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Specific helix-helix interactions between the single-span transmembrane domains of receptor tyrosine ki-
nases are believed to be important for their lateral dimerization and signal transduction. Establishing struc-
ture-function relationships requires precise structural-dynamic information about this class of biologically
significant bitopic membrane proteins. ErbB4 is a ubiquitously expressed member of the HER/ErbB family
of growth factor receptor tyrosine kinases that is essential for the normal development of various adult
and fetal human tissues and plays a role in the pathobiology of the organism. The dimerization of the
ErbB4 transmembrane domain in membrane-mimicking lipid bicelles was investigated by solution NMR. In
a bicellar DMPC/DHPC environment, the ErbB4 membrane-spanning o-helices (651-678), form a right-
handed parallel dimer through the N-terminal double GG4-like motif AS>>GxxGG®®° in a fashion that is be-
Spatial structure lieved to permit proper kinase domain activation. During helix association, the dimer subunits undergo a
Thermodynamics structural adjustment (slight bending) with the formation of a network of inter-monomeric polar contacts.
NMR The quantitative analysis of the observed monomer-dimer equilibrium provides insights into the kinetics and
thermodynamics of the folding process of the helical transmembrane domain in the model environment that
may be directly relevant to the process that occurs in biological membranes. The lipid bicelles occupied by a single
ErbB4 transmembrane domain behave as a true (“ideal”) solvent for the peptide, while multiply occupied bicelles
are more similar to the ordered lipid microdomains of cellular membranes and appear to provide substantial en-
tropic enhancement of the weak helix-helix interactions, which may be critical for membrane protein activity.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction study helix-helix interactions in the membrane. The regulation of the

activity of these proteins is mostly associated with their lateral dimer-

Despite their involvement in a large variety of processes in living
organisms, membrane proteins are a challenging subject for modern
structural biology and are still poorly explored. Most membrane pro-
teins are composed of a number of transmembrane (TM) a-helices,
which interact with each other and thus form a tertiary structure in-
side the lipid bilayer. The folding of helical segments into a TM domain
as well as the functional mobility of certain helices often determine
the functional characteristics of the full-size membrane protein.
Thus, it is necessary to study the principles underlying TM helix-
helix interactions.

Bitopic proteins, which have only a single a-helical TM domain sep-
arating the ecto- and cytoplasmic domains, are a class of biologically
significant membrane proteins that provide a convenient means to
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ization in cell membranes. Homo- and heterodimerization of bitopic
proteins was once thought to primarily involve extracellular and cyto-
plasmic domains, but recent studies have made it increasingly clear
that the TM domains are also critical for dimerization and modulate
the biological function of the proteins [1,2]. Furthermore, some poly-
morphisms and mutations in the TM domains of bitopic proteins have
been implicated in numerous human diseases [3]. Upon bitopic protein
activation, which can be ligand-dependent or -independent, significant
intra-molecular conformational transitions result in the rearrangement
of the receptor domains and subsequent receptor dimerization or
switching from one dimerization state to another, e.g, a ligand-
dependent transition from the preformed inactive dimeric state to the
active dimer, as has been proposed for the ErbB receptor tyrosine ki-
nases [4-8].

Proteins from the epidermal growth factor receptor family, also
known as HER or ErbB, which transmit biochemical signals across
the plasma membrane, play an important role in cell growth and dif-
ferentiation events in embryonic and adult tissues, whereas inappro-
priate ErbB activity is implicated in human diseases, including several
cancers [9,10]. The single-span o-helical TM domains of ErbB can
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homo- and heterodimerize in the absence of the extracellular ligand-
binding and cytoplasmic kinase domains [5,11]. Mutagenesis studies
have shown that the ErbB TM domains interact through the so-
called GG4 motifs [5,12,13], a small-X3-small tetrad repeat of small
side chain-containing residues separated by three other residues [14].
The TM segments of all four human ErbB receptors have at least one
such motif, and all except ErbB3 have two motifs, which are located in
the N- and C-terminal portions of the TM helices. The ErbB3 TM domain
can also self-associate through a non-standard heptad repeat motif [15].
The switching of helices between two possible conformations of the di-
meric TM domain is thought to be one of the key stages of ErbB signal
transduction [5-8]. The measured dissociation constants of various TM
helical homo- and heterodimers formed by different members of the
ErbB family have permitted the establishment of the structure-energy
relationship for “weak” TM helix-helix associations [11,16].

ErbB4 is a ubiquitously expressed member of the HER/ErbB family
of receptor tyrosine kinases, which are essential for normal develop-
ment of different adult and fetal human tissues [17]. Neuregulins and
certain ligands of the EGF family, which trigger the activation of the
ErbB4 receptor and subsequent signaling, induce a spectrum of cellu-
lar responses such as mitogenesis, differentiation, growth inhibition,
and survival [17]. The ligand-induced translocation of ErbB4 and as-
sociated signaling molecules into lipid rafts is critical for signal trans-
duction [18]. Additionally, ErbB4 is a unique member of the ErbB
family because its TM domain undergoes proteolytic processing by
the presenilin-dependent vy-secretase within the cell membrane to
release the intracellular domain, a critical event that regulates multi-
ple receptor signaling activities, including proapoptotic activity [19].
Recent clinical studies have revealed that tumoral expression of ErbB4
improves the overall survival of breast cancer patients, and thus ErbB4
signaling is believed to play a significant role in cancer pathobiology
[20,21]. Therefore, a structural-thermodynamic investigation of the di-
merization process of the ErbB4 TM domain would aid in the elucida-
tion of the underlying mechanisms of TM helix-helix association and
signal transduction and provide a basis for the molecular design of
pharmaceutical compounds that affect the specific helix-helix interac-
tion in the cell membrane for the appropriate control of receptor kinase
activity. In the present work, we have studied the self-association of the
ErbB4 TM domain; solution NMR spectroscopy was used to obtain its
homodimeric spatial structure and describe the monomer-dimer tran-
sition under experimental conditions in membrane-mimicking lipid
bicelles. The processes observed during homodimer formation reveal
some aspects of the kinetics and thermodynamics of helix-helix associ-
ation that may be relevant to the process that occurs in biological
membranes, providing a better understanding of membrane protein
function.

2. Material and methods
2.1. NMR sample preparation

The recombinant isotopically labeled TM fragment ErbB4gs,_sss,
ErbB4tm, was produced in bacteria and purified as described in Ref.
[22]. Three ErbB4tm samples were prepared: uniformly '°N-labeled,
15N,13C-labeled, and a 1:1 mixture of uniformly 'N,'*C-labeled and
unlabeled proteins (“isotopic-heterodimer” sample). The ErbB4tm sam-
ples were incorporated into small dimyristoylphosphatidylcholine/
dihexanoylphosphatidylcholine (DMPC/DHPC) lipid bicelles with an ef-
fective lipid/protein molar ratio (L/P) of 35 to 230 at a total lipid concen-
tration of 50 or 110 mM in a buffer solution containing 20 mM deuterated
sodium acetate, 0.15 pM sodium azide, 1 mM EDTA, and 5% D,0 or 99.9%
D,0 (v/v), pH 5.0. The effective molar ratio q of long- and short-chain
lipids in the bicelle was 0.27, assuming a free DHPC concentration of
7 mM in the bicellar suspension [23]. Unless otherwise specified, lipids
with deuterated hydrophobic tails were used. Deuterated 1,2-di-[2Ha-]-
myristoyl-sn-glycero-3-phosphocholine (ds4-DMPC) and 1,2-di-[?Hy,]-

myristoyl-sn-glycero-3-phosphocholine (d»,-DHPC) were synthesized
from sn-glycero-3-phosphocholine by acylation with anhydrides of
do7-myristic acid and dy;-hexanoic acid, respectively, as described
in [24].

First, ErbB4tm was dissolved in 1:1 water/trifluoroethanol at
room temperature, supplemented with DMPC/DHPC (also in water/
trifluoroethanol mixture), lyophilized and dissolved in the water buff-
er. Before NMR studies, the samples were subjected to several freeze/
thaw cycles to ensure a uniform protein distribution among the lipid
bicelles. An Eppendorf vial containing the NMR sample was frozen in
a liquid nitrogen bath and kept at room temperature for ~10 min. The
5 freeze/thaw cycles were usually performed with slightly sonication
of the samples at each cycle to obtain a clear solution and good NMR
spectra. To verify the validity of experimental conditions, circular di-
chroism (JASCO-810 spectropolarimeter, Jasco, Tokyo, Japan) measure-
ments were performed. The circular dichroism spectra were virtually
identical for ErbB4tm incorporated into DMPC/DHPC bicelles and
DMPC unilamellar liposomes, revealing approximately 62% o-helical
structure in both cases.

2.2. NMR chemical shift assignments and structure determination

NMR spectra were acquired at 313 K on a 700-MHz Avance spec-
trometer (Bruker BioSpin, Rheinstetten, Germany) equipped with a
pulsed-field gradient triple-resonance cryoprobe. The 'H, '3C, and
5N resonances of ErbB4tm were assigned with CARA software [25]
with triple-resonance techniques [26,27] as described in Appendix
A: Supplementary data, Section A.1.

The local effective rotation correlation times (Tg) for the individu-
al ">NH groups of ErbB4tm were calculated with DASHA software [28]
from the ratio of the >N longitudinal and transverse relaxation times
obtained at L/P~120 as described in Ref. [29].

The spatial NMR structure of the ErbB4tm homodimer was calculat-
ed with the CYANA program [30] based on intra- and inter-monomeric
NOE distance restraints derived from the analysis of three-dimensional
>N- and "*C-edited NOESY and '°N,">C-F1-filtered/F3-edited-NOESY
spectra [26,31] acquired for the '>N- and '°N,'3C-labeled ErbB4tm
and PN, '3C-ErbB4tm/ErbB4tm “isotopic-heterodimer” samples (at
L/P=50). The backbone dihedral angle restraints for © and s were es-
timated basing on the assigned chemical shifts with the program
PREDITOR [32]. The spatial structure calculation procedure is described
in Appendix A: Supplementary data, Section A.1.

The hydrophobic properties of the a-helices in the ErbB4tm dimer
were calculated with the molecular hydrophobicity potential (MHP)
approach [33] as described in Appendix A: Supplementary data,
Section A.2. The contact area between the dimer subunits was calculat-
ed with the DSSP program [34] as the difference between the accessible
surface areas of ErbB4tm residues in the monomer and dimer. The
ErbB4tm dimer structures were visualized with the MOLMOL program
[35].

2.3. NMR measurements of kinetics and thermodynamics

The dependence of the dimer association constants of ErbB4tm on
the lipid concentration was treated according to the protein-bicelle
complex model (similar to the protein-micelle model proposed in
[36-39]), assuming that the apparent free energy of association:

AG,,,, = AGq + YRT In[Lip]g, (1)

app

where AGy is the standard free energy of association, vy is a measure of
the ideality of a bicellar system (formally the reaction order on the
lipid) [15,38], R is the universal gas constant, T is the temperature in
K, and [Lip]p is the concentration of the lipid in bicellar form, which
corresponds to the overall lipid concentration excluding the free
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lipid concentration that is usually estimated to be equal to the critical
micelle concentration (CMC).

The apparent free energy of association is related to the classic as-
sociation constant for bimolecular interactions (Kapp = D/M?):

AG —RTln(Kapp) - RTln(M2 /D>7 2)

app —

where M and D are the concentrations of the monomeric and dimeric
protein, respectively.
Egs. (1) and (2) may be rewritten in the form:

— 0 D[Lip]}
— [IP]B/IVIZ7 (3)

where Ky is the constant of the association, taking into account the
lipid-related processes.

When y=1, the solvent is true (sometimes referred to as “ideal”)
[38], and AGq can be directly derived from the reduced association
constant (Kag):

Kae = KappLiplg =77/ (4)

which is K,pp written for the concentration of protein measured rela-
tive to lipid concentration. When <y is other than unity, AGy is the
parameter of the system and cannot be compared to that of another
protein except when its dimerization is described by an identical vy
parameter [15,38]. If the lipid is not an “ideal” solvent but acts as a
reactant, its quantity in the bicelle is believed to change upon the
association of TM helices, and (y—1) would formally indicate the
average number of lipid molecules leaving ((y—1)>0) or entering
((y—1)<0) the system after dimer formation [15,36-39]. However,
variations in <y can also imply that the constant of the reaction de-
pends on some factor other than the alteration of amounts of lipid
molecules in a supramolecular system.

To measure AGg, a '°N-labeled ErbB4tm sample with an initial L/P
ratio of 80 at 40 mM total lipid concentration was titrated by adding
small portions of a concentrated bicelle suspension to a final L/P
ratio of 230 at 100 mM total lipid concentration while maintaining
the protein concentration near 0.52 £ 0.05 mM. The sample under-
went several freeze/thaw cycles at each L/P point. The monomer/
dimer ratio was calculated from the integrals of the corresponding
cross-peaks in 'H/'>N TROSY spectra and was used to determine the
monomer (M) and dimer (D) concentrations. The cross-peaks of the
amide group of G®° corresponding to the monomer and dimer states
of ErbB4tm were used for the calculation because they do not overlap
with other peaks. The projections of the 2D cross-peaks of the two
states of G5°® were fitted by Lorentzian lines in Mathematica soft-
ware. The resulting lines were integrated and scaled with respect to
the proton transverse relaxation during the INEPT transfers in the
TH/'>N TROSY pulse sequence. The nitrogen transverse relaxation
was neglected. At each L/P ratio, the reduced association constant
Kar and corresponding AG,p, were calculated. The dependence of
AG,pp on In[Lip]p was fitted to Eq. (1) at L/P> 120, when the bicelle
unambiguously contained, on average, less than one protein (given
a bicelle size of ~100 lipids and a free DHPC concentration of 7 mM
[23,40]). The temperature dependence of AG,p, was determined
similarly.

The temperature dependence of the apparent free energy of
ErbB4tm association was investigated at two L/P ratios of 50 and 80
at a total lipid bicellar concentration of 93 mM at a temperature
range of 288-323 K. Under both conditions, the curves describing
the temperature dependence of the free energy appeared to be

strongly nonlinear, suggesting that the complex model should be
employed for data analysis. A rather good fit was obtained with the
relationship [41]:

AG(T) = AHy—TAS, + AC,(T—T,)—TAC, In (T/TO), (5)

where AHy and ASy are the standard enthalpy and entropy of dimer-
ization and AG, is the change of the heat capacity upon dimerization
at the standard-state reference temperature Ty (298 K in this study).
The more complex formalism, which includes the temperature depen-
dence of AC,, was not applied because the acquired data matched the
above written formula within the limits of the experimental errors under
both conditions.

To monitor the temperature dependence of the hydrodynamic radi-
us of the DMPC/DHPC bicelle with embedded ErbB4tm (at L/P~ 50), the
translational diffusion of the lipids and ErbB4tm was measured from
TH-DOSY spectra [27] acquired at a temperature range of 288-323 K
(at pH 5.0).

The kinetic rate constants for dissociation and dimerization of
ErbB4tm were measured from the intensities of the exchange and diag-
onal cross-peaks in '°N-edited NOESY spectra recorded with a 100-ms
mixing time according to the equations [42]:

Iy = Py [Pum + Pp eXP{—kexT}] €xp[—Ry 7]
Ip = pp[Pp + Pm XP{—keT}] €Xp[—R; 7] (6)
Ipy = Iyp = PuPp[1— exp{—ke,T}] exp[—R; 7]

where Iy, Ip, Ipy and Iyp are the intensities of the diagonal peaks for the
monomeric (M) and dimeric (D) states and of the cross-peaks between
them, pp and py, are the populations of the two states, 7 is the mixing
time, R, is the rate of proton longitudinal relaxation, and k. is the ex-
change rate:

kex = kdiss + ’Edim = kdiss + kdimM/[Lip]Bv (7)

where kg;s, is a first-order rate constant of Qissociation, Kdim iS a second-
order rate constant of dimerization, and k 4, is a generalized dimer-
ization rate constant (k gy = k 4imM/[Lip]g). The rate constants can
be extracted, taking into account the equilibrium population of
kiss _ Pyy(M +2D)
Kgim  PplLiplp
where (M + 2D) is the total protein concentration.

Dimerization rate constants were also measured by line shape
analysis. The 'H/*>N TROSY spectra of ErbB4tm samples for the mono-
mer (at the L/P ratio of 120) and monomer/dimer mixture (at the L/P
ratio of 50) were acquired at different temperatures. The 'H projec-
tions of the 2D cross-peaks of G®° in the pure monomeric state and
in two states in the monomer/dimer mixture were fitted by Lorentzian
lines with Mathematica software (Wolfram Research, U.S.A.). The 'H
linewidth measured for the pure monomer was subtracted from the
linewidth of the monomer in the monomer/dimer mixture, and the
result was multiplied by m to give the generalized dimerization rate con-
stant k 4im. The foregoing assumes that the exchange was slow (on the
NMR chemical shift timescale [42]) at temperatures below 313 K. Gen-
eralized rate constants were used to calculate dimerization rate con-
stants; the monomer and dimer concentrations were obtained by the
lineshape fitting performed to determine the magnitude of AGo. The
resulting rate constants were fitted to the simple Arrhenius equation
(k=A exp(—E4/RT)) or used to calculate the free energy of the transi-
tion state. The relative free energies AG§ and AG}H of the transition
state accompanying the association and dissociation of ErbB4tm were
estimated from the obtained rate constants according to the Eyring
equation [43]:

the states and knowing that py+2pp=1 and

AGY = RT In(ky Tk /hk gipy), 8)
AG:E = RT In(kgTk/hky;s;s),



E.V. Bocharov et al. / Biochimica et Biophysica Acta 1818 (2012) 2158-2170 2161

where kg and h are the Boltzmann and Planck’s constants, respectively,
and k is the transmission coefficient, which is related to the fraction of
molecules in the transition state that end up as products. A value of
k~1.6x10"7 was previously estimated for globular protein folding
[44].

3. Results and discussion

3.1. The ErbB4 transmembrane domain undergoes a slow
monomer-dimer transition in the bicellar environment

To investigate the structural and dynamic behavior of the TM do-
main of the ErbB4 receptor tyrosine kinase, we prepared a recombinant
44-residue fragment ErbB4g4,_sgs (named ErbB4tm), which includes
residues STLPQHARTPLIAAGVIGGLFILVIVGLTFAVYVRRKSIKKKRA and
contains the proposed hydrophobic TM segment (underlined residues
652-675; the sequence numbering corresponds to the Swiss-Prot anno-
tation of the human receptor, Q15303). The hydrophobic nature of the
membrane-spanning ErbB4tm requires a membrane-mimicking envi-
ronment in the form of supramolecular particles that tumble fast
enough to give well-resolved resonance lines when solution NMR
methods are used. We recently resolved the dimeric structures of TM
domains of human proteins, including the ErbB receptor family, and
concluded that discoidal mixed bicelles (a small circular bilayer of
long-chain lipids surrounded by a rim of short-chain lipids) are a fairly
adequate model of lipid membranes for structural studies by high-
resolution NMR [45-49]. Therefore, ErbB4tm was dissolved in DMPC/
DHPC bicelles with an effective molar ratio of long- and short-chain
lipids q~0.27 (adjusted for the free DHPC concentration in the bicellar
suspension [23]).

15N and '3C isotope-labeled ErbB4tm embedded into bicelles with a
lipid/protein molar ratio (L/P) and total lipid concentration varying
from 35 to 230 and 50 mM to 110 mM, respectively, was investigated
with conventional heteronuclear NMR in the temperature range of
288-328 K at pH 5.0. Under the specified conditions, two sets of signals
with different peak intensities are observed in the NMR spectra (Fig. 1)
of the N-terminal portion of the TM a-helical region 650-677 of
ErbB4tm (see Appendix A: Supplementary data, Section A.3 and Fig.
A.1). At low temperatures, the exchange between the two states is
slow on the NMR chemical shift timescale (Fig. 1). Because the minimal
distinguishable chemical shift difference between the signals for the
two states was ~20 Hz at 288 K (23 Hz for As( >N") of G®°), we can es-
timate that the exchange rate is slower than 20 s~ !. At temperatures
above 323 K, the two sets merge into one with average peak positions
that indicate that the slow exchange process becomes fast on the
NMR timescale (Fig. 1). The cross-peaks in the '>N/>C-filtered NOESY
spectra [31], which denote inter-molecular interactions in the ErbB4tm
“isotopic-heterodimer” sample, vanish gradually with the simultaneous
increase in the first-state population, which becomes abundant at high
L/P values. The second state dominates in bicelles saturated with pro-
tein, but as the L/P ratio decreases to 35, the samples become unstable
with the formation of ~20 nm (according to light scattering measure-
ments, unpublished data) aggregates within three days. At L/P values
near 50, when the populations of both states are equal and the sample
is rather stable, the eight unambiguous inter-monomeric NOE contacts
are detected between the methyl groups (which have the smallest re-
laxation rates) of the 3C,'>N-labeled ErbB4tm and the other groups of
the unlabeled ErbB4tm (Table A.1 and Fig. A.2), directly demonstrating
that the protein self-associates in a dimer with parallel orientation.
Thus, the observed process is a slow monomer-dimer transition (milli-
second timescale), in which the populations of states and, consequently,
apparent dissociation constants are dependent on the L/P ratio (Fig. 1B),
which is related to the effective concentration of the protein in the
bicelle. The presence of distinct signals for the monomeric and dimeric
states and the directly measured inter-monomeric NOE connectiv-
ities unambiguously demonstrate that the dimerization of ErbB4tm is

specific and eliminates the need for experiments used in recent works
[50] to confirm the specific character of the TM helix-helix interaction
when the dimer-monomer transition is fast.

3.2. Spatial structure of the homodimeric ErbB4 transmembrane domain

Only one set of signals can be observed in the ! H/!> N HSQC spec-
tra for ErbB4tm in the dimeric state, indicating that its structure is
symmetrical on the NMR timescale (Fig. 1B). Therefore, the intra-
and inter-monomeric NOE restraints identified in NMR spectra of
ErbB4tm as well as torsion angle restraints derived from the chemical
shifts were symmetrized to provide proper dimer spatial structure.
An overview of the input data, statistics and parameters of the calcu-
lated set of spatial structures is presented in Table 1. The atomic coor-
dinates and experimental restraints for the ensemble of 20 structures
of the ErbB4tm dimer embedded into the DMPC/DHPC bicelles has
been deposited in the Protein Data Bank under accession code PDB
ID: 2LCX (Fig. A.3). Under experimental conditions, the ErbB4 TM do-
main represents a parallel, symmetric dimer of membrane-spanning
a-helices, residues 651-678, with the axes of the helices oriented at
an angle 6 of —40° and a distance d of 7.2 A (Fig. 2A).

According to the spatial distribution of the hydrophilic/hydrophobic
properties of the ErbB4tm dimer subunits, which were visualized by
molecular hydrophobicity potential (MHP) [33], the helix-packing in-
terface, which extends over 360 A2 (per subunit), is rather polar, with
some hydrophobic segments on the outer surface (Fig. 2B). So, the
self-association of the ErbB4tm a-helix is driven by polar interactions
through the N-terminal double GG4-like motif A®>>GxxGG°®; residues
P61, 1652 1663 1564 and V657 assist by stabilizing the structure of the
dimer by forming close van der Waals contacts between their bulky
side chains. On the C-terminal flank of the helix-packing interface,
the aromatic rings of opposite F¢’! residues participate in an inter-
molecular edge-face stacking interaction. At the adjacent side of the
TM helix, the side chain hydroxyl group of T®7° participates in intra-
molecular hydrogen bonding with the carbonyl group of 156, which
supports the local structure of the helix. The other weakly polar surface
of the ErbB4tm helix, which includes the unused C-terminal GG4-like
motif G%8xxxA®72, is facing lipids. This surface may be used for
switching between the active and inactive receptor states, which are
presumably associated with the dimerization of the TM domain via
the N- and C-terminal motifs, as was suggested for the ErbB family in
the “rotation coupling” activation mechanism [5-7].

Recently, it was proposed that interactions between o-helices in the
lipid bilayer are partially mediated by polar interactions between Hot
hydrogens and carbonyl groups that have properties similar to those
of hydrogen bonds but lower energies [53-55]. Three symmetrical con-
tacts (6 per dimer) of this type occur in the NMR-derived structure set
of the ErbB4tm dimer: CatH; of G5°6, CaeH,, of G®°°, and CatH; of G in-
teract with the opposite backbone carbonyls of A5>°, G, and G, re-
spectively (Fig. 2C). However, unlike the strong homodimerization of
the GpA TM domain, which is also mediated by the GG4-like motif
[56], a strong downfield shift of the "Ha1/'Ho2 glycine resonances
(up to 0.7 ppm for GpA) for the suggested donors of non-canonical
hydrogen bonds is not observed, and the maximal downfield shift reg-
istered for G®® is 0.22 ppm. Thus, the interhelical contacts in the deter-
mined ErbB4tm dimer structure are apparently not hydrogen bonds but
weak electrostatic interactions between partial charges. This is in agree-
ment with the weaker dimerization of the ErbB TM domains in compar-
ison with the GpA TM self-association, which is seemingly typical for
RTKs [11,57-59].

It has been proposed that kinase domain activation requires the
folding of the cytoplasmic juxtamembrane regions of both monomers
in the ErbB dimer into an antiparallel helical structure in which the
spacing between the C-termini of the TM helices is approximately
2nm [51]. The determined structure of the homodimer formed via
the N-terminal double GG4-like motif of the ErbB4 TM domain
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Fig. 1. ErbB4tm monomer-dimer equilibrium characterized by peak doubling in the NMR spectra. (A) The 'H/'>N TROSY spectra of the '°N,'*C-ErbB4tm/ErbB4tm “isotopic-
heterodimer” embedded in the DMPC/DHPC lipid bicelles at L/P=~50, pH 5.0, 306 K (at left) and 323 K (at right). The 'H-">N side chain and backbone resonance assignments
are shown (the water-exposed residues have an additional minor cross-peak due to the slow cis-trans transitions of the L544~P%4> peptide bond in the flexible N-terminal portion).
At high temperature, the monomeric and dimeric sets of the ErbB4tm amide peaks merge to average peak positions because the monomer-dimer exchange process becomes fast
on the NMR timescale. (B) Set of glycine regions of the 'H/*°N TROSY spectra (dashed line in panel A) of ErbB4tm at L/P~120, 60 and 40 (from left to right) acquired at 306 K,
demonstrating the L/P-dependence of the equilibrium populations of the ErbB4tm monomeric and dimeric states. (C) G®°° cross-peaks in the 'H/!°N TROSY spectra of ErbB4tm
(L/P=50) acquired at temperatures between 288 and 323 K and their one-dimensional 'H projections demonstrate the temperature dependence of the ErbB4tm monomer—
dimer exchange process. The monomeric (M), dimeric (D) and higher oligomeric (presumably tetrameric, T) states are indicated.

exhibits the required distance between the C-termini of the TM heli-
ces (Fig. 2A). Notably, the polar amino acid substitution I658E, which
results in a constitutively active receptor that induces the death of
breast tumor cells via the enhancement of proapoptotic activity [20],
is adjacent to the observed ErbB4 TM helix-packing interface (Fig. 2).
Upon the dimerization of the I658E mutant ErbB4 form, the glutamate
side chains likely participate in additional hydrogen bonding interac-
tions with proximate polar groups of the opposite dimer subunit [46],
thus enhancing helix-helix association and supporting uncontrolled re-
ceptor activity, although this has not been confirmed experimentally. In
the observed dimer conformation, the side chain of V73, the mutation

of which completely abolishes the proapoptotic activity of ErbB4 [19],
is exposed to the lipid environment, thus permitting proteolytic process-
ing of the ErbB4 TM domain by the presenilin-dependent -y-secretase.

3.3. Interactions across the helix-helix interface induce a small bending
of the ErbB4 transmembrane domain

The NOE cross-peak patterns for the monomeric and dimeric states
of ErbB4tm are almost identical (excluding inter-monomeric NOEs), in-
dicating that dimerization does not cause significant perturbations in
the ErbB4tm structure. However, the chemical shifts of several amide
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Table 1
Structural statistics for the ensemble of 20 best NMR structures of the ErbB4tm dimer
in the DMPC/DHPC bicelles at 313 K and pH 5.0.

NMR distance and dihedral restraints

Total unambiguous NOE restraints 522
Intra-residue 196
Inter-residue 310

Sequential ([i—j|=1) 142

Medium-range (1<[|i—j|<4) 152

Long-range (|i—j|>4) 0
Inter-monomeric 16

Hydrogen bond restraints (upper/lower) 136/136

Total torsion angle restraints 206
Backbone ¢ 84
Backbone s 84
Side chain ! 30
Side chain y? 8

Structure calculation statistics

CYANA target function (A?) 09+0.4
Restraint violations
Distance (>0.2 A) 2
Distance (>0.3 A) 0
Dihedral (>5°) 0
Average pairwise r.m.s.d. (A)
o-helical region (651-678),
Backbone atoms 0.2240.12
All heavy atoms 0.834+0.17
Ramachandran analysis *
% Residues in most favored regions 80.0
% Residues in additional allowed regions 17.7
% Residues in generously allowed regions 21°
% Residues in disallowed regions 02°
Helix-helix packing
Contact surface area per monomer (A?) 360+30
Angle 0 between the helix axes (°) —40+2
Distance d between the helix axes (A) 72403

¢ Ramachandran statistics was determined using CYANA program [30].
b Residues from unfolded and flexible regions.

protons change upon dimerization. The 'HN chemical shifts alter peri-
odically in opposite directions along the protein sequence with a step
of 3-4 residues (Figs. 2C and A.1), indicating changes in helical hydro-
gen bond lengths upon dimerization. Downfield 'HN chemical shifts
(positive Ab values) indicate shortened hydrogen bonds, while upfield
shifts (negative Ad values) indicate the formation of elongated hydro-
gen bonds upon helix dimerization. The observed &('H") changes are
rather small and do not exceed 0.1 ppm, corresponding to a maximum

Fig. 2. NMR structure of the ErbB4tm dimer in the DMPC/DHPC bicellar environment.
(A) Schematic representation of the supramolecular system of the ErbB4tm homo-
dimer embedded in the bicelle. At right, the residues participating in the ErbB4tm asso-
ciation are highlighted by red. The N- and C-terminal characteristic GG4-like motifs
A%SGxxGG0 and G®8xxxA®72 are shown with hollow letters. (B) At left, hydrophobic
and hydrophilic (polar) surfaces of the ErbB4tm dimer subunit are colored in yellow
and green, respectively, according to molecular hydrophobicity potential (MHP) [33].
At right is the hydrophobicity map of the molecular surface of the ErbB4tm helix
with contour isolines encircling hydrophobic regions with high values of MHP (see
Section A.2). The map is presented in cylindrical coordinates associated with the TM
helix. The ErbB4tm helix-packing interface is indicated by points. Residues compos-
ing N- and C-terminal dimerization GG4-like motifs A®>>GxxGG®®° (employed) and
G5%8xxxA®”? (unemployed) are highlighted in red-yellow and green, respectively.
Inter-monomeric contact surfaces of ErbB4tm residues are shown on the periphery
(as a percentage of the total solvent-accessible area). (C) At left, the detailed structure
of the ErbB4tm helix-packing interface. The formation of the network of inter-
monomeric polar Cae—H-+O contacts of the hydrogen-bond type (blue dotted lines)
across the ErbB4tm dimer interface is accompanied by a structural “adjustment”
(local bending) of the dimer subunits with periodical stretching (red dotted lines)
and shortening (green dotted lines) of backbone hydrogen bonds of the TM helices.
At right, the "HN chemical shift differences between the dimer and monomer amide
cross-peaks in the 'H/">N TROSY spectrum acquired for the '>N-labeled ErbB4tm sam-
ple (at L/P~50, 306 K and pH 5.0) indicate stretching and shortening of the helical hy-
drogen bonds upon dimerization.

variation in the length of hydrogen bonds of 0.05 A [52], which cannot
be detected from the NOE data. Intriguingly, the perturbations of
8("HV) are more pronounced in the vicinity of the dimerization inter-
face and can be interpreted as local bending of the ErbB4tm helix
upon dimer formation. The interfacial residues AS>>GxxGG®®° form a
polar cavity on the helix surface (Fig. 2B), which is unfavorably exposed
to the hydrophobic lipid environment in the ErbB4tm monomer. Taking
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into account the observed periodicity of the variation in hydrogen bond
length, it can be assumed that the ErbB4tm span is bending slightly
(likely straightening) when the polar surfaces of two TM helices associ-
ate tightly, forming a dimer interface that is shielded from the lipid tails.

The observed bending may represent an adjustment of the helical
structure to optimize pairwise interactions across the dimerization in-
terface. The adjustment is the result of contributions from polar con-
tacts and van der Waals interactions and contributions from changes
in the local helical structure of the individual helices to the free energy
of the helix-helix interaction and may be inherent to the TM helix asso-
ciation employing the GG4-like motifs. This observation suggests that
the helix-helix interaction in the membrane is determined not by sim-
ply matching the hydrophobic and hydrophilic properties of the inter-
acting surfaces along with the steric compatibility of their landscapes
but by the specific adjustment of the complementarities of the TM heli-
ces at the atomic level to permit the formation of polar contacts and
tight helix-helix packing.

3.4. Thermodynamics of the monomer-dimer equilibrium of the ErbB4
transmembrane domain

To investigate the thermodynamics of the dimerization process of
ErbB4tm in lipid bicelles, the observed monomer-dimer equilibrium
was analyzed quantitatively. When the bicellar system behaves as a
true solvent (sometimes referred to as “ideal” [38]), the dependence
of the monomer-dimer equilibrium on [Lip]z should follow Egs. (1)
and (2) (see “Material and methods”: Section 2.3) with a measure of
ideality y=1[36,38], assuming that the standard protein-micelle com-
plex model is applicable to a lipid bicelle. This permits the introduction
of the concept of standard free energy (AGy) of the membrane protein
association [38], which is equal to the apparent free energy of the pro-
cess (AGgpp) at 1M [Lip]p. When y=1, AGo can be directly derived
from the so-called reduced association constant Kag=Kgpp|Lip]s
(according to Egs. (3) and (4)).

The reduced association constant was measured for ErbB4tm in the
wide range of the L/P ratio and total lipid concentration at 306 K, when
the exchange process is not too fast and monomer-dimer cross-peaks
are well separated but the signal broadening due to the deceleration
of Brownian tumbling of the supramolecular system is not yet pro-
nounced. The plot of the reduced association constant against the L/P
ratio demonstrates that Ky strongly decreases and becomes almost
constant when less than one ErbB4tm molecule resides, on average, in
one bicelle (consisting of ~100 lipids [40]) (Fig. 3A). This indicates
that when two proteins are co-located in the same bicelle (as in “satu-
rated” bicelles), either -y is not equal to unity or the reaction rate con-
stants change for some reason. Notably, the saturation of bicelles by
the peptide is accompanied by line broadening of the signals from the
methyl groups of DMPC, indicating that the mobility of lipids is some-
how restricted by the TM helices (Fig. A.7). The data obtained at a differ-
ent L/P ratio and at the same bicellar lipid concentration revealed that
the increase in Kuy is caused by the decrease in the L/P ratio and not
the decrease in lipid concentration (Fig. 3A, Table 2), confirming that
total lipid concentration and, therefore, non-ideal -y are not responsible
for the observed dimer stabilization. The induced proximity of the TM
segments (two or more proteins in the same bicelle) can be assumed
to increase the probability of dimerization. Thus, the dimer fraction in-
creases gradually with the number of bicelles with two monomers,
which emerge due to the low L/P ratio.

The analysis of the obtained data in the framework of the described
formalism demonstrates that, when less than one ErbB4tm resides in
one bicelle, vy is close to unity (y=1.040.1 at L/P greater than 120),
and AG, is equal to either —0.5 or — 1.4 kcalmol™ ", depending on
whether the concentration of protein in the lipid is calculated per
long-chain lipids only or per total bicellar lipid, respectively. The long-
chain lipids are believed to form a small bilayer in the bicelle [45]; how-
ever, the short-chain lipids forming the “rim” also likely play a role in
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Fig. 3. Effects of the L/P ratio and temperature on the ErbB4tm monomer-dimer equilib-
rium. (A) The L/P-dependence of the reduced association constant, Ksr, monitored at
306 K demonstrates two characteristic regimes of the ErbB4tm dimerization process
occur in the “saturated” and “unsaturated” bicelles at low and high L/P ratios, respectively.
The Kar values measured at constant bicellar lipid (93 mM) and protein (0.52 mM) con-
centrations are shown by open and filled boxes, respectively. The dashed line is the cubic
spline fit of the data. (B) The temperature dependence of the free energy, AG, of the
ErbB4tm dimerization at the L/P ratios of 50 (dotted line) and 80 (solid line) is fitted by
Eq. (5).

accommodating the protein in the bicelle. These magnitudes can be
compared to the dimerization free energies, which range from —2.4
to — 3.7 kcal mol ™ !, measured in different lipid bilayers for the TM do-
mains of other RTK representatives: ErbB1, FGFR3 and EphAT1 receptors
[16,58-61]. The lower stability of the ErbB4tm dimer correlates well
with the dimerization hierarchy of ErbB TM domains in LDAO micelles,
in which the ErbB4tm homodimer is the least stable of all possible di-
meric combinations within the family. The dimerization free energy of
ErbB4tm is smaller than that of ErbB1tm by ~2 kcal mol ~ ! [11].

In addition to the dependence on L/P concentration, the tempera-
ture dependence (in the range of 288-323 K) of the reduced association
constant (and, therefore, of the free energy of ErbB4tm dimerization)
was investigated at two degrees of bicelle saturation with L/P of 50

Table 2

Thermodynamic parameters (at standard-state reference temperature Ty of 298 K) of
the monomer-dimer transition of ErbB4tm in the DMPC/DHPC environment at differ-
ent degrees of the bicelle “saturation”.

Parameter Conditions 1 Conditions 2
Bicellar lipid concentration, mM 93+5 93+5
Protein concentration, mM 1.1+£0.1 1.9+0.2
L/P ratio 80+5 50+3
Kar (To) 4743 12348
AHg, kcal mol~! 54+0.7 6.3+0.7
ASo, kcal mol~ 'K~ ! 0.025 + 0.002 0.030 £ 0.002
ToASo, kcal mol ! 7.5+0.7 9.0+0.6
AGC,, kcal mol ~ 'K ™! 0.96+0.15 1.0£0.1
AG, kcal mol ! —2.1340.15 —2.704+0.1
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and 80 at a total lipid bicellar concentration of 93 mM (Figs. 1C and 3B).
Qualitatively, increasing temperatures favor dimerization, which is an-
ticipated for an entropy-driven dimerization process. Moreover, begin-
ning at 313 K, a higher oligomeric (presumably tetrameric) ErbB4tm
complex becomes detectable as protein complex formation becomes
progressively more energetically beneficial. Under both conditions,
the curves describing the temperature dependence of the free energy
of dimerization appeared to be strongly nonlinear, suggesting that the
complex model should be employed for the data analysis. The diffusion
measurements demonstrated that the bicelle hydrodynamic radius of
~2.5 nm remains unchanged in the temperature range of 288-323 K
within the experimental uncertainty of 0.2 nm (Section A4 and Fig.
A.4), thus excluding the possibility that dimerization increases due to
changes in the protein/bicelle ratio. A rather good fit of AG(T) was ob-
tained with the relationship of Eq. (5), which assumes a temperature-
dependent enthalpy AH(T) and entropy AS(T) of the process with con-
stant heat capacity AG,. The key thermodynamic parameters of the
dimerization of ErbB4tm in a “saturated” bicellar environment at two
L/P ratios and at a standard-state reference temperature Ty of 298 K
are summarized in Table 2. Clearly, in the “saturated” bicelles, the di-
merization of ErbB4tm is endothermic and entropy-driven, with both
entropy and enthalpy strongly dependent on the ambient temperature.
Additionally, dimerization is enhanced by a decrease in the L/P ratio due
to an increase in the favorable entropic contribution that exceeds the
unfavorable enthalpy increase. This is the first detailed account of the
thermodynamic parameters of TM helix dimerization in a “saturated”
micelle/bicelle system, which are very distinct from the measurements
conducted on the glycophorin A dimer in “unsaturated” micelles [37]. In
some cases, the glycophorin A helix-helix interaction was accompanied
by an increase in entropy, while an increase in enthalpy upon dimeriza-
tion was not observed.

In conclusion, four main findings are reported in this section. First,
the dimerization of the TM helices of ErbB4 in DMPC/DHPC bicelles
obeys standard kinetics in dilute solutions and is enhanced when
bicelles are saturated with peptide. Second, the dimerization process
in “saturated” bicelles is endothermic. Third, the dimerization process
in “saturated” bicelles is accompanied by increases in both entropy
and heat capacity. And, fourth, the observed dimerization enhancement
is due to an increase in the entropic contribution to the dimerization
free energy. These findings are not obvious and require explanation. A
possible interpretation of the obtained data is given in the following
section.

3.5. Interpretation of the obtained thermodynamic parameters of ErbB4
transmembrane domain dimerization in a bicellar environment

3.5.1. Dimerization is accompanied by increases in both entropy and heat
capacity

The observed increase in entropy may appear counterintuitive be-
cause it can be argued that protein oligomers are more ordered and
less mobile than the separate monomers. Therefore, lipids are the only
possible source of positive entropy for the dimerization process. Indeed,
every TM helix is surrounded by a “coat” of lipids that is more or less
tightly associated with the helix [53,62,63]. After the TM helices inter-
act, a fraction of these “frozen” or to some degree spatially constrained
lipids becomes more mobile because the accessible surface of the dimer
is smaller (on 2x 360 A?) than that of the two monomers and less lipid
molecules can be attached to the surface. Thus, the TM helix association
reduces the area of the protein-lipid interface and thereby increases the
overall entropy of the system. The suggested hypothesis is supported by
the considerable increase (=1 kcal mol~'K~!) in the heat capacity
upon dimerization. G, is directly related to the number of degrees of
freedom of a system. Dimerization itself would decrease the number
of degrees of freedom of the protein, and the resulting increase in
heat capacity may be the consequence of lipid release from the protein
surface only. In a sense, the observed temperature curve is similar to the

curves observed for the melting of globular proteins [41,64]. The de-
scribed process may be represented as a partial melting of the pro-
tein-lipid complex that occurs upon TM helix dimerization. The
presence of “frozen” lipids in our system is also supported by the
lipid-protein NOE contacts observed for ErbB4tm in bicelles (Figs. A.1
and A.2). Indeed, the NOE is proportional to the rotational correlation
time of the cross-relaxing nuclei, and the lipid-protein NOE cross-
peak intensities, which are comparable to the inter-molecular pro-
tein—-protein NOE cross-peak intensities in the dimer, imply that the
protein-lipid interactions may have a lifetime similar to that of the pro-
tein—protein interactions. Therefore, we can conclude that the observed
increase in entropy and heat capacity upon the dimerization of ErbB4tm
is due to the change in the mobility of lipid molecules that are somehow
associated with the protein surface.

3.5.2. The dimerization of ErbB4tm in saturated bicelles is endothermic

Computational studies and existing data on the energy of polar
and van der Waals interactions demonstrate that protein-protein
contacts should be favorable from the viewpoint of internal energy
and decrease the system enthalpy [65-67]. In theory, some unfavor-
able interactions may occur at the helix-helix interface (i.e., coulom-
bic repulsion between charged side chains [48,68] and interactions
between helical dipoles). Nonetheless, the total enthalpic contribu-
tion to the TM helix-helix interaction is mostly dimer-supporting
[14,37,69], and no adverse contacts could be observed in the spatial
structure of the ErbB4tm dimer. Thus, in our system, the positive AHy
may originate from either protein-lipid or lipid-lipid interactions.
Protein-lipid contacts should be favorable, and the release of lipids
from the protein surface upon dimerization will lead to an increase in
enthalpy. Moreover, the lipid-lipid interactions in the ordered “coat”
around the TM helices are also favorable from an internal energy per-
spective, and these interactions are destroyed to some extent upon
helix association. In other words, we propose that the enthalpy of the
lipid-protein-water system is increased upon dimerization due to the
removal of lipid molecules from the protein surface and to the partial
disruption of lipid-lipid interactions in the “coat” surrounding each
TM helix.

3.5.3. The dimerization of ErbB4tm in saturated bicelles is enhanced due
to an increase in dimerization entropy

The third finding that needs to be explained is the enhancement of
the dimerization and increase in the dimerization entropy upon bicelle
saturation. Here, we suggest two hypotheses. The first hypothesis states
that dimerization enhances the degree of lipid ordering in the system,
thus increasing the dimerization entropy. This suggestion is confirmed
by literature data. An abrupt enhancement of TM helix dimerization
was observed upon the transition from the liquid-crystal to the gel
phase in DMPC bilayers [70]. Furthermore, the addition of cholesterol,
which increases the ordering of lipid tails, to the lipid membranes fa-
vored dimerization [70-72]. The following mechanism may be respon-
sible for this enhancement: when lipids are in the gel phase, the
detachment of one lipid molecule from the surface of the TM helix
will increase the mobility of other lipids because their movements in
the gel phase are highly correlated and lipid-lipid interactions are
strong. For TM helix-helix associations, this will result in greater dimer-
ization entropy in comparison to dimerization in liquid crystalline lipids
because more lipid molecules will become relatively mobile after the
helix-helix interaction event.

The second hypothesis states that more ordered lipid molecules
per protein are present in “saturated” bicelles than in “unsaturated”
bicelles. Indeed, the increase in lipid ordering with bicelle saturation
can be observed experimentally from the resonance broadening of
the lipid tail groups at low L/P values (Fig. A7), which indicates de-
creasing mobility of the lipid tails. Additionally, according to molecu-
lar modeling data [73], the TM helix restricts the lipid mobility in a
distance of ~2 nm, indicating that two monomers would essentially
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affect every lipid in the ~5 nm bicelle (Fig. 5A, B). In a sense, such
long-range ordering is similar to the behavior of lipids in the gel
phase [63]. There may be several explanations for why two helices
in one bicelle “freeze” more lipid molecules than two helices in sepa-
rate bicelles, and the exact mechanism is outside the scope of the pre-
sent work.

In summary, lipids are presumably more ordered in “saturated”
bicelles, resulting in elevated dimerization entropy and enhanced di-
merization in comparison to the “diluted” case. Similarly, the dimeriza-
tion of ErbB4tm is enhanced dramatically when the L/P ratio decreases
to the point of the statistically meaningful appearance of bicelles con-
taining two proteins (approximately 100:1). Thus, low L/P ratios corre-
spond to situations without a significant presence of a disordered lipid
phase in the system, which causes a drastic enhancement of entropy-
driven protein dimerization.

3.6. Steady-state kinetics of the monomer-dimer transition of the ErbB4
transmembrane domain

The relatively large difference in the chemical shifts of amide
protons (=~0.11 ppm for G%°) in the dimeric and monomeric states
permitted the measurement of the kinetic parameters of the dimeriza-
tion. The exchange rate Kex= Kgiss + kaimM/[Lip]g, where kqiss and Kgim
are rate constants of dissociation and dimerization, respectively,
was measured from the intensities of the exchange cross-peaks in the
5N-edited NOESY spectra (Fig. A.5) [27,42]. The reaction appeared to
be rather slow (kex=~30-40s~1), and the TM helix-helix association
does occur that slowly under more native conditions, even on the time-
scale of seconds, as measured by fluorescence spectroscopy in phospho-
lipid bilayers [74]. Rate constants were obtained at different protein and
lipid concentrations at an optimal temperature of 306 K, when the accu-
racy was maximal (see Table 3). Because the measurements were made
in “saturated” bicelles, the dimerization rate should increase with the
degree of saturation, while the dissociation rate should remain
unchanged, which is within the experimental error in agreement with
the acquired data (see note in Table 3). Moreover, at low L/P values, nei-
ther dissociation nor dimerization depends on the frequency (~10° s~
as estimated from the Stokes-Einstein equation) of collisions between
bicelles. Indeed, while the bicelle concentration and, therefore, the col-
lision frequency decreased two-fold, the dissociation rate remained
almost unchanged, as did the dimerization rate constant (Table 3).

The temperature dependence of the dimerization rate constant kgim,
in the “saturated” state (at L/P of 50) was monitored at 298-313 K by
line shape analysis (Fig. A.6). The dependence appeared to follow the
Arrhenius equation with an activation energy E,~28 kcal mol ™!

Table 3

Steady-state kinetics of the monomer-dimer transition of ErbB4tm in the “saturated”
DMPC/DHPC bicelles measured based on the exchange cross-peaks in the '°N-edited
NOESY spectra acquired at 306 K.

Parameter Conditions 1 Conditions 2*  Conditions 3°
Bicellar lipid concentration, mM 9345 9345 47+5
Protein concentration, mM 1.3+0.1 21+02 0.7+0.1

L/P ratio® 71+£5 4445 71+5

Kar 39+6 100420 3548

Kaiss s~ ! 2343 2243 2746

Kgim, s~ 1 900+ 150 22004300 9504200
Kex, 57" 30+4 3745 40+8

@ Transition from condition nos. 1 to 2. At fixed bicellar lipid concentration the
kqiss=23 s~ ! is practically insensitive to the reduction of the L/P ratio in 1.6 times
whereas kgim has grown twice.

" Transition from condition nos. 1 to 3. The two-fold dilution of the ErbB4tm sample
reveals similar dimerization parameters, since the L/P ratio and hence the fraction of
bicelles with two proteins remained unchanged.

€ When the bicelles behave as an “ideal” solvent (at L/P>120), the Kinetic parameters
are out of accurate measurement due to low fraction of the dimer observed at these
conditions.

(Fig. 4A). Treatment of the obtained data from the perspective of transi-
tion state theory according to the Eyring equation, Eq. (8) (with the
transmission coefficient x=1), yielded the free energy barrier
accompanying the ErbB4tm association, AG}~ 13 kcal mol~!, which
gradually decreases as the temperature increases (Fig. 4B). The barrier
appeared to be extremely high in comparison with theoretical esti-
mates from molecular modeling (up to ~2 kcal mol~! [75]). However,
the dimerization itself requires partial desolvation of the interacting
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Fig. 4. Equilibrium kinetics of the monomer-dimer transition of ErbB4tm in the DMPC/
DHPC bicellar environment. (A) The temperature dependence of the dimerization rate
constant kg, obtained in the “saturated” case (L/P~50) from the line shape analysis of
the G55 cross-peaks in the 'H/'>N TROSY spectra is fitted by the Arrhenius equation
with an activation energy E, equal to 28+ 2 kcal mol~'. (B) Temperature dependence
of the free energy AG} of the transition state accompanying the ErbB4tm association.
The AG} values were estimated from the dimerization rate constant Kgim according to
the Eyring equation (Eq. (8)), with the transmission coefficient x equal to 1. Protein fold-
ing or helix-helix dimerization may be characterized by « values much smaller than unity,
which greatly increases the apparent value of the free energy barrier of the processes, as
represented by the contrast between the solid (physical barrier) and dotted (apparent
barrier) lines in the right top corner scheme. (C) The temperature dependence of the di-
merization rate constant kg, is fitted simultaneously by Egs. (5) and (8), assuming that
AS} and AC}, for the transition state are not higher than ASy~0.03 kcal-mol~ 'K~ ! and
AC,~1 kcal mol" 'K~ (as estimated for the ErbB4tm dimerization).
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TM helices from lipids and, as was shown above, is definitely associated
with local changes in the monomer spatial structure, which both con-
tribute to the activation barrier. Nevertheless, we suppose that the bar-
rier obtained from the simplest approximation of activation is an
overestimate in our case. In fact, complex reactions such as protein
folding or helix-helix dimerization are characterized by k values (prob-
ability of the reaction taking place once the system has reached the ac-
tivated state) much smaller than unity. For example, for water-soluble
helical bundles, a commonly accepted generic value is k~1.6x10~7
[44]. The use of this generic value of k additively decreases the AG} by
approximately 9 kcal mol~ . Taking into account the temperature de-
pendence (Eq. (5)) of both the entropy and enthalpy of the transient
state and reconciling the physical models of the excitation and dimer-
ization processes permits an estimate of a lower limit of k>3x107°
(Fig. 4C), which yields a minimal AGj~7 kcalmol~! with AHj~
16 kcal mol ~ " and ToAS§~9 kcal mol~"! (for details see Section A.5).
The magnitude of k appears to be the same for globular proteins or
even one to two orders greater because the TM helices are already
formed and inserted into the membrane prior to the dimerization pro-
cess (according to the two-stage model of membrane protein folding
[14]). Although more thorough kinetic measurements are desirable
for an accurate description of the thermodynamics of a transition state
during specific TM helix recognition and to determine a more precise
value of K, the present study is the first to obtain the kinetic and thermo-
dynamic parameters of the interaction between TM helices. The self-
consistency of the acquired data derived by different experimental ap-
proaches is confirmed by the fact that applying an Eyring formalism to
the reverse process and using the value of the dissociation constant de-
rived from exchange NMR spectroscopy data, approximately 23 s~ !
(Table 3), we obtain the free energy barrier to dissociation, AGh, which
is equal to 9.6 kcalmol~! at 298 K (assuming k=3x10"5). When
this value is subtracted from the association free energy barrier AGj es-
timated above, the dimerization free energy AG~ — 2.6 kcal mol ! is
obtained, which is in very good agreement with the state population-
based equilibrium constants at L/P=50.

This large difference between AHj and AH, (at least 10 kcal mol~ 1)
suggests that the favorable specific pairwise interactions (e.g., van der
Waals and polar interactions) at the dimerization interface of ErbB4tm
contribute greatly to the thermodynamics of dimerization. After the
barrier is passed, favorable and “specific” protein-protein interactions
enter the process and lower the enthalpy of the system to the final
value of the enthalpy of dimerization. Therefore, the difference between
the enthalpy of the transition state and the enthalpy of dimerization is a
lower estimate of the enthalpy of protein-protein interaction. Notably,
the theoretical estimates obtained for the energy of TM helix-helix in-
teraction range around the same value, approximately 10 kcal mol !
[65,67]. Thus, the entropy-driven character of the observed dimeriza-
tion process contradicts neither the specific character of dimerization
nor the determinant role of enthalpic contribution in the TM helix-
helix association in a “saturated” bicellar environment (for details see
Section A.5).

3.7. Microcompartmentalization can affect “weak” dimerization
of protein transmembrane domains

To summarize, the dependence of the dimerization propensity on
the concentration of ErbB4tm in the lipid has two distinct modes. In
“unsaturated” bicelles, the reduced association constant K4z remains
invariable but begins to increase once significant numbers of bicelles
containing more than one ErbB4tm molecule appear and lipids be-
come less mobile (Fig. 3A). The relatively slow process of TM helix di-
merization (associated with a high apparent activation barrier) in the
bicellar environment can explain the substantial difference in the as-
sociation constants observed in the “diluted” and “saturated” cases.
For the dimerization process to occur, two monomers need to spend,
on average, tens of milliseconds in the same bicelle in the form of a

certain precomplex surrounded by "frozen" lipids. Over this period
of time, the bicelle would experience thousands of collisions with
other bicelles, and at least some of these collisions would presumably
be accompanied by partial fusion and the exchange of substance be-
tween bicelles. In the “diluted” case, the bicelles would behave as a liq-
uid crystalline lipid bilayer with an "ideal" solvent property, whereas
in the “saturated” case, the dimerization would always be enhanced
due to some degree of ordering of all lipids in the bicelles (Fig. 5A, B).

The increase in the association constant with the protein satura-
tion of the membrane-mimicking environment was also observed
for the left-handed dimer of ErbB3tm in DPC micelles [15]; the only
difference was that, in case of the right-handed ErbB4tm dimer, the
value of y is close to unity, implying that the bicelles in this case be-
have as an “ideal” solvent. Therefore, in the “unsaturated” range of
concentrations, the lipid bicelles can be used to measure the kinetics
and thermodynamics of weakly interacting TM proteins by NMR;
these parameters may be compared to the thermodynamic parame-
ters of various TM helix interactions measured by other techniques.

In addition, the results obtained for bicelles at “saturated” concen-
trations of ErbB4tm may be of even greater biological relevance com-
pared to seemingly ideal model systems such as liposomes or
“unsaturated” bicelles. The substantial increase in the dimerization
rate constant in bicelles with more than one protein molecule is cau-
sed mostly by the beneficial entropic contribution in the presumably
more ordered lipid environment. Lipid ordering in biological mem-
branes varies greatly depending on the temperature, local lipid com-
position and presence of membrane proteins. In cellular membranes,
proteins do not freely diffuse but rather cluster together in membrane
microdomains such as rafts, caveolae or signaling platforms based on
their function or physical properties (e.g., the localization of ErbB4
and associated signaling molecules in the lipid rafts [18]). According-
ly, the degree of ordering of lipids in such microdomains will substan-
tially affect TM helix-helix interactions, especially for single-span
membrane proteins. Therefore, partitioning of the protein into one
of these domains can serve as a trigger for the protein dimerization
underlying its biological function.

Substantial enhancement of dimerization in the ordered lipid envi-
ronment suggests that, if the TM protein preferentially partitions into
the more ordered microdomain, it would greatly amplify the effect of
the weak TM helix-helix interactions by simultaneously increasing
the entropic contribution to the free energy of the TM helix-helix asso-
ciation and restricting the protein localization to a small fraction of the
overall membrane surface (a certain “depletion effect” [76]). The situa-
tion with “saturated” bicelles (micelles) essentially mimics the behavior
of the protein in these membrane microdomains from both perspec-
tives (Fig. 5C). Such mechanisms can explain how seemingly weak TM
helix-helix interactions may play an important role in overall protein
function or, alternatively, in the inhibition of the protein's biological ac-
tivity, which can have practical implications [2,77].

The dimerization process is fairly slow, as observed both in bicelles
and liposomes [74], and the corresponding apparent (kinetically de-
rived) energy barrier is accordingly high. This would slow down
ligand-induced dimerization and may explain the existence of some of
the interacting membrane proteins in the form of pre-complexes that
are ready for immediate activation (e.g., preformed but inactive
homo- and heterodimers of the ErbB receptor tyrosine kinases detected
in living cells [8]).

4. Conclusions

The obtained structural, kinetic and thermodynamic data con-
cerning the dimerization of ErbB4tm in small lipid bicelles provide in-
sights into the folding processes of a single-span helical TM domain in
a model environment and, perhaps, in cellular membranes. The phos-
pholipid bicelles occupied by less than one protein proved to behave
as an “ideal” solvent for the association of the ErbB4tm helices, while
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“unsaturated” state

Fig. 5. Schematic representation of the association process of the TM single-span pro-
tein in “unsaturated” (A) and “saturated” (B) states of the bicellar environment as
well as in the membrane microdomains (C). Lipids in the ordered phase are highlight-
ed in yellow. When the L/P ratio is high (A), many "empty" bicelles come into contact
with bicelles containing a pair of monomers, and frequent bicellar collisions are
much more likely to disturb or destroy a helix-helix precomplex surrounded by "fro-
zen" lipids, dissolving it in a generally less ordered lipid environment, and the entropy
of the monomeric state is increased due to the reduction in lipid ordering. In other
words, in the “diluted” case, the fraction of "successful attempts" to dimerize is effi-
ciently reduced by premature dissolution of some of the interacting pairs before the re-
action can occur. In the "saturated" case (B), by contrast, bicelles with interacting
monomers collide primarily with bicelles that also contain one or more protein mole-
cules. The lipids in these bicelles are also ordered by the interaction with the protein
and therefore have a much smaller propensity to destroy the ordered phase in another
bicelle; thus, when bicelles collide, the ordering of the lipid fraction remains
unchanged. Thus, the slow character of the TM helix-helix interaction permits the ob-
served concentration-dependent entropic enhancement of the TM dimerization. The
protein dimerization in the “saturated” membrane-mimicking environment presum-
ably resembles the behavior of the protein in membrane microdomains, which are
characterized by more ordered lipids and the presence of other membrane proteins

(©).

multiply occupied bicelles (the “saturated” case at low L/P ratio) are
more similar to the microdomains of the ordered lipid phase in cellu-
lar membranes, providing substantial entropy-driven enhancement
of the weak helix-helix interactions. The equilibrium kinetics of
the monomer-dimer transition of ErbB4tm also reveal that, despite
the rather low value of the dimerization free energy, there is a high
apparent activation barrier for the dimerization and dissociation of
TM helices. The temperature dependence of the dimerization in "sat-
urated" bicelles revealed that the process is entropy-driven and is ac-
companied by an increase in the protein-lipid system heat capacity.
In bicelles, the ErbB4 TM domain self-associates via the N-terminal
double GG4-like motif in a fashion similar to the homo- and
heterodimerization of the ErbB2 and ErbB1/ErbB2 TM domains, with
the helix-helix arrangement presumably corresponding to the recep-
tor active state. The dimerization proceeds through the structural
“adjustment” of the dimer subunits, resulting in the local bending of
the ErbB4 TM span and tight helix-helix association with the forma-
tion of a network of inter-monomeric polar and van der Waals
contacts, which may be inherent for TM domains interacting via
GG4-like motifs. The example of ErbB4tm demonstrates clearly that
lipid-related effects cannot be ignored when free energy is estimated
for TM helix-helix interactions in integral membrane proteins.

5. Accession numbers

The chemical shift assignments, NMR-derived constraints and atom-
ic coordinates of the ErbB4tm homodimer have been deposited in the
Biological Magnetic Resonance Data Bank (BMRB ID: 7205) and the
Protein Data Bank (PDB ID: 2LCX).
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Appendix A. Supplementary data

Description of some details of methods used and results obtained for
ErbB4tm embedded into the bicelles is presented in Sections A.1-A.5,
Table A.1, and Figs. A.1-A.6. Supplementary data to this article can be
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