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The influenza A virus contains a proton-selective ion channel (M2)
that is the target of the adamantane family of drug inhibitors. Two
recently published studies relating to adamantane binding of the M2
ion channel using X-ray crystallography and solution NMR have re-
ignited interest in the potential use of adamantanes in combating
the spread of influenza A. However, these two studies propose dif-
ferent binding sites for the adamantane drugs with the X-ray M2/
amantadinestructure favoringan ionchannelpore-bindingmodeland
the solution NMRM2/rimantadine structure suggesting the existence
of a lipid-facing binding pocket. We conducted a series of surface
plasmonresonance (SPR)experimentsdesigned toaccuratelymeasure
the affinity of amantadine and rimantadine to M2 ion channels em-
bedded in 1,2-dimyristoyl-sn-glycero-phosphocholine (DMPC) lipo-
somes. We find that this class of drug is capable of binding M2 with
two different affinities in the order of 10−4 and 10−7 M, suggesting
that both proposed binding sites are feasible. Furthermore, by exam-
iningdrugbinding toM2mutant constructs (V27A,S31N,andD44A), it
was possible to probe the location of the two binding sites. We show
that a high-affinity binding site corresponds to the M2 ion channel
pore whereas the secondary, low-affinity binding site can be attrib-
uted to the lipid face of the pore. These SPR results are in excellent
agreementwiththemost recentsolid-stateNMRstudyofamantadine-
boundM2 in lipid bilayers and provide independent support that the
ion channel pore-binding site is responsible for the pharmacological
activity elicited by the adamantane drugs.

adamantane drug resistance | surface plasmon resonance | viral ion
channel | mutational analysis

As evidenced by recent H5N1 (avian) and H1N1 (swine) in-
fluenza outbreaks, the influenzaA virus poses an ever-present

global threat to human health. One of the initial responses in
combating this disease involves the use of antiviral drugs such as
the neuraminidase inhibitors oseltamivir and zanamivir. Whereas
the efficacy of these drugs is well established, another class of ap-
proved antiviral drug known as adamantaneM2 inhibitors (aman-
tadine and rimantadine) has in the past been shown to be effective
in treating seasonal influenza (1). Unfortunately, the emergence
of several adamantane-resistant M2 mutations has severely cur-
tailed the effectiveness of this class of drug to the extent that the
Centers for Disease Control have recommended discontinuing
its use (2). However, the recent flu outbreaks have demonstrably
highlighted the immense benefit of having an effective antiviral
treatment at hand, thereby reigniting the search for novel M2
inhibitors (3, 4).
The role of the influenza A M2 protein has been well docu-

mented. It forms a proton ion channel that operates early in the viral
life cycle by facilitating the acidification of the endosomally entra-
pped virus, thereby enabling release of its RNA genome to allow
viral replication (5). TheM2 ion channel is 97 amino acids in size but
it is the membrane-spanning portion (residues 22–46) that is re-
quired for its proton transport activity (6, 7) and its amantadine
sensitivity (8). This transmembrane helix segment participates in the
formation of tetramers (9) giving rise to an ion channel pore and it
had been assumed that the adamantane-related compounds exerted
their inhibitory effect by binding and therefore blocking this pore
(8). Recently, two high-resolution structures containing the trans-

membrane portion of the M2 protein were simultaneously pub-
lished.These structureswere solvedusingX-ray crystallography (10)
and solution state NMR (11) in the presence of amantadine and
rimantadine, respectively. Each structure is globally similar, dis-
playing a tetrameric helical bundle that forms an ion channel that is
lined by polar residues (Fig. 1). Moreover, both structures elucidate
the importance of the pH sensitive His37 and Trp41 residues that
make up the channel gate at the base of the channel. The pro-
tonation state of theHis37 residue in particular has been previously
shown to play a critical role in proton channel gating (12–14). Dif-
ferences between the two structures relate to the openness of the
channel with theX-ray structure displaying an open state compared
with the NMR structure that is in a closed conformation. The most
striking and controversial difference, however, involves the location
of the adamantane binding site, with the X-ray structure showing
binding in the channel pore near the N terminus and the NMR
structure reporting binding near the helix–helix interface of the
tetramer near the C terminus (Fig. 1). This difference can in no way
be regarded as subtle and cannot simply be attributed to the dif-
ferent-sized M2 peptide fragment used because both fragments
have been shown to confer comparable folding, drug binding, and
proton translocation properties (15). Subsequent studies have been
published to shed light upon both binding modes (16–20) and re-
cently, a solid state NMR (ssNMR) study by Cady et al. has shown
that amantadine binding to both sites may exist (21).
Anumber of strategies have been used to probe the adamantane

binding sites and some of these have included the substitution of
key binding site amino acid residues, several of which are found in
adamantane-resistant strains of the virus (17, 20, 22). Resistance
to adamantane drugs develops both in vivo and in vitro and gen-
erally results from single point mutations inM2 involving residues
26, 27, 30, 31, and 34 (23, 24). Two residues, V27 and S31, are
naturally dominant in vivo mutations and isolates bearing these
mutations have increased alarmingly over recent years (25). Sub-
stitution of these two amino acids in adamantane structural and
functional studies has yielded results suggestive of an ion pore-
binding model. Mutation of residue D44 has little or no effect on
amantadine inhibition (22) but has been identified in the solution
NMR, lipid facing binding model as the residue responsible for
binding with rimantadine (11). For this model, an unconventional
allosteric mechanism has been proposed to rationalize the exis-
tence of the pore-lining adamantane-resistant mutants. Therefore
the three residues, V27, S31, and D44, provide an ideal basis for
examination of the M2 ion channel binding site.
Surface plasmon resonance (SPR) has been previously used to

measure drug interactions to liposomes; however, its application
in drug binding measurements to viral ion channels is more chal-
lenging with only two studies attempted. These studies involved
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amantadine binding to M2 ion channels (26) and protein E from
the coronavirus responsible for severe acute respiratory syndrome
(27). The binding of amantadine to the M2 ion channel, however,
was found to be weaker than expected (by a factor of ∼103), sug-
gesting that this binding event may not be related to amantadine’s
inhibitory mode of action. Similarly, the binding affinity to pro-
tein E was extremely weak (7 mM) and comparable to binding of
amantadine to empty liposomes. Here we investigate the binding
of amantadine and rimantadine to small M2 peptides (residues
22–46) embedded in 1,2-dimyristoyl-sn-glycero-phosphocholine
(DMPC) liposomes, using a modified SPR protocol. We identify
a high- and a low-affinity binding site and use the three mutants,
V27A, S31N, and D44A, to probe each of the two high-resolution
binding site models proposed. We find that the high-affinity site
correlates to the pore-binding model (X-ray model) whereas the
low-affinity site can be ascribed to binding of the helix–lipid in-
terface (solution NMRmodel). It is most likely that this latter site
represents a peripheral binding event that is not related to the
inhibitory mode of action associated with the adamantanes.

Results
The interaction of drugs with biological membranes and drug tar-
gets that reside inmembranes is an important aspect of drug design.
The accurate determination of drug binding affinities in such sys-
tems is crucial in understanding their pharmacological mode of
action. The use of SPR as a tool to measure the drug binding af-
finities is well documented; however, measurements of drug bind-
ing to membrane-embedded proteins (in particular ion channels)
presents a more challenging prospect. The viral ion channels or
viroporins represent one of the smallest classes of ion channels and
present an ideal opportunity to investigate drugbinding toaprotein
in amembranous environment. The debate surrounding themech-
anism of adamantane drug inhibition of M2 channel viroporins

from influenza A also presents a perfect platform to showcase the
capabilities of this technique. Here we use SPR to probe the
mechanism of adamantane drug inhibition on M2 ion channels.

SPR Liposome Capture and Drug Binding Responses. The process of
SPR events that include the liposome capture on the Biacore L1
sensor chip aswell as the drug binding cycle is shown inFig. 2A. The
procedure involves the assembly of an artificial membrane surface
by flowing M2 peptides embedded in DMPC liposomes over the
chip surface until a maximal response is observed, indicating lipo-
some saturation of the chip. This step is followed by the addition of
PBS buffer to remove unbound liposomes and then injection of
drug with subsequent measurement of the maximal response. The
drug is then removed with PBS and the sensor chip is regenerated
by cleaning with the isopropanol/HCl mixture.
Many drugs, particularly those that interactwithmembrane pro-

teins, also have the potential to partition within membranes and it
has been previously noted that amantadine interacts with mem-
branes (28, 29). Using a protocol described by Abdiche et al. (30)
[Eq. 1], it was possible to accurately measure the affinity of these
drugs to empty DMPC liposomes using SPR. For the adamantane
drugs, Fig. 2B clearly shows a binding response at high drug con-
centrations and when analyzed, they were found to have a binding
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Fig. 1. Structures of the transmembrane domain of the influenza A M2 ion
channel showing the adamantane binding sites. Key active-site residues are
highlighted V27 (green), S31 (yellow), and D44 (orange). (A) Side and top–
down view of the X-ray crystal structure of M2 (residues 22–46) bound to
amantadine (blue) (3C9J) showing an ion-channel pore-binding site. (B) Side
and top–down view of the solution NMR structure of M2 (residues 18–60)
bound to rimantadine (magenta) (2RLF), showing a lipid-facing adamantane
binding pocket.
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Fig. 2. SPR responses obtained for adamantane drug binding to DMPC li-
posome surface. (A) Typical sensorgrams for the complete liposome capture
and drug binding cycle. (B) Binding response curves of amantadine and
rimantadine to empty liposomes for the concentration range 0.01 μM to
10 mM. Mean binding-affinity values and their SDs are provided (n = 3 and 6
for amantadine and rimantadine, respectively). (C) Representative experi-
ments showing a biphasic concentration–response curve for amantadine and
rimantadine binding to the wild-type M2 ion channel peptides embedded
in DMPC liposomes.
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affinity of 20 mM and 1.1 mM for amantadine and rimantadine,
respectively. In the case where the drug binding affinities to ion
channels are comparable to the drug/liposome binding constants,
both of these membrane interactions must be taken into consid-
eration during the analysis and are included asKDlipid andKDpeptide
in Eq. 1.
Upon the incorporation of the M2 peptides in the liposome

preparation, a very different response profile was observed with
addition of the adamantanes compared with the empty liposomes
(Fig. 2C), suggesting that the M2 peptides had been successfully
incorporated and that a specific binding eventwith thepeptides had
occurred. Figure 2C also shows that the amantadine/rimantadine-
concentration responses to M2 ion channels under equilibrium
conditions are biphasic in nature, indicating that two distinct
binding events may be taking place. Analysis of SPR responses can
be used to determine the stoichiometry of drug binding. However,
because at high adamantane concentrations drug molecules are
most likely displacing lipid molecules from the liposome, a direct
stoichiometric comparison between the two binding events was not
feasible. These two binding events were studied independently by
examining the SPR responses at drug concentration ranges of 0.1–
100 μM (low concentration) and 100 μM to 10 mM (high concen-
trations). Experiments were carried out at low concentrations for
thewild-type strain ofM2(residues 22–46) aswell as itsM2mutants
V27A, S31N, and D44A. The data were fitted using Eq. 1 with
representative binding curves displayed in Fig. 3 and the resultant
binding affinities are summarized in Table 1. From these data,
amantadinewas found to bindwild-typeM2 ion channels with aKD
value of 0.91 μMand theD44Amutant with aKD value of 0.13 μM.
In contrast, the V27A and S31N mutants can no longer support
amantadine binding at these low concentrations.A complementary
set of experiments was carried out with rimantadine and similar
results to those for amantadine were observed (Table 1), i.e., KD
values of 0.38 and 0.77 μM for wild type and D44A, respectively,
whereas no binding was observed for either V27A or S31N.
Analysis of data for the high amantadine concentration range

(Fig. 4) resulted in a markedly different binding profile compared
with the low concentration data. First, the binding affinity of
amantadine was ≈450-fold weaker (0.40 mM) but more impor-
tantly, the D44A mutant did not support amantadine binding
whereas the V27 AM2mutant was found to bind with comparable
affinity to thewild-type peptide, anoutcome that is opposite to that
observed at low amantadine concentrations. Analogous to the low

concentration results, the S31N mutant was found not to bind
amantadine. Importantly, the results observed at high concen-
trations for thewild-type and S31N,V27Amutants are remarkably
similar to the results reported by Astrahan et al. (26), which are
included in Table 2 for comparison. This is not surprising given
that both studies were performed at a similar concentration range.
The binding affinities of rimantadine at low and high concentra-
tion ranges were found to be comparable to those of amantadine
(Tables 1 and 2) and indicate that the different binding sites pro-
posed by theX-ray and solutionNMRmodels cannot be attributed
to the minor structural differences in the side chain of these two
inhibitors. Whereas the weaker binding site affinities of the two
adamantane drugs to wild-type M2 are similar, it should be noted
that this weaker binding for rimantadine is only a factor of 2
stronger than rimantadine binding to liposomes. The rimantadine
binding response curves at low and high concentrations are pre-
sented in Fig. S1.

Discussion
The publication of the high-resolution structures of the M2 ion
channel/adamantane complexes (10, 11) has sparked great con-
troversy in the drug design field with regard to the exact pharma-
cologically relevant binding site of these drugs to the M2 ion
channel. The importance in resolving this issue has been high-
lighted in recent studies where both binding models have been
used in drug molecular docking studies as the starting basis of
a drug design strategy (17, 31). It had been assumed that the
adamantane drugs, amantadine and rimantadine, bind in the pore
region of the M2 ion channel by interacting with a series of pore-
lining residues that include S31and V27 as depicted in Fig. 1A.
Evidence supporting such an interaction is compelling and has
been derived from wide-ranging sources that involved solid-state
NMR (21, 32, 33), site-directed mutagenesis (19), and stoichio-
metric and functional studies (34). Indeed, when the structure of
an amantadine/M2 complex was recently solved by X-ray crystal-
lography (11), it was of no surprise that amantadine was reported
to bind in the channel pore with many of the predicted amino acid
residuesV27,A30, S31, andG34 all found in close proximity to the
amantadine molecule. However, in parallel with this study an
NMRstructure emerged that suggested that rimantadine bound to
the outside of the M2 protein helices facing the lipid bilayer with
residue D44 participating in a hydrogen bond interaction with
rimantadine (Fig. 1).

Wild - type V27A

S31N D44A

0.91 ± 0.05  µµM 

0.13 ± 0.03 µM
No Binding 

No Binding 

A B

C D

Fig. 3. Representative SPRdose–response curves for aman-
tadine at low-concentration (0.1–100 μM) binding to M2
ion channels embedded in DMPC vesicles. (A) Wild type.
(B) V27A. (C) S31N. (D) D44A (logarithmic concentration and
Inset show standard concentration). Curves represent the
equilibrium-binding data fitted to Eq. 1. The mean equilib-
rium-binding affinity and SD for amantadine are displayed
throughout. The term “no binding” refers to no specific
binding to M2 ion channels.
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Coexistence of Two Adamantane Binding Sites on M2. The SPR
results indicate that two concentration-dependent binding events
are taking place for both amantadine and rimantadine to the M2
ion channel. This is a critical finding and offers a logical expla-
nation for the apparent discrepancy in the binding site observed
between the X-ray and NMR structural data. The higher-affinity
binding site for amantadine had a KD of 0.91 μM at pH 7.5,
which is of similar magnitude to that found in several earlier
inhibitory studies (9 μM, ref. 34; and 2 μM, ref. 35). Confirma-
tion of micromolar binding between amantadine and M2 ion
channels in lipid bilayers has also been recently reported using
isothermal calorimetry (15), where a slightly lower KD value of
0.23 μM was measured in POPC/POPG bilayers.
An earlier SPR study also addressed the question of aman-

tadine binding to M2 ion channels (26). In this study the affinity
of amantadine to M2 was reported to be 360 μM, which is
considerably weaker than the high-affinity value measured here
or in any other published study. Careful examination of the
conditions used in this study revealed a working amantadine
concentration range of 0.07–10 mM, which is outside the range
for higher-affinity binding measurements. Interestingly however,
inspection of our data at this concentration range (Fig. 4A)
suggests that a genuine binding event is taking place that, when
analyzed, yields an almost identical binding constant (0.40 mM)
to that previously measured by Astrahan et al. (26) (Table 2).

Mutational Analysis of the M2 Adamantane Binding Site by SPR. Our
SPR results indicate that amantadine and rimantadine are ca-
pable of interacting with the M2 ion channel at two distinct sites
with significantly different binding affinities. At low drug con-
centrations both the S31N and V27A mutants failed to bind the
adamantanes whereas the D44A mutant facilitated binding to
both amantadine and rimantadine with affinities comparable to
or greater than that observed for the wild-type data. This result
demonstrates conclusively that in our binding assay the absence
of D44 does not preclude binding of the adamantanes. In fact,
the binding affinity for amantadine is increased for this particular
mutant, indicating that modification of D44 may allosterically
influence the ion pore-binding site, thereby facilitating tighter
inhibitor binding. Comparison of the binding profiles of the
adamantane drugs at high concentrations reveals a very different
binding profile for two of the mutants. At high adamantane
concentrations the S31N and D44A mutants were found not to
bind to M2 ion channels. The fact that at high concentrations the
adamantanes do not bind the S31N mutant through the D44
residue provides additional support for an allosteric relationship
between S31 and D44. Interestingly, an alternative interpretation
of this allosteric relationship has been suggested by Pielak et al.
to explain how the mutation of active-site residues abolishes
binding to a remote site (20). At high concentrations, the mutant
V27A is capable of binding the adamantanes with a similar af-
finity to the wild-type M2. Because the V27A variant is ada-

Wild - type V27A 

S31N D44A 

0.40 ± 0.10 mM 0.38 ± 0.04 mM 

No Binding No Binding 

A B 

C D 

Fig. 4. Representative SPR dose–response curves for amantadine at high-concentration (0.1–10 mM) binding to M2 ion channels embedded in DMPC vesicles.
(A) wild type. (B) V27A. (C) S31N. (D) D44A. Curves represent the equilibrium-binding data fitted to Eq. 1. The mean equilibrium-binding affinity and SD for
amantadine are displayed throughout. The term “no binding” refers to no specific binding to M2 ion channels.

Table 1. Binding constants of amantadine and rimantadine to M2 ion channels at low drug
concentrations

Amantadine Rimantadine

M2 variant
Binding affinity

KD, μM SD, μM n
Binding affinity

KD, μM SD, μM n

Wild type 0.91 0.054 6 0.38 0.028 6
V27A NB NB 6 NB NB 6
D44A 0.13 0.025 3 0.77 0.062 6
S31N NB NB 3 NB NB 6

NB denotes no specific binding to M2 ion channels.
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mantane resistant, it suggests that this lipid-binding face cannot
alone act as the pharmacologically relevant binding site.

Location of the Adamantane Binding Sites of M2. Previous dis-
cussions in the literature concerning the M2 adamantane binding
site locations have focused on the quality and validity of the X-ray
and NMR data (19, 20, 36). However, the differences observed in
binding site location could be attributed simply to the specific
conditions associated with each of the two techniques. Examina-
tion of the experimental conditions (Table S1) shows differences
in (a) themembrane solubilizing conditions, (b) pH conditions, (c)
the type and concentration of inhibitor, and (d) the length of the
M2 peptide. Each of these differences has the potential to in-
fluence where and how strongly the adamantane inhibitors may
bind. This point is further demonstrated in a recent ssNMR study
inwhich amantadine binding toM2was found to occur at both sites
in a concentration-dependent manner (21). Apart from the drug
concentration, the ability to detect drug binding at both M2
binding sites may also depend on the other factors. For instance,
the low temperatures used in ssNMR (243 K) may help reduce
motional averaging experienced by the drug in the pore sufficiently
to detect binding at this site. Alternatively, the micelle environ-
ment used by solution NMR could distort theM2 ion channel, not
enabling the drug molecules to bind within the pore. All of these
factors provide valid explanations for the variability associated
with the detection of the adamantane binding sites. Similarly, it
could also be reasonably argued that the diverse methods and
different conditions (such as drug concentration) used for the M2
functional assays may explain some of the discordant results aris-
ing from these studies (17, 20, 37). It is interesting to note that
there is good correlation between the high-binding-affinity SPR
data with the results seen in influenza plaque assays and patch
clamping experiments (17, 37) as well as between the liposomal
flux assay (20) and the low-affinity SPR data (Table S2).
Due to its relatively uncomplicated setup, SPR is a technique

capable of clarifying many of the inconsistencies detailed above.
The presence of two concentration-dependent binding sites has
also now been elucidated by ssNMR (21) and key elements of this
study support our findings of high- and low-affinity sites. Never-
theless there are some important aspects of this work that are
enhanced when viewed in conjunction with our SPR results. First,
whereas the ssNMR study presents a comparative estimate of the
two amantadine binding affinities (>40), our study provides a
precise determination of these binding affinities revealing a dif-
ference of up to three orders of magnitude in binding. Second,
through the mutational analysis, SPR suggests that an allosteric
relationship may exist between the two binding sites. Finally, our
SPR study provides confirmatory evidence that the D44 residue is
a key residue implicit in low-affinity binding, which is in agreement
with the ssNMR study (21).

Which Binding Mode Is Pharmacologically Relevant? The presence of
these two distinct binding sites has raised the question of whether

two modes of adamantane inhibition may be at work (38) and
several key findings in this article shed light upon this issue. First,
the fact that low-affinity binding of the adamantanes to V27A can
still occur despite thismutant being adamantane resistant suggests
that this site cannot independently inhibit M2 activity. Second, we
have presented evidence of an allosteric relationship between the
D44 and S31 residues of M2, allowing for the possibility that
binding at the low-affinity site could synergistically influence the
major pore-binding site. Approaching high adamantane concen-
trations, this cooperative binding event may account for some of
the ambiguous results observed for some of the functional data
(20). Importantly, however, on the basis of the very different SPR
binding affinities of the two sites (0.91 vs. 400 μMfor amantadine),
it is highly likely that only the high-affinity pore site would be ad-
equately populated on the basis of the steady-state plasma con-
centration recommended for these drugs [i.e., 300 ng/mL (∼2 μM)
for amantadine) (39). Furthermore, this last argument strongly
suggests that the adamantane pore-binding site is responsible for
itsmain pharmacological action and the lipid facing site represents
a secondary binding site that is unlikely to be of any pharmaco-
logical relevance at the therapeutic dose used in a clinical setting.
In conclusion we have demonstrated using SPR that adaman-

tane drugs are capable of bindingM2 ion channels at two sites with
binding site affinities differing by approximately three orders of
magnitude. Using site-directed mutagenesis we have mapped the
high-affinity binding site to the pore of the channel and the low-
affinity site to a lipid facing pocket involving D44. On the basis
of adamantane inhibitory studies, we conclude that the lipid facing
pocket is not the primary site for the pharmacological action
of adamantane drugs but rather represents a weaker secondary
binding event that at artificially high drug concentrations may in-
fluence the inhibitory action of the principal pore-binding site.

Materials and Methods
M2 Peptide Synthesis and Purification. The wild-type M2 peptide (A/Udorn/72
strain) and its mutants were synthesized using solid phase chemistry on
a Symphony/Multiplex multiple peptide synthesizer, using FMOC protection.
Sequences are listed: (i) M2 WT SSDPLVVAASIIGILHLILWILDRL; (ii) M2 D44A
SSDPLVVAASIIGILHLILWILARL; (iii) M2 S31N SSDPLVVAANIIGILHLILWILDRL;
(iv) M2 V27A SSDPLAVAASIIGILHLILWILDRL.

PeptideswereproducedbyKerryMcAndrewat theBio-Molecular Resource
Facility (BRF) at the Australian National University and received as a freeze-
dried powder. A 10-mg quantity of peptide was dissolved in 5 mL of a 50/50
mixture of buffer A (Milli Q water with 0.1% trifluoroacetic acid) and buffer B
(60%2-propanol, 30%acetonitrile,10%MilliQwaterwith0.1%TFA)andthen
vortex mixed until dissolved before loading onto a C4 reverse phase HPLC
column. Peptides were eluted from the column using a 40-min linear gradient
from 20 to 100% buffer B and then lyophilized. The purity of the peptide was
confirmed on an ABI 4800 MALDI TOF-TOF mass spectrometer.

Liposome Production. Liposomes were produced by organic solvent extraction
using chloroform for the lipid components and trifluoroethanol (TFE) for the
protein samples. The lipid component DMPC (Avanti polar lipids) was dis-
solved in chloroform at 10 mg/mL, placed in a round-bottomed flask, and
evaporated by rotary evaporation at room temperature. For proteo-liposome

Table 2. Binding constants of amantadine and rimantadine to M2 ion channels at high drug
concentrations

Amantadine Rimantadine

M2 variant
Binding affinity

KD, μM SD, μM n
Binding affinity

KD, μM SD, μM n

Wild type 400 (360) 100 (90) 3 500 150 3
V27A 380 (480) 37 (120) 3 810 270 3
D44A NB NB 3 NB NB 3
S31N NB NB 3 NB NB 3

The binding affinities displayed in parentheses were derived from an independent SPR study (26).
NB denotes no specific binding to M2 ion channels.
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preparations, an appropriate amount of peptide dissolved in TFE was added
to the liposome mixture, at a lipid to peptide ratio of 50:1, and the solvent
was removed by rotary evaporation. To solubilize the lipid or proteolipidfilm,
themixture was dissolved in PBS, pH 7.4 (10mMNa2HPO4, 137mMNaCl), and
incubated at 37 °C for 30 min with constant mixing. After solubilization, the
crude liposome was freeze–thaw cycled between liquid nitrogen and a 40–
50 °C water bath. To provide a uniform liposome sample, liposomes were
extruded through a nitrogen powered extruder (Lipex Biomembranes), us-
ing a 0.1-μm Nucleopore cutoff membrane filter. Assessment of liposome
size and quality was performed using dynamic light scattering measure-
ments carried out on a Malvern Instruments Zetasizer Nano ZS. Electron
microscopy images were also taken to confirm the formation of liposomes.

SPR. SPR measurements were performed on a Biacore 2000, using a carbox-
ymethyl dextran-coated (L1) chip capable of binding liposomes. Running
buffers were filtered throughWhatman 0.2-μm PVDFmembrane filters twice
before beginning the experimental run, and drug solutions were filtered
through a 0.2-μm syringe filter to remove any large aggregates. The L1 chip
was cleaned before each experiment with a 50/50 mixture of isopropanol
and 100 mM HCl and equilibriated with PBS buffer. After cleaning, the lip-
osomes were immobilized over the chip (40 μL at a flow rate of 2 μL/min).
Any excess of unbound liposome was removed by flowing 10 mM NaOH in
PBS (10 μL at a flow rate of 20 μL/min) followed by PBS application for 4 min
at a rate of 20 μL/min.

Binding experiments were carried out by injecting the adamantane drugs
(60 μL at a flow rate of 20 μL/min) in the concentration range from 0.5 μM to
10 mM. Following the drug injection, the maximal response was noted and
thereafter the drugs were allowed to dissociate for 1 min by application of
PBS (at a flow rate of 20 μL/min). All binding assays were run overnight at

a temperature of 20 °C. The results were analyzed with the Biaevaluation
software (Biacore) and report tables were analyzed with Microsoft Excel
using an in-house program, “divide and conquer.” This program formats the
data for export as well as allowing for normalization of the data relative to
the amount of liposomes bound to the surface.

Because kon and koff rates of adamantane binding were extremely rapid,
the binding analysis was based on equilibrium steady-state measurements,
using maximal response values during the addition of the drug. The binding
results were represented as concentration-response curves by fitting the
data to Eq. 1, using the program Graphpad Prism. Eq. 1 is adapted from the
Biacore Biaevaluation software and includes two separate binding-affinity
terms, KDlipid and KDpeptide (30, 40) (in the case where drugs were bound to
empty liposomes, the KDpeptide component of Eq. 1 was not used):

Response ¼

 Rmax

�
1�

KDLipid=½Drug� þ 1
�þ 1�

KDPeptide=½Drug� þ 1
�
�
þ Ns ×  ½Drug�: [1]

KDLipid is dissociation constant to the empty liposome, KDpeptide is dissociation
constant to the ion channel, Rmax is the maximal response, and Ns is any
nonspecific interactions.

The quality of the fit was assessed by considering both the R2 value and the
SE. Typically, R2 values were >0.90 and the SE <10%.
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