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The complete nuclectide sequences and translations of major open reading frames (ORF) of two distinct, infectious,
proviral molecular clones {106 and 127) of the bovine immunodeficiency-like virus (BIV), obtained from a single virus
isolation, were determined and compared. The genomes of BIV 127 and 106 are 8482 and 8391 nucleotides {nt), respec-
tively, in the form predicted for the viral RNA. The structural organization of the genomes of BIV 127 and 106 are
identical to one another and most similar to that of the lentivirus subfamily of retroviruses. In addition to gag, pof, and
env genes, the BIV genome contains five short ORFs between and overlapping po/ and env in the “central region,” a
halimark of the lentiviruses which is believed to play an important role in their pathogenesis. Three of the short ORFs
in the central region of BIV have been identified by location and structural similarity to the nonstructural/regulatory
genes (vif, tat, and rev) of other lentiviruses; we also discovered two unique ORFs, termed W and Y, which may serve
as exons for novel genes. BIV does not have the nef gene found in primate lentivirus genomes. The proviral LTR of BIV
127 is 589 nt, contains regulatory signals for initiation, enhancement, and termination of viral transcription, and has
sequences related to the Sp1 and NF-«B binding sites. A major deletion (87 nt) in the env gene and 2 minor deletions
(2 nt eachj in the R regions of the LTRs account for the smaller size of clone 106. Numerous point mutations were also
present; some caused coding substitutions that were most prevalent in the env encoding ORF. These data suggest
that, within a single virus isolate, BIV displays extensive genomic variation. These infectious clones of BIV represent
well-defined tools with which to analyze the function of the various ORFs and to dissect the molecular mechanisms of

replication and pathogenesis. © 1990 Academic Press, Inc.

INTRODUCTION

Lentiviruses are a widely disseminated group of ex-
ogenous, nononcogenic retroviruses, that cause
chronic, multisystemic diseases with insidious out-
comes,; some of these viruses are of importance to vet-
erinary and human medicine (Gonda er a/, 1989:
Haase, 1986). Lentiviruses have been isolated from a
variety of mammalian species and include visna and
progressive pneumonia viruses of sheep (Cutlip and
Laird, 1976; Kennedy et a/., 1968; Sigurdsson, 1954},
equine infectious anemia virus (EIAV) (McGuire et al,,
1987), caprine arthritis encephalitis virus (Crawford et
al., 1980), simianimmunodeficiency viruses (S1Vs) from
various primate species (Daniel et a/.,, 1985; Kanki et
al., 1988), feline immunodeficiency virus {FIV) (Ped-
ersen et a/.,, 1987), the human immunodeficiency vi-
ruses types 1 and 2 (HIV-1 and HIV-2) (Barré-Sinoussi
et al.,, 1983; Clavel et al., 1986; Gallo et a/., 1984), the
etiologic agents of the acquired immunodeficiency
syndrome (AIDS), and the bovine immunodeficiency-
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like virus (BIV), a recently characterized lentivirus from
cattle (Braun et al., 1988; Gonda et a/., 1987; Van Der
Maatenetal, 1972).

The lentiviruses share certain biologic and patho-
logic characteristics (Gonda et 5/, 1989; Haase, 1986;
McGuire et al., 1987). Their similarity is reinforced by
the fact that they are genetically related {Chiu et &/,
1985; Gonda et &/, 1985, 1986, 1987; Sonigo et 4.,
1985; Yokoyama et a/., 1988). Evidence of this relation-
ship has been strengthened by demonstrations of
cross-reactivity between antigens of different species
ot lentiviruses, including the HIVs (Pyper et a/., 1984
Casey et a/., 1985; Gonda et al., 1987; Montagnier et
al., 1984, Olmsted et a/., 1989a). Taken together, these
findings suggest that the similarities between animal
lentivirus-related diseases and AlDS have a genetic ba-
sis; thus, animal lentiviruses may prove useful as
model systems for developing and testing novel ap-
proaches to prevent or abrogate lentivirus-induced le-
sions related to HIV infection.

The genomes of lentiviruses are some of the most
complex among retroviruses (Gonda et al/, 1989
Gonda, 1989, Haseltine, 1988). They typically and in-
variably have gag, pol, and env structural genes and, in
addition, a number of nonstructural/regulatory genes.
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Although the lentiviruses share certain characteristics
of their biology and genome organization in common,
the complement of nonstructural/regulatory genes
found in the genomes of isolates from various species
differ. Even between isolates of the same species, at
the nucleotide level, the genomes are quite variable,
particularly in the env sequences (Alizon et a/,, 1986;
Braunetal, 1987: Bennetal., 1985, Hahn et a/., 1386;
Starcich et al., 1986; Payne et al.,, 1987; Fisher et al,,
1988; Saag et a/., 1988; Gonda, 1989). Investigations
of the genetic and organizational diversity observed be-
tween viral isolates of the same and different species
may provide for a better overall understanding of the
molecular mechanisms of lentivirus replication, la-
tency, and pathogenesis.

BIV is an infectious retrovirus that causes lymphade-
nopathy, lymphocytosis, central nervous system le-
sions, progressive weakness, and emaciation (Van Der
Maaten et al,, 1972). Preliminary epidemiologic evi-
dence suggests that BIV infection is widespread in cat-
tle populations in the U.S. BIV has the morphology of a
lentivirus, encodes a reverse transcriptase (RT) with a
Mg®* cation preference, and has immunologic cross-
reactivity with HIV, SIV, and EIAV (Gonda et a/., 1987).
Moreover, the detection of sequence homology in the
highly conserved RT domain of po/ conclusively dem-
onstrates that BiV is a lentivirus, distinct from all pre-
viously characterized lentivirus isolates (Gonda et &/,
1987).

At present, there are no reports on the compiete nu-
cleotide sequence and genome organization of BIV. To
further characterize BIV and to provide fundamental re-
agents for detailed molecular, pathogenetic, and epi-
demiologic studies, we recently derived two biologi-
cally functional proviral molecular clones, BiV 106 and
127 (Braun et al., 1988). Both clones were isolated
from a bacteriophage library prepared from DNA of
cells that carried a BIV infection from a single isolation.
Here we report on their nucleotide sequences, geno-
mic organization and variability, and relationship to
HIVs and other lentiviruses.

MATERIALS AND METHODS
Proviral molecular clones

The molecular cloning of biologically active provi-
ruses from the genomic DNA of BlV-infected bovine
cells has previously been described (Braun et af.,
1988). For seguence analysis, the lambda (A) clones of
BIV 106 and 127 were subcloned into plasmids. Briefly,
A BIV 106 was digested with the restriction enzymes
Fspl and Spel. These enzymes do not cut in the proviral
sequences, but do cut in the bovine host flanking se-
quences of the X insert, adjacent to the viral long termi-

nal repeats (LTRs), to generate a fragment of 11 kilo-
bases (kb). This insert was isolated from gels, the ends
were made flush with Klenow fragment, and C/al linkers
were added using T4 DNA ligase. Cial linkers were
chosen for addition to the 5" and 3’ termini because Clal
does not cut within the Fspl-Spel fragment (Braun et
al., 1988). The resulting modified DNA, containing the
complete BIV 108 proviral DNA sequences, was
cloned into the Cial site of pBluescript (Stratagene) for
further propagation and analyses. A BIV 127 was di-
gested with Clal and a 17-kb fragment containing the
BIV 127 proviral sequences was 1solated from gels and
cloned into the Clal site of pBluescript (Stratagene) us-
ing a procedure similar to the one described above for
BIV 106. The resulting plasmids contain functional BIV
106 and 127 proviruses and are called pBIV106™ and
pBIV127™ The biologic activity of the proviral inserts
contained in these plasmids was determined by digest-
ing the DNA with Clal and microinjecting the digested
material into permissive cells, as previously described
for A BIV clones (Braun et a/., 1988). Cells thus manipu-
lated formed syncytia within 24—48 hr, and supernates
from these cultures were positive for RT activity within
2 weeks. This biologic activity could be passed to other
permissive bovine cell cultures by cell-free supernates,
thus verifying the functionality of the pBIV106™ and
pBIV127"™ clones used for sequencing.

Nucleotide sequencing

The proviral genomes of pBIV106™ and pBIV127™
were sequenced by the dideoxynucleotide chain termi-
nation method (Sanger et al., 1977) from random-shot-
gun libraries (Deininger, 1983) in the M13 vectors
mp18 or mp18 (Norrander et a/.,, 1983) using an M13
universal primer and Seguenase version 1.0 or 2.0
(United States Biochemicals) according to the manu-
facturer's recommendations. The entire 11-kb Cial
fragment was used to generate a random-shotgun |i-
brary for sequencing pBIV106™. The 17-kb Clal frag-
ment of pBIV127™ was further digested by Smal or
Smal and Xbal to generate smaller fragments free of
excess flanking sequences (Braun et a/., 1988). The re-
sulting fragments were a Smal segment (1.2 kb) con-
taining 5" host flanking sequences and LTR, a Smal 1o
Xbal segment (5 kb) containing primarily gag, pol, ''cen-
tral region,”” and 5’ env sequences, and a Xbal to Xbal
segment (3 kb} containing the remaining env, 3' LTR,
and host flanking seguences. Independent random-
shotgun libraries for sequencing were made of the b-
and 3-kb segments and a previously described 9.5-kb
Smal clone (Braun et al., 1988) encompassing nucleo-
tides {nt) from both the - and 3-kb fragments of pBIV
127" The entire 1.2-, 3-, and 5-kb segments were also
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cloned into the Smal and/or Xbal site(s) of M13 mp18
ar mp19 for site-directed sequencing and walking with
oligonucleotide primers for sequence confirmation or
to fill in gaps where necessary. Ambiguities and com-
pressions were resolved by the use of Tag polymerase
(Promega Corporation), with or without deaza-GTP,
and Sequenase with dITP according to the manufactur-
ers’ recommendations. The entire proviral sequences
for BIV 106 and 127 were determined on both strands
and each base was seguenced an average of eight
times. The possibility of clustered Smal or Xbal sites
at the junctions of the 1.2- and 5- or the 5- and 3-kb
segments, respectively, of BIV 127 was ruled out by
comparison to BIV 106 seguence generated from the
random-shotgun library and by seguencing in M13 ad-
ditional BIV 127 subclones, generated by digestion
with restriction enzymes other than Smal or Xbal.

Computer analyses

The nucleotide sequences of the proviral genomes
were reconstructed using the computer programs of
Staden (Staden, 1982). Nucleotide seguences and
translations of BIV 106 and 127 were analyzed using
the UWGCG suite of genetic analysis programs (Dever-
eaux et a/., 1984) run on a DEC VAX 8600 (Advanced
scientific Computing Laboratory, NCI-FCRF). The pub-
lished nucleotide sequences of the other lentiviruses
[HIV-1 (Ratner et al, 1987), HIV-2 (Guyader et al,
1987), SIVinac (Chakrabarti et al., 1987), SIV,g (Fuka-
sawa et al., 1988), visna virus (Braun et af., 1987), and
EIAV (Kawakami et al., 1987)] used in analyses were
obtained from GenBank. The peptide sequences were
inferred from the nucleotide sequences using UWGCG
Translate,

Virus and cell culture

Bovine leukocyte adherent cell (BLAC-20) cultures
obtained from a 4-month-old calf were derived from the
long-term passage of phytohemaggiutinin-stimulated
peripheral blood leukocytes (Gonda et af.,, manuscript
In preparation). BLAC-20 cells were used for the propa-
gation of parental BIV stock [DNA from cells infected
with the parental virus was used to isolate BIV 106 and
127 proviral molecular clones (Braun et a/., 1988)] and
progeny obtained from cells productively infected with
BIV 106 or 127 afterintroduction of the functional provi-
ral DNA by microinjection. Cells were grown in Dulbec-
co's modified Eagle's medium supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin,
and 1% glutamine in a humidified atmosphere of 5%
CO, at 377, BlV-infected cultures were monitored for
maximum syncytium induction before harvesting for to-
tal cellular RNA.

EMNA isolation

Total cellular RNA was isolated from uninfected and
from BIV 106-, BIV 127-, or parental stock-infected
BLAC-20 cells by the guanidine isothiccyanate method
(Chomczynski and Sacchi, 1987).

Primer extension

To determine the cap site of the viral RNA, a simu-
lated strong stop cDNA was synthesized using an oli-
gonucleotide (20-mer) primer with the sequence
S-TGTTGGGTGTTCTTCACCGC-3', representing the
complement of nt 186-205 of the BIV 127 viral RNA
(186 nt from the predicted transcription initiation site),
and total cellular RNA from BIlV-infected cultures.
Briefly, the oligonucleotide primer was labeled at the
5" end using T4 polynucleotide kinase and [y-**P]ATP
(Maniatis et a/., 1982). Following phenol extraction and
ethanol precipitation, 0.2 pmol of primer was combined
with b ug total RNA from uninfected BLAC-20 cells or
BLAC-20 cells infected with BIV 106, BIV 127, or pa-
rental stocks in annealing buffer consisting of 80%
formamide, 0.4 M NaCl, 0.04 M Pipes, pH 6.4, and
0.001 M EDTA (Casey and Dawvidson, 1977). The
primer and RNA were annealed by heating to 70° for
10 min, followed by slow cooling (60 min) to 37°. The
annealing reactions were diluted 10-fold into RT buffer
(0.05 M Tris—HCI, pH 8.5, 10 mM MgCl,, 0.04 M KClI,
1 mM DITT, and 0.5 mM each dNTP), Mo-MuLV RT
(200 U) (Bethesda Research Labs) was added, and the
reactions were incubated at 37° for 60 min (Calzone et
al., 1987). The reactions were phenol extracted, etha-
nol precipitated, and analyzed on a 6% polyacrylamide
sequencing gel containing 7 M urea. A sizing ladder of
BIV 106 sequence was created by sequencing an M13
template that spanned the U,—R junction, R and U, ele-
ments, and the Ug-untranslated region, using the same
labeled 20-mer as in the primer extension reactions
and electrophoresing it in lanes adjacent to the primer
extension reactions (Sanger et al., 1977).

Evolutionary analyses

The amino acid seqguences from a highly conserved
segment of the RT domain of the pof/ gene of a series
of retroviruses were aligned by the method of Dayhoff
(1978). The frequency of matching residues (M) was
calculated from the optimal pairwise alignments,
counting gaps as mismatches. Phylogenetic trees
were constructed from the distance values (—log M) by
the method of Fitch and Margoliash (1967) as pre-
viously described (Gonda et al., 1986). The retroviral
seguences used in these analyses are referenced in
Gonda et al. (1986, 1387, 1889) with the exception of
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SV, (Hirsch et a/., 1989), SIV,.,. (Gonda et &/, manu-
script in preparation), FIV {Olmsted et /., 1989b), and
ovine progressive pneumonia virus (OPPV) (Garvey
et al., manuscript in preparation).

RESULTS
Nucleotide sequence of BIV 106 and 127

The complete nucleotide sequences and trans-
lations of BIV 106 and 127 are depicted in Fig. 1. The
genome of BIV 127 is 8482 nt in the form of the viral
RNA: BIV 1086 is slightly smaller at 8391 nt. This differ-
gnce is explained by the fact that BIV 106 has suffered
a major (87 nt; nt positions 58198-5305) and two minor
(4 nt; nt positions 99-100 and 8470-8471) deletions
relative to the BIV 127 genome. Numerous substitu-
tions are also prevalent as discussed below (Table 1).
Because BIV 127 contains a significantly greater
amount of genetic information, we tentatively have
designated it to be the prototypic sequence from which
BIV 106 was derived.

Genetic organization

The genetic organization of BIV (Fig. 2) is most sim-
ilar to that of other lentiviruses. There are three large
and several short open reading frames (ORFs). The
overall topography for the BiV genome is

5'L TR-gag-pol-"'central region’'-env-3'LTR.

The three larger ORFs encode genes with structural or
enzymatic function and are in the invariant order gag,
pol, and env, present in all replication-competent re-
troviruses. The gag and po/ genes are in different read-
ing frames and overlap. The pof and env genes are in
the same reading frame and are separated by the "'cen-
tral region,” the hallmark of lentiviruses (Braun et al/.,
1987; Chakrabarti et a/., 1987; Fukasawa et al., 1988;
Guyader et al., 1987; Ratner et af., 1987; Sonigo et al,,
19858). The 5-most 2 nt deletion (R region of the 5' LTR)
in BIV 106 has caused a frame shift in all ORFs relative
to BIV 127. Despite the deletions and substitutions in
BIV 1086, it has exactly the same overall organization as
BIV 127; none of the ORFs appears to be truncated and
no additional ORFs were created (Fig. 2).

Structure of the LTR

The proviral LTRs of BIV 127 and 106 are 589 and
587 nt long, respectively. In addition to the 2 nt deletion
in BIV 106, there are four substitutions that distinguish
the LTRs of the two proviral clones. The boundaries of
the LTR and its internal U;, R, and Ug elements were
determined by sequence analysis and biochemical ex-
periments to complement the structural analysis (see

below). The BIV 127 LTR is diagrammatically depicted
with annotations in Fig. 3. The boundary distinguishing
the retroviral LTR from internal viral sequences is indi-
cated by the presence of the short inverted repeat of
the sequences H'ACTG3 located after a polypurine
tract in the 3’ end of the genome and 5'CAGT 3’ located
before a sequence complementary 1o the 3’ end of the
binding site for a tRNA that I1s used 1o initiate minus-
strand synthesis by the viral RT. The short inverted re-
peats extend into the viral LTRs in the U; and U regions
for 7 nt as longer imperfect inverted repeats that corre-
spond with sequences found at 5" and 3’ ends of the
LTRs at the cell DNA junction {Fig. 3). The tRNA used
by BIV is tRNA 15 and is identical to that used by visna
virus (Braun et al., 1987; Sonigo et al., 1985).

Retroviral LTRs classically contain a long direct re-
peat between the U, and U elements. For BIV 127, this
elementis 111 nt (109 nt for BIV 106), and structuraily
defines the U;—R and R-Us boundaries. Strong stop
cDNA was synthesized using a radiolabeled oligonu-
cleotide primer, RT, and viral RNA from cells indepen-
dently infected by BIV 106, BIV 127, and parental virus.
The primer extension reactions were compared 1o a di-
deoxy seguence ladder encompassing the BIV 106
L TR to the untransiated region 5' of the gag ORF (ses
Materials and Methods} to further deduce the size of
Us + R elements and the putative position of the Us—R
junction corresponding to the cap site in the viral RNA
(Fig. 4). The cap sites in BIV 106 and 127 were deter-
mined to be at the first T in the R element of the LTR.
The length of R + U is 203 = 1 nt for BIV 106 and 205
+ 1 ntin BIV 127 and parental stocks. This value is in
agreement with assignments based on structural anal-
yses and confirms the deletion of 2 nt in the BIV 106
LTR. By computation, the deduced U, and U elements
are therefore 384 and 94 nt, respectively, for both BIV
127 and 106.

In the U; region (Fig. 3), putative transcription-regu-
lating signals were identified by analogy to previously
defined lentivirus LTR signal sequences. Potential pro-
moter sequences for the TATA and CAT boxes were
identified. We also identified by sequence homology a
conserved sequence for a retroviral core enhancer and
NF-kB binding site similar to the one within the en-
hancer of the x immunoglobin chain gene. Sequence
homology to Sp1 binding sites (nt 8294-8302) related
to that of the human metallothionein gene were found
between the CAT and TATA boxes and an additional
sequence homologous to an Sp1 binding site in the en-
hancer elements of SV40 was found in U (nt 181-189)
(Fig. 1). Sp1 and NF-xB binding sites have been de-
tected in the U; region of the LTRs of HIV-1, HIV-2, and/
or SlVs (Gaynor et a/., 1988; Guyader et al., 1987) and
an NF-«B site, in the U, region of FIV {Olmsted er a/.,
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1989a). Also identified were sequences (nt 8123-
8131) related to the glucocorticoid receptar binding
site observed in the mouse mammary tumor virus LTR
(Wingender, 1988). The functional significance of
these structurally identified transcription-modulating
seqguences remains to be determined.

In the R region (Fig. 3), the signal sequence for poly-
adenylation (AATAAA) was present 87 bp from the cap
site and a poly(A) addition site (CA) was identified 18 nt
from the signal sequence, marking the end of R and the
R—Ug boundary. Interestingly, surrounding the cap site
Is a series of Alul restriction enzyme recognition se-
guences. It is tempting to speculate that this repeated
motif surrounding the cap site may be useful in provid-
ing structural conformation for regulation of transcrip-
tion.

gag, pol, and env ORFs

The predicted molecular weights for the precursors
of the major ORFs (Fig. 2) of BIV were calculated from
the translation of the DNA sequence of BIV 127 (Fig.
1). The processed protein products of the gag, pol, and
env ORFs were deduced by homology with known pro-
teins of HIV and other lentiviruses, conserved struc-
tural features such as Cys amino acid (aa) residues,
and hydropathy plots (Table 2). For conformity, the pro-
posed nomenclature and acronyms for retroviral pro-
teins recommended by Leis et af. (1988} have been
used for BIV gag, po/, and env gene products.

The gag precursor of BIV has a calculated molecular
weight of 63 kilodaltons (kDa) (Table 2), which is con-
sistent with the pb3 antigen detected on Western blots
(Gonda et a/., 1987) and by radioimmunoprecipitation
of a similar sized protein from BIV-infected cells (Battles
et al.,, manuscript in preparation) and insect cells in-
fected by a recombinant baculovirus containing only
the gag ORF of BIV (Rasmussen et &/, manuscript in
preparation) using rabbit polyvalent antisera raised to
purified BIV and natural or experimental sera from BIV-
infected cattle. The p53 N-terminal sequence begins
with the sequence Met-Lys—Arg—Arg and is not com-
patible with myristoylation since the second residue of
the N-terminal sequence reguired for addition of myris-
tic acid is Gly, as found in HiV-1 (Mervis ef a/., 1988).

BIV pb3 is predicted to be processed into three pro-
teins, p1b, p25, and p13 (Table 2}, by analogy to cleav-
age products of HIV (Lillehoj et a/., 1988; Mervis et al.,
1988) and from analysis of alignments between BIV
and HIV, EIAV, and other lentivirus gag proteins, Pro-
teinsof p17, p26, and p14 have been serologically rec-
ognized in purified virion preparations and BlV-infecied
cells using antisera that recognize gag proteins of BIV
(Battles et a/., manuscript in preparation; Rasmussen

et al, manuscript in preparation). The molecular
weights for the processed gag gene products deter-
mined 1IN SDS—polyacrylamide gel electrophoresis ex-
peniments of immunoprecipitated BIV are close to
those predicted (Table 2); therefore, 1o maintain con-
sistency with protein studies, we have chosen to use
the experimentally determined molecular weights
when referring to these proteins by size.

The matrix protein (MA), p17, would reside on the
amino terminus side of the capsid protein (CA), p26. At
the carboxy terminus of the gag precursor and within
the predicted p14 domain reside two copies of a Cys-
rich motif {Cys—X,—Cys—X,—H-X,~Cys) (gag aa 405-
418 and 423-436) reminiscent of the "zinc finger"
geen in nucleic acid-binding proteins of other retrovi-
ruses (Berg, 1986; Covey, 1986; Evans and Hollen-
berg, 1888; Henderscn ef al,, 1981; Oroszlan and
Copeland, 1985). Moreover, the nucleic acid-binding
or nucleocapsid (NC) proteins of retroviruses usually
reside at the carboxy terminus of the CA protein; there-
fore, we feel that p14 is the NC protein of BIV. Amino
acid sequencing and functional studies of recombinant
and native proteins of BIV will be helpful in providing
additional confirmation cf these assignments.

Segments of the po/ gene, in particular RT and endo-
nuclease/integrase (IN}), are the most conserved in the
avolution of retroviruses, and homologies between the
amino acid sequences of the predicted translated pro-
teins of various species are readily detected (Chiu et
al., 1985; Gonda, 1989; Gonda et a/., 1989, 1988; Son-
igo et al.,, 1985). In the pol/ ORF are the protease (PR),
RT, and IN coding regions of the virus (Table 2). The
pof precursor of BIV is predicted to be 121 kDa and is
synthesized as a poiyprotein with the gag gene precur-
sor presumably by ribosomal frameshifting, The pre-
dicted polyprotein comprising gag and pol precursors
is 174 kDa; a protein of this size has been demon-
strated in radicimmunoprecipitations of bovine cells in-
fected with BIV (Battles et a/., manuscript in prepara-
tion) and recombinant baculovirus-infected insect cells
containing the entire gag/pol ORFs (Rasmussen et al.,
manuscript Iin preparation) using antisera with reactiv-
ity to BIV gag. The BIV PR {p11), RT {p72), and IN {p32)
proteins have been identified in the translation of the
pof ORF (Fig. 1) by homaology to those of HIV and other
lentiviruses. The pol ORF precursor (p121) and pro-
cessed products (PR, RT, and IN) have not yet been
immunologically demonstrated.

The immunologic cross-reactivity of the gag gene
products of BIV and HIV-1 has been localized to the
CA proteins, p24 and p26 of HIV and BIV, respectively
(Gonda et al., 1987). In molecular hybridization experi-
ments, positive hybridization of cloned lentiviral se-
quences has been found mainly with the pol gene
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TM cleavage, potential splice acceptor (§SA), and splice donor (4SD) sites are given.
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Fig. 1—Continued

397

4500

4650

4830

4950

5100

57Dd

585G

go0c0

6150

B3I0

Rabil

6500

E900

7030

JEn0

7350

JECD

THCh

2108

8z5u

E&DO



388

GARVEY ET AL.

TABLE1

NUCLEGTIDE SEQUENGCE DIFFERENCES BETWEEN BIV STRAINS 127 AnNG 106

Amino acid in Amino acid in
Base in strain strair Base in strain strain
Functional Nucleotide : Functional Nucleotide
unit position 127 106 127 106 it position 127 106 127 106
R-U. 48 G A NCS NC env (SU)
lgg ‘_E ___ ri:jl(C} Hg {continued) 6120, 6121 A, G gz T Sier Leu
167 T a NC NC 8156, 61568 T.(G G, A Trp Arg
6178 A G Asn Ser
gag 327 G A Arg Arg 5192 A G Met Val
65 C T Pro LEL] 8236 T C Asn Asn
BER r A AS{J Giu B263 A G Val Val
1176 2 A Pro Pro 6443 b G His His
1338 T C Pro Fro 6455 i 5, Th Thr
1350 C T Asn Asn 6473 A G Leu Leu
1395 / C Ser Ser 6518 5 1 Asp D
6560 & N Ser Ser
folall 2036 G A Thr Thr 6782 A G Gin Gin
2390 T C Thr Thr 6894 T C Phe Leu
3140 G A Glu Glu BE76 A G Lys Arg
3305 A, £ D Pro Pro |
1989 T G Pro Proy env 'ﬂ_M‘} 7285 A G His Arg
3091 A G Lys Arg 7429 A G As oer
4031 T o C}"'S C};’S 7693 G A Ala Thr
4044 A G Thr Ala 144 G i Glu Glu
7877 g C Asp Asp
Vit 4850 (3 A, Asp Asn
RO20 & A | ay | el J"EV{E-'KDH 2} 7698 G A GI‘}" Asp
7724 G A Ala Thr
W 4850 k5 A Arg Lys 7877 T & Ser Pro
tat {exon 1) h408 A G le Val tat {exon 2) 7638 G A, Arg Arg
5484 G A Gly Glu 7724 G A Ser Asn
env (SU) h434 G A Glu Lys Us-R 8344 A G NC NC
HG5a8 G A Glu Lys 8418 G A NC NC
5819-538056" 87 nt — 259 aa - 8470 T == NC NC
8060 G A Val lle 8471 T = NC MO
# No change.

® This represents the 87-bp deletion (29 aa) in BIV106 relative to BIV127 (see Fig. 1).

(Gonda et al,, 1987; Olmsted et a/., 1989a). Thus, it
was anticipated that the predicted gag and po/ proteins
of BIV would have detectable amino acid homology 1o
those of other lentiviruses. However, when BIV 127
translation products for gag and po/ ORFs were glob-
ally compared to those of other lentiviruses, we found
only a small amount of similarity when identical amino
acid residues were calculated {range for gag = 23—
29%:; pol = 36-38%). The percentage of matching resi-
dues increased significantly when conservative amino
acid substitutions were included (range for gag = 48—
55%: po/ = 59-61%). Nevertheless, at least for the po/
ORF, there were regions of locally strong sequence
conservation, especially in the RT and the IN domains
of pol, as reported previously (Chiu et &/., 1985; Gonda,

1989: Gonda et al.,, 1986, 1987, 1989; Sonigo et al.,
1985).

To account for the immunologic cross-reactivity be-
tween BIV and HIV-1 gag proteins, a local comparison
of the predicted amino acids for the CA proteins of this
ORF was made. Only one stretch of 10 amino acids
within the p26 of BIV was observed to have a high de-
gree of similarity to HIV-1 p24,; this area was also com-
pared to several other lentiviruses (Fig. 5). Within this
stretch, BIV shared 8 of 10 residues with EIAV, 7 of 10
with HIV-1, HIV-2, and SIV,4y,, 8 of 10 with SV ., @and
only 3 of 10 with visna virus. It is worth noting that-only
SIV...., HIV-1, and EIAV compete in heterologous com-
petitive radicimmunoassays using radiolabeled HIV
p24 and rabbit polyclonal antisera to BIV (HIV-2 and
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BIV 106 W rev exon 1 tat exon 2
TN T
2! aag ]l ‘l~ [ ﬂl 1y
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BIV 127 W ”r’ tat exon 1 tat exon 2
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b PROVIRAL DNA U;RUg

Fig. 2. Comparison of the genomic organization of BIV 106 and 127 biologically active clones deduced from ORF analysis of the nucleotide
sequence presented in Fig. 1. Translation of the sequences in each reading frame commenced at nucleotide 1. Vertical bars represent stop
codons. Arrows within the ORFs indicate the initiator AUG codon in viral genes or putative genes. ORFs annotated are gag, pol, env, vif, tat
exons 1 and 2, revexons 1 and 2, W, and Y. Location of LTR boundaries in the viral RNA and proviral DNA are indicated above and below the kb

marker, respectively.

SIV,.m have not been tested); and BIV and HIV-1 CA
proteins do not exhibit immunological cross-reactivity
with visna virus in Western blots or radioimmunopre-
cipitations (Gonda et al., 1987). The homologous re-
gion recognized in the p26 of BIV gag (Fig. 5) may be
the epitope(s) responsible for the immunologic cross-
reactivity between BIV, EIAV, and the primate lentivi-
ruses. Using computer algorithms to lend support to
this hypothesis (Jameson and Wolf, 1988}, we found
this conserved segment of BIV 127 to have a high sur-
face probability, a feature of peptides predicted to be
potential antigenic determinants (data not shown).
The BIV env precursor is predicted to be 102 kDa
in its unmodified form (Table 2). The first hydrophobic
stretch of amino acids which might represent the
leader sequence is located 50 amino acids into the
translation of the env ORF in the vicinity of the second
Met as deduced from hydropathy plots (data not
shown). It has not been determined whether the sec-
ond or the first Met in this ORF represents the begin-
ning of the translation of the env protein (see discus-
sion below on rev). The addition of sugar residues by
N-linked glycosylation substantially increases the mo-
lecular weight of the envelope protein backbone in len-
tiviruses and may account for up to 50% of the appar-
ent molecular weight, making them the largest retrovi-
rus env products characterized (Pyper et al.,, 1984;
Robey et al., 1985). The BIV 127 env precursor has 21

potential glycosylation sites. It is predicted to be
cleaved into surface protein (SU) and transmembrane
protein (TM) after the Arg-Lys-Pro-Arg site (aa 552-
5565; Figs. 1 and BA). This putative cleavage site and
the area around it are partially conserved (5 of 7 aa)
with that of HIV-1 (Fig. 8A). The cleavage products of
BIV 127 env are predicted to be 62 and 40 kDa for the
SU and TM, respectively. Proteins in the range of 100
and 45 kDa have been detected in Western blots and
100- and 45-kDa proteins have been immunoprecipi-
tated using serum from naturally or experimentally in-
fected cattle (Gonda, unpublished data; Battles et al,,
manuscript in preparation). The larger is believed to be
the glycosylated SU and the smaller the TM of the virus
by analogy to other lentiviruses. The precursor from
which they are derived has not been identified.

The SUs of BIV 127 and HIV-1 are identical at about
13% of their amino acids. This limited degree of relat-
edness 1S not unexpected considering the great
amount of genetic varability which exists between
different HIV-1 isolates, where the preponderance of
variability falls within the SU (Alizon et a/., 1986, Star-
cich et al., 1986) and the limited identity (39%) ob-
served between HIV-1 and HIV-2 SUs (Guyader et a/.,
1987). The use of the SU-TM cleavage site as the
benchmark with which to align the env precursors of
lentiviruses has proven to be a useful means for iden-
tifying the TMs of retroviruses (Braun et a/.,, 1987). We
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Fig. 3. Organization of BIV 127 LTR. Boundaries of the U, R, and Us regions are indicated as well as the nucleotide positions of the TATA
and CAT boxes, core enhancer, polyadenylation signal, and poly(A) addition site (CA) at the R-U, boundary, cap site at the U,—R boundary with
repeated Alu recognition sites, tRNA primer binding site, polypurine tract, potential NF-«B site, and imperfect inverted repeat (IR) beginning at

the dinucleotide (5'TG and 3'CA) of LTR boundaries.

have used a similar strategy to look for the TM of BIV
by making structural comparisons between BV and
HIV-1. The TMs of lentiviruses have extracellular,
transmembrane, and intracellular domains. Figure 6
shows the alignment of the exterior and transmem-
brane domains of the BIV and HIV-1 TMs, as deter-
mined by amino acid similarity and hydropathy plots.
Overall, the amino acid identity is 25% for this TM seg-
ment, but is more limited in the intracellular domain
(data not shown). Nevertheless, the hydropathy plots
of the two TMs (Fig. 6B) show a striking resemblance.
Moreover, there are several Cys residues conserved
between BIV and HIV (Fig. 6A), as has been seen in
other HIV-lentivirus comparisons (Braun et al., 1987;
Kawakami et al., 1987).

Central region ORFs

The central regions of lentiviruses, especially those
of the primate lentiviruses, are quite compiex as they
contain numerous nonstructural/regulatory genes (Ha-
seltine, 1988). In HIV-1 and HIV-2, at least six different
ORFs (vif, tat, rev, X, U, and R) that are actively tran-
scribed and translated have been identified (Haseltine,
1988; Henderson et af., 1988; Strebel et al.,, 1988,
Wong-Staal et a/.,, 1987; Niederman et a/., 1989). The
X, U, and R products are termed vpx, vou, and vpr, vox
is found only in HIV-2 and simian lentiviruses (with the
exception of SIV,,., which lacks an X gene} and U is
found only in HIV-1. A uniform nomenclature for the
ORFs of the central region has been proposed (Gallo et
al.,, 1988: Laurence, 1988); we follow that nomencla-
ture here with BIV ORFs, where structural analogy or
seguence similarity exist.

BIV has five small ORFs in this region that contain a
potential translation initiation signal. The first is derived
from seqguences in the central region and overlaps the
3’ end of po/ at its 3’ end (nt 4601-5194). Its position
and size are similar to those of the gene encoding the
viral infectivity factor (vif) described for HIV-1, HIV-2,
SIVs, and visna virus (Braun et af,, 1987, Chakrabarti et
al., 1987; Fukasawa et al., 1988; Guyader et a/., 1987,
Ratner et &/., 1987). There is little amino acid similarity
to the vif ORFs of other lentiviruses; however, there is
reasonably good conservation in hydropathy plots
(data not shown).

The second short ORF initiates in the central region
and overlaps the 5’ end of the large env ORF (nt 5228-
6636) in frame with sequences we have identified as
vif. This ORF has an AUG start site that is preceded by
a potential splice acceptor site. The translation of this
ORF contains a Cys-rich region found in nucleic acid-
binding proteins and the transactivator (fat) proteins of
most lentiviruses (Fig. 7) (Braun et al., 1987, Chakra-
barti et al., 1987; Guyader et al., 1987; Kawakami et a/.,
1987: Ratner et a/., 1987). This Cys-rich region in BIV
127 shares 56% amino acid identity (no gaps) with HIV-
1: identity is significantly lower when the rest of the
translation of this ORF is evaluated. In addition, resi-
dues downstream of the Cys motif are very basic, con-
sistent with the structure of a nucleic acid-binding
protein. We take these two features, and the loca-
tion of this ORF, as evidence that it represents a BIV
tat ORF.

The tat genes of primate lentiviruses consist of two
coding exons. The first is contained in the central re-
gion and the second in the 3’ end of the genome over-
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lapping env, but in a different reading frame from
that of env and rev exon 2. The second tat exon IS
not considered necessary for tat function. The first
tat exon is larger than the second. The mature tat
message is derived from the primary transcript by
a complex splicing mechanism (Haseltine, 1988).
We searched for a second tat exon in BIV 127 in
the translation of all three reading frames of the 3’
end of the BIV 127 env and found some amino acid
similarity for a small ORF (nt 76567-7782) in read-
ing frame 1 of the translation (Fig. 2) with the trans-
lation of the HIV-2 second tar exon (Guyader et al.,
1987}
BIV 127 . TNISRRRRRTGTQSQKAPRREETRLLEVSTRIG

| 1L . | |
HIV-2 KSISTR. . . TG. DSQPTKKQKKTVEATVETDTGPGR

There is an additional transactivating protein/regulator
of viral gene expression found in lentivirus genomes
called rev (Haseltine, 1988; Sodroski et a/., 1986; Ma-
zarin et al., 1988). I, like tat, 1s made up of two coding
exons that are spliced into the mature mMRNA from &
primary transcript. The first rev coding exon usually is
located near the 3" end of the central region, often over-
lapping the 5" end of env, the second exon is found In
the 3" end of env, overlapping, but in a different reading
frame from that of the TM. The first exon of rev IS usu-
ally smaller than the second exon. The rev protein Is
also a nucleic acid binding protein that contains
stretches of basic amino acids highly enriched tor Lys
+ Arg residues as has been seen in the rev of HIV-1
(Ratner et &/., 1987; Sodroski et al.,, 1986) and in the
hinge domain of nucleic acid binding proteins (Adler et
al., 1988). The rev gene of visna virus, like that of the
primate lentiviruses, is also transcribed as a large RNA
precursor that is processead into mature form by multi-
ple splicing (Dawvis et al., 1987; Davis and Clements,
1989; Mazarin et al.,, 1988). Thus, the rev gene of visna
virus has two excons that contain Arg + Lys-rich
regions, but without the characteristic Cys-rich re-
gion seen In tat. The visna virus rev exon 1 has been
localized to the &' end of the env ORF and in frame
with it; exon 2 overlaps the TM coding sequences,
but is in a different reading frame (Mazarin et 4.,
1988).

There were no obvious short ORFs in, or overlap-
ping, the 3" end of the central region of BIV that ap-
peared to be good candidates for the first rev exon of
BIV. However, a potential ORF reminiscent of the sec-
ond rev exon of visna virus and primate lentiviruses was
identified in the 3" end of the genome {nt 7571-8068)
and in a different reading frame from that of env. It also
18 rich in Arg + Lys residues. These sequences proba-

bly represent BIV rev exon 2. The presence of the visna
virus rev exon 1 in the env ORF prompted us to scan
the analogous region in BIV for sequences that could
represent rev exon 1. In the translation of the first 39 nt
(nt 5415-5452) of the env ORF, there is some amino
acid identity to rev exon 1 of HIV-2 (Guyader et al.,
1987). The sequence for this 39 amino acid stretch be-
gins Met-Asp-Gin—-Asp-Leu and precedes the pre-
dicted hydrophobic leader sequence for env as invisna
virus (Mazarin et al. 1988; Gonda, 1989). This rev
exon is preceded by a potential splice acceptor site
(nt 5396) and followed by a splice donor site (nt 5452),
which would put these sequences in frame with
those proposed for the BIV rev exon 2, when using
a splice acceptor site at nt 7648. The predicted
size for the product of this gene is 17 kDa (153 aa)
(Table 2}, which is about the same size as the 18-kDa
(167 aa) rev gene product of visna virus, predicted
from the transiation of a cDNA clone (Mazarin et al,,
1988).

There are two additional small ORFs in the BIV cen-
tral region that contain a potential AUG start site. We
have designated these two unique ORFs W (nt 4729
4890) and Y (nt 56089-5328). The predicted products
for the Wand Y ORFs are 54 and 80 amino acids (Table
2), respectively. ORF W contains a strong consensus
seguence signal for initistion of translation at the first
AUG in this ORF, while that of Y is weak (Kozak, 1988,
1989). In addition, there is a potential splice acceptor
site immediately upstream of both W and Y. The pres-
ence of a strong consensus signal sequence in W sug-
gests that this ORF may be actively translated, possibly
from a spliced message. The fate of Y'is more specula-
tive at the moment. Interestingly, W and Y are located
in a position in the central region analogous to vor-,
vox-, and vpu-encoding ORFs of HIV-1 and/or HIV-2.
No amino acid or nucleotide similarities for BIV ORFs
W or ¥ were found with the ORFs of the central region
of primate or ruminant lentiviruses. However, we noted
that Y has a significant number of basic amino acids
and thus, based on this property, appears to bear some
resemblance 1o a nucleic acid-binding protein.

Genomic variability in the BiV 106 and 127
moiecular clones

The sequencing of the two functional proviral clones
of BIV presented us with the opportunity to examine
the amount and location of diversity between them.
There are 137 nucleotide changes (Table 1); 91 of
these are deletions in BIV 106 and 87 of these occur
at a single site in the envelope. The BIV 106 U, R, and
U, elements (Fig. 1) have 8 nucleotide changes and 4
of these are deletions. There are no deletions in BIV
127 relative to BIV 106. Of the 46 nucleotide substitu-

tions, 42 are in putative structural or nonstructural/reg-
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Fig. 4. Determination of the transcription initiation site by primer
extension from viral RNAs. Lanes 1-4: Sequencing ladder (A, C, G,
and T, respectively) using the nt determined for the noncoding strand
of BIV 108, included for accurate estimation of the size of the exten-
sion products; lane 5: RNA from BIV 106-infected cells; lane &;: RNA
from BIV 127-infected cells; lane 7: RNA from parental BIV-infected
cells; lane 8: control RNA from uninfected cells. The RNA isolation,
primer extension, and sequencing reactions were performed as de-
scribed under Materials and Methods.

ulatory genes and are responsible for 24 coding substi-
tutions. Several substitutions cause coding changes in
overlapping ORFs. Most of the predicted replacements
are relatively conservative; 6 however, result in charge
changes (Table 1).

Figure 8 shows diagrammatically the distribution of
nucleotide substitutions between BIV clones 127 and
106; the substitutions were graphed cumulatively for
each 100 nt segment. In the structural genes, there are
7 substitutions in gag, 8 in po/, and 24 (111 if the 87 nt
deletion is counted) in env (19 in SU: 5 in TM). In the
nonstructural/regulatory genes, vif has 2, tat exon 1
has 2, tat exon 2 has 2, revexon 2 has 3, and W has 1
substitution(s). By visual analysis of Fig. 8, there ap-
pears to be a nonrandom distribution of substitutions
even when the major deletion in env is ignored. For the
structural genes, the graph suggests that there are a

larger number of substitutions in env and that there are
local regions of greater variability within env. Our analy-
sis indicates that the env gene contains the greatest
number of coding substitutions (gag = 2 of 7; po/ = 2
of 8; and env = 12 of 24). In addition, within env, SU
has the highest number of substitutions, suggesting
that the SU is the most variable region of the genome.
We subjected this observation to further scrutiny using
a x* test to determine whether the number of observed
nucleotide changes in the env gene, and, in particular,
the SU region, exceeded what would be expected if the
changes (excluding the 87 nt deletion) were random
over the lengths of each functional unit (gag, pol, SU,
and TM). The results (P = 0.0003) of this x* analysis

TABLE 2

PutaTive PROTEIN PRODUCTS OF BIV 127 ORFS

ORF HIV-1 equivalent BIV protein position MW {Da)
gag” gag precursar (pbh) nt316-1743 53,440
MA (p16) a3 1-133 15,369
CA (p24) 134-360 25,420
NC (p15) 361-476 12,687
pol® pol precursor(p110)  nt1581-4739 120,658
PR (p12) aabh1-143 10,564
RT {p66) 144-774 72.157
IN (p32} 775-1053 32,054
env® env precursor nt5415-8126 102,269
SuU aa 1-5565 62,098
™ h56-904 40,189
vif vif 4601-5194 22 B28
W ? 4729-4830 6,620
Y 7 5089-5328 9,549
tatexon 1 tatexon 1 £228-5536 11,6897
ratexon?2 tatexone 7667-7782 ND*
revexon 1 revexon 5415-5452 ND
7571-8068 17,0987

rey exon 2 revexon s

2 Alignment of BIV 127 gag and HIV-1 4xs- gag by PIR Align program
using a gap penalty of 6 and 300 random runs {Needleman and
Wunsch, 1970). Processing products were derived from comparison
with HIV-14xa- (Mervis er al., 1988).

? Alignment of BIV 127 pol and HIV-1,xg. pol by PIR Align and UW-
GCG Gap programs. Protease-RT junction inferred from BIV-HIV-
1axez comparnson (Lillehoj et al, 1988). endonuclease homology
from BIV-visna virus and visna virus-HIV comparisons {Braun et af.,
1987).

¢ Alignment of BIV 127 env and HIV-14xg: env by PIR Align pro-
gram. Processing products from comparison of BIV and HIV-1 g
(Muesing et al., 1985),

“ Molecular weights for tat exons 1 and 2 translated from a pre-
dicted spliced message.

®Not determined.

"Molecular weights for rev exons 1 and 2 transiated from a pre-
dicted spliced message.
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BIV N I{H[Q G PKEPY]|
HIV-1 D[I[R|Q G P K E P|F
HIV-2 D[1(K|Q 6 P K E P|F
SIV._, DVK|QGPKEP|F
SIV,, D|1|R|Q 6 P K E P|F
EIAV N I[R|Q G|A|K E P Y
Visna L VK|QIKNT|E[SIY
Consensus BIbQGPKEPE

Fia. 5. Alignment of the highly conserved region of lentivirus gag
proteins. A global alignment was performed using the PIR Align pro-
gram with a gap penalty of 6 (Needleman and Wunsch, 1870). The
region shown represents residues 293-302 of the predicted BIV 127
gag protein sequence (BIV 106 and 127 are identical in this region).
Boxed residues are those which are the same as BIV. The consensus
line shows residues which are the same in at least five of the seven
viruses. Lowercase symbols indicate conservation of amino acid
character, but not a specific amino acid at that position: B, aspartate
Or asparagine; a, aromatic; b, basic.

statistically support the contention that the SU of the
env gene Is the most variable segment of the BlV ge-
nome used in the comparison.

Evolutionary relationship of BIV and
other retroviruses

Despite the great diversity which exists between iso-
lates of different retrovirus subfamilies (Gonda et al.,
1989), there are certain regions of the genome that are
highly conserved and upon which evolutionary relation-
ships can be readily derived. One such region that we
have focused on is the amino terminus of the RT do-
main of po/ (Gonda et a/l., 1986, 1987, 1989; Gonda,
1989). Since the first report on the molecular cloning
of BIV (Gonda et al., 1987), wherein BIV was deter-
mined to be a member of the lentivirus subfamily of ret-
roviruses, several new lentiviruses (FIV, OPPV, HIV-2,
SIVmacr SlVagm, SIVimne, and SIVg,,) have been cloned
and sequenced. The relationship of BIV to these new
viruses has not been determined. To investigate further
the evolutionary relationship of BIV and other lentivi-
ruses, we constructed phylogenetic trees for the retro-
virug family from comparisons of amino acid se-
quences obtained from the RT domain of pol.

Figure 9A shows an alignment of 80 consecutive
amino acid residues from a spectrum of retroviruses
including all of the lentiviruses for which sequences are
available 1o date, as well as representative members of
the oncoviruses and spumaviruses. Pairwise compari-

sons between these residues show strong sequence
conservation among the lentiviruses (50-53% or
greater matching residues; no gaps); the sequence
identity weakens when other retrovirus subfamily
members are compared to the lentiviruses (38—-42% or
fewer matching residues; with gaps). It is obvious from
an inspection of this alignment that BIV clusters with
the lentiviruses.

SUMM cleavage

1
BIV HKPHA'IJGLAIFLLU‘LAIHAITSSLVAATTLUNQHTTAKUVERVU@IAQTQDQFTHL 60

L} Edaa [ ] L] L] L L L] L ]

HIV HEHR&UG[G.ALFLG‘FLGAAGST“GAASMTLT'&'QARQLLSGIVQWHNLLHAiEhQQ—-—HL 54

e

MH =terminal hydrophoblc domain
BIV FRNINNRLHULHHRUSYLEYVEEIRQKQUFFGCKFHGRYCHFDFGFEEVG@ ---h‘ 115

L} ] L ] ]

HIV LQLTVHGIKQLQARILAVERYLKDQQLLGIWGC- -SGKL xcruun-u@gu W 116

BIV usﬂmNDansvnmEEmLx1RUDWL@E{)TQDTFGLHSIFGHLWLFDwTswmw 175

L ] L L% ] L} » L]

HIV -nmewnaE INNYTSLIHSLI EESQNQQEKNEQ~—ELLELDKWASLWNWF-‘J’HLHY 174

BlV IKII I'u"I IVLWLL IKILLGHLRSCAKVSQNYQHL 208

HIV IHLFIHIVGGLH’GLHI%’FﬁULSIUNEVRQGTEPL 208

e
fransmembrane domain

B
100 Transmembrane
Domain
Fis
=
)
2 50
@
(=
25
i BIV 127
0 | 1 1
0 100 200
100 Transmembrane
Dﬂfmann
75 / \
=
@
o 50 '/
@
o
25
: HIV-1 (HXB2)
0 | | | | | =5
0 100 200 300

Amino Acid Residue

Fic. 6. Comparison of the transmembrane proteins (TM) of BIV 127
and HIV-1uxe. (A) Alignment of a portion of the BIV 127 and HIV-
Thxge TM using UWGCG Gap (gap weight 2.0, gap length weight 0.2)
(Devereaux et a/., 1984). The transmembrane and NH,-terminal hy-
drophobic domains of the HIV-1 TM are indicated below the se-
quence. Arrows indicate conserved Cys residues. Potentiat sites of
N-linked glycosylation are boxed. SU-TM cleavage site is indicated.
(B) Hydropathy plots of the BIV 127 {top panel) and BIV-1 xg» (lower
panel} TMs using UWGCG Peptidestructure and Plotstructure (Jame
son and Wolf, 1988). Hydrophobic regions appear below the mean:
hydraphilic regions appear above the mean.
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% similarity

HIV-1 aa22 |C|T|N|-|C|Y|C K|K|C C|F|H C Q;V C FII TIK|IA|L G 1(S|Y| 47 (100)
HIV-2 50 |CIN[N|S|CIY|C K|RIC C Y HC Q|M|CF LIN|K|GIL G I|C|Y| 75 (67)
SIV.. 50 |C|Y|N|T|C|Y|C K|IK|C C Y HC Q|F|C F L|K|K|G|L G I|S|Y| 75 (74)
= 26 |C|K|N|K[C|F|c K|K|c ¢ Y H € q|L|c F L{Q|k|&[L &|v T|Y| 52 (63)
BIV127 38 [C|P H -|C|C|C|P I|C|S W|H C Q|L|C F L|Q KIN[L 6 I|N|Y| 63 (56)
EIAV 1 --VLLQEARPN|[YHclLlcFLl-rs|Le1|p|Y| 25 (37)
Visna 63 R R|N|-|C|GICIRLICINPGWGS - - Q-v RN--VEL 94 (19)
Consensus C{p|N[-[C|n|C K|{p|[C C YHC Q[n|C F L-p Kip|L G I|p|Y

FiG. 7. Alignment of a highly conserved region of the tat (exon 1) ORF of several lentiviruses. The nucleatide sequences of the indicated viruses
were obtained from GenBank and the tat region was translated using the program Translate (UWGCG) (Devereaux et af,, 1984). Each peptide
sequence was optimally aligned with the HIV- 1,4 sequence using UWGCG Gap {gap weight 5.0, gap length weight 0.3). Multiple sequence
alignment was generated using Genalign (Sobel and Martinez, 1985). p. polar; n, nonpolar.

Figure 9B is a phylogenetic tree of retroviral relation-
ships for the RT segment of the po/ gene shown in Fig.
9A. Among the retroviruses whose RTs have a prefer-
ence for Mg”* cations, there are two main branches,
one which leads to the oncoviruses and one which
leads to the lentiviruses. The branching order of lentivi-
ruses has BIV diverging first from an ancestor that gave
rise to all of the other lentiviruses. BIV appears to be
more closely related to EIAV; however, from calcula-

tions of the evolutionary distances between lentivi-
ruses on the tree, our overall impression of the BIV rela-
tionship is that it is relatively equidistant from all of the
other lentiviruses for the RT segment tested. Further-
more, sequence comparisons from other ORFs of the
genome suggest alternate protein-dependent tree to-
pologies with lentiviruses other than BIV diverging first
(data not shown). Moreover, the complement of non-
structural/regulatory genes in the various isolates
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Fig. 8. Distnbution of nucleotide substitutions between BIV 106 and 127. The positions of the major ORFs are shown. The arrow over the
env segment represents the SU-TM cleavage site. Each box represents one substitution and substitutions are cumulatively displayed every 100
nt. a, coding substitutions in both Wand vif. b, two nuclectide substitutions which cause coding changes in fat exon 1, but only one of the two
causes a coding change in env. ¢, coding changes in env and rev exon 2, but not tat exon 2. d, nucleotide substitution which causes coding
changes in rev exon 2 and tat exon 2, but not in env. e, nucieotide substitution which causes a coding change in rev exon 2, but not in env.
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Fig. 9. {A) Alignment of 90 consecutive amino acids in the conserved RT domain of po/ genes from lentiviruses with those of other retroviruses
Retroviruses used are visna virus, OPPV, CAEV, SIVsm, SIVmne, SIVmac, HIV-2, HIV-1, siVagm, EIAV, BIV, FIV, HTLV-1 (human T-cell leukemia
virus type 1), BLV (bovine leukemia virus), RSV (Rous sarcoma virus), SRV-1 (simian aids retrovirus type 1), Mo-MuLV (Moloney murine leukemia
virus), and HFV (human foamy virus). The alignment shown is generally that optimal with visna virus; slight improvements in the other pairwise
alignment scores can be made by minor shifts in the placement of gaps. Shaded boxes are drawn around identical residues when seven or
maore lentiviruses share that residue. (B) Fitch Margoliash phylogenetic tree of retroviral relationships based on the po/ gene sequences shown
in (A). Branch lengths are in units of —log M, where M is the frequency of maiching residues. The tree was rooted with HFV and Mo-MuLV as
the outgroup taxons because they consistently had the lowest alignment scores and because their RTs preferentially use Mn®™ cations as
cofactors. The average percentage standard deviation of the tree was 5.17.

differs, thus further complicating the derivation and
analysis of evolutionary trees for certain gene seg-
ments.

The RT tree has the majority of the lentiviruses clus-
tering into two main groups, the primate lentiviruses
and the FIV, OPPV, CAEV, and visna virus tetrad,
wherein members of each group are more closely re-
lated to each other and appear to have arisen from a
lentivirus predecessor after BIV and EIAV diverged. Im-
munologic cross-reactivity of gag gene products within
each cluster support the identity of these two groups
(Gonda et al., 1987; Olmsted et a/., 1989a). Qur results
further indicate that BIV is not closely related to and did

not recently arise from any other characterized lentivi-
rus, thus, it is a unique and distinct member of the
lentiviruses. The topology of our tree is in general
agreement with those recently derived by others
using subsets of the viruses used here (Doolit-
tle, 1989, Gonda et al, 1989 Olmsted et al,
1989Db).

DISCUSSION

In the present study, the complete nucleotide se-
quences of two functional proviruses of BIV were deter-
mined. Their genomic organization is identical. The BIV
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genome is 9.0 kb in the form of the integrated proviral
DNA. Within the lentivirus family, only the EIAV provirus
is smailer at 8.2 kb (Kawakami et a/., 1987). Despite
BIV's small size, its genome Is quite compiex since we
have localized eight potential genes. The three largest
ORFs encode the gag, pol, and env genes common to
all replication-competent retroviruses. BIV also has the
lentivirus central region in which we found five addi-
tional ORFs. Three of these are similar in structure and
location to the exons for vif, tat, and rev; two unigque
ORFs W and Y were also found. ORFs similar to W and
¥ have not been described for visna virus or EIAV ge-
nomes (Kawakami et al., 1987; Sonigo et al.,, 1985;
Braun et a/., 1987).

The predicted first exon of rev was found in the env
ORF, in frame with the env gene translation, and that
of tat was found in the central region. The second ex-
ons for tat and rev appear to reside in the 3" end of the
genome overlapping env, suggesting that the first and
second encoding exons for tat and rev are brought to-
gether by the multipie splicing of a larger transcript to
produce a mature mRNA, reminiscent of HIV and visna
virus (Rabson et al., 1985 Davisetal, 1987; Mazarin et
al., 1988). Poiential splice acceptors and donors were
recognized in the vicinity of these exons, which en-
hances the likelihood of this hypothesis. In fact, recent
analysis of BIV transcripts using viral RNA from cells
infected by the infectious clones or parental stock has
demonstrated that BIV has a complex transcriptional
pattern and encodes at least five size classes of MRNA
(Oberste and Gonda, manuscript in preparation). The
definitive identification and functional demonstration of
the nonstructural/reguiatory ORFs of BIV will require
the isolation and characterization of cDNA clones and
their products.

One striking feature of the BIV genome was the lack
of a nef ORF which is located post-env in the genomes
of primate lentiviruses (Chakrabarti et a/., 1987, Fuka-
sawa ef al., 1988: Guyader et al., 1987; Niederman et
al., 1989; Ratner et al., 1987). nef is postulated to be a
transcriptional silencer and important in down regulat-
ing the expression of virus (Niederman et a/., 1989). In-
terestingly, visna virus and EIAV also lack a nef ORF
(Braun et al,, 1987; Sonigo et af., 1985: Kawakami et
al., 1987). The env ORFs of the nonprimate lentiviruses
are very large. It is possible that the nef for these vi-
ruses is in frame with the 3-most end of the TM domain
of the env ORF, similar to the incorporation of rev exon
1 of visna virus and BIV in the 5 end of the env ORF.
We searched for sequence similarity in BIV with various
nef sequences from primate lentiviruses and found no
reascnable identity to support this idea. Of the lentivi-
ruses studied thus far, EIAV appears to have the sim-
plest central region complexity since it also lacks an

ORF for vif (Kawakami et a/., 1987). The nonstructural/
regulatory genes of HIV are purported to play an impor-
tant role in the pathogenesis, infectivity, and latency
of HIV (Haseltine er al., 1988). it will be important to
correlate and compare the biological significance of
the presence and/or absence of these genes in BIV
pathogenesis.

Genomic variability 1S a siriking feature of lentivirus
infections. Our nucleotide sequence comparisons of
the two functional proviral molecular clones here have
demonstrated that BIV also exhibits extensive genomic
variation, even though the two clones were derived
from a single virus isclation. The possible reasons pro-
posed for the genomic diversity of lentiviruses include
infidelity of the lentivirus RT during reverse transcrip-
tion of the viral RNA (Preston et a/,, 1988; Roberts et
al., 1988) and constraints in the secondary structure of
the viral RNA that make the RT error prone (Braun et
al., 1987), The genomes of BIV 106 and 127 differ by
1.7% when all deletions and substitutions are taken
into consideration; however, 75% of the nucleotide
substitutions and deletions occur in the SU. In the case
of BIV 108 and 127, all of the changes were due 10
substitutions and deletions, no cbvious duplications
were observed. The largest number of coding changes
occurs in the SU; there may be a selective advantage
for the SU of lentiviruses to be hypervariable (Braun et
al., 1887 Gonda, 1989). It is not known whether the
nucleotide substitutions resulting in coding changes
are reflected in the antigenic properties of the SU or
are respansible for the differences in cytopathogenicity
observed in vitro (Braun et a/., 1988; unpublished data).
The 29 amino acids encoded by the 87 nt deletion in
the SU were predicted by computer algorithms to have
a high surface probability and, thus, to be antigenic
(data not shown)., We assume that all of the changes
between clones 127 and 106 reported here occurred
in vivo prior to the isolation of the parental stock of BIV.
It is unlikely that the changes occurred in vitro, since
such changes have not been reported to cccur for any
lentivirus studied thus far (Saag et al., 1988), and our
clones, at least in the hypervanable region of the SU of
the env ORF, have remained constant during numer-
ous propagations in culture.

In previous experiments using restriction enzyme
mapping (assaying for the presence or absence of a
anique BIV 127 EcoR1 site in the env gene), the pre-
dominant genome type in parental stocks of BIV propa-
gated in bovine cells was determined to be one with
sequences related to clone 106 (Braun et al., 1988).
We were unable to detect BIV 127 sequences using
this physical mapping technigque in Southern transfers,
even though a BIV 127 proviral clone was obtained. In
the present report, the primer extension data demon-
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strated that parental stocks of BIV used a BIV 127-like
L TR. This suggests that there may be other BIV 106-
like proviruses in cells infected with parental stocks
which have BIV 127-like LTRs. The functional signifi-
cance of this finding is at present not known, but sug-
gests that each BlV isolate is comprised of a heteroge-
neous population of genetically related but molecularly
distinct genomes. Individual functional proviral ge-
nomes within this population may differ in biological
properties. Qur present study supports the idea that
lentiviruses are a quasi-species composed of many
variant genomes; thus, the sequence and biologic
properties of a single provirus may not be definitive ot
the /in vivo and in vitro macrobiology of the isolate
(Wain-Hobson et al., 1989, Saag er al,, 1988, Fisher
et al., 1988; Tersmette et &/, 1989). The extent and
biclogical significance of the variability seen in BIV ge-
nomes is presently under investigation using these and
additional proviral molecular clones derived from the
same bacteriophage library used to obtain BIV 106
and 127.
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