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Type II-FAS FabB ISSAMATSA -126aa- YLNSBIGTST -24aa- TKAMTGRBISLGA
FabF IATAMTSGV -131aa- YVN TGT -26aa- TKSMT LGA
Type I-PKS DEBS1 VDTA@SSSL -126aa- AVEABIGTGT -27aa- VKSNLGRITQAA
Type I-PKS PikAIV VDTA@SSSL -126aa- VVEGRIGTGT LKSNIGRIGTGT
Type II-PKS Act KSa VSTG®TSGL -131aa- YIN, SGT IKSMVGEISLGA
Tcem KSa VSTGETSGL -131aa- YIN SGT IKSMIGEISLGA
Type III-PKS CHS2 YQOQG@®FAGG -130aa- FWIABIPGGP VLSDYGRYMSSA
RppA AQLG@AAGG -123aa- FFI GGP TLTERGIJTIASS
NonK VSCG@ASSS -14 YVNGEBGEGD -26aa- QEACFGEISGAP
NondJ VSGS@NVAL -122aa- FVNDEADGN -28aa- QEAVF! AGT

Fig. 4. Alignments of the conserved catalytic residues of Non)K with KSs from FAS, type | and Il PKS,
and type Il PKS. The conserved Cys residue for C~C or C~O bond formation and His-His or His-Asn
residues for decarboxylation are highlighted. Protein accession numbers are given after the protein
names: FabB, P14926; FabF, P39435; DEBS1, Q03131; PikAIV, AAC69332; Act KSa, CAC44200; Tcm
KSa, AAA67515; CHS2, P30074; RppA, BAA33495; Non), AAD37451; and NonK, AAD37450.

mutated catalytic triad—Cys-Tyr-His for
NonJ or Cys-Gly-His for NonK, suggesting
that NonJK lack the decarboxylation activity
(Fig. 4). This is consistent with the proposal
that NonJK catalyze C—O bond formation by
using the —OH as the nucleophile directly.
Finally, to confirm that Cys plays a catalytic
role in the C—O bond-forming step, we re-
placed the conserved Cys residue in NonJ or
NonkK, respectively, with Gly by site-directed
mutagenesis (24). The resultant mutants
completely lose their ability to biotransform
(£)-3 into 1 (Fig. 2, B and C, entries IX and
X). Thus, the NonJK KSs catalyze the C-O
bond-forming step in nonactin biosynthesis,
acting directly on (%£)-2 and using the same
active-site residue Cys that is used in KS
catalysis of C—C bond formation. Given the
high sequence homology and conserved ac-
tive site between NonJK and other KSs, the
structural plasticity and catalytic flexibility
of KSs upon protein engineering (6, 9, 10),
and now the C—O bond-forming ability of
the NonJK KSs, further mechanistic and
structural characterization of the NonJK
KSs could allow us to rationally engineer
the C—-O bond-forming activity into other
KSs. This could expand the size and diver-
sity of polyketide library accessible by
combinatorial biosynthesis.
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Structure of the Extracellular
Region of HER3 Reveals an
Interdomain Tether

Hyun-Soo Cho and Daniel J. Leahy*

We have determined the 2.6 angstrom crystal structure of the entire extra-
cellular region of human HER3 (ErbB3), a member of the epidermal growth
factor receptor (EGFR) family. The structure consists of four domains with
structural homology to domains found in the type | insulin-like growth factor
receptor. The HER3 structure reveals a contact between domains Il and IV that
constrains the relative orientations of ligand-binding domains and provides a
structural basis for understanding both multiple-affinity forms of EGFRs and
conformational changes induced in the receptor by ligand binding during sig-
naling. These results also suggest new therapeutic approaches to modulating
the behavior of members of the EGFR family.

The epidermal growth factor receptor
(EGFR) is the founding member of the ErbB
family of receptor tyrosine kinases that in
humans includes HER1 (EGFR, ErbBl),
HER2 (Neu, ErbB2), HER3 (ErbB3), and
HER4 (ErbB4) (/—4). These receptors re-
spond to EGF and related ligands to mediate
cellular growth and differentiation in multiple
tissues in both the developing embryo and
adult (5-8). Loss of any of the ErbB family
members results in embryonic lethality in
mice with defects observed in organs includ-
ing the brain, heart, skin, lung, and gastroin-
testinal tract, depending on the receptor af-
fected (7). Overexpression and activation of
ErbB receptors, most notably HER1 and
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Howard Hughes Medical Institute, Johns Hopkins Uni-
versity School of Medicine, 725 North Wolfe Street,
Baltimore, MD 21205, USA.

*To whom correspondence should be addressed. E-
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HER2, are found in many human cancers and
are critical factors in the development and
malignancy of these tumors (9). Therapies
that target these receptors have shown prom-
ise, and a monoclonal antibody against
HER2, with the trade name Herceptin, is
currently being used to treat breast cancer
10).

ErbB receptors consist of an ~620—amino
acid extracellular region followed by a single
transmembrane-spanning region and a cyto-
plasmic kinase domain. The extracellular re-
gions of ErbB receptors are made up of four
domains arranged as a tandem repeat of a
two-domain unit consisting of an ~190—ami-
no acid L domain followed by an ~120—
amino acid cysteine-rich domain. The first
three of these domains share 15 to 20% se-
quence identity with the first three domains
of the type I insulin-like growth factor recep-
tor (IGFR), for which a structure is known
(11). Unlike the homologous region of
HERI, an NH,-terminal three-domain frag-
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ment of IGFR does not bind ligand with high
affinity (17, 12), indicating that ErbB recep-
tors and IGFR not only interact with different
ligands but also use different binding modes.

The ErbB kinases become activated after
ligand binding, which leads to autophospho-
rylation and recruitment of adaptor proteins
that in turn activate downstream components
of the signaling pathway (&). Ligand-induced
oligomerization is thought to be the mecha-
nism by which the kinases become activated
(13, 14), although recent studies suggest that
EGFR may exist as a dimer in the cell mem-
brane and a ligand-induced conformational
change stimulates kinase activation (/5).
More than 15 EGF-like ligands are known;
many exhibit specificity for multiple ErbB
receptors and can stimulate both homo- and
heteromeric receptor combinations (6). It is
through pairing with other ErbB family
members that HER3, which has an inactive
kinase domain, becomes phosphorylated

REPORTS

and capable of activating downstream sig-
naling components (16).

Isolated ErbB receptors and receptor frag-
ments display binding and dimerization prop-
erties that are more complex than would be
expected from a simple ligand-induced
dimerization model. The active signaling
complex appears to contain two EGF and two
receptor molecules (/7), but it has been dif-
ficult to detect stable dimers of receptor-
ligand complexes after ligand binding to sol-
uble extracellular regions of HER1 (sHER1)
(17, 18). Biophysical studies indicate that
ligand binding induces marked conformation-
al changes in the absence of dimerization
(19). If the transmembrane region is added to
the extracellular portion of EGFR, ligand-
induced receptor dimers become detectable at
nanomolar receptor concentrations (20). This
result led to the suggestion that unliganded
receptors adopt a conformation that inhibits
association of the transmembrane regions

Fig. 1. The sHER3 structure. (A) Ribbon diagram of sHER3. Domain | (blue), domain Il (green),
domain Ili (yellow), and domain IV (red) are indicated. Disulfide bonds are shown in purple and gold,
and the NH,- and COOH-termini are labeled. (B} Backbone traces of sHER3 (blue} and IGFR (red)
are shown following superposition of the NH,-terminal L1 domains. (A} was made with RIBBONS

(34), and (B) was made with SETOR (35).

(20), a model consistent with the observation
that the transmembrane regions of ErbB re-
ceptors self-associate in membranes (217).

Ligand binding studies also indicate mul-
tiple SHERI states. sHERI exhibits a small
(~5%) population with a dissociation con-
stant (K,;) for EGF of 2 to 20 nM and a larger
population with a K; of 400 to 550 nM (22).
A small population of receptors with higher
affinity is also observed on cells (23). These
multiple-affinity states appear to be mediated
in part by domain IV; deletion of domain IV
converts SHER1 to a single high-affinity state
with a K; for EGF of 13 to 21 nM (/2).

To provide a molecular basis for under-
standing ligand-induced activation of ErbB
receptors, we have determined the 2.6 A crys-
tal structure of the 621—amino acid extracel-
lular region of human HER3 (sHER3).
Extensive glycosylation of ErbB receptor ex-
tracellular domains—up to 30% of their mo-
lecular weight consists of carbohydrate—has
hindered previous attempts to determine their
structure. To circumvent this problem, we
expressed SHER3 in Lecl mutant Chinese
hamster ovary (CHO) cells (24) and degly-
cosylated it with endoglycosidase H before
crystallization (25). The structure was solved
with multiwavelength anomalous diffraction
data collected from crystals derivatized with
mercurochrome (25); data collection and re-
finement statistics are listed in Table 1.

A ribbon diagram of the SHER3 structure
is shown in Fig. 1A. Domains I and III of
sHER3 exhibit the expected B-helical struc-
ture, and domains II and IV are extended
repeats of seven small disulfide-containing
modules. Domains I, II, and III of sHER3
may be individually superimposed with their
IGFR counterparts with root mean square
deviations (rmsds) of Ca positions of 0.92,
1.55, and 1.11 A for 91, 59, and 82 core
residues, respectively. Domain II is slightly

Table 1. Data collection and refinement statistics. Statistics for all crystals except Native1 and Native2 were calculated considering F* and F~ separately. The
PDB accession code for atomic coordinates and structure factors is TM6B.

Crystal Native Native2 HgChrom1 HgChrom2 Hgchrom2 Hgchrom2 Hgchrom3 Hgchrom3
X-ray source BNL X4A Rigaku Rigaku BNL X4A BNL X4A BNL X4A BNL X4A BNL X4A
Wavelength (A) 0.9199 1.5418 1.5418 0.9998 1.0088 1.0204 0.9998 1.0090
Resolution range (A) 30-26 30-34 30-3.0 30-3.0 30-3.0 30-3.0 30-3.0 30-3.0
Romerge T 0.067(0.521)  0.102(0.310) 0076 (0.321)  0.055(0.476)  0.050 (0.410) 0.055(0.161)  0.053 (0.147)
Completeness* 96.3(79.2) 97.8(98.7)  99.3(97.7) 93.2(87.9) 93.2(87.9) 99.4(1000)  96.7 (98.3)
(/oly* 15.2(2.2) 9.9 (2.5) 17.1(2.9) 16.8 (1.5) 193(2.1) 21.6(4.4) 20.2 (4.2)
Redundancy 3.0 2.2 4.1 3.0 3.0 33 3.1
Number of sites 4 2 2 2 4 4
Mean figure of merit (30~3.0 A) = 0.50
Reryert 0.235
Rie 0.294
rmsd bonds (A) 0.013
rmsd angles (°) 1.59
rmsd 8 values (A2);
Bonds/angles main chain 0.57/1.14
Bonds/angles side chain 2.26/4.11

=3, 2,\ I(h) — (I(h))|/2h2,l,(h) where j, is the /th measurement of reflection h and (/(h)) is a weighted mean

*Values in parentheses apply to the high-resolution shell. TR meqge
1. and R, ., were calculated from the working and test reflection sets, respectively. The test set constituted

of all measurements of h. 1R =3, |F, (h) — F . (M| /Z,IF,

A ™ b obs free
5% of the total reflections not used in refinement.
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Fig. 3. Surface representations of sHER3 and
EGF (32). sHER3 is rotated ~180° about a
vertical axis relative to its orientation in Fig. 1A.
EGF and the sites in SHER3 (Y104 and V333)
homologous to the sites in HER1 to which EGF
cross-links (30, 37) are in red. Domains | to IV
and the domain II/IV connection are labeled.
This figure was made with the program GRASP
(37).

kinked in IGFR relative to sHER3 with a
bend following a region with insertions in
both proteins (residues 242 to 259 in sHER3).
Thirty-two core residues before this region
and 27 after this region superimpose with
rmsds of 0.60 and 1.16 A, respectively. A
surface area of 1000 A2 is buried between
sHER3 domains I and II, and they retain an
interdomain orientation roughly similar to
that observed in the IGFR structure (Fig. 1B).
A surface area of 326 A2 is buried between
sHER3 domains II and III, and the relative
positions of domain III of sHER3 and IGFR
differ substantially when the NH,-terminal
domains are superimposed (Fig. 1B). Inter-
domain flexibility between domains II and IIT
may thus provide a focus for conformational
change in the ErbB and insulin receptor
families.

A notable feature of the sHER3 structure
is a B-hairpin loop (residues 242 to 259) that
extends nearly 20 A from domain II to con-
tact the COOH-terminal portion of domain
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IV and creates a large pore in sHER3 bound-
ed by domains II, III, and IV (Figs. 1 to 3).
This contact, which is intramolecular and
thus not a result of crystal packing, buries 810
A? of surface and is mediated by a single
main-chain/main-chain hydrogen bond and
three sets of side-chain interactions (Y246
with D562 and K583, F251 with G563, and
Q252 with H565) (Fig. 2) (26). Calculation
of a shape complementarity parameter for
this interface yields a value of 0.75, which is
comparable to those observed for protease/
protease inhibitor complexes and notably
larger than is observed for antibody/antigen
complexes (27).

Conservation of the residues at this con-
tact interface in HER1 and HER4 and the
appearance of a pore-containing structure
markedly similar to that of sHER3 in elec-
tron micrographs of sHER1 (28) suggest
that this contact is a conserved feature of
HERI1 and HER4 (Fig. 2B). However, the
substitution of G563 and H565 with proline
and phenylalanine, respectively, in HER2
suggest this contact may not be conserved
in HER2. In particular, the positive ¢ ob-
served for G563 could not be preserved
after substitution with proline, which would
alter the main-chain as well as the side-
chain configuration. HER2 1is unique
among ErbB receptors in not possessing a
high-affinity ligand, and the presence of a
domain II/IV contact may thus correlate
with regulation of ligand binding.

The only points of communication be-
tween domain IV and the other domains of
SEGFR are its attachment to domain III and
the contact with domain II, which impli-
cates these features in mediating the 20- to
40-fold decrease in affinity for ligand when
domain IV is present (/2). The sHER3
structure provides a simple model for how
this inhibition might occur. The binding
site for EGF and transforming growth
factor-o (TGF-o) on HER1 maps predom-
inantly to domain III, with a lesser contri-
bution from domain I (29), and EGF cross-
links to specific residues in both domains in
conditions where stable receptor dimers are

B HER3 (244) LVYNKLTFQLEP. . .(559) HFROGPHCVSS. . .(581) IY Y
HER1 (244) MLYNPTTYQMDV. . .(560) HYIDGPHCVKT. .
HER4 (266) FVYNPTTFQLEH. . .(582) HFKDGPNCVEK. . .(604) IFXY
HER2 (272) VTYNTDTFESMP. . .(589) HYKDPPFCVAR. . .(581) IWKF

- (583) VWY

Fig. 2. The domain ll/IV contact. (A) Side chains of residues that mediate contacts
between domain Il (green) and domain IV (red) are shown. Hydrogen bonds and
salt bridges are indicated by dashed lines. This figure was made with MOLSCRIPT
(36). (B) Alignment of human ErbB receptor sequences from the domain II/IV
contact regions. Residues with direct contacts to one another in sHER3 are
highlighted in similar colors. Pro°® and Phe%®> of HER2, which fail to conserve
the pattern of contact residues, are underlined.

not observed (30, 3I). Residues in sHER3
homologous to the cross-link sites (Y104
and V333) are separated by ~60 A, and a
substantial domain rearrangement would be
needed for simultaneous contact of these
sites by EGF, which has a longest dimen-
sion of just over 30 A (32) (Fig. 3). By
constraining the movement of the COOH-
terminus of domain III, the domain II/IV
contact seems likely to provide a barrier to
formation of the optimal arrangement of
domains I and III for ligand binding. Pro-
viding such a constraint also couples ligand
binding to a large conformational change
that could promote dimerization or other
modes of signaling through the presenta-
tion of new interaction surfaces, the remov-
al of barriers to interactions, or both.

The presence of a low-population, high-
affinity form of sHER1 with a K; comparable
to that observed when domain IV is deleted
suggests an equilibrium between low- and
high-affinity forms of the receptor (22). A
simple basis for such an equilibrium could be
the opening and closing of the domain II/IV
contact or a domain shift that preserves the
contact. The constitutive presence of the
high-affinity form of sHER! indicates that
conversion to this form is by itself insuffi-
cient to initiate signaling.

The involvement of ErbB receptors in
the development and severity of several
human cancers has stimulated much inter-
est in developing modulators of their activ-
ity. The sHER3 structure suggests at least
two approaches to developing such modu-
lators. Proteolysis experiments indicate that
domain IIT of HER1 binds EGF and TGF-a
with micromolar affinity (33). The lack of
contiguity between the domain I and III
ligand binding sites in the unliganded
SsHER3 structure suggests that a ligand that
bound only to domain III (or domain I)
would bind the receptor but fail to induce
the domain arrangement that seems neces-
sary for signaling. Therefore, it should be
possible to identify molecules—for exam-
ple, mutant forms of EGF or TGF-a—that
function as dominant-negative inhibitors of
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ErbB receptor function by binding receptor
but failing to induce signaling.

The nature of the domain IVIV interac-
tion, which is mediated entirely by a short
hairpin loop from domain II, suggests another
approach to modulating ErbB receptor behav-
ior. Cyclic or linear peptides corresponding
to this loop region (or the pocket on domain
IV) or their analogs may be able to disrupt
this interaction and potentiate ligand binding.
Conversely, if ligand binding requires break-
ing of the domain II/IV interaction and the
domain II loop then participates in interrecep-
tor interactions, such peptides may antago-
nize signaling. Future experiments are need-
ed to evaluate these strategies.
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Variant of SCN5A Sodium
Channel Implicated in Risk of
Cardiac Arrhythmia
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Colleen E. Clancy,? Alka Malhotra,? Alan H. Beggs,*
Francesco P. Cappuccio,® Giuseppe A. Sagnella,® Robert S. Kass,?
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Every year, ~450,000 individuals in the United States die suddenly of cardiac
arrhythmia. We identified a variant of the cardiac sodium channel gene SCN5A
that is associated with arrhythmia in African Americans (P = 0.000028) and
linked with arrhythmia risk in an African-American family (P = 0.005). In
transfected cells, the variant allele (Y1102) accelerated channel activation,
increasing the likelihood of abnormal cardiac repolarization and arrhythmia.
About 13.2% of African Americans carry the Y1102 allele. Because Y1102 has
a subtle effect on risk, most carriers will never have an arrhythmia. However,
Y1102 may be a useful molecular marker for the prediction of arrhythmia
susceptibility in the context of additional acquired risk factors such as the use

of certain medications.

Cardiac arrhythmias are a common cause of
morbidity and mortality (/). Myocardial in-
farction, cardiac ischemia, cardiomyopathy,
and many medications are common risk fac-
tors for life-threatening cardiac arrhythmias.
However, not all individuals with a specific
risk factor develop arrhythmias, and the rea-
sons for this variability in response are not
understood. One possibility is that genetic
factors modulate arrhythmia risk in the set-
ting of common, extrinsic factors (2).

The SCN5A gene encodes o subunits that
form the sodium channel responsible for initi-
ating the cardiac action potential (3). Mutations
in SCN54 have been implicated in rare, familial
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forms of cardiac arrhythmia, including long QT
syndrome (4, 5), idiopathic ventricular fibrilla-
tion (6), and cardiac conduction disease (7-9).
To identify common polymorphisms that in-
crease the risk of arrhythmia in the general
population, we screened DNA samples ob-
tained from individuals with nonfamilial car-
diac arrhythmias. In one case, a 36-year-old
African-American woman (individual 5, ta-
ble S1) with idiopathic dilated cardiomyopa-
thy and hypokalemia developed prolongation
of the corrected QT (QTc) interval and tor-
sade de pointes ventricular tachycardia while
on the anti-arrhythmic agent amiodarone
(Fig. 1A). Prolongation of the QT interval is
associated with an increased risk of life-
threatening ventricular tachyarrhythmias (9).
Single-strand conformation polymorphism
(SSCP) and DNA sequence analyses (/0)
revealed a heterozygous transversion of C to
A in codon 1102 of SCN5A, causing a sub-
stitution of serine (S1102) with tyrosine
(Y1102). S1102 is a conserved residue locat-
ed in the intracellular sequences that link
domains II and III of the channel (fig. S1).
To determine the frequency of Y1102 in
the general population, we used SSCP to
screen DNA samples obtained from controls
(10). Y1102 was observed in 19.2% of West
Africans and Caribbeans (90/468). Eighty-
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