

TEFb (RNA Pol II CTD Ser5; NELF Ser181, Thr272, Ser281, and Ser353; DSIF Thr775 and 

Thr784) and the proline residues driving specificity are represented in the Figure 3.in bold. (f) 

Kinetic experiments including HIV-1 Tat reveal that some peptides have an enhanced kcat/KM in 

the presence of Tat while others are relatively unchanged. (g) Weighted specificity motif 

generated using the sequences of peptides that Tat increased the kcat/KM values for by more than 

two-fold. Alignment of this motif with RNAP II CTD Ser5 and RNAP II CTD Serine2 as the 

phosphorylation site indicates that Tat selectively increases P-TEFb catalytic efficiency towards 

peptides that are similar to CTD Ser5. 
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Figure 3.6
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Figure 3.6. Delineation of Cyclin-Dependent Kinase substrate specificities. (a) Substrate profile 

from MSP-MS analysis of CDK9/Cyclin T1. (b) Heat map generated using maximum percent 

conversion values from CDK9 PS-SCL experiment. Positive enrichment was visualized as blue 

and zero was set to yellow. Residue indicated in red is highlighted for comparison between 

kinases. (c) Substrate profile from CDK1/Cyclin B. (d) Heat map generated using maximum 

percent conversion values from CDK1 PS-SCL experiment. (e) Substrate profile from 

CDK7/Cyclin H/MNAT1. (f) Heat map generated using maximum percent conversion values 

from CDK7 PS-SCL experiment. (g) Differential phosphorylation of the “P+3 K” peptide, 

RVYLTSPKKPES, by CDK1, CDK9, and CDK7, highlighting each enzyme’s preference for 

basic residues at the P+3 position. P+3 K is a better substrate for CDK1 than for CDK9 (20-fold 

difference in kcat/KM) or for CDK7 (substrate is too poor to obtain kcat/KM value). 

(h) CDK1 phosphorylation of PS-SCL scaffold peptide RVYLTSPKAPES and P+3 A à K 

peptide RVYLTSPKKPES. Alteration of the P+3 residue makes the peptide a 2.5-fold better 

substrate. 
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3.7 Supplemental Figures/Tables 

 

Supplemental Figure 3.1. CAMKK2 substrate preference iceLogo generated from 

phosphopeptides identified after 1200 min of kinase reaction with the 228-member MSP-MS 

peptide library. 
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Supplemental Figure 3.2. CDK2/Cyclin A1 substrate preference iceLogo generated from 

phosphopeptides identified after 1200 min of kinase reaction with the 228-member MSP-MS 

peptide library. 
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Supplemental Figure 3.3. CDK7/Cyclin H/MNAT1 substrate preference iceLogo generated 

from phosphopeptides identified after 1200 min of kinase reaction with the 228-member MSP-

MS peptide library. 
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Supplemental Figure 3.4. MAPK substrate preference iceLogo generated from phosphopeptides 

identified after 1200 min of kinase reaction with the 228-member MSP-MS peptide library. 
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Supplemental Figure 3.5. P-TEFb substrate preference iceLogo generated from 

phosphopeptides identified after 1200 min of kinase reaction with the 228-member MSP-MS 

peptide library. 
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Supplemental Figure 3.6. Real time progress curve of P-TEFb substrate phosphorylation using 

area values. This figure, which accompanies Figure 4 in the text, highlights the reproducibility of 

this method. 

  

0 300 600 900 1200 1500 1800
0

500000

1000000

1500000

2000000

2500000

Time (min)

Pe
ak

 A
re

a

Supplemental Figure 11: Real time progress curve of P-TEFb substrate 
    phosphorylationusing area values

n = 4

YGSGSRT(Phospho)PLYGSQT 
YGSGSRTPLYGSQT 



 

 86 

 

Supplemental Figure 3.7. CDK1/Cyclin B kinetic assay on Ser/Thr sub-library. The kcat/KM 

values extracted for each peptide in this assay are listed in Supplemental Table 7. 
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Supplemental Figure 3.8. CDK2/Cyclin A1 kinetic assay on Ser/Thr sub-library. The kcat/KM 

values extracted for each peptide in this assay are listed in Supplemental Table 8. 
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Supplemental Figure 3.9. CDK7/Cyclin H/MNAT1 kinetic assay on Ser/Thr sub-library. The 

kcat/KM values extracted for each peptide in this assay are listed in Supplemental Table 9. 
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Supplemental Figure 3.10. P-TEFb activity depending on what C-terminal domain truncated 

form of CyclinT1 is included. In additional to full-length Cyclin T1, the four truncated forms of 

Cyclin T1 consisted of amino acids 1-254, 1-333, 1-433, and 1-533. These variant forms of P-

TEFb were assayed on the RNA Pol II WT CTD peptide (YSPTSPSYSPTSPSR) as well as the 

S2A CTD peptide (YAPTSPSYAPTSPSR) and S5A CTD peptide (YSPTAPSYSPTAPSR). In 

agreement with all other P-TEFb experiments, no phosphorylation was found on the S5A CTD 

peptide. All truncated forms phosphorylated the S2A and WT CTD peptides. The CTD of Cyclin 

T1 therefore does not alter P-TEFb selectivity, although a longer Cyclin T1 C-terminal domain 

appears to be inhibitory of kinase activity. 
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Supplemental Figure 3.11. P-TEFb phosphorylation of WT and cis-locked CTD peptides. In 

order to determine the effect of cis/trans conformation of Pro within the CTD, mutant CTD 

peptides were synthesized with either both Pro3 residues (YSP(cis)TSPSYSP(cis)TSPSR) or 

both Pro6 residues (YSPTSP(cis)SYSPTSP(cis)SR) locked in the cis-conformation using 5,5-

dimethyl-pyrrolidine-2-carboxylic acid to simulate a proline locked in the cis-conformation. 

Proline conformation proved to have no effect on P-TEFb substrate specificity, as all three 

peptides were still phosphorylated exclusively at the Ser5 residue. Cis-Pro3 and cis-Pro6 

peptides exhibited a diminished kcat/KM values as compared to the natural CTD peptide, with 17-

fold and 13-fold lower values for cis-Pro3 and cis-Pro6 CTD peptides, respectively. These values 

are listed in Supplemental Table 10. 
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Supplemental Figure 3.12. MSP-MS minimum detection assay using recombinant P-TEFb. In 

order to determine the minimum amount of enzyme necessary for MSP-MS profiling, 

recombinant P-TEFb MSP-MS assays were scaled down in a dilution series (100 nM, 75 nM, 50 

nM, 25 nM, 10 nM, 5 nM, 2.5 nM, 1.25 nM, 0.5 nM, 0.25 nM, 0.125 nM). The minimum 

enzyme concentration required to detect phosphopeptide substrates and develop a substrate motif 

was 10 nM, which for a sample volume of 30 uL corresponds to 0.3 pmoles of enzyme. This 

amount is easily attainable with a single immunoprecipitation experiment, highlighting the 

sensitivity of this assay. 
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Supplemental Table 3.2. Serine/Threonine-Proline sub-library contents. In order to compare the 

catalytic efficiency of our generic peptide substrates in the MSP-MS library with peptides 

derived from authentic substrates, all fifteen of the serine/threonine-proline pair-containing 

peptides from the 228-member library were combined into a sub-library. 12 additional peptides 

derived from natural substrates for P-TEFb were synthesized and included in this sub-library as 

well. The sequences of each peptide in the sub-library are listed below. 

  

Supplemental	Table	2:	Serine/Threonine-Proline	sub-library	contents

Peptide	Identifier Sequence	Origin	 Peptide	Sequence	
TDP28	 MSP-MS	Library	Peptide	 HGTPKFAWDESNGA	
TDP32	 MSP-MS	Library	Peptide	 RGSPLDGYAQNKHA	
TDP44	 MSP-MS	Library	Peptide	 GASTSPHLIWAKPG	
TDP51	 MSP-MS	Library	Peptide	 VSPAPTYGRLWIHK	
TDP60	 MSP-MS	Library	Peptide	 RKWQSPQVDLYDKS	
TDP64	 MSP-MS	Library	Peptide	 HRRVYLTSPKAPES	
TDP78	 MSP-MS	Library	Peptide	 LNARKYWNVHGTPY	
TDP94	 MSP-MS	Library	Peptide	 LHSPWTLANFLRGP	
TDP109	 MSP-MS	Library	Peptide	 TPHHVNWYKRAPNQ	
TDP110	 MSP-MS	Library	Peptide	 THATPGIHDVLLRP	
TDP112	 MSP-MS	Library	Peptide	 PHWQRVIFFRLNTP	
TDP161	 MSP-MS	Library	Peptide	 RNLEFKHDWYGTPL	
TDP172	 MSP-MS	Library	Peptide	 FDWWGNRSPLEKLV	
TDP184	 MSP-MS	Library	Peptide	 LALYSFTPHILWDE	
TDP204	 MSP-MS	Library	Peptide	 WLDLSPTPFNIGYK	
NCO5	 RNA	Pol	II	CTD,	Two	Repeats	 YSPTSPSYSPTSPSR	
NCO17	 Derivative	of	MSP-MS	Peptide	110	 TGATPGIHDVLLRP	
NCO18	 Derivative	of	MSP-MS	Peptide	110	 TAATPGIHDVLLRP	
NCO19	 Derivative	of	MSP-MS	Peptide	110	 TWATPGIHDVLLRP	
NCO20	 Derivative	of	MSP-MS	Peptide	110	 TVATPGIHDVLLRP	
NCO21	 Derivative	of	MSP-MS	Peptide	110	 TSATPGIHDVLLRP	
NCO22	 RNA	Pol	II	CTD,	One	Repeat	in	MSP-MS	Peptide	64	 HRRYSPTSPSAPES	
NCO23	 DSIF	T775	 PnYGSQTPnYGSGS	
NCO24	 DSIF	T784	 YGSGSRTPnYGSQT	
NCO25	 DSIF	T768	 TSTYGRTPnYGSQT	
NCO26	 NELF	E	S181	 GAHSSASPPRSRSR	
NCO29	 NELF	E	S353	 SLAVQNSPKGAHRD	
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Supplemental Table 3.4. Positional scanning-synthetic peptide combinatorial library (PS-SCL) 

design and contents. In order to further delineate the substrate specificities of the closely related, 

proline-directed cyclin-dependent kinases (CDKs), a positional scanning-synthetic peptide 

combinatorial library was synthesized. This library was based on a common substrate for each of 

the CDKs profiled from the 228-member peptide library, RVYLTSPKAPES. Positions P (serine) 

and P+1 (proline) were fixed, while positions P-5 through P-1 and P+2 through P+6 were each 

varied one at a time with a pool containing an equimolar mixture of ten representative amino 

acids from distinct physicochemical groups (V, A, G, S, P, F, D, Q, K, H). This resulted in ten 

pools of ten peptides each. The sequences of the peptides in each pool are listed in the table 

below. 

  

Parent	Peptide Amino	Acids	in	Equimolar	Pool
RVYLTSPKAPES V P-5 P-4 P-3 P-2 P-1

A VVYLTSPKAPES RVYLTSPKAPES RVVLTSPKAPES RVYVTSPKAPES RVYLVSPKAPES
G AVYLTSPKAPES RAYLTSPKAPES RVALTSPKAPES RVYATSPKAPES RVYLASPKAPES
S GVYLTSPKAPES RGYLTSPKAPES RVGLTSPKAPES RVYGTSPKAPES RVYLGSPKAPES
P SVYLTSPKAPES RSYLTSPKAPES RVSLTSPKAPES RVYSTSPKAPES RVYLSSPKAPES
F PVYLTSPKAPES RPYLTSPKAPES RVPLTSPKAPES RVYPTSPKAPES RVYLPSPKAPES
D FVYLTSPKAPES RFYLTSPKAPES RVFLTSPKAPES RVYFTSPKAPES RVYLFSPKAPES
Q DVYLTSPKAPES RDYLTSPKAPES RVDLTSPKAPES RVYDTSPKAPES RVYLDSPKAPES
K QVYLTSPKAPES RQYLTSPKAPES RVQLTSPKAPES RVYQTSPKAPES RVYLQSPKAPES
H KVYLTSPKAPES RKYLTSPKAPES RVKLTSPKAPES RVYKTSPKAPES RVYLKSPKAPES

HVYLTSPKAPES RHYLTSPKAPES RVHLTSPKAPES RVYHTSPKAPES RVYLHSPKAPES

P+2 P+3 P+4 P+5 P+6
RVYLTSPVAPES RVYLTSPKVPES RVYLTSPKAVES RVYLTSPKAPVS RVYLTSPKAPEV
RVYLTSPAAPES RVYLTSPKAPES RVYLTSPKAAES RVYLTSPKAPAS RVYLTSPKAPEA
RVYLTSPGAPES RVYLTSPKGPES RVYLTSPKAGES RVYLTSPKAPGS RVYLTSPKAPEG
RVYLTSPSAPES RVYLTSPKSPES RVYLTSPKASES RVYLTSPKAPSS RVYLTSPKAPES
RVYLTSPPAPES RVYLTSPKPPES RVYLTSPKAPES RVYLTSPKAPPS RVYLTSPKAPEP
RVYLTSPFAPES RVYLTSPKFPES RVYLTSPKAFES RVYLTSPKAPFS RVYLTSPKAPEF
RVYLTSPDAPES RVYLTSPKDPES RVYLTSPKADES RVYLTSPKAPDS RVYLTSPKAPED
RVYLTSPQAPES RVYLTSPKQPES RVYLTSPKAQES RVYLTSPKAPQS RVYLTSPKAPEQ
RVYLTSPKAPES RVYLTSPKKPES RVYLTSPKAKES RVYLTSPKAPKS RVYLTSPKAPEK
RVYLTSPHAPES RVYLTSPKHPES RVYLTSPKAHES RVYLTSPKAHES RVYLTSPKAPEH

Peptide	Sequences	in	each	pool
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Supplemental Table 3.6. Recombinant P-TEFb kinetic analysis on Ser/Thr-Pro sub-library. The 

extracted kcat/KM values for each of the peptides from the graph in Figure 4.a. are listed in the 

table below, illustrating the ability of this MSP-MS technology to determine catalytic efficiency 

values for each substrate in the multiplexed assay. 

  

Supplemental Table 6: Recombinant P-TEFb kinetic analysis on Ser/Thr-Pro sub-library

Peptide Identifier Peptide Sequence kcat/KM (nmol product / 
[minutes * nmol enzyme])

kcat/KM SEM (nmol product / 
[minutes * nmol enzyme])

NCO17 TGAT(Phospho)PGIHDVLLRP 0.040 0.005
NCO18 TAAT(Phospho)PGIHDVLLRP 0.047 0.004
NCO19 TWAT(Phospho)PGIHDVLLRP 0.044 0.011
NCO20 TVAT(Phospho)PGIHDVLLRP 0.050 0.008
NCO21 TSAT(Phospho)PGIHDVLLRP 0.123 0.036
NCO22 HRRYSPTS(Phospho)PSAPES 0.062 0.022
NCO23 PnLYGSQT(Phospho)PnLYGSGS 0.451 0.046
NCO24 YGSGSRT(Phospho)PnLYGSQT 0.359 0.009
NCO25 TSTYGRT(Phospho)PnLYGSQT 0.055 0.002
NCO26 GAHSSAS(Phospho)PPRSRSR 0.109 0.019
NCO29 SLAVQNS(Phospho)PKGAHRD 0.213 0.050
NCO5 YSPTSPSYSPTS(Phospho)PSR 0.118 0.150
NCO5 YSPTS(Phospho)PSYSPTS(Phospho)PSR 0.349 0.016
TDP109 T(Phospho)PHHVNWYKRAPNQ 
TDP110 THAT(Phospho)PGIHDVLLRP 0.079 0.018
TDP112 PHWQRVIFFRLNT(Phospho)P 0.028 0.013
TDP161 RNLEFKHDWYGT(Phospho)PL 0.000 0.023
TDP172 FDWWGNRS(Phospho)PLEKLV 0.050 0.007
TDP184 LALYSFT(Phospho)PHILWDE 0.125 0.027
TDP204 WLDLSPT(Phospho)PFNIGYK 0.060 0.017
TDP28 HGT(Phospho)PKFAWDESNGA 0.069 0.009
TDP32 RGS(Phospho)PLDGYAQNKHA 0.093 0.027
TDP44 GASTS(Phospho)PHLIWAKPG 0.079 0.011
TDP51 VS(Phospho)PAPTYGRLWIHK 0.000 0.000
TDP60 RKWQS(Phospho)PQVDLYDKS 0.074 0.012
TDP64 HRRVYLTS(Phospho)PKAPES 0.073 0.009
TDP78 LNARKYWNVHGT(Phospho)PY 
TDP94 LHS(Phospho)PWTLANFLRGP 0.076 0.016

not phosphorylated

not phosphorylated
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Supplemental Table 3.7. CDK1/Cyclin B kinetic analysis on Ser/Thr-Pro sub-library. The 

extracted kcat/KM values for each of the peptides from the related graph in Supplemental Figure 7 

are listed in the table below, illustrating the ability of this MSP-MS technology to determine 

catalytic efficiency values for each substrate in the multiplexed assay. 

  

Supplemental Table 7: CDK1 kinetic analysis on Ser/Thr-Pro sub-library

Peptide 
Identifier

Peptide Sequence kcat/KM (nmol product / 
[minutes * nmol enzyme])

kcat/KM SEM (nmol product / 
[minutes * nmol enzyme])

NCO17 TGAT(Phospho)PGIHDVLLRP 2.126 6.253
NCO18 TAAT(Phospho)PGIHDVLLRP 0.568 0.198
NCO19 TWAT(Phospho)PGIHDVLLRP 1.594 2.275
NCO20 TVAT(Phospho)PGIHDVLLRP 2.02E-05 8.37E-02
NCO21 TSAT(Phospho)PGIHDVLLRP 
NCO22 HRRYSPTS(Phospho)PSAPES 0.456 0.142
NCO23 PnLYGSQT(Phospho)PnLYGSGS 1.736 0.292
NCO24 YGSGSRT(Phospho)PnLYGSQT 1.96E-05 7.18E-02
NCO25 TSTYGRT(Phospho)PnLYGSQT 
NCO26 GAHSSAS(Phospho)PPRSRSR 0.000 1.781
NCO29 SLAVQNS(Phospho)PKGAHRD 
NCO5 YSPTS(Phospho)PSYSPTS(Phospho)PSR 1.98E-05 3.42E-02
NCO5 YSPTSPSYSPTS(Phospho)PSR 1.07E-06 0.00E+00
TDP109 T(Phospho)PHHVNWYKRAPNQ 
TDP112 PHWQRVIFFRLNT(Phospho)P 1.86E-04 1.09E+00
TDP161 RNLEFKHDWYGT(Phospho)PL 0.296 0.088
TDP172 FDWWGNRS(Phospho)PLEKLV 0.076 0.031
TDP184 LALYSFT(Phospho)PHILWDE 
TDP110 THAT(Phospho)PGIHDVLLRP 1.461 1.738
TDP204 WLDLSPT(Phospho)PFNIGYK 3.965 1.938
TDP28 HGT(Phospho)PKFAWDESNGA 1.96E-05 1.68E-01
TDP32 RGS(Phospho)PLDGYAQNKHA 1.473 1.708
TDP44 GASTS(Phospho)PHLIWAKPG 
TDP51 VS(Phospho)PAPTYGRLWIHK 
TDP60 RKWQS(Phospho)PQVDLYDKS 0.095 0.050
TDP64 HRRVYLTS(Phospho)PKAPES 0.090 0.320
TDP78 LNARKYWNVHGT(Phospho)PY 
TDP94 LHS(Phospho)PWTLANFLRGP too few points

not phosphorylated

not phosphorylated

not phosphorylated

too few points

not phosphorylated

too few points

not phosphorylated

not phosphorylated



 

 96 

Supplemental Table 3.8. CDK2/Cyclin A1 kinetic analysis on Ser/Thr-Pro sub-library. The 

extracted kcat/KM values for each of the peptides from the related graph in Supplemental Figure 8 

are listed in the table below, illustrating the ability of this MSP-MS technology to determine 

catalytic efficiency values for each substrate in the multiplexed assay.  

  

Supplemental Table 8: CDK2 kinetic analysis on Ser/Thr-Pro sub-library

Peptide 
Identifier

Peptide Sequence kcat/KM (nmol product / 
[minutes * nmol enzyme])

kcat/KM SEM (nmol product / 
[minutes * nmol enzyme])

NCO17 TGAT(Phospho)PGIHDVLLRP 0.091 0.088
NCO18 TAAT(Phospho)PGIHDVLLRP 0.057 0.014
NCO19 TWAT(Phospho)PGIHDVLLRP 0.135 0.000
NCO20 TVAT(Phospho)PGIHDVLLRP 
NCO21 TSAT(Phospho)PGIHDVLLRP 1.185 0.592
NCO22 HRRYSPTS(Phospho)PSAPES 0.027 0.000
NCO23 PnLYGSQT(Phospho)PnLYGSGS 0.031 0.032
NCO24 YGSGSRT(Phospho)PnLYGSQT 0.500 0.000
NCO25 TSTYGRT(Phospho)PnLYGSQT 
NCO26 GAHSSAS(Phospho)PPRSRSR 0.490 0.130
NCO29 SLAVQNS(Phospho)PKGAHRD 
NCO5 YSPTS(Phospho)PSYSPTS(Phospho)PSR 
NCO5 YSPTSPSYSPTS(Phospho)PSR 1.269 1.938
TDP109 T(Phospho)PHHVNWYKRAPNQ 0.000 0.000
TDP112 PHWQRVIFFRLNT(Phospho)P 0.031 0.032
TDP161 RNLEFKHDWYGT(Phospho)PL 1.301 1.075
TDP172 FDWWGNRS(Phospho)PLEKLV 
TDP184 LALYSFT(Phospho)PHILWDE 0.031 0.000
TDP110 THAT(Phospho)PGIHDVLLRP 0.437 0.184
TDP204 WLDLSPT(Phospho)PFNIGYK 
TDP28 HGT(Phospho)PKFAWDESNGA 
TDP32 RGS(Phospho)PLDGYAQNKHA 
TDP44 GASTS(Phospho)PHLIWAKPG 0.043 0.048
TDP51 VS(Phospho)PAPTYGRLWIHK 0.177 0.088
TDP60 RKWQS(Phospho)PQVDLYDKS 
TDP64 HRRVYLTS(Phospho)PKAPES 0.286 0.312
TDP78 LNARKYWNVHGT(Phospho)PY 
TDP94 LHS(Phospho)PWTLANFLRGP 0.443 0.293

not phosphorylated
too few points

not phosphorylated

too few points

not phosphorylated

too few points

too few points
too few points

too few points

too few points
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Supplemental Table 3.9. CDK7/Cyclin H/MNAT1 kinetic analysis on Ser/Thr-Pro sub-library. 

The extracted kcat/KM values for each of the peptides from the related graph in Supplemental 

Figure 9 are listed in the table below, illustrating the ability of this MSP-MS technology to 

determine catalytic efficiency values for each substrate in the multiplexed assay.  

  

Supplemental Table 9: CDK7 kinetic analysis on Ser/Thr-Pro sub-library

Peptide 
Identifier

Peptide Sequence kcat/KM (nmol product / 
[minutes * nmol enzyme])

kcat/KM SEM (nmol product / 
[minutes * nmol enzyme])

NCO17 TGAT(Phospho)PGIHDVLLRP 0.000 0.265
NCO18 TAAT(Phospho)PGIHDVLLRP 
NCO19 TWAT(Phospho)PGIHDVLLRP 
NCO20 TVAT(Phospho)PGIHDVLLRP 
NCO21 TSAT(Phospho)PGIHDVLLRP 4.13E-02 0.00E+00
NCO22 HRRYSPTS(Phospho)PSAPES 0.272 0.000
NCO23 PnLYGSQT(Phospho)PnLYGSGS 0.075 0.042
NCO24 YGSGSRT(Phospho)PnLYGSQT 
NCO25 TSTYGRT(Phospho)PnLYGSQT 6.79E-06 0.00E+00
NCO26 GAHSSAS(Phospho)PPRSRSR 0.467 0.000
NCO29 SLAVQNS(Phospho)PKGAHRD 0.000 0.000
NCO5 YSPTS(Phospho)PSYSPTS(Phospho)PSR 
NCO5 YSPTSPSYSPTS(Phospho)PSR 0.865 0.000
TDP109 T(Phospho)PHHVNWYKRAPNQ 
TDP112 PHWQRVIFFRLNT(Phospho)P 0.011 0.012
TDP161 RNLEFKHDWYGT(Phospho)PL 
TDP172 FDWWGNRS(Phospho)PLEKLV 9.21E-06 4.12E-02
TDP184 LALYSFT(Phospho)PHILWDE 0.013 0.022
TDP110 THAT(Phospho)PGIHDVLLRP 
TDP204 WLDLSPT(Phospho)PFNIGYK 0.206 0.000
TDP28 HGT(Phospho)PKFAWDESNGA 
TDP32 RGS(Phospho)PLDGYAQNKHA 0.000 0.000
TDP44 GASTS(Phospho)PHLIWAKPG 0.007 0.030
TDP51 VS(Phospho)PAPTYGRLWIHK 2.92E-05 9.71E-02
TDP60 RKWQS(Phospho)PQVDLYDKS 0.000 0.097
TDP64 HRRVYLTS(Phospho)PKAPES 0.197 0.107
TDP78 LNARKYWNVHGT(Phospho)PY 
TDP94 LHS(Phospho)PWTLANFLRGP 6.979 6.339

not phosphorylated

not phosphorylated

not phosphorylated

not phosphorylated

not phosphorylated

not phosphorylated
not phosphorylated

not phosphorylated

too few points

not phosphorylated
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Supplemental Table 3.10. P-TEFb analysis of WT versus cis-locked Pro CTD peptides. These 

kcat/KM values were extracted from the graph in Supplemental Figure 11. In order to determine 

the effect of cis/trans conformation of Pro within the CTD, mutant CTD peptides were 

synthesized with either both Pro3 residues (YSP(cis)TSPSYSP(cis)TSPSR) or both Pro6 

residues (YSPTSP(cis)SYSPTSP(cis)SR) locked in the cis-conformation using 5,5-dimethyl-

pyrrolidine-2-carboxylic acid to simulate a proline locked in the cis-conformation. Proline 

conformation proved to have no effect on P-TEFb substrate specificity, as all three peptides were 

still phosphorylated exclusively at the Ser5 residue. Cis-Pro3 and cis-Pro6 peptides exhibited a 

diminished kcat/KM values as compared to the natural CTD peptide, with 17-fold and 13-fold 

lower values for cis-Pro3 and cis-Pro6 CTD peptides, respectively.  

  

Supplemental	Table	10:	P-TEFb	analysis	of	WT	versus	cis-locked	Pro	CTD	peptides

Peptide Identifier Peptide Sequence K
kcat/KM (nmol product / 

[minutes * nmol 
enzyme])

kcat/KM SEM (nmol 
product / [minutes * 

nmol enzyme])

NCO5 (in cis-Pro3 sample) YSPTSPSYSPTS(Phospho)PSR 0.01893 0.568 0.135

NCO5 (in cis-Pro6 sample) YSPTSPSYSPTS(Phospho)PSR 0.02341 0.702 0.443

NCO5 cis-Pro3 YSPcisTSPSYSPcisTS(Phospho)PSR 0.001095 0.033 0.010

NCO5 cis-Pro6 YSPTSPcisSYSPTS(Phospho)PcisSR 0.001808 0.054 0.018
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Supplemental Table 3.11. P-TEFb kinetic analysis on Ser/Thr-Pro sub-library +/- Tat. In order 

to determine the effect of Tat on P-TEFb catalytic efficiency, HIV-1 Tat was included in kinetic 

assays using the Ser/Thr-Pro sub-library. The extracted kcat/KM values from this assay are listed 

in the table below. Tat increased the catalytic efficiency of several peptides in the assay, as 

illustrated by the graph in Figure 5.f. and the weighted motif including peptide sequences that 

were turned over more in the presence of Tat in Figure 5.g.  

  

kcat/KM (nmol product / 
[minutes * nmol 

enzyme])

kcat/KM (nmol product / 
[minutes * nmol 

enzyme])

TDP28 HGT(Phospho)PKFAWDESNGA 0.147 0.125 0.8

TDP32 RGS(Phospho)PLDGYAQNKHA 0.107 0.105 1.0

TDP44 GASTS(Phospho)PHLIWAKPG 0.100 0.195 2.0

TDP60 RKWQS(Phospho)PQVDLYDKS 0.092 0.129 1.4

TDP64 HRRVYLTS(Phospho)PKAPES 0.036 0.377 10.6

TDP94 LHS(Phospho)PWTLANFLRGP 0.245 0.389 1.6

TDP110 THAT(Phospho)PGIHDVLLRP 0.080 0.068 0.8

TDP112 PHWQRVIFFRLNT(Phospho)P 0.121 0.115 1.0

TDP161 RNLEFKHDWYGT(Phospho)PL 0.122 0.196 1.6

TDP184 LALYSFT(Phospho)PHILWDE 0.159 0.233 1.5

TDP204 WLDLSPT(Phospho)PFNIGYK 0.138 0.202 1.5

NCO5 YSPTS(Phospho)PSYSPTS(Phospho)PSR 0.383 0.947 2.5

NCO17 TGAT(Phospho)PGIHDVLLRP 0.100 0.137 1.4

NCO18 TAAT(Phospho)PGIHDVLLRP 0.121 0.215 1.8

NCO19 TWAT(Phospho)PGIHDVLLRP 0.050 0.250 5.0

NCO20 TVAT(Phospho)PGIHDVLLRP 0.092 0.131 1.4

NCO21 TSAT(Phospho)PGIHDVLLRP 0.087 0.227 2.6

NCO22 HRRYSPTS(Phospho)PSAPES 0.190 0.343 1.8

NCO23 PnLYGSQT(Phospho)PnLYGSGS 0.672 1.629 2.4

NCO24 YGSGSRT(Phospho)PnLYGSQT 0.388 1.421 3.7

NCO25 TSTYGRT(Phospho)PnLYGSQT 0.071 0.184 2.6

NCO26 GAHSSAS(Phospho)PPRSRSR 0.105 0.208 2.0

Without Tat With Tat

Peptide Sequence Peptide Identifier
Fold Increase in 
kcat/KM Plus Tat
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Supplemental Table 3.12. P-TEFb kinetic analysis on Ser/Thr-Pro sub-library +/- AFF4. In 

order to determine the effect of AFF4 on P-TEFb catalytic efficiency, AFF4 was included in 

kinetic assays using the Ser/Thr-Pro sub-library. The extracted kcat/KM values from this assay are 

listed in the table below. AFF4 was found to have no significant effect on P-TEFb substrate 

specificity or catalytic efficiency, providing resolution to several previous conflicting reports.  

 

  

Supplemental Table 12: P-TEFb kinetic analysis on Ser/Thr-Pro sub-library plus minus AFF4

Peptide 
Identifier Peptide Sequence 

P-TEFb Alone - 
kcat/KM (nmol 

product / [minutes 
* nmol enzyme])

P-TEFb Alone - 
kcat/KM SEM (nmol 
product / [minutes 
* nmol enzyme])

P-TEFb + AFF4 - 
kcat/KM (nmol 

product / [minutes 
* nmol enzyme])

P-TEFb + AFF4 - 
kcat/KM SEM (nmol 
product / [minutes 
* nmol enzyme])

Fold Increase 
in kcat/KM 

when AFF4 is 
Present

TDP28 HGT(Phospho)PKFAWDESNGA 0.082 0.007 0.054 0.009 0.7
TDP32 RGS(Phospho)PLDGYAQNKHA 0.038 0.009 0.042 0.006 1.1
TDP44 GASTS(Phospho)PHLIWAKPG 0.099 0.018 0.067 0.008 0.7
TDP64 HRRVYLTS(Phospho)PKAPES 0.034 0.014 0.078 0.021 2.3
TDP94 LHS(Phos)PWTLANFLRGP 0.111 0.026 0.069 0.020 0.6
TDP109 T(Phospho)PHHVNWYKRAPNQ 0.029 0.009 0.036 0.007 1.2
TDP110 THAT(Phospho)PGIHDVLLRP 0.057 0.009 0.079 0.005 1.4
TDP112 PHWQRVIFFRLNT(Phospho)P 0.016 0.007 0.021 0.019 1.3
TDP161 RNLEFKHDWYGT(Phospho)PL 0.033 0.002 0.012 0.017 0.4
TDP172 FDWWGNRS(Phos)PLEKLV 0.080 0.007 0.056 0.003 0.7
TDP184 LALYSFT(Phos)PHILWDE 0.132 0.034 0.059 0.017 0.4
TDP204 WLDLS(Phospho)PTPFNIGYK 0.104 0.022 0.060 0.006 0.6
TDP204 WLDLSPT(Phospho)PFNIGYK 0.104 0.016 0.067 0.011 0.6
NCO5 YSPTSPSYSPTS(Phospho)PSR 0.082 0.130 0.147 0.236 1.8
NCO5 YSPTS(Phospho)PSYSPTS(Phospho) 0.258 0.033 0.476 0.018 1.8
NCO17 TGAT(Phospho)PGIHDVLLRP 0.048 0.008 0.043 0.013 0.9
NCO18 TAAT(Phospho)PGIHDVLLRP 0.042 0.004 0.097 0.007 2.3
NCO19 TWAT(Phospho)PGIHDVLLRP 0.064 0.008 0.041 0.015 0.6
NCO20 TVAT(Phospho)PGIHDVLLRP 0.043 0.005 0.028 0.007 0.6
NCO21 TSAT(Phospho)PGIHDVLLRP 0.043 0.006 0.034 0.005 0.8
NCO22 HRRYSPTS(Phospho)PSAPES 0.059 0.022 0.108 0.017 1.8
NCO23 PLYGSQT(Phospho)PLYGSGS 0.524 0.105 0.613 0.077 1.2
NCO24 YGSGSRT(Phospho)PLYGSQT 0.314 0.019 0.487 0.016 1.6
NCO25 TSTYGRT(Phospho)PLYGSQT 0.048 0.005 0.064 0.002 1.3
NCO26 GAHSSAS(Phospho)PPRSRSR 0.100 0.011 0.097 0.018 1.0
NCO29 SLAVQNS(Phospho)PKGAHRD 0.027 0.008 0.049 0.006 1.8
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Chapter 4. Unpublished applications of MSP-MS 
 
 
 
4.1 Forward 

 

The main goal of my rotation project was to expand the applicability beyond analysis of a single 

protease. Anthony O’Donoghue had previously shown that the MSP-MS technology could 

analyze complex biological mixtures such as secretions from Schistosoma 

mansoni,(O’Donoghue et al., 2015) and during my rotation project I focused on applying MSP-

MS to complex mixtures of secretions from Mycobacterium tuberculosis and Mycobacterium 

smegamtis, as described in Chapter 2. Another potential idea for my rotation project was to use 

MSP-MS to characterize other kinds of post-translational modifying enzymes. I spent the 

majority of my time in graduate school focusing on the expansion of MSP-MS for use with 

kinases, as is described in Chapter 3. I did preliminary experiments with a variety of other PTM 

enzymes, as well as began experiments to examine how pre-modification with one PTM enzyme 

may alter the subsequent activity of a second PTM enzyme. 
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4.2 PRMT1 

 

Introduction 

Protein arginine N-methyltransferase 1 (PRMT1) is an arginine-specific histone 

methyltransferase that methylates histone H4 at Arg3, an action that facilitates transcriptional 

activation.(Strahl et al., 2001)(Wang et al., 2001)  I chose to undertake MSP-MS profiling of 

PRMT1 because existing structural evidence suggested that PRMT1 binds its substrates in an 

extended linear fashion, and it was one of the post-translational modifying enzymes that were 

identified in the HIV interactome study and I was originally interested in querying HIV host-

pathogen interactions and describing the effect of HIV factors on host PTM enzyme 

activity.(Jäger et al., 2011) A peptide library-based method had previously been used to obtain 

information about the substrate specificity of PRMT1, which further supported the idea that 

MSP-MS may be an appropriate technology to use for further analysis.(Wooderchak et al., 2008, 

p. 1) These previous peptide library experiments found that PRMT1 predominantly methylated 

substrates within an “RG(G)” motif.(Wooderchak et al., 2008, p. 1) Additionally, experiments in 

which residues surrounding a known methylation site within a protein were mutated to a 

disfavored residue resulted in failure of PRMT1 to methylate the substrate protein, supporting 

the hypothesis that substrate specificity for PRMT1 is somewhat dependent on the primary 

amino acid sequence surrounding the methylation site.(Wooderchak et al., 2008, p. 1) The crystal 

structure of PRMT1 in complex with a 19 residue substrate peptide has been solved.(Zhang & 

Cheng, 2003, p. 1) The electron densities revealing the location of the peptide substrate were 

broken into three separate binding sites, and with the exception of the arginine in the active site, 

side chain densities were not sufficient to clearly identify the individual residues. However, all 
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three potential binding sites are shallow grooves into which the peptide substrate fits when in an 

extended conformation (Figure 4.1). 

 

Methods 

PRMT1 MSP-MS assays were carried out under essentially identical conditions to those used for 

kinase assays, as described in Chapter 3.3. Instead of 1 mM ATP included in the enzyme 

reaction, S-Adenosyl methionine was included as a co-factor for PRMT1. Time points were 

quenched as described earlier and analyzed on the LTQ Orbitrap Velos using the same method 

and parameters as were used for the kinase MSP-MS experiments using the full library. The only 

alteration between the Protein Prospector parameters used for the kinase searches and the ones 

performed for PRMT1 was that methylation on Lys and Arg residues was allowed as a variable 

modification. Modified peptides were identified in the search results and confirmed by manual 

inspection of the ion series. 

 

Results 

PRMT1 methylated a single peptide in the library. This methylation occurred at an Arg residue 

adjacent to a Gly (GDQPVSR(methyl)GLYFITH). This “RG” motif aligns with what is known 

of the substrate specificity of PRMT1, which is a preference to methylate an Arg within an 

“RGG” motif.(Wooderchak et al., 2008) 

 

Discussion and Future Outlook 

The small number of methylated peptides may suggest that the diversity within our current 228-

member library is not enough to provide adequate substrates for PRMT1. However, since there 
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are a number of other peptides in the library that have an “RG” motif, it is likely that either there 

is a third determinant of substrate specificity that is not adequately represented in our library, or 

that there is a tertiary interaction responsible for driving PRMT1 substrate specificity. 

 

One problem that I encountered when attempting to identify real methylated peptides as 

compared to methylated peptides that were present in the no enzyme control was that there was a 

significant amount of chemical noise. S-adenosyl methionine was able to randomly methylate a 

number of peptides in the library and as a result there were many methylated peptides in the no 

enzyme control. After careful removal of these peptides from the methylated peptides in the 

reaction sample, there was only one peptide remaining. The concentration of S-adenosyl 

methionine must be carefully chosen in order to minimize chemical noise, as there may have 

been real methylated peptides that were overlooked incorrectly since they were also present in 

the no enzyme control. 

 

Another potential direction for this enzyme would be to see what effect interacting partners from 

HIV-1 have on the activity of PRMT1. This was initially one of my aims for my qualifying exam 

proposal. I was drawn to this idea from the HIV interactome paper that was published shortly 

before I joined the Craik lab.(Jäger et al., 2011) In this study the interactions that each HIV-1 

protein make were mapped, and 10% of these high confidence interactions were with post-

translational modifying enzymes. PRMT1 interacts with most of the HIV-1 proteins, and had 

high interaction scores from both cell systems used with the Gag and nucleocapsid proteins. It 

may be interesting to include these HIV proteins in future analyses and see what effect there is 

on PRMT1 activity.  
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4.3 HAT1 

 

Introduction 

Histone acetyltransferase 1 (HAT1) is the epitomic member of the histone acetyltransferase 

superfamily of enzymes that catalyze acetylation of lysine ε-amino groups through transfer of an 

acetyl group from acetyl coenzyme A.(Parthun, Widom, & Gottschling, 1996)(Kleff, Andrulis, 

Anderson, & Sternglanz, 1995) HAT1, which acetylates Lys5 and Lys12 within the N-teminal 

tail of histone H4, is integral to a variety of DNA regulatory processes and is ubiquitous 

throughout eukaryotes.(Verreault, Kaufman, Kobayashi, & Stillman, 1998) Some work has 

already been done in an attempt to determine the catalytic mechanism and substrate specificity of 

HAT1. NMR solution studies revealed that the substrate of HAT1, the N-terminal domain of 

histone H4, adopts an extended backbone conformation and undergoes a structural transition 

upon acetylation.(H. Wu et al., 2012) This result suggests that HAT1 may recognize its substrate 

in a linear epitope and then induce a structural change within the substrate after modifying it. 

This hypothesis is supported by the solved crystal structure of HAT1 in complex with a substrate 

histone H4 peptide and Acetyl CoA.(Bang, Lee, Yoon, Lee, & Lee, 2001, p.) This structure 

reveals that HAT1 can accept a peptide substrate binding in an extended conformation (Figure 

4.2). Based on this evidence that HAT1 may accept its substrate in an extended linear 

conformation and derive its specificity from amino acid sequence, I chose to undergo MSP-MS 

experiments. Additionally, HAT1 was one of the PTM enzymes that were identified in the HIV 

interactome study, and I was interested in determining what effect an HIV factor may have on 

the activity of its interacting host PTM enzyme.(Jäger et al., 2011) 
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Methods 

HAT1 MSP-MS assays were carried out under essentially identical conditions to those used for 

kinase and methyltransferase assays, as described in Chapter 3.3. Instead of 1 mM ATP included 

in the enzyme reaction, Acetyl CoA was included as a co-factor for HAT1. Time points were 

quenched as described earlier and analyzed on the LTQ Orbitrap Velos using the same method 

and parameters as were used for the kinase MSP-MS experiments using the full library. The only 

alteration between the Protein Prospector parameters used for the kinase searches and the ones 

performed for HAT1 was that acetylation on His residues was allowed as a variable 

modification. Modified peptides were identified in the search results and confirmed by manual 

inspection of the ion series. 

 

Results 

While I was anticipating to observed acetylation on peptides at His residues, resulting in a 

specificity motif that was consistent with the “GXGKXG” motif previously described for HAT1, 

I essentially only observed acetylation on peptides that was a result of random chemical noise. 

This was a similar problem to what I encountered with PRMT1, where the cofactor randomly 

modified peptides in the library and I saw the same modified peptides show up in the results for 

both the no enzyme control and the reaction samples.  

 

Discussion and Future Outlook 
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As was the case with PRMT1, the main problem with studying histone acetyltransferases using 

our system is the random chemical modification of our peptide library. As a result, the chemical 

noise is very high in assays of this kind. Future experiments to profile HAT1 (or another 

acetyltransferase) would require careful selection of Acetyl CoA concentration in order to 

minimize the number of random chemical additions of the acetyl group to substrate peptides. 

Additionally, it is likely that acetylation is not exclusively directed by the primary sequence of 

the substrates it modifies. While the primary sequence appears to have some role, and the 

substrates are modified when in an unstructured conformation, it very well may be the case that 

secondary or tertiary structures are the key features driving substrate recognition. 
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4.4 Peptidoglycan amidases 

 

Introduction 

In collaboration with Seemay Chou (UCSF) I profiled two peptidoglycan amidases using MSP-

MS. Peptidoglycan is the primary structural component of the bacterial cell wall. In Gram-

negative bacteria this polymer exists between the outer and cytoplasmic membranes. This 

structure in the periplasmic space is critical for maintaining cell shape and inhibiting lysis. 

Peptidoglycan amidases are enzymes capable of hydrolyzing bonds within peptidoglycan, 

thereby causing cell lysis. Bacteria that possess these enzymes thereby have a survival advantage 

over their competitors. We were interested in testing the proteolytic activity of these enzymes 

using MSP-MS since the standing hypothesis is that these enzymes, although evolutionarily 

similar to proteases, no longer retain proteolytic activity towards protein (or peptide) substrates 

and instead are specific towards their cleavage sites within peptidoglycan. 

 

The first enzyme that I profiled was Tse1 from Pseudomonas aeruginosa. Tse1 is a 

peptidoglycan amidase that specifically cleaves the γ-D-glutamyl-meso-2,6-diaminopimelic acid 

bond.(Russell et al., 2011) Based on the structural evidence that Tse1 has a very accessible active 

site as compared to similar enzymes, it seemed possible that this enzyme could cleave peptide 

substrate in addition to its typical substrates.(S. Chou et al., 2012)(Typas, Banzhaf, Gross, & 

Vollmer, 2012) In order to rule out background activity due to preparation conditions, a catalytic 

mutant (Tse1 C30A) was also profiled in parallel. 
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The other enzyme that I profiled was Dae3. Dae3 represents an example of a eukaryotic enzyme 

that was acquired through horizontal gene transfer from bacteria.(S. Chou et al., 2015) While 

horizontal gene transfer among bacterial species is a common way that different organisms 

acquire traits from one another, horizontal gene transfer from bacteria to eukaryotes is far less 

common, though increasingly described as of late.(Boto, 2014)(Dunning Hotopp, 2011) Dae3 is 

an enzyme encoded by one of six recently described domesticated amidase effector (dae) genes, 

which were identified in eukaryotic genomes as a result of the transfer of type VI secretion 

amidase effector (tae) genes that encode proteins such as Tse1.(S. Chou et al., 2015) The 

presence of these peptidoglycan amidases in eukaryotes confers additional antibacterial abilities, 

making the lytic activity of these enzymes of interest. As with the profiling experiments for 

Tse1, I performed MSP-MS analysis of both WT Dae3 and a catalytic mutant, Dae3 C79A. 

 

Methods 

 

MSP-MS analyses 

MSP-MS analysis was carried out on Tse1 and Tse1 C30A samples, and Dae3 and Dae3 C79A 

samples in parallel, in addition to no enzyme controls. Samples were added to the library (500 

nM peptides) at an enzyme concentration of 1 uM. 30 uL time points were removed at 15, 60, 

240, and 1200 minutes and quenched using 7.5 uL of 20% formic acid. Time points were 

desalted using C18 ZipTips and dried down using a SpeedVac. Prior to analysis, samples were 

resuspended in 30 uL 0.1% formic acid. 1 uL of sample was injected into an LC-MS/MS system.  

 

Cleavage identification 
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Peptides were sequenced using an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific) 

paired with a 10,000 p.s.i. system-nanoACQUITY (Waters) ultra-performance liquid 

chromatography instrument with an EASY-Spray column (15 cm x 75 μm ID, PepMap C18, 3 

μm; ES800; Thermo Scientific). The LC was run at a flow rate of 600 nL/min for sample loading 

and 300 nL/min for peptide separation using a linear gradient from 2% B to 30 %B (solvent A: 

0.1% formic acid in water, solvent B: 0.1% formic acid in 70% acetonitrile), resolved over 27 

min for sub-library or 57 min for full library analysis. Survey scans were recorded over a 350 – 

1,400 m/z range, and MS/MS was performed in data-dependent acquisition mode with higher-

energy collisional dissociation (HCD) fragmentation on the ten most intense precursor ions.  

 

Specificity motif generation 

Resulting peak lists were generated using PAVA (UCSF-developed software) and data were 

searched using Protein Prospector software v. 5.15.0.(Chalkley, Baker, Medzihradszky, Lynn, & 

Burlingame, 2008) Data were searched against a defined database of our 228 peptides. Mass 

tolerances were set at 20 ppm for parent ions and 30 ppm for fragment ions. Peptide sequences 

were matched as non-enzymatically digested peptides. N-terminal pyroglutamate from glutamine 

and glutamate, oxidation of tyrosine, and mono- and di-oxidation of tryptophan were set as 

variable modifications. Protein Prospector search compare score settings were set at: minimum 

protein score of 20, minimum peptide score of 15, and maximum expectation values of 0.01 for 

protein and 0.00001 for peptide matches. The full length sequences of the identified cleavage 

products were deduced by comparison to the intact peptides found in the library, and an excel 

format of the results was generated using the Extractor program (UCSF).(O’Donoghue et al., 

2012) 



 

 111 

 

All possible decapeptide sequences from the 228-member library (2964 in total) were generated 

and imported into iceLogo as a negative set.(Colaert, Helsens, Martens, Vandekerckhove, & 

Gevaert, 2009) The difference in frequency of an amino acid at a position between the positive 

and negative data sets was calculated as a percentage difference. Amino acids that were 

significantly (P ≤ 0.05) over- or under-represented in the positive set were graphically 

represented in the iceLogo plot, with the size of each letter proportional to the magnitude of its 

percent difference.  

 

Results 

 

Tse1  

MSP-MS analysis of Tse1 and its catalytic mutant revealed nearly identical cleavages for each 

sample, suggesting that the activity identified was a result of a contaminating protein used in the 

enzyme preparation. Analysis of the 1200 min samples shows 90 cleavages in the Tse1 sample 

(Figure 4.3) and 109 cleavages in the Tse1 C30A sample (Figure 4.4). The iceLogos for each 

sample are essentially identical (Figure 4.3 and Figure 4.4). The specificity displayed in both 

iceLogos is consistent with the cleavage preference for trypsin, suggesting that trypsin may have 

been used in preparation of these enzymes and lingering trypsin is responsible for the observed 

cleavages. These results suggest that Tse1 has no lingering proteolytic capability against protein 

or peptide substrates without concurrent binding to some other cofactor not present in our assay. 
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Dae3 

Analysis of the Dae3 and Dae3 C79A samples exposes disparate cleavage patterns, suggesting 

that Dae3 may in fact have some ability to cleave peptide substrates. The iceLogo for cleavages 

identified only in the Dae3 sample shows a strong preference for Asp in the P1 position (Figure 

4.5). Conversely, the iceLogo for cleavages identified in the Dae3 C79A catalytic mutant sample 

seems to be predominantly background cleavages, with no strong preference for specific amino 

acid residues (Figure 4.6). The substrate specificity exhibited by Dae3 may be used to direct 

synthesis of fluorescent probes for Dae3 activity. Several substrates that were turned over by 

Dae3 with high efficiency and may be good candidate substrates are listed in Table 4.2. 
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4.5 Coupled kinase and protease MSP-MS assay 

 

Introduction 

One exciting application of our MSP-MS technology that Giselle Knudsen and I discussed was 

examining the crosstalk between different kinds of post-translational modifications. We were 

drawn to try examining caspases and kinases together first, since caspases have been studied 

previously in the Craik lab and the enzymes were readily available.(Jun et al., 2009)(Park et al., 

2006) We were additionally drawn to this experiment because a recent report from the Wells lab 

at UCSF revealed that caspase 3 can cleave after phosphorylated serine residues in addition to 

the traditional aspartate.(Seaman et al., 2016) We were interested in determining what effect pre-

phosphorylation of the peptide library might have on the caspase’s aility to cleave substrates. 

Phosphorylated peptides may be cleaved faster or slower than non-phosphorylated peptides, and 

perhaps no longer be cleaved at all. A recent report described how kinases as caspase substrates 

and caspases as kinase substrates, but did not describe any incidences of a kinase 

phosphorylating a caspase substrate and the consequences of that event.(Kurokawa & Kornbluth, 

2009) We performed in initial experiment to get at this hypothesis, and follow up experiments 

may yield interesting results. 

 

Methods 

In order to determine what effect pre-phosphorylation of peptide substrates has on caspase 

activity, we pre-phosphorylated the library prior to caspase experiments. We did this alongside a 

caspase 3 MSP-MS assay on the unmodified library. First, the library was pre-phosphorylated 

with glucokinase as was described in Chapter 3.3. Glucokinase was allowed to react on the 
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library for 20 hours. Glucokinase was chosen to pre-phosphorylate the library since it was the 

most active of the 15 kinases that I profiled. After pre-phosphorylation, caspase 3 (a kind gift 

from the Wells lab) was added to both the phosphorylated library and a parallel assay was set up 

using the unmodified library. Time points of each reaction were taken at 15, 60, 240, and 1200 

minutes. Samples were run on a LC-MS/MS system as was described previously.(O’Donoghue 

et al., 2012) The substrate specificities between the pre-phosphorylated and unmodified MSP-

MS assays were then compared. 

 

Results 

Analysis of the caspase 3 iceLogo generated from cleavages identified at the 240 minute time 

point revealed a preference for Asp at the P1 position, which is consistent with what is known of 

caspase 3 specificity (Figure 4.7).(Seaman et al., 2016) An iceLogo generated from the cleavages 

identified in the GCK pre-treated sample no longer shows a preference for Asp at the P1 

position, suggesting that phosphorylation of the library removed some cleavage sites or make 

other better cleavage sites (Figure 4.8). Comparison of the cleavages that were unique to either 

the caspase 3 alone assay or the GCK then caspase 3 assay highlighted 36 peptides that were 

only cleaved by caspase 3 after pre-incubation of the library with GCK. An iceLogo illustrating 

the sequence similarities of these 36 peptides is presented in Figure 4.9. This logo maintains the 

preference for Leu/Nle at P2 that was observed for caspase 3 on the GCK-treated library, but the 

preference for Phe at P1 that was observed is abrogated in this sample set, perhaps suggesting 

that a phosphorylated residue elsewhere is more important than a certain residue at the P1 site. 

The sequences of the peptides that make up the iceLogo in Figure 4.9 as well as the localization 

of the phosphorylation site within the peptide (if any) are presented in Table 4.1. Three of these 



 

 115 

cleaved had a phosphorylated Thr residue at the P1 site within the substrate, which is in 

agreement with the recent finding from Seaman et al.(Seaman et al., 2016) 

 

Discussion and Future Outlook 

While these initial findings are exciting, they are not sufficient to completely define the effect of 

pre-phosphorylation of peptide substrates on caspase 3 activity. The first problem with this initial 

experiment is that the library was likely not completely phosphorylated. Not only were there 

empty phosphosites, but many of the identified phosphopeptides likely had not been 100% 

phosphorylated and there was still some of the unmodified substrate around. Undersaturation of a 

phosphosite would mean that the caspase could freely choose (and likely prefer) the non-

phosphorylated version the substrate. As a result, the phospho-cleavage species were likely very 

low in abundance in this experiment and difficult to detect above background. In order to try to 

have more complete phosphorylation of the library in subsequent experiments, several things 

could be done. Firstly, it would be advisable to incubate the library with GCK in addition to 

another promiscuous kinase, such as PKA. By including an orthogonally specific kinase in the 

analysis, more of the potentially phosphorylatable residues would likely be modified. Secondly, 

following pre-phosphorylation of the library with kinase, the phosphorylated peptides could be 

purified, therefore reducing the abundance of non-phospho species. One could imagine that this 

kind of coupled assay could allow for analysis of the crosstalk from any two PTM enzymes. As 

long as the first round of modification on the library is carried out as much to completion as 

possible, and the modified peptides are then concentrated somehow, this kind of assay may be 

able to provide true insight into how one PTM regulates another. 
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4.5 Figures/Tables 

 

Figure 4.1. Structure of PRMT1 with substrate peptide (GGFGGRGGF) modeled into one of 

three possible grooves (PDB 1OR8). This co-crystal structure provides evidence that PRMT1 

may be applicable for MSP-MS analysis, since a substrate peptide is binding in an extended 

linear fashion. 
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Figure 4.2. Crystal structure of HAT1 in complex with a histone H4 peptide substrate 

(KGGKGLGKGGAKRHR). Modified residue is in red (PDB 2P0W). This co-crystal structure 

provides evidence that HAT1 may be applicable for MSP-MS analysis, since a substrate peptide 

is binding in an extended linear fashion. 
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Figure 4.3. iceLogo for 1200 min Tse1 sample, 90 cleavages.  

n = 90

P4 P3 P2 P1 P1’ P2’ P3’ P4’
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Figure 4.4. iceLogo for 1200 min Tse1 C30A sample, 109 cleavages.  

n = 109

P4 P3 P2 P1 P1’ P2’ P3’ P4’
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Figure 4.5. iceLogo for Dae3 unique cleavages identified in the 240 minute time point.  

n = 32

P4 P3 P2 P1 P1’ P2’ P4’P3’
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Figure 4.6. iceLogo for cleavages identified in the Dae3 C79A 240 minute time point. 
  

n = 123

P4 P3 P2 P1 P1’ P2’ P3’ P4’
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Figure 4.7. iceLogo for caspase 3 cleavages of the unmodified MSP-MS library, 240 min time 

point. The observed preference for Asp at the P1 position is consistent with previous caspase 3 

specificity knowledge. 
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Figure 4.8. iceLogo for caspase 3 cleavages of the MSP-MS library pre-phosphorylated with 

GCK, 240 min time point. The preference for Asp at the P1 position observed for caspase 3 on 

the unmodified library is no longer present in this logo, suggesting that pre-phosphorylating the 

library either removes some cleaveage sites or makes other sites better substrates. 

  

P4 P3 P2 P1 P1’ P2’ P3’ P4’

n = 75
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Figure 4.9. iceLogo generated from the 36 cleavages that were unique to caspase 3 on the GCK-

pre-treated MSP-MS library, 240 min time point. This logo maintains the preference for Leu/Nle 

at P2 that was observed for caspase 3 on the GCK-treated library, but the preference for Phe at 

P1 that was observed is abrogated in this sample set, perhaps suggesting that a phosphorylated 

residue elsewhere is more important than the P1 site. 

  

P4 P3 P2 P1 P1’ P2’ P3’ P4’

n = 36
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Table 4.1. Cleavages unique to caspase 3 assay on the GCK-treated MSP-MS library with 

phosphorylation sites localized within the peptide when applicable. 

 
 
 
  

Library ID Peptide Sequence 
4 XGIQST(Phospho)YF 
7 EIMQTTQM 

13 RFMAHWVG 
14 NT(Phospho)IKVXXX 
17 MVLT(Phospho)KAAP 
18 HQGPFWML 
24 HAMFRKY(Phospho)P 
26 WVVKAXXX 
35 XXIARQPW 
53 AVMFMSKX 
55 GMLNIHFK 
57 XXGRDLHT(Phospho) 
65 XWKPHDVM 
72 GWLNTSRQ 
87 DAYVTELP 
96 XXGQYPMF 
97 LQHT(Phospho)FXXX 

101 RIMQGKKA 
112 VIFFRLNT(Phospho) 
125 MYWHFXXX 
143 XPLTSNLQ 
143 YPLKFTKV 
144 LFT(Phospho)YFRAW 
144 VQHRLFT(Phospho)Y 
161 YGT(Phospho)PLXXX 
162 ASVPQLWW 
175 QLLT(Phospho)MNEI 
184 ILWDEXXX 
187 YKLSNWFF 
206 GVKFRXXX 
212 XXXNWKIM 
220 RMIRWAVL 
220 RWAVLXXX 
226 FS(Phospho)LSKMNP 
231 AILSQPPX 
233 MEMLYXXX 
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Table 4.2. Preferred substrates for Dae3 that may be good candidates for the development of 

fluorescent probes. All of these peptide sequences have Asp in the P1 position, which was 

observed to be preferred for Dae3. 

 
FAWDQNXX 
HRSDSEKX 
ILWDEXXX 
MMVDQELS 
VNDDVKXX 
VYADSSEW 
XDFDYTIA 
XPKDRWHT 
XXFDWWGN 
XXXDNQEP 
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Chapter 5. Conclusions and Future Directions 

 

5.1 Investigating the secreted proteolytic activity of Mycobacterium 

 
Over the course of my rotation in the Craik lab and the first year that I was a student in the lab, I 

devoted significant work towards profiling the proteolytic activity of Mycobacterium secreted 

material. I used MSP-MS to characterize the complex biological mixutres that M. tuberculosis 

and M. smegmatis secrete. I determined that the secreted proteolytic activity of M. smegmatis is 

dominated by two metalloproteases. The endo-specific metalloprotease, which proteomics 

analysis proved to be analogous to the M. tuberculosis protease Zmp1, has a strong preference 

for Phe at the P1’ position and basic residues at positions P3, P2, and P1 of the substrate. These 

preferences were used in order to direct synthesis of a selective fluorescent substrate that was 

used to purify this major protease out from conditioned media. The coupled use of MSP-MS 

profiling and selective substrate synthesis is a powerful application of MSP-MS, and one that can 

be rapidly performed thanks to the ease of the MSP-MS and rapid peptide synthesis that is now 

possible as a result of the new Biotage Syro II peptide synthesizer that has been obtained. This 

coupled approach may be useful for purification and characterization of the major protease from 

a complex mixture of any origin. 

 

Based on the MSP-MS profiling results for M. tuberculosis allowed for the synthesis of 

fluorescent peptide probes that are selective for the proteases that are intracellular or for ones 

that are secreted. These probes were synthesized with high yield but HPLC purification was not 

completed because the peptides were highly insoluble. These probes could still prove useful and 

it may be worth trying to re-synthesize and purify them. If these probes were able to be 
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synthesized and then purified, they could be use to determine if a given antibiotic treatment 

against M. tuberculosis infection is effective, or to determine if an individual suspected to be 

infected with M. tuberculosis is indeed infected or not. These probes would be useful since they 

would be assayed using sputum from patients, which is relatively easy to obtain. The currently 

available tests for determining if an individual has an M. tuberculosis infection are quite slow 

since M. tuberculosis is such a slow-growing bacteria; therefore, if an individual is potentially 

infected, their sputum could be assayed against the probes specific to secreted proteases, and 

activity against such probes would signal that the individual is indeed infected. Similarly, the 

other set of probes synthesized could be useful for individuals that are undergoing antibiotic 

treatment to clear an M. tuberculosis infection. Sputum from these individuals could be assayed 

against the probes that are selective for proteases only released after lysis, and activity against 

these probes would signal that the antibiotic treatments are useful. Therefore, finishing the 

development of these probes may be a worthwhile project. 
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5.2 Development of MSP-MS for use with kinases 

 

Most current kinase profiling technologies that use peptide arrays require the use of radioactivity, 

colorimetry, or phosphospecific antibodies. Over the course of my thesis work, I made use of 

sensitive mass spectrometry to enable detection of site-specific phosphorylation on a peptide 

library in reactions with as little as low nanomolar amounts of kinase. The technology that I 

developed allows for simultaneous and label-free quantitation of the phosphorylation of a large 

number of peptide substrates. I applied this technique to at least one kinase from every branch of 

the kinome and in each case obtained quantitative motifs that matched or expanded upon the 

currently known substrate preferences, buttressing the wide applicability of the approach. 

 

Due to the physico-chemical diversity of the peptide library used, this technique allows for rapid 

determination of the key amino acids driving substrate specificity and recognition. This motif 

can then be used to direct development of sub-libraries to extend the substrate specificity motifs 

obtained. This process of initial motif generation using the full library, followed by generation of 

focused sub-libraries, will allow for the detailed study of any kinase of interest and delineation of 

substrate specificities among very similar kinases. During my thesis work I did just that for 

several cyclin-dependent kinases that all require P+1 proline.  MSP-MS analysis of these kinases 

revealed extremely similar motifs and a second-generation positional scanning library was thus 

required in order to demarcate their specificities. Use of this new PS-SCL library allowed for the 

identification of an isoform-selective substrate for CDK1. This same technique could be applied 

to any family of kinases of interest in order to obtain extended substrate specificity motifs and 

identify preferred substrates. 
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In order to validate the quality of data obtained using my technology, I compared my results for 

several well-studied kinases (CKII, PKA) to data from an alternative profiling method 

employing radiography.(Hutti et al., 2004) Qualitative comparison of the motifs derived from 

each approach illustrates that the same key residues are represented, indicating that motifs 

derived from MSP-MS compare favorably to those obtained from other methods. For CKII, I 

obtained a motif of S/T-D/E-D/E-E at positions P through P+3, which is in strong agreement 

with its previously reported specificity.(M. F. Chou et al., 2012)(Zhou Songyang et al., 

1994)(Meggio & Pinna, 2003) PKA has previously been shown to prefer arginine at the -3 

position and hydrophobic amino acids at the +1 position.(Yaffe et al., 2001)(Nishikawa et al., 

1997) MSP-MS analysis of PKA generated an iceLogo highlighting comparable specificity with 

K/R at positions P-3 and P-2, and small hydrophobic residues at P+1 (Figure 3.2). In contrast, 

quantitative comparison of either the kcat/KM values for given substrates or their maximal percent 

conversion to the radiographic intensity values yielded only a weak correlation (Figure 5.1). 

These results suggest that the same two to three key amino acid residues are identified in our 

method as are identified from current benchmark methods but that the ability of our platform to 

ascertain catalytic efficiency values for individual peptides in the multiplex assay without 

requiring radiography or phosphospecific antibodies sets our method apart. 

 

Identification and organization of all encoded human kinases has produced the human kinome 

map that is now widely used.(Manning et al., 2002) Clustering of the kinases that were profiled 

in this study produced a tree that is similar to the organization of the traditional kinome tree, but 

there are several differences as well (Figure 5.2 and 5.3). For example, MAPK clusters with the 
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CDKs in our analysis due to their shared preference for S/T-P-containing peptide substrates. 

Primary protein sequence alone clustered MAPK closer to GCK, but we do not observe that 

same clustering based on identified phosphopeptides for each kinase. This analysis suggests that 

while protein sequence is indeed a key determinant of substrate specificity, sequence data alone 

is not sufficient to characterize or predict kinase substrates. 

 

One key aim of my thesis work was to determine which serine residue within the RNA Pol II 

CTD is the true endogenous phosphorylation site of P-TEFb. Experiments using phosphospecific  

antibodies have concluded that P-TEFb phosphorylates Ser-2, whereas more recent studies 

employing both antibodies and mass spectrometry analysis identified Ser-5 as the P-TEFb 

substrate.(Czudnochowski et al., 2012)(Schüller et al., 2016, p.)(Buratowski, 2009)(Egloff & 

Murphy, 2008)(Chapman et al., 2008)(Phatnani & Greenleaf, 2006)(Meinhart et al., 

2005)(Saunders et al., 2006). In order to determine the P-TEFb phosphorylation preference 

within the RNA Pol II CTD as well as describe the effect of Tat on P-TEFb activity, I employed 

MSP-MS for analysis of both recombinant and immunoprecipitated P-TEFb complexes. My 

findings confirmed those of Czudnochowski et al., showing P-TEFb phosphorylation of 

exclusively Ser-5 on CTD peptide substrates. This Ser-5 phosphorylation preference was 

confirmed using Ser-2-Ala and Ser-5-Ala mutant peptides. Altering the proline conformation of 

Pro-3 or Pro-6 did not alter the phosphorylation site, and only decreased catalytic efficiency. Use 

of P-TEFb containing variant Cyclin T1 forms with truncated C-terminal domains still resulted 

in phosphorylation of Ser-5 exclusively. The addition of HIV-1 Tat to these assays increased P-

TEFb catalytic efficiency and the largest increase in kcat/KM was observed for peptides whose 

phosphorylation site aligned preferentially to Ser-5, which suggests that Tat strengthens P-TEFb 
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specificity for Ser-5. While the data I obtained clearly points to Ser-5 phosphorylation on CTD 

substrate peptides, it should be noted that this preference for Ser-5 on peptide substrates does not 

necessarily translate to the phosphorylation site within full length RNA Pol II CTD in vivo, and 

determining the phosphorylation sites of P-TEFb on a full length CTD protein via mass 

spectrometry would be a worthwhile future direction for this project.  

 

One aspect of this technology that may allow for its widespread application is the high level of 

sensitivity. During my thesis work I was able to profile immunoprecipitated kinase material and 

it is likely that any researcher that is able to immunoprecipitate their kinase of interest but cannot 

produce it recombinantly could profile their kinase using this technology. A dilution experiment 

was carried out to determine the minimum necessary concentration of protein for substrate 

profiling. It was determined that 10 nM is approximately the minimum amount (potentially less 

for more active enzymes) of kinase necessary to obtain a substrate motif (Supplemental Figure 

3.12).  

 

One potential application of this method is combination with phosphoproteomic data sets in 

order to rank potential substrates. Affinity purification-mass spectrometry experiments generate 

long lists of interacting partners and potential substrates. In order to help such a list for a kinase, 

the same kinase could be profiled using our MSP-MS method, and the resulting motif could be 

used to rank the potential substrates from the AP-MS list. We have discussed ideas for projects 

like this with members of the Krogan and Burlingame labs (UCSF) and this kind of experiment 

may aid in identification of endogenous kinase substrates in the future. 
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5.3 Outlook for the variety of potential MSP-MS applications 

 

There are approximately 200 kinds of post-translational modifying enzymes, and many of these 

enzymes have yet to be characterized.(Walsh et al., 2005) In addition to being able to detect 

proteolytic cleavage events and phosphorylation events, the MSP-MS technology could allow for 

detection of modifications performed by a variety of other PTM enzymes, as described in 

Chapter 4. The mass spectrometry-based detection strategy allows for high adaptability, since 

any sort of peptide modifications are searchable within the existing data analysis workflow. A 

PTM enzyme of interest would be added to the peptide library and modifications of peptide 

substrates would then be detected and quantified using an LC-MS/MS system. 

 

As discussed in Chapter 4, initial MSP-MS experiments with other kinds of post-translational 

modifying enzymes have already been carried out. Protein arginine N-methyltransferase 

(PRMT1), an arginine-specific histone methyltransferase, was assayed on the MSP-MS library. 

PRMT1 methylated a single peptide in the library at an Arginine residue adjacent to a Glycine 

(GDQPVSR(methyl)GLYFITH). This “RG” motif aligns with the known PRMT1 substrate 

motif,  “RGG.”(Wooderchak et al., 2008, p. 1) O-GlcNAc transferase (OGT) was also profiled 

using MSP-MS, resulting in “HexNAc” modifications at Ser and Thr residues on five peptide 

substrates. These substrates showed specificity that is consistent with what is known for 

OGT.(Trinidad et al., 2012) These preliminary results underscore that a simplified peptide 

library of linear epitopes can be used to obtain relevant PTM specificity information, and this 

MSP-MS technology may be able to be applied to profile any kind of PTM enzyme whose 

substrate specificity is primarily dependent on primary amino acid sequence.  
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5.4 Figures 

 

Figure 5.1. Quantitative comparison of the CKII data obtained from our method to that obtained 

from a PS-SCL-style radiographic array. 
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Supplemental Figure 14: CKII data comparison between our method and a 
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Figure 5.2. Map of the human kinome with clustering based on sequence similarity. Kinases 

profiled in this study are circled in red. 
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Figure 5.3. Kinome tree for all kinases based on the sequences each kinase phosphorylates.  
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