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ABSTRACT

Arenavirus species are responsible for severe life-threatening hemorrhagic fevers in western Africa and South America. Without
effective antiviral therapies or vaccines, these viruses pose serious public health and biodefense concerns. Chemically distinct
small-molecule inhibitors of arenavirus entry have recently been identified and shown to act on the arenavirus envelope glyco-
protein (GPC) to prevent membrane fusion. In the tripartite GPC complex, pH-dependent membrane fusion is triggered
through a poorly understood interaction between the stable signal peptide (SSP) and the transmembrane fusion subunit GP2,
and our genetic studies have suggested that these small-molecule inhibitors act at this interface to antagonize fusion activation.
Here, we have designed and synthesized photoaffinity derivatives of the 4-acyl-1,6-dialkylpiperazin-2-one class of fusion inhibi-
tors and demonstrate specific labeling of both the SSP and GP2 subunits in a native-like Lassa virus (LASV) GPC trimer ex-
pressed in insect cells. Photoaddition is competed by the parental inhibitor and other chemically distinct compounds active
against LASV, but not those specific to New World arenaviruses. These studies provide direct physical evidence that these inhibi-
tors bind at the SSP-GP2 interface. We also find that GPC containing the uncleaved GP1-GP2 precursor is not susceptible to
photo-cross-linking, suggesting that proteolytic maturation is accompanied by conformational changes at this site. Detailed
mapping of residues modified by the photoaffinity adducts may provide insight to guide the further development of these prom-
ising lead compounds as potential therapeutic agents to treat Lassa hemorrhagic fever.

IMPORTANCE

Hemorrhagic fever arenaviruses cause lethal infections in humans and, in the absence of licensed vaccines or specific antiviral
therapies, are recognized to pose significant threats to public health and biodefense. Lead small-molecule inhibitors that target
the arenavirus envelope glycoprotein (GPC) have recently been identified and shown to block GPC-mediated fusion of the viral
and cellular endosomal membranes, thereby preventing virus entry into the host cell. Genetic studies suggest that these inhibi-
tors act through a unique pH-sensing intersubunit interface in GPC, but atomic-level structural information is unavailable. In
this report, we utilize novel photoreactive fusion inhibitors and photoaffinity labeling to obtain direct physical evidence for in-
hibitor binding at this critical interface in Lassa virus GPC. Future identification of modified residues at the inhibitor-binding
site will help elucidate the molecular basis for fusion activation and its inhibition and guide the development of effective thera-
pies to treat arenaviral hemorrhagic fevers.

Arenaviruses are endemic in rodent populations worldwide,
and some species can be transmitted to humans and cause
severe hemorrhagic fevers with high morbidity and mortality (1,
2). Lassa virus (LASV) is prevalent in western Africa (3) and can be
imported to the United States and Europe by infected travelers
(4-6). Five New World (NW) species cause fatal disease in the
Americas, including the Argentine hemorrhagic fever virus Junin
(JUNV) (1, 7). New pathogenic species continue to emerge (8, 9),
and novel arenaviruses have recently been identified in boid spe-
cies of constrictor snakes (10, 11). Absent effective vaccines or
therapies, hemorrhagic fever arenaviruses pose significant threats
to public health and biodefense (12). Accordingly, these viruses
are classified as category A priority pathogens (13).

Antiviral strategies that interfere with virus entry into the host
cell have in many instances proven effective in preventing infec-
tion and treating disease. Arenaviruses enter the host cell by pH-
dependent fusion of the viral and endosomal membranes (14), a
process mediated by the viral envelope glycoprotein GPC. GPC is
synthesized as a precursor that trimerizes and is cleaved by the
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cellular S1P/SKI-1 protease (15-17) to generate the receptor-
binding (GP1) (18, 19) and transmembrane fusion (GP2) sub-
units. Unlike other viral envelope glycoproteins, GPC retains a
58-amino-acid residue signal peptide as a third, noncovalently
associated subunit in the mature complex (20, 21) (Fig. 1). This
stable signal peptide (SSP) contains two hydrophobic regions that
span the membrane to form a hairpin structure (22), with a central
ectodomain loop that interacts with GP2 to sense acidic pH and
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FIG 1 Model for the subunit organization of the tripartite GPC complex and
location of resistance mutations. The SSP, GP1, and GP2 subunits are drawn
schematically and are not to scale. Features include the myristate moiety at the
N terminus of SSP (myr) (21), the binuclear zinc finger linking the penultimate
cysteine-57 in SSP and the novel zinc-binding motif in the cytoplasmic tail of
GP2 (gray balls) (54, 55), and the heptad-repeat regions in the ectodomain of
GP2 that are diagnostic of class I viral fusion proteins (thickened lines) (25—
28). Residues in JUNV GPC associated with resistance to or dependence on
small-molecule fusion inhibitors are indicated (31, 32, 37, 40); asterisks denote
mutations in GP2 that complement pH-dependent fusion defects engendered
by mutations at K33 in SSP (24).

trigger membrane fusion (23, 24). As a bona fide member of the
class I viral fusion proteins (25-28), the mature GPC exists in a
kinetically trapped metastable state, primed by proteolytic cleav-
age and triggered by low pH to undergo a prescribed structural
reorganization leading to formation of the thermodynamically
favored trimer-of-hairpins structure and fusion of the viral and
endosomal membranes (reviewed in references 29 and 30). Small-
molecule compounds that interfere in this orderly process can
effectively inhibit virus entry.

High-throughput screening campaigns at SIGA Technologies
(31-34) and the Scripps Research Institute (35, 36) have recently
identified six chemically distinct classes of small-molecule com-
pounds that specifically antagonize pH-induced activation of
GPC membrane fusion to prevent arenavirus entry into its host
cell (37, 38). Several of these inhibitors have been shown to protect
against lethal arenavirus infection in small-animal models (31,
39). Despite differences in chemistries and activity profiles against
NW and/or Old World (OW) arenavirus species, these com-
pounds appear to share a binding site on GPC (34, 37). Specifi-
cally, we have shown that all the inhibitors active against the NW
JUNV compete for binding to recombinant JUNV GPC but are
not displaced by those specific to the OW LASV (34). Yet, an SSP
mutation in JUNV GPC that generates resistance to an NW-spe-
cific inhibitor renders the protein sensitive to inhibition by an
OW-specific compound (37). Amino acid determinants of sensi-
tivity to one or multiple classes of these inhibitors have been iden-
tified in both SSP and GP2 (Fig. 1) (31, 32, 37, 40). Interestingly,
several resistance mutations also modulate the pH at which mem-
brane fusion is triggered (23, 24). Recognizing that these inhibi-
tors antagonize fusion activation (37, 38), we infer that they target
the pH-sensing SSP-GP2 interface of GPC. However, atomic-level
structural information on the intact GPC complex is not available.
In this report, we describe the use of photoaffinity labeling to
directly identify the inhibitor-binding site, as an initial step to-
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ward understanding the molecular basis for the pH-induced acti-
vation of GPC membrane fusion and its inhibition.

MATERIALS AND METHODS

Plasmids, cells, and recombinant baculoviruses. The complete LASV
GPC gene from the Josiah isolate (GenBank J04324) was molecularly
cloned into a pcDNA3.1 plasmid vector (Life Technologies) for expres-
sion in Vero cells (40). For generating recombinant baculoviruses, the
GPC open reading frame was subdivided to express SSP and the GP1-GP2
precursor (using the conventional signal peptide of human CD4) in a
pFastBac Dual plasmid vector (Life Technologies) as previously described
(34, 38). Expression in trans allows reconstitution of the functional tri-
partite GPC complex in both mammalian (21, 41) and insect (34, 38) cells
and obviates concerns regarding incomplete signal peptidase cleavage of
SSP (20, 42, 43). An innocuous FLAG tag appended to the C terminus of
the GP1-GP2 precursor facilitates detection and affinity purification using
the M2 anti-FLAG monoclonal antibody (MAb; Sigma) (34, 38). To gen-
erate a cleavage-defective (cd) LASV GPC mutant, the SKI-1/S1P cleavage
site RRLL in the GP1-GP2 precursor was changed to AALL using
QuikChange mutagenesis. Baculoviruses expressing wild-type and cd
LASV GPC were generated using the Bac-to-Bac system (Life Technolo-
gies) (34, 38).

Expression of LASV GPC in insect cells: purification of insect cell
membranes and characterization of the purified protein. Recombinant
baculoviruses were used to infect Trichoplusia ni High-Five cells, and
membranes were prepared after 24 h of growth by rupturing the cells
using nitrogen decompression (Parr bomb) as previously described (34,
38). Typical yields are ~0.7 mg of LASV GPC per 3 X 10 cells per liter of
culture. Washed membranes were resuspended at a concentration of
~160 mg wet weight per ml (~1.4 X 10° cell equivalents per ml) in buffer
containing 50 mM Tris (pH 7.5), 150 mM NaCl, 100 uM ZnCl,, and 20%
glycerol and stored at —80°C.

LASV GPC was solubilized from the insect cell membranes by the
addition of n-dodecyl B-p-maltoside (DDM; Anatrace) to 1.5% and then
immobilized onto agarose beads containing the anti-FLAG M2 monoclo-
nal antibody (Sigma) as previously described (34, 38). Beads were washed
extensively in buffer containing 50 mM Tris (pH 7.5), 250 mM NaCl, 100
M ZnCl,, and 0.1% DDM (wash buffer), and LASV GPC was eluted with
the addition of 5 wuM 3XFLAG peptide (Genscript). Following dialysis to
remove the small peptide, the sample was subjected to size exclusion chro-
matography using a Superdex-200/G-75 tandem column (GE Healthcare)
to determine the oligomeric state of the LASV GPC. Denaturing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed using lithium dodecyl sulfate (LDS) sample buffer with reducing
agent (Life Technologies) and NuPAGE 4 to 12% bis-Tris gels (Life Tech-
nologies). Proteins were stained with Sypro Red (Life Technologies) or by
Western blot analysis using an anti-FLAG horseradish peroxidase-conju-
gated antibody (Cell Signaling) and ECL 2 substrate (Pierce) and visual-
ized using a Fuji FLA-3000G fluorescence imager.

Small-molecule inhibitors and photoaffinity derivatives. Com-
pounds 1 [lassamycin-1; (S)-16G8] and 2 [(S)-17D1] (Fig. 2) (compound
numbers are in boldface in figures) were synthesized as described previ-
ously (36). ST-193 (32), ST-161 (33), and ST-294 (31) were kindly pro-
vided by SIGA Technologies, Inc. (Corvallis, OR). Chemical synthesis of
photoaffinity probes 3 to 5 (Fig. 2) is outlined in Fig. 3. Briefly, probe 4 was
synthesized as follows: L-tyrosinol (compound 6) was reductively alky-
lated using 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzaldehyde and
sodium borohydride (NaBH,) in MeOH to provide compound 7. The
published synthesis of 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzal-
dehyde provided a simple synthetic route to incorporate the diazirine
(44). The secondary amine (compound 7) was then chemoselectively acy-
lated using slow addition of the acyl chloride of N-[(2-nitrophenyl)sulfo-
nyl]glycine to provide compound 8. Intramolecular Mitsonobu alkyla-
tion was employed using triphenylphosphine (PPh;) and diisopropyl
azodicarboxylate (DIAD) in THF to yield piperazinone (compound 9).
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FIG 2 Chemical structures of fusion inhibitors and photoaffinity derivatives.
(8)-16G8 (lassamycin-1; compound 1) (36) and (S)-17D1 (compound 2) (35)
provide the respective starting scaffolds for LRW1-078 (compound 4) and for
LRW1-077 (compound 3) and LRW1-081 (compound 5). These photoaffinity
probes include a photolabile trifluoromethyldiazirine moiety as well as a pen-
dant alkyne for copper-catalyzed click chemistry addition of a TAMRA fluo-
rophore.
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The cleavage of the (2-nitrophenyl)sulfonyl group was accomplished us-
ing thiophenol and K,COj; in N,N-dimethylformamide (DMF) to pro-
vide secondary amine (compound 10), which was then acylated using
benzofuran-2-carboxylic acid and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDCI) in DMF to yield compound 11. The synthesis was
then completed by alkylation of the phenol using propargyl bromide and
K,COj in DMF to provide probe 4.

The synthesis of probes 3 and 5 was accomplished using a similar
synthetic route. L.-homophenylalaninol was reductively alkylated using
4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzaldehyde to yield aminoal-
cohol 13, which was then chemoselectively acylated with the acyl chloride
of N-[(2-nitrophenyl)sulfonyl]glycine to provide intermediate com-
pound 14. Intramolecular Mitsonobu alkylation of the sulfonamide pro-
vided compound 15, and the subsequent cleavage of the (2-nitrophenyl)
sulfonyl group yielded compound 16. The secondary amine 16 was then
acylated using 4-(methyl-2-propyn-1-ylamino) benzoic acid to provide
probe 3 or 4-(2-propynyloxy)benzoic acid to provide probe 5.

The identity of the photoaffinity probes was confirmed by 'H nuclear
magnetic resonance (NMR) and high-resolution mass spectrometry
(HRMS).

Probe 3: (S)-4-(4-(methyl(prop-2-yn-1-yl)amino)benzoyl)-6-phenethyl
-1-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzyl)piperazin-2-one. 'H
NMR (400 MHz, chloroform-d) & 7.40 (d, ] = 8.8 Hz, 2H), 7.32 to 7.20
(m, 4H), 7.15 to 7.01 (m, 5H), 6.81 (d, J = 8.8 Hz, 2H), 5.22 (d, J = 14.8
Hz, 1H), 4.60 (s, 2H), 4.20 to 3.99 (m, 3H), 3.76 (d, ] = 14.9 Hz, 1H), 3.16
(d, J = 24.7 Hz, 2H), 3.04 (s, 3H), 2.93 to 2.62 (m, 1H), 2.52 to 2.28 (m,
1H), 2.19 (t, ] = 2.3 Hz, 1H), 1.88 (td, ] = 8.6, 5.1 Hz, 2H). HRMS for
[C5,H;,F5N,0,] ™ calculated, 574.2424; observed, 574.2422.

Probe 4: (S)-4-(benzofuran-2-carbonyl)-6-(4-(prop-2-yn-1-yloxy)
benzyl)-1-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzyl) piperazin-
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FIG 3 Chemical synthesis of photoaffinity probes. Synthetic routes to LRW1-078 (compound 4) (left) and LRW1-077 (compound 3) and LRW1-081 (com-

pound 5) (right) are outlined here and described in Materials and Methods.
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2-one. "HNMR (600 MHz, DMSO-d) 8 7.68 (d, ] = 7.8 Hz, 1H), 7.63 to 7.37
(m, 3H),7.31 (dd, ] = 8.5, 1.9 Hz, 3H), 7.18 (d, ] = 8.1 Hz, 2H), 7.05 to 6.45
(m,3H),5.41(d,J = 15.2Hz, 1H),5.04 (s, 1H),4.69 (d, ] = 13.6 Hz, 1H), 4.66
to0 4.28 (m, 3H), 3.88 (d, ] = 15.1 Hz, 1H), 3.57 t0 3.36 (m, 1H), 3.14 to 2.57
(m, 3H), 2.46 (s, 1H). HRMS for [C32H26F3N4O4]+: calculated, 587.1901;
observed, 587.1901.

Probe 5: (S)-6-phenethyl-4-(4-(prop-2-yn-1-yloxy)benzoyl)-1-(4-
(3-(trifluoromethyl)-3H-diazirin-3-yl)benzyl) piperazin-2-one. "H NMR
(400 MHz, chloroform-d) 8 7.42 (d, ] = 8.6 Hz, 2H), 7.37 to 7.19 (m, 5H),
7.15t0 6.95 (m, 6H), 5.23 (d, ] = 14.8 Hz, 1H), 4.74 (d, ] = 2.4 Hz, 2H),
4.40 (brs, 1H), 4.12 (d, ] = 17.7 Hz, 1H), 3.75 (d, ] = 14.8 Hz, 1H), 3.14
(s,2H), 2.87 (brs, 1H), 2.62 (s, 1H), 2.54 (d, ] = 2.5 Hz, 1H), 1.88 (d, ] =
7.4 Hz, 2H). HRMS for [C;;H,sF;N,0,]": calculated, 561.2108; ob-
served, 561.2107.

Inhibition of GPC-mediated cell-cell fusion. The inhibitory potency
of the photoaffinity derivatives was determined in a vaccinia virus-based
cell-cell fusion reporter assay as previously described (23, 35, 40). In brief,
Vero cells infected with a recombinant vaccinia virus encoding the bacte-
riophage T7 RNA polymerase (vIF7-3) and expressing LASV GPC from
the minimal T7 promoter in the pcDNA3.1 vector are mixed with target
cells infected with a recombinant vaccinia virus (vCB21R-lacZ) capable of
expressing 3-galactosidase under the control of the T7 promoter (45).
GPC-mediated cell-cell fusion is induced upon exposure to acidic me-
dium (pH 5.0) and drives expression of the B-galactosidase reporter,
which is quantitated using the chemiluminescent GalactoLite Plus (-
Galactosidase Reporter Gene Assay System (Applied Biosystems) in a
SpectraMax L microplate luminometer (Molecular Devices). The 50%
inhibitory concentrations (IC,s) were calculated using GraphPad Prism
software by fitting data to single-slope dose-response curves constrained
to 0% and 100% values.

Workflow for photoaffinity labeling. Volumes of 500 l of insect cell
membranes containing an estimated 16 g of LASV GPC were incubated
with photoreactive inhibitors (typically at a final concentration of 10 wM)
for 45 min at room temperature, followed by exposure to long-wavelength
UV irradiation (~366 nm) on ice for 30 min. Samples are positioned 5 cm
from a Sylvania 100 W Mercury Blacklight bulb (H44GS-100) and rocked
intermittently. In some experiments, nonphotoreactive fusion inhibitors
were added at 50 wM with the photoaffinity probes to assess competition.
Following photo-cross-linking, GPC was solubilized from the mem-
branes by the addition of DDM to 2% and immobilized onto anti-FLAG
agarose beads. Beads were washed extensively in wash buffer prior to
using copper(I)-catalyzed azide-alkyne cycloaddition (click chemistry
[46, 47]) to attach a tetramethylrhodamine (TAMRA) moiety to the pen-
dant alkyne group of the photoaffinity adduct on LASV GPC. In this
reaction, the beads are incubated in wash buffer containing 25 uM
TAMRA-azide linker (Life Technologies catalog number T10182), I mM
Tris(carboxyethyl) phosphine (TCEP), 1 mM CuSO,, and 100 pM
Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA; Sigma) at
room temperature for 1 h. The reaction is stopped by extensive washing in
wash buffer prior to elution of the bound LASV GPC in reducing LDS
sample buffer (Life Technologies) and SDS-PAGE analysis using Nu-
PAGE 4 to 12% bis-Tris gels (Life Technologies). TAMRA-containing
protein bands were detected using a Fuji FLA-3000G imager. In some
experiments, the LASV GPC was deglycosylated using peptide-N-glycosi-
dase F (PNGase F; New England BioLabs) prior to SDS-PAGE analysis.

RESULTS

Strategy for designing inhibitor derivatives for photoaffinity la-
beling. Lassamycin-1 (compound 1; Fig. 2) (36) is the active enan-
tiomer of 16G8, a member of a class of 4-acyl-1,6-dialkylpiperazin-2-
one fusion inhibitors (35). Compound 1 inhibits transduction by
retroviral pseudotyped virions bearing LASV GPC with an IC;, of
~200 nM (36). Discovery of the (S)-configuration as the active
enantiomer of 16G8 led to the design and synthesis of (S)-17D1
(compound 2; Fig. 2) (35), another 4-acyl-1,6-dialkylpiperazin-2-
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FIG 4 Photoaffinity derivatives potently inhibit LASV GPC-mediated cell-cell
fusion. pH-induced syncytium formation was quantitated using a vaccinia
virus-based (3-galactosidase fusion reporter assay. Cocultures of GPC-express-
ingand target cells were incubated with serial dilutions of the fusion inhibitors
prior to exposure to acidic medium (pH 5.0), and reporter activity was quan-
titated by chemiluminescence. Inhibition curves were fit to single-slope dose-
response curves using GraphPad Prism software. Black circle, 17D1 (com-
pound 2); red square, LRW1-077 (compound 3); green triangle, LRW1-078
(compound 4); blue triangle, LRW1-081 (compound 5).

one inhibitor that inhibits LASV GPC-mediated cell-cell fusion
with an IC,, of 30 nM. Compounds 1 and 2 were subsequently
used as starting scaffolds to design three alkynylated trifluorom-
ethyldiazirine photoaffinity probes (probes 3 to 5; Fig. 2). The
placement of the trifluoromethyldiazirine was guided by the
known tolerance for functionality (4-OMe or 4-Me groups) at
the 4-position of the N' benzyl group (35). The optimal placement
of the alkyne was then determined to be as a propargyl substituent
on a heteroatom at the 4-position of the N* benzamide group for
probes 3 (LRW1-077) and 5 (LRW1-081). Insight for this alkyne
placement was provided by compound 2 as well as a scanning
library of derivatives of compound 2 that demonstrated that com-
pounds with a variety of alkylated heteroatom substituents at the
4-position of the N* benzamide group showed potent activity. In
order to study probes based upon compound 1, we decided to
incorporate the alkyne as an aryl propargyl ether at the 4-position
of the C® benzyl group to generate probe 4 (LRW1-078). This
design was guided by our knowledge that a compound with an aryl
methyl ether at this position retained potent activity (unpublished
data).

Photoaffinity derivatives inhibit LASV GPC-mediated cell-
cell fusion. The potencies of compounds 3 to 5 were determined
by inhibition of pH-induced cell-cell fusion using Vero cells ex-
pressing LASV GPC in a (3-galactosidase reporter assay (23, 35,
40). The respective IC5,s for compounds 3, 4, and 5 are 70 nM, 80
nM, and 165 nM,, relative to 30 nM for 17D1 (Fig. 4). Thus, and as
predicted from known structure-activity relationships, the pho-
toaffinity derivatives maintained good potency compared to the
unmodified 17D1 parent compound.

Characterization of recombinant LASV GPC expressed in in-
sect cells. LASV GPC from the Josiah isolate was produced in
insect cells and used as the substrate for photoaffinity labeling. We
have previously described the purification and characterization of
full-length trimeric JUNV GPC expressed in insect cells (34, 38),
and similar methods were used to generate the LASV protein. In
contrast to JUNV GPC, which appeared to be refractory to cleav-
age by the insect S1P/SKI-1 protease (38), the purified LASV GPC
contained significant amounts of the mature GP1 and GP2 sub-
units (Fig. 5, insert). The enhanced susceptibility of LASV GPC to
cleavage may reflect the presence of a preferred aromatic residue
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FIG 5 Characterization of purified LASV GPC from insect cells. LASV GPC
was solubilized from insect cell membranes and purified by affinity chroma-
tography using the C-terminal FLAG tag. Size exclusion chromatography re-
veals a relatively homogeneous peak consistent with a GPC trimer. Molecular
size markers (in kilodaltons) are indicated by arrows. (Insert) The affinity-
purified protein was resolved by SDS-PAGE and stained using Sypro Red. The
heavily glycosylated GP1 subunit is heterodisperse and comigrates with GP2 in
this analysis.

at position P7 in the S1P/SKI-1 recognition motif (48). Size exclu-
sion chromatography demonstrated that LASV GPC formed a rel-
atively homogeneous trimer in solution (Fig. 5), as reported for
JUNV GPC (34) and consistent with the trimeric assembly of class
I fusion proteins.

Photoaffinity labeling of LASV GPC. We have previously re-
ported that membrane reconstitution of purified JUNV GPC
greatly enhances the affinity of inhibitor binding relative to the
solubilized protein (34). Thus, we chose to incubate the photo-
labile inhibitor derivatives with LASV GPC in purified insect cell

Intersubunit Inhibitor-Binding Site on Lassa Virus GPC

membranes. An initial titration of LRW1-077 (compound 3) re-
vealed maximal photoaddition at 3 WM compound (not shown),
and subsequent studies were performed using 10 wM the inhibi-
tors. At this concentration, we were unable to detect any photola-
beling of solubilized LASV GPC (not shown).

The standard workflow for photoaffinity labeling of LASV
GPC is described in Materials and Methods. In brief, insect cell
membranes containing LASV GPC were incubated with the pho-
toreactive inhibitor and subjected to long-wavelength UV light
(~366 nm) to activate the photolabile trifluoromethyldiazirine
group. The resultant short-lived and highly reactive carbene is
able to insert across proximal bonds to covalently link the inhib-
itor to the protein. LASV GPC was then solubilized in DDM-con-
taining buffer and bound to immobilized anti-FLAG MAb on aga-
rose beads. Coupling of the pendant alkyne on the inhibitor adduct to
an azide-containing linker bearing a fluorescent TAMRA moiety was
accomplished using copper-catalyzed click chemistry. GPC was then
eluted from the FLAG beads, and the fluorescently tagged subunits
were identified by SDS-PAGE analysis.

By using this procedure, we could detect photoaddition by
each of the modified inhibitors to SSP and either GP1 or GP2; the
last two subunits are difficult to resolve using SDS-PAGE (Fig.
6A). PNGase F digestion enables clear differentiation of the GP1
and GP2 polypeptides and revealed that only GP2 was labeled
(Fig. 6B). The labeling efficiencies by the three compounds were
comparable, and in all cases SSP was preferentially labeled relative
to GP2. However, multiple lines of existing evidence support only
a single inhibitor-binding site on GPC (34, 37, 38). Therefore, we
conclude that photoaddition of these probes can occur stochasti-
cally with either SSP or GP2. This result provides direct confirma-
tion for inhibitor binding at the SSP-GP2 interface. Notably, the
GP1-GP2 precursor that constitutes ~90% of the total protein
(Fig. 5, insert) was not labeled.

Photoaffinity labeling of SSP and GP2 is competed by OW-
active, but not NW-active, inhibitors. The specificity of photoad-
dition was demonstrated by competition using 17D1 (compound
2), the parent inhibitor from which probes 3 and 5 were derived.

A. ™ o N ™ o N ™ s ~ B.
e AN 90 e AN 90 e AN 90 LRW1-077 LRW1-078 LRW1-081
UV QNN N UV QNN N IV QY AN N
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GP1-GP2 1663
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FIG 6 Photoaffinity labeling of LASV GPC. LASV GPC in purified insect cell membranes was subjected to photoaffinity labeling, and the covalently linked
inhibitors were subsequently modified with TAMRA using click chemistry. Subunits were resolved by SDS-PAGE analysis, and TAMRA was detected by
fluorescence imaging. (A) GPC was incubated with the indicated photoreactive inhibitors alone (none) or together with an excess of nonphotoreactive
competitor. ST-294 (31) is specific for NW arenaviruses, while 17D1 (36) and ST-193 (32) are broadly active against both NW and OW arenaviruses. ST-161 (33)
is specific for OW arenaviruses. (B) PNGase F was used to deglycosylate GPC to demonstrate that the FLAG-tagged GP2 polypeptide (ppGP2; calculated
molecular mass, 28 kDa), and not GP1 (ppGP1; calculated molecular mass, 22.7 kDa), is photoaffinity labeled.
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FIG 7 Cleavage-defective LASV GPC is not susceptible to photoaffinity labeling. The SKI-1/S1P cleavage site in LASV GPC was mutated (RRLL to AALL) to
prevent proteolytic maturation. (A) SDS-PAGE analysis confirms the absence of mature GP1 and GP2 subunits in cd-GPC by Sypro Red staining (left) and
Western blot analysis for the C-terminal FLAG tag (right). Wild-type (wt) LASV GPC is shown for comparison. (B) Photoaffinity labeling studies using the
indicated photoreactive inhibitors show that neither GP2 nor SSP is significantly labeled in the precursor GPC complex. A low level of background labeling is not

competed by 17D1 or ST-193.

By using a 5-fold molar excess of 17D1, labeling of both the SSP
and GP2 subunits by each of the three photoreactive compounds
was completely blocked (Fig. 6A). The effectiveness of competi-
tion is likely enhanced by the higher binding affinity of the paren-
tal inhibitor (Fig. 4). Furthermore, photoaddition was also
blocked by the addition of excess ST-161 and ST-193, two inde-
pendently identified SIGA fusion inhibitors that are respectively
selective for LASV (33) or broadly active against NW and OW
arenaviruses (32) (Fig. 6A). The NW-specific inhibitor ST-294
(31) failed to block photoaddition (Fig. 6A), in keeping with the
inverse result that OW-specific inhibitors fail to bind JUNV GPC
(34). Together, these results validate the specificity of the pho-
toaddition reaction and the notion that these chemically distinct
fusion inhibitors share a binding site on GPC (31, 32, 34, 37). The
coordinate loss of SSP and GP2 labeling provides further support
for a single binding site at the SSP-GP2 interface.

Neither SSP nor GP1-GP2 is labeled in the GPC precursor
complex. Despite its predominance in purified LASV GPC pro-
tein, the GP1-GP2 precursor is not labeled (Fig. 6A). To deter-
mine whether SSP associated with the (unlabeled) GP1-GP2 pre-
cursor is still susceptible to photoaddition, we generated a
cleavage-defective (cd) form of LASV GPC in which the S1P/
SKI-1 cleavage motif (RRLL) was mutated to AALL. As illustrated
in Fig. 7A, c¢d-GPC is expressed well in insect cells, with no evi-
dence of proteolytic cleavage. Photoaddition studies revealed only
background labeling of SSP and the GP1-GP2 precursor in cd-
GPC, none of which was competed by an excess of 17D1 or ST-193
(Fig. 7B). These results indicate that SSP in GPC containing the
uncleaved GP1-GP2 precursor is not susceptible to photoaffinity
labeling by these inhibitors. This result is in apparent contrast with
previous surface plasmon resonance studies that demonstrated
binding of NW-active inhibitors to the uncleaved JUNV GPC pre-
cursor (34, 38). It is possible that the inhibitors differ in their
ability to bind their respective GPC precursors. However, the fail-
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ure to label does not necessarily exclude inhibitor binding to the
precursor complex. Protein bonds that are potential targets for
insertion by the reactive carbene may be distant in the LASV GPC
precursor and no longer accessible for reaction. In either case, the
absence of labeling indicates that the environment at the inhibi-
tor-binding site differs in precursor and mature LASV GPC and
suggests that proteolytic cleavage is associated with conforma-
tional changes that alter the SSP-GP2 interface, perhaps to estab-
lish the pH-sensitive state of the mature GPC complex.

pH-induced fusion activation of GPC prevents labeling. The
arenavirus fusion inhibitors target the prefusion form of GPC to
block low-pH triggering of membrane fusion (31, 37, 38). By vir-
tue of controlling fusion activation, it is likely that the SSP-GP2
interface also undergoes structural reorganization during the fu-
sion process. To investigate whether the inhibitor-binding site is
retained in the postfusion complex, we pretreated insect cell
membranes bearing the wild-type LASV GPC with buffer adjusted
to pH 5.0, a pH that efficiently and irreversibly triggers LASV
GPC-mediated cell-cell fusion. Following return to neutral pH
and incubation with LRW1-077 (compound 3), we were unable to
detect photolabeling of the postfusion GPC complex (Fig. 8). We
conclude that the inhibitor-binding site at the SSP-GP2 interface
is disrupted upon exposure to acidic pH, consistent with the no-
tion that this intersubunit interaction maintains the prefusion
GPC complex at neutral pH and responds to acidic pH to trigger
the conformational changes leading to membrane fusion.

DISCUSSION

Our studies demonstrate specific photoaffinity labeling of both
the SSP and GP2 subunits of LASV GPC using the novel photore-
active fusion inhibitors 3 to 5. The coordinate labeling of both
subunits provides direct evidence for inhibitor binding at the SSP-
GP2 interface. This result is consistent with previous genetic stud-
ies identifying determinants of inhibitor sensitivity in both of
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FIG 8 pH-triggered fusion activation abrogates photoaffinity labeling. Insect
cell membranes bearing wild-type LASV GPC were incubated with LRW1-077
(3) and exposed to long-wavelength UV light at neutral pH as per the standard
workflow (control pH 7) or following a 10-min pulse in buffer adjusted to pH
5.0 and subsequent neutralization (pH 5 pulse prior to UV). In order to ex-
clude any adverse effects of the acidic buffer, labeled membranes (control pH
7) were subsequently pulsed with pH 5.0 buffer prior to SDS-PAGE analysis
(pH 5 pulse after UV).

these subunits (31, 32, 37, 40). In considering the role of SSP-GP2
interactions in modulating pH-induced activation of GPC mem-
brane fusion (23, 24), these new findings support the notion that
these fusion inhibitors stabilize the SSP-GP2 interface in the pre-
fusion GPC complex against acidic pH, thereby preventing fusion
activation and virus entry (37, 38). In addition, the failure to pho-
tochemically label either subunit in the uncleaved GPC precursor
reveals that proteolytic maturation of GPC is accompanied by
conformational changes at the SSP-GP2 interface, changes that
may be critical in establishing the pH-sensitive metastable state of
the prefusion GPC complex. Similarly, the inability to label GPC
after exposure to acidic pH highlights specific fusion-associated
conformational changes at the SSP-GP2 interface, consistent with
its role in triggering the fusogenic cascade.

Interestingly, a number of chemically diverse small-molecule
fusion inhibitors of influenza virus hemagglutinin, another class I
fusion protein, have been shown to act through an analogous
mechanism, albeit by targeting a different intersubunit interface
(49-52). Thus, stabilization of the prefusion state through the
fortuitous binding of small-molecule compounds may prove to be
a general mechanism for effective fusion inhibition. Indeed, a
newly described inhibitor of the OW lymphocytic choriomenin-
gitis virus GPC may act in this manner (53).

In the absence of atomic-level structural information on the
tripartite GPC complex, our photoaffinity labeling studies provide
an important perspective from which to better understand the
structure and function of this unique viral fusion protein. Identi-
fication of SSP and GP2 residues modified by these and other
photoreactive inhibitors may provide insight to guide the devel-
opment of therapeutic agents to treat Lassa hemorrhagic fever.
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