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ABSTRACT: The integral membrane M2 protein is a 97-residue membrane protein that assembles as a tetramer to conduct
protons at a slow rate (10°—~10°/s) when activated by low pH. The proton conductance mechanism has been extensively debated in
the literature, but it is accepted that the proton conductance is facilitated by hydrogen bonds involving the His37 residues. However,
the hydrogen bonding partnership remains unresolved. Here, we report on the measurement of *N—"N J-couplings of '*N His37-
labeled full length M2 (M2FL) protein from Influenza A virus embedded in synthetic liquid crystalline lipid bilayers using two-
dimensional J-resolved NMR spectroscopy. We experimentally observed the hydrogen-bond mediated J-couplings between N, and
N,, of adjacent His37 imidazole rings, providing direct evidence for the existence of various imidazolium-imidazole hydrogen-
bonding geometries in the histidine tetrad at low pH, thus validating the proton conduction mechanism in the M2FL protein by
which the proton is transferred through the breaking and reforming of the hydrogen bonds between pairs of His37 residues.

he M2 protein from the Influenza A virus is a 97-residue (a) viral exterior (b) il exterior

membrane protein with a 24-residue N-terminal and a H,0* H
S1-residue C-terminal segment connected by a single trans- _ /\\/\ \O/H
membrane (TM) helix of 22 residues. It assembles as a T_//qslm H_N@NQ /,
tetrameric bundle to form a channel that is activated at low pH /NSZ H.O* H ',.H
to conduct protons at a slow rate (10> — 10°/s), essential for . lc 8 Nst
the viral life cycle."”” The a-helical TM domain (residues 25— H,0 / T)
46) is responsible for proton conductance triggering the e I \ . _
release of viral RNA into the host cells. This tetrameric TM @N’\ W@ hg H viral exterior
domain is an important drug target.s_6 The four His37 \7 W c\/‘\\\\'\ viral interior M
residues reside near the center of the TM helix and are known \,\/ H.O Ns1
to be the heart of the proton conducting channel, the key to lc z / "i:/)
the proton transport mechanism.” Several different constructs H,O* 2
reconstituted in various lipid environments have been the /\(\ H
subject of intensive high-resolution structural studies in the /'c_//NBI"" H-N@NM (’)
past decade using both magic-angle-spinning (MAS)®*™" and Va> H.O* H H” " \H
oriented sample”'®™"? solid-state NMR, as well as solution viral interior viral interior

NMR**~** and X-ray crystallography.”**® It has been clear so
far that the proton conductance in the M2 channel is facilitated
through hydrogen bonds with the His37 residues. But two

Figure 1. Two possible hydrogen bonding partnerships in the His37
tetrad of the M2 proton channel. (a) One of two pairs of His37
residues showing the low-barrier hydrogen bond model, in which the

possible models for His37 hydrogen bonding partners have proton is transferred through the breaking and reforming of the
been presented and debated in the literature (Figure 1). The intermonomer imidazole-imidazolium hydrogen bonds between
imidazolium-imidazole bonding of His-His" pairs (c.f. Figure His37 residues; (b) the water-His37 hydrogen bonding model, in
la) that form low-barrier hydrogen bonds (LBHB) as which the His37 shuttles protons through imidazole ring reorienta-
previously suggested with 'H frequencies as high as 18.7 tions and exchanging protons with water.

ppm and protonated °N frequencies as high as 195 ppm; i.e.,
the proton is transferred through protonating the 7 state of one
His-His" pair to form a +3 state for the His tetrad prior to
deprotonation and reforming the +2 state of the His Received: September 15, 2019
tetrad.”'”*® If the His37 residue does not form His-His Published: January 23, 2020
hydrogen bonded pairs, but only hydrogen bonds with water

(cf. Figure 1b), a proton shuttling mechanism is proposed; i.e.,

the His37 shuttles protons through imidazole ring reorienta-
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tions and exchanging protons with water without forming an
intermonomer hydrogen bond between the His37 resi-
dues.”’ ™

To support the shuttling mechanism, two-dimensional (2D)
"H-""N heteronuclear correlation (HETCOR) experiments
were performed to see if there were any correlations between
the water protons and the nitrogens in the His37 side chains. It
has been shown in the '"H—'SN HETCOR spectra”® of an M2
transmembrane construct, M2(22—46), in a virus-envelope-
mimetic lipid membrane that the '*N peaks were in the range
160—180 ppm, correlating to 'H chemical shifts of 8—12 ppm,
similar to a typical backbone amide 'H chemical shift range,
and correlating to the 'H peak of water at ~5 ppm. No
imidazole-imidazolium cross peaks were observed in the
BC—BC correlation spectra of the +2 charged state of
M2(22—46).”” However, the correlated peaks between '“N
and water protons can arise either from direct water-His
proton transfer (cf. Figure 1b) or from additional protonation
to form a transient +3 state for the His tetrad prior to
deprotonation, potentially from a water in the viral interior
(i.e., indirect transfer through the chemical exchange between
hydronium ions and the protons of the histidine side chain NH
bonds),*® as illustrated in Figure la. Recently, more
experimental evidence has been obtained as alluded to above
from the full length M2 (M2FL) protein in lipid bilayers that
support the LBHB model: (i) both high 'H and "N
frequencies extend up to 19 and 190 ppm, respectively, in
the 2D 'H—"N HETCOR spectra, and the nonprotonated
>N resonances extending from 250 ppm down to 235 ppm—
such extreme frequencies clearly indicate the formation of
short imidazole-imidazolium hydrogen bonds in the His37
tetrad;***° (ii) the observation that the hydronium ions are in
chemical exchange on a submsec time scale with the protons of
the imidazole-imidazolium hydrogen bonds;*' (iii) the
observations of *C—"*C and "N—""N chemically exchange
cross peaks between His37 residues in the neutral and charged
states;*” and (iv) no evidence for the 7 state under even mild
acidic pH conditions when characterizing the full length
protein.”® Nevertheless, these results may still be considered as
indirect evidence to affirm the LBHB model. Here, we seek
direct and definitive evidence for the imidazole-imidazolium
hydrogen bonding partner by measuring through-bond scalar
coupling, i.e. J-coupling, between the two nitrogen sites.

A hydrogen bond is primarily an electrostatic attraction
between two polar groups containing highly electronegative
atoms such as nitrogen, oxygen, and fluorine that are bridged
by a hydrogen atom. However, charge transfer (covalency) and
dispersive energies are also important, especially when
considering strong hydrogen bonds.” It has been well-
known that the electron sharing within covalent bonds results
in J-couplings. Similarly, the redistribution of electron densities
upon hydrogen bond formation acts as electron sharing
between the two nuclei involved in the hydrogen bond,
although they are not covalently bonded.** As a result, there
exist hydrogen-bond mediated J-couplings between the two
electronegative atoms involved.” Such J-couplings across the
hydrogen bonds have been observed in both solution®*™*° and
solid-state NMR*'~* spectra and are considered as a direct
detection of hydrogen bonds. Here, the LBHB model (cf.
Figure 1a) involves two electronegative nitrogen atoms, one of
which is protonated; thus, there should exist homonuclear
hydrogen-bond mediated N—"*N J-couplings **J(Nj;--H-
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N,,) between the two involved nitrogen atoms. In the water-
His37 hydrogen bonding model (cf. Figure 1b), the two
involved electronegative atoms are nitrogen and oxygen,
meaning that there should be heteronuclear hydrogen-bond
mediated '"N—'70O J-couplings between the nitrogen and
oxygen, but not homonuclear "N—"°N J-couplings. Therefore,
we use “N 2D J-resolved spectroscopy in high-resolution
solid-state NMR to differentiate the hydrogen bonding
partners at the heart of the His37 tetrad of the M2FL proton
channel.

As demonstrated in the literature,”" the rotor-synchronized
spin—echo (CP —t,/2 — 7 — t,/2 — t,) sequence can be used
to measure homonuclear J-couplings, where CP stands for
cross-polarization from 'H to "*N, t, and t, represent the time
evolution in the indirect and observed dimension, respectively,
where t;/2 has to be set to a multiple of spinning periods. High
power 'H decoupling is applied during the entire t, and t,
dimensions. Because there are two nitrogen sites in the
imidazole ring of histidine separated by two covalent bonds, we
need to first examine whether or not there exists a two-bond J-
coupling (i.e, *J(Ns-N,,)) between these two nitrogen
atoms. Figure 2 shows the '*N 2D J-resolved spectrum for the
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Figure 2. N 2D J-resolved spectrum (left) of the histidine powder
sample (at pH 6.3) and their corresponding slices (right).

histidine sample lyophilized from a pH 6.3 solution. At this
pH, there are two tautomeric states, the neutral 7 state and the
charged state; the 7 state is not present at this pH.** From the
slices in the right panel, it is clear that the protonated "N sites
(especially N,,) have a slightly broader line width (~9 Hz)
than the nonprotonated '“N site (~7 Hz), owing to some
residual '"H—"°N interactions for the protonated '°N sites that
are not fully refocused by the spin echo sequence. Never-
theless, no J-splitting is observed for the histidine sample,
implying that there is no detectable *J(N;-N,,) between the
N5, and N, sites that are separated by two chemical bonds in
the imidazole rings for both charged and neutral 7 states.
Figure S1 shows the "N CPMAS NMR spectrum of the
His37-labeled M2FL (Hg,0Y, pH 62) in DOPC/DOPE
liposomes. It is noteworthy that, in the uniform "*C and "N
labeling media for this protein expression, unlabeled Phe, Tyr,
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and Trp amino acids were added to the bacterial cultures to
suppress these aromatic amino acid resonances. Therefore, the
observed signals from 150 to 260 ppm, as shown in the
expanded spectrum in Figure S1 and in refs 26, 31, and 32 are
solely from the His37 tetrad. Furthermore, it is important to
emphasize that the M2 spectra display a broad distribution of
5N chemical shifts for both the protonated and nonprotonated
SN His37 side chain resonances.”® These resonances have
been shown to be heterogeneously and not homogeneously
broadened.”**” In addition, the heterogeneity largely results
from transmembrane helix—helix packing. This proton channel
is formed by a tetramer of a single transmembrane helix, and
unlike many transmembrane proteins that have small residues
at the helix—helix interface, M2 has large side chains, such as
Leu38, that can take on different y, rotameric states resulting
in slightly different '"N—'°N distances for the imidazole-
imidazolium hydrogen bonded state leading to the broad
distribution of the SN, 3C, and 'H chemical shifts observed
for His37.>*> Such heterogeneity may be the key to the
instability of the imidazole-imidazolium hydrogen bonds that
permit proton conductance, albeit on the very slow millisecond
time scale. Such a slow time scale is not explained by the
mechanism illustrated in Figure Ib.

Figure 3 shows the "N 2D J-resolved spectrum of the
His37-labeled M2FL protein at pH 6.2 in DOPC/DOPE
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Figure 3. Expanded "*N 2D J-resolved spectrum (left) of the His37-
labeled M2FL (pH 6.2) in DOPC/DOPE liposomes and the slices
(middle panel) and the normalized echo signal intensities as a
function of spin-echo time t, (right panel) at different chemical shift
positions. This 2D spectrum was recorded in 109 h on a 600 MHz
NMR spectrometer where the Larmor frequencies are 600.1 and 60.8
MHz for 'H and "N, respectively. The sample was spun at 12.5 kHz.
The expected protonated N chemical shift range for the 7 and
charge states are marked in the 2D spectrum.

liposomes together with extracted rows at specific N chemical
shifts. The natural line width for all N chemical shift
positions from 165 to 190 ppm appears to be ~60 Hz. This
implies, as described above, that the broad '*N resonance
bands observed from 165 to 190 ppm are the result of
inhomogeneous broadening, a distribution of chemically
distinguishable His37 conformations, rather than exchange
broadening at a rate comparable to the chemical shift
difference between the protonated and nonprotonated Ng;
and N, sites. The slices through the 2D data set (Figure 3) do
not have enough sensitivity owing to having just four "Ny, and
four *N,, sites whose signals are each spread over more than
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25 ppm between 160 and 200 ppm in this full length protein in
liquid crystalline lipid bilayers. But the transverse dephasing
times (T',)" from fittings (Figure 3) decrease steadily at a
higher ppm position, all shorter than that of the amide nitrogen
(Figure S2). Such a decrease in T', could indicate the presence
of J-coupling (eq S1). It is known that the homonuclear J-
coupling can be refocused by applying a n/2 pulse in the
middle of double spin-echoes (Figure §3).%0%7 Figure 4 shows

t,=20.48 ms t,=32.0 ms

T T T T T
240 220 200 180 ppm

5N Chemical Shift (ppm)

T
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220 200 180
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Figure 4. Expanded "*N doubly spin—echoed spectra of the His37-
labeled M2FL (pH 6.2) in DOPC/DOPE liposomes with (red) and
without (black) the J-refocusing /2 pulse at different spin—echo time
t;. The subtraction of the black from red spectra is shown in purple
with dashed lines indicating the zero reference. The blue line shows
the integration of the difference spectrum from 260 to 164 ppm.

the doubly spin-echoed "N spectra of the M2FL sample with
and without J-refocusing. At t; = 20.48 ms, the J-refocused
signals (in red) from 170 to 185 ppm are consistently higher
than those (in black) without applying the 7/2 pulse, as clearly
indicated by the integration curve (blue). These results
document the existence of 2J(Nj--H:-N,,) as suggested
previously through the ""N—'H correlation spectra with 'H
frequencies up to 18.7 ppm and "*N frequencies up to 195
ppm.”® Using t; = 32.0 ms, the J-refocused signal at 174 ppm
had a much higher intensity (above the noise level) than
without the J-refocusing, whose ratio yielded a *J(Nj;--H--
N,,) value of 8.1 Hz from eqs S1 and S2, which represents
typical 2"J(N""H"N) values observed in other compounds.*'~**
This confirms the existence of imidazole-imidazolium hydro-
gen bonds in the His37 tetrad of the M2 protein, since the
control spectrum (Figure 2) indicates no two-bond J-coupling
between the Ny, and N, sites within the imidazole ring. The
further decrease in the T’, values at the higher "N chemical
shifts might indicate a larger (N, --H--N,,) and thus could
imply stronger hydrogen bonds as the protonated '*N chemical
shift moves to lower field.**** Thus, the large (N, --H---
N,,) values hypothesized here are consistent with the
observation of high 'H and N chemical shifts observed in
the '"H—"°N HETCOR spectra for the same sites, all reflecting
on the broad range of the imidazole-imidazolium hydrogen-
bond strengths in the His37 tetrad.”***** These relatively
infrequent strong hydrogen bonds may be responsible for the
low M2 proton conductance rate. Furthermore, this range of J-
couplings and chemical shifts is consistent with the explanation
that packing of various large hydrophobic side chains in the
helix—helix interface results in a subtle range of distances
between the imidazole and imidazolium side chains due to
slight shifts in the Ca—Ca separation of the backbone.*

To conclude, we used the 2D J-resolved NMR spectrum to
measure the hydrogen-bond mediated "N—'°N J-couplings at
the heart of the His37 tetrad of the M2 protein. The observed
A(Ny;--H-+N,,) provides direct observation of the heteroge-
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neous imidazole-imidazolium hydrogen bonds in the His37
tetrad of the M2 protein, thus validating the LBHB proton
conductance mechanism at the heart of the M2FL proton
channel. Furthermore, these J-couplings are highly correlated
with distributions of chemical shifts, as in disordered
solids,***” and could be used to refine detailed local structural
models in such heterogeneous environments through theoreti-

. 3550
cal calculations.™”
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