
www.manaraa.com

Structures of human-infecting Thogotovirus fusogens
support a common ancestor with insect baculovirus
Ruchao Penga,b, Shuijun Zhanga,1, Yingzi Cuia,b, Yi Shia,b,c,d, George F. Gaoa,b,c,d,e,2, and Jianxun Qia,b,2

aChinese Academy of Sciences Key Laboratory of Pathogenic Microbiology and Immunology, Institute of Microbiology, Chinese Academy of Sciences,
Beijing 100101, China; bSchool of Life Sciences, University of Chinese Academy of Sciences, Beijing 101408, China; cShenzhen Key Laboratory of Pathogen
and Immunity, Shenzhen Third People’s Hospital, Shenzhen 518112, China; dCenter for Influenza Research and Early-Warning, Chinese Academy of Sciences,
Beijing 100101, China; and eNational Institute for Viral Disease Control and Prevention, Chinese Center for Disease Control and Prevention, Beijing
102206, China

Edited by Michael G. Rossmann, Purdue University, West Lafayette, IN, and approved September 12, 2017 (received for review April 12, 2017)

Thogotoviruses are emerging tick-borne zoonotic orthomyxoviruses
infecting both humans and domestic animals with severe clinical
consequences. These viruses utilize a single-envelope glycoprotein
(Gp) to facilitate their entry into host cells. Here, we present the Gp
structures of Thogoto and Dhori viruses, both of which aremembers
of the Thogotovirus genus in the family Orthomyxoviridae. These
structures, determined in the postfusion conformation, identified
them as class III viral fusion proteins. It is intriguing that the Gp
structures are similar to the envelope protein of baculovirus, al-
though sharing a low sequence identity of ∼28%. Detailed struc-
tural and phylogenic analyses demonstrated that these Gps
originated from a common ancestor. Among the structures, domain
I is the most conserved region, particularly the fusion loops. Domain
II showed the highest variability among different viruses, which
might be related to their distinct host tropism. These findings in-
crease our understanding of the divergent evolution processes of
various orthomyxoviruses and indicate potential targets for devel-
oping antiviral therapeutics by intercepting virus entry.
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The Orthomyxoviridae family includes seven genera—four
types of influenza viruses (Influenza virus A, B, C, and D),

Thogotovirus, Quaranjavirus, and Isavirus—all of which are seg-
mented negative-strand RNA viruses (1, 2). Many members in this
family are important animal or human pathogens, as exemplified
by the epidemic or pandemic influenza A viruses that have caused
hundreds of thousands of human deaths in the past century and
are still discretely circulating, posing a great threat to human health
and the economy.
In contrast to influenza viruses, thogotoviruses (viruses in the

Thogotovirus genus) are transmitted mainly through tick vectors
and thus are also called “tick-borne viruses” (3, 4). These viruses
mainly circulate in domestic animals, such as sheep, cattle, and
camels, causing neural diseases and abortion (5). Among these
viruses, two main species, Thogoto virus [Thogotovirus thogoto
(THOV)] and Dhori virus [Thogotovirus dhori (DHOV)], have
been reported to infect humans and even cause human deaths (6,
7). Antibodies against THOV and DHOV have been identified
in humans living in parts of Europe, Asia, and Africa (5, 8).
Although all these viruses are transmitted mainly by tick vectors,
it has been reported that DHOV caused human infections in a
vector-free manner, possibly by an aerosol route (7). This further
complicates its transmission route among different hosts, indi-
cating the potential to cause epidemics among humans. In 2014,
a farmer in the United States was killed by a new virus called
“Bourbon virus” (BOUV), which was then identified as an un-
known type of thogotovirus (9). Therefore, characterization of
thogotoviruses is of great importance for public health.
There is only one glycoprotein (Gp) embedded in the envelope

of thogotoviruses, which is responsible for the entire process of
virus entry, including attachment, entry, and fusion (10). By bio-
informatics analysis, thogotovirus Gp does not show obvious sim-

ilarity with the glycoproteins of influenza viruses or isavirus,
indicating a distinct mechanism for entering host cells. The closest
orthomyxovirus relative of thogotovirus is quaranjavirus, whose
envelope Gp shares a sequence identity of ∼26% with thogotovirus
Gps (11). Thus far the receptor of thogotoviruses has not been
identified, and their entry pathway is unclear. The only evidence is
that the BOUV viral particles could be observed in the endosomal
compartment of infected cells (9), indicating that thogotoviruses
might enter host cells by endocytosis and that the membrane fusion
process might occur in the endosome.
To elucidate the mechanism of thogotovirus entry and patho-

genicity, we biochemically and structurally characterized the en-
velope Gps of THOV and DHOV.We found that both THOV and
DHOV Gps undergo pH-sensitive conformational changes, which
supports the hypothesis that thogotoviruses enter cells by endocy-
tosis pathway. In addition, we determined the crystal structures of
the extracellular domains of THOV and DHOV Gps in the post-
fusion conformation, which display features of defined class III
viral fusion proteins (12). These two Gps have high structural
similarities with the Gp of Autographa californica multiple nucleo-
polyhedrosis virus (AcMNPV Gp64), which is a baculovirus with a
double-stranded DNA genome that infects insect cells (13). It has
been established that all class III viral fusion proteins are structural
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homologs with the same origin in evolution (12–14). The struc-
tures of thogotovirus Gps and baculovirus Gp64s indicate that they
diverged much later than vesicular stomatitis virus (VSV) Gp and
herpes simplex virus (HSV) glycoprotein B (gB). Combined with
phylogenic analysis, we found that thogotovirus Gps and baculo-
virus Gp64s diverged from a common origin and that thogotovi-
ruses further evolved in two different directions, the THOV and
DHOV clades. These Gps exhibit different surface electrostatic
potential patterns that might result from divergent evolution.
Compared with THOV Gp and AcMNPV Gp64, the DHOV Gp
has a more positively charged surface, indicating it is more diverged
from the common ancestor. Our findings provide important clues
to understand the evolution of thogotoviruses and may help in the
development of antiviral therapeutics targeting the fusion proteins.

Results
Overall Structures of THOV and DHOV Gps. The ectodomains of
THOV Gp (residues 18–483) and DHOV Gp (residues 21–494)
were expressed using the baculovirus expression system. Initially,
size-exclusion chromatography was performed to characterize the
oligomerization state of THOV and DHOV Gps in solution.
Judged by elution volumes, both proteins were estimated to be
trimers of ∼180 kDa (Fig. S1). In addition, interchain disulfides
were observed, as shown by SDS/PAGE under reducing and non-
reducing conditions (Fig. S1). The crystal structures of THOV and
DHOV Gps were determined at a resolution of 2.1 Å and 2.5 Å,
respectively. Consistent with biochemical assays, both structures
were composed of three identical chains that form an elongated
bottle-shaped structure with a central helix bundle stabilizing the
interchain interactions (Fig. 1). Three interchain disulfides occur
at the peripheral loop regions to maintain Gps as trimers during
the membrane-fusion process (Fig. 1).
The two Gp structures are very similar, with a sequence identity

of 35%. Both could be divided into five domains (Fig. 1 A, B, E,
and F), reminiscent of the general class III viral fusion protein
structures (12, 13, 15, 16). Domain I could be further divided into
subdomains Ia and Ib; subdomain Ia is located at the end near the
viral envelope and contains the conserved fusion loops (Fig. 1 B
and F). Domain II is a typical pleckstrin homology (PH) domain
composed of antiparallel β-strands that might undergo significant
conformational changes during the membrane-fusion process.
Domain III is mainly composed of a helix stalk in the center of the
Gp trimer, which is the main interface for interprotomer inter-
actions (Fig. 1 B, C, F, and G). The trimerization interfaces are
rich in charged residues and form extensive charged interaction
networks, making the trimers sensitive to environmental pH
changes (Fig. S2). There are several histidines in this interface,
which might serve as pH sensors by protonization or deprotoni-
zation in response to pH changes and thus trigger conformational
changes to initiate membrane fusion (17). Domain IV is located at
the viral membrane-distal end and is composed of disordered
loops, which are largely invisible in the density map (Fig. 1 B, C, F,
and G). Domain V links the membrane-distal portion (domains
III and IV) and membrane-proximal portion (domain I), further
guiding the protein to stretch to the transmembrane domain. Four
and two N-linked glycosylation sites can be observed in the struc-
tures of THOV and DHOV Gp, respectively. Another putative
glycosylation site in both Gps is located in domain IV but was not
observed in the structure due to the disorder of this region (Fig. 1
A, C, E, and G).
All these features are similar to the well-defined class III viral

fusion proteins in the postfusion conformation, such as HSV gB
(15), VSV Gp (16), and AcMNPV Gp64 (13), indicating that
thogotovirus Gps belong to class III viral fusion proteins and that
the structures we obtained are in the postfusion conformation.

pH-Dependent Conformational Changes of Thogotovirus Gps. It is
interesting to note that both THOV and DHOV Gp were de-

termined in the postfusion conformation although crystallized
under acidic or neutral pH conditions (see details in SI Materials
and Methods). As members of class III viral fusion proteins, both
VSV Gp and AcMNPV Gp64 were reported to undergo re-
versible conformational changes in response to environmental
pH values (13, 16, 18). This reversibility might be necessary for
recovery to a high-pH conformation after passing through the
acidic Golgi compartments during Gp maturation in the cell
(16). As BOUV viral particles could be observed in the endo-
somal compartment (9), we assumed that thogotoviruses might
enter cells via the endosomal pathway and that their Gps would
also experience such pH-dependent structural changes during
expression and infection.
By circular dichroism (CD) analysis, we observed a significant

conformation shift of both THOV and DHOV Gps under differ-
ent pH conditions, which was consistent with the observed pH-
sensitive interfaces in Gp structures and indicated pH as the trigger
that initiates member fusion (Fig. S3). Similarly, the cleaved H5
HA protein (HA1 and HA2), which is known to undergo confor-
mational changes upon low-pH treatment, also showed different
CD profiles at different pH conditions (19, 20), whereas the an-
tibody fragment (Fab), as the negative control, showed no obvious
changes in CD spectra under different pH conditions. Thus, the
pH-sensitive CD profiles indicated that both THOV and DHOV
Gps are expressed in the prefusion conformation but crystallized as
postfusion forms. In addition, these observations also support the
hypothesis that thogotoviruses might adopt the endosomal path-
way to infect host cells.

Thogotovirus Gps Are Structurally Related to baculovirus Gp64s.
Previous studies have reported that AcMNPV Gp64 shares a low
sequence identity (∼28%) with thogotovirus Gps and indicated
that they are members of the same protein family (Gp64 family)
(13). Our structural analysis revealed that their overall folds are
very similar. The three structures could be superimposed with a
certain degree of domain shifts (Fig. 2A). The individual domains
of the three structures are highly similar, with domain Ia and
domain III showing the highest similarity (Fig. 2 B–D). Notably,
the putative fusion loops, which are located at the membrane-
proximal end of domain Ia, are highly conserved among all pro-
teins of the putative Gp64 family (Fig. 3 A and C). Domain IV of
AcMNPV Gp64 is better resolved, with more loop density
observed, but basically all three structures are disordered in this
region. The most striking differences among these structures are
located in domain II (Fig. 2A). It displays the poorest alignment, as
obvious domain movement was observed relative to the rest of the
protein, and it is the most variable region among all proteins in
Gp64 family (Figs. 2A and 3A and Table S1). When we fixed
domain Ia and compared the relative orientations of the other
domains, we observed a striking difference among the three
structures. With THOV Gp as the reference, domain Ib and
domain II of DHOV Gp and AcMNPV Gp64 are rotated in
opposite directions relative to domain Ia, thus leading to the
poor alignment of this region (Fig. 2 B, E, and F). Overall,
however, baculovirus Gp64 and thogotovirus Gps are closely
related to each other in structure.

Distinct Electrostatic Patterns of THOV Gp, DHOV Gp, and AcMNPV
Gp64. It has been shown that baculovirus can enter several types
of mammalian cells using Gp64 as the fusogen, and the positive
charges of Gp64 favor its entry (21–23). A disordered loop con-
necting domain II and domain III, rich in basic amino acid resi-
dues, plays a key role in this process. Increasing the number of
positively charged amino acids of this basic loop would enhance
the efficiency of baculovirus entry into mammalian cells (23). Al-
though the precise mechanism of this phenomenon is unknown, it
is clear that the positive charges of Gp64 have a great impact on
the ability of the virus to infect mammalian cells.

E8906 | www.pnas.org/cgi/doi/10.1073/pnas.1706125114 Peng et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 1
, 2

02
2 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1706125114


www.manaraa.com

Fig. 1. Overall structure of the THOV and DHOV Gp ectodomains. (A and E) Schematic diagrams of THOV and DHOV Gp organization, colored by domains.
The regions colored in gray are disordered loops not resolved in the structure. The disulfide bonds are connected by black lines. Disulfides 1–6 are conserved
for all members of Gp64 protein family, but disulfide 6 is invisible in the structures. Disulfide a is shared by THOV Gp and DHOV Gp. Disulfides b and c are
unique in DHOV Gp and THOV Gp, respectively. The observed glycans are shown as black branches in the diagram; red branches represent putative glycans
not resolved in the structure. SP, signal peptide; TM, transmembrane region. (B and F) Ribbon representations of the THOV and DHOV Gp protomer, colored
by domains as in A and E. The key residues at the putative fusion loops are shown as sticks. The unresolved disordered regions are represented by dashed
lines, and disulfides are shown as spheres. Disulfides b and c are indicated by arrows. (C, D, G, and H) Two views of THOV (C and D) and DHOV (G and H) Gp
trimers, colored by chains. The glycans are shown as black sticks, and the glycosylated residues are labeled. The major portion of domain IV is unresolved. The
cysteines involved in interchain disulfides are labeled in the top view (D and H).
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The basic loop in both the AcMNPV Gp64 and THOV Gp
structures was largely invisible but was well resolved in the struc-
ture of DHOV Gp (Figs. 1 A and E, 3C, and 4 A–D). Comparing
the sequences, we found that AcMNPV Gp64 and THOV Gp
harbor a longer basic loop than DHOV Gp (Fig. S4). As the loop
of DHOV Gp is shorter, it packs much more closely to domain II
and thus is less flexible. This feature also indicated that THOV
Gp is much more similar to AcMNPV Gp64 than to DHOV Gp
in structure.

We next compared the electrostatic potential patterns of the
THOV Gp, DHOV Gp, and AcMNPV Gp64 structures. Inter-
estingly, the three proteins displayed significantly different patterns
of surface charge distribution (Fig. 4). On the whole, THOV and
DHOV Gps have more positively charged surfaces than AcMNPV
Gp64, and DHOV Gp is the richest among them. Most of the
positive-charge surfaces are focused on domain II, which shows the
greatest variation among all proteins in Gp64 family (Figs. 3A and
4 A–C). Notably, a pocket formed in domain II (pocket A) is

Fig. 2. Structural comparison of THOV Gp, DHOV Gp, and AcMNPV Gp64. (A) Superimposition of THOV Gp, DHOV Gp, and AcMNPV Gp64 protomers, which
are colored in cyan, magenta, and green, respectively. The disordered domain IV is labeled by a red dashed ellipsoid. The poorly superimposed domain II is
highlighted by a black dashed ellipsoid. (B) Superimposition of domain I of THOV Gp, DHOV Gp, and AcMNPV Gp64 with the domain Ia fixed revealed that
domain Ib shows different orientations among these structures. Domain Ia is colored in gray; domain Ib and domain II are colored as in A. (C and D) Su-
perimposition of domain II and domain III of THOV Gp, DHOV Gp, and AcMNPV Gp64, individually. (E and F) With domain Ia fixed, domains Ib and domain II
move in different orientations relative to domain I. Domain Ia is colored in gray; domains Ib and II are colored as in A. The pairwise Cα rmsd values are labeled
below each structure comparison figure.

Fig. 3. Conservation analysis of thogotovirus Gps among all members of Gp64 protein family. (A–C) Side (A), top (B), and bottom (C) views of the con-
servation map. Conserved regions are colored in purple, and variable regions are cyan. (D) Close-up view of the well-resolved basic loop density of DHOV Gp.
The 2Fo-Fc electron density map at a contour level of 1.0 σ is shown as a mesh, and the loop residues are represented as sticks. The ribbon diagrams are colored
by domains as in Fig. 2B.
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mainly negatively charged in AcMNPV Gp64 and THOV Gp,
while it is highly positively charged in DHOV Gp (Fig. 4 A–C).
Accordingly, the conserved domain I shows a similar charge

pattern among all three structures, while the top region of the
domain III stalk (crown) also displays an increase in positive
charge in the THOV and DHOV Gps compared with AcMNPV
Gp64 (Fig. 4 D–I). These structural features indicate that
AcMNPV Gp64 and DHOV Gp likely represent two evolution-
ary directions in favor of different hosts. In addition, the evolving
route of THOV Gp is different from that of DHOV Gp, as it
showed some obvious features similar to AcMNPV Gp64 rather
than DHOV Gp.

Phylogenic Analysis of Thogotovirus Gps. With the hypotheses
generated by structural analysis, we then compared all the gene
sequences of thogotovirus Gp homologs in the National Center
for Biotechnology Information (NCBI) database, which involved
all available thogotovirus and quaranjavirus Gp sequences. A
phylogenic tree of Gps was built with the sequences of baculo-
virus Gp64s as the outgroup. All sequences clustered into three
main clades, which are represented by THOV (clade A), DHOV
(clade B), and Quaranfil virus (clade C, representing the Quar-
anjavirus genus) (Fig. 5). Among orthomyxovirus homologs,
thogotoviruses diverged early from the quaranjavirus clade and
later diverged into the THOV and DHOV clades.
Three unclassified thogotoviruses, Jos virus, Upolu virus, and

Aransas virus, fell into clade A, indicating much closer relation to

THOV. It is interesting that Sinu virus, an unclassified orthomyx-
ovirus newly isolated from mosquitoes (24), clustered much more
closely to baculoviruses than to the other three orthomyxovirus
clades. The newly identified BOUV clustered with DHOV. The
Gps of DHOV and BOUV share a sequence identity of ∼57%, and
the basic loops are very similar to each other, i.e., shorter than that
of THOV Gp and AcMNPV Gp64 (Fig. S4).
Although the orthomyxovirus homologs diverged from baculo-

virus Gp64 before they diverged from each other, the structure of
THOV Gp showed some features more similar to baculovirus
Gp64 than to DHOV Gp. This indicates that the evolutionary
route of the THOV clade enabled these Gps to retain certain
properties of the baculovirus clade. The DHOV clade, however,
evolved via a route that was substantially distinct from that of the
THOV and baculovirus clades. To further test the consistency of
structural features with their phylogenic relationships, we con-
ducted structural predictions for the representative Gps of each
clade. In line with this hypothesis, the predicted structure models
of BOUV, Quaranfil virus, and Sinu virus Gps displayed a similar
trend of evolving electrostatic potential patterns (Fig. S5). The
BOUV Gp, closest to DHOV Gp, shows a dominant positively
charged surface profile. In contrast, Sinu virus Gp is rich in neg-
ative charges, similar to the pattern of AcMNPVGp64. The Gp of
Quaranfil virus, the type species of the Quaranjavirus genus,
maintains some features of both BOUV and Sinu virus Gps and
harbors moderate positively charged surfaces (Fig. S5).

Fig. 4. Electrostatic potential maps of AcMNPV Gp64 (A, D, and G), THOV Gp (B, E, and H), and DHOV Gp (C, F, I) in side (A–C), top (D–F), and bottom (G–I)
views. The surface potential is shown from −60 KT/e in red to +60 KT/e in blue. The most variable domain II and a surface pocket (pocket_A) are highlighted by
black dashed ellipsoids. The basic loops are shown as green ribbons with dashed lines representing the unresolved parts.

Peng et al. PNAS | Published online October 4, 2017 | E8909

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 1
, 2

02
2 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706125114/-/DCSupplemental/pnas.201706125SI.pdf?targetid=nameddest=SF5


www.manaraa.com

Discussion
Among the seven genera in the Othomyxoviridae family, five (In-
fluenza virus A, B, C, and D and Isavirus) possess class I fusogenic
proteins to mediate membrane fusion and utilize sialic acid-
related receptors for attachment to the host cell surface and
subsequent entry (25–30). Meanwhile, they also harbor receptor-
destroying enzymes to facilitate the release of progeny virions (31,
32). Precisely, influenza A and B viruses utilize HA proteins to bind
to α2–3–, α2–6–, or α2–8–linked sialic acid receptors and mediate
membrane fusion in the endosome, and they use neuraminidase
proteins for receptor cleavage (25). For influenza C and D viruses,
all three processes (i.e., attachment, fusion, and release) are me-
diated by a single protein, hemagglutinin-esterase-fusion (HEF)
protein, and they recognize 9-O-acetylated sialic acid receptors
(28–30, 33). In isaviruses, however, two envelope proteins are in-
volved, the HE (hemagglutinin-esterase) and F (fusion) proteins,
which are responsible for binding and destroying 4-O-acetylated
sialic acid receptors and mediating membrane fusion, respectively
(26, 27, 32). It is intriguing that thogotoviruses, as a genus in the
Othomyxoviridae family, utilize a single-envelope Gp for entry into
host cells, which is strikingly different from all the proteins men-
tioned above. To date, the receptors governing thogotoviruses’
entry have not been identified. Previous studies have shown
that Gp can induce hemagglutination but lacks neuraminidase
or esterase activities (10). All these unique features demonstrate
that thogotoviruses represent a type of virus significantly distinct
from other orthomyxoviruses.
Interestingly, our current study indicates that the closest ho-

molog of thogotovirus Gps is AcMNPV Gp64, a class III viral
fusogen (13). Although sharing a low sequence identity (∼28%)
(Fig. S3), the overall folds of THOV/DHOV Gps and AcMNPV
Gp64 are quite similar. Their individual domains can be super-

imposed well, but their relative orientations vary among different
species (Fig. 2 A–F). Because of this variation, the electrostatic
potential patterns of these proteins also show obvious diversity.
The most variable domain, domain II, is obviously the result of
the divergent evolution of the different viruses, which might be
related to their distinctions in host tropism.
Baculoviruses can enter several mammalian cells using Gp64 as

the fusion machine but cannot replicate (21, 22), which is remi-
niscent of the bitropism of thogotoviruses in mammalian hosts and
tick vectors. Our data further provide strong support for the
functional correlation between thogotovirus Gps and baculovirus
Gp64s. Our structural and phylogenic analyses indicated that the
AcMNPV Gp64 and DHOV Gp represent two evolving directions
that favor insect and mammal hosts, respectively. Although
THOV is closer to DHOV than to baculovirus, its Gp evolved in a
direction different from that of DHOV and retains obvious sim-
ilarities to baculovirus Gp64.
Among all orthomyxoviruses using thogotovirus Gp homologs

for cell entry, only members of the Thogotovirus genus were
reported to infect humans (5–7, 9). In particular, DHOV is re-
ported to be capable of transmitting through an aerosol route
and causing severe infections (7), implying the potential to cause
human epidemics. Notably, the newly identified BOUV clustered
within the DHOV clade. These observations indicate that the
DHOV clade likely represents a group of well-adapted and
dangerous mammalian-tropic viruses that pose great threats to
human health. Thus, special care should be taken for the sur-
veillance of potential epidemics of DHOV clade viruses in hu-
mans. Our study here indicates that structural information could
also provide important clues for early warnings of potential human
infections of emerging pathogens.

Fig. 5. Phylogenic tree of thogotovirus Gps and homologs. Two baculovirus Gp64 sequences were selected as the outgroup. Bootstrap values are shown at
relevant nodes. Each taxon is labeled with the species name and the GenBank accession number. Evolutionary distances are expressed as the number of base
substitutions per site. The three clade nodes A, B, and C correspond to the THOV clade, DHOV clade, and quaranjavirus clade, respectively. The DHOV clade is
highlighted by a yellow rectangle. The taxons for the structures discussed in this study are highlighted in cyan (AcMNPV), green (THOV), and blue (DHOV. The
newly identified BOUV is colored red. Quaranfil virus, the type species of the Quaranjavirus genus, is magenta.
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Although thogotovirus Gps and baculovirus Gp64s are clearly
of the same origin, it is difficult to tell which is more similar to
the common ancestor, i.e., whether the Gp64 of baculoviruses
evolved from a thogotovirus-like ancestor or the Gp of thogoto-
viruses originated from a baculovirus-like prototype. We noticed
that the group I baculoviruses using Gp64 as the fusogen appear
later in evolution than those in group II utilizing an F protein.
There is only one Gp, F protein, in the envelope of group II
baculoviruses that facilitates their entry (34). Group I baculovi-
ruses, however, have two envelop Gps, Gp64 and a vestigial F
homolog that is incapable of mediating virus infection (34, 35).
Thus, group I baculoviruses evolved from a group II-like ancestor
that obtained the prototype of Gp64, which gradually replaced the
function of F protein. Because thogotoviruses have only one en-
velope Gp, the most likely scenario might be that an ancient group
II-like baculovirus obtained a Gp64 prototype from a thogotovirus-
like ancestor and evolved into group I baculoviruses. The Gp64
prototype is conceivably quite similar to THOV Gp, which pos-
sesses the features of both baculovirus Gp64 and DHOV Gp.
The structural and phylogenic analyses in this study provide

important insight into the evolution of viruses from different
families: Orthomyxoviridae (segmented negative-strand RNA viru-
ses) and Baculoviridae (double-stranded DNA viruses). Our findings
are of great significance for understanding the origin and evolving
process of orthomyxoviruses, many of which, including some of
the thogotoviruses discussed above, are multitropism pathogens
that infect both humans and animals.
In addition, the two Gp structures could potentially offer im-

portant guidance for antiviral drug design. Based on our analysis, the
fusion loops of Gps are highly conserved among all Gp64 family
members. By analogy to VSV Gp, domain I, where the fusion loop
is located, would retain the same fold before and after membrane
fusion (16, 18). Therefore, it would be a suitable target for the de-
velopment of broad-spectrum antiviral drugs that block virus entry
by interfering with the membrane-fusion process.
Despite these advances, some important questions remain to

be answered to understand the mechanism of thogotovirus entry.
It is noteworthy that all three structures were determined in the
postfusion conformation, although they were crystallized under
different pH conditions varying from 3.5 to 7.5 (see details in SI
Materials and Methods). Both AcMNPV Gp64 and DHOV Gp
were crystallized at acidic pHs, 5.0 and 3.5, respectively (13).
However, THOV Gp crystals were obtained at nearly neutral
conditions, pH 7.0–7.5, where Gps are thought to exist in the
prefusion conformation. As AcMNPV Gp64 undergoes a pH-
induced conformational change (13) and THOV and DHOV
Gps also displayed significant conformational shifts at different
pH conditions (Fig. S2), we infer that the prefusion structures of
thogotovirus Gps are metastable and unfavorable for crystalli-
zation. In neutral pH solutions, Gp can also adopt a postfusion
conformation, but at a low rate, thereby offering the opportunity
for crystallization by displacing the equilibrium between different
conformations. A similar phenomenon was also observed for the
Gp of VSV, which could be crystallized in the postfusion con-
formation at pH 6.0–7.0 (16, 18). Thus far, the receptors for both
baculoviruses and thogotoviruses are unknown. To fully uncover

the mechanism of thogotovirus entry, more efforts will be re-
quired to resolve the Gp structures at the prefusion state and to
identify their potential receptors.

Materials and Methods
Protein Expression, Purification, and Crystallization. The ectodomains of THOV
Gp (GenBank accession code: NC006506, residues 18–483) and DHOV Gp
(GenBank accession code: GU969310, residues 21–494) fused with a C-
terminal T4 fibritin trimerization domain and a 6× histidine affinity tag
were expressed using the Bac-to-Bac baculovirus expression system (SI Ma-
terials and Methods). The soluble Gp ectodomains were purified by tandem
immobilized metal affinity chromatography (IMAC) and size-exclusion
chromatography (SI Materials and Methods). The eluted products in the
buffer containing 20 mM Tris·HCl (pH 8.0) and 150 mM NaCl were concen-
trated to ∼10 mg/mL for crystallization. Both THOV and DHOV Gps were
crystallized by the sitting-drop vapor-diffusion method at 18 °C (SI Materials
and Methods).

Diffraction Data Collection and Structure Determination. Diffraction data were
collected with cryoprotected [in a reservoir solution containing 20% (vol/vol)
glycerol] crystals at the Shanghai Synchrotron Radiation Facility (SSRF)
beamline BL17U (36). All datasets were processed with HKL2000 software
(37). The THOV and DHOVGps datasets were refined to 2.1 and 2.5 Å, respectively.
Both structures were solved by the molecular-replacement method (38). The
initial phase of THOV Gp was obtained using the N-terminal 160-amino acid
partial model of baculovirus Gp64 [Protein Data Bank (PDB) ID: 3DUZ] as the
search input. Density modification (39) was performed with noncrystallo-
graphic symmetry restraints to improve the density of other parts. Iterative
autobuilding and manual adjustments were conducted to complete the model
(SI Materials and Methods). The DHOV Gp structure was solved with the THOV
Gp structure as the search input. The final structures of the THOV and DHOV
Gps were refined to an Rfree of 20.9% and 25.7%, respectively (SI Materials and
Methods). Data collection, processing, and refinement statistics are summa-
rized in Table S2. All structural figures were generated with either Chimera
(40) or PyMOL (41).

Phylogenic Analysis. The Gp coding sequences of thogotoviruses and quar-
anjaviruses (all annotated and unclassified species in the two genera available
in the NCBI database) were analyzed. Two sequences of baculovirus Gp64,
AcMNPV and Bombyx mori nucleopolyhedrosis virus (BmNPV), were selected
as the outgroup. The sequences were aligned using MUSCLE (42), and the
phylogenetic tree was inferred using the Minimum Evolution (ME) method
(SI Materials and Methods) (43). The resulting phylogenetic trees were dis-
played and annotated with FigTree.

Data Availability. The atomic coordinates of the THOV and DHOV Gp ex-
tracellular domains have been deposited in the PDB under the ID codes 5XEA
and 5XEB, respectively.
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