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Pore-Bound Water at the Key Residue Histidine 37 in Influenza A M2
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Abstract: Atomic details of structured water molecules are
indispensable to understand the thermodynamics of important
biological processes including the proton conduction mecha-
nism of the M2 protein. Despite the expectation of structured
water molecules based on crystal structures of Influenza A M2,
only two water populations have been observed by NMR in
reconstituted lipid bilayer samples. These are the bulk- and
lipid-associated water populations typically seen in membrane
samples. Here, we detect a bound water molecule at a chemical
shift of 11 ppm, located near the functional histidine 37 residue
in the M2 conductance domain, which comprises residues 18 to
60. Combining 100 kHz magic-angle spinning NMR, dynamic
nuclear polarization and density functional theory calcula-
tions, we show that the bound water forms a hydrogen bond to
the 01 nitrogen of histidine 37.

The homo-tetrameric membrane protein Matrix 2 (M2) from
Influenza A is a key protein in the viral life cycle. Although
amantadine and rimantadine have long been used as first-line
treatments against Influenza infection, resistant variants of
the M2 protein prevent their use for currently circulating
strains.'!. M2 is a pH-dependent proton channel that, in
endosomes, acidifies the viral interior and thus triggers
membrane fusion and viral RNA release into the host.”) M2
proton conduction is also essential for preventing premature
maturation of hemagglutinin by maintaining a high pH in the
Golgi.”!

The proton conduction mechanism has been studied in-
depth by the combination of multiple techniques including
biochemical™ methods and high-resolution structural tech-
niques.’! Biochemical and electrophysiological data showed
that the conserved residues histidine 37 (H37) and tryptophan
41 (W41) are responsible for proton selectivity and gating of
M2, respectively.[*®) While in M2 crystals the imidazole of
H37 has been found in a box-like conformation with 4-fold
symmetry,"*” a dimer of dimers (C, symmetry) has been
observed by magic-angle spinning (MAS) NMR for lipid
bilayer preparations of the conductance domain (CD), which
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comprises approximately residue 18 to 60.®! The resulting
doubling of the NMR resonances, here indexed as A and B,
was also observed for the full-length protein.’! MAS NMR
has also been used to investigate the pK, of H37!"! and
together with molecular dynamics simulation'!! there is
a general agreement that the + 3 charge state of H37 is the
conductive state of the channel at the endosomal pH of < 6.2

Both crystal and lipid bilayer conditions show a hydrated
pore.’*13 Based on these data, proton diffusion via the
Grotthuss mechanism® is understood to occur in the pore
outside the region of H37 and W41, which further restrict the
pore volume. NMR data indicate a proton shuttle mechanism
at residue H37. Tn line with this, high-resolution X-Ray and
XFEL data show organized water clusters in the pore of the
transmembrane (TM) domain of M2 that adapt to a pH
change.! At low pH (< 5.5) the nearest water molecules are
within hydrogen bonding distance to H37, and at high pH (8)
the water cluster is far from the H37 imidazole. Drug binding
causes structural changes in the protein™ and disrupts the
pore water network that is essential for proton conduction.!'’!

In contrast to the multiple water locations identified in M2
crystals, NMR studies have only detected two water reso-
nances in membrane-reconstituted M2 samples, namely bulk
water at about 4.7 ppm and membrane-associated water
(H,0,,) approximately 0.1 ppm downfield."”!" Both repre-
sent an averaging of the chemical shift among many states in
a pool of many water molecules in fast exchange. While long-
lived water states with at least nanosecond residence times
have been detected in soluble proteins'¥ observing the
chemical shift of the bound-state water would require a longer
residence time of at least milliseconds (ms).

While water molecules can be identified in very high-
resolution crystal structures, the use of detergent for mem-
brane proteins raises the possibility that such structures are
perturbed from physiologically relevant conditions. For M2,
the XFEL structures that resolved water clusters in the lumen
of the TM protein®? do not capture the hydrogen bonding
among H37 residues that is observed for the CD in lipids.!"”
This indicates that the protein crystals have stabilized a differ-
ent conformation than found for the CD in bilayers.

In CD M2, the H37 dimer-of-dimers chemical shifts have
been assigned based on short (approx. 500 us for 'H to *N)
cross polarization (CP) steps, in which transfer occurs
primarily over a distance of a single chemical bond."* Both
A and B H37 residues are found in the t tautomer.'”>>"! The
deprotonated N&1 of H37, is hydrogen bonded to He2 of
H37g, but the hydrogen bonding partner of N&1 of H37j is not
known. In TM M2, water is hydrogen bonded to N&1.7%

To probe for protons near the deprotonated N&1 of H37;
(249 ppm),*!! we acquired an (H)NH spectrum of CD M2
using long, 4 ms CP, and observed a proton correlation at
approximately 11 ppm (Figure 1 A). This shift is partly
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Figure 1. ldentification of pore-bound water (H,Oy,4). A) 2D (H)NH spectra with (red) and without (blue) a CP-based dipolar filter of 500 us and
200 ps for °N and ’C, respectively. Negative contours are green and orange. Additionally, in (A), 1D slices are shown at the selected H37 side-
chain nitrogen resonances. B) Schematic representation of the expected signal intensity for the CP-based dipolar filtered spectrum of an amide
(left) or water (right). For directly "N-bound amide protons the decay is fast. For water at a greater distance to nitrogen, the decay is slow such
that the signal is marginally if at all reduced. C) Normalized peak intensities from CP-filtered spectra are plotted with error bars indicated at

2 times the variance, assuming gaussian-distributed spectrum noise. Bulk and bound water have a marginal reduction in the filtered experiment,
while all ®N-bound protons are below 20% of their signal. D) 2D (H)NH spectra of H,O (blue) and D,O-washed (orange) samples. Negative
contours from the H,O spectrum are pink. Unless indicated by an underline, labels indicate proton shifts. E) Schematic representation of the data
showing the H,O,,4 in ms exchange with H,0,.4. Spectra of panel (A) were recorded with a 0.7 mm HCDN Bruker probe with 100 kHz MAS on
a 950 MHz Bruker spectrometer at ca. 10°C (260 K cooling gas). CP transfer times of 4 ms were used. Twice the signal averaging was used for
the filtered spectrum. The spectra of panel (B) were recorded on a 1.3 mm HCN Bruker probe with 45 kHz MAS on an 800 MHz Bruker
spectrometer using 235 K cooling gas to reach a sample temperature below 10°C. Spectra were processed using a cosine squared apodization

function, and for panel (B) also water gaussian suppression, “qfil”.

overlapped with a W41 £1 proton, but does not match any H®
or HY peaks that appear in CP spectra, suggesting assignment
to a bound water molecule (H,0,,4) in close proximity to
Nolg. Two other resonances correlate to Nolg in the CP
spectrum, namely an H37 £1 H® at 7 ppm, and associated
water at 4.8 ppm. There is precedence for a resonance far
from the bulk water chemical shift of 4.7 ppm in the form of
a 19 ppm water proton of a synthetic carbonic anhydrase
complex.”?!

To confirm the assignment, we applied a CP-based dipolar
filter to exclude H" protons (Figure 1A, S1).%%! The dipolar
filter causes protons that are bonded to "N or “C to lose
intensity faster than those that are more distant, as shown
schematically in Figure 1B. The "N filter is important since

the 11 ppm peak partly overlaps with a W41 indole proton.
There are no overlapping peaks in the (H)CH spectrum
(Figure S2). The indole proton intensities are efficiently
filtered, while the water proton intensity decreases more
slowly, consistent with the longer distance in a hydrogen bond
(Figure 1 A,C). Similar dipolar filtering of H® protons was less
efficient. We therefore exchanged the supernatant of the
membrane pellet with buffer containing 99% D,O and
recorded another (H)NH spectrum after 48 hours (Fig-
ure S3). Loss of the H,0,, intensity confirms that the
proton is exchangeable, and not bonded to *C. By compar-
ison, the 82 and &1 H® peaks at 67 ppm retain full intensity
(Figure 1B and Figure S3). There are three side chains with
exchangeable protons in the M2 transmembrane pore, S31,
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H37, and W41. Imidazole and indole HY protons have been
assigned previously (Figure S4).1° The CP-filtered spectrum
excludes them as an assignment possibility. S31 lies about two
helical turns from H37, too distant for CP transfer. Water is
then the only remaining assignment possibility. The arrange-
ment of H,O,,4 and H,0, is shown schematically in Fig-
ure 1 E with the 11 ppm water proton labeled H;.

To quench potential water dynamics and exchange,”! we
recorded similar proton-detected NH correlation spectra at
90 K using DNP. For these measurements we mutated the
only other histidine, H57, to tyrosine, to avoid any spectral
overlap with the H37 peaks of interest. Using TEMTriPOLP*!
and a four-channel Phoenix probe at 24 kHz MAS, we
obtained a DNP enhancement factor, €, of 22, measured
from carbon CP spectra. To determine the effective pH in the
frozen sample, we used a color indicator,®! and noted a small
drop in pH from 7.8 to 7 (Figure S5), where the channel is still
predominantly neutral; this is well above a pH of 6.2 where
the + 2 charge state is maximized, with hydrogen bonded H37
residues.'™ The relatively fast MAS of 24 kHz results in
resolved side chain protons, and the bound water can be
observed in contact with the imidazole at the same chemical
shift of 11 ppm that was present at 283 K (Figure 2A and
Figure S6). At 100K, the dipolar filtered spectrum again
highlights the H,0O,,, signal, which retains circa 50 % inten-
sity, compared with 25% for histidine side chain protons
(Figure 2B and Figure S6).

Since both 10°C and cryogenic temperatures resulted in
the same H,0O,,, chemical shift, these data indicate that the
H,0,,q is not averaged via exchange, but represents a single
bound water molecule. This is consistent with the slow
conversion of the circa 11 ppm peak to the H,O,,, chemical
shift, which occurs over several ms at 10°C, as can be
observed in the long CP spectrum. It suggests that the bound
water forms a hydrogen bond that is stable for milliseconds
even at room temperature.
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Figure 2. Water detected near the H37 imidazole using DNP. A) Over-
lay of the 2D (H)NH spectrum at 283 K (pink) and DNP at 100 K
(blue). B) 100 K (H)NH water-edited DNP spectra (24 kHz MAS)
without CP filter (blue) and with a 200 pus CP filter (red). The DNP
spectra are of M2 H57Y at pH~ 7 using 3 ms CP transfers. The insets
show the 1D proton slices of the H37; Ne2, as well as Nd1, which is
correlated with the proton H,Oq.
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To extend our understanding of the water binding
geometry near No1 of H375, we performed density functional
theory (DFT)-based calculations of NMR chemical shifts
starting from an experimental MAS NMR structure (details
in the Supporting Information) in which a water molecule was
placed near NO1 of H375 Chemical shift information is
sensitive to the local atomic environment and in particular to
hydrogen bonding.”® Two starting structures were considered
during the geometry optimization, either a tetramer or
a dimer spanning from residue G34 to W41. For faster
convergence, the tetramer was further split into two dimers
for the NMR calculation. Depending on the starting structure
for DFT optimization, the water molecule is found in two
different positions after optimization (Figure S7 and S8), both
with a first proton forming a 1.6 A hydrogen bond to N1 of
H37;. In one, the second proton is facing the pore (Figure 3 A
and Figure STA) and in the other it is bridging to the
backbone amide nitrogen of G34 (Figure S8). The basis set 6-
3114+ g(d,p) improves the agreement to experimental data
for the isotropic chemical shifts to within 3 and 8 ppm for 'H
and "N, respectively (Figure S7 and S8). The largest devia-
tions in nitrogen shifts are found for Ne2 and He2 of H37,
where limited structural restraints are available from the
NMR data. On the other hand, the calculated shift of
13.97 ppm is close to the experimental value of 14.27 ppm
for the proton that forms the imidazole-imidazole hydrogen
bond.

In nearly perfect agreement with the experimental water
proton chemical shift (0H,,) of approx. 11 ppm, the calcu-
lated proton chemical shift (8H,,.) is found at 10.7 ppm for
the case of bridging water. For N1, dN,,, of 249 ppm also
agrees with ON,,. &~ 248.2 ppm for this structure (Figure S8D).
For the case of pore facing water, 0N, ~249.0 ppm, match-
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Figure 3. Chemical shifts of the M2 pore water calculated by DFT
using the 6-311+ + g(d,p) basis set with the B3LYP level of theory.
The dimer structures used as input for the calculation are shown

A) with and B) without the presence of a water molecule. In both,
residue G34 to W41 of the tetramer structure obtained from an
experimental NMR structure calculated with CYANA was geometry-
optimized with DFT (see Sl Table 1 for the assignments and restraints
used for CYANA calculation of the NMR structure). Comparison of
calculated and experimental chemical shifts with (blue) or without
water (black) are shown for C) nitrogen and D) proton.
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ing ON,,, but 0H,, is 8.5 ppm, which deviates about 2.5 ppm
(Figure 3D) from the 8H.,, The better match for bridging
water suggests that the bound water molecule establishes
hydrogen bonds for both protons. Including additional
solvation in the calculation by using the polarizable contin-
uum model (CPCM solvent =H20)?"! did not substantially
change the result (Figure S7).

An identical calculation without water (Figure 3B)
resulted in a dN, for No1 of H37; that differs by 15 ppm
from the 8N, (Figure 3 C). In contrast, the chemical shifts for
He2 and Ne2, which are farther from the water location, are
not affected by removal of water (Figure 3C,D). In both
bridging and pore-facing cases, an agreement emerges that
a water molecule is hydrogen bonded to the deprotonated
nitrogen of the histidine imidazole at high pH, pH 7 to 7.8.

In summary, the combined NMR and DFT data indicate
that at high pH (> 7) and in the presence of the imidazole—
imidazole hydrogen bond there is hydrogen-bonded water at
No61g of the pH-sensing residue H37 of M2. This is contrary to
crystallographic data where the water molecules are close
enough to form a hydrogen bond only at low pH.P The
investigation of other water molecules in the pore, and how
they relate to conformations trapped in protein crystals, was
not possible since, without freezing the sample, such water
molecules are likely indistinguishable from membrane-asso-
ciated water by chemical shift. Detecting additional water
molecules may be possible in the future by a combination of
faster MAS and cryogenic temperatures.

The combination of fast MAS, which narrows resonances,
D,O exchange, and dipolar filtering to select against protein
signals, overcomes the challenge of identifying water protons.
The result is identification of a bound water at 11 ppm in
membrane-embedded M2. Since water displacement is a sig-
nificant contribution to the binding thermodynamics, the
detailed water structure will inform future drug development
efforts.
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