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The hemagglutinin (HA) protein undergoes a low-pH-induced conformational change in the acidic milieu of
the endosome, resulting in fusion of viral and cellular membranes. A class of compounds that specifically inter-
act with the HA protein of H1 and H2 subtype viruses and inhibit this conformational change was recently
described (G. X. Luo et al., Virology 226:66-76, 1996, and J. Virol. 71:4062-4070, 1997). In this study, purified
HA trimers (bromelain-cleaved HA [BHA]) are used to examine the properties and binding characteristics of
these inhibitors. Compounds were able to inhibit the low-pH-induced change of isolated trimers, as detected
by resistance to digestion with trypsin. Protection from digestion was extremely stable, as BHA-inhibitor
complexes could be incubated for 24 h in low pH with almost no change in BHA structure. One inhibitor was
prepared as a radiolabeled photoaffinity analog and used to probe for specific drug interactions with the HA
protein. Analysis of BHA after photoaffinity analog binding and UV cross-linking revealed that the HA2
subunit of the HA was specifically radiolabeled. Cross-linking of the photoaffinity analog to BHA under neutral
(native) pH conditions identified a stretch of amino acids within the «-helix of HA2 that interact with the
inhibitor. Interestingly, cross-linking of the analog under acidic conditions identified a different region within
the HA2 N terminus which interacts with the photoaffinity compound. These attachment sites help to delineate
a potential binding pocket and suggest a model whereby the BHA is able to undergo a partial, reversible

structural change in the presence of inhibitor compound.

Influenza virus contains a lipid envelope that must fuse with
host cell membranes in order to initiate virus infection (42, 43,
49). The hemagglutinin (HA) protein, a trimeric glycoprotein
embedded in the viral membrane, is responsible for specific
binding to cell surface sialic acid-containing receptors (46) and
for the fusion of the two membranes (51). Although the mech-
anism of viral fusion is not fully elucidated, it is known that the
fusion event is preceded by a conformational change occurring
in the HA trimer that is triggered by the decreasing pH en-
countered during endosomal passage of the virus (23, 43, 49,
50). The HA trimer is composed of three identical monomers,
each containing two protein subunits (designated HA1 and
HA?2) attached to each other via a disulfide linkage (36, 52).
These monomer subunits are formed from a single chain pre-
cursor HA (HAO) that undergoes cleavage during transport
from the Golgi to the cell surface (27). Entry of the influenza
virus into host cells is facilitated through receptor binding by
the HA1 subunit to the sialic acid-containing receptor. The
conformational change brought on by the low pH of the en-
dosome exposes the hydrophobic amino terminus of the HA2
subunit, which is believed to be a trigger in the fusion process
(8,17, 19, 40). It is postulated that the native state of the HA
is a spring-loaded coiled coil and upon acidification, the hy-
drophobic fusion peptide is translocated toward the target
membrane (9-11). This exposed hydrophobic amino terminus
is believed to mediate fusion with the cell membrane (8, 19).
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Influenza virus HA can be cleaved from viral membrane
surfaces with bromelain protease to create a soluble form of
the protein (bromelain-cleaved HA [BHA]) (5, 52). The solu-
ble HA remains a trimer with properties identical to those of
the native membrane bound protein (44). Upon acidification,
BHA undergoes a conformational change and forms rosettes
caused by the aggregation of the exposed hydrophobic fuso-
genic domains of the HA2 subunit (14, 40). In this conforma-
tion, the BHA is susceptible to trypsin digestion, while it is
resistant to this protease in its native conformation (15, 40).

We have previously reported on the identification of a class
of compounds that can inhibit influenza virus fusion (29, 30).
These compounds are able to inhibit the low pH induced
conformational change in the HA protein of H1 and H2 sub-
type viruses but not of the H3 subtype virus. Of these three
subtypes, precise structural information is available only for
H3 HA (8, 20, 37, 38, 45, 48). Previously a model of H1 HA was
constructed using H3 HA crystal structure data (52) and a
potential fusion inhibitor-binding pocket was identified within
HAZ2 based on resistant mutation analysis and inhibitor selec-
tivity (30). In order to probe this binding model and better
understand the mechanism of action of these compounds, ex-
periments were carried out with isolated H1 BHA. Various
analogs were able to protect BHA from protease digestion
following acid treatment and subsequent neutralization. A ra-
diolabeled analog which possessed a photoactivatable azide
moiety was synthesized (16). Affinity labeling at a neutral or
acidic pH produced very different profiles of labeled amino
acids, although in each case the amino acids were in or near the
proposed binding pocket in the HA2. The consequences of the
differences in HA2 photoaffinity labeling patterns with regard
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FIG. 1. (A) Synthesis scheme for preparation of compounds BMS-199945 and BMS-201160. (B) Synthesis scheme for preparation of the 1,3,3-trimethylcyclohexan-
l-yl-methylamine intermediate used in the preparation of BMS-199945 and BMS-201160. For the preparation of [PH]BMS-201160, tritium was used. Abbreviations: Ac,

acetyl; Et, ethyl; Me, methyl.

to the mechanism of action of these fusion inhibitors are dis-
cussed below.

MATERIALS AND METHODS

Chemical synthesis of influenza virus fusion inhibitors. BMY-27709 has been
described previously (29, 30). The structurally related BMS-199945 and BMS-
201160 were synthesized by coupling acetyl 5-methylsalicylic acid chloride and
acetyl 5-azido-salicylic acid chloride, respectively, with 1,3,3-trimethylcyclo-
hexan-1-yl-methylamine in methylene chloride, followed by hydrolysis of the
acetates with potassium carbonate in methanol. The acid chlorides were pre-
pared by first treating both 5-methylsalicylic acid and 5-azido-salicylic acid with
acetic anhydride and sulfuric acid and reacting the acetates with oxalyl chloride
in the presence of a catalytic amount of N,N-dimethylformamide (Fig. 1A) (39).

1,3,3-Trimethylcyclohexan-1-yl-methylamine was prepared from isophorone
by the following sequence of steps (Fig. 1B): (i) 1,4-addition of cyanide to
isophorone using aluminum diethylaluminum cyanide, followed by reduction of
the ketone with sodium borohydride to give a 3-cyano-3,5,5-trimethylcyclohexa-
nol; (ii) mesylation of the alcohol with methanesulfonyl chloride and triethyl-
amine; (iii) elimination of methane-sulforic acid by refluxing in 2,6-collidine to
afford a mixture of the olefins; (iv) reduction of the nitrile with lithium aluminum
hydride-aluminum chloride and protection of the resulting amine with a #-bu-
toxycarbonyl (Boc) group; (v) hydrogenation of the olefin followed by deprotec-
tion of the Boc group with 4 N HCI, providing the amine intermediate. For the
preparation of [PH|BMS-201160 tritium was introduced during the hydrogena-
tion of the olefins.

The tritiated analog of BMS-201160, 5-azido-2-hydroxy-N-[(1,3,3-trimethyl-
4,5,6-*H-cyclohexyl)methyl] benzamide, was synthesized as described elsewhere
(16). Tritiation was performed at the National Tritium Labeling Facility, Law-
rence Berkeley National Laboratories, Berkeley, Calif.

Viruses and cells. Influenza virus A/PR/8/34 (HIN1) was grown in 10-day-old
embryonated chicken eggs at 37°C. Viruses were harvested 48 h after inoculation
as described previously (2). Virus was collected from pooled allantoic fluid by
centrifugation and was resuspended in NTE (100 mM NaCl, 10 mM Tris-HCl
[pH 7.5], and 1 mM EDTA). Virus was further purified on 30-to-60% sucrose

gradients. Influenza A/WSN/33 (HIN1) virus was propagated in Madin-Darby
bovine kidney (MDBK) cells grown in minimal essential medium (GIBCO/BRL,
Gaithersburg, Md.) with 10% fetal bovine serum (Sigma, St. Louis, Mo.) (30).
Chicken erythrocytes (RBC) were purchased from Spafas (Preston, Conn.).

Hemolysis inhibition assay. The hemolysis inhibition assay was modified from
that described previously (29, 30). One hundred microliters of influenza
A/WSN/33 (HIN1) virus (~6 pg of protein) was incubated with an equal volume
of phosphate-buffered saline (PBS) containing various concentrations of inhib-
itor at 37°C for 1 h. Two hundred microliters of a 2.0% solution of chicken RBC
in PBS were added to the reaction mixture and incubated at 37°C for 10 min. The
virus-bound chicken RBC were pelleted by centrifugation at 1,600 rpm for 8 min.
The RBC pellet was resuspended in 450 pl of low-pH PBS buffer (pH 5.0)
containing the corresponding concentration of inhibitor and incubated at 37°C
for 15 min. The reaction mixture was neutralized to pH 7.0 by the addition of 1
N NaOH. Cell debris and unlysed cells were pelleted by centrifugation at 2,000
rpm for 8 min. Three hundred wl of supernatant was transferred to a 96-well
tissue culture plate (Corning Glass Works, Corning, N.Y.) for measurement of
optical density at a wavelength of 540 nm by using a Multiscan MCC/340 plate
reader (Titertek, Huntsville, Ala.).

HA purification. BHA was prepared by a modification of the published pro-
cedure (5). One hundred milligrams of sucrose gradient-purified influenza A/PR/
8/34 virus was pelleted at 100,000 X g for 60 min and resuspended by successive
shearing through needles of decreasing gauge (18 to 27 gauge) in 10 ml of buffer
(0.1 M Tris-HCI [pH 7.4], 1 mM EDTA, 50 mM 2-B-mercaptoethanol) contain-
ing bromelain (2 mg/ml; Sigma). The virus suspension was incubated at 37°C for
16 h. Virus was pelleted, and the supernatant containing the BHA and bromelain
was concentrated in a Centriprep-30 concentrator (Amicon, Beverly, Mass.) to a
volume of 5 ml. The NaCl concentration of the sample was adjusted to 0.5 M,
and the solution was applied to a 35-by-2.8-cm Sephacryl-400 (Sigma) gel filtra-
tion column equilibrated with 0.1 M Tris-HCI (pH 7.5)-0.5 M NaCl. Elution was
carried out at a flow rate of 1 ml/min. Fractions containing BHA were identified
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
pooled, and concentrated by Centriprep-30 centrifugation. Purified BHA was
stored at 4°C.
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FIG. 2. Structures of influenza virus fusion inhibitors used along with their
respective ICsqs in the influenza A/WSN/33 virus-induced hemolysis of chicken
RBC. , tritiation site for [*’H]BMS-201160.

Trypsin protection assay. Native BHA is resistant to trypsin cleavage, while
the conformationally changed BHA is sensitive to trypsin treatment (40). To
assay the trypsin sensitivity of BHA in the presence of inhibitors, 38 pl of a
solution of 6 uM influenza A/PR/8/34 (HIN1) virus BHA was incubated with
various concentrations of compounds in 2 pl of dimethyl sulfoxide at 31°C for 15
min. The reaction was acidified with 0.25 M citrate (pH 4.2) to achieve a final pH
of 5.0 and incubated an additional 15 min at 31°C. The solution was then
neutralized with 0.25 M Tris-HCI, pH 9.0 (final pH 7.5). Four micrograms of
trypsin (TPCK [tolylsulfonyl phenylalanyl chloromethyl ketone] treated; Sigma)
was added and digestion was carried out for 1 h at 37°C. Digestion was termi-
nated by the addition of 10X SDS sample buffer and heating at 95°C for 5 min.
The extent of HA digestion was analyzed by SDS-PAGE on 12% Tris-Glycine
ReadyGels (Bio-Rad, Hercules, Calif.). Cleaved and uncleaved peptides of BHA
identified on Coomassie-stained gels were quantitated through the use of a
Molecular Dynamics (Sunnyvale, Calif.) Personal Densitometer SI with Image-
QuanT software.

Affinity labeling of BHA. Thirty-eight microliters of 6 uM BHA and 2 pl of 1.5
uM [PH]BMS-201160 (~70 Ci/mmol) in dimethyl sulfoxide were incubated at
31°C for 15 min. Some samples were acidified prior to irradiation as described in
the trypsin protection assay. Reaction mixtures in open Eppendorf tubes were
irradiated for 7 min from above with an 8-W Sylvania UV germicidal lamp at a
distance of 5 cm at 25°C. After addition of SDS sample buffer and a 5-min, 95°C
incubation, samples were electrophoresed in 4-t0-20% acrylamide Tris-Glycine
ReadyGels (Bio-Rad). Gels were fixed and treated with En*Hance (New En-
gland Nuclear, Boston, Mass.) according to manufacturer instructions, and ra-
diolabeled proteins were detected by autoradiography.

Isolation of affinity-labeled peptides. Two hundred micrograms of BHA af-
finity labeled with [PH]BMS-201160 was precipitated with 8 volumes of acetone
or methanol and pelleted by centrifugation at 16,000 rpm. Pellets were air dried,
dissolved in 50 wl of 8 M urea—0.1 M Tris-HCI (pH 8.0), reduced by dithiothreitol
(DTT) treatment, and cysteine modified as described previously (12). The pep-
tides were directly loaded onto a Vydac Protein C, column (The Separations
Group, Hesperia, Calif.) in the buffer described above. The HA1 subunit was
separated from the HA2 subunit through reverse-phase high-performance liquid
chromatography (HPLC) using a 0.1% triflouoroacetic acid mobile phase and
eluted with an acetonitrile gradient. The acetonitrile concentration was increased
at a rate of 1% per minute by using a Waters HPLC system (Millipore, Milford,
Mass.). Under these conditions, the HA1 subunit eluted 7 min earlier than the
more hydrophobic HA2 polyprotein. Fractions containing radiolabeled HA2
were lyophylized to dryness.

For CNBr cleavage, the dry HA2 pellet was solubilized in 50 to 100 wl of 70%
trifluoroacetic acid. Solid CNBr (Pierce, Rockford, Ill.) was added at a 500-fold
molar excess and allowed to react for 16 h in the dark at 25°C (1). The reaction
was terminated by three cycles of lyophilization and resuspension in 100 pl H,O,
and the pellet was dissolved in SDS sample buffer.

Endoproteinase Lys-C and trypsin digestion were carried out by resuspending
the dry HA2 pellet in 8 M urea—40 mM NH,HCO;-10 mM DTT and incubating
at 50°C for 15 min. Samples were diluted fivefold with H,O, followed by the
addition of trypsin (TPCK treated; Sigma) or endoproteinase Lys-C (Sigma) at
a ratio of 5 pg enzyme for each 100 g of labeled HA2. Endoproteinase diges-
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tions were carried out at 37°C for 16 h. Samples were lyophilized and dissolved
in SDS sample buffer to give a 7 M urea final concentration.

Protease-digested HA2 samples were electrophoresed in 16.5% Tris-Tricine
ReadyGels (Bio-Rad) and electrophoretically blotted to polyvinylidine difluoride
(PVDF) (Bio-Rad) membrane according to the manufacturer’s instructions.
Following membrane transfer, peptide bands were visualized with Coomassie
blue R-250. Dried PVDF membranes were autoradiographed, and stained bands
corresponding to radiolabeled peptides were cut out for sequencing. Sequence
analysis was performed at the peptide sequencing core facility (Hershey Medical
Center, Hershey, Pa.).

RESULTS

Activity of fusion inhibitors against purified BHA. The three
fusion inhibitor compounds used in this study are presented in
Fig. 2. BMY-27709 was the first compound of the series iden-
tified as an inhibitor of the conformational change of the in-
fluenza virus H1 HA (29, 30). BMY-27709 inhibited replica-
tion of influenza A/WSN/33 virus in tissue culture and was also
active in an RBC hemolysis assay, indicating that it blocked
virus-cell fusion. BMS-199945 is a more potent analog than
BMY-27709. BMS-201160 is equally active and structurally
related to BMS-199945, with a photoactivatable azide group
replacing the methyl group on the salicylic acid moiety. BMS-
198535 is an inactive analog of BMS-199945. The 50% inhib-
itory concentrations (ICs,s) for influenza A/WSN/33 virus-in-
duced RBC hemolysis are 7, 0.57, and 1.1 pM for BMY-27709,
BMS-199945, and BMS-201160, respectively (Fig. 2).

Bromelain-cleaved and purified HA possesses properties
similar to those of native HA present on viral membranes,
existing as a trimer and retaining receptor binding capability
(44). In addition, exposure to low pH causes a gross confor-
mational change in the molecule that exposes the hydrophobic
amino terminus of the HA2 subunit, causing rosettes to form
(40). This conformational change can be monitored through
sensitivity to trypsin treatment. Whereas the neutral-pH form
of native HA or purified BHA is resistant to trypsin treatment,
the low-pH form becomes susceptible, leading to digestion of
the BHA (40).

The three compounds were incubated with purified BHA
isolated from influenza A/PR/8/34 virus. After acidification to
pH 5.0, the solution was neutralized and treated with trypsin
for 1 h as described above. Figure 3 shows the results of this
experiment. The purified BHA (lane 1) is resistant to trypsin
before acid treatment (lane 2), but after low-pH exposure, it
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FIG. 3. SDS-PAGE of trypsin protection assay examining the ability of fu-
sion inhibitors to protect BHA from tryptic digestion. BHA (6 wM) was incu-
bated with 100 puM compound for 15 min at 31°C in pH 7.5 buffer prior to
acidification to pH 5.0. Samples were neutralized and treated with trypsin for 1 h
and then subjected to SDS-PAGE on 12% acrylamide gels and stained with
Coomassie blue. Lane 1, 6 pM BHA alone; lane 2, BHA plus trypsin without
acid; lane 3, Acidified BHA plus trypsin; lanes 4 to 7, BHA pretreated with 100
wM BMS-199945, BMS-201160, BMY-27709, and an inactive analog (BMS-
198535), respectively, prior to acidification and trypsin digestion. Arrows indicate
HA1, HA2, cleaved HA2*, and trypsin proteins. MWs are shown in thousands.
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FIG. 4. Quantitative trypsin protection assay. (A) SDS-PAGE of BHA trypsin protection assays performed in the presence of various concentrations of the three
inhibitors: I, BMS-201160; I1, BMS-199945; and I1I, BMY-27709. For panels I and II, concentrations tested are 0, 0.15, 0.3, 0.6, 1.2, 2.5, 5, and 10 pM for lanes 1 through
7, respectively, and those for panel III are 0, 1.5, 3, 6, 12, 25, 50, and 100 pM for lanes 1 through 7, respectively. Lane 8 in all panels contains nonacidified BHA treated
with trypsin in the absence of compound. (B) Densitometric scan of protected HA1 bands from stained SDS gels expressed as percent of trypsin-treated BHA without
acid treatment (lane 8). Symbols: open circles, BMS-199945; solid circles, BMS-201160; solid squares, BMY-27709.

becomes susceptible and is digested (lane 3). In this case, the
HAL subunit of the A/PR/8/34 virus BHA is ~75% digested
and cannot be detected as smaller proteolytic fragments. This
differs somewhat from the reported behavior of H3, where the
HAT1 subunit is digested, but another lighter staining peptide
can be detected migrating at a lower molecular weight (MW)
(40). We also observe that the HA2 subunit is clipped so that
it migrates at a lower MW, similar to that shown with H3 BHA
(9). Prior incubation of 6 oM BHA with 100 uM compound is
able to completely protect the BHA from subsequent trypsin
digestion (Fig. 3, lanes 4 to 6). None of the compounds tested
had any inherent trypsin inhibiting activity (data not shown).
An analog with no activity in the virus-induced RBC hemolysis
assay (BMS-198535) does not provide BHA protection from
trypsin digestion (lane 7). Therefore, these compounds are
able to inhibit the conformational change of the purified BHA.

Antiviral 50% effective concentration measurements in tis-
sue culture growth or virus-induced RBC hemolysis assays
provide functional data for the inhibitors, but these assays
cannot be used to estimate the stoichiometry of compound
needed to inhibit each HA trimer. The use of purified BHA
should allow for a more precise examination of the stoichiom-
etry necessary for blocking the conformational change. BHA
(6 wM) purified from A/PR/8/34 virus was incubated with var-
ious concentrations of compound, and following acid treat-
ment, trypsin protection experiments were performed. The
digested BHA products were examined by SDS-PAGE (Fig.
4A), and the intact and digested HA fragments were quanti-
tated by densitometry (Fig. 4B). BMY-27709 was the least
active, exhibiting 50% protection at a concentration of 55 pM.
BMS-199945 and BMS-201160 exhibited higher potency, with
ICs, values of approximately 1 and 2 uM compound in the
trypsin protection assay, respectively. Since we previously re-
ported a 10-fold increase in BMS-27709 ICss in hemolysis
inhibition with A/PR/8/34 rather than A/WSN/33 virus (29),
these values are comparable to those achieved in the virus-
induced RBC hemolysis assay.

Reversibility of fusion inhibitors at neutral and acidic pH
and stability of inhibitor-BHA complex at acidic pH. BMY-
27709 was previously shown to be a reversible inhibitor in
virus-induced RBC hemolysis inhibition assays using intact in-
fluenza virus (29). Due to the nature of the experiments, re-
versibility using RBC could only be achieved at physiologic pH.
Therefore, trypsin protection experiments were performed on
BHA to determine if these inhibitors are also reversible at
acidic pH (Fig. 5A). BMS-201160 (20 wM) was incubated with
6 .M BHA at neutral pH. As determined by the experiments
described in Fig. 4B, there is enough compound to completely
protect BHA from trypsin digestion following acidification and
neutralization (lanes 1 and 2). Unprotected and BMS-201160-
inhibited BHA mixtures were either diluted 100-fold in neutral
buffer for 15 min and then acidified or acidified first and then
diluted 100-fold in acidic buffer prior to trypsin digestion. Sam-
ples were concentrated by 10% trichloroacetic acid (TCA)
precipitation prior to SDS-PAGE (TCA does not precipitate
the proteolytically cleaved BHA2 fragment). If the compound
binding is readily reversible, dilutions should decrease the
level of protection from subsequent trypsin treatment. This
is observed at a neutral pH, where dilution reverses the BMS-
201160 protection (lane 4). However, BMS-201160-treated
BHA diluted in pH 5.0 buffer still exhibited significant protec-
tion against trypsin digestion (Fig. 5A, lane 6). This suggests
that the acidic treatment of the BHA results in a much more
stable compound-protein interaction within the trimer. This
could be due to a partial conformational change that either
traps the compound in the trimer or creates an environment
where the compound binds with much higher affinity. This
hypothesis is further supported by experiments that examine
the stability of the BHA in the presence of BMS-201160 at
acidic pH. A 20 uM concentration of compound was incubated
with 6 uM BHA, and the mixture acidified with citrate buffer.
At various times up to 24 h, a sample was extracted and neu-
tralized. Examination of BHA through trypsin sensitivity shows



VoL. 73, 1999

1 2 3 4 5 6 7

FIG. 5. (A) Reversibility of inhibitor protection of BHA, examined by the
ability of 20 phM BMS-201160 to protect 6 .M BHA from trypsin digestion
following 100-fold dilution at pH 7.5 or pH 5.0. Samples were neutralized prior
to trypsin treatment, TCA precipitated, and analyzed by SDS-PAGE. The HA2*
and certain trypsin digestion products observed in earlier figures are not recov-
ered during TCA precipitation. Lane 1, no inhibitor added, undiluted control;
lane 2, 20 uM BMS-201160 added, undiluted control; lane 3, no inhibitor added,
diluted 100-fold at pH 7.5; lane 4, 20 uM BMS-201160 added, diluted 100-fold
at pH 7.5; lane 5, No inhibitor added, diluted 100-fold at pH 5.0; lane 6, 20 pM
BMS-201160 added, diluted 100-fold at pH 5.0. (B) Stability of inhibitor-BHA
complex: analysis of the ability of 20 uM BMS-201160 to inhibit 6 uM BHA from
becoming trypsin sensitive after prolonged incubation at pH 5.0. Lane 1, pH 7.5,
no trypsin added; lane 2, no inhibitor added, pH 5.0, trypsin treatment following
neutralization; lanes 3 through 7, 20 pM BMS-201160 incubated with BHA at
pH 5.0 for 1, 2, 4, 8, and 24 h, respectively, prior to neutralization and trypsin
digestion.

that protection by BMS-201160 is almost complete even after
24 h of incubation at pH 5.0 (Fig. 5B).

Covalent labeling of the HA2 subunit of HA with [*H]BMS-
201160 at neutral pH. Experiments detailed above demon-
strate that the photoaffinity analog BMS-201160 is able to in-
hibit the acid-induced conformational change associated with
trypsin sensitivity. The azide group of BMS-201160 provides
a photoreactive moiety through photolysis to generate the
corresponding nitrene (6). This reactive moiety can react with
proximate functionalities within the binding pocket of the
protein. Radiolabeled [PH]BMS-201160, containing two tri-
tium atoms attached to the cyclohexane moiety, was prepared
at a specific activity of approximately 70 Ci/mmol. [°’H]BMS-
201160 was incubated with BHA at neutral pH and activated
through irradiation with UV light, and the mixture was ana-
lyzed by SDS-PAGE (Fig. 6). A band with an MW of approx-
imately 28,000 is the predominantly labeled protein fragment
(Fig. 6, lane 1). This band corresponds to the size of the HA2
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subunit of the A/PR/8/34 BHA. In addition, a minor band with
an MW of 49,000, corresponding to the HA1 subunit, is also
observed along with another minor band with an MW of
~78,000, which corresponds to the uncleaved HAO protein.
Western blot analysis has confirmed these assignments (data
not shown). The sample in Fig. 6, lane 2, had a 50-fold molar
excess of an unlabeled competitor compound (BMS-199945)
added to the reaction mixture. In this case, labeling of the HA2
subunit is significantly reduced, indicating specific labeling of
the HA2 subunit. The extent of radioactivity present in the
HAT1 band is not appreciably altered by competitor, suggesting
that the covalent attachment of compound to the HA1 subunit
is nonspecific. The sample in Fig. 6, lane 3, contained an excess
of an unlabeled related analog which is inactive as a fusion
inhibitor and shown not to bind to HA (data not shown). There
is no significant difference in radiolabeling intensity between
this sample and that of [*’H]BMS-201160 alone, illustrating
that the covalent labeling of the HA2 subunit by BMS-201160
is specific.

Peptide mapping and amino acid sequencing of covalently
labeled HA2 subunit. The BHA protein covalently labeled with
[PH]BMS-201160 was subjected to DTT reduction and cysteine
modification, and the HA2 subunit was purified by reverse-
phase HPLC. After lyophilization, HA2 was digested either
with trypsin or endoproteinase Lys-C or chemically cleaved by
treatment with CNBr. In each case, a single radiolabeled pep-
tide was generated. Figure 7A, lane 1, represents the HPLC-
purified HA2 after covalent labeling with [H]BMS-201160.
Trypsin treatment of HA2 produces a radiolabeled peptide of
~2,700 Da (lane 2), while Lys-C cleavage produces a radiola-
beled fragment of ~3,900 Da (lane 3). CNBr treatment of the
covalently labeled HA2 produced a predominantly radiola-
beled peptide of ~8,500 Da (lane 4). Based upon the molec-
ular weights of the labeled peptides, sequence of the HA2
subunit of A/PR/8/34 virus and recognition sites of the various
cleavage treatments, tentative assignments of the radiolabeled
peptides could be made. These bands correspond to over-
lapping protease fragments encompassing amino acids 84 to
106 (MW, 2,738) for the trypsin treatment, amino acids 84 to
116 (MW, 3,895) for the Lys-C treatment, and amino acids 78
to 149 (MW, 8,502) for the CNBr treatment. Therefore, [*H]
BMS-201160 is covalently attached to residues between amino
acids 84 and 106 of the HA2 subunit.

HAO
HA1

HA2

1 2 3

FIG. 6. Covalent labeling of the BHA2 HA subunit with [PH]BMS-201160 at
neutral pH. Lane 1, BHA reacted with [’H]BMS-201160; lane 2, BHA reacted
with [PH]BMS-201160 and a 50-fold molar excess of unlabeled BMS-199945;
lane 3, BHA reacted with [PH]BMS-201160 and a 50-fold molar excess of a re-
lated inactive analog.



1790 CIANCI ET AL.

215
143

6.5

34
24

—e—CPM: Lys-C PEPTIDE

J. VIROL.

1900
8300 1 4 f‘

1700 g
7300 4 -

1500 E
6300 w

1300 O.
5300 4

- 1100 @B
4300 4

900 Q
3300 1 L7 B

a

2300 1 Lo O
1300 300 %
300 “rrrrrrrrr 1T T 100

TYNAELLVLLENERTLDFHDSN

HA2 Amino Acids 93-114

FIG. 7. Peptide mapping and amino acid sequencing of BHA2 covalently labeled at neutral pH. (A) SDS-16% PAGE of peptides generated from purified BHA2
covalently labeled with [*H]-BMS-201160. Lane 1, uncleaved BHA2; lane 2, trypsin-digested BHA2; lane 3, Lys-C digested BHAZ2; lane 4, CNBr-cleaved BHA2. (B)
Peptide sequence and tritium levels detected at each cycle. Results were generated for BHA2 amino acids 93 to 114.

Cleaved peptides were electroblotted onto PVDF mem-
branes and subjected to autoradiography. Dried membranes
were then stained with Coomassie blue R-250, and the labeled
peptides were aligned with the stained membrane and cut out.
Labeled peptides corresponding to the Lys-C and CNBr cleav-
ages were sequenced, and each cycle was assayed for radiola-
beling through scintillation counting. The results are shown in
the graph in Fig. 7B. Both peptides produced identical results.
The major peak of radiolabeling corresponded to a trio of res-
idues representing Glu-103, Asn-104, and Glu-105. This region
is part of the long a-helix A within the HA2 and helps com-
prise the pocket previously predicted to be part of the binding
site for these fusion inhibitors (30). A second peak of radiola-
beling was also observed at Asn-95, Ala-96, and Glu-97, a re-
gion which lies slightly above the pocket.

BHA affinity labeling with [*H]BMS-201160 under acidic
conditions. Data on the reversibility of compounds in the tryp-
sin protection assay at neutral and acidic pH suggest that there
are differences in inhibitor-protein interactions as the pH is
varied. The ability of BMS-201160 to block the acid-induced
conformational change (Fig. 3 and 4) indicates that the com-
pound is bound in the trimer, allowing for cross-linking of the
compound to the BHA trimer at acidic pH as well. Therefore,
affinity labeling experiments at neutral or acidic pH were per-
formed with [PH]BMS-201160 and BHA purified from A/PR/
8/34 (Fig. 8). Lanes 1 and 2 were irradiated at a neutral pH as
before. Lanes 3 and 4 were acidified for 10 min and then ir-
radiated at pH 5.0. BHA2 is the predominantly labeled sub-
unit, whether cross-linking is performed at pH 7.4 or pH 5.0
(compare lanes 1 and 3, respectively). An excess of BMS-
199945 (lanes 2 and 4) competitively inhibits [*’H]BMS-201160
binding at both neutral and acid pH.

Both HA2 peptides were isolated by HPLC, subjected to
endoproteinase Lys-C digestion, and analyzed by SDS-PAGE
(Fig. 9A). Lys-C-digested protein which was covalently labeled
at pH 5.0 (lane 2) produced a labeled HA2 peptide different
from the fragment obtained when labeling was performed at
pH 7.4 (lane 1). Whereas the peptide observed in lane 1 cor-
responds to amino acids 84 to 116 of the HA2 (MW, 3,895), the
major radiolabeled peptide observed in lane 2 migrates more
slowly, with an apparent MW of ~4,200. The ~3,900-MW pep-

tide is also radiolabeled at a low pH, although to a much lower
extent than the ~4,200-MW peptide. The identity of this band
is presumably the fragment containing amino acids 84 to 116,
although it was not pursued. The only endoproteinase Lys-C-
derived fragment of the HA2 subunit that is predicted to be
larger than the peptide from amino acids 84 to 116 constitutes
a peptide derived from residues 1 to 39 of the HA2. Indeed,
when this fragment was purified and sequenced, it was identi-
fied as the amino terminus of HA2. Scintillation counting of
the successive cycles is shown in Fig. 9B. Nearly the entire
radioactivity is eluted with the N-terminal Gly of the hydropho-
bic fusion peptide, with minor amounts of radiolabel eluting
with Leu-2 and trace amounts eluting thereafter. Thus, affinity
labeling at a low pH results in substantially different binding
patterns, strongly suggesting that alterations in compound

HAO
HA1

HA2 - -

LS N—— e

1 2 3 4

FIG. 8. SDS-PAGE comparison of BHA?2 labeling by [*H|BMS-201160 un-
der neutral and acidic conditions. Lane 1, cross-linking performed at pH 7.5
described before; lane 2, cross-linking performed in the presence of 50-fold
molar excess of BMS-199945 at pH 7.5; lane 3, cross-linking performed at pH 5.0
after preincubation at pH 7.5; lane 4, cross-linking performed at pH 5.0 after
preincubation at pH 7.5 in the presence of 50-fold molar excess of BMS-199945.
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FIG. 9. Affinity labeling BHA2 at pH 5.0. (A) SDS-PAGE comparison of Lys-C peptides generated after affinity labeling BHA2 with [’H]BMS-201160 under neutral
and acidic conditions. Lane 1, Lys-C digest of BHA2 cross-linked at pH 7.5; lane 2: Lys-C digest of BHA?2 cross-linked at pH 5.0 after preincubation at pH 7.5. (B)
Peptide sequence and tritium released at each cycle. Results for BHA2 amino acids 1 to 10 are shown.

binding or HA2 protein conformation are taking place when
the pH is lowered from 7.5 to 5.0.

DISCUSSION

New antivirals would have significant potential for the pro-
phylaxis and treatment of influenza virus infection (13, 31, 32).
Inhibition of influenza virus receptor binding or fusion is an
attractive target for drug development. Antivirals targeting the
HA would combat infection prior to virus entry.

The involvement of a low-pH-induced conformational
change in the HA protein of influenza virus as a prerequisite to
membrane fusion has been well documented (8, 10, 11, 17, 19,
40). The commonality of a conformational change mechanism
during the entry of enveloped viruses into host cells has been
implied through structural similarities among the viral mem-
brane proteins thought to be responsible for fusion (3, 21, 22,
28, 47, 48, 50). For influenza virus, it has been shown that
acid-pH-induced structural rearrangement of HA is required
for fusion and that the result of this conformational change is
that the highly hydrophobic amino terminus of HA?2 is exposed
and projects outward from the virus membrane (17, 40). In-
teraction of this fusogenic peptide with the endosomal mem-
brane is an integral step in the fusion process. There have been
several reports of small molecules that inhibit influenza virus
growth in cells through blockade of the acid-induced rear-
rangement of HA (4, 29, 30, 35, 41). Recently, an inhibitor was
identified that induces the conformational change of HA (25).
A precise understanding of the mechanism of these inhibitors
could provide key insights into the steps leading to the final
conformational change in the HA molecule and the subse-
quent fusion of the viral and cellular membranes.

The fusion inhibitor series discussed herein are active
against H1 and H2 subtype HAs, subtypes for which successful
crystallization conditions have not yet been developed. There-
fore, biochemical and affinity labeling experiments were used

to probe the actual binding mode of our inhibitor series. Since
previous studies had only been carried out using whole virus,
experiments were first designed to examine the effect of the
conformational change inhibitors on bromelain-treated and
isolated HA trimers. These trimers have been shown to react
to low-pH conditions in a manner similar to HA embedded in
lipid membrane (44). The conformational change exposes the
hydrophobic amino terminus of the HA2 subunit, resulting in
the formation of rosettes (40) and allowing for susceptibility to
various protease treatments. Three compounds were examined
for their ability to inhibit the low-pH conformational change in
isolated A/PR/8/34 BHA trimers as measured by their ability to
protect BHA from trypsin digestion. BMY-27709, BMS-199945,
and BMS-201160 were all able to protect the BHA from tryp-
sin digestion after low-pH incubation, showing that they can
prevent the conformational change in the purified trimers from
occurring. This strongly suggests that these compounds are
able to bind to the purified trimers and function in much the
same way that they act on membrane-bound protein.

The activity of these compounds against purified BHA al-
lows for a more direct examination of potency, since known
amounts of compound and trimer can be added together. Ex-
amination of various amounts of these compounds for their
protection of 6 uM BHA are shown in Fig. 3. Quantitation of
the amount of undigested HA1 showed that BMY-27709 pro-
tected 50% of the input BHA at a concentration of 55 uM,
while BMS-199945 and BMS-201160 exhibited 50% protection
at 1.0 and 2.0 uM, respectively. The values for BMS-199945
and BMS-201160 mirror the ICs,s obtained in influenza virus-
induced RBC hemolysis. Interestingly, the more active BMS-
199945 and BMS-201160 are inhibiting at or near stoichio-
metric levels compared to the amount of BHA added (2 pM
trimer).

Inhibition of fusion in the virus-induced RBC hemolysis (29)
or inhibition of the conformational change by this class of
inhibitor is readily reversible at a neutral pH (Fig. 4). However,



1792 CIANCI ET AL.

J. VIROL.

FIG. 10. The proposed binding site of the fusogenic inhibitors. (A) Ribbon trace of the HA trimer highlighting the proposed binding site. HA1 is traced in yellow,
while HA2 is displayed in cyan. The binding site is outlined as a van der Waals surface in green. (B) Close-up of region circled in panel A with a van der Waals surface
outlining the 18A cavity. Notice that the fusogenic peptide (shown as the sidechains of Leu-2 from each HA2 monomer) is the base of this cavity while Arg-106 lines

the top.

under acidic conditions, the BHA-inhibitor complex is much
more stable. The BHA-inhibitor complex can be incubated at
pH 5.0 for 24 h, with a significant proportion of BHA remain-
ing protected from trypsin treatment. Titration back to a neu-
tral pH produces native HA and again renders the compound
readily reversible (unpublished data). This suggests that changes
may have occurred in the BHA molecule under acidic condi-
tions to stabilize the binding of inhibitor. One possibility is that
protonation of various amino acid residues in or around the
binding site allows for additional interactions between the pro-
tein and small molecules. In this way, the compounds could be
bound more tightly to the protein, retaining the HA in its
native conformation at a low pH for long periods. An alterna-
tive explanation is that the BHA can undergo a partial struc-
tural change in the presence of an inhibitor. In this model, the
inhibitor is thought to block the complete change from occur-
ring but in the process becomes trapped in the BHA molecule.
By this mechanism, the compound could be inhibiting the
complete conformational change by acting as a wedge. This
hypothetical partial conformational change would be revers-
ible with the metastable native state.

A practical approach to determine the binding site of this
inhibitor class within the HA is that of affinity labeling, espe-

cially with the lack of crystallization conditions for the H1 and
H2 HAs. Affinity labeling of the HA with a compound that can
prevent the acid-induced conformational change would not
only identify important amino acids involved in inhibitor bind-
ing, but also indicate other residues involved in HA protein
function. Hydrophobic photoaffinity labeling has previously
been used to successfully determine the transmembrane do-
main of influenza virus HA (6) and the fusion domain of rabies
and vesicular stomatitis virus glycoproteins (7, 18). We antici-
pated that a photoaffinity analog of one of the fusion inhibitors
could be used similarly to map the portions of the hemagglu-
tinin involved in inhibitor binding. The photoaffinity probe,
BMS-201160, was made as an analog of BMS-199945, in which
the azide moiety replaces the 5-methyl substituent (Fig. 2).
Upon treatment with UV light, the azide photolyzes to form a
reactive nitrene, which can react with proximal amino acid
residues.

Once BMS-201160 was shown to be able to protect BHA
from trypsin digestion after acidification, a tritiated form was
synthesized. [*H]BMS-201160 was shown to specifically label
the HA2 subunit at a neutral pH (Fig. 6). Labeling of the HA2
subunit could be competed out by the active analog BMS-
199945, but not by a related inactive analog, indicating that the
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radiolabeling of the HA2 subunit is due to specific binding to
the trimer. Affinity-labeled HA2 was HPLC purified and then
fragmented by different methods. Peptide mapping analysis by
SDS-PAGE, using trypsin and Lys-C endoproteinases along
with CNBr chemical cleavage, identified the covalent attach-
ment site to be within an HA2 peptide containing amino acids
84 to 106. This was confirmed by direct sequencing of isolated
peptides from the Lys-C endoproteinase and CNBr treat-
ments. Sequence cycles were counted for tritium, and the re-
sults showed that the major covalent attachment site of the
affinity label was a region comprised of Glu-103, Asp-104, and
Glu-105. A second close attachment site, with about 50% as
much derivatization, was an area encompassing Asp-95, Ala-
96, and Glu-97. The residues between these two regions (ami-
no acids 98 through 103) comprise a hydrophobic stretch com-
posed of amino acids LLVLL. Since nitrenes have been shown
to be less reactive towards hydrophobic side chains than to
more polar acidic side groups or nucleophiles (6, 26), this
labeling pattern could reflect interaction of the compound with
the entire stretch of amino acids but covalent labeling only on
the more reactive side chains on amino acids 95 to 97 and
amino acids 103 to 105. This photoaffinity labeled region cor-
responds to part of the pocket proposed through molecular
modeling to constitute the binding site for BMY-27709 (30).
The binding model suggests that a single molecule of inhibitor
binds per trimer and interacts with the N-terminal portion of
HAZ2. This model was designed to rationalize two experimental
results, namely, the location of amino acid residues conferring
resistance to inhibitor and the selectivity of these inhibitors for
HI1 and H2 subtypes of HA to the exclusion of H3. A cavity
that extends 18 A to the center of the HA structure and then
bifurcates to the other entrances of the symmetric trimer was
originally identified as the potential binding pocket. An addi-
tional attractive feature of this crevice is that the amino acid
sequence is well conserved in all three subtypes of HA, varying
in just two amino acids, 105 and 106 (24, 33). These amino
acids are charged (Glu-Arg) in H1 and H2 and are neutral
(GIn-His) in H3. However, these two amino acid changes are
enough to account for our inhibitors having submicromolar
potency against H1 and H2 HAs and yet remain relatively
inactive against H3 HA. This is consistent with the hypotheses
that the salicylamide moiety of the inhibitor forms a tight
bidentate hydrogen bonding interaction with the guanidine of
Arg-106 in H1 and H2 (Fig. 10) and that the salicylamide was
unable to engage in this interaction with the smaller and much
less basic imidazole of His-106 in H3. When affinity labeling
experiments are performed with HI BHA and [*H|BMS-
201160 at a neutral pH, Glu-103, Asn-104, and Glu-105 com-
prise the preferred covalent coupling site. Based upon this
model, we would have predicted covalent labeling to a region
surrounding amino acid 105. Covalent labeling at amino acids
103 to 105 does support the model. The minor labeling of
amino acids 93 to 95 of the HA2 subunit are slightly below the
proposed binding site. However, this could be indicative of the
flexibility in the binding mode at neutral pH and the readily
reversible nature of the binding. However, we cannot rule out
the possibility that the two peaks of labeling reflect covalent
linkage to two different monomers within a single HA trimer.
The area affinity labeled is on a region of a-helix A directly
opposing a-helix CD (8), which is known to contain residues
which are important for retaining sensitivity to this class of
compounds. Resistance-inducing mutations have been mapped
to amino acids 47, 50, 51, 52, and 55 of a-helix CD (30).
Resistance to these compounds is proposed to result from
alteration of the size of the binding pocket through ionic
interactions between a-helix CD with a-helix A. Similarly,
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Staschke et al. (41) found mutations in both A and CD helices
that are resistant to methyl-o-methyl-7-ketopodocarpate. Al-
tering the size of the binding pocket would potentially alter the
proposed inhibitor interaction with the N terminus of HA2
(30).

BMS-201160 is able to inhibit the conformational change of
the HA trimer at a low pH. In addition, the native structure of
the BHA is preserved in the presence of compound for many
hours at a low pH. This allows affinity labeling of the BHA to
be performed under acidic conditions. Interestingly, under
acidic conditions, BMS-201160 was found to specifically cross-
link to the amino-terminal Gly-1 of the HA2 subunit, with
minor amounts of tritium detected attached to Leu-2. In the
binding model, the fusogenic N terminus is located at the
center of the protein structure, and one inhibitor molecule is
proposed to interact with all the N termini from each mono-
mer, so while there are three potential entrances for the in-
hibitor, only one molecule of inhibitor could be accommodated
at one time in the trimer. The complete change in the major
affinity-labeled amino acid under acidic conditions suggests
that some degree of structural change in the HA has occurred.
Intermediates in the conformational change of HA resulting in
partial exposure of the fusion peptide have previously been
detected at pH 5.0 with incubation at 4°C (34). It is clear that
at pH 5.0 there is a close association of the inhibitor with the
N-terminus. We hypothesize that these inhibitors function by
acting as a wedge, preventing the fusogenic peptide from slip-
ping past the a-helix region where the drug may be binding.
While in this intermediate HA conformation, the inhibitors are
trapped within the trimer. Neutralization of the mixture is
proposed to relax the BHA trimer back to its native metastable
structure. At this point, the inhibitors would again be readily
reversible (unpublished data). If correct, successful cocrystal-
lization studies of these inhibitors within the H1 HA trimer at
a low pH could provide a snapshot into the mechanism of
events leading to the fusion active and final stable forms of the
HA trimer.
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