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I. Introduction

A. Protein Phosphorylation and Protein Kinases

The reversible phosphorylation of proteins ranks
among the most important posttranslational modi-
fications that occur in the cell. In the last several
decades, protein phosphorylation has shifted from a
singular curiosity uncovered during the study of
glycogen metabolism1,2 to a universal mechanism for
cellular control and adaptation (see refs 3 and 4).
Today, it is difficult to discuss any biochemical event
in the living cell that is not touched directly or
indirectly by protein phosphorylation. The discovery
that a large class of enzymes known as the protein
kinases catalyze the phosphorylation of target pro-
teins and enzymes, thereby regulating biological
output, is now a cornerstone of the signal transduc-
tion field. The protein kinases can regulate a wide
range of processes including carbohydrate and lipid
metabolism, neurotransmitter biosynthesis, DNA
transcription and replication, organelle trafficking,
smooth muscle contraction, and cell differentiation.
Given this diversity, it is not surprising that the
vertebrate genome is estimated to contain as many
as 2000 protein kinases to carry out these numerous
biochemical processes.5 The scientific community has
invested significant effort in discovering new and
interesting protein kinases, evaluating complex sig-
naling pathways which include these enzymes, as-
sessing the structural outcome of phosphorylation on
substrate proteins, determining the three-dimen-
sional structures of protein kinases, and developing
potential drugs directed at specific protein kinases
that can interdict cell function. Great strides have
been made in all of these areas, but the extraordinary
advances in establishing the molecular structure of
simple and complex protein kinases has been par-
ticularly encouraging for the study of their catalytic
and regulatory mechanisms. We now understand the
basic fold of the catalytic core of a protein kinase,6-10

and more recently, we have been able to understand
how some noncatalytic regulatory elements attach to
this core.11,12
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B. Scope of Review
Protein kinases are ATP-dependent phosphotrans-

ferases that deliver a single phosphoryl group from
the γ position of ATP to the hydroxyls of serine,
threonine, and tyrosine in protein substrates. They
require an essential divalent metal ion, usually Mg2+,
to facilitate the phosphoryl transfer reaction and
assist in ATP binding. While the phosphoryl transfer
mechanism is chemically simple, we are learning that
the phosphorylation of protein substrates in the
active site of a protein kinase is complex and involves
structural changes. While the simple core structure
is shared within the protein kinase family, the core
frequently interacts with regulatory proteins or
domains that either enhance or repress catalytic
function. This structural hierarchy offers an extraor-
dinary level of complexity to the enzyme family and
makes functional studies on catalysis and regulation

intricate. To understand catalysis in these complex
systems, it will be important to evaluate how events
sometimes far from the active site influence the
kinetic mechanism. Knowledge of the individual steps
associated with substrate recognition, product re-
lease, and phosphoryl transfer are essential for an
effective evaluation of these enzymes and the man-
ners in which they are regulated. This review will
focus on approaches taken to assess the catalytic and
kinetic mechanisms of protein phosphorylation cata-
lyzed by protein kinases. Attention will be concen-
trated on the roles of active-site residues, metal ions,
conformational changes, and regulatory phosphory-
lation on the processing of peptide and protein
substrates.

While data will be reviewed from many different
enzymes within the protein kinase family, one mem-
ber, cAMP-dependent protein kinase [PKA], has
taken center stage and is, by far, the best understood
protein kinase from a mechanistic viewpoint. PKA
is a heterotetramer composed of a regulatory dimer
(R2) and two catalytic subunits (2C). The C-subunits
are active when cAMP binds R2 and induces dissocia-
tion of the tetramer.13-15 While PKA is the best
studied, substantial progress has been made with
other members of the protein kinase family. Table 1
provides a representative list of other protein kinases
for which mechanistic studies have been performed.
For the majority of protein kinases listed in this
table, X-ray diffraction data is available on either the
kinase core and/or the entire protein complex. For
example, several X-ray structures for the C-subunit
of PKA are available without the R2 dimer8,16-20 but
the inactive, tetrameric complex has not been solved.
Cdk2, an enzyme involved in control of the cell cycle,
requires a cyclin subunit for activity, and X-ray
structures for cdk2 with and without cyclin have been
solved.10,11,21 In some cases, the structures of multi-
domain protein kinases have been solved. The X-ray
structure of c-Src which includes the kinase core in
addition to two noncatalytic portions, SH2 and SH3
domains, has been solved recently.12,22-24 In some
cases, such as PhK, a multisubunit protein kinase
with a molecular weight in excess of one million, only
the crystallographic structure of the catalytic portion
has been solved.7 The number of available protein
kinase structures will certainly continue to grow and
provide an essential foundation for future studies on
catalysis and its regulation. For this review, the
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Table 1. Several Protein Kinases and Their Substrate Specificitiesa

name consensus sequence ref

serine protein kinases
PKA cAMP-dependent protein kinase -R-R-X-S/T-hyd- 173
PhK phosphorylase kinase -R-X-X-S/T-F-F- 38
cdk2 cyclin-dependent kinase-2 -S/T-P-X-R/K 32
ERK2 extracellular-regulated kinase-2 -P-X-S/T-P- 36-38

tyrosine protein kinases
c-Src cellular form of the transforming agent of the Rous sarcoma virus -E-E-I-Y-E/G-X-F- 30
v-Fps transforming agent of the Fujinami sarcoma virus -E-I-Y-E-X-I/V- 30, 174
Csk C-terminal Src kinase -I-Y-M-F-F-F- 175
InRK Insulin receptor kinase -Y-M-M-M- 30
EGFR Epidermal growth factor receptor -E-E-E-Y-F- 30

a Phosphorylation sites (P-sites) are shown in bold type.
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analyses of the protein kinases in Table 1 along with
other enzymes in the family will be discussed and
compared to PKA as a model structure and from this
comparison some general features for catalysis will
be put forth. While noncatalytic domains and sub-
units affect kinase function, this review will focus
largely on the core structure for the interest of
brevity.

II. Substrate Recognition

A. Local Sequence Elements
The majority of the protein kinases fall into two

large classes based on their ability to phosphorylate
serine, threonine, or tyrosine side chains. Protein
kinases that phosphorylate serine or threonine are
termed serine protein kinases [SPKs], and those that
phosphorylate tyrosine are called tyrosine protein
kinases [TPKs]. There is a third class of kinases that
can phosphorylate both serine and tyrosine side
chains.25,26 This group, termed dual-specific protein
kinases, is small in number and is not well charac-
terized from a mechanistic standpoint. Protein ki-
nases poorly phosphorylate free amino acids and rely
partly on local residues for high affinity. In general,
they phosphorylate peptide regions based on the
residues immediately flanking the site of phospho-
rylation. This site is called the P-site, and residues
N-terminal to this site are sequentially numbered
P-1, P-2, P-3, etc. Residues C-terminal to the P-site
are termed P+1, P+2, P+3, etc. Consensus sequences
for optimal phosphorylation have been determined
using peptide variants in either a manual screening
[e.g., refs 27-29] or random library approach [e.g.,
refs 30-34]. In the former approach, phosphorylation
sites in proteins are identified and short substrate
peptides, based on the local sequence surrounding
this site, are synthesized. Replacements in individual
residues are frequently made, and the effects on the
steady-state kinetic parameters are measured to
evaluate the significance of the residues. This ap-
proach, while effective, can be time-consuming. The
search for good substrate peptides has been stream-
lined by the application of random peptide libraries.
In this technique, all possible amino acids with the
exclusion of the P-site are inserted at each position
in a short peptide sequence. Optimal peptide sub-
strates are then selected from this library using
peptide sequencing and statistical methods.

The application of substrate specificity studies to
protein kinases has provided considerable data on the
role of local residues for efficient phosphorylation.
These local residues define a consensus sequence for
substrate phosphorylation. Table 1 lists the consen-
sus sequences for several protein kinases. In general,
amino acids that are approximately four residues or
less from the phosphorylation site in either the N-
or C-terminal directions are the most significant for
directing phosphoryl transfer. For example, PKA
prefers to phosphorylate serine or threonine side
chains with positively charged residues in the P-2
and P-3 positions and a small hydrophobic residue
in the P+1 position. A standard substrate peptide for
PKA, based on this consensus sequence, is Kemptide

(LRRASLG). Substitution of either the P-2 or P-3
arginine in Kemptide with uncharged residues leads
to poor substrates.35 The nature of the consensus
sequence can vary depending on the type of protein
kinase. For example, ERK2, a member of the MAPK
(mitogen-activated protein kinase) family, and cdk2,
a member of the cyclin-dependent kinase family,
prefer to phosphorylate serine peptides where proline
is in the P+1 position. Owing to this strict substrate
specificity, these two protein kinases and their family
members are termed “proline-directed” kinases.36-39

Many nonreceptor TPKs, such as c-Src, Csk, and
v-Fps, demonstrate a strong preference for hydro-
phobic residues (e.g., isoleucine, valine) in the P-1
position. In addition, many nonreceptor TPKs such
as c-Src and v-Fps prefer negatively charged residues
in the P+1 position but there are exceptions (e.g.,
Csk). In some cases, protein kinases may display
overlapping substrate specificities based on in vitro
assays. For example, PKA and PKC will phosphory-
late similar peptides on serine.31,32

B. Distal Recognition Elements

While many factors influence substrate specificity
in vivo, the local sequences flanking the P-site can
certainly impart strong binding affinity.40 Nonethe-
less, it has become apparent that in many cases short
peptide sequences may not exploit the complete
binding capacity offered by the protein kinase. For
example, based on kcat/Km, p38 MAPK phosphorylates
the protein substrate MAPKAP2 150-fold more ef-
ficiently than the corresponding 14-residue substrate
peptide that contains the target’s phosphorylation
site and the recognition motif, PXTP.41 The natural
substrate is, thus, likely to utilize additional binding
determinants not present in the immediate environ-
ment of the active site. In general, the MAPK family
of which p38 is a member utilizes one or more regions
outside the consensus region for substrate recognition
and specificity (see ref 42). For example, many of the
transcription factor substrates phosphorylated by
MAPK including c-Jun, ATF-2, and MEF2A contain
one or more docking domains between 50 and 100
amino acids N-terminal to the phosphorylation
sites.43-46 These distal recognition elements are likely
to be very important for efficient phosphorylation. For
example, the transcription factor ATF2 is phospho-
rylated 1300-fold more efficiently than the corre-
sponding 14-residue substrate peptide which contains
the phosphorylation site.41 While a detailed molecular
description of long-range substrate contacts in pro-
tein kinases is not available in all cases, the binding
of a protein substrate to cdk2 has provided new
insights into substrate recognition. As a member of
the cyclin-dependent kinases, cdk2 requires a bound
cyclin for maximum activity. The efficient phospho-
rylation of the protein substrate p107 by the cyclinA-
cdk2 complex requires a small hydrophobic patch,
RXL, known as a recruitment peptide.47 The X-ray
structure of cyclinA-cdk2 has been solved with a short
peptide fragment from p107 containing the RXL
motif (residues 658-668), and a complementary
pocket in the cyclin molecule has been established.48

Surprisingly, this pocket is 40 Å away from the site
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of phosphoryl transfer, a distance that is likely to
reflect a lower limit upon consideration of the com-
plete protein surface. While it is still unclear whether
binding of the P-site region of p107 occurs synchro-
nously with the recruitment segment, the data
extend the scope of the available substrate binding
surface from the immediate consensus sequence to
regions far outside the active site. As in the case for
cdk2, this surface extends to the bound cyclin regula-
tory protein.

III. Reaction Order

A. Kinetic Studies on PKA

The reactions catalyzed by protein kinases require
both ATP and a substrate protein and, thus, can be
viewed as bisubstrate kinetic mechanisms. Accord-
ingly, protein phosphorylation could conform poten-
tially to a random or ordered pathway with respect
to substrate and ATP binding. For many enzyme
systems, distinguishing between random and ordered
reactions is suited to traditional steady-state kinetic
approaches.49 PKA has been shown to incorporate a
random kinetic mechanism using Kemptide as a
substrate. These conclusions are largely derived from
two kinetic outcomes. First, noncompetitive inhibi-
tion patterns are observed either using a serine
peptide analogue, guanethidine, with respect to ATP
or using ADP with respect to Kemptide.50 Both
results indicate that ATP and Kemptide can bind
PKA independently as expected in a strictly random
kinetic mechanism. Second, in pulse-chase experi-
ments, radiolabeled phosphokemptide is generated
from tritiated Kemptide that is preequilibrated with
PKA prior to a cold chase, indicating that the
substrate peptide can bind prior to ATP.51 Likewise,
32P is incorporated into phosphokemptide when PKA
is preequilibrated with [32Pγ] ATP prior to addition
of Kemptide and cold ATP.51 These results are not
possible unless ATP and Kemptide have unrestricted
access to the active site, and the binding of one does
not exclude the binding of the other. Despite this
unambiguous evidence for random binding, PKA has
a preference for binding ATP prior to substrate based
on thermodynamic grounds.50,52 Longer substrate
peptides have been designed that bind significantly
better than ATP, but no studies have been performed
to determine whether the reaction ordered is af-
fected.40

B. Other Protein Kinases

To determine whether a common reaction order is
shared among the protein kinases, many research
groups have analyzed the steady-state kinetic pa-
rameters in the presence of inhibitors. For example,
c-Src, Csk, PhK, and the InRK have been shown to
utilize random kinetic mechanisms.53-57 These con-
clusions emanate largely from the observation of
noncompetitive inhibition plots using substrate ana-
logues. In these cases, peptide or random copolymer
substrates were used as phosphoryl acceptors, but
there is some concern whether these artificial sub-
strates adequately mimic the real in vivo substrate

proteins. For large protein substrates, ATP access
could be limited or the substrate protein could induce
a conformation in the kinase core that favors ATP
binding. In either scenario, the mechanism would
become ordered with either ATP or substrate protein
binding first. Two kinetic investigations suggest that
the reaction order can, indeed, be influenced by the
nature of the substrate. For p38R, a member of the
MAPK family, ATP binds prior to a peptide substrate
that is derived from a phosphorylation site in the
EGFR.58 In contrast, another research group found
that this enzyme binds the larger protein substrate
ATF2, a transcription factor, prior to ATP binding.59

C. Is There a Consensus?

In the majority of cases, protein kinases incorpo-
rate random kinetic mechanisms. Nonetheless, there
are a number of examples where ordered processes
are observed, warranting some concern about the
assignment of a general kinetic mechanism for the
enzyme family.59-61 In addition to reports where
larger substrates precede ATP binding, there are also
examples where smaller substrates exclude ATP
binding. For example, in one study, the EGFR was
found to observe an ordered reaction pathway with
the peptide substrate, LEDAEYAARRRG, binding
prior to ATP.61 Surprisingly, the same enzyme is
reported to utilize a random kinetic mechanism using
the larger poly Glu6Ala3Tyr as a substrate.62 These
results appear to conflict with the notion that larger
substrates may enforce an ordered mechanism owing
to steric exclusion of the nucleotide. In these cases,
the kinetic studies on protein kinases have led to
some confusion regarding reaction order. The deter-
mination of mechanism relies upon the intersection
of double reciprocal plots of substrate and ATP and/
or the inhibition patterns of dead-end substrate or
product analogues. Whether these analogues ideally
represent the desired substrate or not may limit data
interpretation. The pulse-chase experiment, bril-
liantly applied more than two decades ago to hex-
okinase, does not rely upon analogues.32 This tech-
nique showed definitively that PKA observes a
random kinetic pathway51 when prior reports sup-
ported other mechanisms.63,64 Nonetheless, protein
kinases bind large proteins with intricate tertiary
and quaternary structure that may not be mimicked
adequately, in all cases, by small peptides or random
copolymers. Given these issues, it is worthwhile to
bring all kinetic means of investigation to each
protein kinase and include a sufficient range of model
and, if possible, real substrates so that a comprehen-
sive position can be established.

IV. Protein Kinase Structural Elements

A. Conserved Core

Sequence comparisons of members of the protein
kinase family reveal that they share a conserved
region of approximately 200-250 amino acids that
confers kinase activity.65,66 From these studies, sev-
eral homologous regions and strictly conserved resi-
dues have been detected within the protein kinase
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family. In 1991, the first protein kinase structure,
the C-subunit of PKA, was elucidated by X-ray
diffraction methods.16,17 This structure put finally
into complete context the three-dimensional arrange-
ment of amino acids that constitute an active protein
kinase. In three short years after this discovery, the
X-ray crystallographic solutions of two more protein
kinases, cdk210 and ERK2,9 made it abundantly clear
that all protein kinases would share a common
kinase domain.67 Owing to the highly conserved
nature of the core structure, a description of PKA
encompasses the main features of all members of the
family and is worth noting here. The C-subunit of
PKA is comprised of two domainssa small ATP
binding domain composed primarily of R helices and
a larger substrate binding domain composed mostly
of â strands (Figure 1). The two domains, connected

by a small linker region, generate a binding pocket
for ATP and the substrate. While ATP is nestled deep
between the domains, the inhibitor peptide resides
on the periphery of the pocket. The structural data-
base on protein kinases is expanding rapidly, but the
basic fold revealed in PKA is present in all these
structures.

B. Active Site and Mutations
Several conserved residues converge near the site

of phosphoryl transfer and appear to play important
catalytic functions based on the available X-ray data.
Figure 2 shows the active site of PKA and highlights
several key residue interactions. Asp-184, a strictly
conserved residue, interacts with the essential Mg2+

(Mg1), which chelates the â and γ phosphates of ATP.
The chelation of this metal may position the terminal
phosphate for direct transfer to the hydroxyl acceptor
or mask the charge of the γ phosphate, thereby
reducing charge development in the reaction transi-
tion state or limiting electrostatic repulsion for an
incoming nucleophile. It is difficult to discern which
function predominates, and it is possible that all

participate in facilitating phosphoryl transfer. What-
ever the role, Asp-184 is extremely important for
catalytic function. Yeast expressing a mutant PKA
where aspartate is replaced with alanine are not
viable.68 Additional stabilization of the phosphates
may emanate from the interaction of Lys-72 with the
R and â phosphates of ATP. Unlike the role of Asp-
184, the function of Lys-72 is better understood.
Mutagenesis studies on this conserved lysine indicate
that its primary function is to facilitate phosphoryl
group transfer without influencing ATP binding.
Arginine substitution in Lck, a nonreceptor TPK
expressed in T-lymphocytes, and ERK2 lead to mu-
tant proteins with extremely low turnover numbers,
but in both cases, no changes in the binding of ATP
are detected.69,70 A more nonconservative alanine
replacement in this residue in yeast PKA results in
only a 6-fold increase in Km for ATP compared to an
840-fold reduction in kcat.68 These findings are con-
sistent with prior structure-function studies on PKA.
The affinities of ATP, ADP, and adenosine are very
similar in PKA,71 suggesting that any electrostatic
contacts between the phosphates and the active site
are not solely committed to lowering the ground-state
energy of the nucleotide-enzyme complex but rather
subtly position the γ phosphate for nucleophilic
attack. Lys-72 is specifically labeled and inactivated
by the irreversible inhibitor, p-fluorosulfonylbenzoyl
5′-adenosine.72,73 This modification is common and
has been used as confirmatory evidence for the
presence of a protein kinase [e.g., refs 72 and 74-
76].

In PKA, the conserved Asp-166 (Figure 2) is near
the alanine of the inhibitor peptide, and in crystal
structures of the ADP-substrate complex (where the
P site is serine), a direct hydrogen bond can be
assigned between the carboxyl and the hydroxyl
groups.19 This hydrogen bond has also been observed
in the ternary complex for the InRK and PhK,
suggesting that the conserved aspartate is likely to
serve a general function in all protein kinases. Owing

Figure 1. Ribbon diagram of PKA cocrystallized with ATP
and a peptide inhibitor, PKI(5-24).18 Arrows point to the
activation loop and the phosphorylation site, pThr-197, in
the activation loop.

Figure 2. Key residue interactions in the active site of
PKA. Mg1 and Mg2 represent the activating and inhibitory
divalent metal ions, Mg2+, respectively. This drawing is
based on the PKA ternary complex with ATP and a peptide
inhibitor.18 The dotted lines indicate close contacts of less
than 2.6 Å but are not drawn to scale. The hydroxyl of the
substrate is shown based on a binary complex of PKA with
a substrate peptide.19
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to its proximity, Asp-166 may direct the hydroxyl for
attack on the γ phosphate of ATP. The potential
function of this conserved residue is ardently debated.
Further consideration of its function will be offered
in section VIII. Lys-168 in PKA makes an electro-
static contact with the γ phosphate, but this interac-
tion is not fully conserved throughout the enzyme
family. For example, many TPKs have an arginine
or alanine in this position.66 In PKA, Lys-168 also
makes a contact with Thr-201, a residue that forms
part of the P+1 binding cleft. In yeast PKA, replace-
ment of this lysine with alanine leads to a mutant
protein (K212A) with a 30-fold elevated Km for
Kemptide and 50-fold reduced kcat.68 This is consis-
tent with a role for lysine in supporting both the
phosphoryl transfer step and possibly peptide bind-
ing. The comparatively mild effect of alanine substi-
tution on turnover is also compatible with the vari-
ability of this residue in other protein kinases.

V. Activation Loop Phosphorylation

A. AutoinhibitionsCrystallographic Insights
The activities of the protein kinases are regulated

through an assortment of mechanisms involving
regulatory subunits and domains [see refs 77-80],
fatty acid acylation [see refs 81 and 82], isoprenyla-
tion [see refs 83 and 84], second messengers [see refs
85-87], subcellular localization [see refs 88-90], and
phosphorylation [see refs 3 and 91]. While an ad-
equate summary of these mechanisms is outside the
scope of this review, the phosphorylation of protein
kinases is germane since this posttranslational modi-
fication may occur within the kinase core and can be
correlated directly with the catalytic mechanism. The
essential phosphorylation site in PKA, Thr-197, is
part of a loop segment known as the activation loop
(Figure 1). This phosphorylation enhances catalytic
activity by approximately 3 orders of magnitude in
PKA and is, consequently, an essential posttransla-
tional modification.92,93 Many protein kinases are also
phosphorylated in the activation loop, but for some
that are not, a negatively charged residue is substi-
tuted for the phosphoamino acid.94 In cases where
X-ray diffraction data is available, this residue is far
from the site of phosphoryl transfer in active protein
kinases so that its role in activity regulation must
involve interstitial structure. The crystallographic
models of phosphorylated and nonphosphorylated
protein kinases have been used to put forth an
autoregulatory role for the activation loop. In cdk2,
FGFR kinase, and the InRK, the B factors of residues
in the activation loops are high when the loops are
not phosphorylated. Under these circumstances, best
modeling places them partly in the active site.11,21,95-97

Phosphorylation then lowers the B factors and causes
large movements in the activation loop, allowing
better substrate access to the active site. In this
manner, the activation loop may function as a “door”
to the substrate pocket, a phenomenon which could
explain the large rate enhancements observed upon
activation loop phosphorylation [e.g., refs 93 and 98-
101]. This is an exciting possibility since it has the
capacity to unify the regulatory mechanisms of a

broad array of protein kinases whose activities are
largely controlled by phosphorylation.

B. Opening the “Door”
The data from several X-ray structures have been

used to posit that the activation loop limits access of
substrates to the active site.11,96 If this hypothesis is
correct, then it follows that substrates either cannot
gain access or have very limited access to the active
site in the dephosphorylated enzyme. In essence, this
model predicts that the loop serves as a competitor
for the substrate when the enzyme is repressed. As
such, loop dephosphorylation is expected to impair
substrate and/or ATP binding but have little or no
effect on the rate of the phosphoryl transfer step.
Attempts to test this hypothesis using dephosphory-
lated enzymes have unfortunately provided mixed
results. Figure 3 shows the relative effects of activa-

tion loop phosphorylation on the kinetic mechanisms
of four protein kinases. The bar graph in this figure
compares three parameterssthe dissociation con-
stants of ATP and substrate and the rates of phos-
phoryl transfer. Effects greater than one in this graph
imply that phosphorylation enhances ligand binding
or increases the rate of the phosphoryl transfer step.
Conversely, effects less than one imply that phos-
phorylation impairs ligand affinity or reduces the
rate of phosphoryl transfer. These studies show that
activation loop phosphorylation enhances substrate
binding for ERK2 and cyclinA-cdk2 by about 2 orders
of magnitude but has no effect for PKA and v-Fps.
Surprisingly, the binding affinity of ATP is impaired
significantly in only one example, PKA. Given these
results on ligand affinity, it is not clear that the
activation loop serves the universal function of an
autoinhibitor. Loop phosphorylation appears to gen-
erally increase the rate of phosphoryl transfer by 2-4
orders of magnitude in all examples, an effect larger
than those on substrate binding. Given the nature
of these findings, the activation loop is not behaving
as a pure competitor for either ATP or substrate. In

Figure 3. Effects of activation loop phosphorylation on
the dissociation constants for ATP and substrate and the
rate of phosphoryl transfer for four protein kinases. Rela-
tive effects larger than one imply that ligand affinity or
the rate of phosphoryl transfer is enhanced by activation
loop phosphorylation. Relative effects less than one imply
that ligand affinity or the rate of phosphoryl transfer is
decreased by activation loop phosphorylation. The data for
PKA, ERK2, cyclinA-cdk2, and v-Fps were taken from refs
92, 98, 100, and 178.
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fact, the greatest role of the activation loop is in
facilitating the phosphoryl transfer step through
other stabilizing phenomena.

C. Is There a Common Activation Mechanism?
While phosphorylation may affect the flexibility of

the activation loop, the nature of the movement does
not appear to be the same in all protein kinases. A
comparison of the phosphorylated and nonphospho-
rylated forms of the InRK and FGFR kinase suggest
that kinase activation causes different movements in
the activation loop.102 Whereas the loop in the InRK
appears to occlude the substrate pocket and part of
the ATP pocket,96 the loop in the FGFR displays more
localized conformational changes upon phosphoryla-
tion that are not predicted to influence ATP binding.97

In addition to shifts in B factors in the crystalline
state, phosphorylation certainly affects the structure
of some protein kinases in solution. In the InRK,
activation loop phosphorylation destabilizes the pro-
tein toward guanidine-induced denaturation.103 On
the basis of hydrogen/deuterium exchange data, the
N-terminal lobe of MKK1 (MAPK kinase-1), the
protein kinase that phosphorylates and activates
ERK1 and ERK2 in the MAPK cascade, becomes
more flexible upon activation loop phosphorylation.104

Crystallographic studies of the repressed and acti-
vated ERK2 reveal more subtle changes in the
activation loop than those witnessed for the InRK
and cdk2. Upon dual phosphorylation of ERK2,
movements in the activation loop are localized to a
specific region important for recognizing the P+1 site
in peptide substrates.105 While other long-range
structural changes occur due to phosphorylation, the
overall shape of the substrate pocket does not change
significantly.105

The data garnered from structural and kinetic
studies do not agree upon a general mode of regula-
tion through the activation loops of protein kinases.
Indeed, there may be no structural cause for propos-
ing such a universal mechanism. There is little
sequence conservation within the loops, and the
requirement for phosphorylation is not universal.
Some activation loops require multiple phosphory-
lations such as the InRK and ERK2, while some
require single phosphorylation such as PKA and
cdk2. Still others, such as PhK, do not have a
phosphorylation site in this loop region.7 Further-
more, activation loop size does not appear to be
largely restricted with lengths ranging from 19 to 32
residues.106 As evidenced in the available X-ray
crystallographic structures, phosphorylation-driven
movements of the loop may vary from kinase to
kinase but it is becoming evident that regulation via
this loop incorporates movements in other specific
structural elements in the core. For example, phos-
phorylation of the InRK, ERK2, and cdk2 causes
large movements in RC so that the conserved
glutamate (Glu-91 in PKA) in this helix is positioned
appropriately to interact with and stabilize the
conserved lysine in the active site (Lys-72 in PKA)
(Figure 2). The creation of this important dyad may
be one of the underlying causes for the extraordinary
enhancements in phosphoryl transfer rate upon
activation loop phosphorylation (Figure 3).

VI. Phosphoryl Transfer Mechanism

A. Phosphoenzyme as a Reaction Intermediate?
Unlike some of the protein phosphatases,107,108

there is no convincing evidence that protein kinases
utilize a phosphoenzyme intermediate to facilitate
protein phosphorylation. PKA transfers the γ phos-
phate of ATP to a substrate peptide with inversion
of stereochemical configuration.109 The simplest in-
terpretation of this result is that the hydroxyl of the
substrate directly displaces the phosphate in a single
step. Of course, more complex mechanisms involving
multiple covalent intermediates are possible theoreti-
cally, but the active site does not appear to present
the appropriate nucleophiles for such a mechanism.
In fact, the crystal structures of the protein kinases
do not position a good nucleophile such as a cysteine
near the terminal phosphate of ATP. For the tyrosine
protein phosphatases, a cysteine residue is positioned
near the phosphoryl group and forms a transient
thiophosphoryl enzyme adduct. This intermediate
has been supported by many kinetic experiments
including the physical isolation of the chemical
intermediate.107 While stereochemical studies on a
sufficient number of protein kinases are lacking, it
is reasonable to assume that, based on the PKA data,
they incorporate a single displacement of the γ
phosphate by the substrate without the incorporation
of any intermediates. This assumption is bolstered
by the high level of sequence similarity within the
protein kinase superfamily. By comparison, not all
protein phosphatases incorporate a phosphoenzyme
intermediate, but this enzyme family is composed of
three unique gene families with distinctive three-
dimensional structures and active-site configura-
tions.107,108

B. Associative vs Dissociative Mechanisms
The mechanisms whereby phosphoryl groups are

transferred from donors to acceptors in solution
reactions have been studied extensively for decades
and are adequately reviewed elsewhere.110,111 The
transition states for these mechanisms have been
characterized as either dissociative or associative.
Figure 4 presents both transition states for the
phosphoryl transfer reaction catalyzed by protein
kinases. In the dissociative transition state, bond
breaking between the phosphorus center and the
leaving group atom is more advanced than bond
making with the atom of the in-coming nucleophile.
This contrasts with an associative transition state
where bond formation between the nucleophile and
the phosphorus center are advanced. Of course, these
putative structures reflect extreme cases and it is
possible for a given phosphoryl transition state to
incorporate aspects of both. While the transfer mech-
anisms appear to be distinct for mono-, di-, and
triesters of phosphate in model solution reactions, the
data garnered from the monoesters are particularly
relevant for the reactions catalyzed by protein ki-
nases. In general, the reactions involving phosphoryl
monoesters proceed through dissociative-like transi-
tion states. Several lines of kinetic evidence have
been used to draw this conclusion. The attack of
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nucleophiles on aryl phosphate dianions and pyridine
phosphate monoanions are accompanied by low val-
ues for ânuc and large negative values of âlg.112-114 A
large negative âlg denotes a strong dependence be-
tween the reaction rates and the pKa’s of the leaving
group and implies that a large amount of bond
breaking between the phosphorus center and the
leaving group atom occurs in the transition state. The
large value of this coefficient also implies appreciable
development of charge on the leaving group. The low
ânuc denotes insensitivity between the reaction rates
and the pKa’s of the attacking nucleophiles. This is
consistent with little bond formation between the
nucleophile and phosphorus atom in the transition
state. These two coefficients are complementary and
consistent with a transition state that has low
associative character.

It has been demonstrated in a number of cases that
enzymatic and nonenzymatic reactions of phosphoryl
esters occur through similar transition states that
differ only by the extent of stabilization.115-118 If the
active site of an enzyme alters the energy without
affecting the nature of the transition state, then it is
expected that the protein kinases will adopt dissocia-
tive-like transition states akin to the solution reac-
tions.118 This possibility has been explored experi-
mentally for the nonreceptor TPK, Csk. This enzyme
can phosphorylate fluorotyrosine peptides so that the
acidity of the nucleophile can be altered and detailed
linear free energy relationships can be derived. The
Bronsted plots of kcat and kcat/Km versus the pKa’s of
various fluorotyrosine peptides have very low values
for ânuc (∼0.08). This is consistent with a transition
state for phosphoryl transfer that possesses a high
degree of dissociative character. In other studies, it
was demonstrated that kcat reflects the phosphoryl
transfer step for the substrate peptide series,56 an
important prerequisite for the interpretation of struc-
ture-function studies. As shown in Figure 4, the
phosphorylation of tyrosine by Csk adopts a pathway
that is closer to a dissociative mechanism (upper
pathway) where a large amount of bond breaking
between the â and γ phosphates of ATP occurs in the
transition state. It is still unclear whether a dissocia-
tive mechanism also applies to the SPKs. Detailed
structure-reactivity plots as those applied to Csk

cannot be applied to these protein kinases owing to
limitations in the structure of the substrate. None-
theless, given the results on Csk and the model
reaction studies, it is likely that the SPKs also
incorporate a dissociative-like transition state as
well.

C. Insights from Structural Studies

Further support for a dissociative-like transition
state for the protein kinases has come from X-ray
crystallographic and NMR data. PKA has been coc-
rystallized in a ternary complex with ADP and a 20-
residue phosphopeptide so that distance geometries
for phosphoryl transfer can be estimated.19 If this
structure corresponds with a viable enzyme species
populated under catalytic turnover conditions and the
transition state for phosphoryl transfer is assumed
to be symmetric, then the distance between the
attacking nucleophile (serine oxygen) and the leaving
group (âγ bridging oxygen of ATP) can be used to
calculate the bond order for the incoming oxygen.
Such calculations predict that the transition state for
phosphoryl group transfer in PKA is 8.4% associative
and 91.6% dissociative.119 Substitution inert Co(III)
and Cr(III) complexes of PKA, AMPPCP (an ATP
analog), and Kemptide have been studied using NMR
methods to derive interatomic distances.120 Such
studies indicate a longer distance between the at-
tacking oxygen and the γ phosphate of the nucleotide
than that detected in the X-ray models. While some
of this discrepancy could be due to the use of an
inactive nucleotide analogue, the combined data from
NMR and X-ray methods suggest that the amount
of associative character in the transition state is very
small.119

VII. Metal Ion Catalysis

A. Structure and Chelation

Protein kinases require an essential Mg2+ ion for
catalysis. As shown in Figure 2, this metal ion [Mg-
(1)] chelates the âγ phosphates of ATP and Asp-184
in PKA. From a structural perspective, Mg(1) is
considered the primary metal since it is visible in the

Figure 4. Associative and dissociative reaction transition states for protein kinases. The phosphoacceptor, ROH, represents
the side chain of serine, threonine, or tyrosine.
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crystal at low concentrations and is likely to gain
entrance to the active site as a Mg‚ATP complex. A
second metal ion is also observed in the active site
of this enzyme and chelates the Rγ phosphates of
ATP, Asp-184, and Asn-171, another conserved resi-
due. This metal site is visible when the crystal is
soaked with high concentrations of Mg2+. Two metals
are also present in the X-ray structures of other
protein kinases. PhK binds two Mg2+ and utilizes the
same phosphates on ATP and residue side chains as
PKA to position these metals. The InRK also binds
two Mg2+ in similar positions to those in PKA, but
the chelation is subtly altered. In this protein kinase,
the second metal [Mg(2)] interacts with only the â
phosphate rather than the Rγ phosphates of ATP.96

It is not easy to extract a relevant meaning to these
differences at this point since the crystallization
conditions for the InRK included an ATP analogue
which may not exactly reflect the true nucleotide. In
some cases, protein kinases have been cocrystallized
with Mn2+ rather than Mg2+. For PKA, Mn2+ occupies
the same two positions as Mg2+ in the active site and
interacts with the same residues and phosphate
groups.18,121 In all examples where an active protein
kinase has been cocrystallized with ATP or an
analogue, the γ phosphate forms an electrostatic pair
with one of the metal ions.

B. Kinetic Parameters
Prior to the solution of the first protein kinase

structure, kinetic studies showed that these enzymes
are capable of binding two metals. The activity of
PKA was shown to increase up to a stoichiometry of
1 metal per ATP.122 Above this level, the activity
declines to a nonzero value.50,122 The apparent affinity
constant for the binding of the first metal is similar
to that for the metal-ATP complex in solution (∼10
µM), implying that Mg-ATP is the essential nucle-
otide complex that binds in the active site and
supports phosphorylation. The dissociation constant
of the second metal binding event (∼2 mM) is about
2 orders of magnitude higher than that for the first,
so that this secondary site is only partially occupied
under physiological metal concentrations. These ki-
netic observations are consistent with the X-ray
diffraction data. The second metal is observed only
at high concentrations in the crystalline state. Owing
to the shift in activity above stoichiometric metal
concentrations, the first metal is called activating
while the second metal is termed inhibitory. The
latter inhibition by excess amounts of Mg2+ is the
result of a reduced kcat,50,123 but the steady-state
kinetic parameters reveal a more complex role for
this secondary metal. In PKA, the reaction velocity
actually increases when the second metal binds if
ATP concentrations are limiting. This occurs because
the lower kcat values are offset by larger decreases in
the Km for ATP at high metal concentrations. In this
sense, the term inhibitory metal is somewhat mis-
leading.

While all protein kinases appear to bind two metal
ions which surround the triphosphates of ATP, the
function of these ions on a kinetic level does not
appear to be conserved. Table 2 shows the effects of

the second Mg2+ on the steady-state kinetic param-
eters for several protein kinases. Although the num-
ber of protein kinases analyzed, to date, is limited,
it is already clear that there is no consistency within
the enzyme family. While the second metal lowers
Vmax in PKA, it enhances this parameter in oth-
ers.124,125 There are currently no examples where the
second Mg2+ negatively influences ATP affinity, but
there are cases where it has no apparent effect. In
some cases, the increase in apparent ATP affinity is
large and significantly affects catalytic function. For
v-Fps, the binding of the second metal increases ATP
affinity by as much as 80-fold.126 This enormous
increase accounts for the large activation observed
for this enzyme under normal assay conditions.126

While most protein kinases appear to be active in the
presence of a single Mg2+, Csk has been reported to
require two metals for basal activity.125 A plot of the
reaction velocity for this enzyme as a function of free
Mg2+ provides an apparent zero intercept on the
y-axis, indicating that the primary metal site does
not provide adequate stabilization for phosphoryl
transfer.125 In addition to these effects, the second
metal ion can influence the binding of substrates. For
example, the Km for the random copolymer, poly-Glu4-
Tyr, increases with increasing free Mg2+ concentra-
tion for Csk, Src, and FGFR.125 Clearly, the overall
role of metal ions in the active sites of protein kinases
is the facilitation of the phosphorylation reaction, but
the discrete mechanism of involvement for each metal
is curiously not shared throughout the enzyme family
and, in some cases, is kinetically complex.

C. Nonphysiological Metal Ions
Owing to its high concentration in the cell com-

pared to other divalent metal ions,127 Mg2+ is con-
sidered the physiological activator of protein kinases.
Nonetheless, other divalent metal ions can replace
Mg2+ in the active site and, in some cases, support
catalysis in vitro. The ability of a diverse group of
divalent metal ions to support binding of lin-benzo-
ADP, a fluorescent analogue of ADP, and catalysis
has been thoroughly tested.128 While a number of
metal ions will support nucleotide binding (Mg2+,
Mn2+, Co2+, Ca2+, Sr2+, and Cd2+), catalytic activity
is detected in only four (Mg2+, Mn2+, Co2+, and Cd2+).
In crude activity assays, initial velocities are 2-10
times higher in the presence of Mg2+ compared to the
others, supporting a dominant role for this metal as
the true activator. While the changes in catalytic
power have not been rigorously analyzed in all cases,
the low activities in the presence of Mn2+ and Co2+

Table 2. Changes in the Steady-State Kinetic
Parameters for Several Protein Kinases upon
Binding of the Second Mg2+ in the Active Site

enzyme substrate VMax Km (ATP) Km (substrate)

PKA a LRRASLG V V none
v-Fpsb EAEIYEAIE none V none
Csk c poly-Glu4-Tyr v none v
Srcc poly-Glu4-Tyr v none v
FGFRc poly-Glu4-Tyr v V v

a Data taken from refs 50 and 123. b Data taken from ref
126. c Data taken from ref 125.
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are due mostly to attenuations in kcat for PKA.129 PhK
will also utilize Mn2+ as an alternative metal activa-
tor, but as in the case for PKA, kcat is about 20-fold
lower.130 Co2+ and Ni2+ bind to Csk in the secondary
site with high affinity compared to Mg2+, but activi-
ties are lower.124

The TPKs appear to behave uniquely with Mn2+

as an activator. Not only do Csk and the InRK utilize
this divalent metal ion, but, under certain concentra-
tions, the activities are higher in the presence of Mn2+

compared to Mg2+.124,131,132 The source of this rate
enhancement is not yet fully understood. Divalent
metal ions have been shown to influence substrate
binding and selectivity. For example, the Km for poly-
Glu4Tyr is 14-fold lower in the presence of Mn2+

compared to Mg2+ for Csk.132 While this is an appar-
ent effect on binding, there is some evidence that
changes in Km for substrates may be correlated with
changes in true binding affinities. For example, the
KI for the PKA inhibitor LRRNAI is 2-fold lower in
the presence of Mn2+ compared to Mg2+.129 A dra-
matic effect on substrate selectivity has been ob-
served for PhK where Mn2+ substitution converts the
enzyme’s specificity from serine to tyrosine.130 While
PhK does not phosphorylate angiotensin on tyrosine
in the presence of Mg2+, this substrate is phospho-
rylated in the presence of Mn2+.130

VIII. Acid−Base Catalysis

A. Structural and Kinetic Observations
Protein kinases possess extraordinary catalytic

power, accelerating phosphorylation rates by 9-11
orders of magnitude.119 This enormous rate enhance-
ment is likely to stem from a number of factors, but
the participation of a general-base catalyst has been
given special consideration in the literature.8,133,134

The major impetus for the proposal of such a mech-
anism is likely to be grounded in the presumption
that the alkoxide of serine or threonine or the
phenolate of tyrosine should be a better general
nucleophile than the alcohol or phenol form and,
thus, would enhance phosphoryl group donation.
Figure 5A depicts a transition state for phosphoryl
group transfer in PKA that incorporates general-base
catalysis via Asp-166. Two experimental findings
have been used as evidence to support a general-base
catalyst. First, the second-order rate constant, kcat/
Km, for the phosphorylation of Kemptide by PKA is
pH sensitive. A plot of this parameter as a function
of pH is bell-shaped with the acidic limb (pKa ) 6)
being ascribed to the ionization of a general-base
catalyst.133 The elevation of the carboxyl pKa from its
intrinsic value of 4 to 6 is thought to reflect a
hydrophobic environment surrounding the ionizable
residue. An acidic limb is also observed in the pH-
rate profile for the EGFR tyrosine kinase.135 In this
example, a detailed substrate dependence was not
performed so that it is unclear which steady-state
kinetic parameter is pH sensitive. Second, the con-
served aspartate in the catalytic loop of PKA forms
a hydrogen bond with the substrate peptide so that
it is ideally poised for proton abstraction.19 The
conservation of this residue and the observation of

this hydrogen bond in other protein kinase structures
intuitively supports a general role for the carbox-
yl.19.65

B. Low pH and Low Activity
If protein kinases utilize a general-base catalyst,

it is reasonable to suspect that protonation of this
residue would lower the activity of an enzyme pro-
vided the chemical step is rate-limiting in the steady-
state time frame. While substrate phosphorylation
in PKA is pH dependent, several kinetic studies
challenge the origins of the acidic pKa in the kcat/Km
pH-rate profile. Replacement of the P-2 arginine in
the substrate peptide, LRRNSI, with alanine pro-
duces a substrate (LRANSI) that does not display an
acidic pKa.136 In contrast, removal of the P-3 arginine
generates a substrate (LARNSI) with a pH-rate
profile similar in shape to that for Kemptide and
LRRNSI. These data suggest that an ionizable resi-
due interacting with a single arginine in the sub-
strate must be correctly ionized for binding. Two

Figure 5. Potential roles for Asp-166 and Mg2+ in the
active site of PKA. (A) The carboxyl of Asp-166 acts as a
general-base catalyst abstracting the hydroxyl proton of
the substrate in the transition state for phosphoryl trans-
fer. (B) Asp-166 forms a hydrogen bond with the hydroxyl
of the substrate for correct positioning of the nucleophile
but does not remove the proton in the transition state. (C)
Asp-166 serves the same function as in panel B, but Mg2+

stabilizes the developing negative charge on the leaving
group.
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glutamates interact with the P-2 arginine, but both
residues are considerably removed from the site of
phosphoryl transfer. Other data suggest that the
acidic limb is involved in substrate binding and does
not correspond to the ionization of Asp-166. The KI
for the inhibitor peptide, LRRAALG (Ala-Kemptide),
is pH-dependent with the lower pKa identical to the
lower pKa in the kcat/Km plot.133 While this alone does
not rule out the possibility of Asp-166 ionization,
Kemptide and Ala-Kemptide bind with identical
affinities, an outcome which implies that the ioniza-
tion state of the carboxyl does not influence substrate
affinity.52,64 If the ionization of Asp-166 supports
phosphoryl transfer and substrate binding as sug-
gested by the pH-dependent KI and kcat/Km data, it
is not clear why removal of the hydroxyl does not
impair affinity or alter the pH dependence of the KI.
Finally, it has been demonstrated using pre-steady-
state kinetic methods that the rate of phosphoryl
transfer in PKA is invariant over a wide pH range
of 6-9 and is not influenced by solvent deuterium,
lending further support that the pH-rate profile for
kcat/Km does not reflect the ionization of a general-
base catalyst.137

C. Active Form of the Substrate

To shed light on the role of a potential general-
base catalyst in protein kinases, several studies have
focused on determining the ionization state of the
hydroxyl nucleophile. Fluoridation of the tyrosine
side chain of the substrate peptides for Csk has
provided some interesting insights into the phospho-
ryl transfer mechanism for TPKs. The second pKa in
the bell-shaped plots of kcat/Km vs pH for Csk de-
creases linearly with the solvent pKa’s of the fluoro-
tyrosine substituents.138 These results indicate that
the second pKa in the pH-rate profiles reflects the
ionization of the tyrosine hydroxyl. Since activity is
lost at higher pH, the data imply that the neutral
form of the phenol is the active substrate species. In
a general-base-catalyzed mechanism, the ionized
substrate is expected to be more reactive than the
uncharged form. Applying this presumption, the
higher activity associated with the neutral phenol
species does not provide support for a general-base-
catalyzed process for this enzyme. In a related study,
the neutral form of the tetrafluorotyrosine substrate
peptide for the InRK was shown to be more reactive
than the ionized form.139 Overall, the data from both
Csk and the InRK are not strictly consistent with a
general-base mechanism but are instead supportive
of a dissociative-like transition state as shown in
Figure 4.

D. Computational Approaches

The possibility of a catalytic base in protein kinases
has sparked intense investigation. In addition to
experimental approaches, the viability of Asp-166 in
PKA as a general-base catalyst has been challenged
using computational methods. The phosphoryl trans-
fer mechanism for PKA has been explored using
hybrid quantum mechanical/molecular mechanical
(QM/MM) calculations.140,141 In these studies, the

active site of PKA was represented by 46 atoms that
mimic Asp-166, Lys-168, the triphosphate group of
ATP, the serine substrate, and the two magnesium
ions. The lowest energy transition state was attained
in these calculations when the catalytic aspartate
was protonated. Similar results were obtained by
another group that used semiempirical AM1 molec-
ular orbital calculations and a larger ensemble of
atoms for the active site.142 In this study, the authors
mutated the catalytic aspartate to alanine but sur-
prisingly observed no effect on the free energy profile
for phosphoryl transfer. The identical computational
approach on the Lys-168-to-alanine mutation results
in a greatly altered reaction surface with larger free
energy barriers for phosphoryl transfer,142 in keeping
with the observed experimental results.68 These
unusual findings have been interpreted to imply that
Asp-166 is important for maintaining the structure
of the active site, not for proton abstraction.142

Moreover, the two computational approaches applied
to PKA suggest that Asp-166 does not abstract the
hydroxyl proton from the substrate in the transition
state.

E. What Is the Role of the Conserved Aspartate?

On the basis of available primary and tertiary
structural comparisons,65-67,94,106 it is likely that all
protein kinases position a conserved aspartate resi-
due in hydrogen-bonding distance to the hydroxyl of
the substrate as depicted in Figure 2. Despite the
attractiveness of an acid-base role for this residue,
the data garnered from simple organic reaction
mechanisms and from kinetic studies on Csk, PKA,
and the InRK do not provide convincing evidence for
a general-base catalyst.111,118,136-139,143 In fact, it is
conceivable that ionization of the hydroxyl acceptor
via a catalytic base could have adverse effects on the
phosphoryl transfer step. As pointed out in one study,
high negative charge on the hydroxyl could inhibit
the reaction if charge repulsion with the γ phosphate
is considered.138 Given these results, the mechanism
in Figure 5A may not provide a catalytic advantage
to the protein kinase. Nonetheless, the conserved
aspartate is clearly important for efficient catalysis.
Replacement of this residue with alanine in PKA and
PhK results in decreases in kcat of 2-3 orders of
magnitude.68,144 If there is no need for a base catalyst
for the phosphoryl transfer step, what role does this
conserved residue play in catalysis? It has been
proposed that the carboxyl group may position the
hydroxyl for productive attack of the γ phosphate of
ATP.137 This mechanistic alternative, shown in Fig-
ure 5B, is more in line with the structure-reactivity
studies. The proton would not be transferred to the
aspartate in the transition state as expected in
general-base catalysis, but the hydrogen bond would
“freeze out” a productive rotamer of the hydroxyl
group so that appropriate attack geometry could be
attained. Alternatively, the aspartate could serve to
repel the phosphoproduct and facilitate dissociation.19

Mutations at this position would then be expected
to improve the affinity or reduce the release rate of
the phosphoproduct. For cases where the conserved
aspartate has been removed by mutagenesis,68,144
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analysis of the effects on phosphoproduct binding
were not performed, so that this hypothesis cannot
be currently substantiated.

While dissociative mechanisms are not expected to
be accelerated by general-base catalysts, they are
affected by general-acid catalysis.111 The protonation
of the âγ bridging oxygen could promote bond cleav-
age and formation of the metaphosphate-like transi-
tion state. As shown in Figure 4, a considerable
amount of negative charge develops on the leaving-
group oxygen in the dissociative pathway. It is not
clear which residue in the active site would serve to
stabilize this charge. Asp-166 in PKA is not near the
bridging oxygen, and the neighboring Lys-168 is not
a conserved residue.65,66 The phosphoryl transfer step
in PKA has been directly measured using pre-steady-
state kinetic techniques (see section IX), but this step
is insensitive to a wide range of pH values (6-10)
and unaffected by deuterium oxide.137 An acid-base
catalyst could ionize outside this pH range, but this
would limit its catalytic power.145 While these and
other observations do not support the general-base
mechanism, a significant amount of negative charge
is expected to develop on the bridging oxygen and it
may be the function of the metal ions in the active
site to stabilize this charge.118 As shown in Figure
5C, one of the magnesium ions could stabilize the
developing charge on the bridging oxygen, thereby
facilitating departure of the leaving group, ADP.
Taking all the evidence together, the reactions cata-
lyzed by the protein kinases do not appear to require
a general-base catalyst for proton abstraction. Con-
sequently, alternative mechanisms that incorporate
a positioning function for the aspartate either with
or without participation of a metal ion (Figure 5B and
C) may be considered.

IX. Rate-Determining Steps in Protein Kinases

A. Historical Perspective
While the importance of protein kinases has been

appreciated for decades, the inner workings of the
kinetic mechanisms of these enzymes have only been
revealed in recent years. One controversy that has
prevailed and limited the detailed analysis of cata-
lytic and regulatory phenomena is the velocity at
which protein kinases can deliver the γ phosphate
of ATP to protein substrates in the active site. Such
a quantity is essential for establishing the rate-
determining step in the overall reaction, a key
acquisition for meaningful structure-function stud-
ies on this or any enzyme family. Two contrasting
views could be put forth historically based on the
interpretation of steady-state kinetic data. PKA has
an intrinsic ATPase activity (water as a substrate)
that is approximately 3 orders of magnitude lower
in rate than kcat (Kemptide as substrate).50,146 This
extraordinary difference in rate suggests that water
phosphorylation (kcat ) 0.01 s-1) must be limited by
the chemical delivery of the phosphate as opposed to
nucleotide binding steps. Replacement of the es-
sential, activating Mg2+ with Mn2+ causes 20-fold
decreases in both ATPase rate and the kcat for
Kemptide phosphorylation.146 The similarity in these

rate reductions could result from rate-limiting phos-
phoryl transfer for both the good (LRRASLG) and
poor (water) substrates.

The effects of divalent metal ion concentrations on
PKA activity can also be used to propose an alterna-
tive kinetic mechanism. Cook and co-workers posited
that phosphoryl transfer is fast and that ADP release
is the rate-determining step based on the effects of
varying Mg2+ concentration on Vmax and nucleotide
binding using only Kemptide as a substrate.50 In-
creasing free Mg2+ from 0.5 to 10 mM leads to a
decrease in Vmax and an increase in the affinity of
ADP. Cook and co-workers argued that the coordi-
nate reduction in ADP affinity and increase in kcat is
due to rate-limiting ADP release and fast phosphoryl
transfer. This mechanism is attractive since it ex-
plains why Km is more than an order of magnitude
lower than Kd for the substrate peptide.50,64 Scheme
1 depicts a simple phosphorylation mechanism for a

protein kinase at high ATP concentrations.
In this reaction scheme, Km for the substrate can

be related to the individual steps by eq 1

If the phosphoryl transfer step is fast (k3 > k4), Km
can be lower than Kd by the term k4/k3 [Km ) Kdk4/
k3] if the substrate is in rapid exchange with the
enzyme (k3 < k-2). If the substrate is phosphorylated
faster than it can dissociate from the enzyme (k3 >
k-2), Km may still be lower than Kd if product release
is slower than substrate dissociation (k-2 > k4). By
comparison, Km can never be less than Kd when
phosphoryl transfer is rate-limiting. Regardless of the
dissociation rate of the substrate, Km will either equal
or exceed the Kd value. Despite the logic of this
argument, neither interpretation of the steady-state
kinetic parameters could dismiss the other. As a
result, the controversy regarding the nature of the
rate-determining step persisted for some time since
both interpretations relied upon indirect measure-
ments of the phosphoryl transfer step. Two kinetic
approaches in the past decade, however, shed new
light on this problem. The application of viscosomet-
ric and pre-steady-state kinetic techniques have been
used together to isolate the phosphoryl transfer step
in PKA and unequivocally establish its rate compared
to turnover.52,147

B. Viscosity Effects on Turnover
In the viscosity approach, the effects of added

viscosogens (e.g., glycerol and sucrose) on the steady-
state kinetic parameters are monitored. In principle,
bimolecular events such as product dissociation are
expected to be sensitive to solvent viscosity while the
phosphoryl transfer step, a unimolecular event, is
expected to impart no viscosity dependence.147-150 If
turnover is limited by a product release step, a large

Scheme 1

Km )
k4

k3
× k-2 + k3

k3 + k4
(1)
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viscosity effect is expected on kcat. In contrast, if the
phosphoryl transfer step is slow, kcat should be
unaffected by the viscosity of the buffer. To verify the
assumption that the unimolecular phosphoryl trans-
fer step is viscosity independent, the phosphorylation
of good and poor substrates are compared. If a
viscosity effect is observed on kcat or kcat/Km for a good
substrate, none should be detected for a poor sub-
strate. For PKA, a large viscosity effect is observed
on kcat for Kemptide phosphorylation but the ATPase
rate (water as a substrate) is unaffected by highly
viscous buffers.147

The effects of solvent viscosity on turnover can be
quantified using the Stokes-Einstein equation, which
relates diffusion coefficients and intrinsic viscosity.
For a simple bimolecular reaction with association
and dissociation rate constants, k1 and k-1, an inverse
relationship between observed rate constants and
intrinsic viscosity (η) is observed. Accordingly, the
description of the ratio of the rate constants in the
absence (k°1, k°-1) and presence (k1, k-1) of added
viscosogens can then be expressed in terms of the
relative viscosity of the medium (ηrel ) η/η°). In effect,
the ratio of k°1/k1 or k°-1/k-1 is then equal to ηrel at
constant temperature (k°1/k-1 ) k°-1/k-1 ) ηrel). This
relationship can be applied to the kinetic mechanism
in Scheme 1 to derive a linear function of relative
turnover (k°cat/kcat) versus ηrel. The slope of this lin-
ear equation [kcat

η ) k3/(k3+k4)] lies within the theo-
retical limits of 0 and 1. From the values for kcat and
kcat

η , k3 and k4 can be estimated using eqs 2 and 3

These two equations illustrate which step will be
rate-determining depending on the viscosity sensitiv-
ity of kcat. If kcat is viscosity independent (i.e., kcat

η )
0), then the rate-determining step in kcat is phospho-
ryl transfer, k3. Conversely, if kcat is maximally
affected by solvent viscosity (i.e., kcat

η ) 1), then the
rate-determining step in kcat is product release, k4,
and phosphoryl transfer is fast. For PKA, a maximal
viscosity effect is observed using Kemptide as a
substrate, implying that the phosphoryl transfer step
is fast relative to turnover (Table 3).

Since the initial analysis of PKA, other protein
kinases have been studied using the viscosity ap-
proach. To date, the analysis of seven protein kinases
have demonstrated that the effects of added vis-

cosogens on kcat fall into three general categoriess
full, intermediate, and no viscosity effect. Figure 6A
shows a plot of relative kcat as a function of relative
solvent viscosity. The slope values for this plot (kcat

η )
fall between the theoretical limits of 0 and 1, where
the former implies that the phosphoryl transfer step
(k3) is rate-determining and the latter implies that
net product release (k4) is rate-determining. Inter-
mediate values can also be measured, implying that
phosphoryl transfer and net product release are
partially rate-determining. A value of kcat

η between
0.2 and 0.8 can be considered intermediate, although
k3 would be 4-fold greater or less than k4 at one of
these extremes [see eqs 2 and 3]. At these slope
limits, the faster of the two steps still reduces kcat by
20% compared to the slower of the two steps. Table
3 summarizes the results of all the protein kinases
studied thus far. While this table reflects a small
subset of protein kinase family members, it is clear

Table 3. Viscosity Effects on Turnover for Several Protein Kinases

protein kinase kcat
η mechanism Kd (µM) substrate ref

PKA 1 k3 . k4 200 LRRASLG 52, 147
PhK 1 k3 . k4 6 GPb 144
cyclinA-cdk2 0.7 k3 ) 2 × k4 25 PKTPKKAKKL 98
ERK2 0.2 k3 ) 0.25 × k4 e0.5 MBP 176
p38R 0.8 k3 ) 4 × k4 ? KRELVEPLTPSGEAPNQALLR 58
Csk 0.4 k3 ) 0.7 × k4 ? poly-Glu4Tyr 56
v-Fps 0.7 k3 ) 2 × k4 1,200 EAEIYEAEI 177

k3 )
kcat

1 - kcat
η

(2)

k4 )
kcat

kcat
η

(3)

Figure 6. Viscosity effects on turnover. (A) Potential
effects of relative solvent viscosity (ηrel) on relative kcat. The
numbers on the right represent values for the slopes
(kcat

η ). (B) Effects of the viscosity slope term, kcat
η , on the

rate of phosphoryl transfer (k3, __) and net product release
(k4, - - -).
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that the current viscosity effects span a large range.
PKA and PhK incorporate kinetic mechanisms with
fast phosphoryl transfer rates (k3 . k4). However, the
remaining enzymes incorporate kinetic pathways in
which k3 is partially rate-limiting for kcat. While the
substrates used in these studies differ considerably,
there does not appear to be any correspondence
between the nature of the kinetic mechanism and
substrate affinity (Table 3). To further characterize
the kinetic mechanisms, more protein kinases must
be studied using a range of substrates. Nonetheless,
it is likely, based on the available studies, that the
role of phosphoryl group transfer in limiting turn-
over will vary irrespective of the type of protein
kinase.

C. Limitations of the Viscosity Approach
The viscosity approach is an efficient method for

analyzing the kinetic mechanisms of protein kinases.
The protocol is fast and does not require large enzyme
concentrations or any specialized mixing instrumen-
tation. For PKA, this approach demonstrated that the
phosphoryl transfer rate is not rate-limiting for
turnover.52 Nonetheless, the technique has two limi-
tations that should be considered for data interpreta-
tion. First, the technique is restricted in its ability
to define the kinetic rate constants when kcat

η is near
0 or 1. As shown in Figure 6B, k3 and k4 cannot be
determined simultaneously when kcat

η is either too
low or high. For PKA and PhK, only lower limits can
be placed on k3. Ultimately, these rate constants can
only be evaluated together when intermediate values
for kcat

η (0.2-0.8) are measured and the experimen-
tal error in the slope is low. Second, the original
assumption that viscosity influences only bimolecular
steps while unimolecular steps are free of solvent
effects may not apply in all cases. This is particularly
relevant if different substrates or mutants incorpo-
rate distinctive mechanisms. For example, a muta-
tion in the active-site loop (Y208F) of triose phosphate
isomerase reduces kcat/Km by 2000-fold compared to
wild-type yet a significant viscosity effect is observed
on this parameter.151 This extraordinary decrease in
catalysis and large solvent effect implies that sizable
conformational changes limit substrate processing.
In section XI, the presence of viscosity-dependent
conformational changes in PKA that partially limit
turnover will be discussed. In all, the viscosity
approach partitions viscosity-sensitive and -insensi-
tive steps and allows a direct measure or estimate
of their relative rates, but extreme care must be
taken in interpreting the source of their effects.

D. Pre-Steady-State Kinetics
To gain further mechanistic information, direct

observation of the phosphoryl transfer step in pre-
steady-state kinetic experiments has been performed
using rapid quench flow techniques. A schematic
representation of this technique is shown in Figure
7. Reactants A and B are pushed together in a mixing
chamber by a stepping motor. The reaction is allowed
to age in variable length loops before meeting a
quenching agent, Q, in the second mixing chamber.

By altering loop length and stepping motor speed,
varying reaction times can be attained. Figure 8
shows a typical pre-steady-state experiment using
this instrumentation. PKA is preequilibrated with
[32Pγ] ATP (reactant A), and the reaction is initiated
with Kemptide (reactant B). The incorporation of 32P
into Kemptide is measured as a function of time in
the presence of the activating metal Mg2+, and the
reaction is quenched with 30% acetic acid (Q). The
fast rise in phosphopeptide in the first 10 ms of the
reaction (‘burst’ phase) is consistent with rapid
phosphoryl transfer in the active site, and the linear
phase (20 s-1) is consistent with steady-state turn-
over. Repetition of this experiment in the presence
of Mn2+ produces a ‘burst’ rate that is approximately
20-fold lower, indicating that the rapid rise in phos-
phopeptide in the first 10 ms of the reaction in the
presence of magnesium is likely to be limited by the

Figure 7. Schematic design of the rapid quench flow
experiment. A and B represent reservoirs of enzyme and
substrate, while Q represents the quench solution. The
large arrow at the top represents the stepping motor and
the drive platform which mixes A, B, and Q in the first
and second mixing chambers (represented by two small
circles).

Figure 8. Pre-steady-state kinetic traces for PKA-
catalyzed phosphorylation of Kemptide (LRRASLG) in the
presence of Mg2+ (b) or Mn2+ (O). Experiments were
performed using the rapid quench flow instrument (Figure
7) where A contains PKA and [32Pγ] ATP, B contains
Kemptide, and Q contains 30% acetic acid. The divalent
metal ions are placed in both A and B. [P]/[E] represents
the enzyme-normalized amount of phosphopeptide. The
free concentrations of Mg2+ and Mn2+ are 10 mM. The data
were taken from ref 52.

2284 Chemical Reviews, 2001, Vol. 101, No. 8 Adams



phosphoryl transfer step (Figure 8). The data can be
fit analytically to eq 4

where

and R, kb, and kL are the ‘burst’ amplitude, the rate
constant of the ‘burst’ phase, and the rate constant
of the linear phase, respectively. The rapid ‘burst’
rate constant (kb ) 250 s-1) demonstrates that
phosphoryl transfer is not rate-limiting for turnover,
and an extrapolation of kb to infinite substrate
concentration provides the phosphoryl transfer rate
in the active site (∼500 s-1). The dependence of kb
on substrate concentration also provides a true
dissociation constant for the substrate (Kd). This
dependence supplies a singular approach for measur-
ing substrate affinity in a real, active ternary com-
plex, a quantity unavailable using standard steady-
state kinetic measurements.

In addition to the ability to measure directly the
phosphoryl transfer step, the pre-steady-state kinetic
studies permit an accurate measurement of the active
enzyme concentration or the number of active sites
in solution. When substrate is saturating and the
observed ‘burst’ rate is much faster than the linear,
steady-state phase (kb . kL), the amplitude of the
‘burst’ phase [R ) (k3/(k3 + k4))2] reflects the number
of active sites per enzyme monomer. If there is
inactive enzyme, substoichiometric amplitudes will
be obtained. For PKA, R is equivalent to the total
enzyme concentration [R/[E] ) 1] when [S] > Km,
indicating that all the active sites, predicted by
standard protein concentration determinations, are
viable.52 Recently, however, pre-steady-state kinetic
studies have been performed on the receptor TPK,
Her2, an oncogenic form of the natural Erb recep-
tor.152 In this study, a ‘burst’ phase amplitude that
corresponds with only 10% of the total enzyme
concentration is observed. On the basis of estimates
of kcat using R, as much as 80% of the enzyme may
be inactive and incapable of facilitating productive
substrate phosphorylation.152 While PKA and Her2
rapidly phosphorylate their respective substrates in
the active site, a recent pre-steady-state kinetic study
on the cyclin-dependent kinase-activating kinase
(CaK1p) demonstrates that phosphoryl transfer for
this enzyme is slow.153 No ‘burst’ phase is observed
for this enzyme prior to the conductance of normal
steady-state turnover.

E. Application of Pre-Steady-State Kinetics to
Mutants

The pre-steady-state kinetic techniques, originally
applied to PKA,52 can provide useful mechanistic

insights into the protein kinases. Unlike steady-state
kinetic and viscosometric techniques, fast mixing
methods allow direct measurements of the phospho-
ryl transfer step and the dissociation constants of
substrates. In section X, an adaptation of this tech-
nique will be discussed that allows measurements of
the release rates of substrates and products. Among
the many applications of this approach for defining
wild-type function, this technique is particularly
useful for analyzing the function of individual resi-
dues using site-directed mutagenesis. In one study,
Glu-230, which is important for binding the P-2
arginine in substrates for PKA, was converted to
glutamine. On the basis of viscosometric and inhibi-
tor binding studies, this mutation is predicted to
reduce substrate affinity by about 1 order of magni-
tude.154 The absence of a large ‘burst’ phase is
consistent with a 25-fold decrease in the rate of
phosphoryl transfer. These findings are compatible
with the viscosity measurements and demonstrate
that the rate of phosphoryl transfer is approximately
equivalent to the net release rate of the products. In
another study, pre-steady-state kinetic measure-
ments were used to determine the rates of phosphoryl
transfer for several glycine-rich loop mutants in
PKA.155 Removal of two of the highly conserved
glycines in this loop with serine results in dramatic
reductions in ‘burst’ rate and amplitude, demonstrat-
ing that the loop stabilizes the transition state for
phosphoryl group transfer. Oddly enough, the loop
is more important for controlling phosphoryl transfer
then binding of either ATP or ADP.

X. Product Release

A. Catalytic Trapping Studies
Despite their considerable importance, the visco-

sometric and pre-steady-state kinetic methods are not
capable of defining the physical nature of the k4 step
in Scheme 1. The rapid quench flow experiment in
Figure 8 monitors the transfer of phosphate into the
substrate so that it reports directly on the phosphoryl
transfer event, but it does not provide any informa-
tion on the release rates of products. In the viscosity
experiments, it can be demonstrated that the phos-
phoryl transfer step is fast and not affected by solvent
additives but the participation of slow, viscosity-
dependent conformational changes linked to product
release cannot be summarily ruled out. To determine
the net dissociation rate constants for products from
PKA, a catalytic trapping experiment has been
developed.156 This protocol is a variation on that
presented in Figures 7 and 8 using the rapid quench
flow instrument. In this new application, PKA is
preequilibrated with ADP or phosphopeptide (reac-
tant A) and then mixed rapidly with substrate
peptide and ATP (reactant B). If the release of the
preequilibrated product is fast compared to the
phosphoryl transfer rate, then the presence of the
product will not affect the ‘burst’ kinetics as long as
sufficiently high concentrations of substrate peptide
and ATP are used to trap the enzyme. Alternatively,
if the release of the product is slow compared to
phosphoryl transfer, the ‘burst’ will exhibit a lag

[E‚ADPaP] + [P]
[E]t

) R[1 - exp(-kbt)] + kLt (4)

R ) { k3

k3 + k4
( [S]
[S] + Km

)}2

kb )
k3[S]

Kd + [S]
+ k4
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phase that can be modeled using numerical integra-
tion software.157 A catalytic trapping experiment for
PKA at 10 mM free Mg2+ is shown in Figure 9A.
Preequilibration of PKA with sufficient ADP to bind
all the active sites results in a significant lag in the
production of phosphopeptide. The kinetic transient
can be modeled to a mechanism which incorporates
the dissociation of ADP prior to ATP binding and
phosphoryl transfer. These simulations indicate that
ADP dissociates from the enzyme at a net rate
constant (koff ) 23 s-1) that is close in value to kcat
(20 s-1). This confirms that the net release of ADP is
the rate-determining step in PKA at levels of Mg2+

when both sites are mostly occupied (i.e., 10 mM free
Mg2+). It is important to recognize that the koff value
determined in this technique is an apparent value.
If a conformational change is linked to product
release and is similar in value to the release rate,
the method would not be able to easily separate the
two events. However, if the conformational change
precedes product release, for example, it is possible
to measure a faster release rate. In section XI, this
possibility will be considered for PKA.

B. Turnover and Nucleotide Affinity
It is presently unknown whether product release

will play a dominant role in limiting turnover in other

protein kinases. Several protein kinases have been
analyzed using viscosometric techniques and shown
to exhibit either rapid or partially rate-limiting rates
of phosphoryl transfer (Table 3). In these cases, there
appears to be no clear relationship between the value
of the k4 step and the affinity of ADP. As shown in
Figure 10, for four of the five protein kinases studied,
thus far, large changes in the KI for ADP are not
coupled with appreciable changes in k4. While Csk
is an exception since it displays higher affinity for
ADP and a lower value for k4 compared to other
enzymes, these studies were performed in the pres-
ence of Mn2+ rather than Mg2+.56 While it will be
meaningful to see where other protein kinases lie on
this plot, the current absence of a satisfactory cor-
relation between rate and affinity suggest that fac-
tors other than the physical release of ADP could
limit turnover in some protein kinases. As stated
previously, the viscosity approach is not capable of
distinguishing what physical event comprises the k4
step. Indeed, it is possible that the release of the
phosphoproduct or a slow conformational change in
the enzyme could limit this step.

XI. Slow Conformational Changes

A. Diffusion Limits and Conformational Changes
There is indirect kinetic evidence that conforma-

tional changes are important for the binding of
substrates and ATP. Data derived from viscosometric
and isotope partitioning studies indicate that ATP
is a sticky substrate for PKA.51,147 As such, kcat/Km
for ATP must reflect the true, bimolecular association
constant for the nucleotide, a value of about 2 × 106

M-1 s-1. It is reasonable to assume that this rate
constant also governs the association of ADP. Using
a KI of 10 µM123 and the dissociation rate constant of
23 s-1 from the catalytic trapping study (Figure 9A),
the calculated association rate constant for ADP is
also 2 × 106 M-1 s-1. Under some buffer conditions,
Kemptide is also a sticky substrate so that kcat/Km
for this substrate peptide reports a bimolecular
association rate constant that is close in value to
those for the nucleotides.51,136 In these examples, the

Figure 9. Pre-steady-state kinetic traces for PKA-
catalyzed phosphorylation of Kemptide (LRRASLG) in the
presence of 10 mM free Mg2+ (A) or 0.5 mM free Mg2+ (B).
In both panels, PKA is mixed with [32Pγ] ATP and Kemp-
tide (b) or PKA is first preequilibrated with ADP prior to
mixing with [32Pγ] ATP and Kemptide (O). The dashed line
in panel B reflects the kinetic outcome when PKA is first
preequilibrated with ATP before reaction initiation with
Kemptide (data not shown). The dotted line in panel B
reflects the simulated kinetic outcome of ADP preequili-
bration with PKA if the release of ADP rate limits turnover.
These data were taken from ref 123.

Figure 10. Correlation of the net product release rate,
k4, with the affinity of ADP (KI) for several protein kinases.
The values of k4 were determined from viscosometric
analyses, and the KI values for ADP were determined from
inhibition studies. The data were taken from the references
listed in Table 3.
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measured association rate constants are well below
the expected diffusion-controlled value for the binding
of a small ligand to a protein. For example, enzymes
such as superoxide dismutase and acetylcholine
esterase have values of kcat/Km between 108 and 109

M-1 s-1.158,159 The low observed rates for PKA are not
likely to result from difficulty in the selection of a
productive substrate form. For the substrate peptide,
GRTGRRNSI, kcat/Km is about 2 × 108 M-1 s-1,40 a
value that is 2 orders of magnitude greater than that
for the smaller peptide Kemptide (LRRASLG). These
findings suggest that conformational changes that
occur after initial association of the ligand influence
binding. In PKA, it is expected that these potential
conformational changes do not limit turnover at high
magnesium concentrations since a rapid ‘burst’ phase
is observed using either GRTGRRNSI or Kemptide.137

However, it is possible that conformational changes
associated with ADP release could limit turnover.

B. Mutant Studies

Several mutagenesis studies suggest that the lack
of a direct correlation between the k4 step (Scheme
1) and the affinity of ADP in the protein kinases
(Figure 10) may reflect the participation of slow
conformational changes in the catalytic mechanism.
Replacement of the conserved aspartate in the cata-
lytic loop of PhK results in a mutant enzyme (E149A)
with a turnover number that is reduced by 4 orders
of magnitude.144 Surprisingly, kcat (0.005 s-1) is still
maximally affected by solvent viscosity, indicating
that k4 is the rate-determining step in this mutant.
Since no changes in nucleotide affinity are reported
for this mutant, it is possible that the 4 orders of
magnitude reduction in the k4 step could reflect a bold
change in the kinetic mechanism where a viscosity-
sensitive conformational change in the enzyme may
limit turnover. In another study, removal of the
activation loop phosphorylation site in PKA (T197A)
results in a mutant with a 2 orders of magnitude
reduced affinity for ATP but an unaffected k4 step.92

If ATP and ADP affinities are similar in the mutant
as they are in the wild-type enzyme, an event other
than ADP dissociation may limit turnover in the
dephosphorylated mutant. It is important to note
that these findings result from the study of mutant
proteins with low catalytic activities. Departures
from the simple view of slow ADP release comprising
the k4 step may be a natural outcome of the replace-
ment of certain critical catalytic residues. Conforma-
tional changes may be a less significant component
in the wild-type enzymes.

C. Fluorescent Protein Probes

The application of stopped-flow fluorescence meth-
odologies to protein kinases has provided some
insights into the role of conformational changes in
governing substrate turnover. A mutant form of PKA
where Asn-326 in the C-terminus is converted to
cysteine has been labeled specifically with the fluo-
rophore acrylodan.160 The steady-state kinetic pa-
rameters of this labeled mutant, Acr-N326C, are
similar to those of the wild-type enzyme with no para-

meters deviating by more than 2-fold. The fluores-
cence spectrum of Acr-N326C is quenched differen-
tially by ATP and ADP so that the phosphorylation
of a substrate peptide can be monitored directly using
stopped-flow technology. The design of the stopped-
flow instrument is similar conceptually to the rapid
quench flow schematic in Figure 7 except the second
mixing chamber is omitted and reactants A and B
flow into a cuvette after mixing. The mixing is driven
pneumatically rather than with a stepping motor,
and the flow is terminated by a stopped syringe.
Analysis is spectroscopic rather than chemical in
nature so that kinetic observations are continuous.
Mixing large amounts of the substrate with PKA that
is preequilibrated with ATP produces a double-
exponential rise in fluorescence with rate constants
of 500 and 60 s-1.161 The first phase is identical in
rate to the phosphoryl transfer rate constant mea-
sured by chemical analysis in the rapid quench flow
instrument.52 While the second phase rate is about
2-fold larger than kcat for this mutant, trapping ADP
from the active site using ATP provides a release rate
for ADP that is about 2-fold higher than turnover.161

These results demonstrate that ADP release and a
conformational change are partially rate-limiting for
Acr-N326C. While this mutation could certainly
influence protein dynamics making comparisons dif-
ficult, the transient state kinetics suggest that con-
formational changes in the wild-type enzyme could
play a role in limiting turnover.

D. Slow Structural Changes in Wild-Type PKA

While the simple kinetic mechanism for protein
phosphorylation in Scheme 1 is adequate to describe
the kinetic results for wild-type PKA when both
metal sites are occupied by Mg2+, other studies
illustrate that the kinetic pathway is more complex
at physiological Mg2+ concentrations of 0.5 mM.162-165

Under these lower Mg2+ concentrations, fewer of the
second metal sites are occupied. When the free
concentration of Mg2+ is lowered from 10 to 0.5 mM,
kcat increases 2-fold and Km for ATP increases 10-
fold.50,123 On the basis of the apparent affinity of the
second metal, lowering the free Mg2+ concentration
from 10 to 0.5 mM causes the occupancy of the second
site to shift from 80% to 20%. The presence of a full
viscosity effect on kcat at these lower metal concentra-
tions is consistent with fast phosphoryl transfer.129,166

In agreement with this finding, a rapid and large
‘burst’ amplitude in the pre-steady-state kinetics is
observed when the enzyme is preequilibrated with
ATP (Figure 9B; dashed line). However, when the
reaction is initiated with ATP (Figure 9B; filled
circles), the amplitude and rate of the ‘burst’ phase
is markedly attenuated, implying that a nucleotide-
linked conformational change, preceding the phos-
phoryl transfer step, limits the ‘burst’ phase. The
sigmoidal appearance of the ‘burst’ phase is not
dependent on the concentration of ATP, indicating
that the phase is not limited by a ligand binding
event. Also, at 0.5 mM free Mg2+, catalytic trapping
studies show that ADP release only partially limits
turnover (Figure 9B; open circles). The dotted line
in this panel represents the expected transient when
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ADP release is fully rate-limiting (koff ≈ kcat). In other
experiments, it was shown that preequilibration with
phosphopeptide does not affect the ‘burst’ kinetics,
indicating that the release of this product is fast
relative to the phosphoryl transfer step.123 These
findings suggest that a conformational change after
the phosphoryl transfer step partially limits turnover
at physiological Mg2+ concentrations.

The results from the kinetic studies in Figure 9 are
summarized in the catalytic pathway shown in
Figure 11. Unlike the simple kinetic mechanism in
Scheme 1, two conformational change steps (170 and
180 s-1) and ADP release (140 s-1) partially control
turnover (kcat ) 50 s-1) when few of the secondary
metal sites are occupied (20%). These conformational
changes are not detected at higher metal ion concen-
trations (Figure 8), but there is no reason to suspect
that the physical changes that underlie these steps
do not occur at other metal concentrations. Under
these conditions, the rates of these steps may be
much faster and, therefore, unobservable. Since a full
viscosity effect is observed on kcat at the physiological
concentration of 0.5 mM free Mg2+, the slow confor-
mational events must be sensitive to media viscosity.
As mentioned in the previous section, there is no
reason all unimolecular events must be insensitive
to solvent viscosity particularly when large changes
in protein organization may occur. The data in Figure
9 demonstrate that conformational changes in protein
kinases may be slow relative to substrate turnover
and may display sensitivity to solvent viscosogens.
These kinetic experiments do not provide structural
information regarding the nature of the conforma-
tional steps, but certainly the viscosity sensitivity of
these steps suggests that the changes are significant
enough to be affected by solvent friction.

XII. Ligand-Induced Structural Changes
It is evident from X-ray diffraction data that

protein kinases are flexible enzymes. Movements in
the core have been well documented, and a summa-
tion of the data highlight several classes of motion.
The relative orientation of the small and large
domains of the core is variable, but there may be a
loose connection between the extent of domain clo-
sure and the activation state of the protein kinase.106

Phosphorylation of the activation loop (e.g., InRK,

ERK2) or the binding of regulatory proteins (e.g.,
cdk2-cyclinA) alters two regions in the core which
include the activation loop and helix C. While it is
unclear whether these movements occur in solution
and can be linked to the slow conformational changes
in catalysis, the present data underscore the struc-
tural plasticity of the enzymes and offer some exciting
possibilities. Already there is some evidence that
structural changes in protein kinases occur upon
ligand binding in solution. For example, the binding
of PKI causes a reduction in the radius of gyration
of the core.167 These data can be used to promote a
model in which PKI induces the closed form of the
enzyme. ATP binding alters the extent to which
chemical reagents cleave PKA at specific loci in the
polypeptide chain, suggesting that the nucleotide
may induce conformational changes in the core.168

Regardless, it should be noted that all structural
studies designed to characterize conformational
changes in protein kinases on a molecular scale have
been performed under equilibrium conditions where
the lowest energy state of the ligand-bound complex
is populated. Furthermore, in the cases of the crytal-
lographic models, packing artifacts could misrepre-
sent the structure of the enzyme in solution. Whether
these structural changes are achieved under turnover
conditions is presently unknown. In addition, the
motions in the core detected by these methods may
be catalytically relevant, but it is not certain if the
attainment of these states is energetically difficult
and presents an inherent barrier to substrate phos-
phorylation. Given the observation that rate-limiting
conformational changes are essential, slow events in
PKA and possibly other protein kinases, understand-
ing the physical nature of these steps is paramount
to understanding the mechanisms of regulation for
this enzyme family.

XIII. Catalysis and Disease
As prime effectors of signal transduction processes,

it is not surprising that mutant forms of protein
kinases are oftentimes causative agents in human
disease. In many cases, specific mutations in the
kinase domain which can be linked to a disorder
display elevated catalytic activities.169 While muta-
tions have been detected throughout the kinase
domain in these cases, a significant number have
been localized in or near the glycine-rich and activa-
tion loops.169 For example, activating mutations in
the glycine-rich loop of MET, a receptor TPK, have
been identified in patients diagnosed with multiple
papillary renal-cell carcinomas.170 Furthermore, a
single mutation in the activation loop of the receptor
TPK FGFR (K650E) is responsible for thanatophoric
dysplasia type II, a lethal neonatal disorder.171,172

While the cause for this activation is unknown, it is
possible that this mutation could mimic the phos-
phorylated, active state of the loop. With the growing
evidence for slow conformational changes in protein
kinase catalysis, it is meaningful to correlate the
kinetic mechanisms of these aberrant protein kinases
with structural data. Mutations that enhance or
repress catalytic activity may cause changes in the
rate and/or nature of these conformational events.

Figure 11. Kinetic mechanism for PKA at 0.5 mM free
Mg2+. This mechanism is based on the analysis of the
kinetic data presented in Figure 9. The starred ternary
complexes E‚ATP‚S* and E‚ADP‚P* represent activated
species that promote phosphoryl transfer.

2288 Chemical Reviews, 2001, Vol. 101, No. 8 Adams



XIV. Acknowledgment
I would like to acknowledge support from the

National Institutes of Health (CA75112 and
GM54846).

XV. References
(1) Fischer, E. H.; Krebs, E. G. J. Biol. Chem. 1955, 216, 121.
(2) Sutherland, E. W.; Wosilait, W. D. Nature 1955, 175, 169.
(3) Hunter, T. Cell 1995, 80, 225.
(4) Graves, J. D.; Krebs, E. G. Pharmacol. Ther. 1999, 82, 111.
(5) Hunter, T. Semin. Cell Biol. 1994, 5, 367.
(6) Knighton, D. R.; Bell, S. M.; Zheng, J.; Ten Eyck, L. F.; Xuong,

N.-h.; Taylor, S. S.; Sowadski, J. M. Acta Crystallogr. 1993, D49,
357.

(7) Lowe, E. D.; Noble, M. E. M.; Skamnaki, V. T.; Oikonomakos,
N. G.; Owen, D. J.; Johnson, L. N. EMBO J. 1997, 16, 6646.

(8) Bossemeyer, D.; Engh, R. A.; Kinzel, V.; Ponstingl, H.; Huber,
R. EMBO J. 1993, 12, 849.

(9) Zhang, F.; Strand, A.; Robbins, D.; Cobbs, M. H.; Goldsmith, E.
J. Nature 1994, 367, 704.

(10) DeBont, H. L.; Rosenblatt, J.; Jancarik, J.; Jones, H. D.; Morgan,
D. O.; Kim, S. H. Nature 1993, 363, 595.

(11) Jeffrey, P. D.; Russo, A. A.; Polyak, K.; Gibbs, E.; Hurwitz, J.;
Massague, J.; Pavletich, N. P. Nature 1995, 376, 313320.

(12) Xu, W.; Harrison, S. C.; Eck, M. J. Nature 1997, 385, 595.
(13) Gill, G. N.; Garren, L. D. Proc. Natl. Acad. Sci. U.S.A. 1969, 63,

512.
(14) Tao, M.; Salas, M. L.; Lipmann, F. Proc. Natl. Acad. Sci. U.S.A.

1970, 67, 408.
(15) Brostrom, M. A.; Reimann, E. M.; Walsh, D. A.; Krebs, E. G.

Adv. Enzyme Regul. 1970, 8, 191.
(16) Knighton, D. R.; Zheng, J.; Ten Eyck, L. F.; Ashford, V. A.;

Xuong, N.-h.; Taylor, S. S.; Sowadski, J. M. Science 1991, 253,
407.

(17) Knighton, D. R.; Zheng, J.; Ten Eyck, L. F.; Xuong, N.-h.; Taylor,
S. S.; Sowadski, J. M. Science 1991, 253, 414.

(18) Zheng, J.; Knighton, D. R.; Ten Eyck, L. F.; Karlsson, R.; Xuong,
N.-h.; Taylor, S. S.; Sowadski, J. M. Biochemistry 1993, 32, 2154.

(19) Madhusudan; Trafny, E. A.; Xuong, N.-h.; Adams, J. A.; Ten
Eyck, L. F.; Taylor, S. S.; Sowadski, J. M. Protein Sci. 1994, 3,
176.

(20) Narayana, N.; Cox, S.; Xuong, N.-h.; Ten Eyck, L. F.; Taylor, S.
S. Structure 1997, 5, 921.

(21) Russo, A. A.; Jeffrey, P. D.; Pavletich, N. P. Nat. Struct. Biol.
1996, 3, 696.

(22) Sicheri, F.; Moarefi, I.; Kuriyan, J. Nature 1997, 385, 602.
(23) Schindler, T.; Sicheri, F.; Pico, A.; Gazit, A.; Levitzki, A.;

Kuriyan, J. Mol. Cell. 1999, 3, 639.
(24) Xu, W.; Doshi, A.; Lei, M.; Eck, M. J.; Harrison, S. C. Mol. Cell.

1999, 3, 629.
(25) Ben-David, Y.; Letwin, K.; Tannock, L.; Bernstein, A.; Pawson,

T. EMBO J. 1991, 10, 317.
(26) Rossomando, A.; Wu, J.; Weber, M. J.; Sturgill, T. W. Proc. Natl.

Acad. Sci. 1992, 89, 5221.
(27) Kemp, B. E.; Pearson, R. B. In Protein Phosphorylation (Part

A); Hunter, T., Sefton, B. M., Eds.; Academic Press: San Diego,
1991; p 121.

(28) Pearson, R. B.; Kemp, B. E. Methods Enzymol. 1991, 200, 62.
(29) Chan, K. F.; Hurst, M. O.; Graves, D. J. J. Biol. Chem. 1982,

257, 3655.
(30) Songyang, Z.; Carraway, K. L.; Eck, M. J.; Feldman, R. A.;

Mohammadl, M.; Schlessinger, J.; Hubbard, S. R.; Smith, D. P.;
Eng, C.; Lorenzo, M. J.; Ponder, B. A. J.; Mayer, B. J.; Cantley,
L. C. Nature 1995, 373, 536.

(31) Nishikawa, K.; Toker, A.; Johannes, F. J.; Songyang, Z.; Cantley,
L. C. J. Biol. Chem. 1997, 272, 952.

(32) Songyang, Z.; Blechner, S.; Hoagland, N.; Hoekstra, M. F.;
Piwnica-Worms, H.; Cantley, L. C. Curr. Biol. 1994, 4, 973.

(33) Lam, K. S. Methods Mol. Biol. 1998, 87, 83.
(34) Luo, K.; Zhou, P.; Lodish, H. F. Proc. Natl. Acad. Sci. 1995, 92,

11761.
(35) Kemp, B. E.; Graves, D. J.; Benjamini, E.; Krebs, E. G. J. Biol.

Chem. 1977, 252, 4888.
(36) Gonzalez, F. A.; Raden, D. L.; Davis, R. J. J. Biol. Chem. 1991,

266, 22159.
(37) Clark-Lewis, I.; Sanghera, J. S.; Pelech, S. L. J. Biol. Chem.

1991, 266, 15180.
(38) Songyang, Z.; Lu, K. P.; Kwon, Y. T.; Tsai, L. H.; Filhol, O.;

Cochet, C.; Brickey, D. A.; Soderling, T. R.; Bartleson, C.; Graves,
D. J.; DeMaggio, A. J.; Hoekstra, M. F.; Blenis, J.; Hunter, T.;
Cantley, L. C. Mol. Cell. Biol. 1996, 16, 6486.

(39) Vulliet, P. R.; Hall, F. L.; Mitchell, J. P.; Hardie, D. G. J. Biol.
Chem. 1989, 264, 16292.

(40) Mitchell, R. D.; Glass, D. B.; Wong, C.; Angelos, K. L.; Walsh,
D. A. Biochemistry 1995, 34, 528.

(41) Hawkins, J.; Zheng, S.; Frantz, B.; LoGrasso, P. Arch. Biochem.
Biophys. 2000, 382, 310.

(42) Sharrocks, A. D.; Yang, S. H.; Galanis, A. Trends Biochem. Sci.
2000, 25, 448.

(43) Kallunki, T.; Su, B.; Tsigelny, I.; Sluss, H. K.; Derijard, B.; Moore,
G.; Davis, R.; Karin, M. Genes Dev. 1994, 8, 2996.

(44) Kallunki, T.; Deng, T.; Hibi, M.; Karin, M. Cell 1996, 87, 929.
(45) Livingstone, C.; Patel, G.; Jones, N. EMBO J 1995, 14, 1785.
(46) Yang, S. H.; Galanis, A.; Sharrocks, A. D. Mol. Cell. Biol. 1999,

19, 4028.
(47) Schulman, B. A.; Lindstrom, D. L.; Harlow, E. Proc. Natl. Acad.

Sci. U.S.A. 1998, 95, 10453.
(48) Brown, N. R.; Noble, M. E.; Endicott, J. A.; Johnson, L. N. Nat.

Cell. Biol. 1999, 1, 438.
(49) Cleland, W. W. Adv. Enzymol. Relat. Areas Mol. Biol. 1977, 45,

273.
(50) Cook, P. F.; Neville, M. E.; Vrana, K. E.; Hartl, F. T.; Roskoski,

J., R. Biochemistry 1982, 21, 5794.
(51) Kong, C.-T.; Cook, P. F. Biochemistry 1988, 27, 4795.
(52) Grant, B.; Adams, J. A. Biochemistry 1996, 35, 2022.
(53) Tabatabai, L. B.; Graves, D. J. J. Biol. Chem. 1978, 253, 2196.
(54) Walker, D. H.; Kuppuswamy, D.; Visvanathan, A.; Pike, L. J.

Biochemistry 1987, 26, 1428.
(55) Boerner, R. J.; Barker, S. C.; Knight, W. B. Biochemistry 1995,

34, 16419.
(56) Cole, P. A.; Burn, P.; Takacs, B.; Walsh, C. T. J. Biol. Chem.

1994, 269, 30880.
(57) Cole, P. A.; Grace, M. R.; Phillips, R. S.; Burn, P.; Walsh, C. T.

J. Biol. Chem. 1995, 270, 22105.
(58) Chen, G.; Porter, M. D.; Bristol, J. R.; Fitzgibbon, M. J.;

Pazhanisamy, S. Biochemistry 2000, 39, 2079.
(59) LoGrasso, P. V.; Frantz, B.; Rolando, A. M.; O’Keefe, S. J.;

Hermes, J. D.; O’Neill, E. A. Biochemistry 1997, 36, 10422.
(60) Parast, C. V.; Mroczkowski, B.; Pinko, C.; Misialek, S.; Kham-

batta, G.; Appelt, K. Biochemistry 1998, 37, 16788.
(61) Erneux, C.; Cohen, S.; Garbers, D. L. J. Biol. Chem. 1983, 258,

4137.
(62) Posner, I.; Engel, M.; Levitzki, A. J. Biol. Chem. 1992, 267,

20638.
(63) Whitehouse, S.; Walsh, D. A. J. Biol. Chem. 1983, 258, 3682.
(64) Whitehouse, S.; Feramisco, J. R.; Casnellie, J. E.; Krebs, E. G.;

Walsh, D. A. J. Biol. Chem. 1983, 258, 3693.
(65) Hanks, S. K.; Quinn, A. M.; Hunter, T. Science 1988, 241, 42.
(66) Hanks, S. K.; Hunter, T. Faseb J. 1995, 9, 576.
(67) Taylor, S. S.; Radzio-Andzelm, E. Structure 1994, 15, 345.
(68) Gibbs, C. S.; Zoller, M. J. J. Biol. Chem. 1991, 266, 8923.
(69) Robinson, M. J.; Harkins, P. C.; Zhang, J.; Baer, R.; Haycock, J.

W.; Cobb, M. H.; Goldsmith, E. J. Biochemistry 1996, 35, 5641.
(70) Carrera, A. C.; Alexandrov, K.; Roberts, T. M. Proc. Natl. Acad.

Sci. U.S.A. 1993, 90, 442.
(71) Hoppe, J.; Freist, W.; Marutzky, R.; Shaltiel, S. Eur. J. Biochem.

1978, 90, 427.
(72) Hixson, C. S.; Krebs, E. G. J. Biol. Chem. 1979, 254, 7509.
(73) Zoller, M. J.; Taylor, S. S. J. Biol. Chem. 1979, 254, 8363.
(74) Hathaway, G. M.; Zoller, M. J.; Traugh, J. A. Biol. Chem. 1981,

256, 11442.
(75) Buhrow, S. A.; Cohen, S.; Staros, J. V. J. Biol. Chem. 1982, 257,

4019.
(76) Weinmaster, G.; Zoller, M. J.; Pawson, T. EMBO J. 1986, 5, 69.
(77) Brushia, R. J.; Walsh, D. A. Front. Biosci. 1999, 4, D618.
(78) Pawson, T.; Gish, G. D. Cell 1992, 71, 359.
(79) Newton, A. C. Curr. Opin. Cell. Biol. 1997, 9, 161.
(80) Sicheri, F.; Kuriyan, J. Curr. Opin. Struct. Biol. 1997, 7, 777.
(81) Blenis, J.; Resh, M. D. Curr. Opin. Cell. Biol. 1993, 5, 984.
(82) Johnson, J. E.; Cornell, R. B. Mol. Membr. Biol. 1999, 16, 217.
(83) Inglese, J.; Premont, R. T. Biochem. Soc. Tran. 1996, 24, 714.
(84) Pitcher, J. A.; Freedman, N. J.; Lefkowitz, R. J. Annu. Rev.

Biochem. 1998, 67, 653.
(85) Rasmussen, H. Sci. Am. 1989, 261, 66.
(86) Liscovitch, M.; Cantley, L. C. Cell 1994, 77, 329.
(87) Lucas, K. A.; Pitari, G. M.; Kazerounian, S.; Ruiz-Stewart, I.;

Park, J.; Schulz, S.; Chepenik, K. P.; Waldman, S. A. Pharmacol.
Rev. 2000, 52, 375.

(88) Scott, J. D.; Pawson, T. Sci. Am. 2000, 282, 72.
(89) Pawson, T.; Scott, J. D. Science 1997, 278, 2075.
(90) Garrington, T. P.; Johnson, G. L. Curr. Opin. Cell. Biol. 1999,

11, 211.
(91) Shenolikar, S. FASEB J. 1988, 2, 2753.
(92) Adams, J. A.; McGlone, M. L.; Gibson, R.; Taylor, S. S. Biochem-

istry 1995, 34, 2447.
(93) Steinberg, R. A.; Cauthron, R. D.; Symcox, M. M.; Shuntoh, H.

Mol. Cell. Biol. 1993, 13, 2332.
(94) Johnson, L. N.; Noble, M. E.; Owen, D. J. Cell 1996, 85, 149.
(95) Hubbard, S. R.; Wei, L.; Ellis, L.; Hendrickson, W. A. Nature

1994, 372, 746.
(96) Hubbard, S. R. EMBO J. 1997, 16, 5572.

Kinetic and Catalytic Mechanisms of Protein Kinases Chemical Reviews, 2001, Vol. 101, No. 8 2289



(97) Mohammadi, M.; Schlessinger, J.; Hubbard, S. R. Cell 1996, 86,
577.

(98) Hagopian, J. C.; Kirtley, M. P.; Stevenson, L. M.; Gergis, R. M.;
Russo, A. A.; Pavletich, N. P.; Parsons, S. M.; Lew, J. J. Biol.
Chem., in press.

(99) Boerner, R. J.; Kassel, D. B.; Barker, S. C.; Ellis, B.; DeLacy,
P.; Knight, W. B. Biochemistry 1996, 35, 9519.

(100) Prowse, C. N.; Lew, J. J. Biol. Chem. 2001, 276, 99.
(101) Weinmaster, G.; Zoller, M. J.; Smith, M.; Hinze, E.; Pawson, T.

Cell 1984, 37, 559.
(102) Hubbard, S. R.; Mohammadi, M.; Schlessinger, J. J. Biol. Chem.

1998, 273, 11987.
(103) Bishop, S. M.; Ross, J. B.; Kohanski, R. A. Biochemistry 1999,

38, 3079.
(104) Resing, K. A.; Ahn, N. G. Biochemistry 1998, 37, 463.
(105) Canagarajah, B. J.; Khokhlatchev, A.; Cobb, M. H.; Goldsmith,

E. J. Cell 1997, 90, 859.
(106) Johnson, L. N.; Lowe, E. D.; Noble, M. E.; Owen, D. J. FEBS

Lett. 1998, 430, 1.
(107) Denu, J. M.; Stuckey, J. A.; Saper, M. A.; Dixon, J. E. Cell 1996,

87, 361.
(108) Barford, D.; Das, A. K.; Egloff, M. P. Annu. Rev. Biophys. Biomol.

Struct. 1998, 27, 133.
(109) Ho, M.-f.; Bramson, H. N.; Hansen, D. E.; Knowles, J. R.; Kaiser,

E. T. J. Am. Chem. Soc. 1988, 110, 2680.
(110) Cleland, W. W.; Hengge, A. C. FASEB J. 1995, 9, 1585.
(111) Benkovic, S. J.; Schray, K. J. In The Enzymes; Boyer, P. D., Ed.;

Academic Press: New York, 1973; p 201.
(112) Kirby, A. J.; Jencks, W. P. J. Am. Chem. Soc. 1965, 87, 3209.
(113) Kirby, A. J.; Jencks, W. P. J. Am. Chem. Soc. 1965, 87, 3217.
(114) Skoog, M. T.; Jencks, W. P. J. Am. Chem. Soc. 1984, 106, 7597.
(115) Hollfelder, F.; Herschlag, D. Biochemistry 1995, 34, 12255.
(116) Weiss, P. M.; Cleland, W. W. J. Am. Chem. Soc. 1989, 111, 1928.
(117) Caldwell, S. R.; Raushel, F. M.; Weiss, P. M.; Cleland, W. W.

Biochemistry 1991, 30, 7444.
(118) Admiraal, S. J.; Herschlag, D. Chem. Biol. 1995, 2, 729.
(119) Mildvan, A. S. Proteins 1997, 29, 401.
(120) Granot, J.; Mildvan, A. S.; Bramson, H. N.; Kaiser, E. T.

Biochemistry 1980, 19, 3537.
(121) Zheng, J.; Trafny, E. A.; Knighton, D. R.; Xuong, N.-h.; Taylor,

S. S.; Ten Eyck, L. F.; Sowadski, J. M. Acta Crystallogr. 1993,
D49, 362.

(122) Armstrong, R. N.; Kondo, H.; Granot, J.; Kaiser, E. T.; Mildvan,
A. S. Biochemistry 1979, 18, 1230.

(123) Shaffer, J.; Adams, J. A. Biochemistry 1999, 38, 12072.
(124) Sun, G.; Budde, R. J. A. Biochemistry 1999, 38, 5659.
(125) Sun, G.; Budde, R. J. A. Biochemistry 1997, 36, 2139.
(126) Saylor, P.; Wang, C.; Hirai, T. J.; Adams, J. A. Biochemistry

1998, 37, 12624.
(127) Romani, A.; Scarpa, A. Arch. Biochem. Biophys. 1992, 298, 1.
(128) Bhatnagar, D.; Roskoski, R. J.; Rosendahl, M. S.; Leonard, N.

J. Biochemistry 1983, 22, 6310.
(129) Adams, J. A.; Taylor, S. S. Protein Sci. 1993, 2, 2177.
(130) Huang, C. Y.; Yuan, C. J.; Luo, S.; Graves, D. J. Biochemistry

1994, 33, 5877.
(131) Vicario, P. P.; Saperstein, R.; Bennun, A. Arch. Biochem. Biophys.

1988, 261, 336.
(132) Grace, M. R.; Walsh, C. T.; Cole, P. A. Biochemistry 1997, 36,

1874.
(133) Yoon, M.-Y.; Cook, P. F. Biochemistry 1987, 26, 4118.
(134) Qamar, R.; Cook, P. F. Biochemistry 1993, 32, 6802.
(135) Ward, W. H.; Cook, P. N.; Slater, A. M.; Davies, D. H.; Holdgate,

G. A.; Green, L. R. Biochem. Pharmacol. 1994, 48, 659.
(136) Adams, J. A.; Taylor, S. S. J. Biol. Chem. 1993, 268, 7747.
(137) Zhou, J.; Adams, J. A. Biochemistry 1997, 36, 2977.
(138) Kim, K.; Cole, P., A. J. Am. Chem. Soc. 1998, 120, 6851.
(139) Ablooglu, A. J.; Till, J. H.; Kim, K.; Parang, K.; Cole, P. A.;

Hubbard, S. R.; Kohanski, R. A. J. Biol. Chem. 2000, 275, 30394.
(140) Hart, J. C.; Sheppard, D. W.; Hillier, I. H.; Burton, N. A. Chem.

Commun. 1999, 79.

(141) Hart, J. C.; Hillier, I. H.; Sheppard, D. W.; Burton, N. A. J. Am.
Chem. Soc. 1998, 120, 13535.

(142) Hutter, M. C.; Helms, V. Protein Sci. 1999, 8, 728.
(143) Sondhi, D.; Xu, W.; Songyang, Z.; Eck, M. J.; Cole, P. Biochem-

istry 1998, 37, 165.
(144) Skamnaki, V. T.; Owen, D. J.; Noble, M. E. M.; Lowe, E. D.;

Lowe, G.; Oikonomakos, N. G.; Johnson, L. N. Biochemistry
1999, 38, 14718.

(145) Fersht, A. Enzyme Struture and Mechanism, 2nd ed.; W. F.
Freeman & Co.: New York, 1985.

(146) Armstrong, R. N.; Kondo, H.; Kaiser, E. T. Proc. Natl. Acad. Sci.
U.S.A. 1979, 76, 722.

(147) Adams, J. A.; Taylor, S. S. Biochemistry 1992, 31, 8516.
(148) Brouwer, A. C.; Kirsch, J. F. Biochemistry 1982, 21, 1302.
(149) Caldwell, S. R.; Newcomb, J. R.; Schlecht, K. A.; Raushel, F. M.

Biochemistry 1991, 30, 7438.
(150) Stone, S. R.; Morrison, J. F. Biochemistry 1988, 27, 5493.
(151) Sampson, N. S.; Knowles, J. R. Biochemistry 1992, 31, 8488.
(152) Jan, A. Y.; Johnson, E. F.; Diamonti, A. J.; Carraway III, K. L.;

Anderson, K. S. Biochemistry 2000, 39, 9786.
(153) Enke, D. A.; Kaldis, P.; Solomon, M. J. J. Biol. Chem. 2000, 275,

33267.
(154) Grant, B. D.; Tsigelny, I.; Adams, J. A.; Taylor, S. S. Protein

Sci. 1996, 5, 1316.
(155) Grant, B. D.; Hemmer, W.; Tsigelny, I.; Adams, J. A.; Taylor, S.

S. Biochemistry 1998, 37, 7708.
(156) Zhou, J.; Adams, J. A. Biochemistry 1997, 36, 15733.
(157) Barshop, B. A.; Wrenn, R. F.; Frieden, C. Anal. Biochem. 1983,

130, 134.
(158) Klug, D.; Rabani, J.; Fridovich, I. J. Biol. Chem. 1972, 247, 4839.
(159) Nolte, H. J.; Rosenberry, T. L.; Neumann, E. Biochemistry 1980,

19, 3705.
(160) Lew, J.; Tsigelny, I.; Coruh, N.; Garrod, S.; Taylor, S. S. J. Biol.

Chem. 1997, 272, 1507.
(161) Lew, J.; Taylor, S. S.; Adams, J. A. Biochemistry 1997, 36, 6717.
(162) Garfinkel, L.; Garfinkel, D. Biochemistry 1984, 23, 3547.
(163) Cittadini, A.; Scarpa, A. Arch. Biochem. Biophys. 1983, 227, 202.
(164) Alvarez-Leefmans, F. J.; Gamino, S. M.; Rink, T. J. J. Physiol.

1984, 354, 303.
(165) Jelicks, L. A.; Gupta, R. K. J. Biol. Chem. 1990, 265, 1394.
(166) Shaffer, J.; Adams, J. A. Biochemistry 1999, 38, 5572.
(167) Olah, G. A.; Mitchell, R. D.; Sosnick, T. R.; Walsh, D. A.;

Trewhella, J. Biochemistry 1993, 32, 3649.
(168) Cheng, X.; Shaltiel, S.; Taylor, S. S. Biochemistry 1998, 37,

14005.
(169) Robertson, S. C.; Tynan, J. A.; Donoghue, D. J. Trends Genet.

2000, 16, 265.
(170) Olivero, M.; Valente, G.; Bardelli, A.; Longati, P.; Ferrero, N.;

Cracco, C.; Terrone, C.; Rocca-Rossetti, S.; Comoglio, P. M.; Di
Renzo, M. F. Int. J. Cancer 1999, 82, 640.

(171) Webster, M. K.; D’Avis, P. Y.; Robertson, S. C.; Donoghue, D. J.
Mol. Cell. Biol. 1996, 16, 4081.

(172) Naski, M. C.; Wang, Q.; Xu, J.; Ornitz, D. M. Nat. Genet. 1996,
13, 233.

(173) Kemp, B. E.; Rae, I. D.; Minasian, E.; Leach, S. J. Proceedings
of the Sixth American Peptide Symposium; Gross, D E., Meien-
hofer, J., Eds.; Pierce Chemical Co.: Rockford, IL, 1979; p 169.

(174) Adams, J. A. Biochemistry 1996, 35, 10949.
(175) Ruzzene, M.; Songyang, Z.; Marin, O.; Donella-Deana, A.;

Brunati, A. M.; Guerra, B.; Agostinis, P.; Cantley, L. C.; Pinna,
L. A. Eur. J. Biochem. 1997, 246, 433.

(176) Prowse, C. N.; Hagopian, J. C.; Cobb, M. H.; Ahn, N. G.; Lew, J.
Biochemistry 2000, 39, 6258.

(177) Wang, C.; Lee, T. R.; Lawrence, D. S.; Adams, J. A. Biochemistry
1996, 35, 1533.

(178) Saylor, P.; Hanna, E.; Adams, J. A. Biochemistry 1998, 37, 17875.

CR000230W

2290 Chemical Reviews, 2001, Vol. 101, No. 8 Adams


