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The genome of African swine fever virus was screened for the existence of repetitive sequences by
hybridization between different cloned restriction fragments covering the viral DNA. Several sets of repeated
sequences were detected in fragments located close to the DNA ends. One of these groups of repetitions involved
fragments located at both ends of the genome. The remaining groups involved fragments that were located
exclusively at the left end. The sequence of a 3.2-kilobase segment spanning from 7.5 to 11 kilobases from the
left DNA end, which showed a complex pattern of cross-hybridizations, was determined. Two short and three
long blocks of direct repeated sequences were found in this DNA region, which accounted for the hybridization
results. The repeated sequences formed a family of five homologous genes with an average length of 116 codons
(multigene family 110), one of which had a dimeric structure. Transcripts of the five members of the family
were detected both in RNA synthesized in vitro by purified African swine fever virions and in RNA isolated at
early times after infection. Comparison of the predicted protein sequences revealed a striking conservation of
a cysteine-rich domain in the central part of the proteins. In addition, a highly hydrophobic NH2-terminal
sequence present in all the proteins suggests that these proteins are processed through the endoplasmic
reticulum.

African swine fever (ASF) virus causes an important
disease of domestic pigs and related species of the Suidae
family (for reviews, see references 37 and 38). No neutral-
izing antibodies are produced during infection, although
virus-specific antibodies can easily be detected in the sera of
infected animals (17). The basic mechanisms underlying this
immune response are not understood. Nevertheless, the lack
of efficient neutralization seems to be due to characteristic
features of ASF virus, since chronically infected or recov-
ered animals can still respond efficiently to foot-and-mouth
disease virus (7). This special nature of the interaction of
ASF virus with its host has led us to carry out more-detailed
studies on the genetic and biochemical properties of the
virus. It is particularly important to characterize the distinc-
tive features of the ASF virus genome, which could shed
light on the special properties of the virus.
The ASF virus genome is a double-stranded DNA mole-

cule of about 170 kilobases (kb) which contains hairpin loop
structures linking both strands at the ends (12). Most of the
viral DNA molecule has been cloned (14), and restriction
maps for endonucleases Sall, KpnI, SmaI, and PvuI have
been completed. EcoRI restriction fragments, except for
several small fragments located between 5 and 10 kb from
the left DNA end (1), were also mapped.
ASF virus induces the synthesis of about 100 proteins in

infected cells (31). Genes transcribed late in infection map in
the central part of the genome (29). Genetic variation among
different virus isolates occurs mainly in two regions located
close to the DNA ends, in which large deletions take place
(3, 4).
Sogo et al. (34) described the presence of terminal and

internal inverted repetitions at the ends of ASF virus DNA.
Terminal inverted repetitions are composed of direct repeats
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arranged in tandem (A. Gonzalez, V. Calvo, and E. Vifiuela,
unpublished data).
As a further step to understanding the ASF virus genome

organization, we have studied the distribution of repeated
sequences along the viral DNA, since they are frequently
associated with unstable elements in large DNA genomes
and with mechanisms of immunological escape in microor-
ganisms (for example, see the work of Murphy et al. [24]).
We describe here the presence of internal repetitions in the
ASF virus genome which are related to two multigene
families. One of them (multigene family 110) showed a
hydrophobic NH2-terminal sequence and a conserved cys-
teine-rich domain.

MATERIALS AND METHODS

Cells and viruses. The BA71V strain of ASF virus, a
cell-culture-adapted virus strain (9), was used to infect Vero
cells (ATCC CCL 81).
Recombinant plasmids. Most of the recombinant plasmids

harboring EcoRI restriction fragments of ASF virus DNA
have been described elsewhere (14). Plasmids containing
fragments HC/SG and SC/HC were selected from a library of
cloned Sall-HindIll restriction fragments from the whole
ASF virus genome by hybridization with EcoRI fragments L
and J, respectively.
Dot blot hybridization. Individual restriction fragments

were excised from the recombinant plasmids and purified
from the vector by gel electrophoresis in low-melting-point
agarose (13). Samples (20 ng) of each restriction fragment
were treated and applied on nitrocellulose as described
previously (15). Each restriction fragment was uniformly
labeled with 32P by nick translation (28) to a specific activity
of 108 cpm/,ug and used as a probe. Hybridizations were
done under either stringent (68°C) or relaxed (37°C and 20%
formamide) conditions in 5x SSC (lx SSC is 0.15 M NaCl
plus 0.015 M sodium citrate), 2x Denhardt solution (lx
Denhardt solution is 0.02% bovine serum albumin, 0.02%
polyvinylpyrrolidone, and 0.02% Ficoll), and 50 ,ug of
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FIG. 1. EcoRl restriction site map of the left region of ASF virus DNA. (a) EcoRI restriction site map of ASF virus DNA. The expanded
region shows the locations of the fragments used in the mapping experiments. (b) Mapping of the low-molecular-weight EcoRI fragments. 32p-
labeled total or partial digestion products of the different clones were run in a polyacrylamide gel, dried, and exposed for autoradiography.
Lanes: 2, 3, and 5, purified fragments HC/SG, HC, and SC/HC, respectively, digested with EcoRI and labeled by end filling with Klenow
enzyme; 4, same as lane 3, digested with EcoRI and Sail; 1 and 6, recombinant plasmids harboring fragments HC/SG and SC/HC,
respectively, labeled at the Sall site and partially digested with EcoRI; M, terminally labeled lambda EcoRI-HindIII fragments (left) and
pBR322 Hinfl fragments (right) as markers. Y/2 refers to any of the Sall subfragments of EcoRI fragment Y. Products of the partial EcoRI
digestion are indicated on the right. Numbers on the left indicate sizes, in nucleotides, of the EcoRI fragments. The deduced order of EcoRI
fragments is shown at bottom.

salmon sperm DNA per ml for 40 h. After hybridization, the
membranes were washed in 2x SSC at either 68°C (stringent
hybridizations) or 50°C (relaxed hybridizations).
DNA sequencing. DNA sequencing was carried out by

either the chemical degradation procedure (19) or the chain
termination procedure (30). The nucleotide sequence was

obtained from both strands of ASF virus DNA restriction
fragments cloned in pUC plasmids or M13mp phages (21,
22).
RNA isolation. Viral RNA synthesized in vitro was ob-

tained from purified ASF virus as reported elsewhere (29)
and enriched in poly(A)+ mRNA by oligo(dT) chromatogra-

phy (18). Early RNA was purified from cultures infected in
the presence of 250 ,ug of cycloheximide per ml at 4 h
postinfection. Late RNA was purified from infected cultures
at 14 h postinfection. Total RNA was isolated by the
guanidinium hydrochloride procedure (5). Briefly, cells from
three roller bottle cultures were harvested and sedimented in
a Sorvall GS3 rotor at 5,000 x g for 10 min at 4°C. The pellet
was suspended in 15 ml of 7 M guanidine hydrochloride-2%
2-mercaptoethanol-0.1 M sodium acetate and disrupted.
RNA was then purified by centrifugation at 35,000 rpm for 20
h at 18°C through a cushion of 5.7 M CsCl-25 mM sodium
acetate, pH 5.2. The pellet was suspended in 1 ml of 0.3 M
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FIG. 2. Dot blot hybridization between EcoRI restriction fragments. About 20 ng of each restriction fragment (indicated on the left) was
applied on nitrocellulose filters and hybridized with 0.1 pLg of a nick-translated purified fragment (indicated at the top). Each hybridization was
carried out under both stringent (S) and relaxed (R) conditions (see Materials and Methods). The EcoRI restriction site map of ASF virus DNA
ends is shown below the gel. Symbols indicate the fragments which cross-hybridize under stringent (closed symbols) or relaxed (open
symbols) conditions. TIR, Terminal inverted repetitions; IIR, internal inverted repetitions.

sodium acetate-1 mM EDTA-0.1% sodium dodecyl sulfate,
pH 5.2, and treated with 50 ,ug of proteinase K. After two
phenol and one chloroform extraction, RNA was precip-
itated with ethanol and stored in aliquots.

Northern (RNA) blotting. Poly(A)+ RNA was subjected to
electrophoresis in denaturing 1.4% agarose gels containing
6% formaldehyde, transferred to nitrocellulose (35), and
baked at 80°C under a vacuum for 2 h.

Oligodeoxynucleotides were synthesized in an Applied
Biosystems 380A apparatus, purified by polyacrylamide gel
electrophoresis, and radiolabeled with [_y-32P]ATP and T4
polynucleotide kinase by standard procedures (18). The
oligonucleotides were specific for genes V118 (CTAAATCA
TACATACATTTATCCAGCCAAC), X'82 (TCATTTTCA
AGAATTGTTGTATTTCCCAAC), U124 (ACTGTTCTCA
ATAATCAATGGCATGCTCTC), U104 (GGTGAATCATA
CAGTGTTCCATGGGATAGC), L270A (GTAGTAGATAC
AGAATCATTGCGACGATA), and L270B (TATCATACC
ATTTAAAGTGTGTAGGTTGGG). Hybridization was done
in 5 x SSC-5 x Denhardt solution-0.5% sodium dodecyl
sulfate-10 mM Tris hydrochloride (pH 7.5) at 45°C. The
equivalent hybridization temperature was adjusted for each
oligonucleotide probe to 20°C below the predicted Tm value
by the addition of formamide. Washes were done at 10°C
below the predicted Tm for each oligonucleotide.
Computer analysis. Analysis of DNA sequences was per-

formed with the software package of the University of
Wisconsin genetics computer group (8) in a DEC VAX 730
computer running under the VMS operating system. The
programs COMPARE and BESTFIT were used to carry out
dot matrix comparisons (16) and alignment of DNA se-
quences (33). Searches of the National Biomedical Research
Foundation were done with the WORDSEARCH program of
the University of Wisconsin software package (40) and the
FASTA program (25).
Secondary structure predictions were done by following

the Chou and Fasman procedure (6).

RESULTS

EcoRI restriction site map at the left end of ASF virus DNA.
When restriction maps of ASF virus DNA were constructed,
several small EcoRI fragments that lie between fragments
RK' and RA were not mapped (1). To complete the restric-
tion map in this region, the HindIII C fragment spanning the
region of interest was cloned into plasmid pUC8. EcoRI
digestion of this recombinant clone showed the presence of
the small EcoRI fragments RY and RZ, which were not
previously detected. Two Sall subfragments of the HindIlI
C fragment (HC/SG and SC/HC) were used to establish the
locations of the EcoRI sites after terminal labeling at the
unique Sall site by generating EcoRI partial digestion prod-
ucts in both directions (32) (Fig. 1). Individual EcoRI frag-
ments U, U', V, X, X', Y, and Z were cloned in pUC
plasmids. These fragments, along with cloned EcoRI frag-
ments from the rest of the viral DNA, include the complete
ASF virus genome, except for small fragments deleted by S1
nuclease treatment in the cloning process of the terminal
fragments (14).

Repeated sequences in ASF virus DNA. The presence of
repeated sequences in ASF virus DNA was investigated by
a dot hybridization assay. EcoRI restriction fragments puri-
fied from recombinant clones which covered about 99% of
the ASF virus genome were blotted onto nitrocellulose.
Each EcoRI fragment was then used to probe these blots
under either relaxed or moderately high stringency condi-
tions. Figure 2 shows the results obtained with fragments
which gave a positive cross-hybridization. The hybridization
between the terminal EcoRI fragments K' and D' was
expected, because these fragments are known to contain
terminal and internal inverted repetitions (34). Several addi-
tional groups of cross-hybridizing fragments were identified.
One of the groups included EcoRI fragments K', L, J, and D'
and is described elsewhere (11). The other groups included
restriction fragments located only at the left end of the ASF

IlR TIR
.-.......-...e

J. VIROL.

Df

.,rl



VOL. 64, 1990 ASF VIRUS MULTIGENE FAMILY 110 2067

ClMA'=CAGCITC?ACA MAAAAAAG ATAGAAACAWGCCTmTAGAATATCCMGATGrATGATs,ATAATTACAGCAGCGGGATrGTGACCCAAACCCTG 120

AAsTCCTTATAAA7AMAWAAGAI..AGAAACATCCAGAAAGGA(,'TGrAAAAAAGATGAAITAGTAn ATAGATCCAGATACArl-TAAGATTj-jru-i'TGTT 2 40

TrrCCTrAC7.(AAGCGAT(AG(;XMATGCTATAGAIGAAATArrr'7CGAGCAAACTAGCuAAAnAiMACCGAATCrAAATCAor.AAAATACGWT7'CA 360o

V118 M L V I F L G I L G 1. 1, A S Q V S Q L V G Q L h P
f TAATTGGCTAGCTAT7TCAG7TCAGCIUrTAGCCAGCCGTAGCAATGTTiGTGATCTTTTTGGGAATrCTGGCCTTcT'GGCCAGCCAGGTTTtwLAGT,CAACTCGTTGGACAACTTCGACC 48 0

T E D P P E E E L E Y W C A V N E S C Q F C W D C Q D G T C I N K I D G S A I Y
AACAGAGGAIVCTCCAGAGGAAGAAMICGAATACTGGTIGCGCCTACATIGGAAAGrM=AArMTrk-rAGTAGA!;GAC;CACGCAmA 600

K N E Y V K A C L V S R W L D K C M Y D L D K G I Y H T M N C S Q F W S W N P Y
TAAGAATGAGTAl TAAAGC TTTGGCCCGTTGvGCTGGTAAA";ATGTATG.ATTTAGATAAAGGTATcACCATACCATGAAIGTTcTAGCCAlwroTGGr7AAT'CCTTA 720G

K Y F R K E W K K D E L A
CAAATACTTCAGGAAGGAAToAAAAAGATr.ACTrCTAGAG71ITGTCAGCAAAITTGCC7TCAGCTAAMTTAATATAAA-lMM'-I---1= II rrT-1CTAATAGTGGG=TAAGATTAAT 84 0

TICCATAGTrAAAAATACCTTTTT'CECTGTAAAACGTTGGAAAAATCrMGArCMT-CTAATCTAATCATCATATMGAATAAGAGA,GGCGTCACrL rOTARrGTGcAcA 96 0

XA 2L M L V I F L G I L G L L A N Q V S S Q L V G Q L H P T E N p S I Ie CAGCTCAGCCAGCCGTGCAATGTACTAATCTTTriGGAATCZGCCTTCMGCAACCAGGTC18AGCCAGCTCG0rGAACTTCATCCACGGAAAAI 1080

~EL E V W CT Y EC C LF C N DC ON G L CV N K L GM T TILE NE Y V H PLATGAACTAAAGATACAAT7rI'I'AAAAT1GAGTAflTGATC 1200

C I V S R W L N K
CA7TGTATAGTTTCC GTGTATATATATTTAT;GGGAACCA TGTGCATTCATAGACTAAAAATA777tTCITrGTAAAACACAGAATGC7rAATCGCAT 1 32 0

U
L V I F L G I L G L

_AAT I GGCTAGCTAmGGTCAGCTCm~~~~~~~~~AGCCAGCCGTAGCAAlSTmrG7rATCTTC7llWGRAStnTTCGC 1440

d L A NQV L G L P T Q A G G H L R S T D N P P OE E LGY W C T Y S C1FC
TGCToGCCAAIICCGCITAGGCACATCAGGCAGGAGGCAfC T A G A A *C A A G A A _ 1560

W E C A H G I C K N K V N E S N P L I I E N S Y L T S C E V S R W Y N Q C T Y S
r,CTGOGAGU CAK,AT{;CCAATGA TTXrATuGAGGAWCAGMATrA71GACAI-- AC T ACGlCAGTCAT'ACATTA 1680

E G N G H Y H V M D C S N P V P H N R P H R L G R K I Y E K E D L
GTGAAGGAAATCGGATTACCAI't=Is7rTTCTATCCAGl-rTCCACCTCACAAlCTCACACCGAAr_GAAOGAATAUAA;GGAGA7TCIVTICAGGTATTTAACAATT 1800

U104 M R F F S Y L G L LL A G L 192
;TAAAAT=TTTCAGATCSTATAAAAAGGC/XmrTTCAMTATTAACATAT7 TrltiiAATATAACACTACAA AGIr 1920

T S L G F S T D N L W RFCWTC0DG L C[
TAACTAGTCTACAGGGTITTTCGACCGACAAMCTGGAA2A0GAGCTAAGATAAA A 2040

V L X D M S S V Q E H S Y P M E H C M I H R Q C K * I R D G P I F Q V E C T QWIIA7Mi~Ur-iMGACAGGAGCATAGCTATCCCATCGGACAC= AIs;ATTACCGTCAGTC;AAATATArrAGAGATCrGCCCATTTCCAAGTAGAATGCACGATGC 2 160

T S D A T H L I N A A

AGACATCTAATGCCACTCATTTAATAAAToCTrACCGGGTTATTAGAAAACTC rn rsiTirATCAAACTMAATT-CTCCTrCAAGGGTAIT%CCATTTA7rGCTACCCACAA 2 280

L270 M L G L Q I F T L L S I P T L L Y T Y E I E P L E R
GCAGCTA7Io:CTCACGAGAGCGCACII'ACAAGTAGCCAIrs:nn;GCr7AAATAlTC ACCCTACTAT,CTATT'CCAAc-L-L-l-'-r7TrATACATATGAGATAGAGCCCCTGGAACGA 2400

T S T P P EKE LG CTYANHCRFCDC D G I C R N K A F K N H S P
b ACAAMTAC_AA _LT_AA" 2520

I L E N N Y I A N C S I Y R R N D F C I Y Y I T S I K P H N T Y R T E C P Q H IE:ArMAAAATAACTATATAGCTAACIWAGTATrATCGTCGCAA'MATTIT TGTATCTACTACATAACrlTTCTATAAAGCCTATAAAACGTACCGAACAGAAGCCACAACACATA 2640

N H E R H E A D I R K W Q K L [. T Y G F Y L A G C I I. A V N Y I R K R S L Q T V
AA-2AT6,AAAGGCATGA(0GCTGATATACGAAATGGCAGAAA0TAACCTATCGATr;TAf AG(-I=AAMTACATTCGCAAACGTAGTTTACAGAC= ' 760

M Y L. L V F L V I S F L L S Q I. M L Y G E L E D K K H K I G S I P P K R E L E H
A7TMATrX CrTAA7T'MTKuTrUCCAAAT-ArCGAGAGTTAGAAGATAAACATA AATTzAGCAT1C A CTGA 2880

Q wC T H G K Y C N F C D c MN G I C K N K A F K N H P P I G E N D F I R Y D C
tTGGTACTCATGGAAAATATTGTAACTTTrGCTGGGACItTCAAAA¶GGCA lfAAGAATAAGG Tr"AAGAATCATCCCCC AAAATGA7T"rATTAGATATGATrGT 3000

W T T H L P N K C S Y E K I Y K H F N T H I N E C S Q P T H F K N Y D N L M K K
;GACAsAcAATC-MrCAAATAAATsT=CTAMAAAAATATATAAACACTTAATAcCCATATTATIGGAATffTTCCecTAcAC(7ACACATAAATGGTATGATAATTNMATGAAGAAA 31 20

Q D I M A

CAAGATATTAT'GTAGTTTTAAsT:1TTAGATAAAAr7rGGTAATAATTGAAGAATCCTAATACAACAAAAAAAAcATGATrrAAT{;TLTLrrA1rAAAGAT' 3 2 31

FIG. 3. DNA sequence of the region located between 7.5 and 11 kb from the left end of ASF virus DNA. The sequence is shown in the
5'-to-3' direction and from right to left according to the restriction map. Underlined sequences correspond to the block 2 repeated sequences,
and boxed sequences correspond to the block 1 repeated sequences. The derived protein sequence from each reading frame is shown in the
single-letter amino acid code.
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FIG. 4. Repeated sequences within the sequenced region. (A) Dot matrix analysis. The sequence is presented on both the horizontal and

vertical axes. The analysis was performed with a window size of 20 nucleotides, allowing a maximum of five mismatches. The numbers near
the diagonals indicate the percent identity of the different repetitions. (B) Location of the repeated sequences. The positions of the repeated
sequences and ORFs are shown below the EcoRl restriction map.

virus genome. Two groups, one composed of EcoRI frag-
ments L, U, X', and V (relaxed hybridization) and the other
composed of fragments X', V, and Y (stringent hybridiza-
tion), were in a contiguous DNA segment located between 5
and 11 kb from the left DNA end. In addition, fragment J
hybridized with fragments U' and X. However, fragments
U' and X did not cross-hybridize, indicating that their
hybridization with fragment J may be due to two unrelated
sequences.

Nucleotide sequence of region located 7.5 to 11 kb from the
left DNA end. The hybridization results suggested that the
region ofASF virus DNA encompassing EcoRI fragments L,
U, X', V, and Y contains at least two different kinds of

repeated sequences. These were identified by sequencing a
3,230-nucleotide DNA segment. This sequence (Fig. 3) in-
cludes 993 nucleotides of fragment L and the complete
sequence of fragments U, X', V, Y, and Z.
A search for repeated sequences was performed by dot

matrix analysis (Fig. 4). From this analysis, six direct
repetitions were found and named a through f, reading from
left to right according to the restriction map. No significant
inverted repeats were detected. Repeats d, e, and f were
composed of two blocks of sequences: block 1, which was
similar to repeats a, b, and c; and block 2, which was shared
only by repeats d, e, and f.
The direct repeats described here account for the cross-

J. VIROL.
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V i S X 82 04 10C/4 2 U104 transcript) to 1.3 kb (for the L270 transcript). The
V 2 2 2 2 2 major L270 transcript in the in vitro RNA was larger than the

in vivo transcript. Also, differences between in vitro and
early mRNAs were detected for low-abundance transcripts

_ of other genes. The mRNAs for the family 110 genes were
significantly less abundant late in infection (data not shown),
suggesting that these early mRNAs are degraded during the

~- --* ~-course of the infection.
Sw.Comparison of putative protein products. The amino acid

sequences predicted from each ORF of multigene family 110
were aligned by the insertion of gaps to maximize similarity.
The sequence of L270 was split in two parts (L270A and

L_______________ v y L270B), with the second part starting at an internal methio-!-U- ___X__..__V_______ nine. Figure 6 shows the multiple alignment of the six

----L270 I i~4-U14-- U-1-24 --rx-v8$-jr-'__--sequence, in which several features of the multigene family~~~~~~--8-------~- are noteworthy. The most conserved part of the sequences
0.5 kb was between residues 34 and 64. In this segment, a group of

5. Transcription of multigene family 110.Poly(A). RNA cysteine residues arranged in the pattern C-X5-C-X2-C-X2-
Lg) synthesized in vitro by ASF virus (lanes 1) or total early C-X4-C was strictly conserved among the members of the
20 pg) isolated from virus-infected Vero cells (lanes 2) was multigene family. A striking feature of the six sequences was
ized as described in Materials and Methods with oligonucle- the conservation of cysteine residues, with the exception of
Irobes specific for each gene. The dots in the lower part of the two cysteines in the carboxy-terminal region which were not
ndicate the location of the sequence of each probe within the present in X'82. Gene X'82 has a truncated structure as a
Only one of the two hybridizations performed with oligonu- consequence of a deletion affecting the 3' portion of a larger
es specific for the L270 gene, both of which gave identical gene (R. Blasco and E. Vinluela, unpublished results).
is shown. Lane V, 30 ,ug of total RNA from uninfected Vero The percentage of identity between the protein sequences
ybridized with any of the probes. Sizes (in kilobases) of of the multigene family 110 is shown in Table 1. The
ilar weight markers are indicated. hydropathy profiles and secondary structure predictions for

these proteins are shown in Fig. 7. All the sequences have a
lization between fragments in this region. Hybridiza- highly hydrophobic amino-terminal region which may repre-
ander relaxed conditions between EcoRI fragments L, sent a leader sequence (20).
and V are explained by the presence of block 1 in all Similarity searches. A search of the National Biomedical

fragments. Additional hybridizations under more strin- Research Foundation protein data base and the GenBank
onditions between fragments X', V, and Y are consist- DNA data base was performed for each of the sequences of
ith the presence of block 2 in these fragments. the multigene family. From this search, no significant simi-
Itigene family 110. The coding capacity of the se- larity with any entry in the databases could be found.
ed region in both strands showed the existence of five However, when a search was carried out by looking for
reading frames (ORFs) in the leftward direction (Fig. similarities to the conserved cysteine-rich domain, a signif-
Lch ORF was named according to the EcoRI fragment icant resemblance to the sequence of a bovine posterior
ich most of it was contained and the number of coding pituitary peptide (26, 27) was found. Figure 8 shows the
:s in the frame. ORFs U124, X'82, and V118 started at coincidence of 6 residues (including four cysteines) within a
alent positions within block 2. Interestingly, all ORFs 12-residue stretch in both sequences.
ined a repeated sequence (block 1) between 70 and 100
from the ATG start codon. ORF L270 was more than DISCUSSION
as long as the others and included two block 1
tions (repetitions a and b). Since there was an ATG A screening of the ASF virus genome in hybridization
94 nucleotides before the second block 1 (repeat a) of experiments has shown the existence of some regions in
L270, it is possible that this longer frame was generated ASF virus DNA which contain repeated sequences. These
itation of the stop codon separating two standard-sized regions mapped within about 18 kb from the left and 11 kb
sers of the family. We named this group of ORFs family from the right DNA end. Within these two regions, a
ecause of the average length of the frames in coding complex pattern of cross-hybridizations between fragments
;s. can be seen (Fig. 2). The map location of the fragments,
nscription of family 110. To study whether the ORFs which include repeated sequences, coincides remarkably
actively transcribed genes, Northern blot hybridiza- with that of variable regions in ASF virus DNA (3). Varia-
were performed with oligodeoxynucleotide probes tion in ASF virus DNA ends is mainly due to deletions,
ic for each gene. The sequence of the oligonucleotides which are the results of homologous recombination between
slected from the coding sequence of each gene and was repeated sequences or of nonhomologous recombination (4).
than 30% different from any other sequence in this We have determined the sequence of a cluster of direct
l. Figure 5 shows the results of hybridizing these repeats located in EcoRI fragments L, U, X', V, and Y (Fig.
iucleotide probes to RNAs synthesized in vitro by ASF 3). Inspection of the sequence by dot matrix comparisons
is and to RNAs isolated from infected cells early during (Fig. 4) showed that the repeated sequences consisted of two
ion. These results indicated that all members of multi- types of blocks, which fully explains the hybridization
Family 110 were transcribed as early mRNAs. The two results. This sequence contained a family of homologous
robes specific for L270 recognized the same RNA genes (multigene family 110) which partially overlapped the
The sizes of the transcripts were consistent with the repeated sequences. All these genes were actively tran-

is of the reading frames, ranging from 0.4 kb (for the scribed at early times after infection. Early mRNAs specific

VOL. 64, 1990



2070 ALMENDRAL ET AL.
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V118 LVIFLGILGILASOV SSQlVGQlRPTFDPPEE EY AYMEE Q D Q T I IDG SA
X ' 82 LVIFLGILGLLANQV SSQLVGOLHPrENPSENEEY TYMEC Q QN L LGN TT
UI124 LVIFLGILGl-LANQVI.GLPTQAGGHIRSIDNPPQE GY TYMES K E AH I K VNESMPL
UJ104 RFFSYIGlL LA GLTrs LQGF STDNILEE RY QYVKN R T Q L K VLKDMSS
1270A LGLOIFTLLSI PILLYTYEIEP LER1STPPEK GY TYANH R Q I R AFKNHSP
1270B YLLVFLVISFlL SQIMIYGFLEPKKHKICGS1PPKR EH THGKY N QN I K AFKNHPP

80 90 100 110 120 130 140
V118 IYKNEYVKA IHVSRWIDKWMY DLDKGI YHTMNISQPWSWN PYKYrRKEWKKDEL
X'82 ILENEYVHP IVSRWlNK
U124 TIENSYLTS EVSRWYNC TY SEGNGH YHVME SNPVPHNRPHRLGRKIYEKEDL
U104 VQEHSYPMEH MIHR Q KY IRDGPI FQV E TMQTSDATHLINA
1270A ILENNYTAN SIYRRNDF IYYITSIKPHKTYRTE PQHINHERHEADIRK WQKLLTYGFYLAGCILA
l770B IGFNUFIRYD WTTHI.PNK SYEKIYKHFN 1HIME SQPT HFKWYDNLMKKQDIM

150
I 70A VNYIRKRSLQTV

FIG. 6. Alignment of amino acid sequences of multigene family 110. (a) Relative positions of the repeated blocks and the genes. (b)
Multiple alignment. The sequence of each protein of the multigene family was aligned to maximize identities. The sequence of L270 is split
in two portions (L270A and L270B; see text). Boxes enclose residues conserved in all the sequences being compared. Arrows show the extent
of the block 1 repeated sequences.

V118 U 1043 3
for this region of the ASF virus genome have been shown to

A

*
induce the synthesis of a 12.5-kilodalton protein in an in vitro o °
translation system (29). Therefore, at least some of the
transcripts (presumably those of genes U104, U124, and -3 V -3
V118) can be translated into proteins. The presence in the L2.0A
multigene family of a gene (L270) showing an organization I 3 X'82 3 L270A
dimeric in primary structure as weHl as in hydropathy profile e
could be the result of the in-frame fusion of two contiguous a- a 0 ° -

0
genes by mutation of a stop codon. It is not clear whether y v
this gene is functional, since although a full-size transcript is >-3 -3-
synthesized, no protein of the corresponding size can be _ - L270B

detected after in vitro translation (29). The major transcript 3 U124 3L270B
of the L270 gene synthesized in infected cells at early times

TABLE 1. Homology among protein products of -3 -3
multigene family 110 _.*_ * **** ***m

50 100 50 UO0
Protein % Identity with:
product X'82 U124 U104 L270A L270B

V118 73.2 55.1 35.6 36.5 32.2
X'82 61.0 41.9 41.2 37.8
U124 38.8 37.5 30.8
U104 35.9 29.8
L270A 34.4

RESIDUE NUMBER
FIG. 7. Hydropathy profiles and secondary structure predictions

for the members of multigene family 110. Hydropathy profiles were
calculated according to the method of Kyte and Doolittle (12a), with
a window size of 5 amino acids. Secondary structure predictions
were carried out by the Chou and Fasman method (6), and only
predictions longer than 10 residues are shown. Symbols: *, beta
turn; Fi, alpha helix; _, beta-pleated sheet.
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FIG. 8. Sequence similarity between multigene family 110 and a

peptide from the bovine posterior pituitary (POBO). (A) Consensus
sequence of multigene family 110 (consen) and sequence of the
posterior pituitary peptide. Conserved residues are boxed. Dots
represent amino acids that are not identical in all members of
multigene family 110. (B) Predicted structures. Positions of the
disulfide bridges are represented according to those present in the
posterior pituitary peptide (26).

was smaller than that of the most abundant transcript
synthesized in vitro. In addition, the relative abundance of
the transcripts was different in in vitro and early RNAs.
These two observations suggests that although the extracel-
lular virions are able to synthesize in vitro mRNA from early
genes, another factor(s) may influence early transcription in
infected cells.

Multigene families have been described in human cyto-
megalovirus (39), Epstein-Barr virus (2), and Shope fibroma
virus (36).
Comparison of the amino acid sequences derived from

multigene family 110 (Fig. 6) shows the presence of a highly
hydrophobic amino-terminal sequence, a cysteine-rich cen-

tral region which is the most conserved part, and a more

divergent carboxy-terminal portion. The pattern of variation
among these sequences, in which several cysteines and
aromatic residues are strictly conserved, suggests that selec-
tive pressure has acted on each gene during the evolution of
the multigene family.
The sequence similarity between the conserved, cysteine-

rich domain and the sequence of a peptide isolated from the
bovine posterior pituitary (Fig. 8) is intriguing. The similarity
involves cysteine, tryptophan, and glycine residues which
are strictly conserved among the members of the multigene
family. The cysteine residues in the bovine posterior pitu-
itary peptide which are involved in disulfide bridge formation
are present with the same spacing in the sequences of
multigene family 110. Therefore, the proteins of the multi-
gene family are likely to fold in analogous ways and produce
similar structures. It seems difficult to assess the biological
meaning, if any, of this similarity, since the function of the
peptide is unknown.

Regions containing cysteines and aromatic residues have
been shown to form metal-binding structures. In some cases,

they generate a "zinc finger" domain (23), but in other
cases, the metal ion serves to stabilize protein-protein inter-
actions (10).

The arrangement of the members of multigene family 110
in the viral genome, as well as their relationship, suggests
that the family originated by duplication of individual genes.
The maintenance of multigene families in ASF virus could be
a consequence of an evolutionary advantage conferred by
the presence of homologous genes.
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