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Aberrant signaling of ErbB family members human epidermal
growth factor 2 (HER2) and epidermal growth factor receptor
(EGFR) is implicated in many human cancers, and HER2 expres-
sion is predictive of human disease recurrence and prognosis.
Small molecule kinase inhibitors of EGFR and of both HER2 and
EGEFR have received approval for the treatment of cancer. We
present the first high resolution crystal structure of the kinase
domain of HER2 in complex with a selective inhibitor to under-
stand protein activation, inhibition, and function at the molec-
ular level. HER2 kinase domain crystallizes as a dimer and sug-
gests evidence for an allosteric mechanism of activation
comparable with previously reported activation mechanisms for
EGFR and HER4. A unique Gly-rich region in HER2 following
the a-helix C is responsible for increased conformational flexi-
bility within the active site and could explain the low intrinsic
catalytic activity previously reported for HER2. In addition, we
solved the crystal structure of the kinase domain of EGFR in
complex with a HER2/EGFR dual inhibitor (TAK-285). Com-
parison with previously reported inactive and active EGFR
kinase domain structures gave insight into the mechanism of
HER2 and EGFR inhibition and may help guide the design and
development of new cancer drugs with improved potency and
selectivity.

Many solid tumors are characterized by aberrant signal
transduction through activated receptor tyrosine kinases of the
human ErbB protein family or epidermal growth factor recep-
tor (EGFR)? family (1). This family consists of EGFR (ErbB1),
HER?2 (ErbB2, HER2/neu), HER3 (ErbB3), and HER4 (ErbB4).
The receptors play a role in the regulation of cell proliferation,
differentiation, and migration (2). All receptors within the ErbB
family contain a cytoplasmic tyrosine kinase region, and all

] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

The atomic coordinates and structure factors (codes 3PP0 and 3POZ) have been
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except for HER2 bind to specific ligands through the extracel-
lular domain (3, 4). In the case of HER3, the cytoplasmic kinase
domain is generally thought of as a pseudokinase domain,
although recent evidence suggests that there is low kinase activ-
ity. The catalytic activity is 1000-fold less than EGFR (5). Upon
ligand binding to the extracellular domain, the receptors can
make either homo- or heterodimers through which the cyto-
plasmic domains become catalytically active and undergo C
terminus phosphorylation, which further initiates downstream
signaling pathways (1, 6). HER2 appears to be the preferred
binding partner of EGFR, and the HER2/EGFR heterodimer
shows an increased signaling potency relative to EGFR
homodimers (7). In contrast with most receptor tyrosine
kinases, phosphorylation of the activation loop is not required
for activation of the kinase, whereas the kinase is intrinsically
autoinhibited in the cell. Crystallographic and mutagenesis
studies recently provided evidence that EGFR and HER4 might
be activated through an allosteric mechanism that occurs via
dimer formation (8 —10).

Several approaches have been taken in the therapeutic inhi-
bition of EGF-stimulated signal transduction. Antibody-based
drugs that compete with ligand binding to the extracellular
domain of HER2 or EGFR as well as small molecule tyrosine
kinase inhibitors that compete with ATP binding to the cyto-
plasmic tyrosine kinase domain of EGFR (OSI-774/erlotinib) or
both HER2 and EGFR (GW572016/lapatinib) have received
regulatory approval for the treatment of cancer. Clinical studies
have shown that the antitumor effectiveness has improved for
agents that target both receptors simultaneously when com-
pared with selective agents (11, 12).

We report the first published crystal structure of the kinase
domain of HER2, further referred to as HER2-KD. The
HER2-KD structure is crystallized in complex with SYR127063
(13), a pyrrolo[3,2-d]pyrimidine-based potent and selective
tyrosine kinase inhibitor of HER2. An allosteric mechanism of
activation through dimer formation was observed for HER2,
and the interaction of the monomers is comparable with previ-
ously reported activating dimers for EGFR and HER4 (8 -10).
Structural and sequence analysis also revealed a Gly-rich region
unique to HER2 in the a-helix C- B4 loop immediately following
the a-helix C. In the active kinase conformation of EGFR, Ser”®
and Asp’”° in this short loop form H-bond interactions with
a-helix C, thereby stabilizing and positioning the a-helix in the
correct orientation to enable catalysis. The Gly residues in

VOLUME 286+NUMBER 21+-MAY 27,2011


http://www.jbc.org/cgi/content/full/M110.206193/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=3PP0
http://www.pdb.org/pdb/explore/explore.do?structureId=3POZ

HER2 prevent these interactions and could explain the low
intrinsic catalytic activity that was previously reported for
HER2 (14-16). In addition, we report the crystal structure of
the complex of EGFR with TAK-285, a dual HER2/EGEFR inhi-
bitor with a pyrrolo[3,2-d]pyrimidine-based backbone (17).
Structural comparison of HER2 and EGFR co-complex struc-
tures provides molecular insights into the basic inhibitor bind-
ing mode and enables the identification of key interactions to
evaluate the potency and selectivity of ErbB inhibitors.

EXPERIMENTAL PROCEDURES

Chemical Synthesis—N-{2-[4-({3-Chloro-4-[3-(trifluo-
romethyl)phenoxy]phenyljamino)-5H-pyrrolo[3,2-d]pyrimi-
din-5-yl]ethyl}-3-hydroxy-3-methylbutanamide ~ (TAK-285)
and 2-{2-[4-({5-chloro-6-[3-(trifluoromethyl)phenoxy]pyr-
idin-3-yl}amino)-5H-pyrrolo[3,2-d]pyrimidin-5-yl]ethoxy}-
ethanol (SYR127063) were synthesized and purified according
to methods described in the patents filed previously (13, 17).

Cloning, Expression, and Purification of HER2 and EGFR—
For enzyme assays, DNA fragments encoding the human HER2
cytoplasmic domain (UniProtKB accession number P04626,
amino acids 676-1255) and the human EGFR cytoplasmic
domain (UniProtKB accession number P00533, amino acids
669 —1210) with the N-terminal peptide (DYKDDDD) tag were
subcloned into the pFastBacl vector (Invitrogen). The con-
structs were transfected into Spodoptera frugiperda Sf9 cells,
and the proteins were expressed using the Bac-to-Bac expres-
sion system. The expressed proteins were purified using anti-
FLAG M2 affinity gel (Sigma-Aldrich). The human HER4
cytoplasmic domain with N-terminal hexahistidine tag was
purchased from Upstate.

For structure determination of HER2, residues 703—1029
were amplified from ¢cDNA by PCR and cloned into the
pFastBacl vector to acquire a C-terminal polyhistidine tag.
Three N-terminal point mutations, M706A, Q711L, and
M712L, were introduced into the HER2-KD. The three N-ter-
minal mutations correspond to the equivalent residues in
EGFR. Recombinant baculovirus incorporating the human
HER2 kinase domain (residues 703—1029, M706A, Q711L, and
M712L) was generated by transposition with the Bac-to-Bac
system (Invitrogen), and high titer viral stocks were generated
by infection of S. frugiperda Sf9 cells. Protein generated from
this construct is further referred to as HER2-KD. Large scale
production of recombinant protein was carried out in Sf9 cells
utilizing 5-liter Wave Bioreactors (Wave Biotech). The human
EGEFR kinase domain (amino acids 696 -1022) was expressed
and purified as described previously (18) and is further referred
to as the EGFR-KD. DNA encoding residues 696-1022 was
amplified from full-length EGFR ¢cDNA (UniProtKB accession
number P00533) and cloned into the pFastBacHT vector (Invit-
rogen) to acquire the 6-histidine tag and a TEV protease cleav-
age site at the N terminus. The obtained recombinant transfer
vector (Bac-to-Bac expression system, Invitrogen) was trans-
fected into Sf9 cells to generate recombinant baculovirus. Large
scale production of recombinant protein was carried out in Sf9
cells. Cells were harvested by centrifugation at 4000 X g and
rapidly frozen for storage at —80 °C.
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HER2-KD purification was carried out in which the cell pellet
from a 5-liter Wave bag was suspended into lysis buffer consist-
ing of 50 mm Tris-HCI (pH 7.9), 200 mm NaCl, 20 mM imida-
zole, 0.25 mwm tris(2-carboxyethyl)phosphine hydrochloride,
and protease inhibitor mixture (Complete EDTA-free, Roche
Applied Science) and further lysed via Polytron for 2—4 min.
The lysate was centrifuged at 4200 X g for 60 min, and clarified
supernatant was batch-bound with 5 ml of ProBond nickel resin
(Invitrogen). The resin slurry was washed with buffer contain-
ing 25 mm Tris-HCI (pH 7.9), 500 mm NaCl, 20 mum imidazole,
and 2% glycerol, and then protein was eluted with buffer con-
taining 200 mM NaCl and 200 mM imidazole. The sample was
further purified by size exclusion chromatography utilizing an
$3000 column equilibrated in 25 mm Tris-HCI (pH 7.9), 150 mm
NaCl, and 2% glycerol. Collected fractions were then concen-
trated to 7-10 mg/ml utilizing YM10 Centricon (Millipore) and
buffer-exchanged to the final buffer of 20 mm Tris-HCI (pH
7.9), 75 mm NaCl, 2 mm DTT, 2 mMm benzamidine, and 2%
glycerol.

EGFR-KD purification was performed through which fro-
zen-thawed cells were resuspended in 200 ml of buffer (50 mm
Tris-HCI (pH 8.0), 200 mm NaCl, 0.5 mm DTT, 10% glycerol,
and protease inhibitor mixture (Complete EDTA-free, Roche
Applied Science). The cells were homogenized using a Micro-
fluidizer (M-110EH) at 15,000 p.s.i. (100 megapascals). The
lysate was centrifuged at 10,000 X g for 30 min to remove insol-
uble material. The supernatant was batch-bound to 10 ml of
nickel-nitrilotriacetic acid-agarose resin (Qiagen) for 2 h at
4 °C, and then the resin was packed into a column. The column
was washed with 5 column volumes of a wash buffer (20 mm
Tris-HCI (pH 8.0), 500 mm NaCl, and 10% glycerol) followed by
the buffer containing 20 mm imidazole. The protein was eluted
from the column with 10 X 1-column volume aliquots of an
elution buffer (250 mm imidazole, 20 mm Tris-HCI (pH 8.0),
500 mm NaCl, and 10% glycerol). Fractions thought to contain
the protein of interest were analyzed by SDS-PAGE, pooled
according to purity, and concentrated to a volume of ~10 ml by
ultrafiltration. The concentrated solution was loaded onto a
Superdex 200 gel filtration column (GE Healthcare) pre-equil-
ibrated with 20 mm Tris-HCI (pH 8.0), 50 mm NaCl, 5mMm DTT,
and 10% glycerol. Peak fractions were mixed with the AcTEV
protease (Invitrogen) overnight at 4 °C to remove the N-termi-
nal histidine tag and then loaded onto a Mono Q anion
exchange column (GE Healthcare) pre-equilibrated in buffer
containing 20 mMm Tris-HCI (pH 8.0) and 5 mm DTT. The pro-
tein was eluted using a linear gradient from 50 to 300 mm NaCl
containing 20 mm Tris-HCI (pH 8.0) and 5 mm DTT. Finally,
the buffer was exchanged into a final buffer consisting of 20 mm
Tris-HCI (pH 8.0) and 5 mm DTT using a HiPrep desalting
column (GE Healthcare). The fractions containing the protein
of interest were pooled, concentrated to 5-10 mg/ml by ultra-
filtration, and flash frozen in liquid nitrogen for storage at
—80 °C. The typical final yield was 5-10 mg for a 1-liter culture.
Mass spectrometric analysis confirmed that the protein was
non-phosphorylated protein.

EGFR, HER2, and HER4 Kinase Enzyme Assays—The EGER,
HER2, and HER4 kinase assays were performed using radiola-
beled [y->**P]ATP (GE Healthcare). The kinase reactions were
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performed in 50 mm Tris-HCl (pH 7.5), 5 mm MnCl,, 0.01%
Tween 20,and 2 mm DTT containing 0.9 uCi of [ y-**P]ATP per
reaction, 50 um ATP, 5 ug/ml poly(Glu)-Tyr (4:1), and each
purified cytoplasmic domain (0.25 ug/ml EGFR or 0.25 or 0.125
png/ml of HER4) in a total volume of 50 ul. To measure the IC;,
value for enzyme inhibition, the compounds were incubated
with the enzyme for 5 min prior to the reaction at room tem-
perature. The kinase reactions were initiated by adding ATP.
After 10 min at room temperature, the reactions were stopped
by the addition of 10% (final concentration) trichloroacetic
acid. The y-**P phosphorylated proteins were filtrated in a har-
vest plate (Millipore) with a cell harvester (PerkinElmer Life
Sciences) and washed free of [y-**P]ATP with 3% phosphoric
acid. The plates were dried followed by the addition of 25 ul of
MicroScint0 (PerkinElmer Life Sciences). The radioactivity was
counted by a TopCount scintillation counter (PerkinElmer
Life Sciences). IC;, values and 95% confidence intervals were
calculated by nonlinear regression analysis of the percent
inhibitions.

Crystallization and Structure Determination—The HER2-
KD-SYR127063 complex was prepared by incubation of 7
mg/ml protein in the final buffer with 1 mm SYR127063 (in
100% DMSO) on ice for 1 h. Small crystals were obtained by
sitting drop vapor diffusion against a precipitant of 20% PEG
3550, 200 mM diammonium tartrate, and 100 mm PIPES (pH
6.5) at 20 °C. From these initial crystals, seed stock was pre-
pared using the Seed Bead kit (Hampton Research). Large crys-
tals suitable for data collection were obtained by mixing 1 ul of
protein to 1 ul of precipitant solution containing 15-20% PEG
3350, 150 mMm sodium tartrate, 50 mMm diammonium tartrate,
and either 100 mm Bis-Tris or PIPES (pH 6.5-7.0). After equil-
ibration of 1 day, microcrystals were seeded into the drop by
addition of 0.1 ul of seed stock. For data collection, crystals
were immersed in reservoir solution containing 25% ethylene
glycol and flash frozen in liquid nitrogen. Diffraction data were
collected from cryocooled crystals at the Advanced Light
Source beamline 5.0.3. Data were reduced using the HKL2000
software package (19). The structure was determined by molec-
ular replacement using the program MOLREP (20) of the CCP4
program suite utilizing EGFR (Protein Data Bank code 1M14)
as a search model and refined with the program REFMAC (21).
Several cycles of model building with XtalView (22) and refine-
ment were performed for improving the quality of the model.
Data reduction, refinement statistics, and quality of the struc-
ture are summarized in Table 1.

The EGFR-TAK-285 complex was prepared by incubation of
the kinase domain of EGFR (5-10 mg/ml) in the final buffer
with a 3-fold molar excess of TAK-285 (in 100% DMSO) on ice
for 2-3 h. A cluster of small crystals was grown by the sitting
drop vapor diffusion method from the reservoir containing 0.1
M Bis-Tris (pH 6.5), 0.2 M lithium sulfate, and 25% PEG 3350 at
20 °C. These crystals were used as seed crystals with the Seed
Bead kit (Hampton Research). Large crystals were typically
grown by mixing 1 ul of protein with 0.5 ul of reservoir solution
containing 0.1 M Bis-Tris (pH 6.5), 0.2 M lithium sulfate,
15-20% PEG 3350 at 20 °C, and 0.5 ul of seed stock. Crystals
appeared within 1 week. For data collection, crystals were
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TABLE 1
X-ray data collection and refinement statistics

Values in parentheses are for the highest resolution shell. r.m.s., root mean square;
ALS, Advanced Light Source; AU, asymmetric unit.

HER2-:SYR127063 EGFR-TAK-285

Data collection

X-ray source ALS5.0.3 SPring-8 BL41XU

Wavelength (A) 1.0 1.0

Space group . P2,2,2, P2,2,2,

Unit cell dimensions (A) a=48.7,b = 79.0, a=46.8,b = 68.9,

. ¢ =152.7 ¢ = 104.6

Resolution (A) 2.25 1.50

Unique reflections 28,773 53,697

Redundancy 3.9 5.0

Completeness (%) 99.5 (96.6) 97.8 (99.2)

I/o(l) 15.1 (1.8) 14.0 (2.4)

Ry 0.080 (0.553) 0.048 (0.583)
Refinement

No. molecules/ AU 2 1

Reflections usgd 27,014 50,707

r.m.s. bonds (A) 0.010 0.010

r.m.s. angles (°) 1.270 1.240

Average B value (A% 31.6 25.7

R value® 0.185 0.219
Ramachandran®

Favored (%) 545 (95.5) 273 (96.5)

Allowed (%) 23 (4.0) 8(2.8)

Outliers (%) 3(0.5) 2(0.7)

“Ryym = ShZj|I(h) — I(h)j|/=h%j I() where (k) is the mean intensity of symme-
try-related reflections.

b Rvalue = 3|F,p | = |Fraicdll/2|Fobsl Reee for 5% of reflections was excluded from
refinement.

¢ As reported by Coot/Dynarama.

quickly dipped in reservoir solution containing 20% glycerol
and flash frozen with liquid nitrogen.

Diffraction data were collected at 100 K at SPring-8 beam line
BL41XU on the charge-coupled device detector Quantum 315r
(Area Detector Systems Corp.) and processed with Crystal-
Clear and d*TREK (Rigaku). The data processing statistics and
structure quality are summarized in Table 1. The high resolu-
tion limit of data used in refinement was determined based on a
signal-to-noise criterion (//c(I)). The structure was solved by
molecular replacement with AMoRe of the CCP4 program
suites (23) using the inactive EGFR structure (Protein Data
Bank code 1XKK) as the starting model. The structure was
rebuilt using Coot (24) and refined at 1.5-A resolution using
REFMAC (21). The refinement statistics and model quality are
summarized in Table 1. All figures were prepared using PyMOL
(Schrodinger) and ALINE (25).

Computational Chemistry—Homology models were con-
structed with the computer program MOE (Chemical Comput-
ing Group). Molecular dynamics was carried out with the
AMBER software package (26). Ligand heats of formation were
calculated at the 6-31G* theory level with the GAMESS soft-
ware (27).

RESULTS AND DISCUSSION

Overall HER2 and EGFR Kinase Domain Crystal Structures—
The HER2-KD crystal structure in complex with a selective
HER? inhibitor, SYR127063, was solved to 2.25-A resolution.
The crystals have one dimer in the asymmetric unit, and both
monomers are occupied by the inhibitor. The two molecules
are nearly identical with a root mean square deviation of 0.72
A for 283 Ca positions as reported by Coot/SSM Superpose
(24). The structure of EGFR-KD in complex with a dual
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FIGURE 1. Overall structure of HER2:SYR127063 and EGFR-TAK-285. Com-
parison of the overall structure of HER2 inhibited by SYR127063 (A) and of
EGFR inhibited by TAK-285 (B). For HER2:SYR127063, the kinase domain is
represented as a yellow schematic. For EGFR-TAK-285, the kinase domain is
represented as a slate blue schematic. For both structures, a-helix C and the
A-loop are colored red and tan, respectively. SYR127063 and TAK-285 are
shown in a green stick representation colored by atom type. HER2 represents
the active-like form of the kinase with the A-loop in an extended conforma-
tion. EGFR represents the inactive form of the kinase with a short a-helix
present in the N-portion of the A-loop that stabilizes the active-site outward
conformation of the a-helix C. ah, a-helix.

EGFR/HER2 inhibitor, TAK-285, was determined at 1.5-A
resolution with one molecule in the asymmetric unit. The
HER2-KD-SYR127063 and EGFR-KD-TAK-285 structures
are highly similar with a root mean square deviation of 1.1 A
for 247 equivalent Ca positions as reported by Coot/SSM
Superpose (24).

All structures encompass a shortened form of the human
cytoplasmic tyrosine kinase domain of the respective kinases
with part of the C-terminal tail segment. For HER2, this con-
struct includes residues 703—1029 as well as three N-terminal
mutations, M706A, Q711L, and M712L, which are to the
equivalent residues in EGFR. These mutations were made to
increase expression and foster crystal formation of the
HER2:SYR127063 complex. Similar to HER2, a truncated form
of the kinase domain of EGFR encompassing amino acids 696 —
1022 was used for crystallization. The mutations and shortened
boundaries used for structure determination of HER2-KD and
EGFR-KD did not significantly change the inhibitory activity
(ICo) of SYR127063 and TAK-285 when compared with the
full cytoplasmic domains of the wild-type proteins in eight-
point kinase assays.?

All structures adopt the typical kinase bilobed folding (Fig.
1). The N-terminal lobe (N-lobe) contains mostly -strands
and one a-helix, whereas the C-terminal lobe (C-lobe) is pre-
dominantly a-helical. The two lobes are connected by a flexible
hinge region and separated by a deep cleft comprising the ATP
binding site. The relative orientation of the two lobes has a
distinct effect on the size of the ATP binding site, depending on
the activation state of the kinase domain. Most of the residues
associated with catalytic activity are located in the vicinity of

3 K. Aertgeerts, R. Skene, J. Yano, B.-C. Sang, H. Zou, G. Snell, A. Jennings, K.
Iwamoto, N. Habuka, A. Hirokawa, T. Ishikawa, T. Tanaka, H. Miki, Y. Ohta,
and S. Sogabe, unpublished data.
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the cleft, the glycine-rich nucleotide phosphate-binding loop
(HER2: Leu”?°-Val”®*; EGFR: Leu”*¥~Val”?®) and the a-helix C
(«C; HER2: Pro”®'—Ala””®; EGFR: Asn”*°—Ser”*®) of the N-lobe
of the kinase; and the DFG motif (HER2: Asp®©? —Gly865; EGFR:
Asp®*®-Gly*”), the catalytic loop (HER2: Arg®**-Asn®*
EGFR: Arg®°—Asn®*?), and the activation loop (A-loop; HER2:
Asp®®3-Val®®*; EGFR: Asp®*°~Val®”®) of the C-lobe of the
kinase. Polypeptide chain termini (HER2: Ser’®*-~Ala”® and
Glu'**°-Gly'%?° EGFR: Gly***~Asn”® and Ile’*'*~Gly'?*?)
and several discrete regions of surface loops (HER2: Asp”®*—
Ser®®®; EGFR: Glu7**-Lys’®’, Arg’**~Lys’**, and Glu'***-
Asp'®®) are disordered and show poor electron density, and
these residues are not included in the final model. The phos-
phate-binding loop (HER2: Gly”**-~Gly”®*; EGFR: Gly’*'-
Gly”**) is partially disordered, and the side chain of
Phe”®'(HER2)/Phe”**(EGFR) is solvent-exposed with confor-
mational flexibility. A different conformation of Gly”*”—Ala”*°
in the monomers of the HER2/SYR127063 dimer was observed
due to crystal packing. Part of the A-loop (HER2: Asp®%°—
Gly®®!; EGFR: GIu®**®*-Gly*"*) is also disordered in both the
HER2:SYR127063 and EGFR-TAK-285 structures, respectively.
In EGFR but not HER2, the N-terminal portion of the A-loop
(Gly®>”—Gly®®®) forms a short a-helix and rotates the regulatory
a-helix C by 45° away from the active site compared with the
previously published active EGFR conformation (8, 28). In both
EGEFR and HER?2, the salt bridge interaction between two highly
conserved residues (HER2: Lys”>® and Glu”’% EGFR: Lys’*® and
Glu”®?), the canonical feature in the active conformation, is not
observed. A part of the C-terminal tail segment (HER2: Pro®*°—
Leu'©%?; EGER: Asn®??>—Met'°%?) is traceable and forms a short
a-helix adjacent to the hinge region with intermolecular
contacts.

Allosteric Mechanism of HER2 Activation—Recently, Zhang
et al. (8,9) and Qiu et al. (10) published evidence for an allo-
steric mechanism of activation of EGFR and HER4 that occurs
through asymmetric dimer formation between two kinase
domains (8-10). The interaction was originally identified
through crystal packing interactions in structural studies and
characterized by an extensive hydrophobic interface burying
~2000 A? of surface area between the monomers. As a result of
dimer formation, the conformation of the a-helix C of one
monomer is restrained and correctly positioned to enable catal-
ysis. Further evidence of the allosteric activation mechanism in
EGFR and HER4 was obtained through mutagenesis studies on
residues present at the dimer interface (8 —10). The authors
explained that the mechanism resembles a cyclin-like mecha-
nism of kinase activation in which the engagement of a-helix C
of the kinase through interaction with cyclin is crucial for acti-
vation (8). A similar dimer was observed in the crystal packing
of the HER?2 crystals. In the EGFR and HER4 activating dimers,
one kinase domain in a pair is rotated by 120° about an axis
relative to the other and translated by ~45 A with crystallo-
graphic symmetry. In the HER2 crystals, the monomers are
related by a similar rotation and translation function in a non-
crystallographic symmetry pair (Fig. 2). A hydrophobic inter-
face burying 2054 A2 of surface area was measured between the
monomers (calculated by AREAIMOL of CCP4 (29)). Similar
regions and residues within the monomers are involved in
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packing interactions in all ErbB activating dimers (Fig. 2C).
This suggests that activation of HER2 might occur through an
allosteric mechanism comparable with the one observed for
EGFR and HER4. Mainly residues in the N terminus (Ala”*—
Thr”'®), a-helix C (Pro”®’—~Ala’”®), and the loop between
B-strand 4 and B-strand 5 (Leu’?°~Ser”®?) of one monomer
interact with portions of a-helix G (Pro”**~Lys®*), the loop
between a-helix G and a-helix H (Gly?*®*~Pro*®), a-helix H
(I1e®**~Trp®>®), and the loop between a-helix H and a-helix I
(Met”*°—Cys®®®) of the other monomer. Several residues in the
a-helix C (Lys”®®, Leu”®®, Asp”®®, and Tyr””?) of one monomer
(Fig. 2, A and B, Molecule A) make close, mainly hydrophobic,
intermolecular interactions with the C-lobe of the kinase
domain of the other HER2 monomer (Fig. 2, A and B, Molecule
B). HER2 kinase dimerization and activation in vitro was
recently reported using a nickel-chelating lipid-liposome sys-
tem (30). In the EGFR and HER4 activating dimer crystal struc-
tures, both kinases were present in an active conformation
(8-10). In HER2, both monomers are present in an active-like
kinase conformation. Similar to previously published active
EGER structures and the activating EGFR dimer, the activation
loop in HER?2 is well ordered and does not form any secondary
structure (8, 28). This is in contrast to previously published
inactive EGFR structures where a short a-helix at the N-termi-
nal end of the A-loop inserts into a hydrophobic pocket behind
the a-helix C. However, in our HER2 structure, we call it an
active-like kinase conformation because no salt bridge is
formed between Lys753 in B-strand 3 and Glu””° in a-helix C,
which is crucial for activation. This salt bridge is disrupted
through the bulky 3-trifluoromethylphenyl of the inhibitor,
which induces a shift of 20° in a-helix C away from the kinase
active site.

Origins of a-Helix C Conformational Flexibility in HER2—
Superposition of all available crystal structures of the kinase
domain of ErbB family members shows many unique positions
of a-helix C, suggesting a clear conformational flexibility in
a-helix C (data not shown). In this analysis, HER2 shows a
particular high degree of flexibility in this helix compared
with other family members. The position of a-helix C rela-
tive to the ATP binding site determines the activation state
of the kinase. Comparison of the amino acid sequence
between HER2 and other ErbB family members around the
a-helix C and aC-B4-loop clearly reveals a non-conserved
Gly-rich region in the aC-B4-loop of HER2 (Gly””®~Ser””?)
(Fig. 3A). In our and previously published EGFR structures,
we observed that the proper positioning of a-helix C for
activation is highly controlled through the aC-B4-loop
("*®.SVDN”"") immediately following the a-helix C (30) (Fig.
3B). In the case of EGFR, a-helix C is rotated by ~45° going

Crystal Structure of HER2 Kinase Domain

from the inactive to active conformation through which the
a-helix C is stabilized by hydrogen bond formation between
the main-chain atoms of residues Ser”®® and Asp”’° of the
aC-B4-loop and the side-chain atoms of Arg®*' and Tyr®*” of
a-helix E in the C-lobe, respectively. Val”® sits in a hydro-
phobic pocket formed by Tyr®*”, Leu®?®, Arg®®!, Leu®®?, and
Phe®*® in the structure of EGFR. These hydrogen bonds are
conserved in the structure of HER4 (10) (Fig. 3B). Gly””® and
Gly””®, which are unique to HER2, impart flexibility to the
region so that a-helix C can adopt many positions of which a
subset will be conducive to proper positioning of a-helix C
for activation. The side chain of Tyr®*® forms no hydrogen
bond and is stacked to the main chain of Gly””® (Fig. 3B). The
side chain of Val””” is exposed to solvent and totally disor-
dered. These observations could explain the lower intrinsic
kinase activity of HER2 when compared with EGFR (14 -16).
Fan et al. (16) confirmed the importance of both Gly””® and
Gly’”® in HER2 intrinsic kinase activity through mutagenesis
studies. The authors showed that mutation of the two gly-
cines to corresponding residues in EGFR resulted in a ~10-
fold increase in ATP binding, ~7-fold increase in ATP turn-
over, and enhanced ligand-independent stimulation of
downstream cell signaling. Moreover, genetic studies on
cancer patients have shown increased HER2 catalytic activ-
ity as a result of mutations or insertion of hydrophobic res-
idues (YVMA) before Gly’”® (31-34). Presumably, this
mutation would stabilize the loop region and therefore lead
to a decrease in flexibility of a-helix C, but further studies
need to be conducted to confirm this. Importantly, compa-
rable mutations within this region have not been observed
for EGFR. HER3 is unique among the other ErbB family
members because it is generally considered as kinase-inac-
tive (34). The recently published crystal structure of HER3
revealed a shortened a-helix C when compared with other
family members and confirms the importance of this a-helix
in the regulation of kinase activity (35, 36).

Tumor cells usually overexpress several ErbB family re-
ceptors with HER2 as a preferred partner during receptor
dimerization (1). In particular, HER2 is the preferred partner of
EGEFR, and the HER2/EGER heterodimer exhibits an increased
rate of recycling, stability, and signaling potency compared with
EGFR homodimers (7). Our structural data suggest that due to
the increased flexibility in the a-helix C of HER2 and its less
stable active conformation when compared with EGFR HER2
might predominantly function as a binding partner to activate
and potentiate the activity of EGFR within the EGFR/HER2
heterodimer. This hypothesis supports the generally accepted
theory that HER2 overexpression potentiates EGFR signaling
(12, 37, 38). HER2 overexpression in EGFR-positive non-small

FIGURE 2. HER2 allosteric activating dimer. A, the HER2 dimer present in the asymmetric unit of the crystal is shown as a surface representation to depict the
tight packing of the two monomers: Molecule (Mol.) A has a yellow surface, Molecule B has a cyan surface, and a-helix C is colored red in both molecules. The
a-helix in Molecule A makes a close interaction with hydrophobic residues in the C-lobe of Molecule B. As a result of this interaction, the active conformation
of the kinase is induced. B, superposition of HER2/SYR127063 dimer with EGFR/erlotinib dimer (Protein Data Bank code TM17). The HER2/SYR127063 dimer is
shown in yellow and cyan with SYR127063 as a magenta stick representation. The EGFR/erlotinib dimer is shown in slate blue and orange with erlotinib as a green
stick representation. a-Helix Cis shown in red for all molecules. C, sequence alignment between the kinase domains of HER2, EGFR, and HER4. Identical residues
are highlighted in green boxes. Residues involved in close interactions at the dimer interface in HER2, EGFR, and HER4 derived from crystal structure information
(Protein Data Bank codes 1M17 and 3BCE) are denoted by diamonds, stars, triangles, and circles, respectively, and are colored magenta for Molecule A and blue
for Molecule B of the dimer. Mutations made in the HER2 construct are shown as red boxes. Secondary structure elements are assigned from the

HER2-SYR127063 structure.
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FIGURE 3. Origins of a-helix C conformational flexibility in HER2. A, sequence alignment of the amino acids in the region between a-helix C and a-helix E
of HER family members that contain a cytoplasmic tyrosine kinase region. A Gly-rich sequence unique to HER2 in a region immediately following the a-helix C
was observed. Residues labeled in B are shown in the red boxes. B, the aC-B4-loop region plays an important role in the proper positioning of the a-helix C
through interactions with a-helix E of the C-lobe of the respective kinase. HER2 is represented as a yellow schematic with important side chains rendered by
atom type. EGFR (Protein Data Bank code 1M14) is represented as a slate blue schematic with important side chains rendered by atom type. HER4 (Protein Data
Bank code 3BCE) is represented as an army green schematic with important side chains rendered by atom type. For all kinases, a-helix Cis represented as a red
schematic. In both EGFR and HER4, conserved interactions are observed, but in HER2, conserved interactions are not observed. The unique Gly-rich sequence
in this region in HER2 imparts an increased flexibility of the a-helix C. ah, a-helix.

cell lung cancer patients is associated with an increased
response to gefitinib, a specific inhibitor of active EGFR but not
of HER2 or inactive EGFR. Moreover, clinical studies have
shown that the level of expression of only EGFR does not pre-
dict the sensitivity to gefitinib (39). This also explains why the
most advanced and effective tyrosine kinase inhibitors in the
clinic either target selectively active EGFR such as erlotinib and
gefitinib or both EGFR and HER2 such as lapatinib but not
selectively the kinase domain of HER2.

Binding Mode of SYR127063 and TAK-285 in HER2 and
EGFR—The enzyme inhibitory activity of the cytoplasmic
domain of ErbB kinases was evaluated by phosphorylation of
a peptide substrate (Table 2). TAK-285 and SYR127063 are
low nanomolar pyrrolo[3,2-d]pyrimidine-based inhibitors of

18762 JOURNAL OF BIOLOGICAL CHEMISTRY

both HER2 and EGFR (Table 2). The in vitro potency of
TAK-285 against HER2 and EGFR is similar. In ATP compe-
tition assays, both compounds were shown to bind to the
respective kinase in an ATP-competitive manner.?> Consis-
tent with these data, the crystal structures of both
HER2:SYR127063 and EGFR-TAK-285 show that the inhib-
itors bind to the ATP site in a competitive manner (Fig. 4, A
and B, and supplemental Fig. S1). Crystallographic data show
that TAK-285 binds to the inactive conformation of EGFR
(Fig. 4B) with a DFG-in and a-helix C-out conformation.
One of the pyrrolo[3,2-d]pyrimidine ring nitrogen atoms
makes a direct hydrogen bond with the main-chain nitrogen
of Met”?>(EGFR) of the hinge region between the N- and
C-lobes (supplemental Fig. S1B). The other ring nitrogen
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TABLE 2
In vitro enzymatic IC;, values of ErbB inhibitors
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IC,, values and 95% confidence intervals (95% CI) were calculated by nonlinear regression analysis.

L

TAK-285 SYR127063 Erotinib” Lapatinib®
~' i No NN 9!
(NI(N el (NI(N rlF /o\/\o _N /,O\/\ \01 N
Structure N o) Osd /TN N a
W N 0/5 0/\/ N. N 0/5
|
PR L

ICso ("M) EGFR 23 429
(95% Cl) (nM) (18-30) (170-1000)
ICs0 (NM) HER2 17 11
(95% Cl) (nM) (15-19) (7.8-15)
ICso (NM) HER4 260

(95% Cl) (nM) (190-370) >10000

AN

0.7+01 3+x0.2
1000 + 100 131
1530 + 270 347 £ 16

# Ki(app) (nM); previously reported values (40).

atom makes a water-mediated hydrogen bond to Thr®>*

(supplemental Fig. S1B). The bulky 3-trifluoromethylphenyl
group occupies a pocket formed by Met”®®, Cys””®, Leu’””,
Leu”®®, Thr”?°, Thr®*, and Phe®>° (Fig. 44 and supplemental
Fig. S1B). The hydroxymethylbutanamide moiety on the
other end of the molecule is exposed to the solvent (supple-
mental Fig. S1B), and its electron density is partly disor-
dered. The amide oxygen does not make any direct hydrogen
bond interactions with the protein.

In the HER2:SYR127063 structure, the compound binds to
the active-like conformation of HER2. Similar interactions
between the central region of SYR127063 and the hinge were
observed as described for EGFR-TAK-285. These include both
of the hydrogen bonds between the central pyrrolo[3,2-d]py-
rimidine ring and Met®®"' and Thr®*? as well as the hydrophobic
interactions in the adenine site (Fig. 4, A and B, and supplemen-
tal Fig. S1A). The terminal trifluoromethylphenyl group is
rotated ~150° from its position in the EGFR-TAK-285 complex
and packs against a-helix C, making hydrophobic contact with
the side chains of Thr®®?, Glu””°, Met””%, Ser”®?, Leu”®*, Leu”*,
Leu”®, and Phe®*** (supplemental Fig. S1A).

Comparison of SYR127063 and TAK-285 Binding Mode with
Erlotinib and Lapatinib—We compared our HER2 and EGFR
crystal structures with previously published structures of EGFR
in complex with lapatinib (Protein Data Bank code 1XKK) (Fig.
4C) and erlotinib (Protein Data Bank code 1M17) (Fig. 4D) to
understand the molecular origins of inhibitor specificity for
either HER2 or EGFR. Lapatinib (Tykerb/Tyverb) is a dual
HER2/EGEFR inhibitor and has been approved as front line ther-
apy in triple positive breast cancer and as an adjuvant therapy in
patients with HER2-overexpressing breast cancer (40). Erlo-
tinib (Tarceva) is a selective inhibitor of EGFR and has been
approved to treat non-small cell lung cancer, pancreatic cancer,
and several other types of cancer (41, 42). TAK-285 and lapa-
tinib, both dual EGFR/HER?2 kinase inhibitors, bind to the inac-
tive conformation of EGFR and show a similar binding mode in
the active site. The activation loop forms a short a-helix that
displaces the a-helix C from the active site. The 3-trifluoro-
methylphenoxy group of TAK-285 occupies roughly the same

MAY 27,2011+VOLUME 286-NUMBER 21

space as the 3-fluorobenzyloxy group of lapatinib (Fig. 4).
SYR127063 binds to HER?2 in an active-like conformation, and
erlotinib binds to the active conformation of EGFR. In both
structures, the activation loop is well ordered and shows no
secondary structure at the N-terminal end. Both active and
inactive EGFR pockets are larger than the pocket observed in
active HER2. However, the active and inactive EGFR pockets
have regions where one is narrower than the other. In the
HER2-SYR127063 structure, the a-helix C is slightly rotated
outward (~20° compared with active EGFR) due to the bulky
trifluoromethyl group of the compound. It is unclear
whether EGFR can adopt an active conformation similar to
that seen in our HER2 structure. The fluorophenyl of lapa-
tinib is smaller than the trifluoromethylphenyl and so may be able
to bind active-like HER2 in the same conformation as it does in
EGEFR. The pocket of HER?2 in this region is smaller due to the
position of Ser”®? toward the trifluoromethylphenyl, and this may
impact its binding to HER2 relative to EGFR (hence 4-fold weaker
inhibitory activity but still very potent).

In the active EGFR-erlotinib structure, Met’** and Glu”**
occupy the area that the trifluoromethylphenyl group of
SYR127063 occupies in the HER2 structure. Given the very
close sequence identity in the ATP site between HER2 and
EGFR, itis interesting to note the selectivity profiles of TAK-
285 and SYR127063: the former is a potent and non-selective
inhibitor of HER2/EGFR, and the latter is a potent inhibitor
of HER2 with 40-fold less potency for EGFR. We believe the
explanation lies in how their trifluoromethylphenyl groups
are oriented with respect to the Ser”®*3*(HER2)/Cys””*(EGFR)
and the low energy conformers of both compounds (Fig. 4, A
and B, and supplemental Fig. S1). The key difference is the
presence of the central pyridine ring nitrogen in SYR127063.
TAK-285 can adopt the trifluoromethylphenyl conforma-
tion observed in the HER2:SYR127063 complex as it repre-
sents an energy minimum. The 3-trifluoromethylphenyl
group of SYR127063 is flipped by ~150° relative to the ori-
entation of the same substituent in the EGFR-TAK-285
structure (Fig. 4B). One possible structural explanation for
this change in ligand conformation is the presence of

JOURNAL OF BIOLOGICAL CHEMISTRY 18763
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FIGURE 4. HER2 and EGFR mechanism of inhibition. Binding modes of SYR127063 in HER2 (A), TAK-285 in EGFR (B), lapatinib in EGFR (Protein Data Bank
code 1XKK) (C), and erlotinib in EGFR (Protein Data Bank code 1M17) (D) are shown. The protein backbone in HER2 is represented as a yellow schematic,
whereas in EGFR, it is represented as a slate blue schematic. The DFG motif and part of the activation loop are colored tan, and the a-helix Cis colored
red for all proteins. Key protein side chains are shown as sticks and colored according to atom type. Inhibitors SYR127063, TAK-285, lapatinib, and
erlotinib are shown as green sticks and colored according to atom type. Hydrogen bonds are indicated as orange dashed lines. The a-helix C position and
the A-loop conformation of the EGFR-TAK-285 complex remarkably resemble those of the EGFR-lapatinib complex. The binding mode of SYR127063 in
HER2 differs from TAK-285 in EGFR through the different substituent appended to the pyrrolo[3,2-d]pyrimidine N5 atom and the conformation of the
3-trifluoromethylphenyl group. The A-loop conformation of the HER2:SYR127063 complex is similar to that of the active EGFR-erlotinib complex. P-loop,

phosphate-binding loop.

Ser”®3(HER2) compared with Cys””*(EGFR): the side chain
of Ser”®? is hydrogen-bonded to Thr®®°, which precludes the
EGFR-TAK-285 binding mode in HER2. Because Cys””” can-
not hydrogen bond to the threonine, the active site of EGFR is
larger, and the trifluoromethylphenyl of TAK-285 can fit into this
region. However, SYR127063 cannot easily adopt the trifluorom-
ethylphenyl conformation observed with TAK-285 in EGFR and
suffers a penalty in excess of 20 kcal/mol to do so. Hence, because
TAK-285 can adopt both conformations, it is a dual inhibitor,
whereas SYR127063 suffers a 40-fold loss against EGFR due to the
conformational penalty.

Interestingly, the HER2 T798I mutation (T790M in EGFR) has
been shown to confer lapatinib resistance in a Ba/F3 cell-based
assay (43) and is also associated with clinical drug resistance. A

18764 JOURNAL OF BIOLOGICAL CHEMISTRY

study done by Trowe et al. (43) suggested that lapatinib resistance
in HER2 arose from replacing a smaller polar Thr with a bulkier Ile
residue, thus causing steric clashes with lapatinib. To examine this
and to determine the relevance to SYR127063 binding in HER2,
Thr”?® was manually mutated to Ile in the model building program
Coot (24). A number of most favored side-chain rotamers were
examined for steric clashes with SYR127063. Certain rotamers
caused a steric clash, whereas others did not. Additional experi-
ments are necessary to determine whether the mutant will confer
resistance to the inhibitor.

In conclusion, we report the first three-dimensional crystal
structure of HER2 in complex with a selective HER2 inhibitor,
SYR127063. In addition, we report the crystal structure of
EGER in complex with TAK-285. TAK-285 is a potent dual
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inhibitor of EGFR and HER2 and is currently in Phase Ib clinical
development for cancer. The HER2 structure gave insight into
an allosteric mechanism of activation and gave molecular
details on the determinants for selective inhibition. In addition,
the structure gave structural evidence for the unique low intrin-
sic catalytic activity of HER2. Structural comparisons with
other known EGFR kinase structures provided molecular
details of the mechanism of activation and inhibition of HER2
and EGEFR that are essential to design and develop new cancer
drugs with improved potency and specificity profiles.
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