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Arenaviruses are responsible for acute hemorrhagic fevers
worldwide and are recognized to pose significant threats to
public health and biodefense. Small molecule compounds have
recently been discovered that inhibit arenavirus entry and pro-
tect against lethal infection in animal models. These chemi-
cally distinct inhibitors act on the tripartite envelope glycopro-
tein (GPC) through its unusual stable signal peptide subunit to
stabilize the complex against pH-induced activation of mem-
brane fusion in the endosome. Here, we report the production
and characterization of the intact transmembrane GPC com-
plex of Junin arenavirus and its interaction with these inhibi-
tors. The solubilized GPC is antigenically indistinguishable
from the native protein and forms a homogeneous trimer in
solution. When reconstituted into a lipid bilayer, the purified
complex interacts specifically with its cell-surface receptor
transferrin receptor-1. We show that small molecule entry in-
hibitors specific to New World or Old World arenaviruses
bind to the membrane-associated GPC complex in accordance
with their respective species selectivities and with dissociation
constants comparable with concentrations that inhibit GPC-
mediated membrane fusion. Furthermore, competitive binding
studies reveal that these chemically distinct inhibitors share a
common binding pocket on GPC. In conjunction with previous
genetic studies, these findings identify the pH-sensing inter-
face of GPC as a highly vulnerable target for antiviral interven-
tion. This work expands our mechanistic understanding of
arenavirus entry and provides a foundation to guide the devel-
opment of small molecule compounds for the treatment of
arenavirus hemorrhagic fevers.
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The Arenaviridae comprise a diverse group of rodent-
borne viruses, some of which are associated with severe hem-
orrhagic fevers in humans (1). At least five species are recog-
nized to cause fatal disease in the Americas (2, 3). Lassa fever
virus (LASV)? is endemic in western Africa (4) and can be
imported to the United States and Europe by infected travel-
ers (5, 6). In addition, new pathogenic species continue to
emerge (3, 7). In the absence of effective treatment or immu-
nization, the hemorrhagic fever arenaviruses remain a press-
ing public health and biodefense concern (8, 9).

Antiviral strategies to interfere with virus entry into the
host cell have in many instances proven successful in prevent-
ing virus infection and mitigating disease. Arenavirus entry
takes place in the endosome through a process of pH-depen-
dent membrane fusion, mediated by the viral envelope glyco-
protein (GPC) (1). GPC is unique among class I viral fusion
proteins (10, 11) in that the mature complex contains a stable
signal peptide (SSP) in addition to the prototypical receptor-
binding and transmembrane fusion subunits (G1 and G2, re-
spectively) (12). Interactions between the ectodomains of SSP
and G2 are thought to play a role in maintaining the prefusion
form of GPC at neutral pH and activating the conformational
changes leading to membrane fusion at acidic pH (13).

Independent high throughput screening (HTS) exercises at
SIGA Technologies and the Scripps Research Institute (TSRI)
have to date identified six chemically distinct classes of small
molecule compounds that specifically inhibit GPC-mediated
membrane fusion with differing selectivities against New
World (NW) and/or Old World (OW) arenavirus species (Fig.
1) (14-17). Despite these chemical differences, genetic stud-
ies of antiviral resistance among the four classes of SIGA in-
hibitors have suggested that all these inhibitors act through
the pH-sensitive interface of the SSP and G2 subunits in GPC

3 The abbreviations used are: LASV, Lassa fever virus; JUNV, Junin virus; HTS,
high throughput screening; TSRI, the Scripps Research Institute; NW and
OW, New and Old World, respectively; SSP, stable signal peptide; DDM,
dodecyl B-p-maltoside; icd-GPC, insect-cell derived cleavage-defective
GPG; TfR1, transferrin receptor-1; sTfR, soluble transferrin receptor;
DMPC, dimyristoylphosphatidylcholine; PC, phosphatidylcholine; SPR,
surface plasmon resonance; NNRTI, non-nucleoside analog HIV-1 reverse
transcriptase inhibitor; dansyl, 5-dimethylaminonaphthalene-1-sulfonyl;
RU, response unit.
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FIGURE 1. Chemical structures of fusion inhibitors. The ST- prefix identi-
fies compounds from SIGA Technologies, and 8C1 and 17C8 are from TSRI.
The inhibitory specificities for NW and/or OW arenaviruses are listed.

(14, 16, 17). Using GPC of the Junin virus (JUNV), the causa-
tive agent of Argentine hemorrhagic fever, such studies have
further suggested that the inhibitors prevent virus entry by
stabilizing the prefusion GPC complex against pH-induced
activation in the endosome (17). One lead compound, ST-294,
has also been shown to protect against lethal arenavirus infec-
tion in a small animal model (14).

Accordingly, a detailed understanding of the molecular
events in membrane fusion will be important in guiding the
design of optimized drug candidates for clinical development.
Toward this end, we have produced the intact transmem-
brane JUNV GPC complex in insect cells and characterized its
interaction with the chemically distinct classes of small mole-
cule fusion inhibitors. We find that solubilized GPC forms a
homogeneous trimeric complex capable of binding fusion
inhibitors in an arenavirus species-specific manner. Through
competitive binding studies, we also provide direct evidence
that the diverse SIGA and TSRI inhibitors share a common
binding pocket on GPC and likely a common mechanism of
action. Biophysical and structural analysis of the bound GPC
complex will provide a platform for the development of effec-
tive therapeutics for use in the treatment of arenaviral hemor-
rhagic fevers.

EXPERIMENTAL PROCEDURES
Monoclonal Antibodies and Small Molecule Inhibitors—

Monoclonal antibodies (MAbs) directed to JUNV nucleopro-
tein or the G1 subunit of GPC were obtained from the Cen-
ters for Disease Control and Prevention (18) through the Na-
tional Institutes of Health NIAID Biodefense and Emerging
Infectious Diseases Research Resources Repository, and the
anti-FLAG M2 mAb was purchased (Sigma). The small mole-
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cule fusion inhibitors discovered by SIGA Technologies, ST-
761, ST-193 (16), ST-161 (17), ST-294 (14), and its dansyl an-
alog ST-375, were obtained from the company. ST-545 (2,2'-
bibenzimidazole) is an unrelated compound used as a
negative control. These compounds were dissolved in di-
methyl sulfoxide to a concentration of 10—50 mwm and stored
at —80 °C in light-resistant glass bottles. The TSRI com-
pounds 17C8 and 8C1 (15) were originally provided by Stefan
Kunz, Andrew M. Lee. and Michael B. A. Oldstone. All com-
pounds were characterized by electrospray mass spectrome-
try. Chemical structures are shown in Fig. 1.

Recombinant Baculovirus Expressing Cleavage-defective
JUNV GPC (icd-GPC)—Recombinant baculoviruses were gen-
erated using the Invitrogen Bac-to-Bac™ system. Coding
regions corresponding to SSP and the G1G2 precursor of
GPC from the pathogenic MC2 strain of JUNV (GenBank™
accession number D10072) (12, 19) were inserted down-
stream of the baculovirus p10 and polyhedrin protein pro-
moters, respectively, in the pFastBac-Dual vector (Invitrogen).
The G1G2 precursor was expressed using the convention sig-
nal peptide from human CD4 (12). In this mode of GPC ex-
pression, SSP and the G1G2 precursor are translated inde-
pendently and associate in trans to reconstitute the native
GPC complex (20, 21). Proteolytic maturation of the G1G2
precursor was abrogated by mutation at the SKI-1/S1P recog-
nition site (12, 22—-24), and a FLAG tag sequence was ap-
pended to the C terminus to facilitate purification. Previous
studies have shown similar C-terminal tags to be innocuous
(12, 25, 26). Bacmids were generated using Escherichia coli
DH10Bac cells (Invitrogen), and these were used to transfect
Spodoptera frugiperda Sf9 cells (Invitrogen) to generate the
recombinant baculovirus.

Expression and Purification of icd-GPC—Baculoviruses en-
coding icd-GPC were used to infect Trichoplusia ni High-
Five™ cells (Invitrogen) for expression and protein purifica-
tion. Cultures were inoculated with the P3 virus stock at a
density of 2 X 10° cells/ml and allowed to grow at 27 °C for
48 —52 h. The cells were pelleted and frozen at —80 °C and
subsequently thawed and resuspended in lysis buffer (25 mm
Tris, 250 mm NaCl, 2 mm MgCl,, 100 um ZnCl,, and protease
inhibitors, pH 7.4). Nitrogen decompression (Parr Bomb) was
used to disrupt cells, which were then subjected to a low
speed spin to remove cellular debris. The membrane fraction
was recovered by ultracentrifugation at 100,000 X g for 1 h.
The pellet was resuspended in high salt lysis buffer containing
450 mm NaCl and again recovered by ultracentrifugation.
Membranes were solubilized in lysis buffer containing 150
mMm NaCl and 1.5% dodecyl B-p-maltoside (DDM) using a
Dounce homogenizer. The lysate was stirred for 2 h and clari-
fied (100,000 X g for 1 h), and the supernatant was incubated
with M2 anti-FLAG mAb immobilized to agarose beads
(Sigma) for 2 h with slight agitation. The beads were then
loaded onto a column and washed with DDM-containing lysis
buffer to remove nonspecifically bound proteins, and icd-
GPC was eluted with 5 um of 3XFLAG peptide (Sigma). The
eluate was dialyzed to remove the peptide and subjected to
size-exclusion chromatography using a Superdex-200/G-75
tandem column (GE Healthcare). All buffers included 100 um
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ZnCl, to maintain the intersubunit zinc-binding domain in
GPC (27).

Gel filtration was also used to exchange detergents and vary
DDM concentrations. A panel of detergents of varying hydro-
phobic/hydrophilic properties, lipid chain length, and head
groups were investigated to optimize for retention of the tri-
meric state of icd-GPC. Detergents (Anatrace) included the
following B-p-maltosides in addition to DDM: n-tridecyl-,
n-tetradecyl-, n-octyl-, n-undecyl-, 5-cyclohexyl-1-pentyl-
(Cymal-5), and 6-cyclohexyl-1-hexyl- (Cymal-6). Others
tested include nonanoyl-N-methyl glucamide (Mega-9), deca-
noyl-N-methyl glucamide (Mega-10), n-octyl-B-b-glucoside,
diheptanoyl phosphatidylcholine, and
n-dodecylphosphocholine.

Biosensor Analysis in Detergent-containing Solution—The
Biacore T100 system was used to analyze binding to immobi-
lized icd-GPC. M2 anti-FLAG mAb was covalently bound to a
Biacore CM5 chip by amine coupling, and 800 -1500 response
units (RUs) of detergent-solubilized icd-GPC were captured
through the C-terminal FLAG tag. The biosensor running
buffer (25 mm HEPES, 150 mm NaCl, 100 um ZnCl,, pH 7.2)
contained 0.1% DDM. An unrelated membrane protein, hexa-
histidine aquaporin, was kindly provided by T. C. Mou (Uni-
versity of Montana) and captured analogously using a co-
valently coupled anti-hexahistidine mAb (Sigma). Multiple
concentrations of mAb (0.1-2.5 uM), soluble TfR (sTfR) from
human plasma (American Research Products, Inc) (0.5-5.0
uMm), or small molecule compounds (5-250 uM) were injecting
in matching detergent-containing buffers, and sensorgrams
were recorded. After each experiment, the surface of the chip
was regenerated using a pulse of glycine HCI, pH 3.0, and
each surface was reused at least 20 times (or until decreased
icd-GPC binding was observed).

As the RU increase associated with the binding of small
molecule compounds was relatively low, several precautions
were taken to enhance signal-to-noise ratios and data reliabil-
ity. All experiments used similar RU levels of immobilized
icd-GPC, and each small molecule concentration was re-
peated at least four times, and the sensorgrams were numeri-
cally averaged. Data were analyzed using Biacore kinetic anal-
ysis software and SCRUBBER, kindly provided by David G.
Myszka (University of Utah). Results from both methods were
concordant, and values obtained from Biacore software are
reported. Final figures were generated using a five-point
smoothing procedure in ORIGIN graphing software.

Preparation of Liposomes—Dimyristoylphosphatidylcholine
(DMPC) and phosphatidylcholine (Avanti Polar Lipids) were
used at a 4:1 molar ratio to generate liposomes, with or with-
out the addition of 5% cholesterol hemisuccinate (Sigma). The
lipids, dissolved in chloroform, were mixed and thoroughly
dried to the bottom of a round-bottomed flask. Multilamellar
vesicles were formed in vesicle buffer (20 mm Tris, 150 mm
NaCl, 1 mm EDTA, pH 8.5) with vigorous vortexing in the
presence of glass beads. After removal of the glass beads, vesi-
cles were subjected to six cycles of freeze-thaw and extruded
through polycarbonate filters (100-nm pores; Aventis). Lipo-
somes were diluted 1:50 into biosensor running buffer (with-
out detergent) and used immediately for binding to a Biacore
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L1 chip (see below) or snap-frozen in liquid nitrogen. Frozen
samples required additional extrusion through a polycarbon-
ate filter (100 nm) prior to use.

Biosensor Analysis of Lipid-reconstituted icd-GPC—icd-
GPC was immobilized and reconstituted into a lipid bilayer
on a Biacore L1 chip using minor modifications of the proce-
dure described by Myszka and co-workers (28). Briefly, M2
anti-FLAG mAb was covalently coupled to the L1 chip, and
the surface was briefly rinsed with 20 mm CHAPS detergent
(Sigma). icd-GPC was subsequently bound in detergent-con-
taining biosensor running buffer to an appropriate RU level.
DMPC-phosphatidylcholine liposomes diluted into deter-
gent-free running buffer were then introduced in an extended
injection (40 min at 5 ul/min) to allow liposome binding to
the lipophilic surface of the L1 chip, where they subsequently
coalesce to form a lipid bilayer and displace protein-bound
detergent. The surface was then washed until a stable base
line was obtained, whereupon the binding of MAbs, sTfR, and
small molecule compounds was analyzed as described above.
The L1 chip was regenerated with a 1-min pulse of isopropyl
alcohol, 40 mm NaOH (2:3 v/v) at 30 ul/min to remove lipids
and associated proteins. The anti-FLAG mAb was recondi-
tioned with a pulse of glycine HCI, pH 3.0, and washed exten-
sively with running buffer prior to reuse. For kinetic calcula-
tions, all the plasma-derived soluble transferrin receptor was
assumed to be TfR1.

Fluorescence Assays—Dansyl ST-375 (10 um) was incubated
with 1 um icd-GPC in assay buffer (25 mm Tris, 150 mm NacCl,
100 um ZnCl,, 0.1% DDM, and protease inhibitors, pH 7.4),
and binding was followed by an increase in dansyl fluores-
cence as a function of time. Samples were excited at 340 nm,
and the dansyl emission was measured at 525 nm in an L55
luminometer (PerkinElmer Life Sciences) equipped with a
circulating water bath maintained at 20 °C. To assess compet-
itive binding, the ST-375+icd-GPC complex was formed by
incubation for 2 h at 4 °C, and unbound ST-375 was subse-
quently removed by ultrafiltration (Amicon). The complex
was readjusted to 1 uMm, and nonfluorescent inhibitor was
added to 10 uM. Dissociation of ST-375 was measured by
the decrease in dansyl fluorescence as a function of time. ST-
294+icd-GPC complexes were similarly prepared to examine
effects on ST-375 binding.

Characterization of GPC in Mammalian Cells—Wild-type
and cleavage defective GPC were expressed in Vero cells by
trans-complementation as described previously (12, 19).
Briefly, two pcDNA3.1-based plasmids (Invitrogen) contain-
ing the bacteriophage T7 promoter and encoding, respec-
tively, SSP and the G1G2 precursor were co-transfected into
Vero cells infected with the vI'F7-3 recombinant vaccinia vi-
rus expressing T7 RNA polymerase (29). For immunoprecipi-
tation studies, cells expressing cleavage defective-GPC were
metabolically labeled from 6 to 16 —24 h post-transfection
using 50 uCi/ml **S-ProMix (GE Healthcare) and cultures
were subsequently harvested in buffer containing 1% Triton
X-100 (12, 19). Similar immunoprecipitation studies were
conducted using metabolically labeled High-Five™ insect
cells expressing icd-GPC.
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Inhibition of GPC-mediated membrane fusion by small
molecule compounds was assessed using a vaccinia virus-
based B-galactosidase fusion-reporter assay (30) as described
previously (12, 13). Vero cells expressing GPC (and the T7
polymerase) were co-cultured with target cells infected with
the vCB21R-lacZ vaccinia virus bearing the B-galactosidase
gene under the control of a T7 promoter (30). Cell-cell fusion
was initiated by briefly exposing the co-culture to medium
adjusted to pH 5.0 and reported by expression of 3-galacto-
sidase 5 h after return to neutral pH. B-Galactosidase activity
was quantified using the chemiluminescent GalactoLite Plus
substrate (Applied Biosystems) and a Tropix TR717 micro-
plate luminometer. In inhibition studies, co-cultures were
incubated with serial dilutions of the compounds for 3 h prior
to exposure to pH 5.0 (17). EC,, values (concentrations at
which inhibition is at 50%) were calculated using relative light
units normalized to the no-inhibitor control value and a
three-variable nonlinear best fit algorithm in Prism software
(GraphPad).

RESULTS

Expression of Cleavage-defective JUNV GPC—Recombinant
baculoviruses provide a robust platform for high level expres-
sion of membrane glycoproteins (31); thus we proceeded to
express the intact transmembrane GPC complex of JUNV in
insect cells. In constructing the recombinant baculovirus, we
took advantage of the observation from mammalian cells that
SSP can be translated independently and will associate in
trans with the G1G2 precursor to reconstitute the native GPC
complex (20, 21). This strategy obviates reported inefficien-
cies in signal peptidase cleavage of the nascent GPC polypep-
tide and potentially confounding effects of mutations in SSP
(12, 32). Thus, a baculovirus pFastBac-Dual (Invitrogen) vec-
tor was used to express SSP separately from the G1G2 precur-
sor, which was directed to the membrane by the conventional
signal peptide of human CD4 (12) and included a C-terminal
FLAG tag sequence to facilitate purification. As in other class
I viral fusion proteins (10, 11, 33), the G1G2 precursor must
be cleaved to generate the mature G1 and G2 subunits and
actuate the membrane fusion potential of the complex. This
cleavage, however, is generally incomplete on overexpression
of recombinant protein. To obtain a homogeneous protein
product, we mutated the SKI-1/S1P recognition site to pre-
vent cleavage (12). Other studies have suggested that a lack of
cleavage may also enhance the structural stability of envelope
complexes during purification (34). The icd-GPC was isolated
from membranes of High-Five™ cells by solubilization in
buffer containing 1.5% DDM. Affinity purification using the
C-terminal FLAG tag resulted in co-isolation of the untagged
SSP subunit (Fig. 2, inset), demonstrating association with the
G1G2 precursor as described in mammalian cells (20, 21).
The yield of purified icd-GPC by this procedure was ~1 mg/
liter of High-Five™ cell culture.

Size-exclusion chromatography demonstrated that icd-
GPC exists in solution as a relatively homogeneous complex
of ~220 kDa (Fig. 2), consistent with a GPC trimer and with
the trimeric organization of other class I virus fusion proteins
(reviewed in Refs. 35—-37). The stability of the trimeric struc-
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FIGURE 2. Purification of icd-GPC. The icd-GPC protein was purified from
insect cell membranes using a FLAG tag and subjected to gel filtration on a
tandem G200/G75 matrix in detergent-containing buffer. Absorbance is
monitored at 280 nm, and molecular size standards are indicated by arrows.
The gelfiltration profile indicates that the detergent-bound icd-GPC elutes
as a trimer of ~220 kDa. The inset shows a Coomassie-stained SDS-poly-
acrylamide gel to demonstrate the purity of the complex and the presence
of SSP, with molecular size standards shown on the left. The Precision Blue
(Bio-Rad) proteins indicate 250, 150, 100, 75, 50, 37, 25, 20, 15, and 10 kDa,
from top to bottom.

ture was highly dependent on the nonionic detergent used;
glucosidal detergents tended to induce formation of higher
order multimers, whereas the trimer was retained in malto-
side (including DDM) and Cymal detergents. Fos-choline and
its relatives induced precipitation of the protein. In suitable
detergents (e.¢. DDM), the icd-GPC trimer was stable for sev-
eral weeks at 4 °C.

icd-GPC Is Antigenically Similar to Native GPC—To assess
whether icd-GPC folds into a native conformation, we per-
formed immunoprecipitation studies using a panel of five well
characterized G1-directed MAbs raised against y-ray-irradi-
ated JUNV virions (18). Four of these MAbs (BE08, AG02,
BF11, and AA09) are capable of neutralizing viral infectivity
(18) and would serve as sensitive probes for the native GPC
conformation. As illustrated in supplemental Fig. S1, all five
G1-directed MAbs were able to immunoprecipitate icd-GPC,
with efficiencies comparable with those seen with mammalian
cell-derived cleavage-defective GPC. GPC was not precipi-
tated by a control mAb (BG12) directed to the JUNV nucleo-
protein (18). These studies indicate that icd-GPC is antigeni-
cally similar to the native GPC complex.

To obtain a quantitative assessment of mAb recognition,
icd-GPC was immobilized onto a CM5 biosensor chip, and
binding was detected by surface plasmon resonance (SPR)
using a Biacore T100 instrument. icd-GPC was captured by its
C-terminal FLAG tag using an anti-FLAG antibody covalently
coupled to the biosensor chip. The collection of sensorgrams
acquired at different mAb concentrations was used to deter-
mine kinetic parameters and dissociation constants (Table 1).
Representative sensorgrams are shown in supplemental Fig.
S2. As anticipated from immunoprecipitation studies, all five
G1-directed MAbs showed strong binding to the immobilized
icd-GPC. K, values ranged from 11 to 900 nM. The rank order
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TABLE 1

Summary of interaction parameters determined from surface-plasmon resonance studies

NB means no binding detected.

Detergent Lipid-reconstituted
k, k, K, k, k, K,
mtst s! nm M st st nm
MAb
BF11 5.3 X 10° 0.006 11.3 5.9 X 10° 0.006 10.1
BF09 2.1 X 10° 0.06 285.7 3.2 X 10° 0.07 218.7
AA09 5.2 X 10° 0.08 150.8 5.6 X 10° 0.07 125.0
BEO8 1.6 X 10° 0.07 437.5 1.2 X 10° 0.07 538.3
AGO02 8.9 X 10* 0.08 898.8 8.1 X 10* 0.08 987.6
ABI11 NB NB
BG12 NB NB
sTfR NB 54 X 107% 0.07 1296.3
k, k, K, k, k, K,
m st st o mtst 57! o
Compounds
ST-294 6.4 X 10° 0.08 12.5 9.2 X 10° 0.01 1.08
ST-193 1.1 X 10° 0.09 76.8 1.9 X 10° 0.02 10.52
ST-761 1.3 X 10° 0.09 69.2 2.3 X 10° 0.02 8.67
ST-375 2.5 X 10° 0.08 23.5 2.9 X 10° 0.01 3.45
ST-161 NB NB
ST-545 NB NB
17C8 3.4 X% 10° 0.09 26.4 4.2 X 10° 0.04 9.50
8C1 NB NB

of these values is not predictive of virus neutralization activity
(18), as the non-neutralizing mAb BF09 (280 nm) bound with
higher affinity than the neutralizing MAbs BE08 (440 nMm) and
AGO02 (900 nm).

JUNV entry is initiated by GPC binding to transferrin re-
ceptor-1 (TfR1) on the cell surface (38). We thus examined
the ability of the detergent-solubilized icd-GPC to bind to
plasma-derived soluble transferrin receptor (sTfR; American
Research Products), a preparation that contains both TfR1
and TfR2. Only TfR1 is used for virus entry (38). No binding
was detected under these conditions (supplemental Fig. S2).

Membrane-reconstituted icd-GPC Binds sTfR—The viral
GPC is anchored in the membrane through the transmem-
brane domain of G2 and the two hydrophobic regions of SSP
(39). Despite the apparent stability of the detergent-bound
icd-GPC complex, insertion within a lipid bilayer environ-
ment might impart a more native-like structure to the tri-
meric complex. To investigate this notion, we reconstituted
solubilized icd-GPC into a lipid membrane on the surface of
an L1 biosensor chip (28). icd-GPC was immobilized as de-
scribed above, but in this study the detergent was replaced by
liposomes containing DMPC and phosphatidylcholine, which
anneal onto the lipophilic L1 chip to form a lipid bilayer that
accommodates the transmembrane domain of the immobi-
lized protein (28). The reconstituted complex generated a
stable SPR base line upon washing in detergent-free buffer and
thus provided a suitable substrate to assess binding. Reconstitu-
tion of icd-GPC in membrane did not alter recognition by the
G1-directed MAbs (Table 1), yet it had a dramatic effect on the
binding of sTfR (Fig. 3). An analysis of concentration-dependent
sensorgrams indicated that sTfR bound the membrane-reconsti-
tuted icd-GPC with a K, of ~1.3 um (Table 1). sTfR did not bind
to surfaces devoid of icd-GPC or to lipid bilayers containing the
unrelated membrane protein aquaporin.

The K, value for sTfR binding to membrane-associated
icd-GPC is consistent with that determined by J. Abraham
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FIGURE 3. Biosensor analysis of the interaction of MAbs and sTfR with
membrane-associated icd-GPC. The icd-GPC complex was immobilized on
an L1 chip and DMPC:phosphatidylcholine liposomes were used to gener-
ate a lipid bilayer. Concentration-dependent sensorgrams were analyzed,
and representative interactions with JUNV-specific MAbs (18) and soluble
TfR from human plasma (American Research Products) are shown. MAbs
were injected at a concentration of 500 nm. mAb BF11 (black), BFO9 (purple),
AAO09 (blue), BEOS (red), and AG02 (wine) are directed to JUNV G1.BG12
(cyan) recognizes JUNV N protein (a-N) and the protein target of AB11 (pink)
is unknown. sTfR (orange) was used at 1.5 um.

and H. Choe (Harvard Medical School),* using recombinant
G1 from the closely related Machupo virus and a soluble trun-
cated form of TfR1 (40). The apparent requirement for lipid
in our studies may indicate stabilization of the icd-GPC com-

4J. Abraham and H. Choe, personal communication.
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FIGURE 4. Inhibition of pH-induced cell-cell fusion. The inhibitory potency of SIGA and TSRI compounds was determined as described previously using a
vaccinia virus-based B-galactosidase fusion-reporter assay (12, 13, 30). Serial dilutions of test compounds were added for 3 h prior to the induction of cell-
cell fusion by exposure to medium adjusted to pH 5.0. Inhibition is plotted as a percentage of fusion in the absence of inhibitor. A, ST-761 (open squares),
ST-193 (open circles), ST-375 (closed circles), and 17C8 (open diamonds). B, inhibition of wild-type (filled symbols) and K33H (open symbols) GPC using the OW-
specific inhibitors ST-161 (circles) and 8C1 (squares). 8C1 displays weak activity against wild-type JUNV GPC, and the K33H mutation increases susceptibility
to both compounds. Error bars represent one S.D. among replicates and may not be visible on the scale of the graph; those in studies using K33H GPC are
relatively large because of the lower fusion activity of this mutant. EC., values reported in the text were calculated using the three-variable nonlinear best

fit algorithm of Prism software (GraphPad).
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FIGURE 5. Biosensor analysis of the interaction of small molecule fusion inhibitors with icd-GPC. A, icd-GPC was immobilized on a CM5 chip in 0.1%
DDM, and interactions with small molecule compounds were analyzed. Representative sensorgrams for the indicated SIGA and TSRI compounds (used at
150 and 100 um, respectively) are shown. Inhibitors are listed in the order corresponding to their final RU value in the association phase and are indicated
by color as follows: ST-294 (black), 17C8 (wine), ST-375 (olive), ST-193 (red), ST-761 (orange), ST-161 (purple), and 8C1 (cyan). B, icd-GPC complex was reconsti-
tuted into lipid bilayer on an L1 chip, and interactions with small molecule compounds were analyzed as above. Representative sensorgrams are shown.

plex, but it is also possible that the sTR ligand itself is sensi-
tive to nonionic detergent. The biologically relevant binding
of native membrane-anchored GPC to cell-associated TfR1
has not been examined in detail.

icd-GPC Binds Small Molecule Fusion Inhibitors—As icd-
GPC retains many of the essential structural features of the
native GPC complex, we wanted to determine whether the
recombinant protein might serve as a platform for physico-
chemical studies of small molecule fusion inhibitors. To date,
six distinct chemical classes of inhibitors (Fig. 1) have been
identified through independent HTS programs at SIGA Tech-
nologies and TSRI. Among these, ST-294 and ST-761 are spe-
cific to the NW arenaviruses, and ST-193 and TSRI 17C8 in-
hibit both NW and OW viruses (Fig. 4A) (14 -16). Therefore,
these compounds might be expected to bind JUNV GPC in
vitro. By contrast, ST-161 and TSRI 8C1 are selective for the
OW LASV (Fig. 4B) (15, 17). Binding of these compounds to

FEBRUARY 25, 2011 +VOLUME 286+NUMBER 8

icd-GPC was initially examined using a CM5 biosensor chip
in detergent-containing solution. As illustrated in representa-
tive sensorgrams (Fig. 5A4), all compounds capable of inhibit-
ing JUNV GPC-mediated membrane fusion bound to icd-
GPC. No binding was observed using chip surfaces devoid of
icd-GPC or those containing the unrelated membrane protein
aquaporin. Binding was also abolished in the presence of non-
maltoside detergents that disrupt the trimeric structure of the
complex. Importantly, the LASV-specific inhibitors ST-161 and
8C1 did not bind to JUNV icd-GPC. Together, these studies vali-
date the specificity and sensitivity of the biosensor measure-
ments of inhibitor binding. We conclude that species selectivity
among these diverse inhibitors is determined by GPC binding,
rather than through post-binding effects.

Membrane Reconstitution Enhances Binding to Approxi-
mate Fusion-inhibitory Concentrations—To investigate inhib-
itor binding under more native conditions, we made use of
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membrane-reconstituted icd-GPC on an L1 biosensor chip
(see above). As shown in Fig. 5B, species-specific binding of
the inhibitors was retained upon membrane insertion of icd-
GPC. Importantly, the binding affinities to membrane-associ-
ated icd-GPC were enhanced on average 8-fold relative to
those obtained using the detergent-solubilized complex (Ta-
ble 1). These increases bring the calculated K, values (1.1-
10.5 um) closer to the EC,, values obtained for inhibition of
cell-cell fusion in culture (Fig. 44, 0.2—1.5 um). For ST-294,
the K, and EC,, values were equal. Among the other SIGA
compounds, the K, and EC, values differed by at most 10-
fold. For 17C8, the discrepancy was ~50-fold. We also ob-
served only minimal correlations with EC;, values among the
active compounds, suggesting that interactions beyond simple
affinity may also contribute to potency.

We note that the decrease in K, values on membrane re-
constitution is largely attributable to decreases in the dissoci-
ation rates (k). Although it is possible that the decrease in K,
values simply reflects more favorable partitioning of the hy-
drophobic compounds to the protein in the absence of deter-
gent, this effect might be expected to alter both &, and k, val-
ues. The specific decrease in k, suggests rather that
membrane insertion stabilizes the icd-GPC complex.

Our results also indicate that the fusion inhibitors bind to
GPC containing the uncleaved G1G2 precursor, as well as to
the mature fusion-competent complex. We propose that un-
cleaved icd-GPC bears important structural similarities to the
mature prefusion GPC complex, and we speculate that con-
formational changes induced upon proteolytic maturation of
the G1G2 precursor may be localized and limited, as reported
for the influenza hemagglutinin (HA) (41).

SIGA and TSRI Inhibitors Share a Common Binding Site—
ST-375 (Fig. 1) is a dansyl analog of ST-294 that inhibits
JUNV GPC-mediated cell-cell fusion at an EC,, similar to
that of its parent (Fig. 44, 0.6 and 1.5 um for ST-375 and ST-
294, respectively). As the fluorescent properties of dansyl
compounds are often sensitive to chemical environment, and
specifically to protein binding (42), we asked if we could de-
tect ST-375 binding to icd-GPC as a change in dansyl fluores-
cence emission. ST-375 fluorescence at 525 nm did indeed
increase in a time-dependent manner on binding to solubi-
lized icd-GPC (Fig. 6, inset). This increase was somewhat de-
layed when ST-375 was added to preformed ST-294+icd-GPC
complex (Fig. 6, inset) and was unaffected by the addition of
the unrelated molecule ST-545. By contrast, no change in fluo-
rescence emission was observed in the absence of icd-GPC or
on incubation of ST-375 with the unrelated membrane pro-
tein aquaporin (Fig. 6, inset). Together, these data validate the
use of dansyl fluorescence to assess ST-375 binding to icd-
GPC in solution.

This then allowed us to determine whether any of the
chemically distinct fusion inhibitors might compete with ST-
375 for binding, as had been suggested based on genetic stud-
ies of cross-resistance among the SIGA compounds (16, 17).
Consistent with the notion that these inhibitors share a com-
mon binding site, we found that ST-375 could be displaced
from icd-GPC by ST-294 in a time- and concentration-depen-
dent manner (Fig. 6). Bound ST-375 was also displaced by
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FIGURE 6. Competitive binding of small molecule fusion inhibitors to
icd-GPC. Solubilized icd-GPC was preincubated with an excess of ST-375 (a
dansyl analog of ST-294) in buffer containing 0.1% DDM and rapidly de-
salted prior to mixing with a 10-fold excess of nonfluorescent compound
(10 wm). The loss in fluorescence at 525 nm due to displacement of ST-375
by the following compounds was monitored: ST-294 (black), 17C8 (wine),
ST-761 (orange), ST-193 (red), ST-161 (blue), 8C1 (cyan), and an unrelated
compound ST-545 (gray) failed to displace ST-375. The inset demonstrates
the time-dependent gain in fluorescence on initial ST-375 binding (olive).
Binding is delayed on incubation with preformed ST-294-icd-GPC complex
(black) and absent if the unrelated membrane protein aquaporin (red) is
substituted for icd-GPC.

ST-761 and ST-193 but not by the LASV-specific inhibitor
ST-161. Despite its independent provenance, the broadly ac-
tive TSRI inhibitor 17C8 was also able to displace ST-375
from icd-GPC, whereas the LASV-specific compound 8C1 did
not (Fig. 6). Together, these results corroborate the specificity
of the competitive binding assay and the hypothesis that the
chemically distinct JUNV inhibitors share a common binding
site.

Although we cannot formally exclude the alternative possi-
bility that ST-375 is displaced through allosteric effects of
binding at a second site on GPC, the central role of SSP in
determining sensitivity to multiple classes of inhibitors argues
instead for a shared binding site at the SSP-G2 interface (14,
16, 17). For instance, we have shown that the K33H mutant of
JUNV GPC is resistant to ST-294 yet exhibits de novo sensi-
tivity to the LASV-specific inhibitor ST-161 (17). Similarly,
K33H JUNV GPC is also hypersensitive to 8C1 (Fig. 4B).
From these observations, we infer that ST-161 and 8C1 bind
the homologous SSP-G2 interface on LASV GPC. All the in-
dependently derived SIGA and TSRI arenavirus entry inhibi-
tors are thus directed to a common molecular target on GPC.

DISCUSSION

Small molecule inhibitors of GPC-mediated virus entry
show early promise toward the development of effective ther-
apies to treat the often fatal hemorrhagic fevers. To under-
stand the molecular basis by which these small molecule com-
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pounds act to inhibit pH-dependent activation of membrane
fusion by GPC, we have purified and characterized the intact
transmembrane envelope glycoprotein of JUNV. The recom-
binant icd-GPC complex is produced from insect cells in mil-
ligram quantities and captures many of the essential features
of the native viral protein. The purified complex includes SSP
and assembles as a trimer, a hallmark of class I viral fusion
proteins. The complex is antigenically indistinguishable from
the native protein and, upon reconstitution into a lipid bi-
layer, is able to bind the cellular receptor for the virus, TfR1.
In addition, the recombinant protein binds small molecule
fusion inhibitors in accordance with their selectivities for NW
and OW arenaviruses. Taken together, our results suggest
that icd-GPC represents a native conformational state of the
viral protein.

Viral envelope glycoprotein complexes are inherently labile,
poised to undergo a series of conformational changes leading
to formation of a thermodynamically favored postfusion
structure (reviewed in Refs. 35—37). Activation of this process
is controlled by cell-surface receptors or access to specific
intracellular compartments to ensure productive entry of the
viral genome. The labile prefusion state, which is established
on proteolytic maturation of the envelope glycoprotein pre-
cursor, is maintained in part by insertion of the complex in
the membrane. In the absence of cleavage, the precursor com-
plex is more stable yet also shows a propensity to form heter-
ogeneous oligomers and postfusion-like structures on solubi-
lization (34). The inherent lability of class I envelope
glycoproteins has limited efforts to define prefusion struc-
tures and has frustrated efforts to produce native complexes
for effective immunization (43). The apparent stability of the
GPC trimer is likely due in part to the lack of proteolytic
cleavage in the icd-GPC mutant but may also be facilitated by
interactions among nine membrane-spanning domains (com-
pared with three in conventional class I fusion proteins).

Genetic and antiviral resistance studies have suggested that
the inhibitory effect of the SIGA compounds is mediated
through the pH-sensitive interaction between the SSP and G2
ectodomains (17). The TSRI inhibitors likely act similarly. In
the case of influenza HA, the prototype pH-dependent class I
virus fusion protein, the pH-sensing domain is thought to lie
proximal to the fusion peptide at the interface of the HA1 and
HA?2 subunits (44, 45). Interestingly, several groups have de-
scribed small molecule HA fusion inhibitors (TBHQ and 4c)
that target this pH-sensitive interaction to stabilize the prefu-
sion HA complex (46 —48). Our findings, in a distant virus
family and unique class I fusion protein, suggest that localized
intersubunit interactions associated with activation of mem-
brane fusion may present vulnerable targets for antiviral in-
tervention against other pathogenic viruses that utilize the
class I fusion mechanism.

Identification of a common binding pocket and mecha-
nism-of-action among the small molecule arenavirus fusion
inhibitors brings to mind the well studied example of the non-
nucleoside analog HIV-1 reverse transcriptase inhibitors
(NNRTIs). These chemically distinct compounds bind a com-
mon hydrophobic pocket near the active site of RT to alloster-
ically inhibit polymerization (49, 50). The NNRTI-binding site
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is not directly associated with any known function of RT but
forms a fortuitous target identified in HTS for inhibition of
function. On binding to RT, these compounds adopt a “but-
terfly-like” shape, and structural knowledge of this binding
pocket has successfully guided the design of second and third
generation NNRTIs (51). In contrast to HIV-1 RT and influ-
enza HA, atomic level structural information of the fusion
inhibitor-bound GPC complex is not yet available. In its ab-
sence, it may be possible to discern spatial and chemical com-
monalities among these chemically diverse yet functionally
similar molecules using computational methods (52). None-
theless, the information gleaned from quantitative analysis of
GPC binding can provide a valuable complement in guiding
the development of optimized compounds for clinical study in
the treatment of arenavirus hemorrhagic fevers.
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