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Abstract: The matrix protein 2 of the influenza A virus (M2 or AM2) is one of the important components of the viral 
membrane. This protein can form a proton channel in the viral envelope. Owing to its ability to regulate the surrounding 
pH in endosome, this protein is an attractive target for drug design against influenza A virus. In this minireview, we 
summarized the current progresses in computational approaches for studying the M2 proton channel. The attention is 
focused on how protons are conducted through the M2 channel, and how adamantane-based drugs inhibit the channel, as 
well as how the drug resistance occurs, in hope to further stimulate the in-depth studies of this important area, both 
experimentally and theoretically.  
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INTRODUCTION 

 The matrix protein 2 of the influenza A virus (also called 
M2 or AM2), together with the matrix protein 1 (M1), is 
encoded by the 7th RNA segment of influenza A virus [1-3]. 
Although the M2 protein is in much lower abundance 
compared with hemagglutinin (HA) or neuraminidase (NA), 
this protein still acts as one of the most important 
components in the life cycle of influenza A [4]. The 
monomer of the M2 proton channel has 97 residues [5,6], 
comprising an extracellular N-terminal domain (residues 1-
23) directed toward the outside of influenza A viruses, a 
conserved transmembrane domain or region (residues 24-
46), as well as an intracellular C-terminal domain (residues 
47-97). It is proved that this protein can form a channel in 
lipid bilayers by four parallel monomers with inter-monomer 
disulfide bonds at Cys17 and Cys19 [7,8]. Further biology 
studies show that the M2 proton of influenza A virus can 
function as a proton channel to equilibrate pH values across 
the viral membrane during cell entry and across the trans-
Golgi membrane of infected cells during viral maturation 
[9]. 

 In endosome, the viruses of influenza A will go through 
two important pH alterations: from the extracellular pH to 
the early endosomal pH (~6), and from the early endosomal 
pH to the late endosomal pH (~5) [10]. Both pH alterations 
play crucial roles in the viral life cycle [11], especially the 
latter alteration that is critical for the membrane fusion for its 
ability to activate HA to catalyze the fusion of the viral 
envelope with the endosomal membrane. Before this 
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 process, the M2 channel can be activated by the low pH 
surrounding to conduct protons across the viral envelope, 
leading to the acidification of the viral interior [11,12]. Thus, 
as an essential component of the viral envelope, the M2 
protein has been a key target for drug design against 
influenza A virus.  

 Recently, high resolution structure of the M2 proton 
channel from influenza A virus has been simultaneously 
released by solution NMR spectroscopy (Fig. 1A) [5] and X-
ray crystallography (Fig. 1B) [13]. Both structures accord 
with the basic, but differ in detailed information. The 
solution NMR structure of the M2 channel was determined 
at pH 7.5, and adopted a closed state conformation bound to 
the drug rimantadine [5]. Also, the solution NMR structure 
covers substantially more region of the entire M2 protein, 
including an unstructured N-terminus (residues 18-23), a 
transmembrane domain (residues 24-46), a flexible loop 
(residues 47-50), and a C-terminus amphipathic helix 
(residues 51-60). In the transmembrane domain, the helices 
form a four-helix bundle with a left-handed twist angle 
[14,15] of about 23 degrees. The transmembrane helices are 
tightly packed at the N-terminus, slightly splaying out 
toward the C-terminus. As a result, the channel is constricted 
to 1.4-1.7 Å for tightly packing of the imidazole of His37 
and the indole of Trp41, narrowing the entrance and 
restricting waters from penetrating the channel. Thus, the 
solution NMR structure is believed to be a completely closed 
conformation. Additionally, hydrogen bonds can be detected 
between the indole amine of Trp41 and the carboxyl carbon 
of Asp44 in the adjacent subunit [11,16,17], which can 
further lock the channel gate in this closed conformation 
[18]. 

 Rather than 43 residues per chain as in the NMR 
structure [5], the crystal structure contains only 25 residues 
per chain [13]. In the crystal structure, the transmembrane 
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helices are tightly packed at the N terminus, splaying 
outward to the C-terminus at an average angle of nearly 35 
degrees (Fig. 1B). As a consequence, the distance between 
the indoles of Trp41 from adjacent transmembrane helices is 
about 9.5 Å apart. It is identified by mutagenesis studies that 
two pore-lining residues, the imidazole of His37 and the 
indole of Trp41, are key factors for the channel function of 
the M2 protein. In this case, the C-terminus region is in an 
open state without obvious structure features to support 
proton gating and selection. One possible explanation is that 
the crystal structure does not include a structural C-terminal 
domain, which have demonstrated to be a crucial component 
for a stable tetramer formation, native-like conductance, and 
sensitivity to adamantane-based drugs according to the 
functional studies [19,20]. Thus, due to losing the C-
terminus region, the crystal structure is clearly inconsistent 
with the closed channel conformation at 7.3 pH [18]. 

 Subsequently, the high-resolution NMR structure for the 
influenza B proton channel (Fig. 2), abbreviated as BM2, has 
also been successfully determined recently [21]. The 
knowledge of 3-D (dimensional) of the M2 channel is very 
important for really understanding the proton-conducting 
mechanism among others such as drug binding/inhibition, 
and drug resistance. Before the high resolution 3-D structure 
for the M2 channel [5] is available, a number of structural 
models of the transmembrane region were constructed based 
on the information from biochemical experiments [22-24], 
site-directed infrared dichroism [25], and solid-state NMR 
spectroscopy [26-30]. Meanwhile, computational and 
theoretical studies were also performed on the M2 proton 
channel in hopes to acquire useful insights into the proton-
conducting mechanism at the atomic level. 

 Many evidences have indicated that the computational 
and theoretical studies, such as molecular modeling [31-48], 
molecular docking [3,49-56], molecular dynamics 
simulations [43,50,57-65], quantum mechanics calculation 
[39,66], pharmacophore modeling [67-69], QSAR [16,70-
75], and various structural bioinformatics approaches [76], 
can provide useful information in a timely manner to 
stimulate both basic research and drug development 
[37,57,77]. Particularly, the recent successful determination 
of the high-resolution 3-D structure for the almost complete 
M2 channel [5] has not only greatly stimulated many in-
depth computational investigations into the proton channel 
and its action mechanism but also provided a solid 
foundation for conducting these studies. In view of this, the 
present minireview was initiated in an attempt to summarize 
the progresses in this regard, with the focuses on the detailed 
proton-conducting mechanism of the M2 membrane channel, 
as well as its action mechanisms on drug binding/inhibition 
and drug resistance. 

PROTON CONDUCTANCE 

 Proton conductance in the M2 channel plays a crucial 
role in the viral life cycle. When the pH is low in endosome, 
the M2 channel can be activated leading to the acidification 
of the viral interior by conducting protons across the viral 
envelope [12,78]. The acidification of the viral interior can 
further weaken the electrostatic interaction between M2 and 
ribonucleoprotein complexes so that the subsequent mem-
brane fusion can release the uncoated ribonucleoproteins into 
the cytosol [79]. Due to the dynamic exchange with water, 
buffers, and titratable groups of lipids and proteins, proton 
conductance cell membranes employ different mechanisms 
from those adopted by other ion channels. In most biological 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). High resolution structures of the M2 proton channel. (A) Solution NMR structure covering 43 residues (res.18-60) determined at pH 
7.5 (2rlf.pdb). (B) Crystal structure covering 25 residues (res.22-46) determined in beta-octylglucoside detergent at pH 7.3 (3c9j.pdb). 
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systems, the protons are proposed to move in water by 
hopping from one water molecule to another along water 
chains of hydrogen-bonded water molecules. Such 
mechanism has been proposed those channels, such as 
gramicidin A proton channel and bacteriorhodopsin [80-84].  

 

Fig. (2). A ribbon drawing of the BM2 structure. It was derived 
from a combination of the pdb codes of 2KIX and 2KJ1 (the former 
is for the channel domain, while the latter for the cytoplasmic 
domain). Reproduced from [21] with permission (3c9j.pdb). 

 To check if the M2 channel uses a hydrogen-bonded 
water chain to conduct protons, a series of computational and 
theoretical works has been done. As aforementioned, two 
pore-lining residues, His37 and Trp41, are the key factors for 
the channel function of the M2 protein. Thus, it is believed 
that His37 and Trp41 are gating residues for the M2 protein, 
based on which it was suggested that protonated His37 might 
result in the opening of the channel gate, allowing protons 
across the C-terminus domain [85]. Strong evidences gained 

from mutagenesis studies showed that mutations at position 
37 could greatly alter the conductance behavior of the M2 
proton channel [86-89]. Further computational studies have 
also confirmed that for the closed state of the M2 channel, 
the imidazole side chains of His37 are directed toward the 
lumen, thereby occluding the pore and forming a channel 
gate [90-96]. Based on these findings, two possible 
conductance mechanisms, the gating mechanism and the 
shuttle mechanism, are proposed. 

 In the gating mechanism, the imidazole moiety of His37 
can accept an additional proton with positive charge in a low 
pH surrounding. However, the accepted proton will not be 
immediately released back to the pore water. Instead, it binds 
to the histidine residue in a manner of dynamic equilibrium. 
Thus, due to the electrostatic repulsion between the positive 
charges in the M2 tetramer, the side chains of the histidine 
imidazole moiety keep away from each other, so as to open 
the occluded pore and allow the pore water to form a 
continuous proton-conductive water chain. Recently, such a 
gating mechanism was supported by many computational 
and theoretical studies [97-108]. In the shuttle mechanism, 
His37 is directly involved in a proton relay. Accordingly, 
when the M2 channel is activated, in contrast to the gating 
mechanism, a hydrogen atom will be released back to the 
pore water while the side chain of the His 37 imidazole 
acquires a proton to form a bi-protonated intermediate. 

DRUG BINDING AND INHIBITION 

 In the crystal structure of the transmembrane region 
(3c9j.pdb), adamantane-based drugs are proposed to binding 
in the channel pore binding site, around Ser31 and Gly34 
(Fig. 3A). The hydrophobic adamantly group is coordinated 
to the hydroxyls of Ser31, suggesting a direct pore-blocking 
mechanism. In the solution NMR structure (2rlf.pdb), 
adamantane-based drugs are proposed to locate on the lipid-
facing binding site formed by Trp41, Ile42, as well as Arg45 
from one transmembrane helix, and Leu40, Leu43, as well as 
Asp44 from the adjacent transmembrane helix (Fig. 3B). 
Such a drug location gives an indication that the drug 
inhibits the M2 proton channel allosterically by stabilizing 
the closed conformation. 

 To study the drug binding and inhibition mechanism, 
many good attempts have been made. In 2008, Intharathep et 
al. used computational approach for the first time to study 
the channel pore and lipid-facing binding models of the M2 
proton channel [109]. Although neither the crystal structure 
of the transmembrane region (3c9j.pdb) nor the solution 
NMR structure (2rlf.pdb) was used in their study, they 
constructed the complexes of the M2 channel with the 
adamantane-based drugs in both channel pore and lipid-
facing binding models. Via simulating 7 possible protonation 
states of His37, they found that the water density in the M2 
channel was notable reduced by the adamantane-based drugs 
in both channel pore and lipid facing models. Based on this 
finding, they suggested that both binding models might 
simultaneously exist in the M2 channel.  

 Meanwhile, using the molecular docking approach, 
Huang et al. [11] performed an in-depth analysis, further 
validating the NMR structure and its action mechanism. 
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Stimulated by the findings in [11] and based on the NMR 
structure [5], Wei et al. [16] and Du et al. [17] respectively 
proposed a new strategy to deal with the drug-resistance 
problems and developing new effective drugs against H5N1 
avian influenza virus. 

 Subsequently, Du et al. [18] performed a detailed 
structural analysis on the crystal structure and solution NMR 
structure of the M2 channel. Using the flexible docking and 
energy-based scoring functions, they calculated the binding 
affinities of the M2 channel with adamantane-based drugs in 
both the channel pore and lipid-facing binding models were 
calculated and found that the lipid-facing binding model had 
much higher binding affinities than the channel pore binding 
model.  

 In a separate work, Wang et al. [51] also performed a 
structural comparison between the channel pore and lipid-
facing binding models based on the homology model of the 
M2 channel from the H1N1 swine virus. In their study, the 
flexible docking and classical molecular dynamics 
simulations were employed on the complexes of the M2 
channel with the adamantine-based drugs. They found that, 
quite consistent with the report in [18], the binding free 
energies are more favorable to the lipid-facing binding 
model as proposed in [5]. 

 Based on these drug binding models, some experimental 
and computational works have been done to study the 
inhibitors against the M2 channel. In 2009, Wei et al. [16] 

constructed a fragment based QSAR model for the 
adamantane-based M2 inhibitors. They used 34 M2 channel 
inhibitors against H3N2 influenza A virus to construct the 
QSAR model. Based on fragment-based analyses, they found 
that fragment F2 in adamantane-based drugs should be 
focused to conduct the adamantane-based antiflu drug 
design. In 2010, Zarubaev et al. [110] synthesized a series of 
azolo-adamantanes against influenza A virus. They used 
both chemical and biological experiments to confirm the 
aforementioned computational results, and developed a new 
QSAR model based on both experimental and computational 
results. 

DRUG RESISTANCE 

 Adamantane-based drugs amantadine and rimantadine 
are firstly developed to fight against influenza A virus, 
targeting the M2 proton channel. However, after its approval 
for clinical treatment of influenza A virus, the drug 
resistance has gradually increased. By now, nearly 100% 
H3N2 subtype of avian influenza virus has resistance to the 
adamantane-based drugs in Asian countries, and more than 
15.5% of H1N1 viruses are resistant to the adamantane-
based drugs. According to the report of Suzuki et al. [111], 
the drug resistance to the adamantane-based drugs is 
associated with the single point mutations L26F, V27A, 
A30T, S31N, G34E, and L38F [112]. It has been shown 
according to the statistical data of the clinical samples that 
for the resistant viruses, nearly 80% of substitutions occur at 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Proposed adamantane-based drug binding site on the M2 channel. (A) The channel pore binding site derived from the crystal 
structure [13]. (B) The lipid-facing binding site derived from the high-resolution NMR structure [5]. 
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position 31 (Ser31), and almost 10% occur at positions 27 
(V27) and 30 (A30) [111]. Due to the different drug binding 
models (channel pore and lipid-facing binding modes), two 
mechanisms for the drug resistance are proposed. For the 
channel pore binding mode, it is reported that the drug 
resistance mainly comes from the different surrounding of 
the binding sites between wild-type and resistant mutation of 
the AM2 channel. In the wild-type AM2 channel, the 
suitable surrounding of the binding site can make a balance 
between hydrogen binding, hydrophobic interactions as well 
as the steric hindrance. However, in the resistant mutation of 
the AM2 channel, this surrounding is broken by mutations, 
making the interactions between two diagonal chains of the 
AM2 channel become stronger so as to result in a stronger 
steric hindrance. For the lipid-facing binding mode, an 
allosteric mechanism of the drug resistance is proposed 
[6,113]. As the mutations known to confer drug resistance 
are spread over 3 helical turns in the transmembrane domain 
[113], which cover an area much larger than the dimensions 
of the adamantane-based drugs, it is suggested that the drug 
resistance mechanism is more complicated than alteration of 
the surrounding of the channel pore binding site. According 
to the allosteric mechanism, the resistant mutations of the 
AM2 channel can weaken the packing interactions of the 
transmembrane helices so as to disrupt the lipid-facing 
binding pocket (Fig. 4). 

CONCLUSIONS AND PERSPECTIVES 

 A solid 3D structure of the M2 proton channel is not only 
the key for really understanding the life cycle of influenza 
viruses, but also indispensable for conducting rational drug 
design against the flu viruses. That is why for quite a long 
period of time in history, tremendous efforts have been made 
to determine the 3D structure of the M2 proton channel. 
Recently, the long-sough 3D structure of the M2 proton 
channel for influenza A [5,13] and that for influenza B [21] 

were consecutively successfully determined. These 
structures have provided a solid foundation, greatly 
stimulating various computational studies for in-depth 
understanding the subtle action mechanism of the M2 
channel and rationally designing powerful drugs against 
influenza viruses that can overcome the drug-resistance 
problem.  

 This review is devoted to summarize the recent 
progresses in this regard. As we can see, the findings 
obtained via computational studies did timely provide useful 
insights into the detailed drug binding models at the atomic 
level, helping to reveal the subtle allosteric mechanism of the 
M2 channel during its drug-binding and proton-gating 
processes, as well as stimulating new strategy and design of 
new inhibitors to deal with the drug resistant problem against 
influenza viruses.  

 It is anticipated that further computational studies in this 
area should also take into account the effects of the global or 
“long-distance” interactions [114], as well as the protein 
internal motions since many marvelous biological functions 
are hardly really understood without considering these kinds 
of motions [115,116]. These kinds of internal motions are 
also vitally important to biomedicine [117,118]. Actually, 
investigation into the internal motion in biomacromolecules 
and its biological functions is deemed as a “genuinely new 
frontier in biological physics”, as recently announced by the 
Vermont Company at its web site at http://homepages. 
sover.net/~bell/newFrontierpics.htm 
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Fig. (4). High resolution structures of the M2 proton channel. (A) Solution NMR structure covering 43 residues (res.18-60) determined at pH 
7.5 (2rlf.pdb). (B) Crystal structure covering 25 residues (res.22-46) determined in beta-octylglucoside detergent at pH 7.3 (3c9j.pdb). 
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