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Bovine leukemia virus, like its closest relatives the human T-cell leukemia virus types I and II, contains a

1.8-kilobase X region between the env gene and the 3' long terminal repeat. In this communication, we report
the detection and characterization of a subgenomic mRNA from which this X region is presumably translated.
This mRNA was produced by a complex splicing mechanism which resulted in juxtaposition of the 5' end of the
env gene and the two overlapping X-region open reading frames. Translation of this mRNA could yield at least
two distinct proteins depending on which initiation codon is used. Detection of the protein encoded by the BLV
X-region long open reading frame has been reported (N. Sagata, J. Tsuzuku-Kawamura, M. Nagayoshi-Aida,
F. Shimizu, K.-I. Imagawa, and Y. Ikawa. Proc. Natl. Acad. Sci. USA 82:7879-7883, 1985). Using synthetic
peptide antisera, we detected a protein encoded by the short open reading frame in virus-infected cells. The
protein migrated in sodium dodecyl sulfate-polyacrylamide gels with an apparent molecular weight of 19,000.
It is a nuclear phosphoprotein.

The retrovirus bovine leukemia virus (BLV) is the caus-
ative agent of enzootic bovine leukosis, a disease character-
ized by clonal tumors of the B-cell lineage in cattle and the
T-cell lineage in sheep (8, 24). The mechanism of disease
induction is unknown. The virus apparently need not be
expressed in tumors (23, 25) and contains no sequences able
to hybridize with normal cellular DNA (15). The BLV
genome is integrated in tumor DNA, but specificity in
integration has not been detected (15, 22). Thus, neither an
oncogene nor a promoter insertion model of tumorigenesis is
particularly satisfactory.

In our recent molecular analysis of the BLV genome, we
detected some unusual aspects of the sequence organization
of BLV that might help us to understand the mechanism of
leukemogenesis. We have determined and reported the
complete nucleotide sequence of a molecular BLV clone
from a bovine tumor (38-40). The sequence revealed that in
addition to the gag, pol, and env genes found in all replica-
tion-competent retroviruses, the BLV genome contains a
1.8-kilobase (kb) region between the env gene and the 3' long
terminal repeat. It is unlikely that the 5' half of this so-called
X region encodes a protein, for there are multiple translation
terminators in all three reading frames (39). However, there
are two overlapping open reading frames in the 3' half of X,
i.e., a short open reading frame (sor), and a long open
reading frame (lor). Human T-cell leukemia virus types I and
II (HTLV-I and -II), which are the closest relatives of BLV
(11, 12, 36, 38, 39, 45, 46), also possess an X region, and the
sizes and relative positions of their sor and lor are very
similar to those of BLV. HTLV-I proteins derived from both
sor and lor have been reported (26, 29, 51). In previous work
with BLV, X-region mRNA has been detected in virus-
infected cells (30, 44) and a 38,000-molecular-weight protein
which is the product of the lor gene has been reported (42).
Like the HTLV-I and -II lor proteins, the BLV X-lor protein
has trans-activating activity, acting either directly or indi-
rectly to stimulate transcription from the viral long terminal
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repeat (9, 17, 42, 52). In the present work, we show that the
sor gene also encodes a protein found in BLV-infected cells.
It is a nuclear phosphoprotein with an apparent molecular
weight of about 19,000, and it is translated from a doubly
spliced mRNA.

MATERIALS AND METHODS
Cells. The BLV-producing fetal lamb kidney (FLK) cell

line was established and described by Vander Maaten and
Miller (56). The BLV-producing bat lung cell line Tbl-
Lu/BLV was established and described by Graves and
Ferrer (21). These cells, as well as the uninfected bat line
TblLu, were grown in Dulbecco modified Eagle medium plus
10% fetal calf serum at 37°C.

Preparation of RNA and Northern blots. RNA was isolated
by the guanidine hydrochloride method (14), and molecules
containing 3' poly(A) tails were selected by oligo(dT)-
cellulose chromatography (2) after heating at 65°C for 5 min
in distilled water. Electrophoresis in methylmercuric hy-
droxide was carried out as previously described (3, 6, 20) by
using about 5 ,ug of poly(A)+ RNA per lane. One lane of the
gel contained unfractionated RNA and was stained in
ethidium bromide after electrophoresis to visualize 28S and
18S rRNAs. The remaining lanes were blotted onto nitrocel-
lulose (55). In one experiment (see Fig. 2, lanes 4 to 7), RNA
was fractionated in a formaldehyde gel (19, 31).
DNA probes. Subclones in pUC8 of a BLV tumor-derived

genome (15) were digested with the appropriate restriction
enzyme(s), and DNA was fractionated by electrophoresis in
low-melting-point agarose gels. DNA fragments were puri-
fied by NACS-52 chromatography (Bethesda Research Lab-
oratories, Inc.) and nick translated (41) by using [a-32P]dCTP
(400 Ci/mmol). Specific activity of the DNA was usually
about 2 x 108 cpm/,ug.
Oligomers were synthesized by using the Applied

Biosystems DNA synthesizer and were purified by electro-
phoresis through 20% acrylamide containing 7 M urea.

Oligomers were labeled at their 5' termini by using [-y-
32P]ATP (3,000 Ci/mmol) and T4 polynucleotide kinase (Be-
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thesda Research Laboratories). The resulting specific activ-
ity was about 1.5 x 109 cpm/,Ig.

Hybridization of Northern blots. Oligonucleotides were
hybridized in the buffer described by Thomas (55), except
that it contained no formamide or dextran sulfate. Labeled
oligomer was present at 2 x 106 cpm/ml. After incubation for
24 h at 35 to 42°C, the filter strips were washed in 6x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 37
to 55°C, depending on the G+C content of the oligomer.
Filters were exposed to X-ray film in the presence of an
intensifying screen for 2 to 4 days.

Higher-molecular-weight DNA fragments were boiled and
hybridized with the Northern blots for about 40 h at 42°C.
The buffer (55) contained 40% formamide, no dextran sul-
fate, and [32P]DNA at 2 x 106 cpm/ml. The most stringent
wash was 0.5x SSC at 55°C. Bands could typically be seen
after overnight exposure of the filter to X-ray film with no
intensifying screen.

Metabolic labeling. Cells were rinsed in phosphate-
buffered saline and incubated in methionine-free minimum
essential medium plus 10% dialyzed calf serum for 10 min at
37°C. [35S]methionine (1,000 Ci/mmol; Amersham Corp.)
was added to a final concentration ranging from 25 to 100
pzCi/ml, and incubation continued for 2 to 5 h. In one
experiment (see Fig. 4A), cells were labeled with both
[35S]methionine and [35S]cysteine (1,000 Ci/mmol;
Amersham). These were added to medium lacking both
methionine and cysteine.
To label with 32P1, cells were rinsed in phosphate-free

RPMI and preincubated for 4 h in phosphate-free RPMI
containing 10% dialyzed calf serum and 50 ,uM sodium
orthovanadate. A 1/100 volume ofPBS was then added along
with 32P, (carrier free; Amersham) to a final concentration of
200 ,uCi/ml. Incubation continued for about 4 h prior to
processing for immunologic analysis.
Immune precipitations. Our procedure has been described

in detail previously (37). Briefly, cells were lysed in buffer
containing Tris, sodium chloride, EDTA, sodium deoxycho-
late, Triton X-100, and sodium dodecyl sulfate (SDS); and
lysates were incubated with antiserum plus protein A-
Sepharose (Pharmacia, Inc.). Immune pellets were boiled
and loaded onto 10 to 20% gradient SDS-polyacrylamide gels
(28). 35S-containing gels were impregnated with 2,5-
diphenyloxazole before being dried.

Synthesis of peptides and immunizations. Peptides were
synthesized by conventional solid-phase techniques (4) by
using a Vega Model 250C coupler. The following peptides
were synthesized: peptide I (CMSPRPAPKGPDD), corre-
sponding to residues 90 to 102 of the predicted amino acid
sequence, and peptide II (PLSGTAFFPGTT), correspond-
ing to C-terminal residues 145 to 156. Each synthesis used
the standard combination of tert-butyloxycarbonyl deriva-
tives for the a-amino function and benzyl-type derivatives
for the side chains of trifunctional amino acids. For the
addition of arginine, the tosyl derivative was used. For
peptide I, which contains methionine, 1,2-ethanedithiol
(0.2%) was added to the 40% trifluoroacetic acid (TFA) in
dichloromethane immediately after the addition of methio-
nine and was used in the subsequent deprotection steps. The
peptidyl resins were treated with liquid HF containing 10%
anisole, 3.2% dimethylsulfide, and 1.6% 1,2-ethanedithiol for
50 to 60 min to remove the protecting groups and effect the
cleavage of the peptide from the resin. Crude peptides were
purified by gel filtration by using G-25 Sephadex in 5% acetic
acid and by preparative reverse-phase high-performance
liquid chromatography by using a ,Bondapack C18 column

(Waters Associates, Inc.). The peptide, dissolved in 7 M
guanidine hydrochloride containing 0.1% TFA, was applied
to the column, which was equilibrated with 0.1% TFA-10%
acetonitrile in water at a flow rate of 4.0 ml/min, and was
eluted with a 30-min gradient of 10 to 60% acetonitrile which
also contained 0.1% TFA.

Peptides (5 mg) were coupled to bovine serum albumin (20
mg) by the method of Tager (54). This procedure results in
the coupling of a-amino and e-amino lysyl groups to the
carrier protein by means of a bifunctional reagent. New
Zealand White rabbits were immunized with 200 ,ug of
peptide carrier protein conjugates intradermally by the fol-
lowing schedule: immunization 1, 200 jig of conjugate in
complete Freund adjuvant; and immunizations 2 and 3 at
2-week intervals, 200 ,ug of conjugate in incomplete Freund
adjuvant. At 1 week after the final immunization, rabbits
were bled at weekly intervals and sera were tested by
enzyme-linked immunosorbent assay against the unconju-
gated peptide.

Other antisera. Antisera to purified BLV gp6O (45) and p24
were gifts of Alan Schultz and Stephen Oroszlan.
Phosphoamino acid analysis. Gel slices were crushed and

soaked overnight at 4°C in water containing 1 mM
phenylmethylsulfonyl fluoride. The eluate was dialyzed
against water, and the sample was lyophilized. After being
suspended in 200 ,ul of 4 N HCl, the sample was heated to
110°C for 1.5 h. It was then lyophilized again after the
addition of 10 nmol each of phosphoserine, phospho-
threonine, and phosphotyrosine (Sigma Chemical Co.). The
sample was taken up in 10 RI of electrophoresis buffer (90 ml
of water, 8 ml of acetic acid, 2 ml of formic acid [pH 2.0]) and
spotted on a thin-layer chromatography plate (EM Reagents;
0.1 mm). Electrophoresis was carried out at 500 V for 4 h,
followed by chromatography in the second direction in 30 ml
of 0.5 M ammonium hydroxide plus 50 ml of isobutyric acid
(pH 3.5). The dried plate was sprayed with a solution of 40
mg of ninhydrin dissolved in 10 ml of acetone and was baked
for 5 min at 60°C. Autoradiography was carried out at -70°C
with an intensifying screen.

RESULTS
Detection of X-region mRNA in BLV-infected cells. To look

for expression of the BLV X region, RNA was prepared
from the virus-producing bat lung cell line TblLu/BLV (21).
This RNA was enriched for mRNA by passage over
oligo(dT)-cellulose, and aliquots of the resulting poly(A)-
containing fraction were electrophoresed under denaturing
conditions and blotted onto nitrocellulose. Such blots were
hybridized with 1 of 10 different DNA probes, each repre-
senting a specific region of the BLV genome. The results are
shown in Fig. 1.
As expected, all 10 DNA fragments hybridized with an

RNA of about 8.6 kb, the complete viral genomic mRNA.
An RNA of about 4.3 kb was detected by probes drawn from
the 3' half of the genome (fragments 4 to 10) but not by gag
or pol probes (fragments 1 to 3). The env gene is presumably
translated from this subgenomic mRNA. Although X-region
sequences also appear in this 4.3-kb RNA, they presumably
cannot be translated because of the multiple termination
codons in all three frames in the 5' half of X. A minor band
at 6.2 kb was also detected with gag, pol, and X probes. It is
not known whether this RNA is a spliced product tran-
scribed from an intact BLV genome or whether it is a
transcript of a genome bearing a sizable deletion.
X sequences also appeared in an RNA of about 1.9 kb. In

this RNA, the region containing the multiple termination
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FIG. 1. Identification and characterization ofBLV X-region mRNA. (A) A diagram of the 8.4-kb BLV genorme based on its DNA sequence
(38-40). Abbreviations: PBS, primer binding site; SD, potential splice donor; SA, potential splice acceptor; S.O.R., short open reading frame;
L.O.R., long open reading frame. The gag and env initiator methionine codons are indicated by closed circles. (B) BLV DNA fragments used
in RNA hybridization experiments. Those fragments which hybridized with the putative X mRNA (i.e., 4, 5, 8, 9, and 10) are drawn with
heavy lines. (C) Northern blots of RNA from BLV-infected bat cells by using the probes shown in panel B. The putative X mRNA (1.9 kb)
is indicated by an arrow. Sizes of hybridizing RNAs are given below each blot. RNAs hybridized with probes 6, 9, and 10 were
electrophoresed for a shorter time than usual, resulting in less separation of the hybridizing bands. They have been arbitrarily aligned with
the others at the position of the env mRNA. The RNA preparation used for hybridization to probes 1 and 3 had considerable residual rRNA,
even after oligo(dT)-cellulose chromatography. The 28S RNA appears as a negative image on the Northern blots.

codons was not present (fragment 7 did not hybridize) but
the region containing the open reading frames was present
(fragments 8 and 9 hybridized). In addition, fragments 4 and
5 also hybridized with this 1.9-kb RNA. Fragment 4 contains
several possible splice acceptors, while fragment 5 contains
the initiator for the env gene (39). Fragment 6, representing
most of the env gene, did not hybridize to this RNA; nor did
fragment 1, which represents most ofgag and carries the gag
intitiator, or fragment 3, which represents most of the 3' half
of the pol gene. It therefore appears that as in HTLV-I and
HTLV-II (1, 48, 57), two splicing events must occur to
generate this 1.9-kb RNA; i.e., the 5' cap site must be
spliced to an acceptor upstream of env, as in the env mRNA,

and a donor located within fragment 5 must then be spliced
to an acceptor within fragment 8. This doubly spliced RNA
is presumably the message from which the extreme 3'
portion of the BLV genome is translated.

Localization of splice sites in the X-region mRNA. To define
the 1.9-kb RNA more precisely, we synthesized DNA oligo-
nucleotides complementary to specific regions of viral RNA
and examined their abilities to hybridize to the three major
RNA size classes. Oligomers 1 and 5 are derived from
fragment 4, which contains several possible splice acceptor
sites (Fig. 2A). Oligomer 1 was able to hybridize with the
1.9-kb RNA, as well as with the 4.3- and 8.6-kb RNA, but
oligomer 5 hybridized only with genomic RNA (Fig. 2C).
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FIG. 2. Splicing of the X-region mRNA in BLV-infected bat cells. (A) Nucleotide sequence from 4325 to 4684 (cap site is position 1) of

the Belgian tumor-derived clone. The boundaries of the two DNA fragments capable of hybridizing to the 1.9-kb RNA (fragments 4 and 5)

are indicated, as are the boundaries of oligomer 1, which also hybridizes, and oligomers 2 and 5, which do not. + and -, Positive and negative

hybridization. The deduced splice acceptor (33) upstream of oligomer 1 is indicated, as are possible splice donors (33) downstream of the env

initiator at 4615 to 4617. In the oligomer 2 region, the FLK clone derived by Jim Casey differs at one position from the tumor-derived clone

(Rice and Stephens, unpublished results); oligomer 2 was made complementary to the FLK clone. (B) Nucleotide sequence from 6975 to 7154

within the X region. The 5' boundary of fragment 7, which does not hybridize to the 1.9-kb RNA, is the same (6614) as the 5' boundary of

fragment 8, which does hybridize. Their 3' boundaries are indicated in the figure, as are the boundaries of oligomer 3, which does not hybridize

to the 1.9-kb RNA. The only possible splice acceptor between oligomer 3 and the 3' boundary of fragment 8 is indicated. (C) Hybridization
of oligonucleotide probes to Northern blots of RNA from BLV-infected bat cells. Oligomers 1, 2, 3, and 5 are described in panels A and B,

above. Oligomer 4 is complementary to the extreme 3' end of viral RNA and is included as a positive control to show all the major hybridizing

species. Oligomer 6 is complementary to bases 86 to 94 and 4443 to 4453 of genomic RNA, and oligomer 7 is complementary to bases 4657

to 4665 and 7042 to 7051 of genomic RNA. The weak hybridization of oligomer 6 to genomic RNA was unexpected and may reflect its high

G+C content (65%).

The splice acceptor for both the env mRNA and X mRNA
must therefore lie between these two regions. The only
possible acceptor which obeys the consensus rules compiled
by Mount (33) is at 4443, 172 bases 5' of the initiation codon
for the env gene. In accordance with this prediction,
oligomer 6 was able to hybridize with both the env and X
mRNAs (Fig. 2C). Oligomer 6 is complementary to a 20-base
sequence predicted to occur in spliced mRNA but absent
from genomic RNA; it spans the predicted splice junction
between the 5' end of viral RNA (bases 86 to 94) and the
splice acceptor at 4443 (bases 4443 to 4453).
Oligomer 2 was designed to illuminate the position of the

splice donor, which must be located within fragment 5.
Oligomer 2 is complementary to bases 52 to 68 of the env

gene (positions 4666 to 4682 of the BLV genome) and did not
hybridize to the 1.9-kb RNA (Fig. 2A and C). If the X
protein(s) begins with a methionine supplied by env, then the
splice donor must be located between 4618 (base 4 of env)
and about 4680. There is only one good match to the
consensus splice donor cAG/GTAAGT (33) within this re-

gion; it is TGG/GTAAGT located at 4665.
The splice acceptor in the X region can also be predicted.

Since fragment 7 (6614 to 6997) did not hybridize with the
1.9-kb RNA but fragment 8 (6614 to 7113) did, the splice
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FIG. 3. Deduced structure of the doubly spliced BLV X-region
mRNA.

acceptor must be located between about 6997 and 7113.
Oligomer 3 (7001 to 7018) also did not hybridize to the 1.9-kb
RNA (Fig. 2B and C). There is only one good match to the
consensus acceptor sequence in the region defined by these
results; it is located at 7042 (Fig. 2B). In accordance with
these predictions, oligomer 7, which spans the predicted
splice junction (bases 4656 to 4665 and 7042 to 7051), was

able to hybridize only with X mRNA (Fig. 2C). Thus, the
structure of the 1.9-kb X mRNA is as diagrammed in Fig. 3.

Structure of X mRNA predicts translation of the short open

reading frame. The 5'-most methionine codon in the X
mRNA is the envelope initiator at 4615 to 4617 (Fig. 2A). If
translation begins there, the resulting protein will contain 17
amino acids of the env signal peptide. These 17 do not
include the very hydrophobic portion of the signal peptide
(39), and unlike the env polyprotein, therefore, the 1.9-kb
RNA translation product would not be membrane directed.
The remainder of the protein is encoded in the X region
beginning with the splice acceptor at 7042. Given the reading
frame of the env leader and the locations of the splice donor
and acceptor, this protein must be translated from the short
open reading frame (Fig. 2A and B). It is predicted to contain
156 amino acids and have a molecular weight of 16,575.

Detection of the X-sor protein. To search for the predicted
X-sor protein, antibodies were raised to two synthetic pep-

tides derived from the translated sequence (see Materials
and Methods and Fig. 7). The antisera were then used in
immune-precipitation experiments with lysates of [35S]meth-
ionine- or [35S]cysteine-labeled BLV-infected FLK cells.
Both antisera precipitated a protein of approximately 19,000
molecular weight (Fig. 4A, lanes 2 and 6). This protein was
not observed when preimmune serum was used (lanes 1 and
5). Precipitation was prevented in the presence of excess

homologous peptide (lanes 3 and 7), but excess heterologous
peptide had no effect (lanes 4 and 8). On the basis of this
specificity and positive results with antisera to two indepen-
dent peptides, we conclude that p19 is the product of BLV
X-sor. As expected if p19 is the X-sor product, it was also
detectable in BLV-infected bat cells but not in uninfected bat
cells (Fig. 4B).
Antiserum I also precipitated a protein of about 68,000

molecular weight which was not seen with preimmune serum

and whose binding was inhibited by homologous but not by
heterologous peptide. The identity of this protein is not
known, but since it was not recognized by antiserum II, we
think it unlikely that it is significantly related to p19. It is well
known that antisera to synthetic peptides may cross-react
with a small number of other proteins, presumably by virtue
of their sequence homology to the peptide (35).

X-sor protein is phosphorylated. To determine whether p19
is a phosphoprotein, FLK cells were grown in the presence
of32Pi and lysates were immune precipitated with each of the
two peptide antisera. In each case, a 32P-labeled doublet was
observed, with the individual proteins migrating with appar-
ent molecular weights of about 19,000 and 20,000 (Fig. 5,

lanes 2 and 5). These proteins were not precipitated by
preimmune serum (lanes 1 and 4), and precipitation by
immune serum was inhibited by homologous peptide (lanes 3
and 6). The 20,000-molecular-weight member of the doublet
was present in small amounts in lysates of 35S-labeled cells
(Fig. 4 and 6) but was easily detectable upon 32p labeling,
perhaps indicating that it is very highly phosphorylated.
Since sodium vanadate (a phosphatase inhibitor) was in-
cluded during the 32p labeling but not during the 3S labeling,
phosphatase action may have been significantly higher in the
latter, resulting in the preferential loss of p20.
To determine the identity of the phosphorylated amino

acid, immune precipitates of 32P-labeled lysates were applied
to a preparative polyacrylamide gel, and the 19,000- to
20,000-molecular-weight doublet was excised. Protein was
soaked out of the gel slices, hydrolyzed in 4 N HCl, and
analyzed on a thin-layer chromatography plate (in the pres-
ence of phosphoamino acid standards) by electrophoresis in
one direction and chromatography in the second. Radioac-
tivity appeared entirely in the phosphoserine spot, with none
detectable in phosphothreonine or phosphotyrosines (data
not shown).

X-sor protein is predominantly nuclear. To investigate the
subcellular localization of pl9, 35S-labeled lysates of FLK
cells were immune precipitated after separation into nuclear
and cytoplasmic fractions. Briefly, cells were lysed in TNT
(20 mM Tris [pH 7.5], 200 mM sodium chloride, 1% Triton
X-100), and a crude nuclear pellet was collected by centrif-
ugation at 600 x g for 15 min. This pellet was resuspended in
TNT and recentrifuged to yield a nuclear-wash fraction and
the final nuclear pellet. The first supematant was centrifuged
again at 600 x g for 15 min to remove any remaining nuclei
and then centrifuged at 10,000 x g for 10 min. The superna-
tant was the final cytoplasmic (including membrane) frac-
tion. SDS was added to each fraction to a final concentration
of 0.25%, and insoluble material was removed by centrifu-
gation at 10,000 x g for 10 min. The validity of the fraction-
ation was monitored in two ways. First, the location of the
viral envelope glycoprotein was determined in the 35S-
labeled fractions, and second, an additional aliquot of cells
was incubated in [3H]thymidine and fractionated as de-
scribed above.
Immune precipitation of the 35S-labeled fractions revealed

that p19 was predominantly located in the nuclear fraction
(Fig. 6, lanes 2 and 4), although a small amount was
detectable in the cytoplasm, particularly with antiserum II
(lane 4). In addition, both members of the p19 doublet were
clearly visible in the nuclear fraction. As in previous exper-
iments, the p19 doublet was not detected by preimmune
antiserum (lane 1) and was inhibited with excess homologous
peptide (lanes 3 and 5).

Localization of the BLV envelope glycoprotein gp6O was
monitored by use of a-gp6O serum (46). As expected, gp6O
was predominantly located in the cytoplasmic fraction (Fig.
6, lane 6), although a small amount sedimented with the
nuclei. In contrast, 98% of the acid-precipitable [3H]thy-
midine radioactivity was located in the nuclear fraction
(Table 1). We conclude that the fractionation procedure
yields a good separation of nuclei and cytoplasm, and we can
therefore have confidence in the conclusion that p19 is a
predominantly nuclear protein. It is likely that under our
conditions for the isolation of nuclei, the nuclear envelope
was dissolved and soluble proteins were extracted (10, 53).
We can further conclude, therefore, that most of p19 is
bound to a nuclear element or elements.
We also assayed virus for the presence of p19. The
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FIG. 4. Detection of the BLV X-sor protein. (A) FLK cells (a confluent T150 flask) were labeled with [35S]methionine and [35S]cysteine,
each at 100 ,uCi/ml for 4 h. Immune precipitates were prepared as described in Materials and Methods and were fractionated on a 10 to 20%
SDS-polyacrylamide gel. Lanes: 1 and 5, preimmune antiserum; 2, antiserum I; 3, antiserum I plus competing peptide I; 4, antiserum I plus
competing peptide II; 6, antiserum II; 7, antiserum II plus competing peptide II; 8, antiserum plus competing peptide I. (B) Cells were labeled
in 25 ,uCi of [35S]methionine per ml for 2 h, and lysates were immune precipitated and fractionated as described above. Lanes: 1, 2, and 4,
antiserum I; 3 and 5, antiserum I plus competing peptide I.

medium was collected after a 4-h incubation in [35S]meth-
ionine and [35S]cysteine, clarified, and centrifuged at 100,000
x g for 1 h. The viral pellet was lysed and subjected to
immune precipitation. The presence of viral proteins was
confirmed by the use of agp60 and (xp24, both of which
resulted in very dark bands on the autoradiograph, but no
p19 was detected even after long exposure (data not shown).

DISCUSSION

Previous work has demonstrated the existence of a doubly
spliced BLV mRNA of 1.8 to 2.1 kb in virus-infected cells
(30, 44) and of a 38-kilodalton protein which is the product of
the X-region long open reading frame (43). In the present
study, we confirmed the existence of the X-region mRNA,
deduced the location of the splice sites, and predicted and
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FIG. 5. X-sor protein is phosphorylated. FLK cells (a confluent
T150 flask) were grown in 32Pi as described in Materials and
Methods. Lysates were immune precipitated and fractionated on a

10 to 20% SDS-polyacrylamide gel. The gel was dried and exposed
to X-ray film at -70°C for 2 days with an intensifying screen. Lanes:
1 and 4, preimmune serum; 2, antiserum 1; 3, antiserum 1 plus
competing peptide 1; 5, antiserum 2; 6, antiserum 2 plus competing
peptide 2.

FIG. 6. Subcellular localization of the X-sor phosphoprotein
p19. FLK cells were labeled with 100 ,uCi of [35S]methionine per ml
for 5 h and then lysed and fractionated as described in the text.
Lanes for each of the nuclear and cytoplasmic fractions: 1, preim-
mune serum; 2, antiserum I; 3, antiserum I plus competing peptide
I; 4, antiserum II; 5, antiserum II plus competing peptide II; 6,
csgp60. The three additional subcellular fractions (nuclei2, nuclear
wash, and 10,000 x g pellet [for definitions, see Table 1, footnote a])
were assayed in the same way. No p19 was detected in any of the
three, while a trace of gp 60 was seen in the nuclear wash (data not
shown).
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TABLE 1. Distribution of [3H]thymidine after
subcellular fractionationa

[3H]thymidine distribution

Fraction cpm in Total vol Total cpm % Total
10 RI (ml) (106) cpm

Nuclei 38,000 2.6 9.9 98
Nuclei2 2,900 1.0 0.29
Nuclear wash 660 2.2 0.15 1.4
10,000 x g pellet 390 1.0 0.04 0.4
Cytoplasm 160 2.4 0.04 0.4

a A subconfluent T150 flask of FLK cells was incubated ovemight in
complete medium plus 10% dialyzed calf serum plus 5 ,uCi of [3H]thymidine
(51 Ci/mmol) per ml. Cells were lysed and fractionated as described in the
text. Nuclei2 is the pellet from the second centrifugation at 600 x g, and
cytoplasm is the supernatant from the centrifugation at 10,000 x g centrifu-
gation. The number of counts per minute insoluble in 10o trichloroacetic acid
was determined for 10 ILI of each fraction.

then demonstrated the occurrence of a new protein trans-
lated from this RNA. This X-sor protein migrated as a
doublet of 19,000 and 20,000 molecular weight in SDS-
polyacrylamide gel electrophoresis. It is a nuclear phospho-
protein.

If translation of the X mRNA begins at its 5'-most initia-
tion codon (which in BLV is the env gene initiator), then the
X-sor protein will have the primary structure indicated in
Fig. 7. A total of 17 residues will be translated from the env
gene, and 139 will be translated from X. Initiation at a
similarly placed AUG in HTLV-I would produce a protein
containing 20 pre-env residues and 169 residues from X (Fig.

RNA
Sp1 ice

BLV (1) KMP KE R S R R R PN - - - [I I R j QIV L L VGS P T L Y M P A R P W FC[P M M S

HTLV-I (1) KM TL.jIT R PLRJSLJ K R P T P W P T S Q LiL D R V F F S D T Q S T L L E T V

BTLV- (41) M R RKRP

BLV (41) P|G
nGP I I I I I|[§PGGP ID LOLASHTLV-I (43) Y K A TIG A P SILD Y V R P A Y I V T P Y W PLV Q S I RIS P SMLJALS A Q

Peptide I

BLV (84) EHCSDLC MVRPA]KG{D F P FAL PP - -

HTLV-I (86) L Y SLSLS L DP SPLR EPL R P S R S L RJ-LQ S L I QPJP TFPHPJSLJR P

BLV (125) - - S S P SS P T N ANNV-V-R P L[T V
HTLV-I (128) C A N T P SIE M D T W N P P L G S T S Q P C L F Q T P D S G P K T C T P S G E P L

Peptide II

BLV (144) A P S S GDAnFFG T

HTLV-I (171) S A C T SS F
P P SP G P S C P T

FIG. 7. Predicted amino acid sequence of the BLV X-sor pro-
tein. All identities between BLV and HTLV-I (47) are boxed.
Common residues which are also found in the predicted HTLV-II
protein (50) are indicated by an asterisk. There is a dot over every
tenth BLV amino acid. The location of the splice in the mRNAs
from which these proteins are presumably translated is indicated;
upstream of the splice site, the RNA is transcribed from the env
gene; downstream, it is transcribed from the X region. The locations
of peptides I and II are also shown. The BLV sequence shown is
that of the Belgian tumor-derived clone (39). A clone derived from
the FLK virus-producing cell line by Jim Casey contains several
single-base changes (Rice and Stephens, unpublished results). At
residue 146, the FLK clone encodes leucine instead of serine;
peptide II corresponds to the FLK sequence.

splicesplice

DBLV env Initiator
R env 0 HTLV LI env Initiator

94 169 CAA4?CCCAAAGAACGACGGTCCCGAAGACGCCCACCA
Met Pro Lys Glu Arg Arg Ser Arg Arg Arg Pro Gin

splice

env X

CCGATC ATC AG41 cCAAGTGTTG TTG GTT GGGGG
Pro lie lie Arg Trp Gin Val Lou Lou Val Gly Gly-S.O.R.

Met Al Ser Val Val Gly Trp Gly-_w L.O.R.

FIG. 8. Structure and partial sequence (39) of the BLV X
mRNA. Initiation at the first AUG codon would result in translation
of the sor protein; initiation at the second AUG would result in
translation of the lor protein. The arrangement of AUG codons and
reading frames is identical in BLV, HTLV-I (47), and HTLV-II (52),
although in HTLV-I and -II, the second AUG and not the first is the
initiator for the envelope protein.

7). The HTLV-I protein (p27) has been detected both in
virus-infected cells (26) and after in vitro translation of
X-region mRNA (34). Mutational analysis has revealed that
it is indeed initiated at the 5'-most AUG (34) and that it must
have the structure indicated in Fig. 7. Until very recently,
we had no evidence that BLV translation initiates at the first
AUG, but we have now raised an antiserum against a peptide
representing the extreme N terminus (residues 3 to 16) of the
predicted X-sor protein. Since this serum recognized the
19,000- to 20,000-molecular-weight doublet (data not
shown), translation must initiate at the first AUG.
The next in-frame AUG codon in the HTLV-I sequence

does not occur for more than 230 bases. Nevertheless,
translation occasionally initiates there to produce p21, a
phosphoprotein of about 12,000 molecular weight, which
migrates anomalously in SDS gels (26, 34). In BLV, the
second in-frame AUG codon occurs 84 bases downstream
from the first, and initiation there would result in a protein of
128 residues. Such a protein should be detectable with both
of our antisera, but to date we have seen only the 19,000- to
20,000-molecular-weight doublet. The second in-frame AUG
does act as an initiator during in vitro translation of unfrac-
tionated viral RNA (58).
Of the first 10 residues of the X-sor protein, 7 are charged,

but the N terminus is the only such highly charged region in
the molecule. Downstream, charged residues occur at about
half the average protein rate and they are separated by long
uncharged regions. In BLV there are uncharged stretches of
14, 17, 18, and 21 residues, which together account for 45%
of the molecule. The situation is similar in the HTLV-I
protein. Both proteins are also very high in proline (21%) and
serine (14 and 15%). Overall, 46 of the 156 residues of the
BLV protein are also found in the HTLV-I protein (29%
identity) in an alignment requiring five gaps (Fig. 7). Thus,
their X-sor proteins are less homologous than any of the viral
gag, pol, and env products, with the possible exception of
the envelope glycoprotein (38, 39).

In both BLV and HTLV, an X protein encoded by the long
open reading frame has been identified (29, 43, 51). How is it
translated? Inspection of the deduced structure of BLV X
mRNA (Fig. 8) reveals that both the X-sor and X-lor proteins
could be translated from the same mRNA. As we have seen,
if translation in BLV initiates at the env gene AUG, the
X-sor protein is produced. But the env gene initiator is in a

suboptimal context for initiation (27) and may therefore be
bypassed at rather high frequency. If translation initiates at
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the next AUG codon (located at 4662 to 4664 in Fig. 2A), the
X-lor protein could be produced. The same arrangement of
AUG codons and reading frames exists in HTLV-I and -II,
leading to the same prediction; i.e., the X-lor and X-sor
proteins are translated from the same mRNA and result from
initiation at different AUG codons. Recently, Nagashima et
al. (34) elegantly verified this prediction for the HTLV-I X
proteins. Other precedents for this arrangement have been
established in the human adenoviruses 5 and 12 (7), in Sendai
virus (13, 18), in influenza B (49), in measles virus (5), in
reovirus (16), and possibly within the src region of Rous
sarcoma virus (32) as well.
The prediction of a single mRNA for translation of both

BLV proteins is based on the assumption that the splice sites
at 4665 and 7042 (Fig. 3) are used for all X-mRNA molecules.
We cannot rule out the possibility that additional RNA
species exist which use slightly different sites and from
which only one of the proteins can be translated. The splice
sites used to generate such RNAs would have to be very
poor matches to the consensus sequences, however. The
only conclusive way to demonstrate the translation of the
two proteins from a single RNA is to insert a cDNA clone
into a vector suitable for transcription by the SP6 polymer-
ase. The resulting homogeneous RNA population could then
be used in an in vitro translation system, and the number of
proteins could be determined. This has been accomplished
for HTLV-I (34), and on the basis of their overall related-
ness, we assume a similar situation for BLV. Nevertheless,
possible heterogeneity in splice sites cannot be dismissed,
for there is some evidence that the position of the acceptor
upstream of the env initiation codon varies. For example,
oligomer 5, which lies upstream of the major splice acceptor
at 4443, was able to hybridize very weakly with an RNA
slightly larger than most of the env mRNA (Fig. 2C). This
may indicate that an alternative splice acceptor lies some-
what upstream of 4443. Consistent with this possibility, a
BLV X-region cDNA clone has recently been described in
which an upstream acceptor must have been used (42).
Significantly, the splice sites we established which determine
the synthesis of both X proteins, the donor at 4665 and
the acceptor at 7042, were also found in the cDNA clone
(42).
The function of the X-sor protein is unknown. It will be of

obvious interest to determine the nuclear component to
which it binds, as well as its possible affinity for the X-lor
protein. The present findings should also prompt an exami-
nation of other retroviral sequences for the occurrence of
overlapping reading frames.
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