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The transmembrane (TM) and juxtamembrane (JM) regions of the
ErbB family receptor tyrosine kinases connect the extracellular li-
gand-binding domain to the intracellular kinase domain. Evidence
for the role of these regions in the mechanism of receptor dimeriza-
tion and activation is provided by TM-JM peptides corresponding to
the Neu (or rat ErbB2) receptor. Solid-state NMR and fluorescence
spectroscopy show that there are tight interactions of the JM se-
quence with negatively charged lipids, including phosphatidylinosi-
tol 4,5-bisphosphate, in TM-JM peptides corresponding to the wild-
type receptor sequence. We observe a release of the JM sequence
from the negatively charged membrane surface using peptides con-
taining an activating V664E mutation within the TM domain or in
peptides engineered to form TM helix dimers with Val664 in the
interface. These results provide the basis of a mechanism for cou-
pling ligand binding to kinase activation in the full-length receptor.

EGF receptor | HER2 receptor | PIP,

he receptor tyrosine kinases (RTKs) are a large family of

membrane receptors that control cell growth, differentiation,
and migration. These receptors have a three-domain architecture
consisting of an extracellular ligand-binding domain, a single
transmembrane helix, and an intracellular kinase domain. Re-
ceptor activation is triggered by ligand-mediated dimerization of
receptor monomers or the structural rearrangement of inactive,
preformed dimers (1, 2). Detailed information about the mecha-
nisms of activation and regulation of RTKs has come largely from
crystal structures of their extracellular and intracellular domains
in inactive and active conformations. The activation mechanisms
of the ErbB subfamily of RTKs are of particular interest because
mutations and deletions that result in constitutive receptor activity
have been identified in a number of human tumors (3, 4).

In the epidermal growth factor receptor (EGFR), a member of
the ErbB subfamily, the structures of the extracellular domain
with (5) and without (6) bound EGF revealed that the unliganded
structure has a tethered conformation that undergoes a dramatic
rearrangement upon ligand binding. On the intracellular side of
the EGFR, crystal structures show that the activation loop asso-
ciated with the active site in the kinase domain is in an open,
active conformation before ligand binding (7) or locked in a Src
tyrosine kinase/cyclin-dependent kinase-like inactive conforma-
tion (8). Activation is produced not via phosphorylation of the
activation loop, as in other RTKSs, but through the association of
the intracellular kinase domains as an asymmetric dimer (8). An
open question has involved how structural changes induced by
ligand binding lead to the formation of an active, asymmetric
dimer on the intracellular side of the receptor.

The single transmembrane (TM) helix and associated juxta-
membrane (JM) sequences bridge the extracellular and in-
tracellular domains and require a membrane environment to
adopt their native structure. In general, ligand binding to the ex-
tracellular domain of the EGFR has the potential to change the
proximity of the TM helices, their relative orientation, or both. To
shed light on the role of the TM and JM regions in signaling across
the membrane bilayer, we use two approaches to alter the prox-
imity and orientation of the TM helices. First, we take advantage
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of a point mutation (V664E) in the TM sequence of the rat Neu
(or ErbB2) receptor that leads to full oncogenic activation (9-11).
The mutation was previously found to be sequence-specific, that is,
substitution at positions 663 or 665 had no effect on receptor
activity (12). In their original studies, Bargmann and Weinberg
(12) raised the possibility that the mutation results in clustering of
the receptor. Subsequent studies demonstrated that in the active
receptor with the V664E point mutation, Glu664 mediates di-
merization through hydrogen-bonding interactions (13) and that
the sequence specificity is due to a tripeptide motif formed by
Val663-Glu664-Gly665 (14). In this study, the V664E mutation
allows us to modulate the interaction of the TM helices in a
manner consistent with oncogenic receptor activation.

The proximity and orientation of the helices within the Neu
TM helix dimer can also be controlled by attaching a known di-
merization domain, such as the coiled coil domain of Put3, to the
N terminus of peptides corresponding to the Neu TM-JM se-
quence. Put3 is a soluble transcriptional activator protein. Its
C-terminal 28 residues associate in a stable left-handed coiled
coil dimer and can induce dimer formation of attached TM se-
quences. Dimaio and coworkers (15) originally used the Put3
construct to engineer symmetric coiled coil orientations of ES, a
44-residue single-pass TM protein from bovine papillomavirus. We
have subsequently shown that this approach is generally applicable
to single-pass TM receptor proteins in the cytokine receptor family
(16, 17). Fusion of the C terminus of the Put3 sequence to the
N-terminal residue of the TM sequence of the Neu TM domain
induces dimerization of the Neu TM domain in different ori-
entations depending on the position of the fusion.

In this study, TM-JM peptides corresponding to the Neu (or
rat ErbB2) receptor provide a way to conceptually link the crystal
structures that have been determined of the extracellular and
intracellular domains of ErbB family receptors. These peptides
can be reconstituted into membrane bilayers of defined compo-
sition to provide a nativelike environment for proper folding. The
TM sequence (residues 656—680) folds into a single membrane-
spanning helix in bilayers and contains sequence motifs that
mediate helix dimerization. We have previously shown that in
Neu receptor TM peptides the V664E mutation leads to di-
merization of TM helix (13, 18). The positively charged in-
tracellular JM (residues 681-695) sequence binds strongly to
negatively charged membranes. McLaughlin and coworkers
(19, 20) have proposed that in the context of the full receptor
this interaction may contribute to holding the kinase domain in
an inactive conformation.
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Using two independent methods, solid-state NMR and fluo-
rescence spectroscopy, we show that there are tight interactions
of the JM sequence with negatively charged lipids in TM-JM
peptides corresponding to the wild-type receptor sequence. We
observe release of the JM sequence from the negatively charged
membrane surface using peptides containing an activating V664E
mutation within the TM domain or in peptides engineered to
form TM helix dimers using the Put3 dimerization motif.

Results

V664E Mutation in Neu* TM-JM Peptides Stabilizes Dimers of the TM
Domain. We first show that the V664E mutation strengthens the
association of the TM helices in the Neu* TM-JM peptides when
reconstituted into membrane bilayers. Deuterium magic angle
spinning (MAS) NMR spectroscopy provides a simple method to
compare membrane association of TM peptides and establish
differences in interfacial packing (21). The intensities of the
spinning side bands in a deuterium MAS spectrum map out the
deuterium line shape and are sensitive to molecular motion.
Leucine, with a single deuterated methyl group at the end of its
long side chain, is mobile in TM helices when oriented toward
surrounding lipids and more constrained when packed within
a helix interface and consequently can be used as a probe of the
interface of interacting TM helices.

Fig. 1 presents deuterium MAS NMR spectra of peptides
corresponding to the TM and intracellular JM sequences of the
wild-type Neu and mutant Neu* receptors. Neu* TM-JM is a 47-
residue peptide containing the V664E mutation. The peptides
were synthesized with deuterated leucine at positions 668 or 670
(where the numbering corresponds to that of the full-length re-
ceptor). Leu668 is on the same face of the helix as Val664 or
Glu664. In the structure of the Neu* TM dimer, Leu668 is packed
in the dimer interface, whereas Leu670 is on the opposite face
oriented toward the lipid acyl chains (18).

Fig. 14 presents deuterium MAS spectra of the Neu TM-JM
and Neu* TM-JM peptides containing deuterated leucine at po-
sition 668. The spectra exhibit rotational side bands spaced at the
MAS frequency of 5 kHz. Comparison of the side-band in-
tensities between the right and left panels shows that the deute-
rium line shape is broader for Leu668 in the Neu® TM-JM
peptide, indicative of motional restriction of the side chain,
consistent with its position in the TM dimer interface. Fig. 1B
shows deuterium MAS spectra of Neu TM-JM and Neu* TM-JM
containing deuterated leucine at position 670. In contrast to
Leu668, the deuterium line shapes are similar for Leu670 in both
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Fig. 1. Deuterium NMR MAS spectroscopy of TM helix interactions. Neu
TM-JM (Left) and Neu* TM—-JM (Right) peptides containing deuterium-labeled
Leu668 (A) and Leu670 (B) were reconstituted into DMPC:DMPG vesicles.
Spectra were obtained at 25 °C and a MAS frequency of 5 kHz.
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the Neu TM-JM and Neu* TM-JM peptides, and also similar to
the narrow line shape for Leu668 in Neu TM-JM.

The deuterium line shapes and intensities support our previous
structural studies that Leu668 is located within the interface of
the Neu* TM-JM dimer (18), although they do not exclude the
possibility that the helices are associating into higher-order
oligomers. The comparison of deuterium line shapes also agrees
with our previous comparisons of interhelical dipolar couplings
showing that the V664E mutation shifts the monomer—dimer
equilibrium toward the dimer state in Neu* (18). These obser-
vations indicate that the V664E mutation in the Neu* TM-JM
peptide strengthens dimerization. We assume that the orientation
and strengthened interaction of the TM helices in the New* TM-IM
dimer (compared with Neu TM—-JM) reflect the orientation and
interaction of the TM helices in the activated full-length receptor.

Transmembrane Helix Interactions Influence the Interaction of the JM
Domain with the Membrane Bilayer. The intracellular JM sequence
is positively charged and its binding with negatively charged
membranes can be monitored using fluorescence spectroscopy.
Fig. 2 presents fluorescence spectra of the isolated JM region of
rat Neu (residues 682-696) labeled at the C terminus with
Alexa568. Our measurements on the isolated JM sequence pro-
vide a comparison with previous experiments on isolated ErbB1
JM peptides (19) and with experiments below on the Neu and
Neu* TM-JM sequences. The experiments were carried out in
1-palmitoyl-2-oleoyl-sn-phosphatidylcholine (POPC), 1-palmitoyl-
2-oleoyl-sn-phosphatidylserine (POPS) membranes with incre-
asing amounts of phosphatidylinositol 4,5-bisphosphate (PIP,).
PIP; is an integral player in the downstream events following the
activation of RTKs and may be required for EGFR activation
(22). Positively charged JM peptides sequester multivalent PIP,
when bound to membrane bilayers (19).

The fluorescence emission band of Alexa568 is at 604 nm after
excitation in its absorption band at 568 nm. As PIP; is added, the
fluorescence of the Alexa568 tag decreases (Fig. 24). We attribute
the decrease to quenching of the Alexa568 fluorescence due to
clustering of JM peptides and close association of AlexaS68 flu-
orophores in the plane of the membrane. The quenching can
be reversed by the addition of the Ca®* complex of calmodulin
(Ca/CaM) and the direct interaction of PIP, with the fluorophore
can be measured using fluorescence resonance energy transfer
(Figs. S1 and S2). These studies support previous fluorescence
studies of McLaughlin et al. (19) using the JM sequence of the
ErbB1 receptor containing an N-terminal acrylodan label. In
these studies, it was found that (/) the 16-residue JM sequence of
ErbB1 binds tightly to POPC:POPS bilayers, (ii) binding of the
JM peptide can be reversed by the addition of Ca/CaM, and (iii)
the positively charged JM sequence will attract PIP, even in the
presence of monovalent POPS. Together with the results in Fig.
24, we conclude that a small amount of PIP, with a net charge of
—3 to -5 (23) leads to the association or clustering of the isolated
JM domain when bound to membrane bilayers containing 23%
monovalent POPS lipids. Whereas the clustering behavior of
polybasic regions by PIP, may be a general consequence of strong
electrostatic interactions and relevant for PIP,-mediated pro-
cesses (24), these results are relevant for the ErbB receptors,
which are known to cluster (25) and appear to require PIP, for
activation (22).

We next asked whether the strengthened dimerization of the
TM helix due to the V664E mutation influences the JM region of
the peptide. Studies parallel to those described above were un-
dertaken of JM-JM interactions in the context of the TM-JM
peptides that are labeled with a fluorescent Alexa568 tag at-
tached to their C terminus. We find that the JM-JM interactions
in the Neu TM-JM and Neu* TM-JM peptides differ from pep-
tides corresponding to the JM region alone and from each other.
In Fig. 2B, titration with PIP, of vesicles reconstituted with Neu
TM-JM first leads to a small increase in fluorescence and then
a small decrease in fluorescence. We attribute the small increase
in fluorescence in Neu TM-JM to an increase in membrane
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produce a change in fluorescence. The fluorescence measurements in A-C are representative of three independent reconstitutions.

binding of the JM domain and the subsequent decrease in
fluorescence to the association of the JM regions of adjacent
peptides on the membrane as PIP, is added.

In Fig. 2C, titration of vesicles reconstituted with the Neu*
TM-JM peptide does not produce a change in fluorescence. The
results in Fig. 2 are reproducible (n = 3) and indicate that the
strengthened dimerization of the TM helix due to the V664E
mutation influences the JM region of the peptide. Two possible
explanations for the absence of fluorescence changes upon the
addition of PIP, are that (i) the JM region in the Neu* TM-IM
dimer is associated with the membrane, but does not interact with
the JM region of the opposing monomer in the dimer structure,
or (if) the JM region is not associated with the membrane.

Transmembrane Helix Interactions Influence the Dynamics of the JM
Domain. To address whether the absence of a change of fluo-
rescence emission of the Neu® TM-JM dimer upon the addition
of PIP, is due to the dissociation of the JM domain from the
membrane, we measured the dynamics of the JM region by NMR
spectroscopy. If the JM domain is released from the membrane
in the Neu* TM-JM dimer, it would be expected to increase
in mobility.

Solid-state NMR spectra are sensitive to molecular motions
over a wide range of time scales. NMR methods can be used to
enhance signals from flexible regions undergoing rapid isotropic
motion or rigid regions whose motions are slow compared with
the MAS frequencies used to obtain high-resolution spectra. In
this section, we compare the signal intensities of *C-labeled Tyr690
and Arg693 located in the middle of the JM sequence using two
different NMR techniques. First, MAS spectra of Neu TM-IM
and Neu* TM-JM were obtained using direct polarization (DP)
by applying a single 13C excitation pulse. The signal intensities
are not sensitive to molecular motion under DP. Second, spectra
were obtained using the INEPT (insensitive nuclei enhancement
by polarization transfer) pulse sequence, where polarization is
transferred from 'H to C through J-couplings. The INEPT se-
quence enhances sites that are mobile with correlation times
of < 0.01 ps (26) (i.e., in solutions in which anisotropic interac-
tions such as dipolar couplings are averaged). In a similar study,
Ladizhansky and coworkers (27) used the INEPT pulse se-
quence to distinguish regions of the positively charged myelin
basic protein that are not associated with negatively charged
lipid bilayers from those regions that are membrane-associated.

Fig. 3 presents 1D solid-state NMR spectra obtained with
MAS with DP and INEPT. The measurements were made on
the same samples of Neu TM-JM and Neu* TM-JM reconstituted
into dimyristoylphosphatidylcholine:dimyristoylphosphatidylglycerol
(DMPC:DMPG) vesicles. The measurements are without PIP,
incorporated into the membranes. 1D *C-DP spectra of Neu
TM-JM and Neu* TM-JM are shown in Fig. 34. The aliphatic
resonances originating from natural abundance *C of the lipids
and '3C labels on Tyr690 and Arg693 are observed between 0—
70 ppm. The resolved resonances of Tyr690 and Arg693 in the
JM region are labeled Y and R, respectively. The aromatic
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resonances of Tyr690 occur between 110 and 160 ppm. The
guanidinium CC resonance of Arg693 is observed at ~160 ppm.
The backbone carbonyl resonances are at ~175 ppm. All of the
13C resonances that are expected in the TM-JM peptides are
observed because the DP experiment is not sensitive to
peptide motion.

Fig. 3B presents 1D "*C-INEPT spectra of Neu TM-JM and
Neu* TM-JM. There is a distinct difference in the spectra of the
Neu and Neu* peptides. For Neu* TM-JM, peaks from the pro-
tonated Ce and C8 resonances of aromatic ring of Tyr690 are
observed at ~118 and 133 ppm, respectively. The '*C resonances
of the unprotonated Tyr690 Cy, Tyr690 Ct, and Arg693 CC car-
bons are not observed because they lack a directly bonded proton.
The observation of Tyr690 resonances in the INEPT spectrum of
Neu* TM-JM provides direct evidence that the JM domain is
mobile, consistent with the dissociation of the JM domain from
the membrane surface. In contrast, the absence of the Tyr690
resonances in the INEPT spectrum of Neu TM-JM is consistent
with lack of isotropic motion due to membrane binding.

Engineering Active and Inactive Receptor Dimer Orientations in the
Neu Receptor. Comparisons of the Neu TM-JM and Neu* TM-JIM
peptides show how receptor dimerization influences binding of
the JM domain to the membrane bilayer. In a preformed dimer,
coupling of the TM domain to the JM sequence may occur by
influencing the relative proximity of the TM helices and/or their
orientation. In this section, we test whether the orientation of the

Wild-type V664E mutant
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Fig. 3. Solid-state '3C MAS NMR of JM domain dynamics. Solid-state NMR
spectra were obtained of the Neu TM-JM and Neu* TM-JM peptides con-
taining U-'3C-labeled Tyr690 and Arg693 in the JM region of the Neu TM-JM
peptides at 37 °C. Spectra were obtained with direct polarization (DP) (A)
and the INEPT sequence (B). The peaks from Tyr690 and Arg693 in the JM
region are labeled. The CP and INEPT sequences highlight the rigid and
mobile regions, respectively.
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TM helix modulates association of the JM sequence with nega-
tively charged membrane bilayers.

The orientation of the helices within the Neu TM helix dimer
can be controlled by attaching a known soluble dimerization
domain to the N terminus of the TM-JM peptide. Fusion of
the C terminus of the Put3 sequence to the N-terminal residue
of the TM sequence of the Neu TM domain induces dimerization
of the Neu TM domain in different orientations depending on
the position of the fusion (Fig. S3). The positions of the heptad
repeats characteristic of left-handed coiled coils are denoted a—g.
The predicted interfaces of four Put3—Neu fusion protein con-
structs are shown in the helical wheel diagrams in Fig. 4, where
positions a and d form the interface in coiled coils. The Put3-
Neu4 construct with Val664 and Leu668 in the interface corre-
sponds to Neu* TM-JM.

We chemically synthesized peptides listed in Fig. 44. Each of
the four Put3-Neu TM-JM peptides contains a single tryptophan
at the C terminus of the JM domain. These peptides were
reconstituted into POPC:POPS (10:3) lipid bilayers with and
without added PIP; for fluorescence measurements. Binding and
insertion of tryptophan into hydrophobic membranes results in
a blue shift and intensity increase of the fluorescence emission
band. Fig. 4 F and G present fluorescence spectra of Put3—Neu1-4
in the region of the tryptophan emission band. The fluorescence
intensity from the tryptophan incorporated at the C terminus was
significantly reduced for the Put3-Neu4 peptide. More impor-
tantly, compared with other sequences, we observed a red shift
for the spectrum of the Put3-Neud peptide. We could also ob-
serve small differences in the fluorescence intensities from Put3—

A Put3-Neu

Neul, 2, and 3 peptides. In POPC:POPS membranes without
added PIP,, these differences in the intensity are not accompa-
nied with a spectral shift. In membranes with PIP,, there are
slight red shifts between Put3-Neu3, Put3—Neu2, and Put3—Neul.

These observations suggest that the C-terminal tryptophan of
the Put3-Neu4 dimer is in a hydrophilic environment as a result
of release of the JM domain from the membrane. This obser-
vation is consistent with the results described in the previous two
sections using fluorescence and solid-state NMR spectroscopy
and shows that the interaction of the JM region to lipid bilayers
depends on the orientation of the TM helices.

Discussion

We describe studies using peptides corresponding to the TM and
JM sequences of the Neu receptor that provide an explanation
for how activation of the intracellular kinase domain can be
regulated by the proximity and orientation of the TM helices.
The TM-JM constructs bridge the structures of the extracellular
ligand-binding domain and the intracellular kinase domain. They
complement the crystal structures obtained of these domains and
provide insights into the role of the membrane environment in
regulating signal transduction. Our key finding is that the JM
sequence is released from the negatively charged membrane
surface when the TM helices are placed in an orientation
reflecting the active state of the receptor.

The idea of rotational coupling of the TM helices in activation
of the ErbB-family receptors was first raised in studies of the Neu
receptor containing the V664E mutation. Stern and coworkers
(14, 28) found that only a single position of the V663-E664—
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Put3 sequence and the Neu TM-JM sequence leads
to four different orientations of the helices in the
engineered dimers. The a and d positions corre-
spond to the helix interface. (F) Tryptophan fluo-
rescence of the four Put3-Neu TM—-JM constructs in
POPC:POPS vesicles. (G) Tryptophan fluorescence of
the four Put3-Neu TM—-JM constructs in POPC:POPS
vesicles with a molar ratio of PIP, to peptide of 1:1.
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G665 dimerization motif results in activation. Shifting the posi-
tion of this motif by one residue generated an inactive receptor.
Bell et al. (29) extended these studies by demonstrating that
there is a periodic activation of the Neu and PDGF-f receptors
as the dimerization motif is shifted across the TM domain.

More recently, Pike and coworkers (30, 31) have shown that
the intracellular JM domain is allosterically coupled to the li-
gand-binding site. They found that positive linkage and negative
cooperativity in EGF binding requires the presence of the in-
tracellular JM domain. EGF has higher affinity for the first site
on the EGFR dimer relative to the receptor monomer (positive
linkage) as well as for the second site on the receptor dimer
(negative cooperativity). They concluded that there is inside-out
signaling by the EGF receptor and suggested that the position of
the JM domain controls the rotation or tilt of the TM helix,
which in turn influences the structure and interactions of the
extracellular domain.

There is substantial evidence that isolated TM helices corre-
sponding to the ErbB receptors dimerize in membrane bilayers
(32-34). The recent solution NMR structure of the ErbB2 TM
domain dimer shows that there is a preferential TM helix in-
terface in the wild-type receptor (35) that coincides with the in-
terface previously described in the active (V664E) mutant of the
Neu receptor TM dimer (18). These results argue that TM di-
merization is associated with a single interface (corresponding to
the active receptor) and there is a shift in the monomer—dimer
equilibrium toward the dimer with the V664E mutation.

For the full-length receptor, the concept that the TM helices
do not interact in the inactive state is supported by two studies
showing that uncoupling of the extracellular domain from the TM
domain induces receptor activation. In one case, a flexible linker
is inserted between the extracellular domain and the TM domain,
and in the second, the entire extracellular domain is truncated.
Both changes result in ligand-independent receptor activation
(10, 36). An explanation consistent with the studies showing that
the isolated TM helices have a propensity to dimerize is that the
extracellular domain of the inactive receptor constrains the
proximity or orientation of the TM helices. When these con-
straints are removed, the helices dimerize in an activating ori-
entation. Jura et al. (37) suggested that ligand binding may simply
change the position of the C-terminal ends of the extracellular
domains and bring the TM helices into close proximity. In fact,
there does not seem to be a specific TM helix interface that is
required for activation (38, 39), despite the observation of a se-
quence motif in the TM domain that is roughly conserved across
the RTK family (40). In the wild-type full-length receptor, ligand
binding may simply change the relative orientation and proximity
of the helices without inducing helix dimerization.

Fig. 5 presents a cartoon that places our studies on isolated
TM-JM peptides into the context of a possible activation
mechanism of the full-length receptor. The inactive receptor can
exist either as a monomer or preformed dimer. We find that PIP,

Fig. 5. Model of membrane release of the in- A

tracellular JM domain upon ligand binding. (A) In

the monomer of the Neu receptor, the positively

charged JM sequence associates with the negatively

charged cytoplasmic surface of the plasma mem- Th
brane. The structures of the extracellular domain of * {
the EGFR with (5) and without (6) bound EGF

revealed that the unliganded structure has a teth- —
ered conformation that undergoes a dramatic

rearrangement upon ligand binding. (B) In the ab-
sence of ligand, receptors in the ErbB receptor
family are able to form inactive dimers. Dimeriza-

binds to the positively charged cluster in the JM region of the
Neu receptor and mediates JM-JM association. PIP,-mediated
association of the JM regions would stabilize the inactive dimer.
Deletion of the cytoplasmic domain shifts the monomer-dimer
equilibrium toward the monomer (41). Interestingly, an increase
in preformed dimers is observed at the cell periphery where
there is an increase in PIP, generation (41). Such an increase in
preformed dimers (with a high-affinity ligand binding site) may
correlate with an increase in EGFR activity observed with in-
creasing PIP, (22).

Ligand binding induces a conformational change in the re-
ceptor and association of the TM helices in a specific orientation.
The mechanism by which the relative orientation of the TM
domains releases the JM sequence from the membrane surface is
not known but likely involves decreasing its electrostatic in-
teraction with negatively charged membrane surface (42).

Finally, in the ErbB family of receptors, the proposed change
in exposure of the JM domain provides an additional mechanism
for regulation through interactions with cytosolic proteins. The
JM sequence contains a number of sequence motifs that serve to
modulate receptor activity through interactions with intracellular
proteins. These include basolateral targeting signals, a lysosomal
sorting motif, and binding sites for phosphoinositide kinases and
for calmodulin (43, 44). Fig. 5 suggests that these motifs may not
be accessible to intracellular proteins until the JM domain is
released from the membrane.

Materials and Methods

Materials. "*C-labeled amino acids were purchased from Cambridge Isotope
Laboratories. DMPC, DMPG, POPC, and POPS were obtained from Avanti
Polar Lipids as lyophilized powders and used without further purification.
Alexa Fluor 568 Cs-maleimide was purchased from Invitrogen.

Peptide Synthesis and Purification. Peptides corresponding to the TM and
JM regions of the Neu receptor (650-696) were synthesized by solid-phase
methods with the following sequence: EQRASPVTFIIATVV64GVLLggsFLs70
ILVVVVGILIKRRRQKIRKYTg91MRLL-NH,. The C terminus was amidated. The
synthetic peptides were purified by reverse-phase HPLC on a C4 column with
a gradient of formic acid/1-propanol (4:1) over formic acid/water (2:3). The
purity was confirmed with MALDI mass spectrometry and analytical reverse
phase HPLC. For fluorescent-labeled peptides, Alexa Fluor 568 Cs-maleimide
was introduced to the sulfide group on cysteine at the C terminus of the TM-
JM peptide by mixing the peptide and the fluorescence derivative in dime-
thylformamide under basic conditions.

Reconstitution of Peptides into Membrane Bilayers. The Neu receptor peptides
were cosolubilized with lipid and octyl-p-glucoside in trifluoroethanol. For
NMR experiments, the peptide:lipid molar ratio was 1:50 and the molar ratio
between DMPC and DMPG or between POPC and POPS was 10:3. PIP, was
not used in these experiments. For fluorescence experiments, the peptide-
to-lipid ratio ranged from 1:100-1:5,000 and the lipid concentration was
200-250 pM in Mops buffer (10 mM Mops and 0.1 M KCl, pH 7.0). The molar
ratio between POPC and POPS was 10:3. The solution was incubated for 90

PIP2 - - A\.

| LR ) Y

iy

tion seems to be mediated by interactions in both the extracellular and cytoplasmic domains, because deletion of both results in an increase in EGFR dimers
(10, 41). We suggest that dimerization is mediated in part by JM-JM interactions through PIP,. (C) Ligand binding results in a conformational change of the
extracellular domain, which is coupled to a change in the orientation of the TM helices. The change in helix orientation releases the JM domain from the
membrane and allows asymmetric association of the kinase domain. Tethering the JM domain to the membrane by engineering palmitoylation sites removes
positive linkage and negative cooperativity observed with ligand binding (30, 31).
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min at 37 °C, after which the solvents were removed under a stream of ar-
gon gas and then under vacuum. Mes buffer (50 mM Mes, 50 mM NacCl, and
5 mM DTT, pH 6.2) was added to the solid from the previous step and mixed
at 37 °C for 6 h. The octyl-B-glucoside was removed by dialysis. The method
for reconstitution parallels our previous studies using IR and NMR spec-
troscopy to incorporate the Neu and Neu* TM peptides into membrane
bilayers as TM dimers as assayed by the observed IR dichroic ratio of the
amide | band and interhelical dipolar couplings (18). For NMR experiments,
the reconstituted membranes were pelleted and loaded into NMR rotors.

Fluorescence Spectroscopy. Fluorescence experiments were carried out on an
Hitachi F-2500 fluorescence spectrophotometer or an Horiba Jobin Yvon FL-3
22 fluorimeter. After the reconstitution, we formed vesicles by extrusion of
multilamellar vesicles through 200-nm polycarbonate filters. For experiments
with PIP,, the PIP, was introduced into the membranes by addition of PIP,
micelles to the vesicle solution, and the fluorescence measurements were
made within 1 h to minimize PIP, hydrolysis. The PIP, concentration ranged
from 0.05 pM to 4 uM, or PIP,-to-peptide ratios of 1:50-2:1.
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