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ABSTRACT: Receptor tyrosine kinases bind ligands such as cytokines,
hormones, and growth factors and regulate key cellular processes,
including cell division. They are also implicated in the development of
many types of cancer. One such example is the Neu receptor tyrosine 41l
kinase found in rats (homologous to the human ErbB2 protein), which

can undergo a valine to glutamic acid (V¢g,E) mutation at the center of 2
its a-helical transmembrane domain. This substitution results in recep-
tor activation and oncogenesis. The molecular basis of this dramatic
change in behavior upon introduction of the Vig,E mutation has been
difficult to pin down, with conflicting results reported in the literature.
Here we report the first quantitative, thermodynamic analysis of dimerization and biophysical characterization of the rat Neu
transmembrane domain and several mutants in a range of chemical environments. These data have allowed us to identify the
effects of the Vge,E mutation in the isolated TM domain with respect to protein—protein and protein—lipid interactions,
membrane insertion, and secondary structure. We also report the results from a 100 ns atomistic molecular dynamics simulation
of the Neu transmembrane domain in a model membrane bilayer (dipalmitoylphosphatidylcholine). The results from simulation
and experiment are in close agreement and suggest that, in the model systems investigated, the Vgg,E mutation leads to a
weakening of the TM dimer and a change in sequence-dependent interactions. These results are contrary to recent results
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obtained in mammalian membranes, and the implications of this are discussed.

he protein encoded by the rat neu proto-oncogene is a
membrane-spanning receptor tyrosine kinase (RTK),
homologous to the ErbB2 protein in humans, which plays a
key role in cell division and cell growth. RTKs are thought to be
activated via dimerization of their intracellular tyrosine kinase
domain, either as a result of a ligand binding to the N-terminal
extracellular domain or by lateral interactions of the trans-
membrane (TM) domains (as is likely the case for the orphan
human ErbB2 receptor), leading to phosphorylation of a tyro-
sine residue and a subsequent signaling cascade. Neu is vulner-
able to a point mutation near the center of its TM domain
[ViesE (see Figure 1)] that leads to receptor overactivation and
oncogenesis.' " The mechanism via which this single-point
mutation leads to cancer has been the subject of many studies,
as summarized in our recent report,5 because insight into the
molecular basis of the oncogenic effects of this mutation is key
to understanding signal transduction for this (and potentially
other) RTKs.
Several structural changes are possible upon substitution of a
hydrophobic Val residue with a negatively charged Glu residue
in the center of a helical TM domain. The Vg,E mutation in
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Neu: RASW*VTFIIATVVGVLLFLILVVVVGILIKRRR
Neu*: RASW*VTFIIATVEGVLLFLILVVVVGILIKRRR
NeuQM: RASW*VTFAILTLVLVLLFLILVVVVGILIKRRR
Neu*DM: RASW*VTFAIATLVGVLLFLILVVVVGILIKRRR

Figure 1. Sequences of peptides used in this study, including the
transmembrane domain of the wild-type (proto-oncogenic) rat Neu
protein (Neu) and the transmembrane domain containing the
oncogenic V¢oE mutation (Neu*). Also shown are mutants that
lead to significant weakening of helix—helix interactions in Escherichia
coli membranes for the wild-type TM (specifically I¢soA/Ags1 L/ VessL/
GggsL, NeuQM) and the oncogenic TM (Is0A/ V3L, Neu*DM).
For all four peptides, the native Progss residue was changed to
Trp (W* in sequence) to aid in detection of the peptide in analytical
ultracentrifugation experiments.

Neu could cause deformation of the peptide backbone (e.g,
a change in the secondary structure content of the TM domain)
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or change the degree of membrane insertion of this domain.
Both of these properties have been studied by us® and by
others®™** for both wild-type Neu and the oncogenic VygE
mutant (here denoted Neu*), but the results are conflicting
depending on the experimental approach taken. The oncogenic
mutation may also change the orientation of the TM helices
with respect to the bilayer normal. Fewer studies have provided
information about the orientation (i.e., tilt and crossing angles)
of the TM helices in Neu and Neu*; however, it has been
shown by infrared'” and linear dichroism® spectroscopy that
the Vg,E mutation causes an increase in the tilt angle.

The oncogenic mutation may also alter TM helix—helix inter-
actions, and it is this effect of the V4¢E mutation that has been
most frequently studied. In vivo studies of the Neu TM domain
and the related human ErbB2 TM domain in bacterial
membranes™* suggest that incorporation of the Vig,E mutation
leads to a slight reduction in the level of TM self-association.
However, cross-linking studies performed in mammalian mem-
branes suggest the reverse is true."”

In a recent study, we uncovered an additional effect of the
V4e4E mutation on the Neu TM domain, namely that the
sequence-dependent mode(s) of helix—helix interaction is
altered upon mutation.” Our data (obtained in the Escherichia
coli inner membrane using the TOXCAT assay'®) suggested
that oligomerization of the wild-type Neu TM domain is
supported by multiple interaction modes, stabilized (in part) by
two highly conserved sequence motifs located on opposite helical
faces. These motifs are (i) a motif containing Ala 661 and Gly
665 [Ags1: XXXGegs (Figure 1)], known as the Sternberg—Gullick
motif'” and similar to the GXXXG motif seen in many trans-
membrane a-helical oligomers,"® and (ii) a motif consisting of
I450XXXVs3 (Figure 1). Mutation of either motif had only a
weak effect on self-association, presumably because the other
motif remained available for interaction. Conversely, the
oncogenic Neu* TM domain appeared to have only one mode
of oligomerization stabilized largely by the I450XXXVs; motif;
mutation of this motif led to a large decrease in the level of
self-association, while mutation of the AgXXXGges motif
actually strengthened the association.

We interpreted these results in the framework of the “molecular
switch” or “rotational coupling” model that has been proposed for
Neu and a number of other RTKs.'”™>? In this model, ligand
binding (or mutation) causes a conformational change in a pre-
formed, inactive RTK dimer that leads to receptor activation.”>**
We suggested that the Vg, E mutation may prevent this confor-
mational change (e.g,, by restricting rotation of TM helices about
their long axes), effectively locking the receptor in its “active”
conformation. This “conformational switch” model exists
alongside a more widely accepted model for the mechanism of
RTK signaling, specifically one in which activation simply occurs
via ligand-induced (or mutation-induced) dimerization, and the
inactive form of the protein is predominantly monomeric. Given
the strength of oligomerization observed in bacterial membranes
using the TOXCAT assay, our previous data for Neu and Neu*
best fit the conformational switch model. However, the
TOXCAT assay has significant limitations in that it cannot
report the oligomeric state, the measurements are taken in the
context of a fusion protein whose contributions have not been
exhaustively characterized, and the dimerization propensity of the
positive control used in the assay (namely the TM domain of
glycophorin A) has been called into question in a recent study.”

Therefore, it was the aim of this work to ascertain the
oligomeric states and report, for the first time, the dissociation
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constants of the wild-type Neu and Neu* TM domains (as
well as two mutants that were found to strongly disrupt self-
association in bacterial membranes) to develop a fuller under-
standing of the effects of the Vi4,E mutation. To achieve this,
we used simple model systems comprised of purified peptides
derived from the Neu TM domain reconstituted in either
detergent micelles or POPC membranes. Analytical ultracen-
trifugation (AUC) was selected for these studies as it is a pri-
mary analytical method that can be used to obtain information
about molecular size and shape in a range of chemical environ-
ments, including mild detergents that act as membrane mimetics.
AUC has the added benefit of providing a thermodynamic
description of binding events, as values for binding constants and
Gibbs free energy can be extracted from the data. In this way, we
were able to report here the overall contribution of TM helix—
helix interactions to RTK dimerization for Neu and related
mutants. We complemented this work with measurements from
a range of biophysical methods to assess the secondary structure
and membrane insertion of all TM domains tested. Finally, a 100
ns molecular dynamics (MD) simulation was conducted in a
membrane bilayer for the I,XXXV¢; putative interaction mode
thought to stabilize the wild-type TM dimer. Our results were in
close agreement with previous results obtained in the E. coli inner
membrane using TOXCAT® and were interpreted in light of
current models for RTK activation.

B MATERIALS AND METHODS

Synthesis and Purification of Transmembrane Do-
main Peptides. Peptides were synthesized using solid-phase
FMOC chemistry at the W.M. Keck Biotechnology Resource
Laboratory, New Haven, CT. Four peptides were prepared, con-
taining sequences derived from the transmembrane domains of the
wild-type (proto-oncogenic) rat Neu protein (Rgs;,ASWVTE-
IIATVVGVLLFLILVVVVGILIKRRR;g; MW = 3721.7 Da),
the oncogenic Neu* protein containing the V4,E mutation in
the wild-type sequence (MW = 3751.6 Da), and two selectively
mutated sequences that resulted in significant weakening of
helix—helix interactions as reported previously using the
TOXCAT assay’ [namely, Neu IgoA/AgsiL/VissL/GegsL or
Neugy (MW = 3791.8 Da) and Neu* Is50A/ VgL or Neu*py
(MW = 3723.6 Da)]. In each case, the native Prog residue was
mutated to Trp to yield significant absorbance at 280 nm,
which was in turn used to determine protein concentration and
monitor protein sedimentation using AUC. Peptide concen-
trations were estimated from the absorbance at 280 nm using a
molar extinction coefficient (£,55) of 5500 mol™ cm™ for all
four peptides. Each peptide was purified using reversed-phase
high-performance liquid chromatography and a Jupiter C4
column (Phenomenex, Macclesfield, U.K.) with a linear
gradient of 2-propanol (30 to 100%) as the mobile phase.
The purity of fractions was confirmed using electrospray
ionization time-of-flight (ESI-TOF) mass spectrometry (Bruker,
Coventry, U.K.), and all pure fractions were pooled, lyophilized,
and stored as dry powders until they were used.

Preparation of Proteoliposomes. Purified peptides were
cosolubilized with palmitoyloleoylphosphocholine (POPC)
(Avanti Polar Lipids, Alabaster, AL) in trifluoroethanol (TFE)
at a peptide:lipid molar ratio of 1:30 for Fourier transform
infrared (FTIR) analyses and a peptide:lipid mass ratio of 1:10 for
circular dichroism (CD) analyses. TFE was then removed using
rotary evaporation under vacuum. The resulting lipid—peptide
films were then resuspended in either (i) water to a final peptide
concentration of 10 mg/mL (adjusted to pH 7.4) for FTIR
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analyses or (i) 50 mM Tris buffer (pH 7.4) to a final peptide
concentration of 2.5 mg/mL for CD analyses. The resulting mix-
tures were sonicated and subjected to three freeze—thaw cycles
using liquid nitrogen. Finally, in the case of CD samples, the solu-
tion was extruded through a 100 nm polycarbonate membrane.

Circular Dichroism Spectroscopy. All CD spectra were
recorded on a Jasco J600 spectrophotometer using a 1 mm
path-length quartz cuvette (Starna, Optiglass Ltd., Hainault,
U.K.). Spectra were recorded as an average of 16 scans in the
wavelength range of 190—300 nm. Spectra were collected for
proteoliposome samples (described above) as well as samples
containing peptide dissolved in TFE or 50 mM Tris (pH 7.4),
containing 15 mM dodecylphosphocholine detergent (DPC)
(Avanti Polar Lipids) and 100 mM NaCl. Both TFE and deter-
gent samples were prepared with a final peptide concentration
of 100 uM, as determined by UV—vis spectroscopy. An equi-
valent CD spectrum of either TFE, DPC micelles, or POPC
vesicles recorded in the absence of peptide was subtracted to
obtain the final spectra shown.

Infrared Spectroscopy. Proteoliposome samples (100 yL)
were deposited onto a trapezoidal zinc selenide (ZnSe) crystal
(Specac, Orpington, Kent, UK.) and dried under a stream of
diffused nitrogen gas to produce a bilayer film. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectra
were then recorded as an average of 1000 interferograms col-
lected between 4000 and 1000 cm™, with a resolution of
4 cm™!, using a Jasco FTIR-470 spectrometer equipped with a
liquid nitrogen-cooled MCT detector purged with a continuous
stream of dried compressed air. For the deuterium exchange
measurements, a stream of nitrogen was saturated with D,0O
and passed over the bilayer film using a top flow-through plate
(Specac, Orpington, Kent, UK.). Spectra were then recorded
after exposure of the samples to D,O for 1 and 22 h. Amide I
and amide II bands in the initial and both D,0-exposed spectra
were integrated using OriginPro version 8.1, and the ratio of
the amide II to amide I peak areas was calculated for each spec-
trum to account for sample swelling that can occur following
D,O exposure, lowering the magnitude of the overall absor-
bance signal as described previously.” The degree of membrane
insertion was determined by comparing these values for spectra
before and after D,O exposure. Fourier self-deconvolution® of
the amide I region of the spectrum followed by peak fitting
(performed using GRAMS/AI, Thermo Scientific) was per-
formed as described previously”” to obtain the secondary struc-
ture content of each peptide.

Analytical Ultracentrifugation. Sedimentation equili-
brium and sedimentation velocity measurements were taken
on a Beckman-Coulter XL-A analytical ultracentrifuge (Beck-
man Coulter, Fullerton, CA) housed in the Department of
Biosciences of the University of Nottingham. All peptides
were solubilized in SO0 mM Tris (pH 7.4), containing 15 mM
DPC, 100 mM NaCl, and 52.5% D,0 (Cambridge Isotope
Laboratories, Andover, MA) to match the buoyant density of
the detergent. All data were collected at a set temperature of 20
°C using absorbance optics set to 280 nm. For sedimentation
equilibrium measurements, a six-channel centerpiece was used
(Spin Analytical, Berwick, ME). Measurements were taken at
one peptide concentration (150 uM) and three speeds (48000,
55000, and 60000 rpm). Samples were centrifuged for time
periods in excess of those required to reach equilibrium (22 h
per speed), and the establishment of sedimentation equilibrium
was verified using WinMatch to subtract successive scans until
no difference was observed. The monomeric molecular masses
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and partial specific volumes of the Neu peptides in 52.5% D,0O
(corrected for H—D exchange) were determined using
SEDNTERP?® available at http://ww.rasmb.bbri.org/. Global
fitting of the three data sets was performed using Win-
NONLIN® to conduct nonlinear least-squares curve fitting as
described previously.*® The goodness of fit of data to a particular
model was judged by the spread of the residuals around the best
fit and minimization of variance. The molar association constant
for a monomer—dimer equilibrium (k,_,), the apparent free energy
of dissociation (AGapP)’ and the mole fraction standard state free
energy of dissociation (AG®, which accounts for detergent con-
centration) were calculated as described previously.*’

Sedimentation velocity data were collected at peptide con-
centrations of 38, 76, and 152 M. Samples were loaded into
two-channel] sedimentation velocity cells containing SedVel60K
centerpieces (Spin Analytical, Berwick, ME) and analyzed at
60000 rpm. Cells were scanned radially every 5 min. Data were
analyzed using SEDFIT®' and sedimentation coefficient
distributions derived using the ¢(S) algorithm. Data were then
subjected to 1000 runs of a Monte Carlo routine to determine
the extent of error in the distributions. The buffer density was
the same as that used for the equilibrium experiments, and the
buffer viscosity was measured as 1.162 cP.

Molecular Dynamics Simulations. Atomistic-level MD
simulations were conducted for a pair of identical wild-type
Neu transmembrane peptide sequences (Rgs,—Rgs4), inserted as a
dimer into a single-component dipalmitoylphosphatidylcholine
(DPPC) lipid bilayer in aqueous solution. The simulation
system consisted of 180 DPPC lipids, 20171 water molecules,
and 10 chloride counterions. To generate a starting structure for
the dimer in which the I5oXXXVye; motif forms the primary
binding interface, we subjected the Neu sequence to a global
conformational search in vacuum using the CHI algorithm.**
The experimental details of this search are given in the
Supporting Information, and the starting structure is shown in
Figure S3 of the Supporting Information. The DPPC bilayer was
created by aligning a single DPPC molecule along the z-direc-
tion and then replicating the molecule in the x- and y-directions
to form a monolayer. The monolayer was then replicated and
rotated to yield a bilayer structure. The bilayer was solvated with
water and then subjected to MD simulation for 4 ns in the NVT
ensemble followed by MD simulation for 10 ns in the NPT
ensemble (specific details of the simulation parameters used are
given in the Supporting Information). Following equilibration,
the selected Neu complex was inserted into the center of the bi-
layer and any overlapping DPPC lipid molecules were removed.
The Neu protein bilayer system also required a careful equilib-
ration procedure to ensure that the initial structure of the Neu
complex was not perturbed far from its starting configuration
while the bilayer re-equilibrated. The equilibration steps are
summarized in the Supporting Information. Following equilibra-
tion, all position restraints were switched off and the peptide—
DPPC system was simulated for 100 ns.

The helicity of each residue was determined using the
g_helix tool supplied with GROMACS, whereby the helicity is
computed from the rmsd of the backbone ¢ and i angles from
those of an ideal a-helix. The crossing point distance was
computed by minimizing the point of approach between the
interhelical Car atoms along the principal axis of two helices,
which is the approach outlined by Chothia et al.*>®> The distance
between the two peptides is recorded once the derivative of the
closest approach is equal to zero. The tilt angle of a helix as a
function of time was computed from the dot product between
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the axis normal to the bilayer and the principal axis of the helix.
The principal axis is defined as the eigenvector whose corre-
sponding eigenvalue is the smallest from the inertia tensor
matrix of that helices’ Car atoms.>

B RESULTS

Neu and Neu* Are Both Highly Dimeric in DPC
Detergent Micelles, but the Oncogenic Point Mutation
Reduces the Strength of Dimerization by 1.1 kcal/mol.
Our previously reported TOXCAT data could not report on
the oligomeric states of the Neu and Neu* TM domain,” yet an
understanding of this property is critical to fully interpret the
effects of the Vg, E mutation as well as the additional disruptive
mutations. Thus far, the method used almost exclusively to
determine the oligomeric states of Neu and Neu* TM domains
in vivo and in vitro is SDS—PAGE.”®'*** We have also used
SDS—PAGE in previous studies of the Neu TM, but the results
were in conflict with results obtained in bacterial membranes.”
In the E. coli inner membrane, we observed a reduction in the
level of TM self-association upon introduction of the Vg,E
mutation; however, no difference in homo-oligomerization was
observed when TM peptides were analyzed using SDS—PAGE
(both peptides migrated identically as ~6 kDa species). It is
becoming well-known that transmembrane proteins can
migrate anomalously during SDS—PAGE analyses because of
strong binding of detergent to the protein,® increasing the
effective mass and complicating interpretation of the data for
smaller proteins. In some cases, it could be impossible to dis-
tinguish dimers from denatured monomers carrying a
significant amount of bound detergent. When an alternative
method (namely analytical ultracentrifugation) was used to
study TM domain oligomerization for a closely related receptor
tyrosine kinase, human ErbB2, the TM domain was found to
form weak trimers in a non-SDS environment.** The anom-
alous results we obtained using SDS—PAGE,® especially when
compared to measurements of TM helix association for Neu
and Neu* in bacterial membranes,'* led us to use analytical
ultracentrifugation in this study to investigate the oligomeric
states of peptides derived from the TM domains of Neu and
Neu*. AUC is a primary biophysical method, providing data
that can be directly related to molecular mass (i.e., interpre-
tation of data does not require use of a potentially inappropriate
molecular mass standard). It has a further benefit in that data
can be collected under relatively mild conditions (as compared
to SDS—PAGE). Membrane proteins solubilized in the neutral
detergent C4E;>” and the zwitterionic detergent DPC***® have
been successfully analyzed using AUC to yield molecular mass
distributions that agree well with data obtained in membrane
bilayers.

The AUC instrument used in this work required monitoring
of protein absorbance; however, the native sequence of the Neu
TM and juxtamembrane domains contained within our pep-
tides contained no selective chromophore (i.e., no Trp residue)
and only absorbed light at a wavelength of 220 nm (where the
chances of interference from other buffer components are
increased). Therefore, in this work, we added a Trp residue in
place of the native Pro residue at position 655 (Figure 1). This
Pro to Trp mutation had very little effect on the helicity (Figure
S1 of the Supporting Information) or membrane insertion
(discussed later) of the Neu TM domain peptides and greatly
facilitated collection of AUC data.

Both sedimentation equilibrium and sedimentation velocity
experiments were employed in this study. Used together, these
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two methods provide complementary information about the
size and shape of protein complexes as well as the thermo-
dynamic parameters that define the strength of interaction
(i.e, the apparent molar dissociation constant, K,y and the
Gibbs free energy, AG). Sedimentation velocity (SV) analyses
were conducted for the Neu and Neu* TM peptides at three
concentrations (38, 76, and 152 uM) solubilized in DPC-
containing buffer using a spinning speed of 60000 rpm. This
speed was sufficient to minimize the rate of back diffusion of
these small peptides and produce data with the required mass
resolution. Sedimentation profiles for Neu and Neu* TM
peptides are shown in panels A and B of Figure 2, respectively,

monomer dimer monomer dimer
' '

8 : : 5

.
.
'
;
'
A
A

c(S)

04 06 0.8

0.2

0.8
Sedimentation coefficient
Figure 2. Sedimentation velocity analyses of (A) wild-type Neu, (B)
Neu*, (C) Neu*py;, and (D) Neugy peptides in a DPC detergent
solution at 20 °C. In all cases, analyses were conducted with samples
containing 38, 76, and 152 uM peptide. Sedimentation coefficient
distribution profiles are shown for each peptide at concentrations of 38
uM (bottom lines), 76 yM (middle lines), and 152 uM (top lines).
Conversion of sedimentation coefficients to molecular mass yielded
one predominant species in each sample at the highest peptide
concentration, and these are compared to theoretical values for the
monomer and dimer as indicated by the dashed lines.

with the fit data corresponding to an rmsd of 7.12 X 107> At
the highest concentration, the resulting sedimentation co-
efficient profile for the Neu peptide contains a single species
centered at S = 0.43, corresponding to the molecular mass of
the peptide dimer (7.4 kDa). The sedimentation coefficient
profile for the Neu* peptide contains a single species centered
at S = 0.29 corresponding to a molecular mass intermediate
between that of the dimer and that of the monomer (monomer
mass of 3.8 kDa). At the two lower concentrations, both
peptides yielded data that were increasingly difficult to quantify
as they produced broad distributions.

Sedimentation equilibrium (SE) analyses were conducted for
the Neu and Neu* TM peptides at three speeds and one
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concentration (the concentration that produced the best data in
SV analyses, 150 uM) in DPC detergent micelles, and the con-
centration versus radial distance profiles at each speed are
shown in panels A and B of Figure 3, respectively. The data

A 48K 55K 60K
0.25 ;
< 0.151
0.05 b— R :
21.5 22.0 21.5 22.0 21.5 22.0
B

21.5 22.0
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<C 0.35
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Radius

21.5 22.0

Figure 3. Sedimentation equilibrium analyses of (A) wild-type Neu,
(B) Neu*, (C) Neugy, and (D) Neu*py peptides in a DPC detergent
solution at 20 °C. Three plots are shown for each peptide,
corresponding to data collected at one peptide concentration (150
uM) and three speeds (48000, 55000, and 60000 rpm). The filled
circles represent the experimental measurements of absorbance at 280
nm, and the solid curves display the best fit resulting from global
analysis of all three data sets. Data shown in panels A—C fit best to a
model describing a monomer—dimer equilibrium, while data in panel
D were best described by a model containing only free monomer.

were first fit to a monomer model, followed by fitting to models
of increasing complexity as described previously.”” The model
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of best fit was selected on the basis of minimization of the
square root of variance (SRV) of the fit and distribution of the
fit residuals about zero. In both cases, fitting of the data to a
monomer—dimer model resulted in a minimal value for the
SRV and the most random fit residuals (not shown). Analyses
of the monomer—dimer fits of both peptides yielded apparent
monomer—dimer association constants (k;_, .nc), from which
the apparent molar dissociation constants (K, ) were calcu-

pp
lated (see Materials and Methods). Table 1 summarizes the

Table 1. Dimeric K,,, and Free Energy Calculations for All
Four Peptides, Determined from Sedimentation Equilibrium

Experiments”

Neu Neu* Neu QM Neu* DM
Kypp (4M) 101 7.20 134 -
AG,, (keal/mol) 8.02 6.90 5.19 -
AG®, (kcal/mol) 5.53 4.41 2.71 -

“There are no values for the Neu* DM peptide, as this peptide was
monomeric at all concentrations.

dissociation constants calculated from the data. The Neu pep-
tide yielded a K, of 1.01 uM for the monomer—dimer equilib-
rium in 15 mM DPC, and the Neu* peptide yielded a slightly
higher K,, of 7.20 uM. The corresponding values for the
standard state free energies of dissociation (AG°,) were 5.53
and 4.41 kcal/mol (20 °C) for Neu and Neu*, respectively.
These values compare favorably to those obtained using AUC
for other TM peptide homodimers, namely, the ES protein (5.0
kcal/mol)*° and glycophorin A (7.0 keal/ mol),* as well as the
K4 and AG® values for homodimerization of the closely related
HER2 receptor TM domain obtained usin§ FRET (K, = 2 uM,
and AG® = 32.3 kJ/mol or 7.7 kcal/mol).* The data reported
here from SE and SV experiments are also in excellent agreement
with analogous measurements taken in the E. coli inner
membrane using the TOXCAT assay’ and provide evidence
that, in isolation, both the Neu and Neu* TM domains form
strong homodimers, and that the oncogenic mutation reduces
the strength of the TM homodimer by 1.1 kcal/mol under these
conditions.

Mutations Shown To Disrupt Neu and Neu* Dimers in
Bacterial Membranes Yield Increasingly Monomeric TM
Helices in Micellar Systems. In a previous study, we identified
two mutants that strongly disrupted oligomerization of the Neu
and Neu* TM domains in the inner membrane of E. coli.” We
found that simultaneous mutation of the two primary helix—
helix interaction motifs, I;oXXXVie; and Age XXXGges (to
create the Neu Ig50A/Agq 1L/ VissL/GgssL quadruple mutant or
Neugy,), was necessary to significantly impact the oligomeriza-
tion of the wild-type Neu TM domain. Interestingly, mutation
of only one of these motifs, I;;cXXXVe; (to create the Neu*
IssoA/VgesL double mutant or Neu*py), was necessary to
significantly disrupt oligomerization of the Neu* TM domain.
These results were interpreted for Neu and Neu* TM dimers
using the conformational switching or flexible rotation model
suggested for other RTKs. Confidence in the dimeric nature of
both Neu and Neu* TM domains, as provided by the data
reported here, provided a strong foundation upon which we
could build a thermodynamic description of the effects of these
mutations.

Two peptides that contained the mutations described above
were prepared [Neu*py and Neugy (see Materials and
Methods)]. The secondary structure and membrane insertion
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properties of these peptides were characterized using circular
dichroism spectrophotometry (CD) and attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR) as
before. This was necessary to fully understand the structural
impact of the mutations before measurement of any changes
in protein—protein interactions. CD spectra for Neu*py, and
Neugy TM peptides, alongside the corresponding spectra of
Neu and Neu* TM peptides, in DPC micelles and POPC
vesicles are shown in panels A and B of Figure 4, respectively.
As observed previously for Neu and Neu* TM peptides
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Figure 4. Circular dichroism spectra of wild-type Neu (thick solid
line), Neu* (thin solid line), Neugy (thick dashed line), and
Neu*py (thin dashed line) recorded in DPC detergent micelles (A)
and POPC vesicles (B). Data are given in units of mean residue

ellipticity (MRE).

solubilized in DMPC vesicles,” the spectra for all four peptides
are very similar in both shape and intensity and display the
characteristic negative maxima at 208 and 220 nm indicative of
a predominantly a-helical structure. Although small changes are
observed in the magnitudes of the CD signals for the four
peptides in a given membrane mimetic, significant light scatter-
ing at wavelengths below 200 nm prevented accurate fitting
of the data and subsequent quantification of the changes in
secondary structure. The similarity of the CD spectra
suggests that none of the mutants studied caused significant
changes in the secondary structure of the Neu TM domain,
but the trend in helicity is as follows: in DPC, helical char-
acter follows the trend Neugy > Neu > Neu*py > Neu*; in
POPC, helical content decreases along the series Neu >
Neugy > Neu*py > Neu®. These trends largely agree except
for the relative helicity of wild-type Neu and the quadruple
mutant of this peptide.

Fourier transform infrared (FTIR) measurements were used
to assess more quantitatively the helical content of each of the
peptides in POPC bilayers. As shown in Figure S (solid lines)
and Table S1 of the Supporting Information, a Gaussian amide
I band (carbonyl stretching) with a maximal frequency of
1655—1656 cm™' was observed in all four spectra. Amide I
bands near 1656 cm™" are characteristic of a-helical secondary
structure.*” The amide I region of each spectrum was also
subjected to Fourier self-deconvolution®® followed by fitting
of the resulting band to Gaussian curves to quantify secondary
structure content. Eight separate curves were needed to accu-
rately fit each of the amide I bands (Figure S2 of the Supporting
Information). These bands were assigned on the basis of data
from previous studies””** and are summarized in Table 2. If the
area of the curves centered at 1655 and 1667 cm™" (a-I-helix and
a-Il-helix/3-10-helix, respectively*’) are combined, all peptides
have a helical content ranging from 64 to 67%, suggesting there
is very little difference in the helicity of the four peptides in
POPC. From analysis of the FTIR data, the percent helicity
decreases as follows: Neu > Neugy; > Neu*py, > Neu*. This is in
exact agreement with the trend obtained in POPC using solution
state CD measurements.

Attenuated total reflectance FTIR (ATR-FTIR) was also used
to measure changes in membrane insertion upon introduction of
the double and quadruple mutations. This was conducted using
deuterium exchange measurements, in which ATR-FTIR spectra
are collected before and after exposure of the samples to D,O-
saturated nitrogen gas. Amide hydrogen atoms can exchange
with deuterium if they are unprotected, such as if they were in an
unfolded, flexible region of the peptide and/or a solvent-exposed
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Figure S. ATR-FTIR spectra of (A) wild-type Neu, (B) Neu*, (C) Neugy, and (D) Neu*p,, peptides reconstituted into POPC vesicles. Peptide-
loaded POPC vesicles were prepared with a 1:30 (w/w) peptide:POPC ratio. Spectra were acquired before (—), 1 h after (——), and 22 h after (-+)
exposure to D,O-saturated nitrogen. The positions of the amide I and amide II bands indicate an a-helical secondary structure for all peptides. The
spectra remain relatively unchanged after exposure to deuterium, indicating that all of the peptides are predominantly inserted across the bilayer in a
transmembrane orientation.
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Table 2. Secondary Structure Content of Neu TM Peptides
in POPC Vesicles Determined Using GRAMS Al To Fit the
Amide I Band to Gaussian Curves®

Neu* Neu

frequency of the amide Neu Neu* DM QM

I component (em™) assignment (%) (%) (%) (%)

1685 [-sheet, f-turn 19 3.1 2.6 2.5

1677 p-sheet, f-turn, 3.4 33 3.7 33

y-turn

1667 a-1l-helix, 9.5 11.6 9.9 10.0
3-10-helix

1655 a-T-helix 57.9 52.6 56.2 56.4

1644 disordered 13.7 150 114 11.0
(irregular)

1636 [-sheet 6.5 5.3 52 83

1627 disordered 5.4 5.6 8.6 5.7

1618 disordered 1.6 35 2.4 2.8

“Bands were assigned on the basis of published values.”**!

region lying outside of the membrane bilayer. This exchange
leads to a shift in the frequency of the amide II band (N—H
bending) due to the increase in the mass of deuterium versus
that of hydrogen. Therefore, any change in the magnitude of the
amide II band upon exposure to deuterium would suggest
exposure of the peptide outside of the bilayer and/or a change in
fold. The FTIR spectra of the Neu*py and Neugy peptides
reconstituted into POPC bilayers, as well as corresponding
spectra for Neu and Neu* peptides, acquired 1 and 22 h after
exposure to D,O are shown in Figure S (dotted lines). The area
of the amide II band [normalized to that of the amide I band to
account for sample swelling (see Materials and Methods)] in
each of the peptide samples is given in Table 3. Full details of the
positions and areas of the amide I and amide II bands are given
in Table S1 of the Supporting Information. Comparison of the

Table 3. Ratios of the Integration Values for the Areas under
the Amide I and Amide II Bands for All Peptides and
Percentages of Insertion into the Membrane®

Neu Neu* Neu QM  Neu* DM
Aumide 1:4amide 1 1atio (R)
initial 0316 0.302 0.268 0.291
22 h after HDX 0.309 0.305 0.259 0.244
Ryy v/ Riniia 0977  0.101 0967 0.837
% exchange 2.3% 0% 3.3% 16.3%

“Full integrals are given in Table S1 of the Supporting Information.

normalized area of the amide II band before and after exposure
to D,0 indicates that the Neu, Neugy,, and Neu* peptides are
well-protected from deuterium exchange, with only 2.3, 3.3, and
0% of the backbone amide groups exchanging, respectively, after
22 h. This would suggest that all three peptides were inaccessible
to the aqueous environment (i.e., buried inside, or tightly asso-
ciated with, the lipid membrane), and none of the mutations lead
to a detectable change in insertion. This is in agreement with our
previous HDX results® that demonstrated both Neu and Neu*
TM peptides (containing the native Progss) were completely
protected from exchange in DMPC bilayers, further assuring that
the Trpgss substitution used in this work was not altering mem-
brane insertion of the TM peptides. However, the Neu*p,,; peptide
showed markedly different behavior compared to that of the other
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three, with evidence of significant deuterium exchange for 16.3% of
N—H protons (Table 3).

AUC experiments were then used to measure oligomeriza-
tion of the Neugy, and Neu*py; TM peptides. SV analyses were
conducted at three peptide concentrations as described above,
and the sedimentation profiles are shown in panels C and D of
Figure 2 for Neu*py and Neugy TM peptides, respectively.
The fit data corresponded to an rmsd of 9.75 X 107>, As before,
data collected at the two lowest concentrations produced broad
distributions, while data at the highest concentrations were
readily interpreted, resulting in a single species in both
sedimentation coefficient profiles. The primary Neu*py species
had a sedimentation coefficient S of 0.27, intermediate between
the expected values for monomer and dimer, but closer to the
monomer value. The Neug,, species had a sedimentation co-
efficient very close to that expected for the monomeric peptide
(S=0.21). SE analyses were also conducted as described above,
and the concentration versus radial distance profiles at each
speed are shown for the Neuqy and Neu*py; peptides in panels
C and D of Figure 3, respectively. Data for the Neuqy, peptide
fit best to a monomer—dimer model, yielding a K, of 134 uM
and a AG®, of 2.71 keal/mol [20 °C (Table 1)]. This value
suggests significant weakening (but not abolishment) of the
Neu TM dimer by 2.82 kcal/mol upon mutation of both helix—
helix interaction motifs. The data for the Neu*p,, peptide fit
best to a monomer model; incorporation of any higher-order
oligomeric species led to a sharp decrease in the quality of the
fit. Although the results from SE and SV experiments are not in
exact agreement regarding the relative propensity of these two
peptides to self-associate, both experiments suggest a severe
weakening of Neu and Neu* TM homodimers upon mutation
of one or both key helix-packing motifs. In general, these results
agree well with our recent measurements of homo-oligomeriza-
tion of these sequences in the E. coli inner membrane,” in which
the Neu*py TM domain displayed the weakest propensity to
self-associate.

Molecular Dynamics Simulation of the Wild-Type Neu
Dimer in a Membrane Bilayer Agrees Well with Experi-
ment. MD simulation is a powerful computational tool that can
reveal the interactions of peptides and proteins with lipid
bilayer membranes at the molecular level.** Until now, model-
ing studies of the Neu or ErbB TM domain have consisted of
conformational searches in vacuum followed by short (<5 ns)
MD simulations in vacuum*’ or in dimyristoylphosphatidylcho-
line (DMPC) lipid bilayers.*>*” Here, we present the first 100
ns atomistic MD simulation of a wild-type, helical Neu TM
domain dimer in a DPPC lipid bilayer in water. A DPPC bilayer
was selected because DPPC has been extensively studied by
MD simulation using this parameter set and therefore provides
a good benchmark system for modeling TM helical peptides.
We chose a starting configuration (Figure S3 of the Supporting
Information) in which the TM peptides were interacting via the
I450XXX Ve, interface, which is thought to be important for
stabilizing dimers of wild-type Neu and the oncogenic form of
the protein, Neu*.>® Our simulations were run for >100 ns,
and the results demonstrate that it is necessary to access such
time scales for key properties such as the position of the protein
in the bilayer, helicity, and tilt angle to equilibrate. A snapshot of
the system at the end of the simulation is presented in Figure 6A.

Visual inspection of the simulation trajectory reveals that the
dimer is located within the bilayer for the duration of the
simulation and that the two peptides remain as a dimer, with, at
any one time, several interhelical residue—residue contacts
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Figure 6. (A) Snapshot of the Neu dimer after MD simulation for 100 ns, which highlights the interacting residues at the binding interface (see panel
C for more details and identification of residues). (B) Density profiles of the components of the Neu protein in a hydrated DPPC lipid bilayer as a
function of the distance along the bilayer normal. (C) Primary sequence of Neu peptides, with residues that are within 0.8 nm of any other residue
shaded in gray. The arrows indicate the specific residue—residue interactions. The XxxxXxxxX motifs are highlighted in the final row.

occurring along the length of the complex. The z-height of the
dimer rapidly shifts toward its equilibrium position close to the
center of the bilayer (Figure S4 of the Supporting Information).
The bilayer density profile, shown in Figure 6B, confirms that
almost all of the protein is located in the hydrocarbon region of
the bilayer with part of the protein extending into the interfacial
region. The peptide adopts a tilt angle of ~24° to deal with any
hydrophobic—hydrophilic mismatch in the system.

We observed that the hydrophobic region of the dimer
remained in a helical configuration located within the hydro-
phobic core of the bilayer. The N- and C-terminal residues
unfold from the helical starting structure and reside in the
headgroup region of the bilayer where they are shielded from the
bulk water. The total percentage helicity of the Neu dimer
(averaged over all 66 residues) as a function of time is shown in
Figure SS of the Supporting Information. The percentage helicity
decreases over the 100 ns until it reaches a value of ~60%, which
is in good agreement with our experimental data obtained from
FTIR (cf. ~67%). The decrease in helicity is due to the ends of
the peptides unfolding during the simulation, as shown in Figure
6A. For example, at the N-terminus, the proline acts as a helix
breaker, and at the C-terminus, residues Kgg—Rgss of both
helices are essentially nonhelical while residues Gg7,—Igg are less
heliccal. These “unfolded” segments of the peptide lie in the
hydrophilic headgroup region of the bilayer. It should be noted
that, although the steady decrease in helicity for the entire system
(Figure SS of the Supporting Information) suggests that the
system had not fully equilibrated, the percentage helicity of the
central segment of the peptides does not change significantly
over time, indicating that this region of the peptide forms a stable
helix (Figure S6 of the Supporting Information).

The simulations also confirm that the Neu TM peptides form
a stable dimer in DPPC lipid bilayers, with the centers of each
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helix remaining within 1.2 nm of each other for the majority of
the simulation time [calculated at the point of crossing (Figure
S7 of the Supporting Information)]. The shortest distance be-
tween the centers of mass for each reside in one peptide chain
and each residue in the other peptide chain is illustrated in
Figure S8 of the Supporting Information. Over the course of
the simulation, the peptides in the dimer undergo a small rota-
tion from their idealized starting position [i.e., the I5oXXX V43
interface (Figure S3 of the Supporting Information)] to a di-
merization interface characterized by two motifs: Sgq,XXXFqs-
XXXTggr <> PessXXXI59XXX Vg3 and FgoXXX V7, XXXGg77 <>
Lg70XXX V7, XXXgs (Figure 6A,C). To achieve stabilization via
these two motifs, the Igso—I¢so and Vig;— Vi distances (between
their centers of mass) in the two helices increase from 3.53 and
4.10 A to 4.51 and 6.72 A, respectively. The second (more
C-terminal) binding motif could explain the residual association
in the quadruple mutant, which was observed by AUC. These
MD results agree well with the experimental data presented here
for the wt Neu TM domain in micellar and model membrane
environments in that they describe stable insertion of the peptide
across both leaflets of a membrane bilayer, tight association with
the hydrophobic core and headgroup region leading to minimal
exchange with bulk solvent, helical content that compares very
well with that estimated experimentally from FTIR analyses, and
stable association of the dimer via residues that include the
I450XXX V43 motif over the time scale of the simulation.

B DISCUSSION

In this work, we sought to quantify the oligomeric states and
binding energies of the Neu and Neu* TM domains and two
disruptive mutants to more fully interpret previous results
obtained in E. coli membranes using the TOXCAT assay. To
achieve this, we employed simple model systems composed of
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peptides solubilized in micelles and single-component mem-
branes. The simplicity of these systems has many benefits.
Model systems such as these provide a high level of control to
the investigator, which aids in the straightforward interpretation
of data. We can therefore say with a high degree of confidence
that, under the conditions used, both the Neu and the onco-
genic Neu™ TM domains form strong homodimers. We can
also provide, for the first time, standard state free energies of
dissociation of 5.53 and 4.41 kcal/mol for the rat Neu and
Neu* TM domains, respectively, and demonstrate that the
Ve,E mutation weakens the TM dimer by 1.1 kcal/mol. At the
very least, the magnitudes of these free energy values suggest
that the TM domain of Neu is the site of strong protein—
protein interactions in membrane mimetic systems.

The AUC analyses of a dimerization-disruptive quadruple
mutant of the Neu TM domain (NeuQM), originally discovered
using the TOXCAT assay” and in which both the putative high-
affinity Agg XXXGggs and I5oXXXVye; motifs are mutated,
indicated that this mutant significantly weakens the dimer (by
2.82 kcal/mol) in DPC micelles. However, even in the absence
of these interaction sites, there remained some residual helix—
helix association, indicating that other residues in the TM
domain can play a role in dimerization. This is further supported
by results of the MD simulations, which implicate aromatic Phe/
Tyr residues as candidates for future investigation. On the basis
of the results of HDX in POPC model membranes, we suggest
that both the monomeric and dimeric forms of the Neu and
Neugy peptides are almost entirely shielded from exchange with
bulk solvent. However, they are not likely to be located entirely
within the hydrophobic core of the bilayer because both peptides
are approximately 66—67% helical. This roughly translates to a
helical region of 22 or 23 amino acids and 10 or 11 nonhelical
residues, which probably map onto the ends of the helices. Both
the C- and N-termini of the peptides contain positively charged
Arg and Lys residues that could associate via electrostatic inter-
actions with the negatively charged phosphate of the phos-
phatidylcholine headgroup in POPC, holding the nonhelical
ends of the peptide within the headgroup region and protecting
them from exchange. The MD simulations support this hypo-
thesis. In their dimeric form, these peptides were expected to
display positive bilayer mismatch in POPC bilayers that would be
offset by the tilting of each helix in the dimer (we reported a tilt
angle of <30° based on LD data for wt Neu TM,® which agrees
with the value obtained in our MD simulation of 24°). We sug-
gest that Neugy monomers are also tilted to remain buried in
the bilayer, as Neuqy displayed similar secondary structure and
exchange properties.

Using our model systems, we have also shown that there are
several effects operating in concert to bring about changes in
the protein—protein and protein—lipid interactions of Neu
upon introduction of the oncogenic Vg,E mutation. First, we
have shown that the V¢g,E mutation weakens the TM dimer,
but to a lesser degree than the quadruple mutation discussed
above, such that there is still a significant dimer population in
DPC micelles. The mutation also slightly reduces the helical
content in model membranes (the 3.2% difference in helicity
reported here accounts for fewer than one amino acid) and
increases the tilt angle to >30°.° This increased tilt angle is
consistent with the reduction in the level of HDX we report
here for this peptide. We predict that the Neu* TM domain
dimer is more tilted, bringing the polar ends of the peptide
even further into the POPC headgroup region and protecting
all of them from exchange. More significantly, the Vy,E mutation
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limits the modes of interaction (or TM helix orientations) that
can stabilize the dimer. We hypothesized previously that the
Neu* TM domain contains one predominant dimer arrange-
ment solely reliant on the I;;cXXX Vs, motif, which we suggested
stabilizes the activated form of the receptor (ie., leads to
oncogenesis).” Here we provide strong evidence to support this
hypothesis. Mutation of the I;;.XXXV/4; motif in Neu* (to create
Neu*p,y,) yielded a monomeric TM domain peptide, as shown
using AUC, suggesting that the Az XXXGggs motif is not able to
support dimerization in the presence of the V4,E mutation. The
resulting monomeric TM domain is less tilted and undergoes a
transverse shift in the bilayer to exclude Egq, from the hydro-
phobic core, as evidenced by the high degree of HDX observed
for this peptide (16.3%). This is in reasonable agreement with the
piston model proposed by Shahidullah and co-workers," who
suggested that the V,E mutation may cause a transverse shift of
the Neu TM domain in the bilayer and thus alter the structure
and interactions of this domain by placing it in a new chemical
environment (e.g, the polar headgroup region). Our data support
the spirit of this statement, but in our hands, the single VgE
mutation is not sufficient to cause a transverse shift and results in
only a slight weakening of the dimer (which does not shift in the
membrane). Only once the peptide is mutated and monomeric
do we observe the transverse shift. Differences in the experimental
conditions or protein constructs used in our study and this
previous work, and their effect on monomer—dimer equilibria,
may help explain these discrepancies.

Extrapolation of these results to the full-length Neu receptor
resident in a highly complex mammalian membrane is a more
controversial topic. We previously interpreted our results in
terms of the conformational switching or flexible rotation
model proposed for RTKs,"”~** because our results obtained in
bacterial membranes® and now in micelles and model mem-
branes all suggest that the wt Neu TM domain has at least two
stable dimerization modes, while the Vg,E mutant has only
one. However, this interpretation is at variance with recent
results. Specifically, in chemical cross-linking experiments
conducted with full-length Neu and Neu* proteins, as well as
their isolated TM domains, in mammalian membranes it was
shown that the V¢g,E mutation led to an increase in both the
dimeric form of the receptor and receptor activation,">** thus
supporting a model of Neu activation triggered solely by recep-
tor dimerization (and not flexible rotation). Although it is
difficult to rule out artifactual cross-linking of hetero-oligomers
in the heterogeneous environment of a mammalian membrane
in these studies, this dramatic difference in results observed in
mammalian membranes versus the DPC micelles and POPC
bilayers reported here highlights a fundamental limitation of
using pure model systems to study membrane proteins, namely,
that one cannot account for the influence of additional lipids
and proteins present in the native membrane. It must therefore
be considered that the interactions of the Neu TM domain may
be greatly altered in the context of the full-length receptor
present in its native membrane, because of conformational
constraints imposed by other regions of the protein.

B ASSOCIATED CONTENT

© Supporting Information

Additional experimental details for CHI searches and
parameters used in molecular dynamic simulations, all CD
data collected, results from Gaussian curve fitting of ATR-FTIR
spectra (and integrals), and various outputs from the MD
simulations of the wt Neu homodimer in a membrane bilayer.
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