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ABSTRACT: The Neu receptor tyrosine kinase is constitutively activated by a single amino acid change in
the transmembrane domain of the receptor. The mutation of Val664 to glutamate or glutamine induces
receptor dimerization and autophosphorylation of the receptor’s intracellular kinase domain. The ability
of this single mutation to activate the receptor is sequence-dependent, suggesting that specific helix
helix interactions stabilize the transmembrane dimer. We have determined the local secondary structure
and interhelical contacts in the region of position 664 in peptide models of the activated receptor using
solid-state rotational resonance and rotational echo double-resonance (REDOR) NMR methods. Intrahelical
13C rotational resonance distance measurements were made betWa&ziiHr662 and 23C-Gly665 on
peptides corresponding to the wild-type Neu and activated Neu* transmembrane sequences containing
valine and glutamate at position 664, respectively. We observed similar internuclear distance®.&.5

A) in both Neu and Neu*, indicating that the region near residue 664 is helical and is not influenced by
mutation. Interhelical®N---13C REDOR measurements between GIn664 side chains on opposing helices
were not consistent with hydrogen bonding between the side chain functional groups. However, interhelical
rotational resonance measurements betwe&C1:Iu664 and 2°C-Gly665 and between BC-Gly665

and 233C-Gly665 demonstrated close contacts (443 A) consistent with the packing of Gly665 in the

Neu* dimer interface. These measurements provide structural constraints for modeling the transmembrane
dimer and define the rotational orientation of the transmembrane helices in the activated receptor.

Receptor tyrosine kinases (RTKs) are integral membrane of RTKs may function to couple ligand binding to tyrosine
proteins containing a large extracellular ligand-binding phosphorylation.
domain, a single transmembrane helix, and a large intra- The Neu RTK provides the most direct evidence that
cellular kinase domain. The binding of peptide growth factors specific interactions between transmembrane helices can
to the extracellular domain of the receptor triggers the mediate dimerization and receptor activatidh Bargmann
dimerization of receptor monomers or a change in the relativeand Weinberg found that a single amino acid in the
orientation of monomers in preformed receptor dimérs ( transmembrane domain (Val664) when changed to glutamic
3). Ligand binding leads to the autophosphorylation of acid causes constitutive activation of the Neu receg@er (
tyrosine residues in the intracellular kinase domain. Many 8). Replacement with other amino acids showed that the
of the molecular details concerning the mechanism of substitution was specific to glutamate and glutamine. Stern
receptor activation have emerged from crystal structures of and co-workers found that this V664E substitution induces
the extracellular ligand binding domain and the intracellular receptor dimerization and that the position of the glutamate
tyrosine kinase domain of RTKs and related receptdys (  in the transmembrane sequence was impor@nt e ability
Much less is known about how the transmembrane domainof this substitution to activate the receptor was disrupted if
a three-amino-acid sequence containing the glutamate (VEG)
was shifted by one residue toward the N-terminus or by eight
residues (corresponding to two helical turns) toward the
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autophosphorylation, and cell transformatiad-{13). Even transmembrane domain can be reconstituted into bilayers for
in the case of the insulin receptor, which exists as a disulfide- structural studies 27, 28). MAS NMR measurements
linked dimer, substitution of the activated Neu* receptor demonstrated that Glu664 is protonated due to the high
transmembrane domain leads to receptor activati®). (  surface pH and is strongly hydrogen bond&¥)( The
These studies have supported the idea that the transmembranabservation of a narrow well-resolved resonance for the
helices in RTKs adopt a specific orientation upon ligand- 5-3C-Glu664 carboxyl group with an unusual downfield
induced dimerization and that the V664E mutation locks the chemical shift suggested that the hydrophobic Neu* peptides
transmembrane helices in the “active” orientation in the tightly associate in membrane bilayegy).
absence of ligand. In this paper, we use rotational resonan26, 30) and

The best evidence for transmembrane interactions inwild REDOR (1) methods for measuring both intramolecular and
type RTKs comes from the observation that truncation of intermolecular distances in wild-type Neu and activated Neu*
the extracellular domain often leads to constitutively active peptides. The strategy is to first establish the local secondary
receptor dimers 14—19). In this regard, Sternberg and structure near Val664 in the wild-type peptide and near
Gullick identified a sequence motif that occurs frequently Glu664 in peptides containing the activating mutation.
in the transmembrane domains of RTRS). The motifhas ~ Previous FTIR measurements have shown that the global
a proline residue in the extracellular juxtamembrane region, secondary structure of the Neu* transmembrane sequence
a relatively well-conserved sequence (AXXVG) in the is a-helical 27), while rotational resonance NMR measure-
transmembrane domain that is followed by a sequence richments have shown that the local secondary structure is helical
in leucines, valines, and isoleucines. They proposed that thispetween positions 665 and 669 in the wild-type Neu and
motif is associated with receptor dimerization and were able activated Neu* peptides28). However, local distortions
to show that peptides containing this sequence inhibited between Thr662 and Gly665 are not ruled out by these data.
transformation of cells containing the activated Neu* receptor In particular, two sequential valines in the wild-type sequence
(21). These studies indicate that transmembrane Neu peptidegVval663 and Val664) are thought to inducerébulge @3).
can independently fold in membranes and interact with the  Once the local secondary structure is established, dimer
full-length receptor, thus setting the stage for structural contacts can be established by measuring dipolar couplings
studies on the transmembrane domain alone. betweertC- and!*N-labeled sites across the dimer interface.

The rotational orientation of the transmembrane helices oA few selective high-resolution distances derived from
in the activated Neu* receptor appears to be roughly defined jntermolecular dipolar couplings provide tight constraints for
by the position of the glutamic acid or glutamine residue at defining the rotational orientation of the transmembrane
position 664. Burke and Ster@2) proposed a detailed model  helices in the Neu* dimer. Here, we address whether
of the dimer interface based on the ability of cysteine hydrogen bonding interactions between the side chains of
substitutions in the juxtamembrane region to form active G|n664 stabilize the helix dimer as previously propos&d (

disulfide-linked receptors. They observed that receptor and determine whether Gly665, long thought to be part of
activation is most strongly induced by cysteine substitutions the dimerization motif, lies in the dimer interface.

at Val656 and Thr657. These residues fall on the same face
as Val664 (or Glu664 in Neu*) in the helical dimer which MATERIALS AND METHODS
they modeled as a left-handed coiled coil of helices extending

from the juxtamembrane region through the transmembrane 1 1€ lipids (Avanti Polar Lipids, Alabaster, AL) used were
domain of the receptor. palmitoleoyl phosphatidylcholine (POPC) and palmitoleoyl

Despite extensive mutational studies on the Neu and Neu* phosphatidylserine (POPS). The isotopically labeled amino

receptors, there are still open questions concerning the@Cids were obtained from the following sources:*C

specific residues that form the dimer interface and the correctthreonine, Calmbridgg Isotope Labs (Andover, MA)l?S_G:'
rotational orientation of the transmembrane helices neededglycl'ne and 2¥C-glycine, Mass Trace (Woburn, MA); and
for receptor activation. For instance, the dimer interface 1:5*°C-glutamate, Stable Isotope Resource at Los Alamos

proposed by Burke and Ster@3) on the basis of cross- Laboratory. o
linking data does not include Gly665 of the VEG and Synthesis and Reconstitution of Neu Transmembrane
AXXVG motifs previously thought to be essential for PeptidesThe transmembrane sequence of Neu corresponding
dimerization. Furthermore, molecular dynamics simulations t0 residues 649686 was synthesized using solid-phase
suggest that there are local distortions in the transmembranehethods 27, 28). The residue at position 664 was valine
helix in the region of residue 664 and that the active dimer (Neu), glutamine (Neu*), or glutamate (Neu®).
may actually be nonsymmetri@3J). AEQRASPVTFIATV-Xees GVLLFLALVVVVGILIKR-
Solid-state NMR using magic-angle spinning provides a RRYK
way to establish which amino acids lie in the helical interface  Purification of the crude peptide by reverse-phase high-
of the activated Neu* transmembrane dimer. A key advantage performance liquid chromatography (HPLC) was as follows.
of solid-state NMR approaches is that the measurements carCrude peptide+{5 mg) was dissolved in 1 mL of trifluoro-
be made in membrane bilayers. Magic-angle spinning (MAS) acetic acid, injected onto a reverse phase C4 or C18 HPLC
yields high-resolution spectra of proteins with restricted column, and purified by gradient elution using distilled
motion @4). Importantly, in the past 10 years, a wide range (Millipore) water (solvent A), 95% acetonitrile (solvent B),
of MAS methods have been developed for measuring weakand 95% 2-propanol (solvent C). The initial aqueous solvent
dipolar couplings Z5, 26). These couplings can be directly conditions (80% A, 9% B, 11% C) were first changed to a
related to internuclear distances. We have previously shownmore hydrophobic composition (25% A, 30% B, 45% C) in
that the peptides corresponding to the activated Neu* a single step, and then a linear gradient was applied to
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100 - 42441 concentration of octylg-glucoside was 5% (w/v). The
A rehydrated sample was stirred slowly for at least 6 h, and
80 | then the octyl3-glucoside was dialyzed using Spectra-Por
dialysis tubing (3500 MW cutoff) for 24 h against phosphate
60 | buffer at a temperature above the lipid phase transition. The
41311 dialysis solution was changed several times. Sucrose gradient
40 + (10%-40% wi/v) ultracentrifugation at 150 0@Cfor 8—12
h at 15°C was used to isolate homogeneous lipid vesicles.
20 + As with the glycophorin A transmembrane peptide, the
reconstituted membranes form two discrete bands in the
0 - sucrose gradient3@)). The upper band has a more homoge-
3300 3700 4100 4500 neous appearance and a higher lipid:peptide ratio (40:1
1007 g 4243.8 60:1) as assessed by FTIR analysis. Thg Iower band _has an
. aggregated appearance and a lower lipid:peptide ratio (10:
80 4 1—-30:1). The sucrose in each band was dialyzed against
phosphate buffer for 24 h. Following dialysis, the reconsti-
60 - tuted membranes were incubated at-3B °C for up to 96
h.
40 FTIR SpectroscopyPolarized ATR-FTIR spectra were
collected on a Nicolet Magna 550 spectrometer as previously
20 + describedZ7). The frequency and dichroic ratio of the amide
m | W | I | vibration provide information on the secondary structure
0 - and orientation of the reconstituted peptides. The measure-
3300 8700 4100 4500 ments were made on reconstituted membranes that have been
m/e layered on a germanium ATR plate with a film thickness of
FIGURE 1: Mass spectra of the crude (a) and HPLC-purified (b) 9reater tham-10 um. As a result, we used the thick film
Neu* transmembrane peptide. The molecular ion is at 4% approximation 83) to translate the observed dichroic ratios
The peak at 413iwe in the crude peptide is removed by reverse- into helix orientation since the film thickness is much greater
phase HPLC. than the penetration deptiy{ mm) of the evanescent wave.

. 0 0 The analysis is similar to that previously describ@d)(
gradually change the solvent composition to 18% A, 33% gycent that the angle between the helix director and the

B, and 49% C, where the peptides elute. The elution was yansition dipole moment of the amide | vibrational mode is
monitored b_y the optical absorbance at 280 nm. The solutionsget to 41.8 on the basis of parallel experiments on bacterio-
corresponding to the peaks were collected into several pqqqnsin. A complete description of our FTIR experimental
fractions. The fractions were then lyophilized and checked ggy,; and analysis has recently been described for structural
by mass spectrometry for purity. Figure 1 shows the mass ¢ dies on the transmembrane dimer of glycophoriraA.(
spectrum of the crude Neu* peptide (a) and the mass \vRr SpectroscopyMagic-angle spinning NMR experi-
spectrum of the HPLC fraction containing the pure peptide ments were performed at 360 MHz on a Chemagnetics CMX
(b). These spectra illustrate the ability to separate peptidesSpectrometer using 5 mm rotors and at 400 MHz on a Bruker
yvith a molecular weight of-110 kDa less than the molecular  Hp1x spectrometer using 4 mm rotoféN-observe REDOR
lon. and!3C-observe rotational resonance spectra were acquired
The peptides were reconstituted into POPC:POPS multi- with ramped amplitude cross polarizati5) and two-pulse
lamellar dispersions by detergent dialysis. The reconstitution phase-modulation proton decoupling during acquisit®8).(
protocol is similar to that established for reconstitution of The H, 13C, and?5N pulse lengths were typically 3.5, 4,
the transmembrane domain of glycophorin A, which is and 5us, respectively. The total contact time for cross
known to dimerize in membrane bilayer82( 34). Octyl polarization was 3 ms ,and the recycle delay was 2.5 s. Proton
B-glucoside was used for the detergent because of its highdecoupling field strengths were generally higher thatb
critical micelle concentration. The lipid (POPC and POPS), kHz on the 360 MHz spectrometer used for the rotational
peptide, and detergent (ocfyiglucoside) were dissolved in  resonance experiments and90 kHz on the 400 MHz
trifluoroethanol. The lipid-to-protein molar ratio was 30:1, spectrometer used for the REDOR experiments. Signals were
and the POPS was 14% of the total lipid by weight. The averaged in blocks of 1024 or 2048 transients. The time
intermolecular REDOR and rotational resonances measuredomain signals were zero filled to 2048 or 4096 points and
ments required that peptides with different isotopic labels multiplied by a 16-20 Hz line broadening function before
be co-mixed during the reconstitution. For the REDOR Fourier transformation. Sample spinning speed was generally
experiments, we used a 1:1 molar ratio, which results in 50% kept constant to within 5 Hz. Th&N chemical shifts are
of the peptides associating #:°N heterodimers. For the  referenced to 5.6 MSNH4CI (0.0 ppm), which is 15.4 ppm
rotational resonance experiments, a 4:1 ratio of labeled downfield from solid*NH,CI. The °C frequencies were
peptides was used. referenced to the carbonyl resonance of solid glycine at
Following cosolubilization, the trifluoroethanol solution 176.02 ppm from TMS. The sample temperature was
was removed by vacuum, and the dry lipid/peptide/detergent maintained at-10 °C.
mixture was rehydrated with phosphate buffer (10 mM  The experimental design of the rotational resonance
phosphate and 50 mM NacCl, pH 7), such that the final experiment has been described previou3).(The sequence
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begins with *H—13C cross polarization to generaféC were mixed in a 4:1 ratio to form “heterodimers”. This
polarization, which is then stored on tleaxis with a3C correction is necessary because homodimers (with the same
flip-back pulse. Thé3C=0 or3CH; resonance is selectively ~ 13C labels) form along with the desired heterodimers, and
inverted with a low-power 50@s pulse, and magnetization only the heterodimers contribute to rotational resonance
is allowed to exchange between the thi€-labeled sites  exchange. With a 4:1 ratio, the contribution 8€ signal

for a variable mixing periodtg). The power level of the  from the homodimer is 29%.

inversion pulse is carefully adjusted to yield the maximum 1o REDOR pulse sequence uses a traiff@fz pulses

inversion. The distribution _of3C signal at the end of the i two pulses per rotor cycle. XY8 phase cycling was used
mix period is detected with a SOpulse that flips the ;o\ hhress resonance offset effe8@).(A single™™N x pulse

magnetization into the transverse plane for acquisition of the |, - -\ .<ad to refocus the chemical shift interaction. REDOR
NMR signal. For the intrahelical rotational resonance mea- experiments were carried out with 48 and 64 rotor cycles of

i i it 1
Sui?én:nts’ we mtegrgteq tthehml'Fenlsmes of both iﬁe:ol th dephasing pulses. Acquisition of the full &d dephased S
or 2 resonances. For internelical measurements, only espectra were interleaved to help compensate for long-term

intensity of the noninverted resonance, which is well resolved spectrometer drift. The normalized echo differences/S,
and requires mlnlma}l corrgctlon (see be'OVY)' was mtegrateq.for these two experiments were analyzed using a Math-
The analysis of the intensity change of a single resonance IS matica program kindly provided by Terry Gullion (Missis-

identical to the analysis used for the intrahelical measure- _. . . . .7 .
) ; . ; " sippi State University). The dipolar coupling in turn is related
ments where the difference in the integrated intensities of : . 3
to the internuclear distance by the equatdr y1yh/27r3,

the two dipole coupled resonances is plotted as a functionWhere andw- are the avromadnetic ratios of the counled
of the rotational resonance exchange time. The only draw- 130 an?:jl“N gzins h isgglanckgs constant. and is thg
back to analyzing the decay of just the noninverted resonanc%ntemuclear digtan’ce The calculaé---13C ai olar coun-
in an interhelical measurement is sensitivity. For these . : - - dE3C label F:j
experiments, it is important to incorporate ramped amplitude Imgs. acco.unted. . rgconstltunon of tfie-an -labele

cross polarization in order to obtain stable, quantitative peptides in a 1:1 ratio.

intensities of thé*C=0 and!3CH, resonances3(). Molecular Dynamics Simulations and Energy Minimiza-

Simulations were carried out using the program cc2d ( tion. The computational search strategy using the program
written by M. Levitt (Stockholm, Sweden). The anisotropy CHI has been described previously by Adams et4), 41).
and asymmetry parameters for the carbonyl (10630 Hz, 0.85),Low-energy conformations of helix dimers were searched
methyl (1672 Hz, 0.32), and methylene carbons (1510 Hz, by rotating each helix through rotation angles and ¢2
0.95) were taken from the literatur8Q). The value of the ~ from 0 to 360 with a sampling size of 45 The starting
zero quantumT, relaxation time (1.4 ms) used in the geometry included both left-handed and right-handed cross-
simulations was based on glycophorin A peptides bearing aing angles. Four different runs were carried out for each
13CH,-++13C=0 spin pair at a known intramolecular distance starting geometry using simulated annealing of all atomic
(32). The hydrophobic glycophorin A transmembrane se- coordinates. The rotation and crossing angles were allowed
guence has approximately the same length as the transmento vary. The results of the search can be shown on a grid of
brane domain of the Neu receptor, forms dimers in mem- @1 andg2. The initial grid exhibits points equally separated
branes, and exhibits roughly the same 2 ppm line widths. In by 45°. The final minimized structures, however, migrate
intramolecular rotational resonance measurements on the Nedrom their initial geometry and often “cluster” in low-energy
peptide labeled at ¥C-Thr662 and 23C-Gly665, a 1.4 ms  wells. The individual structures in each low-energy cluster
zero-quantunT; yields a 4.5 A distance (see Results). The are averaged and reminimized. The resulting averaged
1-13C---2-13C distance in this case is predicted to be 4.5 A if structure from each cluster is then evaluated on the basis of
the Neu sequence -helical. The problem with using the  the NMR distance measurements and mutational data in the
Neu intrahelical measurement as an internal standard is thaliterature. The structures with left-handed and right-handed
we do not independently know that the Neu peptides are crossing angles which best explain the NMR and mutational
helical in the region being probed. However, these measure-results are then reminimized using the NMR distances as
ments set the lower limit of the zero-quantum since a constraints.
smaller value would predict an unrealistically short distance.

The upper limit of the zero quantuf is set by studies on RESULTS AND DISCUSSION

crystalline model compounds and by the homogenéus

measured with a CPMG echo sequence. Rotational resonance Neu and Neu* Transmembrane Domains Are Helical in
measurements of a knowfC=0 carbony! to!3CH, meth- the Region of Residue 66%he first series of experiments
ylene distance in the microcrystalline model tripeptide AGG that were undertaken were designed to establish the local
yield an estimate of the zero-quantdmof 2 ms (M. Eilers secondary structure near Val664 in the wild-type Neu peptide
and S. O. Smith, unpublished results), while the CPMG and near Glu664 in the activated Neu* peptide. We have
measurement yields a homogenedu®sf 1.8-1.9 ms. The previously shown using polarized IR spectroscopy that
uncertainty in the zero quantuiy parameter (142 ms) peptides corresponding to the transmembrane domain of the
corresponds to an error a0.2 A for a 4.5 A distance  activated Neu* receptor can be reconstituted into lipid
measurement. bilayers in a helical transmembrane orientati@i)( How-

The experimental rotational resonance data were correctedever, the polarized IR measurements are not extremely
to account for the amount of decay observed in off-rotational sensitive to local changes in helical structure. Molecular
resonance experiments. The data were also corrected talynamics simulations have suggested that the helical second-
account for the fact that the peptides with differ&i labels ary structure near position 664 may be distort2d, @2).



Neu Receptor Transmembrane Dimer Biochemistry, Vol. 41, No. 30, 2002325

Intensity Difference

Exchange Time (msec)

Ficure 3: IntramoleculaiC rotational resonance magnetization
exchange curves and simulations. Experimental data are shown for
the [143C-Thr662, 213C-Gly665] Neu (open circles) and Neu*
(filled squares) transmembrane peptides reconstituted into POPC.
POPS:POPS multilayers. In a canonical helix, tf@-labels are

*
0'4 T T T T 1
0 5 10 15 20 25 30
T T

190 180 170 ppm 60 50 40 ppn separated by-4.5 A. Simulations of the magnetization exchange
] ] are shown with solid lines for internuclear distances between 4.3
Chemical Shift and 4.7 A using a zero quantui relaxation time of 1.4 ms.

Ficure 2: Intramolecula3C rotational resonance NMR spectra . . .
of the Neu* transmembrane peptide labeled &Q-Thr662 and | + 4 hydrogen bonding and greater thé A in extended

2-13C-Gly665. The carbonyl resonance of13G-Gly665 was p-structure. In a helix containing @&-bulge andi toi + 5
inverted, and spectra were obtained with exchange times of 100hydrogen bonding, the corresponding distance can be greater
us (A), 5 ms (B), 10 ms (C), and 30 ms (D). The MAS frequency than 5.5 A. For instance, in helix G of bacteriorhodopsin
was maintained at 11.764 kHz 5 Hz, corresponding to the = (Protein Data Bank access code 1C3W), theresshailge
1 resonance condition. at Ala215, and the distance between the carbonyl carbon of
For example, Brandt-Rauf et akZ) found that the global ~ Ala215 and thex-carbon of Gly218 is 5.6 A.
minimum-energy conformation of the Neu receptor contained  The intensity changes in the coupl&€ resonances are
a sharp bend at positions 664 and 665, while the transmem-ranslated into an internuclear distance by first plotting the
brane sequence of Neu* existed as ahelix. In their average difference intensify*CH,—3C=00as a function
simulations, Sajot and Gene&3] often observed locat of the exchange time. Figure 3 presents the experimental
distortions in the helical backbone, which they attributed in magnetization exchange curves of theéjC-Thr662, 213C-
most cases to consecutive Val residues. Thdistortions Gly665] Neu (open circles) and Neu* (filled squares)
result in the exclusion of a carbonyl group from the backbone transmembrane peptides. Within experimental error, the
hydrogen bonding network. Thr662-Gly665 distance is the same in the Neu and Neu*
We previously demonstrated using rotational resonancestructures. These data argue against a difference in local
NMR that there is no significant difference in helical secondary structure (i.e., a distortion or kink) between the
secondary structure between residues 665 and 669 in the Newild-type and activated Neu* sequences. Simulations of the
and Neu* transmembrane peptid@8)( These sites span the magnetization exchange are shown with solid lines for
helical turn just below residue 664. To address the local internuclear distances of 4:3.7 A. The experimental data
secondary structure in the region of residue 664, we usedare best fit by the 4.5 A simulations, consistent withelical
rotational resonance NMR to measure the intramolecular secondary structure. The precision of the measurements, as
distance between Thr662 and Gly665 in the Neu and Neu* reflected in the scatter of points relative to the simulated
sequences. Figure 2 presents intraheli& rotational curves, is on the order of 0.1 A. The accuracy in the
resonance spectra obtained of the Neu* transmembranemeasurements is generally worse than the preci§onand
peptide labeled with 13C-Thr662 and 23C-Gly665. The is estimated to be on the order #0.2 A on the basis of
MAS frequency was set at 11764 Hgz 5 Hz, which error in the position of the first data point in the exchange
corresponds to the chemical shift difference between the twocurves and error in the estimate of the zero-quantuiisee
dipole-coupled spins. The carbonyl resonance JfCt- Methods). Finally, in the modeled structure below, the
Thr662 at~176 ppm was inverted, and spectra were obtained interhelical distance between these labels is predicted to be
with mixing times between 100s (a) and 30 ms (d). With  ~7 A, and consequently, interhelical couplings do not
increasing mixing time, the Thr662 carbonyl resonance contribute to the intrahelical magnetization exhange.)
becomes less negative, and GlyGgsarbon becomes less Do GIn664 Side Chains Hydrogen Bond across the Dimer
positive as magnetization is exchanged. The other resonancemterface?MAS NMR studies on the activated Neu* receptor
(e.g., the lipid carbonyl at~173 ppm) do not change first revealed that the Glu664 carboxyl group was protonated
significantly in intensity. and strongly hydrogen bonde2i7j. These studies were based
The distance between tA& labels in the Neu and Neu*  on measurements of thé&C chemical shift anisotropy of the
peptides is sensitive to the intervening secondary structure.Glu664 carboxyl group and led to models of the Neu*
The distance would be-4.5 A in a canonical helix with to receptor dimer with the COOH side chains directly hydrogen
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coupling of~32 Hz (after accounting for reconstitution of
the 1°N- and 3C-labeled peptides in a 1:1 ratio) and an
average internuclear distance o#.5 A. As discussed in
more detail in our work on glycophorin A, the lower bands
in sucrose gradients have lower lipid-to-peptide ratios and
exhibit lower dichroic ratios in polarized FTIR measure-
ments. The working hypothesis is that these bands contain
aggregated peptid82,34). These results are consistent with
the activated Neu* peptides forming nonspecific aggregates
in the lower bands on the sucrose gradients.

Gly665 Packs in the Neu* Dimer Interfack the wild-
type Neu sequence, Gly665 is part of a “AXXVG” motif

[ T T T T T 1
9 %0 8 80 75 ppm common to the family of receptor tyrosine kinases and
Chemical Shift thought to facilitate transmembrane helix interactio?@).(
FiGURE 4: Interhelical*®N-observe REDOR NMR measurements. In the activated Neu* sequence, Gly665 is part of the VEG
Full So (solid curves) and reduced S (dotted lines) REDOR spectratripeptide that has been implicated in receptor dimerization

of 15N-GIn664 Neu* combined with 33C-GIn644 Neu*. The vati ; ; ;
reduced S spectra were obtained Using 64 rotor cycle¥G@f and activation g). The most direct evidence that Gly665 is

dephasing pulses. Peptides reconstituted into POPC:POPS mum_imporftant in me_diating re(ieptor dimerization comes from
layers. Acquisition of the full So and reduced S spectra were Mutational studies of Neu* where replacement of Gly665

interleaved to help compensate for long-term spectrometer drift. with valine disrupts dimerization and receptor activatié)

In this section, we explore possible interhelical glycine
bonded to one another. To test for direct side chain hydrogencontacts using rotational resonance NMR. Recently, glycine
bonding contacts, we synthesized Neu* transmembranehas been shown to be important for mediating helielix
peptides with 5°C-GIn and 5*N-GIn at position 664. While  interactions in both single pas32j and polytopic membrane
both glutamate and glutamine are effective in activating the proteins 45).

Neu receptor §), the glutamine side chain has advantages Figure 5a presents interhelical rotational resonance mag-
for heteronuclear REDOR measurements since it can benetization exchange curves fort3:-Gly665-labeled Neu*

labeled at either the amidéC=0 or **NH,. transmembrane peptides reconstituted with Neu* peptides
The>N-observe REDOR experiment requires the acquisi- labeled at 1:3C-Gly665 (solid circles). These experiments
tion of two spectra, a full echo spectrumg, Swith no are similar to the intrahelical rotational resonance experi-

dephasing pulses on th%& channel, and a reduced spectrum, ments described above, except that #¥€-labels are
S, resulting from the application of’&C train of dephasing  incorporated into separate peptides*Q-Gly665 Neu*
pulses. In the REDOR experiments, the intensity chan@ (  peptides were reconstituted into membrane multilamellar
between the two spectra is related to the dipolar coupling dispersions in a 1:4 molar ratio with #€-Gly665 Neu*
and hence the internuclear distance. If the glutamine sidepeptides. In these experiments, th&C-Gly resonance was
chains are hydrogen bonded, we would prediéiG--'°N inverted, and only the 2C-Gly665 resonance was moni-
distance of 4.6 0.5 A and intensity change48) in the tored to follow magnetization exchange. Thég-Gly665
REDOR spectra 0f+14% and 22% with 48 and 64 rotor resonance is well resolved at 43 ppm in the MAS spectrum
cycles, respectively, at a MAS frequency of 4 kHz. Figure of Neu*, and the 1:4 dilution increases the fraction of the
4 presents the full (solid line) and reduced (dashed line) 2-13C-Gly665 Neu* peptide that interacts with the'*G-
REDOR spectra of 52N-GIn Neu* complexed with 35C- Gly665 Neu* peptide.
GIn Neu* with 64 rotor cycles of dephasing pulses. Since  The experimental data (solid squares) for the interhelical
the natural abundance &N (0.37%) is significantly less  Neu*—Neu* measurements are shown in Figure 5a along
than the natural abundance'®€ (1.1%), the™N signal from with a series of simulations based on distances from 4.3 to
the peptide backbone is small and easily subtracted from the4.7 A. The intensity changes of the!3:-Gly665 resonance
15N spectrum. The lack of a significant change in the intensity correspond to an internuclear distance of 4.5 A. These
of the 54°N-GIn resonance between the full 8nd reduced  calculations assume that Neu* transmembrane helices dimer-
S REDOR spectra indicates that the GIn664 amide functionalize quantitatively in a head-to-head fashion. The observation
groups are not in close proximity and not strongly hydrogen of significant magnetization exchange supports this assump-
bonded. tion. Importantly, if there is a distribution of monomers and
The absence of GIGIn interactions was surprising, dimers in the reconstituted membranes, the actual internuclear
particularly in light of recent studies showing that glutamine distance in the dimer would be shorter than 4.5 A since the
and glutamate can drive the nonspecific association of observed decay curve would be the average of rapid
transmembrane peptide$3j. To explore the possibility that  magnetization exchange from the dimers and essentially no
GIn interactions may be nonspecific and lead to peptide exchange from the monomers. Additional support for dimer
aggregation, we also made REDOR measurements on theanteractions between transmembrane Neu and Neu* peptides
reconstituted Neu* peptides obtained from the lower bands comes from several sources. First, expression studies show
in our sucrose gradients (see Methods section). In contrastthat short peptide sequences corresponding to both the Neu
to the measurements on the reconstituted peptides isolatednd Neu* transmembrane domains are able to inhibit
from the upper bands, we observed 2% decrease in the  transformation in vitro and in vivo). Second, deuterium
5-15N-GIn664 resonance after 64 rotor cycles& dephas- NMR studies on synthetic and expressed peptides corre-
ing pulses (data not shown). This corresponds to a dipolarsponding to the Neu and Neu* transmembrane domains
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0.3 ’ 100us, 15 ms, and 30 ms.

0 5 10 15 20 25 30

] function as a helix breaker in membrane environments but,
Exchange Time (msec) rather, provides increased accessibility of the polar backbone

FiGurRe 5: Interhelical 1%C rotational resonance magnetization atoms for interhelical hydrogen bonding interactiodg—<

exchange curves and simulations. (a) Experimental data are showrhg)

for the wild-type 113C-Gly665 Neu peptide combined with!3c- o ) .

Gly665 Neu* (filled circles) and with 23C-Gly665 Neu (open In this case, glutamate was incorporated into transmem-

squares) peptides and for thé3G-Gly665 Neu* peptide combined  brane peptides rather than glutamine and combined with

with 2-13C-Gly665 Neu* (filled squares). Simulations of the 2-13C-Gly665 Neu*. The Glu664 wadC-labeled at both the

magnetization exchange are shown with solid lines for internuclear . . -
dist%nces between 4.3gand 4.7 A using a zero quaiiumelaxation backbone carb(_)nyl and side chain carboxyl carbons. Flgu_re
time of 1.4 ms. The rotational resonance data points have been6 presents rotational resonance spectra of the carbonyl region

corrected for off-rotational resonance decay and 29% nonexchang-of 1,53C-Glu664 Neu* reconstituted with 2C-Gly665
ing 23C-Gly labeled peptide that has formed homodimers. (b) Neu* in a 1:4 molar ratio. There are two distinct resonances
Experimental data are shown for2e-Gly665 Neu* reconstituted i the downfield carbonyl region of the spectrum at 179.5

with 1,513C-Glu664. The MAS frequency was set to match the .
= 1 rotational resonance condition for thé*G-Glu664 resonance ~ and 176.5 ppm. The natural abundafibackground signal

(filled squares) or the %%C-Glu664 resonance (open squares). from the lipid acyl chain carbonyls has been subtracted. The
Simulations of the magnetization exchange are shown with solid resonance at 179.5 ppm is assigned to the protonated
lines for internuclear distances between 4.1 and 4.5 A using a zerocarboxyl group of Glu664 on the basis of previous experi-

quantumT, relaxation time of 1.4 ms. The rotational resonance 13~ *
data points have been corrected for off-rotational resonance decayments on 5¥C-Glu664 Neu 2.7)' The MAS i%eed was set
and 29% nonexchanging 1%-Glu labeled peptide that has 'O equal the frequency spacing between th€QGly665

formed homodimers. resonance and either the-¥5-Glu664 resonance (Figure 6)
or the 53°C-Glu664 resonance (spectra not shown). The
indicate that the peptides exist in a monomdimer equi- intensity changes in the rotational resonance experiment are

librium (46). Finally, recent TOXCAT measurements on the plotted in Figure 5b. The dramatic change in the intensity
transmembrane domain of the related erbB2 receptor showof the backbone }C resonance corresponds to an inter-
that the transmembrane sequence of the wild-type receptorhelical 233C-Gly665 to 1}3C-Glu664 distance of 4.3 A. In
is able to dimerize in membrané3). Interestingly, the valine  contrast, the intensity of the side chaif® resonance does
to glutamate mutation in the erbB2 transmembrane sequenceot change significantly with longer mixing times, suggesting
did not increase the level of dimerization as it does in the that the interhelical 23C-Gly665 to 51*C-Glu664 distance
Neu receptor. is greater than-5.5 A. These experiments provide particu-

Gly665-Glu664 Backbone Interactions Occur in the Neu* larly compelling ponstraints _since there are two similar
Dimer Interface.The absence of side chain interactions (°C=0-+-**CHy) distances being compared in one sample.
between GIn664 residues and the presence of Gly665  Weak Gly665 Interactions Occur in the Wild-Type Neu
Gly665 interactions across the interface of the Neu* trans- Dimer. In this section, we address the possibility that wild-
membrane dimer provided the motivation for distance type Neu transmembrane helices may be able to interact with
measurements between Glu664 and Gly665. We havethe activated Neu* transmembrane helices to form hetero-
recently shown that both small and polar residues have adimers or with other wild-type Neu helices to form ho-
high propensity for packing in the helix interfaces of modimers. The dimeric state of the wild-type inactive Neu
polytopic membrane proteingt{—49). Glycine does not  receptor in cell membranes is not known. The original model
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for RTK activation postulated that the unliganded receptor 360 %
exists in the monomeric state. However, more recently there 200 - - A
has been evidence that RTKs may self-associate to form %y ¢
dimers even in the absence of ligardd-@). It is known that 240 ¥ wn
truncation of the extracellular domain of the wild-type Neu 180 4 an LY
receptor leads to dimerization and activati&p (lemonstrat- &
ing that dimer contacts form between either the transmem- 1201/ % ey ’
brane or cytoplasmic regions of the receptor. In addition, 60 kY . W,
competition experiments using activated receptors and wild- 0 e
type peptides indicate that strong NetNeu transmembrane @2 T T
interactions are possibl@7). 360

Figure 5a presents the rotational resonance exchange 300 - B
curves for the wild-type 13C-Gly665 Neu peptide combined N
with 2-13C-Gly665 Neu* (open circles) and with - 40 1% .,
Gly665 Neu (open squares) peptides. In these experiments, 180 { 8% -
wild-type 143C-Gly665 Neu was reconstituted with'3z- 120 4 $ ° % ok %
Gly665 Neu and Neu* peptides in a 4:1 molar ratio using * “«,
the same conditions as those in the experiments with Neu* 60 1 oxo¥ 0 A
alone. Comparison of the experimental and simulated 0 . ** — -
exchange curves in Figure 5a shows that the exchange in 0 60 120 180 240 300 360
the heterodimer of NeuNeu* peptides is only slightly ?1
weaker than that in the activated Neu* homodimer but
considerably stronger than that in the wild-type Néleu FiGure 7: Computational search for low-energy dimer structures
homodimer. of the Neu* transmembrane domain. The search algorithm started

There are two wavs to interpret the experiments with the with helix dimers having either left-handed (a) or right-handed (b)
Y P P crossing angles. A series of molecular dynamics simulations were

wild-type Neu sequence. First, the slower exchange may run after varying the anglesl and¢2, which correspond to rotation
result from a longer internuclear distance between th&€1-  about the axes of helices 1 and 2, respectively. The step size for
and 213C-Gly labels across the dimer interface. The ex- rotation was 45 and four independent molecular dynamics
change observed for the Netleu experiment would cor- simulations were run for each orientation. The figure p“lots the"flnal
. - . @l and @2 values for those structures that fall into a “cluster”. A
respond to an internuclear distance oftA. Alternatively, — cyster is defined as a minimum of five structures with a root-
the slower exchange may result from a weaker interaction mean-square deviatiorf @ A or less.
between Neu peptides leading to a higher proportion of
monomer. The observed exchange curve would be consistensampling size of 45 The starting geometry includes both
with the 4.5 A distance observed in the Neu* dimer if the |eft-handed and right-handed crossing angles. Each point in
dimer is in equilibrium with a population 6¢50% monomer.  the figure corresponds to a low-energy structure having either
The experimental data do not distinguish between these twog |eft-handed (Figure 7a) or right-handed crossing angle
possibilities. Interestingly, recent TOXCAT studies indicate (Figure 7b) between the helices. The ﬁgures show on|y those
that the efficiency of dimerization of the transmembrane stryctures that fall into a “cluster”, where a cluster is defined
domain of the wild-type human erbB2 receptor is roughly as a minimum of five structures with a root-mean-square
half that of human glycophorin A, which is known to form  geviation ¢ 1 A or less. These are the final minimized
a tight dimer having a submicromolar dissociation constant -gnformations that have migrated from their initial geom-

®3)- etries into low-energy wells. Of the initial 512 structures in

Computational Searches of the Aetied Neu* Dimer o computational search, 70 formed 9 clusters of right-
Interface.The internuclear distances obtained in the rotational handed helix dimers. and 96 formed 15 clusters of left-

resonance and REDOR experiments are clearly not sufficient,, o - 4ad helix dimers. Three parameters make up the input

to define the full three-dimensional structure of the Neu for any given computational search: the peptide sequence,

dlmetr. Hovygver, bOFh th(ta ||ntra- tanq tln':cerhehclal {peag,yre— the sampling step size, and the helix-helix separation. The
ments provide experimental constraints for evaluating dimer; i) saarches start with a step size of 4Simulations were

models. In this section, we describe the use of a computa- . . :
. ' , run with helix separations of 9.5, 10.0, 10.5, 11.0, and 11.5
tional search strategy developed by P. Adams and Anggu A The results IF;] Figure 7 are based on a hefvelix

for locating low-energy conformations of dimers of trans- . . . .
membrane helicegl(). The approach has been used to locate separation of .1130 A. Helixhelix separations of 11.5 and
10.5 A gave similar results.

the dimer interface between transmembrane helices of
glycophorin A @0). The NMR distances along with muta- An average molecular structure is calculated and mini-
tional data in the literature are used to evaluate probablemized for each cluster (marked with an asterisk) and then
structures which emerge from the computational searches.evaluated on the basis of constraints from the NMR
Once clusters of likely structures are identified, the NMR measurements and mutational studies. There are two clusters
distances provide restraints for further refinement. (circled) that position Gly665 roughly in the dimer interface,

Figure 7 presents the results of a computational searchone with a left-handed crossing angle and one with a right-
for the Neu*~Neu* interface with Gln at position 664. Low- handed crossing angle. The average structures from these
energy conformations of helix dimers were searched by two clusters were then minimized using the NMR distance
rotating each helix relative to one another by 36dth a measurements as restraints.
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FIGURE 9: Interaction energies between transmembrane helices in
the Neu* (a) and Neu (b) dimer. The energies were calculated using

the program CHI. The low energies exhibited by Thr657 and
GIn664 reflect interhelical hydrogen bonding.

Ficure 8: Dimer structure of the Neu* transmembrane domain ) )
derived from the computational searches and energy minimized CaH--OH hydrogen bonding of the Gly residuet3(51).

using the NMR distance restraints. (a) View along the dimer axis. GIn664 does not form head-to-head hydrogen bonds but,
Gly665 packs in the dimer interface. Close contacts are observed,gther. forms hydrogen bonds with the backbone carbonyl

between thea-carbon of Gly665 and the carbonyl carbons of . - o
Gly665 and GIn664. (b) View perpendicular to the dimer axis. The of Ala661 and the side chain of Thré62. An additional

structure is a symmetric dimer with a right-handed crossing angle. hydrogen bonding contact is predicted to form between the
Amino acids with small side chains, Gly665, Ala661, and Thr657, side chains of Thr657. Close packing of the transmembrane
are predicted to line the dimer interface. The interhelical distance helices in the region of Gly665 and Ala661 may facilitate
Ef%ﬁzl)ntti ”Gsﬁj%éir (t{‘fséﬁg)rgﬂgmf_g“ﬁ”fﬂeéﬁy§§5%°,jzfl‘c’,665 this interhelical Thré57 hydrogen bond. Additional solid-
Gly665 (133C=0). state NMR ex_per!ments.are planned to characterize the
hydrogen bonding interactions of Thr657 and Thr662, as well
Hydrogen Bonding andan der Waals Interactions Medi-  as the detailed packing of Gly665 and Ala661 in both the
ate Helix Dimerization in the Actated Neu* Receptor. Neu and Neu* dimers.
Figure 8a,b shows the average low-energy structure that best Figure 9a presents calculated interaction energies for the
fits the NMR data. The structure is a symmetric dimer with helix dimer shown in Figure 8. The dominant contributions
a right-handed crossing angle. Gly665 packs in the dimer to dimer stability come from hydrogen bonding interactions
interface. The packing contacts involve thecarbon of involving Thr657, Thr662, and GIn664. In the cross-linking
Gly665 and the carbonyl carbons of GIn664 and Gly665. studies of Burke and Sterr22), the most significant cross
The close packing of Gly665 in the interface is consistent links were observed for substitutions at positions 656 and
with the results of Stern and co-workers showing that the 657. Both of these positions are found in the interface of
G665V substitution disrupted the ability of the V664E the helix dimer with a right-handed crossing angle, whereas
mutation to activate the receptot4). only Thr657 is found in the interface of the helix dimer
Direct Gly—Gly contacts are not unusual in membrane identified in Figure 7a with a left-handed crossing angle and
proteins, and the contacts in the Neu* dimer are similar to Gly665 in the dimer interface.
those seen in glycophorin 82) and in the crystal structures There are also substantial van der Waals interaction
of several polytopic membrane proteid). In an analysis  energies associated with packing of Ala661, Leu668, and
of 158 helices in 12 polytopic membrane proteins, we have Leu672. Packing of Ala661 in the interface is consistent with
recently shown that small (Gly and Ala) and polar (Ser and the intermediate phenotype observed by Cao e®glwhich
Thr) residues have the highest weighted propensities forshows that mutation of Ala661 to isoleucine leads to a
occurring in helix interface&9). The model which emerged  signficant reduction in the ability of the V664E mutation to
from these studies is that small residues allow close approachransform cells. Evidence for Leu668 and Leu672 being in
of the helix backbones and consequently facilitate interhelical the interface comes from the glutamic acid replacement
hydrogen bonding of Ser and Thr side chaid®)(and studies of Donoghue and co-workefy.
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The Neu* dimer structure provides insights into the resultS 1,p1c 1: interhelical Distance Measurements in Neu*
of Stern and co-workerstf), who replaced the transmem-

brane domain of the Neu receptor with the dimerization helix 1 helix 2 interhelical distance
sequence from glycophorin A. The helix crossing angle in 1 REDOR

the glycophorin A dimer is also right-handed. Interestingly, GIn664 (5NH2) G|n6_64 (5+C=0) ~6A

replacing the Neu sequence with the glycophorin A sequence . E5CHy %?Ltjaet&?gg%ejgr;ance 6 A

disrupts activation unless glutamate is present at position 664 G|¥665 (13CH§) Glu664(143C=0) 43+02A
even though the glycophorin A sequence mediates dimer- Gly665 (3CH,) Gly665 (123C=0) 45+ 0.2 A

ization of the Neu receptor. This demonstrates that dimer-
ization is necessary, but not sufficient, for activatidi)(
In membrane bilayers, Glu664 may shift the monommer
dimer equilibrium toward the dimer in the chimeric Neu*
proteins containing the glycophorin A dimerization motif.
In this regard, the stronger dipolar couplings in the Neu*
dimer, in comparison to those for Neu, are consistent with
higher dimerization. Alternatively, Glu664 may change the
structure or orientation of the Neu* dimer.

Finally, the measured dichroic ratio 63.3 in polarized
IR measurements on the Neu* peptides in POPC:POPS
bilayers is consistent with an orientation of the helix axis of
~20° relative to the bilayer normal. This would correspond
to a crossing angle between the helices~af0°. The IR

establish whether the weak'3c-Gly---2-13C-Gly dipolar
coupling, which is observed in the interhelical Nedeu
rotational resonance experiments, results from an equilibrium
involving free peptide monomers and dimers in which
Gly665 is tightly packed in the dimer interface.

Lemmon and co-workers3) recently demonstrated that
the family of erbB receptors are able to self-associate in cell
membranes through transmembrane interactions. The erbB2
receptor is the human homologue of the rat Neu receptor
and has a similar, though not identical, transmembrane
sequence. The erbB2 transmembrane domain contains two
motifs which are similar to the GXXXG dimerization motif
. . in glycophorin A. In contrast, the Neu receptor contains only
data alone do not reveal whether the helices pack with Lthe single AXXVG motif identified by Sternberg and Gullick.

left- or right-handed crossing angle. Helices with both left- . .
handed and right-handed crossing angles are observed fOIU sing the TOXCAT system for assaying transmembrane
Interactions, Lemmon and co-worke®) (vere able to show

transmembrane helices. In an analysis of polytopic membranefor the erbB2 receptor that both the “SAVVG” sequence in

proteins, left-handed helices are found to be more abundantthe N-terminal portion of the transmembrane domain and
with the most common packing angle centered arot8@°, he “GVVFG’ sequence at the C-terminal end of the

whereas right-handed helices generally have a crossing ang ransmembrane domain contribute to dimerization. Since the

of ~—35° (50, 51). The right-handed helix crossing angle . Lo .
of the dimer in Figure 8 provides the best fit to the N-telrmljngl dlmglrllzr?tlonhsequgnce .Of thg Nefuhreceptor IS
: . . involved in establishing the active orientation of the receptor,
interhelical Gly-Gly and Gly-Glu constraints, these studies suggest that the C-terminal sequence in the

Transmembrane Helix Orientation and Rotation in the - ; .
S . . erbB2 receptor orients the transmembrane helices in an
Activation of RTKsThe detailed packing of the transmem- . ; .
inactive conformation.

brane helices in the activated Neu* receptor containing the Th b i i id ¢ for th
V664E mutation is likely to be the same as that in the ligand- | _Efe Ot ?erv”a |onds Iapfp&ar_kp !{ar(?w ef supp:_or i or the
activated Neu dimer. The studies of Neu receptor mutants exible rotation” modet ot oriki €t al. 0 for activation

of the EGF (or erbB) receptor. In their model, the extra-

and chimeras indicate that activation is extremely sensitive ) . L ; )
to the rotational orientation of the transmembrane helices cellular domr_;un of the. EGF receptor is erX|bIe n the Inactive
(10) and the exact position of the activating mutati@). ( prgformed dlmer, while th? cytoplgsmlc domr?un IS held.m a
The orientation and occurrence of Ala661 and Gly665 in rigid co_nformatlon. Upon ligand binding, a twist or rotation
the interface is consistent with the motif predicted by of the Juxtamem_brz_ane (or ”a”SfT‘?r_"bra”e) region of t_he
Sternberg and GullickQ) for the wild-type receptor. Also, receptor rgsults n increased flex_|p|I|ty of the_cytoplasm|c
the Neu*~Neu rotational resonance experiments suggest thatdoma'n' It IS possml.e that_the position of the cﬁmer contacts
(and the helix crossing point) near the C-terminal end of the

the same interface interacts in the wild-type Neu dimer ast b d in helos 1o stabilize the inacti tat
in the activated Neu* dimer, consistent with competition ransmembrane domain nelps fo stabiiize the inactive state
of the dimer by clamping the cytoplasmic domain in an

experiments using activated receptors and wild-type peptides. - . .
(25- 9 P ype pep inflexible conformation. Rotation of the transmembrane

helices upon ligand binding shifts the dimer contacts and
helix crossing point toward the N-terminus of the transmem-
brane domain. This shift would increase the flexibility of
the cytoplasmic domain by releasing the intracellular dimer
contacts in a fashion similar to opening of a clothes pin.

Computational searches carried out for the wild-type dimer
yield a number of low-energy clusters similar to those for
the Neu* dimer (data not shown) with Gly665 packed in
the dimer interface. Figure 9b presents the interaction
energies for the lowest-energy structure of the NNeu
dimer that most clqs_ely matches .the strupture of the activated ACKNOWLEDGMENT
Neu* dimer. In addition to strong interhelical hydrogen bonds
involving Thr657, stabilizing van der Waals interactions  We gratefully acknowledge the gift of 15€-glutamate
occur between Ala661, Gly665, Leu668, and Leu672. Thesefrom the Los Alamos Stable Isotope Resource and thank
interactions may be sufficient to correctly orient the trans- Malcolm Levitt and Terry Gullion for the programs for
membrane helices after ligand-binding but apparently do not rotational resonance and REDOR analyses, respectively, and
stabilize the receptor dimer as effectively as the interhelical Paul Adams and Axel Bnger for the program CHI for
Glu664 hydrogen bonding in the Neu* dimer. As indicated helix—helix analyses. We thank David Stern for many
above additional experiments will be needed to firmly valuable discussions.
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