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Structural basis of RNA polymerase
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African swine fever virus is highly contagious and causes a fatal infectious
disease in pigs, resulting in a significant global impact on pork supply. The
African swine fever virus RNA polymerase serves as a crucial multifunctional
protein complex responsible for genome transcription and regulation.
Therefore, it is essential to investigate its structural and functional char-
acteristics for the prevention and control of African swine fever. Here, we
determine the structures of endogenous African swine fever virus RNA poly-
merase in both nucleic acid-free and elongation states. The African swine fever
virus RNA polymerase shares similarities with the core of typical RNA poly-
merases, but possesses a distinct subunit M1249L. Notably, the dynamic
binding mode of M1249L with RNA polymerase, along with the C-terminal tail
insertion of M1249L in the active center of DNA-RNA scaffold binding, suggests
the potential of M1249L to regulate RNA polymerase activity within cells.
These results are important for understanding the transcription cycle of the
African swine fever virus and for developing antiviral strategies.

African swine fever (ASF) is an acute, highly contagious, and fatal
infectious disease caused by the African swine fever virus (ASFV). The
presence of highly virulent strains of ASFV can lead to mortality rates
of nearly 100%"2. ASFV is the sole member of the Asfarviridae family
and belongs to the nucleocytoplasmic large DNA virus (NCLDV)
family®. ASFV is an icosahedral DNA virus 200 nm in diameter that
possesses an envelope, capsid, inner membrane, core shell, and
nucleoid*. The viral genome is a linear double-stranded DNA molecule,
is approximately 170-190kb in length and encodes 150-200 viral
proteins, including 68 structural proteins and over 100 nonstructural
proteins’. Variations in the genome, such as the loss or repetition of

specific sequences, play a crucial role in distinguishing ASFV strains
across generations and identical strains from different sources’. The
major capsid protein P72, known for its high degree of conservation, is
utilized for genotyping ASFV strains®. Although ASFV primarily infects
monocyte-macrophage pairs, our understanding of the molecular
mechanisms underlying infection and replication within host cells
remains limited. Regrettably, effective vaccines or antiviral drugs for
preventing or treating ASF are currently unavailable, leading to sig-
nificant economic losses in animal husbandry each year’.

RNA polymerases (RNAPs) play a crucial role in transcribing RNA
from the genome and are indispensable across all domains of life. In
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recent years, extensive research has been conducted using cryo-
electron microscopy (cryo-EM) to investigate the structural basis of
RNAPs in mammals®°, yeasts' ", archaea'*" and DNA viruses'*® using
cryo-electron microscopy (cryo-EM). Notably, members of the NCLDV
family exhibit cytoplasmic transcriptional activity necessitating a virus-
encoded RNAP for generating mature mRNA from the viral genome.
The structurally well-characterized NCLDV RNAP is Vaccinia virus
(VACV) RNAP, which provided initial insights into the structural basis
of NCLDV RNAP'**, The VACV core RNAP consists of eight subunits
(Rpol47, Rpol32, Rpo35, Rpo22, Rpol9, Rpol8, Rpo7 and Rpo30),
which are conserved with their counterparts (RPB1, RPB2, RPB3-11
fusion, RPB5, RPB6, RPB7, RPB10 and TFIIS, respectively) in classical
RNA polymerase II (Pol II).

Like other NCLDVs, ASFV encodes a transcription machinery
similar to eukaryotic RNA polymerase, including core subunits and
general transcription factors involved in initiation, elongation, and
termination processes'*. Approximately twenty proteins encoded by
ASFV actively participate in the transcription and modification of
mRNAs. Recently, the structure of ASFV RNAP has been solved through
recombinant expression®, which is composed of eight core subunits
(VRPBI, VRPB2, VRPB3-11, VRPB5, VRPB6, VRPB7, VRPB9, and VRPB10).
However, it is still only rudimentarily investigated and it remains

100 Homo sapiens
100 Sus scrofa

Saccharomyces cerevisiae

Thermococcus kodakarensis

99 Sulfolobus acidocaldarius

10 Sulfolobus solfataricus

ASFV CN/GS/2018
ASFYV Russia Georgia 2007

100| ASFV CN/SJZ/2023
ASFV Spain BA71 1971
3L ASFV Kenya 1950

uncertain if this structure is consistent with the natural RNAP of ASFV.
Here, we isolated endogenous ASFV RNAP from infected cells and
determined the structures of RNAP in multiple conformations. These
structural findings not only validate the conserved molecular
mechanism of multi-subunit RNAPs but also shed light on the char-
acteristic features exhibited by ASFV RNAP. Our investigations hold
significant implications for establishing a mechanistic understanding
of the transcription cycle of ASFV and facilitating the design of antiviral
drugs, thus underscoring their paramount importance in advancing
our knowledge in this field.

Results

Purification of the ASFV RNAP complex

The eight core components of RNAP have counterparts in the ASFV
genome and were named VRPB1-vRPBI1O in this study (Supplementary
Table 1). Based on evolutionary tree analysis, it has been determined
that ASFV RNAP belongs to a distinct evolutionary branch from other
structurally known RNAPs. Additionally, the sequences of the two large
subunits of RNAP are highly conserved across various types of ASFV
strains (Fig. 1a). To obtain endogenous ASFV RNAP, we generated a
recombinant strain called ASFV CN/GS/2018-strep derived from the
ASFV CN/GS/2018-GFP strain and expressing the C-terminal Twin-
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Fig. 1| Sequence conservation and purification of ASFV RNAP. a Phylogenetic
analysis of the two largest subunits of RNAP to determine evolutionary relation-
ships. b ASFV RNAP was purified from cell extracts infected with ASFV CN/GS/2018-
strep and fractionated on a sucrose gradient ranging from 10% to 30%. The
respective subunit bands were visualized using silver staining on SDS-PAGE. This is
a representative group of gels, which were repeated three times under the same
condition with similar results. Source data are provided in a Source Data file. ¢ The
RNA polymerization activities using different template were assessed by measuring

the incorporation of [6a—>?P]-ATP and normalized against the negative controls
lacking RNA polymerase. The data represents the mean values + standard deviation
(error bars) from three independent experiments, with source data provided in a
Source Data file. Statistical significance was determined using an unpaired two-
tailed t-test, resulting in a P-value of 0.0003 with a 95% confidence interval
(-8.491,-5.182) and degrees of freedom of 4. All calculations were conducted using
Graphpad Prism 8 software.
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Strep-tagged subunit vVRPB2 (Supplementary Fig. 1a). The replication
rate of ASFV CN/GS/2018-strep was comparable to that of the untag-
ged parental ASFV CN/GS/2018-GFP strain for the infection of porcine
alveolar macrophages (PAMs) (Supplementary Fig. 1b). This observa-
tion suggests that the presence of a tag on vRPB2 does not impede the
transcriptional activity or replication capacity of the virus.

After propagation of ASFV CN/GS/2018-strep with PAMs, pur-
ification of ASFV RNAP was carried out from infected cells using strep
beads and sucrose gradient centrifugation (Supplementary Fig. 1c).
Subsequently, the fractions were resolved via SDS-PAGE and visualized
through silver staining (Fig. 1b). Mass spectrometry analysis was per-
formed on all components (Supplementary Data 1), revealing that the
elution containing the known core subunits of ASFV RNAP (Supple-
mentary Table 1). Notably, M1249L emerged as a factor associated with
ASFV RNAP upon elution. To evaluate the catalytic activity of ASFV
RNAP, we performed a test for RNA polymerization activity by mea-
suring the incorporation of [a-*’P]-ATP into RNA using dsDNA-RNA as
template, followed by precipitation with cold trichloroacetic acid
(TCA) and quantification through scintillation counting®. Our bio-
chemical results revealed that the sample exhibits in vitro elongation
capability and functions as an active catalytic RNA polymerase. When
using dsDNA as a template, we observed reduced activity, indicating
that dsDNA template can direct RNA synthesis in a non-specific man-
ner and highlighting the potential utility of an RNA primer in elonga-
tion (Fig. 1c).

Structure of the ASFV RNAP core complex and M1249L C-tail
occupied complex

Fractions containing the most complete RNAP core subunits were
subjected to cryo-EM single-particle analysis (Fig. 1b). Through
unbiased 3D classification during data processing, we obtained a total
of five distinct conformations of RNAP at a nominal resolution of
2.4-3.0 A. Based on the overall size of the complex and protein density
in the active center, these five states were designated as follows: the
core complex (CC), M1249L C-tail occupied complexes 1 to 4 (MCOC1
to MCOC4) respectively (Supplementary Fig. 2). In all five structures,
clear identification was made for the eight core subunits of ASFV
RNAP, and their corresponding AlphaFold2*-predicted models were
confidently fitted into the map. Following manual adjustment and
auto-refinement, most side chains within these eight core subunits
exhibited excellent agreement with the density maps.

However, in the MCOCI to 4 states of ASFV RNAP, we observed
additional density on the outer surface and within the active center of
the structure. We employed DeepTracer* for de novo modeling based
on density and further refined it manually using Coot (v0.9.8)*. The
results confirmed that this increase in density corresponds to the ASFV
M1249L protein. Amongst these four structures, MI249L is pre-
dominantly found in MCOCI, with most of its domains clearly identi-
fiable in the cryo-EM map. In contrast, varying amounts of M1249L
domains dissociate from MCOCI in the MCOC2 to 4 states. The com-
position of the MCOCI structure includes all eight core subunits, one
M1249L subunit, seven structural zinc ions, and a catalytic magnesium
ion A (Fig. 2a).

The overall architecture of ASFV RNAP exhibits a crab claw-like
structure, which is evolutionarily conserved across all domains of life
(Fig. 2a). While the eight core subunits share structural homology with
their counterparts in Pol Il and VACV RNAP, they possess distinct
features (Supplementary Figs. 3-8). The two major subunits, VRPB1
and VRPB2, constitute the central body of RNAP and encompass all
conserved domains essential for the active center (Supplementary
Figs. 3-5). Subunits vRPB3-11 and vVRPB10 form an assembly platform at
the posterior region of the RNAP body, akin to Rpo35 and Rpo7 in
VACV RNAP. Similar to Rpo35, VRPB3-11 represents an RPB3/11 fusion
polypeptide; however, compared to Rpo35, VRPB3-11 bears greater
resemblance to eukaryotic Pol Il (Supplementary Figs. 3 and 8).

Subunits VRPB5, vRPB6 and VRPB7 assemble into a small crab claw-like
shape and form the periphery of the RNAP. This configuration bears
resemblance to Rpo22, Rpo19, and Rpo18 of VACV RNAP. In contrast to
VACV RNAP, ASFV RNAP includes vVRPB9 which comprises two zinc-
ribbon domains and exhibits close similarity to RPB9 found in typical
Pol Il (Supplementary Figs. 3 and 8).

Conserved core and specific periphery of the ASFV RNAP

To investigate the functional roles of individual subunits within ASFV
RNAP, we conducted a comparative analysis with H. sapiens Pol Il and
VACV RNAP, employing both structural comparison (Fig. 2b and
Supplementary Fig. 8) and structure-based sequence alignment
(Supplementary Figs. 4-7). While the core of RNAP is highly con-
served across multi-subunit RNAPs, there are notable differences in
the periphery and active center of ASFV RNAP, including the pre-
sence of an additional subunit M1249L and several extended regions
within core subunits (Fig. 2c). The two major subunits, VRPB1 and
VRPB2, exhibit significant similarity to their respective counterparts
RPB1/Rpo147 and RPB2/Rpo132 (Supplementary Fig. 3). However, it is
noteworthy that the jaw and clamp domains of VRPB1 undergo a
rotation of 28° and 19°, respectively, resulting in a slightly narrower
active center (Supplementary Fig. 8). Additionally, an intriguing
feature of VRPB2 is the presence of a characteristic motif within its
externall domain comprising residues 678~710. This motif encom-
passes an alpha helix that interacts with the zinc-ribbon2 domain of
VRPB9. Similar to VRPBI, the lobe domain of VRPB2 exhibits move-
ment towards the protrusion region leading to a narrowing cleft
(Supplementary Fig. 8).

As corresponding to a fusion protein of Pol Il RPB3/11, the vVRPB3-
11 subunit is similar to the Rpo35 subunit of VACV RNAP. Positioned at
the posterior region of RNAP, this subunit forms an assembly platform
in conjunction with subunit vRPB10, thereby anchoring the two large
subunits similar to other multi-subunit RNAPs**°, In contrast to Rpo35
of VACV RNAP, both the overall structure and location of VRPB3-11
closely resemble those observed for its counterparts RPB3 and RPB11
(Supplementary Fig. 8). However, it is worth noting that vRPB3-11 lacks
a zinc finger domain but instead possesses an additional short helix
motif spanning 28 amino acids (residues 13-40) located on the per-
iphery of the complex. The subunit vRPB10 occupies a similar location
as Pol Il RPB10 and the VACV RNAP Rpo7. However, within the zinc-
bundle domain, there exists a distinct loop (residues 29-49) that
extends further and establishes additional interactions with vVRPB2 and
M1249L (Supplementary Fig. 8). Notably, ASFV and VACV RNAP lack
the RPBI2. The assembly of VRPB3-11/vRPB10 serves as a viral RNAP
platform analogous to the RPB3/10/11/12 subassembly observed
in Pol II.

VRPB?9 is positioned similarly and exhibits a comparable structure
to Pol Il RPB9, with the exception of the orientation of the zinc-ribbon2
domain, which is absent in VACV RNAP (Supplementary Fig. 8).
Structurally resembling RPB5 and Rpo22, VRPBS5 occupies a similar
spatial location. The jaw domain of vRPBS is shorter than that of RPB5,
and together with the vRPB1 jaw domain, it forms the DNA entry path
to the cleft (Supplementary Figs. 3b and 8). As for VRPB6, it serves as a
structural and functional homolog of RPB6 by interacting with VRPB1
to facilitate RNAP assembly and stability. Notably, the elongated
N-terminal tail of vVRPB6 deeply inserts into the complex’s cleft region
and potentially engages in interactions with nucleic acids—a char-
acteristic distinct from other known structures (Fig. 2c and Supple-
mentary Fig. 8). The tip and OB-fold domain of VRPB7 form a
protruding stalk from the RNAP body, resembling the RPB7 domain of
typical Pol Il. However, unlike any known RNAP including VACV, which
is also an NCLDV, there is no sequence or structural homology
observed in the CTD of vRPB7. Consequently, the CTD represents a
characteristic specific to ASFV RNAP and occupies a position analo-
gous to RPB4 for maintaining complex stability (Supplementary Fig. 8).
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These comparisons have revealed that ASFV RNAP exhibits a
conserved core. However, the extension regions of vVRPB2, vRPB3-11,
VRPBI10, and vRPB7 along with M1249L are prominently exposed on
the outermost surface of the complex and are specific to ASFV. These
regions potentially play a crucial role in binding to ASFV-specific
transcription factors. Consequently, it can be inferred that ASFV RNAP
has evolved features tailored towards its specific transcriptional
environment and requirements.

Subunit M1249L stabilizes RNAP as a cage
In the MCOCI1 to 4 of ASFV RNAP, an additional subunit known as
M1249L tightly associates with the eight core subunits (Fig. 3a).
Although not traditionally considered a component of RNAP, M1249L
exhibits high abundance in the isolated RNAP fractions we obtained
(Fig. 1b and Supplementary Data 1), indicating its significant role in
RNAP function. Cryo-EM map clearly reveals most regions of M1249L,
including D1-D5 and the C-tail domains, within MCOCI1 (Supplemen-
tary Fig. 9). Furthermore, our constructed structure differs from the
predicted structure of M1249L generated by AlphaFold2 (Supple-
mentary Fig. 10a), suggesting that M1249L integrates into the RNAP
core complex in a specific manner to fulfill specific functions. It has
been previously reported that M1249L may serve as a structural pro-
tein within the capsid of ASFV*; however, our findings indicated that
M1249L may have the potential role in regulating the RNAP function.
The M1249L domains are distributed ubiquitously throughout the
complex and interact with nearly all core subunits of the RNAP,
thereby increasing the stability of the complex by forming a cage
structure around it (Fig. 3a and Supplementary Fig. 10). The D1 domain
(residues 67-235) binds to the upper region of the RNAP clamp and
engages in interactions with vRPB1. Furthermore, D1 integrates into
the VRPB5-vRPB6-vRPB7 module while interacting with both the N-tail
domain of VRPB6 and CTD domain of VRPB7, thus fortifying the per-
iphery of RNAP (Fig. 3b and Supplementary Fig. 11). The D2 domain
(residues 250-~517) interacts with vRPB1 and VRPB2 while serving as a
foundation for binding to VRPB6. The D3 domain, spanning residues
673-817 and located at the protrusion of VRPB2, plays a crucial role in
stabilizing the assembly platform of RNAP by binding to vRPB3-11 and
VRPBI1O. A linker composed of residues 817 ~ 845 connects the D3 with
D4 (residues 845-987). The D4 domain engages in diverse interactions
as it binds to the funnel of vRPB1, extending towards vRPB9 (Fig. 3b
and Supplementary Fig. 11). Comprising residues 1011-1193, the D5
domain interact with both the lobe of VRPB2 and zinc ribbon of vRPB9.
Additionally, the C-tail (residues 1194-1249) extends from the D5 and
inserts into the active center where it interacts with both vRPB1 and
VRPB2, occupying a nucleic acid binding position (Fig. 3b and Sup-
plementary Fig. 11). Consequently, M1249L exhibits high modularity
serving as an essential scaffold for stabilizing RNAP akin to a cage
structure.

Structures of the ASFV RNAP elongation complex

To gain deeper insights into the molecular mechanism underlying the
recognition and transcription of substrates by RNAP, we devised a
DNA-RNA scaffold. This scaffold was constructed using double-
stranded DNA containing a mismatch bubble, following a previously
established strategy’. The template strand was derived from an early
gene found within the ASFV genome, encoding the VRPBI1 subunit of
RNAP. To mimic nucleic acid present in actively transcribing complex,
an RNA molecule was designed to be complementary to the template
strand. Subsequently, native RNAP sample was incubated with a DNA-
RNA scaffold and subjected to cryo-EM single-particle analysis (Sup-
plementary Fig. 12). Using unbiased 3D classification, we solved four
RNAP conformations in the absence of nucleic acids at a nominal
resolution (2.5-2.8 A). These conformations resembled the M1249L
C-tail occupied complexes and core complex. Additionally, we solved a
conformation with nucleic acids bound at a resolution of 2.6A,

representing elongation complex (EC) composed of eight core sub-
units and nucleic acids in the active center cleft (Fig. 4a).

The EC structure revealed the active state of ASFV RNAP and
contained eight core subunits of vRPB1-vRPB10. However, the unusual
CTD of vRPB?7 is partially obscured by its dynamics. Overall, the ASFV
EC closely resembled the MCOCI1 except for the absence of the M1249L
subunit. A 9 bp DNA-RNA hybrid is bound to the active center cleft,
which is consistent with the findings of other RNAPs, which all bind to a
hybrid of 8-9 bp**2, Within the RNAP cleft, no nucleoside triphosphate
substrate is present at its binding site, whereas the +1 template base
adopts a conformation along the bridge helix suitable for base pairing
(Fig. 4b). Therefore, ASFV RNAP EC occurs in an active, post-
translocated state. The location and structure of the DNA-RNA
hybrid resembled to those of the VACV RNAP EC structure (Fig. 4c).
Most residues that participate in nucleic acid interactions are con-
served, indicating the conserved fundamental catalytic mechanism of
DNA-dependent RNA polymerase. Furthermore, ASFV-specific resi-
dues were found to be responsible for nucleic acid binding. The active
center cleft primarily comprises charged residues, particularly basic
arginine and lysine residues. Residues from VRPB2 are implicated in
binding the DNA-RNA hybrid, while those from VRPB1 coordinate the
DNA double strands. Notably, at downstream of the template strand
DNA, a lysine residue (K100) from vRPBS interacts with nucleotides
(Fig. 4¢, d).

The M1249L C-tail occupies the nucleic acid binding site in RNAP
In the EC structure, the DNA-RNA hybrid binds to the active center
(Fig. 5a). Notably, the vRPB6 N-tail (residues 9-27), which inserts into
the RNAP active center in the MCOCI structure, was not visible in the
EC structure. Upon comparing these two structures, we found that
when occupying the active site, M1249L C-tail (residues 1230-1249)
significantly clashes with DNA-RNA hybrid. Similarly, the vVRPB6 N-tail
(D12, D13, L14, and E16) were also found to clash with RNA strand,
including U23 and A24 (Fig. 5b). The discovered C-tail of M1249L and
N-tail of vRPB6 deeply penetrate into the active center, possibly reg-
ulating nucleic acid binding and transcription processes. It suggested
that displacement of M1249L C-tail may be necessary for transcrip-
tional activity. Furthermore, the high conservation of MI1249L
sequences across different ASFV strains, particularly in its C-tail region,
suggests its crucial role in regulating viral gene expression during the
cellular replication phase or the transition from a packaged state to an
actively transcribing state (Supplementary Fig. 13).

To investigate whether M1249L has an inhibitory effect on RNAP
activity, we removed RNAP-M1249L from the sample using a home-
made mouse anti-M1249L antibody, resulting in a significant reduction
of M1249L within the sample (Supplementary Fig. 14). Subsequently,
RNA polymerization activity was assessed by measuring the incor-
poration of [a-**P]-ATP into RNA utilizing dsDNA-RNA as template,
followed by precipitation with cold TCA and quantification via scin-
tillation counting?. The comparable activity observed before and after
antibody purification implied that M1249L does not inhibit RNAP
activity (Fig. 5c). Therefore, M1249L may regulate RNAP activity
through a more complicated mechanism, which requires further
investigation.

Discussion

ASFV poses a significant threat to global pig production and pork
supply due to its high mortality rates and the absence of antiviral drugs
and vaccines. Similar to other NCLDVs, ASFV encodes a transcription
apparatus for gene expression completion. However, there is limited
understanding of the molecular mechanism and temporal regulation
of ASFV transcription, which hampers effective prevention and control
measures against ASF disease. In this study, we successfully isolated
endogenous ASFV RNAP from infected cells and determined its
structures in multiple conformations. By comparing these structures
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purple (RNA). The active site magnesium and zinc ions are shown as red and cyan
spheres, respectively. b A close-up view of the active center of the ASFV EC. The
protein and nucleic acid are represented as sticks. The cryo-EM density is shown as
a gray mesh. ¢ Comparison of the active center in ASFV EC with that of the VACV EC
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in red. d A schematic representation of the nucleic acid scaffold used in this study.
Individual bases are shown as squares, and the bases are abbreviated using one-
letter codes. The bases visible in the EC structure are represented as solid squares,
while the invisible bases are shown as hollow squares. The active-site Mg?" is
depicted as a red circle. Residues specific to ASFV EC are highlighted in red.

with known RNAPs, we not only confirmed the conserved molecular
mechanism of multi-subunit RNAPs but also elucidated the features
specific to ASFV RNAP.

RNAP represents a promising target for the development of che-
motherapeutic antiviral drugs against DNA viruses. The human

Monkeypox virus (MPXV) has been reported in 99 countries and ter-
ritories, with approximately 50,000 confirmed cases”. To identify
effective MPXV inhibitors, researchers modeled MPXV RNAP using its
homolog VACV RNAP and proposed multiple inhibitors; these candi-
dates were subsequently employed as a starting point for the
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Fig. 5 | Compared with MCOCI structure, nucleic acids replace the M1249L
C-tail in the EC structure. a The overall structures of the ASFV RNAP EC and
MCOCI1 are depicted in cartoon representation. The subunits colors are identical to
those in Fig. 2. Helices are represented as cylinders. The nucleic acids are shown in
blue (template strand DNA), sky blue (non-template strand DNA), and purple (RNA).
Proteins, except for the M1249L C-tail and VRPB6 N-tail in the MCOCl structure, are
shown transparently. b The active center in the EC structure is occupied by the
MI1249L C-tail. The ASFV RNAP EC and MCOCI structures are superposed. The
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nucleic acids in the EC structure, the M1249L C-tail and VRPB6 N-tail in the
MCOCI structure (transparent) are depicted as sticks. ¢ The RNA polymerization
activities before and after anti-M1249L antibody purification were assessed by
measuring the incorporation of [a—*?P]-ATP and normalized against the negative
controls lacking RNA polymerase. Each data point represents the mean value of
three independent experiments, with error bars indicating standard deviation.
Source data are provided as a Source Data file. All calculations were performed
using Graphpad Prism 8 software.

development of an innovative treatment strategy targeting MPXV**,
ASFV RNAP is resistant to the bacterial RNAP and eukaryotic Pol II
inhibitors rifampicin and a-amanitin, respectively, suggesting that
ASFV RNAP-specific inhibitors may exist®>*°. Our structural analysis
lays a crucial foundation for studying RNAP-targeted inhibitors, while
investigating how inhibitors interact with RNAP in the presence of the
M1249L protein may be the next research priority.

The transcription machinery is composed of core subunits and
numerous additional factors involved in the initiation, elongation, and
termination phases of transcription. These factors are responsible for
synthesizing mRNA with 5-terminal cap and 3’-terminal polyadenyla-
tion. Extensive studies on VACV transcription have demonstrated its
dependence on multiple transcription factors, including the Vaccinia
virus-specific factor Rap94, the termination factor/capping enzyme
VTF/CE, the initiation factor VETF, and the helicase NPH-I*%%, As a
member of NCLDVs, ASFV encodes eight homologs of core subunits as

well as homologs of key transcription factors such as VETF, VTF/CE,
NPH-I, TFIIB, and TFIIS. These enable precise temporal regulation of
ASFV gene expression during different stages of ASFV infection?*?3¢%7,
In this study, we purified endogenous ASFV RNAP from infected cells
with Twin-Strep-tagged VRPB2 and resolved the structure of ASFV
RNAP, which included eight core subunits and M1249L. No known
transcription factors have been identified, but our purification strategy
closely resembles the method employed for isolating the VACV RNAP
complete complex'®®, This could be attributed to a very low propor-
tion of transcription factors or unstable binding, resulting in our
inability to resolve the structure of the transcription factor-bound
complex. By comparing MCOCI1 with the VACV RNAP complete com-
plex, we observed conservation in the core subunits, suggesting that
the core of ASFV RNAP may potentially interact with transcription
factors in vivo to carry out its function (Supplementary Fig. 15a, b).
Furthermore, it is worth noting that there are some clashes between
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transcription factors present in VACV RNAP and ASFV RNAP. The
transcription factors VETF and CE in VACV RNAP exhibit clashes with
VRPB7 and M1249L of ASFV RNAP (Supplementary Fig. 15c). The VACV
RNAP subunit Rpo30 resembles to TFIIS and partially overlaps with
VRPB1 and M1249L (Supplementary Fig. 15d). M1249L occupies the
sites designated for the Rap94 (Supplementary Fig. 15e). These clashes
primarily arise from M1249L, suggesting that it may potentially reg-
ulate the binding of transcription factors through partial or complete
dissociation. A more comprehensive understanding of this regulatory
mechanism requires further elucidation through subsequent struc-
tural analysis involving a more complete complex configuration.

In this study, we resolved multiple structures of ASFV RNAP that
represent various stages of the RNAP transcription process. The
dynamic binding mode observed between M1249L and RNAP suggests
a potential regulatory mechanism for M1249L in modulating RNAP
activity. In the absence of nucleic acids, M1249L can fully attach to
RNAP (MCOC1), attach without D2 (MCOC2), without D1-D2 (MCOC3),
or without D1-D2-D3-D4 (MCOC4). In cells, these states should be
interchangeable with CC state, but the regulatory interactions among
them are unclear (Supplementary Fig. 16a and Supplementary
Movie 1). Notably, in all M1249L binding states we resolved, the
C-terminus of M1249L consistently occupies the nucleic acid binding
site on RNAP, suggesting that this occupation may serve as a major
functional role for M1249L. Furthermore, upon addition of nucleic
acids, we obtained an EC structure which provides evidence for the
existence of active RNAP within our sample (Supplementary Fig. 16a).
However, it remains challenging to ascertain whether RNAP in the CC
state directly binds nucleic acids, or if the M1249L-bound state
underwent conformational changes enabling binding. Comparing the
conformations of MCOCI and EC, it can be observed that the active
center cleft widens from 26.2 A to 30.6 A (Supplementary Fig. 16b and
Supplementary Movie 2). Superimposing CC-EC structures reveals
minimal changes, except for the absence of VRPB2 protrusion domain,
which serves as an entrance to the active cleft. This suggests that the
occupancy of active center may contribute to stabilizing this domain.
Additionally, dissociation of MI249L leads to complex instability
around VRPB7 CTD (Supplementary Fig. 16c). Therefore, it is likely that
M1249L plays a significant role in maintaining complex stability and its
C-tail should be released for nucleic acid binding. However, further
investigation is required to elucidate the molecular mechanism
underlying assembly/dissociation of M1249L from ASFV RNAP.

During the course of our manuscript preparation, we observed
that a recombinant ASFV RNAP lacking the M1249L subunit has been
published”’. Upon comparing our CC structure with this recombinant
structure, it shows that the overall architecture of the ASFV RNAP
remains consistent across different preparation methods. This sug-
gests a high stability in the assembly patterns among the core subunits
of RNAP (Supplementary Fig. 17). In our study, we have identified an
intriguing viral factor known as M1249L which associates with RNAP
and exhibits interactions with nearly all core subunits. Remarkably
modular, M1249L envelops the complex and acts as a scaffold to
enhance its stability (Fig. 3). Comprising D1~ D5 and C-tail domains,
M1249L integrates into the RNAP core complex through a specific
mechanism. Firstly, the M1249L enhances the stability of the complex
by interacting with core subunits and dispersing throughout the entire
complex. It forms a cage that potentially hinders the binding of other
transcription factors (Supplementary Fig. 15). Additionally, its C-tail
occupies the nucleic acid binding site and must be released for tran-
scription (Fig. 5). Furthermore, different states of ASFV RNAP can
interconvert through dynamic interactions between multiple domains
of M1249L and core subunits (Supplementary Fig. 16a). Considering
that M1249L promotes complex stability and occupies the nucleic acid
binding site, it is plausible to propose that its multistage binding might
regulate ASFV RNAP activity and viral gene expression during cellular

replication.

In conclusion, our study reveals the various conformations of
ASFV RNAP, confirming the conserved molecular mechanism of multi-
subunit RNAPs and elucidating specific features of ASFV RNAP. The
peripheral domains of vRPB2, vRPB3-11, VRPB7, and VRPBIO are
exclusive to ASFV and may be responsible for binding to virus-specific
factors. The dynamic binding mode of M1249L with RNAP suggests an
intricate regulation mechanism for MI249L in modulating RNAP
activity. These states should be interchangeable with the multiple
domains of M1249L binding the core complex dynamically and nucleic
acids binding (Supplementary Movie 1). Importantly, these results
provide a foundation for mechanistic analysis of the transcription
cycle of ASFV and antiviral drug design that is essential in discovering
strategies to prevent ASF disease spreading.

Methods

Cell culture and virus propagation

Primary porcine alveolar macrophages (PAMs) were collected from
six, 60-70-day-old Duroc-Large White-Landrace cross specific
pathogen-free (SPF) piglets by washing porcine lungs twice with PBS.
After centrifugation and cell counting, the cells were seeded in T225
cell culture flasks and maintained in 10% fetal bovine serum (FBS) in
RPMI 1640 medium (BasalMedia, China) at 37 °C with 5% CO,. The
genotype Il ASFV CN/GS/2018-GFP was provided by the Lanzhou
Veterinary Research Institute, Chinese Academy of Agricultural Sci-
ences. The virus titer was measured using the tissue culture infec-
tious dose 50% (TCIDso) of the PAMs, calculated by the Reed and
Muench method.

Generation of recombinant ASFV CN/GS/2018-strep

ASFV CN/GS/2018-strep was derived from the ASFV CN/GS/2018-GFP
strain with a tandem Strep tag (Twin-Strep tag) inserted at the
C-terminus of the EP12421 gene (encoding VRPB2). For insertion of the
Twin-Strep tag, a pUC57-1242 transfer vector was constructed. An
mCherry fragment with the ASFV p72 (B646L gene) promoter
(p72mCherry) was inserted at the middle of the intron located between
the K421R gene and the EP1242L gene. DNA fragments (termed A and
B), flanking approximately 1000 bp of each side of the insertion site of
p72mCherry, were amplified via PCR with the primers 1242-L-F/1242-L-
R (A fragment) and 1242-R-1-F/1242-R-2-F/1242-R-3-F/1242-R-4-F/1242-
R-1-R (B fragment) synthesized by Tsingke Biotech, as listed in Sup-
plementary Table 2. A second round of PCR linked the A fragment and
p72mCherry to product C with the primers 1242-L-F/p72mCherry-R. A
third round of PCR linked the C and B fragments to D with the primers
1242-1-F/1242-R-1-R. The PCR product D was cloned and inserted into
the pUC57 plasmid (MiaoLingBio, China) using the ClonExpress Il One
Step Cloning Kit (Vazyme, China). The sequence of the resulting con-
struct pUC57-1242 was confirmed. ASFV CN/GS/2018-strep, which can
express red fluorescent protein and green fluorescent protein, was
constructed by transfecting pUC57-1242 into PAMs using Lipo3000
transfection reagent (Invitrogen, USA) and infecting them with the
ASFV CN/GS/2018-GFP strain. The ASFV CN/GS/2018-strep strain was
purified by several rounds of limited dilution.

Viral replication analysis

Replications of the recombinant strain ASFV CN/GS/2018-strep and the
parental strain ASFV CN/GS/2018-GFP were performed using a TCIDso
assay. PAMs were grown in 6-well cell culture plates and infected with
virus at a multiplicity of infection (MOI) of 0.01. After incubating for 1 h
at 37 °C, the medium was replaced with fresh RPMI 1640 medium, and
the samples were collected at 2, 24, 48, and 72 hours post infection
(hpi). After the freeze-thaw cycle, the supernatants and cell lysates
were titrated by a TCIDsqo assay on PAMs. The assay was performed in
triplicate.
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ASFV RNAP purification

To purify ASFV RNAP from infected cells, PAMs were grown in T225 cell
culture flasks. The cells were infected with purified ASFV CN/GS/2018-
strep at an MOI of 0.5. After 60 h, the cells were pelleted and resus-
pended in lysis buffer (50 mM HEPES (pH 7.5), 150 mM Nacl, 1.5 mM
MgCl,, 0.5% [v/v] NP-40,1mM DTT, and complete EDTA-free protease
inhibitor cocktail). For ASFV RNAP purification, the extract was incu-
bated for 6h at 4°C with 60 pL of Strep-Tactin®XT 4 Flow® high
capacity (IBA Life Sciences, Germany). The beads were washed five
times with wash buffer (50 mM HEPES, pH 7.5; 150 mM NaCl; 1.5 mM
MgCl,; 0.1% [v/v] NP-40; and 1 mM DTT) and equilibrated with elution
buffer (50 mM HEPES, pH 7.5; 150 mM NacCl; 1.5 mM MgCl,. and 1 mM
DTT). The bead-bound proteins were eluted with 50 mM biotin
(Sigma Aldrich, USA), resolved via 12.5% SDS-PAGE and visualized via
silver staining. To purify native RNAP, the eluate was concentrated to
1mg/mL, layered on top of a 10-30% sucrose gradient, and centrifuged
for 16 h at 35,000 rpm and 4 °C. The gradient fractions were fractioned
manually and separated via SDS-PAGE, after which the proteins were
visualized via silver staining.

To prepare the elongation complex, oligonucleotides (template-
stranded DNA, non-template-stranded DNA and RNA) were synthe-
sized by Sangon Biotech (Supplementary Table 2). Native RNAP was
purified as described above; then, 4 mM of template strand-RNA
scaffold was added, and the sample was incubated at room tempera-
ture for 20 min. Next, 8.45mM non-template strand DNA (corre-
sponding to a scaffold:RNAP molar ratio of approx. 20:1) was added
and incubated at room temperature for 20 min.

Separation of RNAP from RNAP-M1249L complexes

To separate RNAP from RNAP-M1249L complexes, we performed
purification using mouse anti-M1249L antibody (Wuhan GeneCreate
Biological Engineering, China) and Pierce® Crosslink Immunoprecipi-
tation Kit (ThermoFisher Scientific, USA) following the manufacturer’s
instructions. For preparation of anti-M1249L antibody, firstly, six 8-
week-old SPF Balb/c mice were immunized with the purified M1249L
(673-1249aa) protein followed by a serum titer test. Then, the B cells of
the mouse with the highest potency (1:128,000) were fused with
myeloma cells to obtain hybridoma cells. After western blot validation
and subtype identification, hybridoma cell line 1D9-1E7 was selected to
prepare ascites. Finally, high-purity monoclonal antibodies were pur-
ified from ascites. The titer, sensitivity and specificity of the antibody
were verified by Enzyme-Linked ImmunoSorbent Assay (ELISA) and
western blot. For purification of RNAP-M1249L complexes, briefly,
resin slurry was washed three times with PBS and centrifuged at 1000 g
for 1 min. The anti-M1249L antibody was incubated with protein A/G
agarose resin for 2h at room temperature on a flip shaker. After
washing three times with elution buffer, the RNAP-M1249L mixture
was incubated with protein A/G agarose resin coupled with anti-
M1249L antibody for 1.5 h at room temperature and flow-through was
collected. The flow-through underwent three rounds of repetitive
incubation using fresh resin. Samples before and after antibody pur-
ification were analyzed by western blot and silver staining. The mouse
anti-M1249L antibody (1:5000 diluted) mentioned above was utilized
for the detection of M1249L. The anti-Strep-Tag Il monoclonal anti-
body (mouse, clone 8C12, cat. #ABT2230, lot #ATXD18021, 1:2000
diluted) was procured from Abbkine and utilized for the detection
of VRPB2.

In vitro transcription assay

To evaluate the transcription activity of ASFV RNAP, an in vitro tran-
scription assay was conducted. ASFV RNAP was incubated with 500 uM
UTP/GTP/CTP, 6 uM ATP, 0.2 uL 3000 Ci/mmol [a-**P]-ATP, and 60 uM
dsDNA-RNA/dsDNA template (Sangon Biotech) in 50 uL transcription

buffer (25mM HEPES pH 8.0, 5mM MgCl,, 1.5mM DTT, 0.1 mg/ml
recombinant albumin (NEB)). Components were mixed on ice and then
incubated for 10 min at 37 °C. Reactions were halted by placing on ice
and addition of 60 mM EDTA-NaOH pH 8.0 before transferring to
0.8 mL cold 5% Trichloroacetic acid (TCA) and incubated for another
15min on ice. Precipitated nucleic acids were collected on circular
25 mm Glass Microfiber GF-F Filters (GE Healthcare), washed with ice-
cold 5% TCA, and the filter was transferred into 2 mL of Ecoscint A
Scintillation Cocktail (National Diagnostics) in a scintillation tube. The
signal was measured as counts per minute (CPM) using a Hidex 300 SL
instrument (HIDEX) with 1 min signal count time.

Mass spectrometry analysis

The protein sample was subjected to 12.5% SDS-PAGE and ana-
lyzed as described below. The gel bands containing the protein
sample were destained and dehydrated in 100% acetonitrile
Reduction (10 mM, DTT in 25 mM NH4HCO; for 45 min at 56 °C)
and alkylation (40 mM iodoacetamide in 25mM NH4HCO; for
45 min at room temperature in the dark) were performed, and the
gel plugs were washed with 50% acetonitrile in 25 mM ammonium
bicarbonate twice. The gel plugs were then dried using a Speed-
Vac and digested with sequence-grade modified trypsin (40 ng for
each band) in 25 mM NH4HCO; overnight at 37 °C. The enzymatic
reaction was stopped by adding formic acid to a 1% final con-
centration. The tryptic peptide mixtures obtained from the
digestion were then analyzed by LC-MS/MS. The nanoLC-MS/MS
experiments were performed on a Q Exactive (Thermo Scientific)
instrument equipped with an Easy-nLC 1000 HPLC system
(Thermo Scientific). The peptides bound on the column were
eluted with a 100-min linear gradient. Solvent A consisted of 0.1%
formic acid in water, and solvent B consisted of 0.1% formic acid
in acetonitrile.

MS analysis was performed with a Q Exactive mass spectrometer
(Thermo Scientific). With the data-dependent acquisition mode, the
MS data were acquired at a high resolution of 70,000 (m/z 200) across
the mass range of 300 -~ 1600 m/z. The raw data from Q Exactive were
analyzed with Proteome Discoverer (version 1.4.0.288) using the
Sequest HT search engine against the Uniprot_proteome_ASFV data-
base (updated on 11.2019) for protein identification. The Main
searching parameters were set as follows: trypsin as the enzyme with
up to two missed cleavages allowed; the mass tolerance of precursor
was 10 ppm and the product ions tolerance was 0.02 Da; carbamido-
methylation of cysteine was selected as a fixed modification amd oxi-
dation of methionine was set as variable modifications. FDR analysis
was performed with Percolator, and an FDR <1% was used for protein
identification. The peptide confidence was set as high for the pep-
tide filter.

Structure determination

Following sucrose gradient purification, the fractions containing
RNAP were merged and concentrated in a Vivaspin concentrator to a
concentration of approximately 1 mg/mL to remove sucrose. For
cryo-EM analysis, the purified sample (3 pL) was applied to an H,/O,
glow-discharged, 300-mesh-R1.2/1.3 amorphous nickel-titanium alloy
(ANTA) film grid®. The grid was blotted for 9s at 4°C and 100%
humidity and frozen in liquid ethane using a Vitrobot Mark IV
(Thermo Fisher Scientific). Cryo-EM images were collected using a
300KkV Titan Krios G3i electron microscope (Thermo Fisher Scien-
tific) equipped with a K3 Summit detector (Gatan). The micrographs
were automatically collected using EPU in super-resolution mode,
with a nominal magpnification of 105,000x and a total accumulated
dose of 60 electrons/A?, resulting in a final pixel size of 0.82 A. A total
of 8576 micrographs for ASFV RNAP and 8849 micrographs for
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elongation complexes were collected with a defocus range between
-1.0 and -2.0 pm.

All image processing and reconstruction were performed in
cryoSPARC (v4.1)* and Relion (v4.0)*°. Movies were preprocessed
through patch motion correction and patch CTF estimation. Particle
picking was performed using a Blob Picker, followed by particle
extraction with a box size of 256 pixels (bin2). The particles were then
subjected to multiple rounds of 2D classification to remove “junk”
particles and to sort different orientations of RNAP. The selected
particles were subjected to template picking or topaz picking followed
by 2D classification. After three rounds of 2D classification, ~1013 K
particles with good 2D averages were chosen and subjected to Relion
3D classification, generating five classes. A map of each class was
generated in Chimera (v1.17.1)*.. The particles from the good class were
selected and subjected to nonuniform refinement** and subsequent
local refinement to yield maps at 2.4-3.0 A resolution with no sym-
metry imposed. The local resolution map was calculated using Local
Resolution Estimation in cryoSPARC and displayed in Chimera.

For the elongation complex, ~2479K particles with good 2D
averages were chosen and subjected to Relion 3D classification, gen-
erating five classes. Then, the particles were subjected to nonuniform
refinement*” and subsequent local refinement to yield maps at
2.5-2.8 A resolution with no symmetry imposed.

The full cryo-EM data processing workflows are described in
Supplementary Figs. 2 and 12.

Model building and structure refinement

For the M1249L C-tail occupied complex 1 (MCOCI) structure, the
AlphaFold models of the eight core subunits were docked into the map
in Chimera and manually adjusted in Coot to acquire the atomic model
of ASFV RNAP. The M1249L model was constructed de novo according
to density by using DeepTracer and manually adjusted in Coot. Model
refinement was performed on the main chain of the atomic model
using the real-space refinement module of PHENIX (v1.20.1-4487)*
with secondary structure and geometry restraints to prevent over-
fitting. After manual adjustment was performed in Coot, the MCOC1
model was subjected to real-space refinement in PHENIX. The models
of MCOC2, MCOC3, MCOC4 and the core complex were derived from
the MCOC1 model with minor adjustments.

The structure of the elongation complex (EC) was modeled by
placing the core complex structure at density, followed by rigid body
fitting and adjustment in Coot. The quality of the nucleic acid density is
good, and de novo modeling can be performed. The EC structure was
real-space refined using PHENIX.

The data validation and model refinement statistics are summar-
ized in Supplementary Table 3.

Figures were created with UCSF Chimera* and UCSF ChimeraX
(VL7.1)*.

Quantification and statistical analysis

No statistical methods were used to predetermine the sample size. The
experiments were not randomized, and the investigators were not
blinded to the allocation of the participants during the experiments or
outcome assessments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic coordinates of the ASFV RNAP reported in this paper have
been deposited in the Worldwide Protein Data Bank (PDB) (http://
www.rcsb.org) and are available under accession codes 8XX5

(MCOC1), 8XXT (MCOC2), 8XY6 (MCOC3), 8YOE (MCOC4), 8XXP
(CC) and 8XX4 (EC), respectively. The corresponding maps have been
deposited in the Electron Microscope Data Bank (EMDB) (http://
emdatabank.org) and are available under accession codes EMD-38746
(MCOC1), EMD-38760 (MCOC2), EMD-38767 (MCOC3), EMD-38802
(MCOC4), EMD-38757 (CC) and EMD-38745 (EC), respectively. The
structures used for this study are: 5SIYD (H. sapiens Pol II), 6RIC (VACV
core RNAP), 6RID (VACV EC), IWCM (S. cerevisiae Pol 11), 7NVS (S. scrofa
Pol II), 6RFL (VACV complete RNAP), 8Q3B (ASFV recombinant RNAP).
The mass spectrometry data reported in this paper was deposited to
the ProteomeXchange Consortium via the PRIDE* partner repository
with the dataset identifier PXD058133. Other source data are also
provided with this paper. Source data are provided with this paper.
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