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Abstract

Protein kinases transfer a phosphoryl group from ATP onto target proteins and play a critical role 

in signal transduction and other cellular processes. Here, we review the kinase kinetic and 

chemical mechanisms and their application in understanding kinase structure and function. 

Aberrant kinase activity has been implicated in many human diseases, in particular cancer. We 

highlight applications of technologies and concepts derived from kinase mechanistic studies that 

have helped illuminate how kinases are regulated and contribute to pathophysiology.

1. INTRODUCTION

The discovery of protein kinases in the 1950s led to a massive influence on clarifying 

biological pathways and disease mechanisms and developing therapies over the subsequent 

six decades (Hunter, 2000; Krebs & Beavo, 1979). Eukaryotic protein kinases are enzymes 

that catalyze phosphoryl transfer from MgATP to Ser/Thr and Tyr side chains in proteins. 

Their importance is in part evidenced by their frequency in eukaryotic genomes, typically 

representing 2–3% of the genes, including in human where 518 protein kinases have been 

annotated (Manning, Whyte, Martinez, Hunter, & Sudarsanam, 2002). While each specific 

kinase is thought to have a specialized function, there are many conserved features among 

kinases regarding their structures and catalytic mechanisms (Hanks, Quinn, & Hunter, 

1988). This protein kinase chapter is written from an enzymology perspective and will cover 

the kinetic and chemical mechanisms of kinases and how an understanding of these features 

has been used to explore the structure, function, and regulation of these important catalysts.

2. KINETIC MECHANISM

Protein kinases operate on two substrates, proteins, and MgATP and produce 

phosphoproteins and MgADP (Adams, 2001; Taylor & Kornev, 2011). While it is 

sometimes the case that free ATP rather than Mg-bound ATP is thought of as the 

phosphoryl-donor substrate, the affinity of Mg for ATP is high enough that there is only a 

low concentration of non-Mg-bound ATP in cells. Thus with one apparent exception 
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(Mukherjee et al., 2008), protein kinases require at least one divalent ion, Mg or Mn, for 

catalysis. Two substrate group transfer enzymes like kinases can be classified into two 

general types, those that follow ternary complex mechanisms and those that follow ping-

pong mechanisms (Segel, 1993). Ternary complex mechanisms typically involve direct 

reaction between the two substrates to afford the two products, whereas ping-pong 

mechanisms proceed through a covalent enzyme intermediate, which in the case of kinases 

would be a phosphoenzyme species.

Classical two substrate steady-state kinetics experiments revealing an intersecting line 

pattern in double reciprocal plots (Segel, 1993) as well as more technically sophisticated 

stereochemical studies showing inversion at the phosphoryl group (Knowles, 1980) helped 

define protein kinase A (PKA) as following a ternary complex mechanism. Subsequently, 

two substrate kinetic studies on a variety of Ser/Thr and Tyr kinases and many X-ray 

structures of these enzymes in complex with substrate analogs have confirmed this to be a 

general feature of the kinase superfamily (Zheng et al., 1993). However, recently, an X-ray 

crystal structure of an atypical kinase showed the surprising finding that an active site 

aspartate was phosphorylated (Ferreira-Cerca et al., 2012). This phosphoAsp was proposed 

to correspond to a phosphoenzyme intermediate that could deliver the phosphoryl group to a 

protein substrate, though further experiments will be needed to establish this mechanism. Of 

note, nucleoside diphosphokinase does proceed through a phosphohistidine intermediate so 

there is enzymatic precedence for a small-molecule kinase using a related mechanism 

(Admiraal et al., 1999).

For the vast majority of protein kinases that involve direct phosphoryl transfer through a 

ternary complex, other kinetic mechanism issues that have been addressed are whether there 

is a preference for MgATP or protein substrate to bind first and what step(s) is rate-limiting 

for catalysis? These features have been analyzed for a variety of protein kinases and the 

results are somewhat enzyme and reaction condition dependent. For example, PKA displays 

a clear preference for MgATP binding prior to peptide substrate whereas Csk kinase shows 

no apparent-binding preference between nucleotide or peptide substrates (Cole, Burn, 

Takacs, & Walsh, 1994; Qamar, Yoon, & Cook, 1992; Zheng et al., 1993). Interestingly, 

experiments on p38 MAP kinase have led to contradictory models. Models in which protein 

substrate binds first, MgATP binds first, or random order binding have all been proposed for 

p38 MAP kinase (LoGrasso et al., 1997; Szafranska & Dalby, 2005). While these different 

models could be traced to the distinct methods used for measurement, they also highlight the 

limitation of steady-state kinetic approaches to provide unambiguous mechanistic portraits. 

The most comprehensive studies on p38 MAP kinase that include complementary methods 

including calorimetry and structural considerations point to a random order of substrate 

binding for this enzyme (Szafranska & Dalby, 2005). One potential practical application that 

emanates from such models relates to the development of specific kinase inhibitors that 

target the ATP pocket (Noble, Endicott, & Johnson, 2004). If the protein substrate binds to 

the kinase in the absence of MgATP, there may be an influence on drug affinity.

Regarding rate-limiting steps, a combination of viscosity effects, presteady-state kinetic 

techniques, and alternate substrates have been employed with various kinases to define the 

microscopic rate constants. To some extent, the kinetic models not only depend on the 
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conditions of the kinase assay conditions (salt concentration, divalent ion (Mg vs. Mn), 

peptide, or protein substrate), but they also show differences among the kinases themselves. 

With PKA, MgADP release is fully rate determining (Adams & Taylor, 1992; Qamar & 

Cook, 1993), whereas for Csk phosphoryl transfer is partially or fully rate limiting 

depending on whether MgATP or MnATP is used as the substrate (Grace, Walsh, & Cole, 

1997). When Mg is used with Csk, product release is fast and chemistry is rate determining, 

whereas when Mn is employed, product release slows down, presumably because of metal–

enzyme interactions. Increasing the ionic strength of the buffer can also speed product 

release, possibly by weakening the interactions between nucleotide and enzyme. Some 

kinases such as Ser–Arg protein kinase or Src protein tyrosine kinase can show processive 

phosphorylation of its protein substrate, effectively indicating that protein substrate/product 

release is the slow step in turnover (Aubol et al., 2003; Pellicena & Miller, 2001). 

Furthermore, many protein kinases like the insulin receptor tyrosine kinase (IRK) are 

regulated by accessory domains, phosphorylation, or allosteric ligands which can 

dramatically impact the nature of the rate-limiting steps (Ablooglu, Frankel, Rusinova, Ross, 

& Kohanski, 2001; Hubbard & Miller, 2007).

3. CHEMICAL MECHANISM OF KINASE PHOSPHORYL TRANSFER

Despite the apparent simplicity of the reaction chemistry, there has been significant effort to 

understand the details of how the phosphoryl group moves from ATP to the protein substrate 

hydroxy group in the kinase active site. This interest stems from several considerations. One 

is the fundamental challenge in defining the catalytic mechanism of an important family of 

enzymes. A second factor relates to our fascination with how kinase enzymes interconvert 

between more active and less active forms. Kinase regulation by ligands, phosphorylation, 

as well as mutation can alter the alignment of active site residues, which ultimately 

translates to effects on the chemistry of phosphoryl transfer. A third reason for interest in the 

chemical mechanism is to aid in the design of synthetic compounds which can artificially 

switch kinase activity on or off. Such mechanism-inspired chemical biology approaches can 

and have shed light on the biological functions of kinases in cellular signaling.

A central issue in defining the kinase mechanism is clarifying the nature of the phosphoryl 

transfer transition state. In the study of nonenzymatic phosphoryl transfer mechanisms, 

research dating back to the 1960s showed that phosphate monoesters like phenol phosphates 

display “dissociative” transition states (Kirby & Jencks, 1965). A dissociative transition 

state is one in which the bond between the phosphorus atom and the leaving group is largely 

broken prior to significant bond formation between the incoming nucleophile and the 

phosphorus, involving a metaphosphate-like intermediate (Admiraal & Herschlag, 1995; 

Mildvan, 1997; Fig. 1.1A). In contrast, nonenzymatic phosphate triester reactions typically 

show an associative transition state where the nucleophile forms a substantial bond with the 

phosphorus prior to leaving group departure. This dissociative character of the monoester is 

rationalized based on its negatively charged nonbridging oxygens repelling nucleophiles and 

stabilizing the partial positive charge on the metaphosphate-like intermediate.

Relative to their nonenzymatic counterparts, transition states for enzyme reactions are much 

harder to analyze because of the complexity of the large protein catalyst and the more 
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limited repertoire of methods available. Based on the early X-ray crystal structures of PKA, 

a chemical phosphoryl transfer mechanism with associative character was implied 

(Knighton et al., 1991). However, analysis of a static view of an enzyme complexed with 

substrate analogs can be an imprecise way for probing the dynamics of rapid chemical 

processes. Linear-free energy studies designed to measure the Bronsted nucleophile 

coefficient (βnuc) gave a different interpretation of the transition state. By analyzing the 

tyrosine kinase activity dependence with a series of tyrosine analogs substituted with 

fluorine atoms on the phenol ring, it was established that phosphoryl transfer rate is nearly 

independent of the nucleophile pKa, that is a near zero value for βnuc (Kim & Cole, 1997, 

1998). In addition, the unexpected observation that the neutral phenol, rather than the 

phenoxide anion, was the obligate functional substrate form based on pH-rate studies further 

underscored the minimal role, the nucleophile likely plays in the transition state (Kim & 

Cole, 1998).

Other experiments have corroborated that tyrosine kinase transition states are likely 

dissociative, analogous to their nonenzymatic counterparts (Ablooglu et al., 2000; Parang et 

al., 2001; Sondhi, Xu, Songyang, Eck, & Cole, 1998; Williams & Cole, 2002). Interestingly, 

rate reductions of kinases with MgATPγS were initially considered as evidence against 

kinase-dissociative transition states (Cole, Grace, Phillips, Burn, & Walsh, 1995), since 

nonbridging sulfur substitution of phosphate monoesters can accelerate nonenzymatic 

phosphoryl transfer through stabilization of a metaphosphate-like species. However, follow-

up measurements with various divalent ions showed that thiophilic metals like Ni and Co 

could complement the assays with ATPγS (Grace et al., 1997). Of note, it should be 

mentioned that kinase-mediated thiophosphate installation has been elegantly used for 

protein substrate identification in chemoselective labeling (Allen, Lazerwith, & Shokat, 

2005).

The totality of the solution-phase evidence strongly supports a dissociative transition state 

for the protein kinase reactions that have been studied. Perhaps this result was to be 

expected since it would be energetically costly to force the phosphoryl transfer down a 

mechanistic pathway that traverses a steeper energetic barrier. Furthermore, based on the 

conserved features of all ~500 human kinases, it is reasonable to assert that dissociative 

character is a general property of these reactions.

This model does raise the somewhat untidy question of how a protein kinase would catalyze 

a dissociative transition state based on the architecture and electrostatics of the kinase active 

site. Since the enzyme is organizing a ternary complex, the templating of the ATP and 

protein substrate in position for reaction could be thought most compatible with a more 

associative reaction, as the crystallographic interpretations appeared to suggest. Perhaps an 

overly simple explanation for what kinases need to do to facilitate dissociative reactions is 

that they must focus positive charge on the departing ADP-anionic oxygens to sever the 

gamma-phosphoryl bond. Indeed, positive charges including a Lys side chain and Mg ion 

are pointed toward this β-phosphate and are observed in many kinase crystal structures in an 

arrangement that could stabilize the buildup of negative charge in the leaving group. It is 

also true that many kinases show substantial ATP-hydrolytic activity, which is consistent 
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with generation of a metaphosphate-like species that can be intercepted by water in the 

absence of precise positioning of a protein hydroxyl (Rominger et al., 2007).

A number of computational studies have been performed to understand the kinase 

phosphoryl transfer mechanism (Cheng, Zhang, & McCammon, 2005; Valiev, Yang, 

Adams, Taylor, & Weare, 2007). Many of these simulations have analyzed the contributions 

of specific active site interactions, as well as geometry and charge states as a function of 

phosphoryl transfer progress. Such calculations generally are consistent with a dissociative 

transition-state mechanism. While these studies are generally not readily testable with 

precise experiments, site-directed mutagenesis and substrate analog experiments generally 

support their plausibility. Most fully active states of kinases are defined crystallographically 

by macroscopic and microscopic features that seem to be crucial for phosphoryl transfer. 

There is a particular alignment of the N-terminal and C-terminal lobes, generating a 

hydrophobic spine, that correspond to active kinase conformations (Kornev, Haste, Taylor, 

& Eyck, 2006). The formation of a salt bridge between conserved catalytic site Glu and Lys 

correlates well with active enzymes (Huse & Kuriyan, 2002). Availability of the catalytic 

base (Asp residue) for hydrogen bonding to the substrate hydroxyl also seems to be an 

important feature from structural studies.

Small molecule tools have also been used to decipher the nature of kinase catalytic 

mechanisms. The phosphate mimic aluminum fluoride has been crystallized with PKA in 

complex with ADP and a peptide substrate analog (Madhusudan, Akamine, Xuong, & 

Taylor, 2002). Despite the weak affinity of AlF3 for ADP in the absence of enzyme, the fact 

that the crystal structure captures an arrangement expected for catalysis suggests that the 

enzyme has selected a transition-state conformation. The distance between the substrate Ser 

nucleophile and the aluminum ion in this structure is sufficiently long to suggest a 

dissociative transition state in the phosphoryl transfer reaction (Mildvan, 1997).

Bisubstrate analogs for kinases have been designed based on a dissociative transition state. 

For enzymes that obey ternary complex mechanisms, covalent linkage of the two substrates 

can generate high-affinity inhibitors, if the linkers are installed to approximate the geometry 

of the reaction coordinate. In favorable cases, bisubstrate analog-binding energies to 

enzymes can equal or exceed the sum of the energies of the individual substrates, since the 

entropic penalty of assembling the three components of the reaction is reduced. Early work 

on PKA bisubstrate analog inhibitors involved synthetic compounds in which the peptide 

Ser oxygen was covalently linked to ADP, ATP, and adenosine-tetraphosphate via a 

phosphodiester with the terminal phosphate (Medzihradszky, Chen, Kenyon, & Gibson, 

1994). While none of these compounds was a stronger PKA inhibitor than ADP alone, the 

tetraphosphate-containing bisubstrate analog was more potent than the shorter phosphate 

strings. This suggests that an extended spacer between the two substrates better 

approximates the reaction coordinate distance of kinase reaction. A theoretical analysis by 

Mildvan of the preferred reaction coordinate distance for a dissociative transition state, 

which is the optimal distance between the entering oxygen and the attacked phosphorus, 

should be 4.5–6 Å(Mildvan, 1997). The tetraphosphate compound is in this range.
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Another bisubstrate analog approach that has been applied to several kinases employs a 

thioacetyl-bridge and replaces the entering oxygen with a nitrogen atom (Cheng et al., 2006; 

Levinson et al., 2006; Parang et al., 2001; Zhang, Gureasko, Shen, Cole, & Kuriyan, 2006). 

This spacer places the nitrogen and ATP gamma phosphorus about 5 A ° apart (Fig. 1.1B). 

This design has produced some very potent kinase inhibitors, some with Kis in the low 

nanomolar range. Thus, it appears that bisubstrate analogs with geometries matching the 

Mildvan reaction coordinate model for a dissociative mechanism are most effective.

4. APPLICATIONS OF MECHANISTIC STUDIES IN UNDERSTANDING 

KINASE FUNCTION AND REGULATION

4.1. Bisubstrate analogs

As discussed, peptide–ATP conjugates inspired by a dissociative transition state have been 

developed for several protein kinases. A principal motivation for developing these analogs is 

for their use in structural biology studies to clarify the basis of protein substrate recognition 

by kinases. The field is still lacking a comprehensive understanding of how particular 

protein substrates are selected by kinases. Various bioinformatic and peptide library 

approaches have been applied to deduce specificity but they have enjoyed a limited impact. 

Despite the thousands of X-ray crystal structures of protein kinases, there are only a small 

number with kinases complexed with protein or peptide substrates. As a result, for the vast 

majority of kinases, we have little insight into the molecular basis of substrate recognition. 

The difficulty in obtaining kinase–substrate crystal complexes is thought to emanate from 

the relatively low affinity of most kinase–substrate binding interactions. From an efficiency 

perspective, it is logical that enzyme–substrate complexes not be too tight since this could 

limit catalytic turnover.

Bisubstrate analogs facilitate the anchoring of the peptide moiety to the kinase surface 

involved in substrate recognition, often allowing for enhanced cocrystallization (Fig. 1.1C). 

To date, this strategy has been used to capture four kinase–substrate crystal structures: 

insulin receptor, Abl, EGFR, and cyclin-dependent kinase (Bose, Holbert, Pickin, & Cole, 

2006; Levinson et al., 2006; Parang et al., 2001; Zhang et al., 2007). These structures have 

revealed several of the contacts that give rise to substrate selectivity for these enzymes.

In the case of the Abl and EGFR tyrosine kinases, these cocrystal structures provided helpful 

clues to activity regulation. One of the pharmacologically important features of Abl is its 

propensity to populate a conformation which can bind tightly to the drug gleevec. This 

conformation, known as DFG (Asp–Phe–Gly) out, leads to inactivation of the kinase. A 

crystal structure of the Abl-kinase domain in complex with the peptide–ATP bisubstrate 

analog captured Abl in a novel conformation, a catalytically inactive state reminiscent of the 

downregulated Src tyrosine kinase (Levinson et al., 2006). Based on this unexpected 

structure, a new framework was proposed for how kinases shuttle between various activation 

states.

The cocrystal structure of EGFR kinase domain complexed with a peptide–ATP bisubstrate 

analog showed EGFR kinase in its likely active conformational state (Zhang et al., 2006). 

This structure also showed high-quality electron density for an apparent asymmetric dimer 
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between two neighboring EGFR kinase molecules. The dimeric interactions are somewhat 

akin to how a cyclin binds to a cyclin-dependent kinase where it allosterically activates the 

enzyme. Using a combination of mutagenesis and vesicle-binding studies, it was revealed 

that the asymmetric EGFR kinase dimer is critical for the mechanisms of EGF ligand-

induced activation of EGFR.

4.2. Oncogenic kinase mutants

Enzyme mechanism studies on kinases have also been pursued to understand how mutations 

can stimulate kinase activity and altered drug sensitivity. A battery of structural, chemical, 

and kinetic experiments has been channeled to address the functional effects of mutation. 

Two protein kinases that have received considerable attention in this regard are EGFR 

tyrosine kinase and B-RAF Ser/Thr kinase, and the experimental progress in these areas is 

highlighted later.

EGFR mutation has been shown to drive oncogenesis, with L858R point mutation and 

Δ(746–750) deletion the most prevalent EGFR mutations in nonsmall cell lung cancer 

(Lynch et al., 2004; Paez et al., 2004; Pao et al., 2004). Patients with tumors carrying these 

mutations are particularly responsive to small-molecule tyrosine kinase inhibitors erlotinib 

and gefitinib, which bind the ATP pocket. The ATP site-targeting drug lapatinib inhibits WT 

EGFR and Her2/Neu and is approved for the treatment of breast cancer (Cameron & Stein, 

2008; Wood et al., 2004). In vitro studies on isolated EGFR kinase domains showed that the 

L858R EGFR kinase domain is about ~50-fold more active relative to the wild-type EGFR 

kinase domain (Yun et al., 2007; Zhang et al., 2006). In addition, L858R EGFR kinase 

domain has a dramatically increased ATP Km for ATP and a lower gefitinib IC50 relative to 

the corresponding parameters for wild type. More recent experiments on near full-length 

EGFRs (tEGFRs), which lack part of the C-terminal tail, investigated the mechanistic basis 

for oncogenic activation by mutation (Qiu et al., 2009; Wang et al., 2011). These tEGFR 

studies revealed that L858R and Δ (746–750) are about as active as wild type in the presence 

of EGF, but retained their full activity when EGF was replaced by the competitive antibody 

antagonist, cetuximab, which blocks EGF from binding to the EGFR and prevents 

ectodomain dimerization. In contrast, wild-type tEGFR in complex with cetuximab showed 

<1% activity relative to its EGF-bound form.

Interestingly, in the presence of EGF, wild-type and oncogenic mutant tEGFRs were equally 

susceptible to strong erlotinib inhibition but the oncogenic mutant tEGFRs were quite 

resistant to lapatinib (Wang et al., 2011). Wild-type tEGFR was about as potently inhibited 

by lapatinib whether in complex with EGF or cetuximab (Wang et al., 2011). Since lapatinib 

is thought to have a strong binding preference for the inactive conformation of EGFR 

(Wood et al., 2004), while erlotinib selectively binds the active conformation of EGFR 

(Stamos, Sliwkowski, & Eigenbrot, 2002), this was puzzling initially. However, a model to 

explain this data hypothesizes that the active conformation of wild-type EGF/tEGFR 

complex is roughly isoenergetic with the inactive kinase conformation (Fig. 1.2A; Wang et 

al., 2011). In contrast, the oncogenic tEGFR mutants greatly favor their active over inactive 

kinase conformations, regardless of the engagement with EGF (Fig. 1.2B). Separate studies 

involving negative staining electron microscopy and computational analysis are consistent 

Wang and Cole Page 7

Methods Enzymol. Author manuscript; available in PMC 2015 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with this model (Mi, Lu, Nishida, Walz, & Springer, 2011; Shan et al., 2012). tEGFR 

enzyme kinetic experiments also helped to illuminate why both L858R and Δ (746–750) 

have very high ATP Kms, even though these mutations are somewhat remote from the 

adenine pocket. It appears that the reduced binding affinity of the oncogenic tEGFRs for the 

nucleotide per se is only a minor part of the answer. The greater impact appears to be related 

to a faster chemical (phosphoryl transfer) step with these oncogenic mutants. By increasing 

the chemical step rate, the Km will be elevated, independent of the dissociation constant of 

EGFR for ATP.

In principle, oncogenic mutation could drive activation in a dimer-dependent or dimer-

independent fashion. The tEGFR oncogenic mutants were resistant to the protein inhibitor 

Mig6, which blocks dimerization by coating the EGFR kinase domain C-lobe surface 

(Zhang et al., 2007). These findings suggested that oncogenic kinase domain dimerization 

could be dispensable for activation. Alternatively, resistance to Mig6 could suggest that 

oncogenic kinase domain asymmetric dimerization could be very tight. The fact that Mig6 is 

a potent inhibitor of the isolated L858R EGFR kinase domain, whereas tEGFR L858R is 

resistant to Mig6 suggests that the isolated kinase domain could be misleading as a model 

system compared with the full-length EGFR (Wang et al., 2011). In fact, N-lobe and C-lobe 

mutations that disrupt the asymmetric kinase dimer interface caused steep reductions in 

kinase activity for both L858R and Δ(746–750) tEGFRs (Wang et al., 2011). These 

experiments establish that oncogenic mutants drive activation through the asymmetric 

kinase dimer, and that the dimer is likely too tight to be effectively blocked by Mig6.

The most frequently mutated protein Ser/Thr kinase in human cancer, B-RAF, has been 

studied intensively over the past decade (Dhomen & Marais, 2007; Greenman et al., 2007; 

Wellbrock, Karasarides, & Marais, 2004). B-RAF and its homologs, A-RAF and C-RAF 

(also called Raf-1), as well as a related kinase KSR1 are involved in the 

RAS/RAF/MEK/ERK signaling cascade which is activated by growth factors, hormones, 

and cytokines (Matallanas et al., 2011; Mercer & Pritchard, 2003; Roskoski, 2010; Stephens 

et al., 1992; Fig. 1.2C). B-RAF mutations have been found in 7% of human cancers and in 

66% of malignant melanomas, among which the hyperactivating mutation V600E is the 

predominant form (Davies et al., 2002). Oncogenic B-RAF mutations are within the 

catalytic domain, and most enhance B-RAF’s ability to phosphorylate MEK, the only well-

established substrate of B-RAF (Wan et al., 2004). Cell-based assays showed that the 

presence of V600E B-RAF results in constitutive ERK activation (Davies et al., 2002). 

Whereas wild-type B-RAF seems to require dimerization of the kinase domain for 

activation, a series of elegant cellular experiments suggest that the “gain-of-function” of 

V600E B-RAF is independent of RAS and dimerization (Davies et al., 2002; Freeman, Ritt, 

& Morrison, 2013; Poulikakos et al., 2011). The crystal structures of the catalytic domains 

of WT and V600E B-RAFs verified that replacing the hydrophobic Val600 with a charged 

residue destabilizes the interactions that maintain the DFG motif in an inactive conformation 

and favors conversion of B-RAF into an active, closed conformation (Wan et al., 2004). 

This “gain-of-function” mutation presumably mimics activation loop phosphorylation.

In addition to mutation affording enhanced kinase activity, several studies also suggest that 

protein–protein interaction functions of B-RAF may confer cell transformation. Some 
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oncogenic B-RAF mutants have decreased or undetectable kinase activity but retain the 

ability to activate the ERK pathway (Dhomen & Marais, 2007). These mutations have been 

suggested to stimulate C-RAF activity through the formation of B-RAF/C-RAF 

heterodimers (Garnett, Rana, Paterson, Barford, & Marais, 2005; Moretti et al., 2009; 

Rushworth, Hindley, O’Neill, & Kolch, 2006). Various RAF inhibitors have been developed 

and are in different stages of preclinical and clinical developments. Treatment with 

vemurafenib (PLX-4032), a small-molecule B-RAF inhibitor, was shown to be beneficial in 

melanoma patients harboring the V600E B-RAF mutant and recently was approved for the 

treatment of metastatic melanoma (Bollag et al., 2010; Flaherty et al., 2010; Joseph et al., 

2010; Yang et al., 2010). Unexpectedly, B-RAF inhibitors caused adverse effects in tumor 

cells carrying wild-type B-RAF. Follow-up studies demonstrated that inhibitor binding to 

RAF promotes formation of dimeric RAF complexes and activation of the ERK pathway 

(Hatzivassiliou et al., 2010; Heidorn et al., 2010; Poulikakos, Zhang, Bollag, Shokat, & 

Rosen, 2010). It remains unresolved precisely how various drug resistance mutants evade 

kinase inhibition and whether RAF dimerization is thermodynamically coupled to activation 

loop phosphorylation.

4.3. Chemical rescue of tyrosine kinases

A crystal structure of the IRK domain in its active conformation in complex with a peptide 

substrate and ATP analog revealed a well-defined triangle of hydrogen bonds with vertices 

involving the side chains of the catalytic base Asp, the catalytic loop Arg, and the substrate 

phenol (Parang et al., 2001). Site-directed mutagenesis on this Arg in several tyrosine 

kinases showed that it is critical for activity, with 100-fold or greater rate reductions 

associated with its mutation to Ala (Muratore et al., 2009; Qiao, Molina, Pandey, Zhang, & 

Cole, 2006; Williams, Wang, & Cole, 2000). It is also interesting that this Arg, while present 

in the sequences in all canonical tyrosine kinases, is flexibly located in two spots in the 

catalytic loop, either +2 or +4 upstream of the catalytic base Asp (Manning, Plowman, 

Hunter, & Sudarsanam, 2002). It has been shown previously with various mutant enzymes 

that loss of activity can sometimes be rescued by the addition of small molecules that 

complement the missing residue. To assess the specific role of the Arg side chain in the 

tyrosine kinase reaction, a series of nitrogen-containing small molecules were studied to see 

if they could complement the Arg to Ala mutant. In fact, several diamino and triamino 

compounds could at least partially rescue activity. Interestingly, the small-molecule 

imidazole, the functional group of the side chain of histidine, is the most efficient rescue 

agent for the tyrosine kinases Csk, Src, and Abl (Muratore et al., 2009; Qiao et al., 2006; 

Williams et al., 2000). A combination of pH-rate measurements and structure–activity 

relationship studies indicated that it is the imidazolium (protonated imidazole) state rather 

than the neutral imidazole form that is necessary for chemical rescue. The positively charged 

imidazolium would be predicted to be the stronger hydrogen bond donor and acceptor and a 

better mimic of the Arg guanidinium, which has a higher pKa than imidazole.

It is noteworthy that replacement of the conserved catalytic Arg by His fails to confer 

enzymatic activity, despite the fact that imidazole is more efficacious in chemical rescue 

than guanidinium, the functional group of the Arg side chain (Muratore et al., 2009). It is 

hypothesized that the histidine side chain is simply too short to extend into hydrogen-
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bonding position when located at the Arg position. Nevertheless, X-ray crystallographic 

studies of the Src Arg/Ala mutant reveal that a distantly located histidine side chain from an 

adjacent molecule in the crystal lattice can occupy the cavity associated with Arg removal 

(Muratore et al., 2009).

Interestingly, where investigated, the chemical rescue of Arg/Ala tyro-sine kinases preserves 

the natural substrate specificity and regulation of the enzymatic activity. Because imidazole 

is relatively nontoxic (at less than 30 mM) and is cell permeable (Iguchi, Usui, Ishida, & 

Hirano, 2002), it was tested in cells stably expressing tyrosine kinases bearing the Arg/Ala 

replacements in place of the natural wild-type enzymes. The most complete studies have 

been carried out analyzing Arg/Ala cellular Src (c-Src) and v-Src in mouse embryonic 

fibroblasts lacking the three major Src tyrosine kinases, Src, Yes, and Fyn (Ferrando et al., 

2012; Qiao et al., 2006). c-Src is the proto-oncoprotein that, after passage in Rous sarcoma 

virus, can become v-Src and thereby induce sarcoma in chickens. v-Src can no longer be 

downregulated by C-terminal phosphorylation and is a hyperactive tyrosine kinase. 

Chemical rescue studies of Arg/Ala c-Src and v-Src with imidazole treatment showed that 

both c-Src and v-Src Arg/Ala mutants could have their kinase activity robustly restored with 

chemical rescue (Ferrando et al., 2012; Qiao et al., 2006). The findings with c-Src 

complementation were somewhat unexpected because, in the absence of cell stimulation by 

growth factors, the basal activity of c-Src was believed to be very low. It must be 

remembered that cellular protein tyrosine phosphatase activity is robust and so at baseline, 

probably achieves an equilibrium with protein tyrosine kinase activity. Chemical rescue of 

the mutant kinase unmasks acutely this substantial enzymatic protein phosphorylation.

Chemical rescue in combination with mass spectrometry has been used to characterize 

previously unrecognized functions and targets of Src-mediated phosphorylation. Using 

stable isotope labeling in cell culture and mass spectrometry, chemical rescue can identify 

phosphorylation events kinetically linked to a specific nonreceptor kinase, bypassing the 

need for growth factor stimulation. In particular, chemical rescue of Arg/Ala c-Src has been 

used to suggest a role for Src-mediated tyrosine phosphorylation of the Rap1 guanine 

nucleotide exchange factor, C3G, in cellular adhesion regulation (Ferrando et al., 2012). In 

this fashion, chemical rescue is highly complementary to other powerful chemical genetic 

approaches that allow for specific inhibition of wild type or mutant kinases.

5. SUMMARY AND OUTLOOK

Advances in our understanding of the enzymology of protein kinases have led to new 

insights into their catalytic mechanisms in terms of kinetic steps, transition-state 

stabilization, substrate specificity, and basis of regulation. Yet, much of the effort in the 

analysis of kinases has centered, understandably, on a small proportion of the kinome that 

have been identified as important in biology and diseases. Hundreds of kinases have not yet 

been analyzed in enzymologic depth. In addition, there has been a limited work in exploring 

kinase mechanisms in the larger protein complexes in which they are often found or bearing 

the rich tapestry of posttranslational modifications (PTMs) that adorn many of them. 

Regarding the influence of PTMs’, emerging methods to introduce these PTMs site 

specifically into proteins using unnatural amino acid mutagenesis (Park et al., 2011; Wang, 
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Xie, & Schultz, 2006) or expressed protein ligation (Muir, Sondhi, & Cole, 1998) offers the 

potential to dissect their effects in greater detail. Thus, despite the major progress that has 

been made in the kinase field, there is far more work to do before a comprehensive 

understanding of these fascinating signaling enzymes is achieved.
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Figure 1.1. 
Protein kinase mechanism and bisubstrate analog inhibitors. (A) Mechanistic scheme of 

associative and dissociative transition states of phosphoryl transfer. A dissociative state 

model is proposed for the transfer of the γ-phosphoryl group of ATP to hydroxy group in a 

kinase–substrate. (B) Designed bisubstrate analog inhibitor for a protein tyrosine kinase. R1 

and R2 amino acid sequences are derived from efficient substrate motifs. The linker is 

predicted to result in a 5–5.7 Å spacer between the substrate-binding site and the nucleotide-

binding site, compatible with a dissociative transition state. ATPγS was used as the ATP-
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mimic analog. (C) The crystal structure of IRK (green ribbon) in complex with the above 

peptide–ATP conjugate (red stick), determined at 2.7 Å resolution (PDB code: 1GAG; 

Parang et al., 2001).
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Figure 1.2. 
Oncogenic kinase mutant mechanisms. (A) The crystal structures of active and inactive 

EGFR kinase conformations are shown in ribbon representation. Two key structural 

elements within the kinase domain, the activation loop and helix, are colored orange and red. 

For WT EGF-bound EGFR, the active kinase conformation (green ribbon, PDB code: 

1M17) (Stamos et al., 2002) is nearly isoenergetic to the inactive kinase conformation (gray 

ribbon, PDB code: 1XKK). Erlotinib selectively binds and stabilizes the active 

conformation; therefore, the active conformation is dominant in the presence of erlotinib. 

Similarly, the inactive conformation is dominant in the presence of lapatinib (Wood et al., 

2004). Erlotinib and lapatinib are both potent inhibitors against WT EGFR. (B) Oncogenic 

mutations alter the energy landscape to favor the active conformation. As a result, lapatinib 

has little access to the majority of oncogenic EGFR mutants, which are locked into the 

Wang and Cole Page 18

Methods Enzymol. Author manuscript; available in PMC 2015 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



active conformation. The size of each structure has been schematized to depict the relative 

population of active and inactive conformations. (C) In normal cells, activated RAS recruits 

B-RAF from the cytosol to the plasma membrane for dimerization and activation. Once 

activated, B-RAF phosphorylates MEK, which in turn phosphorylates and activates ERK. 

Oncogenic forms of B-RAF (marked with V600E*) highly activate the ERK pathway in a 

RAS-independent manner. In B-RAF mutant cancer cells, such as melanoma, B-RAF 

inhibitor efficiently blocks ERK activation. In RAS mutant cancer cells, the same ATP-

competitive inhibitor unexpectedly activates the ERK pathway by promoting RAF 

dimerization.
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