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I. Introduction

Posttranslational modification by phosphorylation
is a ubiquitous regulatory mechanism in both eu-
karyotes and prokaryotes. Intracellular phosphory-
lation by protein kinases, triggered in response to
extracellular signals, provides a mechanism for the
cell to switch on or switch off many diverse processes.
These processes include metabolic pathways, kinase

cascade activation, membrane transport, gene tran-
scription, and motor mechanisms. The reverse reac-
tion of dephosphorylation is catalyzed by protein
phosphatases that are controlled by response to
different stimuli so that phosphorylation and dephos-
phorylation are separately controlled events. In eu-
karyotes, the protein kinase domain responsible for
phosphorylation on serine, threonine, or tyrosine
residues is the first, second, and third most common
domain in the genome sequences of yeast (S. cerevi-
siae), the worm (C. elegans), and the fly (D. melano-
gaster), respectively, indicating the importance of
phospho-signaling in higher organisms. The human
genome contains 575 eukaryotic protein kinase do-
mains, representing 2% of the total genome and the
third most populous domain.1 In prokaryotes, signal-
ing by phosphorylation is equally important. In E.
coli there are 62 genes that encode proteins involved
in dual histidine kinase/response regulator systems,
representing approximately 1.5% of the entire ge-
nome.

In this review we ask what are the structural
consequences of phosphorylation and how is this
structural response correlated with signal? We limit
the examples for the most part to those where the
structures of both the phospho- and non-phospho
protein are known and coordinates available in the
Protein Data Bank. We also limit our examples to
phosphorylation of intact proteins and exclude the
numerous structural examples of phospho-peptide
binding to cognate proteins such as phospho-tyrosine
peptide binding to SH2 (e.g., ref 2) and PTB domains
(e.g., ref 3) (reviewed in ref 4) and phospho-serine
peptide binding to 14-3-3 domains.5 The phospho-
peptide interactions give insights into the recognition
by other proteins of the phospho-amino acid, an
important result especially for the design of ligands
that might interfere with this association, but these
structures do not illuminate how the recognition site
is engineered in the target protein as a consequence
of phosphorylation nor the response of the phospho-
protein on recognition. We also exclude results where
a phospho-protein is an intermediate in a reaction
pathway such as in the phosphatases,6,7 topoisomer-
ases,8 and Cre recombinase.9 In these examples,
phosphorylation is part of the catalytic pathway and
does not result in a response in the target protein
that signals to other proteins. Finally, phenylalanine
hydroxylase is an allosteric protein regulated by
phenylalanine, tetrahydrobiopterin, and phosphor-
ylation on serine 16. The non-phospho and phospho
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structures of phenylalanine hydroxylase showed no
differences, and the region containing the phospho-
serine was disordered, suggesting that other allo-
steric effectors need to be present to produce the
activation changes.10 We omit a discussion of “silent”
phosphorylation.

Addition of a phosphoryl group to serine, threonine,
or tyrosine (in eukaryotes and occasionally in prokary-
otes) or to histidine or aspartic acid (in prokaryotes)
residues confers properties that can have profound
effects on protein conformation and function. The
phosphoryl group with pKa ∼ 6.7 is likely to be
dianionic at physiological pH. The property of a
double-negative charge and the capacity for forming
extensive hydrogen-bond networks with the four

phosphoryl oxygens confers special characteristics.
Analysis of protein/phosphate interactions in protein
structures has shown that two types of interactions
are dominant. In one, the phosphoryl group interacts
with main-chain nitrogens at the start of an R-helix
and utilizes the positive charge of the helix dipole
for charge neutralization. In the other the phosphate
group interacts with the side chain of one or more
arginine residues. The guanidinium group of an
arginine residue is well suited for interactions with
a phosphate group by virtue of its planar structure
and its ability to form multiple hydrogen bonds.
Because of its resonance stabilization, the guani-
dinium group is a poor protein donor (pKa > 12) and
cannot function as a general acid catalyst in the
hydrolysis of phosphorylated amino acids. Electro-
static interactions between arginine and phosphoryl
groups provide tight binding sites that play a domi-
nant role in recognition and conformational response.
In addition, a number of other residues are also
involved at phospho-recognition sites, and these
include lysine, tyrosine, serine, threonine, aspar-
agine, histidine, and, additionally in prokaryotes,
metal ions.

The first phospho-protein structures, namely, rab-
bit muscle glycogen phosphorylase (reviewed in ref
11) and E. coli isocitrate dehydrogenase (reviewed in
ref 12), revealed two different mechanisms for the
structural response to phosphorylation. Glycogen
phosphorylase is a dimer and is allosterically acti-
vated by phosphorylation. Phosphorylation on a
serine, Ser14, results in a conformational change of
the N-terminal residues such that Ser14 shifts 50 Å
to change contacts from intrasubunit to intersubunit.
The intersubunit contacts of the phosphoryl-serine,
pSer14, to two arginines (one in its own subunit and
the other in the other subunit) and other contacts of
the residues that surround Ser14 are correlated with
a conformational response that results in a changed
orientation of the two subunits of the dimer and
changes in tertiary structure at the catalytic site
leading to activation. Isocitrate dehydrogenase is
inhibited by phosphorylation. The mechanism for
control by phosphorylation is simple. In this enzyme
there is no change in conformation on phosphoryla-
tion. Instead, inhibition is achieved by phosphoryla-
tion of a serine residue, Ser113, at the start of an
R-helix, which blocks access to the catalytic site of
the negatively charged isocitrate substrate, through
both steric and electrostatic effects.

Our understanding of the regulatory properties of
phosphorylation has increased most notably with
studies on the protein kinases, the serine/threonine
kinases (namely, cyclic AMP-dependent protein ki-
nase (cAPK), cyclin-dependent protein kinase 2
(CDK2), and extracellular regulated kinase (ERK2
or MAPK)), the tyrosine kinases (namely, insulin
receptor tyrosine kinase (IRK)), and the family of Src
kinases. Structural studies have shown the role of
the phospho group in the activation segment of the
kinase as an organizing center that localizes and
organizes the activation segment for substrate rec-
ognition. Additional structural information about
inhibitory phosphorylation includes inhibitory phos-
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phorylation on Tyr15 in CDK2 and recognition of the
phospho-tyrosine located in the C-terminal region
by the SH2 domain of Src. More recent structural
examples have shown how phosphorylation may
cause disorder (e.g., K+ channel inactivation domain),
how phosphorylation may cause order, structural
changes, and protein association (e.g., KIX/pKID from
the CBP co-activator protein/CREB transactivation
domain system and some prokaryotic response regu-
lator signaling proteins such as CheY), how phos-
phorylation can promote dimerization (e.g., ERK2,
STAT3B, and STAT1 and other prokaryotic response
regulators such as FixJ and Spo0A), and how phos-
phorylation can inhibit protein/protein association
(e.g., the prokaryotic HPr/enzyme I association in the
sugar phosphotransferase system) and also cause
protein/protein dissociation in the anti-anti-σF/anti-
σF (SpoIIAA/SpoIIAB) interaction. Thus, we begin to
have a portfolio of structural examples that demon-
strates the most frequently observed aspects of
phosphorylation, namely, enzyme activation, enzyme
inhibition, protein association, protein dissociation,
and order/disorder phenomena.

II. Eukaryotic Protein Phosphorylation

A. Eukaryotic Protein Kinases
The 28 eukaryotic protein kinase structures that

are known to date have shown that they all have a
very similar fold, as anticipated from conservation
of certain residues throughout the kinase domain.
The fold comprises an N-terminal lobe of mostly
â-sheet with one R-helix termed the C-helix and a
C-terminal domain that is mostly R-helical with a
small amount of sheet. The catalytic site for the ATP
moiety of the substrate is located at the lobe inter-
face. Many protein kinases, but not all, require
phosphorylation on a threonine (Thr160 in human
CDK2) or tyrosine residue (e.g., Tyr416 in Src) that
is located in a region termed the activation segment
running from the conserved DFG motif to the con-
served APE motif (residues 145-172 in CDK2). (This
region is sometimes called the ‘T loop’, but we prefer
the term ‘activation segment’ because the region
contains some secondary structure, because it in-
cludes both phospho-threonine and phospho-ty-
rosine residues in different kinases, and because it
plays a key role in kinase activation). We use the
symbol “-” to denote covalent modification and the
symbol “/” to denote noncovalent association. Phospho
residues or phospho proteins are prefixed by “p” (e.g.,
pThr160 or pCDK2).

The first observation of phosphorylation on the
activation segment was reported for cyclic AMP-
dependent protein kinase (cAPK) in 1979,13 but it was
not until 1990 that mutagenesis studies showed that
phosphorylation of Thr197 was important for recog-
nition of the inhibitory regulatory subunit14 and not
until 1993 that it was recognized that threonine
autophosphorylation was essential for kinase activ-
ity.15 The crystal structure of cAPK, the first protein
kinase structure to be solved in 1991, demonstrated
the key contacts made by the phosphoryl threonine
(pThr197) and provided ideas for its role as an

organizing center critical for activation.16,17 Struc-
tural studies with an inhibitory peptide showed
interactions of the peptide with part of the activation
segment, but the side chains of the peptide also made
key specific interactions with side chains of cAPK in
other regions.17-19 For tyrosine kinases, autophos-
phorylation of v-Src at position Tyr416 had been
shown in the early 1980s and its significance for the
activation of the cellular counterpart c-Src kinase
established in 1987 (reviewed in ref 20).

As more and more kinases were discovered and the
presence of kinase cascades established in which
activation of one kinase led to the activation of a
following kinase, it became recognized that control
by phosphorylation in the activation segment is a
property of most, but not all, kinases.21 All protein
kinases contain an aspartic acid residue (Asp166 in
cAPK; Asp127 in CDK2) that participates in cataly-
sis. In kinases regulated by phosphorylation in their
activation segment, an arginine residue precedes the
catalytic aspartate. These are the so-called RD ki-
nases. The arginine contacts the phosphoryl group
of the phosphorylated residue in the activation seg-
ment. The contact does not change the position of the
catalytic aspartate, but it assists in the correct
alignment of the activation segment for interaction
with the substrate. The structural studies on those
kinases that are not regulated by phosphorylation
have shown that these kinases have other mecha-
nisms for localization of their activation segments.
In phosphorylase kinase domain, a glutamate takes
the place of the phosphoryl group.22 The kinase
domain is constitutively active without the require-
ment for posttranslational modification, and the
activation segment is held in the correct position to
accept the peptide substrate.23 In twitchin kinase, a
cluster of nonpolar groups is likely to take the place
of the ionic interactions.24 In casein kinase I25,26 and
in the cell cycle checkpoint kinase, Chk1,27 a dianion
(sulfate) can occupy the positively charged pocket
that accommodates the phosphoryl group in phospho-
regulated kinases, but studies have shown that
removal of the dianion does not change the structure.
In these examples the activation segment is stabi-
lized by secondary structural elements and by side-
chain interactions. Titin kinase represents an un-
usual example. The kinase is activated by phosphor-
ylation of a tyrosine residue (Tyr170) that is outside
the activation segment (two residues beyond the E
of the APE motif). It is not an RD kinase. In the
inactive non-phosphorylated state, the tyrosine is
directed into the catalytic site.28 It is proposed that
on phosphorylation, the pTyr is displaced and that
it may make a contact to the basic residue preferred
in the P + 1 position for substrates of titin kinase.
Evidently there are several different ways of stabiliz-
ing the activation segment. Those kinases controlled
by activation segment phosphorylation represent
some of the most important enzymes in signaling
cascades.

1. Serine/Threonine Kinases

CDK2. Cyclin-dependent kinases (CDKs) play a
central role in the coordination of the eukaryotic cell
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cycle (reviewed in ref 29). Their activation is a two-
step process that requires cyclin binding and phos-
phorylation by the CDK-activating kinase (CAK) on
a threonine (Thr160 in CDK2) in the activation
segment. pCDK2 in complex with cyclin A becomes
active as cells enter the S phase. The complex
phosphorylates downstream targets that include the
tumor-suppressor proteins, pRb and the related p107,
and other proteins that regulate transcription and
replication. CDK2 has become the most intensely
studied and the best understood structurally of the
CDKs.

The crystal structure of the free inactive form of
CDK2 was solved in 1993.30 This revealed that the
activation segment was located in a region that
partially blocked the ATP binding site (Figure 1a).
The two lobes of the kinase structure were in a closed
conformation, and the C-helix was in the wrong
orientation to promote crucial contacts with the
triphosphate moiety of ATP, contacts that were
known from the structure of active cAPK. Structural
studies have shown that phospho-CDK2 (pCDK2)
phosphorylated on Thr160 is similar in structure to
free inactive CDK2, except that the part of the
glycine-rich loop (residues 10-20) and the activation
segment from residues 153-164 have become disor-
dered (Figure 1b).31 A partial rationalization for the
disorder is provided by the observation that the
activation segment in free inactive CDK2 places
Thr160 close to a glutamate (Glu12), and hence, on
phosphorylation there would be electrostatic repul-
sion. Phospho-CDK2 exhibits only 0.3% of the activity
of fully active pCDK2/cyclin A. Evidently phospho-
rylation and the electrostatic repulsion are not suf-
ficient to trigger the essential conformational changes
required to activate the kinase, but some pliability
is induced in the enzyme that allows a basal level of
activity. The crystal structure of CDK2/cyclin A32

showed that association of cyclin A with CDK2 led
to significant changes in conformation that seemingly
allowed a near active conformation, but the complex
also exhibits less than 0.3% of the activity exhibited
by the fully active phospho-CDK2/cyclin A complex.
The major conformational changes involve opening
of the bilobal structure, rearrangement of secondary
structural elements, and reorganization of the activa-
tion segment (Figure 1c). The C helix (which contains
the motif PSTAIRE) shifts and rotates by 90°, result-
ing in tight packing of the C-helix against the
N-terminal lobe with extensive nonpolar interactions.
The movement brings the side chain of Glu51 into
the catalytic site where it hydrogen bonds with
Lys33, an important contact residue to the R phos-
phate of ATP bound at the catalytic site. In free
inactive CDK2, residues from the activation segment
Gly147-Gly153 form a short helix (L12 helix) that
packs against the C helix (Figure 1a). On binding
cyclin A, this short helix melts to allow movement of
the C helix and the L12 residues form a reverse turn
followed by a â sheet (residues 150-152) with the
â6 strand (residues 122-124) of the C-terminal lobe.
The conformational changes observed on binding of
cyclin A to CDK2 result in the displacement of the
activation segment from the catalytic site and expo-

sure of Thr160. A nearby glutamate, Glu162, occupies
the phospho-recognition site (Figure 1c). There is no
change in the conformation of cyclin A in binding
CDK2.33

In the structure of the fully active pCDK2/cyclin
A34 complex, the pThr160 turns into the CDK2
molecule and the phosphate group contacts three
arginines, Arg50 from the PSTAIRE C helix, whose
position is adjusted by the movement of the C-helix
on binding cyclin A, Arg126 that precedes the cata-
lytic aspartate, and Arg150 from the activation
segment whose position is adjusted by the melting
of the L12 helix on association with cyclin A34,35

(Figure 1d). The major change in conformation on
forming the active pCDK2/cyclin A complex compared
with the partially active (<0.3%) CDK2/cyclin A
complex is a reorganization of the activation segment
in the region between residues 152-163. The phos-
pho-threonine group acts as an organizing center,
reminiscent of the seryl-phosphate in glycogen phos-
phorylase. Its position appears to be determined by
the need to neutralize the positive charge cluster of
the three arginine residues (Figure 1e). The geometry
of coordination is close to the ideal arrangement seen
in model compounds. Arg50 and Arg150 also hydro-
gen bond to cyclin A main-chain carbonyls, and
Arg126 hydrogen bonds to CDK2 atoms. The phos-
phate group is buried in an environment that is likely
to strengthen the phospho-arginine interactions
stabilizing the conformation in the vicinity.

The change in conformation engineered by the
phospho-threonine in the CDK2/cyclin A complex is
crucial for the recognition of the peptide substrate
(Figure 1f).36 CDK2 is specific for a proline residue
(P + 1 site) following the phosphorylatable serine (P0
site) and a basic residue 3 residues C-terminal to the
serine (P + 3 site). The peptide used in the crystal-
lographic binding studies was derived from an opti-
mal peptide substrate with sequence HHASPRK,
using the single amino acid code. The peptide is
bound in an extended conformation across the cata-
lytic site on the surface of the kinase contacting only
the C-terminal lobe and the activation segment. The
pocket to accommodate the proline residue in the
position P + 1 is created by a special conformation
of the activation segment in which a valine residue
(Val164) adopts a left-handed conformation stabilized
by contact from its carbonyl oxygen to an arginine
(Arg169). Binding of any residue except proline would
be unfavorable because of an uncompensated hydro-
gen bond from the substrate’s main-chain nitrogen.
In the non-phosphorylated CDK2/cyclin A complex,
Val163 adopts a different conformation and blocks
the peptide binding site, thus explaining how the
conformational changes produced by phosphorylation
on the activation segment lead to activation through
creating the peptide substrate recognition site. The
phospho-threonine also plays a direct role in sub-
strate recognition. The lysine in the P + 3 position
contacts pThr160 (Figure 1f).

Recent kinetic results with a peptide substrate
have shown an increase in kcat of 843-fold and a
decrease in Km of 137-fold, resulting in an overall
increase in catalytic efficiency (kcat/Km) on phospho-
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Figure 1. Structural response of CDK2 to activation by cyclin A and phosphorylation. Color scheme: CDK2 (yellow);
C-helix (magenta); activation segment from residues 145-172 (green); cyclin A (purple). (a) Inactive apo-CDK2.30 The
positions of Thr160, Glu12, and the L12 helix in the activation segment are marked. There is a break in the electron
density for residues 34-42 just before the C helix. (b) pCDK2.31 Phosphorylation results in disorder of residues 153-164
in the activation segment but no other conformational changes from apo-CDK2. (c) CDK2/cyclin A complex.32 There is a
significant shift in the C-helix from its position in CDK2, creating the ATP triphosphate binding site, and in the activation
segment resulting in exposure of Thr160 and burying of Glu162 into the phosphoryl recognition site. (d) pCDK2/cyclin
A.34 The phospho-Thr160 occupies the phosphoryl recognition site and Glu162 is exposed. There are small but significant
conformational changes in the activation segment from the structure of CDK2/cyclin A. (e) Details of the phospho-recognition
site. The color scheme is the same as that defined in Figure 1a. pThr160 contacts three arginines: one (Arg50) from the
C-helix, one (Arg126) that is adjacent to the catalytic aspartate, and one (Arg150) from the start of the activation segment.
Two arginines (Arg50 and Arg150) form hydrogen bonds to main-chain residues of cyclin A, while Arg126 hydrogen bonds
to Tyr180. The phospho site is partially shielded by Ile270 on cyclin A. (f) Details on the interactions of a substrate peptide
with the activation segment of pCDK2/cyclin A.36 The peptide is blue, and the coloring scheme for CDK2 and Cyclin A is
as described in Figure 1a. The ribose and triphosphate of the inactive analogue AMPPNP and the Mg2+ ion are also shown.
The positions of the triphosphate moiety of AMPPNP shift between the CDK2/cyclin A complex and the pCDK2/cyclin A
complex and reach their correct conformation for catalysis in the pCDK2/cyclin A/peptide complex. The conformation of
the activation segment in the non-phospho CDK2/cyclin A is shown in gray. The shifts in main-chain atoms of Val163 on
phosphorylation of Thr160 that converts CDK2/cyclin A to pCDK2/cyclin A create the proline recognition site at the P +
1 position. The substrate serine at P0 is directed toward the γ phosphate of AMPPNP and also hydrogen bonds with the
catalytic aspartate Asp127. The lysine at P + 3 contacts the threonine phosphate. (Figures 1-8 were produced with Aesop.
Noble, M. E. M. To be published.)
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rylation of CDK2 in the CDK2/cyclin A complex of
100 000-fold.37 The phospho and non-phospho forms
showed equivalent rates of ATPase activity. Combi-
nation of the structures and the kinetic analysis
suggests that the role of cyclin A in the CDK2/cyclin
A complex is to align residues that form the ATP
recognition site, while the role of Thr160 phospho-
rylation is to align the activation segment to create
the correct peptide or protein recognition site to
enable phosphoryl transfer. Phosphorylation en-
hances the rate of phosphoryl transfer (by about
3000) and increases the affinity for substrate binding.
In pCDK2/cyclin A, the rate of dissociation of prod-
ucts is rate limiting but the differences in rates
between the chemical step and product dissociation
are not as extreme as those observed for cAPK38-40

and phosphorylase kinase (PhK).41 In pCDK2/cyclin
A, the phosphoryl transfer step (k3) is 22 s-1, which
is slower than that observed for cAPK and PhK (k3
) 500 s-1 and >360 s-1, respectively).

Inactivation of pCDK2/cyclin A involves ubiquitin-
mediated destruction of cyclin A by the proteasome
and dephosphorylation of pThr160. Genetic and
biochemical studies implicate kinase-associated phos-
phatase (KAP) as one of the protein phosphatases
responsible for dephosphorylating the activating
pThr residue of human CDK2.42 The enzyme, discov-
ered using a yeast two-hybrid genetic screen as a
CDK2-interacting protein, is a member of the dual-
specificity phosphatase family and is capable of
dephosphorylating artificial protein substrates con-
taining both pThr and pTyr residues. KAP associates
with CDK2 in vivo, and dephosphorylation of pThr160
is dependent upon the tertiary structure of CDK2, a
feature that distinguishes KAP from the nonspecific

PP2A catalytic subunit. The crystal structure of KAP
in association with pThr160-CDK2 has recently been
solved43 and provides the first example of a protein
phosphatase in complex with its intact protein sub-
strate (Figure 2).

The C-terminal lobe of CDK2 and the C-terminal
helix of KAP form the major protein interface be-
tween the two molecules, regions remote from the
kinase activation segment and the KAP catalytic site.
The kinase activation segment interacts with the
catalytic site of KAP almost entirely via the phos-
phate group of pThr160 (Figure 2). The pThr160
phosphate group contacts the main-chain nitrogens
of residues Gly142 and Arg146 and the side-chain OG
of Ser140, contacts that are similar to those made
by phospho substrates in tyrosine phosphatases such
as PTB1B.7 (The KAP catalytic cysteine, Cys140, had
been mutated to serine in order to allow a stable
complex to be formed.) This interaction requires that
the activation segment is drawn away from the
kinase molecule, thereby inducing a conformation of
pCDK2 to one similar to the activated state observed
in the CDK2/cyclin A complex (except for the activa-
tion segment conformation). The contact sites on
CDK2 for cyclin A and for KAP are nonoverlapping,
suggesting that cyclin A and KAP could bind CDK2
simultaneously. However, KAP is unable to dephos-
phorylate pCDK2/cyclin A and is only effective on free
pCDK2.42 The explanation lies in conformational
differences. In the pCDK2/cyclin A complex the
pThr160 is firmly bound by the three arginines
(Arg50, Arg126, and Arg150) and is not accessible to
recognition by KAP. The sequestration of pThr160,
the defined conformation of the activation segment,
and the localization of the arginine residues in the

Figure 2. Complex of pCDK2 with KAP.43 CDK2 is in gold with the activation segment in green and pThr160 marked.
KAP is in cyan with the acid/base loop of the phosphatase carrying Asp110 in red and the loop that carries the catalytic
cysteine (here mutated to serine, Ser140) in blue. The orientation of CDK2 is rotated with respect to Figure 1 in order to
show the interactions with KAP more clearly. The pCDK2/KAP interaction positions the catalytic site of KAP to recognize
pThr160. The activation segment is drawn away from the main body of the kinase, and the remainder of the kinase molecule
collapses to a conformation that is nearer to the conformation of CDK2 seen in CDK2/cyclin A complexes than that observed
for pCDK2. There is a break in the electron density in pCDK2 between residues 34-43 just before the C helix.
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pCDK2/cyclin A complex prevent access of KAP to
its substrate. In free pCDK2, the activation segment
is mobile and pThr160 is accessible for binding to
KAP. The second recognition site on CDK2 for KAP,
which involves the GDSEID and DYK motifs, is not
changed between the pCDK2/KAP and pCDK2/cyclin
A structures. It is accessible to KAP in the pCDK2/
cyclin A complex, suggesting that it should be pos-
sible for KAP to bind to the pCDK2/cyclin A complex
but unable to exert phosphatase activity. The struc-
ture of the pCDK2/KAP complex reveals how the
conformation of a phosphoprotein may be altered
following its interaction with a binding partner which
recognizes the phosphorylated residue. It will be
interesting to see if this is a common feature in other
protein/phospho-protein complexes.

CDK2 is inhibited by phosphorylation of Tyr15 in
the glycine-rich loop. The phosphorylation by Wee1
kinase and its dephosphorylation by CDC25 phos-
phatase form important checkpoints in the cell and
play a role in response to DNA damage. The crystal
structure of pTyr15,pThr160-CDK2 in complex with
cyclin A has been determined (Tucker, J.; Endicott,
J. A.; Noble, M. E. M. To be published). Tyr15
phosphorylation does not significantly alter the over-
all structure of the complex nor does it prevent ATP
binding. It appears that phosphorylation of Tyr15
may perturb the binding of protein substrate at the
catalytic site through steric hindrance, but this has
to be explored through further experiments.

MAP Kinases. Members of the MAP kinase family
transduce extracellular signals. They phosphorylate
and activate transcription factors leading to trans-
formation, proliferation, and other changes in the
cell. Multiple parallel MAP kinase pathways are
differentially responsive to growth factors and envi-
ronmental stresses. Each member is activated by a
specific MAP/ERK kinase (MEK) and a MAP/ERK
kinase kinase (MEKK) cascade, and each phospho-
rylates a distinct spectrum of cellular substrates.44,45

The MAP kinase ERK2 is activated in response to
growth factors and mitogens by tyrosine kinase
receptors, G-protein-linked receptors, and protein
kinase C pathways. ERK2 achieves maximum activ-
ity only when both Thr183 and Tyr185 from the
activation segment are phosphorylated by the up-
stream kinase MEK. Thr183 is equivalent to Thr160
in CDK2 and Thr197 in cAPK. Singly phosphorylated
forms of ERK2 have less than 1% of the activity of
the fully phosphorylated enzyme.

The crystal structure of non-phosphorylated ERK2
showed a typical kinase domain in which the two
lobes exhibited an open conformation and the peptide
binding site was blocked by Tyr185, one of the two
residues that are phosphorylated on the activation
segment.46 The activation segment was well ordered
with a different conformation than that seen in non-
phosphorylated CDK2. ERK2 contains a C-terminal
extension in which the chain spans both N-terminal
and C-terminal lobes and terminates as an R-helix-
labeled L16 that wraps around the C-helix. The
structure of the dual-phosphorylated ERK2 (Figure
3) showed a rearrangement of the activation segment
bringing the phospho-threonine and the phospho-

tyrosine into alignment with surface arginine resi-
dues.47 Upon phosphorylation, pThr183 turns into the
protein, shifting 9 Å to make ionic contacts with
N-terminal lobe residues, thereby promoting domain
closure. The contacts include Arg68 from the C-helix
and Arg146 (preceding the catalytic aspartate) and
Arg170 from the activation segment. These contacts
are equivalent to those made by pThr160 in CDK2,
and like pThr160, pThr183 in ERK2 acts as an
organizing center through an extensive network of
hydrogen bonds that link it to the C-helix and the
C-terminal helix L16 (Figure 3). On phosphorylation,
pTyr185 moves from its buried site to a surface site
where it interacts with Arg189 and Arg192. To
accommodate these changes, the activation segment
refolds between residues Gly167 (the Gly of the DFG
motif) and Ala187. Ala187 adopts a left-handed
conformation (similar to the conformation of Val164
in CDK2) and hydrogen bonds through its main-chain
carbonyl to the side chain of Arg192. ERK2, like
CDK2, is specific for a proline in the P + 1 position.
Modeling the peptide substrate from CDK2 into the
catalytic site of pERK2 shows that the same mech-

Figure 3. Comparison of non-phospho and phospho-
ERK2.47 ERK2 is in gold with the activation segment
(residues 165-195) in green and the C-terminal region
(residues 320-359 including the L16 helix) in purple. The
L16 helix docks against the C-helix in a similar interaction
to that seen with the interaction of cyclin A with CDK2
(Figure 1). The positions of pThr183 and pTyr185 are
marked together with the arginine residues with which
they interact (Arg68, Arg146, and Arg170 and Arg189 and
Arg192, respectively). Note the similarity in conformation
of the activation segment to that of pCDK2/cyclin A (Figure
1d). The position of the activation segment in non-phospho-
ERK2 is shown in gray. The 9 Å shift in Thr183 is
apparent. Also shown are residues Leu333, Leu336, and
Leu344 in the loop preceding the L16 helix that form part
of the dimerization interface in pERK2 dimers.
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anism operates for creation of a proline recognition
pocket with the same specificity determinant engi-
neered by the left-handed conformation of Ala187.

Thus, in ERK2, the dual phosphorylation promotes
domain closure, allowing the catalytic and ATP
binding groups to take up their correct conformation
for catalysis, and phosphorylation reorganizes the
activation segment to create the correct substrate
recognition site for the protein substrate. It is inter-
esting that, like CDK2, single phosphorylation is not
sufficient to promote these changes; CDK2 requires
cyclin A, and ERK2 requires dual phosphorylation.

The dual phosphorylation also promotes changes
in the L16 helix. Shifts in L16 are correlated with
the movement of the C-helix to its correct conforma-
tion. Curiously, the L16 helix appears to form a
similar function to cyclin A in CDK2, packing against
the C-helix (Figures 1c and 3). The L16 helix is also
involved in dimerization. Three leucine residues
(Leu333, Leu336, and Leu344) just prior to the L16
helix become more exposed in the activated enzyme.
In the crystal, these residues contact their equivalent
residues in a symmetry-related molecule forming a
hydrophobic leucine zipper. On activation by phos-
phorylation, ERK2 dimerizes and translocates to the
nucleus. The dissociation constant (Kd) for dimers
changes from 20 µM for ERK2 to 7.5 nM for 2pERK2.
The structural results combined with mutagenesis
experiments provide a satisfying explanation for the
creation of the dimerization site.48 They show that
such a site is engineered as a direct consequence of
the structural changes following phosphorylation,
although the phospho residues are not directly in-
volved in the dimerization site.

Structures of three other members of the MAP
kinase family have also been solved: P38R in non-
phospho state,49,50 P38γ in dual-phosphorylated state,51

and JNK3 (a neuronal specific form of JNK) in non-
phospho state.52 The P38 kinases are activated in
response to proinflammatory cytokines and by cel-
lular stress. P38R and P38γ exhibit 63% sequence
identity. The non-phospho forms of P38R showed a
structure similar to ERK2 but with a greater degree
of lobe opening and some differences in the confor-
mation of the activation segment, which is six
residues shorter in p38 than in ERK2. In p38, Tyr185
is exposed to solvent while it is buried in the non-
phospho form of ERK2. The non-phospho form of
JNK3 also shows an open conformation leading to
misalignment of catalytic residues. The activation
segment adopts a different conformation from ERK2,
and the equivalent phosphorylatable threonine and
tyrosine residues are 16 and 12 Å from their corre-
sponding positions on non-phospho-ERK2. The struc-
ture of the dual-phosphorylated p38γ shows a dra-
matic closure of domains compared with p38R by 20°
to bring catalytic residues into their correct orienta-
tion. The activation segment, despite its difference
in length, adopts a similar conformation to that seen
in 2pERK2 with identical contacts for the residues
corresponding to pThr183 and pTyr185. These results
illustrate a general theme in protein kinase struc-
tures. In their inactive state, protein kinase struc-
tures are different. In their active state, protein

kinase structures converge to a common framework
with regard to the correct orientation of catalytic
groups and the activation segment. In P38γ, the
sequence of amino acid residues in the L16 helix has
significant differences from that of ERK2. The three
leucine residues of ERK2 become aspartate, arginine,
and valine, and the L16 helix has regions of disorder.
P38γ does not dimerize on activation by phosphory-
lation, most likely because of noncomplementary
changes in the surface residues in this region.

2. Tyrosine Kinases

Insulin Receptor Tyrosine Kinase. The cyto-
plasmic region of the insulin receptor contains the
tyrosine kinase domain. In response to insulin bind-
ing to the extracellular domain, autophosphorylation
on three tyrosines (Tyr1158, Tyr1162, and Tyr1163)
in the activation segment of the kinase domain
stimulates kinase activity toward exogenous sub-
strates such as the insulin receptor substrate (IRS).
A number of mutations in the tyrosine kinase region
of the gene encoding the insulin receptor have been
identified in patients with noninsulin-dependent
diabetes.

The structure of the non-phosphorylated insulin
receptor tyrosine kinase (IRK)53 revealed the basic
kinase fold in which the two lobes were held open by
steric interactions between the glycine-rich loop and
the start of the activation segment in the region of
the DFG motif. The activation segment traverses the
cleft between the N- and C-terminal lobes such that
both protein substrate and ATP binding sites are
blocked. One of the tyrosines from the activation
segment, Tyr1162, is directed into the catalytic site
and is an example of active-site-directed intrasteric
autoregulation.54 It is hydrogen bonded to the cata-
lytic aspartate and seemingly poised for cis-auto-
phosphorylation. However, catalysis is prevented by
the blocking interactions of residues from the activa-
tion segment (e.g., Phe1151) that inhibit ATP bind-
ing.

The structure of the triply phosphorylated IRK in
ternary complex with an inactive ATP analogue,
AMPPNP, and a substrate peptide (Figure 4) re-
vealed the significant conformational changes in-
duced by the triple phosphorylation to create a
functionally active kinase.55 On phosphorylation,
Tyr1158 shifts 30 Å and occupies a surface position,
making no contacts with the protein but possibly
offering a phospho-recognition site for other proteins.
pTyr1162 is displaced from the catalytic site and
hydrogen bonds to Arg1164 on the surface. This
arginine is conserved in other tandem-phosphory-
lated receptor tyrosine kinases. pTyr1163 is the last
residue to be phosphorylated but is the most impor-
tant for conferring activity. It turns in and fills the
pocket equivalent to that observed for phospho
residues in other protein kinases (e.g., pThr197 in
cAPK and pThr160 in CDK2), although the contacts
to the phospho residue are less than those observed
in the serine/threonine protein kinases. pTyr1163
hydrogen bonds to Arg1155 (from the activation
segment equivalent to Arg150 in CDK2), and there
are stacking interactions between the aromatic ring
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of the tyrosine and the aliphatic carbons of the
arginine. There is no direct interaction to Arg1131,
the arginine that precedes the catalytic aspartate,
although this arginine is in the vicinity. There are
no contacts to residues from the C-helix, and the
residue equivalent to Arg50 in CDK2 or His87 in
cAPK is a glutamate. Nevertheless, phosphorylation
stimulates significant domain closure by 21° and the
C helix rotates by 35° so that the glutamate (E1047)
becomes closer to the ATP binding lysine (Lys1030).

The peptide substrate (sequence of GDYMNM)
binds with the tyrosine directed into the catalytic site
close to but not in contact with the γ phosphate of
AMPPNP (Figure 4). The substrate aspartate makes
a contact through water to a lysine, while the two
methionine residues C-terminal to the tyrosine oc-
cupy nonpolar pockets. Crucially the peptide is held
in place by hydrogen bonds characteristic of an
antiparallel â sheet between the P + 1 and P + 3
main-chain groups and activation segment residues
Leu1171 and Gly1169, respectively, thus demonstrat-
ing the crucial role for phosphorylation in facilitating
the correct conformation of the activation segment
to create the peptide substrate recognition site.
Likewise the correct orientation of the activation
segment is critical for phosphorylase kinase peptide
substrate recognition, where there is also antiparallel
â sheet interactions between the substrate and the
activation segment,23 and in CDK2 where the activa-
tion segment creates the substrate prolyl and basic
residue recognition sites.36

The fact that the pTyr residue is anchored rather
less strongly than the corresponding phosphoryl
groups in CDK2 or in cAPK may facilitate access to
protein phosphatases that switch off the insulin
signal. Recent structural studies56 on the tyrosine
protein phosphatases (PTP1B) in complex with triply
and doubly phosphorylated peptides from the insulin
receptor indicate that the major specificity is for
pTyr1162 but that the specificity is enhanced by the

tandem phosphorylation. The pTyr1163 makes spe-
cific contacts away from the catalytic site. The results
indicate a hierarchical dephosphorylation process.

The structure of the kinase domain of the vascular
endothelial growth factor receptor 2 (VEGFR2) has
been solved in the phosphorylated state57 and com-
pared with the structure of the homologous (55%
sequence identity) platelet-derived growth factor
receptor (PDGFR) kinase domain.58 Curiously, the
VEGFR2 kinase domain, although phosphorylated on
Tyr1059 (equivalent to Tyr1163 in IRK or Thr160 in
CDK2), exhibits a similar conformation to the non-
phosphorylated inactive PDGFR kinase domain. Most
of the activation segment is disordered, and a portion
of it occupies a position inhibitory to substrate
binding. The VEGFR2 kinase domain has kinase
activity, but the enhancement of activity for the
phospho versus the non-phospho forms of the enzyme
is only about 10-fold, compared with the 1000-fold
enhancement of activity observed on phosphorylation
of CDK2 in the CDK2/cyclin A complex. VEGFR2
kinase domain can additionally be phosphorylated on
Tyr1054 (equivalent to Tyr1158 in IRK), and it may
be that VEGFR2 kinase requires this phosphoryla-
tion or other factors for full activation or it may be
that VEGFR kinase domain exists in a dynamic
equilibrium involving several conformations that
include the inactive conformation observed in the
crystal. In this example, single phosphorylation has
not been sufficient to establish the definite active
conformation, just as single phosphorylation of free
CDK2 is insufficient to activate.

Src Family Kinases (Src, Hck, Lck). The Src
family of tyrosine kinases are a closely related group
of nonreceptor kinases which are involved in signal-
ing pathways that control growth and differentiation
in cells in response to the activation of cell surface
receptors by growth factors and cytokines. Src family
members differ in cellular expression and localiza-
tion. Src is expressed in a wide range of tissues:

Figure 4. Tyrosine kinase domain of the insulin receptor (IRK)55 showing interactions of the peptide substrate (in pink)
with the activation segment (residues 1150-1179 in green). The catalytic loop (residues 1130-1137) that carries the catalytic
aspartate (Asp1132) is shown in gold. The three phospho-tyrosine residues, pTyr1158 that is external, pTyr1162 that
contacts Arg1164, and pTyr1163 that contacts Arg1155, are shown. The main chain of the peptide substrate forms a short
antiparallel â sheet with the activation segment main-chain atoms of residues 1169-1171. The substrate tyrosine is directed
into the catalytic site, and the phenolic OH group is within hydrogen-bonding distance of Asp1132, the catalytic aspartate,
and directed toward the γ phosphate of AMPPNP, the inactive analogue of ATP.
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haematopoietic cell kinase (Hck) is expressed in
lymphoid and myeloid cells and lymphoid cell kinase
(Lck) plays a role in T cell signaling. The viral
homologue of Src, v-Src, is the gene product respon-
sible for the cell-transforming ability of the Rous
sarcoma virus and was the first tyrosine kinase to
be identified. Src family members comprise five
domains: an N-terminal domain involved in mem-
brane binding and subcellular localization, an SH3
domain, an SH2 domain, a kinase domain (SH1), and
a C-terminal tail that includes a tyrosine, Tyr527,
whose phosphorylation by another kinase, Csk, leads
to down regulation of Src-kinase activity. The im-
portance of the C-terminal tail tyrosine phosphory-
lation for cellular regulation is demonstrated by
v-Src, which lacks this site of phosphorylation and
exhibits unregulated activity in cells. Src family
members are regulated by autophosphorylation of a
tyrosine in the activation segment (Tyr416 in Src).

The crystal structures of the down-regulated forms
of human and chicken Src59,60 and human Hck61 and
the active phospho form of the kinase domain of
human Lck62 have been solved. These structures have
revealed a rich variety of control mechanisms for
protein kinases both by phosphorylation and by
protein/protein interactions. The structures of the
SH3-SH2-kinase-C-terminal construct of down-
regulated Src and Hck (Figure 5) show a compact
structure in which the SH2 and SH3 domains are
located on the opposite surface of the kinase domain
to the catalytic site, indicating immediately that the
explanation for down regulation of kinase activity by
these domains is through indirect interactions and

not a steric blocking mechanism. The C-terminal
pTyr527 interacts with the SH2 domain at a site that
is over 40 Å from the catalytic site (Figure 5). In
simple terms, the down regulation appears to be
effected by two factors: a constraint on the kinase
C-helix so that it is displaced from its active confor-
mation and, second, the engagement of the SH2 and
SH3 domains at either ends of the two lobes of the
kinase in such a way as to impair the correct lobe
disposition needed for catalysis. The details have
been well summarized in reviews.63-65 Here we focus
on the effects of phosphorylation (inhibitory phos-
phorylation at Tyr527 and activatory phosphorylation
at Tyr416) and show how these phosphorylation
control events are correlated with the protein/protein
interactions mediated by the domains.

The SH3 domain adopts a similar structure to that
observed in the crystal structures of the single
domain, as does the SH2 domain. The linker between
the SH2 and the kinase domain interacts with
residues at the C-terminal end of the kinase C-helix
and part of the region of a turn between the â strands
â2 and â3 of the N-terminal lobe of the kinase. The
linker adopts a conformation similar to a polyproline
helix (although it contains only one proline in Src)
and forms a docking site for the SH3 domain (Figure
5). These interactions form the first of the compo-
nents that restrain the kinase in the inactive con-
formation. The kinase domain has a structure that
has many similarities to the inactive conformation
of CDK2. The contacts of the SH2 domain to the
kinase are mediated by the docking of the C-terminal
region pTyr527 to the phospho-tyrosine site of the
SH2 domain. The phosphoryl group of pTyr527 in
Hck and in chicken Src makes six hydrogen bonds
in total to Arg 155, Arg175, Glu178 (main-chain NH),
and the OG atoms of Ser177 and Thr179. Arg155 also
contributes a positive charge interaction with the π
electrons of the phenolic ring of pTyr527. These
interactions are similar to the contacts observed in
studies of model phospho-peptides bound to SH2
domains and suggest a relatively high-affinity phos-
phoryl-binding site. However, the sequence sur-
rounding the pTyr527 in both Src and Hck is a
nonoptimal sequence for SH2 recognition, and the
manner of binding of the surrounding residues in
both structures is suggestive of a low-affinity mode.
Consistent with this is the ability of high-affinity
phospho-tyrosine peptides to displace pTyr527, lead-
ing to an increase in kinase activity without phos-
phorylation on Tyr416.66

The contact of the C-terminal tail pTyr527 localizes
the SH2 domain, reinforcing the contacts of the SH2-
kinase linker region and the contacts of this region
to the SH3 domain (Figure 5). Displacement of the
SH3 domain by the SH3-binding protein HIV-1 Nef
provides maximal activation of Hck,67 indicating that
the restraining interactions mediated by the SH3/
linker/kinase N-terminal lobe are critical for main-
taining the kinase in the inactive conformation. One
interaction, that of Leu255 from the linker region to
the N-terminal lobe of the kinase, appears to be an
important interaction in the restraint of the kinase.68

The leucine docks into nonpolar pocket formed by

Figure 5. Structure of Src kinase (coordinates taken from
ref 69). The N- and C-termini are marked. The SH3 domain
is in blue, the SH2 domain in dark green, the linker in
cyan, the kinase domain in gold with the C-helix (residues
304-317) in magenta and the activation segment (residues
404-432) in green, and the C-terminal tail in red. Also
shown are the positions of Leu255, which is important for
the linker to kinase interaction, Tyr416 in the activation
segment that is phosphorylated for activation, and pTyr527
that interacts with the SH2 domain and holds Src in the
inactive conformation.
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Trp286 and Tyr326 of the kinase â2/â3 region and
â4 strands, respectively (Figure 5). Mutational stud-
ies showed that when replaced by a smaller residue
(e.g., Leu255Val), the mutant protein had kinase
activity and this activity was not down regulated by
phosphorylation of Tyr527. Occupancy of this non-
polar pocket by a bulky hydrophobic group therefore
appears to be a key factor in the down regulation,
and oblation of this interaction cannot be compen-
sated for by phosphorylation of the C-terminal tail
tyrosine.

In the original publications of Src and Hck struc-
tures, it was reported that the activation segment
was mobile. Later work with different crystal forms,
with less glycerol as cryo-protectant, in the presence
and absence of ATP analogues, and at higher resolu-
tion has shown a defined conformation for the activa-
tion segment that provides further explanation for
regulation by autoinhibition.69,70 In the Src number-
ing, the activation segment running from the DFG
to the APE motifs corresponds to residues 404-432.
Residues 404-411 adopt a 310 helix similar to the L12
helix in CDK2 (residues 145-152) (Figure 5). Hy-
drophobic residues from the helix in Src interact with
the kinase C-helix, stabilizing the C-helix in its
inactive conformation, in a rotated conformation
similar to that observed in inactive CDK2. Further
on in the activation segment, residues 413-418 form
an R-helix such that Tyr416 is directed into to a
nonpolar pocket and forms water-mediated hydrogen
bonds to residues from the catalytic loop of the
kinase. This interaction blocks the catalytic site, and
comparison with the substrate-bound active form of
IRK shows that the conformation of the activation
segment is not in an appropriate conformation to
recognize substrate.

Although the Src and Hck structures represent the
inactive conformations, much can be learned about
the transitions to an active kinase through compari-
son with the active kinase domain structure of Lck.62

The construct used for Lck lacks the SH3, SH2 and
C-terminal tail. It is comprises only the autophos-
phorylated (pTyr394) form of the kinase domain. The
kinase domain has a structure that is similar to the
active forms of other kinases (e.g., pIRK) with the
correct disposition of the C-helix and lobe orientations
to allow participation of the key binding and catalytic
residues in substrate recognition and catalysis. The
activation segment (residues 381-402) contains some
regions of mobility, but pTyr394 is well localized with
the phosphoryl group occupying a similar location to
that seen in cAPK, CDK2, and IRK. The phosphoryl
group contacts Arg363 (the arginine before the
catalytic aspartate corresponding to Arg126 in CDK2)
and Arg387 from the activation segment (correspond-
ing to Arg150 in CDK2), but this interaction is
mediated by two water molecules. The binding of the
phosphoryl group therefore appears to be less strong
than in cAPK and CDK2 but is nevertheless suf-
ficient to generate and stabilize an active conforma-
tion of the kinase domain.

It has been remarked that Src and CDK2 share
similar features in their disposition of the C-helix,
which is important for maintenance of the inactive

conformation. However, the mechanisms of activation
are different. Src is restrained by interactions at the
C-terminal end of the C-helix that are relieved by
displacement of the SH3 and SH2 domains by a
variety of mechanisms, while CDK achieves basal
activity through association with cyclin A and the
interaction of the cyclin at the N-terminal end of the
C-helix (Figures 1c and 5). Once the SH3 and SH2
restraints are relieved in Src, full activation can be
achieved by the trans-autophosphorylation of the
tyrosine Tyr416 in the activation segment increasing
activity by at most 50-fold. In contrast, CDK2/cyclin
A has only basal activity and requires another kinase
to phosphorylate Thr160, thus conferring a 1000-fold
increase in activity.

The double SH2-regulated tyrosine phosphatase
SHP-2 exhibits a different mechanism for SH2 regu-
lation. In the crystal structure of the inactive form
of SHP-2, the N-terminal SH2 domain directly blocks
the catalytic site of the phosphatase domain.71 The
interaction appears to alter the phospho-tyrosine
peptide binding site on the N-SH2 domain, disrupt-
ing its phospho-peptide recognition. It is proposed
that when tyrosine-phosphopeptides bind to the two
tandem SH2 domains with the C-terminal SH2
domain enhancing the poor affinity of the N-SH2
domain, conformational changes are also induced
that release the N-SH2 from the phosphatase cata-
lytic site and allows activation.

B. Phospho-Signaling and Protein/Protein
Association

1. STAT Proteins
Further insights into the role of phosphotyrosine/

SH2 interactions in regulation have been elucidated
with structure determinations of STAT-172 and
STAT3â73. STAT (signal transducers and activators
of transcription) proteins are activated in response
to extracellular signals. Binding of growth factors or
cytokines to their cognate receptors results in intra-
cellular tyrosine phosphorylation. STAT proteins
contain an SH2 domain. They are recruited to the
receptor intracellular region and then phosphorylated
either directly by the receptor kinase or by the
receptor-associated JAK kinase. Phosphorylation
causes the STAT proteins to dimerize and translocate
to the nucleus where they bind to specific promoter
sequences in target genes. The JAK/STAT pathway
provides one of the most direct signaling pathways
from the receptor to the nucleus. The crystal struc-
tures of both STATs comprised constructs that lack
the N-terminal DNA cooperative binding domain and
the C-terminal transcriptional activator domain but
included four domains: a four-helix coiled-coil do-
main, the DNA binding domain that has an immu-
noglobulin-like fold similar to that of NFκB and p53,
a linker region composed of R-helices, and the SH2
domain followed by the C-terminal region containing
the phospho-tyrosine. The STAT proteins crystal
structures were solved in complex with an 18-mer
and a 17-mer duplex of DNA. The structures im-
mediately provided an explanation for the dimeriza-
tion and DNA binding promoted by the interaction
of the phospho-tyrosine with the SH2 domain.
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The four domains form a stable tandem structure
in which each domain interacts with its neighbors
by significant hydrophobic interactions (Figure 6).
Two STAT monomers form a dimer in which the
monomers are related by a 2-fold crystallographic
symmetry axis. The two monomers bind DNA, grip-
ping it like a pair of pliers, in such a way that the
two DNA binding domains interact with DNA but not
with each other. The phospho-tyrosine of one mono-
mer crosses over and docks into the SH2 recognition
site of the other monomer. The C-terminal region
then crosses back into its own monomer. The contacts
to the phosphoryl group are highly conserved (with
the exception that one arginine is a lysine) with those
observed for other SH2 interactions, although the
sequences of the STAT SH2 domains diverge consid-
erably from those of other SH2 domains. The length
of the linker region from the end of the SH2 domain
to the phospho-tyrosine is too short to allow the
phospho-tyrosine to reach the recognition site of its
own monomer. The phosphotyrosine/SH2 interaction
provides the major contact in promoting dimerization.

The SH2 domain is in contact with the DNA
binding domain through interactions with an R helix
of the linker region. Thus, phospho-tyrosine recogni-
tion by the SH2 domain promotes dimerization and
signals to the dimeric DNA binding site. There are
similarities with the way in which the C-terminal tail
phospho-tyrosine of Src signals. Both proteins, one
through intramolecular (Src) and the other through
intermolecular (STAT) recognition, utilize the local-

ization of the SH2 domain by the phospho-tyrosine
to signal to other structural elements of the protein.
In Src protein/protein interactions mediated by the
SH2 hold the kinase in an inactive conformation, and
in STAT, protein/protein interactions localize the
DNA binding domain.

2. KID Domain of CREB Bound to the KIX Domain of
CBP

The cAMP-regulated transcription factor CREB is
stimulated for target gene expression by association
with the co-activator, the CREB binding protein,
CBP. Complex formation between CREB and CBP
requires cAPK phosphorylation of Ser133 on CREB.
CREB transactivation domain is composed of the
kinase-inducible domain (KID) that carries Ser133
and a Q2 domain that stimulates transcription
through association with a subunit of TFIID. CBP
contains a domain known as KIX with which its binds
to the phospho-KID domain of CREB. The NMR-
determined structures74 of pKID (residues 101-160)
from CREB in association with KIX (residues 586-
666) from CBP have provided a basis for understand-
ing the role of phosphorylation in association. Free
pKID exhibits a NMR spectrum indicative of an
unstructured peptide. Upon binding to KIX, the pKID
peptide folds into two mutually perpendicular helices
between the regions 119-145, although outside these
regions the peptide remains unstructured. The KIX
domain has a well-defined structure of three anti-
parallel helices with a hydrophobic groove running

Figure 6. Stat3â homodimer DNA complex.73 The N-terminal helix bundle (residues 130-320) is shown in blue, the
DNA binding domain (residues 320-465) in magenta, the linker domain (residues 465-585) in yellow, and the SH2 domain
and phospho-tyrosine-containing region (residues 585-722) in green in the right-hand molecule and red in the left-hand
molecule. The disordered regions that link the R1 and R2 helices of the N-terminal helix bundle and the region from 689
to 701 in the phospho-tyrosine-containing loop are shown by dotted lines. The 17 base pair DNA duplex is shown with all
atoms drawn. The pTyr705 from one molecule reaches into the SH2 binding site on the other molecule of the dimer. The
view is approximately along the DNA dyad axis with the dyad axis of the complex running vertically.
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across helices 1 and 3 into which the second helix
(RB) of pKID binds (Figure 7). In addition to the
nonpolar interactions between pKID and KIX, there
are three charge/charge interactions and the overall
change in solvent accessible area (1200 Å2) indicates
a reasonably tight interaction. However, there is no
association without phosphorylation of Ser133.

The phosphoryl-serine residue is situated at the
start of the second helix (RB) of pKID (Figure 7). The
contacts to KIX vary in the family of NMR structures,
but the essential interaction, as demonstrated by
mutagenesis, is that between the phosphoryl group
and Tyr658. A lysine, Lys662, is in the vicinity, but
its interaction does not appear to be essential. There
is likely to be stabilization of the RB helix through
interaction of the phosphoryl group with the helix
dipole. Free phosphoryl serine does not bind to KIX
(in contrast, phosphoryl tyrosine will bind to SH2
domains). Thus, the mechanism by which phospho-
rylation confers structure and association of the KID
domain appears to utilize mutually cooperative in-
teractions. The folding of pKID through association
with KIX is dependent upon the phosphoryl group
at the N-terminal end of the developing R-helix and
one key interaction of the phosphoryl group to a
tyrosine residue.

Phosphoryl binding sites at the start of R-helices
are common in enzymes that recognize phospho
substrate or cofactors (e.g., triose phosphate isomerase
and lactate dehydrogenase). There are now three
examples where a phosphoryl amino acid occurs at
the start of a 310 or R-helix: glycogen phosphorylase,
isocitrate dehydrogenase, and now pKID. To be
recognized by their respective kinases (phosphorylase
kinase for glycogen phosphorylase and cAPK for
KID), the crystal structures of these kinases have
shown that the region in the vicinity of the phospho-
rylatable residue must adopt an extended conforma-
tion.23 Hence, on release from the kinase, a confor-
mational change must take place (extended to helix)
and indeed the incentive for this conformational

change may well encourage product release from the
kinase.

C. Phosphorylation Signals Order/Disorder
Transitions and Protein/Protein Dissociation

There are many instances in vivo where phospho-
rylation on multiple sites causes protein/protein
dissociation or prevents protein/protein association.
The structures of non-phospho and phospho forms of
the inactivation domain of a K+ channel have pro-
vided insight into the basis of these events based on
electrostatic repulsion, while two further proteins
whose structures have been determined in the non-
phospho form (the retinoblastoma tumor-suppressor
protein Rb and the neuronal Sec1 protein) have
indicated that similar mechanisms may be possible
with these systems.

1. Inactivation Gate of a K+ Channel

In common with many ion channels, the voltage-
gated K+ channel Kv.4 is regulated by phosphoryla-
tion. Inactivation of the channel is achieved through
the interaction of residues 1-30 (termed the inacti-
vation domain (ID)) which block the pore on the
cytoplasmic side. Phosphorylation of the ID by pro-
tein kinase C (PKC) on three potential serine resi-
dues (Ser8, Ser15, and Ser21) results in reduction of
inactivation. The NMR analysis of the non-phospho-
rylated ID showed a compact structure that had a
high affinity for the receptor. Phosphorylation at Ser8
resulted in an increase in the rate of dissociation from
the receptor, and phosphorylation of Ser15 and Ser21
resulted in a decrease in the rate of association. The
NMR structures of pSer8-ID and pSer15, pSer21-ID
showed a loss of overall structural stability.75 In
pSer8-ID, residues 5-15 were ordered (i.e., those
around the phospho site) but residues N- and C-
terminal were disordered. In pSer15, Ser21-ID, resi-
dues 15-25 were ordered (again those regions around
the phospho sites) and the remainder of the structure
disordered. The phospho sites are close to two
glutamate residues, Glu27 and Glu28, and it is likely
that the disorder arises from steric and electrostatic
repulsion. Whereas in free pCDK2 it is the region
carrying the phosphoryl-threonine that becomes
disordered because of electrostatic repulsion, in the
ID domain of Kv3.4 it is the other parts of the
structure.

2. Retinoblastoma Tumor Suppressor

The growth-suppressive action of the tumor-sup-
pressor protein Rb is coupled to the cell cycle through
the actions of the CDKs. Inactivation of Rb is a
common event in many cancers. In its active state,
Rb binds to the transcription factor complex E2F and
thereby inhibits expression of genes that are required
for the transition from the G1 into the S phase and
DNA replication. Rb phosphorylation on multiple
sites, first by CDK4/cyclin D and then by CDK2/cyclin
E followed by CDK2/cyclin A, leads to dissociation of
Rb from E2F and release of transactivation compe-
tent E2F. Sixteen potential Ser/Thr-Pro phosphory-
lation sites have been identified, and at least 10 such

Figure 7. Structure of the KIX domain of CBP bound to
the phosphorylated KID transactivation domain of CREB.
KIX is in purple and pKID in magenta.74 The interaction
of pSer133(KID) with Tyr658(KIX) is shown. There are
extensive interactions between the C-terminal helix of KID
and the R1 and R3 helices of KIX.
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sites have been shown to be phosphorylated in vivo
(Ser249, Thr252, Thr373, Ser567, Ser608, Ser780,
Ser807, Ser811, Thr821, and Thr826). Some of these
are specific for individual CDK/cyclin combinations.
Rb also forms complexes with several other proteins
including viral oncoproteins. Phosphorylation differ-
entially effects the binding of other proteins.76

The crystal structure of the so-called pocket region
of Rb comprising the A and B boxes (residues 372-
589 and 635-787) has been solved in complex with
a peptide from the human papilloma virus E7 onco-
protein.77 The oncoprotein binds to Rb through a
recognition sequence of LxCxE and inactivates Rb
causing release of E2F. The A and B boxes are
responsible for binding many of the cellular and viral
proteins that mediate transcriptional repression.
They contain three of the phosphorylation sites
(Thr373, Ser567, and Ser780). The other phospho-
rylation sites are contained in the N-terminal region,
the linker between the A and B boxes, and the 15K
C-terminal domain. The A and B boxes exhibit the
five-helix assembly characteristic of the cyclin fold,
and this fold is augmented by eight other helices.
Serine567, one of the phosphorylatable serines, is
near the interface between the A and B boxes, and
its phosphorylation would result in unfavorable
contacts. Another phosphorylatable serine, Ser780,
is in the middle of a 13 residue carboxyl tail of the B
box. It packs against a hydrophobic region but does
not make any significant interactions with the rest
of the protein. Phosphorylation of Ser780 could result
in some restructuring, although the consequences are
hard to predict. Two other phosphorylatable residues,
Thr821 and Thr826, are outside the construct used
for the crystal structure determination. However,
they are thought to influence the recognition and
binding of proteins containing the LxCxE motif. The
Rb fragment structure bound with the E7 LxCxE
peptide reveals a six-lysine basic patch on the rim of
the LxCxE binding site that may provide a recogni-
tion site for the two phosphorylated threonines and
allow the phosphorylated segment to bind to and to
block the site.77

3. Neuronal-Sec1/Syntaxin1a Complex

Syntaxin1a and neuronal Sec1 are two proteins
that are involved in vesicle trafficking and membrane
fusion. Neuronal Sec1 binds with nanomolar affinity
to syntaxin 1a and forms a complex that is essential
for vesicle trafficking and membrane fusion and
which prevents syntaxin complex formation with
other vesicle membrane proteins. The crystal struc-
ture of the nSec1/syntaxin1a complex revealed con-
formational changes in the four-helix syntaxin pro-
tein relative to the free syntaxin and that complexed
with a SNARE protein.78 Protein kinase C modulates
exocytosis in several different cell types, possibly by
regulation of the nSec1/syntaxin interaction. PKC
phosphorylates Ser306 and Ser313 of nSec1, which
inhibits the formation of the Sec1/syntaxin complex.
These sites can no longer be phosphorylated in the
complex. Ser313 is near the syntaxin recognition site
in a region that caries a negative charge. In the
nSec1/syntaxin complex, the negative charge is neu-

tralized by a complementary positive charge region
from Sec1. Although a phospho-serine could be
accommodated at this site without disruption of the
structure, the introduction of a further negative
charge by the phosphoryl group could provide elec-
trostatic repulsion and promote conformational
changes in nSec1. Thus, phosphorylation of Ser313
is likely to prevent nSec1/syntaxin association. Ser306
however is further away from the nSec1/syntaxin
interface, and the consequences of phosphorylation
at this site, if any, are not clear.

These examples indicate that electrostatic effects,
either electrostatic repulsion (as seen in the inactiva-
tion domain of the K+ channel or that hypothesised
for nSec1/syntaxin interactions) or electrostatic at-
traction (as proposed for Rb pThr820 and pThr826
interactions), are likely to be significant. Both effects
are seen in glycogen phosphorylase, where in the non-
phospho state the basic peptide region surrounding
the phosphorylatable serine, Ser14, docks against an
acidic region on the protein surface while on phos-
phorylation pSer14 shifts to contact a newly created
basic site comprising two arginines.79 The examples
also demonstrate the difficulty of predicting the
consequences of phosphorylation in the absence of
structures of both the phospho and non-phospho
forms.

D. Phosphorylase: The Evolution of Control by
Phosphorylation

Muscle glycogen phosphorylase, discovered by Carl
and Gerty Cori in the late 1930s, was the first
enzyme for which control by reversible phosphory-
lation was established.80 The enzyme has been the
subject of intense biochemical and crystallographic
studies. Through structural studies on the non-
phospho (rmGPb) and phospho (rmGPa) forms of the
rabbit muscle glycogen phosphorylase, the structural
basis of control by phosphorylation is well understood
(reviewed in ref 11). Some of the features of the
response are illustrated in Figure 8a. More recently,
the structures of the phosphorylated human liver
isozyme (hlGPa) in the inactive and active states,81

the phospho and non-phospho forms of the yeast
phosphorylase (yGPb and yGPa),82-84 and the E. coli
maltodextrin phosphorylase85 have been solved, lead-
ing to further insights into the structural basis of
control by phosphorylation.

1. Human Liver Glycogen Phosphorylase

Phosphorylases catalyze the phosphorylysis of an
R-1,4-glycosidic bond in glycogen or maltodextrins to
yield glucose-1-phosphate. In muscle, glucose-1-
phosphate is fed into the glycolytic pathway to meet
the energy needs of the cell, while in the liver,
glucose-1-phosphate is converted to glucose and
glucose is output for the benefit of other tissues. The
human muscle and liver isozymes exhibit 79% iden-
tity in sequence but have slightly different control
properties. Both are regulated by phosphorylation on
a single serine, Ser14, leading to activation, but the
muscle enzyme may be activated by AMP; this
activity was inhibited by ATP and glucose-6-phos-
phate, while the liver enzyme is not sensitive to these
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effectors. Both isozymes are dimers formed from two
monomers of 842 residues in muscle and 846 residues
in liver. The human liver phosphorylase structure
has been solved in its phosphorylated state in an
inactive and active conformation.81 The inactive form
was achieved by co-crystallizing in the presence of a
potent glucose analogue inhibitor (N-acetyl-â-D-glu-
copyranosylamine).86,87 The active form was crystal-
lized in the presence of AMP. Thus, although the
structures do not allow a direct comparison between
phospho and non-phospho forms, they do allow
comparison between inactive and active states and
further elaborate on the allosteric connection between
the phosphoryl-serine site and the catalytic site that
are about 45 Å apart.

In the inactive hlGPa, the N-terminal region sur-
rounding Ser14 is disordered, consistent with obser-
vations that binding of glucose or glucose-analogue
inhibitors at the catalytic site promotes the transition
form the R to T state and allows greater accessibility
of the phosphoryl-serine to the protein phosphatase
PP1. In the active hlGPa, the N-terminal peptide is
well ordered, making contacts at the intersubunit
interface. The phosphoryl-serine contacts Arg43′
(from the other subunit) and Arg69 from its own
subunit, as in rmGPa (Figure 8a). The allosteric
transitions are mediated through these intersubunit
contacts. In the N-terminal region on one side of the
dimer, the phosphoryl-serine contacts tighten the
interface and bring the cap region from one subunit
(residues 42′-45′, so-called because it caps the AMP
recognition site) closer to the R2 helix of the other
subunit. At the other side of the dimer, two helices,
the tower helices (residues 267-274 and 267′-274′),
form intersubunit contacts through helix-helix′ pack-
ing. In the inactive hlGPa, the catalytic site is blocked
by the 280s loop (residues 280-286) that follows the
tower helix, and the 280s loop is held in place by
contacts to the glucose analogue and to the 380s loop,
as seen in the inactive form of rmGPb. In the active
hlGPa, the tower helices are shorter by two turns and
the 280s loop folds up in an ordered conformation and
contributes an extra turn to a helix, R8 helix. Access
to the catalytic site is open, and the 380s loop
becomes more disordered. In rmGPa, the 280s loop
itself becomes disordered. The structure at the cata-
lytic site and the 280s loop observed with hlGPa is
similar to that observed for E. coli maltodextrin
phosphorylase as described below. The changes ob-
served on the transition from inactive to active hlGPa
structures not only allow access to the catalytic site,

but also most crucially create the recognition site for
the inorganic phosphate substrate. This site is within
hydrogen-bonding distance of the 5′-phosphate group
of the essential cofactor pyridoxal phosphate (PLP)
and is created through the displacement of an acidic
residue (Asp283) from the 280s loop and the replace-
ment with a basic residue (Arg569), as observed with
the rmGPb and rmGPa comparisons.

As in rmGP, there is a rotation of the hlGPa
subunits with respect to each other on activation by
about 7°, resulting in hlGPa in a change of surface
interface buried from 4200 to 7300 Å2, a rather larger
change than that observed with rmGP. At the AMP
recognition site, there is no change in sequence
between hl and rmGP but many of the interactions
observed for AMP binding to rmGPa are absent in
hlGPa as a result of the small differences in subunit
orientation and different disposition of side chains.
The adenine-recognition loop (residues 315-325)
adopts a different conformation. These changes result
in the loss of cooperative binding of AMP. Despite
sequence conservation between the muscle and liver
isozymes, the changes at the subunit interface and
not the changes in residues that contact the ligands
result in a muscle enzyme that can be allosterically
regulated by effectors as well as by phosphorylation
and a liver enzyme that can only be activated by
phosphorylation. Both can be down regulated by
glucose and glucose analogues, a phenomenon that
is important in the liver but is not relevant for muscle
phosphorylase. In muscle, the effects of the allosteric
effectors, AMP, Glc6P, and ATP, can be overridden
by phosphorylation.

2. Yeast Phosphorylase
The structures of the non-phospho and phospho

forms of the yeast (S. cerevisiae) glycogen phospho-
rylase revealed a subtle modification of the mecha-
nism established for the mammalian phosphorylases.
In yeast, phosphorylase is activated during the
approach to the stationary phase to enable cells to
utilize glycogen when other substrates may be de-
pleted. Yeast glycogen phosphorylase (yGP) has an
extra 39 residues at the N-terminal region (numbered
-1 to -39) compared with rmGP, and the site of
phosphorylation is at Thr-10. Although overall rmGP
and yGP exhibit about 46% identity in sequence,
there are no similarities in sequence surrounding the
sites of phosphorylation. Further, yeast phosphory-
lase kinase and rabbit muscle phosphorylase kinase
are different enzymes and do not cross phosphorylate

Figure 8. Comparison of the structures of the phospho active forms of rabbit muscle glycogen phosphorylase and yeast
glycogen phosphorylase. (a) Rabbit muscle phosphorylase a (GPa).177 The dimeric enzyme is viewed down the 2-fold axis
of symmetry. One subunit is in cyan and the other in blue. The N-terminal tail residues 10-23 are in red in both subunits.
The N-terminal residues 10-23 in GPb are in yellow in both subunits. The position of Ser14 is marked in the non-phospho
form and in the phospho form. The black curved arrow in the top subunit highlights the 50 Å shift in Ser14 on
phosphorylation. The other conformational changes on the conversion of GPb to GPa are not shown. The catalytic site is
indicated by the position of the pyridoxal phosphate. Entrance to the catalytic site is on the far side of the molecule. The
site of interaction of the pSer14 is over 40 Å from the catalytic site. The inset shows the details of the interaction of the
pSer14 with Arg69 from the R2 helix and Arg43′ form the cap′ region of the other subunit. (b) Yeast glycogen phosphorylase.83

The dimeric enzyme is viewed down the 2-fold axis of symmetry. The coloring scheme is similar to that described for part
a. The N-terminal residues from -14 to 23 are shown in red for both subunits. The details of the interaction of the pThr-
10 with two arginine residues (Arg309 and Arg310) are shown in the inset. Lys313 is in the vicinity but is not in contact.
In the non-phospho form of yeast phosphorylase, the N-terminal residues wrap around the other subunit and block entrance
to the catalytic site and the pThr-10 site is occupied by glucose-6-phosphate.
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rabbit and yeast phosphorylases, respectively. The
control sites appear to have evolved through different
evolutionary mechanisms in which a phosphorylat-
able peptide was spliced to a common core of a
phosphorylase.

The non-phospho form of yGP was crystallized in
the presence of the inhibitor, Glc-6-P. The core of the
structure is similar to that of rmGP, but there are
some differences in the relative disposition of the two
subunits of the dimer.82,83 The structure of the
catalytic site of yGP is similar to that of the activated
form rmGPa. The 280s loop is folded up so as to allow
access, and the residues that form the inorganic
phosphate substrate recognition site are in their
active conformation for substrate binding. However,
despite this apparent active structure, the non-
phospho form of yGP is held in an inhibited state by
a blocking mechanism from residues of the extended
N-terminal tail. From residue 22 to -39, the tail first
wraps around its own subunit, partly mimicking the
conformation and position adopted by the N-terminal
tail in rmGP. It then continues with residues toward
the N-terminus to wrap around the other subunit so
that residues -23 to -38 contact the catalytic site
entrance and block access. In the non-phospho state,
Glc-6-P is bound at the AMP/Glc-6-P recognition site
of rmGP and utilizes the same arginine residues for
recognition of the phosphate (Arg309 and Arg310) but
the contacts of the glucosyl moiety are different than
those observed for Glc-6-P binding to rmGPb because
of changes in sequence.88

In the non-phospho yGP, Thr-10 is surrounded by
nonpolar residues. In the phosphoform of yGP, the
N-terminal tail undergoes displacement and Thr-10
shifts about 36 Å.84 Phospho-Thr-10 displaces Glc-
6-P and itself occupies the phospho recognition site
through interactions with Arg309 and Arg310 (Figure
8b). There are also nonpolar interactions between the
nonpolar residues surrounding Thr-10 and those on
the core surface of the phosphorylase. These contacts
are different than those made by the glucosyl moiety
of Glc-6-P, so that there are distinct regulatory
responses to the inhibitor (Glc-6-P) and the activator
(pThr-10). There are accompanying changes at the
subunit interface as in rmGP that include a tighten-
ing of contacts at the allosteric effector interface site
and opening around the interface leading to the
catalytic site. Thus, activation by phosphorylation in
yGP involves competition between the phosphoamino
acid and an allosteric inhibitor for a phospho-recogni-
tion site, relief of steric blocking of the catalytic site,
and some reorganization of the two subunits.

3. E. coli Maltodextrin Phosphorylase

E. coli maltodextrin phosphorylase (MalP) is a 796
amino acid dimeric enzyme. Unlike rmGP and yGP,
MalP is not regulated by phosphorylation or by
allosteric effectors and is constitutively active. Levels
of MalP in E. coli cells are regulated by gene
expression in response to changes in nutritional
status. Under conditions of low glucose and high
maltose or maltodextrins, the Mal genome pathway
is switched on in response to elevated cAMP levels
that enable the maltodextrins to be transported into

the cell and utilized. Overall MalP is 46% identical
in sequence to rmGP, but it lacks 17 residues at the
N-terminus and 13 residues at the C-terminus.
Residues 18-80 (using the rabbit muscle GP num-
bering) display minimal sequence similarity between
rmGP and MalP. These residues correspond to the
first exon in human muscle GP, and it has been
suggested that control by phosphorylation in eukary-
otic phosphorylases could have been achieved by
splicing a phosphorylatable peptide to a common
ancestral phosphorylase core.

The structure of the core of MalP is very similar
to that of rmGP.85 At the catalytic site surrounding
the cofactor PLP, residues are 100% conserved.
Outside the core, the MalP and rmGP structures
differ in the subunit/subunit contacts in the region
of the cap′/R2 interface and the tower/tower′ inter-
face. Despite the lack of sequence similarity, residues
18-80 in MalP show superficial similarity in struc-
ture to rmGP and occupy the same space. The region
from 246 to 286 adopts a different conformation. As
a result of sequence changes, there is a different
organization of residues 254-260 and the tower
helices. The 280s loop folds up and adds two turns
of R helix to the R-8 helix, allowing access to the
catalytic site where the residues are in the correct
conformation to promote catalysis.

The structure of E. coli MalP has been solved in
the ternary complex with inorganic phosphate and
pentasaccharide substrate analogue in which the
glycosyl oxygen linkage was replaced with a thio
linkage.89 The structure has revealed not only the
details of the catalytic residues when poised for
catalysis, but also those residues important for the
recognition of the oligosaccharide. Tyr280, a residue
conserved in all phosphorylases, from the 280s loop
plays a crucial role.

Thus, the comparative studies reveal a common
structural core for the different phosphorylases, but
each exhibits different regulatory properties. In the
prokaryotic MalP, there are no effector ligand binding
sites and the core exhibits constitutive activity
without the need for activation by phosphorylation.
In the eukaryotic yeast and mammalian muscle
phosphorylases, control by phosphorylation has oc-
curred twice with the splicing of different peptides
containing a phosphorylatable group, resulting in
different solutions to the same evolutionary chal-
lenge.

III. Prokaryotic Signal Transduction
For many years it was generally held that revers-

ible protein phosphorylation was a regulatory mech-
anism that had developed late in evolution and was
thus unique to the demands of signaling within
multicellular organisms. Intercellular communication
was not understood to be a function of simple,
unicellular organisms, since it was assumed that
these had evolved with no requirement for sophisti-
cated means of control. It is now well established that
regulation by protein phosphorylation/dephosphory-
lation also occurs in microorganisms and that bac-
teria do communicate within colonies. Eukaryotes
utilize most frequently the hydroxyl side chains of
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serine, threonine, and tyrosine residues in kinase
cascade signal transduction pathways, and often
multiple phosphorylation sites are present in the
same protein. Prokaryotes instead favor histidine and
aspartic acid, although no cogent argument has been
made that explains this difference, and their proteins
are most frequently phosphorylated only on single
centers. Sequencing of microbial genomes has shown
that prokaryotes may encode eukaryotic-like signal-
ing domains within their genomes.90 For instance,
seven putative Ser/Thr kinases and seven hypotheti-
cal Ser/Thr and Tyr phosphatases from three distinct
phosphatase families have been identified in the
genome of the cyanobacterium Synechocystis sp. PCC
6803.91 This is in addition to the ∼80 open reading
frames (some 2.5% of the genome) encoding proteins
of the two-component signal transduction system,92

the most commonly found signal transduction mech-
anism in bacteria (for recent reviews of the two-
component system, see refs 93-96).

A. Two-Component Signaling
Two-component signaling systems comprise a his-

tidine protein kinase (HK) and a cognate response
regulator (RR). RRs are most frequently composed
of an N-terminal, conserved, regulatory domain of
∼120 amino acids and a C-terminal effector domain,
which exhibits a diversity of sequences that relates
to the range of biological processes that these mol-
ecules regulate: in prokaryotes, for instance, two-
component systems mediate metabolic pathways97

and adaptive responses such as chemotaxis98 sporu-
lation,99 virulence,100 and differentiation.101 While
these systems are prevalent in bacteria and archea,
they are found rarely in eukaryotes. While two-
component systems regulate the ethylene response
of Arabidopsis thaliana102 and osmoregulation in
Saccharomyces cerevisiae,103 no two-component sys-
tems have been reported in the completed genome
sequences of the worm, C. elegans, the fruit fly, D.
melanogaster, or in the available sequence to date
(some 1 billion bases) of man. (For a review in greater
detail of eukaryotic two-component systems, see the
article by Saito in this issue.) The number of two-
component proteins found within bacteria can vary
significantly; where B. subtilis104 and E. coli92 each
have more than 60, none have been found in Myco-
plasma genitalium.105 Similarly, there are 0 and 20
in the archaeons Methanococcus jannaschii and Ha-
lobacterium sp. HRC-1, respectively.106 The presence
of two-component systems in pathogenic bacteria
such as S. pneumonia and M. tuberculosis and their
absence in man places two-component systems cen-
trally in the future development of novel anti-
infective therapies.107

In a general reaction, the HK uses ATP to auto-
phosphorylate the Nε2 atom of a conserved histidine
residue within the kinase. The phosphoryl group is
then transferred to a conserved aspartic acid residue
in the RR, via a trigonal bipyramid pentavalent
phosphorus transition state,108 a probable intermedi-
ate also in the mechanism of dephosphorylation.109

Divalent cations are essential for these (de)phospho-
rylation reactions and serve to shield the negative

charge on the anions, polarize the P-O bond, and
form a template for the transition state. Phosphory-
lation induces conformational changes in the RR,
which can cause both the dissociation (CheB110) and
association (FixJ111) of intramolecular contacts in
multidomain RRs and the establishment of new
intermolecular interactions in single domain RRs
(CheY112). The inherent activity of either the RR or
its downstream target is thus stimulated to elicit the
appropriate biological response. The free energy of
hydrolysis of the acyl phosphate of RRs (and proteins
of the haloacid dehalogenase superfamily that utilize
an acyl phosphate enzyme intermediate113) can vary
significantly from that measured from the hydrolysis
of small molecule model acyl phosphate compounds.114

Therefore, the energy stored within the acyl phos-
phate bond may drive the conformational changes in
RRs required for activation. Furthermore, the high-
energy acyl phosphate bond, created on phosphory-
lation of aspartic acid, is readily hydrolyzed in
aqueous solutions, unlike the stable phosphoester
linkages of phospho-serine, -threonine, and -ty-
rosine, and has precluded structural analysis of
proteins phosphorylated on aspartate. As a result,
while much has been gleaned from the intense study
of activated eukaryotic kinases, it is only recently
that the structural consequence of phosphorylation
in prokaryotic signal transduction systems has been
detailed.

1. Response Regulators

The first structure of a response regulator to be
determined (Figure 9) was that of the single-domain
chemotaxis factor CheY more than a decade ago.115

While several other RR domain structures have
subsequently been determined, all were similarly in
the non-phosphorylated, resting state. The overall
fold of all RR domains is a doubly wound (â-R)5
barrel, comprising a central core of a five-stranded
parallel â-sheet, in the order â2-â1-â3-â4-â5. On
one side, this core is flanked by R-helices 1 and 5,
whereas R-helices 2, 3, and 4 are found on the
opposite face. The lengths of the elements of second-
ary structure and two important loops are quite
similar in all structures determined to date, such that
to a first approximation all RR domains are virtually
indistinguishable. Despite this conservation in struc-
ture, crucial signaling fidelity is maintained even in
bacteria that encode over 30 such proteins and over
30 histidine kinases (see below).

The molecular basis of RR activation has remained
elusive. RRs spontaneously dephosphorylate, with
half-lives of the phosphorylated forms that vary from
just a few seconds to several hours. In fact, the half-
life of phosphorylated RRs is frequently shorter than
that of free phospho-aspartic acid, and it has thus
been concluded that RRs harbor an inherent auto-
phosphatase activity. Accordingly, the lability of the
phosphorylated form of RRs has made structural
analysis inaccessible, until recently. At the time of
writing, six structures of activated response regulator
domains have been published, those of the sporula-
tion factor Spo0A,116 FixJ111 and NtrC117 (both in-
volved in nitrogen metabolism), and three structures
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of CheY.118-120 Interestingly, while stable RR activa-
tion has been achieved in a variety of different ways,
the structures are largely supportive of a general
mechanism of two-component RR activation.

For FixJ and NtrC, phosphorylation was achieved
by the action of the small molecule phosphodonor
acetyl phosphate. Magnesium depletion of FixJ with
EDTA stabilized the acyl phosphate prior to crystal-
lization,111 whereas for NtrC, the sample was main-
tained in a steady state of phosphorylation/dephos-
phorylation with a large excess of acetyl phosphate
during NMR measurements on multiple samples.117

The production of the phosphorylated aspartic acid
in Spo0A was serendipitous; no effort was made to
phosphorylate Spo0A prior to crystallization,116 and
phosphorylation occurred naturally, either by the
action of intracellular small molecule phosphodonors,
such as acetyl phosphate, or by a noncognate HK
found in the E. coli expression system. Stabilization
of the aspartyl phosphate bond in this instance
probably occurs partly as a consequence of the use
of protein from a moderate thermophile, B. stearo-
thermophilus,121 and replacement of the obligatory
catalytic magnesium ion with calcium, which is likely
to perturb reactivity109 by subtle alterations in metal
coordination geometry.

Activation of CheY was accomplished not by de-
liberate phosphorylation, but with phosphoryl group
analogues. In one case, an R-thiophosphonate deriva-
tive of a mutant form of CheY was prepared, where
the nucleophilic Asp57 had been replaced by cysteine
and the structure determined by X-ray crystal-
lography of phosphonomethylated-CheY.119 In the
NMR structure of CheY118 and crystal structure of
CheY in complex with a 16mer peptide from its

downstream target, FliM,120 BeF3
- was used as the

Mg2+-dependent ground state mimic of the phospho-
ryl group, which persistently activates CheY, whereas
the half-life of phospho-CheY is only a few seconds.122

This analogue is arguably a better mimic of a
phosphoryl group than a thiophosphonate moiety
(Figure 10), even though at neutral pH the beryllo-
fluoride group is monoanionic whereas a phosphoryl
group is dianonic. In the thiophosphonate, an atom
equivalent to one carboxylate oxygen atom of aspartic
acid is absent and as a result a vital magnesium
ligand is not present in phosphono-CheY.119 Indeed,
phosphonomethylation of Asp57Cys CheY is inde-
pendent of magnesium. Furthermore, the bridging Sγ

assumes two distinct conformations, possibly because
the divalent cation is missing; consequently, the
phosphoryl group is directed toward and displaces
Lys109. Finally, phosphonomethylation and phos-
phorylation of CheY do not produce the same chemi-
cal shifts, implying that the precise structural changes
on covalent modification of Asp57 differ.119

The chemical shift differences do correlate very
well for beryllofluoride-treated CheY and NtrC against
the respective phosphorylated forms of these two
RRs,122 arguing that similar structural changes are
likely to occur on activation by either process. Fur-
thermore, in the crystal structure of the FliM peptide
complex of CheY-BeF3

-, the distance between the
Oδ and Be atoms is 1.5 Å, almost identical to that of
the extended Oδ-P bond of 1.6 Å in the structures of
Spo0A and FixJ. The ions in Spo0A and CheY occupy
similar positions to that of the magnesium in the
native crystal structure of CheY,123,124 and the active
site architectures are conserved between Spo0A,
FixJ, and CheY. In the two structures of activated

Figure 9. Overall conformation of response regulators. A ribbon diagram of a canonical response regulator to illustrate
the fold of the domain, which consists of a doubly wound (â-R)5 barrel, with the site of aspartic acid phosphorylation
situated at the C-terminal end of the third, middle strand of â-sheet, and drawn as a ball-and-stick model. (This figure
was produced by MOLSCRIPT.178)
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RR which have divalent cations bound, Spo0A116 and
CheY in complex with the FliM peptide120 the atoms
of the phosphorylated aspartate, Oδ1, Cγ, Oδ2, the
metal M2+, and O and P (or Be) from the phosphoryl
and beryllofluoride groups form a near-planar, six-
membered chelate ring, as originally proposed by
Koshland125 in 1952 (Figure 10).

In all examples studied other than NtrC, activation
does not appear to induce drastic and widespread
conformational changes within the RR domain. In the
following discussion in this paragraph, the residue
numbering used is taken from a typical multidomain
RR, Spo0A, but is pertinent to all activated RRs so
far characterized. Apart from phosphonomethylated
CheY,119 the invariant Lys106 remains static as do
the three conserved aspartic acid residues, Asp9,
Asp10, and the site of phosphorylation Asp55. The

phosphoryl group participates in hydrogen bonds to
the backbone amide nitrogens of Ala85 and Ile57,
neither of which are situated in R-helices, the Nú of
Lys106, and the adjacent cation. The fifth amino acid
that characterizes RRs, Thr84, repositions its hy-
droxylated side chain from a position pointing away
from the active site to a position toward the phos-
phoryl group, making a hydrogen bond with one of
the phosphoryl oxygen atoms.111,116,118,120 This leaves
a void behind the threonine, which is filled by the
concerted movement of the side chain of a conserved
aromatic residue, Phe103, from a solvent-exposed
position to one that is completely buried (Figure 11).
To accommodate the bulky, aromatic side chain,
R-helix 4, which is loosely tethered to the central
â-sheet, moves up and away from the protein core,
also causing a structural reorganization of the â4-

Figure 10. Activation of RR by phosphoryl analogues. Chemical structures of (i) phosphoryl-aspartic acid, (ii) berrylofluoryl
aspartic acid, and (iii) thio-phosphonate derivative of Asp57Cys mutant. Note that in the latter case an oxygen atom that
is an obligatory magnesium ligand is missing, such that the six-membered chelate ring formed during phosphoryl transfer
cannot exist. (This figure was produced by MOLSCRIPT.178)

Figure 11. Stereodiagram of the active site of the phosphorylated RR domain of Spo0A.116 The phosphoryl group and
divalent cation draw together the side chains of the five most highly conserved residues within the response regulator
family, Asp9, Asp10, Asp55, Thr84, and Lys106. The bound calcium ion displays near-hexavalent, bipyramid coordination
geometry that is similar to that observed in other magnesium-bound RR structures. The protein backbone of the
phosphorylated RR domain of Spo0A is colored yellow, and the effect of phosphorylation on residues 55-63 (â3-R3 loop)
and 83-97 (â4-R4 loop, R4) is illustrated by a comparison to the non-phosphorylated structure of Spo0A, in blue. Note how
R4 (top left) has to move away from the main body of the protein to accommodate Phe103; otherwise there would be severe
steric clashes with Thr92. In other RR sequences, this amino acid is most commonly branched. For clarity, the seventh
calcium ligand, a water molecule, is omitted. Hydrogen bonds drawn as dashed lines.
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R4 loop. This mechanism of activation has been called
the “aromatic switch”116 or “Y-T” coupling.118

The rotamer exchange of Tyr106, the equivalent
residue to Phe103 in Spo0A, is also important in the
binding of CheY to FliM, since the outward resting
position of Tyr106 would sterically interfere with
FliM binding.120 Analogously, dimerization of FixJ is
mediated solely by residues within the RR domain,
caused by structural changes in the R4, â5 region by
the outward to inward rotamer exchange of Phe101.111

However, in the structure of the methylesterase
CheB,110 the equivalent residue, Phe104, forms part
of the inhibitory interface between the RR and
methylesterase domains, and in activation of this RR,
the outward to inward movement of the side chain
of this amino acid would disrupt the interdomain
interface, liberating the methylesterase activity of
CheB, the catalytic triad of which is situated some
25 Å away from the site of phosphorylation. The
conformation of CheY in the CheY-BeF3

- and CheY-
BeF3

-:FliM complex is barely altered by binding to
the FliM peptide, and therefore, the small, yet
significant, conformational changes induced by phos-
phorylation are sufficient to activate RRs. These
slight structural alterations may be consistent with
the finding that phosphorylation only increases FliM
binding by CheY 20-fold126 and DNA-binding by
Spo0A127 and FixJ128 some 20-40-fold.

The structural analysis of the phosphorylated form
of NtrC was made difficult by the short half-life of
minutes, and thus, multiple NMR data sets with poor
signal-to-noise ratios were combined in the structure
determination.117 The effective low resolution of this
structure precludes accurate descriptions of the ac-
tive site stereochemistry and changes in the rotamer
conformation of key amino acids. Widespread con-
formational changes which include a 100° rotation
of the inherently flexible R-helix 4 and other changes
that extend into R-helix 3 are described, which are
not observed in other structures of activated RRs and
may either place NtrC in a separate category to
CheY, FixJ, and Spo0A or merely represent the
difficulty in detailed structural analysis on transient
species. Nevertheless, all six recent structures are
consistent with the surface of the RR that includes
residues from R-helix 4 and â-strand 5 as a central
component in the activation of RRs, and this same,
or an overlapping, surface also defines the site of new
intra- 111 and intermolecular120 interactions requisite
in activation (Figure 12).

However, while an apparent general activation
mechanism of RRs has been revealed by structural
studies of isolated RR domains, interdomain com-
munication in multidomain RRs may be specific to
each, individual molecule. While the aromatic switch
explains how the methylesterase activity of pCheB
is stimulated, how pCheY binds to the flagellar
motor, and how pFixJ dimerizes in order to bind to
DNA with high affinity, it does not describe how the
transcriptional regulatory function of NarL, the only
other structure of an intact multidomain RR to have
been published,129 is stimulated. NarL modulates the
transcription of several anaerobic electron transport
genes, and phosphoryl transfer from its paired his-

tidine kinase enhances its DNA-binding activity. This
two-domain RR comprises a typical, CheY-like regu-
latory domain and a small effector DNA-binding
domain composed of a compact four-helical bundle,
the middle two of which constitute the helix-turn-
helix DNA-binding motif. The “recognition” helix of
the HTH packs mostly against the R3-â4 loop of the
regulatory domain in a manner that would preclude
DNA binding. Phosphorylation must induce struc-
tural changes to relieve the inhibition of the DNA
binding function of NarL but probably not directly
through residues in R-helix 4 and â-strand 5, as in
other RRs. Here, the guanidinium group of Arg75
from the R3-â4 loop makes hydrogen-bond contact
to the main-chain carbonyl of Gly102, at the base of
helix R4. This helix makes few contacts to the main
body of the RR domain. Phosphorylation of Asp59
might be transduced to the effector domain through
conformational changes in R4, which are propagated
to the R3-â4 loop and thus the effector domain
through this arginine.

Similarly, mutations of Asp75 in the R3-â4 loop
of the regulatory domain of Spo0A can both increase
and decrease the transcription activation properties
of Spo0A. A single amino acid deletion of B. subtilis
Spo0A at position Asp75 renders Spo0A constitu-
tively active.130 However, mutation of Asp75 to serine
confers a sporulation-deficient phenotype on B. sub-
tilis cells harboring this mutation, and in vitro

Figure 12. Aromatic switch. A schematic of the mecha-
nism of response regulator activation, where the topology
of the canonical response regulator is represented by
triangles (â-strands) and circles (R-helices). Dashed lines
represent regions of structure that appear to undergo
significant conformational changes on phosphorylation. On
phosphorylation of the aspartic acid on â3, the hydroxy-
lated side chain of threonine (or serine) on â4 swings
toward the newly arrived phosphoryl group, leaving a void
which is filled by the outward to inward movement of the
aromatic side chain on â5 from a solvent exposed to a
buried position. To accommodate the aromatic side chain,
R4 and the â4-R4 loop undergo structural rearrangements,
which are central to the activation mechanism. By un-
masking hitherto occluded protein surfaces, the response
regulator may participate in new inter- or intramolecular
interactions or disrupt preexisting inhibitory ones.
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transcription stimulation was drastically reduced in
comparison to wildtype.131 It is thus possible that the
R3-â4 loop of the regulatory domain of Spo0A
contacts and inhibits the attached effector domain
until the inhibition is relieved by phosphorylation
some 20 Å away. In the non-phosphorylated domain-
swapped dimer structure of the RR domain of Spo0A
from B. stearothermophilus,132 the guanidinium group
of Arg71 in the R3-â4 loop makes a hydrogen bond
to the main-chain carbonyl of Leu98, which, as in
NarL, is situated at the C-terminus of R-helix 4. In
the structure of pSpo0A, this interaction is not
observed at all. Indeed, in two out of the four
molecules in the crystallographic asymmetric unit,
most of the R3-â4 loop is so badly disordered that it
cannot be modeled, and in all four molecules, the side
chain of Arg71 is completely solvent-exposed.116

Thus, in at least two instances, inhibitory protein/
protein contacts between the effector domain and,
apparently, residues from the R3-â4 loop in the
regulatory domain must be dissociated in the activa-
tion process, prior to functional, associative interac-
tions. In B. subtilis and E. coli, 80% and 70%,
respectively, of all response regulators encode either
arginine or lysine at the equivalent position to Arg71
(in Spo0A) in the variable R3-â4 loop. The frequency
that this residue occurs at this position may imply
that for many response regulators, different surfaces
are used in inhibition and activation mechanisms.
Since most RRs are transcription factors and the
majority appear to bind DNA target sequences that
occur in pairs close to the promoters of genes they
regulate (NarL, FixJ, PhoB, OmpR, Spo0A), dimer-
ization might be required for high-affinity DNA
binding utilizing residues from R4/â5/R5 in dimer-
ization. The structural details of these activation
mechanisms await structures of intact RRs, both in
the resting and active conformations.

2. Histidine Kinases
While much has been learned recently about re-

sponse regulator function, progress has also been
made in the other half of the two-component system,
the histidine kinases. HKs are diverse in size, are
modular, and exhibit a minimal domain structure of
sensing, dimerization, and catalytic domains, al-
though great elaboration of this basic scheme is
possible94 including the presence of phosphatase
domains.133 Many HKs are membrane-bound with
periplasmic sensing and cytosolic catalytic domains,
but others are purely cytosolic. The sensing domains
share little meaningful sequence similarity, presum-
ably since they have to recognize very specific stimu-
lants. However, while little is understood of the
sensing mechanism or how the signal is transduced
to the catalytic core, recent structures of catalytic
domains of CheA134 and EnvZ135 have begun to reveal
the nature of nucleotide binding and autophospho-
rylation and highlight differences with other kinases
so far studied.

The catalytic kinase core of ∼350 amino acids binds
ATP and directs trans-autophosphorylation. The
overall fold of the HK catalytic domainsthe Bergerat
fold136sis quite unlike those of the eukaryotic protein
kinases whose structures are known but belongs to

a subfamily of ATP-dependent enzymes which in-
cludes DNA gyrase B,137 Hsp90,138 and MutL,139

called the GHKL family140 (Figure 13). There is little
primary sequence homology between the members of
the GHKL family; yet the cores of their ATP-binding
domains are essentially identical. The Bergerat ATP-
binding fold is an R/â bilayered sandwich consisting
a four-stranded antiparallel â-sheet flanked on one
face by three R-helices with ATP binding between the
R-helices and â-sheet. Five noncontiguous conserved
regions which characterize histidine kinases, the N,
G1, F, G2 and G3 “boxes”, are involved in nucleotide
binding in the catalytic domain. A long (20-30
residue) flexible loop, the “ATP lid”, encloses the ATP-
binding site of DNA gyrase in the presence of nucle-
otide, with the ATP phosphates completely buried,137

but is disordered when nonnucleotide inhibitors are
bound.141 In EnvZ, the bound nucleotide is exposed
since the ATP lid extends away from the rest of the
structure135 and the ATP phosphates point away from
the core of the protein. This observation may reflect
the requirement of kinases to transfer a phosphoryl
group to another protein, which is not a function of
the ATPases.

The histidine-substrate H box is situated normally
in the dimerization domain, the helical bundle com-
mon to HKs, and phosphotransferase domains. To
effect trans-phosphotransfer, two molecules of the
catalytic domain must flank the dimerization domain
such that the ATP-binding pocket faces the substrate
histidine. The structures of fragments of EnvZ135,142

do not address the spatial relationship between the
H box of the dimerization domain and the catalytic
domain, and thus, how phosphoryl transfer occurs
from ATP to the H box is unknown. Uniquely in
CheA, the substrate histidine is not situated in the
dimerization domain, but in another four-helical
bundle, the histidine phosphotransfer domain and
similarly the spatial relationship between ATP-
binding and substrate domains are unknown.134 The
ATP-binding pocket of the catalytic domain of CheA
points away from the dimerization domain, and thus,
substantial conformational changes must occur to
bring together ATP and the H-box to effect phospho-
transfer in other kinases. Primary sequence analysis
of the GHKL proteins does not completely explain
the differences in their functions. A conserved cata-
lytic glutamate in the ATPase members of the GHKL
superfamily is replaced with asparagine in most but
not all of the histidine kinases. SpoIIAB and RsbW,
for instance, encode a glutamate at this locus and
show strong further sequence similarity to HKs but
are not ATPases and do not phosphorylate on histi-
dine residues but instead on serines and threonines
in their substrates.143,144

3. Histidine-Containing Phosphotransfer Domains
Details of the mechanism of phosphoryl transfer

and how crucial HK-RR fidelity is maintained in
bacteria that encode 35 HK-RR pairs have been
revealed by the crystal structure determination of the
transient complex between Spo0F and Spo0B.145

Phosphoryl transfer is more complicated in the
initiation of sporulation in Bacilli since the ultimate
RR, Spo0A, is not directly phosphorylated by a HK
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but by an expanded phosphorelay including another
RR, Spo0F, and a histidine phosphotransferase,
Spo0B, which mediates the freely reversible phos-
phoryl transfer from Spo0F to Spo0A.146 Dimeric
Spo0B is composed of two domains,147 a kinase-like
domain lacking the five signature residues of the HKs
that are implicated in ATP binding and a dimeriza-
tion core, a four-helical bundle that closely resembles
the dimerization domains of EnvZ and CheA, and the
histidine phosphotransferase domains of ArcB,148

CheA,149 and YPD1.150 The substrate histidines are
each located on a solvent-accessible surface of these
helical bundles, whereas the substrates of Ser/Thr/
Tyr kinases tend to be found in more extended
conformations.151

Little conformational change takes place on Spo0B
binding to Spo0F,145 consistent with the function of
Spo0B in acting as a phosphoryl shuttle. Whereas
there are considerable differences in the measure-

ment of the free energy of hydrolysis of phospho-
aspartates in proteins in comparison to small mol-
ecules, there are negligible differences in the hydrol-
ysis of phospho-histidines within proteins in com-
parison to small molecules.152 Large-scale conforma-
tional changes are thus unlikely to be driven by
hydrolysis of the high-energy phosphoramidate bond
but instead the phosphorylation of its target RR. The
dimerization helical bundle of Spo0B mediates most
of the hydrophobic interactions to Spo0F, which
utilizes predominantly residues from the â-R loops
surrounding the RR aspartyl pocket and R-helix 1.
Thus, the four-helical bundle of Spo0B becomes a six-
helical bundle by the packing of two molecules of
Spo0F per Spo0B dimer. The key residues in phos-
phoryl transfer, His30 of Spo0B and Asp54 of Spo0F,
are ideally situated and orientated to perform such
a task (Figure 14).

Figure 13. GHKL ATPase/histidine kinase superfamily. Ribbon diagrams of the ATP-binding domains of (a) the histidine
kinase EnvZ,135 (b) the topoisomerase DNA gyrase B,137 (c) the DNA repair enzyme MutL,139 and (d) the chaperone Hsp90.138

The bound nucleotide is shown as a ball-and-stick model, R-helices are colored red, â sheet blue, and coil regions yellow.
The ATP lid and CR atoms from the conserved N, G1, G2, and G3 boxes are colored green. Note how in parts b and c the
ATP lid folds over the bound nucleotide. The nucleotide is more exposed in parts a and d. The nucleotide conformations
in parts b, c, and d are similar and different than that in part a. The short helices within the ATP-lid of MutL and Hsp90
have been drawn as a random coil for clarity.
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Figure 14. Maintenance of fidelity in two-component signal transduction. The transient complex between Spo0F and
Spo0B145 is drawn as a ribbon diagram (a), with the Spo0B dimer occupying the central area, and molecules of Spo0F,
blue, to the left and right. The kinase-like and the histidine phosphotransferase domains of Spo0B are colored yellow and
green, respectively. The view is approximately down the molecular dyad and illustrates how His30 of Spo0B and Asp54 of
Spo0F are aligned perfectly for phosphoryl transfer, aided by the nearby magnesium ion. (b) Stereodiagram of the details
of the interaction of Spo0F with Spo0B and with pSpo0A (red) superimposed on the structure of Spo0F. Some of the residues
involved in protein/protein contacts are drawn as ball-and-stick models, and the â3-R3 and â4-R4 loops are colored cyan
(Spo0F) and purple (pSpo0A). Phe86 of pSpo0A shields the phosphoryl group from nucleophilic attack, while the equivalent
residue in Spo0F, Tyr84, is involved in Spo0F/Spo0B contacts. On phosphorylation, the methylene group of Ala85 of Spo0A
clashes with the imidazole ring of His30 of Spo0F, promoting the dissociation of the complex.
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While the aromatic residue of the aromatic switch
(His101 of Spo0F) is not involved in intermolecular
protein/protein contacts, loops â3-R3 and the hyper-
variable â4-R4 of Spo0F make several hydrophobic
contacts to Spo0B. The â3-R3 loop, which stabilizes
both the bound metal ion and the phosphoryl group,153

and the â4-R4 loop rearrange significantly on phos-
phorylation of Spo0A and FixJ.111,116,132 Structural
comparisons of the Spo0F/Spo0B complex and pSpo0A
predict that these loops are both pulled away from
the Spo0B helical bundle on phosphorylation. Fur-
thermore, the rearrangement of the â4-R4 loop in
Spo0A, caused in part by the hydrogen bond between
Thr84 and the phosphoryl group, is pushed toward
Spo0B such that the methylene side chain of the
conserved alanine at position 85 of pSpo0A sterically
clashes with the imidazole ring of His30 of Spo0B
(Figure 14). Taken together, these movements dis-
sociate the interactions between the RR and phos-
photransferase domain, liberating the phosphor-
ylated RR. Residues from the â4-R4 loop in particu-
lar may play dual roles, not only acting as specificity
determinants145 but also influencing the half-life of
the phosphorylated form of the RR by shielding the
phosphoryl group from nucleophilic attack. Signal
transduction fidelity between HK and RR is main-
tained by subtle variations in sequence in both HK
and RR and by differences in helical bundle length
and orientation in the HK. Complicated yet under-
stated molecular recognition patterns are crucial in
avoiding HK-RR “cross-talk” but await further struc-
tural studies of different interacting systems for these
rules to be confirmed.

B. The Haloacid Dehalogenase Superfamily

The haloacid dehalogenase (HAD) superfamily of
hydrolases includes members such as phosphatases,
hydrolases, and dehalogenases, and their shared
feature is the utilization of an aspartylester enzyme
intermediate, followed by ester transfer. For instance,
a phospho ester is part of the reaction catalyzed by
the HAD superfamily member phosphoserine phos-
phatase. In contrast, L-2-haloacid dehalogenase, which
catalyses the hydrolytic dehalogenation of L-2-ha-
loalkanoates to the corresponding D-2-hydroxyal-
kanoates, utilizes a covalent acid ester during its
reaction mechanism. Hydrolysis of the enzyme-ester
of L-2-haloacid dehalogenase is achieved by nucleo-
philic attack by water of the aspartyl Cγ, whereas as
in the RRs, the P-type ATPases and phosphatases
are dephosphorylated by nucleophilic attack of water
on the phosphorus atom. The catalytic domains of
P-type ATPases, which transport cations across
membranes across a concentration gradient, are also
members of this extended superfamily while display-
ing little meaningful sequence homology.154 The
P-type ATPases are phosphorylated on a conserved
aspartic acid as part of their reaction cycle and couple
the free energy of hydrolysis of the acyl phosphate
to ion transport. Despite a lack of functional and
sequence homology, the HAD and RR superfamilies
exhibit a common active site organization.113 Each
comprises a core of a multistranded parallel â-sheet,

where the nucleophilic aspartic acid is found at the
C-terminus of the central â-strand. Phosphorylation
of RRs is dependent upon a conserved lysine and a
magnesium ion, which is coordinated by a carbonyl
oxygen, two aspartyl carboxylate oxygens, and three
water molecules, one of which is held in position by
a third aspartate. The conserved lysine and aspar-
tates are present in P-type ATPases and all but two
members of the HAD superfamily, and these two
enzymes are Mg2+-independent.113 Since the function
of P-type ATPases is regulated by phosphorylation,
the recent crystal structure of the Ca2+-bound form
of the calcium pump of the sarcoplasmic reticulum155

will be considered further (Figure 15a).
The calcium pump is an ATP-dependent integral

membrane protein which pumps the calcium released
by muscle cells on contraction back into the sarco-
plasmic reticulum, thus relaxing muscle cells. It
comprises 10 transmembrane (TM) spanning helices
and three cytoplasmic domains: the N-domain, which
binds ATP; the P-domain, which resembles the core
of RRs and carries the phosphorylation site (Asp351);
and the A-domain, whose function is presumed to
involve anchoring domain N. The N-domain forms an
open cap above the critical P-domain residue, Asp351,
such that considerable relative domain movements
must occur for phosphoryl transfer, and calcium
binding alone is insufficient to catalyze this. Calcium
binding to four TM helices appears to losen the
interactions between the three cytoplasmic domains
while altering the spatial relationship between the
P-domain and two TM helices. The N-domain lid will
close over the P-domain and in doing so phosphory-
late Asp351 in a manner reminiscent of the transient
interaction between RR and HK. An uncharacterized
series of conformational changes must then take
place to occlude further Ca2+ ions from the cytosol
and to alter the accessibility of the bound Ca2+ to the
lumenal spaces. Phosphorylation of the P-domain
must somehow be communicated to the calcium
binding sites, probably through structural changes
in a loop connecting the base of the P domain to one
of the TM helices. Consequently, new intramolecular
contacts must be made or exisiting ones broken. Once
calcium has been released, the phosphoenzyme can
be hydrolyzed by water, ready for another cycle of
Ca2+ transport. One approach to make this confor-
mational change accessible to structural analysis
might be the use of phosphoryl group analogues, such
as BeF3

-, as utilized so successfully in the study of
RR activation. Residues Thr625, Lys684, Asp703, and
Asp707 of the P-domain of the calcium pump have
all shown, by a variety of techniques, to be involved
in phosphoryl transfer to Asp351. These residues
have direct counterparts in the aspartyl pocket of
RRs (Thr84, Lys106, Asp9, Asp10), which are crucial
in phosphorylation of Asp55 (Figure 15b,c), but there
is no aromatic residue in the calcium pump equiva-
lent to Phe103. Despite the close similarity to RRs,
phosphorylation of Asp351 in the calcium pump must
be propagated to the calcium binding sites in a
different and so far uncharacterized manner to signal
transduction in the RRs.
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C. The Sugar Phosphotransferase System
The sugar phosphotransferase system (PTS) plays

a central role in the metabolism of many species of
bacteria by catalyzing phosphoryltransfer from PEP
to metabolic carbohydrates after crossing the cell
membrane.156 Like the sporulation phosphorelay, the
PTS relies upon the formation of successive com-
plexes between phosphoryl donors and acceptors. In
glycolysing bacteria, ATP levels are high and as a
result the histidine-containing phosphocarrier pro-
tein, HPr, is phosphorylated on Ser46 by the bifunc-
tional ATP-dependent HPr kinase/phosphatase. Down
regulation of the PTS follows: if HPr is phosphor-

ylated on Ser46, His15 cannot accept a phosphoryl
group from the upstream, PEP-dependent enzyme I
(EI) and phosphoryltransfer down the PTS to the
sugar is inhibited. In starving bacteria, the intrac-
ellular ATP pool is depleted and HPr does not become
phosphorylated on Ser46 by the HPr kinase/phos-
phatase. HPr can then transfer a phosphoryl group
from PEP to the PTS and ultimately to the imported
sugar. On another level of control, HPr also influ-
ences catabolite repression of sugar uptake. P-Ser46
HPr can form a complex with the catabolite control
protein A, thus binding to specific DNA sequences
upstream of the promoters of certain genes involved

Figure 15. Calcium pump.155 An overall view of the sarcoplasmic reticulum calcium pump (a), illustrating the 10 TM
helices (red), the 2 bound calcium ions (white), and the 3 cytoplasmic domains, N (top left, blue), A (right, green), and P
(center, yellow). The approximate position of the boundaries of the lipid bilayer are drawn with straight lines.
Phosphorylation at Asp351 in the P-domain is required for transport of the two calcium ions, some 50 Å away, but the
nature of the necessary conformational changes is as yet unknown. In part b, the core of the P-domain of the calcium
pump is a five-stranded â-sheet flanked by R-helices. One of the TM helices is colored red, and somehow conformational
changes to the Ca2+-binding sites are signaled through this. (c) Spo0A phosphoryl site. Although unrelated in sequence to
the core of response regulators, the critical aspartate is surrounded similarly by a lysine, two aspartates, and a threonine,
which are requisite in phosphorylation.
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in carbohydrate degradation, thereby affecting di-
rectly their transcription.

Several structures of PTS proteins have been
determined in the past decade, but from this review’s
perspective, details of phosphoryl transfer and the
effect on HPr by phosphorylation on Ser46 have most
recently been elucidated. The first structure to be
solved of a protein-to-protein phosphoryl transfer
complex of the PTS, that of HPr and the N-terminal
domain of enzyme I (EIN),157 is complemented by the
structure of pSer46 HPr.158 As is the case with the
Spo0F/Spo0B complex, the conformations of HPr and
EIN in the free state are barely altered by complex
formation and the intermolecular interface requires
satisfactory packing of hydrophobic patches in R-he-
lices from both molecules. In the EIN:HPr complex,
the side chains of Ser46 of HPr and Glu84 of EIN
are in hydrogen-bond contact with one another.157

The structural effects of phosphorylation of Ser46 are
not extensive, and the structure of pSer46 HPr
closely resembles the native form.158 The phosphoryl
group is situated at the N-terminal end of an R-helix,
and one of the phosphoryl oxygens is in hydrogen-
bond distance of the amide nitrogen of residue 49. It
appears that the function of phosphorylation of Ser46
is to destabilize the EIN/HPr complex through elec-
trostatic repulsion between the phosphoryl group and
Glu84, which pushes phospho-Ser46 into and dis-
rupting a hydrophobic interface which would ordi-
narily form in the complex of EIN and HPr (Figure
16). The effects of phosphorylation can be mimicked
by mutation of Ser46 to aspartic acid.159 Central in
this interface is Phe48 of HPr. This same residue also
forms part of the interface between HPr and the
adjacent, downstream element, IIAGlucose,160 but in
this instance Ser46 of HPr makes no interactions
with IIAGlucose. The complex between HPr and EIN

is sensitive to the phosphorylation state of Ser46 HPr
and therefore the levels of the ATP pool as a regula-
tory mechanism. The downstream component of the
PTS, IIAGlucose, has no such requirement, and it is
impervious to the phosphorylation state of Ser46.

Where EIN is phosphorylated on the Nε2 atom of
His189,161 as are the HKs,94 HPr accepts the phos-
phoryl group onto atom Nδ1 of His15.157 In the
structure of the EIN/HPr complex, His189 of EIN
makes no contact to HPr such that the nitrogen
atoms involved in phosphoryl transfer are ∼8 Å
apart. These atoms must move closer to effect phos-
phoryl transfer. The EIN-HPr transition state has
thus been modeled,157 which does not globally affect
the conformation of either protein in the complex. As
is the case with HK-RR phosphoryl transfer, the
transition state comprises a trigonal bipyramid pen-
tacoordinated phosphoryl group with apical donor
and acceptor atoms and the three oxygen atoms
situated in the equatorial plane. The essential mag-
nesium ion in HK-RR phosphoryl transfer is not
required in phosphorylation reactions between EIN
and HpR. A conserved lysine (Lys69) and threonine
(Thr16) residue and backbone amide groups (Thr16
and Arg17) adjacent to the site of phosphorylation
(His15) in HPr would appear to stabilize the transi-
tion state of phosphoryl transfer in favor of phospho-
HPr relative to phospho-EIN. Similarly, the phos-
photransfer transition state between Spo0B (His30)
and Spo0F (Asp54) is stabilized by an invariant
lysine (Lys104), the threonine (Thr82) of the aromatic
switch, and adjoining amide groups from Met55 and
Lys56 in Spo0F.145 His189 of EIN accepts a hydrogen
bond from the hydroxyl proton of Thr168, increasing
the reactivity of this protonated phosphoramidate,162

stimulating the appropriate unidirectional phospho-
ryl flow through the PTS. However, there are no

Figure 16. Hpr/EIN interface.157 A stereoview of the hydrophobic EIN/HPr interface, comprising six residues of EIN
(Leu79, Glu84, Leu85, Ile108, Gln111, and Val130, blue) and Phe48 (or Met48) of HPr (yellow). A hydrogen bond between
Ser46-HPr and Glu84-EIN mediate, in part, the formation of this complex. However, when Ser46 of HPr is phosphorylated
(green), HPr becomes a poor substrate for the transfer of a phosphoryl group, between His15 of HPr and His189 of EIN.
Electrostatic repulsion between the negatively charged phospho-serine and glutamate pushes the phospho-serine toward
the position of the hydrophobic pocket, displacing the phenylalanine (or methionine, depending on the bacterial source)
and disrupting the formation of the HPr/EIN interface.
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proton donors sufficiently close to His30 of Spo0B to
activate the phosphoramidate, which may explain
why Spo0B can equally distribute a phosphoryl group
to both Spo0A and Spo0F.163

D. Anti-Sigma Factor Antagonist
A final example of the structural consequences of

phosphorylation comes in the modulation of sigma
factor activity, the best characterized of which is σF,
a Bacillus sporulation-specific alternative sigma fac-
tor. Compartment-specific gene expression is attained
by the complicated functions of the anti-sigma factor,
SpoIIAB, which can form protein/protein complexes
and, although resembling a histidine kinase in its
amino acid sequence, acts as serine kinase. In the
predivisional and mother cells, SpoIIAB can form a
complex with the anti-anti-sigma factor SpoIIAA in
a reaction dependent upon ATP.164 In doing so,
SpoIIAB phosphorylates its substrate, SpoIIAA on
Ser58, causing dissociation of the SpoIIAA/SpoIIAB
complex.165 The liberated SpoIIAB is then free to form
an alternative complex with σF, thus inhibiting it
from interacting with core RNA polymerase.166 How-
ever, in the developing spore, phosphorylated
SpoIIAA is rapidly dephosphorylated by the septum-
associated PP2C-type phosphatase,167 SpoIIE, and
thus, SpoIIAA and SpoIIAB form persistent com-
plexes and σF is left free to direct specific gene
expression.168

The NMR structure of the anti-anti-sigma factor,
SpoIIAA,169 bears a passing resemblance to the
canonical RR structure, being comprised of a central,
multistranded â-sheet flanked on one side by two
R-helices. Closer inspection of the structure reveals
a different topology to the RR, and the residue which
is phosphorylated by SpoIIAB, Ser58, is situated at
the N-terminal end of R-helix 2, the side chain of
which makes no interactions with the main body of
the protein. Presumably, the N-terminal end of the
R-helix will stabilize the phosphoserine, through the
partial positive charge of the helix dipole. It is
possible that phosphorylation either induces drastic
conformational changes, which prevents binding to
SpoIIAB, or that the phosphoryl group itself merely
sterically and electrostatically interferes with com-
plex formation. The recently determined crystal
structure at 1.16 Å resolution of phosphorylated
SpoIIAA, the highest resolution structure of any
phosphoprotein, distinguishes these possibilities.170

The phosphoryl group makes no contact with any
other atom from the same molecule of SpoIIAA and
is completely accessible to solvent (Figure 17). The
side chains which flank Ser58 (Ser57 and Asp59)
reach around behind Ser58, making Ser58 in an
accessible conformation for the action of the SpoIIAB
kinase. Comparison to the native form of SpoIIAA
reveals that phosphorylation imposes only minor
conformational changes that are limited to the im-
mediate vicinity of Ser58. As in HPr, mutation of
Ser58 to aspartic acid effectively mimics phosphory-
lation.166 This lack of structural rearrangement is
similar to the consequence of phosphorylation of
Ser46 of Hpr in the PTS. It would thus appear that
the role of phosphorylation in the establishment of

compartment-specific gene expression is to provide
a negatively charged steric impediment to protein/
protein complex formation between SpoIIAA and
SpoIIAB, thus permitting sequestering of σF by
SpoIIAB.

One example where multiple phosphorylation sites
are found on one protein is in the regulation of the
σB-dependent stress response of Gram-positive mi-
croorganisms, such as B. subtilis, in a minikinase/
phosphatase cascade of a type so frequently found
in higher organisms. Here, σB can be sequestered in
nonproductive protein complexes with a histidine
kinase, RsbW the substrate for which is RsbV.171 The
antagonistic activity of a specific phosphatase, RsbU,
brings the system under complete enzymatic con-
trol.172 This mechanism is parallel to that described
above for σF, except that a further level of regulation
exists, another upstream kinase/phosphatase system
that transduces other stress signals to σB. Here a
signal-transducing protein RsbR, which has sequence
homology to SpoIIAA, is phosphorylated not on one
serine but two threonine residues, 171 and 205, the
latter of which is the equivalent to Ser58 of
SpoIIAA.173 One can envisage that phosphorylation
at Thr205 abrogates binding of RsbR to the RsbT
kinase, analogous to the effects of phosphorylation
of SpoIIAA binding to SpoIIAB. In SpoIIAA, the
equivalent residue to Thr171 is His23, which is
situated at the N-terminal end of the R-helix 1
adjacent to Ser58. The histidine side chain makes no

Figure 17. Effects of phosphorylation on SpoIIAA.170 The
structures of SpoIIAA (yellow) and SpoIIAA-P (blue) are
compared, with secondary structure elements drawn as
arrows (â-strands) and rods (R-helices). The residue that
is phosphorylated by the serine kinase SpoIIAB, Ser58, is
drawn as a ball-and-stick model in both structures. The
phosphoryl group of SpoIIAA-P makes no interaction with
any other amino acid and is presented to solvent in such a
manner as to exclude binding by SpoIIAB.
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interaction with Ser58 or pSer58. What the reason
for and consequence of phosphorylation on the second
site, Thr171, is unknown.

E. Phosphatases
Control over these phosphorylation-dependent ac-

tivation reactions is achieved by the action of phos-
phatases, which in the prokaryotic world are poorly
characterized structurally. The SpoIIAA-P specific
phosphatase, SpoIIE, is a member of the Mn2+-
dependent eukaryotic PP2C family of phosphatases,
one structure of which is known. In the sporulation
phosphorelay, Spo0F is subject to the activity of at
least one of the 11 members of the Rap family of
phosphatases, which are inhibited by short, specific
peptides,174 whereas Spo0A is dephosphorylated by
a completely dissimilar phosphatase, Spo0E. No
structural information is available for either of these
distinct classes of phosphatase nor any for the
unrelated chemotactic phosphatase, CheZ or the
phosphatase domain of EnvZ. How these different
phosphatases achieve the same end, namely, aspartyl
phosphate dephosphorylation, is unknown.

The recently determined structure of phospho-
serine phosphatase (PSP) from M. jannaschii175 is
similar to the catalytic domain of the HAD super-
family, of which it is a member, and closely resembles
the core of response regulators. Where the Ca2+

pump155 could be said to be in an open conformation,
PSP is in a closed sate. Asp55, Asp10, Thr84, and
Lys106 in Spo0A have direct equivalents in PSP:
Asp11, Asp167, Ser99, and Lys144. Furthermore,
Thr84 in the RR family is normally followed by a
small amino acid, typically Ala, which allows access
of the kinase/phosphotransferase domain to the nu-
cleophilic aspartic acid.145 Similarly, a conserved
glycine residue succeeds Ser99 in PSP, presumably
to allow access of the substrate to the active site. The
magnesium ion in PSP175 is stabilized by an almost
identical hydrogen-bond network, as observed in the
structures of metal-complexed response regula-
tors.116,120,124 A bound phosphate group makes inter-
actions with PSP residues that are similar to those
observed between phosphoryl and berrylofluoryl
groups to conserved RR residues,111,116,120 and thus,
one might expect the catalytic mechanism of PSP to
be similar to that of RR phosphotransfer. Indeed, the
half-life of the phosphorylated form of response
regulators is affected by the chemical nature of the
amino acid +2 from the nucleophilic aspartate, such
that short polar residues so located favor a short half-
life, which can be extended by substitution with
bulky, hydrophobic residues.153 Some response regu-
lators have been described as harboring auto-phos-
phatase activities, since the half-life of the phospho
form can be extended by denaturing the protein. The
phospho forms of CheY and CheB are both short-lived
(t1/2 ∼ 1 s) and have Asn and Glu, two residues from
the nucleophilic aspartate, respectively. The presence
of an aspartic acid at the equivalent position in PSP
implies this residue has a key role in catalysis, in
addition to a short half-life of the phosphoenzyme
ester intermediate. Fascinating parallels in phospho-
rylation chemistry between PSP and RRs are likely

to emerge soon, with the use of BeF3 as a phosphoryl
group mimic in PSP.

IV. Summary and Conclusions
The number of phospho-protein structures has

increased considerably since past reviews.11,176 Like-
wise the number of mechanisms by which phospho-
rylation may influence proteins has also increased.
Responses to phosphorylation may vary from the 105

fold increase in catalytic efficiency with CDK2/cyclin
A and >106 fold inhibition of IDH to a more gentle
modulation of 10-40-fold enhancement in FliM bind-
ing by CheY or DNA binding by Spo0A. There seems
to be no universal response that allows a general
mechanism for control by phosphorylation but a
series of different responses conferred or induced by
the addition of the phosphoryl group. A summary of
the structural results is given in Table 1.

Not surprisingly, electrostatic effects dominate the
response of proteins to phosphorylation. Repulsive
electrostatic effects are observed for a number of
systems such as: IDH where the phosphoryl serine
blocks access to the catalytic site of the negatively
charged substrate isocitrate; the K+ channel inacti-
vation domain where the phosphorylatable residues
are close to two glutamates so that phosphorylation
promotes loss of structural stability; CDK2 where the
phosphorylatable threonine is close to a glutamate
in the non-phospho structure and hence on phospho-
rylation the segment carrying phospho-threonine
becomes disordered; and in the HPr/EIN complex
where the phosphorylatable serine, Ser46, is close to
a glutamate from EIN so that phosphorylation on
Ser46 is likely to lead to electrostatic repulsion and
inhibit association of the HPr/EIN complex. Phos-
phorylation of SpoIIAA by SpoIIAB leads to dissocia-
tion of the SpoIIAA/SpoIIAB complex. Electrostatic
effects also lead to positive energetic interactions in
many systems, for example, mammalian glycogen
phosphorylase where the phosphoryl serine contacts
two arginines (Arg43′ and Arg69); yeast phospho-
rylase where the phosphoryl threonine contacts two
arginines (Arg309 and Arg310); the protein kinases
where in CDK2 and ERK2 the activation segment
phospho-threonine interacts with three arginines
and in IRK and LCK where the phosphoryl-tyrosine
interacts with one or two arginines; and the phos-
pho-tyrosine/SH2 domain interactions in Src and in
the STAT proteins where the phosphoryl group
interacts with two arginines. In the prokaryotic
response regulators there are no arginine clusters but
a contact from the phosphoryl group to a single lysine
and a metal ion in the phospho forms of Spo0A, FixJ,
and NtrC. In the prokaryotic systems the conforma-
tional responses induced by phosphorylation are
local, in contrast to the eukaryotic systems listed
above where a tight binding site appears necessary
to produce long-range effects. The participation of the
helix dipole in phospho-recognition sites for proteins
controlled by phosphorylation are not as numerous
as in the catalytic sites of enzymes that utilize
phosphate-containing substrates or cofactors, but
helix dipole interactions are observed for the phos-
phoryl groups of glycogen phosphorylase, isocitrate
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dehydrogenase, the KID/KIX complex, and HPr, the
first example of a helix dipole/phosphate interaction
in prokaryotes.

In the tight phosphoryl binding site proteins, the
phosphoryl group acts as an organizing center, af-
fecting not only the conformation of regions in the
immediate vicinity of the phosphoryl group but also
producing longer range effects. In the protein kinases,
the phosphoryl residue is about 14-16 Å from the
catalytic site but its phosphorylation has profound
effects on activity by organizing the activation seg-
ment so that protein substrate may be recognized and

bound in the correct conformation for catalysis. The
nucleophilic aspartate of CheB is 25 Å from the
catalytic triad of the methylesterase domain, such
that long-range conformational changes must occur
to stimulate biological activity. In the Src family
kinases, localization of the C-terminal tyrosine phos-
phoryl group by the SH2 domain assists the interac-
tions of the SH2 linker and the SH3 domain with the
kinase, interactions that hold the kinase in its
inactive conformation. The catalytic site is 40 Å from
the inhibitory phosphoryl tyrosine site. In glycogen
phosphorylase, the intersubunit interactions of the

Table 1. Summary of Structural Results on Phospho-Proteins

protein (PDB code for
phosphoprotein)

phosphoryl
residue contacts mechanism ref

eukaryotic systems
glycogen phosphorylase (1GPA) Ser14 Arg43′, Arg69 allosteric activation 81, 177
yeast phosphorylase (1YGP) Thr-10 Arg309, Arg310 allosteric activation and

displacement of allosteric
inhibitor

88

CDK2/cyclin A (1JST, 1QMZ) Thr160a Arg50, Arg126, Arg150 phosphoryl group acts as
an organizing center to
locate residues important
in substrate binding

34, 36

ERK2, P38 (2ERK, 1CM8) Thr183a Arg68, Arg146, Arg170 as in CDK2 pThr183 acts as
an organizing center that

47, 51

Tyr185 Arg189, Arg192 assists creation of correct
conformation of the activation
segment

insulin receptor tyrosine Tyr1158 none localization of activation 55
kinase (1IR3) Tyr1162 Arg1164 segment for substrate

Tyr1163a Arg1155, (Arg1131) recognition
VEGFR2/PDGFR (1VR2) Tyr1059a disordered only 10-fold activation on

phosphorylation: activation
segment disordered in both
non-phospho and phospho forms

57,58

Src family kinases Tyr527 Arg155, Arg175, Ser177, interactions with SH2 59-61
(2SRC, 1QCF, 2PTK) Glu78(NH), Thr179 domain hold Src kinase

in inactive state
LCK
(3LCK)

Tyr394a Arg363, Arg387 localizes activation segment
in correct conformation

62

STAT proteins Tyr705 Lys591, Arg609, Ser611 intersubunit contact with the SH2 72, 73
(STAT3â numbering)
(1BF5, 1BG1)

Ser613 domain of the other subunit
promotes dimerization
and DNA binding

pKID domain of CREB/KIX
domain of CBP (1KDX)

Ser133 Tyr658, (Lys662),
helix dipole

phosphorylation promotes
association of pKID/KIX

74

K+ channel inactivation Ser8 none phosphorylation promotes 75
domain (1B4G, 1B4I) Ser15 disorder of domain structure

Ser21
phenylalanine hydroxylase (1PHZ) Ser16 disordered 10

prokaryotic systems
isocitrate dehydrogenase (4ICD) Ser113 helix dipole electrostatic and steric

blocking of catalytic site
12

Spo0A (1QMP) Asp55 Thr84, Lys106,
Ca2+, Ala85(NH),
Ile157(NH)

promotion of dimerization;
association with RNA
polymerase; and dissociation
of inhibitory interactions with
effector domain

116

FixJ (1D5W) Asp54 Thr82, Lys104,
Ala83(NH),
Arg56(NH)

promotion of dimerization;
and dissociation of inhibitory
interactions with effector domain

111

CheY (1DJM, 1C4W, F4V) Asp57 Thr87, Lys109,
Mg2+, Ala85(NH),
Asn59(NH)

promotion of FliM binding 118-120

NtrC (1DC8) Asp54 not reported exposure of residues to interact
with effector domain

117

HPr/EIN (3EZB, 1FUO) His46 Gly49(NH) helix dipole steric/electrostatic impediment
to protein/protein interactions

157, 158

SpoIIAA (1H4X, 1H4Z) Ser58 none steric/electrostatic impediment
to protein/protein interactions

170

a The equivalent residue in cAPK is Thr197.
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phosphoryl serine promote a quaternary structure
change that is coupled with tertiary structural changes
at the catalytic site some 50 Å away. In the three
systems comprising the Ser/Thr protein kinases, the
Src family kinases and glycogen phosphorylase, the
phosphoryl group is acting as an allosteric effector,
bringing about changes at the catalytic site remote
from the site of phosphorylation through stabilization
of a particular state of the enzyme. In the multi-
domain RR, the role of phosphorylation of the nu-
cleophilic aspartate can be likened to a disorganizing
center in that inhibitory intramolecular contacts
must be broken to elicit a response.

The shifts in protein atoms in response to phos-
phorylation may be small or large. In IDH, HPr, and
SpoIIAA there is no conformational response. The
phospho- and non-phospho-proteins have almost
identical structures. In SpoIIAA, the phosphoryl
group on Ser58 makes no contacts to the protein and
it is likely that its role is to provide a negatively
charged steric impediment to complex formation. In
Spo0A, FixJ, NtrC, and CheY there are small but
local changes in the vicinity of the phosphoryl group
but these have profound effects for protein/protein
association (discussed below). At the other extreme,
on phosphorylation the position of Thr183 in ERK2
shifts 9 Å, the position of Thr-10 in yeast phospho-
rylase shifts 36 Å, and the position of Ser14 in
glycogen phosphorylase shifts 50 Å. The incentive for
these large changes is a combination of an inhospi-
table site for a phosphoryl residue in the non-phospho
state and a favorable site when the shift is ac-
complished.

In several of the eukaryotic systems the activatory
response cannot be achieved by phosphorylation on
a single site. In CDK2, the association with cyclin A
and phosphorylation is needed for activation. In
MAPK and IRK, double or triple phosphorylation is
needed. Yet in other kinases such as cAPK and LCK,
kinase domain phosphorylation on a single residue
in the activation domain is sufficient. Despite sig-
nificant homologies in sequences among the kinases
and a common core structure, there are differences
that govern the pliability of the kinase and the ease
with which the active conformation can be stabilized.

Promotion of protein/protein association by phos-
phorylation is an important property in both eukary-
otic and prokaryotic systems. ERK2 exhibits an
indirect mechanism whereby activation by dual
phosphorylation in the activation segment produces
domain closure, contacts to the C-helix, and through
the C helix contacts to the loop preceding the C-
terminal helix L16. Shifts in the loop preceding L16
create a nonpolar surface that serves to promote
dimerization of ERK2 molecules. The response regu-
lators also employ an indirect mechanism for het-
erodimer formation, and the phosphoryl group is not
directly involved in protein/protein association. In
RRs, phosphorylation on an aspartate residue results
in repositioning of a local threonine that contacts the
phosphoryl group. An aromatic residue repositions
to fill the void created by the threonine with a
corresponding change in a helix and a loop region.
This ‘aromatic’ switch can then create a surface for

CheY binding to FliM or FixJ dimerization or inhibi-
tory protein/protein interactions that liberate the
methylesterase domain of CheB from its response
regulator domain. In the STAT proteins the phos-
phoryl tyrosine plays a more direct role in dimeriza-
tion through its association with the SH2 domain of
the other subunit. The two subunits, held by the
mutual pTyr/SH2 interactions, bring the DNA bind-
ing domains to their correct distance and orientation
to bind DNA. In the KID/KIX interaction from the
CREB and CBP proteins, the phosphoryl group plays
a role in promoting the heteroassociation through a
direct contact from the phosphoryl-serine on the KID
peptide to a tyrosine on the KIX domain. However,
this interaction by itself appears to be insufficient to
promote association and mutual interactions between
protein/protein side chains as well as the direct
phosphoryl interaction govern association. In the
CDK2/KAP complex, recognition of the phospho-
kinase by the phosphatase changes the conformation
of the kinase. The notion that phosphoprotein rec-
ognition can change the structure of the phospho-
protein provides a further mechanism for the ways
in which phosphoproteins may signal to other pro-
teins.

The structural studies on protein kinases have
shown that the peptide substrate in the vicinity of
the phosphorylatable residue must have a defined
extended conformation. Therefore, it is not surprising
that in some systems (e.g., glycogen phosphorylase,
KID) the region of the phosphorylatable residue in
the non-phospho protein adopts a mobile structure
that can be adapted to fit the kinase catalytic site
with little energy cost. However, in the other proteins
(e.g., SpoIIAA, HPr, and IDH) the phosphorylatable
residues are in regions that are well ordered. In the
K+ channel inactivation domain, phosphorylation
leads to disorder not in the region around the
phosphoryl residue but in regions that are adjacent
in space.

Finally, yeast phosphorylase exhibits a mechanism
that is so far unique. Here the phosphoryl-threonine
displaces an inhibitor, a phosphorylated metabolite
(Glc-6-P), and utilizes the same phosphoryl recogni-
tion site as the inhibitor. Activation at the catalytic
site is achieved through allosteric effects mediated
by quaternary and tertiary structural changes.

The structural studies have revealed definite evi-
dence for the mechanism of control by phosphoryla-
tion for about 17 proteins and have provided sugges-
tions for several others. Undoubtedly, more mechan-
isms still await discovery.

V. Abbreviations
cAPK cyclic AMP-dependent protein kinase
CAK cyclin-dependent kinase activating kinase
CBP CREB-binding protein
CDK2 cyclin-dependent protein kinase 2
CREB cyclic AMP response element binding protein
ERK2 extracellular regulated protein kinase 2
hlGP human liver glycogen phosphorylase
rmGP rabbit muscle glycogen phosphorylase
yGP yeast glycogen phosphorylase
HAD haloacid dehalogenase
HK histidine kinase
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HTH helix-turn-helix
ID inactivation domain of the voltage-gated K+

channel Kv.4
IRK insulin receptor tyrosine kinase
KAP kinase-associated phosphatase
KID kinase-inducible domain of CREB
KIX KID binding domain of CBP
MalP maltodextrin phosphorylase
PDGFR platelet-derived growth factor receptor
PEP phosphoenolpyruvate
PSP phosphoserine phosphatase
PKC protein kinase C
PTS phosphosugar transferase system
RR response regulator
STAT signal transducers and activators of tran-

scription
TM transmembrane
VEGFR 2 vascular endothelial growth factor receptor 2
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