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Abstract. Our current understanding of the structure,
mechanism of action and modes of regulation of the pro-
tein tyrosine kinase family owes a great deal to structural
biology. Structures are now available for more than 20
different tyrosine kinase domains, many of these in mul-
tiple conformational states. They form the basis for the
design of experiments to further investigate the role of
different structural elements in the normal function and

regulation of the protein and in the pathogenesis of many
human diseases. Once thought to be too similar to be spe-
cifically inhibited by a small molecule, structural differ-
ences between kinases allow the design of compounds
which inhibit only an acceptable few. This review gives
a general overview of protein tyrosine kinase structural
biology, including a discussion of the strengths and limi-
tations of the investigative methods involved.

Keywords. Kinase structure, structural biology, protein crystallography, protein nuclear magnetic resonance spectros-
copy, conformational flexibility, regulatory domain, drug discovery.

Introduction

Protein kinases control many different cellular functions
by phosphorylating proteins involved in gene expression,
metabolic pathways, cell growth and differentiation,
membrane transport and apoptosis. Kinase activity can
be modulated by phosphatases, upstream kinases, cofac-
tors and ligands and by interactions with other activating
or regulatory proteins. With such a critical role in signal
transduction, the tight regulation of kinase activity is cru-
cial. A number of diseases and disease symptoms result
from the disregulation of kinases or from activating and
inactivating mutations in kinases [1].

There are 518 kinase sequences encoded in the human
genome (1.7%), of which 430 are expected to be cata-
lytically active [2, 3]. Based on sequence homology, the
largest subgroup of the human protein kinases is the ty-
rosine kinase family, with 90 members [2]. This family
can be divided into the receptor tyrosine kinases (RTKs)
and the non-receptor tyrosine kinases (nRTKs) (Table 1).
The 58 RTKSs, which can be further divided into 16 dif-
ferent classes, consist of an extracellular ligand-binding

domain linked via a transmembrane section to an intra-
cellular tyrosine-kinase-containing region. Their activa-
tion usually involves the binding of a ligand to the ex-
tracellular region, which causes dimerization and allows
autophosphorylation of the intracellular tyrosine kinase
domains. Non-RTKs (32 proteins in nine subgroups)
also respond to extracellular stimuli by means of modu-
lar units like Src homology 2 (SH2), Src homology 3
(SH3) and Pleckstrin homology (PH) domains, or modi-
fication by lipids (e.g. myristate), for appropriate subcel-
lular localization.

Over the past 1015 years, structural biology has contrib-
uted a great deal to our understanding of kinase function.
In the early 1990s, X-ray crystallography showed that
the catalytic domains of Ser/Thr and Tyr kinases share
a common architecture [4, 5]. The kinase domain, which
is typically about 300 residues in length, consists of an
N-terminal lobe containing a five-stranded f3 sheet and a
single a helix (o C), plus a larger, mostly helical C-termi-
nal lobe (Fig. 1a). A hinge region, a stretch several resi-
dues in length connecting the N- and C-terminal lobes,
allows a certain amount of flexibility in their relative ori-
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Table 1. Publicly available structural data for protein tyrosine kinases (as of February, 2006).

Family  Sub- Protein  PDB entry for kinase domain PDB entry for non-kinase domain(s)

family
nRTK  Abl ABL IFPU, 11EP, IM52, 10PJ, 10PK, SH2: 1AB2, 10PK, 10PL, 2ABL, 2FO0

10PL, 2F4J, 2FO0 SH3: 1ABO, 1ABQ, 1BBZ, 10PK, 10PL, 2ABL, 2FO0, 1AWO,
1JU5
Csk CSK IBYG, 1K9A SH3: 1K9A, 1CSK, 1JEG
SH2: 1K9A
FAK FAK IMPS8 FAT: 1K04, 1K05, 1I0OW6, 1I0W7, 10WS, 1IKTM, 1PV3, 1QVX

FERM: 2AEH, 2AL6

JAK JAK2 2B7A
JAK3 1YVJ

Src FYN SH3: 1EFN, 1AVZ, IFYN, 1G83, IM27, ISHE, 1AZG, INYE,
INYG, 1ZBJ, AON
SH2: 1G83, 1AOT, 1AOU
HCK  1ADS5, 2HCK, 1QCFE, 2C0I, 2COT  SH3: 1BU1, 4HCK, SHCK, 1AD5, 2HCK, 1QCF
SH2: 3HCK, 1AD5. 2HCK, 1QCF
LCK  3LCK, 1QPC, 1QPD, IQPE, IQPJ  SH3: ILCK, 1X27, 1H92, IKIK
SH2: 1CWD, ICWE, 1FBZ, 11JR, 1LCJ, ILCK, 1LKK, 1LKL,
1X27, 1BHH, 1BHF

LYN SH3: 1WA7, IWIF
SRC IFMK, 2PTK, 2SRC, 1KSW, 1Y57, SH3: 1FMK, 2PTK, 2SRC, 1KSW, 1Y57, INLO, INLP, 1PRL,
1YOJ, 1YOL, 1YOM 1PRM, 1QWE, 1QWE, 1RLP, IRLQ, 1SRL, 1SRM

SH2: IFMK, 2PTK, 2SRC, 1KSW, 1Y57, 1A07, 1A08, 1A09,
1A1A, 1A1B, 1A1C, 1A1E, IF1W, 1F2F, 1041-9, 104A-R,
P13, ISHD, 1HCS, IHCT

Syk SYK 1XBA, 1XBB, 1XBC SH2: 1A81, 1CSY, 1CSZ
ZAP70  1U59 SH2: 1M61
Tec BTK 1K2P SH3: IAWW, 1AWX, 1QLY
PH: 1B55, IBTK, IBWN
ITK 1SM2, 1SNU, 1SNX SH2: 1LUI, 1LUK, 1LUM, ILUN, 2ETZ, 2EU0
SH3: 1AWJ
RTK  EGFR EGFR  IMl4, IM17, IXKK ECD: 11VO, IMOX, 1YY9
IM: 1291
ERBB2 ECD: 2A91, 1S78
ERBB4 ECD: 2AHX
Eph EPHAI1 FN3: 1X5A
EPHA2 IMQB
EPHA4 SAM: 1BOX
EPHAS FN3: 1X5L
EPHB2 1JPA SAM: 1SGG, 1B4F, 1IFOM
LBD: INUK, ISHW, IKGY
FGFR  FGFRI 1AGW, IFGI, 1FGK, 2FGI ECD: 1EVT, 1FQ9, ICVS, 2CR3
JM: 1XRO
FGFR2 1GJO, 10EC ECD: 1EV2, 1DJS, 2FDB, 1114, 11IL, INUN, 1E00
FGFR3 ECD: 1RY7
InsR IGFIR  1JQH, 1K3A, IM7N, 1P40 ECD: 1IGR

INSR  1IRK, 1IR3, IGAG, 1144, 1P14,
IRQQ, 2AUH, 2B4S

Met MET IROP, IR1W PSI: 1SSL
SEMA: 1SHY

Musk MUSK  1LUF
PDGFR/ FLT3 1RIB

VEGFR KIT 1PKG, 1T45, 1T46
FLT1 ECD: 1FLT, 1QTY, 1QSV, 1QSZ, 1RV6
KDR 1VR2, 1Y6A, 1Y6B, I'YWN
Tie TIE2 IFVR
Trk TRKA LBD: IWWA, 1HE7, IWWW
TRKB LBD: 1IWWB, IHCF
TRKC LBD: IWWC

Some structures of pharmaceutically interesting PTKs are not yet available in the PDB, but are filed in patent claims (e.g. Pyk2 WO
2004078923, EphA7 WO 2004081180, ErbB4 WO 2004066921, Ret WO 2005062795).

SH2, Src homology 2 domain; SH3, Src homology 3 domain; PH, Pleckstrin homology; JM, juxtamembrane region; LBD, ligand-binding
domain; ECD, extracellular domain; FERM, 4.1-ezrin-radixin-moesin domain; FAT, focal adhesion targeting sequence; SAM, sterile alpha
motif; FN3, fibronectin type III domain; SEMA, semaphorin homology domain; PSI, plexin-semaphorin-integrin domain.
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entations, which is necessary for the catalytic function
of the enzyme. A cleft between these two lobes accom-
modates ATP, the adenosine group of which forms hydro-
gen bonds with the hinge region. In tyrosine kinases, the
substrate binds to a platform on the C-terminal lobe, with
the hydroxyl group of the tyrosine to be phosphorylated
pointing toward the y-phosphate of ATP. This platform
is partially formed by residues from the activation loop
(A-loop), the conformation of which is stabilized by the
phosphorylation of one or more tyrosine residues in most
tyrosine kinases.

Residues important for catalysis or for the correct archi-
tecture of the catalytic site come from different parts of
the structure known as the P-loop (glycine-rich or nucleo-
tide-binding loop), B strand 3, and helix C, all within the
N-terminal lobe, and the catalytic loop (3 strands 6 and 7)
and the A-loop (about 20 residues located between 3 strand
8 and helix aEF), both in the C-terminal lobe (Fig. 1).
Many of these structural elements correspond to regions
with highly conserved sequences (Fig. 1b). For example,
the P-loop has a consensus sequence of GxGx @G (where
x is any amino acid and @ is Phe or Tyr), and the catalytic
loop contains strictly conserved Asp and Asn residues.
The activation segment starts and ends with anchoring
regions, which have a conserved DFG sequence at the N-
terminal anchor (often called the Mg-binding loop) and
an APE, ALE or SPE sequence at the C-terminal anchor
[6]. The A-loop, which has a variable sequence, lies be-
tween these two anchor regions along with the P+1 loop
at the C-terminal end whose sequence contributes to sub-
strate specificity.

Structural biology of tyrosine kinases

The reaction catalyzed by tyrosine kinases involves the
transfer of the y-phosphate of ATP to the hydroxyl of the
substrate tyrosine and requires the presence of a divalent
metal ion. Transfer is generally considered to proceed
by direct attack of the hydroxyl oxygen of the substrate
on the y-phosphate, probably via a dissociative mecha-
nism [7]. There is some debate about the exact role of
neighboring protein residues: the aspartate from the DFG
motif coordinates the essential metal ion, which may be
necessary for the correct positioning of the terminal
phosphate for transfer, or it may be necessary to mask
the charge of the y-phosphate in the reaction transition
state, or even to limit the electrostatic repulsion for an in-
coming nucleophile. The role of the conserved aspartate
in the catalytic loop may be to direct the hydroxyl of the
substrate for attack on the y-phosphate of ATP, but there
have been discussions about whether it could serve as a
base catalyst, or to repel the phosphoproduct and facili-
tate dissociation [7]. Structural studies provide the basis
for the design and understanding of ongoing experiments
to understand these and other aspects of kinase structure
and function.

Structural biology

To date, all protein kinase structures at atomic resolu-
tion have been determined by protein crystallography
(Table 1), but the kinase domain is not beyond the reach
of full-structure determination by nuclear magnetic reso-
nance (NMR), and we will probably see NMR structures

P-loop Helix C.

986 PDEWEVAREKITMSRELGQGSFGMVYEGVAKGVVKDEPETRVAIKTVNEAASMRERIEFL 1045
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Figure 1. (a) Structure of active Igf1r kinase with bound ATP analog (AMP-PCP) and substrate (PDB entry 1K3A). Beta sheets are shown
in blue and alpha helices in red. The substrate is green and the ATP analog has green carbons. There are no magnesium ions in this model
[51]. This image, and those in Figures 2—6 have been prepared using the program Pymol (http://www.pymol.org/). (b) Sequence of the
receptor tyrosine kinase (Igflr), showing the structural elements mentioned in the text color-coded as follows: red, P-loop; green, helix C;
blue, hinge region; cyan, catalytic loop; magenta, activation segment; orange, JM region and C-terminal tail. The lysine from 3 and the
glutamate from helix C, which form a salt bridge in the active kinases, are also colored in red.
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of kinases in the near future [8]. Both methods require
the preparation of milligram amounts of highly pure and
stable protein. For NMR structure determination, the
homogeneity is not as critical as for crystallization, but
complete isotopic labeling of the amino acids with N
and 13C is required.

Protein preparation

The first step in a protein kinase structure determination
project is to try to define which part of the multidomain
protein to prepare. The choice of the N and C termini of
the construct for expression of the protein is often criti-
cal. Variations will have an effect on the expression levels
and crystallizability due to effects on solubility, stabil-
ity and activity [see ref. 9]. When there is high sequence
homology with proteins of known structure defining the
ends of the sequence that will form the globular domain is
relatively straightforward. For less well defined domains
such as kinases with lower sequence homology, or those
with regions that might fold back and bind to the kinase
domain, it is useful to express a longer or full-length ver-
sion of the protein and subject it to limited proteolysis
to help define the globular region [e.g. ref. 10]. In gen-
eral it is important that there are no flexible regions that
could interfere with crystallization, and for this reason
it may even be necessary to remove long flexible loops
from within the domain of interest [see refs. 11-14]. Hy-
drogen/deuterium exchange mass spectrometry (DXMS)
has recently been shown to provide valuable information
about flexible regions that can be used to help in construct
design [15].

Problems in crystallization can arise when there is a mix-
ture of similar, but not identical entities. Due to the fact
that small differences can cause faults or even stop crystal
growth, it can be more of a problem having highly similar
impurities than completely different proteins in a crystal-
lization mixture [16, 17]. A mixture of phosphorylation
states can be tolerated [see e.g., ref. 18], but success in
crystallization is exceptional. Phosphorylation frequently
causes conformational changes in kinases, and a mixture
of conformational states is not conducive to crystalliza-
tion. During purification it is often possible to separate
different phosphorylation states using ion-exchange
chromatography, but the result is usually a much lower
yield of protein. Site-directed mutants are often consid-
ered during construct design to avoid this type of prob-
lem. The preparation of constitutively activated protein
by replacing a tyrosine with an aspartate, or uniformly
unphosphorylated protein by replacing tyrosine with phe-
nylalanine to avoid a mixture of phosphorylation states,
are two tricks that have proven useful for the preparation
of highly homogeneous kinases suitable for crystalliza-
tion [19].

Review Article 2611

Until now, for the purposes of structural biology, most
tyrosine kinases have been expressed in baculovirus-
infected insect cells. However, there are several excep-
tions, and the use of Escherichia coli is becoming more
common [9, 20-23]. Coexpression with chaperones has
been found to help produce soluble, active kinases [e.g.
ref. 24], and the presence of phosphatases can also help,
by reducing the amount of phosphorylation. This may be
important if the active kinases are toxic to the cells, if the
phosphorylated states are metastable, or if a mixture of
phosphorylation states reduces potential yield [23, 25].
In many cases, the expression levels of the kinase are
low, requiring the use of affinity tags to help enrich the
sample during purification. A histidine tag is commonly
used and is normally placed at the N terminus, followed
by a specific cleavage site such as that for tobacco etch
virus protease [e.g. ref. 26]. Cleavage of the tag is often
necessary to avoid adding flexible regions that can inter-
fere with the formation of crystals, but the histidine tag
is short enough to be left on in some cases [9]. This also
makes it a useful tag to use at the C terminus, where it is
usually left uncleaved because the addition of a protease
cleavage site would add as many extraneous amino acids
as the tag itself.

In many cases, the isolated kinase domain can be unstable
and may tend to precipitate out of solution during puri-
fication and concentration of the sample in preparation
for crystallization. Addition of a ligand such as an inhibi-
tor can help to stabilize the protein, making it possible
to carry it through the purification process and reach
the mg/ml concentrations required for crystallization
[27, 28]. The same is true for expression of the kinase:
in cases where the expression levels are low, addition of
an inhibitor at micromolar concentrations to the expres-
sion media can influence both the phosphorylation state
of the kinase and the expression levels. For example, in
the case of Abl kinase expressed in baculovirus-infected
insect cells, the addition of an inhibitor allowed the pro-
duction of mostly unphosphorylated protein rather than
a mixture of phosphorylation states, which resulted in a
much greater yield of homogeneous protein, even though
the expression levels were similar [27]. Other examples
have shown a greatly increased level of kinase expression
in the presence of an inhibitor [13, 29].

Crystallography

Crystallization requires a highly homogeneous sample
of the protein as a concentrated solution. Homogene-
ity concerns not only the presence of a single protein or
complex, but also the electronic charge, conformational,
cleavage and modification states. During the building of
a crystal lattice, the addition of an inhomogeneous unit
can ruin the crystal contacts required to continue crystal
growth. The high concentration of protein is required to
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allow the protein to come to a saturated state where it
will hopefully form ordered aggregates, although the for-
mation of disordered ones such as precipitates is usually
more common. Much progress has been made in recent
years to automate the process of crystallization, making
it possible to screen for crystallization conditions using
smaller amounts of protein while testing a larger number
of potential crystallization conditions [30]. In addition,
developments at synchrotron sources now allow the col-
lection of data from much smaller crystals, software im-
provements allow more rapid processing and interpreta-
tion of the data, and structure determinations for homolo-
gous proteins such as the kinases are often routine. All of
this has contributed to the rather rapid increase in kinase
and other structural information generated over the past
10 years [31] (Table 1).

Protein crystals are extremely fragile since they are actu-
ally made up of protein molecules linked by just a few in-
teractions such as hydrogen bonds, salt bridges or hydro-
phobic packing. The proteins are surrounded by solvent
which on average comprises about 45% of the content of
the crystal [32], but can vary between <30% to >80%.
This makes the crystals a very good representation of
how the protein looks in solution, since only a few surface
residues are involved in crystal contacts and likely to have
their conformation influenced by the crystal packing. In
favorable cases where the binding site is empty and not
involved in crystal contacts, already formed crystals can
be soaked in compounds that bind to the protein to pro-
duce structures of complexes. This is a popular method to
rapidly obtain structures for the support of drug discov-
ery programs. However, kinases are very flexible proteins
and tend to adapt to the binding of different inhibitors; it
is therefore often necessary to form the complex before
crystallization and then find conditions under which that
complex will form crystals, because the shape and the
surface properties of the protein will require a different
packing arrangement.

Protein crystallography is limited to what will crystallize,
and if the domains of a protein are separated by flexible
linkers, or if their association is only transient or weak, it
is usually difficult or even impossible to obtain crystals.
However, multidomain proteins will crystallize if there is
a very well defined globular and low-energy conforma-
tion of the protein, as is found for the Src family kinases
[33-35]. The quality of protein packing in the crystal has
an influence on the amount of information that can be
obtained about the structure. Poorly packed or poorly
ordered crystals diffract X-rays to only low resolution,
while well-ordered crystals can diffract X-rays to high
resolution (up to 1.5 A or even better) and will provide
accurate information about the locations of the non-hy-
drogen atoms in the crystal. For example, a resolution of
3.5 A might allow the tracing of most of the path of the
amino acid chain but will not give accurate information
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about ligand binding or side chain conformations, while
2.5 A or better will allow location of water or other solvent
molecules, and beyond 2.2 A, it is often possible to see
alternate conformations of parts of the structure [36].

NMR spectroscopy

NMR spectroscopy is highly complementary to crystal-
lography as it can provide information about flexibility
and dynamics in addition to solving solution structures of
proteins and their ligand complexes [37]. NMR measure-
ments of the dynamics of enzymes involved in signaling
have shown that conformational flexibility on the mi-
crosecond to millisecond time scale is essential for their
catalytic action [38, 39]. However, such measurements
have not yet been published for the catalytic domains of
kinases. One of the main reasons for this is the need for
isotopically labeled protein, because these studies require
NMR resonance assignments. The latter involves labeling
the protein uniformly with N and '3C, and also 2H for
proteins larger than 25 kDa, which allows sequential reso-
nance assignment based on triple-resonance NMR exper-
iments [40]. Labeling can be achieved by expressing the
protein in E. coli in an isotopically enriched environment
[41], but until recently, it has not been possible to express
many of the tyrosine kinases in this system. Theoretically,
labeling can also be done in eukaryotic expression sys-
tems such as baculovirus-infected insect cells; however,
the enriched medium for protein isotope labeling is not
yet commercially available and will probably be very ex-
pensive. Recent experiments with Abl kinase have shown
that it is possible to perform selective amino acid label-
ing or complete uniform labeling in specially designed
media in baculovirus-infected insect cells [8, 42]. Selec-
tive labeling allows all residues of a particular amino acid
type in a protein to be labeled, which means that only
those residues will be visible in the spectra. Strategies to
perform resonance assignments and extract structural and
dynamic information are being applied to Abl kinase [8,
43]. In contrast to the lack of NMR structures of the cata-
lytic domain, many of the smaller modular domains of
protein kinases are amenable to expression in E. coli and
their solution structures have been determined (Table 1).
One of the strengths of protein NMR spectroscopy is the
ability to detect ligand binding, which can be done ro-
bustly without having isotopically labeled protein [44].
These techniques are suitable for identifying weak bind-
ers with affinities in the millimolar or micromolar range,
and higher-affinity ligands can be identified using ligand
displacement studies [45]. Additional experiments with
isotopically labeled protein, spin-labeled protein or spin-
labeled ligands can be used to characterize the binding
site or even determine the mode of binding [46]. Frag-
ment-based screening and optimization of the fragment
hits has been employed to discover novel, high-affinity
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kinase inhibitors [47]. These binding studies have several
advantages over the classical enzymatic inhibition assays
for identification of novel inhibitors, such as the ability to
target the inactive conformation of the kinase, the identi-
fication of unique allosteric binding sites that are likely
to favor selectivity, the lack of need for potentially time-
consuming assay design and the possibility to identify
very small compounds which will by definition be weak
binders, but provide an excellent basis for chemical opti-
mization toward the design of new drugs [48].

Kinase structure and flexibility

The structures of protein kinases in the active state are all
very similar, despite the fact that they have different sub-
strate specificities and different mechanisms for control
[12, 49-53]. This similarity results from the constraints
on the spatial arrangement of residues important for ca-
talysis, so that the structural elements on which these
amino acids reside tend to have the same relative orienta-
tion (Fig. 2). These elements include the conserved se-
quence at the N-terminal anchor of the A-loop (the DFG
motif), containing the aspartate responsible for coordinat-
ing a magnesium ion which positions the phosphates of
ATP for phosphotransfer, and a phenylalanine that packs
under helix C and is therefore important for the correct
positioning of this helix and the A-loop. The position of a
lysine from strand 33, which is responsible for facilitating
phosphoryl group transfer without influencing ATP bind-
ing, is often stabilized by the formation of a salt bridge
with a glutamate residue from helix C. The extended
sheet conformation of the P-loop (f strands 1 and 2) also
has a role in coordinating the phosphates of ATP. The 36
strand forms part of the catalytic loop, which contains
an aspartate that orients the substrate tyrosine hydroxyl
group and possibly facilitates the nucleophilic attack of
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the y-phosphorous atom of ATP by abstracting a hydro-
gen from the tyrosine, and an asparagine that coordinates
a second magnesium ion [7]. Interestingly, this loop is the
only catalytic element that does not differ between the ac-
tive and inactive states (Fig. 2).

The structure and sequence of the residues in the C-ter-
minal anchor of the activation segment, which consists of
the P+1 loop with a conserved PxxW sequence in tyrosine
kinases and a short helix (¢EF) with a conserved gluta-
mate residue, is important for substrate recognition [54].
In the few examples of structures of tyrosine kinases with
substrates bound, the substrate peptide is found to bind in
an extended conformation and forms anti-parallel 3 sheet
interactions with 311 of the A-loop [12, 50, 51]. The trypo-
tophan from the P+1 loop of the kinase interacts with an ar-
ginine preceding the conserved asparagine in the catalytic
loop (e.g. Igflr with sequence AARN; see Fig. 1b), or its
equivalent (e.g. Arg366 of Lck with the sequence RAAN),
thus stabilizing the relative positions of the substrate-bind-
ing site and the catalytic loop. The P+1 loop proline forms
a basis for packing with the tyrosine of the substrate and
is therefore important for substrate recognition. The pro-
line and the tryptophan of the P+1 loop of PTKs are usu-
ally replaced by threonine and tyrosine in Ser/Thr kinases.
Residues determining specificity also come from oEF
and aG. For example, amino acids in this region of Irk
provide a hydrophobic pocket that is optimal for long hy-
drophobic side chains such as the methionine residues in
the P+1 and P+3 positions of its substrate, where PO is the
site of phosphorylation [50]. Basic residues in the region
(e.g. Lys1085 from aD) seem to provide the appropriate
electrostatic environment for acidic side chains at the P-1
position of the substrate in many tyrosine kinases. Thus,
the specificity results from the complementarity between
the shape, hydrophobicity and electrostatic potential of
the protein and the few residues either side of the tyrosine
phosphorylation site of the peptide.

s

8
A Y

Figure 2. Details of the binding of an ATP analog in active Igflr (PDB entry 1K3A) and the location of the same structural elements in
inactive Igflr (PDB entry 1IM7N) showing residues important for the mechanism of action. Color-coding is as in Figure 1b.
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In most tyrosine kinases, phosphorylation of a tyrosine
in the A-loop stabilizes the active conformation through
electrostatic interactions between the phosphate and ba-
sic residues of the A-loop and from the catalytic loop
[54]. However, structures of phosphorylated kinases can
still show some disorder in this region, and the binding
of substrate may be necessary to stabilize the conforma-
tion required for activity [11]. In addition to the highly
conserved site used to stabilize the active conformation,
some kinases have secondary phosphorylation sites in the
A-loop, each with different roles. For example, the insu-
lin-like growth factor receptor kinase has three tyrosines
which are phosphorylated in a stepwise fashion leading
to incremental increases in activity [51]. The secondary
sites are phosphorylated first and, rather than promot-
ing interactions necessary for catalysis, are believed to
contribute to activity by releasing the A-loop from the
inactive conformation. In addition, the phosphorylation
of these side chains results in their exposure to play a role
in downstream signaling, as observed for insulin receptor
kinase, where they are involved in the recruitment of the
adaptor protein APS [55]. FGFR1 kinase is phosphory-
lated sequentially on five tyrosine residues [56]. Auto-
phosphorylation in trans of Y653 in the A-loop enhances
phosphorylation of the remaining sites (Y583 in the KID,
Y463 in the JM region, Y585 in the KID and Y654 in
the A-loop) resulting in stepwise increases in the cata-
lytic activity. The work of Furdui and colleagues [56] also
shows that phosphorylation of Y653 seems to be suffi-
cient to trigger the recruitment and assembly of signaling
proteins. Recruitment of the correct substrates before the
kinase is fully activated may be a way of avoiding errone-
ous phosphorylation and signaling.

There are also examples of PTKs that do not require phos-
phorylation of tyrosines in the A-loop for activity [12,
57, 58]. In these kinases, the A-loop can adopt a similar
conformation without the electrostatic stabilization con-
tributed by phosphate. In the case of CSK, the positioning
of the SH3, linker and SH2 domains influences the ori-
entation of helix C, which stabilizes the conformation of
the A-loop so that phosphorylation is not required. EGFR
kinase does not require phosphorylation for activity, and
mutagenesis of the A-loop tyrosine has no affect on activ-
ity [59]. Structural studies show that the tyrosine in the
A-loop of EGFR superimposes very well with those of
activated tyrosine kinase structures, but that a neighbor-
ing glutamate residue may play the role of a structural
mimic for the phosphate [57].

Another critical element of kinase activity is the flexibil-
ity of the relative positioning of the N- and C-terminal
lobes of the kinase [60]. Although the active kinase struc-
tures all show similar opening angles of the cleft between
the two lobes, the many inactive kinase structures reveal
a large range, from relatively closed compared with the
active state to much more open conformations. The abil-
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ity of the two lobes to rotate with respect to each other is
thought to be normal and is a requirement for catalytic
activity [61]. Restriction of this motion, for example by
the binding of regulatory domains in the case of c-Src or
Hck [26, 62], contributes to inactivation of the kinase.
Restoration of the flexibility by mutating residues in the
linker between the regulatory domains of Src family pro-
teins to glycine would be expected to restore the relative
flexibility, and was found to produce a more readily acti-
vated kinase [63].

Inactive kinase conformations

In cells under resting conditions, most tyrosine kinases
are held in an inactive state, which usually involves a con-
formation that disrupts the active arrangement of the cata-
lytic residues or blocks the protein from binding cofactor
or substrate. Unlike active kinases where the structures
are very similar due to the constraint of catalytic activity,
inactive kinase conformations are structurally diverse and
structural biology has revealed several different mecha-
nisms of self-regulation. In most cases, the position of
helix C and or the A-loop is involved, and very often re-
gions outside the kinase domain fold back to block the
binding sites or cause conformational changes that render
the kinase inactive. Many of these mechanisms are shared
by kinases from distinct tyrosine kinase subgroups and
also with non-tyrosine kinases.

The first crystal structure of insulin receptor kinase was
determined using unphosphorylated protein and revealed
an auto-inhibited state in which the A-loop blocks the
binding of cofactor and substrate [5] (Fig. 3). In detail,
the DFG motif at the N-terminal anchor of the A-loop
adopts a conformation in which the phenylalanine and
glycine are flipped over a distance of about 10 A to block
the ATP-binding site and the aspartate side chain is no
longer appropriately oriented to coordinate the metal ion
for correct positioning of ATP. The portion of the A-loop
including Tyr1162 blocks the substrate binding site by
imitating a substrate. Furthermore, the inactive struc-
ture has a more open conformation and both helix C and
the P-loop from the N-terminal lobe are greatly shifted

Figure 3. Comparison of the overall structures of activated insulin
receptor kinase (PDB entry 1IR3, left) with: unphosphorylated Irk
(PDB entry 1IRK, middle) and unphosphorylated Abl kinase (PDB
entry 11EP, right). Color scheme as in Figure 2.
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compared with the conformations observed in the fully
active state [50]. A similar inactive state is observed for
the highly homologous insulin-like growth factor recep-
tor 1 kinase (Igflr) in the unphosphorylated state [64]
(Fig. 2). Another structure of partially phosphorylated
Igflr [65] reveals an intermediate conformation between
the activated and auto-inhibitory states, where most of the
A-loop is disordered in the crystals. In the fully unphos-
phorylated state, the sequestering of the A-loop tyrosine
in the substrate site (Tyr1136 in Igflr) presumably pro-
tects it from phosphorylation and, therefore, activation.
In the fully phosphorylated and thus fully active state,
pTyr1137 stabilizes the active conformation of the A-
loop, and pTyr1132 and pTyr1136 are exposed and may
be the target of downstream signaling proteins [51].

The mode of self-regulation involving the blocking of
the substrate site with the A-loop acting as a pseudo-sub-
strate inhibitor is also used by other RTKs such as MuSK
[66] and non-RTKs such as Abl kinase [67]. The inactive
MuSK and Abl conformations also show a similar flip of
the DFG motif (often referred to as the ‘DFG-out confor-
mation’), which creates a largely hydrophobic pocket at
the back of the ATP-binding site in the case of Abl [27,
28, 67, 68]. In this case, the inactive conformation may
be stabilized by the presence of an inhibitor that occupies
the ‘DFG-out’ pocket. In the cases of MuSK and Abl, the
C helix is not shifted as dramatically as in the inactive
Irk kinase, and the Glu-Lys salt bridge that is observed
in active kinases is retained. There are several structures
of Abl in the inactive conformation and in many of these,
the conformation of the P-loop is observed to adapt to the
properties of whatever ligand is bound [27, 28, 67, 68].
Another type of inactive conformation of Abl kinase has
been observed in several structures where, by forming a
hydrogen bond with a backbone carbonyl oxygen, the as-
partate side chain of the DFG motif has flipped over to
take the place of the phenylalanine [68—70]. This kind of
interaction can happen in the microenvironment of a pro-
tein when the electrostatic potential of the region results
in protonation of a normally acidic side chain. However,
it is not known whether this is an artifact of the environ-
ment of the protein in the crystals (e.g. relatively low pH),
or whether it is a naturally self-regulating conformation
of the protein. Kinases quite likely have more than one in-
active state, because there are no mechanistic constraints
on conformation like those required for the highly con-
served active conformation.

Another common inactive kinase conformation is ob-
served in the assembled inactive state of the Src kinases
c-Src and Hck [26, 62]. In these kinases, the inactive state
is characterized by a slight closure of the cleft between
the N- and C-terminal lobes, and the adoption of an A-
loop conformation that helps to fill the cleft and hold
helix C away from the ATP-binding site, thus locating
the important glutamate side chain more than 10 A from
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its ideal position. It has been suggested that the pinning
down of a tryptophan residue between helix C and the 8
sheet of the N-terminal lobe might contribute to this ‘C
helix out’ conformation. This has been confirmed in the
case of Hck by mutation of this tryptophan, located at the
N terminus of the kinase domain, to alanine, resulting
in activation of the kinase [71]. A recent structure of c-
Src kinase where the C-terminal tail tyrosine is not phos-
phorylated shows that the kinase domain can adopt an
active conformation despite the fact that the A-loop is not
phosphorylated, resulting from a release of the steric con-
straints on the position of the tryptophan [72]. Molecular
dynamics calculations also suggest that the N-terminal
end of the kinase domain acts as a conformational switch
between the active and inactive states [73].

The structure of the fibroblast growth factor receptor 1
in the unphosphorylated state shows another means of
self-regulation [74]. The P-loop folds down into the ATP-
binding site and therefore blocks its binding. This loop
is very flexible and often adapts to the shape of bound
ligands [75], so it is not clear whether this would be suf-
ficient to prevent the activation of the kinase. In addition
to the inactive P-loop conformation, the A-loop adopts a
unique inactive conformation that prevents the binding
of substrate, and the kinase is held in a rather open state
due to the interactions between residues from helix C and
the DFG motif.

The structural role of kinase regulatory domains

The inactive conformation of the kinase domains of the
nRTKs c-Src and Hck have been described above, as
has the importance of flexibility for their activity. The
structures of the assembled inactive states of these two
proteins show how the SH3 and SH2 domains lock the
kinase into a rigid conformation by binding to the distal
face of the kinase domain far from the ATP site (Fig. 4
[26,33-35, 62]. The SH2 domain binds a phosphorylated
tyrosine at the C terminus of the kinase domain and the
SH3 domain binds to the linker between the SH2 domain
and the kinase domain. This form of regulation has been
described as an inducible snap-lock mechanism, where
flexible linkers snap into rigidity when they bind their
partners [63, 76]. The C-terminal phosphotyrosine be-
haves as a latch and the SH3-SH2 domains act as the lock.
Any event which disrupts this assembled inactive state
will lead to increased flexibility and a breaking of the
snap-lock, thus making it easier for the A-loop tyrosine to
be phosphorylated for full activation of the kinase. Once
the kinase is activated, the regulatory domains become
available to protein-protein interaction partners for down-
stream signaling, but the binding of a signaling partner
can also activate the kinase [77]. However, there are mul-
tiple states in which the SH3 and SH2 domains are more
or less accessible and this probably determines the prime
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Figure 4. Comparison of active and inactive conformations of SH3
(blue) and SH2 (green) domain-containing structures. Top row,
partially active c-Src (PDB entry 1Y57, left), assembled inactive
c-Src (PDB entry 2SRC, right). Bottom row, inactive CSK (PDB
entry 1K9A, left) and inactive Abl (PDB entry 10PK, right). Black
circles indicate the myristate (green) binding site in Abl kinase and
the C-terminal leucine site in partially active c-Src.

signaling pathway. For example, the binding of HIV-1
Nef activates Hck by displacing the SH3 domain, without
disrupting the SH2-phosphotyrosine latch [77]. This type
of activation might favor signaling via interactions with
the SH3 domain. In the case of unphosphorylated c-Src,
the latch is disrupted, but the SH3-linker interaction is
retained, which may favor signaling via interactions with
the SH2 domain [72].

Another kinase using this method of self-regulation is
Abl, which also has SH3 and SH2 domains. However, in
the case of Abl, the latch is not a C-terminal phosphory-
lation site, but a myristoyl-binding site in the C-terminal
lobe of the kinase [69, 78]. The unique N-terminal region
of Abl kinase harbors a myristoylation site and has been
shown to be involved in the negative regulation of the
kinase [79]. The binding of myristoyl ester in the C-lobe
pocket stabilizes a conformational change in helix I of the
kinase domain, which allows the SH2 domain to make
even closer interactions with the C-terminal lobe of the
kinase domain than are observed for c-Src [69]. It is inter-
esting to note that the SH3-SH2 domains of the c-Src and
Abl assembled inactive states have very similar confor-
mations, but the inactive conformations of the kinase do-
mains are quite distinct (see above) [80]. This difference
is coupled with the unique modes of intereaction between
the SH2 and kinase domains, which allows the Abl kinase
domain to come much closer to the SH2 domain than in
c-Src, and this allows a more open structure for the kinase
domain. Further studies of the Abl structure have recently
revealed that the unique N-terminal region has extensive
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contacts, involving a phosphoserine-binding site, with
the connector between the SH3 and SH2 domains, which
serves to stabilize further this locked inactive conforma-
tion [81].

The discovery of a similar pocket in the same location as
the Abl myristate-binding site in the active conformation
of ¢-Src kinase, where the C-terminal leucine is bound,
suggests that c-Src may also be able to bind myristate.
NMR experiments confirmed this hypothesis for the C-
terminal tyrosine-phsophorylated form of the protein
[72]. This suggests that c-Src may have an extra level of
self-regulation where the binding of the myristoylated N
terminus in this pocket sequesters the myristoyl group and
prevents it from interacting with the membrane. The lat-
ter interaction is necessary for the activity of the protein
[82]. This sequestering would also prevent the binding
of the C terminus in the pocket, which would cover the
C-terminal tyrosine and thus protect it from phosphory-
lation. The multiple levels of regulation observed for the
Src family and Abl kinases suggest that these and other
kinases are not regulated by a simple on/off molecular
switch, but an intricate matrix of events that have many
and varied points of access within the cell.

C-terminal Src kinase (CSK) also has N-terminal SH3
and SH2 domains, but no N-terminal acylation site and
no A-loop or C-terminal tyrosine phosphorylation site.
Biochemical studies show that the SH2 and SH3 do-
mains are required for full catalytic activity [83]. It was
not surprising, therefore, that the crystal structure of this
protein revealed a novel arrangement of these domains
with respect to the kinase domain [58]. The two SH do-
mains lie on opposite sides of the N-terminal lobe and
do not directly interact with each other. The SH3-linker-
SH2-linker region seems to be responsible for stabilizing
the active conformation of helix C, and thus the A-loop,
because the structure of the kinase domain alone reveals
catalytically incompetent positions of these two elements
[20].

Most RTKs have a juxtamembrane (JM) region lying
between the membrane and the kinase domain, which is
involved in regulation. For example, the structure of Flt-
3 [14] shows that the N-terminal part of the JM region
forms a wedge which seems to stabilize the inactive con-
formation of the kinase domain by packing against helix
C, the P-loop and the A-loop (Fig. 5). The structure sug-
gests that any change in the length of the JM region will
destabilize the binding to the kinase domain and lead to a
loss of autoregulation. The length of the C-terminal part
of the JM region is strictly conserved among members
of the PDGF RTK family suggesting that they will all
have a similar method of autoregulation. Internal tandem
repeats are found in the JM region of many patients with
acute myelogenous leukemia who show a high level of
Flt-3 expression [84]. Mutations in the JM region of the
stem cell factor receptor c-Kit also result in constitutive
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activation and are responsible for a number of cancers.
The C-terminal part of the JM region of c-Kit harbors
two tyrosines that lead to kinase activation upon phos-
phorylation. The structure of the activated and the inacti-
vated forms of c-Kit [12, 85] show that phosphorylation,
and presumably mutation, prevents the JM region from
adopting a regulatory state where it can block the normal
path of the A-loop required for the active conformation
(Fig. 5). Another kinase structure with part of the JM re-
gion present and likely to share a similar mechanism of
regulation is that of EphB2 [21]. In this structure, the JM
region stabilizes a distorted conformation of helix C and
prevents the A-loop from adopting the active conforma-
tion. However, a structure of the isolated kinase domain
of the highly homologous EphA2 shows the same dis-
torted helix C conformation, so phosphorylation of the
A-loop may be equally important as phosphorylation of
the JM region to achieve the active conformation [30].
The insulin receptor tyrosine kinase family also has a J]M
region that contains a conserved tyrosine (Tyr984 in Irk).
This tyrosine is found to stabilize an inactive position of
helix C, by binding in a cleft between the N-terminal lobe
B sheet and the helix [86].

A similar JM-type mode of regulation seems to be found in
the nRTKSs. The sequence connecting the SH2 domains with
the kinase domain is called ‘interdomain B’ in the Zap70
and Syk kinases and shows some homology to the EphB2
JM region. Mutation of conserved residues in this region

Figure 5. Comparison of the JM regions of cKit (active, 1PKG, top
left; inactive, 1T45, top right), FLT3 (1RJB, bottom left) and EphB2
(1JPA, bottom right). The tyrosines which are phosphorylated on
activation are shown in green.
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Figure 6. c-Met kinase (1ROP, left) and Tie2 kinase (1FVR, right)
both have C-terminal regions (orange) that fold back onto the ki-
nase domain. Activation and downstream signaling are promoted by
phosphorylation of the residues indicated in green (and with arrows
in c-Met).

revealed that interdomain B is involved in down-regulation
of Zap70 [87]. Tyrosines 315 and 319, mutation of which
has also been shown to impair signaling events [88], must
be phosphorylated for full activation of the kinase.
Another regulatory element of the PTKs is the C-terminal
tail of the kinase, which is a region of large variation in
sequence and length. A structure of Tie2 containing the
C-terminal tail shows that it folds back into a cleft that
extends toward the substrate-binding site, possibly pre-
venting the binding of substrate [18] (Fig. 6). Biochemi-
cal studies have confirmed the autoregulatory role of this
region in Tie2, as its deletion leads to activation of the
kinase [89]. Along with other RTKs, such as VEGFR and
c-Met, Tie2 is activated by phosphorylation of the C-ter-
minal tail, and this activation is important for the inter-
actions with binding partners for downstream signaling
[90-93]. In the structure of c-Met, the C-terminal tail has
structural motifs that would be suitable for the binding of
PTB and SH2 domains [19]. However, they are mostly
buried and inaccessible for their binding partners. Pre-
sumably, as for Tie2, phosphorylation would expose the
C-terminal tail and make the binding sites available for
downstream signaling.

Kinases in the PDGFR/VEGFR subfamily, have a kinase
insertion domain (KID) between helices a-D and o~E. The
role of this structural element is currently unclear. In many
structures, this domain had to be deleted from the construct
in order to express a protein suitable for crystallization [see
e.g. refs. 11, 13, 14]. It is postulated that this region pro-
vides binding sites for protein interaction partners [51].

Beyond the kinase domain

Further understanding of the regulation and signaling of
PTKs will require structures in context with their asso-
ciated domains. For example, in the Jak kinase family,
there is a pseudo kinase domain that is believed to interact
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with and negatively regulate the tyrosine kinase [94, 95],
but it is unclear in which way this interaction is formed.
Other domains associated with a regulatory role include
the FERM domains, also found in the nRTK family. A
structure of the FAK kinase FERM domain suggests how
the protein interactions within the FERM domains might
be regulated by the binding of Src kinases which would
stabilize an open active conformation [96]. The linker be-
tween the FERM and kinase domains masks a potential
protein interaction site on the F3 lobe of the FERM do-
main. A PxxP motif and a tyrosine phosphorylation site
in the linker can bind the SH3 and SH2 domains of Src ki-
nase, which would release the linker, allowing the FERM
domain to pursue its role in membrane localization and
regulation of kinase activity.

Structures of isolated domains beg questions concern-
ing how they interact with other domains and with other
proteins in the cellular environment. Protein crystallog-
raphy is capable of seeing these interactions as long as
the partners can be trapped in a crystal. But, perhaps due
to the transient nature of many of these events, and also
the inherent flexibility of multidomain proteins, there are
few examples available. There are exceptions of course,
and many of these have appeared over the last few years,
but the success rate is still too low to satisfy our thirst for
structural information regarding protein-protein interac-
tions. Some of the recent successes concern the insulin
receptor tyrosine kinase. The structure of the tyrosine ki-
nase domain in complex with PTP1B reveals that the high
specificity of this phosphatase for IRK results from a non-
catalytic mode of binding distant from the phosphorylated
tyrosine in the A-loop, where significant sequence differ-
ences are found compared with even the closest homolog
Igflr [97]. In this structure, the phosphorylated A-loops
are sequestered in an IRK-IRK dimer interface, so the
complex may represent a mode of binding important for
the selective recruitment of PTP1B to the insulin recep-
tor. A previous structure of PTP1B with a phosphorylated
A-loop peptide from IRK reveals the catalytic mode of
interaction between the two proteins [98], but the lack of
significant sequence or structural differences in the A-
loop had left the selectivity unexplained.

A structure of IRK in complex with a peptide from the
BPS region of the tissue-specific negative regulator
Grb14 shows that the N-terminal part of the BPS region
imitates substrate by binding in the substrate site of the
kinase [99]. This structure provided the basis for a model
to explain how the binding of the Grb14 SH2 domain to
the phosphorylated A-loop and its dimerization could en-
hance this inhibitory effect. Binding to the adaptor pro-
tein APS also involves an SH2 domain, which interacts
with pTyr1158 and pTyr1162 from the A-loop of IRK
[55]. The recruitment of the APS protein is one of the
first steps in downstream signaling of the insulin recep-
tor. Again, dimerization of the SH2 domain is involved,
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but in this case, the form of dimerization is unique and in-
volves conformational changes that would interfere with
the normal extended B sheet conformation observed in
other SH2-pTyr-containing peptide complexes [55].

The flexibility of these modular domains is also observed
in a ternary Fyn SH3-SAP-SLAM complex [100]. SAP,
which consists of a single SH2 domain, is required for the
recruitment and activation of the Src family kinase Fyn
after SLAM ligation. Although the surface of the Fyn-
SH3 domain recognized by SAP is different to that of the
SH3-linker interaction in the assembled inactive state of
Src kinases [26, 62], it does overlap and would therefore
be expected to prevent the adoption of the inactive state.
The novelty of the interaction between SAP and Fyn-
SH3 is that it does not involve a polyproline structure and
therefore reveals some diversity in the mode of interaction
of the SH3 domain. The unconserved binding surfaces
observed in the SH2 and SH3 domains may provide a
mechanism for the different binding partners to stimulate
different signaling pathways. Another domain of interest
for activity in the nRTKs is the unique region of the Src
family kinases. In isolation, this region is largely unstruc-
tured and for most members of the family its function is
unclear. In Lck it mediates the association with the cyto-
plasmic tails of the T-cell receptors CD4 and CD8¢ [101].
NMR studies reveal that fragments of the unique region
and of the CD receptor tails gain structure in each others’
presence and in the presence of Zn. In the case of CD4,
the interaction buries a dileucine motif that is necessary
for internalization of CD4, which also requires phos-
phorylation of Ser408 in CD4 followed by dissociation
of Lck. In the structure, the serine is exposed and readily
accessible for phosphorylation, but the mechanism of the
subsequent dissociation of Lck is not obvious [101].

Other examples of multidomain structures concern the
extracellular domains of the RTKs. Structures of FGF-
FGFR complexes reveal how FGF interacts with the ex-
tracellular binding domain in the inactive and active states
and provide a model for the heparin-induced dimerization
that leads to autophosphorylation of the intracellular ki-
nase domains and activation [102—105]. The binding of
heparin to the D2 Ig-like domain of FGFR and to FGF
leads to formation of a stable 1:1:1 FGF:FGFR:heparin
ternary complex. A second ternary complex can then be
recruited, involving direct receptor-receptor interactions,
but no direct FGF-FGF interactions, that is enhanced by
the presence of the two heparin molecules which also
contact the adjoining receptors [106]. Based upon struc-
tures which show the dimerization of the ligand alone,
ligand-induced dimerization is observed or postulated for
the VEGF, SCF and PDGF receptors, which is in contrast
to the case of FGF [107]. Structures of the extracellular
regions for Igflr, EGFR, ErbB2 and ErbB3 show differ-
ing arrangements that provide insights into yet another
model for ligand-induced oligomerization and activation
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[see ref. 108 for a review]. The L1-CR1-L2 fragment of
Egfr shows a mode of dimerization involving direct in-
teraction of the receptors, but no interactions between the
ligands bound to each fragment [109, 110]. A structure
of the full extracellular domain of ErbB3 in the absence
of ligand shows a completely different conformation, in
which the dimerization arm of CR1 is buried against CR2
so that oligomerization cannot occur [111]. A similar ar-
rangement has been found for Egfr [112]. This suggests
that ligand binding induces a 130° rotation of the L1 and
CR1 domains, which is essential for the correct position-
ing of the two receptor molecules to achieve dimerization
and, thus, kinase activation [113]. ErbB2, which does not
bind ligands and is known to form heteromeric complexes
with ErbB1, ErbB3 or ErbB4 in order to provide amplifi-
cation and diversification of signal output, has a structure
in an active conformation [114, 115]. It is unable to form
homodimers due to electrostatic repulsion.

The Trk receptors provide further examples of ligand-in-
duced dimerization involving only direct ligand-ligand
interactions [116, 117]. Binding of the homodimeric
neurotrophins to the fifth Ig-like domain causes forma-
tion of a dimeric structure that separates the two receptor
domains by about 23 A. This distance is presumably nec-
essary for the appropriate positioning of the intracellular
tyrosine kinase domains for autophosphorylation, to trig-
ger downstream signaling activities.

To further our understanding of these protein-protein in-
teractions, other techniques and hybrid approaches are
required. Protein crystallography can be complemented
by the use of small-angle X-ray scattering (SAXS), which
gives a low-resolution picture of the relative arrangement
of protein domains in solution. For example, SAXS stud-
ies of multidomain constructs of the nRTKs Btk and Abl
give some insight into their various states of activation
[81, 118]. Other methods include electron microscopy,
which revealed images of the arrangement of the multiple
domains of the entire Igflr [119]. Cryoelectron tomogra-
phy is a developing technique which can visualize single
macromolecules in their native cellular environment [120,
121], and recent developments using hydrogen/deuterium
exchange mass spectrometry have proven valuable in the
analysis of the domain interactions of Hck [122] and CSK
[123, 124]. Recent advances in FTIR spectroscopy using
BBC/'N uniformly labeled proteins have been useful in the
investigation of BDNF-TrkB ligand-receptor interactions
[125]. The coupling of site-directed mutagenesis experi-
ments with molecular dynamics calculations for Hck and
Abl provided a model for the role of the SH3-SH2 linker
in regulation and activation [63, 69, 78]. Other computa-
tional methods, such as protein-protein docking using the
structures of the individual domains, can often identify
surfaces involved in interactions, even if the flexibility of
the surfaces involved precludes accurate docking. These
methods are regularly evaluated using blind trials with
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known structures [126]. This list of techniques is by no
means complete as there are many other experimental and
theoretical methods used in a hybrid fashion to address
the challenge of understanding the roles of these proteins
in a cellular context [127].

Supporting drug discovery

One of the driving forces for the study of tyrosine kinases
using structural biology is the use of the structural in-
formation to contribute to structure-based drug discovery
[128]. In the early phases of discovery, fragment-based
screening (FBS) for binders by NMR and/or X-ray [129]
can complement or even replace high-throughput screen-
ing based on biochemical or cellular assays [130]. The
method is based on the idea of incubating the protein
with a mixture of molecular fragments of low molecular
weight (usually between 100 and 250 Da), and detecting
the binding of these fragments based on NMR spectra
or the shape of the difference electron density in crystal
structures. Due to the low functionality of the fragments
(e.g. few hydrogen bond donors/acceptors), they are ex-
pected to have very low affinity in biochemical assays
(micromolar to millimolar range) and would not normally
be detected in a high-throughput screen unless the screen
was designed to detect such compounds. As long as the
solubility of the fragments is sufficient to achieve high
concentrations, X-ray crystallography will show how
they bind, and this provides an excellent basis for compu-
tational and medicinal chemistry to increase potency of
binding to the target. This can be done by linking fragments
that bind in different subpockets, or by the elaboration of
the initial scaffold [129]. Examples of the applications
of FBS by X-ray crystallography to kinases have shown
that fragment hits can be optimized to provide inhibitors
with nanomolar potency with just a few rounds of me-
dicinal chemistry [131, 132]. A key attraction of the FBS
method is the potential of finding novel chemical entities
that would not have been identified by more established
methods, such as high-throughput screening or even
newer methods such as virtual screening. High-through-
put screening is limited by the complexity of the library
that is screened — if the chemical entity is surrounded by
groups that prevent its binding to the protein, that type of
compound will not come up in a high-throughput screen
[133]. Virtual screening is limited by the flexibility of the
protein target [ 134, 135], the difficulty of accounting for
water molecules and the problems of generating a mean-
ingful score for the different docking poses [136, 137].
However, protein crystallography can provide a good ba-
sis for these computational studies, by producing cocrys-
tal structures of complexes with a wide variety of ligands
that promote different conformational states. Kinases are
flexible proteins and it has been shown that the selection
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of an appropriate crystal structure is important for the
success rate in correctly predicting the binding mode of
kinase inhibitors [136].

In addition to the potential for discovery of new inhibitor
scaffolds, structural biology also provides the means to
discover or design compounds that bind to novel (non-
ATP) binding sites on the protein and lead to inhibition
or even stimulation of the kinase activity. For example,
compounds predicted to bind to the myristate pocket on
the C-terminal lobe of Abl kinase, which is about 20 A
from the ATP-binding site, show anti-proliferative activ-
ity to Ber-Abl-transformed cells at a similar level to the
marketed drug Glivec (imatinib), yet do not inhibit the
kinase activity of the isolated protein [138]. A potential
binding site for compounds to activate the insulin recep-
tor, which could possibly be used in the treatment of non-
insulin-dependent diabetes, has been proposed based on
a comparison of the activated structure and an inactivated
form where part of the JM region is present [86]. The
comparison shows that a cavity is formed by the displace-
ment of the JM region including Tyr984 and the shift of
helix C into the active conformation. Compounds have
also been designed to bind to the substrate-binding site
of kinases, where good selectivity should be possible, but
potency is more elusive. Based on the crystal structure of
the IRK-substrate peptide complex and mechanistic stud-
ies, a potent and selective inhibitor could be built by link-
ing ATP and a peptide, thus creating a bisubstrate analog
[139]. The potency is greater than either substrate alone,
since the binding of one part increases the local concen-
tration of the other, creating a favorable entropy effect.
The selectivity arises from the specific peptide sequence.
However, the bisubstrate inhibitors are very large and do
not have drug-like properties.

Structures of kinases in complex with their inhibitors
are a useful basis for optimizing the potency, selectiv-
ity and physicochemical properties of these inhibitors.
By analyzing the interactions between the protein and
the compound, modifications can be made to improve
the shape complementarity of the surfaces, to take ad-
vantage of potential electrostatic interactions, to iden-
tify regions that can be modified to improve solubility,
or identify ways to modify groups to remove unwanted
properties, such as metabolic instability, without losing
potency.

There are many examples in the literature of the struc-
ture-based design of kinase inhibitors and some of these
studies have succeeded in contributing to the discovery
of compounds which are now in clinical trials [128, 140].
Some kinase inhibitors have reached the market: imatinib
as a treatment for chronic myelogenous leukemia (CML)
and gastronintestinal stromal tumours, erlotinib for meta-
static non-small cell lung cancer [141]. While imatinib
has good specificity, is very well tolerated and is very
effective in the treatment of chronic-phase CML patients
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even after a period as long as 4 years [142], patients first
treated in the late phases of the disease tend to develop
resistance and relapse [143—145]. The reasons for relapse
are multiple, but the major mechanism involves mutations
in the kinase domain that reduce the binding affinity of
imatinib [70, 146]. Resistance mutations have also been
seen in the Egfr kinase domains of patients treated with
gefitinib or erlotinib [147, 148]. Structural analysis and
modeling of the Abl kinase mutations found in relapsed
patients shows that they are distributed throughout the
kinase domain, but that the most resistant mutations are
located in the P-loop and at the gatekeeper position in
the hinge region (T315I). The gatekeeper is a residue that
separates the ATP-binding pocket from a cavity that is of
variable size among kinases. The characteristics of the
side chain in this position (size, shape and polarity) are
often used in the design of inhibitors to gain some selectiv-
ity. The most prevalent mutations are T315I (gatekeeper),
E255K (P-loop) and M351T (C-lobe). A crystal structure
of the T3151 mutant [unpublished data] shows that this
isoleucine causes a steric clash and loss of a hydrogen
bond with imatinib [68]. Modeling of the E255K mutant
suggests that the loss of two hydrogen bonds would de-
stabilize the inactive conformation of the P-loop leading
to a shift of equilibrium toward the active conformation to
which imatinib cannot bind [70]. A crystal structure of the
M351T mutant shows that this mutation causes a slight
shift of helix E in the C-terminal lobe but no obvious
changes in the inhibitor-binding site [28]. In this case, the
loss of affinity of imatinib, which is only mildly resistant
compared with the previous two mutations, may be due to
an increase in the entropy of the protein, which could also
cause a shift in the equilibrium toward the active state.
A structure of the imatinib-resistant mutant H396P also
shows how this sequence change can favor the adoption
of the active state due to the steric constraints of proline,
which are compatible with the active conformation of the
A-loop, but not that of the inactive conformation [149]. In
vitro studies have shown that point mutations of regions
within, and in contact with, the SH3 and SH2 regulatory
domains also cause resistance to imatinib, although these
cause only mild reductions of affinity and have not yet
been detected in CML patients [150]. These mutations
would also favor the transition toward an active state to
which imatinib could not bind. A structural view of the
causes for relapse supports the discovery of inhibitors that
can overcome this resistance, such as nilotinib and dasat-
inib, which are now progressing well in clinical trials to
treat patients who have relapsed under imatinib therapy
[28, 151, 152]. These compounds are active against all
but one, T315I, of the mutations isolated from imatinib-
resistant patients [153, 154].

The fact that kinases are able to mutate to avoid inhi-
bition is true for all of the inhibitors on the market or
in clinical trials, but those that inhibit the inactive con-
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formations seem to give rise to a slightly larger number
of these mutations [155, 156]. This is probably because
they interact with more residues that do not contact ATP,
and they depend on a particular conformation that is not
relevant for activity. However, these unique interactions
and conformations are the likely reasons for the excellent
selectivity profile observed for such inhibitors, and the
result is often an excellent safety profile. Combinations
of different inhibitors are likely to overcome the problems
of resistance due to point mutations.

Conclusion

Structural biology has accelerated our understanding of
the structure and function of protein tyrosine kinases over
the past 15 years, and is providing a valuable basis for the
design of innovative experiments to discover more about
these critical signaling proteins, and to maximize their
potential as targets for drug therapy. However, we still
have a lot to learn about the full range of interactions in
the cell. Most of the structural biology to date has focused
on the kinase domain alone. In addition to determining
the structures of multidomain complexes and members
of branches of the kinase family that have not yet been
investigated, structural biology will have to continue to
take advantage of the interaction with other disciplines
in order to deepen our understanding of the cellular en-
vironment.
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