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SUMMARY

Kinase-substrate recognition depends on the
chemical properties of the phosphorylatable residue
as well as the surrounding linear sequence motif.
Detailed knowledge of these characteristics in-
creases the confidence of linking identified phos-
phorylation sites to kinases, predicting phosphoryla-
tion sites, and designing optimal peptide substrates.
Here, we present a mass spectrometry-based
approach for determining linear kinase substrate
motifs by elaborating the positional and chemical
preference of the kinase for a phosphorylatable
residue using libraries of naturally-occurring pep-
tides that are amenable to peptide identification by
commonly used proteomics platforms. We applied
this approach to a structurally and functionally
diverse set of purified kinases, which recapitulated
their previously described substrate motifs and
discovered additional ones, including preferences
of certain kinases for phosphorylatable residues
adjacent to peptide termini. Furthermore, we identify
specific and distinguishable motif elements for the
four members of the polo-like kinase (Plk) family
and verify members of these motif elements for
Plk1 in vivo.

INTRODUCTION

Protein phosphorylation is a ubiquitous posttranslational modi-

fication implicated in nearly all cellular signal transduction

processes. Approximately 30% of all cellular proteins are phos-

phorylated by one or more of the 518 putative kinases encoded

in the human genome (Cohen, 2000; Manning et al., 2002). To

identify their specific substrates in the vast pool of potential

candidates, kinases utilize a range of mechanisms, including

direct protein-protein interactions of kinase and substrate or

though scaffolding proteins, localization to subcellular struc-
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tures, and interactions of residues in the kinase active site with

linear sequence elements surrounding the phosphorylatable

residue (Ubersax and Ferrell, 2007; Yaffe et al., 2001). Selective

recognition of and interaction with linear sequence motifs in

substrates by the kinase are due to structural characteristics of

the kinase active site. Hydrophobicity, charge, and depth are

the main factors that determine this interaction and are often

complementary between kinase and substrates (Ubersax and

Ferrell, 2007). In addition, other contextual factors such as the

action of regulatory subunits have been shown to play a major

role in connecting kinases and their substrates in cells (Linding

et al., 2008).

The identification of linear sequencemotifs was first described

using oriented synthetic peptide libraries and Edman

sequencing (Songyang et al., 1994). In this approach, large

oriented peptide libraries containing only one serine or tyrosine

per peptide were synthesized and incubated for a brief period

with the kinase of interest. Phosphopeptides were separated

from nonphosphorylated peptides using a ferric-IDA column,

and peptide sequences were determined by Edman sequencing,

The introduction of the positional scanning peptide library

approach eliminated the need for phosphopeptide purification

as well as Edman sequencing and proved to be powerful for

determining kinases consensus sequences in higher throughput

(Alexander et al., 2011; Hutti et al., 2004; Miller et al., 2008; Mok

et al., 2010). Here, 198 peptide libraries were synthesized that

contained a fixed serine or threonine as well as second fixed

amino acid in one of the flanking positions, whereas all other

positions were degenerate in their amino acids composition. In

addition, peptides were tagged with biotin at the C terminus,

which allows for efficient capture on avidin-coated membranes

after an in-solution kinase assay with g 32P-labeled adenosine

triphosphate (ATP). Linear sequence motifs were determined

based on incorporation of radiolabeled phosphate. Surface

capture after solution-phase phosphorylation reactions elimi-

nated problems observed with solid phase-based methods

such as unspecific binding of radioactive phosphate or the

kinase to the solid phase matrix, which had resulted in artifacts

(Yaffe, 2004). This improved the prediction of in vivo observed

linear sequences motifs. However, linear sequence motifs

generated by this approach represent an average of all motifs
Ltd All rights reserved
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Figure 1. Workflow and Results of Kinase

Substrate Motif Assay

(A) Depiction of peptide kinase assay workflow.

HeLa cells were lysed, digested, dephosphory-

lated, and separated into 12 fractions by strong

cation exchange (SCX) chromatography. Select

fractions were used in in vitro kinase reactions.

Phosphopeptides were purified from non-

phosphopeptides using titanium dioxide (TiO2)

microspheres and analyzed by LC-MS/MS.

Statistically significant motifs were extracted from

the identified phosphopeptides by the in-house

developed motif algorithm GrMPh.

(B) Linear kinase motifs from Pim1 in vitro kinase

reaction.

(C) Averaged motif of all motif-containing peptides

in (B).

(D) Heat map representation of the log2 values of

the ratio of foreground to background amino acid

frequencies of motif-containing peptides in (A).

See also Figures S1, S2, S3, S4, S5, S6, S7, S8, S9,

S11, S12, S13, S14, and S15 and Tables S1 andS2.
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generated by a given kinase and without connectivity. In cases

where several amino acids in the same or in neighboring posi-

tions are selected independently of each other by a given kinase,

averaging of the signal reduces sensitivity.

Here, we present a mass spectrometry-based approach for

determining multiple independent linear sequence motifs that

are individually recognized by a specific kinase. In contrast to

synthetic peptide libraries that require de novo or Edman

sequencing for peptide identification, libraries of naturally-

occurring peptides are amenable to sequence determination

by standard high throughput LC-MS/MS-based proteomics

technologies that identify peptide sequences from translated

genomic databases. Importantly, the identification of individual

phosphorylated peptide sequences via this approach allows

for decoupling of individual motif elements based on the specific

amino acids that are found in connection with one another. In the

present study, we show the flexibility of our approach in identi-

fying statistically significant motifs that are chemically distinct

from ‘‘averaged’’ motifs generated by other high-throughput

approaches.

RESULTS AND DISCUSSION

Mass Spectrometry-Based Linear Kinase Motif Assay
First, naturally-occurring peptide substrates were generated by

protease digestion of HeLa whole cell lysates, followed by

exhaustive peptide dephosphorylation by alkaline and l-phos-

phatases (Figure 1A). To reduce the complexity of this peptide

pool, the digest was separated into 12 fractions by strong
Chemistry & Biology 19, 608–618, May 25, 2012
cation-exchange chromatography. Stan-

dardized aliquots of these fractions were

then used as substrate libraries and

phosphorylated in vitro by treatment with

the kinase of interest, followed by phos-

phopeptide isolation. These phosphopep-

tides were then analyzed by LC-MS/MS,

database searched, and filtered to both
an identification false discovery rate (FDR) of <1% using

target-decoymethods (Elias andGygi, 2007) and a phosphoryla-

tion site localization probability of 0.99 or higher using

PhosphoRS (Taus et al., 2011) (Table S1). Separately, each

peptide substrate fraction was subjected to replicate mock

kinase reactions containing buffer and peptides but lacking

kinase, to allow for correction of residual phosphopeptides

that remained in each pool due to incomplete dephosphoryla-

tion. After removal of these background contaminants, statisti-

cally significant motifs were extracted from the collection of

individually-sequenced phosphopeptide results online using

our in-house developed motif algorithm Greedy Motif Finder

for Phosphopeptides (GrMFPh) (http://www.cs.dartmouth.edu/

�cbk/grmfph/). Details of the algorithm can be found in Experi-

mental Procedures. To exclude artifacts in motif generation

due to phosphopeptide isolation conditions, we compared

motifs for an acidophilic (Plk1) and basophilic (Pim1) kinase

generated via phosphopeptide enrichment with two common

phosphopeptide enrichment methods: titanium dioxide micro-

spheres (Kettenbach and Gerber, 2011; Pinkse et al., 2004;

Sugiyama et al., 2007) and immobilizedmetal affinity chromatog-

raphy (Fe-IMAC) (Villén and Gygi, 2008). No significant differ-

ences in the motifs generated for either class of kinases as

a function of enrichment method were observed (Figures S1

and S2 available online), although TiO2 consistently led to

�25% greater number of phosphopeptide identifications than

Fe-IMAC. Because of this increase in sensitivity, we used tita-

nium dioxide microspheres for phosphopeptide purification in

all subsequent analyses.
ª2012 Elsevier Ltd All rights reserved 609
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We began by interrogating kinases (Pim1, Pim3, Clk3, Dyrk1A)

that had been previously studied by other high-throughput

methods (Miller et al., 2008), in an effort to validate our approach.

For example, it was shown previously that Pim1 and Pim3 prefer

to phosphorylate serines and threonines with basic residues

in the �3 and �5 position, and to a lesser degree a histidine or

basic residue in the �2 position ([R/K]X[R/K][H/R]Xp[S/T]) (Hutti

et al., 2004; Miller et al., 2008). Using our mass spectrometry-

based approach, we also observed this preference for basic

residues in the �3 and �5 position, as well as a basic residue

in the �2 position (Figures 1B, S3A, and S4A). However, the

motifs we identified contained these motif elements in very

specific combinations. We only observed motif-specific amino

acids in either the�3 and�5 positions, or in the�2 and�3 posi-

tions, but never in all three positions, underscoring the utility of

individual over averaged motifs. In fact, we frequently observed

phosphopeptide substrates with only one of thesemotif determi-

nants in a peptide sequence at a time (either the �5 or �3 posi-

tion). Averaged motifs are helpful for rapid viewing of all key

amino acids that comprise a specific kinase motif, and for

high-level summarization of the fundamental aspects of a given

kinasemotif. However, we note that in this case (aswell as others

described later), the ‘‘averaged’’ motif we generated for Pim1

kinase based on all motif-containing peptides (Figures 1C,

S3B, and S4B) resulted in a disconnect of motif information for

those significant motifs that contained only one basic residue

in either the �3 or �5 positions, or a basic residue in each of

the �2 and �3 positions. Furthermore, based on the averaged

motif, it is nearly impossible to distinguish between the motif

preferences of Pim1 and Pim3 (Figures 1C, S3B, and S4B),

whereas the individual motifs highlight a preference of Pim3 for

linear sequences containing not only arginine, but also lysines.

Both Pim1 and Pim3 displayed a further preference for glycine

in the +1 position (Bullock et al., 2005). Finally, to demonstrate

over- as well as under representation of all amino acids in

motif-containing peptides for a specific kinase, we plotted the

background corrected amino acid occurrence in motif-contain-

ing peptides as a heat map (Figures 1D, S3C, and S4C) (Schilling

and Overall, 2008).

For Clk3, we found a preference for arginine and lysine in

the �3 position and to a lesser degree in the �2 position (Fig-

ure S5A), which is similar to the motif previously established for

Clk kinases (Miller et al., 2008). In addition, we found proline in

the +1 position to be favored by Clk3. We also investigated

Dyrk1A, for which a motif is only available from detailed studies

of peptide and protein substrates, but not from high-throughput

approaches. In agreement with those analyses (Campbell and

Proud, 2002; Himpel et al., 2000), we found that Dyrk1A prefer-

entially phosphorylated serine and threonine with an arginine in

the �3 and a proline in the +1 position (Figure S6A). Taken

together, the data from these four kinases clearly validate our

method via recapitulation of motifs generated previously by

other researchers. However, our approach allow us to further

extend these motifs and generate important contextual informa-

tion regarding the connectivity and relationships between indi-

vidual motif elements. In contrast to synthetic library-based

methods (Hutti et al., 2004), which yield only one averaged motif

per kinase, the identification of multiple independent motifs

leads to increased sensitivity by allowing for substoichiometric
610 Chemistry & Biology 19, 608–618, May 25, 2012 ª2012 Elsevier
yet highly statistically significant motif elements to be identified,

which might otherwise be lost in assays with an averaged

readout.

Chemical and Positional Kinase Preference
Next, we examined kinases for which no consensus motif

existed, including Haspin, Camkk2b, and Bmpr2. We found

that Haspin preferentially phosphorylated threonineswith a basic

residue in the �1 position, as well as a histidine in the �1 or

a lysine in the +1 or �1 position (Figure S7A). The Camkk2b

consensus motif contained a hydrophobic amino acid (F, Y, M,

or L) in the �2 position (Figure S8A). The kinase Bmpr2 phos-

phorylated serines and threonines with an acidic residue (E or

D) in the �2 position, or tyrosines with an aspartic acid in

the �1 position (Figure S9A). We searched the literature for

known targets and found only one substrate with a known

phosphorylation site for Haspin (Dai et al., 2005) and Camkk2b

(Hurley et al., 2005), each of which conforms to a motif identified

in our analysis.

Because our library was derived from the human proteome,

the kinases were presented with a wide diversity of peptide

sequences; thus, preferences for serine, threonine or tyrosine

residues could be determined in one reaction and likely reflect

the endogenous preference of the kinases. The analysis of

Haspin and Camkk2b consensus motifs revealed a preference

of both kinases for threonine as the phosphorylated residue

(Figure 2A). Althoughmany serine-threonine kinases phosphory-

late both amino acids, a general preference for serine over

threonine has been shown (Ubersax and Ferrell, 2007). This is

consistent with the observation that in large-scale phosphopro-

teomics analysis (Kettenbach et al., 2011b) and in vivo 32P

labeling (Hunter and Sefton, 1980), the ratios of phosphorylated

serine to phosphorylated threonine are 5:1 and 9:1, respectively,

whereas the overall ratio of serine to threonine in the human

proteome is �1.5:1 (Echols et al., 2002). In addition, we found

that Bmpr2 not only phosphorylated serine and threonine, but

also tyrosine residues (Figure 2A).

We sought to confirm the observed chemical preferences of

Haspin for threonines over serines and of Bmpr2 for tyrosine

in addition to serines and threonines through the design and

interrogation of synthetic peptide substrates (Hasptides and

Bmpr2tides). The primary template peptide was synthesized

such that it contained an optimal linear substrate motif for the

respective kinase, including the preference for the phosphory-

latable residue; two additional peptide substrates for each

kinase were also synthesized and differed in sequence only

at the position of phosphorylation (serine, threonine, or tyro-

sine). We then used these purified synthetic peptides in indi-

vidual in vitro kinase assays that monitored the initial rates of

conversion of ATP to ADP (<10% conversion) to determine

the relative activity of Haspin and Bmpr2 for the respective

phosphorylatable residues. (Figures 2B and 2C). Consistent

with the results from the motif assay, we found that Haspin

exhibited 4-fold greater kinetics in phosphorylating threonines

over serines; in contrast, we detected no significant activity

of Haspin on the tyrosine-containing Hasptide. Analogously,

we found that Bmpr2 initial phosphorylation velocities

were �50% higher when using serine-containing versus

threonine-containing Bmpr2-tides. In addition, Bmpr2 readily
Ltd All rights reserved
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Figure 2. Chemical Preference of Phosphorylatable Substrate

Residues

(A) Table depicting the preferences for phosphorylatable residues in motif-

containing peptides (serine, threonine, or tyrosine) by the investigated kinases.

(B) Validation of Haspin preference for phosphorylating threonine residues.

Three different synthetic peptide substrates containing unique phosphorylat-

able residues were assayed for initial reaction kinetics.

(C) Validation of Bmpr2 preference for phosphorylating serine and threonine

residues, and capacity to phosphorylate tyrosines. Three different synthetic

peptide substrates containing unique phosphorylatable residues were as-

sayed for initial reaction kinetics as for Haspin. Note that unlike Haspin, Bmpr2

readily phosphorylated tyrosine residues, albeit at a reduced rate (�25%)

relative to serine.

See also Figures S7, S9, and S10.
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phosphorylated tyrosine-containing peptides, albeit at a signifi-

cantly reduced rate relative to serine (�20%), which is consis-

tent with the relative frequency with which we observed phos-

photyrosine-containing peptides in our motif-generation assay.

Finally, to further support our finding that Bmpr2 phosphory-

lates tyrosine residues, we developed selected ion monitoring

(SIM) methods for phosphotyrosine-containing peptides identi-

fied in Bmp2 kinase reactions (e.g., LDVTSVEDpYK,

VDDDFTAQDpYR, etc.), and used these methods and high

mass accuracy LTQ-Orbitrap extracted ion chromatograms

(±2.5 ppm) to monitor Bmpr2 kinase reactions and mock

controls for the relative abundance of these putative reaction

products. Although the ion chromatograms from reactions con-

taining Bmpr2 exhibited from 105–106 relative ion counts for the
Chemistry & Biology 19,
mass-to-charge and retention time values corresponding to

these tyrosine-phosphorylated peptides, no signal was

observed from control reactions performed on identical aliquots

of peptides but lacking kinase (Figure S10).

Quite surprisingly, we further found that in 61% of motif-

containing peptides phosphorylated by Haspin, the modified

residue was located two or three residues away from the N

terminus of the peptide (Figure 3A). This is consistent with

the localization of the only known endogenous Haspin phos-

phorylation site: threonine 3 on histone H3 (Dai et al., 2005)

and may be a consequence of the unusual structure of the Has-

pin kinase domain and substrate binding site (Eswaran et al.,

2009). In contrast to Haspin, both Bmpr2 and Camkk2b dis-

played a preference for phosphorylating residues two or two

and three amino acids from the C terminus in 57% and 49%

of motif-containing peptides, respectively (Figure 3B), whereas

most other kinases did not display a specific positional prefer-

ence (Figures S3D–S8D, S9E, and S11D–S14D). The observa-

tion of a terminal preference for some kinases may explain

why some of them, including Haspin, did not yield motifs by

other approaches (S. Knapp, personal communication). To

further validate these findings, we synthesized optimal motif

peptides for Haspin and Bmpr2 with the phosphorylatable

residue in the ‘‘preferred’’ position from a terminus. We also

synthesized two additional peptides for each kinase with the

phospho acceptor remaining within the same optimal motif

elements, but moved consecutively away from the terminus

by two positions in each peptide. For the Hasptides, this

resulted in a series of peptides with phosphorylatable residues

in the third, fifth, and seventh positions from the amino

terminus (N3, N5, and N7) of the peptides, whereas in the

Bmpr2tides the phosphorylatable residue was in the second,

fourth, and sixth position from the carboxyl terminus (C2, C4,

and C6) of the peptides (Figures 3C and 3D). Again, activity

assays in vitro using these peptides and purified kinase

confirmed the preferential activity of Haspin and Bmpr2 for

phosphorylatable residues in the N3 and C2 positions, respec-

tively. Initial rates of phosphorylation for Haspin at the N3

position were 6-fold higher than for the N5 position; no activity

was detected with the peptide containing the phosphorylatable

residue at the N7 position. Similarly, Bmpr2 readily phosphory-

lated the C2 and C4 position, but displayed no activity toward

the peptide substrate with the phosphorylatable residue at the

C6 position.

It was previously shown that solution-phase methods have

several advantages in generating motifs than those using immo-

bilized peptides (Hutti et al., 2004). In some of these approaches,

peptide N and C termini are often extended with linker

sequences, or modified by the addition of biotin, which ablates

the peptide terminus and may render them transparent to

kinases that are intolerant of chemical constituents at those

positions. In addition, most standard peptide library-based

approaches utilize a substrate of a specified length, commonly

a 13-mer, with the phosphorylatable residue fixed in the center

of the peptide sequence. We surmise that the random posi-

tioning of the phosphorylatable amino acid and the unmodified

nature of the peptides used in our approach overcomes these

limitations and reveals kinase preferences beyond the linear

substrate motif.
608–618, May 25, 2012 ª2012 Elsevier Ltd All rights reserved 611
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Figure 3. Positional Preference of the Phosphory-

lated Residue for Haspin, Bmpr2, and Camkk2b

Kinases

(A) Distribution of phosphorylation site location from the

peptide N-terminus for Haspin (dashed-dotted line) and for

all other kinases (solid gray line). For 61% of the motif-

containing peptides phosphorylated by Haspin, the

phosphorylation site was located at the second or third

residue from the N terminus of the peptide. In contrast,

phosphorylation sites on motif-containing peptide from all

other analyzed kinases were more evenly distributed

across the peptide length.

(B) Distribution of phosphorylation site location from the

peptide C terminus for Bmpr2 (solid black line), Camkk2b

(dashed line), and all other kinases (solid gray line). For

53% of the motif-containing peptides phosphorylated by

Bmpr2, the phosphorylation site was located at the

second residue away from the C terminus of the peptide.

Similarly, 46% of the motif-containing peptides phos-

phorylated by Camkk2b exhibited phosphorylated resi-

dues two or three positions away from the C terminus of

the peptide. In contrast, phosphorylation sites on motif-

containing peptides from all other kinases were more

evenly distributed across the length of the peptides.

(C) Validation of Haspin positional preference for phos-

phorylatable residues near the N terminus of peptides.

Three different peptide substrates were synthesized as

positional isomers, with the preferred Haspin motif moved

sequentially further away from the N terminus, and were

assayed for initial reaction kinetics.

(D) Validation of Bmpr2 positional preference for phos-

phorylatable residues near the C terminus of peptides.

Three different peptide substrates were synthesized as

positional isomers, with the preferred Bmpr2 motif moved

sequentially further away from the C terminus, and were

assayed for initial reaction kinetics.

See also Figures S7, S8, and S9.
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Comparison of Polo-like Kinase 1 Motifs In Vitro
and In Vivo
Next, we determined the substrate motif for Polo-like kinase 1

(Plk1). In addition to the known motif elements [D/E]Xp[S/T]4

(4 = hydrophobic residue) (Nakajima et al., 2003), we frequently

observed asparagine in the�2 position, and a strong preference

for leucine in the �3 or another hydrophobic residue in the +2

position (Figure S11A). This is consistent with a recent study

(Alexander et al., 2011) that used an array-based motif approach

and found asparagines in addition to glutamic and aspartic acid

in the �2 position and a preference for hydrophobic residues in

the +1 and +2 position. Interestingly, we found that motif

elements that existed either upstream or downstream of the

phosphorylatable residue were sufficient to trigger phosphoryla-

tion in vitro, a preference that could not have been identified

in averaged motifs. For instance, we often observed [D/E/N]Xp

[S/T] phosphopeptides that did not contain a hydrophobic

amino acid in the +1 position. Similarly, the submotif p[S/T]F

was frequently found in our data set in the absence of any acidic

residues in the �2 position. We note that the in vivo validated

Plk1 sites S676 (EDpSR) on BubR1 (Elowe et al., 2007) and

S149 (YSpSF) on Emi1 (Moshe et al., 2004), among others, are

consistent with these observations.

Furthermore, we have recently shown that similar motifs were

identified in vivo in Taxol-arrested HeLa cells by quantitative
612 Chemistry & Biology 19, 608–618, May 25, 2012 ª2012 Elsevier
chemical phosphoproteomics using the small molecule Polo-

like kinase inhibitor BI-2526 (Kettenbach et al., 2011b). We found

that the Plk1 motifs identified in vivo represent a subset of the

Plk1 motifs identified in vitro and hypothesized that this differ-

ence could be dependent on the Taxol-arrest conditions under

which the in vivo data was collected. Taxol-treated cells arrest

in mitosis in a metaphase-like state due to the stabilization of

spindle microtubules. Because Plk1 plays an essential role in

mitotic progression from mitotic entry to exit (Barr et al., 2004),

we considered that we might identify a different subset of motifs

at different phases of mitosis. To test this, we conducted a quan-

titative phosphoproteomics experiment using BI-2536 in HeLa

cells treated with nocodazole, a microtubule depolymerizing

drug that arrests cells in a prophase-like state. HeLa cells were

labeled using either isotopically ‘‘heavy’’ (13C6
15N2-lysine and

13C6
15N4-arginine) or natural amino acids in tissue culture (Ong

et al., 2002) and arrested in mitosis with nocodazole. Heavy

cells were treated with 100 nM BI-2526 (dissolved in DMSO),

whereas light cells were control-treated with DMSO (Figure 4A).

After treatment, cells were mixed, lysed, trypsin-digested, and

peptides were separated by strong-cation exchange (SCX) chro-

matography. Enrichment of phosphopeptides was performed

using titanium dioxide microspheres, peptides were analyzed

by LC-MS/MS, and statistically significant motifs were extracted

from the inhibited phosphorylation sites (Table S3). In this
Ltd All rights reserved
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Figure 4. In Vivo and In Vitro Identification of Polo-like Kinase 1 Linear Substrate Motifs

(A) SILAC-based workflow depicting in vivo identification of Polo-like kinase 1 (Plk1) substrates. HeLa cells were labeled with ‘‘heavy’’ and ‘‘light’’ amino acids in

tissue culture, arrested inmitosis by nocodazole, differentially treated with a Plk1 inhibitor (BI-2536 dissolved in DMSO, heavy) or DMSO control (light), lysed, and

trypsin-digested. Peptides were separated into 24 fractions by strong-cation exchange (SCX) chromatography and phosphopeptides were purified from non-

phosphopeptides using titanium dioxide (TiO2) microspheres and analyzed by LC-MS/MS. Statistically significant motifs were extracted from phosphopeptides

downregulated by 2.5-fold or more in the BI-2536-treated population by Motif-X.

(B) Motif-X output for Plk substrates from nocodazole and Taxol-arrested HeLa cells.

(C) Pie charts depicting the relativemotif occurrence in HeLa cells arrestedwith nocodazole and Taxol, and in the in vitro kinase assay using purified Plk1 enzyme.

Note that the relative distribution of primary Plk1 motifs observed in vivo with BI-2536 is similar to those with purified Plk1 in vitro. NS, no significant motifs.

See also Figure S11 and Table S3.
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analysis, we identified the same motifs as described previously

for HeLa cells treated with BI-2536 during Taxol arrest (Fig-

ure 4B), suggesting that Plk1 recognizes and phosphorylates

sites in vitro and in vivo that are contained within many submotifs

that do not strictly adhere to the classical [D/E/N]Xp[S/T]4

consensus motif, which previously might not have been pre-

dicted based on the classical consensus motif alone. Interest-

ingly, we found that the increase in the number of identified

motifs in vitro can be explained in part by the increased number

of phosphopeptides identified in vitro in kinase reactions relative

to the number identified as downregulated by more than 2.5-fold

after BI-2336 treatment in vivo. Overall, the motifs that are in

common between both approaches are the most abundant

ones in both data sets (Figure 4C). Motifs unique to the in vitro

conditions displayed very similar chemical characteristics as

the in vivo motifs (for instance, TI, TL, SIL, SLL, SVL, DS, ExxS,

and LxxS) and are likely less common variants that only rise to

statistical significance when motif detection occurs in larger

data sets, such as those from our in vitro kinase reactions,

although we cannot rule out the possibility that these additional

motifs are due to spurious phosphorylation that might occur

under in vitro conditions. Ultimately, as with all large-scale

experiments of this nature, any motifs generated in vitro will

require careful cellular validation on a case-by-case basis for

final confirmation.
Chemistry & Biology 19,
Unique and CommonMotif Elements of Polo-like Kinase
Family Members
An advantage of our approach lies in the extraction of individual,

statistically significant motifs for a given kinase, instead of

a single, averaged motif as is produced from array-based

methods. By way of example, for the closely related family of

Polo-like kinases (Plk1-4), we show the value of this feature by

identifying common as well as unique substrate sequences

that allow for subtle distinctions between these structurally

related kinases, which is much more difficult to observe based

on single, averaged motifs. In this analysis we found a strong

preference for aspartic or glutamic acid downstream and gluta-

mic acid upstream of the phosphorylatable residue for Plk2 and

Plk3 (Figures S12A and S13A), and a preference for hydrophobic

amino acids (F, I, L, V, Y) in either the +1 or +2 or both for Plk4

(Figure S14A), consistent with a prior analysis using SPOT arrays

(Leung et al., 2007). Cluster analysis of the Plk1-4motifs revealed

one motif that is phosphorylated by all four kinases (DXpS) or by

three of them (NXpS, EXpS, EXXpS, DpS, DXpT; Figure 5).

However, by expanding our motif coverage, we also found

a set of motifs that were specifically phosphorylated by Plk2

and/or Plk3 that contained acidic amino acids upstream as

well as downstream, or only downstream, of the phospho site.

Similarly, the more complete set of motifs show that Plk1 and

Plk4 can recognize hydrophobic residues downstream of the
608–618, May 25, 2012 ª2012 Elsevier Ltd All rights reserved 613
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Figure 5. Hierarchical Clustering of In Vitro Plk1, Plk2, Plk3, and Plk4

Motifs

Hierarchical clustering of motifs identified in Plk1, Plk2, Plk3, and Plk4 in vitro

kinase assays. Note the close relationship of acidic motifs for Plk2 and Plk3,

and of hydrophobic motifs for Plk1 and Plk4.

See also Figures S11, S12, S13, and S14.
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phospho site, with Plk4 displaying a stronger preference for

larger side chain amino acids in +2 position or for hydrophobic

amino acids in the +1 as well as +2 position. Most specific to

Plk1 was a combination of aspartic or glutamic acid at the �2

and a leucine at the �3 or +2 position.

SIGNIFICANCE

Kinase-substrate interactions are based on several mecha-

nisms, one of which involves the recognition of a linear

sequence motif in the substrate by the kinase. Many of the

518 kinases encoded in the human genome have at least

some of their preferred motif elements in common, repre-
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sented in part by their broad, general classification as

basophilic, acidophilic, hydrophobic, or proline-directed.

To develop a more differentiated understanding of kinase

specificity, we have developed a mass-spectrometry based

approach that identifies a series of linear sequence motifs

that are recognized and phosphorylated by a specific

kinase. The detection of individual motifs increases sensi-

tivity by recognizing substoichiometric yet highly statisti-

cally significant motif elements, thereby elucidating a more

complete array of possible phosphorylation targets for

a given kinase. Furthermore, using peptide libraries built

from the human proteome with phosphorylatable serine,

threonine and tyrosine residues at variable positions permits

the identification of kinase preferences for these amino

acids as well as their position relative to peptide termini

in a single analysis. Detailed knowledge of the full set of

sequence specificity determinants, phospho acceptor

preferences, and N- and C-terminal positioning require-

ments will provide invaluable assets in the quest to predict

kinase-substrate interactions robustly and accurately in

large scale phosphoproteomics data sets.

EXPERIMENTAL PROCEDURES

Cell Culture

HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM;

Invitrogen) with 10% fetal bovine serum (Hyclone) and penicillin-streptomycin

(100 U/ml and 100 mg/ml; Invitrogen), at 37�C in a humidified atmosphere with

5% CO2.

Library Preparation

HeLa cells were lysed in 8.5 M urea, 50 mM Tris pH 8.7, protease inhibitors

(Roche), lysate was sonicated using a Branson sonicator equipped with

a micro-tip three times at power level 3 for 15 s each on ice. Protein concen-

tration of the lysatewas determined byBCAprotein assay fromPierce (Thermo

Fisher Scientific). Proteins were reduced with 5 mM DTT (Sigma) at 55�C for

30min, cooled to room temperature and alkylated with iodoacetamide (Sigma)

at room temperature for 45 min in the dark. The alkylation reaction was

quenched by the addition of another 5 mM DTT. After 15 min incubation at

room temperature, the lysate was diluted 8-fold in 25 mM Tris pH 8.7, 1 mg

sequencing-grade trypsin (Promega) per 200 mg total protein was added,

and incubated overnight at 37�C. The same buffer conditions were used for

Glu-C (Worthington) and chymotrypsin (Roche) digestion. One microgram

sequencing-grade Gluc-C per 75 mg total protein and 1 mg sequencing-grade

chymotrypsin per 100 mg total protein was added, and incubated overnight at

25�C. After digestion, digests were acidified to pH 3 by addition of 20% TFA

and incubated for 10 min at room temperature. Precipitates were removed

by centrifugation at 3,500 rpm for 15 min. The acidified lysates were desalted

using a C18 solid-phase extraction (SPE) cartridge (Waters) and the eluate was

lyophilized. Lyophilized peptides were dephosphorylated using CIP phospha-

tase (New England Biolabs) (75 U/mg peptide) in 50 mM Tris pH 7.9, 100 mM

NaCl, 10 mM MgCl2, and 1 mM DTT overnight at 37�C, desalted using a C18

solid-phase extraction (SPE) cartridge, and the eluate was lyophilized.

Dephosphorylation was repeated with l-phosphatase (500 U/mg peptide) in

50 mM HEPES, pH 7.5, 100 mM NaCl, and 2 mM DTT overnight at 37�C,
desalted using a C18 solid-phase extraction (SPE) cartridge, and the eluate

was lyophilized. Eight milligrams of lyophilized peptides were separated by

strong-cation exchange chromatography as described (Villén et al., 2007).

Twelve fractions were collected, lyophilized, and desalted on a 96-well OASIS

Elution C18 SPE plate (Waters). Each fraction was separated in 30 aliquots.

Protein Expression and Purification

The kinase domains of human Haspin (residues 465–798), Bmpr2 (residues

174–519), Dyrk1a (residues 118–476), Pim1 (92–403), Pim3 (1–326), Camkk2b
Ltd All rights reserved
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(residues 132–470), and Clk3 (275–632) were cloned into the kanamycin resis-

tant T7 expression vector pNIC28-Bsa4 by ligation-independent cloning. Pim1

(92-403) was cloned into ampicillin resistant pLIC-SGC1. All proteins were

expressed as N-terminal His6 fusion with a TEV cleavage site in phage-

resistant Escherichia coli expression strain BL21 (DE3)R3-pRARE2 and were

purified as described (Bullock et al., 2005, 2009; Eswaran et al., 2009; Pogacic

et al., 2007). All proteins were >95% pure as judged by SDS-PAGE and

ESI-MS.

Full-length human Plk1, Plk2, Plk3, and Plk4 cDNA was amplified from

a sequenced cDNA clone and cloned into a modified version of the pFastBac

vector (Invitrogen) containing a 10-His-tag. For bacmid generation, pFastBac

constructs were transformed into DH10Bac E. coli (Invitrogen). Recombinant

bacmid DNA was purified and recombination was confirmed by PCR.

Recombinant bacmid DNA was transfected into Sf9 cells using Cellfectin

(Invitrogen) according to the manufacturer’s instructions. Five days after

transfection, P1 virus stock was isolated and further amplified. For protein

expression, Sf9 cells were infected with amplified virus stocks and 72 hr after

infection cells were harvested. Three hours before harvesting, cells were

treated with 100 nM okadaic acids (LC Labs) for 3 hr. Ten-his-tagged proteins

were purified using Ni-NTA agarose (QIAGEN) according to themanufacturer’s

instructions. Purified proteins were dialyzed overnight against 10 mM HEPES

pH 7.7, 100 mMNaCl, 0.1 mM EDTA, 1 mMDTT, and 10% glycerol and stored

at �80�C.

In Vitro Kinase Reactions

Pim1, Pim3, Clk3, Bmpr2, and Dyrk1A kinase reactions were performed in

20 mM HEPES, pH 7.7 (Sigma), 10 mM MgCl2 (Sigma), 0.5 mM DTT (Sigma),

5 mM b-glycerophosphate (Sigma), and 100 mM ATP (Sigma). Plk1 kinase

reactions were performed in 20 mM HEPES, pH 7.7, 20 mM MgCl2, 0.5 mM

DTT, 5 mM b-glycerophosphate, and 100 mM ATP. Haspin kinase reactions

were performed in 20 mM HEPES, pH 7.7, 50 mM NaCl (Sigma), 10 mM

MgCl2, 0.5 mM DTT, 5 mM b-glycerophosphate, and 100 mM ATP. Camkk2b

kinase reaction was performed in 20 mM HEPES, pH 7.7, 10 mM MgCl2,

1 mM CaCl2, 0.5 mM DTT, 5 mM b-glycerophosphate, and 100 mM ATP. For

each kinase reaction, early and late SCX fractions were incubated with

500 ng of kinase in the indicated kinase buffer at 30�C for 3 hr. For kinases

with known basophilic substrate motifs (Pim1, Pim3, and Clk3), kinase

reactions were performed on early and late peptide aliquots derived from

a Glu-C digestion. Plk1 kinase reactions were performed on peptide aliquots

derived from a trypsin digestion. Kinase assays on kinases for which no or

only limited knowledge about substrate specificity existed (Bmpr2, Dyrk1a,

Haspin, Camkk2b) were performed initially on separate peptide aliquots

from both Glu-C and trypsin digestions. After an initial determination of the

kinase motif of Bmpr2, additional reactions on chymotryptic peptides were

performed. To determine residual phosphorylation sites that were not dephos-

phorylated in the phosphatase reaction, each peptide pool was incubated with

kinase buffer only and analyzed in triplicate by LC-MS/MS; all phosphopepti-

des identified in these control reaction analyses were summed together and

subtracted from each reaction performed with kinase.

Afterward, the reactions were quenched with 0.1% TFA/3% methanol and

desalted on an OASIS MicroElution C18 SPE plate (Waters), dried by vacuum

centrifugation, and phosphopeptides were purified using TiO2 microspheres

(GL Sciences).

Phosphopeptide Purification

For phosphopeptide purification using titanium dioxide, peptides were

dissolved in 50% acetonitrile (Honeywell Burdick & Jackson), 0.1% TFA

(Honeywell Burdick & Jackson), 2 M lactic acid (Sigma), and incubated with

�350 mg TiO2 microspheres (Glycan Biosciences) for 45 min with agitation

(Kettenbach and Gerber, 2011). After binding, the TiO2 microspheres were

washed several times with 50% acetonitrile/0.1% TFA and phosphopeptides

were eluted with 50 mM disodium phosphate (Sigma) pH-adjusted to pH10

with ammonia (Sigma), dried, and desalted. For phosphopeptide purification

using immobilized metal (Fe-IMAC), peptides were dissolved in 40% acetoni-

trile and 25 mM formic acid and incubated with 10 ml IMAC beads (Sigma)

for 45 min with agitation (Villén and Gygi, 2008). After binding, the IMAC

beads were washed several times 40% acetonitrile/25 mM formic acid and

phosphopeptides were eluted with 50 mM disodium phosphate (Sigma)
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pH-adjusted to pH 10 with ammonia (Sigma), dried, and desalted. To increase

the number of identification of phosphopeptides derived from Glu-C digest,

peptides were further digest with 20 ng trypsin in 25 mM ammonium bicar-

bonate for 2 hr at 37�C and dried by vacuum centrifugation. Phosphopeptide

length after double Glu-C/trypsin digestion did not differ from single trypsin

digestion (Figure S15).

LC-MS/MS Analysis and Database Searches

Each phosphopeptide purification was analyzed by nanoscale microcapillary

LC-MS/MS essentially as described (Kettenbach et al., 2011b) on a LTQ-

Orbitrap (Thermo Electron). Briefly, LC-MS/MS analysis was performed on

a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with

an Agilent 1100 HPLC and LC-Packings FAMOS auto sampler. Peptides

were redissolved in 6% ACN/1% formic acid and loaded onto an in-house

pulled and packed fused silica column (18 cm length, 100 mm inner diameter,

ReproSil, C18 AQ 3 mm). The peptides were eluted with a 50 min gradient of

0%–29% B solvent (Buffer A: 0.0625% FA, 3% ACN; Buffer B: 0.0625% FA,

95% ACN). Peptide precursor ions were measured in the Orbitrap at a resolu-

tion of 60,000, and fragmentation spectra were collected in the LTQ. Up to ten

of the most intense peptides were selected in each MS scan for MS/MS

fragmentation. Raw data were searched using SEQUEST (Eng et al., 1994;

Faherty and Gerber, 2010) against a target-decoy human UniProt sequence

datasbase (http://www.uniprot.org; downloaded September 2010) plus

reversed sequences (Elias and Gygi, 2007). Searches required for tryptic

peptide pools fully tryptic peptides (K, R; not preceding P) with up to two mis-

cleavages; for chymotryptic peptide pools, fully chymotryptic peptides (F, Y,

W, M, L, I, V; not preceding P) with up to two miscleavages; and for Glu-c/

tryptic double digest peptide pools, the combination of tryptic plus Glu-C

termini (K, R, D, E; not preceding P) plus two miscleavages (Gilmore et al.,

2012). In addition, carbamidomethylcysteine as fixed modification and

oxidized methionine and phosphorylated serine, threonine, and tyrosine as

variable modifications were included. Searches were conducted at

a ±1.1 Da precursor tolerance, and results were filtered to be

within ±2.5ppm (Haas et al., 2006; Hsieh et al., 2010); typically, XCorr values

of >2 for +2 charge state and >2.6 for +3 charge state peptides yielded

a <1% FDR at the peptide level. Probability of correct phosphorylation site

localization was assessed using PhospoRS (Taus et al., 2011). A localization

probability of 0.99 or higher was required for phosphopeptides to be further

considered for motif analysis; all other identifications were not utilized for motif

generation.

Motif Analysis

For motif determination of phosphopeptides identified in in vitro kinase assays

the in-house developed GrMFPh algorithm was used. GrMFPh follows the

basic logic of Motif-X (Schwartz and Gygi, 2005), extended for phosphopepti-

des from in vitro kinase reactions. Protein-level reduction by CDHIT is per-

formed for both foregrounds and the background (UniProt human FASTA data-

base). For each foreground, the reference protein sequences are collected and

input into CDHIT (Li and Godzik, 2006) for clustering with sequence identity

threshold at 0.9 andword length at 5. All peptides that are part of any represen-

tation of the clusters form the final foreground. Thebackgroundcomprises of all

the representative protein sequences from CDHIT’s output of the input Uni-

ProtKB human FASTA database. The peptides are aligned at their common

phosphorylation site, with pS, pT, and pY peptides handled separately. They

remain of variable length, as was the case in the in vitro reactions. A GrMFPh

motif then consists of a set of position/amino acid pairs that are statistically

enriched in the aligned phosphopeptides, relative to an in silico digest of a

background set of proteins (e.g., human proteome database, UniProt). A set

of motifs is found, supported by disjoint sets of phosphopeptides. GrMFPh

proceeds as follows. (1) Calculate the binomial probability of each amino

acid a at each upstream and downstream position j. Because both foreground

and background peptides are of variable length, only those that extend to the

position in question are used in that calculation. The binomial probability of

finding cja or more instances of amino acid a at position j in the n sufficiently-

long foreground sequences, with respect to background probability pja, is:

PðXRcjaÞ=
Xn

i = cja

�
n
i

�
pi
ja

�
1� pja

�i
:
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The background probabilities are estimated in a preprocessing step, based

on occurrence counts in the background peptides (considering each S, T, and

Y separately). (2) Find the lowest-probability position j/amino acid a pair, such

that the binomial probability P(X R cja) is below a user-specified threshold

(10�6 for the presented results) and the occurrence count cja is above another

user-specified threshold (20 for the presented results). (3) If no such pair exists,

the motif is complete; its score is the sum of the negative log binomial proba-

bilities for its position/amino acid pairs (larger is better). The algorithm

attempts to find additional new motifs by returning to step (1) with the remain-

ing foreground peptides. (4) Otherwise, continue extending the current motif

by returning to step (1) after restricting the foreground to the supporting

peptides in which the motif occurs.

Phosphopeptides derived from Glu-C digestion were digested by trypsin

before LC-MS/MS analysis. Thus before performing motif analysis, these

peptides are in silico reconstituted to Glu-C peptides likely seen by the

kinases, by finding in the UniProt database the protein containing the peptide,

and extending from the tryptic cleavage sites out to the first Glu-C ones. Non-

unique protein mappings from tryptic to Glu-C termini in the human proteome

database were discarded (only unique sequence matches were retained). The

number of occurrences was adjusted depending on the size of the data set

(15 for 0–499; 20 for 500–999; 25 for 1,000–1,499; 30 for 1,500–1,999; and

so on). For each motif, a sequence logo is generated by WebLogo (Crooks

et al., 2004).

A GrMFPh web server is available at http://www.cs.dartmouth.edu/�cbk/

grmfph/ and the platform-independent Java code is freely available for

academic use by contacting the authors.

Quantitative Phosphoproteomics and Inhibitor Treatment

HeLa cells were grown in arginine- and lysine-free DMEM with 10% dialyzed

fetal bovine serum supplemented with either 100 mg/L 13C6
15N2-lysine and

100 mg/L 13C6
15N4-arginine (Cambridge Isotope Laboratories) (‘‘Heavy’’) or

identical concentrations of isotopically-normal lysine and arginine (‘‘Light’’)

for at least six cell doublings. HeLa cells were synchronized inG1/S by adouble

thymidine block (1 mM, Sigma) for 16 hr, with an 8 hr release between each

cycle. To arrest cells in mitosis, nocodazole (100 ng/ml, Sigma) was added

to the media 3 hr after the washout of the second thymidine block. Heavy

labeled HeLa cells were incubated with 100 nM BI2536 (synthesized in-house)

(Kettenbach et al., 2011b) alongwithMG132 (1 mM, Sigma) for 45min, whereas

light cells were incubated with 1 mMMG132 and DMSO. Heavy and light HeLa

cells were counted and equal numbers of cells were mixed, washed twice in

PBS and lysed. Lysis and strong-cation exchange chromatography were

carried out as previously described (Villén et al., 2007). Twenty-four fractions

were collected, lyophilized, and desalted on a 96-well OASIS C18 SPE plate

(Waters).

Data Analysis for In Vivo Motif Determination

The collected tandem mass spectra were data-searched using the SEQUEST

algorithm (Link et al., 1999), filtered at a 0.2% false discovery rate using the

target-decoy strategy (Elias and Gygi, 2007), and reported. SILAC quantifica-

tion was performed using a highly in-house-modified version of the XPRESS

algorithm (http://tools.proteomecenter.org) (Han et al., 2001). All H/L ratios

were log2 transformed and fit to a Gaussian distribution using Sigma Plot

software (San Jose, CA). Log2 transformed ratios were adjusted to the calcu-

lated, experiment-specific distribution offset. Motif analysis was performed on

in vivo identified singly phosphopeptides with a log2 ratio of �1.4 or less using

Motif-X (Schwartz and Gygi, 2005).

Positional Preference

To determine positional preferences, the location of the phosphorylation site

relative to the C and N terminus of motif-containing peptides was calculated.

The distribution of phosphorylation sites was plotted in Excel and displayed for

the first 20 amino acids from the C and N terminus. For Bmpr2 and Camkk2b,

motif analysis led to the identification of motifs containing a protease cleavage

site (arginine and lysine, trypsin, Table S2). Closer inspection of the peptides in

these motifs showed that these residues were C-terminal cleavage sites of the

respective peptide. To determine if these Arg and Lys residueswere in fact part

of the kinase substrate motifs, or just statistically enriched because of their

location in the peptide, we investigated motifs derived from kinase assays
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using Glu-C peptides for Camkk2b and chymotryptic peptides for Bmpr2.

For Bmpr2, we found the same upstream motifs as identified with tryptic

peptides; however, instead of arginine and lysine residues, chymotryptic

cleavage sites (leucine) occurred in a subset of downstream motifs (Table

S2). Similarly, for Camkk2b we identified the same upstream motifs with

Glu-C and trypsin proteases; however, glutamic acid, the Glu-C cleavage

site, was observed downstream of the phosphorylation site instead of arginine

and lysine residues (Table S2). Analysis of positional preference for both

kinases show that 53% of motif-containing sites for Bmpr2 and 46% for

Camkk2b were located two or two and three amino acids from the C terminus,

respectively. We concluded that for these kinases, the arginine and lysine

residues in the motifs from tryptic digests, leucine from chymotryptic digests,

and glutamic acid from Glu-C digests were indeed not part of kinase sub-

strate motif, but rather a reflection of the preference for these kinases to

phosphorylate C-termini. For comparison of positional preference, an equal

number of motif-containing phosphopeptides from each of the other kinases

were combined, and the distribution of locations of the phosphorylated

residues relative to the C and N terminus of the respective peptide was

determined.

Kinase-Substrate Kinetic Assays

Variable sequence substrates were purchased as >95% HPLC-pure synthetic

peptides from New England Peptide, LLC (Gardner, MA) and verified by LC-

MS (Hasptides: ARSLVNAQG, ARTLVNAQG, ARYLVNAQG, QGARTLVNA,

NAQGARTLV; Bmpr2tides: NGVEADLSL, NGVEADLTL, NGVEADLYL,

VEADLSLNG, ADLSLNGVE). Two nanomoles (�3 mg) peptide substrate was

placed in separate PCR tubes, dried by vacuum centrifugation, and resus-

pended in 20 ml kinase buffer (Hapsin: 20 mM HEPES pH 7.5, 125 mM NaCl,

15 mM MgCl2, 2 mM MnCl2, 1 mM DTT, 100 mM ATP; Bmpr2: as for Haspin

but without MnCl2) to produce a 100 mM substrate concentration. Control

reactions containing kinase buffer but no peptide substrate were included to

correct for kinase autophosphorylation activities. Reactions were initiated by

addition of 0.5 pmol kinase, and allowed to proceed for 30 min at 28�C in

a dry incubator. Kinase reactions were then processed using the ADP-Glo

assay kit per manufacturer’s instructions (Promega, Madison, WI) and

analyzed on an LMax II plate luminometer (Molecular Devices, Sunnyvale,

CA). All reactions were analyzed in triplicate, and the average luminescence

from each kinase reaction was background-corrected with the average control

reaction values for that kinase. Data were reported as arbitrary luminescence

units.

Selected-Ion Monitoring

Phosphotyrosine-containing peptides identified in Bmpr2 kinase reactions

were used to create selected-ion monitoring (SIM) methods for two different

trypsin-SCX fractions (fractions 5 and 6) essentially as described (Kettenbach

et al., 2011a). Ten m/z-wide SIM windows were used to profile nine different

pTyr peptides (SCX Fraction 5: VDDDFTAQDpYR at 712.7740,

GQLCELSCSTDpYR at 834.8248, TIAQDpYGVLK at 594.2911, GDpYPLEAVR

at 550.2467, SITADPLDpYR at 615.7759; SCX fraction 6: LSEDpYGVLK at

552.2568, EIMDAAEDpYAK at 668.2645, DIYETDpYYR at 659.2575,

LDVTSVEDpYK at 624.7755) in scheduled SIMs across relevant elution profile

time windows, with a maximum of three SIMs in any one scan segment. SIMs

were performed at R = 30,000 in an LTQ-Orbitrap mass spectrometer, and the

resulting ion chromatograms were ion extracted for the observed mass of the

precursor at maximum intensity ±2.5 ppm and plotted for reactions with and

without Bmpr2 kinase (Figure S10).

Motif Clustering

Plk1, Plk2, Plk3, and Plk4 motifs were clustered by average linkage hierar-

chical clustering, with scores computed for each pair of motifs according to

a Needleman-Wunsch global alignment (Needleman and Wunsch, 1970). In

constructing a motif alignment, the phosphorylation site was not scored (so

that pS and pT were not distinguished), each pair of fixed amino acids was

scored according to the Blosum-62 substitution matrix, each pair of variable

amino acids (‘‘X’’) contributed a score of 0, and each pair with one fixed and

one variable contributed �4. The gap penalty was �4 for each gap character

inserted.
Ltd All rights reserved
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