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properties. For instance, the binding of L-tryptophan to albumin
is 100 times greater than for D-tryptophan.3
The target of rimantadine, the M2 integral membrane
protein, functions at multiple stages of the inﬂuenza A viral life
cycle and is essential for viral replication.4 Truncated constructs
of M2, its transmembrane domain (M2TM, residues ∼22−46)
and its conductance domain (M2CD, residues ∼22−62) have
been the subject of numerous structural characterization
eﬀorts.5−10 In light of its pharmacological relevance, a number
of investigations have also focused on characterizing structural
changes induced by drug binding. Both of the previously
licensed anti-inﬂuenza inhibitors of the M2 channel,
amantadine and rimantadine, have been evaluated.5,11−13
While it has been established that proton conductance by the
homotetrameric M2 proton channel across the viral membrane
is inhibited by these adamantane analogues, the mechanistic
details of inhibition still remain unclear.13−15
A number of important observations with regard to drug
binding were reported by the aforementioned studies. Two
binding sites were initially observed. The lipid facing site at D44
exists when M2 is solubilized in a detergent environment or
under high inhibitor concentration when M2TM is solubilized
in lipid bilayers.6,7,13 The pore localized binding pocket in the
N-terminal region has been shown to be the primary binding
site in both M2TM and M2CD.2,7,9,11,12,15 Not surprisingly,
this is also the region of persistent amino acid mutations, L26F,
V27A, A30T and S31N, which occur naturally irrespective of
amantadine exposure.16 Most recently, a large-scale sequencing
analysis of globally circulating viral strains has shown a
prevalence rate of 95% for the S31N mutation.17 Rimantadine
binding to the M2 channel in vitro can be monitored through
chemical shift observation of this residue using solid state NMR
(ssNMR) experiments. In the presence of rimantadine the
Ser31 site in M2CD of the wild-type channel undergoes a
signiﬁcant isotropic 15N chemical shift perturbation of >5
ppm.13
In addition to identifying the primary drug binding site,
several protein−ligand interactions have been proposed. Early
M2/drug models suggested that the polar amine moiety of
rimantadine is located in the vicinity of the Ser31 hydroxyl
group.18a,b Molecular dynamics (MD) simulations suggested

ABSTRACT: Rimantadine hydrochloride (α-methyl-1adamantane-methalamine hydrochloride) is a chiral
compound which exerts antiviral activity against the
inﬂuenza A virus by inhibiting proton conductance of
the M2 ion channel. In complex with M2, rimantadine has
always been characterized as a racemic mixture. Here, we
report the novel enantioselective synthesis of deuteriumlabeled (R)- and (S)-rimantadine and the characterization
of their protein−ligand interactions using solid-state NMR.
Isotropic chemical shift changes strongly support diﬀerential binding of the enantiomers to the proton channel.
Position restrained simulations satisfying distance restraints from 13C−2H rotational-echo double-resonance
NMR show marked diﬀerences in the hydrogen-bonding
pattern of the two enantiomers at the binding site.
Together these results suggest a complex set of
interactions between (R)-rimantadine and the M2 proton
channel, leading to a higher stability for this enantiomer of
the drug in the channel pore.

F

or several decades the Food and Drug Administration has
recommended the characterization of pure enantiomers,
due to the structural diﬀerences in chiral compounds, which
lead to variability in pharmacological properties and mode of
action at the target site.1 Antiviral activity and protein−ligand
interactions of rimantadine hydrochloride (α-methyl-1-adamantane-methalamine hydrochloride), in complex with the M2
proton channel from inﬂuenza A virus, have always been
evaluated using a racemic mixture of the drug. Here, the
separate enantiomers of rimantadine as well as the racemic
mixture are experimentally investigated. The prevalence of
drug-resistant viral strains has halted clinical use of this
inhibitor due to loss of therapeutic eﬃcacy. Nonetheless,
there is ongoing interest in characterizing the structural basis
for rimantadine action at the atomic level to aid in the design of
novel inhibitors. Recent experimental investigations of the
truncated M2 channel in complex with rimantadine have
provided some insight into stabilizing interactions at the
binding site.2 Characterizing protein−ligand interactions for
each enantiomer separately will identify potential stereospeciﬁc
rimantadine binding interactions to the M2 proton channel. In
addition, characterizing the relative binding aﬃnity for each
enantiomer can suggest potential diﬀerences in pharmacological
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(6) and (S)-rimantadine-d3 hydrochloride (7) as white solids.
This route is expected to be amenable to production of this and
other enantiomerically enriched rimantadine isotopomers and
analogues.
To evaluate drug binding diﬀerences in vitro, we tested each
enantiomer in complex with the full length M2 (M2FL)
channel. There are 13 serine residues in M2FL. Of these, six are
in the N-terminus, one each in the TM and amphipathic helices
and ﬁve in the C-terminus. Due to spectral overlap, dynamics,
and ambiguity in resonance assignments, previous investigations have focused on the shorter M2 channel constructs.
Previously, the Ser31 15N/13Cα chemical shifts were reported
for M2CD in DOPC/DOPE bilayers as 113.9/63.2 ppm,10 and
separate preparations in DPhPC and POPC lipids had very
similar chemical shifts.13 To conﬁrm the assignment of the
Ser31 resonances from the apo WT preparation, a spectrum of
the S31N M2FL mutant is shown in Figure 1A (black) where it

that amantadine is oriented with amine toward the channel Cterminus.19 A rotational-echo double-resonance (REDOR)
experiment on the drug-bound M2TM conﬁrmed this
orientation.12 In this investigation, Cady et al. observed a
dipolar interaction between the deuterated methyl group of
rimantadine and the Cα site of Gly34. Static deuterium
experiments showed a small time-averaged tilt angle of 13° for
rimantadine relative to the channel axis,12 and a recent study by
Griﬃn et al. provides evidence for a hydrogen bond between
the polar amine group and the carbonyl oxygen of Ala30.2
Together these ﬁndings suggest that the stability of
rimantadine in the channel pore is attained through several
noncovalent interactions. However, since rimantadine has
previously only been prepared and evaluated as a racemate, it
is not possible to determine which interactions are essential and
should be used for optimization in structure-based drug design.
Considering the near four-fold symmetry of the binding
channel and drug dynamics in the channel pore, it is not
unreasonable to expect that both enantiomers of rimantadine
might bind similarly. Indeed, amantadine is achiral, and it is
thought that amantadine and rimantadine bind similarly within
the same pocket. However, higher aﬃnity for racemic
rimantadine than that of amantadine has been documented.20
Analysis of rimantadine binding as a racemate only provides
data on the mix of two potentially diﬀerent sets of interactions.
Here we resolve these two diﬀerent sets of interactions by
analyzing enantiomerically pure rimantadine.
We ﬁrst set out to prepare the two enantiomers of
deuterium-labeled rimantadine (Scheme 1). Enantioselective
Scheme 1. Enantiodivergent Syntheses of (R)- and (S)Rimantadine-d3 Hydrochloride

Figure 1. Superimposed 2D ssNMR 15N/13C (NCA) correlation
spectra. (A) 13C,15N-Ser,Gly-labeled S31N M2 (black) and WT (blue)
channel in the absence of drug. (B) Comparison of WT M2 with (red)
and without (blue) bound (S)-rimantadine. (C) Comparison of WT
M2 with (green) and without bound (R)-rimantadine (blue). Drug
was added to the sample at 8 drug molecules per channel. Extracted
slices are shown from the 2D NCA spectra (13C frequencies of 63.9
(B), 63.7 (C), and 63.2 (B, C) ppm).

synthesis of rimantadine has not been reported, so one was
developed. Ellman’s chiral sulﬁnimide methodology21 proved
convenient for this task, as it enabled an enantiodivergent
synthetic approach to either enantiomer from a common imine
precursor (i.e., 3). Adamantanecarboxylic acid (1) was treated
with excess methyllithium-d3 to produce adamantanyl methyl
ketone-d3 2, which was condensed with N-tert-butanesulﬁnamide in the presence of titanium tetraethoxide to give N-tertbutanesulﬁnimide 3. This imide intermediate was not isolated,
but instead was treated with either sodium borohydride or LSelectride to give Rs, R and Rs, S sulﬁnamides 4 and 5,
respectively, with excellent diastereocontrol in both instances.
Solvolysis of the two sulﬁnamides was accomplished in acidic
methanol to produce both (R)-rimantadine-d3 hydrochloride

is seen that the resonance at 113.9/63.2 ppm is absent. The
Ser31 15N chemical shift changes by ∼7 ppm upon binding
amantadine.13 Consequently, we performed 15N/13Cα (NCA)
experiments on the M2FL channel in the absence (blue) and
presence of the two rimantadine enantiomers (green (R) and
red (S)), in DMPC/DMPG (4:1 molar ratio) lipid bilayers at a
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ratio of 1:30 and pH 7.5 (Figure 1B,C). All serine sites, except
Ser50 in M2FL are likely to be in weakly or unstructured
regions of the protein, as suggested by their weak signal
intensity between 55 and 60 ppm in the 13C dimension. All of
these sites including Ser50 are likely to have weak intensity due
to signiﬁcant dynamics in the terminal domains of the protein.
In the presence of (S)- and (R)-rimantadine (Figure 1B,C) a
new resonance is observed at 120/64 ppm that is consistent
with the study of the racemic mixture of rimantadine, where
Andreas et al.13 assigned this to the drug bound Ser31 site. This
resonance is signiﬁcantly more intense than the signals for the
other 12 serine sites and in comparison to the unbound Ser31
resonance. Interestingly, the Gly34 resonance also appears to
be more intense. Such cross-polarization eﬃciency suggests a
more rigid structure for the bound state as previously observed
from M2TM studies upon drug binding.5
For the (S)-rimantadine enantiomer an additional resonance
is observed at 115/63 ppm close to the frequencies of the
unbound state and potentially in exchange with the bound
state. Quantiﬁcation of this peak is diﬃcult due to the
likelihood of more eﬃcient relaxation as in the absence of
the drug. Despite the same 1:8 molar ratio of channel to drug
for both enantiomers, the data suggest weaker binding of the
(S)-rimantadine enantiomer in the channel. Unlike the S31N
spectrum that shows a signiﬁcant shift and strengthening of the
Gly34 15N resonance, the binding of rimantadine results in a
much more modest shift in the Gly34 15N and 13C frequencies.
The similar frequencies for the Ser31 and Gly34 in the presence
of (S)- and (R)-rimantadine suggest that the binding site and
orientation of the drug in the pore are similar for the two
enantiomers. In addition, both enantiomers signiﬁcantly
enhance the Ser31 spectral intensity suggesting strong
interactions with the drug reduce the backbone dynamics and
lead to eﬃcient cross-polarization. To further investigate
protein−ligand interactions leading to diﬀerences in binding
dynamics and conformational geometries, we pursued
computational modeling of the enantiomers in complex with
M2.
REDOR measurements between methyl-deuterated (R)rimantadine and Gly34 13Cα (Figure 2) in WT M2FL yields
a time-averaged distance of 4.5 Å, very similar to that previously
determined using M2CD.2 The signiﬁcant reduction in S/S0
intensity and the observation of a single Gly34 13Cα chemical
shift demonstrate that the drug is sampling multiple
conformations that are pseudosymmetric or symmetric
resulting in a time-averaged distance. With these data for
(R)-rimantadine and the 15N/13Cα chemical shifts for the
Gly34 and Ser31 resonances, the ethylamine of both (R)- and
(S)-rimantadine can be localized to this region of the pore as
shown in Figure 3.
RosettaLigand22 was used to dock the enantiomers in the M2
channel by employing REDOR distance restraints. The top
ranking poses of (R)- and (S)-rimantadine were used to
prepare position restrained MD simulations of drug-bound
M2CD in the same hydrated DMPC/DMPG lipid bilayer
environment as in the ssNMR experiments. These simulations
showed marked diﬀerences in the hydrogen-bonding pattern
for the two enantiomers. A plot of these results is shown in
Figure 4, where the percentage of simulation frames that show
direct and water-mediated hydrogen bonds for both enantiomers is displayed. A higher percentage of the frames having
both hydrogen bonding forms is observed for the (R)enantiomer. Snapshots from these simulations are shown in

Figure 2. 13C−2H REDOR data from M2FL G34Cα in DMPC/
DMPG, S/S0 = 0.55 ± 0.05 at 15.2 ms. Intensity diﬀerence between
the control S0 (black) and dephased spectrum S (red) shown as
overlay (inset). Drug-channel distance quantiﬁcation in M2FL:
13
C−2H REDOR dephasing (S/S0) as a function of dipolar evolution
time for 13C-Ser, Gly WT M2FL in DMPC/DMPG lipid bilayers in
complex with (R)-rimantadine. Calculated dephasing for a sum of
distances contributing to the total dephasing curve (solid red line)
ﬁtted to the experimental data points (solid red circles). Error bars are
±2σ. Simulated (S/S0) trajectory for a distance of 3.5 or 5.4 Å (black
lines).

Figure 3. Representative structures of rimantadine (yellow) in a
hydrogen-bonding network with the M2 channel and from NMR
restrained RosettaLigand calculations followed by MD simulations.

Figure 4. Comparison of hydrogen-bonding network between the (R)and (S)- forms of rimantadine with M2. Ligand-Protein denotes the
formation of direct hydrogen bonds between rimantadine and M2.
Ligand-Water-Protein denotes the formation of water-mediated
hydrogen bonds between rimantadine and M2. The y-axis of the
plot denotes the percentage of simulation frames in which speciﬁc
hydrogen-bonding types are present.

Figure 3, illustrating that the polar amine group of (R)rimantadine is interacting with three hydrogen-bond acceptors
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from three diﬀerent monomers of M2 at the same time. One
direct hydrogen bond is formed with the Ala30 backbone
carbonyl; this carbonyl is in the same peptide plane as the
Ser31 amide, which has a signiﬁcantly perturbed 15N chemical
shift in the presence of rimantadine. In addition, two watermediated hydrogen bonds are formed with the Ala30 and
Gly34 carbonyls in two other monomers. In contrast, (S)rimantadine only infrequently forms direct hydrogen bonds and
only half as frequently forms water-mediated hydrogen bonds
with Ala30 and Gly34 (Figure 4). The result is a reduced
stability for the (S)- enantiomer, as shown by partial occupancy
of the binding site in Figure 1, while the (R)- enantiomer is
exhibiting full occupation.
Despite the four-fold symmetry of the drug binding site, the
interactions with a chiral ligand are very diﬀerent, suggesting
that the (R)-enantiomer is the more eﬀective drug. More
importantly, the observation of chiral interactions with a fourfold symmetric structure is important for future drug design
eﬀorts. The complex set of interactions that are mediated by
the (R) enantiomer involving three of the helices suggests that
complex structural rearrangements are needed, as these
interactions involve all four helices to generate the NMRobserved time-averaged structure. Together these results
deepen our understanding of the atomic-level interactions
stabilizing inhibitors in the M2 channel pore.
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