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Receptor dimerization is a crucial intermediate step in activation of signaling by receptor tyrosine kinases
(RTKSs). However, dimerization of the RTK Neu (also designated ErbB-2, HER-2, and p185”“), while neces-
sary, is not sufficient for signaling. Earlier work in our laboratory had shown that introduction of an ectopic
cysteine into the Neu juxtamembrane domain induces Neu dimerization but not signaling. Since Neu signaling
does require dimerization, we hypothesized that there are additional constraints that govern signaling ability.
With the importance of the interreceptor cross-phosphorylation reaction, a likely constraint was the relative
geometry of receptors within the dimer. We have tested this possibility by constructing a consecutive series of
cysteine substitutions in the Neu juxtamembrane domain in order to force dimerization along a series of in-
terreceptor faces. Within the group that dimerized constitutively, a subset had transforming activity. The sub-
stitutions in this subset all mapped to the same face of a predicted alpha helix, the most likely conformation
for the intramembrane domain. Furthermore, this face of interaction aligns with the projected Neu* V664E
substitution and with a predicted amphipathic interface in the Neu juxtamembrane domain. We propose that
these results identify an RTK dimer interface and that dimerization of this RTK induces an extended contact

between juxtamembrane and intramembrane alpha helices.

Ligand-induced oligomerization of receptor tyrosine ki-
nases (RTKs) is required for signal transduction. This con-
clusion is supported by the findings that hormone binding
stimulates receptor dimerization, dimerization correlates with
increased receptor phosphorylation, and oligomeric receptors
are associated with higher levels of kinase activity than recep-
tor monomers (14, 58, 59). Additionally, reagents that induce
dimerization can activate RTKs. For example, the RTK Neu
is activated by bivalent, but not monovalent, antibodies that
cross-link the extracellular domain (57). Finally, kinase-de-
fective RTKs dominantly inhibit signaling by wild-type recep-
tors (39). These and other studies have reinforced the model
that receptor dimerization provides an essential link between
ligand binding and receptor activation (26, 27, 42).

Identifying the molecular interactions in the hormone-re-
ceptor (H-R) complex is essential for understanding the mech-
anism of receptor activation and may lead to development of
new classes of RTK inhibitors. Knowledge of these contacts
is limited by the paucity of crystallographic data. The crystal
structure of the extracellular domain of the cytokine family
receptor human growth hormone (hGH) receptor has pro-
vided a model of ligand-induced receptor dimerization. The
hGH binds to its receptor with a 1:2 ligand-receptor stoichi-
ometry, with hGH apparently forming first a high-affinity in-
teraction with one receptor and then a lower-affinity interac-
tion with a second receptor. The binding of the first H-R
complex to the second receptor is thought to be stabilized by
receptor-receptor (R-R) interactions along the extracellular
juxtamembrane domain that extend into the transmembrane

* Corresponding author. Mailing address: Dept. of Pathology, Yale
University, 310 Cedar St., Room BML 342, New Haven, CT 06520-
8023. Phone: (203) 785-4832. Fax: (203) 785-7467. E-mail: Stern@biomed
.med.yale.edu.

T Present address: Dept. of Lab Medicine, University of California—
San Francisco, San Francisco, CA 94143-0100.

5371

domain of the full-length receptor (18). The crystal structure of
the vascular endothelial growth factor in complex with a min-
imal binding domain of the RTK Flt-1 revealed that the ligand
and its receptor form a 2:2 H-R complex (55). However, the
limited portion of the receptor analyzed did not extend beyond
the ligand binding domain to include residues that might be
involved in R-R interactions.

The lack of structural information concerning R-R contacts
has hampered determination of the mechanism by which hor-
mone binding regulates RTK dimerization and signaling. A
current working model for members of the epidermal growth
factor (EGF) receptor (EGFR) (ErbB) family of RTKs is that
the active H-R complex consists of an H,-R, tetramer pro-
duced by dimerization of 1:1 H-R complexes formed first (31).
Joining of these complexes to form H,-R, tetramers is driven
by the intrinsic bivalency of EGF family hormones and is
enhanced by membrane anchoring (52). Although dimeriza-
tion is initiated by H-R contacts, there is compelling evidence
for the existence and importance of R-R contacts in RTK
oligomers as well. The first evidence was that an activated form
of the avian EGFR homolog, v-ErbB, bears an amino-terminal
truncation that deletes the hormone binding domain. Further
studies have shown that truncation of other RTKs (Neu, Kit,
Ros, Met, Ret, and Trk) leads to hormone-independent sig-
naling, and in some cases this has been shown to be accompa-
nied by dimerization (5, 20, 23, 37, 38, 51, 59). These studies
established that ligand binding is not necessary for receptor
activation. The gain-of-function phenotype caused by trunca-
tions further suggests that the extracellular domain inhibits
dimerization until ligand binding occurs.

Genetic analysis of RTK R-R contacts has led to preliminary
models for how dimerization leads to receptor signaling. An
important model system for this work has been the RTK en-
coded by the neu/erbB-2/HER-2 gene (2, 28, 47). Neu is a
member of the EGFR subfamily of RTKs (4, 16, 56). Neu has
no known ligand, but it can be activated by interaction with
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other EGFR family members (30, 48; reviewed in references
19, 28, and 40). neu was first identified as a rat oncogene pre-
disposing the animals to tumors of the nervous system. The
first oncogenic allele of neu, neu*, encodes a single amino acid
substitution in the predicted transmembrane domain of its
product, Neu* (3), replacing Val with Glu at amino acid posi-
tion 664. This substitution causes increased Neu™ dimerization,
Neu* tyrosine kinase activity, and Neu* turnover rate (5, 49,
54), suggesting that the mutation mimics normal activation by
a yet-unidentified ligand.

Most models for function of the neu* mutation are based
upon the assumption that the transmembrane domain is an
alpha helix and that the glutamic acid is protonated in the lipid
environment. These conclusions are supported by pH titration
and spectroscopic analysis of reconstituted transmembrane do-
mains (45). Molecular modeling suggested two related packing
models, in which the carboxyl group of one receptor forms
hydrogen bonds with the backbone carbonyl of A661 or, alter-
natively, forms a bidentate hydrogen bond with the corre-
sponding glutamic acid on the second receptor (50). In another
model, based upon molecular dynamics simulation, the recep-
tors are in a nonsymmetric complex, with one transmembrane
domain partly wrapped around the other (22).

While some of these models emphasize focal interreceptor
contacts, other results hint that the normal intramembrane
contact face may be extended. For example, the dimerization
interface of glycophorin A (GpA) requires extended interac-
tion of seven amino acids (33). Dimerization or transforming
activity of glutamic acids in the Neu transmembrane domain is
greatly enhanced with introduction of two glutamic acids, and
this is most favorable when they are spaced as a heptad repeat,
which would place them on the same face of an alpha helix (7,
12). The degree to which the transmembrane domain contrib-
utes to normal signaling is uncertain. Transmembrane domains
are not absolutely required for dimerization of Neu and ErbB-
3, but replacement of the ErbB-3 transmembrane domain with
fibroblast growth factor receptor transmembrane sequences or
a glycophosphatidylinositol anchor impaired formation of het-
erodimers with Neu (52).

Previously, our laboratory developed a system for defining
the constraints on dimerization and activation of Neu by using
substitution of ectopic cysteines to induce disulfide-linked dim-
ers in vivo (10). Changing alanine to cysteine at position 653
(A653C) in the extracellular juxtamembrane domain induced
Neu dimerization in vivo but not signaling. The same substitu-
tion in cis with the activating V664E substitution in the trans-
membrane domain did not interfere with transforming activity.
Interestingly, this A653C/V664E double mutant showed elevated
disulfide-mediated dimerization of Neu* relative to A653C and
V664E single mutants, showing that the accumulation of dis-
ulfide-linked dimers acts as an in vivo cross-link that reflects
the rate at which dimerization is induced at other locations.
Analogous results were later obtained with an ectopic Cys
introduced into the EGFR juxtamembrane domain: this mu-
tation failed to activate EGFR signaling but stabilized EGF-
induced dimers (46).

The ability of a disulfide cross-link to form at the juxtamem-
brane domains of both Neu and the EGFR implies that the
juxtamembrane domains of these receptors are closely ap-
posed in the receptor dimer. This observation is consistent with
a substantial body of evidence indicating that V664E works by
inducing an intramembrane R-R contact nearby (34, 45, 50).
These results support the model that the signal created by
hormone binding to EGF family RTKs, which results in dimer-
ization of the extracellular domains, is communicated to the
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intracellular domain through the formation of juxtamembrane
and intramembrane R-R contacts.

The finding that A653C induces dimerization without acti-
vating signaling was contrary to the common belief that dim-
erization is sufficient for receptor activation. However, other
evidence indicates that RTK dimerization, while necessary, is
not sufficient for signaling. We found that dimerization of Neu
can be induced by introducing a dimerization domain from
GpA or by moving a Neu* dimerization motif to a different
location within the transmembrane domain. In both cases,
the resulting receptor dimers lacked transforming activity (7).
These results showed that additional constraints govern the
formation of productive receptor dimers with signaling activity.
Such constraints might include the ability of two receptor mol-
ecules to closely pack together, steric hindrance by the extra-
cellular domain, conformational regulation, or the geometry of
interreceptor contacts.

We hypothesized that A653C dimers lack transforming ac-
tivity because the receptors are not brought together in a
productive configuration. For example, the interreceptor disul-
fide bond may align the receptors along an improper face of
interaction, or it may initiate a contact that is too distant from
other critical contact sites to nucleate a productive interface.
Alternatively, this mutation may simply interfere with a con-
formational regulation or disrupt a receptor structure required
for signaling. In order to determine whether Cys substitutions
at other juxtamembrane locations can induce signaling by Neu,
we have used site-directed mutagenesis to individually replace
a series of juxtamembrane amino acids with Cys. A subset of
juxtamembrane Cys substitutions was found to have transform-
ing activity. These data identify a productive interreceptor in-
terface and suggest a primarily helical structure for the inter-
face. We propose that this interface reflects the physiological
receptor dimer interface, the first to be identified for any RTK.

MATERIALS AND METHODS

Cell culture. COS-7, NIH 3T3, and FR3T3 cells were grown in Dulbecco-Vogt
modified Eagle’s medium supplemented with 10% calf serum (CS) under an
atmosphere of 5% CO, at 37°C. W2 cells were grown in Dulbecco-Vogt modified
Eagle’s medium supplemented with 10% fetal bovine serum (FBS).

Antibodies. The following antibodies were used: anti-Neu antibodies 7.16.4
(21) (Ab-4; Oncogene Science, Cambridge, Mass.) and SC284 (Santa Cruz Bio-
technology, Santa Cruz, Calif.), antiphosphotyrosine antibodies PY20 (Trans-
duction Laboratories, Lexington, Ky.) and 4G10 (Upstate Biotechnology Incor-
porated, Lake Placid, N.Y.), anti-Shc antibody S14630 (Transduction Labs,
Lexington, Ky.), and the secondary antibodies horseradish peroxidase-linked
donkey anti-rabbit immunoglobulin (for SC284 and anti-Shc) and horseradish
peroxidase-linked sheep anti-mouse immunoglobulin (for 4G10) (Amersham,
Arlington Heights, Ill.). The normal mouse serum was purchased from Pierce.

Plasmids. Wild-type pSRa- and pDOL-neu, neu*, neuC653, and neu*C653
plasmids were described previously (5, 7-9). Mutations were introduced by PCR
amplification. Two outside primers spanned the Ndel and BglI sites in neu, while
inside forward and reverse mutagenic primers introduced mutations. Two frag-
ments were amplified with one of each of the outside or inside primers. The
amplified fragments were then annealed, extended, and reamplified to create a
full-length fragment containing Ndel and Bg/I sites. The NdeI-BgII fragment was
first cloned into SRa-neu with a three-part ligation containing Bg/I-EcoRI and
EcoRI-Ndel fragments from wild-type SRa-neu. These constructs were recloned
into pDOL-neu with a three-part ligation containing the mutant Ndel-Bgll frag-
ment and the Bgll-Sal and Sal-Ndel fragments from wild-type pDOL-neu.

The synthetic oligonucleotides used for the outside primers had the following
sequences: forward, 5'-GGA AGT ACC CGG ATG AGG AGG G-3', and
reverse, 5'-CCA GCT GTA CTG TGG ATG TCA GG-3'. The inside primers
had the following sequences: Cys-652, forward, 5'-GCA GAG CAG TGC GCC
AGC CC-3', and reverse, 5'-GGG CTG GCG CAC TGC TCT GC-3'; Cys-654,
forward, 5'-CAG AGA GCC TGC CCG GTG-3', and reverse, 5'-CAC CGG
GCA GGC TCT CTG-3'; Cys-655, forward, 5'-AGA GCC AGC TGC GTG
ACA-3', and reverse, 5'-TGT CAC GCA GCT GGC TCT-3'; Cys-656, forward,
5'-GCC AGC CCG TGT ACA TTC-3’, and reverse, 5'-GAA TGT ACA CGG
GCT GGC-3'; Cys-657, forward, 5'-AGC CCG GTG TGT TTC ATC-3', and
reverse, 5'-GAT GAA ACA CAC CGG GCT-3'; Cys-658, forward, 5'-GGT
GAC ATG CAT CAT TGC-3', and reverse, 5'-GCA ATG ATG CAT GTC
ACC-3'; Cys-659, forward, 5'-GGT GAC ATT CTG CAT TGC-3', and reverse,
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5'-GCA ATG CAG AAT GTC ACC-3'; Cys-660, forward, 5'-CCC GGT GAC
ATT CAT CTG TGC AAC TG-3', and reverse, 5'-CAG TTG CAC AGA TGA
ATG TCA CCG GG-3'; Ala insertion between positions 658 and 659, forward,
5'-GGT GAC ATT CGC GAT CAT TGC-3', and reverse, 5'-GCA ATG ATC
GCG AAT GTC ACC-3'; Cys-656/Ala insertion, forward, 5'-GCC AGC CCG
TGT ACA TTC GCG ATC ATT GC-3', and reverse, 5'-GCA ATG ATC GCG
AAT GTA CAC GGG CTG GC-3'; deleted Ile-659, forward, 5'-GGT GAC
ATT CAT TGC-3', and reverse, 5'-GCA ATG AAT GTC ACC-3’; Cys-655/
Alle-659, forward, 5'-CGT GAC ATT CAT TGC-3', and reverse, 5'-GCA ATG
AAT GTC ACG-3'; and Cys-657/Alle-659, forward, 5'-GGT GTG TTT CAT
TGC-3', and reverse, 5'-GCA ATG AAA CAC ACC-3'.

COS cell expression. SRa plasmids were introduced into COS-7 cells by
transfection with DEAE-dextran and chloroquine as described previously (24),
except that calcium- and magnesium-free phosphate-buffered saline (PBS), ra-
ther than Tris-saline, was used. Cells were labeled beginning 24 h after trans-
fection. Procedures for metabolic labeling with [>>S]Cys, immunoprecipitation,
and gel electrophoresis have been described previously (11, 29, 47). Immuno-
precipitations were done in radioimmunoprecipitation assay (RIPA) buffer con-
sisting of 10 mM NaPO, (pH 7.2), 1% Triton X-100, 0.1% sodium dodecyl
sulfate, 1% sodium deoxycholate, 150 mM NaCl, 1% aprotinin, 2 mM EDTA,
50 mM NaF, and 1 mM Na orthovanadate. Antibodies were precipitated with
protein A-Sepharose CL-4B (Pharmacia, Piscataway, N.J.) which was presoaked
in PBS, preadsorbed with unlabeled parental cell lysates for 1 h, and then washed
with RIPA buffer.

Production of stable cell lines expressing pDOL-neu plasmids. Viral particles
containing the pDOL-Cys-neu constructs were produced by transfecting the pDOL
plasmids into W2 cells as described previously (9) and then splitting a 100-mm-
diameter dish of cells 1:3 and selecting in 10% FBS with 900 g of Geneticin
(Gibco BRL, Grand Island, N.Y.) per ml. After colonies formed, they were
pooled. Virus was harvested in 10 ml (100-mm-diameter dish) of 2% FBS after
2 days and frozen at —80°C in aliquots.

Dishes (100-mm diameter) containing FR3T3 cells were infected as described
in the table footnotes. The cells were selected for G418 resistance with 0.5 mg of
Geneticin per ml. G418-resistant colonies were pooled and screened for expres-
sion.

Analysis of transforming ability by focus assay. FR3T3 cells were infected
with the mutant pDOL-neu plasmids. Two days after infection, the cells were
divided into two groups: no selection (5% CS) and selection for G418 resistance
with 0.5 mg of Geneticin per ml in 10% CS. Cells were incubated as described
above for 14 days, with the medium changed every 3 days, and then were stained
with crystal violet (Sigma). The foci on the unselected plates and the colonies on
the selected plates were counted and tabulated.

Immunoprecipitation and immunoblotting. The polyclonal FR3T3 cell lines
were starved overnight in 0.1% fetal CS and then washed in PBS on ice and lysed
in CHAPS lysis buffer {50 mM Tris HCI [pH 8.0], 50 mM NaCl, 0.7% 3-[(3-
cholamidopropyl)-dimethylammino]-1-propanesulfonate [CHAPS], 10 mM NaF,
10 mM sodium orthophosphate, 2 mM EDTA, 1 mM sodium orthovanadate,
10 pg of leupeptin per ml, and 10 g of aprotinin per ml}. Lysates were cleared
by centrifugation at 4°C for 15 min. Two hundred micrograms of protein was
immunoprecipitated with 1 wg of anti-Neu SC284 and then electrophoresed,
transferred to nitrocellulose, blocked in 5% bovine serum albumin in Tris-
buffered saline with 0.5% Tween 20, and detected by immunoblotting with either
anti-Neu SC284 (1:100) or antiphosphotyrosine 4G10 (1:1,000). Similarly, 2 mg
of protein was immunoprecipitated with 10 pg of anti-Shc (preabsorbed to
protein A-Sepharose) and then blotted with anti-Neu SC284.

RESULTS

Introduction of ectopic cysteines is a powerful functional
mapping tool that has been used to identify dimer interfaces in
signal transduction by bacterial aspartate receptors and eryth-
ropoietin receptors (13, 35, 53). Since the novel interreceptor
disulfide bonds induced by unpaired cysteines enforce dimeri-
zation at different points of contact, this approach permits
identification of the subset of receptor dimers that have con-
stitutive activity. We produced a series of nine consecutive Cys
substitutions from position 652 to position 660 to determine
whether enforced apposition of any of these residues would
lead to dimers with signaling activity (Fig. 1).

Dimerization of Neu-cysteine mutants. To determine whether
the substitutions induce dimerization, these alleles were ex-
pressed in COS cells, and immunoprecipitated Neu was re-
solved by electrophoresis under nonreducing conditions (Fig.
2). As shown previously (8, 54), wild-type Neu runs as mono-
mers under these conditions (Fig. 2A, neu). The neu* mutation
V664E induces moderate dimerization, which is sensitive to
reducing agents (Fig. 2B). This presumably reflects occasional

CYSTEINE SCANNING OF Neu (ErbB-2) 5373

spontaneous disulfide bonding involving the Cys-rich extracel-
lular domains under conditions in which V664E drives abun-
dant formation of noncovalent dimers (54). Directed muta-
tions that did not introduce additional Cys residues, 658[A]659
and AI659, yielded proteins that did not dimerize (Fig. 2A). In
contrast, with one exception, the receptors with Cys substitu-
tions all dimerized as well as or better than Neu*. These dimers
were disrupted by reducing agents, verifying that they are me-
diated by disulfide bonds (Fig. 2B).

Of the nine consecutive Cys substitution mutants tested,
only the 1660C mutant failed to dimerize (Fig. 2A). 1660C is
the most carboxyl terminal of the substitutions tested and is
located within the predicted transmembrane domain based
upon hydropathy plotting. This suggests that the [660C mutant
failed to dimerize because the mutation is to an intramem-
brane amino acid, and the intramembrane environment does
not support formation of disulfide bonds (for example, because
of the unavailability of protein disulfide isomerase). This is
consistent with the behavior caused by another directed sub-
stitution, V664C, which is predicted to lie well within the trans-
membrane domain and produced a protein that also failed to
dimerize (data not shown). The lack of 1660C dimerization
supports the prediction that position 660 is located just within
the intramembrane domain and suggests Cys scanning as a
simple approach for localizing junctions of transmembrane and
extracellular domains.

Transformation of rat fibroblasts by Neu-cysteine mutants.
We next determined whether the mutant proteins induce cell
transformation. FR3T3 rat fibroblasts were infected with re-
combinant retroviruses encoding the mutants and assayed for
focus formation (Table 1). Only a subset of substitution mu-
tants had focus-inducing activity, verifying that dimerization
is not sufficient for transformation. Two mutants, V656C and
T657C, had strong focus-inducing activity. Three others, A653C,
S654C, and 1659C had weaker transforming activity that was
still above background. The R652C, P655C, F658C, and 1660C
mutants did not induce foci in these experiments. The weak
transforming activity demonstrated by A653C contrasts with its
lack of activity in our previous study (8). This probably reflects
our change from the use of NIH 3T3 cells to the use of rat
FR3T3 cells for focus assays. The lower background of spon-
taneous focus formation in the rat cells makes them more
sensitive indicators for detecting weak focus activity.

The lack of transforming activity of several mutants might
have a number of minor technical explanations, including poor
expression, inappropriate transport, and kinase defects. How-
ever, all mutants tested were expressed well (Fig. 1). The mu-
tant proteins were transported to the cell surface, since trans-
fected cell lines show ample surface expression when assayed
by immunofluorescence with anti-Neu antibody (6a). Finally,
the mutants were functional in immune complex kinase assays,
indicating that the receptors are active enzymatically (data not
shown).

We next chose a subset of Cys substitution alleles to deter-
mine whether transformation correlates with other parameters
associated with Neu-mediated transformation, specifically the
levels of receptor tyrosine phosphorylation and association with
downstream substrates, such as Shc (17). Lysates from poly-
clonal FR3T3 cell lines were immunoprecipitated with anti-
Neu or anti-Shc and then immunoblotted with anti-Neu or
antiphosphotyrosine (Fig. 3). While Neu was expressed at slight-
ly varying levels among these cell lines, the amount of receptor
phosphorylation relative to receptor expression was dramati-
cally higher in cell lines expressing either Neu* or the trans-
forming Cys substitutions V656C and T657C (Fig. 3A and B).
Furthermore, in the two cases where Neu was highly phosphor-
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FIG. 1. Directed mutations in Neu. The Neu sequence (3) is shown at the top, with amino acid positions within the Neu polypeptide indicated. Mutant Neu proteins
are designated with the original amino acid, amino acid position, and then the engineered replacement. Substituted Cys residues are shown circled in uppercase, other
amino acid substitutions and insertions are shown in uppercase, and wild-type amino acids are shown in lowercase. Brackets flank Ala insertions; A denotes a deletion.
The focus activities of mutants, normalized to 1.0 for Neu*, are from Tables 1 and 2. The box indicates the positions of the strongest activating Cys substitutions (see text).

ylated, Neu*™ and T657C, Neu associated with immunoprecipi-
tated Shc (Fig. 3C).

Our working model was that the Neu transmembrane do-
main is an alpha helix and that in a receptor dimer these he-
lices pair to form an extended interface. The consecutive Cys
substitutions would symmetrically rotate these helices relative
to one another in the dimer. If there is only a single functional
dimer interface, then the sites of productive Cys substitutions
should show helical symmetry, with activating substitutions
being located along a specific face. Hence, we next determined
whether the positions of transformation-competent Cys substi-
tutions are associated with a specific face of a predicted alpha
helix. Cys residues in each mutant were aligned along helical-
wheel representations of the juxtamembrane and transmem-
brane domains (Fig. 4A). Ectopic cysteines of the strongest
transforming mutants, V656C and T657C, and the weaker trans-
forming mutants, A653C, S654C, and 1659C, are all located on
the same side of the predicted alpha helix. The nontransform-
ing mutants, R652C, P655C, and F658C, are grouped on the
opposite face. Only a single substitution positioned on the ac-
tive face, 1660C, led to a protein with no transforming activity.
However, the I660C mutant does not dimerize (Fig. 2A) and so
would not be expected to have transforming activity. This re-
sult supports our assumption that transformation is mediated
by disulfide-mediated dimerization, rather than conformation-

al or other effects (Fig. 4A). Thus, these observations suggest
that the juxtamembrane domain is helical and that a produc-
tive receptor dimer has a specific symmetric face of interaction.

Second-site mutations. Although we hypothesized that these
cysteine substitutions are transforming because they induce a
specific R-R geometry, an alternative explanation is that cer-
tain substitutions create or disrupt some other structure in-
volved in receptor activation. If the most important feature of
the active complex is projection of Cys onto a specific face with
helical structure, then it should be possible to predictably in-
duce or interfere with activity based upon the projected helical
face of ectopic cysteines. Thus, we constructed a series of in-
sertion and deletion mutants that contain a Cys substitution
shifted from a nontransforming position to a predicted trans-
forming position or vice versa.

The positions of the strongest activating Cys substitutions
(positions 656 and 657) are boxed in Fig. 1. Insertion of an
amino acid between positions 658 and 659 would be predicted
to rotate membrane-distal amino acids. This would inactivate
transformation by V656C by moving that Cys off the active face
to the position originally occupied by the transformation-in-
competent substitution P655C. Consistent with this prediction,
the double mutant [A]/V656C, with Ala inserted between res-
idues 658 and 659 and V656C, had no transforming activity
(Table 2), despite the facts that this protein dimerizes (Fig. 2A)
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FIG. 2. Dimerization of Neu mutants. COS-7 cells in 100-mm-diameter dishes
were transfected with 10 wg of plasmid DNA harboring the neu mutants de-
scribed in Fig. 1 and then labeled in 2 ml of 100-uCi/ml [>*S]Cys-Met for 24 h.
Cells were washed in 10 ml of PBS containing 0.9 mM CacCl,, 0.5 mM MgCl,, and
10 mM iodoacetamide and then lysed in 1.5 ml of phosphate-buffered RIPA
buffer containing iodoacetamide (10 mM), phenylmethylsulfonyl fluoride (PMSF)
(1 mM), NazVO, (1 mM), and aprotinin (1%). Iodoacetamide was included in
buffers to prevent formation of disulfide bonds after lysis. Lysates were immu-
noprecipitated with the rat Neu-specific 7.16.4 antibody. Samples were analyzed
under nonreducing (A) and reducing (B) conditions on 4 to 12% acrylamide—
0.19 to 0.56% bisacrylamide gradient gels. The fluorographed gels were exposed
to preflashed film at —80°C for 6 days.

and that V656C alone has strong transforming activity. In
further support of our model, the double mutant [A]/F658C,
with F658C now moved into a position consonant with activity,
has acquired transforming activity (Table 2).

We used a similar approach to determine whether deletion
of a residue between Cys substitutions and the transmembrane
domain would also modulate Neu transforming activity in a
predictable way. A mutant with a deletion of the isoleucine at
position 659 (AI659) has no transforming activity (Table 2).
This deletion would be predicted to rotate amino acid 655 to
the position normally occupied by 656 (Fig. 1). Indeed, the
double mutant AI659/P655C has transforming activity, in con-
trast to P655C alone (Table 2).

A final double mutant, AI659/T657C, did not behave as
predicted, however. The transforming activity of AI659/T657C
was even higher than that of T657C (Table 2). This result
indicates that there may be additional sequence specificity in-
volved in the R-R interaction at this position and suggests that
the sequence of the region around position 657 which was
retained in the deletion mutant may be influential in directing
specific helical packing.

DISCUSSION

We introduced a series of single Cys substitutions in the Neu
extracellular juxtamembrane domain in order to induce con-
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TABLE 1. Focus formation induced by Cys substitution mutants”

Expt 1 Expt 2
Virus  No.of No.of Ratio (foci/ No.of No.of Ratio (foci/
foci colonies colonies) foci colonies colonies)

neu 0 175 0 0 558 0

neu* 438 552 0.79 835 1,152 0.72
R652C 0 645 0 0 38 0
A653C 2 340 0.01 15 1,282 0.01
S654C 2 528 0.004 30 1,208 0.02
P655C 0 902 0 0 730 0
V656C 102 155 0.66 268 438 0.61
T657C 90 580 0.16 138 1,115 0.12
F658C 0 992 0 2 1,570 0.001
1659C 10 815 0.01 18 1,268 0.01
1660C 0 462 0 0 1,298 0

“ FR3T3 cells were infected with pDOL-neu virus. Dishes (100-mm diameter)
were incubated at 37°C in 3 ml of virus stock containing 1 pg of Polybrene per
ml for 2 h. Two days after infection, the cells were divided into two groups: no
selection (5% CS) and selection for G418 resistance with 0.5 mg of Geneticin per
ml in 10% CS. Both sets of cells were incubated at 37°C for 10 or 14 days (ex-
periments 1 and 2, respectively), with the medium changed every 3 days, and then
were stained with crystal violet (Sigma). The foci on the unselected plates and the
colonies on the G418-selected plates were tabulated.

stitutive receptor dimerization. These substitutions induced
signaling when they were located on a specific face of a pre-
dicted alpha helix. The sole Cys substitution on this face that
did not induce transformation also did not induce dimeriza-
tion, indicating that transforming activity is associated with
dimerization and not some other structural feature. The valid-
ity of the predicted contact face was tested by second-site ami-
no acid insertions and deletions. Three of the four double mu-
tants tested behaved as predicted, suggesting that the major
factor in determining transforming activity is the face onto
which the ectopic Cys projects.

V664E activation. With our finding that seven of eight trans-
formation-inducing substitutions place Cys on a specific pre-
dicted helical face, it is noteworthy that this face aligns well
with that predicted for the Neu* V664E substitution, while
none of the nontransforming Cys mutants that dimerize have
substitutions on this predicted face (Fig. 4A). Most evidence
for the mechanism of activation of Neu* indicates that the
novel Glu side chains are protonated and bind directly to the
opposite receptor. Because the face of interaction predicted by
the glutamic acid-induced dimerization is the same as that
predicted by Cys scanning, this alignment supports the model
that a transmembrane alpha-helix extends out of the mem-

OO O 0L
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FIG. 3. Cys mutant expression, tyrosine phosphorylation, and association
with Shc. FR3T3 cell lines established from the focus assays were assayed to
determine the levels of receptor tyrosine phosphorylation relative to expression.
Two hundred micrograms of lysate was immunoprecipitated (IP) with anti-Neu
and then electrophoresed on an 8% acrylamide (37.5:1 acrylamide/bisacrylamide
ratio) gel, transferred to nitrocellulose, and immunoblotted with either anti-Neu
SC284 (A) or antiphosphotyrosine 4G10 (B). Two milligrams each of the same
lysates was immunoprecipitated with anti-Shc, processed as described above, and
immunoblotted with anti-Neu SC284 (C).
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V656C (0.61)
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T657C (0.12)

V656C

FIG. 4. Helical-wheel representations of Neu juxtamembrane domain. A portion of the Neu juxtamembrane-transmembrane domain (Q651 through G665) was
positioned on predicted alpha helices. In this and subsequent figures the projection looks down into the helix, with the helix rotating clockwise towards the carboxyl terminus.
(A) Alpha helix with pitch of 3.5 residues/turn, beginning with Q651. Wild-type amino acids are marked on the helix, and cysteine or glutamic acid substitutions are marked
outside the helix. White circles, nontransforming substitutions; grey circles, intermediate substitutions; black circles, strongly transforming substitutions. Hatched residues were
not tested. Relative focus activities are shown in parentheses. (B, C, and D) Helical wheels plotted at three different pitches. Relative locations of residues with the helical plot
at a pitch of 3.5 residues/turn (B), 3.6 residues/turn (C), or 3.9 residues/turn (D) are shown. For orientation, the position of V656 is marked. Filled circles mark positions of
substitutions with strong or intermediate transforming activity. Asterisks mark the amino terminus of the projection at R652.

brane and participates in R-R contacts that facilitate dim-
erization and signaling. The results are also consistent with our
earlier finding that dimerization of Neu-GpA chimeras did not
activate signaling (7), since the GpA motifs in those receptors

would be predicted to pack along the nonpermissive face iden-
tified here (1, 36).

Juxtamembrane alpha helix. These results favor the exis-
tence of a specific interreceptor contact face that is most com-

TABLE 2. Focus formation by Cys substitution mutants with insertions and deletions”

Expt 1 Expt 2 Expt 3
Virus No. of No. of Ratio (foci/ No. of No. of Ratio (foci/ No. of No. of Ratio (foci/
foci colonies colonies) foci colonies colonies) foci colonies colonies)
neu 0 175 0 0 558 0 0 96 0
neu* 438 552 0.79 835 1,152 0.72 87 205 0.42
658[A]659 0 320 0 0 588 0
[A]/V656C 0 775 0 0 906 0
[A]/F658C 9 187 0.05 13 270 0.05
AI659 0 525 0 0 678 0
AI659/P655C 172 768 0.22 95 542 0.18
AI659/T657C 798 1,100 0.72 468 705 0.66 41 105 0.39

“ FR3T3 cells were infected with pDOL-neu virus and then selected and processed as described in Table 1, footnote a, for experiments 1 and 2. Cells in experiment

3 were incubated at 37°C for 10 days before scoring.
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patible with signaling. This contact face is distributed along a
helix, consistent with theoretical models and spectroscopic
data that predict a helical structure for single membrane-span-
ning peptides (32, 45). Such a structure for Neu is further
supported by the finding that heptad spacing of introduced Glu
residues is optimal for transforming activity (12). The trans-
membrane helix extends out of the transmembrane domain
into the extracellular domain, since active Cys substitutions in
the juxtamembrane domain align with the face of V664E.

Helical pitch and nature of packing. The helical structures
depicted in Fig. 4A and 4B are based on a periodicity of 3.5
residues per turn, which is typical of a left-handed coiled coil
(15). Clustering of active Cys substitutions is also compatible
with a parallel interaction of alpha helices with a periodicity of
3.6 residues per turn, which is typical of free alpha helices (Fig.
4C). However, an extended right-handed interaction, which
would yield a periodicity of 3.9 residues per turn (Fig. 4D),
would not be consistent with our model, since with this pitch
the transforming cysteines would be distributed around the
entire helix. Thus, we suggest that the putative dimer interface
consists of left-handed coiled-coil or parallel helical interac-
tions.

These data support the model that dimerization is sufficient
for transformation provided that it occurs along a specific face
of interaction. However, we observed a polarity in the effi-
ciency of focus formation, suggesting additional constraints
beyond the rotational orientation of the ectopic Cys residues:
V656C and T657C had substantially greater transforming ac-
tivity than A653C and S654C, which are on the same face but
more distal to the membrane (Table 1). One interpretation for
this finding is based on the idea that the face of interaction is
extended and is primarily located within the transmembrane
domain. The ability of a disulfide cross-link to lever the appro-
priate intramembrane interaction, or at least to increase the
local concentration of compatible faces, would decrease as
the distance from the membrane increases. Alternatively, the
juxtamembrane alpha-helical structure may be destabilized or
terminated with distance from the membrane, so that a dimer
with a cross-link far from the membrane may allow more
movement of the transmembrane domains relative to each
other, reducing the likelihood of optimal packing.

Spontaneous mutations that activate Neu. Expression of
Neu in transgenic mouse mammary glands induces tumors that
often harbor oncogenic mutations in Neu (25). These muta-
tions encode small deletions in the juxtamembrane region (43).
Most of the deletions result in elimination of single Cys resi-
dues that might normally participate in intrareceptor disulfide
bonds. These unpaired Cys residues would be free to form in-
terreceptor disulfide bonds, which could lead to constitutive dim-
erization and transformation. This seems to be the case, since
engineered elimination of individual cysteines in the juxta-
membrane domain of wild-type Neu at positions 635, 639, and
647 resulted in weak transforming alleles. The transforming ac-
tivity of two mutant alleles, one with a deletion and one with a
Cys-to-Ser substitution, was dependent on disulfide-mediated
interactions, since 2-mercaptoethanol inhibited the transform-
ing activity of the mutants (44). These results with mutations
that unpair Cys residues complement the work described here.
They are consonant with our data in demonstrating that un-
paired Cys residues can induce transformation. However,
helical-wheel predictions based on the locations of these Cys
residues show that they project circumferentially around a
helix (not shown), so the results are not compatible with the
rotational specificity that we have observed. Since the affected
sites are membrane distal to those investigated here, this may
simply reflect a more extreme version of the polarity discussed
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FIG. 5. Hydrophobicity plot of Neu juxtamembrane domain. (A) Neu juxta-
membrane and transmembrane sequences (amino acids C635 to 1660) were plot-
ted on a helical wheel (at 3.5 residues/turn) and colored according to the theo-
retical side chain hydropathy scales (41). Open circles, hydrophobic residues;
hatched circle, Gly; grey circles, hydrophilic residues. C, transforming Cys sub-
stitutions; a, b, ¢, d, e, f, and g, positions for amino acids in models shown in panel
B and Fig. 6. (B) Heptads designated a through g (carboxyl terminus towards
amino terminus) can pack as depicted into a coiled coil of alpha helices. @ and d
residues tend to be hydrophobic; e and g are charged and form ionic bonds (15).

above. Alternatively, the activating deletions may do more than
uncover cysteines, since they lie within a Cys-rich domain that
may function separately from the juxtamembrane domain.
Helical packing and normal signaling. If a specific helix-
helix packing is required for constitutive signaling induced by
Cys substitutions, then this packing may be important for sig-
naling by the wild-type receptor. The juxtamembrane domain
sequence has a heptad repeat pattern typical of alpha helices
that interact in an aqueous environment (Fig. SA) (15). Heli-
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FIG. 6. Predicted coiled-coil interaction of parallel helices mediated by heptad repeats. Predicted juxtamembrane interactions between a and d and between e and
g are marked with dashed lines. Interactions between two consecutive heptads, indicated above and below positions a through e, are plotted on a 3.5-residue/turn helix.

cal-wheel analysis reveals two hydrophobic columns that align
with the face of active Cys substitutions. In contrast, columns
of hydrophilic residues align with the nonpermissive face.
Thus, the apolar columns represent logical helical-packing in-
terfaces.

The face of interaction between soluble alpha-helices often
consists of two interacting apolar residues at positions a and d
(Fig. 5B). This interaction is stabilized by ionic interactions
across positions e and g (15). In Neu, these requirements are
met by heptad repeats in the region spanning residues 643 to
656 (Fig. 6). The apolar residues are A649 and V656 for po-
sition @ and A653 for position d. The ionic interactions across
positions e and g may be formed by the basic residues R645 and
R652 at position e interacting with the acidic residues D643
and E650 at position g (Fig. 6). Hence, we predict that this con-
tact face, the same predicted by the Cys substitutions, is involved
in dimerization of Neu. Acidic and basic residues in these
complementary positions are found in Neu, but not other ErbB
family members, and may explain the unusually strong ligand-
independent signaling activity of this receptor.

The striking alignment of this predicted face of interaction
in the juxtamembrane domain with the activating V664E sub-
stitution and the face that is permissive for disulfide-induced
signaling suggests that a juxtamembrane helix extends out as
far as position 653 and is involved in juxtamembrane dimeri-
zation. Although this region includes prolines at positions 648
and 655, prolines are occasionally found in alpha helices,
where they are associated with kinks in the helical axis (6, 60).

A final question is why there should be any specificity in the
positioning of receptors in the dimer. The simplest model is that
receptor signaling is activated through a cross-phosphorylation
reaction within the dimer. The geometry of receptor interac-
tion will determine the degree to which the receptors can pack
closely and the position of the kinase domain on one receptor
molecule relative to the phosphorylation sites on the other.
Thus, these contacts may be instrumental in determining the
selection of cross-phosphorylation sites, which in turn are in-
volved in regulation of catalytic activity and coupling to down-
stream pathways.

Despite the overwhelming clinical importance of RTKs, in-
cluding Neu, in cancer and cardiovascular disease, attempts to
develop antagonists for hormones that activate these receptors

have met with limited success. One difficulty is that these large
peptide hormones probably bind through extended contact
faces that may be difficult to block with small molecules. In
contrast, the putative interreceptor contact face that we have
identified comprises a compact structure that we anticipate will
be absolutely required for receptor activation. This interface
will make an ideal target for development of therapeutics. The
Cys mapping approach for identification of receptor interfaces
should be directly applicable to other EGF family receptor ki-
nases and to other groups within the RTK superfamily.
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