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ABSTRACT

The DNA polymerase gene of African swine fever virus
(ASFV) was mapped by marker rescue experiments
using a phosphonoacetic acid-resistant mutant and
hybridization with an oligonucleotide probe designed
from the most conserved motif of family B DNA
polymerases. Viral DNA fragments mapping in this
region were cloned and sequenced. An open reading
frame coding for a 1244 aminoacid long peptide with
a molecular mass of 142.5 kDa was determined from
the sequence. A unique feature of ASFV DNA
polymerase is the presence of 13 tandem repeats of
the sequence Ala-Gly-Asp-Pro near the carboxyl end
of the molecule. Comparison with 30 sequences of
alpha-like DNA polymerases of cellular and viral origin
showed that ASFV DNA polymerase has all the
conserved motifs of family B DNA polymerases. A 3.9
kb transcript was detected by Northern hybridization
and the transcription initiation and termination sites
were mapped by S1 analysis and primer extension. Late
transcription was initiated at a site different from the
early transcription initiation site. A 145 kDa protein,
consistent with the size of the gene, was identified by
an in situ enzyme assay after gel electrophoresis of
infected cell extracts.

INTRODUCTION

Comparison of DNA polymerase aminoacid sequences from
many organisms has enabled the classification of DNA
polymerases into three families (1). The proposed family A
includes the bacterial and bacteriophage enzymes that are
homologous to E.coli DNA polymerase I. Family B comprises
E.coli DNA polymerase II (2), eukaryotic alpha and delta DNA
polymerases (3—12), DNA polymerases encoded by eukaryotic
linear plasmids (13—17), several bacteriophage DNA
polymerases (18 —21), and all known DNA polymerases encoded
by animal viruses: herpesviruses (22 —25), poxviruses (26, 27),
baculoviruses (28, 29), and adenoviruses (30). Family C
polymerases are the bacterial replicative DNA polymerases, like
E.coli DNA polymerase III « and e subunits (1).

African swine fever virus (ASFV) is the causative agent of

an economically important disease of swine. The virus is a large
icosahedral deoxyvirus, formerly classified as an iridovirus.
ASFV is now classified in an unnamed family of which it is the
only member (31). However, ASFV is related to the iridoviruses
in what concerns morphology and to the poxviruses in terms of
its DNA structure and molecular biology (for a review see 32).
ASFV replicates in the cytoplasm of infected cells and must
therefore carry or code for the enzymes required for transcription
and DNA replication, namely RNA polymerase (33), mRNA
processing enzymes (34) and DNA polymerase (35). ASFV-
induced DNA polymerase is similar to the alpha-like DNA
polymerases in its sensitivity to cytosine arabinoside and
phosphonoacetic acid (PAA) but, in contrast to all other known
DNA polymerases of viral origin, ASFV-specific DNA
polymerase is highly resistant to inhibition by aphidicolin (36).
In this paper we report the entire nucleotide sequence of the
ASFV DNA polymerase gene and we show that the enzyme has
considerable homology to alpha-like DNA polymerases. The size
of the deduced product is compatible with the size of a transcript
detected by Northern analysis and with the dimension of a virus-
induced protein detected by in situ enzymatic assays.

MATERIALS AND METHODS
DNA preparation

Monkey Vero cells and Vero cell-adapted ASFV were grown
as described (37). Extracellular virus was concentrated by
centrifugation at 6000 g for 16 h at 4°C and treated for 30 min
at 37°C with 25 ug/ml DNase and 50 ug/ml RNase. EDTA and
NaCl were added to give final concentrations of 25 mM and 1
M, respectively, and the virus was centrifuged at 85000 g for
30 min at 4°C through a cushion of 20% sucrose in 50 mM
Tris—HCI, pH 7.5, 1 mM EDTA, and 1 M NaCl. The pellet
was resuspended in TE (10 mM Tris-HCl, pH 8, 1 mM EDTA)
and viral DNA was released by incubation for 1 h at 60°C with
500 pg/ml proteinase K and 0.5% SDS. DNA was then extracted
twice with phenol and the aqueous phase was treated again with
proteinase K and SDS for 1 h at 37°C. After extraction with
phenol-chloroform-isoamy! alcohol and with chloroform-isoamyl
alcohol, DNA was precipitated with ethanol and dissolved in TE.
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DNA analysis and cloning

In vitro manipulation of DNA, agarose gel electrophoresis,
Southern hybridization, and cloning in plasmid pBluescript
II SK* (Stratagene) were performed following standard
procedures (38).

Clones with nested deletions starting at either end of the initial
insert were prepared by digestion with exonuclease III and S1
nuclease according to the method of Henikoff (39). Protected
3’ ends were generated by cleavage with Sacl or Apal and
protruding 5’ ends sensitive to exonuclease III digestion were
generated by digestion with BamHI and EcoRI, respectively.

Polymerase chain reaction (PCR)

DNA extracted from purified ASFV was amplified by PCR in
100 pl reactions containing 100 ng DNA, 50 pmol of each primer,
0.2 mM each of dATP, dCTP, dGTP and dTTP, 5 U Taq DNA
polymerase (AmpliTaq, Perkin Elmer Cetus), in the buffer
provided by the enzyme supplier (PCR buffer: 10 mM
Tris—HCI, pH 8.3, 50 mM KCl, 2.5 mM MgCl,, 0.001%
gelatin). The samples were cycled 40 times with a temperature
profile of 40 s at 94°C, 1 min at 55°C, and 1 min at 72°C. The
individual strands of viral DNA were also amplified by
asymmetrical PCR in reactions containing 1 pmol of one primer
and 50 pmol of the other primer.

DNA sequencing

For sequencing, 1 pmol of double-stranded plasmid DNA was
denatured in 0.2 N NaOH and 2 mM EDTA, neutralized and
precipitated with ethanol. The denatured DNA was used as
template for sequencing by the dideoxy chain termination method
(40), using a Sequenase (version 2.0) kit from United States
Biochemicals as recommended by the manufacturer.

Transcription analysis

Infected cells were harvested at 6 h or 12 h after infection at
a m.o.i. of 30 p.f.u. per cell. RNA was extracted by the
guanidinium thiocyanate method, subjected to agarose gel
electrophoresis in the presence of formaldehyde, and hybridized
with cloned viral DNA according to standard methods (38). The
identification of transcription initiation and termination sites was
performed by primer extension and by S1 nuclease protection
(38).

In situ assay of DNA polymerase

Cytoplasmic extracts of mock-infected and infected cells were
prepared at 6 h and 12 h after infection at a m.o.i. of 30 p.f.u.
per cell and diluted in SDS-polyacrylamide gel electrophoresis
sample buffer. Proteins in the extracts were partially denatured
by incubation for 3 min at 37°C and separated in a 7.5%
acrylamide gel containing 150 pg/ml activated calf thymus DNA.
All subsequent steps of the assay were done essentially as
described (41). The gel was washed three times for 20 min with
50 mM Tris—HCI pH 7.5 at 4°C and proteins were renatured
for 3 h at 4°C in 500 ml reaction mixture (50 mM Tris—HCl
pH 7.5, 7.5 mM magnesium acetate, 40 mM KCI, 1 mM
dithiothreitol, 400 pg/ml bovine serum albumin, and 16%
glycerol). They were then incubated for 12—18 h at 37°C in
40 ml of reaction mixture containing 5 uCi/ml «-[32P]dTTP
(3000 Ci/mmol, Amersham), 1 uM unlabelled dTTP, and 12.5
M of the other deoxyribonucleoside triphosphates. To test the
effect of phosphonoacetic acid, the inhibitor was added to the
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reaction mixture at a concentration of 100 pg/ml. After extensive
washing with 5% TCA—1% sodium pyrophosphate, the gels
were dried and radioautographed.

Marker rescue

Vero cells were infected at a m.o.i. of 0.5 p.f.u. per cell. Two
hours after infection, cells were trypsinized, resuspended in 20
mM Hepes—HCI pH 7.05, 140 mM NaCl, 50 mM KCl, 0.7
mM Na,HPO,, 5 mM glucose, at a concentration of 5x10°
cells/ml and electroporated with 25 ug DNA from mutant
PAA100 or from wild type virus. Cells were plated in fresh
medium and the virus was collected 48 h later, when total
cytopathic effect was observed. Titration was performed in the
presence of 300 pug/ml PAA.

Computer analysis

Routine analysis of DNA and protein sequences were performed
with the programs of the University of Wisconsin Genetics
Computer Group (42). The program PileUp was used for multiple
alignments of homologous sequences and homology scores were
determined with the program Distances.

RESULTS AND DISCUSSION
Mapping and cloning of the DNA polymerase gene

The aminoacid sequences of all known viral DNA polymerases
as well as cellular alpha-like DNA polymerases show several
conserved regions. The most highly conserved sequence, Tyr-
Gly-Asp-Thr-Asp-Ser, was designated as motif I in the carboxyl-
terminal polymerase domain (3) and is the proposed catalytic site
(43, 44). This motif I is also conserved in ASFV DNA
polymerase, as results will show.

To locate ASFV DNA polymerase gene, we deduced from that
aminoacid sequence and synthesized the degenerate oligonucleo-
tide probe (G/C)(A/T)A/G)TCNGT(A/G)TCNCC(A/G)TA.
The probe was 5’ end-labelled and hybridized to viral DNA and
to DNA from a set of lambda EMBL3 recombinants covering
the whole viral genome. As shown in Figure 1, the probe
hybridized only to the 7.1 kb EcoRI fragment H of viral DNA
and to the lambda recombinant IGR131, which maps in that
region of viral DNA. Fragment EcoRI-H is located at position
90.3 to 97.4 (in kb) on the physical map of ASFV DNA (Figure
2, A). Further mapping was achieved by observing that the probe
hybridized only to a 1.9 kb Ncol fragment that maps at the right
end of fragment EcoRI-H.

To confirm the identification of the gene, we performed marker
rescue experiments using DNA from a PAA-resistant mutant.
Mutant PAA100 was selected after serial passages of ASFV in
the presence of 100 ug/ml PAA and produces viral titers higher
than 106 p.f.u./ml in the presence of 300 ug/ml PAA, whereas
wild type virus titers are lower than 10 p.f.u./ml. Mutant viral
DNA was cloned and fragments spanning different parts of the
genome were transfected into cells infected with wild type virus
in the presence of PAA. Production of PAA-resistant virus was
observed only when infected cells were cotransfected with
PAA100 DNA fragment EcoRI-H. The resistant virus had a titer
of 3.7%x104 p.f.u./ml. No viral plaque was observed when
infected cells were transfected with control plasmid DNA or with
all the other mutant DNA fragments. Further mapping was
achieved by marker rescue using the 3.8 kb EcoRl/BamHI
fragment mapping at the right end of fragment EcoRI-H (Figure
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Figure 1. Mapping of the ASFV DNA polymerase gene. Viral DNA cleaved
with EcoRI (a) or with Ncol (b) and DNA from recombinant IGR131 cleaved
with EcoRI (c) were hybridized with an oligonucleotide probe designed from the
most highly conserved motif of alpha-like DNA polymerases (YGDTDS).
Dimension markers are fragments of lambda DNA digested with HindIII.
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Figure 2. (A) Physical map of EcoRI and BamHI fragments of ASFV DNA.
(B) Expanded map of the region containing the DNA polymerase gene. (C)
Location of the clones used for sequencing the gene. Abbreviations: B, BamHI;
C, Clal; E, EcoRlI; G, Bglll; N, Ncol. (D) DNA sequencing strategy. The arrows
indicate the direction and extent of the determined sequences. (E) Location and
orientation of the gene. All the dimensions are indicated in kilobase pairs.

2, A). Infected cells transfected with this fragment pi'oduced
PAA-resistant virus with a titer of 8.6 X104 p.f.u./ml.

This EcoRl/BamHI fragment was cloned in pBluescript II
SK*+ and the clone, pAM2, was used to prepare two
symmetrical sets of nested deletions by digestion with exonuclease
III (39). Three other subclones were also constructed and used

to confirm the sequences: pAMI, containing the region that
extends from the second Ncol site to the EcoRI site; pAM3,
containing the left part of pAM2, between the BamHI site and
the first Ncol site; and pAM4, containing the region between
the BamHI site and the Clal site (Figure 2, C). A BglII site was
mapped at 0.32 kb to the right of the EcoRI site. This small
EcoR1/BglIl fragment was also cloned (pAMS) and sequenced.

Nucleotide sequence of the DNA polymerase gene

The clones described above and the deletion clones prepared from
pAM?2 were sequenced by the dideoxy chain termination method
using standard primers corresponding to both flanking regions
of the vector DNA or specific primers synthesized on the basis
of sequences already read. The strategy for sequencing both DNA
strands is depicted schematically in Figure 2 (D).

The 4125 nucleotide-long complete sequence of pAM2 and of
the adjacent clone pAMS was entered in EMBL Data Library
with accession number X73330. The sequence showed a single
open reading frame (ORF) of 3732 nucleotides, starting at
nucleotide 205 with an ATG codon that has similarity with
Kozak’s consensus (45). This long ORF can code for a basic
polypeptide of 1244 aminoacids with a calculated molecular mass
of 142.5 kDa and a predicted pI of 8.6. This predicted molecular
mass makes ASFV DNA polymerase the largest viral DNA
polymerase described so far.

A remarkable feature of this ORF is the presence near the 3’
end of a set of 13 tandem repeats of the 12 nucleotide-long
sequence GCCGGCAATCCG, coding for alanine-glycine-
asparagine-proline. This structure is not found in any other DNA
polymerase. To confirm the presence of these repeats, we
sequenced the corresponding region of two other independent
clones of fragment EcoRI-H and two independent clones of
fragment BamHI-B’, which overlaps fragment EcoRI-H. All the
clones showed the same set of repeated sequences. By using a
forward primer that hybridizes with sequence 3152—3170 and
a reverse primer that hybridizes with sequence 3716 —3735, we
amplified viral DNA by asymmetrical PCR and sequenced both
viral DNA strands. This experiment confirmed that the repeats
were indeed present in viral DNA and were not a cloning artifact.
The sequence read from the PCR products did not show any
additional termination codon that could interrupt translation before
the repetitions. A sequencing error that might have made us miss
a termination codon is very unlikely because the protein
synthesized in vitro from a pAM1 T3 RNA polymerase transcript
had the dimension expected if translation occurred through the
repeat region (data not shown).

C-terminal repeats of a sequence of seven aminoacids were
described in the large subunit of RNA polymerase II (46, 47).
In contrast to the RNA polymerase II tail piece, the repeated
sequence of ASFV DNA polymerase does not have
phosphorylation sites and is not strongly hydrophilic. The role
of the RNA polymerase tail piece is not known but it has been
suggested that it might be involved in protein-protein interaction,
in protein processing, or in competition with DNA for histone
binding (46). Cellular DNA polymerases bind to DNA through
zinc-finger motifs at the carboxyl end (3) and the carboxyl
terminal region of herpesvirus simplex 1 DNA polymerase is
essential for DNA binding and for interaction with protein UL42,
an accessory protein that increases the enzyme’s processivity (48).
It is possible that the repeats in ASFV DNA polymerase are also
involved in enzyme interactions.
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Figure 3. Prediction of the secondary structure of ASFV DNA polymerase. The
complete sequence (upper panel) or the carboxyl-terminal 244 aminoacids (lower
panel) were analyzed with the program PeptideStructure of the Wisconsin package,
using the Chou-Fasman method to predict alpha helices, beta sheets, and turns.
The lowest curve shows the flexibility index.
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Figure 4. Transcription analysis of the DNA polymerase gene. A. primer extension
of a synthetic primer complementary of sequence 226 —255 on early (a) and late
(b) RNA from infected cells. A sequencing reaction using the same primer is
shown in panel (c). The written sequences represent the complement of the
sequences actually shown in the gel. B. Nuclease S1 mapping of the 5’ end (a)
and the 3’ end (c) of the mRNA for the DNA polymerase. pAM3 DNA labelled
at the 5’ end and pAMS5 DNA labelled at the 3’ end were used for mapping the
5’ end and the 3’ end, respectively. Lane (b) shows the intact pAMS fragment.
Dimension markers between 0.7 and 1.3 kb are BstEIl fragments of lambda DNA
and the smaller dimensions were determined from a sequencing ladder run in
the same gel.

Figure 3 depicts the predicted secondary structure of the ASFV
DNA polymerase. The expanded region, containing the repeated
sequences, shows a very flexible structure with high probability
of turns, flanked by two probable alpha helices. The high degree
of local flexibility may contribute to DNA affinity or to
interactions with accessory proteins.
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Figure 5. In situ assay of DNA polymerase after acrylamide gel electrophoresis
of uninfected (a) and infected cell extracts, prepared at 6 (b) and 12 h (c) after
infection. A parallel assay of late extracts was performed in the presence of 100
pg/ml phosphonoacetic acid (d).
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Figure 6. Comparison of ASFV DNA polymerase sequence with the consensus
sequences of the exonuclease and polymerase motifs of family B DNA
polymerases. A multiple alignment of the 30 DNA polymerase sequences listed
in the text was used to extract the consensus sequences. The consensus motifs
of all the DNA polymerases start with exol at the amino-terminal region and
continue in the same order as indicated in the figure. Upper lines show the ASFV
DNA polymerase sequences and lower lines show the consensus sequences. Letters
in bold type indicate aminoacids in ASFV DNA polymerase that match the
consensus. Aminoacids in uppercase in the consensus sequences are present in
more than two thirds of the proteins and aminoacids in lowercase are present
in at least one third. Numbers in upper lines indicate the position of the motif
in the ASFV DNA polymerase sequence and the distance from the preceding
motif (within parenthesis). Numbers in the consensus lines indicate the shortest
and the longest distance from the preceding motif.

Transcription analysis of the DNA polymerase gene

ASFV genes are transcribed either early or late after infection,
the two phases being separated by the onset of viral DNA
replication. Some genes are expressed during both phases f
infection (37). Transcription of the DNA polymerase gene was
analyzed by Northern hybridization. A large 3.9 kb RNA was
detected by hybridization of early and late RNA with pAM1.
A transcript of the same size was also detected when we used
as probes pAM3 and pAMS, which correspond to both ends of
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the gene. The size of this transcript is consistent with the size
of the peptide encoded by the DNA polymerase gene.

The identification of the transcription initiation site was
performed by S1 protection of pAM3 DNA asymmetrically
labelled at the 5’ end and by primer extension. A 0.8 kb fragment
was protected from S1 nuclease digestion by hybridization with
infected cell RNA (Figure 4, B). Extension of the synthetic primer
CCGTTGGGTAATCACCGGATTTTCCCGTGC,
complementary to nucleotides 226 to 255 in the sequence, enabled
the identification of two transcription initiation sites: transcription
of early RNA started at the adenosine residue at position 198
and transcription of late RNA was initiated at the guanosine
residue at position 161 (Figure 4, A).

A consensus sequence for ASFV early promoters has not been
identified up to now. Comparison of the region upstream from
some early genes reveals a high A and T content, with frequent
runs of consecutive A residues (49). The region immediately
preceding the transcription initiation site of the DNA polymerase
gene also shows a high A and T content, with stretches of four
or six A residues. Multiple RNA species have been reported for
other ASFV genes expressed at both early and late times after
infection (50) but it was not shown whether this was due to
alternative initiation or termination. Finer analysis of transcription
of other genes expressed at both stages of infection will be
required to see whether alternative initiation, as in the case of
the DNA polymerase gene, is the general mechanism for
alternative transcription in the early and late phases of infection.

Transcription termination was mapped by S1 nuclease
protection of the 325 nucleotide-long EcoRI/Bglll fragment
cloned in pAMS, labelled at the 3’ end of the EcoRlI site. A short
ladder of protected bands around 305 nucleotides long was
observed (Figure 4, B), indicating that transcription terminates
close to a stretch of eight thymidylate residues starting at position
4099. Stretches of thymidylate residues were proposed as the
termination signal for ASFV transcription (49).

Identification of DNA polymerase

Infected cell proteins extracted early and late after infection were
assayed for DNA polymerase activity after electrophoresis in gels
containing activated DNA (Figure 5). In situ assays of
cytoplasmic extracts prepared at 6 h after infection showed a weak
band of DNA polymerase activity corresponding to a protein of
145 kDa, a molecular mass that is compatible with the size of
the product deduced from the gene sequence. A band of this size
was much more intense in extracts prepared at 12 h after
infection. This polymerase activity was sensitive to phosphono-
acetic acid, an inhibitor of ASFV DNA polymerase. Cellular
DNA polymerase alpha was detected in similar assays using total
cell extracts from uninfected or infected cells but was not detected
in cytoplasmic extracts.

Homology of ASFV DNA polymerase with the alpha-like
(family B) DNA polymerases

The aminoacid sequence of ASFV DNA polymerase was
compared with the aminoacid sequences of the following 30 DNA
polymerases belonging to the B family: vaccinia virus (26),
fowlpox virus (27), herpes simplex virus type 1 (23),
Epstein—Barr virus (22), human cytomegalovirus (25), varicella-
zoster virus (24), Autographa californica nuclear polyhedrosis
virus (28), PBCV-1 Chiorella virus (51), human adenovirus type
2 (30), bacteriophage T4 (20), bacteriophage M2 (21),

bacteriophage ¢29 (18), bacteriophage PRD1 (19), E.coli DNA
polymerase II (2), human DNA polymerase « (3), Drosophila
melanogaster DNA polymerase « (7), Trypanosoma brucei DNA
polymerase « (8), S. cerevisiae DNA polymerase I («) (4),
Schizosaccharomyces pombe DNA polymerase I («) (9), human
DNA polymerase 6 (10), bovine DNA polymerase § (11),
S.cerevisiae DNA polymerase III (8) (12), S.cerevisiae DNA
polymerase II (¢) (6), S.cerevisiae DNA polymerase Rev3 (5),
Sulfolobus  solfataricus DNA polymerase (52), Claviceps
purpurea plasmid (16), Kluyveromyces lactis plasmid 1 and 2
(13, 15), S-1 maize mitochondrial DNA (14), and Ascobolus
immersus plasmid (17).

The comparison disclosed stretches of marked homology
corresponding to the three conserved motifs in the amino-terminal
3’—5' exonuclease domain (53) and to the five motifs in the
carboxyl-terminal polymerase domain (3). We extracted from
these alignments consensus sequences, which are compared to
ASFV DNA polymerase sequence in Figure 6. The motifs present
in the ASFV DNA polymerase sequence strongly matched the
consensus of the motifs, defined as 20 or more identities in the
30 sequences. In most of the cases where a mismatch was found,
the ASFV DNA polymerase sequence showed a conservative
replacement.

The conserved polymerase motifs of ASFV DNA polymerase
were located more centrally in the sequence than in most of the
other DNA polymerases. The rightmost motif V was located at
a position corresponding to 61% of the total length of the
sequence, whereas the location of this motif in the other
polymerases corresponds to 71% to 93%, with an average of
78.5%. The only other exception is S.cerevisiae DNA polymerase
II, which has motif V located at 43.5% of the sequence length.

The highest similarity scores with ASFV DNA polymerase
were obtained with the eukaryotic alpha and delta DNA
polymerases, herpesvirus DNA polymerases, and Chlorella virus
DNA polymerase. The degree of homology between these DNA
polymerases and ASFV DNA polymerase was higher than 50%
in the whole of the conserved motifs, whereas the homology
between ASFV DNA polymerase and the polymerases that use
a protein primer was lower than 35%. Intermediate levels of
similarity, around 40%, were observed with poxvirus DNA
polymerases, Autographa californica nuclear polyhedrosis virus
DNA polymerase, and with S.cerevisiae DNA polymerases II
and Rev3.
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