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ABSTRACT: Inﬂuenza A virus M2 (A/M2) forms a homotetrameric proton selective
channel in the viral membrane. It has been the drug target of antiviral drugs such as
amantadine and rimantadine. However, most of the current virulent inﬂuenza A viruses
carry drug-resistant mutations alongside the drug binding site, such as S31N, V27A, and
L26F, etc., each of which might be dominant in a given ﬂu season. Among these
mutations, the V27A mutation was prevalent among transmissible viruses under drug
selection pressure. Until now, V27A has not been successfully targeted by small molecule
inhibitors, despite years of extensive medicinal chemistry research eﬀorts and high
throughput screening. Guided by molecular dynamics (MD) simulation of drug binding
and the inﬂuence of drug binding on the dynamics of A/M2 from earlier experimental
studies, we designed a series of potent spirane amine inhibitors targeting not only WT, but also both A/M2-27A and L26F mutants
with IC50s similar to that seen for amantadine’s inhibition of the WT channel. The potencies of these inhibitors were further
demonstrated in experimental binding and plaque reduction assays. These results demonstrate the power of MD simulations to
probe the mechanism of drug binding as well as the ability to guide design of inhibitors of targets that had previously appeared to be
undruggable.

’ INTRODUCTION
Inﬂuenza virus infections present a major health problem on
an annual basis, particularly in years of large-scale pandemics.
The approved classes of small molecule drugs for treatment of
inﬂuenza viral infections include neuraminidase inhibitors
(zanamivir and oseltamivir) and M2 channel blockers (amantadine and rimantadine).1 Resistance to both classes is a problem: widespread resistance to the only orally bioavailable
neuraminidase inhibitor, oseltamivir (Tamiﬂu), was encountered
in the 200820092 and 20092010 ﬂu seasons,3 and although
amantadine was successfully used for over three decades, resistance is now so pervasive that the Centers for Disease Control and
Prevention (CDC) has advised against its continued use.4,5 Thus,
there is an urgent need to develop novel orally bioavailable
antivirals capable of targeting resistant strains of inﬂuenza A
viruses. While progress has been made in the area of neuraminidase inhibitors,68 the design of inhibitors that address highly
resistant forms of the M2 channel has proven to be challenging.1,9
Inﬂuenza A virus M2 proton channel (A/M2) forms a
homotetrameric channel in the viral membrane that selectively
conducts protons.1012 Once viruses enter the infected cell by
r 2011 American Chemical Society

receptor-mediated endocytosis, the low pH in the endosome
activates A/M2 and facilitates proton inﬂux and disruption of the
interaction of the viral RNA with its matrix.13 Another function of
A/M2 is to equilibrate the pH across the Golgi to prevent the
premature conformational change of the hemagglutinin, which
acts as a pH-dependent fusogen.1416
Although a variety of mutations can lead to amantadineresistance in vitro,1719 only three mutants, S31N, V27A, and
L26F, are generally observed in transmissible viruses that infect
pigs, birds, and humans.2022 These substitutions map alongside
the physiologically relevant drug binding site in the pore of the
channel.23 A very extensive survey of pore-lining mutants of the
M2 channel24 suggested a rationale for the surprising ﬁtness of
these mutants relative to the many less transmissible drugresistant variants that are generated in patients during the course
of amantadine or rimantadine treatment.19,25 L26F, S31N, and
V27A are relatively unique in terms of retaining near-native
proton ﬂux and pH activation curves,24 which appear to be
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parameters ﬁnely tuned to respond to the properties of a given
virus’ hemagglutinin protein while minimizing toxicity for the
parent cell until viral production is complete. Although S31N is
the substitution found in current resistant strains, in other years
V27A has predominated.26 Recent studies showed that the
current predominance of S31N is not the result of drug selection
pressure, because S31N was prevalent before the introduction of
amantadine and has become widespread in regions where
amantadine was never used.20,22 Instead, V27A was identiﬁed
to be the major mutation emerging from drug selection pressure.
While the L26F and S31N mutation causes a 1020-decrease in
the IC50s for amantadine inhibition, the corresponding V27A
mutation renders the channel entirely resistant to both amantadine and rimantadine.27 We therefore focused on this particularly
challenging mutant.
Over the last four decades, systematic studies of amantadine
analogues and library screening have elucidated structureactivity relationships and helped to identify potent channelblockers.1,9 However, there have been no conﬁrmed reports of
small organic molecules that potently target highly amantadineresistant variants of A/M2. Here, we use a combination of
molecular dynamics (MD) and classical medicinal chemistry
approaches to design very potent inhibitors of V27A and L26F.
MD was used to explore the mechanism of binding of amantadine to WT and of the designed inhibitor to V27A, thereby
informing the mechanism and potency of the designed compounds. Potent inhibitors in general require an ammonium
group, which associates with discrete, water-lined sites that might
be hotspots for stabilizing a diﬀusing hydronium ion. These sites
appear to be retained in the L26F and V27A mutants and formed
the basis for the design of inhibitors that target these variants
while maintaining aﬃnity for WT.

’ MATERIALS AND METHODS
Materials. All starting material chemicals were purchased from
commercial vendors and used without purification. Reactions were
carried out using HPLC grade solvents under N2 atmosphere. Compounds were purified by silica gel flash column chromatography and
characterized by ESI-MS, 1H NMR, and 13C NMR. Details about the
inhibitor synthesis procedure and characterization can be found in the
Supporting Information.
Inhibitor Synthesis. Detailed synthesis procedure and compound
characterization can be found in the Supporting Information.
Two-Electrode Voltage Clamp (TEVC) Assay and Plaque
Reduction Assay. The inhibitors were tested via a two-electrode

patch clamp (TEVC) assay using Xenopus laevis frog oocytes microinjectected with RNA expressing the A/M2 protein as in a previous
report.27 The potency of the inhibitors was expressed as the percentage
inhibition of A/M2 current observed after 2 min of incubation with 100
μM compounds, and IC50 values were collected for selected potent
compounds.
Peptide Synthesis. A/M2(22-46)-V27A peptide with A27, V28,
and G34 selectively 15N and 13C labeled was manually synthesized
using Fmoc chemistry at elevated temperature (75 C for both coupling
and deprotection) in a semiautomated Quest synthesizer using Rink
Amide Chemmatrix resin (Matrix Innovation Inc., Canada). Five
equivalents of amino acid, 5 equiv of HCTU, and 10 equiv of DIEA in
NMP were used for 5 min coupling. 5% piperazine and 0.1 M HOBt in
DMF were used as the deprotection solution to minimize aspartamide
formation. The peptide was cleaved from the resin using 95% TFA, 2.5%
Tris, and 2.5% H2O and was precipitated from ether after removal of
TFA. Ether was decanted after centrifugation, and the peptide was
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washed with cold ether again. Final peptide was dissolved in 50% B0
(59.9% isopropanol, 30% acetonitrile, 10% H2O, and 0.1% TFA)/50% A
(99.9% H2O, 0.1% TFA) and was purified by preparative C4 reverse
phase HPLC with a linear gradient of 70% B0 to 85% B0 . The peptide was
eluted at 78% B0 . The purity and identity of the peptide were confirmed
by analytical HPLC and MALDI-MS. Calculated MS, 2755.24; observed
MS, 2755.80.
Molecular Dynamics Simulations. All simulations in this work
were performed on the transmembrane region of the A/M2 bundle,
spanning residues 2546 and identified in the following as M2TM. The
high-resolution structure of M2TM from Acharya et al.28 was used as
initial configuration. M2TM was embedded in a hydrated membrane of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules, and
periodic boundary conditions were applied with a 80 Å  80 Å  77 Å
periodic box, corresponding to a 38 Å thick layer of water between two
periodic images of the bilayer. The hydrated bilayer was neutralized by
adding 27 K+ and 28 Cl ions, respectively (KCl concentration of about
150 mM). The protein and the lipids were modeled using the
CHARMM27 force field,29 and water molecules were modeled using
the TIP3P force field.30 The electrostatic potential was solved by the
particle mesh Ewald (PME) method31 with an accuracy threshold of
106, a real space spherical cutoff of 12 Å, and a fast Fourier transform
(FFT) grid spacing of 0.8 Å. Lennard-Jones interactions were cut off at
12 Å, with a switching function starting from 10 Å. The equations of
motion were solved with the velocity Verlet integrator using a time step
of 1.5 fs. The lengths of all bonds involving hydrogen atoms were kept
constrained with the SHAKE method.32 The system was run at 310 K
and 1 atm using Langevin temperature33 and Langevin piston
pressure34,35 coupling schemes. Decay times for the thermostat and
barostat were chosen to be 1 and 0.1 ps, respectively. MD simulations
were performed with NAMD.36
Solid-State NMR (ssNMR). 1,2-Dimyristoyl-sn-glycero-3-phosphoch-line (DMPC) was used to reconstitute A27, V28, and G34
labeled A/M2(22-46)-V27A by detergent dialysis as described before.37
The dry lipid powder was suspended in 1 mL of pH 7.5 phosphate buffer
(10 mM NaH2PO4/Na2HPO4, 1 mM EDTA, and 0.01 mM NaN3),
votexed, and freezethawed eight times to create uniform lipid vesicles.
The peptide powder was codissolved with ∼20 mg of octyl-β-Dglucopyranoside (OG) in 1 mL of the same buffer. The solution was
then mixed with 1 mL of lipid vesicle solution, votexed for 2 h, and
dialyzed with a 3.5 kDa molecular weight cutoff against 1 L of buffer at
4 C for 3 days. The buffer was changed every 812 h to remove the
detergent. The proteinlipid precipitate appeared after one day. The
proteoliposome solution was centrifuged at 150 000g and 6 C for 4 h to
yield a membrane pellet with ∼40 wt % water. The final peptide:lipid
molar ratio was 1:8. Drugs were directly titrated into the membrane
pellet in the NMR rotor to a ratio of four per tetramer.
Solid-state NMR experiments were carried out on a 400 MHz (9.4 T)
and a 600 MHz (14.1 T) Bruker AVANCE spectrometer using 4 mm
MAS probes. Typical radio frequency ﬁelds were 4050 kHz for 13C and
15
N and 70 kHz for 1H. 13C and 15N chemical shifts were referenced to
the R-Gly CO signal at 176.49 ppm on the TMS scale and the 15N signal
of N-acetyl-valine at 122 ppm on the liquid ammonia scale, respectively.
2D 15N13C correlation spectra were measured using a REDOR
sequence with a 0.8 ms mixing time for 13C15N coherence transfer.38
2D 13C13C correlation spectra were measured using a 1H-driven 13C
spin diﬀusion sequence39 with a 40 ms 13C mixing time. All experiments
were performed at 273 K and under 7 kHz spinning.

’ RESULTS AND DISCUSSION
MD Simulations of Drug-Binding. A/M2 channel blockers
bind to a site within the N-terminal half of the pore, displacing
water from a pore that leads to the pH-sensing H37 residues.
12835

dx.doi.org/10.1021/ja204969m |J. Am. Chem. Soc. 2011, 133, 12834–12841

Journal of the American Chemical Society

ARTICLE

Figure 1. Layering of water molecules in the M2 channel pore. (a) Structure of the pore of A/M2 in the 1.65 Å X-ray structure (PDB: 3LBW) at
intermediate pH:28 the side chains Leu26, Val27, His37, and Trp41 are shown in brown, blue, orange, and purplish, respectively. Two layers of
crystallographically resolved water molecules are shown as red and purple spheres, while backbone carbonyls involved in hydrogen bonds with such
water molecules (Ala30 and Gly34) are in light blue. (b) Representative MD snapshot of amantadine (yellow) within the pore of M2, with water
molecules in red, purple, and pink. (c) Density map in cylindrical coordinates of the heavy atoms of M2 (green), water (red), and amantadine (black,
blue): oxygen atoms of residues 30 and 34 are in light blue. The density is averaged over the four monomers (see (f) for a graphical description of the
average over the azimuthal angle shown in the density maps) and over the entire MD trajectory: two spots of the water density are alternatively occupied,
and a dashed arrow shows the one not represented in (b). (d,e) MD snapshot and density map of M2 in complex with compound 1. Note that while
amantadine inserts its charged ammonium group into the outer layer of water molecules (b,c), larger molecules such as compound 1 can only be
accommodated when such water molecules are displaced (d,e).

Drugs bind most tightly when first incubated near neutral pH,
where the channel has been most extensively characterized in
bilayers and micelles by ssNMR,37,4042 solution NMR,40,43and
X-ray crystallography.23,28 The transmembrane, TM, domain has
been studied with and without an additional C-terminal cytoplasmic helix, and in the presence and absence of drugs. Although
some details vary between structures, particularly in the cytoplasmic helices, the TM domain of all structures shows striking
similarities: the pore begins with a steric occlusion near the
exterior-facing V27 residue, the V27-valve, then widens to form
an approximately 12 Å N-terminal pore lined by small residues,
A30, S31, and G34. The N-terminal pore leads to the gatekeeping H37 and W41 residues.11 Experimental studies, including very recent solution and ssNMR measurements, place
amantadine in the N-terminal aqueous pore with its hydrophobic
adamantyl group docked against the V27 valve and the ammonium projecting downward toward H37.40
To obtain additional insight into the mode of binding, we
performed classical MD simulations on A/M2 in complex with
amantadine, in a fully hydrated aqueous bilayer. The newly
available 1.65 Å crystal structure (PDB: 3LBW) was used as a
starting point (Figure 1a),28 and the drug was initially placed as in
the closely related ssNMR structure (PDB: 2KQT) of the
amantadine-A/M2 complex37 in phospholipids vesicles. Focusing on the binding site, we analyzed the conformational distribution of the drug and water molecules. To examine the spatial
relationship of water, drug, and other atomic groups in the timeaveraged structure of the complex, we examined the density of
these atoms averaged over snapshots taken between 20 and 80 ns
of the simulations. To further facilitate analysis, two-dimensional
density maps were generated by rotational averaging about the
pseudo-4-fold axis of the channel (Figure 1c,e,f).
Amantadine remains stable during the simulations, primarily
rotating about its symmetry axis, with its apolar adamantyl group
snugly bound against a constricted, hydrophobic V27 valve, and
its ammonium group projecting downward toward the water
cluster. The water molecules show nanosecond ﬂuctuations in
which they hop between preferred (but not invariant) positions,
observable as regions of high density in the two-dimensional

radial projections. On average, amantadine’s ammonium group is
hydrated by four water molecules (Figure 1b,c) in a square
pyramidal arrangement. This positively charged ammonium
hydrate is stabilized by forming hydrogen bonds with a carbonyl
box, formed by the four carbonyl groups of A30. Each carbonyl
group tilts slightly away from the R-helical axis to allow interaction with water while retaining a helical hydrogen bond to an i+4
backbone amide, as is commonly observed in water-exposed sites
of helices.44,45 Interestingly, a similar situation is repeated one
helical turn down the channel, this time with a water molecule at
the apex of the pyramid; the four water molecules at the base
vertices of the square pyramid are stabilized by a carbonyl crown
formed by G34 and are strengthened by interactions with the
imidazole nitrogens from the H37-box. This “lower” tetrad of
water molecules is clearly seen in the electron density of the
crystal structure of the protein in the drug-free form, while only
diﬀuse density from solvent is seen near A30 in the absence of
drugs. MD simulations at room temperature of both the G34A
mutant of the crystal structure33 and the WT protein conﬁrm that
the two tetrads are both mobile, but water molecules associated
to G34 and H37 are more stable than those associated to A30.
Thus, the upper site might be more easily displaced than the
lower subsite near G34/H37 by channel-blocking drugs.
We therefore examined whether longer and more extended
drugs might place their ammonium substituents deeper in the
channel, occupying the apical site of the lower water cluster
associated with G34 carbonyl box and H37-box. To test this idea,
we explored the consequences of systematically lengthening a
previously described series of spiro-bicyclic amine inhibitors,27
ultimately resulting in an elongated inhibitor with two spirofused cycloheptane rings 1 (Figure 1d,e) as described in more
detail below. The computed geometry for this molecule bound to
WT is shown in Figure 1d,e. The site is constrained in one
direction by the V27 valve, forcing the polar end of the more
elongated inhibitor into the lower aqueous site (Figure 1d,e).
Thus, these calculations suggested that diﬀerent hydrophobic
amine inhibitors might access one of two ammonium-binding
sites, depending on the steric properties of their aliphatic
substituents. This apparent ﬂexibility provided a crucial insight
12836

dx.doi.org/10.1021/ja204969m |J. Am. Chem. Soc. 2011, 133, 12834–12841

Journal of the American Chemical Society

ARTICLE

Figure 2. Shape modulation of the drug-binding pocket in the pore of A/M2 channel. A cartoon representation of the A/M2-TM helix bundle is shown
for WT (a,b), V27A (c,d), and L26F (e,f). The molecular surface of the channel pore is highlighted, and pore-lining residues Leu/Phe26 (brown),
Val/Ala27 (blue), His37 (orange), and Trp41 (violet) are shown as sticks. Pore water molecules and amantadine are shown for wt as red spheres and
sticks, respectively. The positions of water oxygens and amantadine are obtained from the crystal structure28 (PDB: 3LBW) and the ssNMR structure of
the A/M2-amantadine complex29 (PDB: 2KQT), respectively. For each structure, the radius of the pore (computed using Hole47) is plotted as a
function of the displacement along the channel axis in the region between His37 and Val-Ala27; the range of values corresponding to the entry region of
the channel pore is highlighted in pink.

to enable design of dual-speciﬁcity inhibitors for WT as well
as V27A.
The V27A and L26F Mutants Have Larger, More SolventExposed N-Terminal Pores. To investigate how V27A and
L26F mutations affect the size and shape of the binding site,
we built theoretical models of these mutants in the drug-free
form using the recently solved high resolution structure of A/
M228 (PDB: 3LBW) as an initial configuration. Initial models
were obtained by replacing the side chains of V27 and L26 with
Ala and Phe, respectively, and refined by performing classical MD
simulations in a bilayer of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipids hydrated by explicit solvent molecules.
After a relaxation phase of several nanoseconds with the protein
gradually released, the structures of the mutants were observed to
be stable over a timespan of at least several tens of nanoseconds
(backbone rmsd of the order of 1 Å). As expected, the mutation
of the valines into alanines at position 27 does not perturb
significantly the overall structure of the bundle. Therefore, the
effect of the mutation can be easily rationalized by observing that
replacing the bulky Val side chain with a small Ala methyl moiety
results in an expansion of the pore radius near the top of the
amantadine binding site (Figure 2c,d). A solution NMR structure
of this mutant,46 which was published subsequent to the completion of these calculations, is in agreement with this conclusion
and helps validate the modeling protocol. Particularly noteworthy and somewhat less anticipated is the fact that a similar
net effect is observed upon mutation of L26, which is not porelining, into phenylalanine (Figure 2e,f). In this case, the introduction of the phenyl groups results in less efficient packing near
the N-terminus of the helix. As a result, the entry region of the
pore is more disordered and features, on average, a larger radius.
Most importantly, while these mutations resulted in large changes in
the upper region of the pore, the structure of the channel and the water
appeared largely unaﬀected near A30, G34, and H37. Thus, the
challenge was to design molecules that were larger than amantadine
and able to ﬁll the increased volume of the upper pore created by V27A
and L26F mutant, while still being accommodated within the WT
structure. The ability of the pore to accommodate alkyl-ammonium
hydrates near either A30 or G34’s carbonyl groups provided ﬂexibility
in the design of molecules that could penetrate diﬀerent depths
depending on the volume of the upper pore of the mutants.

Table 1. Eﬀect of Extending the Length of the 6,6-Spirane
Core on Potency against WT A/M2 and A/M2-V27Aa

a
IC50 values were measured versus A/M2 from the Udorn strain of the
virus, or the V27A mutant expressed in Xenopus laevis oocytes. All
compounds are tested in hydrochloride form. The proton currents and
extent of inhibition in the presence of various concentrations of drug
were measured as described in the Materials and Methods.

Design and Synthesis of Inhibitors Targeting A/M2-V27A.
Previously, we discovered a potent inhibitor of WT A/M2 (2;
IC50 = 0.9 ( 0.1 μM) (Table 1) while investigating structure
activity relationships of a random screen hit (BL-174348).
Although compound 2 was ineffective against V27A,27,49 ssNMR
characterization of this compound in complex with WT A/M2 in
bilayers showed that this spiro-piperidine 2 had a greater impact
on the dynamics and magnetic environment of the pore than
amantadine, and that it interacted over a more extended site
within the channel. Thus, it appeared to be an attractive scaffold
upon which to build functional groups to fill in the more spacious
vestibule created by the V27A mutation. Indeed, a one carbon
extension of the spiro-piperidine 2 gave spirane amine 3, which
was the first molecule to show weak but saturable inhibition of
V27A (IC50 = 84.9 ( 13.6 μM).27 Encouraged by this result, the
length of 3 was further extended by inserting a second carbon
spacer, via a simple methylene in 4 and its methyl-substituted
12837

dx.doi.org/10.1021/ja204969m |J. Am. Chem. Soc. 2011, 133, 12834–12841

Journal of the American Chemical Society
analogue, 5. Their ability to inhibit proton currents was measured
in Xenopus laevis oocytes expressing either WT A/M2 or A/M2V27A. Encouragingly, 4 and 5 had potencies similar to that of
amantadine against WT; more importantly, they had similar low
IC50 values against V27A, which amantadine is completely
unable to inhibit.
Similar potency increases could be achieved by homologating
the six-membered rings of 3. The potency increased as the fully
aliphatic ring was expanded from six to seven carbon atoms (7)
(Table 2), and the same trend was observed when the aminecontaining ring was expanded from six to seven carbon atoms
(8). Combining these substitutions in the bis-cycloheptyl-spirane amine, 1, resulted in a compound with a 2-fold higher
potency than amantadine against WT A/M2, and great potency
against the amantadine-insensitive mutant V27A with IC50 of
11.3 ( 0.7 μM. As a negative control, the six-membered aliphatic
Table 2. Eﬀect of Ring Size on Potency of Spirane Amine
Inhibitors against WT A/M2 and A/M2-V27Aa

IC50 values were measured versus A/M2 from the Udorn strain of the
virus, or the V27A mutant expressed in Xenopus laevis oocytes. All
compounds were tested in hydrochloride salt form. The proton currents
and extent of inhibition in the presence of various concentrations of drug
were measured as described in the Materials and Methods.
a
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ring of compound 3 was converted to the ﬁve-membered ring in
6, which only showed minimal inhibition against V27A mutant.
Design of Potent Spiro-adamantane Inhibitor of A/M2V27A and L26F. MD simulations were used to further probe the
mode of binding of amantadine and the potent bis-cycloheptylspirane amine 1 to both WT and V27A. Amantadine failed to
bind a unique site when placed within V27A, and instead bound
with its ammonium occupying either the upper or the lower
aqueous sites. Moreover, its apolar adamantane cage was significantly less well dehydrated in V27A versus WT, explaining the
loss in potency for the mutant. This behavior contrasts with that
seen for the bis-cycloheptyl-spirane amine 1. As expected, the
drug shifted its position upward in V27A, to allow its alkyl group
to fill the larger cavity near the channel entrance (Figure 3e). Its
ammonium group occupies the lower aqueous site in WT, where
it forms solvent-mediated hydrogen bonds with the carbonyl of
G34, versus A30 in V27A (Figure 3d,e). Although its apolar
portion is more effectively dehydrated than amanatadine in
V27A, the diffuse density of the upper ring of 1, when bound
to V27A (Figure 3d), indicates that it averages between multiple
orientations and does not fully fill the cavity. Thus, we suspected
that its affinity might be further increased by modulating the
steric bulk of its apolar substituent. We first consider converting
the “upper” cyclohexane ring of 3 to a bicyclo[3.3.1]nonane
(intermediate I, Figure 4a), which can be further constrained
by a methylene linkage to give spiroadamantane 9 (Figure 4a).
This inhibitor was simulated against WT, V27A, and L26F
(Figure 3f,g). It was found that 9 had a pose similar to 1 in
V27A with the hydrophobic adamantane filling in the extra space
near A27. In the case of WT and L26F, compound 9 was pushed
lower toward H37 and forms water-mediated hydrogen bonding
with H37. It is noted that high density of 9 was observed in all
three variants (including L26F, not shown), suggesting tight
binding with each mutant.
Compound 9 was then synthesized using a Robinson annulation reaction starting from 2-adamantanecarboaldehyde (Supporting Information Scheme 2), and its structure was conﬁrmed
by X-ray crystallography (Figure 4b, Cambridge Crystallographic
Data Centre deposition number: 824269). Spiroadamantane 9
proved to be the most potent V27A inhibitor, showing more than
280-fold lower IC50 for V27A than 3 (Figure 4c). Furthermore,
this inhibitor was also highly active against another amantadineresistant mutant L26F (Figure 4c), consistent with homology

Figure 3. Density proﬁles for amantadine, 1, and 9 for WT and V27A. (a) Graphical description of the average over the azimuthal angle shown the
density maps. (bg) Density of protein (green), water (red), and drug (blue, black) heavy atoms, computed from MD simulations, and averaged over
the four monomers (see illustration in (a)). Carbonyl groups from A30 and G34 are shown in light blue. Panels (b) and (c) show densities for the
complex between amantadine and WT, A/M2-V27A, respectively, (d) and (e) between 1 and WT, A/M2-V27A, respectively, and (f) and (g) between 9
and WT, A/M2-V27A, respectively.
12838
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Figure 4. Spiroadamantane inhibitor 9 design and its dose response
curve on WT, V27A, L26F, and S31N inhibition. (a) Structure-based
design of spiroadamantane 9. (b) X-ray crystal structure of spiroadamantane 9. (c) Dose response curve of 9 against WT, V27A, and S31N
A/M2 inhibition.

Figure 5. Plaque reduction assay of spirane amines on A/M2-V27A
mutant virus. Eﬀects of compounds on inﬂuenza A virus (A/Udorn/72)
V27A mutant were evaluated by plaque formation on MDCK cells in the
presence or absence of the compounds (10 μM or dose dependent) as
described previously.27 9 is able to signiﬁcantly reduce A/M2-V27A
replication in as low as 5 μM concentration. As control, amantadine has
no eﬀect on virus replication at up to 50 μM.

modeling and MD results showing that L26F and V27A have
similarly expanded central cavities.
Activities in Plaque Reduction Assay. The inhibitory effect
of four of the most potent inhibitors on A/M2-V27A mutant was
confirmed by plaque reduction assay of influenza A virus. Both
the size and the number of plaque formation were significantly
reduced by all four inhibitors at 10 μM concentration (Figure 5).
Consistent with the electrophysiology result, 9 was most potent
and inhibited plaque formation dramatically at concentrations
as low as 1 μM. As a negative control, amantadine showed no
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Figure 6. 2D 15N13C correlation spectra of A/M2-V27A in DMPC
bilayers without and with spirane amine 9 and 1 bound. (a) Drug-free
peptide. (b) With 9 bound. (c) With 1 bound. Four drugs per tetramer
were used in (b,c). (df) 1D 15N cross sections without drug (top) and
with spirane amine 9 (bottom). (d) A27. (e) V28. (f) G34. (g) 13C and
15
N chemical shifts (ppm) of A/M2-V27A without drug and with drugs
9 and 1. Where two peaks are observed per site, intensities are labeled as
strong (s), weak (w), or medium (m).

inhibition of A/M2-V27A virus replication even at 50 μM
concentration. Thus, the inhibitory potency of the compounds
against amantadine-resistant A/M2-V27A mutant channels seen
in electrophysiology assays results in potent inhibition of the
replication of influenza A virus.
Direct Binding of Spirane Amine to the TM Domain of
V27A. Solid-state NMR (ssNMR) spectroscopy provides a
powerful probe of the structure of proteins in phospholipid
bilayer environments. We synthesized A/M2-V27A TM peptide
(2246, M2TM) containing uniformly 15N, 13C-labeled A27,
V28, and G34 (Supporting Information). The labeled peptide was reconstituted into DMPC bilayers, and 13C and 15N
chemical shifts were measured using 2D magic-angle-spinning
correlation experiments to examine drug-induced perturbation.
Figure 6a and b shows that the V28 15N resonance was sharpened
and shifted downfield by 2 ppm upon incubation with excess 9.
By contrast, incubation of A/M2TM-V27A with the weakerbinding 1 resulted in two partially overlapping peaks: the less
intense peak has a chemical shift close to that seen in the absence
of the inhibitor, indicative of either less complete binding or a
minor conformation that is similar to the one found in the
uncomplexed form. The more intense resonance in the presence of 1 has a strongly perturbed chemical shift, although the
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perturbation was less pronounced than that occasioned by the
binding of 9. Furthermore, the 15N and 13C chemical shifts of
G34 have previously been shown to be broad, heterogeneous,
and sensitive to drug-binding in WT A/M2 (Figure 6a).50 As was
the case for binding spirane inhibitors to WT M2TM,49 incubation of V27A with 9 or 1 sharpened the peak, altered the intensity
ratios, and shifted the chemical shift positions for the resonances
associated with G34 in V27A (Figure 6b,c). Finally, compound 9
caused greater peak sharpening to the A27 peak than 1. These
findings indicate a direct interaction of the drug with V27A and
suggest that the 10-fold higher potency of 9 as compared to 1 is a
result of a tighter and more extended interaction between the
drug and the channel.

’ CONCLUSION
Despite extensive eﬀorts, there have been no well-documented examples of inhibitors that target amantadine-resistant A/M2
mutants. This diﬃculty reﬂects the rather small size of the
binding site in the WT protein, and the fact that resistant mutants
tend to increase the polarity of the pore-lining residues and/or
the hydration of the mouth of the channel. Thus, it was challenging
to devise inhibitors that simultaneously targeted both mutant and
WT forms, which was further exacerbated by the important role of
relatively mobile pore water molecules, for both proton transduction as well as drug-binding. Thus, our early attempts to use
automated docking to discover new inhibitors failed, and we
turned to MD simulations to gain insight into the mechanism of
proton transduction and its relation to drug-binding. Previous MD
simulations from our group focused on methyl-ammonium, which
was chosen because unsubstituted ammonium enhances proton
conduction, possibly by mimicking hydronium ion in the conduction mechanism.51 Simulations of methylammonium traversing
the channel showed a sawtoothed potential of mean force, whose
local minima are now seen to coincide with preferred locations of
the charged ammonium in the drugs simulated here. The minima
correspond to square planar arrays of carbonyl groups that stabilize
the mobile hydrated ammonium groups in a manner analogous to
the stabilization of hydrated cations in cation-speciﬁc channels.11,52
We hypothesized that more hydrophobic amine drugs obtain
additional interactions by deepening the energy wells such that they
act as inhibitors rather than enhancers of proton conduction as is the
case for unsubstituted ammonia.53 Thus, we hypothesized that
amine drugs act as reaction intermediate analogues, tapping into
the ability of the protein to stabilize cations at speciﬁc locations of
the channel. This insight paved the way to an understanding of the
potential mode of binding of our initial hits for V27A, and to
enhance their aﬃnity by maximizing the ﬁt with this mutant while
simultaneously retaining aﬃnity for WT through a related but
distinct predicted binding mode.
In summary, these data show the central role of MD simulations
probing the mechanism of conduction and inhibition of a previously “undruggable” target. Relatively long simulations have
allowed one to address mobile water as well as conformational
mobility and resulted in a deeper understanding of the mechanism
of inhibition that translated into tight-binding inhibitors of V27A.
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Chemical Synthesis. All chemicals were purchased from commercial vendors and used
without further purification unless otherwise noted. 1H and 13C NMR spectra were
recorded on a DMX-360 NMR spectrometer. Chemical shifts are reported in parts per
million referenced with respect to residual solvent (CHCl3) 7.26 ppm and (DMSO-d6)
2.50 ppm or from internal standard tetramethylsilane (TMS) 0.00 ppm. The following
abbreviations were used in reporting spectra: s ) singlet, d ) doublet, t ) triplet, q ) quartet,
m ) multiplet, dd ) doublet of doublets, br ) for broad peaks. All reactions were carried
out under N2 atmosphere, unless otherwise stated. HPLC grade solvents were used for all
the reactions. Flash column chromatography was performed using silica gel (230-400
mesh, Merck). Low-resolution mass spectra were obtained using an ESI technique on
3200 Q Trap LC/MS/MS system (applied biosystem). HRMS data for the synthesized
compound were collected at a LTQ Orbitrap XL mass spectrometer (ThermoFisher
Scientific).
X-ray crystal structure of spiro adamantane 9
Compound 9 was crystallized by vapor evaporation at room temperature in
CH2Cl2/CH3OH (3:1 V/V ratio). It crystallized in the orthorhombic space group Pca21
(systematic absences h0l: h = odd and 0kl: l = odd) with a = 36.2592(14) Å, b = 6.5906(3)
Å, c = 11.6976(5) Å, V = 2795.4(2) Å3, Z = 8, and dcalc = 1.216 g/cm3 . X-ray intensity
data were collected on a Bruker APEXII CCD area detector employing
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at a temperature of 143(1) K.
Preliminary indexing was performed from a series of thirty-six 0.5° rotation frames with
exposures of 20 seconds. A total of 1915 frames were collected with a crystal to detector
distance of 50.029 mm, rotation widths of 0.5° and exposures of 20 seconds.
Two-Electrode Voltage-Clamp Analysis.
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WT A/M2-pGEM3 cDNA and mutant DNA V27A were linearized using HindIII, and
corresponding mRNAs were generated by in vitro transcription reactions on the
linearized cDNA using a T7 mMESSAGE mMACHINE transcription kit (Ambion,
Austin, TX) and injected into oocytes as described previously.1,2 Currents were measured
48–72 h after injection of oocytes as described1,2. Currents were acquired and analyzed
using the pCLAMP 10.0 software package (Axon Instruments, Sunnyvale, CA).
Plaque Assays.
Cells, Viruses, and Plasmids. 293-T and Madin–Darby canine kidney (MDCK) cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen Invitrogen,
Carlsbad, CA) supplemented with 10% FBS. Influenza A/Udorn/72 virus (WT) and
mutant viruse (V27A) were propagated in MDCK cells overlaid with serum-free DMEM
containing 2.0 µg/ml N-acetyl trypsin (NAT; Sigma-Aldrich, St. Louis, MO) at 37°C.
WT and mutant viruses were generated by using reverse genetics from cDNAs essentially
as described previously.3 Val27Ala mutation into the M2 gene in pHH21 was
generated using Quick Change mutagenesis (Stratagene, La Jolla, CA). 293-T cells were
transfected using TransIT-LT1 (Mirus, Madison, WI) according to the manufacturer
protocols. Virus stocks were propagated in MDCK cells, and the virus titers were
determined by plaque assay on MDCK cells. The viral M gene sequences were
determined as described previously.2
In vivo plaque reduction assay was carried out similarly as described previously.2 Briefly,
MDCK cell monolayers were preincubated with DMEM supplemented with the drug at
various concentrations at 37 °C for 30 min, and virus samples were preincubated with
DMEM 1% BSA with the drug at the same concentration for MDCK cells at 4 °C for 30
min before infection. Then DMEM medium were replaced with virus samples with or
without drugs and incubated at 37 °C for 1hr. The inoculums were removed, and the cells
were washed with phosphate buffered saline (PBS). The cells were then overlaid with
DMEM containing 1.2% Avicel microcrystalline cellulose (FMC BioPolymer,
Philadelphia, PA)4 and NAT (1.0 µg/ml). To examine the effect of the drugs on plaque
formation, at 2 days after infection, the monolayers were fixed and stained with
naphthalene black dye solution (0.1% naphthalene black, 6% glacial acetic acid, 1.36%
anhydrous sodium acetate).
Molecular Dynamics Equilibration Protocol. The structures of the transmembrane
sections of the WT, V27A and L26F sequences were all initialized starting from the 1.65
Å resolution X-ray structure (PDB: 3LBW) of the G34A mutant.5 The pore of the
channel was filled with water molecules, using the crystallographically resolved water
clusters as starting configuration, and also including any water molecules within the
drug-binding region observed during MD simulations.5 Each drug molecule was
inserted corresponding to the position of amantadine observed in the SSNMR structure
S2
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(PDB: 2KQT) of the amantadine-A/M2 complex.6 Water molecules overlapping the
drug molecules were deleted.
Position restraints were initially applied to the backbone atoms of the four protein chains
and of the embedded drug molecules, with a force constant K1 = 20 kcal/mol/Å2 and on
the side chain heavy atoms (excluding the mutated side chain), with a force constant K2 =
5 kcal/mol/Å2. Minimization was followed by 10 ns of molecular dynamics, in which
K1 and K2 were gradually reduced to 0.01 kcal/mol/Å2 and zero, respectively: additional
10 ns with these soft restraints on the backbone and drug molecules were carried out,
until the water distribution was equilibrated. Each system was then simulated without any
restraint for further 60 ns.
Figure S1 shows the root mean square displacements (RMSDs) with respect to the initial
structure of the heavy atoms of the WT protein (top) and the V27A mutant (bottom),
respectively. All of the RMSDs gradually increase to stable values between 1 and 1.5 Å
and fluctuate within this range.

Figure S1: root mean square displacements (RMSDs) of the heavy atoms of M2 with
respect to the initial structure, with the pore filled entirely by water molecules (black) or
by water and the amantadine (red), 1 (blue) or 9 (purple) compounds. Top panel: WT
protein. Bottom panel: V27A mutant.
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Figure S2. Water density in the apo channels, for the WT protein, the V27A and L26F
mutants. The three panels show the water density (red) compared to the density of
protein atoms (green) and the pore-lining backbone carbonyls (light blue), all plotted with
the same options as in Figure 3 in main text.
Density Maps in Cylindrical Coordinates. We plotted the density maps shown in
Figures 1 and 3 as per the following procedure:
1 – Align each of the trajectory frames (binned every 4 ps) onto the X-ray structure of
M2TM,7 using the backbone atoms as reference, to remove the diffusive motions of
M2TM within the bilayer and the oscillations of the bundle.
2 – Compute, for each atom considered, and on each frame of the trajectory, the two
cylindrical coordinates: the Cartesian coordinate z (with origin on the center of mass of
M2TM, approximately corresponding to the bilayer middle plane) and the radial distance
r from the pore's axis.
3 – Compute the average number of atoms n(r, z), thereby performing the cylindrical
average by considering r instead of the Cartesian coordinates x and y separately.
Specifically, we plotted n(r, z) as a two-dimensional histogram, with a grid of 0.25 Å
spacing.
4 – Reweight n(r, z) with the factor 1/(2πr), to allow to visually compare the density near
the pore's axis with the density at large values of r, where atoms are more numerous for
geometrical reasons.
5 – Plot each density n(r, z)/(2πr) with a given color (protein : green, water : red, drug
carbons : black, drug nitrogens : blue), ranging from 0 (white) to 0.2 Å-1 and larger values
(full color).
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Table S1. Molecular Dynamics simulation statistics. Reported are the M2 sequences
simulated, the molecule bound to them (“n.a.” stands for the apo channel), the time length
of each simulation and the preferred mode of binding of each compound. Within the
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simulation time, the first 20 ns feature positional restraints around the crystal structure28
gradually released over time. The density maps in Figures 1 and 3 are obtained
considering trajectory snapshots every 4 ps after the initial 20 ns.
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Compound

Length (ns)

Upper/Lower Binding Site
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84
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V27A

n.a.
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Amantadine

98
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1

82

Upper

V27A

9
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L26F

n.a.
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L26F

9
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Inhibitor synthesis. The synthesis of inhibitors with expansion in the amino head group
started with reductive cyanation of spiro[5,5]undecan-3-one with tosyl-methylisocyanide
(TOSMIC) to gave the nitrile.8 The nitrile was either reduced to amine 4 by LiAlH4 or
hydrolyzed to the corresponding acid, which was converted to methyl ketone using 2.2eq
CH3Li. Ethyl amine 5 was synthesized by treatment of methyl ketone with
hydroxylamine, followed by LiAlH4 reduction. The synthesis of ring expanded spiran
amines started with one-pot robinson annelation reaction using H2SO4 as catalyst.9 Spiro
enones were prepared from aldehydes in 50-70% yield with an optimized procedure.
Reduction of the enones with Et3SiH/PdCl2 produced the spiro ketones in 80% yield.10
Subsequently the spiro ketones were converted to amines (6, 3, 7) using a two step
amination reaction in 72-80% yield. One-carbon homologation of the spiro
cyclohexanone was achieved via the corresponding diazo-hydroxy ester which was
converted into the beta-keto ester, using ethyl diazoacetate/LDA, then a catalytic amount
of rhodium(II) acetate.11 Finally the keto ester was hydrolyzed under acidic condition to
afford the ketone intermediates, which were subsequently transformed to amines. All
amines were finally prepared as their hydrochloride salts before testing.
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Supplementary scheme 1. Synthesis scheme of designed A/M2-V27A inhibitors.

General procedure for acid catalyzed robinson annulation reaction:
The procedure is optimized from the original reference to obtain a better yield.12
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Carbaldehyde (10.0 mmol), methyl vinyl ketone (10.0 mmol) was refluxed in benzene
(10.0 ml) with catalytic amount H2SO4 (0.05 ml) in a round bottom flask equipped with
Dean-Stark trap. The mixture was first heated to 45oC for 1.5 hrs, and then increased to
reflux until no more H2O condensed from the reaction mixture (1.5 hrs). Another
equivalent of vinyl methyl ketone (10.0 mmol) was added and refluxed for an additional
1.5 hrs. The mixture was cooled down and 20.0 ml of 1 M NaHCO3 was added and the
organic phase was separated. The aqueous phase was extracted with benzene, and the
combined organic phase was washed with brine and dried over MgSO4. The solid was
filtered, and concentrated in vacuo to give crude dark brown oil which was separated by
flash column chromatography (Ethyl acetate/Hexane = 15% to 25%) to give spiro enone
as a yellow oil.
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spiro[4.5]dec-6-en-8-one (Yield: 65%)
O

1

H-NMR (500 MHz, CDCl3) δ 6.74 (d, J = 10 Hz, 1H), 5.84 (d, J = 10 Hz, 1H), 2.44 (t, J
= 5 Hz, 2H), 1.89 (t, J = 5 Hz, 2H), 1.76-1.67 (m, 8H); 13C-NMR (125 MHz, CDCl3) δ
200.19, 159.78, 126.76, 44.32, 38.31, 35.59, 34.15, 24.73; ESI-MS: Calculated for
C10H14O (M + H)+ 151.2, Found: 151.3.
The characterization of spiro[5.5]undec-1-en-3-one was reported before.12
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Spiro[5.6]dodec-1-en-3-one (Yield: 68%)
O

1

H-NMR (360 MHz, CDCl3) δ 6.75 (d, J = 10.08 Hz, 1H), 5.79 (d, J = 10.08 Hz, 1H),
2.39 (t, J = 6.5 Hz, 2H), 1.81 (t, J = 6.5 Hz, 2H), 1.62-1.49 (m, 12H); 13C-NMR (90 MHz,
CDCl3) δ 199.89, 159.40, 126.02, 38.26, 37.81, 34.18, 33.61, 30.65, 23.10; ESI-MS:
S7

Calculated for C12H18O (M + H)+ 179.3, Found: 179.3.
General procedure for reduction of spiro enone with PdCl2/Et3SiH
O

O
Et 3SiH, PdCl2
Benzene, reflux

n

n

To spiro enone (10.0 mmol) in absolute EtOH was added PdCl2 (0.2 g), Et3SiH (20.0
mmol) was added dropwise to the mixture with stirring. The mixture was refluxed for 6
hrs and PdCl2 was filtered, washed with EtOH. The filtrate was concentrated and purified
by flash column chromatography (Ethyl acetate/Hexane = 15% to 25%) to give spiro
ketone as a yellow oil.
Spiro[4.5]decan-8-one (Yield: 85%)
O

1

H-NMR (360 MHz, CDCl3) δ 2.34 (t, J = 6.8 Hz, 4H), 1.76 (t, J = 6.8 Hz, 4H),
1.71-1.67 (m, 4H), 1.59-1.55 (m, 4H); 13C-NMR (90 MHz, CDCl3) δ 212.97, 42.15,
39.31, 37.95, 37.48, 24.73; ESI-MS: Calculated for C10H16O (M + H)+ 153.2, Found:
153.2
The characterizations of spiro[5.5]undecan-3-one were reported before.12
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O

Spiro[5.6]dodecan-3-one (Yield: 88%)
O

S8

1

H-NMR (360 MHz, CDCl3) δ 2.31 (t, J = 6.8 Hz, 4H), 1.67 (t, J = 6.8 Hz, 4H),
1.57-1.50 (m, 12H); 13C-NMR (90 MHz, CDCl3) δ 213.32, 38.65, 37.81, 37.71, 35.25,
30.66, 23.17; ESI-MS: Calculated for C12H20O (M + H)+ 181.3, Found: 181.3.
General procedure for reductive amination of spiro ketone
NH3+Cl-

O
1. NH2OH•HCl
CH3COONa

n

2. LiAlH 4
3. HCl

n=0 6
n=1 3
n=2 7
n

To a solution of spiro ketone (10.0 mmol) in EtOH (50.0 ml) was added HONH2•HCl
(30.0 mmol) and NaOAc (40.0 mmol). The mixture was heated to reflux for 2 hrs.
Solvent was removed in vacuo and the remaining substance was extracted with CH2Cl2
and H2O. The aqueous layer was extracted with CH2Cl2 again. The combined CH2Cl2 was
dried with MgSO4 and concentrated in vacuo. The resulting oxime was dissolved in
anhydrous THF and cooled down to 0oC. LiAlH4 (0.80g, 20.0 mmol) was added
portionwise to the solution and the mixture was heated to reflux overnight. After cooling
down to 0oC, the solution was quenched with H2O (0.8 mL), 15% NaOH (0.8 mL), and
H2O (2.4 mL) sequentially. The resulting slurry was filtered. The filtrate was acidified
with 4M HCl in 1,4-dioxane and concentrated in vacuo. The final product was purified
by flash chromatography to give spirane amine hydrochloride salt as a yellow solid.

Deleted: residue

Spiro[4.5]decan-8-aminium chloride (6) (Yield: 75%)
NH 3+Cl-

6
1

H-NMR (360 MHz, CD3OD) δ 3.12-3.08 (m, 1H), 1.92-1.64 (m, 2H), 1.67-1.45 (m,
14H); 13C-NMR (90 MHz, CD3OD) δ 51.72, 42.69, 42.27, 36.79, 35.76, 29.19, 25.92,
25.09; ESI-MS: Calculated for C10H19N (M + H)+ 154.3, Found: 154.3. HRMS found:
154.1583.
The characterizations of spiro[5.5]undecan-3-aminium chloride (3) were reported
before.12
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NH 3+Cl-

3

Spiro[5.6]dodecan-3-aminium chloride (7) (Yield: 72%)
NH 3+Cl-

7
1

H-NMR (360 MHz, CD3OD) δ 3.12-3.08 (m, 1H), 1.83-1.80 (m, 2H), 1.71-1.67 (m, 2H),
1.60-1.54 (m, 12H), 1.39-1.37 (m, 2H), 1.22-1.08 (m, 2H); 13C-NMR (90 MHz, CD3OD)
δ 80.07, 72.90, 65.30, 63.88, 63.61, 60.01, 59.69, 55.57, 52.11, 51.92; ESI-MS:
Calculated for C12H23N (M + H)+ 182.3, Found: 182.3. HRMS found: 182.1894.
General procedure for ring expansion reaction
O

N2

O
N2

HO
O

O
O
O

O
cat Rh(OCOCH3)2

AcOH, TsOH

2

reflux

LDA
n

O

O

n

n

n

To a solution of spiro ketone (5.0 mmol) and ethyl diazoacetate (1.15 g, 10.0 mmol) in
anhydrous THF (20.0 ml) at -78oC was added LDA (5.0 ml, 2M in hexane) dropwise
under N2 atmosphere. The reaction was stirred at the same temperature for 2 hrs and
warmed to ambient temperature. Aqueous NH4Cl (40.0 ml, 30% w/w) was added and
extracted with diethyl ether. The combined organic layers were washed with water, brine,
dried over anhydrous MgSO4, filtered and concentrated in vacuo to give the
diazo-hyroxyl ester intermediate as brown oil. CH2Cl2 (30.0 ml) was added and the flask
was flushed with N2 atmosphere. Rodium(II) acetate dimer (8.0 mg) was then added
and the mixture was stirred at ambient temperature for 1hr. The catalyst was filtered and
the filtrate was concentrated in vacuo to give the crude β-keto ester as yellow oil which
was used for the next step hydrolysis without further purification. To a solution of β-keto
ester, acetic acid (10.0 ml), water (5.0 ml) was added para-toluenesulfonic acid (1.0
mmol, 0.19 g). The solution was heated to reflux for 24 hrs. After cooling to ambient
S10

temperature, the reaction mixture was diluted with water (20.0 ml) and extracted with
diethyl ether (30.0 ml × 3). The combined ether was dried over anhydrous MgSO4 and
purified by flash column chromatography (20-30% Ethyl acetate/Hexane) to give spiran
ketone as a yellow oil.
spiro[5.6]dodecan-9-one (Yield: 72%)
O

1

H-NMR (360 MHz, CDCl3) δ 2.47 (t, J = 5.76 Hz, 2H), 2.42 (t, J = 5.76 Hz, 2H),
1.67-1.62 (m, 4H), 1.52-1.30 (m, 12H); 13C-NMR (90 MHz, CDCl3) δ 211.23, 43.95,
41.72, 38.81, 36.69, 35.39, 33.04, 26.69, 21.82, 19.31; ESI-MS: Calculated for C12H20O
(M + H)+ 181.3, Found: 181.1.
spiro[6.6]tridecan-3-one (Yield: 75%)
O

1

H-NMR (360 MHz, CDCl3) δ 2.46 (t, J = 6.12 Hz, 2H), 2.40 (t, J = 6.12 Hz, 2H),
1.70-1.63 (m, 2H), 1.59-1.55 (m, 2H), 1.51-1.41 (m, 14H); 13C-NMR (90 MHz, CDCl3) δ
215.17, 43.96, 41.44, 39.08, 39.03, 38.76, 35.24, 31.11, 22.80, 19.54; ESI-MS:
Calculated for C13H22O (M + H)+ 195.3, Found: 195.4.
Spiro[5.6]dodecan-9-aminium chloride (8) was synthesized according to the general
reductive amination procedure. (Yield: 70%)
-

Cl+H3 N

1

H-NMR (360 MHz, CD3OD) δ 3.18-3.13 (m, 1H), 1.78-1.60 (m, 6H), 1.47-1.36 (m,
10H), 1.30-1.28 (m, 4H); 13C-NMR (90 MHz, CD3OD) δ 83.25, 67.76, 67.56, 64.45,
64.25, 56.25, 55.71, 51.08, 51.06, 48.02; ESI-MS: Calculated for C12H23N (M + H)+
182.3, Found: 182.4. HRMS found: 182.1894.
S11

spiro[6.6]tridecan-3-aminium chloride (1) was synthesized according to the general
reductive amination procedure (Yield: 75%)
-

Cl+H3N

1

H-NMR (360 MHz, CD3OD) δ 3.14-3.13 (m, 1H), 1.74-1.48 (m, 12H), 1.48-1.28 (m,
6H), 1.18-1.09 (m, 4H); 13C-NMR (90 MHz, CD3OD) δ 55.47, 41.03, 41.01, 40.40, 39.88,
36.65, 35.82, 32.51, 28.39, 23.91, 23.87, 20.08; ESI-MS: Calculated for C13H25N (M +
H)+ 196.3, Found: 196.3. HRMS found: 196.2049.
Spiro[5.5]undecane-3-carbonitrile
CN

O
TOSMIC
t

BuOK

spiro[5.5]undecan-3-one

To a solution of spiro[5.5]undecan-3-one (1.66 g, 10.0 mmol) and tosylmethylisocyanide
(2.54 g, 13.0 mmol) in DME (50.0 ml) and abs. EtOH (1.0 ml) was added KOtBu (2.69 g,
24.0 mmol) portionwise over 0.5 hr at -10oC. After addition, the reaction mixture was
stirred at 0oC for 1hr then 2hr at ambient temperature. Solvent was removed in vacuo and
the resulting residue was extracted with diethyl ether (50.0 ml×3) and the combined
organic layer was washed with water (50.0 ml×3). The organic layer was dried with
anhydrous MgSO4, concentrated under reduced pressure and purified by flash column
chromatography (50% - 100% CH2Cl2/Hexane) to give the nitrile as a colorless solid
(1.28g, Yield: 72%). 1H-NMR (360 MHz, CDCl3) δ 2.58-2.53 (m, 1H), 1.83-1.70 (m,
4H), 1.63-1.58 (m, 2H), 1.40-1.26 (m, 8H), 1.28-1.20 (m, 4H); 13C-NMR (90 MHz,
CDCl3) δ 122.79, 34.41, 31.88, 28.37, 26.88, 24.73, 21.64, 21.55; ESI-MS: Calculated for
C12H19N (M + H)+ 178.3, Found: 178.2.

spiro[5.5]undecan-3-ylmethanaminium chloride (4)

S12
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NH 3+Cl-

CN
1. LiAlH 4
2. HCl

4

Spiro[5.5]undecane-3-carbonitrile (1.77 g, 10.0 mmol) in anhydrous THF was cooled
down to 0 oC. LiAlH4 (0.80 g, 20.0 mmol) was added portionwise to the solution and the
mixture was heated to reflux overnight. After cooling down to 0 oC, the solution was
quenched with H2O (0.8 mL), 15% NaOH (0.8 mL), and H2O (2.4 mL) sequentially. The
resulting slurry was filtered. The filtrate was acidified with 4M HCl in 1,4-dioxane and
concentrated in vacuo. The final product was purified by flash chromatography to give
spiro[5.5]undecan-3-ylmethanaminium chloride (4) as a yellow solid (1.70 g, Yield:
78%). 1H-NMR (360 MHz, CD3OD) δ 2.90 (m, 2H), 1.84-1.81 (m, 2H), 1.72-1.62 (m,
3H), 1.54-1.50 (m, 8H), 1.36-1.32 (m, 4H), 1.20-1.16 (m, 2H); 13C-NMR (90 MHz,
CD3OD) δ 46.62, 42.61, 37.89, 36.98, 33.28, 33.20, 28.08, 26.35, 22.83, 22.71; ESI-MS:
Calculated for C12H23N (M + H)+ 182.3, Found: 182.3. HRMS found: 182.1892.
spiro[5.5]undecane-3-carboxylic acid
CN

COOH
AcOH, H 2SO 4
ref lux

spiro[5.5]undecane-3-carbonitrile (1.77 g, 10.0 mmol) was dissolved in AcOH (20.0 ml),
H2SO4 (5.0 ml) and H2O (10.0 ml) was added and the mixture was heated to reflux
overnight. The solution was cooled down to ambient temperature and diluted with H2O
(100.0 ml). The aqueous layer was extracted with diethyl ether (100.0 ml × 3), the
combined organic layer was dried over MgSO4 and concentrated in vacuo. The product
was purified by flash column chromatography (10% - 20% CH3OH/CH2Cl2) to give a
colorless solid (1.53g, Yield: 78%). 1H-NMR (360 MHz, CDCl3) δ 2.32-2.25 (m, 1H),
1.78-1.58 (m, 6H), 1.52-1.35 (m, 8H), 1.24-1.21 (m, 2H), 1.12-1.04 (m, 2H); 13C-NMR
(90 MHz, CDCl3) δ 183.13, 43.55, 40.96, 35.78, 32.75, 32.05, 27.10, 23.97, 21.86,
21.71; ESI-MS: Calculated for C12H20O2 (M - H)+ 195.3, Found: 195.3.
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O

COOH
CH 3Li

Spiro[5.5]undecane-3-carboxylic acid (1.96 g, 10.0 mmol) in anhydrous diethyl ether
(50.0 ml) was cooled down to 0oC, CH3Li (1M, 22.0 mmol) was added dropwise in 30
mins. The resulting mixture was stirred at the same temperature for two more hours and
warmed to ambient temperature overnight. Saturated NH4Cl aqueous solution was added
and was extracted with diethyl ether (50.0 ml × 3). The organic layers were combined
and dried over anhydrous MgSO4. The product was purified by flash column
chromatography (20% - 30% Ethyl acetate/Hexane) as a yellow oil (1.40 g, 7Yield: 72%)
1
H-NMR (360 MHz, CDCl3) δ 2.30-2.22 (m, 1H), 2.11 (s, 3H), 1.71-1.63 (m, 4H),
1.55-1.47 (m, 2H), 1.47-1.36 (m, 8H), 1.23-1.20 (m, 2H), 1.87-1.01 (m, 2H); 13C-NMR
(90 MHz, CDCl3) δ 212.44, 52.07, 41.32, 36.05, 32.39, 32.15, 28.10, 27.07, 23.60, 21.84,
21.67; ESI-MS: Calculated for C13H22O (M + H)+ 195.3, Found: 195.3.
1-(spiro[5.5]undecan-3-yl)ethanaminium chloride (5)
O

-Cl+H

3N

1. NH2OH•HCl
CH3COONa
2. LiAlH 4
3. HCl
5

1-(spiro[5.5]undecan-3-yl)ethanaminium chloride (5) was synthesized according to the
procedure described above for reductive amination. 1H-NMR (360 MHz, CDCl3) δ
3.14-3.07 (m, 1H), 1.70-1.64 (m, 3H), 1.59-1.56 (m, 1H), 1.37-1.35 (m, 12H), 1.31-1.19
(m, 4H), 1.08-1.01 (m, 2H); 13C-NMR (90 MHz, CDCl3) δ 53.10, 42.14, 41.71, 36.12,
36.09, 32.16, 32.03, 27.11, 24.39, 23.29, 21.93, 21.77, 16.39; ESI-MS: Calculated for
C13H25N (M + H)+ 196.3, Found: 196.3. HRMS found: 196.2051.
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O
O

n

1. BuLi
CH 3OCH 2(PPh 3) +Cl-

O

CHO
H +, Benzene
reflux

2. HClO 4, H2 O, reflux

Et3 SiH
PdCl2
EtOH
reflux
NH3+Cl-

1. NH2OH•HCl
CH3COONa

O

2. LiAlH 4
3. HCl
9

Supplementary Scheme 2. Synthesis scheme of spiroadamantane 9
2-adamantanecarbaldehyde was synthesized from 2-adamantone in two steps according
to literature procedures13. It was first converted to vinyl ether by the witting reaction, and
then followed by acid hydrolysis. Due to the instability of the aldehyde, it was used
immediately for the next step robinsin annelation reaction. The following enone reduction
and amination steps were performed as described above.
(1r,3r,5r,7r)-spiro[adamantane-2,1'-cyclohex[2]en]-4'-one

1

H-NMR (360 MHz, CDCl3) δ 7.50 (d, J = 10.8 Hz, 1H), 5.92 (d, J = 10.8 Hz, 1H), 2.43
(t, J = 6.48 Hz, 2H), 2.14 - 2.09 (m, 6H). 1.97 (d, J = 2.52 Hz, 1H), 1.89 (d, J = 2.52 Hz,
1H), 1.75-1.62 (m, 8H); 13C-NMR (90 MHz, CDCl3) δ 199.92, 158.61, 127.89, 40.29,
39.14, 35.30, 33.36, 33.26, 32.97, 31.79, 28.22, 27.31; ESI-MS: Calculated for C15H20O
(M + H)+ 217.3, Found: 217.4.
(1r,3r,5r,7r)-spiro[adamantane-2,1'-cyclohexan]-4'-one

1

H-NMR (360 MHz, CDCl3) δ 2.30 (t, J = 6.84 Hz, 4H), 2.09-2.05 (m, 4H), 1.95 (t, J =
6.84 Hz, 4H), 1.90 (br s, 2H), 1.72 (br s, 4H), 1.65-1.61 (m, 4H); 13C-NMR (90 MHz,
CDCl3) δ 213.04, 39.46, 36.95, 36.77, 34.36, 33.93, 33.03, 28.36; ESI-MS: Calculated for
S15
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C15H22O (M + H)+ 219.3, Found: 219.4.
(1r,3r,5r,7r)-spiro[adamantane-2,1'-cyclohexan]-4'-aminium chloride (9)
NH3 +Cl-
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1

H-NMR (500 MHz, CD3OD) δ 3.10-3.05 (m, 1H), 2.45-2.42 (m, 2H), 2.16-2.13 (m, 2H),
2.07-2.04 (m 2H), 1.97 (br s, 1H), 1.84-1.82 (m, 4H), 1.73 (br s, 2H), 1.61-1.49 (6H),
1.26 (br s, 1H), 1.08-1.02 (m, 2H); 13C-NMR (125 MHz, CD3OD) δ 52.04, 40.73, 40.32,
37.61, 33.97, 33.38, 30.67, 29.83, 26.54; ESI-MS: Calculated for C15H25N (M + H)+
220.4, Found: 220.7. HRMS found: 220.2050.
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