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Membrane proteins change their conformations to respond to environmental cues, thus conformational
plasticity is important for function. The influenza A M2 protein forms an acid-activated proton channel
important for the virus lifecycle. Here we have used solid-state NMR spectroscopy to examine the
conformational plasticity of membrane-bound transmembrane domain of M2 (M2TM). '3C and N chemical
shifts indicate coupled conformational changes of several pore-facing residues due to changes in bilayer
thickness, drug binding, and pH. The structural changes are attributed to the formation of a well-defined
helical kink at G34 in the drug-bound state and in thick lipid bilayers, nonideal backbone conformation of the
secondary-gate residue V27 in the presence of drug, and nonideal conformation of the proton-sensing residue
H37 at high pH. The chemical shifts constrained the (¢, ¢) torsion angles for three “basis” states, the
equilibrium among which explains the multiple resonances per site in the NMR spectra under different
combinations of bilayer thickness, drug binding, and pH conditions. Thus, conformational plasticity is
important for the proton conduction and inhibition of M2TM. The study illustrates the utility of NMR chemical
shifts for probing the structural plasticity and folding of membrane proteins.
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1. Introduction

Membrane proteins carry out their functions by changing their
structures under specific environmental cues. They can switch between
active and inactive functional states by ion concentration changes [1],
ligand binding [2], exposure to hydrophobic lipid bilayers [3-5], and
changes in mechanical pressure [6,7]. Oligomeric membrane proteins
are particularly malleable to environmental influences [8], since the
monomers are held together by weak non-covalent interactions that are
susceptible not only to chemical changes but also to physical changes
such as the membrane fluidity and thickness. An increasing body of
literature suggests that oligomeric membrane proteins may be predis-
posed to conformational changes by significant conformational dis-
tributions due to a rough potential energy surface [9,10].

The M2 protein of influenza A viruses presents a particularly
interesting and complex example of how membrane protein conforma-
tions depend on the environment. The M2 protein forms a pH-gated
tetrameric proton channel in the virus envelope that is important for
virus replication [11,12]. Opened by acidic pH of the endosome that
encapsulates the virus after its endocytosis, the M2 protein initiates
the release of the viral ribonucleoprotein complex into the host cell.
The M2 protein is inhibited by the antiviral drug amantadine at a
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stoichiometric ratio of one drug per channel [13]. The membrane-
spanning helix of the M2 protein contains the pH-sensing [14], gating
[15], and amantadine-binding residues [16] and is thus the functional
core of the protein [17]. High-resolution structures of the M2
transmembrane domain (M2TM) complexed with amantadine have
been determined at low pH using X-ray crystallography [18] and at high
pH by solid-state NMR [ 16]. The structure of a longer construct of the M2
protein containing the transmembrane domain was also reported [19].
While these structures gave rich insights into the inhibition and proton
conduction mechanisms of M2, they represent only snapshots of the
protein structure under the specific conditions of the experiments and
do not fully capture the conformational changes and plasticity of the
protein. Indeed, significant variations among the three structures
exist: for example, the helix orientations and the side chain conforma-
tions of the essential proton-selective and channel-gating residues
differed, suggesting the environmental dependence of M2TM structure.

The conformational plasticity of membrane-bound M2TM under
a range of experimental conditions has been documented by Li et al.
[20] based on N solid-state NMR (SSNMR) experiments on oriented
membranes. These static >N NMR spectra report the peptide orienta-
tion relative to the bilayer normal, thus frequency and line width
changes indicate changes of the helix orientations and orientation
distribution. It was found that solvents used to reconstitute M2TM into
lipid bilayers, amantadine, and pH all affected the helix orientation
[20]. Complementarily, magic-angle-spinning (MAS) '*C and >N NMR
spectra [21,22] are sensitive to both the backbone conformation and
the helix orientation. MAS spectra of M2TM in unoriented liposomes
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showed that the helix orientation was influenced by the membrane
thickness [23], consistent with EPR results [24]. Moreover, the helical
bundle dynamics was found to be extremely sensitive to the membrane
composition and fluidity [22]. In addition, the stability of M2TM
tetramers in detergent micelles and lipid bilayers has been extensively
characterized using analytical ultracentrifugation experiments [25,26].

The purpose of the present study is two-fold. First, we extend the
previous work by a comprehensive investigation of the effects of
membrane thickness, drug binding, and pH on the backbone
conformation of a large number of residues in M2TM. The conforma-
tional changes were detected through '3C and >N isotropic chemical
shifts obtained from 2D MAS-NMR correlation spectra. We measured
the chemical shifts of the contiguous stretch of residues from L26 to
L38 and identified significant chemical shift changes at V27, S31, G34,
and H37, which are pore-lining residues essential for drug inhibition
and proton conduction [27,28]. While the chemical shift behavior of
V27, S31, and G34 under a subset of these conditions has been
reported before [21,22], they have not been systematically examined
and compared. The H37 '3C chemical shifts are entirely new and give
information on the pH activation of the channel. These chemical shifts
yield several new insights into the nature of the conformational
changes of M2TM: 1) the conformational changes are coupled among
many residues, 2) different environmental factors may exert the same
or opposite effects on the protein structure, and 3) the environmental
parameters shift the protein conformational equilibrium among a
small number of distinct states, so that more than one conformation
usually exists under a certain condition. Based on the NMR chemical
shifts, we obtained the backbone torsion angles of M2TM in three
“basis” states, which correspond to the drug-bound protein at high pH
in thick lipid bilayers, the drug-free protein at high pH in thin lipid
bilayers, and the low-pH apo protein in thick lipid bilayers.

2. Materials and methods
2.1. Membrane sample preparation

M2TM corresponding to the Udorn strain of influenza A virus
(residues 22-46, SSDPLVVAASII GILHLILWILDRL) was synthesized
using Fmoc chemistry by PrimmBiotech (Cambridge, MA) and purified
to >95% purity. Several samples containing uniformly 3C, >N -labeled
residues from Leu26 to Leu38, lle42, and Asp44 were used.

The lipid membranes used to reconstitute M2TM include DLPC
(12:0) bilayers, DMPC (14:0) bilayers, and a mixed membrane that
mimics the virus-envelope lipid composition [22]. The mixed
membrane includes egg sphingomyelin (SM), DPPC, DPPE, and
cholesterol (Chol) at a molar ratio of 28%/21%/21%/30%. For the viral
membrane mixture, SM was first dissolved in chloroform/methanol
(10:2) solution, then mixed with the other lipids and cholesterol in
chloroform to the desired molar ratio. All membranes were
lyophilized and then dissolved in a buffer of suitable pH, vortexed,
and freeze-thawed several times to form large unilamellar vesicles.
We used a pH 4.5 citrate buffer, a pH 7.5 phosphate buffer, and a pH
8.5 Tris buffer for the various samples.

M2TM was reconstituted into the lipid membranes by detergent
dialysis as described before [22,29]. The peptide-lipid molar ratios
were 1:15-1:12. The proteoliposomes were centrifuged at 150,000 xg
to obtain membrane pellets, which were then packed into 4 mm MAS
rotors for NMR experiments. Photometric assay showed >95% binding
of the peptide. For drug-bound samples, amantadine hydrochloride
or 3-azaspiro[5,5]undecane hydrochloride was dissolved in buffer and
directly titrated into the membrane.

2.2. Solid-state NMR experiments

Solid-state NMR experiments were carried out on a 400 MHz
(9.4T) and a 600 MHz (14.1 T) Bruker spectrometer using 4 mm MAS

probes. Spectra of most viral membrane samples were measured near
303 K, while spectra of DLPC and DMPC-bound protein samples were
measured at 243 K to freeze M2TM motion [23,30]. 2D '>C-'3C DARR
[31] correlation spectra were measured under 5 and 7 kHz MAS with a
spin diffusion mixing time of 20 or 40 ms. 2D '>N-13C correlation
spectra were measured under 7 kHz MAS using a REDOR sequence
with 0.7 ms of '3C-'>N coherence transfer [32]. Typical radio-
frequency fields were 50 kHz for 'C and '°N and 60-70 kHz for 'H.
13C and !N chemical shifts were referenced to the a-Gly CO signal at
176.49 ppm on the TMS scale and the '°N signal of N-acetyl-valine at
122 ppm on the liquid ammonia scale, respectively. After adjusting
the 13C chemical shifts to be referenced with respect to DSS (1.7 ppm
larger values than the TMS-referenced chemical shifts [33]), we
inputted the measured '3C and '°N isotropic shifts into TALOS+ [34]
to obtain the backbone (¢, ) torsion angles. These torsion angles
were used to generate the helix conformational models in Fig. 6.

3. Results

3.1. Effects of membrane thickness, amantadine, and pH on chemical
shifts

To examine how membrane thickness, drug, and pH affect the
conformation of individual residues, we measured the '*C and '°N
chemical shifts using 2D '>C -13C and "N -'3C correlation experi-
ments. We first compared the M2TM spectra in three lipid bilayers:
DLPC with 12 carbons per acyl chain, DMPC with 14 carbons per chain,
and a cholesterol- and SM-containing virus—-mimetic membrane with
16 or 18 carbons per chain. Fig. 1A-C shows regions of the 2D 3C -13C
and '°N -13C spectra of M2TM at pH 7.5 without amantadine. The
DLPC and DMPC samples were measured at low temperature (243 K)
to freeze the backbone motion [23,30] while the viral-membrane
samples were measured at 303 K since the backbone is already
immobilized at ambient temperature [22]. L26, A29, and A30
exhibited a single set of chemical shifts independent of the membrane
thickness. In contrast, two sets of chemical shifts with varying
intensity ratios were observed for G34. We denote the set of peaks
with larger '>CO and "N chemical shifts as state 1, and the set of peaks
with smaller '3CO and >N chemical shifts as state 2. Peak area
integration showed that the relative amounts of states 1 and 2 differed
in the three membranes. In the thinnest membrane, DLPC, the
percentage of state 1 was about ~25% of the total intensity. As the
membrane thickness increased, the state 1 peak intensities increased.
In DMPC membranes, state 1 accounted for ~56% of the total
intensities, while in the thickest viral membrane, state 1 represented
~67% of the total population. V27 also showed bimodal conforma-
tional distribution, although the relative amounts of the two
conformations varied less significantly with membrane thickness.

Upon binding of amantadine and 3-azaspiro[5,5]undecane hydro-
chloride [35], the 2D spectra showed higher state 1 intensities and
lower state 2 intensities compared to the apo state in all three
membranes. In the viral membrane, G34 now exhibited only the state
1 signals (Fig. 1F), while in DMPC bilayers the dominant V27 signals
also belonged to state 1 (Fig. 1E). The other four sites, L26, A29, A30,
and I35, displayed the same chemical shifts as the apo samples,
indicating that their backbone conformation was insensitive to drug
binding.

The shift of conformational equilibrium from state 2 to state 1 by
drug binding gave a decisive clue to the nature of the two distinct
backbone conformations. >N anisotropic chemical shifts of M2TM
oriented in DMPC/DMPG bilayers indicated that amantadine binding
caused a distinct helical kink at G34: the C-terminal segment became
tilted by 20° from the bilayer normal whereas the N-terminal segment
was tilted by 31° [36]. This kink was also reproduced in MD simulations
of M2TM [37]. We thus assigned state 1, which was promoted by both
drug binding and thick bilayers, to the discrete G34-kinked

Please cite this article as: F. Hu, et al., Conformational plasticity of the influenza A M2 transmembrane helix in lipid bilayers under varying
pH, drug binding, and membrane thickness, Biochim. Biophys. Acta (2010), doi:10.1016/j.bbamem.2010.09.014



http://dx.doi.org/10.1016/j.bbamem.2010.09.014

F. Hu et al. / Biochimica et Biophysica Acta xxx (2010) xxX-Xxx 3
A DLPC ppo B DMPC 5, C viral  ppo
G34 _ . 170 BE 170 T —
state 21D - - B0 SRR, < W I TN G34, state 2\@
S . arsd. o A IR L s
i % G34
: state 1
L26 A29 180 1804 27 L26
T T T T T T T T T T T T T T
¥ G3d/n : G34, state 2,
1104 % TETVE RV . © T
i L26 iy state 2 126 \
[ v 4 G34
1204 52 A29 1 | 1204 & A\ o7 ¥ @A29 state 1
L | state 1 o
130+ T T T T 130+ T T T 130 +—r—— T T H
65 60 55 50 45 65 60 55 50 45 65 60 55 50 45
d¢,, (pPm) d¢,, (Ppm) d¢,, (PPM)
D Amt E Aza F Amt
~ 170 170 170
3 G34 »
a
= 4 1754..
3
« 180 L28 A29 180 | T V2T, 180
T T T T T T T T T T T T
G340
PR EETEE TP state 2 . - PR D T T T e o
E 110 -4 1104-.: B T R ——
o L26 it : L26 G347% L26 G4
o A29 . L V27 A29 . A29 state 10
~ 1204 135 1204 1204 135 ‘e i
F4
SN » § o
1304+ T T T = 130y T T T 130+ T T T —
65 60 55 50 45 65 60 55 50 45 65 60 55 50 45
dg,, (PPmM) dg,, (PPM) dg,, (Ppm)

Fig. 1. M2TM chemical shift changes due to membrane thickness and drug binding from 2D 'C -3C and >N -'3C correlation spectra at pH 7.5. Apo spectra are shown in black and
drug-bound spectra in red. (A) Apo peptide in DLPC bilayers. (B) Apo peptide in DMPC bilayers. (C) Apo peptide in virus—-mimetic membranes. (D) Amantadine-bound peptide in
DLPC bilayers. (E) M2TM bound to 3-azaspiro[5,5]undecane hydrochloride (Aza) in DMPC bilayers. (F) Amantadine-bound peptide in virus-mimetic membranes. The viral
membrane spectra (C, F) were measured at 303 K, while the other spectra were measured at 243 K. The 2D '°N -'3C spectra of DLPC and viral membrane samples were reproduced

from [22].

conformation. The state 2 conformation was promoted by thin bilayers
and the absence of drugs. The tilt angle of the M2TM helices in
DLPC bilayers in the absence of the drug was previously measured to
be 35° using >N NMR of unoriented membranes [21]. However,
these experiments probed only a small number of residues that lie in the
N-terminal segment of G34, thus no information about the C-terminal
orientation was known. Oriented-membrane >N NMR measurements
on a larger number of labeled residues found that M2TM adopted a
similar tilt angle of 35° in DMPC bilayer in the absence of drug [38].
However, the pH of these oriented samples was uncontrolled, and the
membrane samples were deposited onto the glass plates from organic
solution [38], making it possible that the peptide orientation was
measured under acidic pH. Thus, the orientation of apo M2TM at high pH
in thin lipid bilayers, and whether any kink exists at G34 in this state, is
not yet known experimentally. We thus only assign state 2 to a
conformation with likely larger tilt angles than for state 1 but do not
specify the G34 conformation.

The effects of pH on the M2TM conformation are shown in Fig. 2.
The '3C and >N chemical shifts were measured at pH 7.5 and pH 4.5 in
the viral membrane. L26, V28, A29, and 132 exhibited the same
chemical shifts at both pH, indicating that their conformation was
unaffected by pH. As in Fig. 1C, V27 and G34 exhibited dual
conformations at pH 7.5. Upon lowering the pH to 4.5, V27 and G34
displayed only a single set of chemical shifts, which was designated as
state 3. The state 3 V27 had a 1.6 ppm larger Ca chemical shift and a
counter-directional 1.6 ppm smaller CO chemical shift (Table 1)
compared to the high-pH state 1. These low-pH values are similar to
the state 2 chemical shifts of V27, which were obtained in thin
bilayers at high pH. For G34, the low-pH state 3 chemical shifts are
moderately larger for Co (0.8 ppm) while the CO and >N chemical
shifts are significantly smaller (2.1 ppm and 2.6 ppm, respectively)

than the state 1 chemical shifts (Table 1) but are similar to the state 2
chemical shifts (Fig. 1). In addition to these individual chemical
shift changes, V27 and G34 peaks broadened significantly at low pH
compared to the high-pH state 1: the '3C and °N line widths increased
by an average of 0.9 ppm and 0.6 ppm, respectively, compared to the

Table 1
Isotropic '*C and '°N chemical shifts (ppm) of M2TM residues with significant chemical
shift changes among the three conformational states.

Site State 1 (high pH, thick bilayers, drug binding)

V27 S31 G34 H37
N 119.7 1214 1104 118.1
co? 178.6 173.1 175.1 175.1
Co 62.4 61.3 449 55.1
cp 30.1 59.8 — 30.6

State 2 (high pH, thin bilayers, apo)

V27 S31 G34 H37
N 1204 114.7 107.1 118.1
Cco 177.8 173.7 173.0 175.1
Ca 63.8 61.2 45.7 55.1
B 29.7 60.8 - 279

State 3 (low pH, thick bilayers)

V27 S31 G34 H37
N 119.7 114.1 107.8 1174
Cco 177.0 173.7 173.0 174.2
Ca 64.0 61.3 45.7 57.2
cp 29.8 61.5 — 26.2

3 All 13C chemical shifts are referenced to TMS and '°N chemical shifts are referenced
to liquid ammonia.
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Fig. 2. 2D 3C -'3C and "N -'3C correlation spectra of viral-membrane-bound M2TM at
pH 7.5 (black) and pH 4.5 (green). A. V27 and G34-containing M2TM spectra at pH 7.5
at 303 K (same as Fig. 1C). B. V27 and G34-containing spectra at pH 4.5 at 303 K. C. S31-
containing M2TM spectra at pH 7.5. D. S31-containing spectra at pH 4.5. Spectra (C, D)
were measured at 273 K for the '>C -13C spectra and 243 K for the >N -'3C spectra.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

apo peptide in the viral membrane. This line broadening indicates that
the low-pH state 3 conformational distribution is a single Gaussian with
a large width [39], in contrast to the narrowly peaked conformational
distribution of state 1 at high pH.

S31 is the closest residue to amantadine in the drug-complexed
peptide [16,29] and is shown to increase its >N chemical shift by a
striking 7 ppm from the apo state in DLPC bilayers [30]. Interestingly,
S31 chemical shifts also exhibited pH sensitivity, as seen in the spectra
for viral-membrane samples (Figs. 2C and D): low pH increased the
$31 Ca and CO chemical shifts while decreasing the '°N chemical shift
by ~4 ppm compared to the apo peptide in the viral membrane at high
pH. Based on the secondary-structure dependent chemical shift
trends [40], these changes suggest that the S31 backbone became
more ideally helical at low pH.

Histidine 37 is the proton-gating residue of the M2 channel [14] and
is thus expected to have large conformational dependence on pH. Fig. 3
compares the spectra of G34, H37, and 142 labeled M2TM at pH 8.5 and
pH 4.5 in the viral membrane. Similar to V27 and G34, H37 exhibited
two well-defined conformations at high pH and only a single, but
broadly distributed, conformation at low pH. The two high-pH
conformations differ by 2.7 ppm in the C3 chemical shift. We did not
measure the spectra of amantadine-bound H37. However, since all
other pore-lining residues show the dominant conformation in the viral
membrane to be identical to the amantadine-induced conformation,
we tentatively attribute the main CPB chemical shift of 30.6 ppm
(Table 1) to the state caused by amantadine, which is state 1. The
minor peak at 27.9 ppm is attributed to state 2, which is expected to be
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Fig. 3. His37 and G34 chemical shifts of viral-membrane-bound M2TM at pH 8.5
(A) and pH 4.5 (B), measured at 273 K. From top to bottom, the '*Ca-'>C region, the
13C0-"3Ca region, and '°N -'3Ca region of 2D spectra are plotted.

present at higher amounts in thin membranes in the absence of the
drug.

Compared to the dominant chemical shifts at pH 8.5, lowering the
pH changed the H37 pH 4.5 Ca and CP chemical shifts counter-
directionally: the Ca chemical shift increased by 2.1 ppm while the CR
chemical shift decreased by a large 4.4 ppm (Table 1). These changes
indicate a more ideal a-helical conformation for H37 at low pH.
Smaller changes of CO and '>N chemical shifts were also observed. In
addition to the H37 chemical shift changes, the pH 8.5 spectra also
showed a higher fraction of G34 in state 1 compared to its fraction at
pH 7.5 (Fig. 1), suggesting that the effect of pH on the protein
conformation equilibrium is incremental: the higher the pH, the larger
amount of state 1 conformation.

The chemical shift changes of V27, G34, and H37 shown in Figs. 1-3
are coupled, in the sense that the signals of multiple residues in the same
state change collectively with the environment. Moreover, the chemical
shifts under a certain combination of conditions are the superposition of
the three basis conformations identified here. The effects of multiple
external parameters on the protein conformation are additive. For
example, when thick bilayers, high pH and drug binding are combined,
M2TM is almost exclusively in state 1 (Fig. 1C). The corollary of this
statement is that counter-acting external parameters cause a mixture of
conformations. For example, the drug-complexed M2TM in thin bilayers
at high pH (Fig. 1D) shows a roughly equimolar mixture of state 1 and
state 2 conformations.

Table 1 lists the chemical shifts of the three basis states for the four
environment-sensitive pore-lining residues: V27, S31, G34, and H37.
Because Table 1 lists only basis-state chemical shifts, not all chemical
shifts observed in the spectra are included. For example, the apo-
peptide chemical shifts in the viral membrane at high pH (Fig. 2C) are
intermediate between the state 1 and state 2 values and are not
represented in Table 1. Inspection of the chemical shifts confirms that
state 2 and state 3 are similar for the first three residues, while H37
shows distinct chemical shifts between the high-pH state 2 and the
low-pH state 3.

Fig. 4 depicts the effects of membrane thickness, drug binding, and
pH on the M2TM conformation. In DLPC bilayers at high pH, the apo
M2TM mainly adopts the state 2 conformation, which is characterized
by non-ideal helical conformation at H37 and likely a large average tilt
angle (Fig. 4A). Several lines of evidence suggest that the G34
conformation in state 2 is heterogeneous, containing both highly
kinked and relatively straight conformations. First, the state 2 G34
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Fig. 4. Schematic of the effects of membrane thickness, drug binding, and pH on M2TM conformation. For clarity only two of the four helices are drawn. (A) DLPC bilayers. (B) DMPC
bilayers. (C) Virus—-mimetic bilayers. Top row: Without drug. Bottom row: With amantadine or 3-azaspiro[5,5]undecane hydrochloride. Dashed lines guide the eye for the bilayer
thickness. Thicker membranes and drug binding promote a conformation with a well-defined G34 kink, which is shown as a break in the helical rod. Thin membranes and the
absence of drug promote a broadly distributed conformation at G34, which is illustrated as two orientations of the helix C-terminal to G34. Non-ideal helical conformation at H37 is
represented as small wiggles in the rods. (D) High-pH conformation of M2TM in viral membranes. (E) Low-pH conformation of M2TM in viral membranes. Low pH promotes a more
ideal helical conformation at H37 and increases the conformational distributions of the protein.

peaks are always broader than those in state 1 (Fig. 1). Second, MD
simulations of the apo peptide found the presence of both large and
no kink angles at G34 [37]. Third, TALOS torsion angles derived from
the measured isotropic chemical shifts (see below) resulted in a state
2 a-helix with an average kink of 10° at G34, which is larger than the
kink found in state 1. As the bilayer thickness increases, the state 1
conformation becomes dominant (Figs. 4B and C). This state has a
well-defined G34 kink and similarly non-ideal H37 torsion angles, and
the helix may be less tilted than in DLPC bilayers to better match the
hydrophobic thickness of the membrane. In Fig. 4, we represent the
well-defined G34 kink in the drug-bound state 1 as a break in the
helical rod, while denoting the distribution of G34 conformation in
state 2 as two C-terminal helical rods with different orientations with
respect the N-terminal segment. We depict and the non-ideal
conformation of H37 at high pH as small wiggles in the helical rod.
Drug binding, similar to thick bilayers, shifts the conformational
equilibrium to state 1, and when the drug binds to the protein in the
thick virus-mimetic membrane, state 1 conformation is the only one
observed. In comparison, the drug-free M2TM in the thick membrane
adopts both state 1 and state 2 conformations (Fig. 4D). Upon
lowering of pH, M2TM adopts more ideal helical conformation at H37
(Fig. 4E). Although state 3 shows only a single averaged structure, the
larger spectral line widths suggest that small conformational fluctua-
tions abound, which is represented here by a blurred helical rod.
These conformational fluctuations may support proton conduction by
providing the conformational flexibility necessary to conduct protons.

3.2. M2TM torsion angles and helix conformations in three basis states

To obtain more quantitative information about the helical
structure of M2TM in various states, we inputted the conformation-
dependent Co, CB, CO, and >N chemical shifts into the TALOS-+
program [34] to calculate the average (¢, ¢) torsion angles. Fig. 5 and
Table 2 give the torsion angles for residues 26-43 in the three
conformational states. No chemical shifts were available for the

segment from 139 to W41, thus we used the (¢, ¢) angles obtained
from orientation and distance constraints [16,36] for all three basis
states. We found that state 2, which is promoted by thin lipid bilayers
and no drug, shows similar torsion angles as the low-pH state 3.
State 1, promoted by thick membranes and drug binding, differ
significantly from the other two states at S31, G34, and 135. The L36-
H37 segment shows the largest (¢, ¢) angle differences among the
three states: the low-pH state 3 exhibits the most ideal (¢, {/) angles of
(—64°, —43°), while the drug-bound high-pH state 1 has (¢, ) angles
of (—79°, —31°). This result is interesting, as it indicates that
amantadine binding at S31 perturbs the conformation of the pH
activation residue two helical turns away. This drug-induced con-
formational change is qualitatively consistent with the measured
perturbation of the H37 pK, by amantadine [41]. At low pH,
electrostatic repulsion pushes the four helices apart, relieving steric
hindrance and allowing the H37 tetrad to adopt more ideal torsion
angles. At high pH, drug binding favors a kink at G34, which reduces
the distance among the four neutral imidazoles, allowing them to
interact strongly with each other [42].

Fig. 6 shows the helical conformations of the three basis states
obtained from the chemical-shift constrained (¢, i) angles. The three
monomers are oriented to reflect the approximate tilt angle in lipid
bilayers, and the channel axis is approximately the vertical axis away
from the H37 imidazole rings. Using the average N-H vector
orientations for residues 27-33 and residues 36-42, we found that
the kink angle at G34 was 6.6° for state 1, 10.1° for state 2, and 9.4° for
state 3. Thus, the low-pH state 3 and the high-pH thin-membrane
state 2 actually contain slightly larger kinks at G34. However, the kink
occurs in different directions from the drug-complexed state 1
conformation (Fig. 6). Aligning the N-terminal segments for all
three states, we found that the C-terminal helix orientations are 11°
apart between states 1 and 2, similarly 11° apart between states 1 and
3, but only 2° different between state 2 and state 3. Superposition of
the helices shows the deviation of the C-terminal orientation be-
tween state 1 and the other two states.
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4. Discussion
4.1. Helix kink at G34

The conformational plasticity of M2TM has been noted before in
various experiments. Uniaxially aligned M2TM on glass plates showed
that the membrane reconstitution protocol, amantadine, and pH can
all affect the peak positions and line widths of the >N anisotropic
spectra [20]. Amantadine binding caused a well-defined kink at G34
[36], whereas decreasing the pH mainly increased the protein
conformational distribution. The low-pH-induced increase of the
conformational distribution was also reported for DHPC micelle-
bound M2 (18-60) studied by solution NMR [19].

The MAS spectra obtained here provide further insights into the
nature of the M2TM conformational plasticity. The isotropic chemical
shifts directly indicate the backbone (¢, {r) angles, thus they probe the
degree of helix ideality under various environmental conditions.
The spectra in Fig. 1 showed that the V27, S31, and G34 underwent
coupled conformational changes with drug binding and membrane
thickness. Increasing the membrane thickness produced similar
effects as drug binding. The state 1 that is favored by drug binding
is characterized by less ideal helical torsion angles for G34. This G34
non-ideality is consistent with the oriented '>N NMR result [36], but
our data further reveal that the kinked G34 conformation is already
present in the apo state, since state 1 signals are already manifested in
the apo membrane spectra in Figs. 1A-C.

The helical kink at G34 was recently examined in more detail by
MD simulations that reproduced the oriented solid-state NMR '°N
spectra [37]. It was found that in DMPC bilayers at high pH, apo M2TM
exhibited two populations of conformations: ~35% of the peptide
showed large kink angles of 25°-50° at G34, while ~65% exhibited a
straight helix with no kink. In comparison, the amantadine-bound
peptide exhibited a uniform kink angle of ~10° at G34. Thus, these
simulations predicted three G34 conformations, an ideal helix with no
kink (0°), a narrowly distributed and small kink of 10°, and a broadly

distributed kink at much larger angles. Our apo-peptide spectra show
two distinct sets of G34 peaks, where the set with narrower line
widths is identical to the drug-bound peaks. We attribute the set of
broader peaks (state 2) to the combination of straight and
significantly kinked conformations seen in the MD simulations,
since the larger line widths are consistent with the broad distribution
of kink angles.

It is generally known that membrane peptides adapt their
orientations in lipid membranes to minimize the hydrophobic
mismatch with the lipid bilayer [43,44], so that a thicker bilayer
might be expected to promote straight helices with small tilt angles.
Thus, the presence of a distinct kink in M2TM bound to the thick viral
membrane may appear at first surprising. However, the kink needs
not contradict a smaller tilt angle or a larger hydrophobic length along
the bilayer normal. In the amantadine-bound M2TM structure, the C-
terminal segment is much less tilted (20°) than the average tilt angle
of 35° for the apo peptide [36]. If we assume that the same
conformation is applicable to the thick membrane, as suggested by
the similar chemical shifts between the two states, then the direction
of the G34 kink actually increases the hydrophobic length of the
peptide in the thick membrane, thus reducing the hydrophobic
mismatch with the bilayer. Therefore, whether helical kinks are
favorable for reducing hydrophobic mismatch depends on whether
the kinks cause part of the helices to adopt larger or smaller tilt angles.
For the same reason, the TALOS-predicted kink angle of 10° for state 2,
found in thin lipid bilayers, is not surprising, because the kink has an
opposite direction to that of state 1 such that it should cause a larger
tilt angle for the C-terminal segment and thus decrease the
hydrophobic thickness of the peptide.

Interestingly, a kink in the transmembrane helix of the HIV virus Vpu
protein, observed in oriented >N NMR spectra [45] was presentin DOPC
bilayers (18:1 chains) but absent in thinner bilayers. Moreover, the
kinked residue, 117, also lies in the middle of the helix, similar to the
position of G34 in M2TM. At present, we do not fully understand the
origin of kink formation in the middle of transmembrane helices.
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Table 2
M2TM (¢, ) torsion angles predicted from the SSNMR isotropic chemical shifts using
TALOS+ [34].

Residue Set 1 Set 2 Set 3
¢ ¥ ¢ ¥ ¢ v

L26 —64+3 —38+9 —66+2 —38+8 —68+3 —36+9
V27 —67+8 —424+7 —68+9 —39+13 —66+7 —40+9
v28? —62+4 —45+5 —67+11 —41+£10 —634+5 —4549
A29* —60+5 —43+6 —60+5 —43+6 —60+5 —42+8
A30 —66+4 —39+6 —63+6 —40+7 —64+7 —39+7
S31 —68+8 —40+7 —65+9 —394+6 —664+9 —38+7
1322 —62+5 —41+9 —65+4 —4249 —64+4 —42+9
133* —62+4 —38+7 —63+3 —44+10 —64+4 —4449
G34° —69+15 —37+14 —64+4 —43+7 —654+4 —4247
135 —62+£5 —44+4 —60+£4 —404£5 —63+4 —-39+6
L36" —65+6 —26+14 —6547 —29+14 —-624+4 —-3749
H37° —79+17 —-314+19 —-69+7 —38+8 —64+4 —43+5
L38 —62+5 —36+10 —6546 —35+9 —65+£5 —37+£8
139¢ —63 —45 —63 —45 —63 —45
L40° —62 —43 —62 —43 —62 —43
w41¢ —66 —44 —66 —44 —66 —44
142¢ —67 —43 —67 —43 —67 —43
143 —60+3 —40+7 —63+8 —39+7 —63+8 —39+7
Standard 5.1 49 2.5 4.0 2.0 2.5

deviation

@ Residues whose conformation most approaches the predicted ideal a-helices in
hydrophobic environments [57].

b Residues exhibiting large conformational changes among different states or large
(¢, ) uncertainties.

¢ Torsion angles taken from the PDB structure 2KQT [16], which were constrained by
N-H bond orientations [36,38] and several distance constraints [61].

Elucidation of this phenomenon will likely require consideration of
multiple factors, such as the type and position of the anchoring residues
[46], lateral pressure and viscosity distributions within the bilayer [30],
and the amino acid sequence of the protein. The last aspect is relevant
because the structure of oligomeric ion channels is influenced not only
by protein-lipid interactions but also by protein-protein interactions
that are required to maintain function.

4.2, V27 and S31 conformations

State 1 exhibits less ideal helical chemical shifts for V27 (Table 2),
which is most likely due to the interaction of V27 side chains with

B States 1 and 3

A States 1 and 2

Fig. 6. Comparison of M2TM helical conformations in the three basis states. The helix
conformations were constructed using chemical-shift-derived TALOS+ torsion angles
(Table 2). (A) State 1 (red and orange) is favored by amantadine binding and thicker
membranes. State 2 (blue and cyan) is promoted by thin membranes and no drug.
(B) State 1 superimposed with state 3 (green and yellow), which is favored by low pH.

amantadine, as shown by recent distance measurements between
amantadine and V27 [16]. This less ideal V27 conformation is
consistent with an MD simulation that suggested V27 to act as a
secondary gate for amantadine, forming an extended blockage of the
water wire in the channel pore in the presence of the drug [47].

Decreasing the membrane thickness and removing amantadine
shifted the conformational equilibrium to state 2, which has more
ideal helical conformations for V27. Interestingly, state 2 was not
found by itself under any of the experimental conditions used here,
but always coexisted with state 1, while the discretely kinked state 1
conformation can be isolated by using thick lipid bilayers and adding
amantadine. Thiol-disulfide exchange experiments showed that the
M2TM tetramers are significantly stabilized in thicker bilayers
containing cholesterol [48], indicating that the discretely kinked
state 1 corresponds to the thermodynamically more stable confor-
mation. Since cholesterol and palmitoyl-chain lipids are also the main
ingredients of virus envelope membranes [22], while 12-carbon lipid
chains are uncommon, the state 1 conformation is also likely the more
functional structure than state 2 at high pH.

The S31 CP chemical shift in various states is noteworthy: it is
similar to Ca chemical shift in states 2 and 3, but 1.5 ppm upfield from
Ca in the drug-bound state 1 (Table 1). Although the similar S31 Ca
and Cp chemical shifts make the signals more difficult to resolve than
other residues in 2D spectra, spectral editing experiments that
suppressed the CH signals while selectively detecting the CH, signals
confirmed these CP chemical shift values [29,49]. The slightly upfield
CP chemical shift in state 1 deviates from the database average, which
shows the CP chemical shift to be larger than Ca in both a-helical and
-sheet conformations [50,51]. Since the CP chemical shift is
significantly influenced by the hydroxyl oxygen in addition to (¢, {)
angles, we attribute the upfield Cp shift in state 1 to perturbations
of the hydroxyl environment by drug binding. 'H spin diffusion
experiments from water to the protein [52] clearly indicate that
amantadine, which binds at S31 [16], significantly dehydrates the
channel, which should remove H-bonding between the hydroxyl and
water molecules. The increased electron density at the OH should
increase the shielding of CR, thus causing a smaller chemical shift.
Among the three states, the S31 Cp> chemical shift is closest to the ideal
a-helical value in the state 3. This is consistent with the better
hydration of the channel at low pH, which should allow extensive
hydroxyl-water H-bonding [18,52,53], thus causing a deshielding
effect on CP. Thus, the CR chemical shift variation among the three
states, while subtle, is consistent with the expected structural changes
of the channel at this important residue.

4.3. H37 conformation and the influence of pH

H37 backbone conformation showed significant non-ideality at high
pH (Fig. 3). The predicted (¢, /) angles were (—79°, —31°) for state 1
and (—69°, —38°) for state 2. The average (¢, ¢/) angles of a-helices in
water-soluble proteins are (—65°, —40°) [54], while the “ideal” torsion
angles of transmembrane a-helices were predicted to be (—60°, —45°)
[55,56]. The 5° counterdirectional change in the (¢, {r) torsion angles has
been proposed to have a significant effect on the electrostatic surface of
a-helices [57], by better shielding the polar carbonyl groups from the
hydrophobic environment of the membrane. The high-pH torsion
angles of H37 are 15°-20° different from the ideal torsion angles for
transmembrane o-helices and are closer to the values for water-soluble
helices. The neighboring residues L36 and L38, influenced by H37, also
exhibited non-ideal (¢, ) angles, although not as strongly as H37. For
all three residues, the strongly negative ¢ angles and the less negative s
angles translate to larger angles between adjacent peptide planes [57]
and suggest that the carbonyl oxygens are less well hydrogen-bonded to
their intrahelical partners but more exposed to the solvent. Based on this
observation, we hypothesize that the deviation of the high-pH H37
conformation from an ideal transmembrane o-helix may result from
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either intermolecular H-bonding of the H37 carbonyl with water
molecules, or aromatic interactions among the four histidines due to
tight interhelical packing at high pH [58].

Lowering the pH moved the H37 Ca chemical shift downfield and
the CB chemical shift upfield (Table 1), indicating a more ideal helical
conformation (Fig. 5). This more ideal backbone is consistent with
opening of the channel at this position due to the electrostatic repulsion
of the positively charged imidazolium at low pH [58]. Indeed, X-ray
crystal structures of M2TM as a function of pH [18,53] showed that the
C-terminal helices increasingly move apart from each other at lower
pH, facilitating proton conduction into the cell.

At low pH, MD simulations found that the large-kink population at
G34 became more populated, which was interpreted as facilitating
proton conduction by creating a wider pore at the H37-W41 juncture.
Our chemical shift data show that the low-pH G34 chemical shifts
(state 3) are nearly the same as the apo G34 chemical shifts at high pH
(state 2), thus supporting this prediction.

4.4. Conformational difference between lipid-facing and pore-lining
residues

The chemical-shift-constrained (¢, ¢) torsion angles in Fig. 5 and
Table 2 reveal the interesting trend that lipid-facing residues V28, A29,
132, and 133 adopt (¢, ) angles expected for transmembrane a-helices,
with less negative ¢ angles and more negative ¢ angles. The average
state 1 (¢, ) angles for the lipid-facing residues are (—62°, —42°),
whereas the pore-facing residues V27, A30, S31, G34, and H37 have
average (¢, ) angles of (—70°, —38°) in state 1, closer to the values for
water-soluble helices. This difference suggests the sensitivity of
isotropic chemical shifts to ~5° changes in the torsion angles, due to
changes in the local dielectric environment faced by the residues in this
TM helical bundle.

This study shows the sensitivity of NMR chemical shifts to
membrane protein conformations. With the availability of increasingly
sophisticated structure prediction methodologies [59], it will be
worthwhile to investigate the folding and conformational transitions
of oligomeric membrane proteins at higher resolution using chemical
shifts as the main input [60]. The general difficulties of measuring
intermolecular and intramolecular distances in homo-oligomeric
membrane proteins provide further incentives to using chemical shifts
as the main experimental input for mapping out conformational
changes under a wide range of conditions.
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