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Abstract: The M2 protein is a small proton channel found in the influenza A virus that is necessary

for viral replication. The M2 channel is the target of a class of drugs called the adamantanes, which

block the channel pore and prevent the virus from replicating. In recent decades mutations have
arisen in M2 that prevent the adamantanes from binding to the channel pore, with the most preva-

lent of these mutations being S31N. Here we report the first crystal structure of the S31N mutant

crystallized using lipidic cubic phase crystallization techniques and solved to 1.59 Å resolution. The
Asn31 residues point directly into the center of the channel pore and form a hydrogen-bonded net-

work that disrupts the drug-binding site. Ordered waters in the channel pore form a continuous
hydrogen bonding network from Gly34 to His37.
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Introduction

The influenza A matrix 2 (M2) protein consists of a

96-residue monomer that forms a homotetrameric

channel. M2 is an amazingly small multifunctional

protein, with different functions localized sequen-

tially along the amino acid chain. The N-terminal 22

residues, which project out of the virus, contribute

to budding in influenza A virus, but are missing

in influenza B virus. The transmembrane helix

spanning residues 22–46 forms a tetramer that

retains channel-forming function, selectivity, and

sensitivity to drug.1 A region C-terminal to the TM

helix forms a peripheral membrane-binding helix

that stabilizes envelope excision during membrane

budding by stabilizing negative Gaussian curva-

ture,2,3 and the C-terminal region also interacts

with the M1 matrix protein.4 The M2 protein is a

drug target of two FDA approved anti-flu drugs,

amantadine and rimantadine, which bind in the

pore of the M2 channel.5,6

The M2 protein mediates the equilibration of

pH between the endosomal compartment and the

viral interior at a critical point of the viral reproduc-

tion cycle. In some strains of influenza A virus, M2

also serves to delay acidification of the interior of

the Golgi apparatus to prevent HA from prema-

turely undergoing an acid-mediated conformational

change.7,8 Amantadine and rimantadine exert their

antiviral effect by binding to the pore of the M2
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tetramer and blocking proton conduction.5,6 In

recent years amantadine resistance from the S31N

mutant has become so widespread that it has cur-

tailed the use of this class of drugs.9

Despite the importance of the S31N mutation,

almost all structural work has focused on variants of

M2 with Ser at position 31. Chou and coworkers

have built homology models for the S31N variant of

M2 based on NMR restraints.10 Although dynamics

prevented determination of the location of Asn31,

they hypothesized that its side chain projects out

towards the lipid tails. More recently, we used small

molecule drugs that bind to the S31N mutant to

lock it into a conformation that was more amenable

to solution NMR structure determination, allowing

the determination of the structure at moderate reso-

lution.11 Unfortunately, although the overall struc-

ture was well defined, conformational exchange of

the Asn31 side chain made it difficult to determine

its orientation; we attributed this conformational

exchange to the fact that the drug is intrinsically

asymmetric while the protein is four-fold symmetric.

Here, we present the first crystal structure of the

S31N mutant of influenza M2.

Results and Discussion

The crystal structure of the S31N mutant was

obtained using lipidic cubic phase (LCP) techniques,

giving crystals (Supporting Information Fig. S1) at

pH 8.0 that diffract to a resolution of 1.59 Å (Table I)

in the same space group as the “wild-type” Ser31

channel.12 A single monomer forms the asymmetric

unit (Supporting Information Fig. S2), which is

repeated along a crystallographic four-fold symmetry

axis to create the pore. Monoolein molecules interact

with the hydrophobic membrane-exposed face of

each monomer. There are very few contacts between

protein molecules in the crystal lattice; the

membrane-exposed face of each M2 monomer inter-

acts with monoolein molecules at its N-terminus

and, to a lesser extent, with other M2 monomers

near the C-terminus [Fig. 1(B)].

Solvent network and partially occupied waters
As in other NMR and crystal structures of the M2

channel,6,12 a continuous pore runs through the

membrane-spanning region of the structure, inter-

rupted only at Val27. In the S31N mutant, the polar

Asn side chain points towards the center of the

channel; each carboxamide nitrogen of the Asn resi-

due forms a hydrogen bond with the carbonyl of a

neighboring Asn31 side chain. A water molecule was

observed at the center of the Asn31 tetrad, bridging

the cyclic hydrogen-bonding arrangement [Fig. 1(C)].

This water might serve a special role in transmitting

protons into the channel, although dynamic motions

would be required to diffuse past Val27, as described

previously.13–15 Four Å below this water is a cluster

of waters that form a continuous water wire leading

to the proton-shuttling residue His37 [Fig. 1(A)].

Most of these waters exist at half occupancy. The

presence of two partial-occupancy water networks in

the channel could result from averaging of the water

densities across the four-fold symmetry axis at the

center of the channel. A strong spherical density

was observed along the four-fold axis among the

water clusters. Of the ions in the buffer, only

Figure 1. (a) The M2 pore; the M2 tetramer is shown with

the front monomer removed. Full occupancy waters are

shown as red spheres, partial occupancy waters are shown

in cyan and dark blue, and chloride ions are shown in yellow.

Hydrogen bonds between pore waters are shown as colored

sticks (red, cyan, and dark blue). Asn31, His37 and Trp41 are

shown as sticks. (b) The M2 tetramer (green) is surrounded

by monoolein molecules (orange) within the crystal lattice. (c)

Top-down view of the channel pore; Asn31 residues form a

network of hydrogen bonds (dashed lines). A single water

(red sphere) is located in the middle of these residues.

Figure 2. (a) Overlay of S31N mutant structure 5C02 (green)

onto the drug-bound structure 3C9J (pink) with Asn31, Ser31,

and amantadine shown as sticks. (b) Top-down view of 5C02

aligned to inhibitor-bound solution NMR S31N structure

2MUV (orange), Val27 and Asn31 shown as sticks. (c) Side

view of N-[(5-bromothiophen-2-yl)methyl]adamantan-1-amine

inhibitor from 2MUV in channel pore, with water from 5C02

shown as a red sphere.
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chloride fit well into this density. A single chloride

at a similar position along the symmetry axis has

also been proposed to play a role in stabilizing the

M2 tetramer.16

Resistance to adamantane drugs and inhibitor

binding

The mechanism by which the S31N mutation confers

resistance to amantadine can be seen upon overlay-

ing the newly solved LCP structure with the previ-

ously solved crystal structure of wild-type M2 in the

presence of amantadine [Fig. 2(A)]. Hydrogen bond-

ing between symmetrically repeated Asn31 residues

within the homotetrameric channel narrows the por-

tion of the channel to which the adamantine drugs

bind, providing steric hindrance that reduces the

drugs’ affinity to that site. Substitution of Ser31

with Asn also adds an extra hydrophilic atom to a

site that interacts with the hydrophobic adamantine

cage.

Figure 2(B,C) compare the recently solved struc-

ture to the previously solved inhibitor-bound solu-

tion NMR structure of S31N.17 Though the

conformations of the asparagine residues in the

NMR structure could not be resolved, the position of

the inhibitor (compound 11, N-[(5-bromothiophen-2-

yl)methyl]adamantan-1-amine) within the channel is

well defined by NOEs. The Asn31 residues of the

crystal structure form a hydrogen bonded ring that

is too tight to accommodate inhibitors, so it is likely

that a conformational shift of the protein backbone

is necessary for inhibitor binding. The location of

the single water at the center of the S31N crystal

structure approximately maps to the position of the

nitrogen in the bound inhibitor molecule. This sup-

ports the suggestion that the ammonium group of

M2 inhibitors occupy the same positions in the chan-

nel as ordered waters in the apo structure. The

availability of a high-resolution structure of the

S31N should also be quite helpful for design of drugs

that target drug-resistant mutants bearing this

mutation.

Materials and Methods

The peptide corresponding to the M2(22–46) S31N

mutant of A/Udorn/307/1972 was prepared and crys-

tallized and the structure solved as described in the

Supporting Information.

Accession numbers
The Protein Data Bank accession number for the

1.59 Å structure of AM2(22–46) S31N is 5C02.
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