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Influenza A and B viruses contain proton-selective ion channels,
A/M2 and BM2, respectively, and the A/M2 channel activity is
inhibited by the drugs amantadine and its methyl derivative
rimantadine. The structure of the pore-transmembrane domain has
been determined by both x-ray crystallography [Stouffer et al.
(2008) Nature 451:596-599] and by NMR methods [Schnell and
Chou (2008) Nature 451:591-595]. Whereas the crystal structure
indicates a single amantadine molecule in the pore of the channel,
the NMR data show four rimantadine molecules bound on the
outside of the helices toward the cytoplasmic side of the mem-
brane. Drug binding includes interactions with residues 40-45
with a polar hydrogen bond between rimantadine and aspartic
acid residue 44 (D44) that appears to be important. These two
distinct drug-binding sites led to two incompatible drug inhibition
mechanisms. We mutagenized D44 and R45 to alanine as these
mutations are likely to interfere with rimantadine binding and lead
to a drug insensitive channel. However, the D44A channel was
found to be sensitive to amantadine when measured by electro-
physiological recordings in oocytes of Xenopus laevis and in
mammalian cells, and when the D44 and R45 mutations were
introduced into the influenza virus genome. Furthermore, trans-
planting A/M2 pore residues 24-36 into BM2, yielded a pH-
activated chimeric ion channel that was partially inhibited by
amantadine. Thus, taken together our functional data suggest that
amantadine/rimantadine binding outside of the channel pore is
not the primary site associated with the pharmacological inhibition
of the A/M2 ion channel.

amantadine inhibition of influenza virus | amantadine resistance |
drug-binding site | influenza reverse genetics

I nfluenza A and B viruses are enveloped negative-strand
segmented RNA viruses that cause epidemics, and for influ-
enza A virus, pandemics. At the biochemical and cellular
biological level the viruses have some common properties. These
include virus particles using host cell surface expressed sialic acid
as their receptor and entry into cells by endocytosis. Virus
uncoating takes place in the lumen of the endosome and is
mediated by the hemagglutinin glycoprotein which is triggered
by the acidic environment to undergo a protein refolding event
that causes the fusion of the viral envelope with the endosomal
membrane (reviewed in ref. 1).

Influenza A and B viruses encode the A/M2 and BM2 integral
membrane proteins (2, 3), respectively. A/M2 and BM2 are
proton selective ion channels (4-6) that permit protons to enter
virus particles during uncoating in endosomes. Acidification of
the virus interior causes dissociation of the membrane (M1)
protein from the ribonucleoprotein core (3, 7) a necessary step
for import of the ribonucleoproteins into the nucleus (8). A/M2
and BM2 ion channel activity also modulates the pH of the
trans-Golgi network in virus-infected cells equilibrating the
acidic pH of the lumen of the Golgi with the cytoplasm (9, 10)
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(reviewed in ref. 11). The mature A/M2 protein consists of 96
residues with a 23-residue N-terminal extracellular domain, a
single internal hydrophobic domain of 19 residues that acts as a
TM domain and forms the pore of the channel, and a 54-residue
cytoplasmic tail (2). The BM2 protein consists of a 7-residue
ectodomain, a 19-residue TM domain, and an 82-residue cyto-
plasmic tail (3). It has been shown for both A/M2 and BM2 that
the proteins form homotetramers (3, 12, 13). The ectodomain of
A/M2 contains two cysteine residues that form disulfide bonds
but neither of these disulfide bonds is needed for ion channel
activity (14) nor for replication of the virus in tissue culture or
mice (15). The functionally active A/M2 and BM2 channels are
the homotetramers and each channel has a centrally located pore
for proton conduction (16-21). The A/M2 and BM2 proton
channel proteins of influenza A and B viruses are among the
smallest bona fide ion channel proteins (with the properties of
ion selectivity and activation), and they succeed in accomplishing
the same function with only a meager similarity in primary amino
acid sequence. The only homology between the amino acid
sequences of these two proteins is found in the TM domain
HXXXW motif of the inner membrane-spanning residues. His-
tidine 37 confers the high proton selectivity of the A/M2 channel
(22-24) and tryptophan 41 acts as the channel gate, opening and
closing the pore of the A/M2 channel (25). It is thought that His
19 and Trp 23 in BM2 have the same roles in BM2 channel
function as they do in the A/M2 channel (6).

The activity of A/M2 ion channel is inhibited by the antiviral
drug amantadine and its methyl derivative rimantadine (26, 27).
The drug binds at both neutral (closed state) and acidic pH
(open channel). Influenza A viruses that mutate and become
drug resistant contain mutations in the A/M2 TM domain and
naturally arising mutations mostly occur at TM domain residues
Val 27, Ala 30, Ser 31, and Gly 34 (26). Neither influenza B virus
growth nor BM2 ion channel activity are inhibited by the drugs.

Recently, Stouffer er al. (28) using X-ray crystallography
published the atomic structure of the A/M2 TM domain with and
without bound amantadine and Schnell and Chou (29), using
NMR methods, copublished the structure of a somewhat larger
A/M2 peptide (M2 residues 18-60) that included the TM
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Fig.1. Structure of the rimantadine binding site at the boundary of the A/M2
TM domain with the cytoplasmic tail. (A). A ribbon diagram showing four TM
domain a-helices and the interactions between rimantadine (purple) and D44.
Drawn from frame 7 of Protein Data Bank accession no. 2RLF. The variability
in rimantadine-N to Asp-carboxylate geometries (distances in angstroms) are
indicated. (B) A ribbon diagram showing a structure in which the TM regions
from the ensemble of NMR structures are aligned on the well-structured TM
region (including the residues expected to form the drug-binding site). The
protein is well ordered in the TM region, except in the vicinity of the drug
where both the side-chains and the drug are variable. Drawn from Protein
Data Bank accession no. 2RLF from the data of Schnell and Chou (29).

domain and 17 residues of the cytoplasmic tail. As predicted
from earlier biochemical and NMR studies (17, 30) the recent
high-resolution structural data show the overall architecture of
the TM domain is a four-helix bundle and the data confirm
predictions that His 37 forms the pH sensor and Trp 41 the
channel gate (25, 31). The Trp 41 indole rings are at van der
Waals distance from each other, prohibiting passage of water or
ions and the gate is further stabilized in the closed state by
inter-subunit hydrogen bonds with Asp 44 (28, 29).

The crystal structures were solved at lower pH than the NMR
structure, and the former structures are more open near the
C-terminal His 37 than the NMR structure. However, the
structures have a major difference in that the crystal structure
data indicate a single amantadine molecule in the pore of the
channel that is surrounded by Val 27, Ala 30, Ser 31, and Gly 34
(28). In contrast, from the NMR data obtained with the peptide
in a solution of 40 mM rimantadine and ~300 mM dihexanoyl-
phosphatidyl-choline, four rimantadine molecules were found
bound on the outside of the protein helix facing the lipid bilayer
and located in the membrane environment at the end of the helix
toward the cytoplasmic face of the channel. Drug binding
includes interactions with residues 40—45 with a polar hydrogen
bond between rimantadine and aspartic acid residue 44 (D44)
that appears to be important (29) (Fig. 1). However, although the
NMR structure is very well defined in the TM region, the
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drug-binding site around D44 is not well defined and rimanta-
dine adopts many different conformations. Even within a single
snapshot, each of the four rimantadine molecules within a
tetramer display significant variability in their interactions. Fig.
1A illustrates the variability in geometries of rimantadine-N to
Asp-carboxylate interactions (distances in angstroms) using data
from frame 7 of 2RLF. Fig. 1B shows a structure in which the
TM regions from the ensemble of NMR structures are aligned
on the well-structured TM region (including the residues ex-
pected to form the binding site). The protein is well ordered in
the TM region, except in the vicinity of the drug where both the
side chains and the structure of the drug are variable.

These two distinct drug-binding sites led to two incompatible
drug inhibition mechanisms (32). Stouffer ez al. (28) proposed
that amantadine physically occludes the pore of the channel
restricting passage of protons and the naturally arising drug-
resistant mutations (TM domain residues 27, 30, 31, and 34) are
close to the proposed channel pore drug-binding site. The Hill
coefficient of 1 for amantadine inhibition is consistent with one
amantadine molecule blocking the channel (33) although other
drug-binding models are possible. The finding of electron den-
sity in the pore of the channel in the presence of amantadine and
the absence of density without amantadine is consistent with the
drug being present in the pore of the channel (28), nonetheless
the caveat has to be added that at 3.5 A resolution it cannot be
proven the density represents amantadine. Schnell and Chou
(29) proposed channel inhibition occurred by an allosteric
mechanism with external drug binding stabilizing the closed
state making it more difficult to move the four helices and open
the channel. Important in this regard is the notion of long-range
helical effects because of the observation that an amantadine-
resistant mutation maps to Leu 38 (L38F) (33) and it was
suggested the mutation probably disturbs helix—helix packing
and lowers the energetic cost of opening the channel (29).

We mutagenized D44 and R45 to alanine as these mutations
would be expected to interfere with the observed rimantadine
interaction and may lead to a drug insensitive channel, but the
channel remained drug sensitive. We also substituted A/M2 pore
residues 24-36 into BM2 (in place of BM2 pore residues 6-18)
and this chimeric protein yielded a pH-activated ion channel that
was partially inhibited by amantadine. Thus, our functional data
suggest that amantadine/rimantadine binding outside of the
channel pore is not the primary site associated with the phar-
macological inhibition of the A/M2 ion channel.

Results and Discussion

lon Channel Activity and Sensitivity to Amantadine Inhibition of M2
Mutants. To investigate the interaction between A/M2 ion chan-
nel pore residue Asp 44 and amantadine/rimantadine, we mu-
tated Asp 44 to alanine and examined the ion channel activity
and its sensitivity to amantadine in oocytes of Xenopus laevis
(Fig. 24). We also examined the ion channel activity of a known
amantadine-resistant mutant, S31N and a double mutant S31N/
D44A. The levels of cell-surface expression of the WT and
mutant channels in oocytes were equivalent (data not shown).
The oocytes were initially bathed at pH 8.5 to keep the M2
channel in the closed state and then the bathing solution was
changed to pH 5.5 to open the channel (4). Whereas, WT M2 and
D44A ion channel currents were sensitive to amantadine, S31N
and S31N/D44A channel currents were largely resistant to the
drug (Fig. 24). For WT A/M2 and D44A the amantadine
inhibition of current remains even after the oocytes were re-
turned to pH 8.5 and then bathed in pH 5.5 because amantadine
inhibition is effectively irreversible on this time scale: the reverse
reaction rate constant of amantadine block is 3 X 1074s~! (33).
The expression and amantadine sensitivity of WT M2, S31N,
D44A, and S31/D44A was also examined in mammalian cells
(CHO-K1 cells) and very similar drug sensitivity to that found in
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Fig. 2. Influenza virus M2 mutant ion channels D44A and L38F are sensitive
to amantadine inhibition. Amantadine and rimantadine sensitivity of WT M2
and M2 mutant ion channels D44A, S31N, D44A/S31N, and L38F. The mRNAs
encoding the WT and mutant M2 ion channels were expressed in oocytes of
Xenopus laevis and surface currents measured using a two-electode voltage-
clamp apparatus (4). (A) Representative recording traces WT M2 and mutant
channels. Amantadine sensitivity of these A/M2 variants was determined by
bathing the oocytes in pH 5.5 Barth's solution that contain 100 M amanta-
dine when the oocytes displayed maximal inward current (downward deflec-
tion). (B) The percentage of inhibition of A/M2 inward current in the presence
of either 100 uM amantadine or 100 uM rimantadine (n = a minimum of 5).

oocytes was observed [supporting information (SI) Fig. S1]. The
inward currents of CHO-K1 cells expressing the D44A and
S31IN/D44A mutants were transient in nature when the cells
were exposed to solutions of low pH (Fig. S1), possibly indicating
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Fig. 3. Amantadine isochronic inhibition curves for WT A/M2, D44A and
S31Nion channels. Nine different concentrations of amantadine were applied
to oocytes expressing WT, D44A, and S31N ion channels for 2min at pH 5.5 and
the current was measured before and after drug addition. Three oocytes were
used for each drug concentration. The results were fit into the dose-response
curve in GraphPad Prism 5. The best fit ICso values for WT A/M2, D44A, and
S31N were 16.0 + 1.1, 15.8 = 1.1, and 199.9 = 1.1 uM, respectively.

altered gating, consistent with the interactions observed between
the Trp-41 gate and Asp44 in the NMR structure (27, 28). It has
also been noted previously in a study of the differences between
the ion channel activities of influenza virus strains A/chicken/
Germany/34 (H7N1, Rostock strain) and A/chicken/Germany/27
(H7N7, Weybridge strain) that substitution of aspartic acid
residue 44 for asparagine yields an amantadine sensitive channel
activity (34).

In the external drug-binding model (29) the previously re-
ported amantadine resistance of mutant L38F (33) was of
importance because it was the only known amantadine resistance
mutation C-terminal to those found between M2 residues 26 and
34. The existence of L38F as amantadine resistant bolstered the
argument for long-range effects of drug binding stabilizing the
four-helix bundle in the closed state whereas the mutant would
destabilize the helices and allow the channel to open. Thus, we
constructed the L38F mutation into the identical M2 sequence
used for all other mutants used here (M2 sequence derived from
influenza A/Udorn/72) and investigated channel properties of
M2 mutant L38F. As shown in Fig. 24 mutant L38F had ion
channel properties indistinguishable from WT M2 and was
completely sensitive to amantadine. It is possible that the earlier
finding of amantadine insensitivity of the L38F mutant occurred
because less time was allowed for inhibition to occur, and we
conclude there are no known examples of mutations that lead to
M2 amantadine resistance more C-terminal than residue 34. It
can also be deduced from the data shown in Betakova et al., (32)
that M2 of Rostock influenza virus that contains the L38F
mutation is amantadine sensitive.

Amantadine and its methyl derivative rimantadine both in-
hibit the M2 ion channel activity and influenza virus replication
(5, 26, 33). Because in the X-ray structure amantadine was
modeled (28) and in the NMR structure rimantadine was
modeled (29) it was important to determine that there was no
major difference in the inhibitory action of the two drugs. As
shown in Fig. 2B the ion channel activity of WT M2 and mutants
D44A and L38F was completely sensitive to both drugs. Mutants
S31N and S31N/D44A were resistant to the drug but mutants
containing S31N were more resistant to rimantadine than aman-
tadine. This may be related to the fact that several drug-resistant
mutations in M2 pore-lining residues retain the ability to bind
drug (35) and rimantadine may bind less well to the S31N protein
than amantadine.

To be sure that amantadine was equally efficacious in inhib-
iting D44A as it is WT, a dose-response curve was determined
by measuring inhibition after 2 min of drug application for each
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Fig. 4. Effect of amantadine and rimantadine on influenza A virus plaque
formation. WT influenza virus (A/Udorn/72) and influenza virus containing
mutations in the M2 TM domain were recovered from cloned DNA (36) and
assayed for plaque formation on MDCK cells in the presence or absence of 5
M amantadine (Ama) (A) or 5 uM rimantadine (Rim) (B). Monolayers of
MDCK cells were preincubated with or without amantadine (5 uM) or riman-
tadine (5 uM) for 30 min and then infected with the appropriate virus in the
presence or absence of the drug. After 1 h of incubation, monolayers were
washed with PBS (with or without drug) and overlaid with 0.6% Auvicel
microcrystalline cellulose-DMEM supplemented with 1.0 ug/ml of N-acetyl
trypsin, with or without amantadine (5 uM) or rimantadine (5 uM). After 2-3
days of incubation, monolayers were fixed and stained with naphthalene
black dye solution. The equivalent dilution is shown for each matched pair of
monolayers with and without drug (—Ama, +Ama; —Rim, +Rim).

of many concentrations of the drug. It was found that WT A/M2
and D44A had virtually identical amantadine sensitivities (Fig. 3).

Growth and Drug Sensitivity of Influenza Viruses Containing M2
Mutations. To examine the effect of M2 mutations D44A, S31N,
S31N/D44A, and L38F in the context of an influenza virus
infection, the mutations were introduced into the influenza A
virus genome using reverse genetics procedures (36, 37) and the
viruses recovered. Because of the involvement of M2 residue
W41 (the channel gate) with D44 and R45, and in the NMR
model the interaction of rimantadine with all three residues, two
additional M2 mutant viruses W41A and R45A were constructed
and recovered. As shown in Fig. 4, all of the viruses had
equivalent plaque sizes. Although D44 A showed a similar plaque
size to WT virus, single-step growth curves of D44A virus
showed slightly slower kinetics than WT virus and D44A reached
a maximum titer of 1 log lower than WT virus cells (data not
shown). Nonetheless the D44A mutant virus apparently con-
tained an ion channel activity sufficient for growth in tissue
culture. Plaque formation of WT virus and M2 mutant viruses
D44A, L38F, W41A, and R45A was sensitive to amantadine/
rimantadine (Fig. 4 4 and B) and plaque formation of S31N and
S31N/D44A was insensitive to either drug treatment. The drug
sensitivity/insensitivity of viruses containing the M2 mutations is
completely consistent with the electrophysiology recordings of
the mutant protein ion channel activities. It is interesting to note
that even though W41 is a key residue in channel function (the
gate) and D44 and R45 interact with W41 (Fig. 1), the M2
channel in the virus can tolerate these changes and remains
sensitive to amantadine/rimantadine.

An A/M2 and BM2 Chimeric TM Domain Renders the BM2 lon Channel

Amantadine Sensitive. To provide another line of evidence for the
notion that amantadine inhibits the A/M2 ion channel by binding
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Fig. 5. Generation of a chimeric A/M2 and BM2 ion channel that is aman-
tadine sensitive. (A) Schematic diagram showing the TM domain residues of
A/M2 (derived from sequence of influenza virus A/lUdorn/72 M2) (45) and BM2
(derived from sequence of influenza virus B/Lee/40 BM2) (46), and a chimeric
BM2 protein with BM2 TM domain residues 6—18 aa substituted with A/IM2 TM
domain residues 24-36. (B) lon channel activities of A/M2, BM2, and the
chimeric ion channel (24-36 aa A/M2)BM2. Oocytes expressing the chimera
ion channel displayed robust pH-activated inward current as compared to
uninjected oocytes. Amantadine (100 wM) inhibited A/M2 current (94.0 +
0.9%; n = 8). BM2 ion channel activity was insensitive to 100 .M amantadine.
The chimeric BM2 chimera ion channel was partially inhibited (49.1% + 1.7%;
n = 8) by 100 uM amantadine and partially inhibited by 100 uM rimantadine
(50.2% = 1.6%; n = 3) (data not shown). Like WT M2 channel the drug
inhibition was not reversible over a short time period.

to the pore between residues 26 and 34, a hybrid channel was
constructed between the two proton-selective ion channels
A/M2 (amantadine sensitive) and BM2 (amantadine insensi-
tive). BM2 TM domain residues 6-18 were replaced with A/M2
residues 24-36. The chimeric channel, (24-36 aa A/M2)BM2 was
expressed in oocytes and its channel activity measured in com-
parison to both A/M2 and BM2 ion channel activities. Like A/M2
and BM2 the chimeric channel was activated by pH 5.5 (Fig. 5).
The current of the A/M2 channel was inhibited by the addition
of 100 uM amantadine (94.0% = 0.9% SE, n = 8) and 100 uM
rimantadine (92.7% = 0.7% SE; n = 8) whereas in contrast the
current of BM2 was not inhibited by the addition of 100 uM
amantadine (—1.4% * 0.2%,n = 5). Importantly, the current of
the chimeric channel was partially inhibited by amantadine
(49.1 = 1.7% SE, n = 8) and 100 uM rimantadine (50.2 * 1.6%
SE, n = 3). The time constant (7) (in seconds) of inhibition was
determined by fitting the inhibition curves to a standard expo-
nential decay equation and for A/M2 channel 7 = 34 = 2.3 sec.
SE (n = 8), and for the chimeric (24-36 aa A/M2)BM2 channel
7= 108.4 = 2.8 sec SE (n = 8). Given that single side-chain
substitutions at residues 27, 30, 31, and 34 lead to amantadine
resistance, the sensitivity of the chimeric channel to amantadine
is especially noteworthy, particularly as this chimeric pore may

Jing et al.
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well be altered in structure in subtle ways from the WT M2 pore.
Thus, the simplest interpretation of the data is that amantadine/
rimantadine interacts with A/M2 residues 24-36 to occlude the
channel pore and that these residues can be transferred into the
BM2 pore to render BM2 partially amantadine sensitive.

Summary. Our functional studies on the influenza A virus A/M2
proton-selective ion channel and its inhibition by amantadine or
rimantadine suggest that amantadine/rimantadine binding out-
side of the channel pore is not the primary site associated with
the pharmacological inhibition of the A/M2 ion channel. First,
mutation of D44 and R45 to alanine did not alter the sensitivity
of the channels to the drug, suggesting that the interactions of
rimantadine with D44 and R45 are not important for drug
inhibition. Second, the original finding that mutating L38 to
phenylalanine caused amantadine resistance appears to be in-
correct and thus there is no evidence for long-range effects of
amantadine resistance, which was proposed in the allosteric
mechanism for rimantadine inhibition from the cytoplasmic side
of the four-helix bundle. Third, the chimeric channel (24-36 aa
A/M2)BM2 channel is activated by low pH and partially inhibited
by amantadine. The interpretation of these data that we prefer
is that we transferred the drug site from A/M2 to the normally
drug-insensitive BM2 ion channel. It seems unlikely amantadine
stabilizes the closed state of the chimeric channel by an allosteric
mechanism and involving M2 residues 24-36, when this chimeric
protein lacks the D44 and R45 residues that interact with
rimantadine in the NMR model.

There are many examples of second substrate or ligand-
binding sites for proteins but the biological significance of these
second sites is often unclear. For influenza virus, a second sialic
acid binding site was identified on the hemagglutinin (38) and
the avian N9 neuraminidase contains a second sialic acid binding
site (39, 40). However, neither of these second sites appears to
be required for virus replication. Amantadine partitions into
lipid bilayers (41-43) giving the drug access to the cytoplasmic
side of the four-helix bundle. Whether the external rimantadine
binding site, that we consider to be a second drug-binding site,
has another role in properties of A/M2 function that are not
directly associated with inhibition of channel activity remains to
be determined.

Materials and Methods

Cells, Viruses, and Plasmids. 293-T and Madin-Darby canine kidney (MDCK)
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (In-
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serum-free DMEM containing 3.0 ug/ml N-acetyl trypsin (NAT; Sigma-Aldrich,
St. Louis, MO) at 37°C. WT and mutant viruses were generated by using reverse
genetics from cDNAs essentially as described previously (36). The eight ge-
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Transcriptase (Molecular Genetic Resources, Tampa, FL), using genome-
specific primers, and amplified with AmpliTag DNA polymerase (Applied
Biosystems, Foster City, CA). The complete nucleotide sequences of the
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For additional information, see S/ Materials and Methods.

Plaque Assays. Confluent monolayers of MDCK cells were incubated with
10-fold serially diluted virus samples in DMEM 1% BSA for 1 h at 37°C. The
inoculums were removed, and the cells were washed with phosphate-
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Two-Electrode Voltage-Clamp Analysis. Whole-cell two-electrode voltage-
clamp currents were measured 48-72 h after injection of oocytes as described
previously (4). Currents were acquired and analyzed using the pCLAMP 10.0
software package (Axon Instruments, Sunnyvale, CA).
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