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T

he M2 protein of influenza virus A is a proton-selective ion
channel activated by pH. Its function, proton conductance, is
essential for effective replication of the virus. The transmembrane domain (TMD) of this homotetrameric protein contains a
single helix (residues Ser-22 to Leu-46) from each subunit.
Within the TMD, residues His-37 and Trp-41 constitute the
primary gate that is critical for proton conductance and selectivity and pH activation (1–3). On the N-terminal (i.e., virus
exterior) side, disulfide bonds involving Cys-17 and Cys-19
provide stabilization (4). On the C-terminal side, an amphiphilic
helix may also be involved in pH activation (5). The antiviral drug
amantadine and its derivatives inhibit the channel function by
putatively binding to the TMD (6–8). The structures of the M2
TMD in the apo form and the amantadine-bound form were first
determined by solid-state NMR (9, 10). In addition, extensive
experimental (1, 2, 11–16) and computational (17–20) studies
have been performed to model the structure of the M2 TMD and
understand the molecular mechanisms of conductance and
selectivity of the proton channel. Recently, 2 new structures were
solved by X-ray crystallography (21) and solution NMR spectroscopy (22). Those 2 studies have generated controversies,
especially about the mechanism of drug inhibition. Additional
structural results have recently been published that add to the
controversies surrounding inhibitor binding (23, 24) and the
closed- to open-state conformational transition (25).
Channel activation may involve conformations not captured
by the X-ray and NMR structures. Indeed, solid-state NMR (9,
23, 26–28) and other studies have shown that the M2 TMD
possesses significant conformational heterogeneity. For example, there is evidence that the transmembrane helix can be
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0906553106

kinked around Gly-34, and the kink angle can be changed by the
binding of amantadine (9, 26, 27). In the X-ray structure of the
apo form, 1 helix of the M2 TMD exhibits a 15° kink around
G34, whereas the other 3 helices appear straight (21). In the
recent IR study a 129° change in the rotation about the helical
axis is proposed between the low- and high-pH forms of the
M2 TMD (25).
To explore conformations potentially involved in channel
activation, we performed molecular dynamics (MD) simulations
of the M2 TMD in explicit membrane bilayer and solvent, in both
the apo form and the amantadine-bound form. Previously, our
simulation study (19) led to the prediction of a secondary gate
formed by Val-27, which was also shown by the X-ray (21) and
solution NMR (22) structures and provides explanations for the
low conductance of the M2 protein and some of the amantadineresistant mutations. Based on our simulation results and other
experimental observations, we propose a structural model for
the pH activation of the M2 proton channel by injecting conformational details into the proton relay mechanism of Pinto et
al. (14). In this model, both the unprotonated state and the
protonated state are comprised of heterogeneous ensembles of
conformations, with an increased population of large helix-kink
angles around Gly-34 for the protonated state.
Results
Validation of the Ensembles of MD Conformations by Polarization
Inversion Spin Exchange at Magic Angle (PISEMA). The ensemble of

conformations generated by the MD simulations can be directly
tested by solid-state NMR spectroscopy. Specifically, we calculated PISEMA resonances on the conformations sampled from
MD trajectories of the apo and amantadine-bound forms. These
are compared in Fig. 1 against experimental data (9, 15). The
high pH conditions of the experiments were modeled in the MD
simulations (see Methods). Overall, calculated results for 15N
anisotropic chemical shift and 15N-1H dipolar coupling reproduced the experimental PISEMA data well (see also Fig. S1).
Particularly, the locations of the polar-index-slant-angle (PISA)
wheels and pattern of resonances indicating the tilt of and
rotation about the helical axis showed good agreement between
calculation and experiment in both the apo and amantadinebound forms. The agreement indicates that the tilt angles and
overall conformations of the M2 helices were well reproduced in
the MD trajectories.
The results shown in Fig. 1 were obtained by averaging over
the 4 helices of the M2 TMD and over 2 independent MD
trajectories each for the apo form and amantadine-bound form.
The variations among the 8 individual results for each residue are
presented below.
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The M2 protein of influenza virus A is a proton-selective ion
channel activated by pH. Structure determination by solid-state
and solution NMR and X-ray crystallography has contributed significantly to our understanding, but channel activation may involve conformations not captured by these studies. Indeed, solidstate NMR data demonstrate that the M2 protein possesses
significant conformational heterogeneity. Here, we report molecular dynamics (MD) simulations of the M2 transmembrane domain
(TMD) in the absence and presence of the antiviral drug amantadine. The ensembles of MD conformations for both apo and bound
forms reproduced the NMR data well. The TMD helix was found to
kink around Gly-34, where water molecules penetrated deeply into
the backbone. The amantadine-bound form exhibited a single peak
⬇10° in the distribution of helix-kink angle, but the apo form
exhibited 2 peaks, ⬇0° and 40°. Conformations of the apo form
with small and large kink angles had narrow and wide pores,
respectively, around the primary gate formed by His-37 and Trp-41.
We propose a structural model for channel activation, in which the
small-kink conformations dominate before proton uptake by
His-37 from the exterior, and proton uptake makes the large-kink
conformations more favorable, thereby priming His-37 for proton
release to the interior.
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Fig. 2. Normalized distributions of the cosine of helix-kink angle for apo and
amantadine-bound M2 TMD. For the apo form, dot and hash patterns under
the curve indicate the small- and large-kink populations, respectively (separated at cos ⫽ 0.91).
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Fig. 1. Comparison between experimental and MD-derived PISEMA resonances of the M2 TMD. For the apo form, the experimental data are taken
from ref. 15. Values for Ser-31, Gly-34, and His-37 were not available. For the
amantadine-bound form, the experimental data are taken from ref. 9. Values
for Ser-31 and His-37 were not available. Typical differences between experimental and MD resonances amount to ⬍5° errors in peptide-plane orientations. The helix tilt angle obtained from the MD results as a whole agrees with
the experimental counterpart to within ⬇2°; the helix rotation angle agrees
to within ⬇10°.

from the 4 helices of the apo or amantadine-bound form in 2
independent MD trajectories. Results for all 5 Leu residues (at
positions 26, 36, 38, 40, and 43) are shown for illustration. The
individual results for each residue in the amantadine-bound
form clustered relatively tightly, whereas those in the apo form
spread widely. Although we recognize that the time scales (tens
of nanoseconds) sampled in the MD simulations are much
shorter than the time scales (0.1–1 ms) sampled by solid-state
NMR, the results in Fig. 3 appear to qualitatively mimic the
narrow resonances of the amantadine-bound form and the
broadened resonances of the apo form observed in the solidstate NMR experiments.

Helix Kinking and Conformational Heterogeneity. In Fig. 1, both

*In the X-ray structure of the amantadine-bound form, the M2 TMD helices are straight,
perhaps a reflection of the G34A mutation in that structure (21).
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Water Penetration Around Gly-34. Given the backbone flexibility of
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a Gly residue and its propensity to kink transmembrane helices
(29–31), it was not surprising that helix kinking was observed in
our simulations around Gly-34, the only Gly residue in the M2
TMD. The small size of the Gly side chain may allow for water
access and hydrogen bonding with the backbone in the vicinity
of the kink, thereby stabilizing it. We indeed found water
hydrogen bonding with the backbone carbonyl and amide (Fig.
4). Moreover, some water molecules served simultaneously as
donors and acceptors (SDA) while hydrogen bonding with the
helix backbone around Gly-34. The occurrence of SDA water
molecules was higher in the large-kink population of the apo
form than in the small-kink population: 14% of helix conformations in the large-kink population contained at least 1 SDA
water molecule, whereas the corresponding number in the
small-kink population was only 1.4%. In comparison, SDA
water molecules occurred in 7% of the conformations in the
amantadine-bound form. It appears that water-backbone hydrogen bonding around G34 stabilized the kinked helices, and

15

calculation and experiment show the PISA wheels for the
N-terminal half (Leu-26–Ile-35) of the TMD helix and the
C-terminal half (Leu-36–Leu-43) are centered at approximately
the same location for the apo form but at different locations for
the amantadine-bound form. This result was interpreted as
indicating a straight helix for the apo form and a kinked helix,
around Gly-34, for the amantadine-bound form (9). We calculated the angle, , between the 2 halves of the TMD helix in our
simulations. As shown in Fig. 2, the distribution of  for the
amantadine-bound form exhibited a single peak ⬇10°, indicating
a kinked TMD helix.* However, the kink angle in the apo form
exhibited wide variability. Its distribution consisted of 2 populations separated at  ⫽ 24.5° (or cos ⫽ 0.91). The major
population, accounting for 65% of the apo conformations,
peaked at  ⫽ 0°. The remaining 35% of the conformations had
a relatively flat distribution between  ⫽ 25° and  ⫽ 50°.
Our simulations thus showed that, even though PISA wheels
for the N-terminal and C-terminal halves were centered at
approximately the same location, the TMD helix in the apo form
actually could exhibit a wide range of kink angles. Helix kinking
in the apo form has been observed by X-ray crystallography (21),
EPR (5), and solid-state NMR (23). A very recent MD study of
the apo form with various protontation states of His-37 also
showed large kink angles (20).
The wider distribution of helix-kink angles in the simulations
of the apo form indicates that it exhibited significantly greater
conformational heterogeneity than the amantadine-bound form.
Strong evidence for greater conformational heterogeneity in the
apo form has been presented by broadened resonances in
solid-state NMR spectra as observed in multiple studies (see Fig.
S1) (9, 23, 26–28). To make comparison with this experimental
observation, in Fig. 3 we display individual results for 15N
anisotropic chemical shift and 15N-1H dipolar coupling, collected
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Fig. 3. PISEMA resonances of 5 Leu residues (at positions 26, 36, 38, 40, and
43) calculated from the MD trajectories. There are 8 data points for each
residue: the M2 TMD contains helices that are identical in sequence, and 2
independent MD trajectories were generated.
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that involving SDA water, in particular, stabilized the large-kink
conformations.
Asp-44 –Arg-45 Salt Bridges. Salt bridges of Asp-44 and Arg-45,
either from the same helix or 2 different helices of the M2 TMD,
were observed in the X-ray structure (21). Based on the X-ray
structure, Stouffer et al. (21) built models for the open and
closed states of the M2 TMD, in which 4 Asp-44–Arg-45 salt
bridges are formed intrahelically and interhelically, respectively.
Intrahelical and interhelical Asp-44–Arg-45 salt bridges were
also observed in our simulations. Interestingly, the partitions of
the salt bridges into intrahelical and interhelical types were
strikingly different for the apo and amantadine-bound forms
(Fig. S2). In the apo form, the intrahelical type dominated over
the interhelical type, with their number averaging 2.1 and 1.2,
respectively, per snapshot along the MD trajectories. In the
amantadine-bound form, the trend was reversed, with the intrahelical and interhelical types averaging 1.0, and 2.7, respectively. The increase in interhelical salt bridges in the amantadinebound form might increase the stability of the tetramer and
contribute to conformational homogeneity.
Side-Chain Conformations of Trp-41. The implication of Trp-41 in

channel gating (2, 32–34) prompted us to take a closer look at
the side-chain conformations of this residue sampled in the MD
simulations. Hu et al. (9) reported the PISEMA spectrum for the
sidechain N1 of Trp-41 in the amantadine-bound form at high
pH. The 15N anisotropic chemical shift was observed at 124.6
ppm and the 15N-1H dipolar coupling was observed at 0.0 kHz.
From our MD simulations, the Trp-41 side-chain 15N anisotropic
chemical shift was calculated to be 121.9 ppm, and the 15N-1H
dipolar coupling was 0.2 kHz, both showing good agreement with
the experimental results.
Witter et al. (34) reported static and magic-angle spinning
(MAS) 19F NMR spectra of 6F-Trp-41 in apo M2 TMD at both
high and low pH (8.0 and 5.3, respectively). The rotationally
averaged chemical shift spans of the static 19F spectra were found
to increase upon lowering pH: 10–20 ppm at pH ⫽ 8.0 vs. 20–30
ppm at pH ⫽ 5.3. As noted above (Fig. 2), in our simulations the
TMD helices in the apo form exhibited 2 populations of kink
angles (separated at  ⫽ 24.5°). We calculated the chemical-shift
Yi et al.

Dynamics of Amantadine Within the Binding Site. Helix conforma-

tions with large-kink angles were not observed in the simulations
of the amantadine-bound form; so apparently large-kink angles
were incompatible with amantadine binding. The data presented
above show that the occurrence of SDA water molecules in the
amantadine-bound form is less prevalent than in the large-kink
conformations of the apo form. This observation suggests that
amantadine binding perhaps interferes with the interactions of
SDA water molecules with the Gly-34 backbone, which probably
are a stabilization factor for the large-kink conformations.
In the simulations, amantadine was observed to interact
closely (⬍ 3.5 Å between heavy atoms) on average with 2 of the
4 helices of the TMD at any given moment; the identities of these
2 helices changed frequently, indicating positional disorder. In
addition, amantadine exhibited orientational disorder. Overall
M2-bound amantadine was found to favor the upside down
orientation in our previous report (19); that orientation appears
to be the most compatible with X-ray diffraction data (21). We
calculated here the order parameter of the amantadine C␣-N
vector; a low value, ⬇0.4, indicates that the C␣-N vector sampled
a wide range of orientations (with a correlation time ⬇300 ps for
the internal motion).
Discussion
Conformational Heterogeneity of Apo M2 TMD. A main finding of

the present simulation study is that apo M2 TMD, in contrast to
the amantadine-bound form, exhibits significant conformational
heterogeneity. This finding is in agreement with solid-state
NMR studies (9, 23, 26–28). Membrane proteins appear to be
less stabilized compared with soluble proteins, and the resulting
conformational flexibility may be necessary for protein function
(26, 27, 36). For channel proteins in particular, which undergo
conformational transitions upon activation, the existence of
multiple low-energy conformational states is a requirement.
Our simulations further identified variation in helix-kink
angles around G34 as a major source for the conformational
heterogeneity of the M2 TMD. Importantly, the heterogeneity is
†Note

that the same indole orientation relative to the membrane normal can be obtained
by different combinations of the orientation of the Trp41 peptide group (as dictated by
the helix tilt and rotation) and the 1 and 2 angles of the side chain [e.g., Witter et al. (34)
were able to fit their 19F NMR data at low and high pH by searching for 1 and 2 angles
while fixing the backbone to the solid-state NMR structure (10)]. In contrast to the indole
orientation, analysis of the individual angles, such as 1, in our MD trajectories did not
reveal informative contrast between the small- and large-kink populations.
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Fig. 4. Water-backbone hydrogen bonding around Gly-34 in the absence
(Left) and presence (Right) of amantadine. For clarity, only 2 of the 4 helices
are shown, with Gly-34 presented as ball and stick. Typically each water
molecule participated in a single water–Gly-34 hydrogen bond; sometimes a
water molecule was found to bridge between helices. One water molecule,
present in the apo form and shown as yellow spheres, simultaneously served
as an acceptor to a backbone amide of Gly-34 and as a donor to a carbonyl of
a neighboring residue in the same helix. Such water molecules are referred to
as SDA.

spans from 19F chemical shift anisotropy (see SI Appendix) for
the 2 populations separately. In principle F-F dipolar couplings
may also contribute to the chemical-shift spans of the static
spectra, but the experimental results of Witter et al. (34) indicate
only relatively minor dipolar contributions. The calculated spans
were 5 ppm for the small-kink population and 20 ppm for the
large-kink population. These results are consistent with the
observed trend upon changing pH, hinting that the relative
population of the large-kink conformations increases at low pH.
The change in 19F chemical-shift span was a direct consequence of different preferences of the Trp-41 indole orientation,
relative to the membrane normal, in the small- and large-kink
populations (see SI Appendix and Fig. S3). The average angle
between the indole normal and the membrane normal increased
from 66° in the small-kink population to 80° in the large-kink
population.† Interestingly, if the indole is viewed as a gate, then
the gate becomes open in the latter orientation (see Figs. S4 and
S5). Witter et al. (34) reported a decrease in F-F dipolar coupling
upon lowering pH, which would be consistent with an increase
in the large-kink population. However, 19F CODEX spectra of
5F-Trp-41 acquired under MAS by Luo et al. (35) do not support
a significant change in F-F dipolar coupling with pH.

suppressed by the binding of amantadine. Helix kinking, in
particular around Gly residues, has been found to play an
essential role in the activation of various ion channels (29–31).
It seems to be a convenient way to affect significant changes in
channel pore size. Our simulations show that water molecules
can deeply penetrate into and form hydrogen bonds with the
backbone around Gly, thereby stabilizing kinked helices.
Conformational Ensemble of Apo Form at Low pH. The conformational heterogeneity of apo M2 TMD is exacerbated by low pH,
as indicated by increased broadening in the solid-state NMR
spectra of Li et al. (27). As a result, structural studies under low
pH conditions, although essential for understanding pH activation, have been challenging. The available structures of the M2
TMD have been solved at high or neutral pH (10, 21) or in the
presence of amantadine or its analog (9, 21, 22). Li et al. (27)
indicated that overall the helix tilt and rotation seem to change
little upon lowering pH. Other solid-state NMR (26, 34), EPR
(5), and IR spectroscopy (25) have also provided structural
information for apo M2 TMD at low pH. (The last study
proposed a pH-dependent conformational change different
from what is presented below; further comment is found in SI
Appendix.) Khurana et al. (20) have modeled the low pH
condition by protonating His-37 within multiple helices of the
tetramer in MD simulations. However, simply changing the
His-37 protonation may not adequately capture the chemistry
involving the His-37 tetrad (tautomers, hydrogen bonding, etc.)
(1). In addition, no appropriate starting structures are available
because existing apo structures are not determined at low pH.
For these reasons we refrained from carrying out ‘‘low pH’’
simulations.
The effect of pH on conformation can be considered as
shifting the relative populations of the different conformations
sampled by apo M2 TMD. In particular, we hypothesize that the
small-kink population is likely dominant at any pH, but the
large-kink population becomes more favored by lowering pH.
The resulting increase in conformational heterogeneity is consistent with the data of Li et al. (27). In the large-kink conformations, the distances between helices in the tetramer remain
the same in the N-terminal half but increase significantly in the
C-terminal half (see Fig. S5). In line with our hypothesis,
disulfide cross-linking experiments at pH 7.4 and 5.2 showed
that, upon lowering pH, the probabilities for cross-linking remain the same in the N-terminal half but decrease significantly
toward the C-terminal (37). As further support, the difference in
static 19F chemical shift span of Trp-41 calculated on the 2
populations was found to be consistent with the observed trend
upon lowering pH (34). Importantly, in the population that
putatively becomes favored at low pH, the Trp-41 indole rings
are oriented to open the channel pore. The shift in population
by the binding of a ligand, a proton in the present case, is similar
to what is suggested for a ligand-gated ion channel (38).
Structural Model for Channel Activation. Based on MD simulations,

Khurana et al. (20) proposed a transporter-like mechanism for
proton conductance, in which the M2 TMD cycles between
outside open/inside closed and outside closed/inside open conformations and His-37 is protonated/deprotonated during each
cycle. Here, we put forward a more conventional structural
model, by injecting conformational details into the proton relay
mechanism proposed by Pinto et al. (14).
The proton relay mechanism posits that, under a proton
gradient, a proton enters the pore from outside and binds with
His-37; subsequently, the proton is released to the inside. In our
model, illustrated in Fig. 5, the states before and after the release
of the conducting proton from His-37 are comprised of 2 distinct
conformational ensembles. Both states may have 2 of the 4
His-37 residues already protonated (1), but for convenience we
13314 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0906553106

Fig. 5.
Structural model for channel activation by pH. Vertical arrows
indicate equilibration between small- and large-kink conformations; the
lengths of these arrows indicate the magnitudes of tendencies. Horizontal
arrows indicate proton release or uptake. The curly brackets signify that the
small- and large-kink conformations are in fast exchange on the time scales of
proton release and uptake. Note that in the protonated state it is the minority
population of large-kink conformations that is most likely to release the
proton.

refer to the 2 states as unprotonated and protonated, respectively. In the protonated state the population with large helixkink angles is increased. The accompanying motions of the
backbones and Trp-41 side chains open the pore, allowing
the proton to be released to the interior. Upon proton release the
population shifts toward the small-kink conformations, but a
proton uptake from the exterior shifts the population back
toward the large-kink conformations, and the cycle of proton
release to the interior and proton uptake from the exterior
repeats itself.
To gain further insight into the differences between the
small-kink conformations in the unprotonated state and the
large-kink conformations in the protonated state, we built a
representative structure for each state by choosing a helix with
either small kink (8.6°) or large kink (26.0°) and then generating
a tetramer by enforcing 4-fold symmetry; the rms displacement
between the 2 structures is 3.8 Å (Fig. S4). In the N-terminal half,
the channel pores of the 2 structures are similar in size, both
featuring a constriction at Val-27 (19, 21, 22). In contrast, in the
C-terminal half, the pore is narrow in the unprotonated state but
wide in the protonated state (Fig. S5).
Our model bears some resemblance to but differs both in the
overall mechanism of conductance and structural details from
that proposed by Khurana et al. (20). In our model, His-37 can
bind a proton coming from either the exterior or interior, but the
exterior is favored by concentration or other electrochemical
gradients. Similarly, the proton can be released to either the
interior or exterior, but the interior is favored because the
large-kink conformations prime the channel pore in that way; if
the rate constants for proton release to the interior and exterior
0
0
0
0
are kin⫺
and kex⫺
, respectively, then kin⫺
⬎ kex⫺
. In terms of
structural details, our deprotonated state is dominated by smallkink conformations, with His-37 accessible to protons from both
0
the exterior and interior. In fact, the rate constant, kin⫹
, for
proton binding from the interior should be higher than the
0
0
0
0
counterpart, kex⫹
, from the exterior, because kex⫺
/kex⫹
⫽ kin⫺
/
0
0
0
kin⫹ and kin⫺ ⬎ kex⫺ (see SI Appendix). In contrast, proton
binding from the interior is effectively shut off in the model of
Yi et al.

Low and Asymmetric Conductance, Saturation at Low pH, and Rectification. We can capture the above mechanism of proton con-

ductance in a kinetic model, which is able to rationalize important observations on the M2 channel (39–41). According to this
kinetic model (see Fig. S6 and SI Appendix), protons flow inward
when the exterior pH, pHex, is lower than the interior pH, pHin.
0
The inward proton flux reaches a maximum of kin⫺
at very low
0
0
0
0
pHex. With kin⫺
⫽ 102 s⫺1, kex⫺
⫽ 10 s⫺1, kin⫹
⫽ 108 M⫺1䡠s⫺1, kex⫹
7
⫺1
⫺1
⫽ 10 M 䡠s [the binding and unbinding rate constants for
either the exterior or interior are constrained by a pKa ⫽ 6 for
His-37 (1)], the inward flux is predicted to be 45 protons per s
at pHex ⫽ 5 and pHin ⫽ 7, which is in the range of observed low
conductance (39, 40). If the flux dependence on pHex is fitted to
a 1-site binding function (see Fig. S7), as done by Chizhmakov
et al. (41), the apparent dissociation constant is 12.1 M, in good
agreement with the value of 8.3 M of Chizhmakov et al. (note
that these values are ⬇10-fold higher than expected from the
His-37 pKa).
When the pH gradient across the membrane is reversed (i.e.,
pHin ⬍ pHex), the kinetic model predicts an outward proton flux,
but with a smaller magnitude (see Fig. S7). For example, at pHin
⫽ 5 and pHex ⫽ 7, the outward flux is 9 protons per s, ⬇5-fold
lower than the corresponding inward flux. Such asymmetry has
been observed (41), and in our model is attributed to the fact that
0
0
kex⫺
⬍ kin⫺
. The predicted voltage-proton flux curve (see Fig.
S8) also exhibits the observed inward rectification behavior.
The proton binding rate constants illustrated here are lower
than that observed (⬇1010 M⫺1䡠s⫺1) for proton binding to an
imidazole in bulk water (42); the lower values are to be expected
for binding to a buried His-37 (see SI Appendix), with Val-27
serving as a ‘‘dynamic’’ gate (43) along the pore on the Nterminal side (19) while the large-kink population, which may
allow for efficient proton access from the C-terminal side, exists
putatively only as a minority. Calculations of the binding rate
constants based on the structure and dynamics (43) of the M2
protein remain to be carried out.
Conclusion
In this study we explored the conformational heterogeneity of
the M2 TMD by MD simulations. The ensembles of MD
conformations of both apo and amantadine-bound forms reproduced experimental PISEMA data well. A major source of the
conformational heterogeneity of the apo form was the variation
in helix-kink angles around G34. Conformations with small- and
large-kink angles reproduced 19F NMR data on 6F-Trp-41
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obtained at high and low pH, respectively. We further propose
a structural model for channel activation by pH, in which the
protein upon proton release is dominated by small-kink conformations and upon proton uptake large-kink conformations
become more favorable.
Methods
MD Simulations. The MD trajectories analyzed here were the same ones
reported in a previous study (19), which focused on the secondary gate formed
by Val-27. Starting from solid-state NMR structures of the M2 TMD (9, 10) fully
hydrated DMPC bilayers, 2 independent trajectories each were accumulated
for the apo form (both totaling 15 ns) and the amantadine-bound form (one
totaling 15 ns and the other 22 ns). The simulations were designed to model
the high-pH conditions under which the solid-state NMR experiments (9, 15)
were carried out. Other details of the MD simulation protocol can be found in
our previous report (19).
Calculation of PISEMA Resonances from MD Simulation. Backbone 15N anisotropic chemical shift, ␦, and 15N-1H dipolar coupling, , for either the apo form
or amantadine-bound form of the M2 TMD were calculated from the 2 MD
trajectories according to ref. 44:

␦⫽

具冘

3
i⫽1

␦ii共ˆ␦ii 䡠 
ˆ B兲 2

典

 ⫽ 储具P2共
ˆ NH 䡠 
ˆ B兲典.
In these equations, ␦11 ⫽ 57.3 ppm, ␦22 ⫽ 81.2 ppm, and ␦33 ⫽ 227.8 ppm are
the principal values of the chemical shift tensor of 15N; ␦ˆ ii denotes unit vectors
along the 3 principal axes, shown in Fig. S3; ˆ B is a unit vector along the
external magnetic field, which is parallel to the membrane normal; 储 ⫽ 10.735
kHz; ˆ NH is a unit vector along the backbone NH bond; and P2(x) ⫽ (3x2 ⫺ 1)/2
(15). Average was first taken over 10,000 conformations sampled from the last
10 ns of each trajectory. When indicated, results from the 4 helices of the M2
TMD and the 2 independent trajectories were further averaged. All 15N
chemical shifts are referenced to liquid ammonia.
The PISEMA resonance for the side-chain N1 of Trp-41 was calculated
similarly, using the following parameters: ␦11 ⫽ 61 ppm, ␦22 ⫽ 129.6 ppm, and
␦33 ⫽ 180.8 ppm, with the principal axes shown in Fig. S3; and 储 ⫽ 10.17 kHz
(45). Calculation of the rotationally averaged 19F chemical-shift span for
6F-Trp-41 is described in SI Appendix (see also Fig. S3).
Kink Angles of Helices. To calculate the kink angle for each helix, a regular
helix was built as reference by using average backbone  and  angles from
the MD trajectories. This reference helix was superimposed twice to each
helix in every snapshot along the MD trajectories, once to match with the
N-terminal half and once with the C-terminal half (separated at Gly-34).
The kink angle was calculated as the angle between the helical axes of the
2 different superpositions.
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