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Abstract

Proton transfer through membrane-bound ion channels is mediated by both water and polar residues of proteins,
but the detailed molecular mechanism is challenging to determine. The tetrameric influenza A and B virus M2
proteins form canonical proton channels that use an HxxxW motif for proton selectivity and gating. The BM2
channel also contains a second histidine (His), H27, equidistant from the gating tryptophan, which leads to a
symmetric H"®xxxW?3xxxH?" motif. The proton-dissociation constants (pK,'s) of H19 in BM2 were found to be
much lower than the pK,'s of H37 in AM2. To determine if the lower pKy,'s result from H27-facilitated proton
dissociation of H19, we have now investigated a H27A mutant of BM2 using solid-state NMR. "N NMR spectra
indicate that removal of the second histidine converted the protonation and tautomeric equilibria of H19 to be
similar to the H37 behavior in AM2, indicating that the peripheral H27 is indeed the origin of the low pK;'s of H19 in
wild-type BM2. Measured interhelical distances between W23 sidechains indicate that the pore constriction at
W23 increases with the H19 tetrad charge but is independent of the H27A mutation. These results indicate that
H27 both accelerates proton dissociation from H19 to increase the inward proton conductance and causes the
small reverse conductance of BM2. The proton relay between H19 and H27 is likely mediated by the intervening
gating tryptophan through cation—r interactions. This relayed proton transfer may exist in other ion channels and

has implications for the design of imidazole-based synthetic proton channels.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Proton transfer in ion channels is commonly
mediated by polar residues in conjunction with
water. For example, voltage-gated proton channels
(Hy) contain a conserved RxXWRxxR motif [1,2], in
which Trp mutation increases channel opening and
closing by two orders of magnitude and disrupts the
pH dependence of gating [3]. In human carbonic
anhydrase Il, His64 plays a role in proton transfer
over a long distance from the active site to the
solvent during enzyme turnover [4,5]. For
membrane-bound ion channels, high-resolution
structural information about the kinetics and equilib-
ria of polar-sidechain mediated proton transfer is
challenging to obtain because of the invisibility of
protons to crystallography and the difficulty of
measuring protein motion in lipid membranes. For
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this reason, the small proton-selective M2 channel of
influenza A and B viruses represents an excellent
system for elucidating atomic details of proton
transfer. After the virus enters the acidic endosome
of the host cell, the low pH activates the tetrameric
M2 channel, which triggers viral uncoating [6-8]. The
amantadine family of influenza A M2 (AM2) inhibitors
is now ineffective due to widespread resistance as a
result of a protein mutation at the drug binding pocket
[9], whereas no BM2 inhibitors have been developed
because of the very different amino acid sequence
of BM2: the BM2 channel pore is lined with polar
residues, whereas the AM2 channel pore is lined
with hydrophobic residues. The two proteins share
only a conserved HxxxW motif in the transmem-
brane (TM) domain, where His is responsible for
proton selectivity [10], while Trp is responsible for
asymmetric proton conduction from the N-terminus
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to the C-terminus (inward proton flux) [11].
The analogous position to H19 in BM2 is H37 in AM2,
and W23 in BM2 corresponds to W41 in AM2 (Fig. 1a).

Extensive solid-state NMR data and crystal
structures of water-permeated pores of M2 proteins
indicate that water transfer protons to, and away
from, the proton-selective H37 in AM2 [12—-15]. This
exchange occurs on the microsecond timescale
[16,17]. As the pH decreases, the histidine tetrad
increasingly protonates, where four proton dissoci-
ation constants (pK,'s) have been measured using
SN NMR spectra of the imidazole sidechains
[16,18,19]. Interestingly, these pH-dependent '°N
spectra indicate that BM2 H19 has much lower pK,'s
compared to AM2 H37 [20]. At pH 5.5, the average
H19 tetrad charge is 1.5 + 0.1 in BM2, whereas the
average H37 tetrad charge is 2.2 + 0.1 in AM2. One
hypothesis to explain this significant difference is
that the second histidine in BM2, H27, facilitates H19
deprotonation. These two histidine residues are equi-
distant from W23, thus giving a unique symmetric
H'"9%0xW23xxxH?” motif (Fig. 1a, b). This motif is
absent in AM2 because the corresponding residue,
R45 is not titratable in the physiological pH range. H27
N NMR spectra showed that H27 protonates with
much higher pKy's of 7.9 and 5.9 [21], consistent with

the hypothesis that H27 may mediate proton dissoci-
ation from H19, hence decreasing its pK;'s. An
auxiliary role of H27 in BM2 proton conduction is
also implied by electrophysiological data that show
that H27A and H27C mutants have reduced but non-
zero conductance [22,23].

Structural and biochemical studies gave other clues
about the potential role of the HxxxWxxxH/R motif for
proton conduction in M2. Solid-state NMR data of a
W41F mutant of AM2 indicate that W41 prevents
C-terminal hydronium ions from protonating H37 [24],
thus ensuring unidirectional proton conduction from
the N-terminus to the C-terminus. Electrophysiological
data of a D44N mutant of AM2 indicate that W41 is
stabilized by D44 [25,26], while the equivalent residue
G26 in BM2 is unlikely to accomplish this task for W23
due to its inability to form hydrogen bonds. Indeed,
BM2 shows a small reverse current unless both G26
and H27 are mutated [27]. These data suggest that
the precise conformation of the Trp gate and the
positive charges at the C-terminus of the TM helix may
dictate the presence or absence of outward proton flux
in influenza M2 channels.

To elucidate whether the altered protonation
equilibria of H19 is indeed due to proton relay from
H19 to H27, and to understand the origin of the
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Fig. 1. Amino acid sequence and structural hypotheses of proton conduction in BM2. (
(1-33) relative to AM2(22—-46). Pore-facing heptad repeat positions (a, d) are indicated,

a?%eqtéence alignment of BM2

N-labeled residues are

highlighted in red, and fluorinated residues are shown in blue. BM2(1-33) WT sidechains expected to be amenable to
proton exchange with water are marked with a blue dot. (b) In WT BM2(1-33) (PDB: 2KIX), H27 may facilitate proton
dissociation of H19 via cation—r interactions with the central W23. (c) The H27A mutation is designed to remove the
possibility of this long-range proton relay, and its effect on the H19 structure, channel hydration, and channel diameter is

investigated in this study.
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different conductance asymmetry between AM2 and
BM2, we have now studied the H27A mutant BM2
using solid-state NMR (Fig. 1c). This mutant has
been shown to exhibit 30%—40% lower conductance
compared to wild-type (WT) BM2 [22,23]. We show
that H19 in the mutant adopts the protonation
phenotype of WT AM2, thus conclusively proving
that H27 is responsible for lowering the H19 pK;'s.
This finding in turn, suggests that protons are
relayed from H19 to H27. The measured tautomeric
equilibrium of H19 in the mutant suggests that
protons are conducted more unidirectionally in the
mutant than in the WT channel. Finally, we present
interhelical distance data and channel hydration data
to shed light on how the peripheral H27 affects the
channel diameter at neutral and acidic pH.

Results and Discussion

pH-dependent conformations of H19 differ between
the mutant and WT BM2

We first investigated the conformation of H27A
BM2 by measuring site-specific chemical shifts.
Figure S1 shows '°C cross-polarization (CP) MAS
spectra of the peptide bound to a virus-mimetic
membrane (VM +) from pH 7.5 to 4.5. Residues S12,
14, and A22 exhibit pH-independent a-helical
chemical shifts for Ca and C(. These chemical shifts
are indistinguishable from the chemical shifts of
WT BM2 [20,21], indicating that the H27A mutation
has little effect on the backbone conformation of the
TM domain.

In comparison, the proton-selective H19 shows
multiple Co—CB correlation peaks whose chemical
shifts vary with pH (Figs. 2 and S2). These Ca—Cf3
cross peaks can be assigned to neutral T and T
tautomers and cationic species based on their
correlations with the imidazole Cy and C62 chemical
shifts [13,16,20]. The neutral histidine peaks are
assigned to 1y to 13 states and 1y to 13 states, where
the subscripts refer to the dominant charge state of
the H19 tetrad at the various pH, as determined
using "*N NMR (vide infra). Using this nomenclature,
T- and Tr-tautomer peaks with the same chemical
shifts but a different charge of the tetramer have
different subscripts, for example, 11 at pH 6.5 versus
To/T3 at pH 5.0. At pH 7.5, four Ca—Cp cross peaks
are observed (Fig. 2a), two belonging to T tautomers
and two to 1T tautomers: the former correlate with a
Cd2 peak at 113-114 ppm, whereas the latter
correlate with a Co2 peak at 124 ppm (Table S1).
In addition to neutral tautomers, several cationic
species are observed at acidic pH. At pH 6.5, the +1
tetrad population is dominant (vide infra); thus, we
assigned the (57.9, 30.0) ppm peak to the cat1 state,
although the correlated aromatic chemical shifts are

similar to those of the 715 tautomer. The total
intensities of the 14, Ty and cat? peaks are about
3-fold larger than the 1o and 11 intensities, consistent
with the fact that the +1 tetrad dominates at this pH
(Figs. 2b and 3c). At pH 5.0, new Ca-CB cross
peaks appear and can be assigned to cat2 and cat3
states on the basis of their correlations with C52
chemical shifts of 117—-118 ppm.

In total, we resolved four T tautomer species and
four  species over the full pH range examined
(Table S1). This structural polymorphism differs
qualitatively from WT AM2 and BM2, which exhibit
a single 1 and 1 tautomer [13,16,20]. The chemical
shift differences within each tautomer are significant:
for example, the 11 and 1, states differ by 4.6 ppm in
their Ca chemical shifts and the 114 and 1, tautomers
show a similarly large Ca chemical shift difference
of 5.0 ppm (Fig. 2a, b). At more acidic pH, the
chemical shifts of the neutral tautomers change
further. These results indicate that the charge state
of the surrounding helices exerts a significant
influence on the conformation of a helix, so that
imidazole rings of the same chemical structure can
be associated with helical backbones with different
(9, W) angles and possibly different (x4, x2) angles.

At acidic pH, the 1 tautomers have weaker
intensities than the 1 tautomers, and no T35/,
peaks are observed at pH 4.5 (Fig. S3). The higher
population of the T tautomer over the 1 tautomer is
also observed in AM2 and is correlated with
asymmetric proton conduction from the N- to the
C-terminus [24]. Interestingly, the cat2/cat3 chemical
shifts at pH 4.5 differ slightly from those measured
at pH 5; thus, we denote these by cat2/cat3. We
attribute this difference to the lack of  tautomers at
pH 4.5 and suggest that charge repulsion and the
altered tautomer equilibrium of neural histidines in
the same tetrad affect the conformation of the
cationic histidines. Since residues S12, 114, and
A22 show no significant chemical shift changes with
pH, and the residues neighboring H19 contain no
titratable groups, the helix backbone conformation is
not affected by pH. Thus, the altered conformation
of the cationic histidines must largely result from
the structural changes in the imidazole tetrad.
Longer-range interactions with W23 may additionally
reinforce or counteract the effect.

H19 in the mutant protonates in a hybrid manner
between WT BM2 and AM2

To investigate whether H27 facilitates proton
dissociation from H19 to increase the proton
conductance [21], we measured the charge-state
distribution of H19 in the mutant channel using '°N
NMR (Fig. 3). If H27 indeed siphons protons
from H19, then the H27A mutation should shift
the H19 equilibrium to the cationic state, thus
increasing its pKa's. Quantitative >N NMR spectra
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Fig. 2. Aliphatic and aromatic re-
gions of the 2D '*C-'3C correlation
spectra of H19 in the BM2 mutant at

different pH. All spectra were mea-
sured at 243 K. (a) pH 7.5, (b) pH 6.5,
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and (c) pH 5.0. 114 cross peaks serve
as a chemical-shift reference and are
shaded in gray, while H19 peaks
report on the conformational and
charge state of the channel and are
shown in black. The T and 1T tautomers
show high intensities at high pH and
are assigned as 14—T3 and Ty — T3,
depending on the average charge of
the tetrad. Cationic histidine signals
become dominant at low pH and
are assigned as cati—cat3. These
different states of the Ca—CB cross
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of the imidazole ring report how the relative
intensities of the unprotonated N&17/Ne2™ peak at
~250 ppm and the protonated peaks at
160-180 ppm vary with pH. The latter include the
170-ppm NO1H™ and 165-ppm Ne2H' neutral
tautomer signals as well as the cationic His signal
at 175 ppm. At pH 4.5 and 5.5, H19 in the mutant
BM2 has similar intensity distributions as that in the
WT peptide (Fig. 3a), but at pH 6.5 the mutant has
much lower intensity for the unprotonated peak than
the WT BM2, indicating that H19 retains its positive
charge to higher pH when H27 is mutated to Ala.
To quantify the H19 pK,'s in the mutant BM2
channel, we extracted the neutral-to-cationic H19
concentration ratios from the integrated '°N peak
intensities after correcting for the 'H-'N CP
efficiency (Table S2). At the lowest pH of 4.5, H19
in the mutant channel has a similar intensity ratio as
H19 in WT BM2 or H37 in WT AM2 (Fig. 3b). As pH
increases, the mutant H19 retains its cationic
charges better than in WT BM2. For example, at
pH 6.5, the mutant BM2 has 4-fold larger cationic
charges than WT BM2, whereas WT AM2 has 10-
fold higher charge than WT BM2 (Table S2) [16,20].
Therefore, the proton-selective His in the mutant
transitions from WT BM2 behavior to AM2 behavior
at around pH 6.5. At pH 7.5 or higher, the H19
protonation state in the mutant BM2 is indistinguish-
able from the H37 protonation state in WT AM2.
Since all three M2 channels have similarly high
charge states at very low pH, the main distinction lies

T T T e
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peaks were assigned based on
their correlations with the imidazole
sidechain '3C signals.

at intermediate and high pH, where H19 in the
mutant BM2 behaves essentially like WT AM2.

These quantitative >N NMR spectra yielded four
H19 pK, values of 42 + 0.4, 52 +0.2, 5.2 + 0.2,
and 7.8 + 0.3 for the mutant BM2 (Fig. 3c).
Interestingly, the average pK, value of 5.6 lies
between the average pK, of H19 (5.1) and H27
(6.4) in the WT channel [21]. For comparison, the
average pK, of H37 in AM2 is 5.9 [16], which is close
to the average H19 pK, of the mutant BM2.

It is informative to compare the populations of the
charged histidine tetrads in the three M2 peptides
(Fig. 3d—g; see Fig. S4 for overlaid profiles). At
pH 6.5, WT AM2 and BM2 carry the same average
total charge, but most of the charges in BM2
are concentrated at H27, which is close to the
membrane surface. The average charge of H37 is
1.6 + 0.1, whereas the average BM2 charge is
0.4 + 0.1 at H19 and 1.3 £ 0.1 at H27. In mutant
BM2, H19 carries an average change of +1 at
pH 6.5. The similar total charges of these channels,
regardless of whether there is a single histidine or
two histidines in the TM helix, suggest a negative
cooperativity in proton dissociation in the dual-
histidine WT BM2, where H27 protonation promotes
deprotonation of H19.

The negative cooperativity between the two
histidines of BM2 is further supported by a compar-
ison of the charge distribution within the histidine
tetrad (Fig. S4). At low pH, the charge population of
H19 in the BM2 mutant is similar to that of H19 in WT
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% 3. pH-dependent protonation states and charge distribution of H19, H27, and H37 in BM2 and AM2 channels.
N spectra as a function of pH for the H19 sidechain in H27A (red) versus WT BM2 (black) [20,21] bound to the
VM+ membrane. Peak intensities reveal the ratio of neutral histidine to cationic histidine. (b) Concentration ratio of neutral-
to-cationic H19 (red) calculated from the integrated intensity ratio of protonated and unprotonated '°N peaks after CP
correction. The H19 data of the BM2 mutant are superimposed with the H19 data in WT BM2 (black, filled) and the H37
data in AM2 WT [16] (black, open). The H19 pKj, values in the mutant are indicated by vertical lines. Except for pH 7.5, the
symbol size matches the size of the horizontal error bar. (c) Deviation of the calculated versus experimental histidine
population ratio, X2, of the BM2 mutant as a function of the four pKj values. For a given pKa, the combination of the other
pK.'s leads to the shaded areas. pK, > and pKj, 3 converge to the same value. (d—g) Comparison of pH-dependent tetrad
populations of (d) H19 in mutant BM2, (e) H19 in WT BM2, (f) H27 in WT BM2, and (g) H37 in WT AM2. The +1 charged
tetrad of H19 in mutant BM2 is dominant between pH 7.5 and 6.

BM2, with only minor contributions of the second
histidine, H27, to the charge state of H19. However,
at pH > 6.5, H19 is essentially neutral in WT BM2
but remains cationic in the mutant. Thus, there is a
transition from weak to strong contributions of H27
to the charge release at H19 with increasing pH.
Comparing the charge distribution pattern of H19
in the mutant BM2 and H37 in WT AM2, both
possessing only a single histidine in the TM domain,
we find that the +4, + 3and + 0 tetrads have the same
pH dependence and the same charge populations in

the two peptides. Differences occur forthe +1and + 2
states: the AM2 channel is dominated by the +2-state
at pH 6, while the mutant BM2 exists mostly as a + 1
tetramer at the same pH. This difference can be
attributed to the slower proton release in the mutant
BM2 at neutral pH compared to WT AM2 (Fig. 3b).
Although the charge distribution of H19 in WT
BM2 and H37 in AM2 differ most drastically at
neutral pH, the two WT channels still carry the same
total charge: the H37 tetrad carries an average
charge of 0.7 + 0.1 at pH 7.5, whereas WT BM2



Relayed Proton Transfer via a His—Trp—His Triad

2559

carries essentially no charge at H19 but 0.7 + 0.1
charges at H27. In the H27A BM2 mutant, the total
charge is 0.7+ 0.1 at pH 7.5 as well, and is
exclusively located on H19. Since all charges were
essentially transferred from H19 to H27, we expect
H27 in WT BM2 to exhibit a similar charge population
as H19 in mutant BM2. A comparison of the charge
population curves (Fig. S4B) confirms this state-
ment: for pH > 7, the charge distribution patterns of
H19 in mutant BM2 and H27 in WT BM2 are
essentially identical. These quantitative results
support the presence of proton relay from the first
His (H19) to the second His (H27), and are
consistent with recent findings from molecular
dynamics simulations that suggest an activation-
promotion mechanism in which H27 protonation
decreases the energy barrier for H19 deprotonation
[28]. Since the Ca-Ca distance between the two
residues is long, ~11 A, the H19-H27 interactions
are most likely mediated by cation—1T interactions
through the intervening W23 [29].

Increased channel hydration at low pH correlates
with the H19 tetrad charge

Water accessibility and proton exchange rates
between the protein and water provide information
about channel hydration. WT BM2 shows higher
hydration at low pH than at high pH, consistent with
channel activation [20]. Since the H27A mutation
removed the C-terminal charge, we wondered
whether the mutant was less hydrated than the WT
BM2 at the same pH and whether the C-terminus
was less hydrated than the N-terminus in the mutant.
To answer these questions, we measured '3C-
detected water-to-protein 'H spin diffusion spectra
at 30 kHz MAS. We used a 'H spin exchange mixing
time of 4 ms (S) to measure the initial polarization
transfer to the protein and 100 ms (Sy) to measure
the equilibrium polarization transfer (Fig. 4a). The S
spectra at various pH have the same relative
intensities for the protein signals as the 'C CP
spectra, but the total spectral intensities are reduced
to 20%—-25% of the CP spectra. This value is
consistent with the fact that water accounts for
45%—-55% of all protons in our membrane samples.
Thus, when uniformly distributed across the entire
sample, water-transfer 'H magnetization should
give ~25% of the total unfiltered 'H magnetization.
Because the lipid '3C signals are mostly suppressed
in the water-transferred Sy and S spectra, which
facilitate spectral analysis, we use the 100 ms S,
spectra to normalize the initial-regime S spectra.
The S/S, intensity ratios reflect three factors: the the
water accessibility, the hydrogen exchange rates,
and the 'H spin diffusion rates within the protein.
Water-to-protein proton exchange occurs most
efficiently at sidechains containing labile NH- or
OH-groups. In the TM heptad repeat, residues E3,

S9, S12, H19, W23, H27, Q30, and R33 are
expected to line the hydrated pore (Figs. 1a and
4b). Residue E3 at the dynamic N-terminus should
have inefficient 'H spin diffusion and thus only minor
effects on the S/S, values of the other TM residues.
This leaves S12 and H19 as the two reporters
of water—protein 'H exchange in the pore, whereas
114 and A22 are expected to receive magnetization
indirectly from other sidechains through 'H spin
diffusion along the protein backbone.

At acidic pH, we find S/S, values of less than 0.21
for the S12, 114, and A22 backbone signals, while
the H19 Ce1/Cd1 intensity is more than twice as high
(Fig. 4b), indicating that water magnetization transfer
to the H19 sidechain is much faster than to other
residues. At neutral pH, lower S/S, values are
observed. This is opposite the trend of faster
chemical exchange at higher pH: for example,
hydrogen exchange of NH groups is the slowest at
pH ~3.5, with a minimum value of ~500 s~ [30-32],
and increases by an order of magnitude per pH unit.
Chemical exchange of OH protons is the slowest
between PH 6 and 6.5, with a minimum value
of ~10 s™' [33]. Compared to chemical exchange,
spin diffusion is independent of pH as long as no
major protein structural changes occur. Thus, the
measured pH dependence of the S/S, values
indicates that the BM2 channel lumen is better
hydrated and more water-accessible at low pH than
at high pH.

In addition to the data at 30 kHz MAS, we also
measured water—protein polarization transfer at
13 kHz MAS where spin diffusion along the peptide
backbone is faster. Under this condition, chemical
exchange is likely rate limiting for the overall water—
protein polarization transfer process, so that the data
report on the average water accessibility of the
channel lumen. We used a mixing time of 4 ms for
the S experiments to remain in the initial regime of
the buildup curve and found a similar S/S, value for
the lipid-facing 114 as for the pore-facing S12,
consistent with fast 'H spin diffusion in the peptide
(Fig. S5). Notably, the S/S, values of these residues
are the highest at pH 4.5, decrease from pH 4.5 to
pH 5.5, then remain constant from pH 5.5 to pH 7.5.
This trend suggests a strong influence of H19, which
is highly cationic at pH 4.5 but has a roughly
constant charge between pH 5.5 and pH 7.5.

Comparing the mutant and WT channels at the
intermediate pH of 5.5, we found that water
polarization transfer is faster in the WT channel
(Figs. 4c and S5). This finding could result from
additional water-to-protein magnetization transfer at
the second histidine, H27, and/or from increased
water accessibility in the WT channel. As shown
below by distance measurements, the presence or
absence of H27 does not change the channel
diameter, thus suggesting similar channel hydration
in both constructs. On the other hand, in WT BM2,
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Fig. 4. Hydration and channel width of H27A BM2 as a function of pH. (a) Water-edited '*C spin diffusion spectra of
H27A BM2 after 4 ms (S, blue) and 100 ms (So, black) "H polarization transfer. (b) S/S, ratio of several TM residues at
different pH, including heptad repeat positions. Positions of water-exposed OH- or NH-groups along the BM2 helix are
highlighted in red and blue, respectively. (c) Comparison of water-to-protein polarization transfer builduggcuwes of mutant

and WT BM2 at pH 5.5. WT BM2 has faster proton exchange and larger hydration than the mutant. (d)

F CODEX decay

curves of 5F-W23 in H27A BM2 at pH 4.5 pH 7.5. The data were measured at 9.4 T. Associated distances were extracted
from the majority component of the bi-exponential decay, while the fast decay (inset) reflects residual motion of the
sidechain. (e) 5F-W23 and 4F-F5 CODEX decays at pH 5.5 in H27A BM2. The data were obtained at 14.1 T. (f) 5F-W23

CODEX data of WT BM2 at pH 5.5.

H27 shows considerably faster magnetization ex-
change (Fig. S5F) than H19, which is correlated with
the higher average charge of H27 than H19: at pH 5.5,
H27 has an average charge of 3.4 + 0.1, while H19 has
an average charge of 1.5 + 0.1. The additional charges
at the H27 tetrad should promote higher proton
conductance, which in turn can cause faster proton-
ation and deprotonation of the imidazole NH-groups
[24].

Mutant BM2 has a pH-dependent channel diameter

Complementing the water polarization transfer data,
we measured the channel diameter to understand the
effects of pH on the helix bundle. The channel
diameter is probed at two locations, the C-terminal
W23 and the N-terminal F5, using '"F CODEX
experiments [34,35]. The experiments were conduct-
ed at low temperatures (243—248 K) to immobilize the
sidechains. The '°F spinning sideband intensities of
5F-W23 and 4F-F5 (Fig. S6) indicate chemical shift

anisotropies close to the rigid-limit values [36] (Table
S3), thus ruling out large-amplitude fast motions at
these temperatures.

Figure 4d, e shows the 'F CODEX decays of
5F-W23 and 4F-F5 in VM+ bound H27A BM2.
Biexponential decays were observed. The fast com-
ponent vanishes within 100—200 ms and represents
25%—-30% of the total decay for W23 in the mutant,
15% for W23 in WT BM2, and 45%—50% for F5 in the
mutant (Fig. S7). For both W23 and F5, neither the
amplitude of the fast component nor the '°F linewidth
(4.9 = 0.1 ppm for W23 and 5.6 + 0.1 ppm for F5)
changed with pH, suggesting that the fast component
originates from residual sidechain motion on the 30- to
60-ms timescale, with the F5-containing N-terminus
having higher mobility than the W23-containing
C-terminus. The major component of the CODEX
decay reports on the interhelical distances and
reaches an equilibrium value of S/S, = 0.25 after
~2 s, consistent with the tetrameric nature of the
channel [34]. Importantly, the nearest-neighbor
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distance between the 5F-W23 sidechains increases
from9.5 + 0.2 AatpH 7.5t010.2 + 0.2atpH 5.5and
10.5 £ 0.2 A at pH 4.5 (Fig. 4d, e). Therefore, the
diagonal distance of the channel at this residue
widens by 1.4 A as the pH decreases from 7.5 to
4.5. This channel widening at low pH correlates with
the average H19 charge increase from 0.7 + 0.1 to
3.1 = 0.1 over the same pH range. This 10% distance
increase is smaller than expected for a conformational
change between a closed (Cgjoseq) @and open (Copen)
state. We attribute this moderate increase to H19-
W23 aromatic interactions, which may regulate the
distances between W23 sidechains to less than those
dictated by H19-H19 electrostatic repulsion alone. A
similarly moderate increase of W41-W41 interhelical
distances was also observed in AM2 [37], which can
be attributed to the combined effects of H37-H37
electrostatic repulsion and water-mediated W41-D44
hydrogen bonding [26]. In comparison, the '°F
CODEX data of Phe5 show no pH-dependent
distance change within 20 confidence intervals: the
nearest-neighbor '°F-'°F distances are 9.4 + 0.2 A
atpH 5.5 and 9.0 = 0.2 A at pH 4.5 (Fig. S7), where
the uncertainties correspond to a 10 standard
deviation. Therefore, the channel diameter at this N-
terminal helix-to-coil transition point is insensitive to
pH between pH 5.5 and 4.5. Although this pH range is
small, our experimental observation is supported by
very recent molecular dynamics simulations [28] that
showed that with decreasing pH, the BM2 channel
diameter increased at the H19xxxW23xxxH27 motif,
while interhelical distances in the N-terminal region
remain unaffected.

To investigate if H27 affects the C-terminal
channel diameter, we compared the W23 interhelical
distances in the WT and the mutant at pH 5.5
(Fig. 4e, ). The same distance of 10.2 + 0.2 A was
found for both samples, indicating that the identity of
residue 27 does not affect the channel diameter at
W23. At pH 5.5, the H19 tetrad carries an average
charge of +1.5 in both the mutant and WT BM2, but
the WT peptide has another +3.5 charges at H27,
which give a total charge of +5.0 for the four-helix
bundle. Thus, the fact that the W23 channel diameter
is similar between the WT and mutant indicates
that electrostatic repulsion between the pore-facing
H19 sidechains drives the pH-dependent channel
widening, whereas the electrostatic repulsions at the
membrane-surface H27 are too weak to influence
the channel diameter.

Conclusions

The solid-state NMR data shown here provide
novel insights into the structural and dynamical
interplay between multiple polar residues of a
membrane-bound ion channel in regulating proton
transfer. By mutating the second histidine of BM2 to

a hydrophobic alanine, we created the same HxxxW
conduction motif for BM2 as for AM2. The H19
chemical shifts reveal that this single-histidine BM2
variant resembles the single-histidine AM2 structural
phenotype, despite the fact that the rest of the BM2
pore is drastically different from the AM2 pore. This
single-histidine phenotype is characterized by a
dominant +1 and + 2 charge in a wide pH range
of 7.5 to 5.5 (Fig. 3), whereas the double-histidine
WT BM2 achieves the dominant +2 charge at lower
pH. The second histidine in WT BM2 indeed
facilitates proton release from H19 and shifts its
protonation equilibrium to lower pH (Fig. 5a),
which is also concluded from MD simulations [28].
These data mdlcate that H27 in the symmetric
H"9xxxW23xxxH?” motif of WT BM2 is responsible
for the higher inward proton conductance of
BM2 compared to AM2. In addition, the mutant
H19 shows a shifted tautomeric equilibrium towards
the T tautomer, which also resembles the tautomeric
equilibrium of H37 in WT AM2. This observation
suggests that the large 1 tautomer population in WT
BM2 is a direct reflection of the reverse current of the
channel. The membrane-surface H27 is protonated
at higher pH than the interior H19 [21]; therefore, it
can create a proton motive force from the C-terminus
to the N-terminus at moderate pH. Such a proton
chemical potential is absent in AM2, because R45 is
not titratable at phyS|oIog|caI pH. Together these
results indicate that the H ' xxxW23xxxH?" motif
is effectively a double conductance motif: H19 is
responsible for channel activation and functional
inward conductance, whereas H27 enhances
both the inward conductance and the outward
conductance at moderate pH.

Decreasing the pH increased the channel diam-
eter at the gating W23 by 1.4 A, and this widening is
exclusively correlated with the H19 tetrad charge but
not the H27 charge. At low pH, the single-histidine
mutant BM2 has overall similar water accessibilities
between the N- and C-terminal regions, whereas the
double-histidine WT BM2 exhibits faster proton
exchange at the C-terminus, consistent with the
presence of the additional titratable H27. Comparing
the data to the histidine charge state reveals that
water—protein proton exchange correlates with the
average histidine charge.

These results demonstrate that H27 is a pH- and
charge-dependent tng%er for increasing the proton
conductance in the H”xxxW?2® dyad. The fact that
H27 changes the protonation behavior of H19
despite a long Ca—Ca distance of ~11 A strongly
suggests cation—r interactions of both histidines
with W23. The 1.5-fold higher conductance in the
presence of H27 [22,23,29] emphasizes the syner-
gistic effects of H19 and H27. Such proton relay
between two remote polar residues may also be
present in other ion channels such as the Hy
channel. Structural insights from the current study
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Fig. 5. Effects of H27 on the structure and dynamics of the BM2 proton channel. (a) Proton dissociation of H19 is
accelerated by proton relay to H27, most likely mediated by W23. The H27A mutation removes this deprotonation
pathway, and reverts H19 to the AM2 H37 behavior. Thus efficient de eprotonation in _the H"xxxW23xxxH?" motif is

responsible for the higher conductance of BM2 compared to the H3 xxxW*!

AM2. (b) H27A mutation increases the H19 1

tautomer population compared to 1T tautomers, indicating that H27 in WT BM2 is responsible for the reverse proton current
present in the WT channel. (c) At pH 5.5, the N-terminal channel diameter is the same between WT and mutant BM2, but
the WT channel has faster proton exchange with water than the mutant.

can facilitate the development of synthetic proton-
selective water channels for energy-efficient water
desalination, where multiple imidazole tetrads have
been stacked together to mediate water and proton
conduction [38,39].

Materials and Methods

Solid-phase peptide synthesis of site-specific
labeled H27A BM2 (1-33)

BM2 (1-33) H27A (MLEPFQILSI SSFILSALHF
MAWTIGALNQ IKR) of the B/Maryland/1/2001 strain
of the influenza virus was synthesized by Fmoc
solid-phase peptide synthesis using a custom-
designed flow synthesizer [40,41]. Uniformly '3C,
5N-labeled S12, 114, H19, A22, 4-"°F-labeled F5,
and 5-'F-labeled W23 were incorporated into the
sequence. Solid-phase peptide synthesis of BM2
(1-33) H27A was conducted on H-Rink amide
ChemMatrix® resin. Resin (0.075 mmol; 0.15 g at
0.5 mmol/g loading size) was swelled in the reaction

syringe for 5 min in ~5 mL N,N-dimethylformamide
at 70 °C. Ten-fold excess (0.75 mmol) unlabeled
amino acids and 4-fold excess (0.3 mmol) labeled
amino acids were singly and doubly coupled with a
coupling time of 50 and 70 s, respectively. To reduce
racemization in the process of histidine coupling,
H19 was manually coupled at room temperature for
1 h [42]. After the last coupling step, the peptide was
deprotected and cleaved from the resin by addition
of a TFA/phenol/water/TIPS solution (88:5:5:2 by
volume) for 3 h. The resin was filtered, and the crude
peptide was precipitated and triturated three times
with cold diethyl ether, then dried under vacuum at
room temperature for an hour. The dried crude
peptide was dissolved in 50% acetonitrile solution
and purified by preparative RP-HPLC using a Vydac
C4 column with a linear gradient of 40%—-90%
(channel A) over 90 min at a flow rate of 10 mL/
min (channel A: acetonitrile; channel B: water).
MALDI-MS analysis confirmed the mass to be
3836.2 Da, in excellent agreement with the calculat-
ed mass of 3836.5 Da. The combined synthesis and
purification yield was ~7%.
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Membrane protein samples for SSNMR

H27A BM2(1-33) was reconstituted into a VM + membrane, which contains 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), sphingomyelin
(SPM), and cholesterol at a molar ratio of 25:25:25:25. All lipids were dissolved in ~500 pl chloroform, and 4 pl
of methanol was added to the lipid solution to dissolve SPM. The peptide was dissolved in ~300 pl 2,2,2-
trifluoroethanol (TFE) and mixed with the lipid solution. The peptide:lipid molar ratio was 1:14.5. The solvents
were mostly removed under nitrogen gas. Then, the samples were completely dried under room temperature
vacuum overnight. The dried lipid/peptide samples were resuspended in different buffers based on the pH of
each sample and dialyzed against the relevant buffers with five buffer exchanges to remove salt and residual
TFA and TFE. The proteoliposomes were spun at 40,000 rpm using a Beckman SW60T rotor at4 °C for4 hto
obtain wet membrane pellets. The pellets were incubated in a desiccator until it reached a hydration content
of ~40 wt% water by mass and then spun into magic-angle spinning (MAS) rotors to conduct solid-state NMR
experiments.

Control of the membrane pH was crucial for accurate determination of the H19 pK,'s. We measured the pH
of the solutions at several stages during the membrane sample preparation: the bufferimmediately before its addition
to the lyophilized peptide/lipid mixture, and the supernatant after ultracentrifugation. Reported pH values
and uncertainties are the average and standard deviation of these measurements. Five samples at different pH
values were prepared using the following buffers: pH 4.5 + 0.1 (20 mM citric acid, 2 mM EDTA, 0.2 mM NaNs),
pH 5.0 £ 0.1 (20 mM citric acid, 2 mM EDTA, 0.2 mM NaNs), pH 5.5 + 0.1 (20 mM citric acid, 2 mM EDTA,
0.2 mM NaNs), pH 6.5 + 0.1 (20 mM Bis-Tris/HCI, 2 mM EDTA, 0.2 mM NaNs), pH 7.5 + 0.2 (20 mM Hepes/
NaOH, 2 mM EDTA, 0.2 mM NaNs).

Solid-state NMR experiments

SSNMR spectra were measured on Bruker NMR spectrometers at 9.4 T (400 MHz "H Larmor frequency)
and 14.1 T (600 MHz 'H frequency) using a4 mm "H/"3C/">N MAS probe, a4 mm "H/'°F/"3C probe, and a
1.9 mm "H/"®F/'3C probe. '3C chemical shifts were externally referenced to the adamantane CH, signal at
38.48 ppm on the tetramethylsilane scale, whereas '°N chemical shifts were referenced to the amide signal of
N-acetylvaline at 122.0 ppm on the liquid ammonia scale. '°F chemical shifts were referenced to the '°F signal
of Teflon at —122 ppm. Sample temperatures are thermocouple-reported values without correcting for MAS
frictional heating.

1D '3C and >N CP MAS spectra were measured at 9.4 T from 243 to 263 K under MAS frequencies of 7.0 to
13.5 kHz. Out of the four '*C, "*N-labeled residues (S12, 114, H19, A22), only H19 contains nitrogens in its
sidechain. 1D "N NMR spectra thus contain H19 sidechain peaks (160-250 ppm) and four overlapping '°N
backbone peaks (110-125 ppm:; see Fig. 3a), which were not used for data evaluation. The "N CP intensity ratio
of protonated versus unprotonated H19 sidechain peaks, Iyu/In, was used to quantify the neutral-to-charge
histidine concentration ratio by taking into account the different "H-"°N polarization transfer efficiencies for
protonated and unprotonated °N peaks,

His] 2 ;
[HiSH+] o (INH//N)/K—1 ( )

The CP correction factor, K = Iyis ni/lnisn, WaS measured before each N experiment by measuring
the "N CP signal of histidine at pH 8.5 under the same CP matching condition as used for the peptide. The k
values range from 1.13 to 1.19; thus, they have less than 5% variation between different experiments. In all
experiments, the unprotonated '°N signal was maximized using a CP contact time of 3 ms.

The four acid dissociation constants of the His tetrad, K,1_4, Wwere determined from the >N NMR spectra
using the equation [16,20,24]

Ka1 Ka1 'Ka2 Ka1 'Ka2'Ka3 Ka1 'KaZ'Ka3‘Ka4
S I T xR s R T s A 10~°H 2)
N [HiSH+] N Kai Kai - Ka2 Kat - Ka2 - Ka3 ’
BT T T
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The x? deviation between the calculated (P.ac.)
and experimental (Peyp,) histidine population ratios
is defined as

X2 =y Vi (P exp,i_PcaIC,i)2/02exp,i (3)

Equation (3) accounts for the experimental uncer-
tainty (Oexp,) iN the measured histidine population ratio
and the degree of freedom of the parameter adjustment
(v), that is, the difference between the number of
experimental data points and the number of adjustable
parameters. For our experiments, v = 1. Once the pK,
values are determined, the pH-dependent charge
population of the channel, termed N,{_4, is obtained
using [16]

Nia=[H]*/5y

Nig = [H]°K1 /2

N.p— {H*FM Ka/Sn (4)
N.i = [H'| KiKaKs/Zn

Nio = KiK2K3K4 /2N

V\‘/‘here >y is a normalization constant such that > o
o Nyi=1.

2D '3C-"3C correlation spectra were measured
using DARR irradiation [43] with 70 ms mixing to
assign the '3C chemical shifts at 9.4 T and
243-263 K. '°F CODEX experiments performed at
low temperature were used to measure intermolec-
ular "°F-"9F distances based upon the decay of the
CODEX signal with increasing spin exchange time.
These experiments were conducted either at 9.4 T
and 243 K under 10 kHz MAS, or at 14.1 T and
248 K under 17.5 kHz MAS [34,35]. '°F T, relaxa-
tion effects were corrected for by evaluating the
intensity ratio of a control experiment (Sp) and a
dephasing experiment (S), alternatingly measured
with the same total number of scans. The '°F
CODEX decay curves were fit to a biexponential
decay, the majority component of which was
compared to simulated CODEX curves calculated
using a MATLAB program that employs an ex-
change matrix to treat spin diffusion in a four-spin
system [34]. Rate constants (kj) in the 4 x 4
exchange matrix are proportional to the squared
"9F-"9F dipolar coupling strength (w?) and hence
the internuclear distance (r;), where

kj = o.5mu,?j F;(0) (5)

and

u )
w,-j:0.8-ﬁ\/h'r//3 (6)

The rate constants also depend on the overlap
integral, F;(0), whose value has been measured to
be 41 ys at 9.4 T and 8 kHz MAS [34], and 21 ps at
14.1 T and 17.5 kHz MAS [44]. "®F chemical shift
anisotropy parameters were determined by
Herzfeld-Berger analysis [45] of spinning sidebands
and fitting SIMPSON simulations [46] to the '°F
spectrum at 243 K.

3C-detected water-to-protein 'H spin diffusion
experiments were conducted to measure the water
accessibility of the mutant channel (see Fig. S8 for the
pulse sequence). The experiment used a 'H Gauss-
ian 90° pulse of 2 ms at 14.1 Tand 3 ms at9.4 T to
selectively excite the 'H water signal. Experiments
were conducted either at 30-kHz or at 13-kHz MAS to
make use of different 'H spin diffusion efficiencies.
Residual 'H magnetization of the peptide and the lipid
was removed using a 'H T, filter of 35 ps x 2,
folowed by a 'H polarization exchange period
between 2 and 100 ms [47]. To extract the initial
spin diffusion buildup intensity (S/Sp), we used spectra
after 9 ms spin exchange at 30 kHz MAS (4 ms
exchange at 13 kHz MAS; S experiment), and after
100 ms spin exchange (Sp). The short mixing time
minimizes 'H spin diffusion among peptide protons
after the water-to-protein polarization transfer and
allows to access to the spin polarization exchange
rate. The degree of residual spin diffusion along the
protein backbone can be estimated using a 1D model
of spin diffusion along the protein backbone [48]. At
slow MAS, where spin diffusion along the protein
backbone is considerable, the mean displacements of
H polarization after 4 ms mixing is in the range from 9
to 25 A for diffusion coefficients of 0.1-0.8 nm?/ms
[49-51]. To minimize spectral overlap in the 1D '°C
spectrum, we focused the data evaluation on the well-
resolved Ca peaks of S9/S12, 114, and A22, as well as
on the combined Ce1 and Cd1 peaks of H19.
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