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Tospoviridae is a family of enveloped RNA plant viruses that infect
many field crops, inflicting a heavy global economic burden. These
tripartite, single-stranded, negative-sense RNA viruses are trans-
mitted from plant to plant by thrips as the insect vector. The me-
dium (M) segment of the viral genome encodes two envelope
glycoproteins, GN and GC, which together form the envelope spikes.
GC is considered the virus fusogen, while the accompanying GN pro-
tein serves as an attachment protein that binds to a yet unknown
receptor, mediating the virus acquisition by the thrips carrier. Here
we present the crystal structure of glycoprotein N (GN) from the
tomato spotted wilt virus (TSWV), a representative member of the
Tospoviridae family. The structure suggests that GN is organized as
dimers on TSWV’s outer shell. Our structural data also suggest that
this dimerization is required for maintaining GN structural integrity.
Although the structure of the TSWV GN is different from other
bunyavirus GN proteins, they all share similar domain connectivity
that resembles glycoproteins from unrelated animal-infecting
viruses, suggesting a common ancestor for these accompanying
proteins.

virion assembly | envelope glycoproteins | X-ray crystallography | plant
viruses | virus structure

Enveloped plant viruses belong to three major families:
Tospoviridae, Fimoviridae, and Rhabdoviridae. The first two

families are members of the order Bunyavirales, which are single-
stranded, negative-sense RNA viruses, capable of infecting a
wide range of hosts from plants to animals, including humans.
Tomato spotted wilt virus (TSWV), first identified in Australia

in 1930 (1), is a representative member of the family Tospovir-
idae, infecting hundreds of plant species, and is ultimately re-
sponsible for the loss of many different field crops, including
food, fiber, and ornamental crops. Therefore, TSWV infection is
a major global agricultural concern that results in heavy eco-
nomic burden, with serious implications for food security (2, 3).
Currently, prevention measures are focused on eliminating
TSWV’s insect vector, the western flower thrips (Frankliniella
occidentalis), in the field. However, these pesticides are largely
inefficient and raise environmental concerns. These challenges,
together with the lack of a rapid detection method, have a
devastating impact on agricultural crops and the global economy,
stressing the need for developing new TSWV countermeasures.
There is a delicate interplay between TSWV and its thrips

vector, with a narrow window of opportunity for virus acquisition
during larval development (4). Specifically, TSWV acquisition is
accomplished when the first and second instar larvae of the
thrips feed on an infected plant (5, 6), followed by entry of the
virus into the thrips’ anterior midgut epithelial cells. The virus
spreads to surrounding gut cells and crosses the basal lamina to
infect the circular and longitudinal muscle cells (5). The virus’s
route of dissemination and accumulation is tightly linked to the
insect’s development. The virus spreads in the insect through
pupal stages and accumulates in the salivary glands of adults,
where major viral replication occurs (7–9). When an adult thrips

feeds on an uninfected plant, the virus is released to the wounded
plant tissue directly into the cell’s cytoplasm, and from there, the
virus spreads to the entire plant via its movement protein, using
the plasmodesmata for short distances and the phloem–xylem
system to spread to organs and periphery tissues (10). It was
shown that both TSWV envelope glycoproteins (GN and GC) are
critical for thrips infection, but they are not required once the virus
is mechanically introduced within a wounded tissue (11, 12).
Therefore, once a TSWV is delivered into a susceptible plant host,
the cell wall and plasma membrane are no longer barriers to the
virus’s entry.
In thrips, TSWV is thought to enter the gut cells via receptor-

mediated endocytosis, yet the identity of such a thrips receptor
has remained elusive. An effort to identify thrips proteins that
copurify with TSWV particles found distinct bands in gel overlay
experiments, but the lack of genome sequence data and the
limited proteomics technologies at the time prevented the char-
acterization of these proteins (13, 14). Recently, the first thrips
proteins that bind to TSWV particles were identified, using elec-
trospray ionization mass spectrometry (15).
The TSWV genome is composed of three RNA segments (large,

medium, and small), enclosed in a bilayered lipid membrane. The
medium (M) segment encodes for two envelope glycoproteins, GN
and GC. These are translated as a one-glycoprotein precursor that
is cotranslationally processed by host proteases in the absence of
other viral proteins to yield the two mature glycoproteins (16–19).
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Similar to what was previously demonstrated for other bunyavi-
ruses (20–23), the TSWV mature glycoproteins travel from the
endoplasmic reticulum (ER) to the Golgi apparatus, the site of
virion morphogenesis (24). GC localization to the Golgi was shown
to depend on its interaction with GN, its accompanying protein,
which includes a Golgi-targeting signal that was found to be
functional in both plant and animal cells (25–27). To date, the
organization and stoichiometry of TSWV glycoproteins on the
membrane of the mature virion are yet unknown, but it was pre-
viously demonstrated that both GN homodimers and GN/GC het-
erodimers exist on membranes of purified TSWV virions (28).
GN and GC are embedded in the viral lipid membrane, with

the bulk of the glycoprotein facing outward, and are ∼58 and 95
kDa, respectively (29, 30). It was first predicted and later dem-
onstrated for other members of the Bunyavirales order that GC,
the viral fusogen, is a class II membrane fusion protein (31–35),
resembling other fusogens from other unrelated RNA viruses
(36, 37), and it was inferred by sequence homology to also be the
case with tospoviruses (32). In contrast, when it comes to the
fusogen-accompanying protein (i.e., GN), there is structural di-
versity in domain folds and organization on the mature virions
among different members of the Bunyavirales order. For exam-
ple, the GN from phleboviruses assembles in either hexameric or
pentameric rings as part of the pseudoequivalent T = 12 icosa-
hedral assembly of the virion (38), whereas the hantaviruses’ GN
is organized in a pseudofourfold local symmetry with no appar-
ent higher organization (39). An electron cryotomography study
of the orthobunyavirus envelope spike complex implies that GN
is positioned in proximity to the viral membrane, whereas GC
trimerizes in a tripod-like ultrastructure (40) that was later shown
to be mediated through GC’s N-terminal α-helical head domain
(41). Moreover, recently published atomic resolution structures of
GN proteins from phleboviruses (family: Phenuiviridae) and han-
taviruses (family: Hantaviridae) (38, 39, 42) show structural di-
versity in their fold and epitope distribution. This structural
diversity of GN proteins is probably a key to their ability to adopt
different modes of assembly on the viral envelope.
Here we present an atomic resolution structure of glycopro-

tein N (GN) from TSWV, a structure of an envelope glycoprotein
from a plant virus. The structure reveals a unique protein do-
main fold with an evolutionary link to animal-infecting viruses, a
dimer complex formation, and additional molecular determi-
nants that are vital for rationalized design of entry inhibitors
against TSWV.

Results and Discussion
The Soluble Core of TSWV GN Has a Unique Fold. TSWV GN is a type
I transmembrane protein with an N-terminal ectodomain fol-
lowed by a transmembrane segment anchored on the viral mem-
brane envelope. A previous study showed that the ectopic
expression of TSWV GN residues 37 to 313 (also termed soluble
GN, or sGN, Fig. 1A) in Sf9 insect cells produces a soluble, se-
creted protein (29). sGN followed by a C-terminal 8×His-tag was
expressed using a baculovirus insect cells system and purified to
homogeneity. To reveal the mode of assembly and the functional
landscape of TSWV GN, we determined the crystal structure of
sGN to 4.1 Å resolution (SI Appendix, Table S1). The visible part
of the structure spans residues 107 to 305 (Fig. 1B), with missing
electron density at both N and C termini (residues 36 to 107 and
306 to 310, respectively).
The overall structure of TSWV sGN has a three-domain fold

with a short C-terminal α-helical extension (Fig. 1). The N-terminal
domain (NTD, residues 107 to 169) encompasses a short helix (α1)
parallel to the plane of the subsequent three-stranded β-sheet. The
polypeptide chain then continues as a long coiled loop toward the
pincer domain (PD; residues 170 to 222), a novel structure that
consists of the EH β-sheet, a short helix located between two
β-strands (D and E), the EF loop, and the FG β-sheet. The

C-terminal domain (CTD) has a β-sandwich fold made of A1B1E1
and C1D1F1G1 β-sheets followed by a C-terminal α-helical ex-
tension (helix α4). Two N-glycosylation sites are observed in the
electron density map at N116 and N210 in the NTD and PD,
respectively. These glycosylations sites are likely projecting out-
ward from the viral membrane, while the CTD is juxtamembrane
oriented.

TSWV GN Has the Same Domain Connectivity as Other Accompanying
Proteins from Animal-Infecting RNA Viruses. Recently, the crystal
structures of GN from members of the Phenuiviridae and Han-
taviridae families (all members of the Bunyavirales order) (38, 39,
42, 44) were determined. It was implied that GN from hantavi-
ruses resembles the domain organization and connectivity of
the E2 envelope glycoprotein from alphaviruses, an unrelated
positive-sense, single-stranded RNA (ssRNA) virus (45). Unlike
TSWV sGN, GN proteins from the Phenuiviridae family members
display a unique α/β-fold that includes a β-arch motif, possibly a
remnant of the β-ribbon motif found in alphavirus E2. Although

A

B

Fig. 1. Overview of sGN crystal structure. (A, Top) A linear representation of
the TSWV GN gene product. Magenta represents the disordered N-terminal
extension, red shows NTD, yellow shows PD, and pale cyan shows CTD. In
gray are regions that were not included in the expressed construct. Dark
gray are the putative transmembrane domains. (Bottom) A graphical rep-
resentation of CONSURF (43) conservation analysis. Scores account for evo-
lutionary distance and are normalized to units of SD. Zero represents the
average evolutionary rate, and <0 indicates increasing conservation. The
scores were then averaged in a window of ±7 residues (i.e., 15 total residues)
for every residue and plotted as seen in the histogram. The color scheme
represents the three domains of sGN’s structure. (B) A cartoon representation
(Left) and topology depiction (Right) of sGN crystal structure. Cysteine resi-
due side chains are in green.
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the CTD β-sandwich of TSWV GN is homologous to domain C
found in the alphavirus E2 (SI Appendix, Fig. S1), searches for
structural homologs and classification in automated structure
comparison programs such as the DALI server (46–48), SCOP
(Structural Classification of Proteins) (49) and ECOD (Evolu-
tionary Classification of Domains) (50, 51) did not reveal any
similar structures or structural motifs for the NTD and PD. Nev-
ertheless, we see a strong similarity between TSWV’s GN and the
domain topology of the alphavirus E2 protein (Fig. 2A): The first
domain (NTD) is connected via an arch, which in the tospovirus
extends to contain β-strand D (Fig. 1) and the helix α2. At the
other end of the “β-arch,” the FG β-hairpin represents a minimal
version of the alphavirus E2 domain B (Fig. 2A). Intriguingly,
unlike the animal-infecting bunyaviruses, tospoviruses keeps the
juxtamembrane β-sandwich domain (e.g., domain C in E2), while
in the other GN proteins, this domain is replaced by what appears
to be a linker that is followed by the transmembrane domain
(Fig. 2B). It is plausible that in the case of tospoviruses, evolution
has replaced domains A and B by a simpler fold (NTD and FG
β-hairpin, respectively) and kept domain C (CTD) downstream to
a β-arch (the PD), a remnant of the β-ribbon motif of alphaviruses
E2. This striking similarity in the topological organization of all
these accompanying proteins suggests a common ancestor that
strongly diverged, compared to the fusion proteins they escort.

sGN Forms a Covalently Linked Dimer in Solution. GN proteins from
bunyavirales members usually exhibit a high cysteine content
(e.g., 27 to 28 cysteines in phenuiviruses, 22 in orthohantavirus).
In contrast, TSWV GN has only eight cysteine residues, seven of
which were included in our sGN construct. Four cysteines are
engaged in disulfide bonds that stabilize the NTD (C119–C150
and C127–C161), two form a disulfide bond located at the CTD
(C224–C285), and the seventh cysteine (C302) is at the
C-terminal α4 helix extension (Fig. 1B). A size exclusion chro-
matography (SEC) profile of the purified sGN shows two distinct
elution peaks that correspond to two molecular weight species
(Fig. 3A). Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis under reducing and nonreducing
conditions revealed that the higher molecular weight population
represents a dimer covalently linked by an intermolecular disulfide
bridge (Fig. 3A). This observation is consistent with a previous
report which detected, in addition to disulfide-linked GN dimers
on the virus envelope, a monomeric GN (28), implying a transient
disulfide bond formation.
To confirm that cysteine 302 is engaged in intermolecular

disulfide dimerization, we subjected sGN to limited proteolysis
with V8 (Glu-C) and trypsin proteases. Both yielded resistant
fragments with a similar molecular weight, as observed by SDS-
PAGE (SI Appendix, Fig. S2A). However, while the V8-treated
sGN (sGN

ΔV8) maintained disulfide-dependent dimerization and
exhibited a SEC elution profile similar to that of sGN, the trypsin-
treated sGN (sGN

Δtryp) eluted exclusively as a monomer (Fig.
3 B–D). A Lys-Arg-rich region at sGN’s C terminus, upstream to
C302 (Fig. 1A), was predicted as trypsin’s cleavage site. This was
validated by Western blot analysis with an anti-His antibody,
showing the removal of the C-terminal 8×His-tag (SI Appendix,
Fig. S2B) and demonstrating that C302 is, indeed, involved in the
intermolecular disulfide formation in solution.

Oligomerization Interfaces of TSWV GN. As demonstrated by the
SEC analysis, both sGN and sGN

ΔV8 partially dimerize in solu-
tion through a disulfide bridge. This was previously also shown
for the recombinant ectodomain of GN from Rift Valley fever
virus (RVFV) and severe fever with thrombocytopenia syndrome
virus (SFTSV), bunyaviruses that are distantly related to the
Tospoviridae family (42). In these cases, the C-terminal cysteine-
rich region (stem region) was removed to improve solubility and
crystallization. These crystal structures, however, show only one

molecule of GN in the asymmetric unit and are lacking structural
information regarding their mode of assembly and oligomeriza-
tion. This is not the case for the TSWV sGN crystal structure. To
further investigate the GN intermolecular mode of assembly, we
also crystallized sGN

ΔV8 and sGN
Δtryp and determined their structure

to 3.4 and 2.8 Å resolutions, respectively (SI Appendix, Table S1).
The crystal structures of sGN and sGN

ΔV8 belong to the same
space group and have an identical crystal packing (SI Appendix,
Fig. S3 and Table S1). In these structures, there are four copies
of GN in the asymmetric unit, organized in a noncrystallographic
pseudodihedral (D2) symmetry (Fig. 4, gray box). The four
molecules can be arranged in two types of dimers, each using a
distinct dimerization interface: a covalently linked dimer through
C302–C′302 disulfide (copies A–C and B–D) and a noncovalent
interface using a PD–PD interaction (copies A–B and C–D)
(Fig. 4A). We observed electron density for the C302–C′302
disulfide only between A and C copies but not for B and D,
suggesting that a sGN–sGN covalent interaction is not mandatory
for crystal packing and appears to be transient. Furthermore, the
observation that GN on the mature virion’s envelope only par-
tially participates in the disulfide dependent dimerization sup-
ports this notion (28). Calculations of the buried surface area
(BSA) at the noncovalent interface results in an area of ∼100 Å2

(Fig. 4, Right), an indication of a weak protein–protein interac-
tion. In contrast, the BSA at the noncovalent PD–PD interaction

Fig. 2. The domain topology of TSWV GN resembles that of animal-
infecting enveloped RNA viruses. (A) On the Left, a topology of domain
organization of the alphavirus E2. Domain labels are of alphavirus E2 and
the equivalent in TSWV GN. In the Middle, the crystal structure of the chi-
kungunya virus (CHIKV) E2 (PDB ID code 3N43) compared to TSWV GN

(Right). Both structures are to scale. (B) Crystal structures of GN proteins from
other members of the Bunyavirales order. PDB ID codes from the Left: 5FXU
(Puumala virus, PUUV), 5OPG (Hantaan virus, HANTV), 5Y10 (severe fever
with thrombocytopenia syndrom virus, SFTSV), and 5Y0W (Rift Valley fever
virus, RVFV). The color scheme is as in Fig. 1 and A. Note the lack of domain
C/CTD in all these structures.
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is ∼1,800 Å2 (Fig. 4 A, Top), implying a biologically relevant
interface (53).

The sGN–sGN Noncovalent Dimer Interface Is Partially Conserved. The
noncovalent interface of sGN–sGN interaction is mediated
through a unique protein fold that we designated “the pincer
domain.” PDs from each protomer grip each other in a pincer-
like manner. Two leucine residues, the conserved L177 and the
less conserved L195, are positioned at the tips of the pincer and
are involved in van der Waals interactions with the reciprocal PD
(Fig. 4 B and C). Conservation analysis of the PD–PD interface
shows a conserved surface generated by the PD domain (SI
Appendix, Fig. S4A). In addition, a complementary electrostatic
charge is generated by the conserved K180 on one protomer and
the partially conserved E193 on the reciprocal one (Fig. 3B and
SI Appendix, Fig. S4B). This charge complementarity can induce
an electrostatic steering effect during the association of the two
protomers, as was seen in other cases (54–56).

Dimerization through the PD Is Independent of the C-Terminal C302
Disulfide Bond. To confirm the existence of the PD–PD interaction
in solution, we dissolved the sGN

ΔV8 crystals in water (ddH2O)
and subjected the sample to a matrix assisted laser desorption/
ionization-time of flight (MALDI-TOF) mass spectroscopy mea-
surement (SI Appendix, Fig. S5). We assigned average masses for
the sGN

ΔV8 monomer, dimer, and tetramer, indicating that not all

sGN
ΔV8 copies in the crystal are involved in a covalent disulfide

bond and that also noncovalent interactions occur in solution since
sGN

ΔV8 tetramers could not be assembled otherwise. Taken to-
gether (the larger BSA, the limited involvement of sGN in the
intermolecular disulfide bridge, and our MALDI-TOF results),
these findings suggest that the noncovalent interface through the
PD domain is the main dimerization interface in GN–GN interactions.
As mentioned before, we also determined the crystal structure

of sGN
Δtryp. Unlike the sGN and sGN

ΔV8 crystals, sGN
Δtryp crys-

tals belong to a different space group and present a different
molecular packing (SI Appendix, Fig. S3 and Table S1). Sur-
prisingly, in this crystal form, we found only three sGN

Δtryp copies
in the asymmetric unit, of which two associate through the pre-
viously described noncovalent PD–PD interface (SI Appendix,
Fig. S3). The third copy, however, loosely interacts with the di-
mer through the CTD of one protomer in what appears to be a
crystal contact interaction (SI Appendix, Fig. S3). The recurring
presence of the same noncovalent interface in all crystal forms
strengthens our previous premise regarding the physiological
relevance of the PD–PD interface.
Although our SEC experiments determine that sGN

Δtryp is a
monomer in solution (Fig. 2 B and C), we sought to explore
whether PD–PD interactions occur, to some extent, in solution
too. To address this question, we generated an sGN

Δtryp−S214C

mutant. S214 is located at the core of the PD–PD dimer inter-
face with a distance of 2.7 Å from the same serine of the re-
ciprocal protomer (S214’, Fig. 5A). While the sGN

Δtryp SEC profile
showed exclusively a monomer peak, in the SEC elution profile of
sGN

Δtryp−S214C we observed an additional population, corre-
sponding to a dimer which was then confirmed by a nonreducing
SDS-PAGE analysis (Fig. 5B). Deconvolution of the SEC elution
profile, followed by a calculation of the area under the curve,
shows that only 19% of the sample is “locked” in a disulfide-
dependent dimer, implying a weak interaction in solution. More-
over, we determined the crystal structure of the sGN

Δtryp−S214C,
confirmed its proper fold, and demonstrated the existence of the
artificial C214–C214′ disulfide bond (Fig. 5B and SI Appendix, Fig.
S3 and Table S1). In this crystal form, there are also three mole-
cules in the asymmetric unit, two of which are dimerized through
PD–PD interaction (SI Appendix, Fig. S3). Therefore, in the context
of the sGN

Δtryp and sGN
Δtryp−S214C crystals, 66% of sGN

Δtryp−S214C

molecules are in a dimeric conformation, implying that this dimer-
ization is concentration dependent.
Since the virus envelope is often considered a dense lattice

composed of the envelope glycoproteins, we suggest that GN’s
behavior on the viral envelope might be similar to the one in our
sGN/sGN

ΔV8/sGN
Δtryp crystals. Moreover, it was previously shown

that molecular crowding enhances virus assembly in vitro (57)
and that crystallization conditions, such as high molecular weight
polyethylene glycol (PEG) at high concentration, mimic the
crowded viral envelope and the cell interior (58), which can
therefore drive the equilibrium toward the sGN–sGN complex.

The Pincer Domain Fold Is Stabilized through Dimerization. Various
protein folds are stabilized through intermolecular interactions.
Intriguingly, the monomeric conformation in the sGN

Δtryp and
sGN

Δtryp−S214C crystal structures displays a major change in the
protein’s fold (Fig. 6). Superposition of this “orphan” copy onto
a copy that is involved in a dimeric interaction shows a major
divergence between the Cα backbone traces. As a result, in the
monomeric sGN

Δtryp, residues 195 to 204 are completely un-
traceable in the electron density map as the small FG β-sheet and
the EF loop are completely misfolded (Fig. 6A). This strongly
indicates that in the monomeric form of sGN, the PD cannot
adopt its characteristic fold. Thus, it is likely that upon homo-
dimerization, this region assumes its secondary structure and
final fold through an induced fit mechanism and gains stability
through the PD–PD interactions (Fig. 6B).

A

B

C

Fig. 3. GN partially dimerizes in solution. (A) SEC profile of sGN with the
corresponding nonreducing SDS-PAGE. D: dimer; M: monomer. Colors are as
per the legend. (B) SEC profile of sGN

ΔV8 and sGN
Δtryp. On the bottom is the

nonreducing SDS-PAGE of the sGN
Δtryp peak fractions, indicating the removal

of the intermolecular disulfide bond. (C) SEC-MALS profile of sGN
Δtryp con-

firming the molecular weight of a monomeric sGN
Δtryp.
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A Model for GN Assembly on the Viral Membrane. Bunyaviruses di-
verge in their glycoprotein organization on the viral envelope. In
phleboviruses, the GN proteins form either hexones (six-copy
rings) or pentones (five-copy rings) (38, 59), while in hantavi-
ruses, like the Puumala virus (PUUV) and the Hantaan virus
(HANV), GN is organized in a pseudofourfold symmetry (39,
60). These two GN protein types have a similar molecular weight,
and both are positioned distally to the viral membrane, while GC

is juxtaposed to it (38, 39). In contrast, GN of orthobunyaviruses
is a significantly smaller protein and was suggested to be local-
ized in close proximity to the membrane (40). However, none of
the available GN structures provide atomic resolution details for
the interacting interfaces that are relevant to the assembly of the
virus (39, 42). Our structural and biochemical studies, together
with previous studies on the intact virions (28), suggest that the
minimal building block of the TSWV GN on the viral membrane
might include GN homodimers that associate through the PD
domain (Fig. 6C). This minimal building block could further as-
semble into higher oligomers through a homotypic, nonobligatory
disulfide bond through the C-terminal C302. The crowded envi-
ronment of the virus membrane and the restraints that the

transmembrane domain force upon the GN ectodomain promote a
favorable orientation that steers GN into dimerizing.
Also present on the viral membrane is GC, the proposed fus-

ogen of TSWV. In the absence of structural information on the
holo-spike complex of GN and GC, it is difficult to position GC in
our model with high confidence, especially when the N terminus
of GN (residues 37 to 107) is disordered. Nevertheless, GN–GC
heterodimers were reported before and were demonstrated to be
also covalently linked through a disulfide bond on the viral
membrane (28). Therefore, we propose that disulfide-linked homo-
and heterodimers (GN–GN and GN–GC, respectively) play a role in
the assembly of the TSWV virion and are essential for orienting
GN’s noncovalent dimerization through the PD domain. However,
further investigations using integrated structural methodologies are
needed to determine the complete assembly mode of the glyco-
proteins on the envelope of this important plant pathogen.

Materials and Methods
Protein Expression and Purification. For protein expression, the open reading
frame (ORF) encoding sGN (M segment residues 37 to 317) was PCR amplified
from the complementary DNA (cDNA) of the M segment of the Brazilian Br-
01 strain (GenBank accession no. AGM53737.1, kindly provided by Aviv
Dombrovsky, Volcani Center, Agricultural Research Organization (ARO), Rishon

Fig. 4. The sGN/sGN
ΔV8 asymmetric unit contains four molecules organized in two types of dimers. (A) The sGN/sGN

ΔV8 asymmetric unit (gray box) shows
dihedral symmetry (D2) composed of two type of dimers, a noncovalent dimer (A–B and C–D interfaces) and disulfide linked dimers (A–D and B–C interfaces).
(B) The unique interactions of the leucine residues at the tips of the pincer. Color scheme is as before. Light colors (light red, pale yellow, and pale cyan)
represent the reciprocal protomer in the dimer. (C) Multiple sequence alignments at the PD region show that L177 and L195 are conserved. MUSCLE (52) was
used for the multiple alignment of tospovirus GN, including TSWV (APG79624.1), CSNV (BAF62146.1, chrysanthemum stem necrosis virus), ANSV (AYJ76754.1,
alstroemeria necrotic streak virus), TCSV (AAU10599.2, tomato chlorotic spot virus), GRSV (AAU10600.2, groundnut ringspot virus), ZLCV (BAF62147.1, zuc-
chini lethal chlorosis virus), INSV (AFP20544.1, impatiens necrotic spot virus), MSMV (YP_009346016.1, melon severe mosaic tospovirus), BNMV
(YP_006468902.1, bean necrotic mosaic virus), and SVNV (AMB72701.1, soybean vein necrosis virus).
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LeZion, Israel. The fragment was then subcloned into the pAcGP67 vector (BD
biosciences) in frame with the baculovirus gp67 signal sequence and a
C-terminal eight-histidine purification tag.

pAcGP67-sGN construct and ProGreen, linearized baculovirus genomic
DNA (AB vector), were cotransfected into Sf9 insect cells to produce recombi-
nant baculovirus-expressing sGN. Virus stocks were amplified with three se-
quential infections of Sf9 cells. For sGN expression, Tni insect cells (expression
systems) were expanded to a 4 L suspension at 27 °C until infected at a density
of 2 × 106 cells/mL with 1% (vol/vol) of third-passage baculovirus stock. Im-
mediately after infection, the temperature was lowered to 20 °C, and the cell
media was collected 96 h postinfection. Following media concentration and
buffer exchange to nickel-nitrilotriacetic acid (Ni-NTA) binding buffer (50 mM
Na-phosphate, pH 8.0, 300 mM NaCl, 10 mM imidazole), secreted sGN was
purified by nickel affinity chromatography (Ni-NTA agarose, QIAgen) following
the manufacturer’s instructions. For the His-tag removal by carboxypeptidase A
(CPA), a desalting chromatography (HiTrap Desalting, GE Healthcare) was
performed followed by a CPA treatment at 4 °C for 16 h (1 mU CPA per 1 μg
protein). To generate sGN

ΔV8 or sGN
Δtryp, at that stage we also added V8 (Glu-C)

or trypsin proteases (1 mU/μg), respectively. All protein preparations went
through a final SEC step, using 10/300 GL Superdex200 (GE Healthcare) pre-
equilibrated with 20 mM Tris (pH 8) and 200 mM NaCl. Relevant fractions were
pooled (for sGN and sGN

ΔV8 that eluted in two distinct peaks, each population
was pooled separately), concentrated to 3.4 to 6 g/L, aliquoted, and then flash
frozen in liquid nitrogen (LN2). Samples were stored at −80 °C until use.

Crystallization of the Different sGN Constructs. All crystals were grown by the
hanging drop vapor diffusion method at 16 °C. TSWV sGN (3.4 g/L) was mixed
with a reservoir solution (0.1 M Tris, pH 8.5, and 1.8 M ammonium sulfate) in
a 1:1 protein to reservoir ratio. Rod-shaped crystals (400 × 75 × 75 μm) with
hexagonal cross-section appeared ∼2 to 3 wk after the drop setup and were
found to belong to the P6222 space group. Fortunately, in the same condi-
tions, a diamond-shaped crystal was also observed 4 to 8 wk after the drop
setup and belonged to the C2221 space group. For sGN

ΔV8 crystals, protein at
6 g/L was mixed with a reservoir solution (0.1 M Tris, pH 8.5, and 25% PEG

4000 [wt/vol]) in a 1:1 protein to reservoir ratio. Diamond-shaped crystals
with dimensions of 400 × 200 × 250 μmwere observed in the following 2 to 4
wk and also belonged to the C2221 space group (SI Appendix, Table S1). To
obtain sGN

Δtryp crystals, one volume of sGN
Δtryp (6 g/L) was mixed with one

volume of reservoir solution containing 28% PEG 3350 (wt/vol), 0.1 M Tris
(pH 7.5), and 2% ethanol. Crystals with a plate morphology that belonged to
the P21 space group grew in clusters and reached their final size after 3 to 5
d. sGN

ΔtrypS214C crystals were obtained using sGN
ΔtrypS214C at 6.4 g/L mixed

with a reservoir solution (19% PEG 8000 [wt/vol], 0.1 M Tris, pH 7.5, and
0.2 M magnesium chloride hexahydrate) in a 1:1 protein to reservoir ratio.
Crystals with a rod morphology grew in clusters and reached their final size
after 1 to 3 d. For the purpose of cryoprotection, all crystals were transferred
to a solution containing the original reservoir conditions supplemented with
30% glycerol as a cryoprotectant agent.

For derivatization, selected diamond-shaped crystals of sGN were soaked
in 0.1 M Tris (pH 8.5) and 1.8 M ammonium sulfate, 1 mM potassium osmate,
and 30% glycerol as a cryoprotectant for 3 wk and flash frozen in liquid
nitrogen. Data from all crystals were collected at 100 K on a PILATUS de-
tector at the European Synchrotron Radiation Facility (ESRF). We used XDS
(X-ray Detector Software) (61, 62) to index and integrate the data and
obtained phase information using single-wavelength anomalous dispersion
with the PHENIX (Python-based Hierarchical ENvironment for Integrated
Xtallography) suite (63). The structure of sGN was manually built using COOT
(Crystallographic Object-Oriented Toolkit) (64). To improve the map quality,
we used rigid-body refinement with PHENIX. Iterative cycles of manual
building and refinements resulted in a model of sGN to 4.24 Å resolution.
This model was used for molecular replacement in PHENIX as a search model
to determine the crystal structure of sGN

ΔV8 to 3.4 Å resolution. Subse-
quently, a single chain of sGN

ΔV8 structure was used as a search model of
sGN

Δtryp that was refined to a resolution of 2.8 Å with excellent statistics (SI
Appendix, Table S1). All molecular graphics were produced using PyMOL
(PyMOL Molecular Graphics System, Version 1.8, Schrödinger).

Hydrodynamic and Multiangle Scattering Analysis of sGN
Δtryp. Analytical SEC

and multiangle light scattering (MALS) experiments were performed in
20 mM Tris (pH 8.0) or Tris·HCl (pH 8.0) and 0.2 M NaCl. A total of 0.1 mL
sGN

Δtryp at 1 g/L was loaded onto a Superdex 200 (10/300) column coupled to
a mini DAWN TREOS spectrometer and Optilab T-rEX (Wyatt Ttechnology)
refractometer at a flow rate of 0.7 mL/min. TSWV sGN

Δtryp was detected as it
eluted from the column, with a ultraviolet detector at 280 nm, a light
scattering detector at 690 nm, and a refractive index detector. The molar
mass of TSWV sGN

Δtryp was determined from the Debye plot of light scattering

Fig. 5. sGN
Δtryp dimerizes weakly in solution. (A) A top view of the non-

covalent dimerization interface. In the magnified box in the Top Left is a
close-up view of the S214 that was mutated to cysteine. (B) SEC elution
profile of purified sGN

Δtryp−S241C and the corresponding nonreducing SDS-
PAGE (Coomassie brilliant blue stained) of the peak fractions. The Inset
shows a 2Fobserved-Fcalculated (2Fo-Fc) electron density map obtained from the
sGN

Δtryp−S241C crystals, confirming the existence of the C214–C214′ disulfide
bond.

A B

C

Fig. 6. The fold of TSWV GN is stabilized through the PD–PD dimerization
interface. (A) A superposition of the monomeric copies found in sGN

Δtryp and
sGN

Δtryp−S214C asymmetric units (yellow and pale yellow, respectively) onto a
sGN

Δtryp copy that is involved in PD–PD interaction (white). The NTD was
hidden to simplify the view. (B) The same superposition in 180° view, this
time in the context of the dimer. (C) A hypothetical model for the organi-
zation of GN on the membrane of TSWV. GN is organized in dimers through
the PD, and in addition, some of the dimers are covalently linked through
the nonobligatory C302–C302′ disulfide bond. Further structural investiga-
tions are required to locate GC in this model.
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intensity versus scattering angle. Data processing was performed using ASTRA
software (Wyatt Technology).

Matrix-Assisted Laser Desorption/Ionization: Time of Flight. Samples were
prepared from 10 to 15 sGN

ΔV8 crystals which were dissolved and dialyzed
overnight in double distilled water to remove salts. Serial dilutions of pure
sGN

ΔV8 using a sinapinic acid matrix were made using 1% sinapinic acid, 50%
acetonitrile, and 0.3% trifluoroacetic acid in water. Samples were analyzed
using a Bruker MALDI-TOF Autoflex Speed mass spectrometer.

Conservation Analysis. For multiple sequence alignment (MSA) we used Basic
Local Alignment Search Tool (BLAST) against a no-redundant sequences database.
To obtain unique sequences of orthotospoviruses, we excluded TSWV in our
search. For the MSA in MUSCLE (Multiple Sequence Comparison by Log-Expec-
tation) (52), the following sequences were used: BAF62146.1 (chrysanthemum
stem necrosis virus, CSNV), AYJ76754.1 (alstroemeria necrotic streak virus, ANSV),
BAF62147.1 (zucchini lethal chlorosis virus, ZLCV), AAU10600.2 (groundnut ring-
spot virus, GRSV), AAU10599.2 (tomato chlorotic spot virus, TCSV), AFP20544.1
(impatiens necrotic spot virus, INSV), YP_009346016.1 (melon severe mo-
saic tospovirus, MSMV), AMB72701.1 (soybean vein necrosis virus, SVNV),
AMY62789.1 (tomato necrotic spots associated virus, TNSaV), YP_009259254.1
(kiwi fruit tospovirus, KFTV), ACO52398.1 (calla lily chlorotic spot virus, CLCSV),
AOO95321.1 (polygonum ringspot virus, PRSV), ADD14053.1 (watermelon bud
necrosis virus, WBNV), AFX74696.1 (spider lily necrotic spot virus, SLNV),

YP_009345144.1 (pepper chlorotic spot virus, PCSV), YP_006468902.1 (bean
necrotic mosaic virus, BNMV), AWM95330.1 (hippeastrum chlorotic ringspot
virus, HCRV), AAZ81611.1 (watermelon silver mottle virus, WSMoV),
AEX09313.1 (tomato yellow ring virus, TYRV), QIC52037.1 (mulberry vein
banding virus, MVBV), QHU78624.1 (capsicum chlorosis virus, CCV), and
YP_009505290.1 (iris yellow spot virus, IYSV). The MSA was then submitted
to the CONSURF server (43, 65) for conservation analysis.

Data Availability. Structures reported in this paper have been deposited in the
Protein Data Bank (PDB), under accession codes 6Y9L, 6Y9M, 6YA0, and 6YA2
(sGN, sGN

ΔV8, sGN
Δtryp, sGN

Δtryp−S214C, respectively). All study data are in-
cluded in the article and SI Appendix.
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