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ABSTRACT

Lassa virus is a notorious human pathogen that infects many thousands of people each year in West Africa, causing severe viral
hemorrhagic fevers and significant mortality. The surface glycoprotein of Lassa virus mediates receptor recognition through its
GP1 subunit. Here we report the crystal structure of GP1 from Lassa virus, which is the first representative GP1 structure for Old
World arenaviruses. We identify a unique triad of histidines that forms a binding site for LAMP1, a known lysosomal protein
recently discovered to be a critical receptor for internalized Lassa virus at acidic pH. We demonstrate that mutation of this histi-
dine triad, which is highly conserved among Old World arenaviruses, impairs LAMP1 recognition. Our biochemical and struc-
tural data further suggest that GP1 from Lassa virus may undergo irreversible conformational changes that could serve as an
immunological decoy mechanism. Together with a variable region that we identify on the surface of GP1, those could be two
distinct mechanisms that Lassa virus utilizes to avoid antibody-based immune response.

IMPORTANCE

Structural data at atomic resolution for viral proteins is key for understanding their function at the molecular level and can facil-
itate novel avenues for combating viral infections. Here we used X-ray protein crystallography to decipher the crystal structure
of the receptor-binding domain (GP1) from Lassa virus. This is a pathogenic virus that causes significant illness and mortality in

West Africa. This structure reveals the overall architecture of GP1 domains from the group of viruses known as the Old World
arenaviruses. Using this structural information, we elucidated the mechanisms for pH switch and binding of Lassa virus to
LAMP1, a recently identified host receptor that is critical for successful infection. Lastly, our structural analysis suggests two
novel immune evasion mechanisms that Lassa virus may utilize to escape antibody-based immune response.

Lassa Virus (LASV) belongs to the Arenaviridae family of envel-
oped, negative-stranded RNA viruses (1). Arenaviruses are
zoonotic viruses that are carried and spread to humans by rodents
(2). Infection by some members of this family leads to severe viral
hemorrhagic fevers (VHF) (2). LASV is the most predominant of
the viruses causing VHF, with an estimated 300,000 annual cases
in western Africa and high mortality rates (3). Arenaviruses are
subdivided into two major subgroups, the “Old World” (OW)
and the “New World” (NW) arenaviruses, which are endemic to
Africa and South America, respectively (4).

Arenaviruses utilize various cell surface proteins as their cellu-
lar receptors for recognizing and attaching to target cells. NW
arenaviruses that belong to clades A and B use transferrin receptor
1 (TfR1) (5, 6), whereas OW arenaviruses, as well as clade C NW
arenaviruses, use a-dystroglycan (a-DG) (7-9). A trimeric class 1
viral glycoprotein complex (the spike complex) recognizes the
cellular receptors and mediates membrane fusion upon exposure
to low pH at the lysosome (10). The spike complex is expressed as
a glycoprotein precursor that is cleaved into three segments by a
signal peptidase and SKI-1/S1P protease (11). The functional
spike complex consists of a receptor-binding subunit (GP1), a
membrane-anchored fusion protein (GP2), and a unique struc-
tured signal peptide (SSP) (12). It was recently shown that suc-
cessful infection requires LASV to switch from binding a-DG to
binding a lysosomal protein termed LAMP1 in a pH-dependent
manner (13).

No structural information is yet available for GP1 from LASV
(GP1,qy) or any other OW arenaviruses. Currently, structures
are available only for GP1 from the TfR1-tropic NW Machupo
arenavirus (GPlyacy); crystallographic structures of GPlyacy
were solved for the unbound protein (14) and for its complex with

7584 jviasm.org

Journal of Virology

TfR1 (15). For GP1, ,gv» the overall architecture, molecular basis
for receptor recognition, and mechanism of switching to LAMP1
are currently unknown. Here we provide the first crystal structure
of the GP1 receptor-binding domain of an OW arenavirus. We
have crystallized and solved the structure of GP1 sy to 2.6-A
resolution. We had to use an experimental phasing approach to
solve the structure, emphasizing the great evolutionary distance
between OW and NW arenaviruses. We compare the structures of
GP1, gy and GP1y,,y and highlight the structural diversification
of the spike receptor-binding module. Our structural analysis re-
veals a variable region on the surface of GP1 that is likely to serve
as an immunological decoy. We further used biochemical assays
and structural analysis to identify the receptor-binding site on
GP1 zgv- We discovered a unique triad of histidines that forms the
LAMP1-binding site in GP1; gy, thereby providing a molecular
mechanism for the pH-dependent receptor switching. To verify
our findings, we generated specific mutants of GP1,g, and
showed the requirement of the histidine triad for interaction with
LAMP1. Our structural analysis and biochemical data further sug-
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gest that GP1, 54, undergoes irreversible conformational changes
that may serve as a novel mechanism for evasion from protective
immune responses against LASV.

MATERIALS AND METHODS

Materials. ESF-921 protein-free cell culture medium, ESF-921 pro-
tein-free methionine-free cell culture medium, and ESF serum-free
medium (ESF-SFM) were obtained from Expression Systems LLC.
Spodoptera frugiperda (S9) and Trichoplusia ni High Five (Tni) insect cells
that had been adapted to ESF-921 protein-free insect cell medium were
obtained from Expression Systems LLC. HEK293ES suspension cells
adapted to ESF-SFM were obtained from Expression Systems LLC. Dis-
posable polycarbonate Erlenmeyer flasks were supplied by Corning. Pro-
Green baculovirus genomic vector DNA was obtained from ABvector.
L(+)-selenomethionine (SeMet) was purchased from Carbosynth. Anti-
Lampl antibody (CD107a) was obtained from Millipore, anti a-DG
(IIH6) was obtained from the Developmental Studies Hybridoma Bank,
and anti-human Fc horseradish peroxidase (HRP)-conjugated secondary
antibody was from Jackson.

Construction of expression vectors. Lassa virus GP1-coding DNA
was chemically synthesized (IDT). The gene was subcloned into the
PACgp67b expression vector (BD Biosynthesis) to include an N-terminal
Hisg tag. LAMP1-Fc and GP1 5, -Fc fusion proteins were generated by
cloning of the ectocellular domain of LAMP1 or Lassa virus GP1 along
with a fragment encoding a portion of the human Fc (IgGl), using
BamHI-Kpnl restriction sites. The Fc fusion cassette was then digested
with BamHI-NotI and ligated into a modified pHLsec plasmid for soluble
protein expression, introducing a V5H8 signal peptide at the N terminus.
Point mutations of histidine to tyrosine at residues 92, 93, and 230 of Lassa
virus were introduced by PCR mutagenesis using Kapa HiFi DNA poly-
merase (Kapa Biosystems) according to QuikChange site-directed mu-
tagenesis manual.

Protein expression and purification. For expression of GP1, ,qy in
insect cells, recombinant viruses were produced in Sf9 cells. Cells were
cotransfected with 0.4 pg GP1; ,s,-pACgp67b and 0.25 g linearized
baculovirus genome (ABvector) using EscortIV transfection reagent
(Sigma). Four days later, medium was collected from transfected cells
(P,) and was used to infect fresh Sf9 cells (P, to P,). Medium contain-
ing viruses was harvested 7 days later and was used to infect 3 liters of
Tni insect cells. Culture medium containing the secreted soluble pro-
teins was collected after 72 h of incubation, supplemented with 40 mM
Tris-HCI (pH 8.0), 0.1 mM phenylmethylsulfonyl fluoride (PMSF),
and 0.02% (wt/vol) sodium azide, and incubated at 4°C overnight.
Protein was concentrated and buffer exchanged from collected me-
dium with TBS buffer (20 mM Tris-HCI [pH 8.0], 150 mM sodium
chloride). For expression of SeMet-substituted GP1; 44 protein, the
protocol from Expression Systems was followed. Briefly, cells were
split for two passages in methionine-free medium (ESF-921), infected
with GP1, ,4y-encoding baculoviruses, and supplemented with 100
mg/liter SeMet at 8, 24, and 48 h posttransfection. Medium was col-
lected at 72 h after infection and was treated as described above. For
crystallization experiments, protein was purified using a HiTrap IMAC
FF Ni*" (GE Healthcare) affinity column and Superdex 75 10/300 size
exclusion chromatography (GE Healthcare) and then concentrated to an
optical density at 280 nm (OD,,) of 17, in 20 mM Tris-HCI pH 8.0, 150
mM sodium chloride, 0.02% (wt/vol) sodium azide using an Amicon
concentrator (Millipore). GP1; sy-Fc and GP1, g, mutants fused to Fc
were expressed by transfection of the plasmid DNA into HEK293T cells in
monolayers using linear polyethylenimine (PEI) (25 kDa; Polysciences).
Medium was collected at 5 days posttransfection and assayed for levels of
protein secretion by dot blotting using anti-human Fc. LAMPI1-Fc was
transfected using PEI into HEK293ES cells grown in suspension (Expres-
sion Systems), and 5 days later the medium was collected and protein was
purified using a protein A affinity column (GE Healthcare).
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Crystallization. We used the method of vapor diffusion in sitting
drops for crystallization screens. For crystallization experiments we used a
Mosquito crystallization robot (TTP Labs) to set 60-, 120-, and 180-nl
drops of protein with a 120-nl reservoir of commercially available crystal-
lization screens. Initial crystallization hits for GP1, 44, were identified
using the PEGRx HT (Hampton) screen and then manually optimized.
Thin rectangular layered crystals (space group P2,,a = 56.36 A, b = 93.08
A, ¢ =111.95 A, B = 92.8% four molecules per asymmetric unit) were
obtained upon mixing a protein solution at 17 mg/ml with 0.1 M bis(2-
hydroxyethyl)-amino-tris(hydroxymethyl)-methane (pH 5.0), 0.2 M am-
monium acetate (pH 7.0), 22% (wt/vol) polyethylene glycol 6000, and 5%
(wt/vol) polyethylene glycol 200 at 25°C. Crystals were briefly soaked in
mother liquor solution supplemented with 10% (wt/vol) polyethylene
glycol 200 for cryopreservation before flash cooling in liquid nitrogen or
were flash cooled without the addition of cryoprotectants.

Data collection, structure solution, and refinement. X-ray diffrac-
tion data were collected at the European Synchrotron Radiation Facility
(ESRF) beamlines BM 14 using a MAR 225 charge-coupled device (CCD)
detector and ID23-2 using a Pilatus 2M-F detector. Single-wavelength
anomalous diffraction (SAD) data were collected to a resolution of 3.5 A
on BM14 at the selenium absorption edge (12.671 keV) using three dif-
ferent kappa angles. Images were indexed, integrated, and scaled using
HKIL.2000 (16) to 3.8-A resolution to maximize the anomalous signal. We
used SHELXC/D (17) implemented in the HKL2MAP interface (18) to
locate heavy atom sites. We then used AutoSol (19) and a subsequent run
of AutoBuild (19) for phasing and initial model building at 3.8-A resolu-
tion. The initial model included four partially traced monomers in the
asymmetric unit (ASU). We selected the most complete monomer and
manually omitted regions that did not agree well with the other par-
tially traced polypeptide chains. This partial consensus structure was
used as a search model for molecular replacement (MR) by Phaser
(19), which located all four monomers in the ASU of a newly collected
native and partially anisotropic data set that extended to 2.6-A reso-
lution. This data set was collected on ID23-2 and was processed using
XDS (20). Subsequently, we used AutoBuild to extend the model al-
most to completion. The rest of the model was manually traced into
electron density maps using Coot (21) and refined using Phenix Refine
(19) in an iterative fashion.

Conservation analysis. The structure of GP1, 4, was submitted to
the ConSurfserver (http://consurf.tau.ac.il/) (22). A complete description
of the conservation analysis by ConSurf is available through online doc-
umentation. Briefly, a multiple-sequence alignment of 58 Blast hits from
UniRef90 (providing unique nonidentical sequences) (UniProt accession
codes P08669, F1AMO06, D7PQ63, D7PQ56, F1AMO09, U5KQM4
Q4VZZ3, G3XEWO0, F1AM21, A0A023]5A4P19240, F1AM15, C6ZK00,
AO0A023]477, Q2A069, D4N7Z6, B7U9H2, P09991, D8L2A2,
A0A023]501, Q27YE4, A4D941 Q4VZZ0, C3VVNO Q77AV6, E2D674,
C3VVMS8 Q77AU9, KOIT71, USKQO09 Q4VZYS8, Q77AV1, Q4VZZ2,
QIWAS84, QIYPM4, Q995C5, QIDKO03, Q8B120, Q8AZ52, Q8B119,
P03540, 13PX54 Q8B121, Q84168, Q4VZY9, and Q9QSP5) was used to
construct a phylogenetic tree and to assign position-specific conservation
scores. Scores were binned into a discrete scale of nine grades, showing the
most conserved residues in purple, intermediate conservation in white,
and the most variable residues in cyan.

Pulldown assays. GP1, g, protein, produced and purified from in-
sect cells (see above), was immobilized to N-hydroxysuccinimide (NHS)-
activated beads (GE Healthcare) according to the manufacturer’s proto-
col. As a control, NHS-activated beads were treated similarly to GP1, gy~
coated beads, omitting the addition of a protein in the coupling step. Prior
to pulldown, control/GP1, , ¢ beads were adjusted to pH 8.0 or pH 5.0 by
washing either with NETI buffer [50 mM Tris-HCl, 150 mM sodium
chloride, 1 mM EDTA, 0.5% (vol/vol) octylphenoxypoly(ethyl-
eneoxy)ethanol (branched) (IGEPAL), pH 8.0] or with NENI buffer (with
50 mM sodium acetate instead of Tris-HCI; pH 5.0), respectively. Whole-
cell extracts from HEK293T cells were prepared in NETI buffer and were
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adjusted to pH 5.0 or pH 8.0 by addition of 20 mM Tris-HCl, 150 mM
sodium chloride, and 0.5% (vol/vol) IGEPAL (pH 8.0) or of 20 mM so-
dium acetate, 150 mM sodium chloride, and 0.5% (vol/vol) IGEPAL (pH
5.0) (1:1 ratio). The cell lysate was clarified using centrifugation (18,800 X
gfor 10 min). Beads were incubated with lysates at 4°C for 2 h, followed by
3 washing steps using the above-mentioned buffers, after which beads
were boiled in sample buffer and subjected to SDS-PAGE and immuno-
blot analysis. For pulldown assay using GP1, ,g-Fc fusion proteins, pro-
teins were incubated with protein A-Sepharose beads at 4°C for 1 h, fol-
lowed by 3 wash steps in 20 mM Tris-HCI, 150 mM sodium chloride, and
0.5% (vol/vol) IGEPAL, pH 8.0. The beads were then incubated with
whole-cell lysates as described above, after which proteins were eluted in
20 mM Tris-HCI-150 mM sodium chloride. Eluted protein samples were
precipitated using cold acetone. Protein pellets were recovered in sample
buffer and subjected to SDS-PAGE and immunoblot analysis.

Surface plasmon resonance (SPR) measurements. The binding of
wild-type (WT) GP1, ,qy-Fc and GP1, ,g,-Fc mutant fusion proteins to
LAMP1 was compared using the ProteOn protein interaction array sys-
tem (Bio-Rad). Purified LAMP1-Fc was immobilized at a coupling den-
sity of ~1,500 resonance units (RU) on a GLH sensor chip (Bio-Rad) in 10
mM sodium acetate (pH 3.8) using primary amine coupling chemistry as
described in the ProteOn manual. One of the flow cells on the sensor chip
was mock coupled using buffer to serve as a blank. Experiments were
performed at 25°C in 10 mM sodium acetate (pH 5.0), 0.5 M or 0.25 M
sodium chloride, and 0.005% (vol/vol) Tween. Sensor chips were regen-
erated using TBS buffer. Purified GP1, ,q,-Fc (WT and mutants) and
GP1;v-Fc were injected at a flow rate of 90 pl/min in a 2-fold dilution
series (500 nM, 250 nM, 125 nM, 62.5 nM, and 31.25 nM).

ELISA. Enzyme-linked immunosorbent assay (ELISA) was performed
in 96-well plates coated with 1 wg/ml GP1, 4. Fc (WT and mutants) and
GP1;ynv-F, diluted in phosphate-buffered saline (PBS). The plates were
blocked for 1 h in 37°C with PBS containing 0.05% Tween (vol/vol) and
1% (wt/vol) bovine serum albumin (BSA) (blocking buffer). For detec-
tion, we used anti GP1; 44, monoclonal antibody that was isolated from
mice immunized with GP1 4 (our unpublished results). ELISA plates
were overlaid and incubated for 1 h with hybridoma supernatants diluted
1:100 in blocking buffer. Subsequently, plates were incubated for 1 h with
HRP-labeled anti-mouse IgG (1:5,000 in blocking buffer). Signal was de-
tected using 3,3',5,5'-tetramethylbenzidine (TMB) liquid substrate
(Sigma-Aldrich) with an infinite 200-Pro Tecan plate reader.

CD analysis. Stock solutions of 10 mg/ml GP1; ,q,-Fc (WT and
mutants) in 1.3 mM Tris-HCI (pH 8.0)-10 mM sodium chloride were
diluted 1:40 in 2 mM sodium acetate (pH 5.0) for recording circular
dichroism (CD) spectra using a Chirascan-plus ACD spectrometer at
21.8°C.

Protein structure accession number. The protein structure data have
been submitted to the Protein Data Bank under accession number 4ZJF.

RESULTS

Determining the crystal structure of GP1, ,4y. A construct span-
ning residues 75 to 237 of LASV GP1 (Fig. 1A) expressed in insect
cells (here referred to as GP1, ,sy) yielded sufficient quantities of
soluble, monodispersed protein as evaluated by size exclusion
chromatography and SDS-PAGE (Fig. 1B). Using this protein, we
obtained several crystallization hits, all at acidic pH. X-ray diffrac-
tion analysis after crystal optimization revealed that GP1, gy crys-
tallized in a monoclinic space group (P12,1) with several mono-
mers in the asymmetric unit (ASU) as estimated from the unit-cell
dimensions (Table 1). First, we collected a complete data set to
2.8-A resolution at the European Synchrotron Radiation Facility
(ESRF). Molecular replacement (MR) approaches using the
known crystal structure of GP1,,,cy as a search model or as a
template for homology modeling-based MR failed to provide so-
lutions. We therefore produced GP1, gy labeled with selenome-
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thionine and collected a complete data set at the selenium absorp-
tion edge from a single crystal for SAD phasing. Using the SAD
approach, we were able to solve the structure and to partially build
four monomers in the ASU. This solution was subsequently used
as search model for MR with a newly collected native data set that
extended to 2.6-A resolution. Final model consists of four poly-
peptide chains that were refined to 20.9% and 24.1% for R, and
Rpeo> Tespectively. The four monomers in the ASU are packed in
the crystal with two distinct chemical environments: one for
chains A and C and another for chains B and D (Fig. 1C). On
average, chain C exhibits higher thermal factors than the other
chains in the ASU and had less-defined electron density (Fig. 1C).
The four monomers in the ASU almost perfectly align with each
other, showing only minor deviations. Residues 77 to 237 in
chains A and C and residues 81 to 237 in chains B and D are
ordered and were included in the final model (Fig. 1A). Electron
density for N-linked glycans was visible at four sites on GP1; ,qy-
On chain C, only two glycans linked to Asn109 and Asn224 were
modeled. On chains A, B, and D, two additional glycans at Asn119
and Asn167 were modeled. Based on the quality of the electron
density, the first one or two N-acetylglucosamine units were in-
cluded for each glycan (Fig. 1C).

Molecular architecture of GP1, ,gy. The crystal structure of
GP1, sqy reveals a central B-sheet sandwiched by the N and C
termini on one side and an array of a-helices and loops on the
other (Fig. 1D). GP1; ,sv shares the same overall fold as was pre-
viously observed in the crystal structure of GP1y,,cy, (14), but
major structural differences in the form of rearrangements, addi-
tions, and deletions of secondary structure elements can be ob-
served (Fig. 1E). The most structurally conserved region is the
central part of the core B-sheet. Three -strands from each struc-
ture were aligned, emphasizing the differences between GP1, 5y
and GP1,;,cy in other regions of the protein (Fig. 1E). For exam-
ple, a-helices 1 and 3 of GP1, 5y are almost perpendicular to the
corresponding a-helices (numbered 1 and 2) in GP1,;,¢y. In ad-
dition, the longer a-helix 2 in GP1l,;,cy corresponds to two
shorter a-helices (numbered 2 and 3) with different orientations
in GP1; ,qy- Aloop that connects a-helix 3 and B-strand 7 is much
longer than the correspondingloop at GP1,,; -y and forms a novel
B-hairpin-like structure (Fig. 1E). This B-hairpin is stabilized by a
disulfide bridge between B-strand 6 and a-helix 2. Interestingly,
multiple-sequence alignment of representative OW arenaviruses
reveals that B-strand 5 is highly variable both in length and in
composition (Fig. 1F). We thus term this region the variable (V)
region. Another significant difference between the two GP1
structures is a complete rearrangement of the termini. The first
B-strand at the N terminus of GP1,,, ¢y and the helical segment
at the C terminus are completely reoriented and adopt loop-
like structures on the surface of the central B-sheet of GP1 5qy
(Fig. 1E).

Structural analysis indicates a putative receptor-binding
site. Superimposing GP1, ,gy on the GP1y .y /TfR1 structure
(15) (Fig. 2A, left) reveals that the comparable region of the
TfR1-binding site in GP1, ,qy is occupied by the N and C ter-
mini of the protein (Fig. 2A, right). Thus, the termini of
GP1, ,qy may pose a steric barrier that will preclude receptor
binding in a fashion similar to that for GP1,;,¢y. As was also
observed in the case of GP1y ¢y (14), the glycans on GP1, ogv
cluster on one side of the protein (Fig. 2B), roughly defining the
exposed surface of GP1 in the context of the trimer that should
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FIG 1 Production and overview of the crystal structure of GP1, sy (A) Schematic diagram showing the Lassa virus glycoprotein complex (GPC) precursor, the
GP1 construct that was crystallized, and the ordered residues that were modeled into electron density maps for the 4 copies of GP1, ,g of the asymmetric unit
in the crystal. (B) Chromatogram of size exclusion chromatography used as the last purification step for GP1, ,y. The arrow indicates the monomeric peak of
GP1, 5sv> and Coomassie blue-stained SDS-PAGE analysis shows purified GP1; 5. (C) The 4 polypeptide chains that were modeled in the asymmetric unit are
represented as tubes using different colors. The width of the tube is proportional to the B factor of the atoms. (D) Ribbon diagram of GP1, 5, colored as a
rainbow, starting from the N terminus in blue to the C terminus in red. Secondary structure elements are labeled according to type (a for a-helices and 3 for
B-strands) and order of appearance in the primary structure. D designates disulfide bridges. The image on the right is rotated 90° around the y axis with respect
to the image on the left. (E) Ribbon diagram showing a superposition of GP1,;,c, (PDB code 2WFO) on the structure of GP1, ,, that was calculated using the
central Ca atoms of B-strands 2, 7, and 4 from GP1, 4y and B-strands 3, 7, and 6 from GP1,;,cv. GP1 55y is shown in magenta, except for the C and N termini
in red and the extended B-hairpin V region in orange. GP1,,,cy is colored green, except for the C and N termini in blue and the loop connecting a-helix 2 and
B-strand 7 (GP1y 5y numbering) in cyan. (F) Multiple-sequence alignment of GP1s from Lassa virus, lymphocytic choriomeningitis virus (LCMV), Dandenong
virus, Ippy virus, and Morogoro virus OW arenaviruses, showing the secondary structure elements as observed in the crystal structure of GP1; ,sy. The
numbering of the amino acids is based on the sequence of the Lassa virus glycoprotein precursor. Fully conserved residues are highlighted with a red background,
and partially conserved residues are shown in red. A blue-to-white scale bar below the sequences indicates solvent accessibility (exposed to buried). Numbers
below the sequences designate the locations of the disulfide bridges. The symbol “¥” marks glycosylated asparagine residues. This graphical representation was
generated by ESPript (25) (http://espript.ibcp.fr).
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TABLE 1 Data collection and refinement statistics

Value® for:
Parameter Native protein SeMet protein
Data collection
Wavelength (A) 0.953 0.978
Space group P12,1 P12,1
Cell dimensions
a,b,c(A) 49.6, 86.5, 109.5 60.6, 93.0, 110.7
o, B,y (°) 90.0, 92.8, 90.0 90.0, 93.9, 90.0
Resolution (A)” 49.6-2.6 (2.7-2.6) 50.0-3.8 (3.9-3.8)
R, ... (%) 10.2 (139.0) 10.6 (20.9)
cc,, 99.9 (74.6) 99.8 (99.5)
I/sI 14.3 (1.6) 35.1(18.8)
Completeness (%)¢ 99.1 (94.2) 100.0 (100.0)
Multiplicity 6.8 24.6
Reflections 195,511 301,648
Unique reflections 28,667 12,240
Refinement
Resolution (A) 49.6-2.6
No. of reflections 24,011
Ryond Reee? 20.9/24.1
No. of atoms
Protein 5,359
Ligand/ion 280
Water 85
B factors
Protein 58.2
Ligand/ion 72.6
Water 49.4
Ramachandran
Favored (%) 96.5
Allowed (%) 3.5
Outlier (%) 0.0
Root mean square deviations
Bond lengths (A) 0.004
Bond angles (°) 0.862

@ Values in parentheses are for the highest-resolution shell.

b For the native data set, resolution limits are 3.1 A, 2.6 A, and 2.6 A along a*, b*, and
¥, respectively.

¢ After truncating the native data to 3.1 A along a*, overall completeness drops to
83.5%. The overall completeness in the resolution range of 49.6 to 3.1 is 100%.
48.35% of unique reflections were removed as a test set for the Ry, calculation.

harbor the receptor-binding site. To identify possible alterna-
tive sites for receptor binding, we analyzed the structure of
GP1, ogv using the ConSurf server (22) (Fig. 2C). This analysis
revealed a conserved continuous patch that forms on B-strand
1 and additional residues from both the N and C termini (Fig.
2D). Central residues of this patch are His92 and His93 (from
B-strand 1) and His230 (near the C terminus), which together
form an unusual cluster of three histidines (Fig. 2D). Next to
this histidine triad and part of the conserved patch is an ex-
posed disulfide bridge between Cys86 and Cys231 (Fig. 2D).
Additional residues that contribute to this patch are Ser9l,
Asn89,and Tyr217 (Fig. 2D). Interestingly, the chemical nature
of this patch is mostly hydrophilic. Considering that histidine
side chains have a pK, of around 6, endocytosis of LASV from
the outside of the cell (pH ~7.4) to the lysosome (pH ~5.0)
may dramatically change the electrostatic potential of this con-
served patch. Specifically, full or partial protonation of the his-
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tidine triad will create a strong positive charge on this con-
served region of GP1.

Recombinant GP1, ,g, interacts with LAMP1. Notably, we
have crystallized GP1, 5y in a reservoir that contained a buffer at
pH 5.0 (see Materials and Methods). Therefore, this GP1, ,qy
structure most likely represents the positively charged state of the
conserved patch as will appear at the lysosome. Moreover, it has
been shown recently that LASV switches from a-DG to LAMP1 in
a pH-dependent manner when it reaches the lysosome (13). We
were thus interested in whether the GP1, .4 that we have crystal-
lized could interact with LAMPI. To test this idea, we decorated
activated resin with GP1, gy, performed pulldown assays from
cell lysates, and probed for LAMP1 using Western blot analysis
(Fig. 3). At pH 5.0, but not at pH 8.0, GP1; 55y was able to pull
down endogenous LAMP1 from HEK293 cells, indicating that the
LAMP1-binding site was properly formed at the lower pH. Interest-
ingly, we were not able to pull down a-DG at pH 8.0 (Fig. 3) or at pH
5.0 (data not shown) using the same assay. In contrast, the full trim-
eric glycoprotein spike complex was previously shown to pull down
a-DG at alkaline and slightly acidic pHs (13). We thus conclude that
our GP1; ,qy is in a LAMP1-compatible state that could not revert to
an a-DG-compatible state using a simple pH switch.

The conserved histidine triad forms part of the LAMP1-
binding site. The pH-dependent LAMP1 binding suggests that
pH probes like histidine could play a role in forming the bind-
ing site. We thus postulated that the conserved histidine triad
could make part of this binding site. To investigate this notion,
we mutated each histidine of the conserved histidine triad (Fig.
4A) to tyrosine and tested the binding to LAMP1. Importantly,
structural analysis suggests that each histidine could be re-
placed by a tyrosine without causing steric clashes with neigh-
boring residues, and in all three cases the hydroxyl group of the
tyrosine is predicted to extend into the solvent. Wild-type
GP1, ,gv and the three mutated variants were expressed in
HEK293 cells as chimeras having an Fc portion of an antibody
fused to their C termini. All Fc fusion variants were readily
expressed and secreted into the media, indicating that the pro-
teins were properly folded. The Fc fusion products assemble
into dimers through the Fc portion, enabling avidity for
LAMP1 capture. Supernatants were loaded onto protein A
beads, washed, and incubated at pH 5.0 with a soluble fraction
of detergent-lysed HEK293 cells. The pulled-down fractions
were analyzed using anti-LAMP1 antibody. Compared to WT,
all three histidine mutations significantly reduced the ability of
GP1 to capture LAMP1 (Fig. 4B). To further analyze the role of
the histidine residues in forming the LAMP1-binding site, we
cloned the luminal ectodomain (residues 29 to 350) of human
LAMPI, fused it to Fc (similar to a previously reported construct
[13]), and expressed and purified it from HEK293 cells (Fig. 4C).
We also produced and purified in large scale GP1;,sy-Fc,
GP1; psv 2 V-Fc, GP1y yqv?Y-Fc, and GP1; z sy 2" -Fc. Purified
LAMP1-Fc was immobilized on an SPR sensor chip, and the bind-
ing of GP1; »5y-Fc was compared to the binding of GP1; ,5,"**-Fc,
GP1; oy Y-Fc, and GP1, g, "**Y-Fc by flowing a dilution series of
each of the proteins in a pH 5.0 buffer (Fig. 4D). As a control, we
injected a concentration series of GP1jy-Fc and analyzed its
interaction with immobilized LAMP1 (Fig. 4D). Compared to the
binding of GP1; sy-Fc, GP1; x5y " -Fc showed a reduced re-
sponse with an apparent lower affinity (Fig. 4D). The
GP1y ,ov"?Y-Fc and GPI,,q"?*°Y-Fc proteins almost com-
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Conserved Variable

FIG 2 Putative receptor-binding site on the surface of GP1; 5y (A) The structure of GP1y,,y (green surface) in complex with TfR1 (orange ribbon) (PDB code
3KAS) (left image) compared with that of GP1, g, (magenta surface) that was superimposed on GP1y,,¢y (omitted from the figure) in complex with TfR1
(right). This superimposition reveals a potential clash with the terminal region of GP1, g, (red) and excludes this region as a binding site. (B) Ribbon
representation of GP1, 4, showing N-linked glycans as spheres. The cyan and light gray distinguish the two halves of the molecule that are either lacking or
bearing N-linked glycans, respectively. The four asparagine residues that were found to be glycosylated are listed. (C) Molecular surface of GP1, 5y thatis colored
by a relative conservation score based on multiple-sequence alignment of 58 unique sequences, calculated using the ConSurf server (22). Relatively variable and
conserved residues are shown in cyan and dark purple, respectively. Glycans are shown as sticks. (D) Detailed view of the conserved patch on the surface of
GP1, 54y using the same color coding as in panel C. Individual amino acids that contribute to this patch are shown as sticks. An adjacent glycan is shown as
spheres.

pletely lost their capacity to interact with LAMP1. GP1;y-Fc

was also inert to LAMPI1. Importantly, avidity due to the di-
pH 8.0 pH 5.0 pH 8.0 meric nature of the Fc fusion constructs enhances the interac-
- tion with the immobilized LAMPI, resulting in an apparent
GP1 - + - + - + higher affinity. To validate that the mutations in the histidine
C

LASV
ontrol + - + - + . triad did not change the overall fold of the GP1 domain, we

performed ELISA by immobilizing the Fc fusion proteins and

Pull-down . used an anti-GP1, o5, monoclonal antibody (our unpublished
results) for detecting them (Fig. 4E). All mutants were recog-

. D nized to a level similar to that for GP1,,4,-Fc (Fig. 4E).

Input “ .. " GP1yyny-Fe served as a control for the ELISA (Fig. 4E). Since
the ELISA cannot be performed in acidic pH, we recorded cir-

WB: anti LAMP1 anti a-DG cular dichroism (CD) spectra from GP1; s gy -Fc, GP1psv 2" -

FIG 3 GPl; sy can pull down endogenous LAMPI. Purified GP1; 45y was  F, GPILASVH93Y_FC> and GPILASVH23OY_FC at pH 5.0 (Fig. 4F).

immobilized on agarose beads, incubated with a soluble phase of a cell lysate at . p PRSP .
pH 8.0 and pH 5.0, pulled down, and washed. Western blot analysis of the T.he. S[.)ectra' are a.ilmost identical, indicating that mutating the
histidine triad did not affect the overall fold of GP1.

pulled-down fraction was performed using anti-LAMP1 antibody (left) or
anti-a-DG (right, at pH 8.0).
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FIG 4 The conserved histidine triad is important for LAMP1 binding. (A) Surface representation of GP1; sy showing the contribution of His92, His93, and
His230 to the formation of the putative LAMPI1-binding site. (B) The ability of the GP1, ,s,-Fc chimera to pull down endogenous LAMP1 via protein
A-conjugated beads is compared to those of GP1-Fc variants harboring a His-to-Tyr mutation in each of the three conserved histidines. LAMP1 was detected
using anti-LAMP1 antibody. All three mutations significantly reduced the amount of LAMP1 that was precipitated. As a control, the total load of GP1-Fc
conjugate was verified using anti human-Fc antibody. A schematic diagram illustrates the fusion proteins used in this assay; green circles represent GP1, and blue
rectangles illustrate the Fc portions that promote dimerization. (C) Coomassie blue-stained SDS-PAGE showing purified Fc fusion proteins of GP1, ,5,,-WT and
mutants, GP1yyy, and LAMPI that were used in the SPR and ELISAs. A schematic diagram shows the chimeric LAMP1 luminal ectodomain fused to Fc. (D)
Sensograms showing surface plasmon resonance analysis of a 2-fold dilution series (500 nM, 250 nM, 125 nM, 62.5 nM, 31.25 nM, and 0 nM) for GP1; ,sy-Fc,
GP1y v ?Y-Fc, GP1 55y ?%Y-Fc, and GP1, 4q,"?*-Fc that were injected over immobilized LAMP1-Fc at pH 5.0 (orange curves). A concentration series of
GP1yny-Fc was used as a control, and the response curve for the highest concentration used (500 nM) is included in black to the sensogram of GP1, ,sy-Fc.
Measurements were repeated twice in buffers containing 0.5 M and 0.25 M sodium chloride. Results from the high-ionic-strength buffer are presented. (E) Bar
graph indicating the relative response of an anti-GP1, s,y monoclonal antibody against the WT, various GP1; ,s,-Fc mutants, and GP1;5-Fc in ELISA. Values
are the means from two separate experiments, each containing three duplicates. Error bars indicate the spread of the values. (F) CD spectra of GP1 ,sy-Fc,
GP1 46y "?Y-Fc, GP1} 45y "*Y-Fc, and GP1, 5, ">**Y-Fc, shown in red, blue, green, and orange, respectively.

DISCUSSION Conservation analysis indicated a conserved patch of GP1, 5y

The structure of GP1, g, and the LAMP1-binding site. Solving
the first crystal structure of GP1 from an OW arenavirus allowed
us to compare it with the only other known structure of an arena-
virus GP1, from the NW MACYV arenavirus. This comparison re-
vealed highly diversified structures (Fig. 1D), reflecting the evolu-
tionary distance of those viruses. Nevertheless, GP1, s, and
GP1yscy share the same overall basic architecture, with a central
B-sheet and two distinct halves: a glycosylated half that contains
the receptor-binding site and is made mostly by the central
B-sheet and surrounding loops and a half that contains mostly
helices and probably faces the trimer axis.
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(Fig. 2B) that is distant from the known TfR1-binding site of
GP1lyacy (15). This patch contains a unique cluster of three his-
tidines on the surface of GP1; ,gy (Fig. 2C) that are important for
LAMP1 binding (Fig. 4B and D). Mutating His92 resulted in a
reduction in the apparent affinity (Fig. 4D). Thiskind of reduction
is expected when a mutation at protein-protein interaction inter-
face is introduced and has some cost in terms of binding energy.
Mutating His93 and His230, on the other hand, resulted ina much
more deleterious effect on binding (Fig. 4D). The binding energy
that is provided by His93 and His230 might be higher than that
provided by His92, or mutating His93 or His230 may result in
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some conformational changes that indirectly affect binding. Such
changes, however, must be local, as the histidine mutants are well
folded and secreted from cells (Fig. 4C), are recognized to similar
extents by a monoclonal antibody (Fig. 4E), and are almost indis-
tinguishable by CD analysis (Fig. 4F). While performing the SPR
analysis, we noticed that the ionic strength is inversely and
strongly correlated with the binding response of GP1 ,-Fc to
LAMPI1 (250 nM versus 500 nM NaCl) (data not shown). This
observation implies that polar interactions, as predicted for the
histidine triad, are important for binding. Altogether, we can con-
clude that the histidine triad is a structural element that directly
interacts with LAMP1 and is perhaps further needed to stabilize a
LAMPI1-“compatible” conformation. The high conservation of
residues that make the LAMP1-binding site in other OW arenavi-
ruses (Fig. 1E) implies that LAMP1 switching may be common to
other OW arenaviruses, although LCMV was shown not to re-
quire LAMP1 for infecting cells (13). Identifying the histidine
triad as a central component of the LAMP1-binding site provides
a molecular mechanism for the pH dependency of LASV switch-
ing to LAMP1.

Possible conformational changes of GP1, ,gy. GP1, s can
pull down LAMP1 but not a-DG (Fig. 3), implying that the a-DG-
binding site is not properly formed on GP1, s, and hence not
faithfully represented in our crystal structure. Different explana-
tions may account for this observation. One possibility is that the
a-DG-binding site spans two GP1 protomers in the context of the
trimeric spike complex. We cannot completely rule out this pos-
sibility, but we consider it to be less probable. Such an explanation
suggests that at least half of the binding site is presented on each
GP1 protomer and that a complete site could transiently form by
the GP1; ,sv-Fc constructs or by GP1 conjugated to beads due to
the relative flexibility between the GP1s, a scenario that should
lead to some detectable binding. Yet, both GP1, ,¢,-Fc (data not
shown) and GP1, ., beads (Fig. 3) failed to pull down a-DG.
Another possible explanation, which we favor, is irreversible con-
formational changes that GP1 undergoes preventing it from bind-
ing a-DG. Such putative conformational changes could be in-
duced by dissociation of GP1 from the trimer (or producing it
alone in our case), a change in the pH, or a combination of both.
We do not have direct evidence of conformational changes in
GP1; ogv> and perhaps such evidence will not be available until the
structure of an intact trimeric spike complex is available. Never-
theless, our structural analysis provides insights that support this
notion. One of the significant differences between GP1,,,cy and
GP1, sqv is the position of the termini (Fig. 1D). This structural
difference could reflect either the great evolutionary distance be-
tween LASV and MACYV or a novel conformational state that is
available to GP1, sy and was trapped in our structure.

By superimposing the two structures, a reasonable hypothesis
can be made that the termini of GP1; 54, could rearrange to adopt
a conformation similar to that seen in GPly,cy, by swinging
around an axis formed between two pivot points (Fig. 5A). The
molecular surface underneath the termini that could potentially
be exposed by such structural rearrangements is fairly hydrophilic
(Fig. 5B). A close inspection of the putative molecular surface
reveals a buried glutamicacid (Glu104) (Fig. 5C) thatis also highly
conserved (Fig. 1E). At neutral pH, Glu104 is likely to be charged.
Considering the current observed conformation of GP1, gy,
there is no obvious countercharged partner that could compen-
sate and stabilize a negatively charged Glu104 at the protein core.
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FIG 5 Proposed conformational changes for GP1; ,gv- (A) Ribbon represen-
tation of GP1; ,sy colored in magenta, showing the terminal regions in red.
The terminal regions from GP1,,¢y extracted from the superposition on
GP1, oy are shown in blue and represent a potential alternative conformation
for the GP1, 54y termini. Arrows at the end of the N-terminal region and the
beginning of the C-terminal region define the potential pivot points that
would allow the terminal region of GP1; s to swing and change conforma-
tion. (B) The molecular surface of GP1, 44, was calculated after omitting the
terminal regions to show the chemical nature of the buried surface underneath
it. The termini are shown as red ribbons. Oxygen and nitrogen atoms are
colored red and blue, respectively, to highlight hydrophilic regions. (C) A close
look at the buried area, highlighting some of the hydrophilic residues. Glu104,
in the vicinity of the histidine triad, is almost fully buried but would be exposed
if the termini adopted a conformation similar to that seen in GP1,cy-

Atlow pH, on the other hand, Glu104 may be either protonated or
compensated by the close proximity of the positively charged his-
tidine triad, although not making any obvious salt bridge in our
structure. This observation indirectly supports the possibility that
at neutral pH and when the spike complex is intact, this region of
the protein is solvent exposed. Thus, the a-DG-binding site may
be partially concealed by the termini and hence unavailable.
Immune evasion mechanisms of LASV. During infection, an-
tibody responses against LASV as well as other OW arenaviruses
are not thought to facilitate clearance, as high viremia and high
antibody titers often coexist (23). Our structural data suggest two
possible mechanisms for LASV immune evasion: presentation ofa
surface variable region and conformational changes of GP1 upon
shedding. Structure-based sequence alignment allowed us to
identify a variable region made of B-strand 5 of GP1, ,y (Fig. 1E).
This variable region is likely to be highly exposed in the context of
the functional trimeric spike complex and is probably under im-
munological pressure that drives the observed diversification. The
variability of this region suggests that it is not a crucial element for
the function of the trimeric spike. Thus, antibodies that target this
region may have a less deleterious effect on LASV than antibodies
that target other functional sites of GP1. Therefore, the variable
region may serve as an immunological decoy. Moreover, GP1
shedding was detected during acute LASV infection, a process that
was suggested to serve immunological decoying (24). If GP1 in-
deed changes conformation to conceal the a-DG-binding site
upon dissociation from the spike complex, this ratifies the role of
shed GP1 as an immunological decoy. Soluble GP1 in this scenario
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will present a nonfunctional altered conformation, which is likely
to elicit an ineffective neutralizing-antibody response.
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