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Structure-Based Design of a Potent, Selective, and Irreversible Inhibitor of the
Catalytic Domain of the erbB Receptor Subfamily of Protein Tyrosine Kinases
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We report the use of structure-based drug design to create a selective erbB-1 (a.k.a. epidermal
growth factor receptor) and erbB-2 (a.k.a. neu/her2 growth factor receptor) tyrosine kinase
inhibitor. Using the X-ray crystal structure of the ternary complex of the cAMP-dependent
Ser/Thr kinase! together with a sequence alignment of the catalytic domains of a representative
set of Ser/Thr and Tyr protein kinases, we have examined the nucleotide binding site for
potential positions to attach an irreversible inhibitor. This information, combined with
homology modeling of the erbB-1 and erbB-2 tyrosine kinase catalytic domains, has led to the
identification of Cys797 of erbB1 and Cys805 of erbB2, which are structurally equivalent to
Glul27 in the cAMP dependant Ser/Thr kinase as potential target residues. The X-ray structure
of the cAMP Ser/Thr kinase shows Glul27 to be involved in a hydrogen-bonding interaction
with the 2'-OH of the ribose portion of ATP. Using molecular modeling, it was predicted that
the Cys side chains in erbB-1 and erbB-2 performed an analogous role, and it was postulated
that the replacement of the 2'-OH of adenosine with a thiol might allow for a covalent bond to
form. Since only erbB-1 and erbB-2 have a Cys at this position, the inhibitor should be selective.
This model was subsequently tested experimentally by chemical synthesis of 2'-thicadenosine
and assayed against the full length erbB-1 receptor and the catalytic domains of erbB-2, insulin
receptor, -PDGF receptor, and the FGF receptor. Our results show that thioadenosine
covalently inactivates erbB-1 with a second-order rate constant of knax/Ks = 2000 £ 500 M1
s7L. Inactivation is fully reversed by 1 mM dithiothreitol, suggesting that inactivation involves
the modification of a cysteine residue at the active site, presumably Cys797. The rate of
inactivation saturates with increasing thioadenosine concentrations, suggesting that inactiva-
tion occurs through initial formation of a noncovalent complex with Kp = 1.0 £ 0.3 uM, followed
by the slow formation of a disulfide bond with a rate constant of kmax = (2.3 £ 0.2) x 1073 s
This approach may have application in the design of selective irreversible inhibitors against

other members of the kinase family.

Introduction

The elucidation of the components of the signal
transduction pathways are providing new intervention
points in the treatment of cancer. One exciting target
is the erbB receptor family which includes erbB-1
receptor (a.k.a EGF receptor) and erbB-2 receptor (a.k.a.
neu and her-2 receptor), both of which are transmem-
brane proteins which, on ligand binding, activate cyto-
plasmic catalytic domains involved in tyrosine phos-
phorylation. The overexpression of the erbB-1 receptor
has been shown to produce neoplastic phenotype in
cells>~* and transgenic mice® while overexpression of
erbB-2 occurs at high frequency in human breast and
ovarian carcinomas.%’

While the search for antagonists targeted at the
extracellular ligand binding portions of growth factor
receptors has proved difficult, there exist compounds
known to block their cytoplasmic tyrosine kinase activ-
ity. Of these inhibitors, those which compete for binding
with peptide substrate have in general been low in
potency, moderate in selectivity, and difficult to opti-
mize. However, several examples now exist of ATP
competitive inhibitors which are selective against Ser/
Thr and Tyr kinases, as well as between Tyr kinases,
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which are potent, and inhibit cellular transformation.8?
One example are the 4-substituted quinazolines, which
are picomolar inhibitors of the EGF receptor and have
been shown to block oncogenic transformation.’® These
and other inhibitor classes have been reviewed else-
where.1112 However, structural insight into the means
by which these inhibitors act is not available.

An alternative, rational approach would be to use
information about the mode of ligand binding to these
enzymes to design inhibitors. Over the last decade a
wealth of sequence information on the protein kinase
family has been generated.'®14 There currently exists
over 200 different protein kinase sequences in the
Swissprot database, with the possible number of such
proteins being estimated to be a thousand.'®> Over the
last several years, crystallographic methods have been
used to provide atomic detail to the structure and
function of several members of the Ser/Thr6=20 and Tyr
kinase family.2! The studies have provided insight into
both peptide and ATP molecular recognition by these
enzymes, as well as providing clues as to their mecha-
nism of activation and inactivation.??

Here we report the use of structure-based drug design
to design a selective irreversible nucleoside inhibitor to
the erbB receptor subfamily of protein tyrosine kinases.
The work described here is an extension of a compara-
tive analysis?® of sequence conservation between the
Ser/Thr and Tyr kinases in the context of the structure
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of the cAMP dependent Ser/Thr kinase.11617 Here we
specifically address the conservation of Cys residues in
the nucleotide binding site of the kinase family and how
this could be exploited to design specific inhibitors. Also
we describe the experimental testing of our model-
building studies. As far as we are aware, these results
are the first example of structure-based drug design on
the erbB receptor family and provide a conceptual
framework for the design of inhibitors against other
members of the kinase family.

Results and Discussion

Prediction of erbB Nucleotide Binding Site.
Figure 1 shows a sequence alignment of the catalytic
domains of several members of the protein Kinase
family.1® In order to assess the feasibility of designing
irreversible nucleoside inhibitors against members of
the kinase family we examined the conservation of
sequence (and thereby structure) in their nucleotide
binding sites. Using the ternary complex of cAPK,
which had been determined by X-ray crystallography,!
we defined the nucleotide binding site as those protein
residues within 4.5 A of ATP. Using the sequence
alignment we inferred the nucleotide binding site of the
other kinases by extrapolation of those defined in cAPK
(Figure 1). It consists of 21 residues, of which 6 of these
residue positions in the alignment are invariant and an
additional 6 positions are almost invariant, with most
of these sequences involving a single residue substitu-
tion at this position. The majority of the remaining nine
positions involve exchanges between more than two
related amino acids. The strong conservation of se-
qguence suggested that the mode of binding of ATP was
likely to be the same throughout the family and thus
provided a structural framework for the design of
nucleoside inhibitors. Although the rational design of
specific noncovalent inhibitors would be predicted to be
difficult since the ATP binding sites are similar, the
distribution of Cys residues, with their thiol moieties
capable of forming disulfide bonds with sulfur-contain-
ing inhibitors, provided a means for the design of
specific irreversible inhibitors. Interestingly, none of
the Ser/Thr kinases were predicted to have a Cys in the
nucleotide binding site, while five of the seven Tyr
kinases have a Cys. In addition, the distribution of Cys
residues among the Tyr kinase suggested that formation
of a covalent attachment to different Cys residues could
result in the selective inhibition of different Tyr kinases.
Our hypothesis was that a selective inhibitor against
both erbB-1 and erbB-2 could be formed by linking to
Cys797 of erbB-1 or Cys805 of erbB-2 (structurally
equivalent to Glul127 of cAPK).

Model Building of erbB-1 and erbB-2 Catalytic
Domains. The viability of developing a selective in-
hibitor of erbB-1 and erbB-2 was assessed through
constructing molecular models of ATP binding to these
proteins based upon the ternary complex of cAPK.
Figure 2 shows the contacts formed between adenosine
and the nucleotide binding sites of cCAPK and erbB-2.
(This is identical to that seen in erbB-1.) The known
ternary structure of cAPK shows that position 127 is a
Glu residue in which the carboxylate is involved in a
hydrogen-bonding interaction with the 2'-hydroxyl of the
ribose moiety of ATP (Figure 2a). The conservation of
a hydrogen-bonding residue at this position in the other
kinases suggests a similar role is played in other
members of the family. This is supported by the struc-
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ture of Cys127 and the adenosine portion of ATP in our
model-built structure of the erbB-1 and erbB-2. The
geometry of the Cys residue is ideal for a hydrogen-
bonding interaction between its sulfhydryl and the
ribose hydroxyl (Figure 2b). This suggested that re-
placement of the 2'-OH with a sulfhydryl to form a
thioadenosine derivative might allow for a covalent
disulfide bond to form. Rather than synthesizing the
2'-thio analog of ATP, we focused on the more chemically
accessible nucleoside derivative, 2'-thioadenosine, as-
suming it would bind similarly. This assumption was
supported by experimental data from cAPK which
shows most of the binding energy of ATP complexing
to the enzyme comes from the adenosine portion and
not the triphosphate portion (Kd ATP 10 um; ADP 10
um; adenosine 35 uM).2* To explore the structural
implications of the covalent linkage we built a model of
the covalently attached thioadenosine/Cys127 protein
complex to both erbB-1 and erbB-2. The minimized
structures suggested little structural perturbation to the
nucleotide binding site and to the conformation of
adenosine relative to the noncovalent complexes.

Inhibition of erbB Catalytic Activity by Thio-
adenosine. The above hypothesis was tested experi-
mentally by chemically synthesizing 2'-thioadenosine
and measuring its inhibitory potency against a panel
of protein tyrosine kinases. Adenosine was also tested
to specifically assess the importance of a sulfhydryl at
the 2'-position. Figure 3 shows the time-dependent loss
of kinase activity of full-length erbB-1 when incubated
with 0.2—6.25 uM thioadenosine for various times before
being assayed, as described in the Experimental Section.
The pseudo-first-order rate constant for inactivation
increases with increasing concentrations of thioadeno-
sine, as shown in Figure 4, displaying a hyperbolic
dependence that saturates at a maximum rate constant
for inactivation of kmax &~ 0.15 min—1, Data measured
at the highest concentrations of thioadenosine tested,
up to 25 uM, show increased scatter (Figure 4, inset);
however, including all of the data in the fit has only a
small effect on the kmax and Ks values obtained from
the data. From the data in Figure 4 we calculate that
thioadenosine inactivates erbB-1 with a second-order
rate constant of kmax/Ks = 2000 + 500 M~1 s71, with a
maximum rate of kmax = (2.3 £ 0.2) x 103s 1 and a
half-saturating thioadenosine concentration of Ks = 1.0
+ 0.3 uM. After incubation of erbB-1 with a 5 uM
thioadenosine for a period that was shown to result in
~70% inhibition of the kinase activity, the activity of
the enzyme could be fully restored by treatment with 1
mM dithiothreitol, suggesting that inactivation by thio-
adenosine involves modification of a free cysteine resi-
due at the active site of erbB-1, presumably Cys797.
This result and the kinetic data thus suggest a two-
step inactivation mechanism, involving the initial for-
mation of a noncovalent complex with Kp ~ 1 uM,
followed by the slow formation of a disulfide bond
between the thioadenosine and Cys797. The rate
constant for the slow irreversible step, Kyax ~ 2.3 x 1073
s™1, corresponds to a half-time of 5 &+ 0.5 min for the
formation of the disulfide bond within the initially-
formed encounter complex.

Minus a thiol group at the 2'-position, adenosine itself
was a much less potent inhibitor of erbB-1, having an
ICs0 of 195 uM under comparable conditions (data not
shown). ErbB-2 also was substantially more sensitive
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Figure 2. Schematic plots of the contacts between adenosine and
the nucleotide binding sites of (a) cAPK and (b) erbB-2 generated
using LIGPLOT.3” The bonds of the ligand are shown by a thick
line, whereas the enzyme is shown by thin lines. Dashed lines
represent hydrogen bonds with distances given in angstroms. The
spiked arms represent hydrophobic interactions (defined by non-
bonded carbon—carbon contacts of <3.9 A).
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Figure 3. Semilogarithmic plots showing the time-dependent
inactivation of full-length erbB-1 by various concentrations of
thioadenosine. The enzyme was incubated with 0.1-25 uM
thioadenosine in kinase assay buffer containing all components
except ATP. Reactions were initiated after incubation periods
of 1, 5, 15, or 30 min by adding ATP to the reaction mixtures,
as described in the Experimental Section. Kinase activity is
expressed as percent of control. For clarity, curves are shown
in the figure for a subset of thioadenosine concentrations from
0.2—6.25 uM, as indicated on the plot. Small deviations in the
percent activity at zero incubation time are due to a small
amount of inactivation that occurs during the kinase assay
itself. Experiments were performed in duplicate.
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Figure 4. Observed rate constants for inactivation of erbB-1
by 0.1-6.25 uM thioadenosine, measured as described in
the legend to Figure 3. The solid line is a hyperbolic fit to the
data, as described in the text. Inset plot: data for all thioad-
enosine concentrations tested (0.1-25 uM), showing that
including even the less accurate data measured at higher
thioadenosine concentrations does not significantly alter the
result (details are given in the text). Experiments were
performed in duplicate.

to inhibition by 2'-thioadenosine (50% inhibition achieved
at 45 uM thioadensoine upon 10 min incubation) than
by adensosine (ICsp ~ 1.6 mM). Neither adenosine nor
thioadenosine exhibited activity against FGF, PDGF or
insulin receptor tyrosine kinases at 50 uM (data not
shown).

Interpretation of the rate saturation in Figure 4 in
terms of the formation of a noncovalent complex be-
tween thioadenosine and erbB-1 with Ks ~ 1 uM
suggests the 2'-thiol group, in addition to allowing the
formation of a disulfide bond with the enzyme, may also
confer some additional noncovalent binding affinity over
that seen with adenosine. However, the inhibition by
adenosine was measured in the presence of ATP, and
so the ICsy that was determined for adenosine may be
larger than the actual Ks for the binding of this
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compound to the active site because of competition by
the ATP.

Conclusion

Due to the important role of protein kinases in con-
trolling cell division and differentiation, the identifica-
tion of their selective inhibitors is an active area of drug
discovery research.10712 This may be facilitated through
the availability of structural information on these
proteins which should make them amenable for struc-
ture-based drug design. Our work has described the use
of molecular modeling based upon ATP binding to the
cAMP Ser/Thr kinase to design a nucleoside inhibitor
specific to erbB-1 and erbB-2 through the subtle modi-
fication of the 2'-hydroxyl of adenosine to a thiol. Our
model for ATP binding is supported by recent structural
information on ATP binding to other members of the
protein kinase family. The structures of cyclin-depend-
ent protein kinase 2 (CDK2) is now known with ATP
bound.?> For cAPK and CDKZ2, the binding mode of the
adenosine portion of ATP is similar, while the triphos-
phate portion is different and supports our hypothesis
of adenosine binding to erbB-1 and erbB-2 will be
similar to that seen in the above kinases. For example,
in CDK2 the contact seen in cAPK between Glul127 and
the ribose 2'-OH is functionally replaced by an Asp. The
X-ray structure of the insulin receptor is the only
tyrosine kinase structure known.? Our alignment
predicts that as for CDK2 an Asp functionally replaces
Glul27 in the insulin receptor; however this has not
been experimentally verified since the current structure
exists in the inactive state without ATP bound.

We have created a potent and selective tyrosine
kinase inhibitor. Inactivation of erbB-1 was shown to
be time-dependent and reversible by DTT and to display
kinetic features consistent with a two-step inactivation
mechanism. Each of these features, plus the much
greater sensitivity of erbB-1 and erbB-2 to inhibition
by thioadensosine compared to adenosine, and the fact
that thioadenosine inhibits only erbB-1 and erbB-2 out
of the panel of kinases tested, supports our predicted
mode of inhibition by formation of a disulfide bond with
Cys797 in the active site of erbB-1.

The X-ray structure determination of how these
inhibitors bind would be useful to confirm our model.
The structure of CDK2 bound to two inhibitors, olomou-
cine and isopentenyladenine, has been determined, both
of which are competitive inhibitors of ATP and both of
which bind in a different orientation to that seen for
ATP.25 However, our nucleoside analog represents a
subtle derivative of adenosine and combined with the
predicted covalent nature of the interaction suggests
more confidence in our model.

There exist advantages in the design of irreversible
inhibitors for controlling cellular transformation. Such
an irreversible inhibitor might result in prolonged
suppression of the tyrosine kinase activity of the EGF
receptor with a single dose compared to the more
frequent administration required for a reversible inhibi-
tor. We are currently performing cellular studies to
assess the in vivo activity of these compounds. There
also exists the possibility for optimizing these inhibitors.
One suggestion will be to take advantage of the polar
interactions formed by the phosphate portion of the
nucleotide. As mentioned earlier the Ky for adenosine
binding to cAPK is 35 uM while that of ADP and ATP
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is 10 uM.3* Therefore we predict 3—5-fold improvement
in binding by the modification of thioadenosine to
thioadenosine di- or triphosphate.

Experimental Section

Sequence and Structure Analysis of the Protein Ki-
nase Family. A multiple sequence alignment of protein
kinases was generated based upon a previous alignment!® but
was slightly modified to include structural information from
the cAMP dependent Ser/Thr kinase.! The sequences were
obtained from the March 1992 version of the Catalytic Domain
Database (distributed by S. K. Hanks and A. M. Quinn, The
Salk Institute for Biological Studies). This sequences chosen
for alignment were based according to a subfamily classifica-
tion,*® with only one member of each being represented (Figure
1). The five Ser/Thr kinases used were cAPK (mouse cyclic-
AMP dependent Ser/Thr Kinase), PKC-a (rat protein kinase
C alpha), Camii-A (rat calcium-calmodulin dependent kinase
Il alpha subunit), Cdc2hs (cell division control protein 2),
C-Mos (human cellular homolog of v-mos). The eight Tyr
kinases were C-Src (human cellular homolog of v-src), C-Abl
(human cellular homolog of v-abl), erbB-1 (human epidermal
growth factor receptor), erbB-2 (human oncogene product,
a.k.a. Neu and HER2), erbB-3 (gene product related to
epidermal growth factor receptor), Insr (human insulin recep-
tor), Pdgf-B (human platelet derived growth factor receptor,
B-type), and the Fgf (human fibroblast growth factor receptor).
The X-ray coordinates of cAPK complexed with a peptide
inhibitor and ATP1617 was obtained from the Brookhaven
Databank (Brookhaven code pdblatp.ent).?

The sequence of the murine cAPK for which the 3D
structure has been determined was aligned with respect to the
other kinase sequences. In order to explore the influence of
sequence variation on the known 3D structure of the protein
kinase, we considered only those residues in the protein kinase
catalytic domains which could be aligned to the murine cAPK.
The analysis described here includes residues 43—290 (using
the numbering scheme of cAPK). This was chosen since the
definition of the kinase domain in the sequence file varies, and
according to the definition of Hanks et al. (1988)2 this includes
the 11 conserved subdomains. Those residues of the cAPK
structure within 4.5 A of ATP were defined as the nucleotide
binding site.

Model Building of the Catalytic Domains of ErbB-1
and ErbB-2. Using homology modeling,?” we have con-
structed a 3D model of the catalytic domain of erbB-1 and
erbB-2 using the X-ray structure of the ternary complex of
CcAPK as the template. From the sequence alignment of the
protein kinase family described above we have substituted
those side chains from cAPK with those seen in erbB-1 and
erbB-2. The conformation of the side chains were built using
the side chain optimization program Maxsprout.?® Those side
chains common between cAPK and erbB-1 and cAPK and
erbB-2 were held fixed during the model building procedure.
This was based upon studies which have shown that, in
general, topologically equivalent side chains in homologous
structures adopt the same torsion angles.?>3 The structure
of ATP was taken from the cAPK and fitted into an equivalent
position in the two models. These were then subjected to 100
cycles of energy minimization using the Powell optimization
procedure and the Amber forcefield as implemented in the
Sybyl modelling package® using the Kollman united atom
charges.®?

Purification of Epidermal Growth Factor Receptor
Tyrosine Kinase. Full-length human erbB-1 receptor ty-
rosine kinase was isolated from A431 human epidermoid
carcinoma cells by the method described in Gill and Weber.3?
Briefly, cells were grown in roller bottles in dAMEM/F12 media
(Gibco) containing 10% fetal calf serum. Approximately 10°
cells were lysed in two volumes of buffer containing 20 mM
Hepes, pH 7.4, 5 mM EGTA, 1% Triton X-100, 10% glycerol,
0.1 mM sodium o-vanadate, 5 mM sodium flouride, 4 mM
pyrophosphate, 4 mM benzamide, 1 mM DTT, 80 ug/mL
aprotinin, 40 ug/mL leupeptin, and 1 mM PMSF. After
centrifugation at 25000g for 10 min, the supernatant was
equilibrated for 2 h at 4 °C with 10 mL of sepharose conjugated
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with anti-EGF receptor antibody.3® Contaminating proteins
were washed from the resin with 1 M NacCl followed by 1 mM
urea. The enzyme was eluted with 0.1 mg/mL EGF. The
receptor appeared to be homogeneous as assessed by Coo-
massie blue stained polyacrylamide gels.

Recombinant Kinases. The intracellular domains of
p185¢B-2  B-PDGF receptor, FGF-1 receptor, and insulin
receptor were obtained as described previously.3

Tyrosine Kinase Assays. Enzyme reactions for the full-
length erbB-1 receptor tyrosine kinase were performed in a
total volume of 0.1 mL containing 25 mM Hepes, pH 7.4, 5
mM MgCl;, 2 MM MnCl,, 5—10 ng of enzyme, and 10 uM ATP
containing 1 uCi of [*P]ATP, varying concentrations of nucleo-
side and 100 ug of a random polymer of tyrosine and glutamic
acid (Sigma).

All components except the ATP were added to the wells. In
certain experiments, the enzyme was preincubated with
inhibitor for varying times as described in the figure legends.
The reaction was initiated by the addition of [?P]JATP and
incubated at 25 °C for 10 min. The reaction was terminated
with 10% trichloroacetic acid (TCA) and the precipitate washed
twice with ice-cold TCA. Radioactivity was determined by
scintillation counting.

Assays using intracellular kinase domains were performed
in a total volume of 100 xL containing 50 mM HEPES buffer
(pH 7.4), 10 MM MnCly, 10 uM [*?P]ATP, 100 ug of a random
polymer of tyrosine and glutamic acid (Sigma), and 100—500
ng of enzyme. The reaction was initiated by the addition of
[32P]ATP and incubated at 25 °C for 10 min. The reaction was
terminated with 10% TCA, and the precipitate washed twice
with ice-cold TCA. Radioactivity was determined by scintil-
lation counting.

Chemical Synthesis. Adenosine (PD047028) was pur-
chased from Sigma. 2'-Thioadenosine (PD157432) was syn-
thesized as described® except that the 6-amino group of
adenine was not protected.3¢
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