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Abstract

Protein phosphorylation is the most common reversible posttranslational modification in 

eukaryotes. Humans have over 500 protein kinases, of which more than a dozen are established 

targets for anti-cancer drugs. All kinases share a structurally similar catalytic domain, yet each one 

is uniquely positioned within signaling networks controlling essentially all aspects of cell 

behavior. Kinases are distinguished from one another based on their modes of regulation and their 

substrate repertoires. Coupling specific inputs to the proper signaling outputs requires that kinases 

phosphorylate a limited number of sites to the exclusion of hundreds of thousands of off-target 

phosphorylation sites. Here, we review recent progress in understanding mechanisms of kinase 

substrate specificity and how they function to shape cellular signaling networks.
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Principles of protein kinase substrate specificity

Protein kinases selectively target specific substrates through several types of physical 

interactions (Figure 1) [1, 2]. For example, it is self-evident that the phosphorylated amino 

acid residue must interact at least transiently with the active site of the kinase. Eukaryotic 

protein kinases are generally subdivided into tyrosine kinases (TyrKs), serine-threonine 

kinases (STKs) and dual-specificity kinases based on their favored substrate 

phosphoacceptor residues, which are determined by conserved features of the kinase active 

site unique to each class [3]. As with other protein-modifying enzymes, kinases have broad 

catalytic clefts that accommodate multiple residues flanking the site of phosphorylation, 

leading to specificity at the level of phosphorylation site sequence [4, 5]. However, as a rule, 

catalytic site interactions alone are insufficient to mediate selection of protein substrates. 

Kinase recognition motifs typically consist of only one to three residues that are critical for 

efficient phosphorylation (Table 1). As a consequence, essentially all proteins will harbor 

*Correspondence: ben.turk@yale.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Trends Biochem Sci. Author manuscript; available in PMC 2019 May 01.

Published in final edited form as:
Trends Biochem Sci. 2018 May ; 43(5): 380–394. doi:10.1016/j.tibs.2018.02.009.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sites matching the simplest of these motifs, and there will be thousands of occurrences of 

more stringent motifs within a proteome. Furthermore, related kinases can have identical 

phosphorylation site motifs, yet mediate different cellular functions through phosphorylation 

of distinct substrates [6]. Phosphorylation site interactions may therefore be primarily 

important in determining which specific residues within a substrate protein are 

phosphorylated, and in cooperating with additional interactions to select substrates.

Substrate affinity and specificity can be enhanced by docking interactions, in which regions 

distal to the site of phosphorylation bind to grooves, pockets or surfaces outside of the 

kinase catalytic cleft [1, 2, 5, 6]. Like catalytic site interactions, docking interactions can 

involve recognition of short linear sequence motifs, for example through peptide-binding 

modules such as SH2 and SH3 domains. Docking interactions in some cases mediate 

processivity, facilitating phosphorylation of multiple distinct sites on a substrate. Kinases 

can also be recruited to their substrates through indirect interactions mediated by adaptor 

and scaffold proteins. Adaptor proteins that bind to both kinase and substrate promote 

phosphorylation through induced proximity. In addition, adaptor proteins can direct kinases 

to their substrates by controlling their subcellular localization independently of direct 

interactions with substrates. Scaffolds, which form stable complexes with multiple proteins, 

often serve as hubs for kinase regulation [2]. Kinases are frequently organized into cascades, 

and in these cases scaffolds can be important for channeling upstream kinases to activate 

specific downstream kinases. Scaffolds can also promote substrate specificity by localizing 

an active pool of the kinase in proximity to its substrates and, in some cases, causing 

conformational changes in substrates that promote phosphorylation [2].

The mechanisms of substrate targeting illustrated above are not mutually exclusive, and 

authentic kinase-substrate pairs likely require multiple interactions to achieve efficient 

phosphorylation in vivo. Recent insight into the biochemical and structural principles 

underlying these mechanisms has provided a more complete picture of how kinases interact 

with their substrates, moving beyond classical concepts involving recognition of simple 

consensus sequences. This detailed understanding has in turn influenced models of how 

kinases function within complex biological systems.

Recognition of phosphorylation site sequence motifs

Early biochemical studies suggested that protein kinases phosphorylated substrates in the 

context of specific sequence motifs. In co-crystal structures, peptide substrates generally 

bind to the kinase in an extended conformation (Figure 2A). The peptide makes β-sheet-like 

hydrogen bonding interactions with a portion of the kinase activation loop, a 

conformationally flexible region important for regulation. Residues within the catalytic cleft 

define its shape and biophysical characteristics [4, 5] to determine phosphorylation site 

specificity, which varies substantially among kinases. Examples of both classical and more 

recently established kinase consensus sequences are provided in Table 1.

Recent structural and biochemical studies have provided new insight into phosphorylation 

site specificity, including how kinases recognize the phosphoacceptor residue itself (Figure 

2A). For example, it has been long appreciated that some STKs have substantial preference 
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for either Ser or Thr as the phosphoacceptor residue. Chen et al. identified the residue 

immediately downstream of the conserved DFG motif found in the kinase activation loop 

(DFG+1) as a major determinant of Ser-Thr phosphoacceptor specificity [7]. Large 

hydrophobic DFG+1 residues promote Ser phosphorylation, whereas smaller β-branched 

residues confer specificity for Thr. Phosphoacceptor identity did not appear to affect 

substrate binding to the kinase. Rather, in kinase-peptide co-crystal structures, the DFG+1 

residue appeared to position the phosphoacceptor residue in either a productive or non-

productive conformation for catalysis. Intriguingly, a separate study found that 

phosphorylation of protein kinase C (PKC)-δ could alter its Ser-Thr phosphoacceptor 

specificity. Phosphorylation of the kinase at a site (Ser359) within the Gly-rich loop, a 

conserved region proximal to the ATP binding site [8] (Figure 2A), conferred a strong 

preference for a Ser phosphoacceptor, while the dephosphorylated form was non-selective. 

As a phosphorylatable residue is present at the analogous position in ~30% of human 

kinases, phosphorylation at this site may be a common mechanism for dynamic regulation of 

kinase phosphoacceptor specificity.

While phosphorylation site motifs are typically described in terms of residues that promote 

phosphorylation, negatively selected residues can also be an important component of 

substrate recognition. Such “forbidden” resides can act as a filter to prevent phosphorylation 

of a site by the “wrong” kinase, which can help establish the correct order and timing of 

phosphorylation events [9]. This concept has been illustrated recently in a study using a 

novel method in which genetically encoded peptide libraries are displayed on the surface of 

bacteria. Peptide-expressing bacteria were treated with a TyrK, and bacteria harboring 

phosphorylated substrates were labeled with a fluorophore-coupled anti-phosphotyrosine 

(pTyr) antibody for isolation by fluorescence-activated cell sorting (FACS). This method 

revealed that the TyrK ZAP70, which plays a key role in transducing signals from the T cell 

receptor, preferred acidic residues at multiple positions and had little tolerance for basic 

residues at any position [10]. This “electrostatic filter” both insulates ZAP70 substrates from 

other kinases and prevents the kinase from activating itself through autophosphorylation. 

Similar analysis of the upstream TyrK LCK explained its ability to phosphorylate itself as 

well as ZAP70. Thus, features of substrate selectivity enforce ordered phosphorylation of 

kinases and the compartmentalization of substrates in the T-cell activation cascade.

Roles for secondary and tertiary structure in kinase substrates

Known sites of phosphorylation on substrates are enriched in unstructured regions found 

outside of defined protein domains, which are likely to be more accessible to interact with 

kinases in the canonical, extended conformation (Figure 2A) [11–13]. Recently several 

kinase substrates have been observed to bind in alternative conformations, suggesting that 

kinases may in some cases recognize elements of secondary structure. One recent example 

involves Haspin, an atypical kinase lacking recognizable sequence similarity to most 

eukaryotic protein kinases. Kettenbach et al. analyzed the substrate specificity of Haspin 

using a novel type of peptide library comprising a dephosphorylated proteolytic digest of 

HeLa cell extract [14]. Following treatment of the peptide mixture with a kinase, 

phosphopeptides were purified and identified using high throughput tandem mass 

spectrometry (LC-MS/MS). This analysis found Haspin to preferentially phosphorylate sites 
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near peptide N termini and defined a stringent sequence motif (Table 1) conforming to the 

sole known Haspin site, Thr3 of histone H3. Subsequent X-ray crystallography studies 

revealed that Haspin adopts a canonical bi-lobed kinase fold, but its activation loop assumes 

a distinct, largely helical conformation [15]. This conformation would preclude a substrate 

from adopting the typical extended binding mode. In a co-crystal structure, a bound histone 

H3 peptide made a sharp turn downstream of the phosphoacceptor to project outward toward 

solvent (Figure 2B). This arrangement allows for close contact between the sidechains of 

three residues flanking the phosphoacceptor and specific pockets in the kinase, explaining its 

unusually stringent sequence specificity and its preference for N-terminal sequences. 

Interestingly, these flanking residues, Arg2 and Lys4, are hotspots for acetylation and 

methylation. Modification of these residues would likely abolish phosphorylation by Haspin, 

rendering its activity responsive to epigenetic signals.

Several recent studies of PKC isozymes have uncovered novel modes of substrate interaction 

in which residues within the substrate are selected based on their arrangement within a 

folded structure rather than their position within a linear sequence. Unlike most “basophilic” 

kinases that have strict positional selectivity, PKCs prefer basic residues at multiple 

positions both upstream and downstream of the phosphorylation site (Table 1). While basic 

residues C-terminal to the phosphorylation site appear to promote catalytic efficiency, 

possibly by helping to position the γ-phosphate of ATP, N-terminal basic residues contribute 

to substrate binding [16]. An X-ray co-crystal structure of PKCι with a fragment of its 

substrate Par3 has revealed a unique mode of interaction with residues located upstream of 

the phosphorylation site [17] (Figure 2B). A hydrophobic pocket unique to PKCι (and its 

closest relative PKCζ) is created by an insertion within the kinase C-terminal lobe. This 

pocket anchors a Phe residue at the −5 position in Par3, promoting an unusual conformation 

involving two β-turns in the substrate backbone. This conformation allows a basic residue 

positioned far upstream of the phosphorylation site to engage an acidic pocket on the kinase 

that typically binds to more proximal residues. In this case, a sequence that is presumably 

disordered in the absence of the kinase adopts a specific conformation upon binding. A 

similar phenomenon may explain earlier observations that more distally positioned residues 

can be essential for phosphorylation [18]. An alternative model, in which the kinase 

recognizes a substrate within the context of pre-formed secondary structure, has been 

proposed for the interaction between PKCβ and α-tubulin [19] (Figure 2C). In this model, 

basic residues typically found within the PKC consensus motif are instead quite distal to the 

phosphorylation site (~90 residues upstream) in the primary sequence. However, in the 

folded α-tubulin structure, these residues are located proximal to the phosphosite (Figure 

2C). This type of “structural consensus” may explain other instances where a substrate 

phosphorylation site does not conform to the simple linear sequence motif of the kinase (see 

Outstanding Questions box).

Substrate interactions outside of the catalytic cleft

As for other types of protein-protein interactions, kinase-substrate docking interactions can 

occur through large binding interfaces or through recognition of short linear sequence 

motifs. For kinases with a large number of substrates, the use of short motifs for substrate 

targeting makes sense from an evolutionary standpoint, as substrates can be lost or gained 
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through a small number of point mutations (see Box 1 – Evolution of kinase-substrate 

interactions). Recent studies of mitogen-activated protein kinases (MAPKs) have provided 

insight into how linear docking motifs can mediate selective targeting by closely related 

members of a kinase family. MAPKs share a common phosphorylation site consensus (S/T-

P), but members of the different subfamilies (ERK, p38 and JNK) target a largely distinct set 

of substrates [6]. Two different regions of MAPK catalytic domains are known to interact 

with substrate docking motifs (Figure 3). DEF (docking site for ERK, FxF) motifs (also 

called F-sites) are generally Ω-x-Ω sequences (where Ω is an aromatic residue) that engage a 

small hydrophobic pocket proximal to the catalytic cleft of ERK and p38 family MAPKs 

[20, 21]. Distinct DEF site sequence preferences among p38 isoforms have been rationalized 

based primarily on the size of this pocket. D-site motifs consist of a basic patch separated by 

a short linker from a ϕ-x-ϕ sequence (where ϕ is a hydrophobic residue [5]). The D-site 

motif, which is found in both substrates and regulators of MAPKs, interacts with a groove 

within the kinase C-lobe that is located on the opposite face from the active site (Figure 3). 

Because this groove is structurally similar among the various MAPKs, how it might bind to 

specific sequences to mediate selective targeting has remained obscure. The Reményi group 

recently reported a series of X-ray crystal structures of MAPKs in complex with D-site 

peptides. Comparison with previously reported structures revealed that variations in the 

linker sequence gave rise to distinct conformations that promoted selective targeting of JNK 

vs. the p38 and ERK MAPKs [22]. In contrast, the Bardwell group reported that the identity 

of the hydrophobic residues drove selective interactions with JNK MAPK [23]. By 

leveraging unique structural or sequence features of the D-site, both groups have been able 

to computationally predict and verify new MAPK substrates [24, 25]. Intriguingly, a number 

of the predicted and established JNK D-sites overlap with a docking site for the phosphatase 

calcineurin, suggesting a mechanism for coordinate regulation of substrate phosphorylation 

and dephosphorylation through a common motif [26]. Other recent work has indicated that 

in some cases MAPK regulators, including the ERK5 activator MEK5 [27] and the p38 

phosphatase HePTP [28], make additional contacts with the catalytic domain outside of the 

canonical D-site interaction groove. These additional interactions serve to enhance binding 

affinity and likely mediate precise targeting of specific MAPKs to prevent potentially 

deleterious crosstalk between pathways.

Box 1

Evolution of kinase-substrate interactions

Changes in phosphorylation networks have been proposed as a source of biological 

diversity, acting as a driving force for evolution [77]. Phosphorylation sites can be gained 

or lost through mutation of both kinases and substrate proteins. The small fraction (2–

6%) of phosphorylation sites highly conserved across species are construed to be ancient 

(>500 million years old) and likely functional [11, 13, 78]. However, as phosphoacceptor 

residues and kinase recognition motifs can be gained and lost through a small number of 

point mutations, phosphorylation sites tend to evolve rapidly. Indeed, the use of short 

linear motifs for both phosphorylation site and docking interactions provides a 

straightforward mechanism for rapidly expanding the substrate repertoire for kinases that 

phosphorylate numerous substrates. One general mechanism for biological diversification 
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is through gene duplication followed by functional specification of the resulting paralogs. 

Both gain or loss of phosphorylation sites, or changes to sequence motifs surrounding 

conserved sites, can place homologous proteins under control of distinct signaling 

pathways [61]. Following the evolutionary history of substrates of kinases with known 

docking motifs has suggested that phosphorylation sites are generally introduced early, 

with docking sites appearing later [25, 47]. In some cases, late introduction of docking 

motifs suggests that they are not absolutely required for phosphorylation, but confer 

robustness to perturbation by enhancing substrate quality (see “Some substrates are better 

than others” in the main text) [47]. In other cases, for example with MAPKs, late-

evolving docking motifs are critical for selective substrate targeting by distinct members 

of the family (Figure 3) [22, 25].

While kinase substrates tend to evolve rapidly, changes to the kinases themselves, which 

have the capacity to dramatically perturb phosphorylation networks, tend to occur on a 

slower time scale. Gain or loss of specific kinase families along various yeast lineages, 

for example, leads to increased phosphorylation of sites corresponding their cognate 

phosphorylation site motifs [13]. The diversity of sequence motifs targeted by extant 

protein kinases of similar structure and primary sequence indicates that kinase specificity 

must also change during evolution, likely following duplication events. Ancestral 

resurrection of “extinct” protein kinases suggested that extant kinases with stringent 

phosphorylation site specificity can arise from more promiscuous precursors [79]. 

Furthermore, substantial changes to phosphorylation site specificity can occur with a 

single amino acid substitution [7, 79]. Attempts to rationally re-engineer kinase 

specificity, however, suggest that the introduction of multiple point mutations effects 

more substantial changes in specificity, and that mutations within the catalytic cleft can 

result in large decreases in catalytic activity [80]. These observations suggest that kinases 

evolve new specificity through accumulation of multiple mutations, likely including 

mutations outside the catalytic cleft that cooperate with specificity determining residues 

in maintaining enzyme activity [81]. The evolution of kinases with new specificity could 

be deleterious through the generation of large numbers of new phosphorylation sites. One 

mechanism for adaptation to this type of perturbation is the evolution of the substrate 

pool. For example, the introduction of TyrKs in the metazoan lineage was associated with 

a significant decrease in the occurrence of tyrosine residues within the proteome [82]. In 

the case of the yeast meiotic kinase Ime2, however, a mutant with distinct specificity lost 

biological activity, yet was not toxic when present alongside the wild-type kinase [79]. 

These observations suggest that organisms can tolerate substantial changes to the 

phosphoproteome or alternatively that additional substrate targeting mechanisms must 

evolve to promote phosphorylation of new substrates.

Once evolved, kinase phosphorylation site specificity can be remarkably conserved 

across distant lineages. Human kinases, for example, almost invariably have identical 

specificity as their closest budding yeast homologs [59]. Indeed, budding yeast kinase 

mutants can frequently be complemented by their mammalian counterparts [83], 

suggesting that they have maintained the capacity to target critical substrates despite their 

vast evolutionary distance.
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The evolutionary plasticity of kinase signaling networks may also be relevant to human 

tumors, an evolving system in which specific mutations confer fitness in the context of 

competitive growth and survival. Several recent studies predict that kinase signaling 

networks are frequently rewired in cancer cells through a variety of mechanisms. An 

analysis of point mutants in The Cancer Genome Atlas predicted that almost 20% of 

mutations within seven residues of a phosphorylation site may have an effect on kinase 

targeting [84], in some cases to change the likely phosphorylating kinase. Cancer-

associated mutations in linear motifs can also rewire signaling networks by introducing 

or eliminating a kinase phosphorylation site. Interestingly, phosphorylation site mutations 

are enriched in known oncogenes and tumor suppressors, suggesting that at least some 

are likely to be functionally relevant. An algorithm designed to predict determinants of 

kinase specificity [81] suggested that >10% of kinase mutations map to putative 

specificity-determining residues, potentially changing the substrate repertoire [85]. There 

is experimental support that cancer-associated mutations indeed change the 

phosphorylation site specificity of several kinases, including PKD1, PKC-γ, and PKA 

[85, 86], and mutations in substrate targeting SH2 and SH3 domains of PTK6 can change 

its substrate repertoire [87]. Taken together, these studies suggest that evolution of 

kinase-substrate networks may be an important factor in cancer pathology.

In contrast to their less selective counterparts, kinases that phosphorylate only a small 

number of proteins tend to have larger interaction surfaces that confer stringent specificity 

[29, 30]. A recently studied example is the interaction between LIM kinase (LIMK) and its 

major substrate, the actin depolymerizing factor cofilin. LIMK phosphorylates cofilin family 

proteins at a single site near their N termini (Ser2). The recently solved structure of the 

LIMK1 catalytic domain in complex with cofilin revealed an extensive binding interface 

involving a region of the kinase C-terminal lobe adjacent to the catalytic cleft [31] (Figure 

2D). This region includes a conserved structural feature of the kinase (helix αG) that has 

previously been observed to engage in kinase docking interactions [29]. The docking 

interaction appears to guide the phosphorylation site residue into the catalytic center without 

making canonical main chain interactions with the activation loop [31]. Instead, the N-

terminal region binds in a manner perpendicular to the typical substrate binding mode. 

Presumably the additional binding energy provided by the interaction surface can 

compensate for the loss of main chain hydrogen bonds typically thought to be essential for 

substrate binding.

G protein-coupled receptor kinases (GRKs) are another group of kinases whose limited 

substrate repertoire is associated with an extensive binding interface. GRKs phosphorylate 

activated GPCRs at multiple sites, promoting binding of arrestin proteins to mediate receptor 

desensitization and G protein-independent signaling [32]. Both localization of GRKs to the 

plasma membrane as well as direct physical interactions with the GPCR contribute to 

specific targeting. In part because they form transient, state-dependent, low affinity 

complexes, structural insight into the nature of GRK-GPCR interactions has been limited. 

Recent studies using chemical crosslinking and hydrogen-deuterium exchange mass 

spectrometry have mapped points of interaction between GRK5 and its substrate β2-

adrenergic receptor (B2AR) [33]. These studies suggest a structural model in which the 
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GRK catalytic domain and its associated regulator of G-protein signaling homology (RH) 

domain directly contact multiple intracellular loops of the GPCR in addition to the C-

terminal tail that harbors sites of phosphorylation. In addition to promoting recruitment of 

the kinase to its substrate, interaction with a GPCR also increases GRK catalytic activity. 

Prior crystallographic analyses of GRKs have suggested that the RH domain holds the 

catalytic domain in an open, inactive conformation [34]. Interaction with the B2AR appears 

to promote an elongated conformation in GRK5 in which specific autoinhibitory interactions 

between the RH and catalytic domains are broken. Activation of the kinase only upon direct 

binding to its substrate provides a mechanism for enforcing tight control of substrate 

specificity.

Multisite phosphorylation: signal integration, amplification and attenuation

A large majority of phosphoproteins are phosphorylated at multiple sites, often by distinct 

protein kinases. While multiple kinases can phosphorylate a substrate independently of each 

other, multisite phosphorylation can occur in a hierarchical manner, in which prior 

phosphorylation generates a recognition motif for a kinase to phosphorylate other sites [35]. 

This phenomenon of substrate “priming” is a common mechanism for signal integration and 

amplification in eukaryotic signaling pathways [36]. Recent studies have expanded the scope 

of priming-dependent phosphorylation and provided insight into its structural basis. 

Classically, substrate priming occurs close to the site of subsequent phosphorylation. For 

some kinases, such as casein kinase 2, phosphorylated residues can substitute for negatively 

charged Asp or Glu residues found at multiple positions near its phosphorylation sites [18, 

37] (Table 1). By contrast, glycogen synthase kinase 3β (GSK3β) is an obligate priming-

dependent kinase with strict positional selectivity, requiring a phosphoserine (pSer) residue 

at the +4 position in its substrates (Table 1). Prior biochemical studies had suggested that the 

priming phosphate group binds GSK3β at a site analogous to that occupied by a 

phosphorylated residue within the activation loop of other kinases, leading to allosteric 

activation of the kinase [38]. This model has been confirmed through a series of X-ray co-

crystal structures of GSK3 bound to peptides harboring pSer, which offered additional 

details of how priming phosphorylation promotes substrate binding [39].

While generally associated with STKs, in some cases TyrKs can also recognize primed 

substrates through catalytic site interactions [40, 41]. Recent studies have investigated 

hierarchical phosphorylation by the TyrKs BMX [42] and epidermal growth factor receptor 

(EGFR) [43]. EGFR has a preference for a pTyr residue at the +1 position, mediating signal 

integration with the non-receptor TyrK SRC through dual phosphorylation of the SHC 

adapter protein. Co-crystal structures with EGFR revealed that primed substrates have a 

binding mode distinct from unprimed substrates: the +1 pTyr residue interacts with a Lys 

residue in the catalytic cleft that interacts with residues upstream of the phosphorylation site 

in non-primed substrates. These observations suggest the overall EGFR recognition motif 

may differ between primed and unprimed substrates, or that substrate priming may override 

the necessity for a canonical consensus sequence. As the analogous catalytic cleft residue is 

either Lys or Arg in all human receptor TyrKs, priming-dependent phosphorylation may 

prove to be a general phenomenon among kinases in this group.
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Priming phosphorylation can also generate a binding site for some protein-interaction 

domains and adaptor proteins that recruit kinases to phosphorylate more distal sites [36]. 

Well characterized phosphoprotein-interacting domains include pTyr-binding SH2 domains 

present in many non-receptor TyrKs and the pSer/pThr-interacting polobox domain found in 

polo-like kinases. These domains typically bind to phosphoproteins in the context of linear 

motifs unrelated to known kinase phosphorylation motifs. As a consequence, many different 

kinases can theoretically generate an interaction site for a given phosphobinding domain, 

allowing for flexibility in crosstalk between pathways. In contrast, two adaptor proteins were 

recently found to interact with phosphopeptide sequences similar to known kinase 

phosphorylation site motifs. One such protein, the cyclin-dependent kinase (CDK) adaptor 

Cks1, binds phosphopeptides within a sequence context (ϕ-x-pT-P) that overlaps the CDK 

phosphorylation site consensus (S/T-P-x-K/R) [44]. Cks1 can thereby act as a processivity 

factor, allowing a single CDK phosphorylation site to prime for subsequent phosphorylation 

at multiple sites on the same substrate [45]. Another example involves MOB1 adapter 

proteins, which are obligate activators of LATS family kinases that act in the tumor 

suppressive Hippo pathway [46, 47]. Interestingly, the phosphopeptide binding specificity of 

MOB1 conforms to the phosphorylation site consensus of MST1 and 2, kinases which 

activate LATS through direct phosphorylation [48]. In this case, MST1/2 

autophosphorylation generates MOB1 binding sites, recruiting LATS to its upstream kinase 

to facilitate its activation [49]. In this way, a limited level of MST1/2 activity would be 

sufficient to activate the Hippo pathway without off-target phosphorylation of other proteins.

Multisite phosphorylation often arises from a single kinase acting on multiple sites within a 

substrate in a non-processive manner [35]. In some cases, sites are phosphorylated 

sequentially, with the order dictated by the relative catalytic efficiency of the kinase for each 

site [50]. When this occurs, high efficiency sites that are phosphorylated first can act as 

decoys to inhibit phosphorylation of low efficiency sites. This phenomenon has been argued 

to be a source of switch-like responses to graded stimuli at saturating levels of substrate 

[51]. A recent study used time-resolved NMR analysis to investigate the dynamics of 

multisite phosphorylation of the transcription factor Elk-1 by ERK MAPK [52]. 

Competition between two ERK docking motifs promoted different rates of phosphorylation 

at eight sites within the Elk-1 activation domain. Intriguingly, while rapidly phosphorylated 

sites promoted transcriptional activation by Elk-1, sites phosphorylated more slowly led to 

inactivation. These results demonstrate that multisite phosphorylation dynamics can provide 

a mechanism for signal attenuation in the absence of counteracting phosphatases, which may 

facilitate differential timing of the various signaling outputs of a kinase.

Some substrates are better than others: consequences of differential 

substrate quality

Classically protein kinases were viewed as having stringent consensus sequences that 

dictated, in a binary manner, whether or not a specific site would be a substrate [18]. In a 

number of cases, new substrates for kinases have been discovered based on the presence of 

such consensus sequences, but these efforts are generally challenging due to motif 

degeneracy and redundancy. The presence of both a phosphorylation site and docking site 
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sequence motif appears to be predictive of true substrates of some kinases [47]. Substrate 

prediction can also be improved by considering the contribution of residues other than those 

strictly required for phosphorylation. Peptide library approaches [14, 53–56] have facilitated 

comprehensive quantitative analysis of substrate specificity, in which the impact on 

phosphorylation rate of each of the 20 amino acids can be assessed for multiple positions 

within the peptide. Computational tools can use such quantified data to identify candidate 

substrates predicted to be phosphorylated most efficiently by the kinase [57, 58]. This 

approach can take advantage of subtle differences between related kinases to identify their 

unique substrates [59–63]. As substrates harboring suboptimal sites (discussed below) will 

escape detection, other approaches such as chemical genetic tagging [64] and time-resolved 

phosphoproteomics analysis [65, 66] have emerged to globally identify direct kinase 

substrates.

A more quantitative view of kinase specificity suggests a continuum of phosphorylation 

rates for the various substrates of a particular kinase (Figure 4A). Such differences in 

“substrate quality” can arise from variations in phosphorylation site or docking sequences 

and may explain why the timing or sensitivity to perturbation can vary among substrates of 

the same kinase. This concept was illustrated recently for substrates of the mechanistic target 

of rapamycin (mTOR). mTOR partitions into two distinct complexes, mTORC1 and 

mTORC2, which despite sharing a catalytic subunit appear to have no common substrates. 

Strict substrate selection is enforced by direct interactions with unique adaptor protein 

components of the two complexes (raptor and mSin1, respectively) [67, 68]. Among these 

substrates, the phosphorylation site sequence appears to dictate the phosphorylation rate 

[69]. Interestingly, “low quality” mTORC1 phosphorylation sites were found to be sensitive 

to the inhibitor rapamycin (Figure 4B). By contrast, “high quality” sites were resistant to the 

drug, presumably because they require only a low level of kinase activity to become fully 

phosphorylated. These observations rationalized a long-standing mystery as to why 

rapamycin only blocks phosphorylation of a subset of mTORC1 substrates. Substrate quality 

also dictated the sensitivity of sites to nutrient withdrawal, indicating that the substrate 

repertoire of a kinase can be controlled by the strength of its activating signal. Such a 

mechanism could explain how differential cellular responses are achieved by various levels 

of activation of a master kinase.

Similar concepts may explain the timing of CDK substrate phosphorylation during the 

eukaryotic cell division cycle, which is important for the proper ordering of DNA replication 

and mitosis. Oscillating levels of various cyclin proteins generate a series of temporally 

distinct CDK-cyclin complexes, each responsible for phosphorylating key substrates at 

various phases of the cell cycle [70]. Classically cyclins act as both CDK activators and 

substrate adaptors, potentially explaining why different proteins are phosphorylated at 

different points within the cell cycle. Indeed, some cyclins directly interact with substrates 

through distal docking motifs and even residues close to the phosphorylation site [71–73]. 

Overall CDK activity rises as cells transit the cell cycle due to degradation of CDK inhibitor 

proteins as well as the intrinsically higher catalytic activity of late phase cyclin-CDK 

complexes (Figure 4C). Interestingly, the best characterized CDK substrate docking motifs 

are targeted by early (G1/S) phase cyclins [73]. Studies in the yeasts S. cerevisiae and S. 
pombe suggest that the presence of these motifs on G1/S substrates compensates for the 
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limited CDK activity in early phases of the cell cycle, allowing for efficient phosphorylation 

[74, 75]. By contrast, “late” (G2/M) CDK substrates lack these motifs, are less efficient 

substrates, and require the higher levels of CDK activity found late in the cell cycle. 

Accordingly, mutation of substrate docking sites delayed phosphorylation of early substrates 

[74]. As seen for “high quality” mTOR substrates, early substrates were also less sensitive 

than late ones to CDK inhibition in S. pombe [74]. Strikingly, selectively blocking 

phosphorylation of late substrates by partly inhibiting CDK activity in G2 phase led to 

reordering of the cell cycle, supporting a model where cell cycle progression is driven by 

increasing CDK activity (Figure 4C). While the timing of CDK substrate phosphorylation 

appears to be mediated by the presence of docking sites rather than phosphorylation site 

quality, in S. cerevisiae early sites tend to be enriched for Ser residues. The modest 

preference of the yeast CDK Cdc28 may contribute to this phenomenon, but it appears to be 

largely driven by the high activity of the pThr-specific phosphatase Cdc55 in both interphase 

and mitosis [76]. In this case low CDK activity in interphase is insufficient to balance Cdc55 

activity, leading to selective accumulation of phosphorylation specifically at Ser residues on 

early substrates.

Concluding Remarks and Future Perspectives

Our understanding of substrate targeting mechanisms utilized by kinases has grown 

tremendously in the past few years, but challenges still remain in relating these mechanisms 

to the organization of complex signaling networks. Substrate prediction based on linear 

kinase recognition motifs remains difficult, especially considering that multiple substrate 

binding modes are possible, and that indirect kinase-substrate interactions may override 

direct interactions in some contexts. Predicting “low quality”, yet authentic kinase substrates 

is a particular challenge, as both the activity of the kinase and the differential effects of 

levels of phosphorylation have various biological consequences. New approaches, such as 

NMR spectroscopy [28] and molecular dynamics simulations [10], which can address how 

kinase dynamics influence substrate recognition, may be useful in providing a deeper 

understanding of determinants of substrate quality for a given kinase. In this way, basic 

biochemical principles will facilitate the development of a systems-level view of protein 

kinases and their associated signaling networks.
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Highlights

• Knowledge of kinase phosphorylation site motifs has expanded to include 

non-canonical binding modes and the targeting of folded, structural motifs.

• Additional kinase-substrate interactions outside the catalytic cleft, such as 

MAPK docking sites and GPCR kinase recruitment sites, have recently been 

elaborated.

• Understanding differences in substrate quality provides insights into the drug 

sensitivity and timing of phosphorylation events.

• Basic principles underlying the evolution of phosphorylation networks shed 

light on understanding how mutations in kinases and their substrates perturb 

signaling networks to promote disease.
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To what extent do kinase motifs show positional interdependence? That is, do 

preferences for specific amino acid residues at certain positions depend on the 

presence of particular residues at other positions? What is the structural basis for 

such context-dependent selectivity?

Can kinases bind substrates in both canonical and non-canonical modes? What 

elements of the kinase-substrate interactions determine the mode of binding?

Can kinase substrates be “primed” by post-translational modifications other than 

phosphorylation, such as arginine or lysine methylation? Similarly, how generally 

does post-translational modification of kinases change their substrate specificity?

How common are “structural consensus” motifs in substrates? Which kinases are 

capable of recognizing them?

Do new kinase-substrate pairs arising from cancer-associated mutations contribute 

to disease?
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Figure 1. 
Overview of the major types of kinase-substrate interactions. Kinases target their substrates 

through a combination of catalytic domain interactions both proximal and distal to the active 

site, interactions of short linear sequence motifs with protein interaction modules, and 

indirect interactions mediated by adaptor or scaffold proteins.
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Figure 2. 
Canonical and non-canonical kinase-substrate interactions. (A) Canonical peptide binding 

mode (PDB:1O6K). Substrate peptide binds in an extended conformation, with amino acid 

side-chains accessing distinct pockets. Kinase residues that determine phosphoacceptor 

residue specificity are shown in space fill, including the phosphorylatable residue in the Gly 

loop [8] (green) and the DFG+1 residue [7] in the activation loop (purple). (B) Atypical 

interactions between the kinase catalytic cleft and peptide substrates. The Haspin-histone H3 

peptide complex, in which the peptide backbone makes a 180° turn near the 

phosphoacceptor, is shown at left (PDB: 4OUC). In the PKCι-Par3 peptide complex shown 

at right (PDB: 4DC2) the peptide backbone makes two β-turns N-terminal to the 

phosphoacceptor residue. (C) A model for PKCβ bound to tubulin, in which basic residues 

in the substrate distal in primary sequence are close to the phosphoacceptor residue in the 

3D structure. (D) LIMK interacts with cofilin through a hydrophobic interaction centered on 

the αG helix of the kinase, in which placement of the phosphoacceptor requires a structured 

substrate (PDB: 5HVK). The Met115 residue on cofilin is critical for LIMK recognition.
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Figure 3. 
MAPK docking interactions. Substrate D-site motifs (left) bind to a groove located on the 

opposite face of the kinase from the catalytic cleft. D-sites contain a cluster of basic residues 

upstream of two or three hydrophobic residues, the spacing of which can select for distinct 

MAPKs. ERK and p38 MAPKs can also bind DEF-sites (right) through a pocket adjacent to 

the active site, with different isozymes targeting distinct motifs. Logos for D-sites and DEF-

sites were generated from published data [20, 25], using EnoLogos. ERK2 structures (top) 

were based on the co-crystal structure with the HePTP D-site peptide (PDB: 2FYS) and an 

HDX-MS model of a bound DEF-site peptide [21].
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Figure 4. 
Substrate quality in biological context. (A) Higher quality substrates (i.e. those that are more 

efficiently phosphorylated by a kinase) are phosphorylated rapidly and to higher 

stoichiometry even at lower kinase activity. (B) Varying quality of mTOR substrates 

rationalizes their differential sensitivity to the mTORC1 inhibitor rapamycin. (C) Increasing 

CDK activity during the cell cycle contributes to the timing of substrate phosphorylation, 

with high quality substrates phosphorylated early (in G1/S phase) and lower quality 

substrates phosphorylated late (in G2/M phase).
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