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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 is still unknown for many 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 

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

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

 

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 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.1,2 Roughly one third of the proteome is likely phosphorylated by one of the 

over 500 kinases that make up the human kinome.3,4 Despite their importance, many kinases and their 

endogenous substrates have yet to be described.3,5 Elucidating the biological functions of PTM enzymes 
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such as kinases requires additional tools that allow for quantitative profiling of their activities in biological 

systems. 

 

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).6 This approach employs a 228-member, physico-chemically diverse library of 

rationally designed substrates with 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. 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 for a representative set of evolutionarily distinct kinases. 

 

Kinases generally phosphorylate flexible, unstructured regions of proteins with specificities strongly 

influenced by the primary amino acid sequence flanking the phosphoacceptor site.7 Based on these 

principles, we hypothesized that our linear peptide library would provide appropriate substrates for 

kinases. Co-crystal structures of kinases with a peptide substrate provide evidence that many kinases 

can accept a substrate in an extended linear conformation. Based on this 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.10,11,12,13,14,15  

 

There are a variety of tools available for profiling kinases. A number of peptide array and peptide library-

based methods exist, allowing for generation of specificity motifs.10,12,13,14,15,16,17 A variety of powerful 

proteomics-linked techniques, such as the chemical genetics 18,19 and KESTREL 20 approaches, allow for 

the direct labeling and identification of endogenous substrates.21,22,23,24,25,26,27,28,29 Several recent methods, 
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such as the direct-KAYAK 30 and HAKA-MS 31 approaches, allow for quantitative detection of 

phosphorylation on substrates from cell lysates through the use of SILAC or radioactivity.  

 

MSP-MS presents an alternative method for profiling PTM enzymes that is direct, rapid, unbiased, and 

allows for label-free quantitation, thereby avoiding the use of radioactivity. MSP-MS is distinct from other 

similar peptide-library approaches like the KiC assay 32 due to its diverse yet simple peptide library. A 

straightforward initial MSP-MS experiment allows users to generate specificity motifs revealing the two to 

three key amino acid residues driving specificity, which then direct the generation of sub-libraries for 

subsequent experiments. We envision that the 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 complex biological samples. 

 

Experimental Section: 
 

Enzymes. 

Kinases were purchased or acquired as gifts: P-TEFb (U. Schulze-Gahmen, UC Berkeley)33, 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 Immunoprecipitation. 

FLAG-CDK9 was immunoprecipitated from TTAC-8 cells (gift from Q. Zhou lab, UC Berkeley) as 

described previously.34  

 

Peptide phosphorylation assays. 
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Initial MSP-MS assays were performed using 10-100 nM of each kinase and 0.5 µM of each peptide 

(n=228) in 50 mM Tris pH 7.4, 150 mM NaCl, 10 mM MgCl2, and 1 mM ATP as described previously6. 

Ser/Thr-Pro sub-library assays were performed under identical conditions except for the use of 3 µM 

substrate, and PS-SCL assays used 10 µM substrate. P-TEFb experiments +/- Tat and/or AFF4 used 

conditions identical to previous kinase assays, using 100 nM P-TEFb, 100 nM HIV-1 Tat, and 830 nM 

AFF4. 

 

Phosphopeptide identification by LC-MS/MS Peptide Sequencing. 

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

described previously.6 Detailed instrument settings and search parameters are provided in Supplemental 

Methods 1. 

 

Specificity motif generation. 

iceLogos to represent substrate specificity were generated as described previously.6,35 “P” is the 

phosphorylation site, P-1, P-2, etc. is used to describe positions on the amino terminal side of the 

phosphorylation site, and P+1, P+2, etc. is used to describe positions on the carboxyl terminal side. Heat 

maps for PS-SCL results were generated using catalytic kcat/KM values and the maximum percent 

conversion. Values were clustered with the x algorithm in Cluster software and visualized using Java 

Treeview.36,37 Positive enrichment was visualized as blue and zero was set to yellow. 

 

Design of sub-libraries for Ser/Thr-Pro-specific kinase analyses.  

A sub-library of 27 peptides containing a serine/threonine-proline motif and a positional scanning 

synthetic peptide combinatorial library were developed for in-depth quantitative assays for proline-

directed kinases. Library design is described in Supplemental Methods 2 and synthesis of the library 

peptides is described in Supplemental Methods 3.  

 

Kinetics calculations. 
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Reaction modeling to a kinetics equation was performed as described previously6, with details specific to 

this experimental set described in Supplemental Methods 4.  

 

Safety considerations. 

Peptide synthesis reagents are hazardous and must be disposed of separately from other waste. 20% 

formic acid should be handled with care. 

 

Results and Discussion: 

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

probe kinase substrate specificity, with the goal of producing maximal specificity information at negligible 

cost and with minimal sample manipulation. We previously developed a synthetic peptide library of 228 

tetradecapeptides designed to maximize physico-chemical diversity within a minimal sequence space. 

The current library uses 19 amino acid residues that excludes cysteine and methionine residues but 

includes norleucine (Nle). Every neighbor (XY) and near-neighbor (X*Y, X**Y) amino acid pair are 

represented in three or more peptides within the library (Figure 1a). 

 

Specificity profiling using MSP-MS is accomplished through addition of a kinase-containing sample 

(recombinant or immune-precipitated) to the peptide library in 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 1b). Identified phosphopeptides are 

used to generate specificity profiles (i.e. iceLogos), and catalytic efficiency values can be calculated for 

individual peptide substrates in the library. Second-generation positional scanning-synthetic peptide 

libraries can then be generated for more accurate quantitation and expansion of sequence diversity 

based on the initial motif obtained. 

 

Establishment of specificity motifs for diverse kinases 

To test the ability of MSP-MS to profile kinase specificity, we profiled at least one kinase from each 

branch of the kinome. Kinases profiled include PKA, MAPK, P-TEFb, cSrc, CSNK1γ1, CAMKK2, casein 
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kinase II, CDK1/Cyclin B, CDK2/Cyclin A1, CDK7/Cyclin H/MNAT1, and GCK (Supplemental Figures 1-

6). Our method identified phosphorylation by serine/threonine kinases and tyrosine kinases. These 

recombinant kinases phosphorylated 8 to 60 peptides (lists of identified phosphopeptides are in 

Supplemental Table 1). MSP-MS profiling of these kinases 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 the P+1 position relative to the phosphorylation site (Supplemental Figure 

1a). MSP-MS profiling of well-known kinases CKII and PKA revealed specificity motifs that aligned well 

with known substrate preferences.10,7,11 CKII favored acidic residues in the P+1, P+2, and P+3 positions 

(Supplemental Figure 1c), 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 (Supplemental Figure 1d). GCK and 

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

Figure 1e, 1f). Thus, initial MSP-MS analysis allows for rapid determination of two to three amino acids 

that dominate substrate specificity for a kinase of interest. These key amino acid specificity determinants 

were next used to guide the development of focused sub-libraries to refine specificity motifs.  

 

Substrate profiling of less characterized kinases. 

To broaden the scope of MSP-MS analysis, several less characterized kinases were also studied, with 

the goal of aiding in endogenous substrate identification. Bone morphogenetic protein receptor type-2 

(BMPR2) is a transmembrane protein integral to paracrine signaling.41 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 (Supplemental Figure 7a). 

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 (Supplemental Figure 7b). 

 

TbERK8 is an essential mitogen-activated protein kinase (MAPK) expressed in the bloodstream form of 

Trypanosoma brucei, the causative agent of sleeping sickness.42 MSP-MS profiling of TbERK8 revealed 

phosphorylation of five library peptides (Supplemental Table 1), with a consensus sequence 
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S/T(Phospho)-X-R/K (Supplemental Figure 7c). This motif aligns with two phosphorylation sites on a 

recently identified substrate, proliferating cell nuclear antigen (TbPCNA), which is phosphorylated by 

TbERK8 at Ser211 (ADACS(phospho)VRTH) and Ser216 (VRTHS(Phospho)AKGKD) 43 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, consistent with its endogenous 

substrate sites. 

 

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

Legionella kinase 1 (LegK1) is currently the only known Legionella protein with NF-kappa-B-stimulating 

activity, phosphorylating NF-kappa-B inhibitor alpha (NFKBIA, IKBA) both in vitro and in vivo and 

potentially phosphorylating I-kappa-B-p100 (NFKB2 p100).44 LegK1 was profiled using MSP-MS, 

identifying eight phosphopeptides (Supplemental Table 1). An iceLogo generated from these 

phosphopeptides revealed a strong preference for acidic amino acids at P-1, P+1, and P+2 

(Supplemental Figure 7d). The P-1 specificity aligned with the phosphorylation sites within the known 

substrate IKBA, at Ser32 (RHDS(Phospho)GLD) and Ser36 (GLDS(Phospho)MKDE).44 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 from the sequences of IKBA and 

NFKB2 p100 were synthesized and used in in vitro kinase assays 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 (Supplemental Figure 7e). 

 

PS-SCL analysis of several cyclin-dependent kinases allows for delineation of their specificity  

A promising application of our method is delineation of 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 amino acid residues that drive substrate specificity; however, assessing the roles of residues 

outside those key positions requires synthesis of a second-generation positional scanning library in which 

the specificity-determining positions are fixed. Preliminary MSP-MS analysis of several recombinant 

cyclin-dependent kinases (CDK1/Cyclin B, CDK7/Cyclin H/MNAT1, and CDK9/Cyclin T1) confirmed that 
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each of these kinases is proline-directed (Figure 3a, 3c, 3e) - iceLogo representations for these kinases 

are dominated by a serine/threonine-proline motif and more detailed information is required to delineate 

their substrate specificities. We therefore 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 these 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 ten representative amino acids from distinct 

physicochemical groups (described in methods), resulting in ten pools of ten peptides (Supplemental 

Table 4). Catalytic efficiency values for each of the peptides in the PS-SCL assay were used to generate 

substrate specificity heat maps (Figure 3b, 3d, 3f). Comparison of the heat maps revealed distinct 

substrate preferences and allowed for 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 3g). 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 3h). 

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 closely related kinases. In principle, this same technique could be applied to any kinase family of 

interest in order to obtain extended substrate specificity motifs and identify preferred substrates. 

 

Determination of catalytic efficiency values for peptide substrates 

We have presented an alternative profiling technique that avoids secondary detection methods (such as 

radiography or phosphospecific antibodies) through direct label-free quantitation and site localization of 

phosphorylations on a physico-chemically diverse peptide library. CDK9/Cyclin T1 (P-TEFb), CDK1/Cyclin 

B, CDK2/Cyclin A1, and CDK7/Cyclin H/MNAT1 were confirmed to be proline-directed kinases in initial 

MSP-MS experiments, phosphorylating only peptides containing proline in the P+1 position. To compare 
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the catalytic efficiency of our MSP-MS peptide substrates with peptides derived from authentic substrates, 

a serine/threonine-proline sub-library was developed, the sequences of which are listed in Supplemental 

Table 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 (Supplemental Figures 8 and 9a). Data were fit to a first order rate 

equation (Supplemental Figure 9b), 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 library peptides (Supplemental Figure 9 and Supplemental Table 6). For example, the natural 

substrate peptide YGSGSRTPLYGSQT had a kcat/KM of 0.36 ± 0.02 nmol product / [min × nmol enzyme] 

compared to the best library peptide, HRRVYLTSPKAPES (kcat/KM = 0.073 ± 0.02 nmol product / [min × 

nmol enzyme]). kcat/KM values for CDK1/Cyclin B, CDK2/Cyclin A1, and CDK7/Cyclin H/MNAT1 for each 

peptide in the sub-library are reported in Supplemental Tables 7-9 and Supplemental Figures 10-12. As 

evidenced by these results, MSP-MS allows for reproducible determination of catalytic efficiency values 

for each peptide substrate within the multiplex assay. In this set of proline-directed kinases, the MSP-MS 

library contains substrates that are poorer than authentic substrates, but 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 phosphorylates 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.46 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. 

These CTD peptides were included in the serine/threonine-proline sub-library for analysis. P-TEFb assays 

on this sub-library revealed that recombinant P-TEFb phosphorylated Ser5 of the CTD peptide (Figure 



 11 

2a). P-TEFb also phosphorylated Ser5 of the CTD S2A peptide and 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 Ser-5 specificity within full length RNAP II CTD in 

vivo.53 

 

P-TEFb mutants containing Cyclin T1 variants with differently truncated C-terminal domains were 

assayed against the CTD WT and alanine mutant peptides to determine if the CTD of Cyclin T1 controls 

P-TEFb substrate specificity. 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 13). 

 

The effect of cis/trans conformation of Pro within the RNAP II CTD was considered, based on the 

hypothesis that proline conformation and phosphorylation state may be related.54,55 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 cis-locked proline.56 Proline 

conformation did not alter P-TEFb specificity, as Ser5 phosphorylation was still observed exclusively on 

each peptide. However, these “cis-locked” 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 14 and Supplemental Table 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 2c). MSP-MS analysis of immunoprecipitated P-TEFb identified eight 

phosphopeptides. An iceLogo generated from this data (Figure 2d) revealed that recombinant and 
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immunoprecipitated P-TEFb had matching substrate specificity (Supplemental Figure 6). 

Immunoprecipitated P-TEFb was also analyzed using the serine/threonine-proline sub-library and in 

agreement with recombinant P-TEFb results, 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 15). 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 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 2e). 

Tat has been reported to increase P-TEFb catalytic efficiency as well as alter substrate specificity; 

however, the specificity claims were made using less sensitive assays employing phospho-specific 

antibodies. 47,48,49,50,51,52,46 The scaffolding protein AFF4 has been suggested to have an inhibitory effect 

on P-TEFb activity.33 P-TEFb specificity and catalytic efficiency were therefore examined in the presence 

and absence of Tat and/or AFF4. Addition of Tat to the MSP-MS profiling assay of P-TEFb did not result 

in phosphorylation of any additional peptides from the 228-member library, and thus did not alter 

specificity (Supplemental Table 1). However, kinetic analysis using the serine/threonine-proline sub-

library revealed that Tat increased the catalytic efficiency toward several substrate peptides that were 

already identified (Supplemental Table 11). On the other hand, including the scaffolding protein AFF4 in 
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this P-TEFb +/- Tat experiment had no significant effect on either catalytic efficiency or substrate 

specificity (Supplemental Table 12). 

 

The effect of Tat on P-TEFb activity was non-uniform, as the catalytic efficiency of some peptides was 

enhanced more than others (Figure 2f). A weighted specificity motif was generated based on the 

sequences of peptides whose kcat/KM values were Tat-increased more than two-fold (Figure 2g, 

Supplemental Table 11). Alignment of this motif with RNAP II CTD Ser5 and Ser2 as potential 

phosphorylation sites indicates that Tat selectively increases P-TEFb catalytic efficiency towards peptides 

similar to the CTD Ser5 site; 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 

2g). These results suggest that Tat strengthens P-TEFb specificity for Ser-5-like peptide substrates, but 

addition of the AFF4 scaffold protein does not alter intrinsic P-TEFb kinase activity. 

 

 

Conclusions: 

In summary, we show that a chemically defined, diverse peptide library enables the rapid, sensitive, and 

quantitative profiling of a wide variety of kinases. 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 

diverse peptide library to capture the substrate specificity for proteases and now kinases suggests its 

potential use for other kinds of PTM enzymes. 
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Figure 1. Design of a physico-chemically 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 
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substituted for Met.6 (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 2. 
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Figure 2. 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 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. 
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Figure 3. 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  K peptide 

RVYLTSPKKPES. Alteration of the P+3 residue makes the peptide a 2.5-fold better substrate. 
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