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ABSTRACT The African swine fever virus (ASFV) is the deadly pathogen of African
swine fever (ASF) that induces high mortality, approaching 100% in domestic pigs,
causes enormous losses to the global pig industry, and threatens food security. Cur-
rently, there is no effective treatment or preventive countermeasure. dUTPases (de-
oxyuridine 5’'-triphosphate pyrophosphatases) are ubiquitous enzymes that are es-
sential for the hydrolysis of dUTP and prevent the misincorporation of dUTP into
newly synthesized DNA. Here, we present the crystal structures of the ASFV dUTPase
in complex with the product dUMP and cofactor Mg2* at a resolution of 2.2 A. We
observed that a unique “turning point” at G125 plays an unexpected critical role in
the swapping region of the C-terminal segment, which is further stabilized by the
interactions of the last C-terminal B strand with the 81 and B2 strands, thereby
positioning the catalytic motif 5 into the active site of its own subunit instead of
into a third subunit. Therefore, the ASFV dUTPase employs a novel two-subunit
active site that is different than the classic trimeric dUTPase active site, which is
composed of all three subunits. Meanwhile, further results confirmed that the
configuration of motifs 1 to 5 has high structural homology with and a catalytic
mechanism similar to that of the known trimeric dUTPases. In general, our study
expands the information not only on the structural diversity of the conserved
dUTPase family but also on the details needed to utilize this dUTPase as a novel
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frican swine fever virus (ASFV), a large enveloped double-stranded DNA virus, is the

only member of the genus Asfivirus in the family Asfarviridae (1). The African swine
fever virus causes deadly infection, inducing high mortality, approaching 100%, in
domestic pigs, and causing great losses to the global pig industry and threatening food
security (2-4). The extracellular enveloped ASFV virion is approximately 200 nm in
diameter and contains an inner core, an inner lipid membrane, an icosahedral capsid,
and an outer lipid envelope. This virus can be transmitted through direct contact with
infected pigs, bites from soft ticks, and human activity (5). The early clinical signs of ASF
are unspecific, are associated with fever, and can be easily confused with other
diseases, making early diagnosis difficult. All these symptoms increase the difficulty of
prevention. Currently, there is no effective treatment for ASF. The ASFV genome varies
between approximately 170 and 193 kbp and encodes from 150 to 167 proteins (6).
Genome sequence analysis has revealed that the open reading frame E165R encodes a
viral dUTPase, which shares sequence similarity with other dUTPases from various
species and is considered to play an essential role in maintaining the integrity of the
viral DNA both by reducing the dUTP/dTTP ratio levels and by providing the substrate
for thymidylate synthase.

Deoxyuridine 5’'-triphosphate nucleotidohydrolase (dUTPase) catalyzes dUTP to
dUMP and pyrophosphate (PP;) (7, 8). On one hand, dUMP is the substrate used by
thymidylate synthase for the synthesis of dTMP; on the other hand, this biochemical
pathway plays a crucial role in maintaining a low dUTP/dTTP ratio, which prevents the
misincorporation of deoxyuridylate into DNA by DNA polymerases (8, 9). Based on their
different oligomerization states, dUTPases can be divided into three families. In the first
family, the dUTPases form homotrimers. These homotrimeric dUTPases have been
found in a wide range of species, including eukaryotes, prokaryotes, some DNA viruses
(such as poxvirus and staphylococcal phage) and some retroviruses. To date, a number
of crystal structures of the dUTPases of this family have been observed: Homo sapiens
(10), Arabidopsis thaliana (11), Plasmodium falciparum (12), Escherichia coli (13), Metha-
nococcus jannaschii (14), Mycobacterium tuberculosis (15), vaccinia virus (16), white spot
syndrome virus (WSSV) (17), equine infectious anemia virus (18), and feline immuno-
deficiency virus (19). The distinguishing structural feature of this family is that the trimer
is assembled by three identical subunits around a 3-fold axis. Each subunit contains an
eight-stranded S barrel formed by a distorted jelly-roll fold. The C-terminal B strand is
typically involved in strand exchange with a neighboring monomer. The catalytic active
site is formed by five conserved motifs that are distributed over the entire sequence.
Divalent metal ions, preferably Mg2*, and water molecules are located in the active site,
which is typically anchored by an aspartic acid (20). In most cases, the active site is
formed by five motifs from all three subunits, except in WSSV and Mason-Pfizer monkey
virus (17, 21).

The second family of dUTPases forms homodimers and are mostly found in proto-
zoan pathogens, such as Trypanosoma cruzi (22) and Leishmania major (23). Because all
a-helical dimeric kinetoplastid dUTPases have completely different structures com-
pared to that of Homo sapiens, these dimeric enzymes are an attractive drug target (24,
25). The monomeric dUTPases encoded by mammalian and avian herpesviruses con-
stitute the third and final family, which shares limited homology with the trimeric
dUTPase family. It has been proposed that the monomeric dUTPase originated from the
duplication of a gene encoding a trimeric enzyme (26-28).

Previous studies have shown that dUTPase regulation plays a vital role in pro-
grammed cell death in Drosophila, yeast and mammalian cells (29, 30). Furthermore, a
dysfunctional dUTPase causes a novel monogenic syndrome that leads to diabetes and
bone marrow failure (31). Similarly, the dUTPases of many viruses, including poxviruses,
herpesviruses, and several vertebrate retroviruses, play important roles in efficient virus
replication; therefore, mutations in the dUTPase sequence can significantly affect the
biological and pathogenic properties of these viruses (32-36). Moreover, dUTPase has
evolved anti-interferon activity in addition to its dUTPase enzymatic activity, which
renders dUTPase critical for establishing an effective persistent herpesviruses infection
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(28, 37-39). Inhibitors of the Homo sapiens dUTPase may be further optimized as
efficient anticancer chemotherapeutic compounds applied either alone or in combina-
tion with existing treatments (40, 41). In addition, knowledge of the sequence dissim-
ilarity and the structural differences of the dUTPases of pathogens (such as herpesvi-
ruses and Plasmodium falciparum) and those of Homo sapiens lays the foundation for
utilizing a dUTPase as a potential platform for antiviral design, which can be accom-
plished by enhancing both the affinity and selectivity for a specific viral dUTPase
compared to that of the host dUTPase (10, 12, 42-44).

Therefore, in the face of the extremely serious epidemic outbreak in Africa, Europe,
and Asia in recent years (2, 4, 45), it is imperative to identify effective druggable targets
and develop therapeutic drugs. Based on the essential role of dUTPase in ASFV (36), to
provide more clues on the potential of its newly discovered functions and facilitate
antiviral drug designs for targeting it, we subjected the ASFV dUTPase to a structural
investigation.

RESULTS

Overall structure of the ASFV dUTPase homotrimer. The full-length ASFV
dUTPase (residues 1 to 165) was expressed in E. coli with a hexahistidine tag at the N
terminus. The theoretical molecular weight of the recombinant protein was approxi-
mately 20 kDa. According to the retention volume found by SEC, the observed molec-
ular mass is approximately 67 kDa, which is close to the theoretical molecular mass of
the trimer, suggesting that recombinant ASFV dUTPase exists in the trimeric form in
solution.

The crystal structure of the ASFV dUTPase was determined using the molecular-
replacement method and refined to a 2.2-A resolution with a final R, value of 0.196
(Reee = 0.228). The crystal structures of the ASFV dUTPase reveal a trimer with one
asymmetrical unit. The final model features the full-length polypeptide, except for
residues L143 to T165 in monomer A, A145 to T165 in monomer B, and T147 to T165
in monomer C, which could not be built due to the lack of interpretable electron
density data, a situation indicating the high structural flexibility of the C-terminal
region. All of the residues modeled in the polypeptide chain were in good agreement
with the electron density map. More than 97% of all residues lay in the favorable
region of the Ramachandran plot, and none of the residues lay in the disallowed
region (Table 1).

The ASFV dUTPase homotrimer has a 3-fold symmetry with a compact oligomerized
assembly. The three active enzyme sites are situated at the position of the intersubunit
cleft, which harbors the product, dUMP, and the enzyme cofactor, Mg2* (Fig. 1A).

The residue composition of the ASFV dUTPase active site is conserved among
the dUTPase family members. In the active site of the ASFV dUTPase, the uracil ring
is deeply buried in the active-site pocket, and the deoxyribose and a-phosphate groups
are located at sites close to the periphery of the pocket. Binding of the uracil ring is
achieved through several hydrogen bonds between N85, M99, and K101, the ring and
one water molecule, mimicking Watson-Crick pairing (Fig. 1B). Among these binding
sites, M99 and K101 are situated in the 810 strand, N85 is located in the loop domain
between the B8 and B9 strands, and the conserved structural water molecule is also
located as in many other trimeric dUTPase structures (10, 17, 18). The deoxyribose
moiety is stabilized in position by stacking with Y94, an aromatic residue that is
extremely highly conserved in almost all trimeric dUTPases. The enzyme activity of the
Y94A mutant is only approximately 11.05% that of the wild-type ASFV dUTPase activity
(Fig. 1C). In addition, the deoxyribose moiety also forms a hydrogen bond with the side
chain hydroxyl of D91 (Fig. 1B). However, the deoxyribose of the dimeric dUTPase is
anchored by hydrogen bonds with N201 and is located between the F84 and H83
residues in Trypanosoma cruzi (22).

The single phosphate group of dUMP extensively interacts with several residues of
the dUTPase, the water molecules and Mg?2* (Fig. 1B). Residues R71 and S72 directly
interact with the phosphate group through the side chain hydroxyl and main-chain

February 2020 Volume 94 Issue 4 e01698-19

Journal of Virology

jviasm.org 3


https://jvi.asm.org

Li et al. Journal of Virology

TABLE 1 Data collection and refinement statistics

Parameter Value?
PDB accession no. 6KZ6

Data collection statistics

X-ray source SSRF beamline BL19U1
Wavelength (A) 0.97915
Space group P2,2,2,
Unit cell parameters (A; °) a=662b=673c=1169
a=f=vy=90.0
Resolution range (A) 50.0-2.18 (2.22-2.18)
Unique reflections 27,729 (1,349)
Completeness (%) 100.0 (100.0)
Redundancy 12.2 (9.0)
/o D) 10.5 (1.0)
Rmerge (%)° 239 (2.9)
CCy)pn 0.99 (0.82)
Refinement statistics

Resolution range (A) 33.1-2.18 (2.26-2.18)
Reflections used in refinement 27,086 (2,200)
Reflections used for R 1,389 (106)
Roorc (%) 19.6 (26.5)
Riree (%)9 22.8 (31.2)
No. of nonhydrogen atoms 3,826

Protein 3,383

Ligand 62

Solvent 381
Avg B-factors 30.3

Protein 30.2

Ligand 30.8

Solvent 31.8
RMSDe

Bond length (A) 0.008

Bond angle (°) 0.90
Ramachandran (%)

Favored 97.9

Allowed 2.1

Outliers 0.0

aNumbers in the brackets are for the highest-resolution shell.

bRmerge = 2021 | in— () /243, €I,), where (I} is the mean number of the observations Iy, of reflection h.
PRuork = 2(IIF(0bs)| — [Fo(cald))/Z[F,(obs)|.

9Riee is an R factor for a preselected subset (5%) of reflections that was not included in refinement.

€RMSD, root mean square deviation.

nitrogen. Residues Q120, D33, D29, and D91 interact with the phosphate group via
water molecules and Mg?™, forming an irregular octahedral configuration by five water
molecules and a phosphate group that coordinates with one Mg2*. In general, similar
to other classic trimeric dUTPases (10, 13, 19), the structural information implies that
key residue interactions with phosphate groups play a critical role in the enzyme
activity initiation process. This observation was further confirmed by a mutant enzyme
activity assay. The results showed that the R71A and S72A mutants, which form direct
hydrogen bonds with the a-phosphate group, exhibited approximately 6.5 to 9.6% the
activity of the wild-type ASFV dUTPase activity (Fig. 1C). Moreover, the enzyme activities
of the D33A, D91A, and Q120A mutants were almost totally abolished (Fig. 1C). Previous
studies showed that, in the EIAV dUTPase, D72 is involved in the nucleophilic attack
response during dUTP hydrolysis (18). By analyzing the structure of the ASFV dUTPase,
we found that D91 is located at the position corresponding to D72 of the EIAV dUTPase
(Fig. 1B). Taken together, the structural and mutagenesis results suggest that ASFV
dUTPase shares a similar catalytic mechanism with classic trimeric dUTPases.

The ASFV dUTPase active site is composed of five highly conserved motifs. As
previously described, the typical class | trimer dUTPase generally contains five con-
served motifs (20). Therefore, we aligned the protein sequence of the ASFV dUTPase
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FIG 1 Overall structure of ASFV dUTPase-dUMP-Mg2* and investigation into the active site. (A) The top view (left) and side view (right)
of the ASFV dUTPase. The monomers of the trimer are colored red, blue, and green, respectively. The 3-fold axis is indicated with a
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with seven other dUTPase protein sequences. The results showed that the ASFV
dUTPase also possesses five strictly conserved motifs. Among them, motif 1 contains
residues D29 to Y35, corresponding to the B3 strand; motif 2 contains residues 168 to
S72, corresponding to the B7 strand; motif 3 contains residues G88-G96, corresponding
to the B9 strand and the following loop; and motif 4 contains residues C107-A113,
corresponding to the B12 strand. Motif 5 comprises residues R149-G158 located at the
C terminus of the polypeptide chain (Fig. 2A).

In the trimeric dUTPase family, these five motifs constitute the typical enzymatic
active center of dUTPase. Among them, motifs 1, 2, and 4 are in one subunit, and motif
3 is in the neighboring subunit. Motif 5 is located in the C terminus of the polypeptide
chain, which bypass the second subunit to reach the enzyme active pocket formed by
the second subunit and the third subunit, where it participates in the dUTP hydrolysis
reaction. Generally, motif 5 undergoes a transition from disordered to ordered upon
substrate binding or through a substrate analog combination. Furthermore, motif 5
contains a P-loop-like (a phosphate-binding loop-like) motif, usually with a conserved
GXXXXGK amino acid sequence, where X refers to any amino acid (46). The presence of
this motif enables the correct binding of dUTP, thus ensuring efficient dUTPase activity.
Notably, the fourth X position is highly conserved for the F residue and plays a critical
role as a “Phe-lid,” which caps the uracil recognition pocket by stacking over the uracil
ring. It has been indicated that this “Phe-lid” may hold the uracil in place, while water
is excluded from the active site (10). Adjacent to the P-loop-like motif, there is a
completely conserved R residue, named “the arginine finger,” which enables the
structural organization of the active site to be efficiently catalyzed by the coordination
of its nucleotide (47).

According to the ASFV dUTPase crystal structure, motifs 1, 2, and 4 with motif 3
constitute the enzyme pocket; motifs 1, 2, and 4 are from the same subunit, and motif
3 is from another subunit (Fig. 1B). The compositional characteristics of motifs 1 to 4 are
similar to those of the known classic homotrimeric dUTPases. In addition, residues that
play an important role in enzyme activity are mainly located in these motifs. D29 and
D33 are located in motif 1, R71 and S72 are located on motif 2, D91 and Y94 are located
in motif 3, and Q120 is located in motif 4 (Fig. 1B, Fig. 2A). However, the C terminus of
the ASFV dUTPase containing motif 5 in all the monomers cannot be built due to a
break in the continuous electron density, which indicates the high flexibility of this
region. Nevertheless, the primary sequence alignment of several dUTPases indicates
that ASFV dUTPase motif 5 retains a highly conserved P-loop-like motif structure, which
plays an important role in dUTP hydrolysis. However, in our ASFV dUTPase-dUMP-Mg?+
complex structure, the C-terminal residues after P146 were invisible due to the lack of
defined electron density. To further clarify the function of this region, we generated a
mutant for the “Phe-lid,” F154A. The results from the enzyme assay showed that the
F154A mutant retained only approximately 10.5% of the activity of the wild-type
enzyme (Fig. 1C). According to our current structure, the ASFV C terminus may take one
of two proposed routes to reach the active site: in one route it directly reaches the
active site formed by a subunit from which it originates, and in the other it winds
around the neighboring subunit to reach the next active site (Fig. 2B). However, the
latter route requires at least 10 residues, while there are two residues between P146
and R149 (motif 5 of the ASFV dUTPase contains ten residues, from R149 to G158).
Therefore, the next active site may be out of reach for motif 5, as indicated by the latter
assumption; hence, it is very likely that the C-terminal segment of the ASFV dUTPase
adopts the first route to reach the active site of its own subunit.

FIG 1 Legend (Continued)

black triangle, the magnesium ion is indicated by the gray sphere, and the three individual active sites are also indicated. (B)
Representation of the protein-ligand interactions at the active site of ASFV dUTPase-dUMP-Mg2*. The residues are labeled in the same
colors as shown in panel A, except for D91, which participates in the nucleophilic reaction. Mg?* is shown as a gray ball, the water
molecules are shown as red balls, and the hydrogen bonds are shown as the dashed black lines. (C) An enzyme activity assay of the

wild type (WT) and mutants was performed at 559 nm.
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FIG 2 (A) Sequence alignment of the trimeric dUTPases and the motifs of the ASFV dUTPase. PLAF, Plasmodium falciparum; WSSV, white spot syndrome virus;
ECOL, E. coli; MTUB, M. tuberculosis; FIV, feline immunodeficiency virus; SSCR, Sus scrofa; HSAP, Homo sapiens. Strictly and relatively conserved residues are
highlighted in red and yellow boxes, respectively. The secondary structure elements of the ASFV dUTPase are shown above the alignment. The positions of
motifs 1 to 5 are indicated. The residues coordinating to dUMP are marked with upright red triangles, and the residue interactions across the 3-fold axis are
marked with upright green triangles, whereas the position of the turning point is indicated by a gold triangle and a dotted box. (B) Proposed novel C-terminal
orientation of the ASFV dUTPase. The C terminus is hypothesized to reach its own subunit (path 1), instead of reaching out to the third subunit in the classic
manner (path 2). The light white circular area indicates the position of the active site.
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ASFV adopts a novel folding pattern compared to those in the trimeric
dUTPase family. Previous studies have shown that the C terminus can take two
different routes to reach the active site. In canonical homotrimeric dUTPases, including
that of Homo sapiens, FIV, and EIAV, the C terminus containing motif 5 of each subunit
is swapped at the domain-swapping region to reach the active site (10, 18, 19).
However, in the recently discovered dUTPase structure of the WSSV, the pre-V insert
forms an unusual B-hairpin structure in the domain-swapping region and thereby
facilitates another orientation for the C-terminal segment, positioning the catalytic
motif 5 into the active site of its own subunit instead of into a third subunit (17).
Interestingly, we found that the ASFV dUTPase adopts a novel C-terminal region
folding-swapping path, thus forming a completely new route to reach its catalytic
pocket. We superimposed the crystal dUTPase structure from Homo sapiens, WSSV, and
ASFV (Fig. 3A). The core domain of the ASFV dUTPase (from 1 to 11) shares a highly
structural homology; however, the C terminus swapping region displays an extreme
discrepancy in the orientation of the main chain. The Homo sapiens dUTPase C terminus
extends outside the core domain and interchanges among the three subunits; however,
the ASFV dUTPase C terminus executes a sharp turn and stretches backward from the
“turning point” and wraps around its own subunit and into the catalytic pocket. Here,
we define these three different configurations as route 1, route 2, and route 3 (Fig. 3A).

According to the results from the primary sequence alignment, the “turning point”
in the ASFV dUTPase is located at G125, while R136 is located at this position in the
Homo sapiens dUTPase, and R123 is located at this position in the WSSV dUTPase. To
our knowledge, many trimeric dUTPases that adopt a route 1 or route 2 C-terminal
orientation also harbor an amino acid with bulky side chains at this site (Fig. 2A).
However, G125 makes a typical B-turn, in which the carbonyl oxygen atom of A123
forms a strong hydrogen bond (1.9A) with the amide hydrogen atom of D126.
Furthermore, this sharp turn structure causes a 180° flip in the direction of its own C
terminus. Moreover, the last B strand is packed alongside the B1 strand and runs
antiparallel to the B2 strand, which greatly enhances the stability of this fold. Residues
D130 to L135 in the last B strand form seven hydrogen bonds with the T3-17 residues
of the B1 strand and four hydrogen bonds with the $21-123 residues of the 82 strand.
These hydrogen-bonding interactions maintain the stable conformation formed by the
last B strand with the B1 and B2 strands (Fig. 3A).

From the perspective of structure topology, the overall fold of the trimeric dUTPase
subunit resembles a jelly-roll fold. Compared to the standard jelly-roll 8 barrel, Homo
sapiens, and WSSV dUTPase, ASFV dUTPase utilizes different manners to build the
distorted B-barrel jelly-roll fold. In general, the fold of the Homo sapiens dUTPase
consists primarily of an eight-stranded antiparallel 3 jelly roll, which is formed, in order,
by B2, B10, B5, 86/7, B8, and B4, plus the B1 N-terminal strand and the adjacent parallel
B11 C-terminal strand. In contrast, in the WSSV dUTPase, in addition to the distorted
jelly-roll fold formed by B11, B1, B2, B10, B5, B6/7, B8, and B4, the position of B12 is
on the outside because of its interaction with B11. Similar to those in the Homo sapiens
dUTPase, B11 and B12 are from the adjacent subunit. However, in the ASFV dUTPase,
B1, B12, B2, B11, B6, B7/8, B9, and B4/5 form a modified jelly-roll fold, and B12 is
located next to the B barrel, where it is maintained through hydrogen bond interac-
tions with the B1 and B2 strands (Fig. 3B).

The ASFV dUTPase trimer is stabilized by several nonconserved residues. The
driving force for the stabilization of the dUTPase homotrimer could be indicated by
three major areas: the subunit-subunit interface, contacts along the perimeter of the
trimer, and interactions along the 3-fold axis and contacts made through the C-terminal
“arm” exchange (20). Compared to the C terminus in the canonical dUTPase, including
that of Homo sapiens (10), E. coli (13), EIAV (18), and FIV (19), and the noncanonical
dUTPases, such as WSSV (17), the ASFV dUTPase C terminus completely wraps around
the subunit in which it belongs, not around an adjacent subunit. As discussed above,
the ASFV dUTPase loses the third type of interaction force because the C terminus does
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FIG 3 (A) Three-dimensional (3D) structure and topology diagrams comparing Homo sapiens, WSSV, and ASFV dUTPases. A superposition of Homo sapiens
(PDB 2HQU), WSSV (PDB 5Y5P), and ASFV dUTPase 3D structures is shown. Similar portions of the structure are shown as dark gray, and the unique
C-terminal orientations are shown in salmon (ASFV), light green (Homo sapiens), and light blue (WSSV). The critical turning point is shown as a gold ball,
and the active site is indicated by a pink halo (upper left). The B-turn is shown as a stick model. The C-terminal region of the ASFV dUTPase is displayed
in the lower right frame, and the last B-sheet is stabilized by hydrogen-bonds with 81 and B2 strands. The electron density map (2Fo-Fc contoured at
1.0 o) around residues after G125 is shown as a black mesh. (B) Homo sapiens, WSSV, and ASFV dUTPase have a very similar topology as the idealized
jelly-roll fold.
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not interact with the other subunits. The results from a Protein Interfaces, Structures
and Assemblies (PISA) analysis showed that the accessible surface area buried in the
interface was 6,550 A2, which corresponds to approximately one-third of the accessible
surface area of all the subunits (18,650 A2), indicating a stable trimer in solution.

To further characterize the stability of the ASFV dUTPase, we performed a detailed
analysis of this homotrimer. The interface between the adjacent subunits in the trimer
comprises residues from a number of different parts in the sequence. The DIMPLOT
program of LigPlot+ (48) revealed that 23 hydrogen bonds are formed between chains
A and B, 33 hydrogen bonds are formed between chains A and C, and 24 hydrogen
bonds are formed between chains B and C. A number of hydrogen bonds are formed
via water molecules, and these hydrogen bonds, which are located at the subunit-
subunit interface, play an important role in trimer stability.

As determined from the known structure, there are considerable differences in the
mode by which the trimer is associated along the 3-fold axis, despite the conserved
overall quaternary structure that forms the basis of the trimer. In general, the formation
of aromatic clusters presumably serves to strengthen the association between the
subunits in the EIAV, E. coli and Homo sapiens dUTPases (13, 32, 40). However, there are
no aromatic residues that interact across the 3-fold axis in the ASFV dUTPase. At one
end of the channel, the L46, L80, 182, 1103, and L105 residues from each subunit form
a hydrophobic region. In addition to these interactions, the side chains of the 187
residue in each of the three subunits point to the 3-fold axis in another hydrophobic
interaction. At the other end of the channel, the Q124, G125, and D126 residues from
the three subunits form a marvelous and stable hydrogen-bonded network (Fig. 4A).
Moreover, the sequence alignment reveals that these residues are unique in ASFV
(Fig. 2A). A Thermofluor assay results show that the T,, value of the ASFV dUTPase
is approximately 84°C (Fig. 4B), 7.8°C higher than that of the WSSV dUTPase and
17.2°C higher than that of the E. coli dUTPase (17), indicating a much more stable
trimer. We also monitored the thermal stability of the three mutants. The T, values
for the 187D, L105N, and D126G mutants are approximately 55, 46.5, and 46.5°C,
respectively, which are significantly lower than those of the wild type (Fig. 4B). The
reduced thermal stability assay confirms the unique structural feature for ASFV
dUTPase homotrimer.

DISCUSSION

We present here the ASFV dUTPase-dUMP-Mg2* complex crystal structure. We also
present that the recombinant ASFV dUTPase forms a homotrimer proven to be in a
functional state for enzyme activity. The ASFV dUTPase shares a trimeric structure
similar to that of the classic dUTPases that are categorized into the class | dUTPase
family and include those of Homo sapiens (10), Escherichia coli (13), FIV (19), EIAV (18),
Mycobacterium tuberculosis (15), and WSSV (17); in the main body of all of these
dUTPases, a distorted jelly-roll fold is formed by eight B strands. The homotrimer has
a 3-fold axis, and along this axis is a channel. The interactions within this channel play
an important role in homotrimer stability. According to the crystal structure of the ASFV
dUTPase, the homotrimer interaction is stabilized by electrostatic interactions and
hydrophobic interactions.

The primary sequence alignment of the ASFV dUTPase shows high similarity in the
formation of the active site to that of other homotrimeric dUTPases, which contain five
strictly conserved motifs (Fig. 5). In a particularly active site, motifs 1, 2, and 4, which
interact with the phosphate moiety of the substrate, potentially in coordination with a
metal ion, are all in one subunit. Motif 3, which binds to the nucleoside portion of
the substrate, comes from another subunit (20). However, in contrast to the high
structural homology of motifs 1 to 4, the configuration of motif 5 varies among
different species. Motif 5 is provided by a third subunit in one form, mainly in the
classic dUTPases, such as those in Homo sapiens (10), E. coli (13), and FIV (19);
however, in another variant, motif 5 is in the subunit where motif 3 is located,
including in the dUTPases of ASFV and WSSV (17). The WSSV dUTPase C terminus
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FIG 4 Intermolecular interactions of the monomers of the ASFV dUTPase. (A) Interactions along the 3-fold axis. The hydrophobic interactions of L105
and 187 residues and a hydrogen-bond interactions network are displayed. The residues are shown as a stick model, and the hydrogen bonds are shown
as dashed yellow lines. The black triangle represents the 3-fold axis. (B) Results from the thermal stability test of the ASFV dUTPase. The T, is identified
by plotting the first derivative of the fluorescence emission as a function of temperature (—dF/dT), and the T,, is represented at the lowest part of the

curve.

takes a go-and-return mode, reaching the subunit to which it belongs due to a
“pre-5 insertion,” a unique sequence between motifs 4 and 5 (17); however, the
ASFV dUTPase C terminus adopts a novel folding pattern that correctly places motif
5 into the active site.

The C terminus in most trimeric dUTPases extends from motif 4 outside the
distorted jelly-roll fold body. In contrast, the ASFV dUTPase C terminus folds back
at the vicinity of motif 4 instead of extending outward. This B-turn forms at the
turning point, G125, and the hydrogen bonds formed by the 13 strand with the B1
and B2 strands have important roles in the backward folding of the ASFV dUTPase
C terminus. We first observed that the B-turn formed at the turning point G125 in
the ASFV dUTPase completely flips the orientation of the C terminus. Most impor-
tantly, this novel manner of folding ensures the efficient enzymatic activity of the
ASFV dUTPase (36).
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FIG 5 Comparison of active-site assembly among Homo sapiens, WSSV, and ASFV dUTPases. Homo
sapiens dUTPase assembles each active site with all three subunits, whereas the WSSV and ASFV
dUTPases assemble each active site with two adjacent subunits. The upper and lower panels display the
crystal structures and schematic cartoons, respectively. In the lower panel, the circled numbers 1 to 5
represent the motif positions around the active site.

In the canonical dUTPase, such as that of Homo sapiens, the individual active site
is formed by all three subunits. Motifs 1, 2, and 4 are contributed by one subunit
and motif 3 by another, while motif 5 is provided by the third subunit. Distinct from
the canonical dUTPases, the C-terminal region of the WSSV is reversed by a
B-hairpin in the swapping region and thus orients toward its own subunit. In a
remarkable finding, the active site of the WSSV is actually formed by only two
subunits: the catalytic motifs 1, 2, and 4 from one subunit and motifs 3 and 5 from
the other. Similarly, the active site pocket of the ASFV dUTPase is also composed of
these five conserved motifs contributed by two subunits (Fig. 5). It is notable that,
although the noncanonical two-subunit active site is formed in a similar manner,
the C terminus of ASFV adopts an orientation different from that of WSSV. There-
fore, our findings on the ASFV dUTPase expands our knowledge of dUTPases in
which the active site is composed of two subunits.

Lopata et al. (49) first studied the catalytic mechanism of the Mycobacterium
tuberculosis dUTPase using a combination of computational, biochemical, and biophys-
ical methods. The results showed that small loop movements in the C terminus of the
dUTPase enable the nucleotides to be shuttled between the binding pocket and the
solvent. Conserved motif 5 undergoes a disorder-to-order transition upon ligand
binding to organize the active site into a catalytically competent conformation (17, 50,
51). The conserved residues, such as a “Phe-lid” and the arginine finger of motif 5, play
vital roles in the stability of the substrate conformation. In our structure, motif 5 was not
built due to the lack of continuous interpretable electron density data; however, this
break in electron density may imply the high flexibility of motif 5 in the ASFV dUTPase.
Nevertheless, we propose a reasonable homotrimer model for the ASFV dUTPase
according to the dUTPase-dUMP-Mg2* complex structure and the inferences described
above.

Last, but not least, our structure facilitates the design of a structure-based antivirus
against ASFV. Previous research has shown that ASFV dUTPase is a highly specific
enzyme that is required for efficient replication and serves as a potential antiviral target
(36). Given the low primary sequence similarity (approximately 23%) between Sus scrofa
and ASFV, the unique structural features of the ASFV dUTPase could be explored as a
possible guideline for the design of ASFV-specific inhibitors.
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In conclusion, our crystal structure of the ASFV dUTPase reveals a novel folding
pattern in the trimeric dUTPase family and expands our knowledge of the structural
diversity within the dUTPase family. Moreover, the structural and functional information
we present paves the way for further development for ASFV-specific inhibitors.

MATERIALS AND METHODS

Protein production. The codon-optimized wild-type cDNA of ASFV dUTPase (GenBank accession no.
AXZ95902.1) was synthesized by GENEWIZ. The full-length dUTPase was cloned into pET-28a (Novagen)
vector with Ndel and Hindlll restriction sites using cloning primers. The sequences of the primers were
as follows: forward, 5'-GGAATTCCATATGATGGCGACGAACTTCTTCAT-3’; and reverse, 5'-CCCTCGAGTTAG
GTGCGCATGATGCCCGCT-3". The accuracy of the inserts was verified by sequencing.

The recombinant plasmid of ASFV dUTPase was transformed into E. coli strain BL21(DE3) (Trans-
Gen Biotech, Beijing, China). The cells were cultured at 37°C in 800 ml of Luria-Bertani medium
containing 100 wg/ml ampicillin. Once the optical density at 600 nm reached 0.5 to 0.6, the culture was
transferred to 16°C. Protein expression was induced by the addition of 0.5 mM IPTG (isopropyl-B-p-
thiogalactopyranoside) for an additional 16 to 18 h. The cells were harvested, resuspended in lysis buffer
(20 mM HEPES [pH 7.5], 500 mM NaCl, 10 mM MgCl,), and homogenized with a low-temperature
ultrahigh pressure cell disrupter (Union-Biotech). The lysate was centrifuged at 25,000 X g for 30 min at
4°C to remove cell debris. The supernatant was loaded twice onto a Ni-NTA column preequilibrated with
lysis buffer. Resin was washed seven to eight times with 100 ml of wash buffer (20 mM HEPES, 200 mM
NaCl, 10 mM MgCl,, 20 mM imidazole [pH 7.5]), ASFV dUTPase protein was eluted with elution buffer
containing 20 mM HEPES, 200 mM NaCl, 500 mM imidazole, and 10 mM MgCl, (pH 7.5). The protein was
further purified on a Superdex 200 (GE Healthcare) column equilibrated with 20 mM HEPES-NaOH (pH
7.5), 200 mM NacCl, 10 mM MgCl,, and 1 mM dithiothreitol. SDS-PAGE analysis revealed >95% purity of
the final purified recombinant protein. Fractions from the single major peak were pooled and concen-
trated to 10 mg/ml for crystallization.

Crystallization. Initial crystallization conditions were screened by the sitting-drop vapor-diffusion
method using commercial crystal screening kits at 16°C, including the Index, Crystal Screen, PEG/lon, and
Salt/RX kits from Hampton Research and Wizard I-IV kits from Emerald BioSystems. The complex was
prepared by mixing dUTPase (N-terminal His tag; 4/8 mg/ml) with dUMP (Meilunbio, China) in a 1:5 molar
ratio with 5 mM MgCl, at 16°C. This protein complex and reservoir solutions were mixed in a ratio of 1:1,
and all conditions were equilibrated against 100 ul of reservoir solution in a 48-well format plate. Small
crystals of dUTPase appeared after 1 day in 0.2 M sodium chloride, 0.1 M HEPES (pH 7.5), and 25% (wt/vol)
polyethylene glycol 3350. The final pyramid-like crystals were grown in 0.16 M sodium chloride, 0.08 M
HEPES (pH 7.5), 0.02 M sodium citrate tribasic dihydrate, and 17% (wt/vol) polyethylene glycol 3350.
Crystals were harvested and cryoprotected by plunging them into liquid nitrogen for X-ray data
collection.

X-ray data collection and structure determination. The data were collected at beamline BL19U
(SSRF, China) under cryogenic conditions at 100 K. The data sets were processed using the HKL3000
package. The structure was solved by the Molecular Replacement program in the PHENIX software suite
with Plasmodium falciparum dUTPase (PDB 1VYQ) as the initial search model. The models were built into
the modified experimental electron density using COOT and refined in PHENIX. The dUMP molecule was
modeled at the final stage of refinement, and the model quality was verified using the program
MolProbity in PHNIX. Structural models were drawn using the program PyMOL (https://pymol.org/2/).

Mutant protein production. Active sites D33, R71, S72, D91, Y94, Q120, and F154 were mutated
individually to alanine to measure the dUTPase mutant protein protease enzyme activity. The residue 187
was mutated to aspartic acid, L105 was mutated to asparagine, and D126 was mutated to leucine. The
site-directed mutations of ASFV dUTPase were generated by using a Fast Mutagenesis System (TransGen
Biotech, China). The sequences of all the mutation constructs were verified by DNA sequencing (Tsingke,
China). The sequences of the primers are not shown here. All the mutant proteins were expressed and
purified following the procedure used for the wild-type protein.

Enzyme activity measurement. The enzyme activities of dUTPases and their mutants were mea-
sured by a phenol red pH indicator at 559-nm assay as previously described (52), in which protons
released in the dUTPase reaction were detected. Briefly, the measurements were performed in 1 mM
HEPES (pH 7.5) buffer containing 150 mM KCl, 40 uM Phenol Red, 5 mM MgCl,, 20 nM dUTPase, and 20
1M dUTP on a UV/Vis spectrometer (Perkin-Elmer lambda35) with 10-mm-path-length cuvettes at 25°C.
The data processing and image generation were completed using Prism 7.0 (GraphPad).

Thermal stability assay. A Thermofluor assay (53) was performed on a quantitative PCR instrument
(CFX96; Bio-Rad). The fluorescence (excitation wavelength, 470 nm; emission wavelength, 570 nm) of the
protein solution (4 uM protein in 50 mM HEPES [pH 7.0] plus 5X SYPRO Orange dye [Sigma] in a final
volume of 20 ul) was measured as a function of temperature at a climbing rate of 0.5°C/min from 25 to
95°C. The data were analyzed using Prism 7.0 (GraphPad).

Data availability. Atomic coordinates and structure factors for ASFV dUTPase have been deposited
in the Protein Data Bank under accession number 6KZ6.
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