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Several compounds that specifically inhibited replication of the H1 and H2 subtypes of influenza virus type
A were identified by screening a chemical library for antiviral activity. In single-cycle infections, the compounds
inhibited virus-specific protein synthesis when added before or immediately after infection but were ineffective
when added 30 min later, suggesting that an uncoating step was blocked. Sequencing of hemagglutinin (HA)
genes of several independent mutant viruses resistant to the compounds revealed single amino acid changes
that clustered in the stem region of the HA trimer in and near the HA2 fusion peptide. One of the compounds,
an N-substituted piperidine, could be docked in a pocket in this region by computer-assisted molecular mod-
eling. This compound blocked the fusogenic activity of HA, as evidenced by its inhibition of low-pH-induced
cell-cell fusion in infected cell monolayers. An analog which was more effective than the parent compound in
inhibiting virus replication was synthesized. It was also more effective in blocking other manifestations of the
low-pH-induced conformational change in HA, including virus inactivation, virus-induced hemolysis of eryth-
rocytes, and susceptibility of the HA to proteolytic degradation. Both compounds inhibited viral protein
synthesis and replication more effectively in cells infected with a virus mutated in its M2 protein than with
wild-type virus. The possible functional relationship between M2 and HA suggested by these results is
discussed.

Infection of cells by influenza virus is initiated by binding of
the viral hemagglutinin (HA) to sialic acid-containing recep-
tors on the surface of the cell. HA anchored in the viral mem-
brane is a trimer composed of identical monomers, each com-
posed of two disulfide-linked polypeptides, HA1 and HA2,
generated by proteolytic cleavage of the primary translation
product, HA0. Following binding, the virus is internalized by
endocytosis. Within the low-pH (5.0 to 5.5) environment of the
endosome, the HA undergoes a conformational rearrange-
ment which releases the hydrophobic NH2-terminal amino
acid residues of HA2 from their buried position within the
molecule at the interface of the HA trimer. This fusion peptide
is then inserted into the endosomal membrane, which, after
further multistep conformational changes in the protein and
the target lipids, results in fusion of the viral and endosomal
membranes and formation of a fusion pore (reviewed in ref-
erences 9, 43, 48, 50, 51, 59–61, 63, 64). Concomitant with this
process, the viral membrane-bound M2 protein acts as an ion
channel (19, 35, 52, 56) for the uptake of protons into the
interior of the virion, which results in the dissociation of the
M1 protein from the viral ribonucleoproteins (RNPs) (6, 32).
Following completion of the fusion process, the RNPs are
released into the cytoplasm, where, free of bound M1, they are

able to enter the nucleus and initiate mRNA synthesis (21, 32,
42).

Most of what is known about the conformational changes
that accompany fusion has been determined from studies of
the HA from the X31 strain of influenza A virus, an H3 sub-
type. The crystallographic structures of most of the molecule in
its neutral-pH form (65) and of a soluble fragment in the low-
pH form (7) have been solved for this strain. These and other
studies (8, 13, 47) have demonstrated extensive rearrangement
of HA2 residues at low pH with respect to their relative ori-
entation as well as coil-coil formation, loop-to-helix transitions,
and helix-to-loop transitions. Different HA subtypes also un-
dergo the conformational change and subsequent fusion reac-
tion but do so at different pHs and temperatures (18, 25, 38).
Recent accounts have identified several compounds that in-
hibit viral infectivity by blocking the low-pH-induced confor-
mation change of HA. In one report, computer-assisted mod-
eling was used to identify a group of benzo- and hydroquinones
that bind to and stabilize the native form of X31 HA, resulting
in inhibition of viral infectivity (2, 22). In other reports, a
quinolizidine-linked benzamide was shown to block the con-
formational change of H1 and H2, but not H3, subtypes of HA
(29, 30).

Here we describe several compounds that inhibit infectivity
of H1, H2, and to a lesser extent H3 subtypes. Studies in which
virus or purified HA was exposed to low pH demonstrated that
the compounds act by blocking the conformational change in
the HA. Consistent with this mechanism of action, the com-
pounds also blocked virus-induced hemolysis of erythrocytes
(RBCs) and fusion of infected cells at low pH. Resistant mu-
tants which had amino acid changes in and topologically near
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the fusion peptide of HA2 were obtained. Computer modeling
predicted a potential binding site for the compounds in this
region. Differential effects of the compounds on wild-type (wt)
and mutant viruses suggest a possible functional relationship
between the viral HA and M2 proteins.

MATERIALS AND METHODS

Cells and virus stocks. MDCK cells were obtained from the American Type
Culture Collection (ATCC). MDBK cells and the WSN strain of influenza A
virus were provided by Robert Krug. Cells were grown in Dulbecco’s modified
Eagle medium (DMEM; Cellgro; Mediatech) containing glutamine, penicillin,
and streptomycin (complete DMEM) supplemented with 10% fetal calf serum
(FCS; Gibco, BRL). All other influenza A and B strains were obtained from the
ATCC. Stocks of ATCC viruses were prepared by infecting MDCK cells at a
multiplicity of infection (MOI) of 0.002 to 0.01 and incubating them for 2 days
at 37°C under 5% CO2 in complete DMEM containing 1 mg of trypsin (Worth-
ington) per ml. The stocks were expanded by infecting 11-day-old embryonated
eggs with 2 3 103 to 20 3 103 PFU/egg and collecting the allantoic fluid after 2
days at 37°C (no CO2). Stocks of WSN virus were grown in MDBK cells in the
presence of complete DMEM–2% calf serum (Gibco) and 5% CO2.

Automated ELISAs. Growth of WSN virus in MDBK cells after 18 h in the
presence of test compounds was monitored by enzyme-linked immunosorbent
assay (ELISA) in microtiter plates (4 3 104 cells/well, MOI of 0.01), using a
primary monoclonal antibody specific for influenza A nucleoprotein (Biodesign,
Kennebunk, Maine). The assay was developed with b-galactosidase-linked sec-
ondary antibody (American Qualex, La Mirada, Calif.) and the fluorogenic sub-
strate 4-methyl-umbelliferyl-b-D-galactoside (Sigma, St. Louis, Mo.).

Plaque assays. Serial dilutions of virus in phosphate-buffered saline (PBS)
containing Ca21, Mg21, and 0.2% bovine serum albumin (BSA) were used
to infect 106 MDCK cells plated in six-well, 35-mm-diameter tissue culture dishes
for 1 h at 22°C. After removal of virus, cells were overlaid with 2 ml of 0.6%
agarose containing 13 modified Eagle medium (Gibco), glutamine, penicillin,
streptomycin, and 1 mg of trypsin per ml. Plaques developed after 2 days at 37°C
and were fixed by treatment with 10% trichloroacetic acid for 10 min followed by
10 min in 0.5% crystal violet in 80% methanol–PBS.

[35S]methionine labeling of proteins synthesized in virus-infected cells. MDCK
or MDBK cells (2 3 105 cells/well, plated in 24-well dishes) were infected at an
MOI of 1 to 10, as specified, for 1 h at 0°C. After removal of virus, 0.5 ml of
complete DMEM (without serum) was added and the cells were incubated for
various times at 37°C with or without inhibitory compounds. The media was then
removed and replaced with 0.2 ml of methionine-free modified Eagle medium-
glutamine containing 10 mCi of [35S]methionine. After 30 min at 37°C, the la-
beled medium was removed and the cells were lysed in 150 ml of Laemmli buffer
(26).

SDS-PAGE. The standard Tris-glycine buffer system (26) was used for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels con-
tained 13% acrylamide and 0.1% bisacrylamide (20 by 20 cm) and were electro-
phoresed either overnight at 50 V or for 5 h at 35 mA. Gels were fixed in 10%
acetic acid–40% methanol, immersed in 1 M sodium salicylate for 15 min, dried,
and exposed to X-ray film at 270°C.

Selection of mutant FM viruses resistant to CL 61917, CL 62554, and aman-
tadine. Influenza A/FM/47 virus at an MOI of 0.1 was used to infect 106 MDCK
cells in 35-mm-diameter dishes in the presence of either CL 61917 at 2 mg/ml, CL
62554 at 4 mg/ml, or amantadine at 0.2 mg/ml. After 2 days, lysates were used to
reinfect fresh cells in the presence of the compounds at 4, 8, or 0.4 mg/ml, re-
spectively. After another 2 days, the infection was repeated with the new lysates
in the presence of the compounds at 50, 100, or 10 mg/ml, respectively. Lysates
from this infection were used to produce viral plaques. One plaque from each in-
fection was picked and again plaque purified. Virus stocks grown in both MDCK
cells and eggs were prepared from these plaques. Compounds were maintained
at 50, 100, or 10 mg/ml, respectively, throughout the growth of all viral stocks in
both MDCK cells and eggs. Three independent CL 61917-resistant isolates
(61917r-A, -B, and -C), two CL 62554-resistant isolates (62554r-A and -B), and
one amantadine-resistant (Amr) virus was obtained; the Amr virus was subjected
to a second round of selection, this time against CL 61917, to generate a mutant
resistant to both compounds (Amr 61917r virus).

Cloning and sequencing of HA and M genes. Five milliliters of lysate from 5 3
106 MDCK cells infected with wt or mutant virus was clarified by centrifugation
at 2,000 3 g for 10 min. The supernatants were centrifuged at 40,000 rpm in a
Beckman SW50.1 rotor for 90 min at 4°C. The pelleted virus was extracted with
RNAzol B (Cinna/Biotecx), and the RNA was precipitated with ethanol, dried,
and dissolved in 100 ml of water. Two microliters of RNA was annealed to an
oligonucleotide complementary to the 39 end of the HA gene (viral RNA sense)
and which also contained several nonviral restriction sites: CCGGGATCCTCT
TCGAGCAAAAGCAGGGGAAAAT. cDNA was prepared according to the
instructions of the manufacturer (Gibco, BRL), using murine leukemia virus
reverse transcriptase. An aliquot of the reaction was used as template for PCR
amplification using Vent DNA polymerase (New England Biolabs), the above
oligonucleotide, and a second oligonucleotide complementary to the 59 end of
the HA viral RNA that also contained a T7 RNA polymerase promoter and

additional restriction sites: AACTGCAGAAGCTTTAATACGACTCACTATA
AGTAGAAACAAGGGTGTTTTTCCTTATATT. The amplified 1.8-kb
PCR product was purified by agarose gel electrophoresis and electroelution onto
DEAE-acetate membrane (Whatman). The recovered DNA was digested with
BamHI and HindIII and cloned into similarly digested pUC 19/SP6 (pUC 19
containing an SP6 polymerase promoter) or pUC 119. Alternatively, it was
inserted by blunt-end cloning into SmaI-digested pUC 118. Sequencing of dou-
ble- and single-stranded DNA was performed with T7 DNA polymerase (United
States Biochemicals). Mutant and wt M genes were cloned into the SphI and
EcoRI sites of pUC 19/SP6 by using a similar approach. The 39 oligonucleotide
used was CGGAATTCTCTTCGAGCAAAAGCAGGTAGATATTG, and the
59 oligonucleotide was GCATGCCGCATGCTAATACGACTCACTATAAGT
AGAAACAAGGTAG.

Molecular modeling of HA structure. (i) Model building. A homology model
of the HA of FM virus was constructed based on the X-ray data available for the
HA of the X31 (Aichi) strain of influenza A virus (65). Sequence alignment was
done by using the algorithm of Smith and Waterman (45). Forty randomizations
were performed to ensure that the homology was not spurious. Homology model
building of the HA2 was done with WHATIF (55), which replaces the side chains
of the template protein with those of the target protein. The resulting model was
subjected to energy minimization using CHARMM (5), keeping all backbone
atoms fixed and allowing the side chains to move.

(ii) Ligand docking. The resulting model was then used to determine possible
modes of interaction between the protein and inhibitor molecules. Shapesearch
methodology (12) was used to identify a potential binding site on the protein
which can then dock the inhibitor molecule by selecting from a pool of prede-
termined molecular conformations. Since many of the mutated residues in the
viruses selected for resistance to the inhibitor were clustered in the same general
area of HA2 close to (and including) the fusion peptide, this area was selected
as a probable region of interaction with the inhibitor. A square grid consisting of
points 1.5 Å apart was constructed in the available space in the center core of the
protein; 20 grid points were retained for the analysis. The molecules were then
docked by a pairwise graph-matching algorithm in which a minimum of four
atom-grid correspondences must be made. The highest-scoring docking is pre-
sented. Ligand docking was also performed with the HA of X31 virus.

Virus-induced cell-cell fusion. Confluent CV-1 cells in 35-mm-diameter dishes
were infected with wt or mutant FM viruses at an MOI of 1. After incubation for
9 h at 37°C in complete DMEM–trypsin (1 mg/ml), the medium was replaced with
prewarmed DMEM adjusted either to pH 5.0 with dilute acetic acid or left
unchanged (pH 7.2), containing CL 61917 at 50 mg/ml where indicated. After
incubation at 37°C for 10 min, the medium was removed and replaced with
complete DMEM (pH 7.2)–2% FCS with or without CL 61917. After 2 h of
incubation at 37°C, the medium was removed, and the cells were washed with
PBS, then fixed with methanol-acetone (1:1) at 220°C for 5 min, and subjected
to Giemsa staining.

Virus-induced hemolysis of RBCs. Aliquots of 10 to 100 ml of undiluted virus
stock (stocks varied from 2 3 106 to 2 3 108 PFU/ml) were mixed at 0°C with 400
ml of guinea pig RBCs diluted to 1% in a solution of PBS diluted 1:4 with normal
saline (0.23 PBS). After 30 min, CL compounds (dissolved in dimethyl sulfox-
ide) were added and incubation was continued for 5 min at 0°C. The final
dimethyl sulfoxide concentration was 0.5%. Then 50 ml of 0.4 M 2-[N-morpho-
lino]ethanesulfonic acid (Sigma), pH 5.0, was added, and the mixtures were
incubated at 37°C for 45 min. Controls included mixtures in which either virus or
pH 5 buffer was replaced with an equal volume of 0.23 PBS. After centrifugation
at 10,000 rpm for 30 s, the optical density at 540 nm (OD540) of the supernatant
was determined. Control values were subtracted. Generally, the amount of virus
used produced an OD540 of between 0.5 and 1.0. With some viruses, the HA titer
was low and an OD540 of no more than 0.3 could be produced, even with 100 ml
of virus. The IC50 was defined as that concentration of compound necessary to
reduce the OD540 by 50%. To determine the pH of hemolysis of the various
mutant viruses, the pH 5.0 buffer was replaced by buffers at pH 5.2, 5.4, 5.6, 5.8,
6.0, and 6.2.

Low-pH inactivation of influenza virus. One million PFU of virus (100 ml) was
incubated with or without CL compounds for 10 min at 22°C; 1.0 ml of DMEM
(pH 5.0) with or without CL compounds was added, and incubation continued at
37°C for 15 min. Controls were incubated in neutral-pH DMEM. Virus was then
serially diluted in PBS–0.2% BSA to ;100 PFU/ml, and 0.5 ml was used to infect
MDCK cells for plaque assay.

Purification of [35S]methionine-labeled HA from infected cells. MDCK cells
(2 3 106) were infected with either wt or 61917r-A FM virus at an MOI of 5.
After incubation for 6 h at 37°C in complete DMEM, the medium was removed
and replaced with methionine-free MEM-glutamine to which was added 1 mCi
of [35S]methionine. After incubation for an additional 18 h, the cells were
collected by centrifugation and frozen at 270°C. The cells were thawed and
resuspended in 2 ml of buffer containing 2.5 mM HEPES (pH 7.5) and 150 mM
NaCl. To enhance conversion of HA0 to HA1 plus HA2, trypsin was added to 10
mg/ml and the cells were incubated at 37°C. After 1 h, the cells were centrifuged
and extracted in 2 ml of HEPES-NaCl buffer containing 0.5% Triton X-100 and
soybean trypsin inhibitor (Sigma) at 25 mg/ml. The extract was centrifuged, and
the supernatant applied to a column containing 0.3 ml of Ricinus communis
lectin-agarose (Agglutinin RCA120; Sigma) equilibrated in HEPES-NaCl buffer.
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After washing of the column with this buffer, the HA was eluted with the same
buffer containing 0.2 M D-(1)-galactose.

Proteinase K digestion of purified [35S]methionine-labeled HA. Aliquots of 20
ml of purified HA were diluted to 50 ml with HEPES-NaCl buffer. Various
amounts of inhibitor compounds were added as indicated; 1 ml of 3 M acetic
acid-acetate buffer (pH 5.3) was added, which lowered the pH to 5.0. After
incubation for 15 min at 37°C, the mixture was neutralized with 1 ml of 2 M Tris
base. Proteinase K (Sigma) was added to 20 mg/ml, and the mixture was incu-
bated at 37°C for another 30 min. BSA (100 mg) was added as carrier, and the
proteins were precipitated with ice-cold 10% trichloroacetic acid. After centrif-
ugation, the pellets were washed with acetone, dissolved in Laemmli buffer, and
analyzed by SDS-PAGE.

Synthesis of CL 385319. CL 385319 was prepared by reacting 1-(2-aminoeth-
yl)piperidine (Aldrich) with 5-fluoro-3-trifluoromethylbenzoyl chloride (Lan-
caster) in methylene chloride at room temperature and collecting the hydrochlo-
ride product by filtration.

3H labeling of CL 61917. Random tritiation of CL 61917 (10 Ci/mmol, 2
mCi/ml) was performed by Sibtech, Inc., Tenafly, N.J.

RESULTS

From an automated screen of compounds tested for growth
inhibition against a panel of viruses, two compounds that spe-
cifically inhibited replication of the WSN strain of influenza A

virus, an H1N1 subtype, emerged. CL 61917 (Fig. 1a) inhibited
viral replication with an IC50 of 2 mg/ml (6 mM) as determined
by either an 18-h growth assay (where growth was quantitated
by ELISA) or by a plaque reduction assay. CL 62554 (Fig. 1b)
was somewhat less effective, with an IC50 of 12 mg/ml (25 mM).
When tested against other influenza A virus strains in plaque
reduction assays, CL 61917 had similar inhibitory activities
against H1 and H2 subtypes; it was much less effective against
H3 subtypes and virtually ineffective against an influenza B
virus (Table 1). The 50% cytotoxic concentration for both
compounds against MDCK cells was about 250 mg/ml.

Effects of CL 61917 and CL 62554 on WSN virus-specific
protein synthesis. Time-of-addition experiments were done
to identify the viral process(es) inhibited by the compounds.
When added 1 h before infection (not shown) or immediately
after removal of the infecting virus and then maintained in the
media throughout the course of the experiment, CL 61917 and
CL 62554 inhibited virus-specific protein synthesis occurring

FIG. 2. Effects of inhibitory compounds on protein synthesis in MDBK cells
infected with WSN virus. Cells were infected at an MOI of 1. Compounds (CL
61917 at 25 mg/ml; CL 62554 at 50 mg/ml) were added immediately after removal
of the infecting virus but before incubation at 37°C (a) and after 30 min incu-
bation at 37°C (b). Cells were labeled with [35S]methionine for 30 min. Lanes 2,
4, and 6, 2.5 h p.i.; lanes 3, 5, and 7, 5 h p.i. Lane 1, mock infected; lanes 2 and
3, infected, no compounds added; lanes 4 and 5, CL 61917 added; lanes 6 and 7,
CL 62554 added. Lysates were analyzed by SDS-PAGE. None of the compounds
had any effect on host-cell protein synthesis in mock-infected cells (not shown).

FIG. 1. Inhibitors of influenza A virus replication.

TABLE 1. Inhibition of influenza virus replication by CL compounds

Compound

IC50 (mg/ml)a

A/WSN/33b A/FM/47b A/Japan/305/57c A/Japan/170/62c A/Hong Kong/8/68d A/Victoria/3/75d B/GL
FM mutant

Amr Amr 61917r 61917r-A 62554r-A

CL 61917 2 1.5 0.4 1 25 25 75 0.8 25 75 50
CL 62554 12 7 ND ND ND ND ND 4 ND 75 50
CL 385319 0.1 0.3 ND 0.7 25 25 50 0.15 2 50 ND
Amantadine ND 0.05 ND ND ND ND ND ND ND 0.05 0.05

a Determined by plaque reduction assays. For WSN virus, we also performed ELISAs, which gave IC50s identical to those obtained by plaque assay. ND, not done.
b H1N1 strain.
c H2N2 strain.
d H3N2 strain.
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between 2.5 and 3 h postinfection (p.i.) (Fig. 2a, lanes 4 and 6).
In contrast, when the compounds were added at 30 min p.i., no
effect on viral protein synthesis was seen at any subsequent
time point (Fig. 2b, lanes 4 to 7). These results suggest that
both compounds act early in the viral life cycle, at a step
subsequent to binding of the virus to the cell but probably
before the onset of viral mRNA and protein synthesis (21, 49).
Under the conditions tested, the CL compounds differ in the
ability to block this early viral function because by 5 h p.i.,
protein synthesis had recovered to control levels in infected
cells treated with CL 62554, whereas only partial recovery was
seen in cells treated with the more potent CL 61917 (Fig. 2a;
compare lanes 5 and 7 with lane 3).

Generation of mutant viruses (FM strain) resistant to CL
61917 and CL 62554. Two viral proteins, M2 and HA, are
directly involved in early events in viral infection. To determine
whether either of these proteins is the target of CL 61917 and
CL 62554, mutants resistant to these compounds and to aman-
tadine (which targets the M2 protein [19, 42]) were selected
from the wt population by growth in the presence of com-
pound. Because WSN virus is highly resistant to amantadine
(28, 31), the FM strain of influenza A virus (H1N1 subtype)
was used instead for all the mutant selections. Three mutant
viruses resistant to CL 61917 (61917r-A, -B, and -C), two mu-
tant viruses resistant to CL 62554 (62554r-A and -B, which had
identical mutations [see below]), and an Amr virus were ob-
tained. In addition, an Amr 61917r virus was isolated by grow-
ing the Amr mutant in the presence of CL 61917. Several of
these viruses were assayed for sensitivity to the various inhib-
itors by a plaque reduction assay. The 61917r-A mutant was
found to be cross-resistant to CL 62554, and the 62554r-A mu-
tant was cross-resistant to CL 61917 (Table 1). These results
suggest that both compounds target the same or a functionally
related site on the same viral protein. Both mutants were as
sensitive to amantadine as was wt virus. The Amr virus was
somewhat more sensitive to both compounds than was wt FM

virus. The Amr 61917r double mutant was more sensitive to CL
61917 than were the 61917r-A and 62554r-A viruses.

Effects of CL compounds and amantadine on wt and mutant
FM virus-specific protein synthesis. The properties of mutant
and wt viruses were further characterized by monitoring virus-
specific protein synthesis in MDCK cells at various times after
infection (Fig. 3). Virus-specific protein synthesis in wt FM
virus-infected cells is first detected at about 4 to 4.5 h p.i. (not
shown). Both CL 61917 and CL 62554 significantly inhibited wt
viral protein synthesis at 5 to 5.5 h p.i. (Fig. 3a, lanes 3 and 4).
Viral protein synthesis in cells infected with 61917r-A virus was
not inhibited by either CL compound at 5 to 5.5 h p.i., as ex-
pected (Fig. 3a, lanes 6 and 7). In cells infected with the Amr

virus, protein synthesis was inhibited strongly by CL 61917,
slightly less by CL 62554, and not at all by amantadine (Fig. 3a,
lanes 9 to 11). At 14 to 14.5 h p.i., only CL 61917 continued to
inhibit protein synthesis and did so only in cells infected with
Amr virus (Fig. 3b, lane 9), suggesting that this mutant is par-
ticularly sensitive to inhibition by this compound. Neither of
the compounds had any effect on protein synthesis in cells in-
fected with influenza B virus (GL strain [data not shown]).

Cloning and sequencing of HA and M genes. To determine
the precise mutations responsible for resistance to CL 61917,
the HA genes of all 61917r and 62554r mutants as well as the
HA and M genes of Amr and wt viruses were amplified by re-
verse transcription-PCR, cloned into pUC vectors, and se-
quenced. Five unique, single-base HA mutations that resulted
in changes in the amino acid sequence were obtained (Table
2). Four of the mutations were in HA2, and one was near the
NH2 terminus of HA1. In addition, all genes had several ad-
ditional changes in amino acid sequence compared to the pub-
lished sequence; these changes were, however, identical in the
wt and mutant HAs. Whereas each of the mutations in the
61917r viruses was unique, the two 62554r virus isolates had the
same mutation in HA. As expected, the Amr virus had a wt HA

FIG. 3. Effects of inhibitory compounds on protein synthesis in MDCK cells infected with wt and mutant FM viruses. Cells were mock infected (lane 1) or infected
at an MOI of 10. Compounds (CL 61917 at 30 mg/ml; CL 62554 at 30 mg/ml; amantadine hydrochloride at 10 mg/ml) were added immediately after removal of virus
but before incubation at 37°C. (a) Lanes 2 to 4, wt virus; lanes 5 to 7, 61917r-A virus; lanes 8 to 11, Amr virus. Lanes 3, 6, and 9, CL 61917 added; lanes 4, 7, and 10,
CL 62554 added; lane 11, amantadine added. Cells were labeled with [35S]methionine for 30 min at 5 h p.i. (b) Like panel a except that cells were labeled at 14 h p.i.
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sequence and contained a mutation in the transmembrane
region of the M2 protein.

Computer-assisted molecular modeling. The neutral-pH struc-
ture of the HA of the X31 strain of influenza virus, an H3
subtype, has been solved to atomic resolution (65). If the HA
of FM virus has a structure similar to that of the X31 virus, all
five HA mutations (N50D, F110L, F3L, and Y34H in HA2 and
L37F in HA1) in FM virus that render it resistant to CL 61917
would map to the stem of the HA trimer. Based on the .50%
sequence identity between HA2 of the X31 and FM strains and
the known crystal structure the former, a homology model of
FM HA2 was constructed by computer-assisted molecular
modeling. Using Shapesearch methodology (12), a docking site
for CL 61917 was found in the middle of the stem region of the
FM HA (Fig. 4A and B) near the HA2 fusion peptide that in
X31 HA is known to undergo significant rearrangement during
low-pH-induced fusion (7). The docking site is surrounded by
three (Phe 3, Asn 50, and Phe 110) of the four HA2 amino acid
residues that are altered in the resistant mutants. If the HA1
chains in the FM HA are arranged in the same way as they are
in X31 HA (65), then Leu 37 in FM HA1 would also be
situated very near the putative docking site (not shown). Close
inspection of the binding site indicates that the compound
interacts with the HA through both polar and hydrophobic
forces (Fig. 4C). Glu 105 and Asp 109 from one of the mono-
mer chains of HA2 can participate in a charge-charge interac-
tion with the piperidine nitrogen, while Arg 106 from a second
HA2 chain can hydrogen bond to the amide carbonyl oxygen of

the compound. In addition, Phe 110 from the second chain
forms part of a hydrophobic pocket into which the trifluoro-
phenyl group is oriented. A similar docking attempt performed
with the X31 HA yielded a significantly poorer fit, consistent
with the fact that CL 61917 is a much poorer inhibitor of H3
viral subtypes than of H1 viruses (data not shown). The weaker
binding may be ascribed to the fact that the interacting amino
acid residues found in FM HA are absent in X31 HA; instead,
X31 HA contains Gln 105, His 106, and Leu 110. In addition,
four of the five amino acids whose mutation render FM HA
resistant to the compound are also different in X31 HA.

Inhibition of cell-cell fusion by CL 61917. The region of the
protein where the mutations cluster, together with the fact that
CL 61917 inhibits viral protein synthesis when added immedi-
ately after infection but fails to inhibit when added 30 min after
infection or later, suggested that the compound may act by in-
hibiting the fusogenic activity of HA. Fusion of viral and in-
tracellular membranes occurs in the low-pH environment of
the endosome and is a requirement for the release of the RNPs
from the interior of the virus into the cytoplasm. Cell-to-cell
fusion does not normally occur in influenza virus infection but
can be induced by lowering the pH of the media (58). When wt
virus-infected cells were incubated briefly at pH 5 and 37°C,
extensive fusion and heterokaryon formation occurred (Fig.
5D). No fusion was observed with uninfected cells treated
at pH 5 (Fig. 5B). In the presence of CL 61917, fusion and
heterokaryon formation in virus-infected cells were completely
blocked, although some morphological changes in the cell
monolayer were observed (Fig. 5E). In contrast, fusion and
heterokaryon formation in 61917r-A virus-infected cells could
not be prevented by CL 61917 (Fig. 5H). At neutral pH, CL
61917 had no effect on the morphology of the cells (Fig. 5C).
Amantadine at 10 mg/ml was completely ineffective in blocking
fusion (not shown). The fact that the compound inhibits low-
pH-induced fusogenic activity of HA bound to the outer cel-
lular envelope strongly suggests that it also inhibits the same
function of virion-bound HA when it is present within the
endosome. In addition, binding of the compound to HA ap-
parently occurs in a way that does not perturb the sialic acid-
binding residues in the head of the HA trimer that are respon-
sible for hemagglutination, because CL 61917 had no effect on
the ability of virus to agglutinate RBCs (data not shown).

Inhibition of viral replication and protein synthesis by CL
385319. In an attempt to obtain compounds with improved
antiviral efficacy, CL 385319, the 5-fluoro analog of CL 61917,
was synthesized (Fig. 1c), and its IC50s against various H1, H2,
and H3 viruses were determined by plaque reduction assays.
The 50% cytotoxic concentration against MDCK cells was
about 125 mg/ml. As was the case with CL 61917, CL 385319
was most effective against H1 and H2 viruses: for wt FM virus,
the IC50 was about fivefold lower than that of CL 61917 (Table
1). Inspection of the computer-generated homology model in-
dicated that the 5-fluoro group of CL 385319 can form an
additional hydrogen bond with the N-terminal glycine of HA2,

TABLE 2. Inhibition of hemolysis and pH 5 inactivation of wt and
mutant FM viruses by CL 61917 and CL 385319a

Virus pH50

IC50 (mg/ml)b

Hemolysis pH 5
inactivation

CL 61917 CL 385319 CL 61917 CL 385319

FM (wt) 5.82 .50 12 .100 2.5

Mutants
61917r-A (HA2-N50D) 6.12 ..50 ..50 ..500 ..500
61917r-B (HA2-Y34H) ND .50 .50 ND ND
61917r-C (HA1-L37F) ND 20 20 ND ND
62554r-A and -B

(HA2-F110S)
5.76 ..50 ..50 ND ND

Amr (M2-S31N) 5.82 .50 12 .100 1.25
Amr 61917 (M2-S31N,

HA2-F3L)
5.90 12 4 25 1.25

a Numbering of amino acids in HA1 begins with the initiator methionine
counted as residue 1. Amino acid 1 of HA2 is the glycine residue C terminal to
the cleavage site at arginine 344. Our clone of wt FM HA contained several
differences, including HA1-S340P and HA2-W47G, plus a silent change of G to
A at nucleotide 542, from the sequence available in GenBank (accession no.
IVU02085).

b ., inhibition was 20 to 40% at the indicated concentration; .., inhibition
was 10% or less at the indicated concentration; ND, not done.

FIG. 4. Computer-generated model of the docking of CL 61917 in the stem of the FM HA. For purposes of clarity, only the backbones (colored blue) and selected
side chains (colored red) of the three HA2 polypeptide chains in the HA trimer are depicted. (A) Side view; (B) view down the vertical axis (parts of the polypeptide
backbones have been deleted for clarity). Because of the significant sequence differences between the X31 HA1 and FM HA1 polypeptide chains, modeling of the latter
was not done. The side chains are those of the four amino acid residues whose mutation result in resistant virus. The labels indicate their position in one of the three
polypeptides. CL 61917 (colored pink) is positioned between the three polypeptide chains below N50 and above F110. (C) Interactions between CL 61917 and selected
residues in the putative binding site. Two acidic residues, Glu 105 and Asp 109, from one of the HA2 monomers (numbered arbitrarily as 1 in parentheses) are
positioned to form a charge-charge interaction with the piperidine nitrogen. Arg 106 from another monomer (numbered arbitrarily as 2) is positioned so as to be able
to hydrogen bond with the amide carbonyl oxygen. The trifluoromethylphenyl group is in a hydrophobic pocket which is partially formed by Phe 110 (from monomer
2). A solvent-accessible surface is shown around the binding pocket. The surface is color coded by electrostatic potential. The color coding scheme is shown by a color
ramp at the left, with red the most positive and violet the most negative. The surface and rendering were done with the Sybyl software distributed by Tripos Associates,
St. Louis, Mo.
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FIG. 5. Inhibition of low-pH-induced cell-cell fusion of infected CV-1 cells by CL 61917. Cells were infected with either wt FM or 61917r-A virus at an MOI of 1.
After 9 h, cells were incubated at 37°C with DMEM at pH 7 or pH 5 for 10 min, in the presence or absence of CL 61917 (50 mg/ml), and then incubated for 2 h at
37°C in complete DMEM (pH 7.2)–2% FCS either with or without CL 61917. (a) wt infected, pH 7; (b) uninfected, pH 5; (c) wt infected plus CL 61917, pH 7; (d)
wt infected, pH 5; (e) wt infected plus CL 61917, pH 5; (f) 61917r-A infected, pH 7; (g) 61917r-A infected, pH 5; (h) 61917r-A infected plus CL 61917, pH 5.
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which may explain its greater potency (data not shown).
61917r-A virus was nearly as resistant to CL 385319 as it was to
CL 61917. In addition, like CL 61917, CL 385319 inhibited the
Amr virus somewhat more effectively than wt virus (Table 1).
To confirm this apparent difference, CL 385319 and CL 61917
were tested for the ability to inhibit viral protein synthesis in
cells infected with either wt or Amr virus. CL 385319 inhibited
protein synthesis in Amr virus-infected cells more effectively
(IC50 of 0.3 to 0.6 mg/ml) than in wt virus-infected cells (IC50
of 0.6 to 1.25 mg/ml). CL 61917 was also more effective against
Amr virus-infected cells (IC50 of 1.25 to 2.5 mg/ml) than against
wt virus-infected cells (IC50 of 2.5 to 5 mg/ml) (data not shown;
IC50s estimated from the relative intensity of the viral protein
bands in SDS-gels). These IC50s are only severalfold higher
than the corresponding ones determined in multicycle infec-
tions by plaque reduction assay. CL 385319 did not inhibit viral
protein synthesis in cells infected with 61917r-A virus (data not
shown). In cells infected with the Amr 61917r double mutant,
CL 61917 did not inhibit protein synthesis but CL 385319
inhibited strongly, consistent with the .10-fold-lower IC50 for
the latter compound in plaque reduction assays (Table 1 and
data not shown).

Proteinase K digestion. Maturation of the HA protein is a
multistep process. Following synthesis, the primary HA trans-
lation product HA0 is glycosylated in the endoplasmic reticu-
lum, where it folds into its correct tertiary structure and then
trimerizes. The trimers are transported through the Golgi ap-
paratus, where further carbohydrate modifications occur, and
are then exported to the cell membrane (reviewed in reference
40). Depending on the viral subtype and host cell, each mono-
mer of trimeric HA0 is proteolytically cleaved into disulfide-
linked HA1 and HA2 either intracellularly prior to export, on
the cell surface by extracellular proteases, or at the stage of
virus entry into target cells (3, 24). Following cleavage, the
trimer reorganizes and becomes resistant to further proteolytic
cleavage. If the protein is acidified, however, the ensuing con-
formational changes make the protein susceptible to extensive
proteolytic degradation (44, 62). To determine whether the CL

compounds could block this low-pH-induced sensitivity to pro-
teolytic degradation, [35S]methionine-labeled HA from wt or
61917r-A virus-infected cells was purified by affinity chro-
matography, incubated at pH 5 with various amounts of CL
385319 or CL 61917, neutralized, and then digested with pro-
teinase K. As purified from the infected cell extract, the pro-
tein contained substantial amounts of immature and incom-
pletely processed HA0 (notwithstanding trypsin treatment
during isolation) which was susceptible to proteinase K diges-
tion even when the protein was maintained at neutral pH (Fig.
6; compare lanes 1 and 2). After incubation at pH 5, more
extensive digestion of HA occurred: HA1 was completely and
HA2 was partially digested by proteinase K (lane 3). In the
presence of CL 385319 at concentrations of .5 mg/ml, nearly
complete protection against this pH 5-promoted digestion of
HA1 was attained, with 50% protection occurring at 1.25 to 2.5
mg/ml. CL 61917 was less effective, however, and only partially
protected the protein, even at a concentration of 100 mg/ml
(lane 11). The HA from 61917r-A virus-infected cells was much
more sensitive to proteolytic digestion than wt HA, so that
almost complete digestion of HA1 occurred even at neutral pH
(lane 15), and neither compound protected the protein.

Inhibition of low-pH-induced viral inactivation and viral
hemolysis of RBCs. In the absence of target membranes with
which to fuse, most HA subtypes are irreversibly inactivated by
the conformational changes resulting from the exposure to low
pH, rendering the virus uninfectious (18, 39, 46). In the pres-
ence of RBCs, fusion between the viral and cellular mem-
branes occurs, resulting in hemolysis of the cells and release of
their hemoglobin-colored contents to the surrounding solution
(1). To determine the ability of the compounds to block these
processes, wt and mutant FM viruses were incubated with the
compounds at pH 5 either in the absence or in the presence of
RBCs. The results are expressed as IC50 (the concentration of
compound at which either loss of infectivity or hemolysis was
inhibited by 50%) (Table 2). CL 385319 was quite effective in
inhibiting low-pH inactivation of wt and Amr virus, with IC50s
only about 10 times higher than those required to inhibit viral

FIG. 6. Inhibition of proteolytic digestion of purified HA by CL 61917 and CL 385319. Proteinase (Prot.) K digestion of HA purified from either wt or 61917r-A
virus was performed as described in the text. The concentrations of the CL compounds are indicated, as is the pH to which the HA was exposed prior to proteolysis.
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growth in plaque assays (Table 1). As in other assays, the
compound was somewhat more effective against the Amr virus
than against wt virus. The fact that the IC50 for protection of wt
virus by CL 385319 against low-pH inactivation is very nearly
the same as the IC50 estimated for the protection of purified wt
HA against proteinase K digestion (Fig. 6) strongly suggests
that regardless of whether the HA is inserted into the viral
membrane or is free in solution, the binding site in the protein
for the compound is accessible. Surprisingly, even at 100 mg/ml,
CL 61917 was unable to inhibit inactivation of either wt or Amr

virus. As expected, both compounds were also ineffective in
inhibiting inactivation of 61917r-A virus. The Amr 61917r dou-
ble mutant behaved anomalously; it was more sensitive to both
compounds than wt virus.

In hemolysis assays, we first determined the ability of wt and
mutant FM viruses to hemolyze RBCs over a range of pHs, and
these results are expressed in Table 2 as the pH at which
hemolysis is 50% of maximal (pH50). In two of the mutants, the
pH50 is higher than that of wt; in one mutant it is lower. The
pH50 for the Amr virus was identical to that of wt virus.
Changes in the pH of hemolysis are a hallmark of fusion
mutants (11). CL 61917 and CL 385319 were then tested for
their effects on hemolysis at pH 5.0. The inhibition profile of
CL 385319 against several of the viruses is shown in Fig. 7, and
the estimated IC50s for both compounds against these and
additional viruses are summarized in Table 2. Both compounds
exhibited identical IC50s against wt and Amr virus; this con-
trasts with the somewhat greater potency of these compounds
against Amr virus than wt virus as measured in other assays.
Three of the 61917r viruses (HA2-N50D, HA2-Y34H, and
HA2-F110S) were resistant to high concentrations of both
compounds, as would be expected. One of the 61917r viruses
(HA1-L37F) however, was moderately sensitive. As in the in-
activation assay, the double mutant was more sensitive to both
compounds than wt virus.

The IC50s of the compounds determined in both hemolysis
and (to a lesser extent) viral inactivation assays are significantly
higher (except for the double mutant) than those in multicycle
growth assays or even in single-cycle protein synthesis assays.
In a single-cycle infection, the virion-bound HA molecules
present in the endosome shortly after infection are the same as
those previously exposed to the external media and would be
expected to be equally susceptible to the effects of an inhibitory
compound. The fact that the IC50s differ suggests that the
external environment to which either free HA or HA bound to
the viral membrane is exposed in these in vitro assays may not

fully reflect the endosomal environment in which fusion occurs
in vivo. Possible explanations for the lower IC50s in vivo are (i)
the HA within the endosome is more sensitive to inhibition
because of some aspect of the intracellular environment, (ii)
the inhibitors are metabolized within the cell to more active
forms, and (iii) the inhibitors are selectively concentrated in
the cell. In initial experiments to determine whether the latter
hypothesis is correct, 3H-labeled CL 61917 was incubated with
both infected and uninfected cells for various times and with
various concentrations of unlabeled CL 61917. An approxi-
mate 100-fold selective concentration of the compound in both
infected and uninfected cells was found (data not shown).
Thus, it appears that viral replication is indeed inhibited by CL
61917 by virtue of its action against HA-driven fusion, but its
potency is a function of its selective uptake by cells from the
surrounding media.

DISCUSSION

We have found an N-substituted piperidine, CL 61917, that
inhibits the infectivity of several H1, H2, and to a lesser extent
H3 influenza A viruses. Inhibition appears to result from the
compound’s ability to interfere with the fusogenic function of
the viral HA. This was demonstrated by the ability of the
compound, or its more potent analog CL 385319, to inhibit
various manifestations of the fusogenic activity of a represen-
tative H1 virus, including low-pH-induced hemolysis of RBCs
by virus, infected cell-cell fusion, and low-pH-induced inacti-
vation of viral infectivity. In addition, inhibition of the low-pH-
induced conformational change that is a prerequisite for fusion
activity was directly demonstrated by the ability of the com-
pound to protect purified HA against proteolytic digestion.
Another compound, CL 62554, structurally unrelated to CL
61917, also inhibited viral replication. A mutant selected for
resistance to this compound was also resistant to CL 61917.
The mutation, F110S in HA2, is found in the same vicinity of
the HA structure as the mutations in the viruses selected for
resistance to CL 61917. At least one of these mutants, HA2-
N50D, was also resistant to CL 62554. These results suggest
that CL 62554 may bind at the same site as CL 61917 or at a
nearby site, but we have not investigated this further.

Computer modeling of the HA of the FM virus subtype used
in this study predicts a binding site for CL 61917 in the middle
of the stem of the HA trimer in the vicinity of the buried fusion
peptide. This site is fairly close to but not identical with the
putative binding site of hydroquinone inhibitors in the X31
virus, a H3 subtype (2, 22). The likelihood that CL 61917
actually binds at this site is enhanced by the fact that four of
five mutant viruses resistant to inhibition of infectivity by the
compound have changes in amino acid residues that are near
or surround the binding pocket. Because of its pivotal position,
it is not unreasonable that occupation of this pocket by a small
molecule could interfere with the structural rearrangements
induced by low pH, either by disruption of the ionic and hy-
drophobic forces that maintain the protein in its prefusogenic
state or by physically blocking the movements of the polypep-
tide chain during the conformational reorganization.

Alternative explanations for the effects of CL 61917 and CL
385319 on viral infectivity can be posited. Both compounds are
weak bases. Other weak bases have been shown to inhibit
influenza virus replication by raising the intraendosomal pH,
thereby preventing the conformational change in HA (44). At
high concentration, the compound norakin exerted its antiviral
effect by raising the intraendosomal pH (34). Amantadine,
another weak base, which at low concentration targets the M2
protein, can, at high concentration, also raise the intraendoso-

FIG. 7. Effect of CL 385319 on hemolysis of RBCs by wt and mutant FM
viruses. Assays were performed as described in the text.
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mal pH (20). HA mutants that have a high pH of fusion can be
selected when virus is grown at high norakin (36, 37) or aman-
tadine (11) concentrations. One of the CL 61917-resistant mu-
tants had a pH of fusion significantly higher than that of wt; the
pHs of fusion of two other mutants, however, were only slightly
above or below that of wt. While the possibility that the CL
compounds raise the intraendosomal pH cannot be ruled out,
this effect on viral replication, if any, is probably secondary to
the demonstrated ability of the compounds (in particular CL
385319) to directly block the conformational change of the
HA. In addition, if inhibition was due solely to an endosomal
pH change, the compounds would be expected to be as effec-
tive against H3 viruses as against H1 and H2 viruses. Another
formal possibility is that notwithstanding the computer-gener-
ated model, the compounds do not bind at the site proposed
above but rather at some alternative site, whose ability to bind
the compounds is reduced by mutations in amino acid residues
elsewhere in the protein.

CL 61917 partially protects HA against low-pH-induced pro-
teolytic digestion by proteinase K. However, it is unable to
inhibit low-pH inactivation of wt or Amr virus, even at high
concentration. This suggests that a critical concentration of
functional HA molecules on the viral membrane is required to
effect fusion. If the majority of the HA molecules have been
rendered fusogenically inactive by low pH, the remaining fu-
sogenically competent molecules (those protected by the com-
pound) are insufficient to effect fusion in the endosome and
initiate viral replication. Fusion may in fact require all, or
virtually all, of the available membrane-bound HA. This is
illustrated by the effect of CL 61917 on low-pH-induced fusion
of virus-infected cells. Even though the compound is presum-
ably capable of blocking only a fraction of the HA molecules
on the cell surface from undergoing the low-pH-induced con-
formational change, it is still capable of blocking cell-cell fu-
sion and heterokaryon formation. These results can be ex-
plained by the fact that fusion has been shown to require the
cooperation of three or more HA trimers to form the fusion
pore (10, 14); thus, even a small reduction in the density of
functional HA molecules could seriously impair such a coop-
erative process. A much lower concentration of the compound
is sufficient to block fusion and virus replication within infected
cells, but this is presumably due to the apparent 100-fold se-
lective uptake of the compound, resulting in very high intra-
cellular concentrations. CL 61917 is also a weak inhibitor of
virus-induced RBC hemolysis. The fact that some hemolysis
occurs in the presence of the compound is not necessarily
inconsistent with its effectiveness in blocking heterokaryon for-
mation—these are two different morphological changes that
may reflect vastly different levels of fusogenic activity by HA.
In contrast, CL 385319 is able to block low-pH inactivation of
virus and fully protects HA from proteolytic digestion. This
greater potency is presumably due to its ability to bind more
tightly to the HA; in computer-aided modeling studies, the
5-fluorophenyl group is in position to form an additional hy-
drogen bond with the NH2 group of the N-terminal glycine of
HA2.

Unlike wt virus, the HA of 61917r-A virus is sensitive to
proteinase K digestion even at neutral pH. This suggests that
the N50D mutation destabilizes the protein, thereby making
the polypeptide chains more accessible to the protease. This
result is consistent with the fact that the pH50 of fusion of this
virus is 0.2 pH unit higher than for wt virus (Table 2). Muta-
tions that raise the pH of fusion have been shown to destabilize
the HA (11, 50).

Two recent reports describe the properties of another com-
pound, BMY-27709, that can also inhibit the fusogenic activity

of influenza A virus HA (29, 30). The compound, like the CL
compounds described here, is specific for H1 and H2 viral
subtypes and does not inhibit influenza B virus replication.
BMY-27709 is structurally similar to the CL compounds in that
it is composed of a substituted benzamide linked to a nitrogen-
containing heterocyclic ring structure, although the substitu-
tions and linkages differ in nature. Computer-aided modeling
of the binding of this compound to a homology model of the
HA of WSN virus used in that study (which is 90% identical to
the FM HA) demonstrated hydrophobic and ionic interactions
remarkably similar to those described here between the CL
compounds and FM HA, involving the same amino acid resi-
dues. In addition, several of the mutant viruses resistant to
BMY-27709 had changes in the same amino acid residues as in
the mutants described in this report (HA2-N50 and F-110).
One of the mutations that rendered WSN virus resistant to
BMY-27709, I19V in HA1 (amino acid 19 is equivalent to
amino acid 36 in our numbering system, which includes the
signal peptide and N-terminal methionine), illustrates the
close functional similarity between the BMY and CL com-
pounds. The I19V mutation in this virus results in adjacent
amino acid residues (V19 and F20) that are identical to those
in the FM mutant HA1-L37F (V36 and F37). Thus, although
each compound selected for different mutations in different
viral HAs, the fact that the resulting amino acid sequences in
both HA1 polypeptides were the same suggests that the bind-
ing of both compounds is affected by this region of the HA.
Another mutation, however, illustrates the need for caution in
making generalizations about the effects of mutations in one
virus on different viral subtypes. The mutation F110S in HA2,
which was identical in both viruses, raised the pH of fusion of
WSN HA from 5.65 to 5.95 but lowered that of FM HA from
5.82 to 5.76. As mentioned previously, mutations that raise the
pH of fusion destabilize the HA with respect to pH (11, 50).
Thus, the same mutation, even in similar viral subtypes, can
result in important functional differences.

In assays that assessed the ability of the compounds to block
virus-specific protein synthesis, the Amr virus (which contains
a wt HA) was several times more sensitive than wt virus to both
CL 61917 and CL 385319. The S31N mutation in M2, which
renders the protein Amr, when present in the Rostock and
Weybridge strains of influenza fowl plague virus, has been
shown to reduce the ion channel activity of the protein (17, 23).
The increased sensitivity of the Amr mutant to the compounds
might be explained if this mutation also reduced the ion chan-
nel activity of the M2 protein of FM virus. M2 has been shown
to raise the intraluminal pH of the trans-Golgi network
through which the nascent HA is transported, thereby prevent-
ing acidification and inactivation of the HA (of some, but not
all, subtypes) before it reaches the cell surface (33, 53, 54). In
the endosome, the ion channel activity of M2 regulates the
low-pH-induced dissociation of M1 from the viral RNPs. Be-
cause this process must be completed before formation of the
fusion pore and exposure of the RNPs to the neutral pH of the
cytoplasm, it is possible that the temporal order of M1-RNP
dissociation and fusion pore formation are controlled by the
same mechanism—M2 regulation of the rate and extent of
intravirion acidification. If a fully functional M2 is required to
optimize the rate of viral fusion with endosomes, it is possible
that when M2 activity is suboptimal, the effects of compounds
that interfere with HA activity are enhanced, requiring lower
concentrations to effect the same response. This idea is sup-
ported by the fact that amantadine slows the rate of fusion of
virus with liposomes (4, 57), directly implicating M2 as a facil-
itator of the fusion process, possibly by promoting a low-pH-
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induced weakening of an association of the HA with the M1
protein (15, 27, 67).

In the case of the Amr 61917r double mutant, sensitivity of
the virus to inhibition of viral replication by the CL compounds
was reduced about 15- to 30-fold compared to the Amr virus
(Table 1). Conversely, sensitivity of the double mutant to both
compounds in hemolysis and low-pH inactivation assays was
equal to or enhanced compared to the Amr virus (Table 2).
These apparently contradictory results are not easily recon-
ciled. They suggest that when the virus is exposed to exog-
enously added pH 5 buffer, the F3L mutation somehow acts to
enhance binding of the compound, whereas within the highly
regulated endosomal environment the same mutation reduces
the binding affinity. Further study of the effects of the com-
pounds on the conformational change of the HA of this virus
as a function of time, temperature, and pH may be instructive.
It would also be useful to determine the effect of this mutation
in a virus lacking the mutation in M2. Ultimately, clarification
of the precise interactions between the inhibitors and wt and
mutant HAs must await the outcome of cocrystallization stud-
ies.
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