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A gene encoding a polypeptide with homology to mammalian vascular endothelial growth factors (VEGFs)
has been discovered in the genome of orf virus (OV), a parapoxvirus that affects sheep and goats and,
occasionally, humans. The gene is transcribed abundantly early in infection and is found immediately outside
the inverted terminal repeat at the right end of the genome. In the NZ2 strain of OV (OV NZ2), the gene
encodes a polypeptide with a molecular size of 14.7 kDa, while in another strain, OV NZ7, there is a variant
gene that encodes a polypeptide of 16 kDa. The OV NZ2 and OV NZ7 polypeptides show 22 to 27% and 16 to
23% identity, respectively, to the mammalian VEGFs. The viral polypeptides are only 41.1% identical to each
other, and there is little homology between the two genes at the nucleotide level. Another unusual feature of
these genes is their G+C content, particularly that of OV NZ7. In a genome that is otherwise 63% G+C, the
OV NZ2 gene is 57.2% G+C and the OV NZ7 gene is 39.7% G+C. The OV NZ2 gene, but not the OV NZ7 gene,
is homologous to the mammalian VEGF genes at the DNA level, suggesting that the gene has been acquired
from a mammalian host and is undergoing genetic drift. The lesions induced in sheep and humans after
infection with OV show extensive dermal vascular endothelial proliferation and dilatation, and it is likely that
this is a direct effect of the expression of the VEGF-like gene.

Orf virus (OV) is a member of the Parapoxvirus genus of the
Poxvirus family. It causes contagious pustular dermatitis in
sheep and goats and is transmissible to humans. The biology of
the parapoxviruses has been reviewed elsewhere (33, 36).
The genome of OV strain NZ2 (OV NZ2) is a linear

double-stranded DNA of 139 kb (25). Sequencing of selected
regions has shown that there is a significant degree of conser-
vation of structure and arrangement of genes between OV and
vaccinia virus (VAC). VAC, a member of the Orthopoxvirus
genus, is the most thoroughly characterized poxvirus, and the
Copenhagen strain has been completely sequenced (14). Ho-
mologs of genes for the VAC 14-kDa fusion protein (A27L)
(37), RNA polymerase-associated factor (H4L) (1), a virion
envelope antigen (H5R) (15), a type I topoisomerase (H6R)
(41), a dUTPase-like polypeptide (F2L) (24,42), and the DNA
polymerase (E9L) have been found in OV (11, 26, 27, 29).
Although the two genomes have very different G+C contents,
OV being 63% G+C and VAC being 36% G+C (48), and the
OV genome is approximately 60 kb smaller than the genome of
VAC, their common evolutionary origin is apparent.
The similar locations and orientations of homologous OV

and VAC genes on their respective genome maps allow the
genomes to be tentatively aligned. The alignment suggests that
the OV genome consists of homologs of those VAC genes that
lie between the open reading frames (ORFs) FlL and B3R, as
described for the Copenhagen strain of VAC (14). However,
detailed analysis of 6 kb at the left end of the OV genome has
shown that although structural similarities with VAC are
apparent, there are significant differences (13).
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We have sequenced other areas of the OV genome, includ-
ing that which contains unique sequences leading up to the
inverted terminal repeat (ITR) junction at the right end. Our
primary reason for choosing the area at the right end was to
determine the nature of a size difference found between the
KpnI E fragment of the OV NZ2 genome and the equivalent
fragment (KpnI E) in another strain of OV, designated NZ7
(OV NZ7) (34). These fragments span the ITR junction at the
right end of the respective genomes, and the 0.8 kb extra DNA
found in the OV NZ7 fragment was predicted to lie outside the
ITR. It was considered that the variable region might offer sites
for the insertion of foreign genes in the construction of OV
vectors. We were also interested in finding out what relation-
ship, if any, existed between genes found at this end of the
genome with those that might be predicted from the alignment
of the OV and VAC genomes.
We report here the sequence of the regions immediately

outside the ITR at the right end of both the OV NZ2 and OV
NZ7 genomes and describe the nature and location of the extra
DNA in OV NZ7. Within this region, we found a gene, not
present in VAC, with amino acid sequence homology to
mammalian vascular endothelial growth factors (VEGFs) (4, 5,
8, 9, 16, 20, 22, 23, 46). Unexpectedly, the OV NZ2 and OV
NZ7 VEGF-like genes show little DNA homology to each
other, whereas the flanking sequences are over 98% homolo-
gous. Both genes are strongly transcribed early in infection,
and it is likely that their products are responsible for the
marked capillary endothelial proliferation seen in the dermis
following OV infection. In addition, we provide evidence of
rearrangement of the OV genome compared with that of
VAC.

MATERIALS AND METHODS

Cells and viruses. Primary bovine testis cells were used for
the production of OV (2), and virions were purified in sodium
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FIG. 1. Restriction endonuclease cleavage site maps of the OV NZ2 and OV NZ7 genomes. Shown for each are the KpnI maps, with sites for
BamHI, BglII, EcoRI, PstI, and SphI shown in expanded maps of the KpnI E fragments. The extent of a region of variability flanked by SmiaI and
SphI sites is marked in each strain, and the regions sequenced are indicated by the bars. The bars represent 851 nt in the case of OV NZ2 and
1830 nt in the case of OV NZ7.

diatrizoate gradients (35). OV DNA was isolated from virions
in guanidine HCI-CsCl gradients following protease-sodium
dodecyl sulfate treatment (25). The origin of OV NZ2 has
been reported elsewhere (35). OV NZ7 was obtained from L.
Fastier, ICI-Tasman Laboratories, Upper Hutt, New Zealand,
as cell culture-adapted virus. It was designated NZ7, as it
showed an EcoRI restriction endonuclease pattern identical to
that of the field strain NZ7 (34).
Enzymes and chemicals. Restriction endonucleases were

purchased from either Boehringer GmbH (Mannheim, Ger-
many), Promega Corp. (Madison, Wis.), Amersham Inter-
national plc (Amersham, England), New England Biolabs
(Beverly, Mass.), or Bethesda Research Laboratories Life
Technologies Inc. (Gaithersburg, Md.) and were used accord-
ing to the manufacturers' instructions.

Plasmid constructs. Restriction fragments KpnI E from OV
NZ2 and NZ7 were cloned into pUC19 and pTZ18R, respec-
tively, giving plasmids pVU89 and pVU7KE51. Further restric-
tion fragment mapping was carried out on these plasmid
clones, and a 1.5-kb SmaI-SphI fragment isolated from pVU89
was cloned into the corresponding sites of pTZ18R to give
pVUSSE1. A 2.3-kb SmaI fragment from pVU7KE51 was
cloned into the SmaI site of pTZ18R, giving plasmid
pVU7KESB3. A second plasmid, pVU7KESA, containing a
sequence contiguous to this was isolated following the cloning
of a SmaI-BgIII fragment from pVU7KE51 into pTZ18R.
DNA sequencing and analysis. The general methods used

have been described previously (13). Templates were pre-
pared by cloning restriction fragments of pVUSSE1 and
pVU7KESB3 into replicative-form M13mpl8 and M13mpl9,
and sequencing was conducted by the dideoxynucleotide chain
termination method, using commercially available kits. T7
DNA polymerase and Taq DNA polymerase multiwell micro-
titer plate sequencing kits were purchased from Amersham,

and the Gene-ATAQ Taq DNA polymerase sequencing kit
from was purchased from Pharmacia LKB Biotechnology
(Uppsala, Sweden).

RESULTS

The KpnI E fragments of OV NZ2 and OV NZ7 and their
locations on the respective genomes are shown in Fig. 1.
Restriction endonuclease cleavage site maps were deduced for
each fragment (Fig. 1), and DNA-DNA hybridizations were
carried out between the two strains by using subfragments (not
shown). These experiments showed that the size difference
could be localized to a region bounded by a SmaI site and a
SphI site in the two strains (Fig. 1) and that some fragments
within this region failed to cross-hybridize. Sequencing of this
region was begun from the Sphl site. The areas sequenced are
shown in Fig. 1, and the sequences are shown in Fig. 2. The OV
NZ2 sequence consists of 851 nucleotides (nt) and that of OV
NZ7 consists of 1830 nt.

Alignment of the two sequences by using the program
CLUSTAL (19) shows that they are 100% homologous at the
5' ends for a distance of 133 nt. At this point, the sequences
diverge until 122 nt from the 3' end, where they again show
almost 100Cc homology (Fig. 2). The point at which the
homology abruptly resumes is at the OV NZ2 ITR junction
(Fig. 2), and only two nucleotide differences are seen between
the two strains in the 122 nt leading from this point to the SphI
site. This region of the ITR in NZ2 contains an early promoter
and the initiation codon for a strongly transcribed gene
designated ORF 3 (12, 13).
The homologous sequences at the 5' end were scanned for

ORFs by using the program NLDNA. Very few stop codons
are present in this G+C-rich section, and ORFs coding for
polypeptides greater than 30 amino acids (aa) are found in all
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G H A A A N C A L A R V A T A L T R R V P A S R H G L A E G G T P
CGGCCACGCGGCCGCGAACTGCGCGCTCGCGCGCGTGGCGACCGCGCTGACGCGCCGCGTGCCCGCGAGCCGGCACGGCCTCGCGGAGGGCGGCACGCCG
G H A A A N C A L A R V A T A L T R R V P A S R H G L A E G G T P

CGGCCACGCGGCCGCGAACTGCGCGCTCGCGCGCGTGGCGACCGCGCTGACGCGCCGCGTGCCCGCGAGCCGGCACGGCCTCGCGGAGGGCGGCACGCCG
********************* *******************************************************************************

P W T L L L A V A A V T V L G V V A V S L L R R A L R V R Y R F AR
CCGTGGACGCTGCTGCTGGCGGTGGCCGCGGTGACGGTGCTCGGCGTGGTGGCGGTTTCACTGCTGCGGCGCGCGCTGCGGGTACGCTACCGCTTCGCGC
P W T L L L A V A A V A V L G V V A I S L L R R A L R I R F R Y S K
CCGTGGACGCTGCTGCTGGCGGTGGCCGCGGTGGCGGTGCTCGGCGTGGTGGCAATTTCGCTGCTGCGCCGCGCGCTAAGAATACGGTTTAGATACTCAA
********************************* ******************* **** ******** ******** * **** * * * * *

P A A L R A *
GGCCG---GCCGCGCTGCGCGCGTAGCC----GCGCAAAATGTAAATTATAACGCCCAACTTTTAAGGGTGAGGCGCC----------------------

S I Q T L R V *

AGTCTATCCAGACACTTAGAGTGTAACTTTGAGTAAAAAATGTAAATACTAACGCCAAAATTTCGATAGTTGTTAAGCAATATATAACATTTTTAAAACG
* * * ** * * *** * * *********** ******* ** *** * ** *

[A2R] M K L L V G I L V A V C L H Q Y L L N A D S N
-----------ATGAAGTTGCTCGTCGGCATACTAGTAGCCGTGTGCTTGCAC------CAGTATCTGCTG---------AACGCGGACAGCAAC-----

[A2R] M K L T A T L Q V V V A L L I C M Y N L P E C V S Q S N D S
TCATCACCAGCATGAAGTTAACAGCTACGTTACAAGTTGTTGTTGCATTGTTAATATGTATGTATAATTTGCCAGAATGCGTGTCTCAGAGTAATGATTC

******** * *** *** * ** *** **** ** * * ** **

T K G W S E V L K G S E C K P R P I V V P V S E T H P E L T
----------ACGAAAGGATGGTCCGAAGTGCTGAAAGGCAGCGAGTGCAAGCCTAGGCCGATTGTTGTTCCTGTAAGCGAGACGCACCCAGAGCTGACT
P P S T N D W M R T L D K S G C K P R D T V V Y L G E E Y P E S T

ACCTCCTTCAACCAATGACTGGATGCGTACACTAGACAAAAGTGGTTGTAAACCTAGAGATACTGTTGTTTATTTGGGAGAAGAATATCCAGAAAGCACT
** ** * *** ** * ** * ** ** ***** * ******* * * * ** * ***** ***

S Q R F N P P C V T L M R C G G C C N D E S L E C V P T E E V N V T
TCTCAGCGGTTCAACCCGCCGTGTGTCACGTTGATGCGATGCGGCGGGTGCTGCAACGACGAGAGCTTGGAATGCGTCCCCACGGAAGAAGTAAACGTGA
N L Q Y N P R C V T V K R C S G C C N G D G Q I C T A V E T R N T T
AACCTACAATATAATCCCCGGTGCGTAACTGTTAAACGATGCAGTGGTTGCTGTAACGGTGACGGTCAAATATGTACAGCGGTTGAAACAAGAAATACAA

* * * ** ** **** ** ** * * ****** *** ***** **** ** * *** * *** * *** *

M E L L G A S G S G S N G M Q R L S F V E H K K C
GCATGGAACTCCTGGGGGCGTCGGGCTCCGGTAGTAACGGG------------------------ATGCAACGTCTGAGCTTCGTAGAGCATAAGAAATG
V T V S V T G V S S S S G T N S G V S T N L Q R I S V T E H T K C

CTGTAACAGTTTCAGTAACCGGCGTGTCTAGTTCGTCTGGTACTAATAGTGGTGTATCTACTAACCTTCAAAGAATAAGTGTTACAGAACACACAAAGTG
* * * * * * ** ** ** * *** * * ** * *** ** * ** **

D C R P R F T T T P P T T T R P P R R RR * .......

CGATTGTAGACCACGATTCACAACCACGCCACCGACGACCACAAGGCCGCCCAGAAGACGCCGCTAGAACTTTTTATGGACCGCAGATCCAAACGATGGA
D C I G R T T T T P T T T R E P R R * .......
CGATTGTATTGGTAGA---ACAACGACAACACCTACGACCACTAGGGAACCTAGACGATAACTAATAACAAAAAATGTTTATTTTTGTAAATACTTAATT
******** ** ***** ** **** ******** *** ** *** ** * * * * **

TGCGATCAGGTACATGCGGAAGA-----------------------------------------------------------------------------
ATTACACACTTTACAATAATCTCAAAAATAAATTGCGTGCCCGGACGGCTGCAGCTGGTGACGCTGCTGTGTCACACACTGCGTATTCGATTCAAGTTCA

CTAACGCCACTAAACTAGTTGTGCGTGTCCGAGTGTTAACCGTACGTCAAACTAACATCTTACCTGTCCGTGACAAGAACTAAAACTTGAACCACATATT
-------------------------------------------------------__--------------------__---------------------

TTTAAAGTATATTTAACAAAATCACTCACACTCACACAATCATAAACACCACAACCACAACCAAACACGCATGAGAATTAATATTCTTACTTATCCGTAA
------------------------------------------------------__---------------------__---------------------

CACTCTATGCTGTACATCAACGCATCAGAGCAGTCTGAGTCTGACTAATGGCGGCAAACGGGAACGCAGGCGCGACATAATCACTGAGAATCTCCGCAGC
------------------------------_____-----------------__-----------------------__---------------------
AACCGCTCAAGGACATCTCTAGCGCTAACGGCTGTTTGTCATTCCCCCGTGTGTTCATCTCACACGACATTGTGACCGTCGCAAAGCACACATTCAAAGT
------------------------------------------------------__---------------------__---------------------

GCCGCATGTGGAAGAATTCACCGTCGAGACACACACCATAATTAAACAAGATCAGTGCATAAGAGAGATTAGCATTCT~ACAGCACACCACGTGCGAATAC
-----------------------------------------------------__----------------------__---------------------

GGACCTCGTAATTGTTTAGACTAGAACACCTCTGGTCTAAACAACATGTCCGATCTTAGAACAGAGTTTATGACGCATATGTAACTGTGTTCTTTATGTA
------------------------------------------------------__---------------------__---------------------

NZ7 ITR JUNCTION 1--->
GAAGTTATCTTTTATGTCACTCCCTTGTCTTAGATGAGTTATACATGACATGATGTATGTGTCGCCCGCGGCGGCGCGGGGCGCTCGGCGGCGGGGCTGC
------------------------------------------------------__---------------------__---------------------

TGCGCGCGGCGGGCCCGCGGTGGCGGCGGCTGGCGCGGCGCTGCGGCCGCGGGCGCGCGGCGGGGTAGCGGCCCGCCCGCCCGGGCGCCCGCCGCAGCCC
YT1o ."Tmq% l___s

------------AGGCGCCACGGAGCAAAGTGAAAAAGGACCGCCTAGCAGTCGAGACCCTCCCGCCGCAGCCGCGGACACCCCACACCCGCCTTCCACC
TTGCCCCGGACCAGGCGCCACGGAGCAAAGTGAAAAAGGACCGCCTAGCAGTCGAGACCCTCCCGCCGCAGCCGCG-ACACCCCACACCCGCCTTCCACC

******************* ****** *************************************** ***********************

lAlR] M

NZ2 818 CGCCAGACGCCAACACCGCAGCCAACAAGCATGC
[AiR] M

NZ7 1797 CGCCAGACGCCAACACCACAGCCAACAAGCATGC
***************** *************** *
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six frames. Only one ORF showed significant homology with
data base sequences (GenBank version 76), and this was to the
carboxy terminus of the VAC ORF F9L. The NZ2 and NZ7
F9L homologs (ORFs A3R in Fig. 2) are virtually identical
except for the terminal 10 residues.

In NZ2, the region from the stop codon of the F9L-like gene
to the ITR junction is 517 nt and is relatively A+T rich
compared with the rest of the genome. Within this region is an
ORF flanked by a sequence typical of an early poxvirus
promoter (6, 12) and a termination signal for poxvirus early
transcription (12, 50) (Fig. 2). The ORF encodes a 133-aa
polypeptide with a predicted molecular weight of 14,703 and is
the only ORF in this region of the genome.
The OV NZ7 nonhomologous region, extending from the

stop codon of the F9L-like gene to the point where homology
with the OV NZ2 sequence resumes, consists of an A+T-rich
sequence of 1,483 nt. This sequence has a higher A+T content
than that seen in OV NZ2 except for 150 nt at its 3' terminus,
which is over 95% G+C. This G+C-rich region was reminis-
cent of the G+C-rich region found immediately outside the
ITR at the left end of the OV NZ2 genome (13), and it was
suspected that the junction between the A+T-rich and G+C-
rich sequences was the ITR junction in the NZ7 strain.
Restriction endonuclease cleavage site mapping of the OV
NZ2 BamHI E fragment, which is at the left end of the
genome, and the equivalent fragment in OV NZ7, BamHI F
(34), has shown that they are closely related if not identical in
sequence (data not shown). A comparison of the OV NZ2
BamHI E sequence with the 1,830-nt sequence reported here
for OV NZ7 showed that there is almost 100% homology
between the two sequences from the SphI site at the right end
to a point 148 nt past the OV NZ2 ITR junction. The point of
divergence between the two sequences is at the junction of the
A+T- and G+C-rich sequences, and we have designated this
point as the ITR junction in OV NZ7.

Within the region of OV NZ7 that shows no homology to
OV NZ2 is an ORF potentially encoding a polypeptide of 148
aa with a predicted molecular weight of 16,054. An early
transcriptional termination sequence, 5'-YTFlT'llGT, is found
20 nt downstream from the stop codon of this ORF, while
upstream is a poxviral early promoter-like sequence, 5'-
AAAATGTAAATACTAA (Fig. 2). The sequence from the
stop codon to the ITR junction appears to be noncoding, as
does the first 148 nt within the ITR. The final 122 nt is
homologous to the OV NZ2 ITR and contains an early
promoter and initiation codon sequence likely to be the
promoter region for a gene equivalent to OV NZ2 ORF 3.

For convenience, we named the three ORFs found in each
strain as AIR, A2R, and A3R, a system similar to that used for
naming ORFs in VAC except that we have chosen the BamHI
rather than the HindIII cleavage site map as the basis for the
nomenclature. They are the first three ORFs numbered from
right to left in the BamHI A fragment of the OV genome. The
letter R indicates that they would be transcribed from left to
right. AIR is the gene equivalent to the gene found in the ITR
at the left end which had been designated ORF 3 (13), A2R is
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FIG. 3. RNA transcripts from the viral VEGF-like genes detected
by Northern blot analysis of total RNA isolated from cells infected
with OV NZ2 and NZ7. Details of the methods used have been
published elsewhere (12). Briefly, total RNA from bovine testis cells
incubated in the presence of cycloheximide and infected with OV at 30
PFU per cell was extracted 6 h postinfection, separated on a I %
agarose gel containing formaldehyde, transferred to a nitrocellulose
membrane, and hybridized with single-stranded DNA probes that were
either complementary (lanes 1) or noncomplementary (lanes 2) to the
predicted viral VEGF transcripts. The positions of RNA size markers
in kilobases are shown to the left of each gel.

the ORF found in the region of nonhomology between OV
NZ2 and OV NZ7, and A3R is the ORF equivalent to the 3'
end of VAC F9L. Northern (RNA) blot analyses revealed that
RNA of the appropriate size and sense is actively transcribed
early in the infected-cell cycle from the A2R of both the OV
NZ2 and OV NZ7 genomes (Fig. 3).
The low G+C content of the nonhomologous regions of the

two strains is shown graphically in Fig. 4, in which the G+C
content of the DNA is plotted against distance along the
genome. It can be seen that they appear as islands of lower
G+C content flanked by conserved G+C-rich sequences. OV
NZ2 A2R has a G+C content of 57.2%, while A2R of OV
NZ7 is 39.7% G+C. Also shown in Fig. 4 are the locations of
ORFs AIR and A3R and of the ITRs.
The polypeptides predicted from the A2R ORFs of OV NZ2

and NZ7 were compared with sequences held in the translated
GenBank nucleic acid data base, using FASTA (31). It was
found that both polypeptides showed homology to members of
the VEGF family (4, 5, 8, 9, 16, 20, 22, 23, 46) and the B chain
of the related family of platelet-derived growth factors
(PDGFs) (7, 38). When the NZ2 polypeptide (OV-VEGF2)
was compared against VEGF, optimized scores ranged from
249 to 277; when it was compared against the PDGF B chain,
optimized scores ranged from 128 to 133. The scores obtained
when the NZ7 polypeptide (OV-VEGF7) was used were

FIG. 2. Alignment of nucleotide sequences found in a region at the right end of the genomes of OV NZ2 and NZ7. The location of the region
sequenced in both strains is shown in Fig. 1. The order of amino acids, represented in the one-letter code, was deduced from the nucleotide
sequences. The initial alignment of the nucleotide sequence was done by using CLUSTAL (19), which aligned the homologous sequences at each
end. Alignment of the central region was done on the basis of an optimal alignment of the amino acid sequences, using CLUSTAL, predicted from
the A2R ORFs (see text). Nucleotide homologies between the two sequences are indicated by asterisks below the aligned sequences. Sequences
critical for the initiation of early transcription (6, 12) are indicated by a line above the relevant sequence, and early transcription termination signal
sequences (12, 50) are indicated by dots.
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FIG. 4. Comparison of the G+C content of the OV NZ2 and OV NZ7 genomes in the regions containing the VEGF-like genes. The G+C
content of each sequence was plotted by using the program COMPLOT (43) (window length of 21 nt, plotting every 3 nt). The positions and
orientations of ORFs and the ITR junctions are indicated. The OV NZ2 sequence was plotted with one gap of 979 nt placed between the last
nucleotide of unique sequence and the ITR.

somewhat lower: 172 to 184 against VEGF and 117 to 124
against PDGF. Bovine VEGF gave the highest score with both
viral polypeptides; the optimized score with OV-VEGF2 was
277, with 43.7% identity over 103 aa, and that with OV-
VEGF7 was 184, with 23.9% identity over 134 aa. When
OV-VEGF2 and OV-VEGF7 were compared by using
FASTA, the optimal score was 257, with 42.1% identity over
140 aa.

VEGFs have been identified in the genomes of cattle (8, 16,
22), humans (20, 22, 23), rats (4, 5), mice (32), and guinea pigs
(2a). In a model for the structure of the human VEGF gene
(9), it is proposed that there are at least four introns and that
alternative splicing pathways produce four mature peptides,
VEGF121, VEGF,65, VEGFJ89, and VEGF206. A comparison

of these alternative forms of VEGF with the viral polypeptides
reveals that both are most closely related to VEGF121. In
common with all other poxviral genes examined (28), the two
viral VEGF-like genes do not appear to contain introns.

Pairwise identity and similarity scores between the OV
sequences and the VEGFs were calculated by using the
program HOMED (44) following optimal alignment with
CLUSTAL (19). The identity and similarity scores are shown
in Table 1. Although the scores give some measure of the
relatedness between the various VEGFs and their splicing
isoforms, the presence or absence of exons or signal sequences
in the mammalian genes complicates the interpretation of the
relatedness. However, it does show that the viral polypeptides
are as different from one another as the human VEGF121 is

J . VlIROL.
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TABLE 1. VEGF amino acid sequence comparisonsa

NZ7 Bovine Bovine Human Human Human Guinea pig Rat Human placental
VEGF VEGF,20 VEGF,64 VEGF121 VEGF165 VEGF189 VEGF VEGF VEGF

NZ2 VEGF 73.3b 49.0 50.0 56.6 49.7 44.4 43.8 50.3 55.3
(41.1)C (26.9) (25.6) (28.5) (25.0) (22.3) (24.6) (24.6) (27.5)

NZ7 VEGF 51.3 51.7 60.1 51.5 46.1 43.7 51.7 57.9
(19.6) (20.5) (23.0) (19.9) (17.8) (16.1) (19.0) (19.6)

Bovine VEGF120 62.5 79.7 61.2 54.6 70.6 60.1 64.3
(62.6) (76.2) (58.6) (52.6) (65.2) (52.6) (35.9)

Bovine VEGF1" 75.4 98.6 87.7 83.8 97.5 60.9
(72.8) (95.8) (84.7) (79.5) (88.4) (30.8)

Human VEGF121 76.8 68.3 59.5 73.9 76.9
(77.0) (67.9) (53.9) (65.4) (37.3)

Human VEGF165 89.0 82.6 96.9 61.1
(88.4) (76.4) (87.4) (29.7)

Human VEGF189 73.5 86.2 54.6
(67.4) (77.2) (26.5)

Guinea pig VEGF 83.5 51.7
(74.7) (30.3)

Rat VEGF 62.2
(33.3)

"Scores calculated by using the program HOMED (44) after the CLUSTAL alignment shown in Fig. 5.
b Percentage similarities.
c Percentage identities.

from the human placental VEGF. The optimal alignment (Fig.
5) provides another means of comparison and shows that the
VEGFs and the viral polypeptides show strong homology to
each other over a region of 90 aa. When alignments are done
with the simian sarcoma virus v-sis gene product (not shown),
the 90-aa region can be shown to be homologous to an 88-aa
region defined in v-sis as the minimal transforming region (18,
40).
The mammalian VEGF genes code for a signal sequence,

and in the case of the bovine, human, and rat genes, a
consensus cleavage recognition site has been identified. In the
bovine VEGF, the cleavage recognition site is Ser-Gln-Ala at
residues 24 to 26 (22). The amino-terminal end of both the
OV-VEGF2 and OV-VEGF7 contains a sequence of hydro-
phobic residues indicative of a signal sequence. Each such
sequence is preceded by a Lys at residue 2, and each contains
a putative cleavage site at residues 20 to 22 (Ala-Asp-Ser) in
OV-VEGF2 and residues 25 to 27 (Ser-Gln-Ser) in OV-
VEGF7 (Fig. 5). The remaining sequences of both viral gene
products contain the region homologous to the v-sis minimal
transforming region, conserved in all members of the VEGF
family, and a short carboxy-terminal region containing Arg
residues. The sequence equivalent to the minimal transforming
region in both retains the eight cysteines conserved in the
VEGFs, two of which are essential for dimerization and
function of the v-sis gene product (40) (residues 112 and 114 in
OV-VEGF2 and 130 and 132 in OV-VEGF7) (Fig. 5). Each
sequence also includes a potential N-linked glycosylation site,
residues 85 to 87 in OV-VEGF2 and residues 95 to 97 in
OV-VEGF7, which align with the glycosylation site in the
VEGFs (Fig. 5). Lacking in both viral genes are four blocks of
sequence corresponding to the proposed central four exons in
the human VEGF gene, including the highly basic sequence of
24 residues shown to be responsible for the cell-associated
forms of human VEGF, VEGF189 and VEGF206 (9) (residues
142 to 165 in human VEGF189; Fig. 5).

Significant homology between OV-VEGF2 and the mamma-
lian VEGFs can also be detected at the DNA level. FASTA
gives an optimally aligned score of 221 to 283 over regions of
308 to 321 nt. This is not the case with OV-VEGF7, where

there is considerable divergence at the DNA level from the
mammalian VEGFs and the OV-VEGF2 sequence, nor is
there detectable hybridization between the two viral genes
under conditions of moderate stringency. To eliminate the
possibility that each strain contains a copy of both gene
variants but in different genomic locations, we hybridized the
OV NZ2 gene to the total genome of OV NZ7 and vice versa.
Neither gene showed cross-hybridization (not shown).
A CLUSTAL alignment of the polypeptides encoded by the

two viral genes was used to align the DNA sequences in the
nonhomologous regions (Fig. 2). The alignment suggests that
compared with OV-VEGF7, two deletions, each of 24 nt, have
occurred in that portion of the OV-VEGF2 gene that encodes
hydrophilic regions in the OV NZ7 polypeptide and that a 6-nt
deletion has occurred in the signal sequence. There is also a
3-nt deletion at the carboxy-terminal end of the OV-VEGF7
gene compared with OV-VEGF2. The placement of the dele-
tions in the noncoding regions between the stop codon of the
F9L gene and the initiation codons of the VEGF-like genes
were made arbitrarily, using the principle of maximum parsi-
mony. The junction between the ITR and unique sequence was
chosen as the point at which to place the 889-nt gap in the OV
NZ2 sequence.

DISCUSSION

We have compared the DNA sequence adjacent to the ITR
junctions in two strains of OV, NZ2 and NZ7. Immediately
adjacent to the ITR of OV NZ7 is an 889-nt noncoding region,
not found in OV NZ2, which is AT rich and which can account
for the major part of the size difference detected between the
KpnI E fragments of the two strains. Internal to this region in
OV NZ7 is a gene potentially encoding a 16-kDa protein with
homology to the mammalian VEGFs and with a G+C content
of 39.7%. In the OV NZ2 genome, adjacent to the ITR, we
found a gene with a G+C content of 57.2% potentially
encoding a 14.7-kDa protein also with homology to mamma-
lian VEGFs. Both viral genes are strongly expressed early in
infection.

Adjacent and internal to the VEGF-like genes in both
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FIG. 5. Alignment of the inferred amino acid sequences of the NZ2 and NZ7 VEGF-like genes with sequences of the mammalian VEGFs,
using CLUSTAL (19). The mammalian VEGF polypeptides compared are bovine VEGF120 (bovgf 120 [46]), bovine VEGF164 (bovgf 164 [22, 46]),
human VEGF,21 (humgf 121 [22]), human VEGF,65 (humgf 165 [22]), human VEGF189 (humgf 189 [20]), guinea pig VEGF (gpgf [2a]), rat VEGF
(ratgf [4]), and human placental VEGF (plagf [23]). The amino acid residues conserved between the two viral proteins and between one or both
of the viral proteins and the mammalian VEGFs are boxed. The bar delineates the region equivalent to the minimal transforming region of v-sis
(40); the putative glycosylation recognition site is indicated by asterisks.

strains, we identified regions whose predicted polypeptide
sequences share homology with the carboxy terminus of the
VAC gene F9L. From the alignment of the OV genome with
that of VAC, a homolog of F9L would be expected to be at the
left rather than the right end, suggesting that some OV genes

may be rearranged compared with those in VAC.
It was unexpected to find that the two VEGF-like genes

were barely homologous at the DNA level and encoded variant
proteins. Poxviruses, and indeed other viruses, encode
polypeptides with homologies to cellular polypeptides, and it is
reasonable to assume that during evolution, these genes have
been acquired from their hosts. The similarity of the OV NZ2
DNA sequence with sequences of the mammalian VEGF
genes is consistent with the hypothesis that the viral gene has
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been acquired by an event that occurred recently, in evolution-
ary terms, possibly from the natural host species, sheep.
However, the gene in OV NZ7 would then represent a variant
which has diverged at an extraordinarily high rate, the change
being restricted to this gene, since the flanking DNA shows
over 98% identity to that in OV NZ2. Furthermore, it might be
expected that in a G+C-rich virus, divergence would have
involved a drift toward a higher rather than a lower G+C
content. An alternative explanation for the high degree of
variation found between the two genes could be that they
represent separate acquisitions of genes with different se-
quences, and their virtually identical locations indicate that the
near-terminal regions of poxvirus genomes are favored sites for
gene acquisition.
Another unusual feature of the regions sequenced is the

G+C content. We have characterized 14 genes in OV and have
found 5 with G+C contents lower than might be expected for
a genome with a overall G+C content of 63%. These are ORF
1 (55%) (13), a dUTPase-like gene (49%) (26), a gene
encoding homolog of the 14-kDa VAC fusion protein (42%)
(29), and two ORFs downstream from the latter gene in a
region equivalent to that occupied in cowpox virus by the type
A inclusion gene (37 and 45%) (30). The remaining genes
range in G+C content from 60 to 75%, with an average of 68%
(12, 45). We can offer no simple explanation as to why there is
such a large variation in the G+C content of genes in OV,
taking into account their positions in the genome and their
putative functions.

Preliminary studies have revealed that supernatants from
cell cultures infected with either strain have mitogenic effects
on vascular endothelial cells compared with control cells (10).
The lesions induced after infection of sheep (3, 47) and
humans (17, 21, 39, 49) with OV are remarkable for the
extensive capillary proliferation, dilatation, and dermal swell-
ing seen in histological sections, and it seems likely that this
response is a direct effect of the activity of the VEGF-like
gene. How the VEGF activity might be an advantage to the
virus is unclear, but it could increase the flow of metabolites
essential to the virus or indirectly induce epithelial prolifera-
tion. A similar pathology is seen in humans after infection with
milkers' node virus (17), another member of the parapoxvirus
genus, and we predict that the presence of a VEGF-like gene
will be characteristic of the parapoxviruses.
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