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ABSTRACT: Recent findings from solid state NMR (ssNMR) studies
suggested that the (R)-enantiomer of rimantadine binds to the full M2
protein with higher affinity than the (S)-enantiomer. Intrigued by these
findings, we applied functional assays, such as antiviral assay and
electrophysiology (EP), to evaluate the binding affinity of rimantadine
enantiomers to the M2 protein channel. Unexpectedly, no significant
difference was found between the two enantiomers. Our experimental
data based on the full M2 protein function were further supported by
alchemical free energy calculations and isothermal titration calorimetry
(ITC) allowing an evaluation of the binding affinity of rimantadine
enantiomers to the M2TM pore. Both enantiomers have similar channel

blockage, affinity, and antiviral potency.
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mantadine (1) and rimantadine (2) (Scheme 1) are
channel blockers of proton transit by the influenza virus

Scheme 1. Structures of Studied Aminoadamantane
Derivatives Amantadine (1), Rimantadine (2, 2-R, and 2-S),

and Rimantadine Analogue 3
NH;* . NH,* gNH{
M2 proton channel”” and long used prophylactics and

12
therapeutics against influenza A viruses.” The primary binding
site of 1 and 2 is the lumen of the transmembrane domain of a
tetrameric M2 protein (M2TM: amino acids 22—46) that
forms the proton transit path.”

Although 1 and 2 have been used as antivirals for decades, it
was only after 2008 that high resolution structures from X-ray
and ssNMR experiments unveiled the structures of M2TM in
complex with 1 or 2.7 According to these findings, the
M2TM protem channel is blocked by 1 or 2 via a pore-binding
mechanism.°~'" The adamantane cage in 1 or 2, as well as in
other aminoadamantane analogues,"' " is tightly contacted on
all sides by V27 and A30 side chains, producing a steric
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occlusion of proton transit®™” and thereby preventing the viral
replication. The ssNMR results for 2 also demonstrated that
the ammonium group of the drug is pointing toward the four
H37 residues at the C-terminus.” This orientation can be
stabilized either through hydrogen bonds between the
ammonium group of the aminoadamantane ligand and water
molecules in the channel lumen which exist between the
imidazoles of H37 and the ligand,"” and/or with A30 carbonyls
in the vicinity,"* according to experimental”'*™'® and MD
simulations data."”'”"™** Provided that M2TM is a minimal
model for M2 binding,lo these high resolution structures can be
used for the development of new ligands which may bind more
effectively to the M2TM pore.

The effect of ligand’s chirality in its binding with a chiral
receptor is of outstanding significance and the characterization
of protein—ligand interactions for each enantiomer separately
may identify potential stereospecific binding interactions to the
receptor. While rimantadine analogues are known antiviral
drugs for more than four decades, the relative potency of
rimantadine enantiomers has not been studied at the molecular
level. The binding affinity of each enantiomer results from
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chiral interactions with the binding area inside the 4-fold
symmetric M2 protein. Based on differences in isotropic
chemical shift changes measured using ssNMR and MD
simulations results, it has been recently suggested that 2-R
and 2-S have a strong but differential blndmg to full length M2,
i.e., that 2-R binds more tightly than 2-S.*° This was the first
state of the art ssNMR study of the full M2 protein and analysis
of the rimantadine enantiomers binding by ssNMR, but this
conclusion appears to be puzzling because: (1) 2-R and 2-S
have similar in vivo antiviral activity in protecting mice from
lethal influenza;** (2) rimantadine was developed prior to the
1992 FDA guidance on the development of stereoisomers. It
was approved as commercial drug in the US in 1993 containing
both enantiomers. To solve the controversy between the in
vitro binding assay, i.e., ssNMR results, and the in vivo efficacy
results, we hereby characterize the binding affinity of the two
rimantadine enantiomers and their antiviral efficacy using a
consortium of in vitro and cellular assays and biophysical/
computational studies.

Taken together, our results demonstrate that rimantadine
enantiomers (2-R and 2-S) have equal potency. Since the
controversy aroused from previous ssNMR studies of 2-R, 2-S
bound to the full M2 protein, we first provided data including
the antiviral activity of 2-R, 2-S against amantadine-sensitive
influenza A virus strains and the blocking effect of the
enantiomers against M2 using EP. Then we investigated the
effect of the enantiomers to M2TM using biophysical
techniques. More specifically, the antiviral potency of
compounds 2-R, 2-S, and 3 against amantadine-sensitive A/
Udorn/72 and A/WSN/33-M2-N31S viruses was measured.
The blocking effect of 2-R, 2-S, and 3 against full length A/
Udorn/72 M2 protein (M2y4om/72) and A/WSN/33-M2-N31S
protein (MZWSN/33_N315) conductance was measured using EP
via a two-electrode voltage clamp (TEVC) assay. Compound 3
is a nonchiral dimethyl analogue of rimantadine, and it was
designed and synthesized as a probe to independently validate
the biophysical assay results from 2-R and 2-S, as described
below. The ITC binding affinities of 2-R, 2-S, and 3 against the
M2TMygem7, in its closed form at pH 8 were measured.
Following up, we applied a free energy perturbation coupled
with MD simulations (FEP/MD) scheme to calculate the
relative free energies of binding between the rimantadine
enantiomers (2-R and 2-S) as well as compound 3 to
M2TMyqem/7>- In particular, we calculated the relative free
energies of binding for the alchemical transformations of 3 to 2-
R and 3 to 2-S.

For the synthesis of primary fert-alkyl amine 3 (AdC-
Me,NH,), the fert-alkyl alcohol § was prepared according to
Scheme 2 from the Grignard reaction between 1l-adamantane
carbonyl chloride 4 and methylmagnesium iodide. Treatment
of tert-alkyl alcohol § with NaN;/CF;CO,H in dichloro-
methane afforded azide 6 in high yield, which was further
subjected to reduction through LiAlH, to form tert-alkyl amine
3 in a good yield.

An antiviral assay was used”>*° to compare the antiviral
activity of 1, 2, 2-R, 2-§, and 3 against two amantadine-sensitive
influenza A strains, A/Udorn/72 (H3N2), and A/WSN/33-
M2-N31$*” (HIN1) in MDCK cells. All compounds showed
submicromolar ECs, values against both influenza strains, and
there was no significant difference between the two rimantadine
enantiomers 2-R and 2-S (Table 1).

The inhibitors were tested via TEVC assay using X. laevis
frog oocytes microinjected with RNA expressing the M2
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Scheme 2. Synthetic Scheme for the Preparation of tert-Alkyl
Amine 3

OH
O._ClI
1) CH3zMgl (3 eq.),
ether NaN; / TFA 1M/ DCM
2) NH,CI (aq), 0 °C 0 °C then RT, 24h
4 5 (86%)
NH,
CH
L|AIH4 HsC 3
ether reflux 5h
6 (80%) 3 (73%)

Table 1. Antiviral Activity of Compounds 1—3 against
Influenza Virus A/Udorn/72 (H3N2) and A/WSN/33-M2-
N31S (HIN1) in Madin—Darby Canine Kidney Cells

compd ICgy (uM)? (A/Udorn/72) ICy, (uM)® (A/WSN/33-M2-N31S)
1 0.33 £+ 0.04 0.48 + 0.05
2 0.0S + 0.02 0.04 + 0.02
2-R 0.05 + 0.01 0.04 + 0.01
2-S 0.06 + 0.02 0.02 + 0.01
3 0.04 + 0.01 0.03 £+ 0.02

“Mean and standard deviations of the 50% inhibitory concentration
(ICsp) of at least three independent measures.

protein as in a previous report.” Specifically, the blocking effect
of the aminoadamantane derivatives against M2 was inves-
tigated with electrophysiology experiments using M2ygom/72
(Table 2). The potency of the inhibitors was expressed as the

Table 2. Block of Full-Length M2-Dependent Current by
Adamantane Analogues”

M2ygom/72 M2yysn/33N315
% block after % block after % block after % block after
compd 2 min S min 2 min S min
1 90 + 2% 95 + 1%
(100 uM; 3) (100 M 3)
2 96 + 1% 96 + 1% 84 + 1% 93 + 0%
(100 uM; 3) (100 uM; 3) (100 uM; 3) (100 pM; 3)
2-R 93 + 1% 95 + 1% 71 £ 1% 90 + 1%
(100 uM; 3) (100 uM; 3) (100 uM; 3) (100 M 3)
2-S 95 + 1% 96 + 1% 78 + 1% 92 + 0%
(100 uM; 3) (100 M; 3) (100 uM; 4) (100 M 4)
3 90 + 2% 96 + 1% 56 + 3% 80 + 2%
(100 uM; 3) (100 uM; 4) (100 uM; 3) (100 pM; 3)

“For each compound, percent block of pH-dependent M2 current at
listed concentrations (+ SEM). Parentheses show number of
replicates.

inhibition percentage of the A/M2 current observed after 2 and
S min of incubation with 100 uM compound. The electro-
physiology experiments against M2;4,.,/7, showed that 2-R and
2-S block the M2 channel equally to amantadine (about 90%)
at a concentration of 100 gM. In addition, we also tested these
aminoadamantane analogues in inhibiting another amantadine-
sensitive M2 channel, M2yysy,33.n315 Which contains the V28I
mutation in M2TM sequence, with an electrophysiology assay.
Again, no significant difference in channel blockage after S min
was found among 2-R, 2-S, and 3. As discussed previously,28
these measurements at 2 or 5 min are made prior to the
establishment of equilibrium due to very slow on and off rates
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Table 3. Binding Constant, Free Energy, Enthalpy, and Entropy of Binding Derived from ITC Measurements for M2TMyoq/72

ligand de AG?
1 2.17 £ 0.52 =777 £ 0.14
2 0.51 + 0.26 —8.64 + 0.30
2-R$ 0.32 + 0.16 —8.97 + 0.26
2-8% 0.34 + 0.12 —8.88 + 0.21
3 0.13 + 0.12 —9.30 + 043

“See Scheme 1.

Blndlng constant Ky in M calculated from measured K, in M~ by K = 1/K, X 10~

AH —TAS™

—6.66 + 0.50 —1.11 £ 0.52
—7.60 + 0.28 —1.04 £ 041
—7.54 + 0.34 —1.42 + 043
—7.73 £ 0.28 —1.15§ £ 0.3
—4.19 + 0.28 =512 + 0.51

¢ and error in Ky in #M determined by Ky, errr

= (K, eror/ K, %) x 107® (ITC measurements were performed in triplicate for each ligand to calculate means and standard deviations). “In kcal mol™
Free energy of binding computed from Ky by AG = —RT In(K;/K) with K;* = 1 M and T = 300 K and error in AG determined accordmg to

AG,,,, = (%) with T = 300 K. “Enthalpy of binding and error in the enthalpy of binding calculated from measured binding enthalpy and
a

measured error by AH = AH,,qured (T/T,

293.15 K. /Entropy of binding calculated by AS = (—AG + AH)/T and error in AS computed by the equation AS

" neasured) With T = 300 K and the temperature at which the ITC measurements were performed T,

measured -

+ AH,

error A Gerror error

&The purity of each enantiomer used was 90% for 2-R and 95% for 2-S; the enantiomeric excess (ee) of both 2-R and 2-S is 99% (Mosher’s method) ;

the purity of compound 3 used was >99%.

for entry of thedrugs into the constricted M2 channel and the
problems of maintaining cells at low pH for extended periods.

Table 3 includes thermodynamic parameters of binding
against M2TMuygo,/72- Binding affinities were determined by
ITC* for M2TM-ligand systems in dodecylphosphocholine
(DPC) micelles at pH 8, where M2TM fragments form stable
tetramers.”’ ITC measurements yield the enthalpy of binding
(AH) as well as the dissociation constant (K;). From Kj, the
binding free energy (AG) is calculated (Table 3). The
estimation of the binding entropy is based on the difference
between AG and AH. Binding constants of 1, 2R 2-S, and
racemate 2 were measured in a previous work'> and were
included in Table 1. The enantiomers 2-R and 2-S may have a
different enthalpy of binding against M2TM protem since the
two complexes formed are diastereomers.’’ As depicted in
Table 3, enantiomers 2-R and 2-S have the same Kj values
against M2TMygom/72 (Kg = 0.34 and 0.32 uM respectlvely)
These values are close to the Kj = 0.51 M of the racemic 2,'
considering the errors of the measurements and that the
commercially available enantiomers have a lower chemical
purity compared to racemic 2 (see Table 3, note g). An effect
from the impurities on the ITC results of 2-R and 2-S cannot
be excluded. However, we do not expect large changes in the
measured Ky values for 2-R and 2-S, given also the very similar/
identical affinity results of the two enantiomers from TEVC and
antiviral assays. Compound 3, having two methyl groups
instead of one methyl group in 2, has the smallest K, (0.13
M), ie, the highest binding affinity of all studied amino-
adamantane compounds, suggesting that polar and lipophilic
characteristics are well balanced in its structure. All three
compounds (2-R, 2-S, and 3) were more potent than
amantadine (1).

We then analyzed the binding properties of 2-R and 2-§ by
performing alchemical free energy calculations'>*” using the
Bennett acceptance ratio (BAR) method.*>** The calculations
for the alchemical transformations 3 — 2-R, 3 — 2-S were run,
and the results of the FEP/MD predictions were compared
with binding affinities measured by ITC (Table 4). The
computational predictions were set by employing a protocol
successfully benchmarked by our group in order to match
experimental conditions as closely as possible." M2TMudon/72
structure was simulated in the closed conformation found at
high pH and after assigning a neutral form for all H37.
M2TMygom/72-ligand complexes were simulated in DMPC
bilayers, which represent an optimal membrane mimetic system
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Table 4. Relative Binding Free Energies for Pairs of
Compounds Computed with the BAR Method for M2TM
Embedded in a DMPC Bilayer or Derived from
Experimental Binding Affinity Data in Table 3

M2TMUd0m/7Z
transformation AAGp™ AAG,,™
3 - 2R 0.62 + 0.14 0.33 + 0.50
328 0.68 + 0.15 042 + 048

“In keal mol™". “Propagation error calculated according to the
bootstrap method.*” “Difference in binding free energy calculated from
experimentally determined Ky values by AAG = —RT In (K/*/K®)
with T = 300 K and error calculated from individual experimental

2 2
errors by erroryzg = 4/ (erronyg 2 ° + erroryg 7).

for retaining proper M2TM structure compared to other
glycerophospholipids.”> We used an experimental structure
(PDB ID 2KQT"”) determined at pH 7.5 in DMPC bilayers;
the restraints of the apo-M2TM structure were originally
measured by the Cross group.5 This M2TMygom/7, structure is
already adapted to these environmental conditions, and thus
only a short equilibration phase is required. The experimental
relative binding free energy values (AAG,,) for the trans-
formations 3 — 2-R and 3 — 2-S were 0.33 and 0.42 kcal mol™
(Table 4), favoring 3. The experimental relative binding free
energy values were quite close to calculated values (AAGggp) of
0.62 and 0.68 kcal mol™, respectively (the accuracy of the
calculations method is ~1 kcal mol).**** The calculations also
predict the experimental finding by ITC that 2-R and 2-S have
the same binding affinity against M2TMygom/7, (Table 3),
which is consistent with the results from aforementioned
antiviral and electrophysiology assays performed using full M2
protein (Tables 1 and 2). Thus, using the functional core of M2
(transmembrane domain) for binding studies is appropriate.
The simulated complexes of M2TMygy,,/7, With 2-R, 2-§,
and 3 showed that the height of the ligands inside the pore
differed only slightly, that is less than 0.3 A toward the N-
terminus relatively to 1 (Table S1), and the orientation of 2-R
and 2-S in the pore differs only slightly, in accordance to their
induced similar ssNMR chemical shifts for S31 and G34 when
complexed with M2.** The center of mass between the four
V27 and the adamantyl ring of the ligand (V27-Ad) varies
between 4.0 and 4.5 A on average (Table S1). For 2-R and 2-S
the average tilt angle was measured ~14°, in accordance to
experimental ssNMR values,” and for 3 the average tilt angle

DOI: 10.1021/acsmedchemlett.6b00311
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(a)

(b)

Figure 1. Representative replicas from the simulation (a) of 2-S and (b) of 2-R bound to M2TMygom/7>- Seven and eight waters are shown between
the ligand and H37 residues, respectively. Three hydrogen bonds between the ammonium group of the ligand and three water molecules are shown.
Hydrogen bonding together with van der Waals interactions of the adamantane core with V27 and A30 stabilize the ligand inside the pore with its

ammonium group oriented toward the C-terminus.

was measured ~5°. The angle between the pore axis or the
normal of the membrane and C—N bond vector was ~11° for 1
and close to 50° for 2-R, 2-§, and 3. These angle values suggest
that the ammonium group of all aminoadamantane compounds
is oriented toward the C-terminus, in consistency with previous
experimental findings®”’ and MD simulations'****® (Table
S1). The distance between the adamantyl ring and the center of
mass between the four A30 (Ad-A30) for 1—3 was measured
~1 A, and the distance CH;(lig.)-G34Ca for 2-R, 2-S, and 3
was 2.9, 3.2 and 2 A respectively, close to the REDOR
measurements for 2-R, 2-S.”* The adamantyl ring was embraced
by the V27 and A30 side chains, which defined the binding site
of the ligands. Compounds 1, 2-R, 2-S, and 3 form hydrogen
bonds (average of three hydrogen bonds) through the
ammonium group with neighboring water molecules which
are positioned between the ligand and H37 residues. In the area
located below the adamantyl ring toward the N-terminus no
waters were found,'>*>***® which is consistent with the proton
blocking effect of 1 and other aminoadamantane deriva-
tives.”'>** A snapshot from the simulation of ligands 2-R and
2-S is depicted in Figure 1. The CHCHj; fragment, which
includes the chiral carbon of 2-R, 2-S, fits into the cleft between
G34 and A30, with the later being a chiral amino acid that can
differentiate binding interactions between the two enantiomers.
However, the distance CH;(lig.)-A30CHj, which is similar for
both enantiomers (3.9 + 0.3 and 3.5 + 0.3 A), suggests no
difference in their van der Waals interactions. The measures
suggest that hydrogen bonding interactions for 2-R, 2-S and
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geometric measures, which reflect van der Waals contacts, were
found to be similar for both enantiomers (see Table S1). These
measures are consistent with the calculated relative binding
affinities, which are in accordance to the ITC data and
functional assays described previously.

Our results demonstrated no difference in the binding affinity
between the two enantiomers, whereas the recent ssNMR
study” concluded that 2-R is a stronger binder than 2-S.
According to our best understanding, the authors in ref 23
made the following important observations in the ssNMR
spectra regarding the relative binding of 2-R and 2-S. In the
presence of 2-R or 2-S a new resonance (i.e., one that was not
recorded in the spectrum of the apo-M2 protein) was observed
for S31 at 120/64 ppm in the *N/"*Ca spectrum, which had
strong intensity for both enantiomers. The G34 resonance had
also a stronger intensity for both enantiomers compared to the
spectrum of the apo-M2. The S31 and G34 resonance
frequencies were similar for both 2-R and 2-S. These results
provided an experimental evidence that both enantiomers bind
strongly and the binding site and orientation of the drug in the
pore are similar for the two enantiomers as mentioned in ref 23.
However, the authors reported the appearance of an additional
resonance of medium intensity for the 2-S enantiomer at 115/
63 ppm close to the frequencies of the S31 resonance of the
unbound M2 state at ~114/62 ppm and suggested a weaker
binding of 2-S. Possibly the results published by Wright et al.”’
are not in full agreement with those reported here as a

DOI: 10.1021/acsmedchemlett.6b00311
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consequent of the different methodology they applied, ie.,
ssSNMR spectroscopy.

In conclusion, our results showed that rimantadine
enantiomers (2-R and 2-S) bind equally well to the M2 proton
channel and have equal channel blockage and antiviral activity
against amantadine-sensitive M2 channels. This conclusion was
supported by a consortium of techniques including antiviral
assays, electrophysiology ITC, and FEP/MD. Our nonclinical
results support the previous use of rimantadine as a racemic
mixture drug for the prevention and treatment of influenza
virus infection. Further correlation of these results with the
pharmacokinetic and pharmacodynamic properties for each
enantiomer in humans would confirm these findings. For
example, although there are no significant differences in the
concentration—time profiles and disposition of 2-R and 2-S and
of the 3-hydroxyrimantadine metabolites,”” large stereospecific
differences in the disposition of their 4-hydroxyrimantadine
metabolites are observed.*® However, it should be noted that 3-
and 4-hydroxy metabolites, both of which are found in
rimantadine-treated patients, showed only modest inhibitory
activity against influenza A virus, i.e., they are modestly active
metabolites.*’
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