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Abstract

Arenaviruses exist worldwide and can cause hemorrhagic fever and neurologic disease. A single
glycoprotein is expressed on the viral surface that mediates entry into target cells. This
glycoprotein, termed GPC, contains a membrane-associated signal peptide, a receptor-binding
subunit termed GP1 and a fusion-mediating subunit termed GP2. Although GPC is a critical target
of antibodies and vaccines, the structure of the metastable GP1-GP2 prefusion complex has
remained elusive for all arenaviruses. Here we describe the crystal structure of the fully
glycosylated, prefusion GP1-GP2 complex of the prototypic arenavirus LCMV at 3.5A. This
structure reveals the conformational changes that the arenavirus glycoprotein must undergo to
cause fusion, and illustrates the fusion regions and potential oligomeric states.
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Introduction

Arenaviruses exist worldwide, cause a tremendous disease burden, and include over 30
known pathogens divided into Old World and New World groups. The Old World arenavirus
Lassa can cause hemorrhagic fever, with estimates of up to hundreds of thousands of
infections and tens of thousands of deaths each year in Western Africa. Another Old World
arenavirus, lymphocytic choriomeningitis virus (LCMV), exists in all populated continents
with a 2-5% worldwide seroprevalence 1-7. LCMV can cause neurologic disease and mild to
lethal febrile disease in transplant recipients 78 and congenital birth defects and mental
retardation in the fetus if acquired during pregnancy 7°. The disease is historically
underreported, but appears to be re-emerging, especially among the immune compromised,
children and pregnant women. LCMV was the first arenavirus to be isolated 1, and has
illuminated much of our basic understanding of immunology and virology for decades 11-14,

All arenaviruses are pleiomorphic, enveloped virions with a four-gene, bi-segmented,
ambisense RNA genome. The surface glycoprotein (GPC) is translated as a 70-80 kDa
precursor protein and is translocated into the ER. There, a 58-residue stable signal peptide
(SSP) is cleaved from its N terminus. Next, GPC is further proteolytically processed by site
1 protease (S1P; a.k.a. subtilisin-kexin-isozyme-1, SKI-1) to yield two subunits: the 44kDa
peripheral GP1 and the 35kDa transmembrane GP2. GP1 is responsible for receptor
engagement and GP2 is responsible for membrane fusion ’.

The SSP subunit of the arenavirus envelope remains associated with GP1 and GP2 on the
virion surface in a tripartite complex 1516, SSP is important for cleavage and maturation of
GPC, is an essential component of the mature viral-surface complex, associates with the
transmembrane domain of GP2 151721 ‘and may play a critical role in pH-dependent fusion
of GP 16:2022.23 The required association of SSP with the rest of the glycoprotein on the
viral surface is different from the signal peptides of class | glycoproteins such as influenza
and HIV-1, which are not retained with the rest of the glycoprotein after cleavage from the
precursor.

The only known receptor for LCMV is a-dystroglycan (a-DG) 24. Interaction of LCMV
with a-DG is dependent on specific glycosylation mediated by the glycosyltransferase
LARGE 2527, The other major Old World arenavirus Lassa virus (LASV) also binds to a.-
DG on the cell surface 24, but additionally requires Lamp1 for infection 28. Although New
World arenaviruses of clade C similarly use a-DG as their receptor 29, pathogenic New
World arenaviruses of clades A and B use a different molecule, Transferrin receptor 1
(TfR1) 29-3L, After receptor binding, all arenaviruses enter via endocytosis. Exposure of their
GPC to acidic pH in the target cell endosome triggers dissociation of GP1 from GP2, and
irreversible conformational changes in GP2 which drive fusion of virus and host membranes.
Crystal structures of arenavirus GP2 subunits in their post-fusion conformation illustrate six-
helix bundle structures typically characteristic of class | viral glycoproteins 32-34,

No structure of the prefusion form of the GP1-GP2 protomer for any member of the
substantial arenavirus family has yet been described. Thus, we determined the structure of
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the pre-fusion form of the surface glycoprotein of LCMV GP to 3.5A (Table 1,
Supplementary Fig. 1). This structure revealed the interactions between GP1 and GP2 and
the conformational changes that the arenavirus glycoprotein must undergo to cause fusion.
Further, the structure suggested that the arenavirus GP shares some features with other
glycoprotein classes. This work can provide the first step in devising immunogens likely to
induce neutralizing antibodies, and provides the roadmap to understand maturation, egress
and entry of this extensive family of pathogens.

Structure of GP1

GP1 is a single domain structure that can be subdivided into an N-terminal B-strand, an
upper “B-sheet” face and a lower “helix-loop” face (Fig. 1). The N-terminal p-strand (B1)
extends away from the main body of GP1 to interact with two strands from GP2 and
assemble a three-stranded, anti-parallel p—sheet (Fig. 1a). In the main body of GP1, the
upper “B-sheet face” is formed by a six-stranded, anti-parallel p-sheet and contains the
NXxS/T sequons for the six N-glycosylation sites. Together, this array of glycans shields GP1
(Fig. 1b and Supplementary Fig. 1d). The lower, helix-loop face contains five a-helices and
three extended loops.

The Old World LCMV GP1 and the New World, clade B Machupo virus (MACV) GP135:36
are only 20% identical in amino acid sequence and employ different cell surface receptors.
The structure of MACV GP1 could not be used as a successful molecular replacement model
for LCMV GP1, and so the structure was determined by heavy atom phasing. Upon structure
determination, we found that the GP1s from both of these arenaviruses, as well as that of the
recently determined Junin virus (JUNV) 37 have a similar core (Fig. 2a). The six-stranded p-
sheet of GP1 and most of the helices on the helix-loop face are maintained between the
LCMV, MACYV and JUNV GP1 structures. The primary structural differences are contained
in the flexible connecting loops, which comprise less than 25% of the total residues built in
LCMV GP1. The structural and sequence differences were also reflected in the electrostatic
surface potential whereby the B-sheet face of LCMV GP1 is acidic and the lower helix-loop
face basic, while both faces are acidic in MACV GP1 (Fig. 2 ¢,d).

There were stark differences, however, between LCMV GP1 in this GP1-GP2 complex and
the recent structure of the much more closely related LASV GP1, which was determined in
isolation (without GP2)38 (Fig. 2b and Supplementary Fig. 2). While the N- and C-termini
of LCMV, MACV and JUNV GP1 are both oriented towards the GP1-GP2 interface, the
termini in LASV GP1 are oriented in the opposite direction (Supplementary Fig. 2a). More
significantly, the orientation of each major helix in the equivalent “helix-loop” face of LASV
GP1 is nearly perpendicular to the orientation in which these helices appear in LCMV,
MACYV and JUNV GPL1. For example, residues 126-148 in LCMV GP1 form two separate
helices a1l and a2. In LASV GP1, they instead form a single, continuous helix that is rotated
relative to the rest of the GP1 core by nearly 90°. Further, helix a.3 in LASV GP1 is rotated
~45° relative to the position of a3 of LCMV GP1 (Supplementary Fig. 2b). As a result of
these structural differences, the electrostatic surface potential of LASV GP1 is also altered
considerably from that of LCMV GP1 (Fig. 2c, e).
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Structure of GP2

The GP2 subunit contains the fusion regions and heptad repeats (HR) (Fig. 1c). In general,
class I viral glycoproteins have a fusion peptide at the N-terminus of the fusion subunit,
although some like Ebola virus, instead have a fusion loop internal to the GP2. All class Il
and 11 glycoproteins have internal fusion loops. LASV is thought to employ both an N-
terminal fusion peptide (termed F1) and a fusion loop (termed F2) 3°. The amino acid
sequences in F1 and F2 are nearly identical across the entire arenavirus family
(Supplementary Fig. 3a, ¢), suggesting that the arrangement observed here might be in
common among the arenaviruses. In LCMV numbering, the N-terminal fusion peptide F1
comprises residues 266-272 and the internal fusion loop F2 comprises residues 289-300.

In this crystal structure, residues of the F1 N-terminal peptide are at the dimeric interface
and make both hydrophobic and hydrophilic inter-protomer contacts with loop 1 in the
opposing GP1. The F1 peptide is partly helical and similar in structure to the fusion peptide
of parainfluenza 5 virus F 40, In contrast, the F2 internal loop uses an anti-parallel g strand
scaffold to display a hydrophobic fusion segment at its center, similar to the fusion loops of
Ebola virus GP and those of the class Il and 111 viruses (Supplementary Fig. 4).

Comparison of the previously described post-fusion form of LCMV GP2 with the GP2
structure presented here reveals several striking differences. In the pH-induced post-fusion
conformation, HR1 and HR2 each form a single helix, with the 41-residue ‘T loop’ in
between. Three copies of each gather to form an antiparallel six-helix bundle (6HB) 334L, In
the crystal structure presented here, HR1, the T loop and HR2 adopt conformations and
interactions different from those in the post-fusion form (Fig. 1d). In this likely prefusion
structure, HR1 is broken into four segments (HR1a, HR1b, HR1c and HR1d). HR1a, ¢ and d
form discrete helices, while HR1b adopts an extended loop structure. Here also, the T-loop
of GP2 forms two anti-parallel B strands, instead of the a helix observed in the post-fusion
structure. This difference suggests that GP2 conformational rearrangements occur in the T
loop as well as the heptad repeat regions. The three potential glycosylation sites in GP2 are
located in the T-loop, two of which are visualized here and contribute to the glycan shield on
the upper surface of the GP complex (Fig. 1b). Lastly, in this likely prefusion crystal
structure, HR2 forms hydrophobic contacts with the T-loop pB sheet and the N-terminus of
GP1. In the post-fusion structure, it instead packs against HR1 in the anti-parallel six-helix
bundle (Fig. 1d).

The GP1-GP2 protomer

GP1 and GP2 are intimately associated with one another with ~5300A2 of surface area
buried at the GP1-GP2 interface (Fig. 3a). The interface can be mapped to four primary
regions: (1) the N-terminal portion of GP1 contacts HR2 of GP2; (1) 1 of GP1 assembles
with the T-loop strands $10 and p11 of GP2; (I11) F2 contacts B1 and the loop connecting f1
and B2 of GP1; and (IV) a4 of GP1 occupies a cleft between HR1c and HR1d in GP2 and
likely anchors these helices in the pre-fusion state.
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Electrostatic surface analysis of LCMV GPe revealed the p-sheet surface of GP1 is primarily
acidic while both the lower helix-loop face of GP1 and the GP1-GP2 assembly sites have a
largely basic surface (Fig. 3b). A deep, basic pocket is formed by the interface between a4
in GP1 and HR1d in GP2.

The dimeric interface

Expression of GPe yielded stable dimers, as determined by size exclusion chromatography
in tandem with multi-angle light scattering (SEC-MALS) (Supplementary Fig. 1b, c). The
asymmetric unit contains two copies of LCMV GPe in a 2-fold related antiparallel dimer
covering a total of 4300 A2 buried surface (Fig. 4). The core of the interaction is a four-helix
bundle created by the two copies of a2 in GP1 and the two copies of HR1c in GP2 (Fig. 4a).
Also buried in the dimer interface is the GP2 fusion peptide F1, which bridges across to GP1
of the opposing protomer (Fig. 4b), forming an extensive hydrogen bond network and
additional hydrophobic interactions. This arrangement of F1 is reminiscent of the flavivirus
envelope protein E, in which the fusion loop is buried at the dimer interface 4245,

To investigate potential biological significance of the dimer observed in solution and in the
asymmetric unit, we made the single point mutations H136R and S143R, which lie at this
interface and analyzed them biochemically (Supplementary Fig. 5a). First, we produced
recombinant H136R- or S143R- bearing GPe in S2 cells and analyzed the proteins by SEC-
MALS. Both H136R-GPe and S143R-GPe eluted later than WT-GPe and show a molar mass
corresponding to a stoichiometry of ~1 and 1.5, respectively, demonstrating that both
mutations result in defects in dimerization (Supplementary Fig 5b). We next determined
whether the transmembrane GPC bearing these mutations showed similar expression and
processing as WT GPC when transiently expressed in vitro. Although both mutations
expressed at near-WT levels, their GPC appeared to be largely unprocessed (Supplementary
Fig 5¢). We also attempted to rescue recombinant viruses bearing each mutation. H136R-
bearing viruses rescued to similar titers as WT HPI viruses while S143R-bearing viruses
rescued poorly (Supplementary Table 1). S143R is located in a2 of GP1 and is in the center
of the dimeric interface while H136R resides on the outer edge of the interface (Fig. 4,
Supplementary Fig. 5a).

Dystroglycan binding

Strains of LCMV can be divided into two groups: those that have high affinity for a-
dystroglycan (aDG) and cause persistent infection, and those that have 2-2.5 logs lower
affinity for aDG and cause a readily clearable infection 46-50 Serine at position 153 and
leucine at position 260 confer high-affinity a DG binding and persistent infection 49:51.52,
These residues can now be visualized in this structure; both are located in the lower, helix-
loop face of GP1 (Supplementary Fig. 2b).

The strain of LCMV crystallized here, WE HPI, encodes both S153 and L260, yet binds to
aDG poorly (Fig. 5), suggesting that additional residues also contribute to aDG affinity and
interaction. Alignment of this low-affinity WE HPI sequence with that of the similarly low-
affinity WE2.2 and conversely high-affinity WE54 pinpointed two other positions, residues
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155 and 211, where low- and high-affinity strains differ (Supplementary Fig. 3a). We
mutated each of these positions in WE HPI to the high-affinity WE54 sequence (H155Y and
A211T) and grew recombinant viruses. Both H155Y and A211T-bearing viruses grew to
similar titers, but only HPI viruses bearing H155Y bound to a DG with high affinity (Fig. 5a,
b). Further, only H155Y-bearing virus and not WT HPI virus showed reduced infectivity in
the presence of soluble aDG (Fig. 5¢). The converse mutation when put into WE54
(Y155H) resulted in a loss of its high-affinity binding to aDG and loss of infectivity
reduction in the presence of soluble aDG (Fig. 5b, c). Thus, in addition to the historically
known residues S153 and L260, Y155 is also required for high-affinity binding to aDG.
Notably, infectivity of the low-affinity viruses WT HPI and WE54 Y 155H was not affected
by the presence of soluble aDG. Soluble aDG only reduces infectivity of the high-affinity
strains, suggesting that these strains interact specifically with a DG, and that low-affinity
strains use as as-yet-unidentified receptor.

We next sought to determine if residues other than S153, Y155 and L260 could potentially
be involved in binding aDG by high-affinity viruses. We made recombinant viruses carrying
single point mutations throughout the upper p-sheet surface and the basic, lower loop face of
LCMV GPC and analyzed them for soluble a-DG competition. In the lower loop face, we
specifically targeted basic residues that could interact with the acidic aDG sugar 25. We also
included H136R to determine if its interface may be involved in aDG binding. S143R, also
at the dimer interface was not included, as it does not rescue analyzable viruses.

All recombinant viruses were made in the H155Y background to enable analysis of specific
binding to aDG. Wild-type HPI was used as a control for poor DG binding. Seven of the 16
mutant viruses could be rescued to titers high enough for analysis (Fig. 6a, Supplementary
Table 1). The infectivity of viruses bearing GPC-H155Y and the additional single point
mutations H136R (located at the dimeric interface) or R190A (located on the lower basic
loop face), was unaffected by preincubation with soluble aDG, suggesting these viruses do
not bind to aDG and instead enter via another receptor (Fig. 6b). In contrast, viruses bearing
GPC-H155Y alone, or GPC-H155Y plus any other point mutation on the p-sheet face or
R185A (loop face), showed a 2-3 fold decrease in infection when preincubated with aDG as
compared to PBS. These results indicated that in general, the high-affinity H155Y-bearing
viruses did use aDG as their primary receptor in this system. In contrast, H155Y H136R and
H155Y R190A viruses did not bind aDG well, even in the H155Y background, and must
instead use an alternate receptor. H136 and R190 appeared important for DG affinity.

Pathogenic New World arenaviruses use Transferrin receptor 1 (TfR1) 3 to enter cells. The
crystal structure of MACV GP1 in complex with TfR1 demonstrates that receptor binding
occurs on the B-sheet face of GP1 and that the GP1 subunit is necessary and sufficient for
receptor engagement 3°. To investigate the subunit requirements of receptor binding for
LCMV, we analyzed binding of aDG to either full-length LCMV GPC or its GP1 subunit
alone from the high-affinity H155Y mutant, by immunoprecipitation of aDG from cells
over-expressing the LARGE glycosyltransferase necessary for correct modification of the
receptor. In this context, only H155Y GPC, and not H155Y GP1, was able to precipitate
aDG (Fig. 5d). Similar results were recently reported for LASV, whereby only full-length
GPC, and not GP1, successfully pulls down aDG 2838, These results suggest that for Old
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World arenaviruses, either avidity, or a quaternary assembly of GP1, provided only in the
context of the GPC, is necessary for aDG engagement.

LAMP1 binding

Recent work by Jae, et al 28 demonstrates that LASV requires interaction with LAMP1 for
infection and that this interaction occurs only at low pH. Additional studies by Cohen-
Dvashi, et al., identify a histidine triad in LASV necessary for LAMP1 binding. Even though
this triad (H97, H98 and H238 in LCMYV numbering), and the p-sheet face that contains it
are conserved between LASV and LCMV (Supplementary Figs. 2 and 3a, b), LAMP1 is not
required for infection by LCMV Armstrong 28.

LASV binds to aDG with higher affinity than LCMV Armstrong 2. We postulated that
dependence on LAMP1 might correlate with aDG use. We compared two strains that bind
aDG with high affinity (CI. 13 and WE HPI H155Y) and two strains that bind aDG with
low affinity (Armstrong and WT WE HPI) in differences in infection efficiency of BHK
cells versus LAMP1 knock-out cells. All four strains entered both cell lines with equal
efficiency, demonstrating that regardless of the affinity for DG, LAMP1 does not act as an
essential factor for LCMV infection (Figure 6c¢). Curiously, recombinant viruses with GPCs
bearing H98A or H238A mutations, two of three triad residues necessary for LASV GP1-
LAMP1 interaction, failed to rescue or rescued very poorly, respectively. H98 and H238 in
LCMV may be involved in the overall stability of GPC or in binding to an as-yet-unknown
receptor for LCMV (Supplementary Table 1).

Fitting of the LCMV GP protomer into LASV GPC spike density

Crystal structures of post-fusion arenavirus GP2 are trimeric 3341, as are tomograms of
viral-surface LASV GPC °3, The dimers of the asymmetric unit trimerize in crystals via
interactions of the GP1 N terminus to F2 of a neighboring protomer, HR2 to F1 of a
neighboring protomer, and assembly of the GP2 T-loops in the center of the trimer axis.
However, in this arrangement, there is no three-helix core in the GP2 ectodomain, as found
in other type | glycoproteins, and the buried surface area at the trimer interface is modest.
Instead, we fit three single copies of the prefusion LCMV GP protomer into the LASV GPC
tomographic density allowing all glycans to point outward (Fig. 7). Curiously, if glycans
point outward, residues 153, 155, and 190 of basic helix-loop face, which are important for
a DG interaction, point inward, towards the three-fold axis. This arrangement suggests that
the acidic sugar attached to aDG binds down into the trimer center, a conformational
rearrangement from this trimer is required for binding aDG, or the importance of these
residues lies in maintenance of the right quaternary assembly for aDG interaction.

Discussion

Here we provide the crystal structure of the GP1-GP2 protomer of LCMV, the prototypic
virus in the family Arenaviridae. The GP2 in this complex exists in a substantially different
conformation than observed in the post-fusion six-helix bundle structures of GP2 from
LCMV 33 or the New World Venezuelan hemorrhagic fever virus 4. We find evidence for
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structural rearrangements of both the heptad repeats and the T-loop that likely occur during
fusion. Further, the conformation of GP2 observed here has intimate association with GP1,
and both F1 and F2 fusion sequences, now visualized, are buried at oligomeric interfaces,
suggesting that this structure represents the prefusion form of the GP protomer. The GP2
subunits of the arenaviruses are 75% similar by sequence, and this Old World GP1 is
structurally similar to that of the New World MACV and JUNV. Thus, the arrangement of
the GP1-GP2 assembly presented here is likely shared among the entire arenavirus family.

The presence of a six-helix bundle in the pH-induced, post-fusion conformation
demonstrates that LCMV GP forms a trimer to mediate membrane fusion 323341 However,
the existence of LCMV GPe as a dimer in solution and in crystals and the extensive buried
surface of the dimer interface (5,300 A2) suggests that a similar interface may exist at some
point in the virus life cycle. Dimers of GP have been previously observed in analysis of
protein-protein interactions in LCMV particles °4. The mutations H136R or S143R inhibit
dimer formation and prevent proper processing of GPC in transient transfection studies.
Further, the S143R mutation results in non-rescuable virus. The H136R mutation does result
in rescuable virus, but this virus is unable to bind to the aDG receptor. Thus, residues at this
observed interface are directly or indirectly critical for high-affinity a DG engagement.

In the GP structure presented here, both the hydrophobic fusion loop and fusion peptide are
buried at a dimer interface. Curiously, this arrangement is unlike known class I fusion
proteins, and instead, more like the class Il flavivirus envelope protein. The flavivirus
envelope protein adopts trimer-to-dimer and dimer-to-trimer rearrangements in maturation
and fusion and also possesses a transmembrane subunit, termed M, which remains
associated with E on the viral surface and plays a role in its oligomeric transitions. Thus, M
may be functionally similar to the required transmembrane SSP subunit of the arenaviruses
(as reviewed in 55). In the LCMV dimer, the two GPs in the asymmetric unit interact in an
anti-parallel fashion, like those of flavivirus E. In this organization, the 16-residue MPER
region could allow both GP1-GP2 protomers to be anchored into the endoplasmic reticulum
or viral membrane. The arenaviruses, with their positive-sense GP coding, required SSP
subunit, unexpected oligomeric interface, and atypical fusion structure have a unique
architecture with similarities to and differences from other viral classes observed before.

We used the crystal structure of this prefusion GP protomer to identify residues critical for
binding of the only known receptor for LCMV, aDG. The exact role, however, of each of the
five residues now identified, 136, 153, 155 and 190, remains to be elucidated. 153, 155 and
190 are located in or around Loop1, but 136 and 260 are each located 20-25A away in
opposite directions from one another (Fig. 6a). Binding of a single sugar likely does not
occur over a 50A-wide surface. All of these residues are contained in the GP1 subunit.
However, for both LASV 38 and LCMV (this study), full-length GPC, and not the GP1
alone, are required for aDG engagement. These findings suggest that complete GPC may be
required because it builds a particular quaternary assembly or GP1 orientation for aDG
binding.

We find that LCMV GP1 is unexpectedly much more similar in structure to MACV and
JUNV GP1 (20% identical in sequence) than it is LASV GP1 (63% identical in sequence).
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One of the few structural elements in common between LASV and LCMV is Loopl, which
contains residues critical for aDG interaction. Elsewhere in GP1, the significant structural
differences between LASV and LCMV cannot be easily explained by sequence, the presence
or absence of GP2, nor the pH of crystallization (MACV and LASV GP1 were crystallized
at pH 5.5 and 5, respectively, while JUNV GP1 and LCMV GP were crystallized at pH 8.0
and 7.5, respectively). It is known that GP2 undergoes conformational change at low pH;
perhaps GP1 of LASV has a pH-induced conformational change as well, and this
conformational change is related to dependence on LAMP1 for entry. Alternatively, there
may be plasticity in GP1 in the absence of GP2.

In contrast to GP1, GP2 is highly conserved in sequence among Old and New World
arenaviruses alike. The work presented here reveals the probable prefusion conformation of
arenavirus GP2, the conformation of its fusion sequences and the sites and modes of
interaction of prefusion GP2 with GP1. These structural interactions and potential
oligomeric assemblies likely illuminate how other arenavirus glycoproteins function as well,
and open lines of inquiry into maturation, assembly and entry of this unique and very large
family of human pathogens.

Online Methods

Expression and purification

The soluble ectodomain (residues 1-438, GPe), or the ectodomain fused at the GP2 C
terminus to the trimerization motif of T4 fibritin (GPeFib), each belonging to the LCMV GP
strain WE HPI, were cloned into the pMTpuro vector for stable expression in Drosophila S2
cells (Invitrogen, not tested for mycoplasma contamination) (Supplementary Fig. 1a). Cells
were grown in shaker flasks to a density of 6-8x106 cells/mL and expression was induced
with 500uM CuSOQOy. Expression was carried out for 6-8 days and protein was purified from
the supernatant via streptactin-affinity chromatography, followed by size-exclusion
chromatography (SEC) using a S200 16/60 column. Unexpectedly, the soluble ectodomain
yielded stable dimers, as determined by size exclusion chromatography in tandem with
multi-angle light scattering (SEC-MALS) (Supplementary Fig. 1b). While the native S1P
cleavage site (RRLA) was not altered, the S1P expressed by S2 cells did not act upon the GP
and thus all GP purified was in an unprocessed form. However, GPeFib was further screened
with limited proteolysis via 1:1000 (w/w) of trypsin (GPeFibTryp). Trypsinization cleaved
the peptide bond between GP1 and GP2 and based on the loss of ~7kDa and loss of
reactivity to an anti-strep antibody, likely also removed the fibritin motif and double strep
tag (Supplementary Fig. 1c).

Crystallization, Data Collection, and Structure Determination

Initial crystal screening of GPe and GPeFib was carried out using sparse matrix screens and
an Oryx crystallization robot (Douglas Instruments). Only GPe produced initial hits, which
were further optimized in larger-scale formats and conditions refined. Final crystallization
conditions of 0.1M Hepes pH 7.5, 20% PEG 2k and 0.2M lithium sulfate produced cubic-
type crystals after 2-3 months without seeding and within 1-2 weeks with seeding. GPeFib
did not produce crystals on its own or when seeded with GPe crystals. However, when
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treated with trypsin and seeded with GPe crystals, GPeFibTryp crystallized in the same
condition and with the same morphology as GPe.

For several years, despite extensive optimization of cryo conditions and freezing techniques,
data collected from GPe crystals at room temperature was consistently superior. Thus, to
achieve a complete data set, images from three independent crystals were collected at SSRL
beamline 11-1 and data processed with XDS 7. Molecular replacement using the available
structures of Machupo virus GP1 3536 jts core or Ca. trace, or any portion of the post-fusion
LCMV GP2 33 was unsuccessful. Phases were instead obtained by soaking GPe crystals
with TaBr, which enabled structure determination by SIRAS (Table 1). Heavy atom sites
were identified using autoSHARP 8. An initial Ca. backbone trace was built using
Buccaneer 59:60 and the necessary rebuilding and refinement preformed using Coot 1 and
Phenix 62, respectively.

Native crystals of GPeFibTryp diffracted to 3.5A when frozen in ParatoneN Oil (Hampton
Research) and data were collected at SOLEIL Proxima 1. Data were processed using XDS
and merged prior to scaling. Molecular replacement was performed with Phaser using the
model obtained from the GPe TaBr-phased data. Rebuilding and refinement of this data were
performed using Coot 61, Phenix 62 and Buster TnT 3. The unit cell, space group and
models of GPe and GPeFibTryp are essentially identical.

Positions of the sulfur-containing cysteine and methionine residues in the model were
confirmed via a Sulfur SAD experiment, using highly redundant data collected to 4A from a
single, frozen crystal of GPeFibTryp at SOLEIL Proxima 1. The register was further
confirmed by identification of N-linked glycan sites at NXS/T sequons and large aromatic
residues in the GP model (Supplementary Fig. 1d).

Two copies of the GP1-GP2 protomer (protomers A and B) are contained in the asymmetric
unit. The final model contains residues 63 to 427 in monomer A and residues 63 to 424 in
monomer B. Four short sections of GP1 are disordered in both protomers (residues 59-62,
175-183, 214-218, and 262-265. The latter is at the GP1-GP2 junction). An additional
disordered region occurs in protomer B at residues 275-282 in GP2. The final model has an
R/Rfree 0f 0.2106/0.2308 with an overall score of 2.08 and clash score of 2.36 and with 2%
Ramachandran outliers (one residue in each chain) and 4% rotomer outliers as calculated by
Molprobity. Full data statistics can be found in Table 1.

Approximately 250ug of GP was separated on a Superose6 column (GE Healthcare) using
an AKTA FPLC system (GE Healthcare). Size exclusion chromatography (SEC) was
coupled inline with the following calibrated detectors: 1) a MiniDawn Treos multi-angle
light scattering (MALS) detector (Wyatt Corporation); and 2) an Optilab T-reX refractive
index (RI) detector (Wyatt Corporation). The Astra VI software (Wyatt Corporation) was
used to combine these measurements and allow the absolute molar mass of the eluting
glycoprotein, as well as the individual contributions from the protein and glycan
components, to be determined 6465,
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Full-length LCMV WE HPI GPC, derived from a synthetic, codon-optimized gene, was
cloned into the phCMV vector for transfection into 293T cells (ATCC CRL-3216, tested for
mycoplasma contamination). Mutations were introduced using site-directed mutagenesis and
positive clones confirmed by sequencing. To generate plasmids for the expression of GP1
alone, residues 59-262 of the GPC were cloned into a phCMV vector that was engineered to
express the IgK secretion signal and N-terminal HA tag. Wild-type and mutant GPCs were
sub-cloned into the pT7-S(+)HR vector %6 used for the generation of recombinant viruses
and re-sequenced to confirm no additional mutations were introduced.

Virus Rescue

Recombinant viruses were generated as previously described 66,

VOPBA analysis of receptor binding

A soluble dystroglycan fragment fused to the Fc region of human IgG1 (DGFc4) was
expressed and purified as previously described 67:68, Briefly, DGFc4 was blotted onto
nitrocellulose membranes in decreasing concentrations and incubated with purified
recombinant LCMV. Bound viral particles were detected by dot blot using the anti-GP1
antibody WE36.1 % and the anti-GP-2 antibody WE33.6 9 followed by anti-mouse 1gG-
HRP.

ELISA analysis of receptor binding

ELISAs measuring virus-receptor binding was performed as previously described 6768,
Briefy, 2x108 pfu/well of each virus was coated to ELISA plates. After blocking with BSA,
DGFc4 was bound to viruses and detected using a mouse anti-human 1gG-Fc followed by
goat anti-mouse 1gG-HRP antibody.

DG pull-down analysis

293T cells were transfected with wild-type or H155Y GPC or H155Y GP1 plasmids. 72
hours post-transfection, the supernatant of GP1 transfected cells was clarified and secreted
GP1 captured with anti-HA agarose beads (Thermo Scientific) for 1hr at 4C. For both GPC
and GP1 transfections, cells were washed with PBS and lysed with PBS supplemented with
1% NP-40 and protease inhibitor cocktail. Clarified lysates were bound to anti-HA beads for
lhour at 4C. Following capture of GP1 or GPC, beads were washed twice with PBS/
19%NP-40. An equal amount of lysate from 293T cells stably expressing the LARGE
glycosyltransferase was incubated with captured GP1 or GPC for 1hr at 4C. Beads were
washed three times with PBS/1% NP-40 and bound proteins eluted with 1xSDS loading
buffer. Samples were separated by SDS-PAGE and transferred to PDVF membranes. DG
was detected with the monoconal 11H6 antibody (Santa Cruz Biotechnology, validation
provided on manufacturer website) followed by anti-mouse IgM-HRP. GP1 was detected
with the anti-WE GP1 antibody KL25 (gift of M. Buchmeier, University of California,
Irvine’9) followed by anti-mouse IgG-HRP.
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DG competition/infectivity studies

DGFc4 was incubated with virus at a MOI of 1 for 1 hour at 37°C in either a series of
dilutions of DGFc4 or with 30-100pmol of DGFc4. The mixture was transferred to BHK-21
cells (ATCC CCL-10, tested for mycoplasma contamination) and incubated for an additional
hour. Cells were washed three times in PBS. Supernatants collected 24hr post-infection and
quantified by fluorescence focus assay with an Alexa Fluor 488 conjugated LCMV anti-NP
(clone VL-4) antibody 2.

Infectivity assays with LCMV

LAMP1 knock-out cells (gift of S. Whelan, Harvard Medical School) were grown in IMDM-
GlutaMAX media supplemented with 10% FBS and 100g/mL penicillin/streptomycin.
BHK-21 cells were grown in DMEM supplemented with 10% FBS, 100g/mL penicillin/
streptomycin, 2mM L-glutamine, 7% tryptose phosphate broth solution (Sigma), and 0.56%
glucose (wt/vol). LAMP1 knock-out cells and BHK control cells were collected with non-
enzymatic cell dissociation solution (Sigma) and incubated with LCMV at a MOI of 1 at
37°C for 1 hour. Cells were washed twice with PBS and plated in their respective media.
Cells were collected 24 hours post-infection, fixed, permeabilized (BD cytofix/cytoperm
kit), and stained with Alexa Fluor 488 conjugated LCMYV anti-NP (clone VL-4 1) antibody.
Cells were washed and analyzed by flow cytometry (LSR Il, Becton Dickinson) and data
subsequently analyzed with FlowJo software (FlowJo, LLC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

The structure of the arenavirus glycoprotein complex reveals the arrangement of GP1 and
GP2 subunits prior to membrane fusion.
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Figure1l. LCMV GP1 and GP2
(a) Ribbon diagram of the GP1 subunit. LCMV GP1 can be divided into three segments: (1)

the N-terminal B-strand 1 (purple, at right, interacting with GP2); (2) the upper, p-sheet
surface (blue); and (3) the lower helix-loop surface (dark red). The interacting GP2 is shown
in grey. (b) N-linked glycans visible in the GP1-2 complex crystal structure are illustrated as
yellow ball-and-stick, with the linked Asn marked with a dark grey sphere. Transparent
ovals are modeled to show the approximate size and orientation of a complex glycan. (c)
Ribbon diagram of the GP2 subunit. GP2 is in the same orientation as in panel A. LCMV
GP2 can be divided into four segments: (1) the fusion region (cyan), which is composed of
the fusion peptide (F1), the fusion loop (F2) and the fusion helix; (11) heptad repeat (HR) la-
d (yellow); (111) the T-loop (magenta); and (1) HR2 (green). The inset displays F1, F2 and
the fusion helix in detail in a different orientation. Residues noted have been shown to be
essential for fusion of LASV GPC. (d) Comparison between pre- and post-fusion LCMV
GP2. In the pre-fusion conformation of LCMV GP2, HR1 (yellow) is broken up into four
segments (HR1a-d) and connected to HR2 through the T-loop (pink), which forms the B
sheet with p1 of GP1 (panel a). In contrast, in the post-fusion conformation of GP2, HR1
forms a single a helix and the T-loop forms an a helix.
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Figure 2. Structural comparison of LCMV GP1 with other arenavirus GP1 subunits
(a) Structural alignment of LCMV GP (blue) and Machupo (MACV) GP1 (magenta, PDB:

3KAS 35). Despite low sequence similarity of 20%, the GP1 subunits of LCMV and MACV
align with an RMSD of 2.08A. Major differences map to the loops that connect the B-sheet.
(b) Structural alignment of LCMV GP and Lassa virus (LASV) GP1 (green, PDB: 4ZJF 38),
The GP1 subunits of LCMV and LASV align with an RMSD of 2.85A. Although the
secondary structural elements are generally conserved, the orientations of the GP1 helices,
loops and termini are different. (c) Electrostatic surface representation of the GP1 subunit of
LCMV. (d) Electrostatic surface representation of MACV GP1. (e) Electrostatic surface
representation of LASV GP1. For panels c, d and e the electrostatic potentials were
calculated using APBS®8 and range from —2 (red) to +2 (blue) kbT/ec.

Nat Struct Mol Biol. Author manuscript; available in PMC 2016 October 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hastie et al.

Page 19

Figure 3. The GP1-GP2 protomer
(a) Cartoon representation colored according to the scheme in Figure 1a and b. The GP1-

GP2 interface buries a combined ~5300A2. Four interaction sites, encompassing 55 GP1
residues and 73 GP2 residues, are noted: (1) the extreme N-terminal loop of GP1 (purple)
makes hydrophobic and hydrophilic contacts to heptad repeat (HR) 2 of GP2 (green); (I1)
GP1 strand B1 (purple) and GP2 strands 10 and p11 (pink) form an anti-parallel p-sheet;
(1) GP1 n1 (purple) and F2 of GP2 (cyan) make both hydrophobic and hydrophilic
contacts with one another; and (IV) GP1 a4 (red) occupies a cleft between HR1c and HR1d
(yellow) and through primarily hydrophobic contacts, likely anchors these helices in their
pre-fusion conformation. (b) Electrostatic surface representation of the GP1-GP2 protomer.
An approximately 20A deep basic crevice, indicated with an arrow, is located at the GP1-
GP2 interface (denoted with a dotted line). Positive and negative potentials are colored blue
and red, respectively. The electrostatic potential was calculated using APBS®6 and ranges
from -2 to +2 kbT/ec.
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i Top view
a X P

Figure 4. The soluble ectodomain of LCMV formsadimer in solution and in the asymmetric unit
of all crystals

(a) The anti-parallel dimer of GP from the top. Monomer A is colored in dark blue (GP1)
and light blue (GP2), while monomer B is colored in dark gray (GP1) and light gray (GP2).
N-linked glycans visible in the crystal structure are illustrated in yellow ball and stick. Inset:
a2 in the GP1 of each monomer and HR1c in the GP2 of each monomer form a four-helix
bundle at the center of the dimeric interaction. (b) The GP dimer from the side. Inset: The
fusion peptide (F1) of GP2 (cyan) makes both hydrophilic and hydrophobic contacts to the
loop that connects 4 to al in GP1 (residues 122-127, dark grey) and loopl (residues
146-155; dark grey). F1 of both monomers A and B form similar interactions to the opposite
protomer across the dimer interface.
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Figure 5. Deter minants of receptor binding
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(&) Virus-Overlay Protein Binding Assay (VOPBA) showing binding efficiency for different
WE strains of LCMV. WES4 is known to exhibit high-affinity binding, while WE2.2 is
known to exhibit low-affinity binding 51:52. (b) ELISA showing relative binding affinity for
soluble DG. (c) Inhibition of viral infectivity in the presence of soluble aDG. Virus infection
is shown as fluorescence focus units/mL (FFU/mL). (d) Subunit requirements for
immunoprecipitation of aDG from cell lysates. Top panel, western blot for DG; bottom
panel, western blot for LCMV GP1. For panels b and c error bars indicate s.d. (7=3 technical
replicates or cell cultures, respectively). For panel d uncropped blots can be found in

Supplementary Data Set 1.
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Figure 6. Thebasic, lower loop face and dimeric interface arerequired for aDG binding
(a) Cartoon representation of the GP1 subunit of LCMV with residues analyzed shown as

sticks. For clarity, the N-terminal strand of GP1 was removed from the representation.
Mutations to residues in yellow did not produce virus with titers high enough to analyze
further. Viruses bearing mutations to residues in blue (E109A, T111V, R185A, Q231A, and
R233A) efficiently bound to a.DG. Viruses bearing mutations to residues in magenta
(H136R and R190A), failed to bind aDG. Residues previously known to confer high-affinity
binding (S135 and L260) as well as Y155 (histidine in the crystallized strain) identified here
are colored green. H136 at the dimeric interface is approximately 20A from the 153, 155 and
190 cluster while L260 at the GP1-GP2 cleavage site is approximately 25A from these three
residues. (b) Inhibition of viral infectivity in the presence of soluble aDG. The y axis of
each graph is the log decrease in virus infection upon preincubation with soluble aDG, as
compared to pre-incubation with PBS. All point mutations were made in the H155Y
background, and the H155Y single mutation is shown in each graph for comparison. (c)
LCMYV strains with both high- and low-aDG affinities infect BHK and LAMP1 knock-out
cells with equal efficiency. Data shown represents the ratio of LCMV-positive LAMP1
knock-out cells to LCMV-positive BHK cells. Strains of LCMV that bind to a DG with high
affinity are indicated by (+) and those that bind to a DG with low affinity are indicated by
(-). For panels b and c error bars indicate the s.d. (/=3 cell cultures).
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Side view Top view

Figure 7. LCMV GP fit into tomogr aphic reconstructions of LASV GPC on theviral surface
Single protomers of prefusion LCMV GPe dimer were docked into the tomographic

reconstruction of Lassa virus (LASV) GPC spikes on the virion surface (EMD 3290 53). In
this docking, all visualized glycans point outward and HR2 and membrane proximal regions
orient to the membrane. The panel on the right shows the docked LCMV GP from the side;
the panel on the left shows the GP from the top. Regions mapped to a DG binding are noted
with a circle on each GP monomer for the cluster of residues 153, 155 and 190 (ranging
from approximately 10-20A from the top of the trimer); with arrows for residue 260 on each
GP monomer, which is adjacent to the GP1-GP2 S1P cleavage site (approximately 45A from
the top of the trimer); and with stars for the dimeric interface residues 136 and 143.
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Data collection, phasing and refinement statistics

Table 1

Page 24

GPe (room temp)a

TaBr, GPe (room temp)

GPeFibTryp (frozen) (PDB
5INE)

GPFibTryp (SSAD, frozen)

Data collection

Space group 1432 1432
Cell dimensions
a b c(h) 263.74, 263.74, 263.74  265.46 265.46 265.46
a,pByC) 90, 90, 90 90, 90, 90
Resolution (A) 4593-3.75 (3.80—3.75)b 44.24-4.65 (4.82-4.65)
R pim 0.045 (0.252) 0.031 (0.468)
Vol 8.6 (3.2) 7.7 (1.6)
CCipp
Completeness (%) 98.0 (99.1) 99.1 (98.0)
Redundancy 2 (1.9 1.1(1.1)

Refinement
Resolution (A)
No. reflections
Rwork/ Rfree
No. atoms
Protein
Glycans
Water
B-factors
Protein
Glycans
Water
r.m.s deviations
Bond lengths (A)
Bond angles (°)

1432

262.33, 262.33, 262.33
90, 90, 90
47.89-3.5 (3.59-3.5)

0.030 (0.761)
18.31 (0.9)
99.9 (0.40)
99.0 (100.0)
57.69 (44.6)

3.5

19708
0.2106/0.2308
6102

5520

582

0

179.90

235.10

0.007
0.940

1432

263.93, 263.93, 263.93
90, 90, 90

48.19-3.83 (3.93-3.83)
0.027 (0.550)

18.2 (1.1)

99.9 (0.60)

99.9 (99.9)
62.3 (61.9)

a
Data from three crystals merged for complete data set

b . . .
Values in parentheses are for highest-resolution shell.
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