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Abstract

Background: Protein phosphorylation is an extremely important mechanism of cellular
regulation. A large-scale study of phosphoproteins in a whole-cell lysate of Saccharomyces cerevisiae
has previously identified 383 phosphorylation sites in 216 peptide sequences. However, the protein
kinases responsible for the phosphorylation of the identified proteins have not previously been
assigned.

Results: We used Predikin in combination with other bioinformatic tools, to predict which of | 16
unique protein kinases in yeast phosphorylates each experimentally determined site in the
phosphoproteome. The prediction was based on the match between the phosphorylated 7-residue
sequence and the predicted substrate specificity of each kinase, with the highest weight applied to
the residues or positions that contribute most to the substrate specificity. We estimated the
reliability of the predictions by performing a parallel prediction on phosphopeptides for which the
kinase has been experimentally determined.

Conclusion: The results reveal that the functions of the protein kinases and their predicted
phosphoprotein substrates are often correlated, for example in endocytosis, cytokinesis,
transcription, replication, carbohydrate metabolism and stress response. The predictions link
phosphoproteins of unknown function with protein kinases with known functions and vice versa,
suggesting functions for the uncharacterized proteins. The study indicates that the
phosphoproteins and the associated protein kinases represented in our dataset have housekeeping
cellular roles; certain kinases are not represented because they may only be activated during
specific cellular responses. Our results demonstrate the utility of our previously reported protein
kinase substrate prediction approach (Predikin) as a tool for establishing links between kinases and
phosphoproteins that can subsequently be tested experimentally.

Background protein kinase C (PKC), Akt (PKB), calcium/calmodulin-
Saccharomyces cerevisiae expresses over 110 Ser/Thr protein ~ dependent kinase type II (CaMK2), 5'-AMP activated
kinases that have been classified into 7 groups [1] (Table  kinase (AMPK), cyclin-dependent kinases (CDKs),
1, Additional file 1). Most human protein kinases have = mitogen-activated protein kinases (MAPKs), glycogen
orthologues in yeast, including protein kinase A (PKA),  synthase kinase 3B (GSK3p), p21l-activated kinase
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Table I: Classification of protein kinases of S. cerevisiae*
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Group or family Group or family name Example protein Number of protein  Number of

kinase kinases phosphorylation sites
predicted

Group | AGC kinases (PKA, PKG, PKC) 17 36

LA LC LF cAMP-dependent protein kinases Sch9 9

I_B Protein kinase C (Pkclp) family Pkelp |

I_D Ribosomal Sé kinase family Kin82p 2

I_E Dbf2p family Dbf2p 2

I_G Other AGC kinases Yfl033cp 3

Group Il CaMKs 17 24

I_A Kinases regulated by calcium/calmodulin Cmklp 4

I_B 5'AMP activated kinase family Snflp 6

I_C NimIp family Hsllp 3

II_D Other CaMKs Dunlp 4

Group llI Pro-directed (CMGC) kinases 21 23

IN_A Cyclin-dependent kinases Cdc28p 5

INn_B Mitogen-activated kinases (MAPKs) Slelp 6

n_c Glycogen synthase kinase 3f3 Mdslp 4

n_o CDK-like kinases (CLKs) Yaklp 4

IN_E Other CMGC kinases Sgvlp 2

Group IV Stel Ip/Ste20p (MAPKKKs) 10 26

IV_A Stel Ip family Bcklp 4

IV_B Ste20p family Cla4p 3

IvV_C NRK Family Cdcl5p 3

Group V Ste7p/NEK (MAPKKSs) 8 32

V_A Ste7p family Ste7p 4

V_B NIMA (NEK) family Kin3p |

vV_C NEK-like family Akllp 3

Group VI Other kinases 24 96

VI_A CKI family Ycklip 4

VI_B CK2 family Ckalp 3

VI_C Npk | p/Hal5p family Ptklp 9

VI_D EIm|p family Pak|p ** 3

VI_E Ran I p family Sha3p 3

VI_F Pim I p-like family Yal0l7wp 2

Group VII Unique kinases 19 38

VILA With possible homologues Rad53p 14

VII_B With no known homologues Bublp 5

* Based on [1].

** There are two protein kinases designated Pak|p in S. cerevisiae; in this manuscript, Pak|p from group VI_D is referred to as Paklp (Yer|29wp),

while Paklp from group V_C is referred to as Prklp (Paklp).

(PAK1), polo-like kinase (PLK1), mixed lineage kinase
(MLK1), and casein kinases 1 (CK1) and 2 (CK2). On the
other hand, there are no orthologues of the human pro-
tein kinase G (PKG), phosphorylase kinase (PHK), titin,
myosin light chain kinase (MLCK), tousled-like kinase
(TLK), or any of the protein tyrosine kinases. Some dual-
function kinases in yeast can phosphorylate tyrosine, usu-
ally at the same time as serine/threonine residues (e.g.
mitogen-activated protein kinase kinase (MAPKK or MEK)
and protein kinase Swelp [2,3]).

A large-scale mass spectrometry-based study of phospho-
proteins in a whole-cell lysate of S. cerevisiae detected 383

phosphorylation sites in 216 phosphopeptide sequences
[4] (Additional file 2), but the protein kinases responsible
for the phosphorylation of these sites have previously
remained unknown. We have previously developed meth-
odology to predict the substrates of protein kinases (pro-
gram Predikin [5]). The predictions are based on the
nature of residues located in the substrate-binding pocket
at specific positions/distances relative to the conserved
motifs found in all Ser/Thr protein kinase sequences. The
approach allows predictions to be made based only on the
amino acid sequence of the catalytic domain of the kinase.
Several studies have confirmed Predikin predictions
experimentally, for example in G-protein-coupled recep-
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Figure |

Estimation of kinase substrate prediction probabili-
ties. The analysis is based on Scansite [| ] scores. Dia-
monds, the probability (A) that a phosphorylation site is
associated with a particular protein kinase, where the pro-
tein is a known substrate but the phosphorylation site is
unknown, as a function of Scansite score. Squares, the proba-
bility (B) that a protein kinase is associated with a particular
substrate protein, where the phosphorylation site is known
but the protein kinase is unknown, as a function of Scansite
score. The lines are 3rd order polynomials that best fit the
data (dashed, probability A; solid, probability B).

tor kinase [6], stress-activated protein kinase 3 [7], protein
kinase C [8], homeodomain-interacting kinase [9] and a
tobacco osmotic stress-activated protein kinase [10].

Here we used Predikin to predict possible associations
between the phosphorylation sites identified by Ficarro et
al. [4] and one or more of the yeast protein kinase(s).
Some of these predictions are thought-provoking and sug-
gest areas to investigate further. The study suggests biolog-
ical functions for uncharacterized protein kinases and
substrates, forecasts new signalling connections between
known proteins, and provides a basis to direct future
experimental work to verify the links between kinases and
substrates.

Results and discussion

Reliability and limitations of the predicted kinase-
substrate associations

Ficcaro and co-workers attempted to characterise the
majority of the phosphoproteins in a whole cell lysate of
S. cerevisiae [4]. Proteins were digested with trypsin, con-
verted to methyl esters, enriched for phosphopeptides
with immobilised metal-affinity = chromatography
(IMAC), and analyzed by HPLC/ electrospray ionization
mass spectrometry. A total of 383 phosphopeptides were
found, corresponding to 216 phosphoproteins (Addi-
tional file 2). It appears that phosphopeptides with more

http://www.biomedcentral.com/1471-2105/7/47

than one phosphorylated residue are enriched in this col-
lection, therefore it may not be entirely representative of
the yeast phosphoproteome. We attempted to associate
these phosphorylation sites with 116 Ser/Thr protein
kinases present in S. cerevisiae (Additional file 1, 3),
through matching the phosphopeptide sequences with
the substrate specificity of each individual kinase as pre-
dicted using Predikin [5].

We used Scansite [11] to assess the quality of the match
between the search motif (the predicted optimal hep-
tapeptide phosphorylation sequence for each kinase) and
the experimentally determined phosphopeptide
sequences. To estimate the reliability of the protein
kinase- phosphoprotein matches, we performed an analy-
sis of Scansite scores for phosphorylation sites where the
kinase has been experimentally identified (see Methods
section; Figure 1).

Scansite scores could be obtained and probabilities esti-
mated for all but 27 of the phosphorylation sites in the
phosphoproteome dataset; one cannot obtain an accurate
score when the phosphorylation site is located too close to
the N- or C-terminus of the peptide. The statistics on esti-
mated probabilities are summarized in Table 2.

In some cases, two or more kinases were predicted to be
equally likely to be associated with a particular phos-
phopeptide. Often, these protein kinases were closely
related (e.g. from the same family in the phosphopeptides
from Hxt2p, Ras2p, Rpl7Ap, Ira2p and Nup2p; from the
same group in Acclp, Gnplp, Fprdp, Hsp26p, Pea2p,
Rpn8p, Shplp, Yhr186cp, Yml029wp, Ynl321wp,
Ysc84p), although this was not always the case (e.g. phos-
phopeptides from Abflp, Bud4p, Erg6p, Msc3p, Ncb2p,
Sgv1p, Trs120p, Tsl1p, Yml072cp). Some sites may in fact
be phosphorylated by two or more protein kinases in vivo,
particularly by closely related protein kinases. An example
of a substrate phosphorylated by two different kinases is
the yeast amphiphysin homologue Rvs167p, which is
phosphorylated both by the CDK Pho85p and the MAPK
Fus3 [12].

In the cases where both the phosphoprotein and the pre-
dicted kinase have characterized functions, correlations
between these functions are consistent with and support
(although do not necessarily prove) our predictions (see
below). On several occasions the phosphoproteins scored
better with poorly characterized protein kinases than with
any better-known ones; such associations could predict
functions for these novel proteins.

Known protein kinase-substrate pairs
Although our associations were predicted without taking
into account the available data on the functions of the
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Table 2: Statistics on the prediction probabilities

Estimated probability Number of phosphorylation sites

0.9-0.99 48
0.80 - 0.89 89
0.70-0.79 54
0.60 — 0.69 69
0.50 - 0.59 32

<0.5 55

proteins, the predictions include several examples of pro-
tein kinase-substrate pairs for which there is supporting
experimental evidence (Table 3). These include Yaklp
[13] and Sralp [14,15] as substrates for Tpk1p, and Acclp
[16] and Pfk2p [17] as substrates for Snflp. The MAPKs
Kss1p and Fus3p, closely related to Hoglp, have been
shown to be substrates for Ste7p [18]. The MAPKK Pbs2p
is known to be a substrate for the MAPKKKs Ssk2p and
Ssk22p [19], but phosphopeptides corresponding to the
known Ssk2p and Ssk22p phosphorylation sites of Pbs2p
were not detected by Ficarro et al. [4]; the phosphopep-
tides identified by Ficarro et al. map to a different region
of Pbs2p.

Less direct experimental evidence has previously sug-
gested the association of several other predicted kinase-
substrate pairs (Table 4). For example, Bni5p is a part of a
multi-protein complex involving the protein kinase
Gin4p and the septins, and the protein kinase Cdc28p is
required for the association of Gin4p with the septins
[20]. Overexpression of Gpd1p reduces the hypersensitiv-

http://www.biomedcentral.com/1471-2105/7/47

ity to osmotic shock of a hypersensitive yeast mutant, pre-
sumably due to the effect on signalling through the
protein kinase C-MAPK pathway involving Bcklp; the
over-expression of Bcklp similarly restored the protein
kinase C signalling to the same mutant and rescued its
hypersensitivity to osmotic shock [21]. The protein kinase
Ume5p (Ssn3p, Stb10p) is known to be involved in the
transcriptional repression of the HSP26 gene [22]. Msn2p
is a protein kinase Pkclp-regulated transcription factor
[23]. Inactivation of the protein kinase Yak1p and overex-
pression of Sok2p have similar effects on yeast defective in
protein kinase A signalling [24], suggesting that phospho-
rylation by Yaklp could have an inhibitory effect on
Sok2p. The inactivation of protein kinases Hoglp and
Ssd1p have similar effects on mutants deficient in the pro-
tein phosphatase activators Rrd1p and Rrd2p [25].
Finally, mutation of the gene encoding the protein kinase
Fus3p (a MAPK in the mating pathway) enhances the mat-
ing defect of some ste2 mutants; the deletion of STE2 is
completely sterile, therefore these are weak alleles of ste2
[26]. The available experimental evidence for all these pre-
dicted associations supports the reliability of our predic-
tions in general.

Predicted kinase-substrate pairs showing functional
correlations

In addition to the known kinase-substrate pairs, our pre-
dicted associations feature a number of pairs consistent
with the known roles for the kinase and the substrate (i.e.
functional correlations). Indeed, none of our predicted
associations involve proteins with functions that are
clearly incompatible. The functions of some associated

Table 3: Predicted protein kinase- phosphoprotein pairs supported by experimental evidence

Substrate protein Predicted protein Phosphopeptide * Scansite score ** Estimated probability
kinase ok
Yaklp Tpklp RRKSSLVV 0.145, 0.02 0.6, 0.95
Yaklp Tpklp RRASLNS 0.127 0.75
Sralp Tpklp RSRSSVM 0.103 0.8
Acclp Snflp RAVSVSD 0.145 0.6
Pfk2p Snflp KVHSYTD 0.145 0.6
Hoglp Ste7p PQMTIGYVST 0.19 0.33
Bni5p Cdc28p PVSSPIT 0.145 0.6
Gpdlp Bcklp RSSSSVSLKA 0.141 0.6
Hsp26p Ume5p LANTPAK 0.082 0.85
Msn2p Pkelp RRPSYRR 0.147 0.6
Sok2p Yaklp KSISPRT 0.148 0.6
Ssdlp Hoglp SLSSPTK 0.039 0.95
Ste2p Fus3p QLPTPTSSKN 0.04 0.99

* The phosphorylated residues are underlined, and the residues not present in the phosphopeptide sequences [4] are shown in italic. When there
is more than one phosphorylation site, the one discussed is shown in bold, unless the same protein kinase is predicted for all sites in the peptide.
** Scansite [| 1] scores were calculated as described in the Methods section. When the same protein kinase is predicted for all sites in the peptide,
the scores are given for the respective sites, starting at the N-terminus. If more than one protein kinase yields a similar score, all the possible

kinases are listed.

*##* Probabilities were calculated as described in the Methods section (Figure 1). When the same protein kinase is predicted for all sites in the
peptide, the values are given for the respective sites, starting at the N-terminus.
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Table 4: Selected protein kinase- phosphoprotein pairs showing functional correlations

Substrate Function * Predicted protein  Function * Phosphopeptide **  Scansite Estimated
protein kinase score *¥¥ probability *¥#*
Cdc47p DNA replication CK2 group *##¥¢ G1/S and G2/M transition of mitotic cell cycle, cell ion homeostasis, cell polarity, TMDIDQE 0.212 0.25
flocculation, regulation of transcription (Pol | and Pol Ill promoters), response to
DNA damage, regulation of DNA replication
Edelp Endocytosis CK group ¥ Cellular morphogenesis, cytokinesis, endocytosis, DNA repair, cell growth, DGESVSSIQ 0.062 0.9
chromosome segregation, meiosis, mitosis, nuclear division
Ysc84p Actin organization, CKI group Cellular morphogenesis, cytokinesis, endocytosis, DNA repair, cell growth, DFDSEDE 0.062 0.9
endocytosis chromosome segregation, meiosis, mitosis, nuclear division
Panlp Endocytosis, CKI group Cellular morphogenesis, cytokinesis, endocytosis, DNA repair, cell growth, ASASSTS 0.1 0.8
cytokinesis, chromosome segregation, meiosis, mitosis, nuclear division
budding
Sec4p Rab GTPase CKI group Cellular morphogenesis, cytokinesis, endocytosis, DNA repair, cell growth, RTVSASSGNG 0.082 0.85
(cytokinesis, chromosome segregation, meiosis, mitosis, nuclear division
exocytosis, polar
budding)
Sec3p Cytokinesis, cell Cdcl5p Cytokinesis, regulation of exit from mitosis RTISGSSAHH 0.232 0.15
polarity
Hsp26p Chaperone, stress  Mdslp Proteolysis, response to stress, sporulation EVSSQESWGN - ik
response
Nthlp Trehalose Yfl033cp Regulation of meiosis, stress response RRGSEDD 0.082 0.85
hydrolysis, stress
response
Hxt2p Hexose transport ~ Sha3p Glucose transport, transcriptional regulation (Pol Il promoter) QQTSIHSTPI 0.275 0.05
Shplp Glycogen Snflp AMP-activated protein kinase, cell adhesion, response to nitrogen starvation, RKGSTSPEP 0.145 0.6
metabolism, filamentous growth, glucose metabolism, regulation of carbohydrate metabolism
sporulation
Tps3p Trehalose Snflp AMP-activated protein kinase, cell adhesion, response to nitrogen starvation, RTSSSMSVGN 0.102 0.8
phosphatase filamentous growth, glucose metabolism, regulation of carbohydrate metabolism
(carbohydrate
metabolism, stress
response)
Mcm3p DNA helicase, Sgvlp Transcription NSGSPIK 0.082 0.85
initiation of DNA
replication
Swi4p Transcription CK2 group G1/S and G2/M transition of mitotic cell cycle, cell ion homeostasis, cell polarity, KSTSETS 0.168 0.5
factor (cell cycle) flocculation, regulation of transcription (Pol | and Pol Ill promoters), response to
DNA damage, regulation of DNA replication
Rpal90p RNA polymerase ~ CK2 group G1/S and G2/M transition of mitotic cell cycle, cell ion homeostasis, cell polarity, ~DKESDSDSEDE 0.104,0.06, 0.8,0.9,0.99
subunit flocculation, regulation of transcription (Pol | and Pol lll promoters), response to 0.02

(transcription)

DNA damage, regulation of DNA replication
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Table 4: Selected protein kinase- phosphoprotein pairs showing functional correlations (Continued)

Moblp

Abplp
Abplp
Crnlp

Pea2p

Spc98p

Nprlp

Shplp

YdI223cp
YdI223cp
Fpr4p

Fpr4p

Protein kinase
regulation (cell
cycle regulation)

Actin binding (cell
polarity)

Actin binding (cell
polarity)

Actin filament
organization

Actin filament
organization, cell
polarity, polar
budding

Cytoskeleton
component
(microtubule
nucleation, mitotic
spindle assembly)

Protein kinase
(regulation of
nitrogen
utilization)

Glycogen
metabolism,
sporulation

Cellular
morphogenesis

Cellular
morphogenesis

Peptidyl-prolyl cis-
trans isomerase
Peptidyl -prolyl
cis-trans
isomerase

Ume5p

Cdc28p
Cdc28p
Cdc28p

Hoglp

Ssk2p

Snflp

Mdslp

CKI group
Hsllp
CKI group

CK2 group

Cyclin-dependent protein kinase, meiosis, regulation of transcription (Pol ||
promoter)

Cyclin-dependent protein kinase, regulation of mitosis and meiosis
Cyclin-dependent protein kinase, regulation of mitosis and meiosis
Cyclin-dependent protein kinase, regulation of mitosis and meiosis

Actin filament organization, osmoregulation, transcriptional regulation (Pol Il
promoter)

MAPKKK, actin cytoskeleton organization and biogenesis, osmosensory signaling
pathway

AMP-activated protein kinase, cell adhesion, response to nitrogen starvation,
filamentous growth, glucose metabolism, regulation of carbohydrate metabolism

Proteolysis, response to stress, sporulation

Cellular morphogenesis, cytokinesis, endocytosis, DNA repair, cell growth,
chromosome segregation, meiosis, mitosis, nuclear division

Cell cycle regulation (G2/M transition of mitotic cell cycle), cell morphogenesis
checkpoint, septin checkpoint)

Cellular morphogenesis, cytokinesis, endocytosis, DNA repair, cell growth,
chromosome segregation, meiosis, mitosis, nuclear division

G1/S and G2/M transition of mitotic cell cycle, cell ion homeostasis, cell polarity,
flocculation, regulation of transcription (Pol | and Pol Ill promoters), response to
DNA damage, regulation of DNA replication

VLTIPKR

PSKSPAP

PVKIPSPAP

APKSPSPLK

NTSSPPI

ERRSMVSSPN

RQSSIYS

RKGSTSPEP

STHSAEH

AEHTPRH

EDESESEQE

EDESESEQE

0.145

0.125

0.145

0.102

0.121

0.149

0.082

0.1

0.127

0, 0.082

0.084, 0.149

0.99

0.6

0.75

0.6

0.8

0.75

0.6

0.85

0.8

0.75

0.99, 0.85

0.85, 0.6

* Functional annotations based on RefSeq [68].

** The phosphorylated residues are underlined, and the residues not present in the phosphopeptide sequences [4] are shown in italic. When there is more than one phosphorylation site, the one

discussed is shown in bold, unless the same protein kinase is predicted for all sites in the peptide.

*#% Scansite [| 1] scores were calculated as described in the Methods Section. When the same protein kinase is predicted for more than one site in the peptide, the scores are given for the

respective sites, starting at the N-terminus. If more than one protein kinase yields a similar score, all the possible kinases are listed.

¥k Probabilities were calculated as described in the Methods section (Figure 1). When the same protein kinase is predicted for more than one site in the peptide, the values are given for the

respective sites, starting at the N-terminus.
R Protein kinases Ckalp, Cka2p or Cdc7p. The predicted specificties are too similar to be distinguished.
R Protein kinases Yck|p, Yck2p, Yck3p or Hrr25p. The predicted specificities are identical.

R Seansite score could not be measured because the phosphorylation site is too close to the C-terminus.
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proteins do not show obvious relationships, but instead
suggest cross-connections between different cellular path-
ways. For example, seemingly unrelated processes such as
mitosis in growing cells or sporulation/meiosis in starved
non-growing cells involve common processes such as
chromosome segregation and new cell wall deposition.
Our associations provide a number of proposed func-
tional links that can now be experimentally tested. The
following examples are representative of the correlated
functions in substrate-kinase pairs in the dataset (Table
4).

Protein kinase CK1 with roles in endocytosis and cytoki-
nesis is predicted to be associated with a number of pro-
teins involved in endocytosis, including Edelp, a key
endocytic protein that binds membranes in a ubiquitin-
dependent manner and is involved in a network of inter-
actions with endocytic proteins, the SH3 domain-contain-
ing protein Ysc84p, and the actin cytoskeletal protein
Panlp involved in actin cortical actin patch formation.
CK1 phosphorylation of receptor cytoplasmic tails [27] is
required for subsequent ubiquitination of flanking lysines
by Rsp5p [27] and receptor endocytosis. Ubiquitination
by Rsp5p of endocytic machinery appears to be required
too, as fusion of the receptor cytoplasmic tail to ubiquitin
bypasses the requirement for ubiquitination of the recep-
tor cytoplasmic tail, but does not bypass the requirement
for Rsp5p in endocytosis per se [28]. Also, Rsp5p physi-
cally interacts with Slalp [29], which in turn interacts with
Ysc84p [30] and Panlp [31]. Furthermore, RSP5 geneti-
cally interacts with EDE1 [32]. Therefore, there is a possi-
bility that CK1 phosphorylation of Edelp, Ysc84p, and
Panl1p is required for their subsequent Rsp5p-dependent
ubiquitination on flanking lysines, analogous to what has
been shown for receptor cytoplasmic tails. It is not known
yet if these proteins are ubiquitinated by Rsp5p; Rvs167p
is a component of the endocytic machinery that is known
to be ubiquitinated by Rsp5p [29], but it has not been
detected among the phosphopeptides. Rvs167p is in a
complex with Slalp and Rsp5p [29] so other Slalp inter-
actors such as Ysc84p and Panlp are strong possibilities
for Rsp5p-dependent ubiquitination; moreover, the
mammalian Panlp orthologue Epsl5 is known to be
ubiquitinated [33,34]. A model for the regulation of
endocytosis by CK1-dependent phosphorylation and
ubiquitination is shown in Figure 2.

CK1 is also predicted to phosphorylate the Rab GTPase
Secdp essential for exocytosis [35]. One yeast CK1
(Yck3p) has been shown to regulate Rab-GTPase depend-
ent vacuole fusion [36,37]. Some endocytic cytoskeletal
proteins (e.g. actin, Rvs167p and Sla2p also have roles in
the same step of exocytosis as Sec4p [38-40].

http://www.biomedcentral.com/1471-2105/7/47

Another interesting association involves the major cell
cycle regulatory kinase Cdc28p and two actin cytoskeletal
proteins, Crn1p and Abp1p. The subcellular distribution
of the actin cytoskeleton is tightly regulated during the cell
cycle. In late G1 phase and prior to visible formation of a
bud, the cells pass "Start"; the Cdc28p kinase becomes
activated by G1 cyclins, and the actin cytoskeleton starts
to polarise towards the site where the new bud will
emerge [41-43]. Cortical actin patches, which appear as
highly motile spots, concentrate at this site. Cytoplasmic
actin cables, which appear as elongated fibres, exhibit
alignment along the mother-bud axis such that their tips
are also focused at this site. During S phase, Cdc28p starts
to be activated by S-phase cyclins; at this stage of the cell
cycle the bud emerges and cortical actin patches concen-
trate inside the growing bud, especially at the rapidly
growing tip. Actin cables remain aligned with their tips in
the growing bud, causing the bud to extend in a highly
polarised manner. When the cells enter G2 phase, the cor-
tical actin patches distribute more isotropically within the
bud, and the bud becomes more rounded and expands
both laterally and at the tip. Driven by the mitotic cyclins,
maximum Cdc28p activity is achieved and the cells enter
mitosis (M-phase). At this stage of the cell cycle cortical
actin patches transiently redistribute throughout the
mother cell and bud, thus losing their polarisation. The
cytoplasmic actin cables become randomly oriented in
the mother cell and bud during M phase. Finally, upon
exit from mitosis and reduction of Cdc28p activity, the
cortical actin patches in the mother cell and the bud align
on either side of the bud neck. Cytoplasmic actin cables
align with their tips on either side of the bud neck. After
cell division is complete and the cells enter early G1, the
cortical actin patches again adopt a random distribution
and the cytoplasmic actin cables become randomly ori-
ented.

Abplp is an actin-binding protein that specifically local-
ises to cortical actin patches [44]. Crnlp also localises to
cortical actin patches and is thought to act as a linker
between these patches and microtubules [45]. Both
Abplp and Crnlp bind to the Arp2/3 complex, a multi-
subunit complex that mediates the nucleation step of
actin filament assembly within the cortical actin patch.
Cortical actin patches are highly motile and short-lived
structures. They form by de novo actin filament assembly
at polarised sites on the cortex where Arp2/3 activators
concentrate. Hence their polarisation during the cell cycle
is thought to reflect polarisation of the sites where they
form. Once assembled, cortical actin patches move rap-
idly away from these cortical sites and into the body of the
cell. This rapid movement is thought to be propelled by
the force generated by de novo actin filament assembly.
One of the Arp2/3 activators implicated in cortical actin
patch assembly at the cortex and actin-dependent move-
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Figure 2

Model for regulation of endocytosis by phosphoryla-
tion and ubiquitination. In stage | (top), neither the
receptor (transmembrane region, black; cytoplasmic tail, red
rectangle) nor the endocytic machinery (blue circle) are
phosphorylated or ubiquitinated. CK1-dependent phosphor-
ylation (P) of the receptor and the endocytic machinery
(stage 2, below) leads to Rsp5p-dependent ubiquitination
(Ub) of the receptor and the endocytic machinery (stage 3,
below), resulting in endocytic internalization of the receptor
(stage 4, bottom). Yck|/2p are known to phosphorylate the
alpha factor pheromone receptor Ste2p (a 7-transmembrane
domain G-protein-coupled receptor) on its cytoplasmic tail
[27]. This phosphorylation is essential for ubiquitination of
the receptor on its cytoplasmic tail by the ubiquitin protein
ligase Rsp5p, and for endocytic internalization of the recep-
tor. There is evidence Rsp5p also has to ubiquitinate compo-
nents of the endocytic machinery for the receptors to be
endocytosed [28]; our analysis of phosphorylation sites sug-
gests that phosphorylation by Yck1/2p of the components of
the endocytic machinery (Edelp, Ysc84p, Panlp) may play a
role also in their Rsp5p-dependent ubiquitination.
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ment is Abplp [46]. Abplp binds to and activates the
Arp2/3 complex and thus stimulates de novo assembly of
actin filaments. Crnlp also binds the Arp2/3 complex.
However, in contrast to Abplp, Crnlp binding to the
Arp2/3 complex inhibits (or at least restricts) Arp2/3
activity, in part by preventing Arp2/3 activation by Abp1p
[45]. Hence, both Abp1p and Crn1p regulate cortical actin
patch formation and dynamics. The association of
Cdc28p with Abplp and Crnlp predicted in this study
suggests an important role for these two cortical actin
patch components in the response of the cortical actin
patches to intrinsic cues generated by Cdc28p, the cell
cycle regulatory kinase.

A large proportion of yeast proteins are implicated directly
or indirectly in functions such as carbohydrate metabo-
lism, stress, and cell growth. The pairs glycogen synthase
kinase Mdslp (Rim11p) - chaperone Hsp26p as sub-
strate, and the protein kinase Yfl033cp (Rim15p) - treha-
lase Nthlp as substrate have common roles in stress
response. The protein kinase Sha3p (Sks1p) and the pre-
dicted substrate, the high affinity glucose transporter
Hxt2p, share roles in hexose transport, while the AMPK
Snflp and the predicted substrates, the putative regulator
of protein phosphatase-1 Shp1p, and the regulatory subu-
nit of trehalose-6-phosphate/synthase/phosphatase com-
plex Tps3p, are all involved in carbohydrate metabolism.
Other novel kinase-substrate pairs are also predicted in
processes including autophagy, DNA replication and tran-
scription, mitosis and cell cycle, the cytoskeleton, nitro-
gen utilization, sporulation and cellular growth and
morphogenesis (Table 4).

There are several instances of phosphopeptides from pro-
tein kinases in the dataset that may indicate protein kinase
cascades. MAPKs are indeed identified as MAPKK (group
V) substrates (Hog1p and Slt2p predicted as substrates for
Ste7p). The other examples include protein kinases Cla4p
(predicted as a substrate for the MAPKK Pbs2p and the cell
cycle checkpoint kinase Dunlp), Ctklp (predicted as a
substrate for the MAPKK Mkk1p), Nprlp (predicted as a
substrate for the AMPK Snflp; although the two proteins
affect different pathways, namely nitrogen and glucose
metabolism, respectively), Pbs2p (predicted as a substrate
for the MAPKK MKkk1p; although Pbs2p is connected to
osmotic sensing but Mkk1p is related to cell integrity sens-
ing), Sgvlp (predicted as a substrate for the cAMP-
dependent protein kinase Tpklp and the uncharacterised
protein kinase Yjl057cp), Spc98p (predicted as a substrate
for the MAPKKK Ssk2p and MAPKK Pbs2p; Spc98p is a
component of the spindle pole body and Pbs2p is con-
nected with osmotic sensing), Yaklp (predicted as a sub-
strate for the cAMP-dependent protein kinase Tpk1p), and
the uncharacterized Ydr466wp (predicted as a substrate
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for the meiosis-specific checkpoint kinase Mek1p and the
CDK Cdc28p).

Prediction of function for novel phosphoproteins and
kinases

Several associations are predicted between a protein with
a known function and a protein with an unknown func-
tion. Putative functional annotations of uncharacterised
proteins through such associations represent an intriguing
result of this study.

The associations suggest a functional role for a number of
uncharacterised protein kinases (Additional file 4). The
kinase Akl1p, while uncharacterised, is in the same family
as Arklp and Prklp, both of which regulate the actin
cytoskeleton, and may function in transcriptional regula-
tion, the cell cycle and cell growth-related processes. The
kinase Ksp1p, while uncharacterised, is highly homolo-
gous to MARK1 (microtubule affinity regulating kinase)
in mammals, predicted to function in microtubule
cytoskeleton, stress response and polyamine transport.
The predictions implicate Kin4p in pH regulation, Kns1p
in mating, Ksp1p in phospholipid metabolism, Ygl179cp
in pyruvate metabolism, Yjl057cp in transcription, Ypk2p
in amino acid transport, meiosis and cell growth, and
Ypr106wp in stress response and tRNA processing.

Conversely, the predicted kinases suggest functional roles
for a number of phosphoproteins (Additional file 4). For
example, protein kinases Pbs2p, Prk1p and Ssk2p jointly
implicate the common putative substrate Yhr186¢cp
(Koglp) in actin organization. Yhr186¢p is a component
of the TORC complex involving Tor1p or Tor2p; Tor2p is
a known regulator of the actin cytoskeleton [47]. Protein
kinases Rcklp and CK1 jointly implicate Yhr097cp in
meiosis, while the kinases Cdc28p and Mps1p jointly sug-
gest a role in mitosis for Yml072cp. Bre5p, MIf3p,
Yfr016¢cp and Yro2p may have a role in the cell cycle,
Mrhlp in transcription and regulation of meiosis and
mitosis, Ydl189wp in meiosis, Ydr090cp in actin and cell
wall organization, Ynl136wp in actin filament organiza-
tion and stress response, Ymr196wp and Yorl75cp in
stress response, Ycr023cp, Yfr017cp, Yhr132wp,
Yml029wp, Ymr295cp, Yor042wp and Yor052cp in cell
growth processes, Yfr024cp in amino acid biosynthesis,
Ynl156¢p and Ynl321wp in cytokinesis, and Ypl247cp in
endocytosis.

Phosphorylation of several sites on the same protein by the
same kinase

The predicted association between the kinase-substrate
pair may be stronger in the cases where the same kinase is
predicted to phosphorylate two or more distinct sites on
the same protein (Table 5). Examples of such a kinase-
substrate pair are CK1-Ede1p (discussed earlier) and CK1-

http://www.biomedcentral.com/1471-2105/7/47

Tatlp. CK1 is implicated in endocytosis and Tat2p (Tatlp
and Tat2p are two highly homologous tryptophan per-
meases) levels are regulated in response to starvation by
endocytosis [48].

Autophosphorylation

While autophosphorylation may be common in yeast
cells, there are only a few protein kinases represented in
the phosphoproteome dataset (Akllp, Cla4p, Hoglp,
Ksplp, Nprlp, Pbs2p, Sgvlp, Slt2p, Yaklp and
Ybr466wp), incorporating 17 phosphorylation sites. For
14 of these sites, the specificity of the kinase is quite dif-
ferent from the phosphorylation site, suggesting auto-
phosphorylation is unlikely. Autophosphorylation is
most likely in the case of Akllp, a protein kinase of
unknown function from family V_C. This prediction is
consistent with yeast two-hybrid analysis [49]. The phos-
phorylation site (Ser521) is C-terminal to the protein
kinase domain (residues 50-400) and is distinct from the
activation loop threonine (Thr220), therefore unlikely to
involve an auto-activation event. In two other cases
involving Cladp and Pbs2p, autophosphorylation is a
possibility, although the phosphorylation sites better
match specificities of other yeast kinases. It should be kept
in mind that the sequences of autophosphorylation sites
can deviate substantially from the usual specificity of the
kinase, as a result of the effect of high local concentration
during an autophosphorylation reaction [50].

Tyrosine phosphorylation

Although fungi have no protein kinases classified as pro-
tein tyrosine kinases, phospho-tyrosine residues are
found in yeast [2,51]. An early example is the protein
kinase Spklp (Rad53p), which can phosphorylate pro-
teins on Ser, Thr and Tyr residues, and can phosphorylate
poly(Tyr-Glu) [2,51]. In fact, protein chip experiments
showed that 27 yeast kinases can phosphorylate poly(Tyr-
Glu) [3], although the physiological relevance of tyrosine
phosphorylation by most of these kinases is not yet clear.
Currently it is accepted that Tyr phosphorylation in yeast
is due to dual specificity protein kinases that can phos-
phorylate tyrosine in tandem with a nearby threonine
[52,53]; they cannot phosphorylate solitary Tyr residues.
There are two classes of dual specificity protein kinases in
yeast. The first are the MAPKKs (such as Ste7p or Pbs2p)
that phosphorylate TXY motifs in the activation loop of
MAPKs (in yeast, the MAPKs include Hoglp and Slt2p).
The phosphorylation events are carried out in order, with
the Tyr phosphorylation occurring first, the Thr phospho-
rylation occurring second [54]. In our dataset, the topoi-
somerase-associated protein, Patlp, has both Ser and Tyr
phosphorylated in a SXY motif, which may be the result of
MAPKK phosphorylation, or the S6K-like protein kinase
Ynr047wp (family I_D), followed by MAPKK phosphor-
ylation. Another example of a dual specificity kinase is
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Table 5: Phosphoprotein-putative protein kinase pairs with
several phosphorylation sites attributed to the same kinase

Protein kinase Substrate protein

Yaklp Abplp
Cdc28p Abplp
CK2 group* Dbp10p
Gen2p Edelp
Mcklp Ergép
CKI group®* Ist2p
Mkklp Mcm3p
Ume5p Mif3p
Yaklp Msl5p
CK2 group Niplp
Hal5p Not3p
CK1 group Rpn8p
CKI group Sec3lp
CK2 group Sui2p
CKI group Tatlp
Tpklp Yaklp
CKI group Ybtlp
Ume5p YdIl3cp
CK2 group Ydll66cp
CKI group YdI223cp
Pbs2p Ydr384cp
Gen2p Yfr024cp
Cmk2p Ynl156cp
CK2 group Yro2p

* Protein kinases YckIp, Yck2p, Yck3p or Hrr25p. The predicted
specificities are identical.

** Protein kinases Ckalp, Cka2p or Cdc7p. The predicted specificities
are too similar to be distinguished.

Swelp that phosphorylates both residues at TY sites in
CDKs. Cdc28p (the yeast orthologue of CDK2), is a
known substrate for Swelp (the S. cerevisiae Weel ortho-
logue) [55,56]. No occurrences of dually-phosphorylated
TY motifs are present in the phosphoproteome dataset we
used.

Correlations with comprehensive protein association
studies in yeast

Several groups attempted comprehensive analyses of pro-
tein-protein associations in S. cerevisiae (summarized in
the Biomolecular Interaction Network Database BIND
[57]). A mass spectrometry-based study [58] included 49
yeast protein kinases and 9 proteins from the phospho-
proteome dataset as bait proteins. Associations were dem-
onstrated (bait protein listed first) between Hrr25p and
Edelp, and between Rad53p and Edelp (however, neither
phosphorylation site from Edelp has a good match with
Hrr25p or Rad53p specificity); between Ksplp and
Yhr186¢cp (however, the phosphorylation site matches the
specificity of Prklp to a much greater extent); between
Kss1p and Stellp, between Bcklp and Hoglp (the latter
two are MAPK-MAPKKK associations, suggesting they
interact through binding an anchoring protein, and do
not involve an enzyme-substrate relationship), and
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between Prk1p with Akl1p (which are closely related and
form a family of kinases implicated in actin cytoskeleton
regulation). Another mass spectrometry-based study [59]
revealed the associations between Chd1p and CK2-type
protein kinases Ckalp and Cka2p (consistent with our
prediction), between Pkclp and Enolp (although Enolp
does not contain a Pkclp-specific motif), and between
Sec31p and both Ckalp and Cka2p (again, neither
Sec31p phosphopeptide from the phosphoproteome
matches CK2 specificity).

It is not surprising that many protein kinase - substrate
pairs cannot be detected as protein-protein complexes,
because of the temporary nature of the interaction. The
protein association studies using yeast two hybrid meth-
odology [49,60,61] would be expected to reveal more
short-term associations than affinity capture-based
approaches. A study by Ito and co-workers [60] included
a set of 10 S. cerevisiae protein kinases as bait, 6 protein
kinases as prey, and one kinase as both. Only one pair of
associated proteins involved a protein kinase and a pro-
tein from the phosphoproteome, protein kinase
Ypr106wp (Isrlp) and the protein Chs2p (the catalytic
subunit of chitin synthase 2); the association is consistent
with our prediction. Only one association with a kinase
has been identified in the study by Uetz et al. [49] (protein
kinase Chkl1p as the kinase with the glycogen synthase

Gsylp).

In summary, few predicted kinase-substrate pairs are sup-
ported by comprehensive protein-protein interaction
studies. The likely reasons include poor representation of
protein kinases and proteins in the phosphoproteome
dataset in these studies, and the temporary nature of the
kinase-substrate interaction that may be difficult to detect
by the methods used in these studies.

Very recently, proteome chip technology has been used to
identify the in vitro substrates for 82 unique yeast protein
kinases, using yeast proteome microarrays containing
~4,400 proteins [62]. This study identified candidate
kinases for 50 proteins from the phosphoproteome data-
set we used here [4]. Significantly, this study confirmed in
12 cases that our predicted kinases phosphorylate the sub-
strates in vitro, and additionally in 12 more cases closely
related kinases were shown to phosphorylate the sub-
strates.

Representation of different kinase groups among the set of
kinases responsible for phosphorylation in the
phosphoproteome dataset

The phosphopeptide sequences in the dataset suggest that
all 7 major groups of kinases are represented among the
kinases responsible for their phosphorylation (Table 1).
However, not all the individual protein kinases are repre-
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sented in our predictions (76 out of 116 were associated
with a substrate). There are a number of protein kinases
that have apparently phosphorylated a number of the pro-
teins in the dataset, while others are absent altogether. The
most frequent kinases to be predicted to phosphorylate
sites in the phosphoproteome are the yeast orthologues of
mammalian PKA, CaMK2, AMPK, CK1, CK2, and mem-
bers of the CDK, MAPK and CLK families. Along with
PKC, these are the protein kinases that are known to per-
form housekeeping functions within the cell. We may
have been unable to predict all Pkclp-substrate associa-
tions because some Pkclp-phosphorylated sequences
may differ considerably from the optimal Pkclp phos-
phorylation consensus motif, and may also fit phosphor-
ylation consensus motifs for other protein kinases
(particularly those from group I).

Many protein kinases are linked to specific cellular
responses and may only be induced under specific circum-
stances, and are therefore not necessarily represented in
our dataset. Examples of such cellular responses include
double-stranded DNA break repair, starvation and mat-
ing. The yeast cells used in the study by Ficarro et al. were
from a normal growing culture [4] (S. Ficarro, personal
communication).

A survey of the functions of the proteins represented in the
yeast phosphoproteome shows components of funda-
mental cellular structures and machines (ribosomes, vac-
uoles, actin filaments, nuclear pores), intermediary
metabolism, endocytosis, cytokinesis, transport proteins,
permeases and transcription factors. It is reasonable to
imagine that the represented proteins that are as yet
uncharacterized will function in these processes; a similar
argument can be made for the associated protein kinases
that have unknown functions. These kinases often have
specificities similar to the better-studied kinases. Our pre-
dicted associations are generally consistent with these
conclusions.

Implications for human protein kinases

Few of the proteins in the yeast phosphoproteome dataset
have sequences containing the phosphorylation sites con-
served in human proteins; many of these proteins do have
human homologues, but the phosphorylation site, which
is often located near the N- or C-terminus of the protein,
has diverged. This observation suggests that the exact loca-
tion of the phosphorylation site may often be unimpor-
tant as a determinant of the regulatory pathway, and that
the intricacies of the regulatory mechanisms may differ
among species. The following examples illustrate the dif-
ferent cases of conservation between the yeast and human
proteins.
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In some cases, the sequences surrounding the phosphor-
ylation sites are well conserved, suggesting an equivalent
kinase may be responsible for the phosphorylation events
in both organisms. Examples include the a-subunit of
pyruvate dehydrogenase (phosphorylation site Ser313 in
yeast), and glycogen synthase (phosphorylation sites
Ser650 and Ser654 in yeast). Neither of the human pro-
teins is known to be phosphorylated at these positions.
The yeast MAPK Hoglp and its human orthologue both
require double phosphorylation by a MAPKK at a TGY
motif [63]. The similarity of the two sequences suggests an
equivalent MAPKK is likely to be responsible in both
organisms.

In other cases, the phosphorylated residue appears to be
conserved, but the surrounding sequence has diverged to
the extent that a protein kinase with a different specificity
would be required in the two organisms. One such exam-
ple involves yeast Ace2p (phosphorylation site Ser701)
and its human orthologue KLF14. The residues corre-
sponding to the phosphorylated Ser91 and Ser96 in yeast
Bud4p are Ser and Glu in the human orthologue claspin;
if claspin Ser225 (the equivalent of Ser91 in Bud4p) was
phosphorylated, it would require a protein kinase with a
different specificity for phosphorylation, while the Glu
provides a constitutive negative charge. Human enolase
similarly has a glutamic acid in place of the yeast Enolp
phospho-Ser10.

There are cases where both the yeast and human ortholo-
gous proteins are known to be regulated by phosphoryla-
tion, but the mechanisms do not appear to be strictly
conserved. Protein kinase Snfl was predicted in this study
to be responsible for phosphorylation of Acclp (acetyl
coenzyme A carboxylase) at Ser1157. Human acetyl coen-
zyme A carboxylase is known to be phosphorylated by
AMPK at Ser1201 [64,65]. While the two serines are
located in similar regions in their respective proteins, they
do not strictly align [66]. Similarly, the regulatory subunit
of PKA is a substrate for its catalytic subunit in both S. cer-
evisiae and mammalian proteins [15]. Again, the phos-
phorylated residue is in a similar location in the sequence,
but they do not strictly align.

However, in many cases the region of the protein phos-
phorylated in yeast is poorly conserved in humans, or the
equivalent region of the protein does not exist in the
human protein. For example, in the human orthologue of
the yeast protein Sec4p, the N-terminal phosphorylation
sites are missing, while the C-terminal sites have diverged
in sequence. The sequence surrounding the phosphoryla-
tion sites in yeast protein Abp1lp is well conserved in the
human orthologue mAbp1 [67]; however, the residues
equivalent to the phosphorylated Thr181 and Ser183
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Table 6: Protein kinase- substrate pairs used in the estimating the probabilities of predictions based on Scansite scores

Protein kinase * Substrate protein (source)

Number of known
phosphorylation sites

Number of all serine and
threonine residues

PKA Myelin basic protein (bovine)

PKA Vimentin (mouse)

PKA Vasodilator-stimulated
phosphoprotein (human)

PKC Pleckstrin (human)

PKC MARCKS (human)

CaMK2 Myelin basic protein (bovine)

CaMK2 Vimentin (mouse)

CK2 DARPP-32 (bovine)

CK2 Alpha-S| casein (bovine)

CK2 DNA topoisomerase Il (S.
cerevisiae)

CKI Alpha-S2 casein (bovine)

CKI Glycogen synthase, muscle (rabbit) 93

22 6
64 5
41 3
36 3
35 3
22 4
64 2
22 3
19 3
172 9
30 6

S

* Protein kinase-substrate pairs selected from Phosphobase [70].

have been substituted by amino acids other than Ser or
Thr.

Conclusion

In this study, we aimed to associate every phosphoryla-
tion site in the yeast phosphoproteome reported in the lit-
erature [4] with the protein kinase(s) most likely to be
responsible for phosphorylation of that site. Our
approach made use of the computer program Predikin,
which is the only computational method that is able to
shed light on the specificity of uncharacterized protein
kinases [5,50]. The accuracy of Predikin-based predictions
has been demonstrated previously using an experimental
cross-validation set [5]. Moreover, several subsequent
experimental confirmations of novel Predikin predictions
have been reported [6-10]. As part of the present work, we
also estimated the probabilities of individual predictions.
We identified a possible kinase for most phosphorylation
sites in the phosphoproteome dataset, more than half of
the associations showing high probabilities. Certain
classes of protein kinases have well-defined substrate spe-
cificities that make the associations more reliable; these
include kinases in the AGC, CaMK, CMGC, MAPKK and
CK1 groups. Because the phosphoproteome has been
determined using yeast cells not subjected to any particu-
lar challenge, it is not surprising that certain groups of
protein kinases such as the checkpoint kinases, were not
predicted to be responsible for phosphorylation of any
substrate in the dataset. On the other hand, housekeeping
enzymes such as protein kinases CK1 and CK2 appear to
have a number of substrates in the phosphoproteome
dataset, supporting fundamental and constitutive roles in
cell regulation for these kinases. Our analysis has created
a foundation on which to base future experimental work,

e.g. the effects of depletion or over-expression of the asso-
ciated kinase on phosphorylation of the predicted sub-
strate(s).

Availability and requirements
Project name: Predikin; Project home page: http://
smms.ug.edu.au/kinsub; Operating system: Platform-
independent; Programming language: Java; Restrictions to
use by academics: Registration needed; Restrictions to use
by non-academics: Licence needed.

Methods

Association of the phosphoproteins with protein kinases
The procedure we used to associate each phosphorylation
site with the protein kinase most likely to be responsible
for that phosphorylation event consisted of the following
steps.

1. The optimal heptapeptide sequences phosphorylated
by the kinases were predicted using Predikin [5]. We con-
sidered a set of 116 protein kinases, based on the analysis
of Hunter and Plowman [1], and additionally protein
kinases Ylr253wp (Y153p), Atglp, and Yjl057cp. We did
not include Scylp into the analysis; although this protein
is clearly related to protein kinases, it lacks the catalytic
aspartate and some other conserved residues. The con-
served sequence motifs were ambiguous in the case of
Caklp, Bub1p, Bud32p and Ygr262cp; this should be con-
sidered when interpreting the predictions for these
kinases. Predictions cannot be carried out for phosphati-
dylinositol 3 kinase-like kinases (Torlp and Meclp) that
are only distantly related to Ser/Thr protein kinases. Pro-
tein kinases Ycklp, Yck2p, Yck3p and Hrr25p also have
identical predicted specificities and were designated as the
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"CK1 group". Protein kinases Ckalp, Cka2p and Cdc7p
have the predicted specificities too similar to be distin-
guished, and were designated as the "CK2 group".

2. In the case of CMGC kinases (including CDK, MAPK,
GSK3fB and CLK families), the prediction rules strictly
required a Pro residue at P+1 in the substrate. Similarly,
the rules for CK2 family required that there was a Glu or
Asp at P+1, and that there was a Glu, Ser, Ile or Gly (but
not Asp) at P+1 for CK1.

3. The phosphopeptides were sorted and associated with
the most likely protein kinase(s), using Scansite 1.5 scores
[11] as a guide (the Quick Matrix option of Scansite 1.5
was used as described previously [5]. Scansite scores are
not calculated accurately if the phosphorylation site is less
than 7 residues from the terminus of the protein. Where
no exact match between the phosphopeptide and the pre-
dicted motif was possible, the following process was used.

(i) Pro residue at (+1), together with Pro, Val, Leu, Ile, Thr
or Ser at (-2) classified the kinase into CDK, MAPK,
GSK3p or CLK families. A Pro residue at (+1) restricts the
specificity to solely these protein kinases. The residues at
other positions define the specific protein kinase. A large
hydrophobic residue such as Phe at (-3) indicates the
MAPKs Slt2p or Smk1p. Ser or other small hydrophilic
residues at (-3), (+2) or (+3) indicate the MAPK Fus3p.
Arg at (-3) indicates the class III_D kinase Yak1p. There is
considerable overlap between the specificities of CDKs
and MAPKs. Where there is no Pro at (+1), but Val or GIn
instead, and the other residues fit the pattern for a CDK or
MAPK, this indicates a GSK3p-like kinase such as Mcklp
or Mds1p.

(ii) Arg residues at (-3) and (-2) classify the kinase into the
AGC group, and the residues at (+1) and (+2) were used
for more detailed assignment. Phe, Leu or Arg at (+1) (and
other sites, particularly (+2)) indicate Pkclp. If there is a
Ser or Thr at (-3), this indicates Pkclp only if there is Arg
or Lys also present at (-2) and (+2). Smaller residues at
(+1) and (+2) are indicative of a PKA-like kinase such as
Tpklp or Ypklp. An acidic residue at (+2) indicates
Ynr047wp, particularly when combined with Arg or Lys at
(+1). Ser or Thr at (-3) may indicate an AGC kinase if there
is Arg or Lys at (-2).

(iii) With Arg residue at (-3) only, the residue at (-2)
(except for Ser, Thr or Leu) is used to define the protein
kinase. Ser and Thr are compatible with either group I
(AGC) or group II (CaMK) kinases and other sites must be
examined. Ala, Val and Pro indicate either Snflp or
Cmkl1p, and other residues such as GIn (but not Tyr, Glu
or Trp), indicate Cmk1p. With these protein kinases, the
(-3) residue is almost always Arg (Lys would make insuf-
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ficient contacts). A large hydrophobic residue at (-2) and
(+1) (e.g. Leu) indicates a protein kinase from family
VI_D or VII (such as Chk1lp or Mps1p).

(iv) With Glu predominating in sites (-3), (-2), (+1), (+2)
and (+3), the kinase is from either the CK1 or the CK2
families (VI_A or VI_B). Ala and Gly at (+1) indicate CK1,
while Asp at (+1) is only found with CK2. Phospho-serine
or phospho-threonine residues in sites (-3), (-2), (+1),
(+2) and (+3) are indicative of CK1. Phosphorylated resi-
dues are not acceptable in the (-1) site because of a clash
with bound ATP, and this could often suggest the order of
phosphorylation in multiply-phosphorylated peptides.

(v) Amino acids such as Gln, Ala, Gly, Leu or Tyr at (-3)
indicate a kinase from families IV, V or VI_C-VI_F. A larger
hydrophobic residue at (-3) is strongly indicative of fam-
ily V_C (Arklp or Prklp), or possibly Gen2p (family
VII_A). These kinases are distinguished by the (+1) resi-
due; Glu, Val, Thr or Tyr in the case of Arklp and Prklp,
or Gly, Ser, Asp or Gly in the case of Gen2p. Most of these
kinases have a partially occluded (-2) pocket with a result-
ing specificity for Val, Ala, Thr or Pro. Specificity for Gln at
(-2), on the other hand, indicates family IV_C (Cdc15p)
or family V_A (Pbs2p), whereas (-2) specificity for small
hydrophilic residues such as Asn or Ser signifies CDC15p
(family IV_C). A smaller neutral or hydrophobic residue
at (-2) suggests a family IV_A kinase, while a larger hydro-
phobic residue (such as Leu or Val) at (-2) suggests a fam-
ily IV_C kinase (Spslp) or a family VII_A kinase
(Ybr097wp). The two alternatives can be distinguished by
the (+2) residue specificity, which is for smaller residues
in the case of family IV_C. An acidic residue at (+2) indi-
cates Stellp (family IV_A). A large hydrophobic residue,
such as Phe, Leu, Ile or Met, at (+1) also indicates families
IV_A (the Stel1p family), IV_B or VI_C. A hydrophilic res-
idue (particularly a smaller one) indicates family V (the
Ste20p family). A basic hydrophilic residue at (+1), such
as Arg, indicates family VI_C (the Hal5p family). In all
cases, residues with larger side chains represent more
definitive specificity than those with smaller side chains.

(vi) For the few phosphopeptides that did not satisfy any
of the criteria described above, the sequences were sorted
according to the amino acids in positions (-3), (-2), (+1),
(+2) and (+3) (in the order of decreasing constraints in
subsite specificity), with the amino acids grouped as basic,
acidic, neutral hydrophilic, small hydrophilic, small
hydrophobic, and large hydrophobic (Val or larger), and
compared with the predicted kinase specificities. The
amino acid preferences for a particular subsite in a kinase
can usually be grouped into primary (utilizing the major-
ity of available interactions), secondary (making favoura-
ble interactions but not taking advantage of the optimal
number of contacts), and compatible (making few or no
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interactions with the kinase, but compatible with the
polarity of the environment; usually amino acids such as
Asn, Ser, Pro, Ala and Gly). Small hydrophobic and small
hydrophilic residues can usually be accommodated
equally well. Accurate predictions are not possible when
the phosphoresidue is less than 4 residues from the N- or
C-terminus of a protein.

4. The probabilities of predictions were estimated based
on the Scansite 1.5 scores (based on the relationships
derived as described in the next section). Characterized
phosphorylation sites can exhibit a poor match with the
optimal phosphorylation sequence of a kinase [5,11];
therefore, it is possible that some phosphorylation sites
are substrates for other kinase(s) with similar but weaker
match to the optimal specificities.

5. Information on the functions of the phosphoproteins
and protein kinases was obtained from various databases
(RefSeq [68], Swissprot [69] and others) and literature
searches.

Estimation of prediction probabilities

To estimate the probabilities of the predictions of phos-
phorylation sites in known substrates, we analysed the
Scansite scores for all possible phosphorylation sites in a
substrate, using a dataset of known protein kinase - sub-
strate pairs (Phosphobase, [70]). We compared the Scan-
site scores of sites that are phosphorylated to the Scansite
scores of sites that are not phosphorylated (Table 6). The
serine and threonine residues that are known not to be
phosphorylated yielded a mean Scansite score of 0.260 +
0.050, while the sites known to be phosphorylated
yielded a mean Scansite score of 0.135 + 0.045. Only 4 out
of 558 sites with scores below 0.128 were not phosphor-
ylated, and 10 out of 52 known phosphorylation sites had
scores above 0.212 (Figure 1).

To estimate the probability of a particular protein kinase
being associated with a particular phosphorylation site,
we require a different analysis that involves the examina-
tion of the range of scores obtained for known substrates
using a diverse set of kinases. We analysed all the sub-
strates listed in Phosphobase [70] for 8 diverse protein
kinases (PKA, PKC, CaMK2, PHK, CDK1, MAPK, CK1 and
CK2). There is n% probability that a kinase is responsible
for a phosphorylation at a site yielding a particular Scan-
site score, when (100-n)% phosphorylation sites have
Scansite scores lower or equal to that particular score (Fig-
ure 1).
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