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ABSTRACT: The A/M2 protein of influenza A virus forms a tetrameric proton-selective pH-gated ion channel.
The H37xxxW41 motif located in the channel pore is responsible for its gating and proton selectivity. Channel
activation most likely involves protonation of the H37 residues, while the conductive state of the channel is
characterized by two or three charged His residues in a tetrad. A/M2 channel activity is inhibited by the
antiviral drug amantadine. Although a large number of functional amantadine-resistant mutants of A/M2
have been observed in vitro, only a few are observed in highly transmissible viruses in the presence or absence
of amantadine.We therefore examined 49 point mutants of the pore-lining residues, representing both natural
and nonnatural variants. Their ion selectivity, amantadine sensitivity, specific activity, and pH-dependent
conductance were measured in Xenopus oocytes. These measurements showed how variations in the sequence
lead to variations in the proton conduction. The results are consistent with a multistep mechanism that allows
the protein to fine-tune its pH-rate profile over a wide range of proton concentrations, hypothesized to arise
from different protonation states of the H37 tetrad. Mutations that give native-like conductance at low pH as
well as minimal leakage current at pH 7.0 were surprisingly rare. Moreover, the results are consistent with a
location of the amantadine-binding site inside the channel pore. These findings have helped to define the set of
functionally fit mutants that should be targeted when considering the design of novel drugs that inhibit
amantadine-resistant strains of influenza A virus.

TheM2protein from influenzaA virus (A/M2) forms a proton
channel that is essential for virus replication (1, 2). The channel
consists of four identical subunits of 97 amino acids; each
polypeptide chain has 24 N-terminal extracellular residues, a
hydrophobic transmembrane domain of 19 residues, and a 54-
residue cytoplasmic tail. Each subunit is a type III integral
membrane protein (Nout, Cin) (3). The A/M2 protein forms one
of the smallest known bona fide ion channels; it is capable of pH-
dependent gating and is highly selective of protons vs other
ions (4-7). The highly conserved H37xxxW41 gating motif
located in the narrow pore formed by the transmembrane
(TM) domains of the four subunits is responsible for the
channel’s proton selectivity and rectification (8-10). Extensive
structural and functional studies suggest that A/M2 channel
activation requires a conformational rearrangement of the pore
region which involves constriction of the upper vestibule at the
level of the V27 residue and relaxation of the pore region at the
level of the gating motif (11-13). Proton flow through the
channel most likely involves protonation of the H37 residues (8),
and solid-state NMR studies performed on the A/M2 transmem-
brane peptide suggest that the conductive state of the channel is

characterized by the tetrad of H37 residues, which alternate
between the þ2 and þ3 state during proton conduction (10,
13-15).

The activity of wild-type A/M2 channels is efficiently inhibited
by the antiviral drug amantadine (16, 17). Until very recently, the
location of the drug-binding site was somewhat controversial.
Studies including high-resolution X-ray crystallography of the
channel protein indicated that the pore-lining residues are
involved in the formationof a binding pocket for amantadine (11,
13, 18). Solution NMR experiments of the membrane-spanning
domain of A/M2 in micelles containing 40 mM rimantadine
identified a secondary drug binding site outside of the channel
pore, at the level of D44 and R45 residues (19, 20). This binding
site is distinct from the pharmacologically relevant site, as
assessed by electrophysiological experiments and plaque reduc-
tion assays of recombinant virus bearing site-directed mutants
of A/M2 (21). Most recently, the high-resolution structure of
the amantadine-bound form of the channel-forming domain of
A/M2 was determined in native phospholipid bilayers using
solid-state NMR to detect directly interactions between deuter-
ated amantadine and 13C-labeled amino acids in the pro-
tein (22). Confirming the previous crystallographic and solid-
state NMR measurements (11, 13, 18), the high-affinity drug-
binding site was shown to lie within the pore, surrounded byV27,
A30, Ser31, and G34. The peripheral binding site on the surface
of the protein was observed only when this amphiphilic drug
comprised 5 mol % of bilayer components, and its interaction
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with the protein appeared to be primarily a consequence of
colocalization of the drug and the protein at high concentrations
in the same bilayer.

In cell culture, it is possible to select a large number of drug-
resistant A/M2 channels, including L26F; V27 to A, S, G, or D;
A30 to T, E, or P; S31N; and G34E (17, 23). Each of these
mutations involves pore-lining residues (italicized in the
sequence) along the N-terminal region of the channel that leads
to the outside of the virus.

PL26V27VAA30S31IIG34ILH37LILW41ILD44RL

A subset of these mutations was found in infected patients
following treatment with amantadine (24), and reverse-
engineered viruses harboring a number of different pore-lining
point mutations are able to replicate in vitro and in a mouse
model (25). However, many of these mutations give rise to
somewhat attenuated viruses that have a tendency to revert in
the absence of drug pressure (23, 26) and do not appear to be
highly transmissible. Indeed, large-scale sequencing of trans-
missible viruses from 1918 to 2008 have identified no highly
transmissible viruses with mutations at pore-lining residues A30
and G34 (27), which project directly into the pore and are
proximal to the invariant H37xxxW41 motif. S31N has been the
predominant amantadine-resistant mutation in H3N2 and more
recently in the 2009H1N1 subtypes (28-31). V27A andL26F are
also frequently present in variants of A/M2 that occur primarily
in amantadine-resistant variants of the H1N1 subtype (27,
28, 32).

Amantadine resistance in currently circulating subtypes is not
a consequence of selective pressure from the use of the drug but
rather arose spontaneously and sporadically even before the
introduction of the adamantane family of drugs (27, 28, 30-32).
Amantadine-resistant forms of the virus arise when a drug-
insensitive form of A/M2 segregates with other genomic deter-
minants that provide a selective advantage. Because a highly
conductive channel would be toxic to the host, the conductance
properties of A/M2 appear to be finely tuned to allow the
appropriate level of acidification of the viral interior without
inducing premature cellular toxicity prior to full assembly and
budding of the virus. Moreover, A/M2 acts in concert with the
pH-sensitive fusogenic protein, hemagglutinin (HA), which
mediates fusion of the viral envelope with the endosomal
membrane in a pH-dependent process. The HA’s of some strains
of influenza A virus are particularly sensitive to acid-induced
conformational changes, which can occur prematurely in the late
Golgi apparatus. In general, such strains require a variant of
A/M2 that is more conductive near pH 6, as is observed in
both amantadine-sensitive D44N (33) and amantadine-resistant
variants with changes at positions 26 and 27 (23).

In summary, influenza virus mutates at such a high rate that
each pore-lining residue is almost certainly mutated to all 20
amino acids during the course of a pandemic, but only the most
fit variants compete effectively. The high mutation rate is
reflected in the large number of variants that can be observed
in vitro and even in infected humans undergoing treatment with
amantadine. However, the greatmajority of thesemutants do not
appear to be sufficiently fit to persist in the general population.Of
the pore-lining residues only positions 26 and 31, at or near the
outer vestibule, and D44, at the inner vestibule, are mutated in
widely circulating strains of the virus. We hypothesize that this
high degree of conservation arises from the fact that a single
mutation in a pore-lining residue actually leads to four changes

within close physical proximity in this homotetrameric protein,
leading to significant changes in the pH-dependent activation or
conduction of the channel. This finding explains the relative lack
of highly fit amantadine-resistant mutants, given the fact that the
drug binds to the functionally conserved pore of the channel.

To test this hypothesis, we have examined a panel of 49
mutants of the pore-lining residues. In contrast to previously
published works, which concentrated on single pore-lining
residues of the A/M2 channel (4, 8, 9, 21, 34), the current study
provides a detailed analysis of the contribution of both channel
activity and drug sensitivity. Because the magnitude of conduc-
tion is a functionally important parameter, we couple electro-
physiological analysis with measurements of the levels of
expression and native insertion at the level of individual cells,
thereby providing the first quantitative evaluation of the magni-
tude and pH dependence of conduction for a large group of
A/M2 mutants. The great majority of the functional drug-
resistant variants involve changes to the residues surrounding
the experimentally observed drug-binding site in the pore of the
channel.Molecular dynamics of selected variantswere conducted
to investigate the transport mechanism. These calculations sup-
port a mechanism of proton flow through the channel by short
water wires leading to and fromHis residues. Overall, the results
are particularly important from the perspective of drug design,
providing a rationale for the prevalence of certain drug-resistant
phenotypes.

MATERIALS AND METHODS

Molecular Biology and in Vitro cRNA Transcription.
The cDNA encoding the influenza virus A/Udorn/72 AM2
protein was inserted into the pGEM3 cloning vector (Promega,
Madison, WI) for the expression in Xenopus oocytes. Point
mutations of the pore-lining residues were introduced employing
the QuikChange site-directed mutagenesis method. The regions
amplified by PCR were verified by double-strand DNA sequen-
cing. In all cases numbering of amino acids starts from the first
methionine of theORF.For expression in oocytes, plasmids were
linearized with HindIII, and capped cRNA was transcribed
in vitro using T7 RNA polymerase (mMessage mMachine;
Ambion, Austin, TX). The quality of transcripts was assessed
by agarose gel electrophoresis and ethidiumbromide staining and
analytical UV spectroscopy.
Heterologous Expression and Electrophysiological

Recordings. Stage V-VI Xenopus laevis oocytes were prepared
as described previously (35). Oocytes were injected with 5-10 ng
of cRNA in 50 nL/oocyte and assayed 2-3 days later. Two
electrode voltage clamp (TEVC) recordings were carried out
using TEV-200 (Dagan, Minneapolis, MN) connected to DIGI-
DATA 1440A and pCLAMP10 (Molecular Devices, Sunnyvale,
CA).Oocytes were superfusedwithCa2þ-free normal frogRinger
(NFR) solution (in mM): 115 NaCl, 2.5 KCl, 1.8 MgCl2, and 15
HEPES for pH 8.5 or 15 MES for pH 5.5. For the ion selectivity
measurements Naþ in the recording solution was replaced by
either Kþ or NMDGþ. For the anion replacement experiments
Cl- was replaced by CH3SO3

-. Currents were recorded at
-20 mV. Amantadine (100 μM) (Sigma, St. Louis, MO) was
applied to inhibit A/M2-induced currents. For the studies of the
pH dependence of the A/M2 channel activity the pH of NFR
solution was adjusted to the values from pH 5.0 to pH 8.0. Data
were analyzed using ORIGIN 8.0 software (OriginLab, North-
ampton, MA) and KaleidaGraph 4.0 software (Synergy
Software, Reading, PA). The pH-dependent conductances were
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analyzed by a nonlinear least-squares fit of eq 2 to the data, using
the variables r1, r2, pK1, and pK2 as the adjustable parameters.
Immunofluorescence on Oocytes and Determination of

Relative Specific Activity. Individual oocytes expressing wt or
mutant A/M2 channels, the membrane currents of which had
been studied previously, were washed with ND96 solution and
fixed in 2% paraformaldehyde in ND96 (pH 8.5) for 6-12 h at
4 �C. All of the following steps were carried out at 4 �C, and the
ND96 solution used lacked CaCl2 and antibiotics. The ND96
solution contained (in mM) 96 NaCl, 2 KCl, 1 MgCl2, and 5
HEPES, pH 7.4. Fixed oocytes were incubated in ND96 contain-
ing 2% nonfat milk for 1 h, followed by a 1 h incubation with
14C2 (anti-A/M2) monoclonal antibody (36) at 1:500 in ND96
solution containing 2% milk. The oocytes were washed with an
ice-coldND96 solution three times for 10min and then incubated
with Alexa Fluor 546 labeled goat anti-mouse IgG (Molecular
Probes, Inc., Medford, OR) at 1:100 in ND96 containing 2%
milk for 30 min. Upon the antibody removal, the oocytes were
washed with an ice-cold ND96 solution three times for 10 min
again. Fluorescence was measured using a PTI Image Master
microfluorometer system (Photon Technology International,
Birmingham, NJ) with a 20� 0.5 NA objective on an Olympus
IMT-2 microscope. About one-half of the surface of each oocyte
was imaged using the CCD camera. The excitation wavelength
for the Alexa Fluor was 540 nm. Intensity quantifications (in
arbitrary units) were made using Image Master 5.0 software
(Photon Technology International). Uninjected oocytes were
subjected to the same conditions just described as a control for
the autofluorescence from the yolk (37).

For each oocyte, the whole-cell current (in nanoamperes)
measured by TEVC was plotted against the protein expression
level detected by immunofluorescence, and the slope of the
obtained curve was normalized to that of the wt A/M2 protein.
The normalized values represented the relative specific activity of
the channel.
Western Blot Analysis. Western blot analysis of the A/M2

wt and mutant proteins was performed under nonreducing
conditions as was described previously (38).
Classical MD Simulations. Classical molecular dynamics

(MD) simulations were performed using a tetramer of the
transmembrane helix region (residues 25-46 hereafter referred
to as M2TM). Simulations were performed for the wt and
five mutants: V27K, A30K, A30F, S31N, and S31F. All mutants
were modeled starting from a recent 1.65 Å resolution X-ray
structure of the M2TM. The backbone is very similar to the
symmetrical “D4”model ofM2TMat intermediate pHpresented
in ref 11, but the resolution of the structure is significantly better,
showing water molecules within the channel lumen. On the basis
of the calculation of the nitrogen nuclear magnetic shieldings, the
pH of crystallization, and the comparison of the computed water
density in this structure with the crystallographically resolved
structure (Supporting Information Figure S2), we found that the
structure under the conditions of our simulation has two charged
histidines on nonadjacent positions, and the other two are neutral
and in the epsilon-tautomeric state. This protonation state
matches the activated þ2 state, which is capable of accepting a
third proton during proton translation. Coordinates for the
mutated side chains were generated with the Mutator plugin of
VMD (39). M2TMmutants were embedded into a POPC bilayer
in a box containing 5707 TIP3Pwatermolecules. The simulations
were performed by applying periodic boundary conditions, and
the electrostatic interactions were calculated using the particle

meshEwald (PME)method (27) with a real space spherical cutoff
of 12 Å and an accuracy threshold of 10-6. Lennard-Jones
interactions were cut off at 12 Å. The equations of motion were
solved with the velocity Verlet integrator using a time step of
2.0 fs. The lengths of the bonds involving hydrogen atoms were
constrained with the SHAKE method (28). Energy minimiza-
tions and preliminary MD runs of 1 ns for each mutant were
performed to equilibrate the systems, in which harmonic re-
straints were applied to the heavy atoms of the peptide backbone
(with a force constant k=20.0 kcalmol-1 Å-2), and an isotropic
coupling with the Langevin piston was imposed. Production runs
were performed at 310.0 K and 1.013 bar using Langevin
temperature and Langevin piston pressure coupling schemes,
with decay times of 1 and 0.1 ps, respectively. Analysis was
performed on trajectories spanning 15-18 ns collected during
subsequent MD runs in which all harmonic restraints were
released and only the dimension of the box perpendicular to
the membrane was allowed to vary. All of the calculations
were done using the NAMD software package (29) and the
CHARMM force field (30). Pictures of M2TM structures were
generated with VMD (39).

RESULTS

A/M2 Channel Pore-Lining Residue Mutants: Surface
Expression and Tetramerization. In order to investigate the
mechanisms of A/M2 channel activation, proton conductance,
and drug sensitivity, 49 mutants of the A/M2 channel pore-lining
residues were generated.

To test the expression levels and the stability of the oligomeric
assembly of the A/M2 pore-lining residue mutants, oocytes
expressing these channels were subjected toWestern blot analysis
under nonreducing conditions. All of the tested mutants, includ-
ing those that did not show any channel activity, were efficiently
expressed in oocytes. Similar to results obtained for the wild-type
(wt) A/M2 channel, species corresponding to monomers, dimers,
and tetramers were detected on gels for all of the tested mutants
(Supporting Information Figure S1). The dimeric and tetrameric
species are stabilized by the formation of native disulfides on the
extracellular N-terminal region of the protein. These findings,
which rely on the formation of native disulfides in biological
membranes, differ from the results of Pielak et al. (20), who
found the oligomeric stability of peptides bearing amantadine-
resistant mutants of the pore-lining residues to be lower than that
of the wt peptide (20) inmicelles based on a covalent cross-linking
assay.
Analysis of the Ion Selectivity of A/M2 Channels with

Mutated Pore-Lining Residues. Extensive studies have shown
that the A/M2 channel is highly selective for protons over other
monovalent cations (5, 6). For A/M2 channels expressed either in
Xenopus oocytes or in cultured mammalian cells the reversal
potential (Vrev) determined from the I/V relationship was found
to be nearly equal to the Hþ equilibrium potential (EH) (5, 6). In
the current study we measured the reversal potentials of A/M2
channels having mutations in the pore-lining residues. The
mutant ion channel proteins were expressed in Xenopus oocytes,
and their Vrev was compared to that of the wt channel. The Vrev
of the highly proton selective wt A/M2 channel did not change
significantly when Naþ, the major monovalent cation present in
the recording medium, was exchanged with the presumably
impermeable N-methyl-D-glucamine (NMDGþ) cation in the
bathing solution (5, 6, 8, 40). In our experiments we measured
the I/V relationship in the range of -60 to þ80 mV at times
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10 and 30 s after activation of the channel by the acidic bathing
medium (pH 5.5) (Figure 1). Consistent with previous find-
ings (6), no significant difference in the Vrev values was observed
between measurements made after 10 and 30 s of acidification.
For the analysis of ion selectivity the Vrev values measured after
10 s of acidification were used. In the ion substitution experi-
ments the I/V relationship was measured multiple times on the
same oocyte (Figure 1). In order to prevent intracellular acidi-
fication a 3 min recovery time was allowed between constitutive
acidifications to allow the internal pH of the recorded cell to
return to its original value (6). Substitution of NMDGþ or Kþ

ions for Naþ in the recording medium did not result in any
significant shift in the Vrev of either the wt A/M2 ion channel or
the majority of the mutant A/M2 ion channels that contained a
mutation at a position N-terminal to the H37 residue (Figure 1
and Supporting Information Table S1). Thus, substitution of
amino acids with various properties for outer pore-lining resi-
dues, in most cases, did not alter the ion selectivity of the
channel.

Replacement of theH37 residuewith each of eight amino acids
with various properties resulted in the formation of nonselective
cationic channels in all cases (Supporting Information Table S1).
This finding is consistent with previous observations of the
absence of ion selectivity of A/M2 channels carrying the H37G,
H37T, H37S, and H37E mutations (4, 8). Anion replacement of
Cl- by CH3SO3

- in the recording medium did not result in a
significant change in the Vrev of the H37 mutants, indicating the
absence of significant anion conductance. Interestingly, most of
themutations ofW41 andD44 residues, considered to participate
in the A/M2 channel gating (9, 11, 19), did not produce signi-
ficant changes in the ion selectivity of the channel (Supporting
Information Table S1). However, two mutants of the gating
tryptophan residue formed nonselective cationic channels
(W41K and W41D, Supporting Information Table S1). Thus,

introduction of either a positively or a negatively charged group
at position 41 results in the disruption of the ion selectivity of the
channel.

Taken together, our results confirm that the ion selectivity of
the A/M2 channel is dictated mainly by the H37 residue. No
significant changes in ion selectivity can be introduced to the
channel by mutating the pore-lining residues located N-terminal
of the H37 gate. Thus, mutation of the V27 residue, which has
been shown to form the most constricted part of the upper
channel vestibule (11, 12, 41), also does not disrupt ion selectivity.
On the other hand, replacement of theW41 residue, which is also
known to participate in channel gating, with charged amino acids
is capable of disrupting the ion selectivity. Introduction of amino
acids with various physical properties at position 44 did not
influence ion selectivity. The results above are consistent with a
model for proton transport that involves proton binding to the
H37 residue (10-12). The formation of a nonselective cation
channel by the introduction of the A30K mutation is of interest
and is addressed in the modeling section below.
Analysis of the Amantadine Sensitivity of A/M2 Chan-

nels withMutated Pore-Lining Residues.WtA/M2 channels
are efficiently inhibited by amantadine (17). Although the loca-
tion of the amantadine binding site in the A/M2 protein has been
debated recently (11, 18-21, 42), all of the naturally occurring
amantadine-resistant influenza A viruses carry mutations in the
A/M2 channel pore-lining residues N-terminal to the H37xxxW41

gating motif (17, 29, 43). Here we tested the amantadine
sensitivity of the pore-lining residuemutants of theA/M2 protein
located either N- or C- terminal of the H37 residue. Mutant
channels expressed in Xenopus oocytes were activated by acid-
ification (pH 5.5) and exposed to 100 μM amantadine for 2 min.
To test the rate of the reversibility of amantadine inhibition, the
channel activity was assayed again after the oocyte was bathed in
the pH 8.5 solution for 5 min. As expected from the proposed
location of the drug in the crystal structure of the protein (11), all
of themutants of the residues locatedN-terminal toH37 position
showed altered amantadine sensitivity (Table 1). Amantadine
inhibition of recombinant wt A/M2 channels is efficient at low
micromolar concentrations (Table 1) (21) and reverses only
slightly on a time scale of 60-80 min. Among all of the
A/M2 mutants located N-terminal to the H37 gate only four
(V27W, V27T, S31A, and S31G) exhibited more than 75%
inhibition by amantadine at 100 μM (less than 25% residual
activity, Table 1). However, even for these cases, the activity
remaining after amantadine incubation was 2-3-fold greater
than for wt A/M2, indicative of significantly less inhibition of
these mutants. Moreover, the rate of amantadine reversibility of
these four mutants was significantly faster than that of the wt
channel. Thus, both the percent inhibition and the rate of
recovery from inhibition were altered by a wide spectrum of
mutations to every outer pore-lining residue N-terminal to H37.

Because all of the tested H37 replacement mutants formed
nonselective proton channels, we did not measure amantadine
sensitivity of these mutants. Of a variety ofW41 mutants, W41Y
is known to have channel-forming properties very similar to
wt (9), and this mutant has amantadine sensitivity similar to wt.
W41F lacks the electron-rich ring of Trp and Tyr, which has been
proposed to be important for maintaining the structure, pH
activation, and rectification of A/M2. This mutant as well as
W41A had reduced sensitivity to amantadine; it is possible that
the reduced sensitivity results from a compromised three-dimen-
sional structure.

FIGURE 1: A representative trace of the current-voltage relationship
(I/V) of wt A/M2 channel activity measured in Xenopus oocytes.
A/M2 channels were activated by the application of the acidic bath-
ing medium (pH 5.5) for 10 s, and the channel activity was assayed,
applying the voltage ramp from -60 to þ80 mV to obtain an I/V
curve (see Materials and Methods for details). The channel activity
was assayed first in the Naþ-based medium (first blue trace). After
3min recovery at pH8.5 the channel activitywas assayed again in the
NMDGþ-based medium (red trace), and finally the additional trace
of activity was measured in the Naþ-based medium after another
3 min recovery (second blue trace) to ensure that the channel proper-
ties and the experimental conditions did not change during the
experiment. The I/V curves were plotted after the subtraction of the
endogenous oocyte currents recorded at pH 8.5. The Vrev of the
A/M2 channels measured in Naþ- or NMDGþ-based medium were
found to be indistinguishable.
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The amantadine sensitivity and reversibility of all the mutants
of the D44 residue, including the D44N mutant, a naturally
occurring variant in the Rostock avian influenza A virus
strain (23, 33, 40), were almost identical to those of the wt
A/M2 channel. Mutations of D44 to A, K, N, F, and G failed to

have a significant effect on inhibition, while D44Thad a tendency
to increased residual activity after treatment with 100 μM
amantadine (14%). All of the mutants showed slow rates of
reversal, similar to that ofwt. These results are consistent with the
known location of the pharmacologically relevant binding site in
the pore of the structure and inconsistent with the hypothesis of
amantadine binding to the D44 residue to produce allosteric
inhibition as the primarymode of pharmacological inhibition (19,
20) (Table 1).

In summary, amantadine sensitivity was dramatically altered
when the pore-lining residues located N-terminal to the H37 gate
were mutated. However, for all D44 replacement mutants
amantadine sensitivity was found to be similar to that of wt
A/M2.
Specific Activity of A/M2 Channels with Mutated Pore-

Lining Residues. To compare the activity of a mutant ion
channel, containing an altered pore-lining residue, with that of
the wt A/M2 channel, the amount of the channel protein
expressed on the oocyte surface was assayed by immunofluores-
cence using an antibody specific to the extracellular N-terminal
part of theA/M2 protein (seeMaterials andMethods). To obtain
the relative specific activity, the whole-cell macroscopic conduc-
tance for each oocyte was expressed as a function of its protein
expression level, and the slope of the curve was normalized to that
of the wt channel. The conductance of each channel was
measured at pH 5.5, and its specific activity was compared to
that of wt at the same pH (Figure 2). The value of pH chosen for
the specific activity measurements was pH 5.5, since it is the
physiologically relevant pH for A/M2-driven HA activation.
Significantly, all mutants of the pore-lining residues located N-
terminal to the H37 gate had a decreased specific activity when
the residue was replaced with amino acids which maintain the
physical properties of the original amino acid but have a larger
side chain (Figure 2), as discussed below.
Mutants of the Pore Residues N-Terminal to H37. For

V27 two mutations were evaluated that introduce larger hydro-
phobic side chains, V27F and V27W. While V27F formed a
nonconducting channel, V27W had low relative specific activity
(Figure 2). The relative specific activities of the mutants with
physical properties different from those of the wt channel (for
example, V27G, V27T,V27S) are harder to predict, because these
changes occur near the end of the helix where it is particularly
easy to undergo low-energy conformational deformations in
response to changes in sequence.

At position A30 the substitution of the nonpolar aliphatic
alanine by the bulkier polar threonine (A30T) resulted in the
formation of a channel with a much lower relative specific
activity, while the A30F substitution formed a nonconducting
channel.

Replacement of the polar uncharged S31 by the larger
threonine residue also decreased the channel conductance. The
S31Nmutant channel had relative specific activity comparable to
that of the wt channel (44).

G34 replacement by the larger alanine produced a channel
with lower specific activity than that of the wt channel, while
replacement by residues with even larger side chains (G34L,
G34V, and G34F) resulted in the formation of nonconducting
channels. The enhanced conductance of the G34T mutant ion
channel can be understood frommolecular dynamics simulations
of theA/M2channel (12, 13), which shows a critical role forwater
in the vicinity of the H37. Presumably, the hydroxyl-containing
amino acid can aid in creating a path for diffusion of

Table 1: Summary of Amantadine Sensitivity of A/M2 Pore-Lining

Mutantsa

mutant

activity (%) after

inhibition with

100 μM amantadine SD

activity (%) after

5 min recovery

from inhibition SD

A/M2 6.0 1.4 11.0 2.1

V27A 97.5 4.2 100.0

V27D 59.1 5.9 100.0

V27W 13.1 1.9 100.0

V27G 98.7 6.8 100.0

V27T 26.5 4.3 100.0

V27K 60.7 7.6 100.0

V27S 95.9 3.3 100.0

V27R 96.1 4.2 100.0

V27F NF

A30D 102.6 6.5 100.0

A30T 106.0 8.5 100.0

A30G 82.3 2.2 100.0

A30F NF

A30K NIS

S31N 65.4 8.3 95.6 7.2

S31A 17.0 5.2 50.4 0.6

S31G 16.3 1.8 90.2 1.8

S31T 74.0 6.8 93.7 1.6

S31D 64.5 4.4 100.0

S31K 86.1 20.5 100.0

S31F NF

G34A 72.7 8.4 100.0

G34E 82.3 9.6 100.0

G34T 42.0 1.9 36.5 2.1

G34K 102.6 6.5 100.0

G34F NF

G34V NF

G34L NF

H37A NIS

H37S NIS

H37G NIS

H37K NIS

H37N NIS

H37F NIS

H37D NIS

H37Q NIS

W41A 42.5 9.8 67.1 3.0

W41G 16.9 5.6 20.5 8.6

W41Y 16.8 0.7 20.8 1.1

W41F 67.3 5.4 81.9 4.4

W41D NIS

W41K NIS

D44A 13.3 5.3 24.1 1.1

D44K 12.1 4.8 16.0 9.1

D44N 7.0 0.3 19.4 1.5

D44F 11.7 2.5 18.8 1.9

D44G 7.2 0.7 20.8 0.1

D44T 20.3 2.7 22.8 4.3

aA/M2 wt and mutant channels expressed in Xenopus oocytes were
activated by acidification (pH 5.5) and exposed to 100 μM amantadine in
the bathing solution (pH 5.5) for 2 min. The remaining channel activity was
measured and normalized to the channel activity before the application of
the inhibitor. To test the rate of the reversibility of amantadine inhibition,
the channel activity was reassayed again after the oocyte was bathed in the
pH 8.5 solution for 5 min. The values are the mean ((SD) from measure-
ments from 10-15 oocytes from three to six independent experiments. NF
stands for nonfunctional. NIS stands for not ion selective.
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water/hydronium, while the hydrophobic isostere, Val, is unable
to function in this regard.

Substitution of the V27, A30, S31, and G34 residues by the
negatively charged aspartate or glutamate in all cases enhanced
the conductance of the mutant channels (Figure 2). Because the
side chains of Glu and Asp are very polar and easily ionized at
acidic pH, the increased relative specific activitymay be explained
by a variety of causes including the pKa of the H37 gate (see
below), involvement of the acidic residues in proton shuttling,
and generalized disruption of the fine-tuned conformational and
energetic landscape of the wt A/M2 channel.

Introduction of positively charged residues at positions V27,
A30, S31, and G34 decreased the relative specific activity of
the proton-selective mutants, possibly due to proton repulsion
in addition to effects discussed in the section on molecular
dynamics.
Mutants of the Pore-Lining Residues C-Terminal to

H37. Interestingly, any mutation of W41 or D44 that resulted
in the formation of active and proton-selective channels
enhanced the channel conductance (Figure 2). This may be
explained by the existence of finely tuned selectivity filter defined
by theH37,W41, D44 cluster (11, 12, 19), which together serve to
regulate the pH dependence and magnitude of conductance.

Analysis of the pH-Dependent Activity of A/M2 Chan-
nels withMutated Pore-Lining Residues.One of the goals of
this workwas to analyze the pH-dependent proton conduction of
A/M2 pore-lining mutants in terms of their structures and
protonation equilibria. Cross and co-workers (10) have examined
the protonation of the four H37 A/M2 channel gating residues,
which lie within the transmembrane region of the homotetramer.
Spectral titrations indicated that the first two imidazoles are
protonated with a pKa near 8 (the signal/noise ratio of the
experiment did not allow evaluation of the degree of coopera-
tivity of the transition); pKa’s of the third and fourth H37
residues’ protonation are approximately 6 and <5. Here, we
used a similar multiple-protonation scheme to analyze the pH
dependence of conduction of this series of mutants. To allow
comparison of a large number of mutants, we measured the
channel conductance for each mutant in the physiologically
relevant direction (inward currents) over the extracellular pH
range from 5.0 to 8.0. Although for the pH dependence experi-
ments the channel activity was measured over a wide range of
extracellular pHs, the relative specific activity was measured for
the most physiologically relevant pH 5.5, which is just above the
threshold at which HA causes fusion. Thus, the channel activity
obtained from the pH dependence experiments was normalized

FIGURE 2: Summary of the relative specific activities of the A/M2 mutants with mutations of pore-lining residues. For generating the plots, the
amount of channel protein expressed on the oocyte membrane was assayed by immunofluorescence (seeMaterials andMethods for details), and
the whole-cell conductance for each oocyte measured at pH 5.5 was expressed as a function of its protein expression level. The bars represent the
slope of the fitted curve, normalized to that of the wt channel. Each bar represents data from 15-20 oocytes and is the mean ((SD) of three
independent experiments. NF = nonfunctional channel. NS = nonselective channel.
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to the relative specific activity of each mutant at pH 5.5, which
was measured as described above. To minimize voltage-depen-
dent pKa shifts of H37, the measurements were conducted at low
applied voltage (-20 mV).

Weassumed that under a constant electrical potential andpHin

the observed specific proton current Iobs at a given pHout is given
by the sum of the products of the mole fraction (fi) of the channel
in each possible protonation state multiplied by the correspond-
ingmaximal conductance of that state Ii under the same pHin and
electrical potential Iobs =

P
fi(Ii). Thus, the specific activity can

be related to the pHout by the equation:

Iobs ¼ fImax, 0 þ Imax, 1½Hþ�=K1 þ Imax, 2½Hþ�2=K1K2

þ Imax, 3½Hþ�3=K1K2K3 þ Imax, 4½Hþ�4=K1K2K3K4g=f1þ ½Hþ�
=K1 þ ½Hþ�2=K1K2 þ ½Hþ�3=K1K2K3 þ ½Hþ�4=K1K2K3K4g

ð1Þ
in which K1 through K4 are the phenomenological dissociation
constants for each successive protonation state of H37, [Hþ] is
10-pHout, and Imax,i is the associated current of each conductive
state.

Negligible conductance is observed at high pHout; thus, we
assumed that Imax,0 can be neglected. Moreover, previous studies
indicated that the maximal conductance levels of the A/M2
channel expressed in heterologous systems appear to approach
amaximum below pH 5.0 (5). The fourth pKa of theH37 residues
is less than 5, so it is unlikely that the quadruply protonated (þ4)
state is significantly populated by most functional mutants in the
pH range of 5-8 explored in occur experiments.

There are three terms remaining in the numerator of eq 1,
corresponding to the conductance associated with the þ1
through þ3 states. The data are not sufficiently precise to allow
the definition of the six parameters (I1 through I3 andK1 through
K3) corresponding to these states so we follow the approach
proposed by Cross and co-workers (10) of treating the first two
H37 protonations as a single transition with a unitary coopera-
tivity, leading to the simplified empirical equation:

I=IpH5:0 ¼ r1½Hþ�=pK1 þ r2½Hþ�2=pK1pK2

1þ ½Hþ�=pK1 þ ½Hþ�2=pK1pK2

ð2Þ

Equation 2 predicts two phenomenological protonations with
apparent dissociation constants, pK1 and pK2, describing the
response of the proton flux to pHout. We emphasize that these
phenomenological pK values are obtained under kinetic condi-
tions; hence, they might not reflect true equilibrium pKa values if
proton conduction occurs at a rate more rapid than protonation/
deprotonation of H37. To allow comparison of mutants with wt,
we used a ratio of the channel activity at a given pH to the
maximal channel activity obtained at pH 5.0 (I/IpH5.0) normali-
zed to the relative specific activity, leading to the parameters r1
and r2 in eq 2, which correspond to the maximal conduction of
the two states associatedwith pK1 and pK2. In this equation r1 is a
complex relative rate constant; in a complete treatment of the
data it would depend on the transmembrane voltage and inner
pH as well as the outer pH. It also depends on the relative rate of
conduction from C1 versus protonation of C1 to generate C2.
Similarly, r2 represents a relative rate constant reflecting the net
rate of proton conduction via the C2 state. At limiting high
proton concentration it reflects the rate-limiting deprotonation of
Hþ from H37 (8) in the His-mediated proton relay mechanism.

However, eq 2 is also consistent with other conduction mechan-
isms, which postulate that successive protonations of H37 induce
conformational changes to allow conduction via water wires (12,
14, 45). A complete kinetic mechanism and determination of all
the rate constants (and their dependence on transmembrane
potential) will require extensive measurements at various pHin

and pHout as well as transmembrane potentials for the wt protein.
These measurements are beyond the scope of the current report
and would be prohibitively time-consuming for a large set of
mutants. However, by conducting the measurements under
constant voltage and pHin, it is possible to observe important
differences in the conductance characteristics of the mutant
channels, thereby assessing how specific structural and chemical
features contribute to activity.

Figures 3 and 4 present the analysis of the pH-dependent
activity for each mutant normalized to the relative specific
activity and fitted to eq 2. The obtained pK and r values are
shown in tables on the right.
Mutants of the Pore-Lining Residues N-Terminal to

H37. The analysis of the V27 mutants revealed that two of the
mutants, V27A and V27D, have an increased proton conduc-
tance over the entire pH range studied (Figure 3A). The behavior
of the V27A mutant is of specific interest, since this is one of the
most prevalent amantadine-insensitive, naturally occurring mu-
tants of the A/M2 protein (27, 43, 46). The conductance of this
protein is approximately 1.5-fold greater than that of wt over the
entire acidic pH range. Fitting of the pH dependence conduc-
tances for thismutant showed that the pK1 of theV27A channel is
significantly lower than that of the wt channel and it is accom-
panied by an increase in the relative conductance (r1) at the C1

stage. In comparison, the pK2 and r2 values for this mutant
remained similar to those of the wt. The large increase in
conductance of the V27D mutant near neutral and acidic pH
reflects an increase in r1 and r2, which might be a consequence of
the effects described in the section above. All other V27 mutants
tested demonstrated a decrease in conductance at pH 5-6,
although some showed increased leakiness to protons near
neutral pH, while V27 replacement with T and S resulted in a
significant decrease in the pK1 value, accompanied by an increase
in the r1 value, similar to V27A. The pK2 and r2 values for these
mutants remained largely invariant. Positively charged residues
introduced at the V27 position dramatically decreased the overall
channel conductance. Introduction of K or R might electrosta-
tically impede entry of protons, as mentioned above. In addition,
the long alkyl portions of their side chains might interact
hydrophobically and block the channel.

Similar to V27D, A30D formed a highly conductive channel
over all the tested pH range without introducing changes in the
pKa values (Figure 3B). However, the A30T formed a much less
conductive channel with a low r2 value. This finding is consistent
with the fact that A30T was less capable than wt of protecting
acid-labile forms of HA from undergoing premature conforma-
tional changes in the late Golgi (23).

The wt A/M2 channel showed a very low conductance
associated with pK1, which is associated with the C1 state
(Figure 3). The most widespread naturally occurring mutants
of A/M2, S31N, showed a slight, but significant increase in the
channel activity at low pH but even smaller conductance
associated with the C1 state (Figure 3C). Introduction of A or
T residues at position 31, which result in the formation of a more
hydrophobic environment at this level, resulted in the formation
of channels with a decreased activity over the entire pH range
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studied, while the S31G replacement mutant showed a significant
conductance near neutral pH, probably due to the higher
H37 deprotonation rate at the C1 state. Notably, all of the
S31 replacement mutants except the naturally occurring
S31N showed higher r1 values than that of the wt channel
(Figure 3C), consistent with the greater conductance via the C1

state. Replacement of S31 with D (which is isosteric with S31N)
showed the effect of adding an ionizable group. The S31D
mutant exhibited a significantly higher conductance over the
tested pH range, which is the result of a shift in the pK2 and r2
values associated with the C2 state to significantly higher levels.
Similar to V27K and V27R, the S31K replacement mutant
formed a highly disrupted channel, and the pH dependence
was not well fitted for these channels using eq 2.

The behavior of the G34 replacement mutants generally
resembled that of the replacement mutants at the more outward
positions (Figure 4A) and was in good agreement with the
implications coming from the channel specific activity measure-
ments discussed above.
Mutants of the Pore-Lining Residues C-Terminal to

H37. It was shown that the W41 residue stabilizes charge on

H37 via π-cation interactions (47). The electron richness of the
amino acid aromatic rings follows the series of W>Y>F and,
hence, W > Y > F at stabilizing cations. In addition, it was
previously proposed that W41 shields the H37 residue on the
cytoplasmatic side (9). All of the W41 replacement mutants
examined in this work introduced smaller residues and hence
were probably less able to sterically block access to H37. This
property might explain the fact that the W41 replacement
mutants showed higher activity over the entire pH range tested
(Figure 4B). The mutants had decreased pK1 values, which may
be indicative of lower affinity for protonation in this state
(Figure 4B). Normalized r1 values for the W41 replacement
mutants were also significantly increased. This increase followed
the expected order of F>Y>W as the electron richness of the
aromatic ring and the stability of the H37-W41 interactions
decreased.

Similar toW41mutations, all of the D44 replacement mutants
exhibited significantly higher proton conductance over the tested
pH range (Figure 4C). D44 was proposed to interact with the A/
M2 channel gating residues and thus might be important for gate
stabilization (11, 19). Most of the D44 mutants showed higher

FIGURE 3: Summary of the pH-dependent proton conductance of A/M2 channels withmutated V27, A30, or S31 residues. Left: Channel activity
of the pore-lining residue mutants (V27, A; A30, B; and S31, C) was measured in Xenopus oocytes in the pH range from 5.0 to 8.0. The channel
activitywas normalized to the specific activity of eachmutantmeasured at pH5.5 (seeResults andFigure 2). The datawere fitted using eq 2. Each
point is the mean ((SD) of 10-15 oocytes from three independent experiments. Right: Tables representing the pK1, pK2, r1, and r2 values ((SD)
obtained from the fits on the left using eq 2 (see Results).
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pK1 and pK2 values combined with higher levels of r1 and r2.
Crystallography and NMR studies also showed that the D44
residue might be involved in channel gating in concert with the
H37xxxW41 gating motif (11, 19).
Molecular Dynamics Investigation of the Effects of

Active and InactiveMutants, V27K and A30K.As discussed
above, replacement of the pore-lining residues with large posi-
tively charged amino acids like K or R might result in the
alteration of the channel activity due to cationic repulsion. Here
we compared the properties of the two replacement mutants,
V27K and A30K. Despite the fact that the lysine residues are
inserted in very similar positions in the two cases (positions 27
and 30 are just one helix-turn apart), V27K was found to be
conducting and proton selective (Supporting Information Table
S1) with a specific activity at pH 5.5 approximately 25% that of
wt (Figure 2), while the A30K mutant formed a nonselective
cationic channel (Supporting InformationTable S1). In each case
the side chain of a lysine residue was inserted within the lumen of
the channel in place of a small nonpolar moiety; therefore,
electrostatic interactions among the terminal amino group and
steric hindrance due to the bulky alkyl part of the side chains

might alter the conductive properties of the A/M2. MD simula-
tions shed light on these variations by suggesting differences in the
equilibrium structures of these two mutants. MD simulations of
the TM region of the protein in a palmitoyloleoylphosphatidyl-
choline (POPC) bilayer in a box containing 5707 TIP3P water
molecules were conducted as described inMaterials andMethods.

Figure 5A shows the root mean squared deviation (RMSD) of
the CR atoms of these mutants of the M2TM protein versus the
MD simulation time.While the structure of V27K remains stable
for the entire trajectory, the structure of A30K changes drama-
tically over the course of 17 ns, with the RMSDapproaching 3 Å.

Given the recently published structures of A/M2 (11, 19, 20),
the difference is readily explained by comparing the two lysine
locations. In V27K, the lysines are able to point outside the pore
toward the bulk solvent, minimizing the electrostatic repulsion
between them. Also, the size of the lumen of the pore is not
significantly altered with respect to wt. In A30K, instead, the
lysine residues are displaced by one turn of the helix andhence are
located deeper inside the channel pore, where their repulsive
interactions result in large distortions of the N-terminal portion
of the channel from the wt.

FIGURE 4: Summaryof the pH-dependent protonconductance ofA/M2channelswithmutatedG34,W41,orD44 residues.Left:Channel activity
of the pore-lining residuesmutants (G34,A;W41,B; andD44,C)wasmeasured inXenopusoocytes in the pHrange from5.0 to 8.0. The plotswere
generated as described in the legendofFigure 3. Each point it amean ((SD) of 10-15 oocytes from three independent experiments.Right: Tables
representing the pK1, pK2, r1, and r2 values ((SD) obtained from the fits on the left using eq 2 (see Results).
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Moreover, structural changes in A30K are not limited to the
N-terminal end of the channel, but they extend to the H37 tetrad,
which plays a major role in determining proton specificity in A/
M2. In particular, the mobility of the H37 tetrad is greater in
A30K than in V27K (Figure 5). These increased fluctuations
reflect a larger ensemble of distinct local geometries of the tetrad:
in the wt protein and the functional V27K mutant, H37 side
chains are almost constantly oriented such that the vector
connecting the two nitrogen atoms of the imidazole ring is
perpendicular to the plane of the membrane (Figure 5), similarly
to the wt structure; in A30K, instead, a wide variety of structures
are observed after 6 ns of MD, including conformations with

π-π stacking and hydrogen-bonding interactions between
adjacent histidines. Arguably, the large-scale disruption of inter-
helical and His-His packing leads to a breakdown of the His/Trp
selectivity filter, allowing other ions to permeate the channel.
Consistently, the water oxygen density profiles depicted in
Figure 6A suggest that K27 perturbs the structure of the waters
only locally, and the structure of the pore waters appears to be
similar to the wt and to the naturally occurring (and thus active)
S31N mutant.
Molecular Dynamics Simulations of A30F and S31F,

Inactive Mutants of the Pore-Lining Residue. Replacement
of each of the tested pore-lining residues located N-terminal of
the H37 gate with phenylalanine resulted in the formation of
nonconducting channels. A30F and S31F mutants might naively
be expected to preserve the wild-type structure given that (1) Phe
can be easily accommodated in the pore and (2) thismutation has
little effect on the stability of the tetramer (Supporting Informa-
tion Figure S3) (48, 49). Thus, it seemed reasonable to assume
that this mutation might act primarily to alter the structure and
dynamics of water in the pore. MD simulations showed that in
thesemutants the insertion of the benzenemoiety inducesmodest
structural changes, but in both of the cases the conductance is
expected to be significantly decreased. In A30F, the F30 residues
permanently occlude the pore (Figure 6B), and the water density
drops to zero in a region roughly the same length of one H-bond
(between z=5 Å and z=8 Å; Figure 6B inset), thereby preven-
ting proton transport.

More extensive rearrangements of the protein and water
structure are caused by the S31F mutation. Although limited in
amplitude (the CR atoms RMSD is at most 2.5 Å), conforma-
tional changes relative to the crystal structure were observed not
only near themutationbut also near theH37 andW41 side chains
as well (Supporting Information Figure S2). These conforma-
tional changes were not complete within the initial 15 ns of the
simulations; thus, we continued the MD simulation until a
dynamical equilibrium was reached. Two structures were ob-
served to be in equilibrium with one another: a structure
indistinguishable from the reported crystal structure and a more
open structure, with one or two of the W41 side chains pointing
toward the lipids and a wider pore on the C-terminal side. Hence,
porewater density profiles computed on different segments of the
trajectory vary significantly at the viral inside of the pore, around

FIGURE 5: Root mean square deviations (RMSDs) of the heavy
atoms of M2TM in the MD simulations of the wild-type protein
and the mutants S31N, V27K, A30K, A30F, and S31F. Shown are
the RMSDs of the whole protein (red) and of the histidine cluster
(blue). Snapshots from the dynamics are superimposed to theRMSD
plots with gray, cyan, and orange denoting the protein backbone, the
mutated side chains, and the H37 side chains, respectively. The
angle between the Nε-Nδ vector and the membrane normal for the
H37 side chains (averaged over all four histidines) is also plotted as a
function of time (green). In thewild-type protein and in the S31Nand
V27K mutants the histidines remain ordered (RMSD around 1 Å),
with the Nε-Nδ vector mostly perpendicular to the membrane plane
(the angle is stable around 155�). However, the nonselective A30K
mutant and the nonconducting mutants A30F and S31F feature a
distorted histidine cluster (RMSD approaching 2 Å or more) and a
reduction in the angle with the membrane normal to 120� or less.

FIGURE 6: The density of water oxygen in the pore as a function of transmembrane displacement (z) is shown along with the structure of the
bundle and of selected pore-lining residues (only three chains shown for clarity). In (A) the backbone structure of the wt protein (red) and of the
S31N (blue) and V27Kmutants (orange) is shown, together with the atoms of the side chains V27, K27, S31, N31, H37 andW41 represented as
sticks. In (B), the wt (red), A30F (blue) and S31F (orange) are shown with the side chains A30, F30, S31, F31, H37 and W41. The region of
vanishing water density in the mutants A30F and S31F is expanded for clarity.
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W41 (see Supporting Information Figure S3). Nevertheless, the
water density in the outer section of the pore (where the mutation
is located) is fairly stable and negligible in a region extending
for one H-bond length (between z = 9 Å and z = 12 Å); in
Figure 6B, we report the density profile computed over the full
range of 140 ns.

DISCUSSION

The overall goal of this work was to elucidate the features in
theA/M2 sequence that determine the properties necessary for its
biological fitness. The evolutionary navigation of sequence space
for this channel can be likened to sailing between Scillia and
Charybdis; while the virus requires proton conduction to allow
RNA uncoating in the endosomal compartment, the facilitation
of diffusion of ions across membranes is potentially toxic to the
very host cell which the virus relies upon for replication. Thus, the
sequence of A/M2 is highly orchestrated to provide high proton
selectivity, very low conduction at neutral pH, and the minimal
conduction at low pH required for viral replication. Moreover,
the fitness of A/M2 depends on the context of the genome of a
given virus, including the acid lability of the accompanying
hemagglutinin. Here, we demonstrate that A/M2 uses a multi-
state conduction mechanism to effectively control the conduc-
tance characteristics over a wide range of pH in a manner that is
exquisitely sensitive to the sequence of A/M2.

Understanding the functional fitness of A/M2 variants will
help to define the full spectrum of mutants that should be
considered in the design of future inhibitors ofA/M2 that address
the problem of resistance. Despite the fact that the virus mutates
at a great rate and a number of pore-lining mutants can be
selected in the presence of amantadine in infected humans,
animals, and cell culture, only a handful of variants appear to
be permissible in highly transmissible viruses. In particular, most
residues that project directly into the channel and are close to the
invariant, proton-sensing H37, including A30, G34, and W41,
are also invariant in transmissible viruses. We therefore investi-
gated the electrophysiologial properties of a representative set of
these and other mutants, including ones that are and are not
observed under selective pressure (Supporting Information Table
S2). Before discussing these results, however, it is important to
discuss the limitations of our measurements. A/M2 is a multi-
functional protein, and the acid-induced pH transition might
have some secondary influence on another viral function such as
fusion (50), which our assays would not detect. Furthermore, the
A/M2 protein studied here is more efficient at conducting
protons down a concentration gradient from the exterior to the
interior of the virus than in the reverse direction. This rectifica-
tion might help to trap protons within a virus or minimize
potential toxicities to the host cell that might be encountered if
protons were freely allowed to flow in both directions. We
measured the conduction in the functionally relevant forward
direction, because the reverse measurement is technically im-
practical when examining a large set of mutants. However, to the
extent that the rectifying properties provide a selective advantage,
we would not be able to detect this property.

The A/M2 channel consists of an aqueous pore beginning with
a constriction at V27 and extending to the proton-selectivity filter
at H37. This “outer pore”, which connects to the outside of the
virus, also comprises the functionally relevant amantadine-bind-
ing site (11, 13, 18, 22). Indeed, all of the mutants of the outer
pore were inhibited significantly less by amantadine than the wt
channel (Table 1). V27W, V27T, S31A, and S31G were the only

mutants of the outer residues which exhibited amantadine
sensitivity at high concentrations of amantadine (100 μM);
however, the amantadine inhibition of these mutants was rapidly
reversible (Table 1). The C-terminal pore-lining residues form an
extended selectivity filter, consisting of H37, W41, and D44.
Mutations to the outer pore versus the inner filter have distinctly
different effects that we consider separately.

The rate-limiting step in the conduction of protons through the
A/M2 channel involves diffusion through (14) or dissociation
from (6) the H37 selectivity filter. Because this represents the
bottleneck in inward conduction, mutations to the outer pore will
decrease conduction if they either sterically impede proton
diffusion to H37 to a rate slower than passage through the
selectivity filter or drastically alter the overall structure of the
channel. Along these lines, it is interesting to note that all
mutations that position a large hydrophobic residue near the
conduction pathway (V27F, A30F, S30F, G34V, G34L, G34F)
completely disrupt proton conduction (Supporting Information
Table S1, Figure 5). These same mutants have not, to the best of
our knowledge, been observed in viruses in vitro or in vivo. Their
failure to conduct appears to be due to a loss of function rather
than assembly, because the amino acid substitutions do not
disrupt either tetramerization as determined by native disulfide
formation in cellular membranes (Supporting Information Fig-
ure S1) or rigorous thermodynamicmeasurements inmicelles and
bilayers (48, 49, 51). Instead, our MD simulations indicate these
large apolar residues snip off water wires required for proton
conduction to H37 (Figure 6) and in some cases might also
disrupt the geometry of the selectivity filter. Moreover, other
conservativemutations that increase the steric bulk of pore-lining
residues while maintaining their physical properties tend to
decrease conductance as seen in S31T and G34A. However,
while small-to-large hydrophobic mutations disrupt conduction,
large-to-small mutations do not necessarily increase conductance
(e.g., V27G, A30G, S31A, S31G), consistent with previous
studies that demonstrated that such mutations can disrupt the
three-dimensional structure and or the energetic balance that
defines the distribution of conformational states required for
efficient gating and conduction (49, 51). Moreover, changing the
polarity of the side chains led tomore drastic changes in function;
introduction of acidic residues (V27D, A30D, S31D, G34D)
enhanced conductance even at neutral pH, and introduction of
the much larger basic Lys decreased or abolished conductance.
MD simulations showed that Lys substitutions more strongly
perturbed the conformation of the H37 selectivity filter when it
was introduced within the pore versus at the channel entrance,
consistent with the properties of the V27K and A30K variants
(Figures 5 and 6A).

Mutations to the functionally rich H37-W41-D44 selectivity
filter had more uniform effects on function, as every mutant of
H37 lost proton selectivity, and everymutant ofW41 had a larger
conductance than wt (Supporting Information Table S2). W41 is
believed to interact with H37, preventing uninterrupted flow of
protons through the selectivity filter, particularly in the reverse
direction (9). Consistent with this expectation, the replacement of
W41 with smaller side chains enhanced proton flux. Moreover,
the motion and position of W41 appear to be fine-tuned by
interactions with D44 (11, 19). Here we show that every mutant
ofD44 has increased conductance as well as a 0.5 unit shift of pK2

toward the unperturbed pKa of histidine, highlighting the im-
portance of this residue in tuning the pH-dependent activation
and conductance of the selectivity filter (Supporting Information
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Table S2). Finally, it is hardly surprising that most mutations of
D44 and W41 had little or no effect on amantadine inhibition,
given their distance from the pharmacologically relevant aman-
tadine-binding site within the outer pore.

From a biological perspective it is interesting to note that the
only mutants that are observed in highly transmissible viruses
(V27A, S31N, D44N) satisfy two conditions: they have channel
conductance essentially the same as or up to 1.5-fold higher than
that of wt between pH 5.0 and 6.0 and they have very low
conductances at pH 7 (Figures 3 and 4). With few exceptions
(e.g., D44F, A30G, G34T), none of the other variants show this
pH-dependent profile of activities. Interestingly, many mutants
that have roughly the same conductance as wt at low pH have
much greater conductance at neutral pH. Some of these muta-
tions (e.g., V27D, G34E) are formed in vitro and in vivo under
selective pressure from amantadine, although they do not appear
in highly transmissible viruses. Thus, the stringent selective
pressure associated with formation of highly transmissible viral
particles seems to permit only drives toward variants with low
levels of conductance at neutral pH.

The multistate conduction of A/M2 might be important to
allow a single protein to finely tune its conductance over a wide
pH range, thereby providing (1) minimal conduction at pH 7
when the protein is inserted in the cytoplasmicmembrane prior to
packaging, (2) acidification of the viral interior in the low-pH
environment of the late endosome, and (3) protection of HA of
certain subtypes in the Golgi under intermediate conditions. We
found an excellent fit for all of the mutants to the multistate
scheme in eq 2, suggesting that at least two protonation states are
able to conduct protons in A/M2. The C1 state allows a small
degree of proton flux near neutral pH. The value of r2 relative to
r1 defines the magnitude of the conductance near low pH vs at
neutral pH. One characteristic of the wt channel is amuch greater
conductance of the C2 vs C1 states (r2/r1 = 19.4, Figure 3). The
pKa’s (pK1 and pK2) associated with formation of the two states
represent additional parameters that define the pH-conductance
curves. It is possible that among the A/M2 mutations found in
transmissible influenza viruses (17, 29, 43) there are significant
shifts in both the pKa’s as well as the magnitudes of r1 and r2 that
might help different strains of the virus adjust to genetic changes
in its genome. For example, in strains of the virus that contain a
very pH-sensitive variant of HA, A/M2 functions to dissipate the
natural acidification of the trans Golgi network. The D44N
mutation, which was found to complement this variant of
HA (23, 33, 40), has a significant shift in its pH-conductance
curve toward higher pH (Figure 4C), while maintaining minimal
conduction near neutral pH. The primary contributors to this
shift are an increase in conductance of the C1 state and an
increase in pK2. The V27Amutation also shows enhanced proton
flux arising from an enhanced conductance of the C1 state
(r2/r1=3.8, Figure 3A). By contrast, themost frequently occurring
variant, S31N, has a phenotype much closer to that of wt but
shows even tighter pH-dependent regulation of conductance than
wt, with a value of r2/r1 > 70 (Figure 3C). V27A as well as S31N
is an amantadine-resistant mutant, but current research indicates
that the prevalence of these mutations is unlikely to be a function
of drug pressure, as there is only a weak selective pressure from
amantadine use associated with mutations at V27A and no
significant pressure associated with S31N (27). Instead, it would
appear to be a possibility that the specific pH-flux profiles of
these A/M2 proteins are better suited to the specific genetic
backgrounds of viruses harboring these variants of A/M2.

In summary, these studies have contributed to the under-
standing the functional bases for the evolutionary conservation
ofA/M2.Future design ofA/M2 inhibitors cannow focus on those
mutants that appear most functionally suited to substitute for wt.

SUPPORTING INFORMATION AVAILABLE

The ion selectivity of the A/M2 channels, the protein expres-
sion levels, and the supporting modeling data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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