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Abstract

The A/M2 proton channel of influenza A virus is a target for the anti-influenza drugs amantadine

and rimantadine, whose effectiveness was diminished by the appearance of naturally occurring point

mutants in the A/M2 channel pore, among which the most common are S31N, V27A and L26F. We

have synthesized and characterized the properties of a series of compounds, originally derived from

the A/M2 inhibitor BL-1743. A lead compound emerging from these investigations, spiro[5.5]

undecan-3-amine, is an effective inhibitor of wild type A/M2 channels and L26F and V27A mutant

ion channels in vitro, and also inhibits replication of recombinant mutant viruses bearing these

mutations in plaque reduction assays. Differences in the inhibition kinetics between BL-1743, known

to bind inside the A/M2 channel pore, and amantadine were exploited to demonstrate competition

between these compounds; consistent with the conclusion that amantadine binds inside the channel

pore. Inhibition by all of these compounds was shown to be voltage-independent, suggesting that

their charged groups within the N-terminal half of the pore, prior to the selectivity filter that defines

the region over which the transmembrane potential occurs. These findings not only help define the

location and mechanism of binding of M2 channel-blocking drugs, but also demonstrate the

feasibility of discovering new inhibitors that target this binding site in a number of amantadine-

resistant mutants.
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Influenza A virus is a continuing cause of mortality and morbidity on an annual basis (1) and

thus presents an important target for pharmaceutical investigation. Two classes of anti-

influenza agents are available for human use: adamantane derivatives amantadine and

rimantadine which target the virus A/M2 ion channel and oseltamivir and zanamivir, which

targets the viral surface protein neuroaminidase (2). The use of amantadine and rimantadine is

limited by the wide distribution of drug resistant virus variants, including the recently isolated

influenza A (H1N1) virus (3–5).

The A/M2 protein of the influenza A virus forms a pH-gated proton channel that is essential

for virus replication (6). The mature channel consists of four identical subunits of 96 amino

acids, each subunit is a type III integral membrane protein (Nout, Cin) (7);. The highly conserved

H37xxxW41 motif located in the single transmembrane domain of the protein is responsible for

its channel activity and proton selectivity (7,8). The activity of wild type (wt) A/M2 channels

is known to be efficiently inhibited by amantadine, BL-1743 and its derivative azaspiro[5,5]

undecane (spiro piperidine 20,Table 1) (Figure 1) (2,9,10). Naturally occurring point mutations

of the pore lining residues located outside of the H37xxxW41 motif, such as L26F, V27A, A30T,

S31N and G34E result in the formation of amantadine-insensitive influenza A virus phenotypes

(3,11–13). Extensive studies suggest that these residues are involved in the formation of the

binding pocket for the drug (14–18). Amantadine-resistant phenotypes are prevalent in the

currently circulating influenza A virus H3N2 and H1N1 2009 strains. Although the S31N

mutation was observed in more then 90% of influenza A cases in certain years (19,20), other

amantadine insensitive phenotypes like L26F and V27A were isolated from influenza A

patients with the emerging frequencies of 8–67% (19,20). Other amantadine-resistant

mutations have been found much less frequently (11,20). Being resistant to amantadine, these

naturally occurring mutants are also insensitive to all other known organic A/M2 channel

inhibitors, including BL-1743 and spiro piperidine 20 (9,10). Thus there is a great need for

novel anti-influenza drugs that target the most common amantadine resistant phenotypes,

S31N, V27A and L26F (19,20).

In the current study we synthesized a family of spiro-[5,5]-undecane compounds based on the

structure of the previously investigated A/M2 channel inhibitor BL-1743. We found a simple

amino derivative of BL-1743, spiro[5.5]undecan-3-amine (spiran amine 8, Table 1) to be

effective not only for inhibition of the wt A/M2 channel, but also for inhibition of two widely

occurring amantadine resistant mutants, L26F and V27A. The efficiency of this compound was

investigated on A/M2 channels heterologously expressed in Xenopus oocytes and confirmed

by the in-vivo plaque reduction assay of recombinant influenza A virus.

The pharmacologically relevant binding site for amantadine has been found to lie either inside

(15), or outside (21,22) the pore, although the physiological relevance of the latter finding has

not been confirmed with either electrophysiology in oocytes or plaque reduction assays with

recombinant virus (23). However, BL-1743 was shown to inhibit channel activity by binding

inside the channel pore (24). Previous findings have shown that the kinetics of A/M2 channel

inhibition by BL-1743 are more rapid than those reported for amantadine (9,25), making it

possible to test for competition between these drugs to determine whether they compete for

the same binding site inside the channel pore. Our results support the previously published

structural and functional studies that showed that amantadine inhibits the A/M2 channel by

coordinating with pore lining residues (12,15,16). We found that inhibition by amantadine,

BL-1743, spiro piperidine 20 and spiran amine 8, all of which are positively charged at
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physiological pH, is independent of membrane voltage, consistent with binding in the N-

terminal portion of the pore.

The current study shows that a novel compound, spiran amine 8, is a potent inhibitor of the

L26F and V27A amantadine resistant mutants of the A/M2 protein. Additional evidence

supports the conclusion that amantadine binds inside the N-terminal half of the channel pore.

These findings show that novel anti-influenza drugs, capable of targeting wt and amantadine

resistant virus phenotypes, can be identified and that the N-ternial part of the pore is a good

target for such drugs.

MATERIALS AND METHODS

Spiran AM2 inhibitor library synthesis

The syntheses of the primary amine analog (8) of spiropiperidine-azaspiro[5,5]undecane and

the methyl substituted secondary amine 9 are shown in Scheme 1. Intermediate spiro[5.5]

undec-1-en-3-one 1 was prepared from both acid catalyzed one-pot Robinson annulation

reaction and through Diels-Alder adduct followed by acid hydrolysis and aldol ring formation.

The acid-catalyzed annulation often led to low yields (62% or lower) due to acid catalyzed

polymerization of methyl vinyl ketone as evidenced by black oily substance formed in the

reaction flask (26). While catalysis with proline derivatives might allow circumvention of these

problems, we found the alternative Diels-Alder route provided better overall yields (75%)

(27). Hydrogenesis of enone 1 with Pd/C with an H2 balloon gave spiro[5.5]undecan-3-one

2. Conversion of ketone 2 to amine 8 was achieved by treatment with hydroxylamine followed

by LiAlH4 reduction. Methylamine 9 was prepared by reductive amination of 8 with

formaldehyde as reported.

Syntheses of spiran triazole 11 and spiran amine 12–14 with extended linkers in scheme 2 were

accomplished by reductive amination as described before.

Compound 15, with an imidazole head group, was synthesized by nucleophilic attack of

imidazol-4-yl anion (generated by treatment of N-trityl 4-iodoimidazole) onto ketone 2 (28),

followed by deprotection in TFA/DCM as in scheme 3. The hydroxyl group in 15 was either

reduced by Et3SiH/BF3*OEt2 to give 16 or fluorinated by DAST to give 17 after deprotection.

Ketone 2 was converted to aldehyde 6 by the Wittig reaction, followed by acid hydrolysis.

Comopunds 18 and 19 were then synthesized from compound 6 in the same manner as

described for 15 and 17.

Molecular Biology, in vitro cRNA transcription

The cDNA encoding to the Influenza virus A/Udorn/72 A/M2 protein and to the A/M2

amantadine insensitive mutants were inserted into pGEMHJ (a gift from N. Dascal Tel-Aviv

University, Israel) for the expression on Xenopus oocytes. cRNA was prepared as previously

described (29).

Heterologous Expression and Electrophysiological Recordings

Stage V–VI Xenopus laevis oocytes were prepared as described previously (30). Oocytes

injection and TEVC electrophysiological measurements were done as previously described

(29). Amantadine (Sigma, St. Louis, MO) was applied to inhibit A/M2 induced currents. Data

were analyzed using ORIGIN 8.0 software (OriginLab, Northampton, MA).

Cells, viruses and plasmids

293-T and Madin–Darby canine kidney (MDCK) cells were maintained in Dulbecco’s

modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, Valencia, CA) supplemented
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with 10% FBS. Influenza A/Udorn/72 virus (wt) and mutant viruses were propagated in MDCK

cells overlaid with serum-free DMEM containing 3.0 μg/ml N-acetyl trypsin (NAT; Sigma-

Aldrich, St. Louis, MO) at 37°C. WT and mutant virus (V27A/L38F) were generated by using

reverse genetics from cDNAs essentially as described previously (31). The eight genome- sense

(pHH21) plasmids and four protein-expressing (pcDNA3.1) plasmids used to generate

influenza virus by reverse genetics have been described previously (31). Mutation into the M2

gene in pHH21 vector was generated using Quick Change mutagenesis (Stratagene, La Jolla,

CA). 293T cells were transfected using TransIT-LT1 (Mirus, Madison, WI) according to the

manufacturer’s protocols. Virus stocks were propagated in MDCK cells, and the virus titers

were determined by plaque assay on MDCK cells. For determination of viral genome sequences

viral RNA was extracted by using the QIAamp viral RNA kit (Qiagen, Valencia, CA), followed

by Super Reverse Transcriptase (Molecular Genetic Resources, Tampa, FL.) and using

genome-specific primers, and amplified with AmpliTaq DNA polymerase (Applied

Biosystems, Foster City, CA). The complete nucleotide sequences of the M genes were

determined using a 3100-Avant genetic analyzer (Applied Biosystems).

Plaque reduction assays

Confluent monolayers of MDCK cells were incubated with the wt Udorn virus (100 plaque

forming units (p.f.u.) per well) and V27A/L38F mutant virus (1000 and 100 p.f.u. per well) in

DMEM-1% bovine serum albumin for 1 h at 37°C. The inoculums were removed, and the cells

were washed with phosphate-buffered saline (PBS). The cells were then overlaid with DMEM-

containing 0.6% Avicel microcrystalline cellulose (FMC BioPolymer, Philadelphia, PA) and

NAT (2.0 μg/ml). To examine the effect of drugs (BL-1743, spiran amines and amantadine)

on plaque formation, monolayers were preincubated with DMEM supplemented with indicated

concentrations of the drugs at 37°C for 30 min, and virus samples were preincubated with

DMEM-1% BSA with indicated concentrations of the drugs at 4°C for 30 min before infection.

At 2 to 3 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).

RESULTS

Structure-activity relationship (SAR) of 3-substituted spiro-[5,5]-undecanes

Our previous SAR study of 2-[3-azaspiro(5,5)undecanol]-2-imidazoline (BL-1743) revealed

a very potent spiro-piperidine compound 20 with IC50 of 0.9 μM (10). However, compounds

in this series failed to inhibit amantadine-resistant variants of A/M2, which prompted us to test

alternative structures. In particular, a consideration of the overlay of the parent compound on

derivatives of amantadine suggested that conversion of the piperidine in spiro piperidine 20 to

a 3-amino-cyclohexyl amine while maintaining the second spiro-6-member ring would

produce a more effective inhibitor. We therefore synthesized a family of spiro-[5,5]-undecanes,

in which the 3-position was substituted with amines or other basic substituents (Table 1).

The compounds were tested on A/M2 channels expressed in Xenopus oocytes using TEVC

technique. The inhibitory effect of the compounds was confirmed by in-vivo plaque reduction

assays of influenza A virus (A/Udorn/72). The simple amino-derivative, 8, showed an activity

on par with that of amantadine. However, further substitutions to the amine tended to cause a

loss in activity. N-methylation (compound 9) led to a slightly less potent compound, while the

guanidine derivative, 10, had similar potency as methylamine 9. Modifying the amine by

addition of polar substituents and extended linkers (compounds 11 – 14) led to a marked

decrease in activity. On the other hand, replacing the amine with an imidazole group caused a

slight decrease in activity (compound 16). We also examined additional substitutions at the 3-

methylene of 16, through the introduction of a hydroxyl and fluoro-substituent in 15 and 17,
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respectively. These substitutions gave rise to compounds with lower potency. Furthermore, the

similarly substituted compounds 18 and 19 had decreased activity compared to the primary

amine 8. In summary, these data show that the primary amino group is likely to be a nearly

optimal substituent for the spiro-[5.5]-undecane scaffold. We therefore turned our attention to

determining how the piperidine for cyclohexylamine substitution in 20 vs. 8 affected the ability

of these compounds to inhibit amantadine-resistant forms of A/M2.

Inhibition effect of spiran amine compound 8 on wt and amantadine insensitive A/M2

channels

Amantadine resistant mutants carry naturally occurring point mutations of the pore lining

residues of the A/M2 channel (3,11,12). Extensive structural, electrophysiological and in-

silico investigations suggest that these residues form the binding pocket for the drug (14–18).

We have tested the effect of spiran amine 8 on wt A/M2 channels and A/M2 channels with

altered amantadine sensitivity and compared the inhibition by compound 8 to that of

amantadine and BL-1743. We found that spiran amine 8 efficiently inhibits the activity of A/

M2 wt channels and of A/M2-V27A mutants, with IC50 values of 12.6 μM and 84.9 μM

respectively (Figure 2;Table 2). The inhibition of V27A mutants is particularly interesting,

given that amantadine, BL-1743, and spiro piperidine 20 gave less than 10% inhibition of the

mutant, when applied at 100 μM concentration. It is also interesting to note that the mutant

V27G, which is also naturally occurring (32) is highly resistant to all compounds tested (Table

2).

We next examined the ability of compound 8 to inhibit other pore-lining mutants. S31N is a

highly frequent mutation, which gives rise to decreased sensitivity to amantadine (IC50 = 237.0

μM versus 15.8 μM for the wt A/M2 channel, Figure 2), and complete resistance to rimantadine

(IC50 > 10mM). Similarly, compound 8 showed little inhibition of this mutant. Other mutations

deeper inside the pore than V27 (A30T and G34E) completely eliminate the ability of all drugs

tested to inhibit the channel (Table 2).

By contrast to the other mutations considered here, L26F does not involve a pore-lining residue,

and instead involves a partially largely lipid-exposed residue that packs at the interface between

the helices adjacent to the V27. Thus, this residue is expected to play a more subtle and less

direct role in defining the steric properties of the drug-binding site. Indeed, amantadine inhibits

this mutant with reduced affinity (IC50=164.5 μM), versus the much larger decreases seen for

other variants. Compound 8 is an even more potent inhibitor of A/M2 L26F (IC50 = 30.6 μM,

Figure 2).

The inhibitory effect of compounds 8 and 9 on the recombinantly expressed A/M2 wt and

mutant channels was confirmed by in-vivo plaque reduction assays of influenza A viruses.

Plaque formation of wt influenza virus (A/Udorn/72) was inhibited by amantadine, 8 and 9 at

concentrations ranging from 0.5 to 5 μM (Figure 3A), with compound 8 showing slightly more

potent activity than compound 9. BL- 1743 inhibited wt virus plaque formation only at high

concentrations (50–100 μM) (Figure 3B). On the other hand, plaque count and size resulting

from infection by an influenza virus A/M2-V27A/L38F, that contains the M2-V27A mutation

was reduced by 50 μM spiran amine 8 (Figure 3C). These findings are consistent with the

electrophysiological data (Figure 1). In comparison, amantadine and BL-1743 at the same

concentration range failed to inhibit plaque formation of A/M2-V27A/L38F viruses (Figure

3C). The L38F mutation is naturally found in the Weybridge strain of the virus. This mutation

is pharmacologically silent to the drugs used and does not affect M2 channel function in

electrophysiological recordings (25, 33, 34). The activity of the double mutant A/M2-V27A/

L38F was tested by TEVC and compared to that of a single mutant A/M2-V27A. We found

that sensitivity of the double mutant channel to the tested compound was comparable to that

of the single A/M2-V27A mutant. The A/M2-V27A/L38F mutant channels were not sensitive
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to either amantadine, or BL1743, while being efficiently inhibited by compound 8 (A/M2-

V27A/L38F IC50=78.21±15.06; A/M2-V27A IC50= 84.92±13.61). Based on these findings

we decided that the results of the plaque formation assay performed on the double mutant A/

M2-V27A/L38F adequately represent the behavior of the single A/M2-V27A mutant.

Thus, spiran amine 8 is capable of efficiently inhibiting not only wt A/M2 channels and A/M2-

L26F and A/M2-V27A mutant channels expressed in oocytes, but it also prevents replication

of wt virus and these mutant recombinant viruses. As discussed below, we attribute to the

greater potency of compound 8 in the plaque versus the electrophysiological studies to kinetic

effects arising from the slow kinetics of binding of this class of inhibitors. Compounds are

incubated with oocytes for brief periods in the electrophysiological experiments, but much

longer periods in the plaque-binding studies.

We also measured the binding of selected drugs to the transmembrane domain of wt A/M2

protein (M2TM, residues 22–46), using a spectroscopic assay that relies upon changes in the

CD spectrum of M2 induced by binding of drugs (Table 1 and described in supplementary

materials). All drugs bound in a stoichiometry of approximately one drug/tetramer. At pH 7.4,

potent compounds were found to bind to the transmembrane tetrameric form of M2TM with

low μM binding constants. Compounds 8 and 10 were found to be approximately equipotent

with amantadine, displaying dissociation constants in the range of 7 – 8 μM (Table 1). In

agreement with the plaque assay, compound 9 was approximately four-fold less potent than

amantadine or compound 8. These data support the expectation that the drugs inhibit the

channel activity by binding directly to the A/M2 proton channel.

Competition among inhibitors

In 1999 Gandhi and co-workers concluded from competition experiments with Cu(II) that

BL-1743 inhibits A/M2 channel activity by binding inside the channel pore (24). However,

conflicting structural studies have shown that adamantane derivatives bind either inside (15),

or outside (21) the channel pore, although the pharmacological relevance of the latter finding

has not been confirmed (23). Furthermore, solid-state NMR experiments have shown that a

member of the spiran series of compounds binds A/M2 in a manner similar to that of amantadine

(10). Given that BL-1743 appears to bind within the pore, we were interested to determine

whether amantadine binds competitively with respect to this compound, or whether it binds to

an independent site.

The second-order rate constant (κon) for the association and inhibition of the wt A/M2 channel

with BL- 1743 was calculated to be 720 M−1 s−1 (9), which is comparable with the κon of

amantadine (600 to 900 M−1 s−1) (25). However, the dissociation rate constant (κoff) for

BL-1743 is approximately an order of magnitude faster than that calculated for amantadine

(10−3 s−1 and 10−4 s−1 respectively) (9,25). We exploited this difference in κoff of BL-1743

and amantadine to investigate the mechanism of A/M2 channel inhibition by amantadine by

testing whether this drug competes with BL-1743 for the inhibition of A/M2 channel activity.

For these experiments A/M2 channels were expressed in Xenopus oocytes, and the channel

activity was assayed by TEVC. A/M2 channel activity was evoked by application of the low

pH activating solution (pH 5.5). In the control experiments the channel activity was inhibited

by saturating concentrations of either BL-1743 (1000 μM) or amantadine (100 μM) alone

(Figure 4A and B). As seen from Figure 4A and 4B, the inhibition of A/M2 was essentially

fully reversible in the time frame of 5 min for BL-1743, but only about 10% complete for

amantadine. This finding is consistent with the slower off-rate for amantadine than for

BL-1743. Compound 8 also showed an off-rate similar to that of amantadine, as expected from

their similar IC50 values (Figure 2, Figure 4C).
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We next examined the competition between BL-1743 and amantadine, chosen as a

representative example of the slow-dissociating class of inhibitors. We subjected the oocytes

to sequential treatment with drugs and drug-free recording solutions in a manner designed to

probe both the kinetic and thermodynamic aspects of inhibition. A resting oocyte, incubated

in the non-activating solution (pH 8.5), was treated as follows. 1) The oocyte was acidified by

the application of the activating solution (pH 5.5) (red bar in Figure 5); 2) The oocyte was

pulsed with the activation solution containing rapidly reversible BL-1743 at various

concentrations ranging from 3 to 1000 μM for 60 sec (green bar); 3) BL- 1743 in the activating

solution was replaced with the slowly reversible inhibitor amantadine (100 μM) for an

additional 90 sec (yellow bar); 4) The pH was shifted to 8.5 to allow the system to re-equilibrate

for 5 min (second blue bar); 5) The oocyte was re-acidified (second red bar) and the degree of

recovered channel activity determined.

As expected from a reversible second-order binding event, the rate and extent of inhibition

observed during the BL-1743 incubation period increased in a concentration-dependent

manner (Figure 5). The ensuing traces observed during the amantadine-chase period reflect

several processes, including (a) the binding of amantadine to the fraction of channels that were

not inhibited in the initial BL-1743 pulse, (b) dissociation of BL-1743 to generate uninhibited

channel, and (c) binding of amantadine to newly uninhibited A/M2 channels following

dissociation of BL-1743. With low concentrations of BL-1743, little inhibition was achieved;

thus, upon addition of 100 μM amantadine the kinetics were dominated by this process, and

the trace approached a simple exponential decay (Figure 5A and B). On the other hand, with

a 1000 μM BL743 pulse, inhibition was complete and the resulting traces reflected a

competition between dissociation of BL-1743 and the on-rate for amantadine-binding, both of

which occur with relaxation times in the sec to min time scale under these conditions (Figure

5D). Thus, biphasic kinetics were observed, with the rising phase reflecting the fact that as the

BL-1743 dissociates from the channel, amantadine does not bind instantly, leading to a partial

recovery followed by inhibition by amantadine at longer times. As expected, intermediate

behavior was observed with an initial pulse of 100 μM BL-1743 (Figure 5C).

In the complementary experiments A/M2 channels were first inhibited by various

concentrations of amantadine (1–100 μM) for 60 sec; then, BL-1743 (100 μM) was substituted

for amantadine in the activating solution for 90 sec (Figure 6). The lower were the amantadine

concentrations the higher was the effect of BL-1743 inhibition as evidenced by more current

recovered after the 5 min long washout (Figure 6A and B). When amantadine was applied at

a saturating concentration (100 μM), substitution with BL-1743 did not add to the existing

inhibition by amantadine (Figure 6D).

Taken together, these results suggest competition between BL-1743 and amantadine for

inhibition of the A/M2 channel and support the conclusion that amantadine inhibits A/M2

channel activity by binding inside the channel pore. The results of this competition study also

are in a good agreement with the amantadine inhibition kinetic rates reported by Wang et. al.

(25)

The reaction rate constants for the spiran amine compounds were not precisely determined;

however, as shown in Figure 4C, the washout rate for the spiran amine 8 was not significantly

different from that of amantadine, suggesting it should behave similarly to amantadine.

Voltage dependence of inhibition of A/M2 channel activity by amantadine, BL 1743 and spiran

amine

Since spiran amine 8 is a positively charged molecule in aqueous solution over the pH range

used in this study, its inhibitory effect on A/M2 channels may depend on membrane voltage.

To address this possibility, we tested the voltage dependence of A/M2 channel inhibition by
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spiran amine 8 and compared it to that of BL-1743, spiro piperidine 20 and amantadine.

Previous studies have shown that the inhibition of A/M2 channel activity by BL-1743 does not

depend on voltage (9), while voltage dependence of amantadine inhibition has not been

addressed directly. We observed that inward and outward A/M2 channel currents measured in

the presence of each of the tested compounds were equally inhibited in the voltage range from

−40 to +40 mV (Figure 7). These findings indicate that inhibition by none of the tested

compounds is voltage dependent.

DISCUSSION

As amantadine resistant influenza A strains become prevalent, the need for novel small

molecule inhibitors grows. Our previous SAR of the BL-1743 series of compounds revealed

one tight binding inhibitor - spiro piperidine 20 with IC50 of 0.9 μM, which has been shown

to perturb a larger region in the pore-lining area of wt A/M2 than amantadine (10). In the current

study an additional set of compounds was made by converting the spiro-piperidine scaffold to

spiran amine, which still retains the conformation of spirocycles for tight binding, but has a

slightly more extended structure. Compound 8 from this series shows promising inhibitory

activity against two of the naturally occurring A/M2 point mutants: A/M2-L26F and A/M2-

V27A (Figure 2). L26 and V27 are the residues closest to the channel exterior (Figure 8) to

have been associated with amantadine-resistance in naturally occuring mutants of A/M2 (12,

16,34). It is interesting to note that, although these L26F and V27A were inhibited by 8, none

of the amantadine insensitive mutants located deeper in the pore was sensitive to spirane amine

8 (Table 2). However, of these, only S31N poses a significant clinical threat.

Figure 8A and 8B illustrates the position of L26 and V27 in the crystal structure of the

transmembrane domain of A/M2 complexed with amantadine at low pH, while Figure 8C

shows a model of the complex at high pH in phospholipid bilayers obtained by solid state NMR

(12). Although there are significant differences between the details of these and other

experimental models (35, 36), V27 projects directly towards the pore, while L26 is critical for

packing at the helix-helix interface. Thus, changes to residues at these positions are likely to

cause changes to the N-terminal region of the channel lumen, precisely at a location where

amantadine has been found to bind. We are currently conducting crystallographic and

molecular dynamics analyses of these mutants to determine their affect on the channel structure,

and also to define the mechanism by which compound 8 is able to inhibit these otherwise drug-

resistant variants. However, it is inviting to speculate that the decrease in hydrophobicity and

steric bulk associated with the V27A mutation might increase the polarity and pore radius near

the N-terminal region of the binding site. In this scenario, the extended length of compound

8 would provide increased steric and physicochemical complementarity to the variants,

particularly its amine group projected outward toward the exterior of the virus.

It was previously shown that BL-1743 inhibits A/M2 channel activity by binding inside the

channel pore with the κon kinetic similar to that of amantadine, but with nearly 10-fold faster

koff kinetic (9,25). By employing the differences in the kinetic properties of amantadine and

BL-1743 inhibition, we tested whether these two compounds compete for the same binding

site. Figure 5D shows that when A/M2 channels are occupied with BL-1743, after amantadine

substitution for BL-1743 in the recording solution, no additional inhibition by amantadine

occurs, and slow re-initiation of amantadine binding starts only as the unbinding of rapidly

reversible BL-1743 occurs. These findings are consistent with bound BL-1743 molecules

preventing the channel from binding amantadine. Since BL-1743 binds in the pore, this result

indicates that amantadine also inhibits A/M2 channel activity by binding in the channel pore.

As amantadine, BL-1743 and spirane amine 8 are all easily protonated in the pH range used

in this study, and it is often observed that the efficacy of a positively charged channel inhibitor
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increases as membrane voltage is made more negative, we tested the voltage dependence of

these compounds and of spiro piperidine 20 in the range of −40 to +40 mV. Earlier

electrophysiological characterizations of AM2 inhibition by BL-1743 revealed that the

inhibition was not voltage dependent (9). The present study confirms the voltage-independence

of BL-1743, amantadine, spiro piperidine 20, and spirane amine 8 (Figure 7). This finding is

consistent with the location of the binding site occurring on the N-terminal half of the pore in

a location exterior (N-terminal in peptide sequence) to the Trp/His gate, over which the

transmembrane voltage drop is expected to occur. This binding mode is also consistent with

the site inferred from solid state NMR measurements of the perturbation to channel resonances

associated with binding of spiro piperidine 20 (10). Furthermore, the existence of mutants

conferring BL-1743 resistance (9,24) suggest that the drug binding site is located on the

extracellular-facing portion of the pore, N-terminal of H37. The lack of voltage dependence

of amantadine inhibition and failure for intracellularly injected amantadine to inhibit (37) are

also consistent with this binding location, and argue against a proposed mechanism of

amantadine binding to the outer intracellular-facing side of pore of the protein (21,22).

Together, these data argue for the previously proposed mode of binding to the pore of the

channel (14–17). However, assuming the voltage drop occurs at the His/Trp gate, these data

do not differentiate models in which the positively charged ammonium (or guanidinium group

of BL-1743) of the drugs are directed toward the viral exterior or downward toward the H37

residues. It also should be born in mind that the lack of a voltage-dependence might occur if

the binding of the positively charged inhibitor occurs in an exchange in which one proton is

released to the outside of the cell when one inhibitor molecule enters the pore without changing

the total charge inside the pore. While this is a formal possibility that is consistent with the fact

that the binding of drug occurs with concomitant loss of one or more protons from the H37

residues (38), it seems unlikely that the proton release would obligatorily occur to the exterior,

rather than the interior, which is the natural direction of proton flow.

In summary, these results demonstrate the feasibility of designing anti-viral drugs effective

against amantadine-resistant escape mutants of influenza A virus. Relatively modest

modifications to BL-1743 have now resulted in a potent inhibitor of two naturally occurring

A/M2 amantadine insensitive mutants: A/M2-L26F and A/M2-V27A. Moreover, the

electrophysiological experiments lend support for the existence of the binding site in the outer

portion of the channel pore (12,15,16,23,34). Thus, three-dimensional models in which the

drug is bound in the N-terminal regions of the pore should provide useful starting points for

the design of even more tight-binding and broad-spectrum agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Chemical structures of A/M2 channel inhibitors.
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Figure 2. Inhibition efficiency of amantadine, BL-1743 and spiran amine 8 on wt A/M2 channels
and A/M2 L26F, V27A and S31N mutants

Channel activity was assayed by TEVC for A/M2 channels expressed in Xenopus oocytes.

Responses in the presence of various concentrations of an inhibitor (I) were normalized to the

current evoked by application of the activating (pH 5.5) solution without inhibitor (I0). The

experimental data are the average of three independent experiments. Each point is the mean

(±SD) of 5–8 oocytes. IC50 values in μM: A/M2 with amantadine IC50=15.76±1.24; with

BL-1743 IC50=46.25±3.56; with spiran amine 8 IC50=12.59±1.11. A/M2-L26F with

amantadine IC50=164.46±14.40; with BL-1743 IC50>10 mM; with spiran amine 8 IC50=30.62

±8.13. A/M2-V27A with amantadine IC50=1840; with BL-1743 IC50>10 mM; with spiran

amine 8 IC50=84.92±13.61. A/M2- S31N with amantadine IC50=237.01±22.14; with BL-1743

IC50>10 mM; with spiran amine 8 IC50>10 mM.
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Figure 3. In vivo plaque reduction assay

Wt influenza virus (A/Udorn/72) and influenza virus containing mutations in the M2 TM

domain (V27A/L38F) were recovered from cloned DNA and assayed for plaque formation on

MDCK cells in the presence or absence of drugs as described in Materials and Methods. A.

Effects of amandadine, BL-1743 and compounds 8 and 9 (0.5 and 5 μM) on Udorn plaque

formation. B. Effect of BL-1743 (50 and 100 μM) on influenza virus plaque formation. C.

Effects of amantadine, BL-1743 and spiran amine 8 (50 μM) on influenza mutant virus V27A/

L38F plaque formation. C, upper panel: ~1000 p.f.u./well of mutant virus were used. C, bottom

panel: ~100 p.f.u./well of mutant virus were used. Plaque count: no drug – 99 plaques/well;
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amantadine 50μM – 82 plaques/well; BL-1743 50 μM – 86 plaques/well; spiran amine 8 50

μM – 37 plaques/well.
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Figure 4. Inhibition of A/M2 channel activity by saturating concentrations of BL-1743, amantadine
and spiran amine

8. A–C; Representative traces of A/M2 channel activity inhibited by either BL-1743 (1000

μM, A), amantadine (100 μM, B), or spiran amine 8 (100 μM, C). A/M2 channel activity was

induced by application of the activating solution (pH 5.5, red horizontal bar above the trace).

The currents were inhibited by the application of the activating solution containing either

BL-1743 (green horizontal bar, A), amantadine (yellow horizontal bar, B), or spiran amine 8

(orange horizontal bar, C) for 60–90 sec. After the maximal inhibition was achieved, oocytes

were superfused with the non-activating solution (pH 8.5, second blue horizontal bar) for 5

min to allow current recovery and the channel activity was assayed again by the application of

the activating solution (second red horizontal bar). Note that recovery was complete only for

BL-1743.
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Figure 5. Inhibition of A/M2 channel activity by consecutive application of BL-1743 and
amantadine

A–D; Representative traces of the A/M2 channel activity modulated by consecutive application

of BL- 1743 and amantadine. A/M2 channel activity was induced by the application of the

activating solution (pH 5.5, red horizontal bar above the trace). The currents were first inhibited

by the application of the activating solution (pH 5.5) containing various concentrations of

BL-1743 (3–1000 μM, green horizontal bar) for 60 sec. After maximal inhibition of the channel

activity was achieved, amantadine (100 μM) was substituted for BL-1743 (3–1000 μM) in the

activating solution for 90 sec (yellow horizontal bar). The inhibitors were washed out for 5

min by the non-activating solution (pH 8.5, second blue horizontal bar) and the pH-induced

activity of A/M2 channels was measured again (second red horizontal bar). Note the biphasic

current upon application of amantadine during washout of a saturating concentration of

BL-1743 (during yellow bar in D).
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Figure 6. Inhibition of A/M2 channel activity by consecutive application of amantadine and
BL-1743

A–D, Representative traces of the A/M2 channel activity modulated by consecutive application

of amantadine and BL-1743. A/M2 channel activity was induced by the application of the

activating solution (pH 5.5, red horizontal bars above the traces). The currents were first

inhibited by the application of the activating solution (pH 5.5) containing various

concentrations of amantadine (1–100 μM, yellow horizontal bar) for 60 sec. After the maximal

inhibition of the channel activity was achieved, BL-1743 (100 μM) was substituted for

amantadine (1–100 μM) in the activating for 90 sec (green horizontal bar). The inhibitors were

washed out for 5min by the non-activating solution (pH 8.5, second blue horizontal bar) and

the pH-induced activity of A/M2 channels was measured again (second red horizontal bar).

Note that in no instance was a biphasic current observed during application of BL- 1743 as

amantadine was washed-out (yellow bars).
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Figure 7. Voltage dependence of A/M2 inhibition by amantadine, BL-1743, spiran amine

8 and spiro piperidine 20. Inhibition of A/M2 channel activity by amantadine, BL-1743, spiran

amine 8 and spiro piperidine 20 was assayed at various holding voltages (from −40mV to

+40mV). The mean (±SD) channel activity remaining after the maximal inhibition by each of

the inhibitors (100 μM) was achieved was plotted as a function of the holding voltage. The

experimental data are the average of three independent experiments. Each point is a mean

(±SD) of 6–10 oocytes.
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Figure 8. Structure of amantadine complexes with the transmembrane domain of A/M2 protein

Panel A and B illustrates the crystal structure of the channel (pdb code 3K9J); viewed from

the outside of the virus (A) and in a side-on view with on helix removed for clarity (B). Panel

C shows a lower resolution model (2KAD) obtained from an analysis solid-state NMR angular

and distance restraints. The identities of critical residues are shown below, showing the C-

alpha and sidechain atoms.
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Scheme 1.

Synthesis of spiran amine 8, 9 and guanidine 10.
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Scheme 2.

Synthesis of spiran triazole 11 and spiran amine 12, 13 and 14 with extended linkers.
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Scheme 3.

Synthesis of spiran with imidazole head group 15, 16, 17.
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Scheme 4.

Synthesis of spiran 18, 19.
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Table 2

Inhibition effect of amantadine, BL-1743, spiran amine 8 and spiran amine 9 on A/M2 wt

and amantadine insensitive mutant channels

Data presented as a percent of remaining A/M2 activity after application of an inhibitor (100 μM) for 2 min. The

experimental data are the average of three independent experiments. Each point is a mean (±SD) of 5–7 oocytes.

BL-1743 SPIRAN AMINE 8 SPIRAN AMINE 9 AMANTADINE

% remaining activity after application of 100 μM compound

A/M2 25.3±1.3 10.6±0.7 8.4±1.1 6.1±1.0

A/M2-L26F 89.2±4.8 32.4±3.3 72.6±8.4 51.8±3.5

A/M2-V27A 97.4±1.8 46.6±6.6 70.2±1.55 93.07±1.9

A/M2-V27G 82.9±9.3 87.9±6.1 89.6±4.1 95±4.9

A/M2-A30T 102±2.3 98.1±7.0 101. ±3.2 104.6±4.3

A/M2-S31N 100±0.67 99.1±0.9 100±4.1 65.3±2.7

A/M2-G34E 89.8±6.9 96. ±5.9 101.7±2.8 100.4±6.7
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