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ABSTRACT Rift Valley fever virus (RVFV) belongs to the order Bunyavirales and is the
type species of genus Phlebovirus, which accounts for over 50% of family Phenuiviridae
species. RVFV is mosquito-borne and causes severe diseases in both humans and live-
stock, and consists of three segments (S, M, L) in the genome. The L segment encodes
an RNA-dependent RNA polymerase (RdRp, L protein) that is responsible for facilitating
the replication and transcription of the virus. It is essential for the virus and has multiple
drug targets. Here, we established an expression system and purification procedures for
full-length L protein, which is composed of an endonuclease domain, RdRp domain,
and cap-binding domain. A cryo-EM L protein structure was reported at 3.6 A resolution.
In this first L protein structure of genus Phlebovirus, the priming loop of RVFV L protein
is distinctly different from those of other L proteins and undergoes large movements
related to its replication role. Structural and biochemical analyses indicate that a single
template can induce initiation of RNA synthesis, which is notably enhanced by 5’ viral
RNA. These findings help advance our understanding of the mechanism of RNA synthe-
sis and provide an important basis for developing antiviral inhibitors.

IMPORTANCE The zoonosis RVF virus (RVFV) is one of the most serious arbovirus

threats to both human and animal health. RNA-dependent RNA polymerase (RdRp) is

a multifunctional enzyme catalyzing genome replication as well as viral transcription,

so the RdRp is essential for studying the virus and has multiple drug targets. In our

study, we report the structure of RVFV L protein at 3.6 A resolution by cryo-EM. This

is the first L protein structure of genus Phlebovirus. Strikingly, a single template can

initiate RNA replication. The structure and assays provide a comprehensive and in- Editor Rebecca Elis Dutch, University of
depth understanding of the catalytic and substrate recognition mechanism of RdRp. Kentucky College of Medicine
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cause severe hemorrhagic fevers with a mortality rate of up to 50%, Crimean-Congo hemor-
rhagic fever virus also causes severe hemorrhagic fever in humans with mortality rates of up
to 30% (2, 3). Rift Valley fever virus (RVFV) belongs to the order Bunyavirales, family
Phenuiviridae, genus Phlebovirus (https://talkictvonline.org/taxonomy/), and is one of the
most prominent and well-known bunyaviruses (4). The genus Phlebovirus includes 60 spe-
cies and accounts for more than half of the family Phenuiviridae species (117 species). RVFV,
the type species of this genus, is a zoonosis, leading to severe infections in animals and
humans and significant economic losses.

RVFV was first isolated in Kenya in 1931 by Daubney et al. through inoculating
lambs with the serum from a moribund sheep (5). Rift Valley fever (RVF) is widespread
in Africa, and multiple outbreaks have been recorded in Africa and the Arabian
Peninsula in the 21st century. Recent outbreaks in a French overseas department and
some seropositive and imported cases in Turkey, Libya, and China have raised concerns
that RVF could extend to other parts of the world, which poses a serious threat to
global health and economics (6-11). RVFV is transmitted among ruminants by bites
from mosquitos mainly of the Aedes and Culex genera, or by direct contact with body
fluids of viremic animals (12). RVFV is classified as a category A high priority pathogen
by the National Institute of Allergy and Infectious Diseases and virus handling requires
high- or maximum-containment facilities, such as a biosafety level 3 enhanced (BSL-3E)
or BSL-4 laboratory (13). RVFV leads to severe disease in livestock, with up fatality rates
of up to 70% in young animals and as high as 20%-30% in adult ruminants. In addition,
infected pregnant animals undergo spontaneous abortion at an alarmingly high rate,
in the range of 40-100% (14). After being infected with RVFV, humans may experience
generalized fatigue, low-grade fever, headache, photophobia, and joint pains. Some
patients infected with RVFV will develop encephalitis, retinopathy, or disseminated
intravascular coagulation leading to hemorrhage and even death, with a case fatality
rate of approximately 20% (11). The cross-border movement of goods and animals
means that there is now a threat of RVFV dissemination to Asia and Europe (15).

RVFV has a single-stranded, tripartite RNA genome, composed of L, M, and S seg-
ments. The large negative-sense L RNA segment encodes a single-polypeptide L pro-
tein, and the negative-sense M RNA segment encodes the glycoprotein precursor. The
S segment adopts an ambisense strategy for expressing NSs and nucleoprotein (16).
The RVFV viral genome is wrapped by the nucleoprotein and the conserved 3" and 5’
ends of the genomic RNA (VRNA) are bound to L protein, resembling the influenza vi-
rus (17, 18). The L protein is a multifunctional enzyme that catalyzes genome replica-
tion and viral gene transcription, which are initiated de novo by prime-and-realign and
cap-snatching mechanisms, respectively (19).

To date, precautions to avoid new RVFV outbreaks mostly rely on weather monitor-
ing, and no specific drugs or licensed vaccines are available to treat or prevent infec-
tion (20). Although there have been reports about the structures of Bunyavirus LACV
and SFTSV L proteins (21-23), no RNA-dependent RNA polymerase (RdRp) structures of
genus Phlebovirus have been reported. To understand the role of L protein in the viral
life cycle and identify a feasible drug target, we solved an RVFV polymerase structure
using cryogenic electron microscopy (cryo-EM) at 3.6 A resolution. This first RdRp struc-
ture of the genus Phlebovirus guided the elucidation of the mechanism of viral RNA
synthesis and transcription. Using biochemical assays we verified the endonuclease ac-
tivity and polymerase initiation activity of the RVFV L protein. The RVFV L protein endo-
nuclease activity has a preference toward MnCl, and has polymerase initiation activity
in the presence of only template RNA or both template and allosteric activator RNA.

RESULTS

Enzymatic properties of RVFV L protein in vitro. After extensive screening, we suc-
cessfully constructed and expressed the full-length L protein using the Pichia pastoris
expression system. Full-length L protein existed as a monomer in solution (Fig. 1A and B).
In vitro endonuclease activity experiments revealed that the L protein, but not the
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FIG 1 In vitro enzymatic activities of RVFV L protein. (A) SDS-PAGE profile of Rift Valley fever virus (RVFV) L protein. (B) Size-
exclusion chromatogram of RVFV L protein. Absorbance curves for the sample at wavelengths of 260 nm and 280 nm. (C)
Endonuclease assay with high concentration protein. 0.1 uM RVFV L protein was incubated at 30°C for 1 h with 045 uM
fluorescently labeled 30 nt PolyA RNA substrate and 25 uM MnCl,. The band in the bottom of the gel was the degradation
product. (D) Endonuclease assay. RVFV L protein (0.06 wM) was incubated with 0.45 uM fluorescently labeled 30 nt PolyA RNA
substrate at 30°C for 40 min in the presence of 10, 25, or 50 uM MnCl, or CaCl,. Reactions without protein, in the presence of
50 uM EDTA or the known endonuclease-specific inhibitor 2,4-dioxo-4-phenylbutanoic acid (DPBA), were negative controls in the
presence of 25 uM MnCl,. All inputs are shown as red arrows in panels C, D, and E. (E) In vitro replication initiation assay. The
endonuclease and polymerase inactivation site double mutant (D111A/D1133A) was added in the left lane as a negative control.
Mutant (D111A) was added in the middle and right lanes. These three lanes were incubated with the conserved 5’ 20 nt of the M
segment (5’ M: 5'-ACACAAAGACGGUGCAUUAA-3’) or/and a 20 nt template RNA named RNA* (5'-UGUGUUUCUGGCCACGUUGA-
3’). Nucleotide incorporation assay was detected by fluorescence (fluorescein-12-UTP). (F) Effect of metal ions (Mn** or Mg>") and
reducing agent (DTT or TCEP (Tris[2-carboxyethyl]phosphine)) on nucleotide incorporation assay by endonuclease active site
mutant (D111A). The assay was performed with 5 mM MnCl,/MgCl, and 2.5 mM DTT/TCEP for 40 min at 30°C. (G) The schematic
diagram of the template and product in the polymerase experiment, “T” represents the template, and “P2-P4’ represents the
dinucleotide product to the tetranucleotide product, respectively.

endonuclease active site mutant (D111A) (lane 2) (24), had strong endonuclease activity in
the presence of MnCl, (Fig. 1C, lane 1). Using 30 nt polyA as an RNA substrate, the L pro-
tein had ion-concentration dependent endonuclease activity in the presence of MnCl, (Fig.
1D, lanes 6, 7, and 8) (25), but no activity in the presence of CaCl, (Fig. 1D, lanes 9, 10, and
11) (23, 26). To understand the polymerase activity, we tested the ability of the purified
RVFV L protein to incorporate fluorescently labeled nucleotides in vitro. To prevent RNA
degradation during the experiment, we used the D111A endonuclease active site mutant
and tested its activity. We added fluorescein-12-UTP into the assay system as the substrate,
and monitored the RNA synthesis products by electrophoresis on 20% (wt/vol) polyacryl-
amide gels containing 7 M urea. The D111A/D1133A negative-control mutant, in which
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the conserved Asp1133 in the motif C of the polymerase domain was mutated to alanine,
lacked polymerization activity (Fig. 1E, lane 12). Interestingly, clear RNA synthesis products
were produced by the D111A mutant (Fig. 1E, lanes13, 14).

Examination of the synthesized products revealed that most were dinucleotides,
and several oligonucleotide bands were also observed (Fig. 1F and G). The low yield of
long products suggests that the fluorophore-labeled UTP may impair subsequent syn-
thesis after the formation of the dinucleotide. Nevertheless, the observation of dinucle-
otide as the primary product species indicates that RVFV L is capable of de novo initia-
tion, thus allowing us to use this assay in characterizing fundamental features of the
polymerase. We further tested how Mg?* and Mn?* metal ions affected RVFV L protein
polymerase initiation activity in the presence of different reducing agents (DTT or
TCEP) (27). Urea PAGE analysis showed that the type of reducing agent did not signifi-
cantly affect RVFV L protein polymerase initiation activity. However, RVFV L protein po-
lymerase initiation activity was stronger in the presence of MnCl, than in the presence
of MgCl, (Fig. 1F). Interestingly, the RVFV L protein was also capable of initiating RNA
synthesis in the presence of only one template RNA (Fig. 1E, lane 13). Therefore, the
RVFV L protein can initiate de novo RNA synthesis in the absence of 5’ vVRNA. This activ-
ity is notably enhanced by the addition of 5’ vRNA. This is different from the mode of
most bunyaviruses that need both 5’ RNA and 3" RNA for successful initiation of RNA
synthesis. To explore the mechanism of RVFV L protein property we decided to reveal
the RVFV L protein structure.

Overall RVFV L protein structure. We performed single particle cryo-EM analysis
of the RVFV L protein and obtained one 3D reconstruction at 3.6 A resolution (Fig. 2,
Table 1). Our solved L protein structure had ~1400 residues, corresponding to the PA-
C, PB1, and N-terminal part of PB2 (PB2-N) of influenza virus (17) (Fig. 3A). The overall
shape of the L protein structure resembled a figure-"6" (Fig. 2F). The dimensions of the
RVFV L protein structure are about 85 A x 75 A x 95 A (Fig. 3B). Although we success-
fully obtained the full-length protein, we did not obtain a complete cryo-EM density
containing the C-terminal cap-binding domain (CBD) (19) and the endonuclease do-
main (residues 1-214). To know the locations of these two domains in the RVFV L pro-
tein structure, we used the pure, monodisperse, and monomeric full-length RVFV L
protein to perform SAXS experiments and obtained a low-resolution structure in solu-
tion (Fig. 4). Using the rigid body fitting of the recently published endonuclease do-
main and C-terminal domain of the PB2-like region of SFTSV (22) and the above RVFV L
protein structure, we obtained an integrated RVFV L protein model (Fig. 4A), which fit
well with the SAXS-derived envelope (Fig. 4B).

We superimposed the structure of RVFV L protein with other L proteins of order
Bunyavirales by the DALI server (http://ekhidna2.biocenter.helsinki.fi/dali/). The RMSD
values are 2.5 A (PDB 6L42, SFTSV), 3.9 A (PDB 6Z8K, LACV), 4.5 A (PDB 6KLD, MACV),
4.3 A (PDB 6KLC, LASV), respectively. The first domain at the RVFV L protein N terminus
is the endonuclease domain (residues 1-214) which plays an essential role in cleaving
5’ m’G caps from host mRNAs during the cap-snatching process (14, 28). The catalytic
center of RdRp is constituted of fingers, thumb, and palm domains. The fingers domain
(residues 760-858, 874-918, 925-954, 1000-1035, 1063-1088) displays a “sandwich”
shape and is comprised of upper and lower a-helix layers with a B-sheet in the middle
(Fig. 3B). The key residues of the thumb domain can promote template translocation
following the first polymerization reaction through conformational rearrangement
(29). In brief, the fingers, palm, and thumb domains probably collaborate to promote
VRNA template and NTP binding. The C-terminal lariat circles the large globular core
and folds back to stabilize the fingers’ structure. In summary, the active site of the L
protein polymerase is relatively stable and conservative, while the structures of the
thumb ring and bridge regions are flexible (Fig. 3C).

Conserved motifs of RARp. Common and unique features of viral RNA-dependent
polymerase motifs (motifs A-F) that contain key residues for the enzymatic function
have been identified in many RNA-dependent polymerases (30). Like L proteins from
many RNA viruses, RVFV L protein has six conserved structural motifs (motifs A-F) (31-
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FIG 2 Cryo-EM reconstruction of RVFV L protein. (A) Raw image of RVFV L protein particles in vitreous ice recorded by K3 camera
at defocus range of —1.5 to 2.5 um. Scale bar 100 nm. (B) Power spectrum of image (A) and the white circle indicated the spatial
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TABLE 1 Cryo-EM data collection, refinement, and validation statistics

RVFV L
Data collection and processing
Magnification 64,000
Voltage (kV) 300
Electron exposure (e-/A2) 50
Defocus range (um) -1.0to —3.0
Pixel size (A) 1.08
Symmetry imposed C1
Final particle images (no.) 554K
Map resolution (A) 3.6
FSC threshold 0.143
Map resolution range (A 3.5—4.7
Refinement
Initial model used (PDB code) 6L42
Map sharpening B factor (A2) —180
Model composition
Nonhydrogen atoms 9,819
Protein residues 1400
B factors (A2)
Protein 103.86
R.m.s deviation
Bond lengths (A) 0.006
Bond angles (°) 1.078
Validation
MolProbity score 1.28
Clashscore 5.25
Poor rotamers (%) 0.00
Ramachandran plot
Favored (%) 100
Allowed (%) 0.00
Disallowed (%) 0.00

33) that cooperate with viral RNA template, NTPs, and metal ions to promote the poly-
merization of nucleotide triphosphates (Fig. 3D). RVFV L protein also has two single-
stranded negative-sense RNA virus specific motifs, G and H like LACV L and SFTSV L
(22, 34, 35) (Fig. 3D). Motifs A to E are within the palm domain while motif F (913-
HICLFKKQQHGGLREIYV-930), composed of two B-strands connected by a loop, consti-
tutes part of the fingertips (Fig. 3D). The position distribution of motifs A-F is similar to
that of positive-strand and double-stranded RNA viruses, and the overall structure of
the polymerase is assembled into a cupped right hand (29). Trp995 of motif A sits in a
strategic position where it can maintain L protein structural stability locally. Motif C is
the active center of RdRp. These motifs and functional regions participate in the most
critical steps for the correct recognition and incorporation of ribonucleotides.

The fingertips of RVFV L protein. The fingertips subdomain (Fig. 5), mostly com-
posed of the conserved motif F, extends from the fingers domain to the thumb do-
main, and is located directly above RdRps catalytic center. According to previous
reports, during the process of NTPs binding to RdRp, the positively charged Lys and
Arg side chains in the fingertips subdomain can interact with the triphosphate moiety,
which also interacts with both divalent metal ions in the active center (Fig. 5) (36).
Moreover, the fingertips subdomain can bind 5’ viral RNA by basic residues (17, 34).
Based on the RVFV L protein structural analysis, we identified that the key residues
(Lys918, Arg926) (Fig. 5E) for its vitality are positioned in the middle loop region, right

FIG 2 Legend (Continued)

frequency corresponding to 3.19 A estimated by the Gctf program. (C) Representative 2D classes. The box size of each class
was 172.8 A. (D) Fourier shell correlation (FSC) curves of the postprocessed 3D map, following the gold standard refinement.
(E) Euler angle distribution. (F) Local resolution was performed with Relion3.0.8. (G) The flowthrough of the data processing
used to get the final map.
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FIG 3 Overall structure of the RVFV L protein and conserved motifs. (A) Schematic representation of the monomeric RVFV L protein
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representation of the RVFV L protein. The structure is colored by domains using the same color code as in (A). 3,, helices are colored
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blue color represent low B-factor values. (D) The arrangement of the conserved RdRp motifs in the RVFV active site colored in red,
green, blue, purpleblue, yelloworange, magenta, forest, and teal for motifs A-H, respectively.

at the junction of the template entry channel and NTP entry channel. Therefore, it is
reasonable to consider that the fingertips subdomain is crucial for binding both tem-
plate and NTPs. The previously reported structure of the apo FluCPol harbors highly
unstable fingertips (Fig. 5C), whereas the same region in the 5" VRNA-bound FluAPol
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and FluBPol structure is stable (17, 37). For the LACV (order Bunyavirales) L protein (34),
5" vRNA induces conformational changes of the fingertips and the adjacent finger
extension, further stabilizing them. Moreover, the C-terminal lariat solved in the L pro-
tein structure further stabilized the fingers’ structure. The finger extension is oriented
in a conformation that provides enough space to hold the fingertip. Residues Tyr760,

A MACV L B LASV L Cc FIuC polymerase
Finger Finger :
. . Finger
extension extenswn\ extension

D LACVL E RVFV L F RVFV L

Finger
extension

Finger
extension

K953

K950

Fingertips

FIG 5 The fingertips loops of several RdRp polymerases. The B-factor maps for (A) Machupo virus (MACV, PDB 6KLD) (61), (B) Lassa Virus (LASV, PDB 6KLC),
(Q) Influenza C (FIuC, PDB 5D98) (62), (D) La Crosse encephalitis virus (LACV) (PDB 6Z8K) (21), (E) RVFV L. (A, B, E) Fingertips are conservative, while FluC's
and LACV's fingertips are unstable, and their RNA synthesis initiation requires 5" vVRNA. (F) Interaction of residues between fingertips and finger extension.
The residue on the fingertips and the finger extension are colored green and yellow, respectively.
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(YP_006504091.1), Uriurana virus (YP_009346036.1), Punta Toro virus (YP_009512941.1), Anhanga virus (API68876.1), and Munguba virus (YP_009346010.1).
(B) Sequence conservation in the priming loop. Plotting was performed with The MEME Suite software (40). (C) The priming loop and connecting regions
are shown as ribbons colored in green (RVFV) and yellow (SFTSV and PDB 6L42) (22). Two glycine residues (Gly1344 and Gly1345), which are important for
an early stage of RNA synthesis, are shown as sticks. (D) Structural demonstration shows the interaction sites of the priming loop (green) and thumb (cyan)

and thumb ring domains (yellow).

Lys762, Asn763, and Glu766 (finger extension domain) are highly conserved and have
especially strong interactions with the residues (Lys918, Lys919, GIn920, GIn921) in the
fingertips subdomain (Fig. 5F).

Conservation analysis for RVFV L protein. We performed sequence alignment of
L proteins from a set of 10 representative viruses from the family Phenuiviridae and an-
alyzed the conservation differences among the various domains (38). The most con-
served regions were the motifs A-F of RNA viruses (Fig. 6A). Based on this sequence
alignment, and conservation analysis of the overall sequence of the polymerase on the
Consurf website, the residues on the polymerase surface were identified as variable
and the residues around the polymerase active center and the four access channels
(Fig. 7) were highly conserved and corresponded to the motifs A-F (Fig. 6A). The con-
served residues around the channels were mainly positively charged residues, reflect-
ing their roles in nucleic acids’ interaction during viral genome replication and
transcription.
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Template
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Product

LACV FluA

FIG 7 The entrance and exit channels of RVFV, SFTSV, LACV, and FIuA polymerases. The template entry, NTP entry, template exit, and product exit
channels of (A) RVFV L protein, (B) SFTSV L protein (PDB 6L42), (C) LACV L protein (PDB 6Z8K), (D) Influenza A polymerase (FIuA) (PDB 6T0V) are colored in
limegreen, yelloworange, salmon, and magenta, respectively. The colors of the RVFV L domains are same as those used in Fig. 2A A 40° rotated view of the
RVFV L's channels is shown inset.

The priming loop (residues 1319-1358) is a fundamental element that generally sta-
bilizes the first “priming” nucleotide of the product during replication initiation but is
not essential for internal initiation and transcription (39). MEME-ChIP analysis revealed
that the two glycine residues (Gly1344 and Gly1345) at the tip of the priming loop are
conserved (40, 41), and structural comparison with SFTSV (22, 23) showed that these resi-
dues might be essential for identifying specific transcription template (Fig. 6B and C).
However, a structural comparison between RVFV and SFTSV L proteins demonstrated a
distinct difference in their priming loops (Fig. 6C). The RVFV L protein priming loop is
located next to the template exit tunnel and extrudes from the polymerase active center
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cavity to the surface of the protein, forming a compact interaction with the thumb do-
main and thumb ring domain (Fig. 6D and 7A). The priming loop of SFTSV L protein
extends to the polymerase active center, so the template exit tunnel is smaller in the
pre-initial state of replication (Fig. 7B). The L protein thumb ring domain residues
(Cys1419, Glu1435, Asp1436) are tightly bound with several priming loop residues
(Thr1334, l1le1335, Glu1337), and the thumb domain residues (Glu1216, Thr1217,
Gly1279, Phe1315) act on the other part of the priming loop residues (Trp1328, Leu1349,
Ser1350, Ser1352, Leu1353) (Fig. 6D). These two domains strictly regulate the conforma-
tion of the priming loop to adapt to different stages of viral replication or transcription
(Fig. 6D). The tight cooperation of these two domains provides a larger space for tem-
plate exiting (Fig. 7A). According to the structural analysis of the complex of influenza vi-
rus and LACV (21, 42, 43), we speculate that the observed priming loop conformation
may be in a preparative state for de novo initiation. The disordered conformation is anal-
ogous to that observed in the SFTSV L apo structure (22), but different from that of the
LACV L elongation-mimicking state structure (21).

Comparison of four channels. The catalytic residues of the polymerases from nega-
tive-strand RNA viruses are at the center of an enclosed cavity connected to the exterior
by four channels: an incorporated template entry channel, template exit channel, NTP
entry channel, and product exit channel (Fig. 7). The configurations of the four tunnels
of RVFV L protein are similar to those described for SFTSV and LACV L proteins, and for
Flu A polymerase (Fig. 7) (17, 22, 34). The template entry channel is mainly composed of
VRBL, core lobe, and thumb domains. The conserved Trp513 aromatic residue, located
on an a-helix of the vRBL domain adjacent to the core lobe domain, is critical for stabiliz-
ing the VRBL domain and core lobe domain by interacting with Phe581, Pro328, Val517,
Leu654, and Leu658. Residues Ser1411, Leu1412, and Ser1413 (bridge domain), located
in the middle of the template entry channel, are involved in identifying the sequence-
specific template entry process. Similar to that in SFTSV polymerase, the a-ribbon in
RVFV polymerase is distant from the template entry channel. The NTP entry channel is
mainly composed of the core lobe domain and fingers domain, and the fingers domain
separates the NTP entry and template entry channels (Fig. 7A). The product exit channel
is surrounded by linker, fingers, thumb, and bridge domains.

DISCUSSION

According to the World Health Organization, RVF is one of the top 20 global pan-
demic and epidemic diseases (https://www.who.int/emergencies/diseases/en/). Here, af-
ter optimizing the expression and purification of RVFV L protein, we solved the first L
protein structures of the genus Phlebovirus. Comparison of the RdRp core structure with
those previously reported in SFTSV, LACV, and Orthomyxoviridae (influenza) (Fig. 8),
revealed that the RdRp core is typically conserved. The C-terminal domain is tightly inte-
grated into the thumb domain of the polymerase core. All domains contribute to the for-
mation of the channels that facilitate template entry and exit, NTP entry, and product
exit (Fig. 7). Our results reveal that the RVFV polymerase has a compact core structure
and is a flexible multidomain protein.

RVFV replication and transcription occur in the cytoplasm. This is unlike the influ-
enza virus, in which ribonucleoprotein (RNPs) complex are transported into the nucleus
for replication and transcription (44). Replication is a primer-independent process.
First, a replication intermediate called cRNA (cRNA) is synthesized, and then cRNA is
used as a template for replication. The priming loop conformation of RVFV L is dis-
tinctly different from those of other L proteins of bunyaviruses (Fig. 6C). Then, the pri-
ming loop recruits the first nucleotide to bind to the vVRNA and provides sufficient
space in the active center for the replication product (21). Consistent with the replica-
tion initiation mechanism in SFTSV (23), called prime and realign, initiation of replica-
tion in RVFV might occur at several positions in the 3’ vRNA template.

Our in vitro experiments showed that the RNA synthesis product was not detected when
using the 5 and 3’ ends of any of or all of the three viral genome segments as transcription
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A RVFV SFTSV (6L42) LACV (5AMR) FIuA (4WSB)

" Clamp

VvRBL
7 Endonuclease

PB1-like region PA-like region

PB2-like region

FIG 8 Comparison of subdomains in the RdRp region. For overall structure comparison, parts of structures of RVFV L protein, SFTSV L protein (PDB 6L42),
LACV L protein (PDB 5AMR), and Influenza A polymerases (PDB 4WSB) were shown side by side. Regions corresponding to influenza virus PA-like region
(A), PB1-like region (B), PB2-like region (C), and overall architectures (D). Colors correspond to Fig. 3A

templates. The primary product in these assays was a dinucleotide and further synthesis was
largely hindered likely by the usage of the fluorophore-labeled UTP. When only one tem-
plate RNA was added, the L protein was capable of RNA synthesis (Fig. 1D). Therefore, the
RVFV L protein can initiate de novo RNA synthesis in the absence of 5’ VRNA, and this activity
is notably enhanced by the addition of the 5’ VRNA. This is different from the RNA synthesis
mode of most bunyaviruses that require both 5" VRNA and 3’ vRNA for successful initiation
(17, 34). Interestingly, 5 VRNA can significantly increase the RNA polymerase initiation activ-
ity. This is because the basic residues (Lys918 and Arg926) in the fingertips subdomain
(Fig. 5D and E) might bind the 5’ viral RNA and stabilize the RdRp core structure.
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Transcription of RVFV genomes is a primer-dependent process that involves captur-
ing host capped RNAs using a cap-snatching mechanism. During cap-snatching, short
capped fragments are snatched by the CBD (19) and host mRNAs are cleaved at a posi-
tion close to the 5’ cap by the endonuclease domain. Although we successfully obtained
the full-length protein and added RNA in the sample preparation, we did not obtain a
complete cryo-EM density. The CBD might need capped VRNA to stabilize the conforma-
tion. SAXS method is a typical method to uncover the structure in solution. A low-resolu-
tion structure of the full-length RVFV L protein was obtained (Fig. 4). The integrated
RVFV L protein model shows that the endonuclease domain and the CBD are close to
each other, which is supported by their functions: the CBD captures RNA and passes it to
the endonuclease domain for cutting to be used as transcription primer.

At present, viral RdRps are promising drug targets. Thus, our structure provides an
important basis for developing effective antivirals for protecting humans and animals
exposed to, and infected with, RVFV.

MATERIALS AND METHODS

Small scale expression. The codon-optimized sequence for RVFV (strain: ZH-501, GenBank:
DQ375406.1) L protein was synthesized and cloned (using the seamless assembly cloning method) into
a modified pPICZ expression vector with a C-terminal 6 x His tag without/with a GFP tag (EcoR I/Nco )
under the AOX1 promoter. Each single colony was inoculated into 5 ml of YPD medium (1% yeast
extract, 2% peptone, 2% glycerol) in a 50-ml centrifuge tube and incubated at 30°C in a shaking incuba-
tor (170 rpm) until the culture reached an OD,, = 6 (approximately 24 h). The cells were harvested by
centrifugation at 3,000 x g for 2 min at 4°C. The supernatant was decanted, and the cell pellets were
resuspended in approximately 5 ml of BMM medium (100 mM potassium phosphate, pH 6.0, 1.34% YNB,
1% methanol) to induce expression. Methanol was added to a final concentration of 1% every 24 h to
maintain induction. Cell pellets were analyzed for protein expression by Western blot or GFP fluores-
cence detection. The extremely low level of wild-type L protein expression makes it impossible to obtain
the protein by purification. To improve protein expression, we tried expressing several different mutants
which were located away from the endonuclease active center. We found that expression of the D103A
mutant protein was significantly increased, so this site was mutated in all of our proteins. In the manu-
script, this protein is referred to as wild type because the mutant has endonuclease activity (Fig. 1).

Protein expression and purification. His tagged L protein was expressed in the X-33 Pichia strain in
BMM medium at 28°C for 48 h after induction with 1% methanol. After pelleting, cells were resuspended
in 50 mM Tris-HCl pH 8.5, 1 M NaCl, 5% glycerol, 20 mM imidazole and 5 mM benzamidine hydrochlor-
ide. The cells were lysed in the presence of 1 mM protease inhibitor (phenylmethyl sulfonyl fluoride
[Invitrogen]) using a high pressure cell disruption system and the crude lysate was centrifuged at
47,000 x g for 50 min at 4°C to isolate the supernatant. The protein was purified from the soluble frac-
tion by Ni affinity chromatography (GenScript), and was washed using a buffer containing 20 mM imid-
azole, 50 mM Tris-HCl pH 8.5, 1 M NaCl, 5% glycerol, and 5 mM benzamidine hydrochloride to eliminate
nonspecific proteins. The elution buffer contained 50 mM imidazole. The eluted protein was concen-
trated using an Amicon Ultra centrifugal filter (Millipore). The protein was further purified by size exclu-
sion chromatography using a Superdex 200 10/300 GL (GE Healthcare) column equilibrated in 20 mM
BTP (1,3-Bis [tris [hydroxymethyl] methylamino] propane) pH 8.5, 300 mM NaCl, and 2 mM B-ME.
Collected protein fractions were concentrated to 2 mg/ml and stored at 4°C for further use.

The proteins containing a 6xHis tag alone were used as the basis of Pichia protein expression
screening. However, this method is cumbersome, the detection is not sensitive, and it requires consider-
able time to screen the strains expressing the protein. We improved the expression screening using a
GFP-6 xHis tag. The GFP fluorescence screening method was more convenient, simple to operate, and
highly sensitive. GFP-positive cells were resuspended in 50 mM Tris-HCI pH 8.5, 500 mM NaCl, 5% glyc-
erol, 20 mM imidazole, and 5 mM benzamidine hydrochloride. The lysate was centrifuged at 47,000 x g
for 50 min to remove cell debris and was loaded onto Ni affinity chromatography (GenScript). The elu-
tion buffer was the same as the washing buffer (20 mM imidazole, 50 mM Tris-HCl, pH 8.5, 500 mM Nadl,
5% glycerol, and 5 mM benzamidine hydrochloride) but contained an additional 50 mM imidazole. After
changing the buffer to remove the imidazole, the GFP-6 x His Tags were removed by the tobacco etch vi-
rus protease at a 1:1 (wt/wt, protease/protein) ratio at 4°C overnight. Then, the mixture was purified
using Ni affinity chromatography (GenScript). Fractions containing L protein were collected and applied
to a Superdex 200 10/300 GL (GE Healthcare) column equilibrated in 50 mM Tris-HCl pH 8.5, 500 mM
NaCl, and 5% glycerol. The fractions were flash-frozen, and stored at -80°C. All protein purification pro-
cedures were performed at 4°C.

Endonuclease assay. The FAM-5'-Poly-A RNA 30 mer was chemically synthesized (Sangon Biotech).
Reaction mixtures containing RVFV protein and 0.45 M FAM-5'-Poly-A RNA were performed in a vol-
ume of 20 ul with 0.5 U/l RNasin (Promega), 100 mM HEPES pH 7.0, 100 mM NaCl, 5 mM dithiothreitol
(DTT), and divalent cations as indicated in the figure legends, and incubated at 30°C for a specified pe-
riod of time. The reaction was stopped by adding an equivalent volume of RNA loading buffer (95%
formamide, 0.5 mM EDTA, 0.025% SDS, and 0.025% xylene cyanol) and heating the samples at 100°C for
3 min. Products were separated by electrophoresis on denaturing 7 M urea, 20% polyacrylamide

February 2022 Volume 96 Issue3 €01713-21

Journal of Virology

jvi.asm.org

13


https://www.ncbi.nlm.nih.gov/nuccore/DQ375406.1
https://jvi.asm.org

Wang et al.

(acrylamide:bisacrylamide is 19:1) Tris-borate-EDTA gels. Fluorescence was visualized using a ChemiDoc
MP (BIO-RAD).

Polymerase initiation assay. For the nucleotide-incorporation assay, 0.37 uM RVFV polymerase was
mixed with 1 uM 20 nt 5’ end of the RVFV M genome segment (5" M: 5'-ACACAAAGACGGUGCAUUAA-
3’) or/and 1 uM 20 nt template RNA (5’-UGUGUUUCUGGCCACGUUGA-3’), NTPs (25 uM ATP, 25 uM
GTP, 25 uM CTP and 16.25 M UTP) and 8.75 uM fluorescein-12-UTP (Sigma) in assay buffer (50 mM
Tris-HCl pH 7.0, 2.5 mM DTT, 5 mM MnCl,/MgCl,). Reaction mixtures were incubated at 30°C for 3 h and
samples were analyzed on a 20% acrylamide, 7 M urea denaturing gels. The fluorescence was visualized
in a ChemiDoc MP (BIO-RAD).

Cryo-EM sample preparation and data collection. The two VRNA oligonucleotides (5 VRNA: 5’-
GGUGCA-3' and 3": vVRNA 5’-UGCACCGGUCUUUGUGU-3’) were annealed by heating at 95°C for 5 min
followed by cooling down on bench at room temperature to form partially double-stranded RNA. These
two oligonucleotides are conserved 3’ and 5’ VRNA ends of viral genome and the selection is similar to
that described for La Crosse encephalitis virus (LACV) (21, 34). This partially dsRNA was then mixed with
L protein in a 1.1:1 molar ratio at 4°C for 3 h and the complex was ultimately resolved on Superdex 200
10/300 GL in a gel filtration buffer (50 mM BTP pH 8.5, 300 mM NacCl). Aliquots of 4 ul purified RVFV L
protein at a concentration of ~0.4 mg/ml were applied to glow-discharged holey carbon Cu grids
(Quantifoil R1.2/1.3). Then these grids were flash-cooled in liquid ethane using an FEI Vitrobot Mark IV.
After initial screening, the well-prepared cryo-specimens were transferred onto an FEI Titan Krios trans-
mission electron microscope operated at 300 kV for data collection. The microscope was equipped with
a GIF-Quantum energy filter, which was used with a slit width of 20 eV. Images were recorded using a
K3 Summit direct electron counting camera (Gatan Inc.) at a calibrated magnification of 64,000 (pixel
size of 1.08 A). The defocus range of the data sets was roughly —1.0 to —3.0 um.

Image processing. Beam induced motion and anisotropic magnification were corrected using the
MotionCor2 program (45). The initial contrast transfer function (CTF) parameters were estimated by the
Gctf program (46, 47) at the micrograph level and the micrographs with the estimated resolution limit
worse than 5 A were discarded. The selected Gctf star file was imported into RELION 3.0.8 program (48)
and all subsequent particle picking, classification, and reconstruction progress were performed in
RELION 3.0.8.

For the RVFV L protein data set, about 5,090,000 particles were automatically selected from about
3,700 micrographs. After two rounds of extensive 2D classification, a subset of 3,380,000 particles were
selected and further subjected to 3D classification with an initial model that was produced by the
RELION program and low-pass-filtered to a resolution of 40 A. Because of the large number of particles,
we chose to split the particles into 3 groups and did the 3D classification separately. We used the same
procedure of 3D classification on all the 3 groups separately. During the 3D classification, we used an
angular sampling interval of 7.5 degree and did not perform local angular search. After all the three
groups were executed with primary 3D classification, we joined the particles into a total data set of
1,184,890 particles to do further 3D classification. After two rounds of 3D classification, a reconstruction
from 554,102 particles displayed clear features of secondary structural elements. We then performed 3D
refinement from the ~550,000 particles, yielding a reconstruction at a resolution of 3.84 A. After post-
processing, we got a final map at 3.6 A resolution as determined by the Fourier shell correlation (FSC)
0.143 cutoff value.

Model building. The SFTSV L structure was used to guide manual building of RVFV L by Chainsaw
(49). Manual model building was carried out using Coot (50) and refinement of the coordinates was per-
formed using Phenix (51).

Small-angle X-ray scattering. The overall model of the full-length RVFV L protein was obtained
with the solved RVFV L (without the Lariat), and the simulated endonuclease domain and the PB2 C-ter-
minal domain built from the structure of SFTSV (PDB 6L42) using the SASREF (52) with the distance
restriction between the linker domain and the Lariat.

Small-angle X-ray scattering measurements were performed on beamline BL19U2 at the SSRF follow-
ing previously published methods (53, 54). The protein concentration is from 1.25 mg/ml to 5 mg/ml.
Briefly, all proteins were subjected to size exclusion chromatography in a buffer containing 20 mM BTP
pH 8.5, 300 mM NaCl. The BioXTAS RAW (55) software was used for data processing. GNOM (56) pro-
vided the pair distribution function P(r) of the particle, the maximum size D, ,, and the Porod volume.
The 20 individual ab initio reconstructions were generated with DAMMIN (57), averaged using DAMAVER
(58), and aligned using SUPCOMB (59). The structures were visualized using PyMOL (60).

Data availability. Cryo-EM reconstructions and atomic models generated during this study are avail-
able at wwPDB and EMBD (https://www.rcsb.org; http://emsearch.rutgers.edu) under accession codes
PDB: 7EEl and EMD-31077.
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