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Water is an integral part of the homotetrameric M2 proton channel of the influenza A virus, which not
only assists proton conduction but could also play an important role in stabilizing channel-blocking
drugs. Herein, we employ two dimensional infrared (2D IR) spectroscopy and site-specific IR probes,
i.e., the amide I bands arising from isotopically labeled Ala30 and Gly34 residues, to probe how
binding of either rimantadine or 7,7-spiran amine affects the water dynamics inside the M2 chan-
nel. Our results show, at neutral pH where the channel is non-conducting, that drug binding leads
to a significant increase in the mobility of the channel water. A similar trend is also observed at pH
5.0 although the difference becomes smaller. Taken together, these results indicate that the chan-
nel water facilitates drug binding by increasing its entropy. Furthermore, the 2D IR spectral signa-
tures obtained for both probes under different conditions collectively support a binding mechanism
whereby amantadine-like drugs dock in the channel with their ammonium moiety pointing toward
the histidine residues and interacting with a nearby water cluster, as predicted by molecular dynamics
simulations. We believe these findings have important implications for designing new anti-influenza
drugs. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4881188]

I. INTRODUCTION

Influenza virus infections present an annual widespread
epidemic,1 and are the sixth leading cause of death among
adults in the US. Influenza inhibitors include a class of small
molecule drugs2 that target the M2 protein, a proton selec-
tive transmembrane channel that is an integral part of the
viral envelope and plays a key role in viral reproduction.3–5

While it is well recognized that water, which is an integral
part of the M2 proton channel, is required for assisting pro-
ton conduction, its role in drug binding is not well under-
stood. The homotetrameric M2 channel is known to undergo
a pH dependent conformational transition that underlies its
proton gating and conductance activity.6–16 The tetrad formed
by the His37 residues is believed to play a key role in con-
trolling the transition between the closed and open states, via
a protonation/deprotonation mechanism.10, 12, 13, 17–20 At neu-
tral pH the equilibrium distribution of conformers is domi-
nated by the doubly protonated (or +2) state of the His37
tetrad, while at acidic pH the +3 state is also formed. Pro-
tons transit through the M2 channel via a mechanism that
involves: (1) protonation of the +2 state to generate the +3
state, (2) redistribution of the conformational equilibrium to
favor opening of the Trp41 “gate,”21 and (3) release of a pro-
ton to the viral interior. Thus, the channel oscillates between

a)Authors to whom correspondence should be addressed. Electronic
addresses: ayanjeet@sas.upenn.edu and gai@sas.upenn.edu. Telephone:
215-573-6256. Fax: 215-573-2112.

b)Deceased.

the +2 and +3 states as it conducts protons. Molecular dy-
namics (MD) and Quantum mechanics/Molecular mechanics
(QM/MM) calculations22 have further indicated that the wa-
ter molecules inside a closed M2 channel tend to cluster in
defined positions, tethered by interactions with His37 and the
carbonyl groups lining the channel.23

Amantadine and rimantadine are a class of adamantane-
based influenza inhibitors that lock the M2 channel in a non-
conducting state by a mixed mechanism involving steric oc-
clusion, pKa shifting, and freezing of the conformational en-
semble to favor non-conducting states.3, 24, 25 However, mutant
strains of the virus have developed resistance toward this class
of drugs, such that the Centers for Disease Control and Pre-
vention (CDC) has advised against its use (details at: http://
www.cdc.gov/flu/professionals/antivirals/links.htm). The de-
sign of inhibitors that target the M2 channel of such mutant
strains has therefore become an important challenge in new
drug development that requires a deeper understanding of the
microscopic mechanism of drug-docking and proton translo-
cation. A recent theoretical study indicated that square planar
arrays of carbonyl groups in the channel stabilize the mobile
hydrated ammonium groups of a methyl-ammonium ligand.22

Consistently, nuclear magnetic resonance (NMR) measure-
ments also indicate that amantadine situates in the M2 chan-
nel in a manner where with its hydrophobic adamantyl
group is docked against the V27 residues and the amino end
projects toward the intraviral C-terminal domain.24, 26 MD
simulations23, 27 further show that the amino group of amanta-
dine is solvated by four water molecules (Figure 1) in a square
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FIG. 1. (a) Crystal structure28 of the M2 channel showing the water struc-
ture near Gly34. The water oxygen atoms are shown in pink. The Ala30 and
Gly34 amide units, which interact with the water, are also shown. (b) Snap-
shot from MD trajectories23 showing the binding of amantadine in the M2
channel in the closed state. (c) Orientation of the ammonium group for the
more elongated and bulky 7,7-spiran amine, as shown by MD simulations.23

(d), (e), and (f) are represent the same as (a), (b), and (c), respectively, but are
zoomed in on the area marked by the dashed rectangle.

pyramidal arrangement which is stabilized through hydrogen
bonds with a carbonyl box formed by the four carbonyl groups
of Ala30. Furthermore, MD simulations predict the existence
of another square pyramidal water cluster that is stabilized by
the Gly34 carbonyls one helical turn down the channel. This
tetrad of water molecules has also been observed in X-ray
crystallographic measurements.28 Guided by these previous
observations and predictions, a set of ammonium-containing
spiro compounds has recently been designed to target the M2
channel with the expectation that drug binding would be sig-
nificantly stabilized through interactions with the aforemen-
tioned carbonyl tetrads and the distinctive water clusters in the
channel.23 While experimental results23 indeed indicate that
this series of spiro compounds has high affinity toward the M2
channel, MD simulations23 suggest that the spiro compound
binds in an amantadine-like mode deeper within the channel,
docking itself in the pore through interactions with the water
cluster near Gly34 (Figure 1(c)). Hence, the structural distri-
bution and dynamics of the channel water should reflect the
binding mechanism of the drug.

To provide new insight into the role of water in mediating
drug-M2 interactions, we employ two dimensional infrared
(2D IR) spectroscopy. The amide I′ bands of proteins are well
established markers of solvation, because the electric fields
of the water alter the vibrational frequency of the residues.
When used in conjunction with isotope labeling, one can ob-
tain residue-by-residue information on hydration dynamics,
as has been demonstrated with experiment and theory over the
past decade on several membrane protein domains, including
CD3zeta, M2, and ovispirin.29–32 In this study, we use a dou-
ble mutant (D44N, R45A)31, 33, 34 of the transmembrane do-
main of the M2 channel, with the pore lining carbonyls of its
Ala30 and Gly34 residues isotopically labeled (i.e., 12C=16O
to 13C=18O) to serve as site-specific IR probes.35–38 The use
of this double mutant avoids any potential complexity arising
from the 2D IR signals of arginine and aspartic acid, which
overlap with those of the 13C=18O groups. In addition, 2D IR

measurements are carried out at both pH 7, where the +2 state
predominates, and pH 5, where the +3 state predominates,
and with and without the presence of two amine-containing
channel-blocking drugs, namely, rimantadine and 7,7-spiran
amine. Our results show that upon binding of an amantadine-
like drug the spectral diffusion of these IR probes becomes
distinctively faster, indicating that the channel water becomes
more mobile. This finding is interesting as it suggests that
drug-binding leads to an increase of the entropy of the channel
water, a thermodynamic outcome that favors the drug-M2 in-
teraction. In addition, our data support a binding mechanism
whereby amantadine-like drugs dock in the channel with their
ammonium moiety pointing toward the histidine residues and
interacting with a nearby water cluster, as predicted by com-
puter simulations.

II. MATERIALS AND METHODS

A. Peptide synthesis

Peptides were synthesized by introducing 13C=18O la-
bels on Gly34 and Ala30 into the transmembrane re-
gion (residues 22-46) of the Influenza A M2 protein (se-
quence: SSNPLVVAA30SIIG34ILHLILWILNAL). N-Fmoc-
1-13C=18O labeled amino acids (Ala, Gly) were prepared
using the corresponding N-Fmoc-1-13C labeled amino acids
(99% 13C, Cambridge Isotope Laboratories, Andover, MA)
and H2

18O according to the literature procedure,39 allowing
for at least 90% isotopic enrichment in 18O. The products
were characterized by mass spectrometry: For 13C=18O la-
beled Fmoc-Alanine, ESI-MS: m/z (M+H+): 317.3 (calcu-
lated), 317.3 (found); for 13C=18O labeled Fmoc-Glycine,
ESI-MS: m/z (M+H+): 303.3 (calculated), 303.3 (found).
The peptides were synthesized by manual fluorenylmethy-
loxycarbonyl (Fmoc) solid phase synthesis on a 0.1 mmol
scale using a Rink Amide-MBHA resin (GL Biochem)
with a substitution level of 0.61 mmol/g using a proce-
dure optimized for hydrophobic sequences.40 Activation of
the free amino acids (5-fold excess, 1.5-fold excess in case
of N-Fmoc-1-13C=18O labeled amino acids) was achieved
with 0.95 equivalents (relative to the amino acid) of 1H-
benzotriazolium 1-[bis(dimethylamino)methylene]-5-chloro-
hexafluorophosphate (1-)-3-oxide (HCTU) in the presence of
10 equivalents of diisopropylethylamine (DIEA); a 5% (v/v)
piperazine solution was used for deprotection. The coupling
and deprotection steps were done at 60 ◦C for all residues ex-
pect His, which was coupled at room temperature. The reac-
tion solvent contained 25% dimethylsulfoxide (DMSO) and
75% N-methylpyrrolidone (NMP) (HPLC grade, Aldrich).
Side chain deprotection and simultaneous cleavage from the
resin were performed using a mixture of trifluoroacetic acid
(TFA)/H2O/triisopropyl silane (TIS) (95:2.5:2.5, v/v) at room
temperature for 2 h. The reaction mixture was filtered and
the filtrate volume was reduced by ∼50% using a stream of
nitrogen. Addition of cold diethyl ether (−20 ◦C) to the fil-
trate yielded crude product as a precipitate. The precipitate
was washed with cold diethyl ether three times and dried
in a stream of nitrogen. The crude peptides were purified
on a reverse phase HPLC system (Varian ProStar 210) with
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a C4 preparative column (Vydac) using a linear gradient of
buffer A (0.1% TFA in Millipore water) and buffer B (6:3:1
2-propanol:acetonitrile:water) containing 0.1% TFA, starting
from 40% of solvent B. Both peptides were characterized by
ESI-MS showing identical mass: ESI-MS: m/z (M+2H+):
1321.6 (calculated), 1321.6 (found); (M+3H+): 881.1 (cal-
culated), 881.1 (found). After purification the peptides were
at least 95% pure by HPLC. Stock solutions of peptides in
trifluoroethanol (TFE) were prepared from the lyophilized
powder. Concentrations of the stock solutions of the peptides
were determined by UV/Vis absorbance spectroscopy (ε280

= 5500 M−1 cm−1) using an Agilent 8453 spectrophotometer.

B. Preparation of 2D IR samples

The samples for 2D-IR measurements were prepared by
mixing appropriate volumes of the stock solutions of the pep-
tides with 100 mM stock solutions of dodecyl phosphatidyl-
choline (DPC) in TFE and 20 mM stock solutions of the ap-
propriate drug in TFE. The solvent was subsequently removed
in a stream of nitrogen and the resulting films were dried in
vacuo for 30 min to remove residual organic solvent. The
peptide-drug-detergent film was then dissolved in 200 ml of
CD3OD and kept for 30 min before the solvent was removed
in a stream of nitrogen. The resulting peptide-drug-detergent
film was dried in vacuo to ensure complete removal of TFE
and deuterated methanol, and redissolved in 75 ml of the ap-
propriate buffer solution (20 mM cacodylate pH = 5.0 or 20
mM phosphate pH = 7.0) containing 100 mM NaCl. The sam-
ples were then lyophilized. 15 ml of D2O was added immedi-
ately prior to the experiment to produce samples with the fol-
lowing composition: [peptide] = 10 mM, [DPC] = 350 mM,
[buffer] = 100 mM, and [NaCl] = 500 mM.

C. 2D IR measurements

The experimental scheme for collection of 2D IR spectra
has been detailed elsewhere.35, 41, 42 Fourier-transform limited
85-fs pulses with a center frequency of ∼1585 cm−1 were
used for the experiments. The samples were irradiated with a
sequence of three pulses, and the signal in the phase-matched
direction −k1 + k2 + k3 was collected by heterodyning it with
a local oscillator pulse that preceded the signal pulse by a
fixed interval of ∼1 ps. The signal and local oscillator pulses
were combined at the focal plane of a monochromator having
a 64-element liquid nitrogen cooled MCT array detector (In-
fraRed Associates). In general, the experiment yields a signal
S(τ ,T,t) that is a function of the time intervals between the
pulses which is Fourier-transformed along τ and t into the 2D
spectra S(ωτ , ωt, T) for each population interval T. Following
Fayer and co-workers,43 phasing of the 2D spectra was carried
out by matching the projection of the 2D IR spectrum onto the
ωt axis with the corresponding simulated pump-probe spec-
trum which was obtained from the corresponding linear IR
spectrum. In addition, 2D spectra obtained at different wait-
ing times were checked for self-consistency by comparing
their projections. The correctness of this phasing procedure
was further checked by comparing the corrective phase fac-

tors thus obtained to those extracted from matching the pro-
jection of the 2D IR spectra of the Ala30 labeled M2 at pH 7
to the corresponding pump-probe spectrum.44 To extract the
vibrational lifetimes from 2D spectra, evolution of the posi-
tive (0→1) peak signal with the waiting time was used. For
comparison, the vibrational lifetime for the A30 labeled, drug
free channel at pH 7 was also evaluated by tracking the decay
of the volume under the positive peak with the waiting time.
The two methods yield lifetimes that differ by less than 15%,
thus showing the equivalence of the two approaches. For ex-
tracting the diagonal to cross peak ratios from 2D spectra, the
following procedure was followed. For each 2D IR spectrum
(at a given waiting time), the frequency positions and {ωτ

B,
ωt

B} of the diagonal peaks were determined. Then the inten-
sities of the diagonal peak at {ωτ

A, ωt
A} and the cross peak at

{ωτ
A, ωt

B} were recorded. This procedure was repeated for
all waiting times, and the obtained cross peak:diagonal peak
ratios were fit to Eq. (4). Due to overlap of the two diagonal
peaks, the cross peak region exhibits small but finite signal at
T = 0. The signal at T = 0 was subtracted from the ratio at all
waiting times to get �Scross/Sdiagonal, which reflects only the
growth kinetics.

D. Mutation of the M2 sequence

A recent 2D IR study33 has shown that energy transfer
between two degenerate CN stretching modes of the guanidyl
side chain of arginine, the infrared transitions of which over-
lap spectrally with isotopically edited amides, can occur on
the timescale of a few picoseconds. Moreover, the carboxylate
sidechains of glutamic and aspartic acids also absorb in the
same spectral range as isotopically labeled amide modes. The
M2 transmembrane domain has one arginine (R45) and an
aspartic acid (D44) in its sequence. To circumvent the back-
ground signals of these residues, a mutated sequence of M2
(D24N, D44N, R45A) was used for the 2D IR measurements.
The D44N is a physiological variant, seen in the Rostock form
of the influenza A virus. This mutation increases the conduc-
tance of the channel approximately twofold, but otherwise it
has properties very similar to wild-type.45, 46 The R45A mu-
tation has minimal, if any, effects on the properties of the
channel.34 The residue D24, which was also mutated to N,
is not a part of the transmembrane domain and therefore is
not expected to influence drug binding and hydration of the
pore.

III. RESULTS

A. Linear IR spectra

The linear IR spectra of M2 at pH values of 7 and 5 un-
der three different experimental binding conditions, i.e., drug
free, rimantadine bound, and spiran amine bound, are shown
in Figure 2. The sharp band at ∼1672 cm−1 arises from resid-
ual TFA. The labeled amide transitions, at ∼1580 cm−1, un-
fortunately do not offer enough signal to noise to allow for
detailed analysis of lineshapes and their response to pH and
drug binding in the channel. Moreover, linear infrared spec-
troscopy has significant limitations in revealing dynamics that
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FIG. 2. Linear infrared spectra of isotopically labeled M2 channels obtained
under different conditions: (a) Gly34 labeled M2 at pH 7, (b) Ala30 labeled
M2 at pH 7, (c) Gly34 labeled M2 at pH 5, and (d) Ala30 labeled M2 at pH
5. For each case, the colors of the lines represent drug free (red), rimantadine
bound (blue), and spiran amine bound (black) channels.

are underscored by the vibrational lineshapes; for the M2
channel, these dynamical timescales are characteristic to wa-
ter structures near the pore lining amides as has been demon-
strated before.31 Thus, the remainder of this work focuses on
the 2D spectroscopy of the isotopically labeled amides.

B. 2D IR spectra

The 2D IR spectra of amide modes of Gly34 and Ala30
at pH 7, in which the channel is closed, are shown in Figure 3
(for simplicity, only the spectral region corresponding to the
absorption of the labeled amide is shown). It is clearly seen
that neither the spectra of Ala30 nor those of Gly34 show any
significant changes with increasing waiting time (i.e., T), as
well as with the addition of the aforementioned drugs, indi-
cating nominal changes in the water density and environment
near the Ala30 and Gly34 amides. One noticeable difference
between the spectra of Ala30 and Gly34 is that the Ala30 peak
is blue-shifted by ∼5 cm−1 compared to the Gly34 band. Not-
ing that backbone amide vibrational frequencies are suscepti-
ble to the electrostatic environment inside a protein,30, 47, 48 the
frequency difference between the Ala30 and the Gly34 bands
is not unexpected, considering that the Ala30 residues are one
turn further away from the charged His37 sidechains.

It has been shown that the vibrational lifetime reports
on the interactions of a vibrator with surrounding water
molecules.32, 49–51 However, it should be noted that the vari-
ation in the amide I vibrational lifetimes of proteins is gener-
ally small. For example, a change of ∼50% was observed be-
tween a solvated and a hydrophobic site in the M2 tetramer.32

Despite the relatively small variation, this result suggests that
the lifetime of the amide I vibration is sensitive to changes in
the local solvent density.32 As shown (Figures 4(a) and 4(b)),
the amide I′ vibrational lifetimes of Ala30 and Gly34, which
were determined by examining the decay of the respective 2D

FIG. 3. 2D IR spectra of the amide I′ mode of isotopically labeled Gly34 (a) and Ala30 (b) at waiting times of 0 and 2 ps under different drug binding conditions
at pH 7.0.
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FIG. 4. Normalized 2D IR peak intensities versus waiting time T for the
amide I′ modes of isotopically labeled Gly34 and Ala30 at pH 7 and 5 in the
drug free (red squares), rimantadine bound (blue squares), and spiran amine
bound (black circles) channels. For each case, the vibrational lifetime was
estimated by fitting the respective data to an exponential decay (dashed line).

IR peak intensity with waiting time, are identical. In addi-
tion, these lifetimes show no measurable changes with addi-
tion of either one of the two drugs, indicating that there is
no significant change in the water density near these residues,
even upon drug binding. This is consistent with a model in
which not all of the water is expelled from the pore upon drug
binding.23, 27

Lowering the pH to 5, which is the open state of the chan-
nel, causes the 2D IR spectra of Ala30 and Gly34 to split into
doublets, as shown in Figure 5(a). The position of the stronger
and higher frequency band at 1584 cm−1 is nearly the same as
that observed for Gly34 at pH 7.0, while the lower frequency
component is located at ∼1570 cm−1. For the Gly34 spec-
tra, the cross peak region between these bands exhibits a non-
zero signal, which can arise from spectral overlap between the
2D lineshapes of the two modes or other mechanisms. How-
ever, the ratio of the cross-peak to diagonal-peak amplitudes
does not show any significant waiting time dependence (data
not shown), suggesting that in this case the cross peak does

FIG. 5. 2D IR spectra of the amide I′ modes of isotopically labeled Gly34
(a) and Ala30 (b) at pH 5.0 and under different conditions, as indicated.

not arise from a population transfer or exchange process (see
more discussion below). In addition, as shown in Figures 4(c)
and 4(d), the difference between the vibrational lifetimes of
these two modes is small, with the lower frequency bands ex-
hibiting a slightly faster relaxation time constant (i.e., 1.0 ps
compared to 1.2 ps). The invariance of T1 under different drug
binding conditions is also consistent with the observation at
pH 7, and indicates no significant change in hydration upon
drug binding near Gly34.

Similar to the Gly34 amide, at pH 5.0 the Ala30 band
is also split into a doublet, located at ∼1574 cm−1 and
∼1590 cm−1, respectively (Figure 5(b)). It is apparent that
the high frequency component coincides with the Ala30 band
observed at pH 7.0. However, contrary to that observed for
Gly34, the low frequency component becomes, in this case,
the more intense one, indicating that at this pH the amide
groups of Ala30 and Gly34 experience different interactions
with the surrounding waters. Furthermore, unlike that ob-
served for Gly34, the intensity of the cross peak between
the doublet increases with increasing waiting time (Figure 7),
indicating equilibrium exchange between two distinct amide
species. The evidence of exchange between these modes sug-
gests that they do not represent different conformers of the
channel, as it is extremely unlikely to have protein conforma-
tional transitions occurring on a timescale of ∼2 ps. Unfortu-
nately, in the presence of such underlying dynamical equilib-
ria, the 2D intensities undergo waiting time dependent mod-
ulations that are coupled to the vibrational relaxation; thus
extracting vibrational lifetimes from the disappearance of the
2D signal is not possible without knowledge of the timescale
of the exchange kinetics. However, as discussed later, the
exchange timescale can be obtained under certain approxi-
mations, and provides valuable information on the dynami-
cal processes that contribute to the aforementioned spectral
evolution.

C. Probing water dynamics through amide
frequency relaxations

It is well known that the motion of water molecules near
an amide unit induces fluctuations in its vibrational frequency,
causing the vibrational frequency correlation to decay on the
timescale at which hydrogen bonds are formed and broken be-
tween the amide and water.42, 47 The decay of the frequency-
frequency correlation function is reflected in the evolution of
the corresponding 2D spectral shape with the waiting time.
However, 2D lineshapes are often dominated by homoge-
neous and inhomogeneous contributions, and the waiting time
evolution of the lineshape is not always apparent and eas-
ily quantifiable, such as in the current case. Therefore, we
employed the integrated peak shift approach52, 53 to extract
the underlying correlation dynamics from the experimental
2D IR data.54 Specifically, integrated photon echo peak shift
moments were evaluated from the 2D IR spectra by window-
ing the isotopically labeled amide bands to quantitatively as-
sess the water dynamics,52, 53, 55 using a spectral window of
20 cm−1 along ωτ and 40 cm−1 along ωt, respectively, to
spectrally isolate the vibrational transitions of interest. The
applicability of this method was tested through numerical
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FIG. 6. Experimental integrated peak shifts of the isotopically labeled Gly34
and Ala30 amides at pH under different drug binding conditions, as indicated.
The dashed lines represent fits to the experimental data. For each case, the
experimental peak shifts were fitted to an exponential decay to obtain the
frequency autocorrelation time τC.

simulations of 2D IR spectra, elaborated in the supplemen-
tary material.56 The corresponding decay was fit to an ex-

ponential function, P (T ) = P0 + P1e
−T/τC to extract the fre-

quency correlation time τC. As shown (Figure 6(a)), the τC

values of Gly34 obtained under different drug-binding con-
ditions at pH 7 indicate that drug binding affects its spec-
tral diffusion timescale, with a trend that drug binding de-
creases the frequency correlation time. A similar trend is also
observed for Ala30 (Figure 6(b)). At pH 7.0, in the closed
state, both Ala30 and Gly34 in the drug free channel ex-
hibit very slow spectral diffusion dynamics, indicating that
the water structure near these sites is more ordered or even
“frozen” on the timescale of our experiments, similar to that
observed in ice crystals.57 This is consistent with our prior
experiments33 and also MD simulations.22, 23 However, upon
binding of a drug the water dynamics inside the channel be-
come distinctively faster, as manifested by the faster spectral
diffusion times of Al30 and Gly34. This fact suggests that
the drug binds in the +2 state of the channel not by displac-
ing the water clusters near these sites, but rather by disrupt-
ing or breaking their rigid structures. In bulk water, hydrogen
bonds break and form on the timescale of ∼1 ps, which is
reflected in the frequency correlation function of small sol-
vated peptides.47 The timescales measured here indicate that
the drug increases the dynamics of the water in the channel,
but the dynamics are still slower than in comparison to bulk
water. The doublets observed for Gly34 and Ala30 at pH 5,
however, make an accurate assessment of their spectral dif-
fusion dynamics difficult, as it has been shown that for over-
lapping bands, the commonly used metrics, such as the cen-
ter line slope, do not yield relaxation functions that represent
the decay of the underlying frequency-frequency correlation
function.58 Fortunately, as shown in Sec. III D, the correla-
tion dynamics can be evaluated by analyzing the cross-peak
dynamics.

D. Solvent exchange between amide sites exposes
drug-water interactions

The doublets observed at pH 5.0 (Figure 5) suggest the
presence of either multiple conformations of the channel
or different hydration/electrostatic statuses of the amide IR
probe. However, a non-zero cross peak between these bands
suggests that the states represented by these transitions are
coupled, ruling out the possibility that they arise from two
different conformers.59 Given the fact that at pH 5.0 three
of the four His residues are protonated, the splitting of the
amide I′ bands of Ala30 and Gly34 most likely originates
from an asymmetric charge distribution in the His37 tetrad,
which would cause an asymmetric solvation of the pore lin-
ing amides, as protonated histidine strongly associates with
water.60 Since such a scenario would mandate a relative ra-
tio of 3:1 or 1:1 between the two amide I peaks of Ala30
and Gly34, we evaluated this hypothesis by examining the
diagonal traces of the corresponding 2D IR spectra at zero
waiting time (i.e., T = 0). As shown in the supplementary
material,56 in each case the diagonal trace can indeed be fit
adequately with two Gaussians with a ratio of 3:1. Thus, this
analysis leads us to conclude that the doublet observed at pH
5.0 is indeed due to the asymmetric protonation of the His37
tetrad, which causes Ala30/Gly34 to sample two different lo-
cal hydration/electrostatic environments. Interestingly, such
an asymmetry was not observed in our prior experiments,
where the occurrence of a doublet was attributed to separate
conformers of the channel.33 Thus, the possibility of the dou-
blet arising from structural asymmetry that is inherent to the
R45A mutant and not to the wild type cannot be ruled out.

The growth kinetics of a cross peak between two tran-
sitions can be used to reveal the timescale of the underly-
ing equilibrium dynamics such as chemical exchange between
two differently solvated chromophores.61–64 Noting that for a
vibrator in water, the major contribution to spectral diffusion
arises from the making and breaking of hydrogen bonds with
water, the cross peak growth timescales essentially report on
the same physical process of solvent reorganization around
the Ala30 amide and can be used to understand the drug in-
duced changes to the channel water. As shown in Figure 7,
where the growth of the ratio of the cross peak to the diagonal
peak at lower frequency is plotted, a cursory inspection sug-
gests that the cross peaks obtained at all three experimental
conditions exhibit a growth time of less than 2 ps, which is

FIG. 7. Ratios of the cross peak to the lower frequency diagonal peak of the
Ala30 doublet as a function of the waiting time under different drug binding
conditions at pH 5.0, as indicated. The dashed lines represent fits to the two-
state exchange model elaborated in the text.
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consistent with previous reports on amide spectral diffusion
in aqueous solutions.47, 51 A detailed treatment of the third or-
der responses that contribute to the 2D IR signal for such a
system in equilibrium has been presented elsewhere.61, 62 For
such a two-state equilibrium process, the ratio of the diago-
nal and cross-peak signals in the 2D spectrum can be used to
isolate the rate constants and thus the timescales for the ex-
change process. The ratio of the cross to the diagonal peaks
can be written as

SAB

SAA

= μ2
BPAB

μ2
APAA

, (1)

where μi is the transition dipole moment of state i, and PAB

and PAA are conditional probabilities given as

PAA = � cosh(�T/2) + (K − 2kA) sinh(�T/2),
(2)

PAB = 2kAB sinh(�T/2),

K and � are defined as

K = kA + kB,
(3)

� = [(kA − kB)2 + 4kABkBA]1/2,

where kA and kB are the total rates of relaxation from states
A and B, respectively, while kAB and kBA represent the rates
of hopping between states A and B. If we assume that the
transition dipole strengths and the vibrational lifetimes of the
two states involved are the same (which is reasonable, based
on the T1 values evaluated at pH 7), Eq. (1) can be simplified
to

SAB

SAA

= 1 − e−2kexT

1
Keq

+ e−2kexT
, (4)

where kex is the energy transfer rate, defined as kex = kAB+kBA

2 ,
and Keq is the equilibrium constant between states A and B.
For the analysis of the cross peak evolutions from the 2D
spectra of A30 at pH 5, the model outlined above was used
to fit the ratio of the diagonal peak at 1574 cm−1 (state A) and
the positive cross peak that appears between this band and
that at 1591 cm−1 (state B). In keeping with the approach fol-
lowed for the analysis of the diagonal traces, the equilibrium
constant kAB/kBA

was fixed at 1:3. To track only the growth of
the cross peak signal with waiting time, the residual signal at
T = 0 was subtracted from the data, thus yielding
�Scross/Sdiagonal. Fitting to the model described above (dashed
lines in Figure 7) yields the exchange times for the drug-
free, rimantadine-bound, and spiran amine-bound channels
to be 0.3, 0.9, and 0.4 ps, respectively. Since that the for-
ward and backward transfer rates are connected through the
equilibrium constant, the rate kAB can be calculated from the
fitted exchange rates, which is (0.6 ps)−1, (1.9 ps)−1, and
(0.8 ps)−1 for the drug free, rimantadine bound, and spiran
amine bound channels, respectively. Since experiments47, 51, 55

and simulations48 have revealed a timescale of ∼1 ps for hy-
drogen bond making and breaking for model amides in aque-
ous solution, these results are thus in accordance with the
above mentioned idea that the doublet arises from different
hydration/electrostatic states of the Ala30 amide in the same
channel.

E. Channel water dynamics influences drug binding

The amide spectral diffusion and its response to drug
binding at pH 7.0 reveals that the water structure near Ala30
and Gly34 is perturbed upon drug binding. MD simulations23

predict a drug binding mechanism wherein the amino end of
the drug is solvated by water molecules that are arranged in
a square pyramidal geometry through hydrogen bonding in-
teractions with Ala30 and Gly34 amide carbonyls. For such a
binding mechanism, it is expected that the local hydration en-
vironments will show marked differences between the drug-
free and drug-bound channels, as observed in the 2D IR mea-
surements. Since the amide frequency fluctuation in this case
is predominantly caused by making and breaking of hydro-
gen bonds between the labeled amide carbonyl and water, the
fact that the drug-bound channels afford faster spectral diffu-
sion dynamics not only supports the MD simulation results
but also provides additional insights on the role of channel
water in drug binding. More specifically, the spectral diffu-
sion data are consistent with a water-mediated binding mech-
anism wherein the drug disrupts the ordered water structure
near Ala30 and Gly34. Thermodynamically, this picture also
makes sense65 as the entropy gained from releasing the water
molecules from a more rigid cluster would help stabilize the
bound state of the drug.66, 67 While the overall binding mech-
anism involves a complex balance between enthalpic and en-
tropic contributions, our results indicate that the increased
translational entropy of the channel water presents a favor-
able factor in the thermodynamics of drug binding. Similar
results have also been reported from experiments and MD
simulations68, 69 where it has been suggested that the perturba-
tion of well-ordered water molecules in protein binding sites
upon ligand binding makes a favorable entropic contribution
to the process. It is known that amantadine binding affinity to
the channel is higher at neutral pH.70 The timescale of ∼1 ps
at pH 5 suggests a reduced entropic gain upon drug binding,
thus providing a new insight toward the lower drug binding
affinities in the 3+ state. In addition, and perhaps more in-
terestingly, upon binding of rimantadine, the exchange rate is
slowed down by about a factor of 2, whereas spiran amine
binding has little effect on the exchange dynamics. However,
it should be noted that the approximations invoked to simplify
the model and also the relatively low signal-to-noise ratio in
Figure 7 impose certain limitations on the accuracy of these
timescales, and hence not the absolute exchange rates but their
trends should be focused on. Since all the data were collected
under identical experimental conditions, with the systems dif-
fering only with respect to the drug bound to the channel,
these trends should reflect the change in the solvent dynamics
local to the Ala30 residue.

These results are again in excellent agreement with MD
simulations,23 which predict that the amino moiety of aman-
tadine interacts with the water cluster near Ala30 through
hydrogen bond formation, which would slow down any ex-
change process that involves these water molecules, as ob-
served. On the other hand, MD simulations predict that the
amino group of spiran amine directly interacts with the wa-
ter cluster near Gly34 and, thus, leaves the dynamics of water
near Ala30 less perturbed. Noting that the MD simulations
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were performed with pH 6.5 crystal structures, it is possible
that the fast exchange dynamics observed herein reflect not
merely a reorganization of solvent density around differently
solvated backbone amides but also reorganization of the water
near Ala30 in response to hopping and translocation of a pro-
ton between different sites. Considering the strong affinity for
water of a protonated histidine,60 and the proximity of Gly34
to the histidine tetrad, which allows water molecules to bridge
between the glycine amide and the imidazole nitrogen,28 it
can be expected that the water near Gly34 is more ordered
compared to that near the Ala30 site. This is reflected in the
absence of any measurable solvent exchange at the Gly34 site.
Taken together, we believe that the results obtained at both
pH 7 and 5 support a binding mechanism wherein the amino
end of the drug points toward the His37 tetrad and docks in
its binding pocket through interactions with a nearby water
cluster.

IV. CONCLUSIONS

In summary, we have employed 2D IR spectroscopy to
gain new insight into the role of water in facilitating the
binding of two amantadine-like drugs (rimantadine and spi-
ran amine) to the influenza A virus M2 proton channel. By
measuring the spectral diffusion of two isotopically labeled
amide I′ vibrators, we are able to show that at pH 7.0, when
the channel is in the +2 state, the water cluster near the pore-
lining amides is in an immobilized, ordered state, which is
perturbed upon binding of the aforementioned channel block-
ing drugs. These results suggest that the channel water gains
entropy upon drug binding and thus acts favorably to stabi-
lize the drug in its binding pocket at neutral pH. At pH 5.0,
wherein the His37 tetrad is in its +3 state which favors diffu-
sion of protons out of the channel, we find that the M2 channel
affords more mobile water and hence a smaller entropic gain
upon drug binding than at pH 7.0, which is consistent with the
notion that the drug binding affinity is lowered at acidic pH.
In addition, our results indicate an asymmetric distribution of
water in the channel at pH 5.0, which is possibly connected to
the charge distribution in the histidine tetrad. Taken together,
we believe that these results highlight the importance of wa-
ter in facilitating binding of channel-blocking drugs to the M2
channel, as well as, how site-specific dynamical and struc-
tural information revealed by 2D IR spectroscopy can be used
to help provide a molecular level understanding of the drug
binding mechanism.
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