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Phosphorylation site
(P-site). By convention, 
residues that are situated 
N-terminally of the P-site 
residue are numbered P–1, 
P–2, P–3 and so on, whereas 
residues that are situated 
C-terminally of the P-site are 
numbered P+1, P+2, P+3 
and so on.

Mitogen-activated protein 
kinase 
(MAPK). A member of a family 
of protein kinases that are 
activated in response to 
diverse mitogens, stresses and 
developmental signals. MAPKs 
are the terminal components 
of three-kinase cascades.

Cyclin-dependent kinase 
(CDK). A Ser/Thr-specific kinase 
that depends on the binding of 
a cyclin for full activity. CDKs 
are essential for cell-cycle 
progression.

Mechanisms of specificity in protein 
phosphorylation
Jeffrey A. Ubersax and James E. Ferrell Jr

Abstract | A typical protein kinase must recognize between one and a few hundred bona 
fide phosphorylation sites in a background of ~700,000 potentially phosphorylatable 
residues. Multiple mechanisms have evolved that contribute to this exquisite specificity, 
including the structure of the catalytic site, local and distal interactions between the kinase 
and substrate, the formation of complexes with scaffolding and adaptor proteins that 
spatially regulate the kinase, systems-level competition between substrates, and error-
correction mechanisms. The responsibility for the recognition of substrates by protein 
kinases appears to be distributed among a large number of independent, imperfect 
specificity mechanisms.

Protein phosphorylation is the most widespread type 
of post-translational modification used in signal trans-
duction. It affects every basic cellular process, including 
metabolism, growth, division, differentiation, motility, 
organelle trafficking, membrane transport, muscle con-
traction, immunity, learning and memory1,2. Protein 
kinases catalyse the transfer of the γ-phosphate from ATP 
to specific amino acids in proteins (FIG. 1a); in eukaryotes, 
these are usually Ser, Thr and Tyr residues.

Considering their broad importance in signal trans-
duction, it is not surprising that protein kinases are one 
of the largest families of genes in eukaryotes — making 
up ~2% of the genome — and have been extensively 
studied1,3,4. Furthermore, it has been estimated that 30% 
of all cellular proteins are phosphorylated on at least one 
residue5,6. If it is assumed that there are ~10,000 differ-
ent proteins in a typical eukaryotic cell, with an average 
length of ~400 amino acids (~17% of which are Ser 
(8.5%), Thr (5.7%) or Tyr (3.0%) residues7), then there 
are ~700,000 potential phosphorylation sites (P-sites) for 
any given kinase.

Non-systematic studies and biochemical lore suggest 
that kinases vary greatly in the number of these sites that 
they phosphorylate. For example, the mammalian protein 
kinase MEK1 (mitogen-activated protein kinase (MAPK) 
and extracellular signal-regulated kinase (ERK) kinase-1) 
probably phosphorylates only four sites, two in ERK1 
and two in ERK2, whereas calcium–calmodulin (CaM) 
kinases and cyclin-dependent kinases (CDKs) probably 
phosphorylate hundreds of sites. Systematic in vitro 
proteomic studies in Saccharomyces cerevisiae support 
this proposal: in one study, kinases phosphorylated 

between 1 and 256 substrates, and in a second study, 
cyclin-dependent kinase-1 (Cdk1) from yeast phospho-
rylated hundreds of substrates8,9. Even the most promis-
cuous kinases can select their many targets from among 
the 700,000 potential phosphorylation sites that they 
might encounter. Admittedly, some of the potential 
phosphorylation sites might be buried and, therefore, 
would be inaccessible to a kinase. In addition, biological 
systems might tolerate some off-target phosphorylation, 
particularly in view of the fact that phosphorylation is 
a reversible modification. Nevertheless, the challenge 
of discriminating among potential substrates seems a 
daunting task, especially as many of the substrates can 
be low-abundance proteins.

A further challenge is the fact that most eukaryotic 
protein kinases are structurally similar10,11. Classical 
protein kinases have a canonical catalytic domain of 
~250 amino acids in length, which consists of a small 
N-terminal lobe of β-sheets and a larger C-terminal 
lobe of α-helices12–19. ATP binds in a cleft between 
the two lobes so that the adenosine moiety is buried 
in a hydrophobic pocket with the phosphate back-
bone orientated outwards towards the solution. The 
protein substrate binds along the cleft and a set of 
conserved residues within the kinase catalytic domain 
catalyse the transfer of the terminal γ-phosphate of ATP 
to the hydroxyl oxygen of the Ser, Thr or Tyr residue 
of the substrate (FIG. 1a,b). Although all classical protein 
kinases share a common fold, they differ in terms of the 
charge and hydrophobicity of surface residues (FIG. 1c). 
As discussed below, these differences are important for 
kinase specificity.
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Insulin receptor
The heteromeric tyrosine 
kinase receptor for the 
anabolic hormone insulin.

Allostery
The regulation of protein 
activity through 
phosphorylation, or through 
the binding of a small molecule 
or protein, at a site distinct 
from the active site. 
Communication between the 
allosteric site and the active 
site usually occurs through a 
conformational change.

cAMP-dependent protein 
kinase
A Ser/Thr-specific protein 
kinase that is activated by the 
cAMP-induced dissociation of 
a regulatory subunit.

Previous excellent reviews have discussed the mecha-
nisms that kinases use to phosphorylate their proper 
substrates selectively in order to maintain the specificity 
that is observed in signalling pathways5,20–27. Here, we 
discuss the local determinants around the active site of 
the kinase that can direct protein kinases to particular 
consensus phosphorylation sequences. We then consider 
how the distal parts of the kinase provide further inter-
actions that contribute to specificity through binding, 
allostery or restricted localization. Finally, we discuss 
how systems-level effects, such as competition between 
substrates, multisite phosphorylation and kinetic proof-
reading, can contribute to specificity in the complex 
protein mixtures that are found in cells. 

The active site of the kinase
The first level of substrate specificity arises from the 
structural characteristics of the kinase active site. Specific 
features of the active site, including its depth and per-
haps charge or hydrophobicity, often greatly increase its 
binding preference for substrates with complementary 
characteristics.

Structure of the catalytic cleft. Protein kinases can be sep-
arated into two main groups: the Ser/Thr-specific kinases, 
which constitute about 80% of the protein kinases (BOX 1), 
and the Tyr-specific kinases1. Although these kinase 
groups phosphorylate different residues, they have similar 
catalytic domain structures (FIG. 1b). However, protein Tyr 
kinases have a deeper catalytic cleft than Ser/Thr kinases: 
a Tyr residue can span the distance between the peptide 

backbone and γ-phosphate of ATP, but the smaller 
side groups of Ser and Thr residues cannot28,29 (FIG. 2). 
Interestingly, this same feature contributes to the specifi-
city of Tyr phosphatases and Ser/Thr phosphatases30–32 
(BOX 2). The specificity imparted by the cleft depth is not 
absolute — there are several examples of Ser/Thr kinases 
that can phosphorylate Tyr residues to some extent4. 
The converse — a Tyr kinase that can phosphorylate 
Ser or Thr residues — appears to be rarer.

The interaction between the P-site of the substrate 
and the kinase can make a significant contribution to the 
overall binding energy. For example, the seven-amino-
acid pseudosubstrate peptide LRRAALG has a Ki value 
of 490 µM for cyclic AMP (cAMP)-dependent protein 
kinase (also known as protein kinase A (PKA)), whereas 
the substrate peptide LRRASLG has a Km value of 16 µM 
(and, presumably, an even smaller Kd)

12,33, which demons-
trates that the presence of a phosphorylatable residue in 
the phosphorylation site adds a substantial amount of 
binding energy to the interaction.

Consensus sequences. The amino acids that are situ-
ated immediately N-terminal and C-terminal to the 
P-site often contribute substantially to kinase–substrate 
recognition. Free amino acids are poor substrates for 
protein kinases34,35, and the minimal substrate for most 
kinases is a short peptide. In most cases, the active site 
of the kinase interacts with four amino acids on either 
side of the P-site. Sequences that are further away from 
the P-site can interact with portions of the protein kinase 
that are just outside the active site12.

Figure 1 | Protein kinases share a common mechanism and fold. a | The basic catalytic cycle for substrate 
phosphorylation by a kinase. Starting top left, ATP binds to the active site of the kinase. This is followed by binding of 
the substrate to the active site. Once bound, the γ-phosphate of ATP (red) is transferred to a Ser, Thr or Tyr residue of the 
substrate. After phosphorylation, the substrate is released from the kinase. The last step shown is the release of ADP from 
the active site. The order of the steps differs for different kinases. For example, some kinases bind to their protein 
substrates before binding ATP and others release ADP before releasing the protein substrate. The rate-limiting step can 
also vary between different kinases. b | All protein kinases have a similar protein fold that comprises two lobes: one lobe 
consists of mainly β-sheet structure (blue) and the other lobe consists of α-helices (green, orange and yellow). This lobe 
structure forms an ATP-binding cleft that constitutes the active site. The crystal structure of cyclin-dependent kinase-2 
(CDK2) (Protein Data Bank (PDB) ID: 1QMZ) shows this representative fold. ATP is modelled bound in the cleft (red ball and 
stick model). c | Despite sharing a common fold, kinases bind to and phosphorylate different protein substrates, partly due 
to differences in the charge and hydrophobicity of surface residues. Electrostatic surface representations of four different 
kinases are shown; three Ser/Thr kinases: CDK2, PKA (cAMP-dependent protein kinase, PDB ID: 1ATP) and PHK 
(phosphorylase kinase, PDB ID: 2PHK), and the Tyr kinase domain of the insulin receptor (IRK, PDB ID: 1IRK). Positively 
charged surfaces, blue; negatively charged surfaces, red. Three-dimensional structures were created using PyMol134.
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IRK: deep cleft to accommodate Tyr

CDK2: shallow cleft to accommodate Ser/Thr

Edman degradation
A method of sequencing 
proteins in which the 
N-terminal residue is 
chemically labelled, cleaved 
from the peptide and then 
identified chromatographically. 
The process can be repeated 
to obtain the sequence of the 
first ~10–50 amino acids in 
the protein or peptide.

The idea that protein kinases recognise a primary-
structure sequence consensus came from mutational 
analysis of known substrates36–38. An important step for-
ward was the introduction of orientated peptide library 
screens39, in which a kinase of interest is added with ATP 
to a soluble mixture of 2.5 billion distinct peptides, each 
peptide being of identical length with only a single phos-
phorylatable residue. The kinase reaction is allowed to 
occur for a short period of time before the phosphorylated 
peptides are separated from non-phosphorylated peptides; 

the mixture is then sequenced by Edman degradation. 
Information about the preferred amino acid at each 
position can be obtained by comparing the abundance 
of amino acids at each position in the phosphorylated 
fraction with the starting mixture.

More sophisticated methods have been developed 
using biotinylated dual-orientated peptide libraries that 
contain a Ser/Thr residue in a fixed position and a sec-
ond fixed amino acid40. Peptide mixtures are incubated 
with the kinase in 96-well plates and then transferred to 
an avidin-coated membrane that enables phosphoryla-
tion to be analysed by autoradiography. This method 
eliminates many of the artefacts that are seen with 
immobilized substrates and does not require Edman 
degradation. Using this and other methods, consensus 
phosphorylation sites have been determined for sev-
eral protein kinases5,38,41 (TABLE 1). Genome mining for 
proteins that contain these consensus phosphorylation 
sites is useful to predict whether a substrate is phospho-
rylated by a kinase of interest42. However, the presence 
of a consensus phosphorylation site in a protein does 
not guarantee that the protein is a substrate in vivo, and 
authentic phosphorylation sites do not always conform 
to the consensus9.

Kinetic and structural studies have revealed the 
mechanistic basis for the local substrate specificity of 
several kinases. Frequently, the kinase and substrate have 
complementary sequences that interact on the basis of 
charge, hydrogen bonding or hydrophobic interactions. 
For example, in CDK2 (in which the consensus phos-
phorylation site is S/T-P-X-K/R, where X is any amino 
acid), the binding of any substrate that does not have a 
Pro residue at the P+1 position is unfavourable because of 
an unsatisfied hydrogen bond from the nitrogen atom in 
the main chain of the substrate29. This nitrogen atom 
in Pro is unique among the 20 amino acids because it is 
unable to form a hydrogen bond owing to the cyclic bind-
ing of the three-carbon side chain back to the nitrogen 
atom of the backbone (BOX 3). CDK2 has specificity for 
a basic residue in the P+3 position that stems from the 
interaction between this basic residue and a phospho-Thr 
in the kinase (Thr 160)29,43 (FIG. 3a).

The crystal structure of PKA reveals structural ele-
ments that restrict the characteristics of potential sub-
strates by charge and hydrophobicity. Two Glu residues 
in PKA create anionic binding sites for the P–3 and 
P–2 position of the substrate and there is a hydrophobic 
pocket in the kinase that favours a hydrophobic residue 
in the P+1 position44,45 (FIG. 3b). The consensus sequence 
for PKA (R-R-X-S/T-Φ, where Φ represents a hydro-
phobic residue39) fits perfectly into the local environment 
of the active site and provides the first level of substrate 
specificity to the kinase.

Distal docking sites
The next level of substrate specificity often involves inter-
actions between docking motifs on the substrate with 
interaction domains on the kinase24,46. These additional 
binding motifs increase the affinity of kinases for specific 
substrates by many times, and are often spatially sepa-
rate from the kinase active site and the substrate P-site. 

Box 1 | Serine versus Threonine — are they the same?

When considering the specificity of Ser/Thr kinases and phosphatases, it is often 
assumed that there is little preference for one residue over the other. However, this 
assumption is incorrect5,127. In proteins from human, fly, worm and yeast, ~8.5% of 
residues are Ser, 5.7% are Thr and 3.0% are Tyr7. If Ser/Thr kinases and phosphatases were 
unbiased towards potential Ser and Thr residues, one would expect a ~1.5:1 ratio of 
phosphorylated (p)Ser:pThr sites. Partial acid hydrolysis and phosphoamino-acid analysis 
of 32P-labelled cells typically yields 90% pSer, 10% pThr and 0.05% pTyr (REF. 128), which 
gives a ratio of 9:1 pSer:pThr. Recent global mass-spectrometry studies of human protein 
phosphorylation have found the distribution of pSer, pThr and pTyr sites to be around 
79.3%, 16.9% and 3.8%, respectively, or a 5:1 ratio of pSer:pThr (REFS 41,128). 
Interestingly, most Ser/Thr kinases appear to have a preference for phosphorylating Ser 
residues and most Ser/Thr phosphatases show a striking bias towards dephosphorylating 
pThr residues5,127. These biases may account for the over-representation of Ser residue 
phosphorylation in cells, and the existence of such biases raises interesting questions — 
for example, are off-target phosphorylation sites generally dephosphorylated more 
quickly than on-target sites? 

Figure 2 | The depth of the catalytic cleft determines phosphorylation site (P-site) 
amino-acid specificity. The catalytic clefts of Tyr kinases are deeper than those of 
Ser/Thr kinases and this determines their specificities for Tyr or Ser/Thr. a | The structure 
of the Tyr kinase domain of the insulin receptor (IRK) bound to a Tyr substrate peptide 
(Protein Data Bank (PDB) ID: 1IR3) and b | a modelled Ser substrate peptide. Unlike Ser, 
Tyr extends far enough into the catalytic cleft to be efficiently phosphorylated. c | The 
structure of the Ser/Thr kinase cyclin-dependent kinase-2 (CDK2) bound to a Ser 
substrate peptide (PDB ID: 1QMZ) and d | a modelled Tyr substrate peptide. Tyr is too 
large to fit into the catalytic cleft. Structures and modelled substrates were created using 
PyMol134. ATP is shown in red. Most of the peptide substrate is black, with hydroxyl side-
chain oxygens shown in red.
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Glycogen synthase kinase-3 
A Ser/Thr kinase that is 
important for insulin and Wnt 
signalling. It was initially 
identified in studies of 
metabolic regulation and also 
has roles in development.

D domain
A distal docking site that is 
ubiquitous in mitogen-
activated protein kinase 
substrates. The sequence of 
the D domain usually conforms 
to an (R/K)1–2-(X)2–6-Φ-X-Φ 
pattern, where Φ is a 
hydrophobic residue.

DEF domain
A distal docking site that is 
located ten amino acids 
downstream of the 
phosphorylation site, and is 
found in many, but not all, 
mitogen-activated protein 
kinase substrates.

Src
A non-receptor Tyr kinase 
proto-oncogene product. Src is 
normally kept inactive by 
intramolecular interactions 
between its kinase domain and 
its SH2 and SH3 domains, and 
can be activated by interaction 
with other SH2- and SH3-
domain-binding proteins.

These docking interactions have been identified in vari-
ous kinases, including c-Jun N-terminal kinases (JNKs)47, 
phosphorylase kinase (PHK)19, ERK22, MEK48,49, glycogen 
synthase kinase-3 (GSK3)50, phosphoinositide-dependent 
kinase-1 (PDK1)51, CDK2 (REFS 52,53), and transforming 
growth factor-β receptor (a Tyr kinase)54,55, indicating 
that this is a general mechanism for enhancing substrate 
specificity.

Structure of docking motifs. The docking sites on MAPKs 
are particularly well studied and demonstrate the role 
that these distal sites have in enhancing substrate specifi-
city. One of the first docking motifs to be discovered was 
the D domain (also known as the D box or DEJL domain) 
on MAPK substrates47. These domains are typically 
50–100 residues away from the P-site and increase the 
affinity of the kinase for the substrate, thereby increas-
ing the efficiency of phosphorylation. These docking 
domains are ubiquitous in MAPK substrates56: activat-
ing transcription factor-2 (ATF2) contains a docking 
site for JNK57,58, the transcription factor ELK1 contains 
an ERK docking site59 and myocyte enhancer factor-2A 
and -2C (MEF2A and MEF2C) contain docking sites for 
p38 MAPK60.

The alignment of MAPK docking sites on substrates 
shows that they conform to an (R/K)1–2-(X)2–6-Φ-X-Φ 
pattern. The basic residues of the D domains bind to 
a negatively charged area (CD-site) that is located just 
C-terminally of the kinase domain, and the hydrophobic 
residues bind to a hydrophobic Φ-X-Φ groove that is 
located in the β-sheets β7–β8 and helices αD–αE of the 
MAPK56,61 (FIG. 4a). Differences in the composition and 
spacing of residues in the distal docking site and the local 
preferences of the catalytic core for different amino acids 
around the P-site work together to increase the overall 
selectivity of kinase–substrate interactions62.

Studies of the ETS-domain transcription factor 
LIN-1 (abnormal cell lineage-1) from Caenorhabditis 
elegans identified a second distinct ERK-docking 
motif, called the docking site for ERK, F/Y-X-F/Y-P 
motif (DEF) domain (also known as the FXF motif)63. 
DEF domains have been identified in other MAPK sub-
strates, including many other transcription factors, 
MAPK phosphatases and other MAPK regulators, and 
are almost always located ten amino acids downstream 
of the phosphorylation site25,63. The two Phe residues in 
the DEF domain have crucial roles in kinase recogni-
tion but other residues that immediately surround the 
motif are also important. In LIN-1, the DEF domain is 
FQFP and the Pro residue is also important in substrate 
binding64. However, in isoforms of the cAMP-specific 
phosphodiesterase-4D (PDE4D), this Pro is replaced 
by a Glu residue65. In all cases, however, the DEF 
domain binds a hydrophobic pocket near the active 
site between helix αG and the activation lip of the 
kinase61,66 (FIG. 4a). The existence of two distinct dock-
ing domains in MAPK substrates — D domains and 
DEF domains — underscores the importance of this 
type of interaction.

Docking motifs are found in Ser/Thr kinases and 
Tyr kinases, but they usually occur in different parts of 
the kinase molecules. In Tyr kinases, docking motifs 
tend to be found in modular domains that are separate 
from the kinase domains. Non-receptor Tyr kinases, 
for example, almost always have well-defined inter-
action domains, such as Src-homology-2 (SH2), SH3, 
integrin binding, focal adhesion binding, DNA bind-
ing, F-actin binding, pleckstrin homology, or Janus 
tyrosine kinase (JAK) homology domains67 (FIG. 4c). In 
Ser/Thr kinases, the docking domains are often part of 
the kinase domain and additional modular protein–
protein interaction domains seem to be less common. 
From a genetics perspective, the modular structure of the 
docking domain and the catalytic domain of Tyr kinases 
offer more flexibility than the specialized domains of 
Ser/Thr kinases. Conversely, the non-modular structure 
of Ser/Thr kinases might be more economical because 
more functions are built into a smaller protein. 

Function of docking motifs. Docking motifs could 
function simply to increase the local concentration 
of the substrate around the kinase. If it is considered 
that the presence of a docking domain positions a 
substrate within a 10 nm sphere of the kinase active 
site, then the effective concentration of the substrate 
would be 3 mM68; this alone could be sufficient to 
greatly increase the rate of phosphorylation of a scarce 
substrate. This hypothesis assumes that there is a flex-
ible region between the catalytic site of the kinase and 
its docking domain, between the phosphorylation site 
of the substrate and its docking domain, or both. If 
these regions are inflexible, then the interaction of the 
docking sites might serve to align the kinase precisely 
with the phosphorylation site, providing an additional 
enhancement in the rate of phosphorylation beyond 
what would be predicted from the local concentration 
effect.

Box 2 | Phosphatase structure and specificity

As with protein kinases, protein phosphatases can be subdivided into three main families, 
depending on the residues that they dephosphorylate: Ser/Thr phosphatases, Tyr 
phosphatases and dual-specificity phosphatases. The human genome encodes ~500 
protein kinases (~400 Ser/Thr, ~90 Tyr, ~40 dual-specificity) and ~200 protein 
phosphatases (~40 Ser/Thr, ~100 Tyr, ~50 dual-specificity)129–131.

The discordance between the number of Ser/Thr phosphatases (~40) and Ser/Thr 
kinases (~400) raises interesting questions about specificity and regulation. Specificity 
appears to arise mainly through the association of phosphatase catalytic domains with 
particular regulatory subunits. For example, phosphatase-1C (PP1C) can form 
complexes with >50 regulatory subunits that target the catalytic core to different 
cellular locations and target substrates132. The regulatory subunits provide myriad 
opportunities for regulation, although our understanding of when and how 
dephosphorylation reactions are regulated generally lags far behind our understanding 
of the regulation of kinases.

Tyr kinases and phosphatases are similar in number: the phosphatases do not need to 
handle more substrates than the kinases do. Similar to the Tyr kinases, Tyr phosphatases 
tend to be modular proteins with separate catalytic and targeting domains129. Some 
classes of protein-interaction domain (for example, Src-homology-2 (SH2) domains) are 
found in both kinases and phosphatases, whereas others are found only in one (SH3 
domains in kinases) or the other (FYVE domains in phosphatases)129. Catalytically 
inactive phosphatase domains (STYX domains) are a distinctive means of targeting Tyr 
phosphatases to particular substrates, and perhaps function in a similar way to SH2 
domains (which are common in Tyr kinases and less common in Tyr phosphatases).
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RXL motif
A distal docking site that is 
found in substrates of cyclin-
dependent kinases (CDKs). The 
RXL motif interacts with the 
hydrophobic patch that is 
found on the cyclin partner of 
the CDK.

Polo-like kinase
A conserved Ser/Thr kinase 
that is involved in mitotic 
progression. Polo-like kinases 
are activated by binding to 
peptide epitopes (often 
phosphoepitopes).

Several docking interactions have allosteric effects 
that either positively or negatively regulate kinase activity. 
For example, certain D-domain-containing peptides can 
stimulate MAPK activity or autophosphorylation69, and 
the binding of FXF motifs to ERK appears to be coupled 
to full activation of the kinase61. Interestingly, other 
docking-site interactions appear to negatively regulate 
the docked kinase70.This combinatorial control, in which 
a docking site allosterically regulates a kinase and directs 
it to specific substrates, greatly enhances specificity more 
than either mechanism could do alone.

Targeting subunits
Some Ser/Thr kinases use modular binding partners that 
contain docking domains that help to target the kinase to 
specific substrates. Moving the targeting domain from the 
kinase to a binding partner might allow a single kinase to 
interact with different substrates in different contexts.

For example, CDKs form stable, slowly exchanging 
complexes with several different cyclin proteins. The cyc-
lins allosterically activate the CDK but, in addition, cyclins 
have a docking domain that helps to recruit the CDKs 
to their correct substrates. This docking domain is a 
small hydrophobic patch that is located on the cyclin 
partner about 40 Å away from the active site of the 
CDK17,53,71,72 and that interacts with an RXL motif on 
specific substrates (FIG. 4b). The hydrophobic patches 
of different cyclins have minor sequence differences 

that might impart specificity for slightly different RXL 
motifs53,73. Importantly, the hydrophobic patch appears 
to be required in vivo for proper substrate recognition. 
For example, the hydrophobic patch of the yeast S-phase 
cyclin Clb5 has an important role in regulating DNA 
replication74,75, presumably by directing Cdk1 to specific 
S-phase substrates.

Similar to the D domain of MAPKs, the hydrophobic 
patch appears to enhance substrate specificity by increasing 
the affinity of the kinase for the substrate53. This suggests 
that the hydrophobic patch either increases the local con-
centration of the substrate around the kinase53 or that it 
correctly orientates the substrate in the kinase active site76. 
Consistent with the first hypothesis, it is often the case 
that substrates have a single RXL motif and multiple phos-
phorylation sites. It is unclear if the binding of the RXL 
motif occurs synchronously with the binding of the 
phosphorylation site. The exact mechanism by which 
the hydrophobic patch–RXL interaction enhances spec-
ificity is still uncertain, although it clearly targets specific 
cyclins to specific substrates and is important in vivo.

In addition to the activating cyclin, the specificity 
of CDKs is further influenced by the cyclin-dependent 
protein kinase regulatory subunit-1 (CKS1; also known as 
Suc1). CKS1 proteins are small (9–18 kDa) CDK-binding 
proteins that can also bind phosphorylated amino acids 
in CDK substrates77,78. The function of CKS1 in enhanc-
ing the substrate specificity of CDKs is not entirely clear, 
but it does play an important part in the phosphorylation 
of at least some essential substrates79 and might have a 
role in enhancing the affinity of CDKs to substrates 
that have been previously phosphorylated by CDK1 or 
other kinases80.

Conditional docking sites
The recruitment of kinases to substrates that have been 
previously phosphorylated (or primed) is a recurring 
theme. This priming can occur by phosphorylation of a 
residue that is close to or distant from the second phos-
phorylation site5. For example, the polo-like kinase PLK1 
contains a polo-box domain (PBD)81 that binds to phos-
phorylated substrates that have the consensus sequence 
S-pS/pT-P/X (REFS 81,82), where pS and pT stand for 
phospho-Ser and phospho-Thr, respectively. Because 
this is similar to the consensus sequence for CDK1 
phosphorylation, an intriguing hypothesis is that active 
CDK1 primes a substrate for further phosphorylation 
and regulation by PLK1. Furthermore, in the absence 
of any substrate, the PBD binds to the kinase domain of 
PLK1 and inhibits it82. It is not until the PBD binds to a 
phosphorylated substrate that it moves out of the active 
site of PLK1, which allows PLK1 to phosphorylate the 
substrate at a second site. This mechanism ensures that 
the free kinase is held in an inactive state until it binds the 
correct substrates.

A similar priming event is required for some sub-
strates of GSK3. GSK3 requires previous phosphorylation 
of a Ser residue in the P+4 site of the substrate for efficient 
phosphorylation83. The primed phosphorylation motif 
binds to a docking groove on GSK3 that is adjacent to the 
catalytic cleft of GSK3 (REFS 84–86). Interestingly, GSK3 is 

Table 1 | Consensus phosphorylation sites of some protein kinases

Kinase Full name Consensus 
phosphorylation site 

Refs

PKA Protein kinase A or cAMP-
dependent protein kinase

R-R-X-S/T-Φ 5,39

CDK Cyclin-dependent kinase S/T-P-X-K/R 5,39

ERK2 Extracellular-regulated 
kinase-2

P-X-S/T-P 5,136

CK1* Casein kinase-1 pS-X-X-S/T 5,137

CK2‡ Casein kinase-2 S/T-D/E-X-E/D 5,138

GSK3 Glycogen synthase kinase-3 S-X-X-X-pS 5,139

CaMK2 Calmodulin-dependent 
protein kinase-2

R-X-X-S/T 5,136

ABL Abelson murine leukaemia 
virus tyrosine kinase

I/V/L-Y-X-X-P/F 5,140

EGFR Epidermal growth factor 
receptor

E-E-E-Y-F 5,141

Src Rous sarcoma virus tyrosine 
kinase

E-E-I-Y-E/G-X-F 5,141

IRK Insulin receptor tyrosine 
kinase

Y-M-M-M 5,141

PKB/AKT Protein kinase B R-X-R-X-X-S/T 142

PKD Protein kinase D L/I-X-R-X-X-S/T 40

PIM1–3 Proviral integration site 
kinases 1–3

R-X-R-X-X-S/T 40,143

*CK1 is a well-conserved Ser/Thr-specific protein kinase, the regulation and function of which 
are incompletely understood. ‡CK2 is also a well-conserved Ser/Thr kinase that is unrelated to 
CK1 and is implicated in the regulation of diverse biological phenomena. pS, phosphorylated 
Ser; X, any residue; Φ, hydrophobic residue.
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itself phosphorylated and inactivated by phosphorylation 
on an N-terminal Ser residue by protein kinase B (PKB or 
AKT). This phosphorylated Ser residue loops back and 
binds the docking groove of GSK3, which inhibits the 
kinase from binding other primed substrates. A further 
example is PDK1, which interacts with several down-
stream AGC kinases (PKA, protein kinase G (PKG) and 
protein kinase C (PKC)) that contain a conserved PDK1-
interaction fragment motif (PIF motif)51,87. PIF motifs 
require phosphorylation before they can bind to the PIF 
pocket that is located on PDK1 (REF. 88).

Priming phosphorylation adds a level of control 
beyond what is possible with non-conditional binding 
sites. Priming can function as an AND gate, making phos-
phorylation dependent on the activity of both the priming 
kinase and the ultimate kinase, and can help to establish 
the proper timing of substrate phosphorylation.

Localization of the kinase
A further layer of substrate specificity is achieved 
through the localization of protein kinases to distinct 
subcellular compartments or structures. Localization 
can increase the rate of substrate phosphorylation by 
increasing the concentrations of the reactants and can 
promote specificity by limiting the number of substrates 
to which a kinase has access.

Localization of an active kinase. Cyclins not only 
activate CDKs but often localize them to different sub-
cellular compartments — this is thought to enhance 
their specificity greatly. For example, in vertebrate cells 
there are two mitotic cyclin B–CDK complexes: cyclin 
B1–CDK1 and cyclin B2–CDK1. Cyclin B2-containing 
complexes are localized primarily to the Golgi appa-
ratus89. Cyclin B1 is localized in the cytoplasm during 
interphase and moves to the nucleus just before 
nuclear-envelope breakdown, where it accumulates on 

Figure 3 | Local interactions are important in establishing specificity. Ribbon diagrams, electrostatic surface 
representations and schematic diagrams of the substrate-binding site of cyclin-dependent kinase-2 (CDK2) bound to a 
substrate peptide (Protein Data Bank (PDB) ID: 1QMZ) (a); or the cyclic AMP-dependent protein kinase PKA bound to the 
non-phosphorylatable substrate mimetic PKI (PDB ID: 1ATP) (b). For CDK2, a Pro in the P+1 position of the substrate is 
greatly favoured over any other amino acid because there is no hydrogen-bonding partner available between the kinase 
and the P+1 position. The nitrogen atom in Pro is unique among the 20 amino acids because it is unable to form a hydrogen 
bond due to the cyclic binding of the three-carbon side chain back to the nitrogen atom of the backbone. The positively 
charged Lys in the P+3 position interacts strongly with the negatively charged phosphate on phospho-Thr160 of CDK2. If 
CDK2 is not phosphorylated at Thr160, it has a much lower binding affinity for peptide substrates and shows no preference 
for a positively charged amino acid in the P+3 position33. For PKA, the positively charged Arg residues at P–3 and P–2 of PKI 
interact with the negatively charged Glu127 and Glu230 of PKA. The hydrophobic Ile at P+1 fits into a hydrophobic pocket 
formed by Leu198 and Leu205 of PKA. These interactions contribute to the binding energy of PKI for PKA. Additional 
residues in PKI also contribute to high-affinity binding by interacting with residues further from the active site45. In the 
electrostatic surface representations, positively charged surfaces are in blue and negatively charged surfaces are in red.

Box 3 | Proline-directed kinases and phosphatases

The vast majority of Ser/Thr kinases and phosphatases disfavour substrates that 
contain a Pro in the P+1 position. However, more than a quarter of the sites identified 
in global phosphorylation studies are phosphorylated (p)Ser-Pro or pThr-Pro sites 
(pSer-Pro:pThr-Pro = 5:1). This suggests that Pro-directed kinases are more 
promiscuous or regulate a larger number of proteins than non-Pro directed kinases. 
Pro-directed kinases such as cyclin-dependent kinase-2 (CDK2) and Pro-directed 
phosphatases such as CDC14 both use a similar strategy for accommodating the Pro 
ring by creating an apolar pocket that cannot satisfy the hydrogen-bonding 
requirements of the amide nitrogen of other residues133. Pro is disfavoured in the P+1 
position by most kinases and phosphatases because the kinase or phosphatase 
residues that interact with the P+1 position expect to encounter a hydrogen-bonding 
partner for the backbone of the substrate.
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the mitotic spindle89–91. Overexpression of either cyclin 
together with a form of CDK1 that is active in G0–G1 
(CDK1AF) gives remarkable phenotypes. Cyclin B2 
overexpression causes the Golgi to disassemble as it nor-
mally would during mitosis, but causes little else in the 

way of phenotypes92. Overexpressing cyclin B1 causes 
chromatin condensation, nuclear-envelope breakdown 
and microtubule reorganization, as well as Golgi dis-
assembly. However, localizing cyclin B1 to the Golgi and 
cyclin B2 to the cytoplasm reverses their overexpression 
phenotypes. This suggests that the location of the two 
cyclin B–CDK1 complexes, rather than their intrinsic 
substrate specificity, dictates which mitotic events they 
regulate92. Similarly, cyclin B1 cannot normally support 
DNA replication in Xenopus laevis egg extracts that are 
depleted of cyclin E, but it does support replication if 
it is artificially targeted to the nucleus, where cyclin E 
normally functions93. Finally, in S. cerevisiae, reversing 
the localizations of cyclin-2 (Cln2) and Cln3 swaps their 
functions in promoting G1 progression71,94.

Using localization to enhance specificity is not lim-
ited to CDKs. The localization of ERK2 has been shown 
to have a key role in the differentiation of PC12 cells95. 
Treatment of PC12 cells with nerve growth factor (NGF) 
drives neurite outgrowth that is dependent on ERK2 
activation and translocation from the cytoplasm to the 
nucleus. An active form of ERK2 in the nucleus is enough 
to drive neurite outgrowth in the absence of NGF96. The 
treatment of PC12 cells with epidermal growth factor 
(EGF) promotes mitogenesis through ERK2 but does not 
appear to drive the nuclear localization of ERK2. These 
data indicate that ERK2 has two separate sets of sub-
strates: cytoplasmic ones that bring about mitogenesis 
and nuclear ones for driving differentiation.

As another example, the peptide-substrate specificity 
of the many isoforms of PKC are similar but the isoforms 
are distributed to different subcellular compartments, 
which indicates that localization might be important in 
generating specificity21,97. Many PKC-binding proteins 
have been discovered and are termed receptors for 
activated C-kinase (RACKs)98. RACKs bind and local-
ize active PKC to specific cellular locations, thereby 
limiting the number of substrates that PKCs are able to 
encounter and phosphorylate. Some RACKs also appear 
to be allosteric activators of PKC activity: binding of 
a RACK to some PKC isoforms enhances their activity 
by several fold98.

Localization of the inactive kinase. Interestingly, it is 
not always the active form of the kinase that is localized 
to specific sites. A-kinase anchoring proteins (AKAPs) 
are a family of >30 proteins with little sequence homo-
logy, but which all bind inactive PKA through the 
regulatory subunits (reviewed in REF. 99). Individual 
AKAPs have distinct subcellular targeting sequences 
or mechanisms that localize PKA to different locations 
in the cell (FIG. 5a). AKAPs could allow the generation 
of cAMP only in particular parts of the cell — those 
parts where the AKAPs concentrate — to result in PKA 
activation. AKAPs could also ensure that the activated 
PKA acts only on substrates that reside close to the 
AKAP. Either of these localization effects would depend 
on the rates of diffusion and destruction of the species 
involved. For example, the production of a substantial 
gradient of active PKA requires that the inactivation 
of the released PKA must occur quickly (relative to the 

Figure 4 | Distal docking sites have an important role in substrate recognition. 
a | Surface representation of the yeast mitogen-activated protein kinase (MAPK) cell 
fusion-3 (Fus3) in complex with a D-domain-containing peptide substrate from the 
cyclin-dependent kinase inhibitor Far1 (black strand) (Protein Data Bank (PDB) ID: 2B9J). 
The negatively charged site (CD-site) in Fus3 (red area) binds the basic residues on the 
Far1 peptide. The Φ-X-Φ groove (where Φ is a hydrophobic residue and X is any residue) 
is shown in orange and binds the LXL residues. The region of the kinase that binds the 
FXF sequence of DEF-domain-containing substrates is shown in yellow. ATP is shown as a 
red ball and stick model. b | Surface representation of cyclin A (dark grey, right) bound to 
cyclin-dependent kinase-2 (CDK2; light grey, left) in complex with a substrate with an 
RXL docking motif (PDB ID: 2CCI). Local specificity determinants near the catalytic cleft 
of CDK2 are shown in orange. The hydrophobic patch on cyclin A is shown in yellow. The 
substrate peptide is shown in black. The middle of the substrate is disordered and is 
shown as a dotted line. c | Src is inactive because of an activation loop that blocks the 
catalytic site of the kinase between the N-terminal (dark blue) and C-terminal (light blue) 
lobes. Activation of Src requires dephosphorylation of a C-terminal Tyr residue (Y527), 
which allows the Src homology-2 (SH2) domain and/or SH3 domains to dissociate from 
the kinase and associate with a substrate135. The activation loop of Src is then 
phosphorylated (P) (at Y416) and the kinase becomes fully active. Part c is modified with 
permission from REF. 135 © (1999) Elsevier. 
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rate at which PKA diffuses away from the AKAP)100. 
Assuming a diffusion coefficient of ~10 µm2 sec–1 (a 
typical value for a cytoplasmic protein), then PKA must 
be inactivated within a second or so of its release from 
the AKAP to produce a gradient of active PKA mole-
cules. It would be of interest to measure the diffusion 
rate and inactivation rate of PKA in a living cell.

Scaffolds
In addition to the direct interactions between protein 
kinases and their substrates, sometimes the two proteins 
interact through the intermediacy of adaptors or scaf-
folds, which act as organizing platforms that recruit both 
the kinase and the substrate to the same complex25,101. 
In some respects, scaffolds are similar to targeting sub-
units and there might be some overlap between the two 
categories. However, whereas targeting subunits tend to 
associate stably with the kinase, the interaction between 
a kinase and a scaffold might be more dynamic102. Also, 
whereas targeting subunits often mediate the interaction 
of kinases with terminal effector proteins, scaffolds are 
best known for coordinating the interactions of kinases 
with other kinases and phosphatases.

Many MAPK cascades and PKA pathways are 
dependent on scaffolding proteins to maintain kinase 
specificity. Scaffolds allow protein kinases to achieve 
different substrate specificity depending on the compo-
sition of the scaffolding complex. For example, the yeast 
MAPK kinase kinase (MAPKKK) Ste11 (sterile-11) is 
a component of three distinct MAPK cascades that are 
involved in three different biological processes: the mat-
ing, invasive growth and high-osmolarity responses103 
(FIG. 5b–d). The choice of scaffold determines, at least in 
part, the process that Ste11 regulates and ensures that 
active Ste11 activates only one of the three pathways to 
prevent cross-talk with other MAPK cascades103. 

Several studies have shown that artificial scaffolds 
can be engineered to generate novel kinase–substrate 
interactions. For example, chimeric scaffolds made from 
components of the yeast mating and high osmolarity 
MAPK pathways can convert a mating signal into an 
osmolarity response104. In mammalian cells, chimeric 
adaptor proteins that link growth-factor receptors to 
apoptotic signalling proteins can be used to convert 
proliferative signals into pro-apoptotic responses105. 
Differential localization or expression of scaffolding 

Figure 5 | Scaffolds help to provide specificity. a | The A-kinase anchoring protein WAVE1 assembles signalling complexes 
in specific cellular domains. Immunostaining of a Swiss 3T3 fibroblast shows WAVE1 (green) and the regulatory subunit of 
the cyclic AMP-dependent protein kinase PKA (blue). The actin cytoskeleton is stained red. b | In Saccharomyces cerevisiae, 
the mitogen-activated protein (MAP) kinase kinase kinase (MAPKKK) Ste11 (sterile-11) is involved in the mating, 
filamentation and osmolarity pathways, and the scaffolds it binds determine specificity. For the mating pathway, mating 
pheromone binds and activates a G protein-coupled receptor (Ste2 or Ste3), which releases a Gβγ complex (Ste4 and Ste18) 
from the inhibitory Gα subunit (Gpa1). Gβγ then recruits the Ste5-scaffolded complex (which comprises Ste11, the MAP 
kinase kinase (MAPKK) Ste7 and the MAP kinase (MAPK) cell fusion-3 (Fus3)) to the plasma membrane. Here, the signal-
transducing kinase Ste20 (which is activated by Cdc42) activates Ste11 with the help of the adaptor protein Ste50. Ste11 
activates Ste7, which indirectly activates mating-gene transcription and promotes cell-cycle arrest through the 
transcription factor Mcm1. Dig1 and Dig2 are constitutively expressed and pheromone-inducible regulatory proteins, 
respectively, that inhibit pheromone-responsive transcription. c | The filamentation pathway shares many of the same 
components as the mating pathway. Ste20 activates the MAPKKK Ste11, which activates the MAPKK Ste7. Ste7 
phosphorylates (P) the filamentation MAPK Kss1 (kinase suppressor of Sst2 mutations-1), which indirectly activates 
transcription factors for filamentation genes (Tec1). d | The high osmolarity pathway has two redundant input branches 
(the Sho1 and Sln1 receptors) that, together with the MAPKKK Ste11, activate the MAPKK Pbs2 (polymyxin B sensitivity-2). 
Pbs2 also serves as a scaffold for the cascade. Active Pbs2 activates the MAPK Hog1 (high osmolarity glycerol response-1), 
which then activates transcription factors for osmoresponsive genes (such as high-osmolarity-induced transcription-1 
(Hot1)). Ssk1, suppressor of sensor kinase-1; Ssk2, suppressor of sensor kinase-2; Ssk22, suppressor of sensor kinase-22; 
Ste12, transcription factor that activates genes involved in mating; Ypd1, Tyr (Y)-phosphatase-dependent-1. Part a is 
reproduced with permission from REF. 99 © (2004) Macmillan Publishers Ltd. Parts b–d are modified with permission from 
REF. 103 © (2004) Annual Reviews.
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proteins in specific cell types can also help to enhance 
substrate specificity. Splice variants of scaffolds that lack 
specific interactions or localization motifs have also been 
identified106,107, which allow different tissue types to use 
the same basic cascade with minor changes in complex 
composition108.

Furthermore, some scaffolds appear to have more 
active roles beyond the passive recruitment of a kinase 
and substrate. The yeast Ste5 scaffold allosterically activ-
ates the autophosphorylation of a Tyr in the activation 
loop of the MAPK Fus3 (cell fusion-3)109. The active 
form of Fus3 then phosphorylates Ste5 and appears to 
be part of a negative feedback loop that downregulates 
signalling output from the mating pathway. Therefore, 
scaffolds not only bring kinases and substrates together 
in space, but they also precisely tune the quantitative 
characteristics of the pathway.

In several cases, scaffolds have been found to recruit 
other regulators of kinases. For example, many AKAPs 
not only control the localization of inactive PKA (dis-
cussed above), but they also serve as scaffolds99 and 
recruit other important signalling proteins, includ-
ing phosphatases such as PP2B110, kinases such as 
PKC111 and PDEs such as PDE4 that breaks down local 
concentrations of cAMP to inactivate PKA112. PDE4 
recruitment potentially helps to maintain a gradient 
of PKA activation. Similarly, the scaffold protein JIP1 

(JNK interacting protein-1) recruits the MAPK JNK 
and its upstream MAPK kinase and MAPKKK113,114. It 
also recruits the JNK phosphatase MKP7, which targets 
it to dephosphorylate JNK115. Another JNK scaffold, 
β-arrestin-2, dynamically binds MKP7. MKP7 disso-
ciates from the scaffold on pathway stimulation and 
then rebinds after removal of or adaptation to stimu-
lation116. Scaffolds might, therefore, modulate positive 
and negative feedback loops between the kinases that 
are bound to them. By recruiting phosphatases or 
enforcing positive or negative feedback, scaffolds could 
modulate the output of signalling pathways into sudden 
pulses of activity, ultrasensitive responses and hysteretic 
responses.

Systems-level effects
Kinase–substrate interactions are often studied in vitro 
using a purified kinase and a purified substrate mixed in 
a buffer of the researcher’s choice. However, in a cell the 
substrates of kinases are present in a mix of thousands 
of non-target proteins. Often, a kinase will have more 
than one substrate in vivo, and each substrate acts as a 
competitive inhibitor for other substrates. Furthermore, 
there are phosphatases that oppose the phosphorylation 
of substrates. Taking all of these other components into 
consideration can lead to complex phosphorylation 
behaviours that are referred to as systems-level effects.

Competition. A theoretical situation can be considered 
whereby a protein kinase phosphorylates two substrates, 
A and B, in the face of a constitutive phosphatase (FIG. 6). 
Rate constants can be chosen such that the steady-state 
stimulus–response curves for A and B are similar if only 
one of the two substrates is present, but the phosphoryla-
tion of the poorer substrate (substrate B) is dramatically 
reduced if A is present as well. In this situation, the pres-
ence of A suppresses the phosphorylation of B through 
competition for access to the kinase. The suppression 
is particularly dramatic at low kinase concentrations: 
the presence of A builds a kinase-level threshold and a 
temporal lag into the phosphorylation of B.

This type of systems-level improvement in specificity 
arises when a kinase is saturated by its preferred sub-
strates, which keeps the levels of free kinase available 
to other ‘second-tier’ substrates low. In principle, comp-
etition for a saturated kinase could produce switch-like, 
ultrasensitive steady-state responses in second-tier 
substrates, and could generate temporal ordering in 
substrate phosphorylation, where the kinase shifts to 
second-tier substrates once the phosphorylation of the 
best substrates is near completion. Such mechanisms 
have been invoked to explain how specificity arises in 
the interaction of yeast CDKs with their substrates117, 
and how thresholds arise in the phosphorylation of 
vertebrate WEE1 by CDKs118.

It will be important to establish how often protein 
kinases run close to the substrate saturation conditions in 
which these competition effects can be significant. In one 
particular case, Loog and Morgan estimated that the total 
concentration of Cdk1 consensus sites in S. cerevisiae 
is approximately 1 mM, whereas typical Km values are 

Figure 6 | Substrate competition for phosphorylation. a | Reaction diagram that 
shows a protein kinase that can phosphorylate two substrates, good substrate A (orange) 
and bad substrate B (green), in the face of a constitutive phosphatase. The small red circle 
represents phosphorylation. b | Steady-state stimulus–response curves for A and B are 
similar if only one of the two substrates is present. c | The phosphorylation of the poorer 
substrate (substrate B) is dramatically reduced in the presence of A. The steady-state 
levels of phosphorylation of A and B were modelled using a set of ordinary differential 
equations with the following rate constants and initial conditions: [Kinase] = 0.1–10 µM, 
[A] = 100 µM or 0 µM, [B] = 100 µM or 0 µM, kon(A) = 1.0 × 106 (s–1 M–1), koff(A) = 1.0 × 106 (s–1), 
kcat(A) = 3 (s–1), kon(B) = 1.0 × 106 (s–1 M–1), koff(B) = 30.0 × 106 (s–1), kcat(B) = 3 (s–1), kphosphatase = 0.1 
(s–1). The salient properties of this system are that the kinetic constants are realistic and 
that the koff for substrate B is 30 times greater than the koff for substrate A.
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1–100 µM117, which suggests that Cdk1 is probably 
saturated by substrates. This indicates that competition 
among substrates could be an important contributor to 
the specificity of CDKs.

Error correction. Many substrates need to be phospho-
rylated at multiple sites before their function is altered. This 
requirement can allow phosphatases to correct an errant 
phosphorylation before the occurrence of the crucial 
second (or nth) phosphorylation that alters the function 
of a substrate. This idea of iterative discrimination lies 
at the heart of kinetic proofreading, a concept that was 
proposed by Hopfield to explain the high specificity of 
biosynthetic reactions119 and which is also applicable to 
protein phosphorylation reactions120,121. Therefore, if 
off-target phosphorylation occurs — despite the many 
mechanisms described above for ensuring correct 
kinase–substrate pairing — the combination of active 
phosphatases and a requirement for multisite phospho-
rylation can minimize the consequences of off-target 
phosphorylation.

Other error-correction mechanisms have evolved to 
ensure that signalling specificity is preserved in kinase 
signalling pathways. The kinase cascades shown in 
FIG. 5b are not completely insulated and signals from 
one pathway can leak into other pathways that share 
components. For example, pheromone addition to 
yeast leads to Ste5-scaffold-mediated activation of the 
Ste11–Ste7–Fus3 MAPK cascade as well as significant 
activation of the filamentation-specific MAPK Kss1 
(kinase suppressor of Sst2 mutations-1)122,123. The sys-
tem seems to have evolved a cross-pathway inhibition 
mechanism to ensure that this leak does not lead to the 
transcription of genes that are involved in the activa-
tion of filamentation. This is achieved by Fus3 phospho-
rylating the filamentation-specific transcription factor 

Tec1, which targets Tec1 for degradation and prevents 
the transcription of filamentation-specific genes124,125. 
Expression of a non-phosphorylatable Tec1 results in 
a loss of signalling specificity such that the pheromone 
signal now activates filamentation gene expression124,125. 
There is also cross-pathway inhibition between the 
pheromone pathway and the high-osmolarity pathway, 
although the molecular mechanism is unclear126. It is 
likely that kinase signalling in vivo is not 100% specific 
at the level of kinase–substrate interactions, but organ-
isms have probably evolved mechanisms to suppress 
the activation of pathways in which cross-talk would be 
detrimental.

Conclusions and future outlook
In summary, kinases use many different mechanisms 
to phosphorylate their proper substrates selectively to 
maintain the specificity that is observed in signalling 
pathways. The consensus phosphorylation site and 
Ser/Thr or Tyr specificity is determined by the structure 
of the catalytic cleft of the kinase and local interactions 
between the kinase cleft and the substrate phosphoryla-
tion site. Distal binding interactions between the kinase 
and the substrate often provide additional binding 
interactions, and sometimes provide allosteric regu lation 
and localization to specific cellular compartments or 
structures. Systems-level effects such as competition, 
multisite phosphorylation and kinetic proofreading 
help to regulate specificity in complex mixtures of pro-
teins. Although not all kinases make use of all of these 
mechanisms, we propose that many protein kinases use 
at least some of them to achieve the specificity required 
for robust signal transduction. Important open questions 
remain as to exactly which mechanisms are important for 
which kinases, and what degree of specificity is required 
and achieved for protein phosphorylation. 
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Mechanisms of specificity in protein phosphorylation
Jeffrey A. Ubersax & James E. Ferrell Jr
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On page 533 of the article, left column, it was incorrectly stated that transforming growth factor-β receptor is a Tyr kinase. 
Transforming growth factor-β receptor is a Ser/Thr kinase. 
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