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ABSTRACT: Recently, the binding kinetics of a ligand−target interaction, such as the
residence time of a small molecule on its protein target, are seen as increasingly important for
drug efficacy. Here, we investigate these concepts to explain binding and proton blockage of
rimantadine variants bearing progressively larger alkyl groups to influenza A virus M2 wild
type (WT) and M2 S31N protein proton channel. We showed that resistance of M2 S31N to
rimantadine analogues compared to M2 WT resulted from their higher koff rates compared to
the kon rates according to electrophysiology (EP) measurements. This is due to the fact that,
in M2 S31N, the loss of the V27 pocket for the adamantyl cage resulted in low residence time
inside the M2 pore. Both rimantadine enantiomers have similar channel blockage and binding
kon and koff against M2 WT. To compare the potency between the rimantadine variants
against M2, we applied approaches using different mimicry of M2, i.e., isothermal titration
calorimetry and molecular dynamics simulation, EP, and antiviral assays. It was also shown
that a small change in an amino acid at site 28 of M2 WT, which does not line the pore,
seriously affects M2 WT blockage kinetics.
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Novel approaches are necessary in early drug discovery for
optimal drug design and improved therapy. Recently, the

kinetics of a ligand−target interaction, such as the residence time
of a small molecule on its protein target, are seen as increasingly
important for in vivo efficacy and safety.1

The antiviral agents amantadine (1) and rimantadine (2)
(Scheme 1) are well-established to be blockers of proton
transport by the influenza A virus (IAV).2,3 The primary binding
site of 1 and 2 is the transmembrane domain lumen (TM, amino

acids 22−46) in the four-helix bundle of tetrameric M2, which
forms the proton transport path.2 Since 2008, high-resolution
structures have become available for complexes of M2TM wild
type (WT) with 1 or 2 (Figure S1).4−9

Compounds 1 and 2 are effective prophylactics and
therapeutics against IAVs, provided they contain the M2TM
WT such as A/Udorn/72H3N2 (Udorn) and A/Hong Kong/68
H3N2 (HK), but not those containing M2 S31N such as A/
WSN/33 H1N1 (WSN) (Figure S2). Since 2005, the
amantadine (1)-insensitive Ser-to-Asn mutation at position 31
in M2 (S31N) has become globally prevalent, abrogating the
clinical usefulness of 1.10

Compound 2 is ranked among the best binders to M2TM
WT11,12 and most potent anti-IAV agents among the amino-
adamantane derivatives.13,14 Thus, the synthesis of symmetrical
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Scheme 1. Structures of Aminoadamantane Derivatives 1−5
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analogues of 2with the addition of twomethyl (3), ethyl (4), and
n-propyl (5) groups on the carbon bridge was accomplished
(Scheme 1) aiming at filling progressively from 3 to 5 the extra
space between the ligand and the walls in M2 WT or M2 S31N
with a few alkyl groups. Binding affinities of 1, 2, 2-R, 2-S, and 3−
5 were measured by ITC against the M2TM WT and its S31N
variant in their closed form at pH 8. Furthermore, we measured
the antiviral activity of the rimantadine analogues against IAV
strains and the blocking effect of the compounds against full
length Udorn M2, Udorn M2 S31N, and Udorn M2 V28I using
electrophysiology (EP), and the kinetics of binding were
compared. Molecular dynamics (MD) simulations of ligand
binding to M2TMWT and its S31N variant in their closed form
were performed for investigation of the binding mode
interactions.
For the synthesis of primary tert-alkyl amines 3−5, the raw tert-

alkyl alcohols 7a−c were prepared according to Scheme 2 from

the reaction between 1-adamantanecarbonyl chloride 6 and an
organometallic reagent (see Supporting Information). It was
reported that the reaction of 1-adamantanecarbonitrile with ethyl
magnesium bromide and titanium tetraisopropoxide afforded 4
in 52% yield.15 We tested twice this procedure with 1-

adamantanecarbonitrile and methylmagnesium bromide yielding
in our hands 3with only 10% yield, which is lower than the∼50%
yield starting from 6 or 1-adamantanecarboxylic acid (Scheme
2).
Table 1 includes thermodynamic parameters of binding

against M2TM WT and M2TM S31N. Binding affinities were
determined by ITC for M2TM−ligand systems in dodecylphos-
phocholine (DPC) micelles at pH 8, where M2TM fragments
form stable tetramers (see also Supporting Information).16

Compound 1 has a Kd of 2.17 μM. As depicted in Table 1,
enantiomers 2-R and 2-S have the same Kd values17 against
M2TM WT (Kd = 0.34 and 0.32 μM, respectively). Compound
3, having two methyl groups instead of one methyl group in 2,
has the smallest Kd = 0.13 μM, i.e., the highest binding affinity of
all studied aminoadamantane compounds, suggesting that polar
and lipophilic characteristics are well balanced in its structure.
The diethyl derivative 4 and dipropyl derivative 5 exhibit lower
binding affinities against M2TM WT (Kd = 4.59 and 3.43 μM,
respectively). A balance between enthalpy and entropy
determines the free energy of binding as shown in Table 1.
The entropy presumably changes significantly from 1, 2 to 3, 4
on binding because the ordered clathrate water surrounding the
ligand is dispersed as the ligand enters the water-poor channel
cavity. This is more prominent for 3 and 4, as expected due to
their larger hydrophobic surfaces. Presumably, it would have
gone up even more for 5, but this clathrate effect was probably
countered by a reduced ligand entropy in the channel due to
restricted rotation inside the receptor binding area. Compounds
1−3 did not bind efficiently to M2TM S31N according to
isothermal titration calorimetry (ITC) and previous surface
plasmon resonance measurements for 1,18 while 5, with a larger
adduct connected to adamantane, binds weakly to M2TM S31N
compared to M2TM WT according to ITC.
The cytopathic effect (CPE) inhibition assay was used19 to

compare the antiviral potency of 1−5 against HK, Udorn, WSN,
and WSN M2 N31S (generated by reverse genetics from WSN)
in MDCK cells (Table 2). The amino acid sequences of M2 WT
in Udorn and HK are identical, not just in the TM region but in
the full length protein. There was no potency against the
amantadine-resistant WSN with the compound concentrations
used. All compounds showed low micromolar activity against
Udorn, HK, and WSN M2 N31S with 3 being the most potent
agent exhibiting submicromolar potency. Inhibition of repli-

Scheme 2. Synthetic Scheme for the Preparation of
Compounds 3−5

Table 1. Binding Constant, Free Energy, Enthalpy, and Entropy of Binding at 300 K Derived from ITCMeasurements for M2TM
WT (from Udorn, Upper Table) and the M2TM S31N (Lower Table)

liganda Kd
b ΔGc ΔHd −TΔSe

M2TM WT
1 2.17 ± 0.52 −7.77 ± 0.14 −6.66 ± 0.50 −1.11 ± 0.52
2 0.51 ± 0.26 −8.64 ± 0.30 −7.60 ± 0.28 −1.04 ± 0.41
2-R 0.32 ± 0.16 −8.97 ± 0.26 −7.54 ± 0.34 −1.42 ± 0.43
2-S 0.34 ± 0.12 −8.88 ± 0.21 −7.73 ± 0.28 −1.15 ± 0.35
3 0.13 ± 0.12 −9.30 ± 0.43 −4.19 ± 0.28 −5.12 ± 0.51
4 4.59 ± 2.21 −7.33 ± 0.28 −3.29 ± 0.62 −4.03 ± 0.68
5 3.43 ± 1.05 −7.50 ± 0.18 −6.23 ± 0.45 −1.27 ± 0.48

M2TM S31N
1−3 f f f f
5 >10 f f f

aSee Scheme 1. bBinding constant Kd in μM 2. cFree energy of binding in kcal mol−1. dBinding enthalpy in kcal mol−1. eEntropy of binding in kcal
mol−1. fValues could not be determined reliably due to the limitations of the methods in the area of very weak binding (see also SI for definition of
quantities).
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cation of Udorn was further confirmed with plaque-reduction
assay (results not shown). It is of note that 5 only reduced the
plaque size but not the number of plaques. The cytotoxicity data
(Table 2) showed that 1−4 are nontoxic with CC50 values >100
μM, but 5 is mildly toxic with CC50 ≈ 57 μM.
The EC50 values for 1−5 (Table 2) prioritize the same

derivative for M2 WT virus inhibition, i.e., 3, in agreement with
the results from the Kd values from ITC experiments based on
M2TM WT binding (Table 1). Compound 3 is almost equal in
structure with rimantadine (2) without having a chiral center.
Compound 3 has also a promising selectivity index based on the
in vitro cytotoxicity data.
The inhibitors were tested with a two-electrode voltage clamp

(TEVC) assay using X. laevis frog oocytes microinjected with
RNA expressing the M2 protein as in previous reports.13,17 The
blocking effect of the aminoadamantane derivatives against M2
was investigated with EP experiments using Udorn M2 and
UdornM2 S31N. BecauseWSN has the V28I substitution inM2,
UdornM2 V28I was generated and studied in parallel to examine
whether small changes in WSN in the side chains of amino acids
that do not line the pore (Figure S2) affect aminoadamantane
blocking properties. The blocking effect of the inhibitors was
expressed as the inhibition percentage of the M2 current
observed after 2, 5, and/or 10 min of incubation with 100 μM
compound (Tables 3 and S1).
After 5 min, 3 and 4 block Udorn M2 and Udorn M2 V28I as

well as 1 (about 90% and 80%, respectively). Generally, after 2
and 5 min, the percentage of current inhibition was progressively
increased for 3 and 4. It is noteworthy that 5 against Udorn M2
exhibited 27% blocking at 2 min, 38% at 5 min, and 61% at 10
min (Table 3). The IC50 values of 3 and 4 for Udorn M2 and
Udorn M2 V28I were reduced from 2 to 5 min time points
(Tables 3 and S1). These measurements at 2, 5, or 10 min are
made prior to the establishment of equilibrium21 due to very slow
on- and off-rates for entry (see the kon and koff rate values in
Tables 3 and 4), especially of the bulky ligands like 5, together
with the difficulty of maintaining cells at low pH for extended
periods. Thus, the very slow binding of 5 (Table 3) should not be
viewed as inconsistent with the high antiviral potency
(submicromolar EC50) against WT (V28; S31) viruses (Table
2), the latter representing much longer exposure times than EP
experiments.
In a very recent paper,20 the authors showed that when

Kd(TEVC) = koff/kon was smaller than a threshold, an in vitro
antiviral activity was exhibited. For amantadine (1), koff/kon =

10−6 M (1 μM) was measured against M2 WT, which correlates
with good in vitro antiviral potency. When koff/kon ∼100 μM or
higher, antiviral potency was not observed even for quick binders.
For example, 4-(2-adamantyl)piperidine (compound 3 in ref
20), although a quick blocker against Udorn M2 and the
amantadine resistant UdornM2V27A, was ineffective against the
corresponding influenza A strains. The authors also showed that
2-(1-adamantyl)piperidine (compound 8 in ref 20) was a slow
binder against Udorn M2 (48% at 2 min, but 90% at 6 min) but
still has good antiviral efficacy, possibly because, although kon is
low, koff is really low. This is the case with compound 5 against
Udorn M2 WT in the present study (see Table 3). It has a
reduced onset of block compared to 1, 2, and 3, but also has a low
dissociation rate constant, so it still has micromolar efficacy
against infections of cell cultures by viral strains with M2 WT.
In studies focusing on the development of aminoadamantane

ligands against IAV, derivatives are often initially tested in TEVC
assays at 100 μM concentration at 2 min, and only the most
potent compounds are then tested using whole cell assays.21 If
the same procedure had been applied here, 5 would not have

Table 2. Cytotoxicity (CC50) and Antiviral Activity (EC50) of Compounds 1−5 against IAVsHK, Udorn,WSN, andWSNM2N31S
in Madin−Darby Canine Kidney Cells

EC50 (μM)a

HK Udorn WSN

ligand M2 (V28; S31) M2 (V28; S31) M2 (I28; N31S) M2 (I28; N31) CC50 (μM)a

1 NDc 0.78 ± 0.44 0.48 ± 0.05 >100 >100
2 0.05 ± 0.04 0.09 ± 0.03 0.04 ± 0.02 >100 >100
2-R NDc 0.05 ± 0.01 0.04 ± 0.01 >100 >100
2-S NDc 0.06 ± 0.02 0.02 ± 0.01 >100 >100
3 0.012 ± 0.003 0.01 ± 0.001 0.03 ± 0.02 >100 >100
4 0.46 ± 0.25 0.41 ± 0.23 1.01 ± 0.13 >100 >100
5 0.45 ± 0.34 1.07 ± 0.31b 1.06 ± 0.23 >100 57.3 ± 11.3
Oseltamivir 0.002 ± 0.001 0.001 0.02 ± 0.01 0.03 ± 0.01 >100

aMean and standard deviations of the 50% inhibitory concentration (EC50) and the 50% cytotoxic concentration (CC50) of at least three
independent assays. bInhibition of plaque size without reduction of plaque number. cND: Not determined.

Table 3. Blocka of Inward Currents in Oocytesb Transfected
with Full-Length Udorn M2 by Selected Compounds

ligand

Udorn M2a,b

% block
(2 min)

% block
(5 min)

% block
(10 min)

IC50 (2 min)
(μM)

IC50 (5 min)
(μM)

1 90 ± 2 95 ± 1 NDc 12.5 4.7
2 96 ± 1 96 ± 1 NDc 10.8 NDc

2-R 95 ± 1 96 ± 1 NDc NDc NDc

2-S 93 ± 1 95 ± 1 NDc NDc NDc

3 90 ± 2 96 ± 1 NDc 9.3 4.0
4 78 ± 2 91 ± 1 NDc 24.3 13.2
5 27 ± 1.2 38 ± 1.6 61 ± 2.3 NDc NDc

ligand kon (M
−1 s−1) koff (s

−1) Kd (μM)d

1 327 0.003 9
2 416 0.003 7
2-R 412 0.0013 3.2
2-S 407 0.0016 3.9
3 230 0.003 13
4 NDc NDc NDc

5 34 0.003 88
aFor each compound, percent block of pH-dependent M2 current at
listed concentrations (±SEM) and IC50 (μM) are shown. bThree
replicates were used for measurements at 100 μM. cND: Not
determined. dKd (TEVC) = koff/kon.
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been tested, even though it proved to be a low micromolar
inhibitor according to Kd values from ITC experiments with
M2TM WT (Table 1) and CPE assay (Table 2) results. Thus,
TEVC percent block for 100 μM at 2 min in MDCK cells
underestimated the potential of 5. Similarly 4 would not have
been tested based on percent block at 2 min in TEVC with
Udorn M2 V28I (Table S1). Slow block could be associated with
tight block, and this phenomenon should not be overlooked in
short-lasting experiments. The results suggested that TEVC
results, when used for compound filtering, need careful
interpretation for compounds having low association rate
constant for binding to the full length M2, which also depends
on the M2 pore. In this regard, ITC measurements represent an
important additional tool for clarifying the binding energies of
novel derivatives to M2TM given their capacity for sufficient
relaxations of equilibrium between titration injections. Never-
theless, it is clear from the ITC, CPE (all strains with M2 WT),
that 5 (and 4 where tested) are ∼10-fold less active than 3.
For Udorn M2 V28I, the percentage of current inhibition is

lower; compounds 3 and 4 inhibit Udorn M2 more rapidly than
Udorn M2 V28I (Table S1). A small change in an amino acid at
site 28 (V28I) of M2, which does not line the pore, seriously
affects M2 blockage kinetics. The inhibition of 3 and 4 on both
Udorn M2 and Udorn M2 V28I are irreversible in our
experimental time frame, as was also observed for 1 with both
proteins (data not shown).
After the aforementioned results highlighted the importance

of kon, koff values on ligand behavior, we were intrigued to further
investigate the block the block of rimantadine enantiomers
against Udorn M2WT protein in EP, considering the differences
in resonances seen in ssNMR studies of 2-R or 2-S bound to the
full-length Udorn M2 protein.22 We previously showed17 that 2-
R and 2-S showed similar channel blockage against Udorn M2
WT when tested in EP at 100 μM at the 2- or 5 min time point,
and this result is consistent with that from ITC measurements
(see ref 17 and Table 1) and antiviral assays (see ref 17 and Table
2). In our present work we seek to further investigate the binding
kinetics 2-R, 2-S by measuring the respective kon, koff,Kd (TEVC)
values. The EP measurements showed a koff = 0.0013 s−1 for 2-R
and a koff = 0.0016 s

−1 for 2-S (Table 3), i.e., the two enantiomers
had very similar binding kinetics. Thus, 2-R has a bit longer
residence time inside the receptor than 2-S, as reflected by its
slightly lower koff andKd values (2.4 vs 3.2 μM). In ref 22, the first
ssNMR study of the full length M2 in complex with rimantadine
enantiomers was published. Compound 2-Rwas argued to have a
higher affinity than 2-S based on differences in peak intensities
and position restrainedMD simulations. The results published in
ref 22 are in qualitative agreement with those reported here, but
not in quantitative agreement, as here we see no statistically
significant (ITC and EC50) or meaningful (EP) difference.
Perhaps this is a consequence of the different methodologies
applied, i.e., EP vs ssNMR spectroscopy. Chemical shifts

differences and peak intensities do not provide an accurate
quantitative estimate of binding affinity values. The EP results,
antiviral assays, and ITC results showed clearly that the two
rimantadine enantiomers have similar binding free energies,
channel blockage, kon and koff rate constants, and antiviral
potencies. We conclude that they form equally stable complexes
and have the same residence time inside M2 WT.
The compounds did not bind to Udorn M2TM S31N

according to ITC and did not exhibit antiviral potency against
WSN virus, which contains both the S31N and the V28I
mutations. We showed that a valuable parameter to explain the
resistance of M2 S31N viruses to rimantadine analogues
compared to M2 WT is a higher koff rate (i.e., a smaller residence
time inside M2 S31N). According to our previous results, this is
due to the fact that, in M2 S31N, the loss of the V27 pocket for
the adamantyl cage11 resulted in low residence time inside
M2TM and a lack of antiviral potency; but for 5, the sizable
adducts resulted in a weak binding, which is albeit not sufficient
for antiviral potency.11 It is the high dissociation rate constants
that render aminoadamantanes useless against S31N viruses like
WSN leading toKd (TEVC) in the millimolar range compared to
the micromolar range for M2 WT binding.
In the S31N variants, TEVC (Table 4) shows very high exit

rate constants, especially for 2 (0.9 s−1) and 5 (0.14 s−1),
consistent with the unmeasurably high Kd in ITC (Table 1,
lower) and EC50 in CPE (Table 2, WSN). Interestingly, in these
two cases, 2 and 5 have low% block of inward currents at 2, 5, and
10 min in Udorn M2 S31N (Table 4), and somewhat similar kon
rates to 1 and 3, albeit lower compared to M2 WT, (Table 3),
demonstrating that mutations can have complex, ligand-
dependent effects on entry and exit rates.
M2TM WT complexes were simulated using an experimental

structure of M2TM WT (PDB ID 2KQT4,8) determined at pH
7.5 in the presence of 1 (see ref 11 for details). No significant
differences in measures were detected between trajectories with
production times of 4 and 80 ns (Tables S2 and S3). To ensure
that the measures were meaningful, the equilibration of the
membranes was tested. To verify this, the average area per lipid
headgroup was measured in the simulation of the different lipids
and compared with experimental results.23 The calculated values
approached the experimental ones of pure lipid bilayers (see
Figure S4 and Table S5). The center of mass between the four
V27 residues and the adamantane cage of the ligand stabilized as
explained in Figure 1 varies between 4.1 and 4.5 Å on average
(Tables S2 and S3). Hydrogen bond interactions for 2-R and 2-S
and geometric measures, which reflect van der Waals contacts,
were found to be similar for the two enantiomers, suggesting
equal binding interactions as previously discussed (Figure S3).17

In diethyl and di-n-propyl derivatives (4 and 5), the alkyl groups
seem to better fill the space between the ligand and the pore
walls; but in these cases, restricted motion and the resulting
entropy cost of binding may be significant and decrease the

Table 4. Block of Full-Length Udorn M2 S31N-Dependent Current 2 by Selected Compoundsa,b

Udorn M2 S31N

ligand % block after 2 min % block after 5 min % block after 10 min kon (M
−1 s−1) koff (s

−1) Kd
e

1 35 ± 2 36 ± 1 36.3 ± 1 143 0.03 210 μM
2c 1.0 ± 0.2 1.5 ± 0.4 NDd 22 0.9 >10 mM
3 21 ± 2 30 ± 3 33 ± 1 18 0.008 444 μM
5 7.0 ± 0.4 7.6 ± 0.2 8.0 ± 0.4 79 0.14 1.8 mM

aFor each compound, percent block of pH-dependent M2 current at listed concentrations (±SEM) and IC50 (μM) are shown. bThree replicates
were used for measurements at 100 μM. cRacemic. dND: Not determined. eKd = koff/kon.
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binding affinities compared to 3 (Tables 1−3 and S1).
Configurations from the simulations of ligands 3 and 5 are
depicted in Figure 1. In all cases, in the region located above the
adamantane core (i.e., toward the N-terminus) no water
molecules were found, which is consistent with the proton
blocking effect of the aminoadamantane derivatives.2,11,22,24

The MD simulations of the complex of 3 or 5 with M2TM
S31N showed that the ligand cannot bind tightly to M2TM
S31N because significant favorable van derWaals interactions are
missing (Figure 2). The S31N mutation of M2TM results in a
shift of the hydrophobic adamantyl ring toward the C-terminus,
due to the enhanced repulsive forces of the asparagine amide side
chains to the adamantyl ring and attraction to water molecules.
As a consequence, the stabilizing hydrophobic interactions of the

V27 isopropyl groups with the adamantyl ring that are present in
the M2TMWT are lost in M2TM S31N.11 The bulky Val27 and
N31 side chains are oriented toward the N-terminus the latter
forming hydrogen bonding interactions with water molecules;
the ammonium group of the ligands are also turned toward the
N-terminus, allowing significant hydrogen bonding interactions
with the polar N31 side chains and the nearby water molecules.11

The hydrogen bonding interactions with N31 are consistent with
our magic angle spinning (MAS) experimental data for
spiro[pyrrolidine-2,2′-adamantane]−M2TM S31N complex.
With the adamantane compound present, there was a chemical
shift perturbation for N31 and G34 compared to the apoM2TM
S31N.11 In the M2TM WT, the adamantyl ring is well
accommodated by the V27 and A30 side chains, and sizable
adducts such as ligands 4 and 5 additionally fill the region
between A30 and G34 (Figure 1); but in M2TM S31N, the
adamantyl ring is between A30 and G34 (Figure 2), due to the
lack of a favorable hydrophobic pocket. We have also found11 an
absence of chemical shift perturbations for V27 in M2TM S31N
in presence of a bulky ligand, in comparison with the apoM2TM
S31N, contrasting with the significant chemical shift changes at
V27, S31, and G34 relative to the apo state reported when
rimantadine is bound to M2TM WT.17,22

Compound 5 has sizeable adducts in addition to the adamantyl
ring that can fill the region between A30 and G34, and the
interactions needed for binding are slightly improved, resulting in
weak binding to M2TM S31N according to ITC compared to no
binding for 1−3 (Table 1). This can be observed from the
snapshot for the complex of 5 with M2TM S31N in Figure 2b.
The results showed no binding of 1 and similar in size analogues
to M2 S31N and M2TM S31N, and only possible weak binding
for sizable adducts in the region between A30 and G34, which is
reflected by the high koff values. The last point is in agreement
with the results from MAS and OS ssNMR spectra.11

In summary, in this work, we compared the potency between
the rimantadine analogues against M2 using four different M2
mimicry methods, i.e., ITC, MD simulations, EP, and antiviral
assays. We investigated the binding kinetics of rimantadine
analogues with M2 WT and M2 S31N and how they influenced
the outcome of potency. We provided a kinetic perspective to
explain rimantadine variant binding, proton transport blockage,
and antiviral potency against influenza M2 WT and M2 S31N.
According to this study, aminoadamantane variants bearing a
polar head should exhibit a kinetic profile of small koff rates (i.e.,
long residence time inside the M2 S31N protein channel pore)
resulting in Kd = koff/kon values at the low micromolar region, for
them to exhibit inhibitory potency against M2 S31N protein.25

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsmedchem-
lett.7b00458.

Experimental and MD simulations additional material
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Tel: (+301) 210-7274834. Fax: (+301) 210 727 4747. E-mail:
ankol@pharm.uoa.gr.
ORCID
Jun Wang: 0000-0002-4845-4621
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Figure 2. Representative snapshots from the simulations of ligand 3 (a)
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