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Mosquito-borne flaviviruses (MBFs) adapt to a dual-host transmission circle between
mosquitoes and vertebrates. Dual-host affiliated insect-specific flaviviruses (dISFs), dis-
covered from mosquitoes, are phylogenetically similar to MBFs but do not infect verte-
brates. Thus, dISF–MBF chimeras could be an ideal model to study the dual-host
adaptation of MBFs. Using the pseudoinfectious reporter virus particle and reverse
genetics systems, we found dISFs entered vertebrate cells as efficiently as the MBFs but
failed to initiate replication. Exchange of the untranslational regions (UTRs) of Dong-
gang virus (DONV), a dISF, with those from Zika virus (ZIKV) rescued DONV repli-
cation in vertebrate cells, and critical secondary RNA structures were further mapped.
Essential UTR-binding host factors were screened for ZIKV replication in vertebrate
cells, displaying different binding patterns. Therefore, our data demonstrate a post-
entry cross-species transmission mechanism of MBFs, while UTR-host interaction is
critical for dual-host adaptation.
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The genus Flavivirus contains arthropod-borne flaviviruses, insect-specific flaviviruses
(ISFs), and vertebrate-specific flaviviruses (also known as no known vector, NKVs) (1).
All the known pathogenic flaviviruses are arthropod-borne flaviviruses mainly transmit-
ted by mosquitoes and ticks (2). For example, Zika virus (ZIKV), dengue virus
(DENV), and West Nile virus (WNV) are mosquito-borne flaviviruses (MBFs), while
tick-borne encephalitis virus and Langat virus are tick-borne flaviviruses (TBFs). Phylo-
genetic analysis suggests the ISFs can be divided into classical insect-specific flaviviruses
(cISFs) and dual-host affiliated insect-specific flaviviruses (dISFs) (1, 3). cISFs are phy-
logenetically distinct from all other known flaviviruses. Interestingly, dISFs, which are
apparently not monophyletic, are phylogenetically affiliated with mosquito/vertebrate
flaviviruses despite their apparent insect-restricted character (1). The evolutionary
relationships between ISFs and arthropod-borne flaviviruses remain obscure.
Up until June of 2021, 41 ISFs had been discovered. Sixteen of them are dISFs (3–6),

such as Donggang virus (DONV), Chaoyang virus (CHAOV) (7), Nounan�e virus
(NOUV) (8) and Kampung Karu virus (KPKV) (3). They are widely distributed in every
continent with the exception of Antarctica (1). Extensive studies suggest that none
of these ISFs can infect vertebrates and vertebrate cells (3, 8–10). Most of the ISFs were
isolated from mosquitoes and maintained by vertical transmission in nature (1, 11, 12).
Flaviviruses are plus-stranded RNA viruses, with a genome ∼11 kb in size, including

a ∼100 nt 50 untranslated region (50 UTR), a single open reading frame (ORF), and a
∼400- to 600-nt 30 untranslated region (30 UTR). Special structural elements in the
UTRs were identified as essential for flavivirus replication, translation, and pathogenesis
in mosquitoes as well as mammalian cells. The 50 UTR contains a big stem loop A and
a small stem loop B. The 30 UTR consists of two stem loops, two dumbbells, and a big
conserved 30 stem loop. Several conserved motifs were identified to be critical for the
cyclization of 50 and 30 UTRs (13). The 50 UTRs of dISFs and cISFs are similar in
length, while the 30 UTRs of cISFs are longer than those of dISFs. In addition, dISFs
have lower CpG usage than cISFs, but higher than MBFs (1).
The ORF encodes three structural proteins, capsid, precursor M (prM), and E pro-

teins, together with seven nonstructural proteins (14). The precursor M is cleaved into
pr+M by furin protease in the trans-Golgi network, and the resulting mature virus is
covered by (M+E)2 dimer (15, 16). E protein is responsible for the receptor-binding
and membrane fusion, which is also the major target of neutralizing antibodies. After
docking on the cell surface by interaction with cellular receptors, the virions are
up-taken into endosomes by clathrin-dependent endocytosis, where the low pH triggers
membrane fusion (17). Although heparan sulfate, DC-SIGN, and the TIM/TAM
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family are involved in the entry process of flaviviruses (18–20),
the receptor usage of flaviviruses is largely unknown, which
limits the study of the cross-species transmission of flaviviruses.
Many viruses are host specific and only replicate in a subset

of cell types. To adapt to a new host, the virus must cross a
number of barriers, such as receptor binding, membrane fusion,
replication, protein expression, virus assembly, secretion, and
immune defense. Among these barriers, receptor recognition
and interaction is the initial step that determines the host spe-
cificity. The host jump mechanism for avian influenza viruses,
for instance, is related to key mutations in the hemagglutinin
protein that change receptor-binding preference.
Here, using pseudoinfectious reporter virus particles (RVPs) as

an entry studying tool, we found that there is no barrier for a
panel of dISFs to enter into vertebrate cells. We further con-
firmed with DONV that dISFs failed to replicate in the verte-
brate cells. The specific interaction between the UTRs and three
host factors was critical for the replication of mosquito-borne
flaviviruses. Collectively, we found a cross-species transmission
mechanism of flaviviruses.

Results

Phylogenetic and Structural Analysis of dISFs and MBFs. To
analyze the evolution of flaviviruses, we built a phylogenetic
tree (Fig. 1A) with bootstrap scores not lower than 70 for all
branches except one branch of cISF. This tree shows four major
phylogenetic lineages (cISF, dISF1, dISF2, and MBF). The
dISF is divided into the dISF1 and dISF2 lineages, sister to
MBF. We repeated our analyses by including hepatitis C virus
(HCV) and classical swine fever virus as the outgroups and the
same tree topology was generated (SI Appendix, Fig. S1). It is
known that the host range of all three groups, including cISFs,
dISF1s, and dISF2s, is restricted to arthropods, while MBFs
infect both mosquitoes and vertebrates. Given their phylogeny
(Fig. 1A and SI Appendix, Fig. S1), the most parsimonious sce-
nario is that the common ancestor of MBF expanded its host
range by invading vertebrates. However, we cannot exclude the
possibility that dISFs originated from a MBF ancestor that lost
the ability to infect vertebrates.
To further evaluate the relationship between dISFs and

MBFs, the structural investigations of DONV, a dISF isolated
in China (7), were performed by a cryoelectron microscope
(cryo-EM). DONV was cultivated in C6/36 cells and purified
using sucrose density gradient ultracentrifugation, as described
previously (21, 22). Two dominant types of viral particles were
observed, one exhibiting a spiky appearance with a diameter of
60 nm, characterized as immature, and the other a smooth
spherical particle with a diameter of 50 nm, being a predomi-
nant form (SI Appendix, Fig. S2). Similar to cryo-EM studies
on other flaviviruses, many of either the smooth or spiky par-
ticles with local flaws (partially immature) and irregular (broken
or fusogenic conformation) were observed (SI Appendix, Fig.
S2), which further confirms the theory that flaviviruses have
imperfect icosahedral symmetry (23). SDS-PAGE (sodium
dodecyl sulphate-polyacrylamide gel electrophoresis) followed
by silver staining of the crude DONV particles (mixtures of
spiky and smooth particles) revealed that it was mostly imma-
ture, with a prominent band for prM and only traces of mature
M (SI Appendix, Fig. S2E), akin to the experimental observa-
tion of Binjari virus (BinJV, a dISF) and some other ISFs
(24), indicative of a conserved feature for ISFs. In contrast to
BinJV, ∼80% of the DONV particles had a smooth, rather
than spiky appearance, albeit with a high level of prM at

neutral environment (SI Appendix, Figs. S2 and S3). The cryo-
EM reconstruction of the spiky virion was reconstructed to a
resolution of ∼9 Å due to its structural flexibility (SI Appendix,
Fig. S3). Three-dimensional (3D) classification of the smooth
particles showed that ∼80% of the virions contained uncleaved
pr, presumably due to the specific subcellular location of insect
furin protease (24), and less than ∼20% of the smooth particles
were mature virions (SI Appendix, Fig. S3). Normal reconstruc-
tion strategies yield a reconstruction of the mature DONV par-
ticle at 4.1 Å (SI Appendix, Fig. S4 and Table S1). To further
push the resolution, localized asymmetrical reconstruction and
focused refinement by using an optimized “block-based” recon-
struction strategy (25, 26) were performed. This improved the
local resolution to 3.4 Å, enabling a reliable model building of
the protein components of the DONV envelope, which con-
tains 180 copies of the E and M proteins with three E and
three M proteins in each icosahedral asymmetric unit (Fig. 1B
and SI Appendix, Fig. S4). The E-M-M-E heterodimers lie paral-
lel to each other, and 90 such heterodimers cover the viral sur-
face (Fig. 1B). A structure-based phylogenetic tree constructed
from E proteins of flaviviruses indicates that DONV links the
Japanese encephalitis virus (JEV) group and DENV group (Fig.
1C). Like other flaviviruses, DONV E protein consists of four
domains. Domains DI, DII, and DIII make up the ectodomain
(Fig. 1D). The E-M-M-E heterodimers anchor to an underlying
lipid bilayer envelope through their transmembrane helices
E-TM and M-TM (Fig. 1D). A superposition of DONV cryo-
EM structure onto the three representative (JEV, WNV, and
ZIKV) cryo-EM structures reveals that these structures resemble
each other (Fig. 1D). However, a number of key loops, such as
E0-F0, h-i, k-l, and C-D loops that greatly differ in conforma-
tion, contribute to the serotype-specific antigenic sites (21,
27–29) and distinguish DONV from the other flaviviruses (Fig.
1E). The DONV E0-F0 loop, appears to be the most divergent
in both sequence and conformation in flaviviruses. Multiple-
sequence alignment of E proteins from representative dISFs and
MBFs indicates that most dISFs lack glycosylation sites at posi-
tion 153/154 on E, which is distinct from the conserved glycosy-
lated modification in MBFs (SI Appendix, Fig. S5B) (30). In
addition, the E0-F0 loops of DONV and many dISFs are
enriched with over 50% charged residues (SI Appendix, Fig. S5),
including EXDDD and RKXRKEXXE motifs (SI Appendix,
Fig. S5). These distinctive structural features possibly drive viral
evolution of dISF and MBF.

dISF RVPs Could Enter Human Cells Efficiently. To test whether
the entry barrier restricts the infection of dISFs in vertebrate
cells, we applied a RVP system. The RVPs were produced by
transcomplementation of the WNV replicon encoding a GFP
reporter with the structural proteins of ISFs (31). The RVPs
only support single-round infection, and the WNV replicon
can replicate in both mosquito and vertebrate cells. Four out of
nine dISF RVPs were successfully secreted as determined by
real-time PCR to detect the WNV replicon RNAs. They were
the RVPs of DONV and CHAOV belonging to dISF1,
NOUV, and KPKV belonging to dISF2. Notably, the secretion
efficiency of dISF RVPs was lower than the positive control
ZIKV RVPs (Fig. 2A). The dISF RVPs were able to infect both
mosquito cell line C6/36 and the human cell line Huh7.5,
exhibiting lower titers than ZIKV as measured by infectious
unit (IU) per milliliter of supernatant (Fig. 2 B and D). The
infectivity of RVPs was expressed as GE(genome)/IU. The
infectivity of DONV and KPKV in Huh7.5 cells was similar to
that of ZIKV, while infectivity of CHAOV and NOUV was
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higher than ZIKV (Fig. 2 C and E). These results suggest that
dISFs can enter human cells efficiently.
Flaviviruses enter cells via clathrin-mediated endocytosis.

Dynasore is an inhibitor of dynamin involved in clathrin-
mediated endocytosis. Infection of both dISFs and ZIKV was

reduced in the presence of dynasore in a dose-dependent man-
ner (Fig. 2F). Membrane fusion of arthropod-borne flaviviruses
is driven by low-pH and blocked by mild alkaline amino chlo-
ride (NH4Cl) and the vacuolar-type H+-ATPase inhibitor bafi-
lomycin A (BAF). The infection of dISFs was inhibited by BAF
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and NH4Cl in a concentration-dependent manner, similar to
ZIKV (Fig. 2 G and H). The alignment analysis of E protein
fusion loop regions (residues 98 to 109 in ZIKV E) demon-
strated a high sequence identity among dISFs and MBFs,
implying a conserved membrane insertion mechanism (Fig. 2I).
These results indicate that dISFs display entry characteristics
similar to the MBFs.

Authentic DONV Enters Endosome but Cannot Replicate in
Vertebrate Cells. To further characterize the infection barrier
of dISFs in vertebrate cells, a DONV infectious clone was con-
structed using the same strategy previously reported for ZIKV
(30). The cDNA of the DONV genome was cloned into a low
copy plasmid under a cytomegalovirus (CMV) promotor,
which works in both mammalian and insect cells (32) (Fig.
3A). ZIKV could be rescued in both 293T and C6/36 cells, yet
DONV only in C6/36 cells (Fig. 3B). The infectious DONV
propagated efficiently in C6/36 cells, with a titer of 107 focus-
forming units (FFU)/mL at 48 h after infection, while no prop-
agation was detected in Huh7.5 cells (Fig. 3C). The growth
curve of DONV was also determined in C6/36 and three

vertebrate cell lines including BHK-21, Vero, and Huh7.5 cells
by real-time PCR. The viral RNAs were only detected in the
supernatant of C6/36 cells (Fig. 3D).

To study the internalization of dISFs, authentic DONV and
ZIKV were incubated with Huh7.5 cells. Then the cells were
heated to 37 °C to allow endocytosis. As shown in Fig. 3E,
both DONV and ZIKV appeared in the cytoplasm of Huh7.5
cells and showed colocalization with EEA1, an early endosome
marker. Combined with the data from RVPs, we demonstrated
that dISFs enter vertebrate cells in a manner similar to the
arthropod-borne flaviviruses, but fail to produce infectious viral
particles.

The 50 and 30 UTRs Are Critical for DONV Replication in
Vertebrate Cells. The 50 and 30 UTRs are critical for flavivirus
replication. Sequence alignment and secondary structure pre-
diction reveals that the UTRs of DONV are different from
those of ZIKV. DONV lacks a stem loop B (SLB) in the 50
and SL1 in the 30 (Fig. 4A and SI Appendix, Fig. S10). To
study DONV and ZIKV replication, the viral genome copies
in the cell lysates were measured after transfection of infectious
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Fig. 2. RVPs of dISFs can infect human cells. (A) RVPs were produced by cotransfection of CprME-expression plasmid with WNV replicon, and RVP secretion
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clone plasmids into 293T cells at 37 °C or C6/36 cells at
28 °C. Fig. 4C shows that ZIKV RNA was detected in both
293T cells and C6/36 cells, indicating efficient replication in
both vertebrate and mosquito cells. In contrast, DONV RNA
was only detected in C6/36 cells, in keeping with its restricted
host range. These results were consistent with double-stranded
RNA (dsRNA) staining and E protein expression (Fig. 4D). As
expected, the GAA replication-deficient mutants in the NS5
polymerase showed no replication (Fig. 4 C and D). Replace-
ment the 50 and 30 UTRs of DONV with those of ZIKV sig-
nificantly promoted DONV RNA replication in 293T cells by
3 logs, with robust E protein expression (Fig. 4 B–D). Replace-
ment of 50 or 30 UTR separately (named as DONV 50 and
DONV 30) showed the similar effects in 293T cells, irrespective
of the introduction of two noncomplimentary nucleotides
between the 50 CS and 30 CS (Fig. 4A and SI Appendix, Fig.
S7A) (33). The 50 UTR of ZIKV consists of SLA and SLB,
which are 70 nt and 30 nt in length separated by a poly(U)
sequence (34, 35) (Fig. 4A and SI Appendix, Fig. S10). How-
ever, SLA and SLB of DONV were predicted to 90 nt and 20
nt in length with no intervening poly(U) sequence, which is
believed to be important for the virus replication (34). Replac-
ing the SLA or SLB of DONV with that of ZIKV (designated
as DONV 50 1 to 81 or DONV 50 82 to 107) also enhanced
RNA replication in 293T cells by real-time PCR and dsRNA
staining, yet showed no expression of E protein, implying

that the complete 50 UTR was important for the viral protein
translation (Fig. 4 B–D).

The 30 UTR of ZIKV contains duplicated SL1/SL2, DB1/
DB2, and a conserved 30 SL, whereas the DONV was predicted
to lack one SL (Fig. 4A). Introduction of the SL1 from ZIKV
into DONV by replacing the DONV 30 1 to 27 with ZIKV 30
1 to 102 (DONV 30 1-102) promoted DONV RNA replica-
tion in 293T cells to a similar level as the 30 full-length replace-
ment (Fig. 4 B and C). The entire ZIKV 50 UTR (both SLA
and SLB) and/or the SL1 of ZIKV 30 UTR appear to be impor-
tant for facilitating replication of the DONV genome in verte-
brate cells. However, neither replacement of the entire 30 UTR
of DONV with that of ZIKV nor the inclusion the ZIKV 30
SL1 could maintain DONV RNA replication in C6/36 cells,
implying that the 30 UTR of DONV is critical for viral replica-
tion in insect cells. In addition, the E protein expression of
DONV in C6/36 cells was obviously reduced once the UTR
was altered. These data indicate that 50 UTR and 30 UTR,
especially SL1, were critical for DONV replication in vertebrate
cells.

To further confirm the role of UTRs in flavivirus host adap-
tation, ZIKV UTRs were replaced with those of DONV. As
expected, ZIKV replication in vertebrate cells was completely
abolished, while only mild decrease was observed in the mos-
quito cells (SI Appendix, Fig. S8). To rule out the possibility
that the replacement of the UTRs could affect viral protein
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translation, GAA mutation was introduced into the NS5 of
DONV 50, DONV 30, and DONV 50-30. As shown in SI
Appendix, Fig. S9, viral RNA replication in 293T cells was
abolished, whereas E protein translation was not obviously
affected. The virus release of DONV 50, DONV 30, and
DONV 50-30 in 293T cells was partially rescued at 28 °C (SI
Appendix, Fig. S7), suggesting more barriers might exist in the
virus assembly or release step.

UTR-Binding Proteins Are Critical for Vertebrate Adaptation.
We speculate that the inability of DONV to replicate in verte-
brate cells may be due to the failure of replication machinery
formation. Using the whole 50 and 30 UTRs fused with an
aptamer as bait, we performed a pull-down assay to identify
whether vertebrate factors prefer to bind ZIKV UTRs instead
of DONV UTRs (Fig. 5A). In three independent experiments,
49, 82, and 121 cytoplasmic proteins were identified with
ZIKV UTR preference (Fig. 5 C–E). Of the 14 cytoplasmic
proteins that appeared at least twice, 3 were selected for further
evaluation (Fig. 5 F and G). Knockout of WTAP, SYNCRIP,
and G3BP1 in 293T cells significantly reduced ZIKV and
DENV replication (Fig. 6A and SI Appendix, Fig. S11A). The
viral RNA in the supernatant was reduced correspondingly
(Fig. 6B and SI Appendix, Fig. S11B) and fully rescued after
transduction of the corresponding genes (SI Appendix, Fig. S12
D–F). We also analyzed the binding abilities of these proteins
with in vitro transcribed UTRs using an electrophoretic mobil-
ity shift assay (EMSA). Recombinant WTAP, G3BP1, and
SYNCRIP proteins (SI Appendix, Fig. S13) bound with ZIKV
50-30 UTRs efficiently, while no binding was detected with the
DONV 50-30 UTRs (Fig. 6C). SYNCRIP showed interaction
with 50 UTR or 30 UTR of ZIKV, while G3BP1 only bound
to the ZIKV 30 UTR. In contrast, WTAP failed to bind 50 or
30 UTR of ZIKV separately (Fig. 6 D and E). None of the
three proteins bound the DONV UTRs. As mentioned above,
the major difference in the 30 UTR between ZIKV and DONV

is lack of SL1 in DONV (Fig. 6F). We found that deletion of
SL1 (1 to 102 nt) in ZIKV 30 UTR disrupted the SYNCRIP
and G3BP1 interaction, whereas replacement of ZIKV 30 SL1
(1 -102 nt) with 1 to 27 nt of DONV 30 UTR rescued the
SYNCRIP and G3BP1 binding of DONV 30 UTR (Fig. 6G).
These results suggest that WTAP, G3BP1, and SYNCRIP
exhibited various binding characteristics with ZIKV UTRs and
might play critical roles during MBF replication in verte-
brate cells.

Discussion

Mosquito-borne flaviviruses have adapted to the distinct environ-
ments of mosquitoes and vertebrates. We expect that receptor
adaptation would be a critical barrier for dISFs in vertebrates
because the receptor–virus interaction involves precise and specific
structural complementation as revealed for other virus (36). How-
ever, we found a panel of dISFs could enter vertebrate cells
efficiently and replication was the key barrier for dual-host adap-
tation. Our results indicate that a specific secondary structure of
the UTR is required to interact with specific host factors to initi-
ate replication during vertebrate host invasion.

Metagenomics studies on invertebrates have discovered many
insect-specific, arbovirus-like viruses (37). The high genomic
complexity and diversity suggests that invertebrates are the cen-
ter for the evolution of flavivirus and ISFs might be the ances-
tors of arthropod-borne flaviviruses (38). A number of studies
have been performed to investigate the cross-species barriers of
ISFs in vertebrate cells. The cISFs such as Ni�enokou�e virus
(NIEV) and Parramatta River virus are shown to have entry,
replication, assembly, and release barriers in vertebrates (39,
40). Insertion of the yellow fever virus 30 UTR downstream of
the NIEV ORF stop codon can enhance the viral protein trans-
lation in BHK cells, but the chimera is still unable to replicate
(40). Infection of two dISFs, BinJV and Aripo virus (ARPV),
in vertebrates is mainly restricted in the postentry step, which is
likely mediated by the innate immune response or temperature
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(5, 41). The failure of Long Pine Key virus, a newly identified
dISF, to infect vertebrate cells is probably due to entry and
posttranslational restrictions (6). The genomes of ISFs contain
more CpG dinucleotides compared to vector-borne flaviviruses
and the zinc-finger antiviral protein in vertebrates can bind
CpG dinucleotides in the viral RNA to limit virus replication
(42, 43). Here, we found dISFs are genetically and structurally
close to the MBFs as revealed by the cryo-EM structure of
DONV. Thus, dISFs are useful for studying the dual-host
adaptation of MBF. Sequence analysis suggests that the genome
lengths of 50 UTR and 30 UTR of dISFs and MBFs are similar
(1). However, dISFs could not replicate in vertebrates, although
entry is still efficient. The efficient entry of dISFs gives them
the chance to adapt to the environment of vertebrate cells by
obtaining continuous mutations.
UTRs are important for flavivirus replication, assembly, and

immune modulation. The subgenomic flaviviral RNAs (sfRNAs)

are derived from the 30 UTR by incomplete degradation of the
genomic RNA by XRN-1 (44). The sfRNAs are important for
flavivirus replication by antagonizing the interferon pathway. The
duplication of SL1 and SL2 in the DENV 30 UTR also plays
critical roles in the dual-host tropism of DENV (45). The 30 SL
in the DENV 30 UTR is important for virus replication and host
switching between mosquitoes and vertebrates (46). Here, we
found both the 50 and 30 UTRs are involved in the dual-host
adaptation of MBFs. Replacement of the whole 50 UTR with
that of ZIKV greatly increased DONV replication in vertebrate
cells, while changes in the SLA or SLB resulted in only a mild
replication enhancement and failure of E protein expression.
These results suggest that SLA and SLB might function coopera-
tively during both replication and translation. Replacement of the
whole 30 UTR from ZIKV in DONV showed a similar pheno-
type as the SL1 replacement, suggesting that SL1 is the critical
element involved in host adaptation. However, the E protein
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expression of DONV in the C6/36 cells was significantly
decreased by the replacement of the 50 or/and 30 UTRs of
DONV with those of ZIKV, demonstrating a critical role of
UTRs in viral translation. Temperature adaptation is also impor-
tant for flaviviruses due to the alternative replication between
vertebrates and mosquitos. Low-temperature culture of 28 °C is
preferred by several ISFs (5, 47, 48). Similarly, the virus release of
DONV 50, DONV 30, and DONV 50-30 in vertebrate cells was
partially rescued only at 28 °C.
By pull-down assay with UTRs and functional analysis, we

identified three host factors involved in ZIKV replication.
G3BP1 is localized in the stress granules and binds the variable
region stem loops in the 30 UTR of DENV (49). These results
indicate that G3BP1 preferentially bound the SL1 in the
30 UTR of ZIKV. WTAP is a nuclear protein involved in RNA
splicing with a small portion localized in the plasma (50). No
reports suggest that WTAP is involved in the life cycle of any
virus. WTAP only bound the linked 50-30 UTRs, with no inter-
action detected with either 50 or 30 UTR, suggesting it might
be involved in the cyclization of ZIKV viral RNA. SYNCRIP is
reported to bind HCV RNA during the replication step (51).
During ZIKV replication, it interacted with both 50 and
30 UTRs, and shared the same binding site with G3BP1 on the
SL1. All three host factors failed to bind with DONV UTRs.
RNA structure prediction revealed that DONV lacks the SL1
in the 30 UTR as compared with MBFs, such as DENV and
ZIKV. Introduction of ZIKV SL1 into DONV rescued its
interaction with G3BP1 and SYNCRIP, and thereby the repli-
cation in vertebrate cells. Thus, it appears that MBFs need to
acquire specific RNA structures during the dual-host adaptation
to successfully interact with the host factors. However, DONV
viral particle release in vertebrate cells was partially rescued to
levels obviously lower than ZIKV after the replacement of
UTRs at 28 °C. It’s plausible that elements involved in virus
assembly or release might be destroyed due to the replacement of
UTRs. Thus, more cross-species barriers during viral assembly
and secretion need to be further investigated.

Materials and Methods

Cell Lines and Reagents. C6/36, Aag2, Huh7.5, HeLa, 293T, and Vero cells
were originally obtained from the American Type Culture Collection (ATCC) and
maintained as previously described (30). Huh7.5, HeLa, and 293T cells and their
knockout (KO) derivatives were cultured in DMEM (Dulbecco's modified Eagle
medium) media supplemented with 10% FBS (fetal bovine serum), 1% penicil-
lin/streptomycin, and 1% l-glutamine at 37 °C with 5% CO2. C6/36 cells were
cultured in RPMI media supplemented with 10% FBS, 1% penicillin/streptomy-
cin, and 1% L-glutamine at 28 °C with 5% CO2.

A CRISPR-Cas9 strategy was employed to generate WTAP, SYNCRIP, and
G3BP1-KO 293T cell lines. CRISPR guide RNA sequences were designed using a
CRISPR design tool (https://zlab.bio/guide-design-resources), and the corre-
sponding oligos were synthesized from TSINGKE Biological Technology. The oli-
gos were cloned into the Cas9-expressing pX330 guide RNA vector. The cloning
products were transfected into 293T cells using Lipofectamine 2000 (Thermo
Fisher Scientific) and subsequently single-cell sorted based on GFP expression
into 96-well plates using a BD Influx cell sorter. Clonal cell lines were cultured to
expand from a single cell, and genomic DNA was isolated for PCR-based geno-
typing and determined by Sanger sequencing of targeted genes.

To transduce WTAP, SYNCRIP, or G3BP1 into KO cells, lentiviruses were pack-
aged by transfecting 293T cells with 12.5 μg lentivirus plasmids carrying indi-
cated cDNAs, 7.5 μg psPAX2, and 5 μg pMD2.G using the calcium phosphate
method. The supernatant was collected 48 h posttransfection and added to the
target cells. After infection for 48 h, the cells were selected with 3 μg/mL
puromycin for 7 d.

Viruses, Antibodies, and Infectious Clone. DONV was isolated from wild
mosquitoes in Donggang, Liaoning Province and kept in our laboratory (7). 4G2
is a mouse monoclonal antibody recognizing the fusion loop of flaviviruses (52).
Rabbit anti-human EEA1 monoclonal antibody conjugated with Alexa Fluor 594
label (ab206913) was purchased from Abcam. The DONV infectious clone was
synthesized by SYKMGENE Beijing using NC_016997.1 (GenBank accession no.)
as the template and divided into three pieces. All three pieces were assembled
into a pACYC177 vector with a CMV (human cytomegalovirus) promotor at
the 50 end and a hepatitis delta virus (HDV) ribozyme (RBZ) terminal site at the
30 terminus as previously described (30).

DONV was rescued by transfection into C6/36 cells by FuGENE 6 transfection
reagent. The virus was collected 3 d posttransfection and stored at �80 °C. The
titer was measured in C6/36 cells by immunofluorescence assay using 4G2
antibody.

Particle Production and Purification. After removing the cell debris, the
virus supernatant was ultrafiltered using a 0.22-lm filter, concentrated with a
300-kDa cutoff concentrator, and then subjected to a 20 to 45% (wt/vol) discon-
tinuous sucrose gradient ultracentrifugation at 28,000 rpm for 4 h in a P28S
rotor (HIMAC) at 4 °C. DONV concentrate (∼0.3 mg in phosphate-buffered saline
[PBS] buffer pH7.4) was loaded onto a 15 to 45% (wt/vol) sucrose density gradi-
ent and centrifuged at 30,000 rpm for 3.5 h in an SW40 rotor (HIMAC) at 4 °C.
The purified virions were determined by SDS-PAGE followed by silver staining.
Fractions containing DONV were collected and dialyzed against the PBS buffer.
The DONV sample was concentrated to 4 mg/mL for later use.

Cryo-EM Data Collection. A 3.5-lL aliquot of purified DONV virions (4 mg/mL)
was applied to a freshly glow-discharged 200-mesh holey carbon-coated copper
grid (C-flat, CF-2/1-2C; Protochips). Grids were blotted for 3 s in 100% relative
humidity for plunge freezing (Vitrobot; FEI) in liquid ethane. Cryo-EM datasets
were collected at 300 kV with an FEI Tecnai G2 Polara microscope (FEI), equipped
with a direct electron detector (K2 Summit; Gatan). Movies (30 frames, each
0.2 s, total dose 35 e� Å�2) were recorded with a defocus between 1.5 and
2.5 lm in single-electron counting mode using SerialEM (53) at a calibrated
magnification of 59,000×. This resulted in a pixel size of 1.35 Å.

Image Analysis, Model Building, and Refinement. Micrographs were
corrected for beam-induced drift using MotionCorr (54). A total of 70,022 good
particles were selected by visual inspection from 2,099 cryo-EM micrographs.
Particles were picked automatically using the Laplacian in RELION3 (55). Contrast
transfer function (CTF) parameters for each particle were estimated using Gctf47.
Micrographs with signs of astigmatism or significant drift were discarded. The
structure was determined using RELION3 (55) with icosahedral symmetry
applied. Two-dimensional (2D) alignment was performed in RELION3 (55). The
initial model for 3D classification and refinement was generated by 3D-initial-
model in RELION3 (55). A total of 3,864 particles were used to obtain the final
density map at 4.1 Å, as evaluated by Fourier shell correction (threshold =
0.143 criterion), using gold-standard refinement. To improve the overall resolu-
tion, we used a block-based reconstruction strategy (56) for focusing classifica-
tion and refinement. The orientation parameters of each particle determined in
Relion3 were used to guide extraction of the block region, and these blocks
were further 3D classified, refined, and postprocessed, yielding a resolution of
3.4 Å. The atomic model of ZIKV (Protein Data Bank [PDB] code: 6CO8) was ini-
tially fitted into our map with CHIMERA (57) and future corrected manually by
real-space refinement in COOT. This model was further refined by positional and
B-factor refinement in real space with Phenix (58).

Reporter Viral Particles. Human codon-optimized sequences encoding the
CprME proteins of DONV (NC016997.1), CHOAV (NC017086.1), NOUV
(EU159426.2), KPKV (KY320648.1), and ZIKV (LC002520.1) were synthesized by
SYKMGENE Beijing and cloned into a pCDNA3.1 vector. RVPs were produced by
cotransfection of 9 lg CprME expressing plasmid and 3 lg WNV replicon plas-
mid pWNVII-Rep-GFPZeo encoding a GFP reporter into 293T cells by calcium
phosphate. After 12 h, the medium was replaced with low-glucose DMEM plus
2% fetal bovine serum. The RVPs were collected 72 h posttransfection and stored
at�80 °C.

To test the secretion of RVPs, supernatant was spun by an ultracentrifuge at
30,000 rpm for 2 h through a 20% sucrose cushion. The WNV replicon RNAs
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were isolated from the pellet and reverse transcribed using a Prime Script RT
reagent kit with gDNA Eraser (Takara). Quantitative PCRs were performed using
a SYBR PremixEX Taq II (RT)-PCR kit (Takara) on a Thermo PIKOREAL 96 real-time
PCR system. The following amplification program was used: incubation at 95 °C
for 30 s, followed by 40 cycles of 95 °C for 5 s, and 60 °C for 20 s. Information
collection and melt curve analysis were done following the instrument’s
operation manual.

Immunofluorescence Assay. Virus-infected cells were fixed with 4% parafor-
maldehyde (PFA) for 30 min and permeabilized with 0.5% Triton X-100 for
10 min. Then cells were blocked with 3% bovine serum albumin in PBS for 1 h,
and then cells were incubated with mouse mAb 4G2 and mAb J2 (Scicons) at a
dilution of 1:400 for 3 h to detect flavivirus E protein and double-stranded RNA,
respectively. After being washed three times with PBS, cells were incubated with
secondary antibody Alexa Fluor 488 goat anti-mouse at a dilution of 1:400 for
1 h. Hoechst 33342 was added at 1 lg/mL to stain nuclei. The resulting fluores-
cence was detected by confocal microscopy (Zeiss LSM 710).

Endocytosis Assay. Huh7.5 cells were seeded in a 24-well plate. Twenty-four
hours later, ZIKV and DONV were prebound to the cells on ice for 30 min at a
multiplicity of infection (MOI) of 100. Then cells were cultured at 37 °C for
20 min followed by fixation with 4% PFA for 30 min at room temperature. Endo-
cytosis of virions was detected by 4G2 antibody and imaged by confocal micros-
copy as mentioned above.

Virus Replication Assay. DONV, ZIKV, or a chimeric infectious clone plasmid
was transfected into C6/36 or 293T cells by FuGENE 6 transfection reagent
(Promega). At 72 h posttransfection, cellular RNAs were isolated by TRIzol
reagent (Invitrogen). RNAs were treated for 1 h by DNase I at 37 °C and reverse
transcribed using a Prime ScriptTM RT reagent kit with gDNA Eraser (Takara).
Quantitative PCR was performed as mentioned above. The detection limit of
DONV by real-time PCR was 49.8 copies.

Tobramycin RNA Affinity Chromatography. Tobramycin RNA affinity chro-
matography was adapted from Hartmuth et al. (59). NHS (N-hydroxysuccini-
mide)-activated Sepharose beads (BEAVER) were washed four times with 1 mM
HCl and resuspended in coupling buffer (0.2 M NaHCO3, 0.5 M NaCl, 5 mM
tobramycin, pH 8.3). Following overnight incubation at 4 °C with head-to-tail
rotation, beads were collected by magnetic frame and resuspended in blocking
buffer (100 mM Tris�HCl, 150 mM NaCl, pH 8.0). After a 3-h incubation at 4 °C,
beads were washed three times and resuspended in PBS. RNAs in binding buffer
(20 mM Tris, pH 7.0, 1 mM CaCl2, 1 mM MgCl2, 75 mM NaCl, 145 mM KCl,
0.1 mg/mL yeast tRNA, and 0.2 mM DTT (dithiothreitol)) were heated to 95 °C
for 5 min, cooled to room temperature for refolding, and then incubated at 4 °C
for 2 h with head-to-tail rotation to combine with tobramycin beads. Beads were
centrifuged and washed four times with washing buffer (20 mM Tris, pH 7.0, 1
mM CaCl2, 1 mM MgCl2, 75 mM NaCl, 145 mM KCl, 0.5% Nonidet P-40, and
0.2 mM DTT). Before binding with the RNA beads, cell lysate was precleared
using tobramycin beads. After preclearing, beads and lysate were incubated for
2 h at 4 °C. Beads were collected by magnetic frame and washed four times
with washing buffer (20 mM Tris, pH 7.0, 1 mM CaCl2, 1 mM MgCl2, 75 mM
NaCl, 145 mM KCl, and 0.5% Nonidet P-40) and then incubated for 5 min at
room temperature with elution buffer (20 mM Tris, pH 7.0, 1 mM CaCl2, 3 mM
MgCl2, 145 mM KCl, 10 mM tobramycin, and 0.2 mM DTT). Elutions were col-
lected by centrifugation.

Mass Spectrometry. Eluted protein complexes from RNA affinity chromatogra-
phy were digested with trypsin, and then tryptic peptides were subjected to LC-
MS/MS (liquid chromatography with tandem mass spectrometry) on an Easy-Nlc
1000 coupled with a Q Exactive Orbitrap instrument (Thermo Fisher Scientific)
under standard conditions. The search parameters allowed for fixed cysteine
methylthiolation and variable methionine oxidation modifications, with a 10
ppm peptide mass tolerance, 0.05-Da fragment mass tolerance, and one missed
tryptic cleavage. Raw spectral files were converted to mascot generic format
using MSGUI, then searched against a database containing human proteins
from UniProt.

Protein Expression and Purification. The coding sequences of WTAP, SYN-
CRIP, and G3BP1 were cloned into the pET28a vector by homologous recombi-
nation. The recombinant proteins carrying a C-terminal His-tag were expressed
in Escherichia coli Rosetta (DE3) in the presence of 0.1 mM isopropyl-β-D-thioga-
lactopyranoside (IPTG) at 16 °C for 20 h. The cell pellets were harvested by cen-
trifugation at 6,000 × g for 15 min and then resuspended in binding buffer
(50 mM Tris�Cl, pH 8.0, and 300 mM NaCl) containing a protease inhibitor mix-
ture. After high-pressure homogenization, the supernatants were centrifuged at
12,000 rpm for 30 min. The supernatants were purified through Ni-chelating
affinity chromatography. The recombinant proteins were eluted by binding
buffer containing 50, 100, and 200 mM imidazole. All purified proteins were
dialyzed in binding buffer, split into single-use aliquots, and stored at�80 °C.

EMSA. To test protein–RNA interactions, RNA segments were first diluted in
0.5× TE buffer and heated at 95 °C for 2 min and then placed on ice immedi-
ately. A 5× RNA folding buffer (250 mM Tris�Cl, pH 8.0, 500 mM NaCl, and
25 mM MgCl2) was added to the samples, and the RNAs were refolded at 37 °C
for 20 min. The binding reactions contained 50 nM RNA, 5× EMSA buffer
(200 mM Tris�HCl, pH 8.0, 300 mM NaCl, and 25 mM MgCl2), 0.05 mg/mL
heparin sodium salt, and 7.5% glycerol and different amounts of proteins
(0, 2.5, 5, and 10 lg) in a 20-lL volume. The reactions were incubated at 30 °C
for 30 min. Then 10× gel loading solution was added, and the mixtures were
separated by electrophoresis on 6% native PAGE gels running in 0.5× TBE (Tris-
borate-EDTA) buffer at 4 °C to prevent the dissociation of RNA–protein complexes
and RNA degradation. After running at 60 V for 4 h, the gels were stained with
Gel Red nucleic acid gel stain for 30 min, and pictures were captured using
Image Lab software with a Universal Hood III instrument (Bio-Rad).

Data Availability. The structure data of Donggang virus was deposited in PDB
with a PDB code 7ESD. The sequences of chimeric infectious clones were depos-
ited in GenBank (DONV 5’-3’, accession nos. MZ357896; DONV 5’, MZ357894;
DONV 3’, MZ357895; DONV 5’ 1-81, MZ357897; DONV 5’ 82-107, MZ357898;
DONV 3’ 1-102, MZ357899).
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