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ABSTRACT The genome of reticuloendotheliosis virus T
(REV-T) includes a unique oncogene v-rel, which is transcribed
in low amounts into a 3.0-kilobase subgenomic mRNA in
REV-T-transformed lymphoid cells. To identify the v-rel
protein, REV-T DNA sequences were cloned into bacterial
plasmid vectors designed to achieve expression of foreign DNA
sequences in Escherichia coil. Portions of the v-rel gene were
joined to the 5' segment ofthe trpE gene. Upon induction oftrpE
with indoleacrylic acid, large amounts of trpE-v-rel fusion
proteins were produced by the bacteria carrying these recom-
binant plasmids. Two trpE-v-rel fusion proteins were synthe-
sized in E. coli, which collectively represent three-quarters of
the predicted v-rel protein. Polyclonal antisera were generated
to trpE-v-rel fusion proteins. These antisera were used in
immunoblotting experiments to identify a 57-kDa v-rel protein
in REV-T-transformed lymphoid cell lines and REV-T-infected
chicken embryo fibroblastcultures. The v-rel gene expressed in
E. colh under lac control was found to produce a 56-kDa
protein. Although REV-T-transformed and Marek disease
virus-transformed lymphoid cells contain c-rel mRNA tran-
scripts, a c-rel protein could not be detected with antisera
directed against v-rel fusion proteins.

Reticuloendotheliosis virus T (REV-T) is a replication-
defective retrovirns that transforms very immature lympho-
cytes of the B-cell series (1-3) and fibroblasts in vitro (4-7).
REV-T-transformed non-virus-producing lymphoid cells are
tumorigenic (2, 8, 9). Like other avian acute leukemia
viruses, the genome ofREV-T contains deletions in portions
of gag, poi, and env genes, and it has acquired a helper virus
unrelated sequence (1, 10-12). REV-A apparently acquired a
turkey proto-oncogene (c-rel), which, by further alterations,
became REV-T with the unique 1.4-kilobase (kb) oncogene
v-rel (13-15). The v-rel oncogene is distinct from other
known oncogenes (11, 14-46). REV-T-transformed cells
contain a 3.0-kb subgenomic v-rel mRNA (17). The c-rel
proto-oncogene encodes a 4.0-kb mRNA in cells of hemato-
poietic origin (17, 18). The c-rel proto-oncogene is tran-
scribed in all hematopoietic tissues, but it is not transcribed
at significant levels in brain or muscle (17). Furthermore,
REV-T transformation of lymphoid cells does not appear to
involve the activation of other known proto-oncogenes (17).
The nucleotide sequence of the entire v-rel gene has been

determined (14, 16). A single long open reading frame within
the v-rel nucleotide sequence has been identified, which
would encode a protein of 503 amino acid residues for a total
molecular mass of -56 kDa. The start codon for this open
reading frame is within REV-A sequences, resulting in 12
amino acids derived from REV-A envelope sequences at the
amino end ofthe v-rel protein. The protein terminates with 19

amino acids derived from envelope p2OE coding sequences
used in the -1 reading frame (14, 16). Efforts to immuno-
precipitate the transforming protein from REV-T-trans-
formed cells with antiserum directed against helper virus
structural proteins, however, have been unsuccessful.

In this study, we have cloned v-rel sequences into bacterial
plasmid vectors designed to achieve the expression offoreign
DNA sequences in Escherichia coli. Two trpE-v-rel fusion
proteins were synthesized in E. coli, which collectively
represent three quarters of the predicted v-rel protein. These
fusion proteins were used to produce polyclonal antisera to
the v-rel-encoded protein. These antisera were then used to
identify the transforming protein of the rel oncogene of
REV-T.

MATERIALS AND METHODS
Bacteria and Plasmid Vectors. The plasmids pATH-1, -2,

and E. coli RR-1 were generously provided by A. Tzagoloff
and T. J. Koerner. The plasmid pUC18 and E. coli JM105
were provided by J. R. Walker. The minicell strain E. coli
P678-53 was kindly provided by S. M. Payne.

Construction of Recombinant Plasmids. The construction
and structure ofplasmids designed to express v-rel sequences
in E. coli are presented in Figs. 1 and 4. Enzymes were
obtained from International Biotechnologies (New Haven,
CT) or New England Biolabs and were used according to
manufacturers' recommendations. Plasmids were prepared
according to published methods (19). Restriction fragments
and linearized vectors were purified twice by agarose gel
electrophoresis (19). Ligations were carried out at 14'C
overnight. Transformations of E. coli RR-1, JM105, or
P678-53 were all carried out as described by Lederberg and
Cohen (20).

Induction of TrpE Expression Plasmids. Preparations and
analysis of the proteins produced in E. coli RR-1 harboring
both the pATH vectors and pATH/v-rel recombinant plas-
mids in response to trpE induction by indoleacrylic acid were
carried out essentially as described (21, 22). Both whole cell
lysates and preparations of insoluble proteins were analyzed
by NaDodSO4/PAGE (23). Large quantities of fusion pro-
teins required for immunization were prepared from 1.5-liter
bacterial cultures.

Gel Electrophoresis. Protein preparations were denatured
by boiling for 3 min in the presence of 1 M urea/2%
2-mercaptoenthanol/2% NaDodSO4. Protein samples were
separated by electrophoresis in 7-15% linear gradient
NaDodSO4/polyacrylamide gels using 5% stacking gels (23).
Electrophoresis was allowed to proceed at 3-15 mA (con-
stant current) and was monitored by the migration of

Abbreviations: REV-T and REV-A, reticuloendotheliosis viruses T
and A; kb, kilobase(s); bp, base pair(s); CEF, chicken embryo
fibroblasts; IPTG, isopropyl ,B-D-thiogalactoside.
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bromophenol blue. Proteins were visualized by staining with
Coomassie brilliant blue. Alternatively, radiolabeled proteins
in dried gels were visualized by exposure to Kodak XAR-5
x-ray film with intensifying screens. Molecular size estima-
tions were based on the relative migration of marker proteins
obtained from Bio-Rad or Pharmacia ranging in size from 14
to 200 kDa.

Minicell Isolation and Screening of Plasmid-Encoded Pro-
tein. Cultures of E. coli P678-53 (24) and P678-53 containing
various plasmids were grown overnight at 37°C in L broth
[tryptone (10 g/liter)/yeast extract (5 g/liter)/NaCl (5
g/liter)] with carbenicillin (250 ug/ml). Preparations of
minicells (25) were suspended in [51S]methionine assay me-
dium with 0.5 mM isopropyl ,B-D-thiogalactoside (IPTG) and
incubated at 37°C for 45 min. Then [35S]methionine (50
,Ci/ml; 1 Ci = 37 .GBq) (Amersham) was added and
incubation was continued for 1 hr. The minicells were washed
and the amount of [35S]methionine incorporated into acid
precipitable material was determined by liquid scintillation
counting. Equal amounts of [35S]methionine-labeled proteins
from each sample were analyzed by NaDodSO4/PAGE and
autoradiography of dried gels (26).

Immunization. The insoluble protein pellet of bacterial cell
lysates was electrophoresed on 10% NaDodSO4/polyacryl-
amide preparative gels (3 x 9 x 16 mm) at 15-20 mA (at
constant current) and proteins were detected by staining with
Coomassie brilliant blue. The fusion protein band from the
gel was excised and emulsified in complete Freund's adjuvant
(22). The initial immunization of two female New Zealand
rabbits used -500 ,g of protein. The rabbits were given
booster injections of -250 ,g of protein emulsified in
incomplete Freund's adjuvant 3 weeks later. Serum was
collected beginning 7 days after immunization.
Avian Cells and Virus. REV-T-transformed cells were

grown as suspension cultures in RPMI 1640 medium (KC
Biological, Lenexa, KS) supplemented with 5% calf serum as
described (7). MSB-1 cells were maintained under similar
conditions. REV-T/REV-A was obtained from the culture
fluid of a REV-T-transformed bone marrow cell line (RECC-
UT-1) originally described by Franklin et al. (4). Virus-
containing supernatant fluids were harvested 48 hr after the
addition of fresh medium. Chicken embryo fibroblast (CEF)
cultures were established by standard methods from 10-day-
old embryos of SPAFAS chickens (SpAFAS, Roanoke, IL).
Secondary CEF cultures were infected with REV-T/REV-A
or REV-A as descnibe4 by Franklin et al. (5).

Immunoblotting. Proteins separated by polyacrylamide gel
electrophoresis were transferred onto 0.1 or 0.45 Am nitro-
cellulose (27). After the transfer was complete, the portion of
the nitrocellulose corresponding to lanes of molecular size
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markers was stained with India ink (28). The remaining
portion of the nitrocellulose was treated to block the remain-
ing protein binding sites (29) and exposed to antisera (27)
followed by reaction with 1251I-labeled Staphylococcus aureus
protein A (30). Filters were washed, blotted dry, wrapped in
plastic, and exposed to Kodak XAR-5 film using intensifying
screens at -70'C.

RESULTS

Construction of Plasmids with Inducible trpE-v-rel Fusion
Proteins. Expression vectors pATH-1 and -2 include the E.
coli trp promoter, operator, leader, attenuator sequences,
and the coding sequence of the trpE gene in a pBR322
derivative. These vectors include a polylinker region varied
to allow the insertion of DNA sequences in a variety of
reading frames using a number of restriction enzymes (A.
Tzagoloff and T. J. Koerner, personal communication). By
using the known v-rel nucleotide sequence (14, 16), plasmids
were constructed that express a v-rel fusion protein linked to
the amino terminus of E. coli trpE (Fig. 1). To insert v-rel
sequences in the same reading frame as the trpE protein, the
v-rel EcoRI [base-pair (bp) 340 of v-re!] to BamHI (bp 876 of
v-re!) fragment was inserted into pATH-i within the
polylinker region. This plasmid (pNH1/9B) contained 536 bp
of the v-rel coding sequence. The amino terminus of the trpE
protein (37 kDa) was fused to =20 kDa of the v-rel protein.
A second plasmid (pNH2/174B) was constructed by insert-
ing a BamHI fragment (bp 876 of v-rel to bp 2285 of the
REV-T long terminal repeat) into the pATH-2 vector. This
plasmid fused the 37 kDa of trpE to 23 kDa of the carboxyl
half of the v-rel protein to generate a 60-kDa fusion protein.

TrpE-v-rel Fusion Protein Induction and Purification. The
plasmids pNH1/9B and pNH2/17AB and the parental vec-
tors pATH-1 and -2 were examined for the presence offusion
proteins as a result of trpE induction by indoleacrylic acid.
Large amounts of trpE-regulated fusion proteins were pro-
duced that were insoluble and accumulated within E. coli (22,
31). Fig. 2 illustrates the results of NaDodSO4/PAGE anal-
ysis of proteins from whole cell lysates and insoluble proteins
present in bacteria harboring various plasmids. In Fig. 2
(lanes 5 and 6), a unique insoluble 57-kDa protein was present
in bacteria carrying the plasmid pNH1/9B as predicted
during planned construction. A similar protein was not seen
among the insoluble proteins present in E. coli RR-1 (lanes 1
and 2) or in E. coli with the vector pATH-1 (lanes 3 and 4).
To verify that the unique 57-kDa protein was encoded in part
by v-rel sequences, a fragment of v-rel from HindIII in v-rel
(bp 482) through a HindIII restriction site in the distal portion
of the polylinker was removed. The resulting plasmid
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FIG. 1. Construction of pATH/v-rel expression vectors to achieve production of trpE-v-rel fusion proteins in E. coli. The plasmid
pICREV-T3 was used as the source of the two rel fragments. The gel-purified 536-bp EcoRI/BamHI fragment (bp 340 of v-rel to bp 876) was

ligated into pATH-1 in frame with trpE'to create the plasmid pNH1/9B. The plasmid pNH2/17AB was constructed by inserting a 1409-bp BamHI
fragment [bp 876 of v-rel to bp 2285 in the REV-T long terminal repeat (LTR)] into the pATH-2 plasmid in frame with trpE.
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FIG. 2.' NaDodSO4/PAGE analysis of proteins from E. coli RR1
carrying no plasmids (RR1) and those transformed with plasmids
pATH-i, pNH1/9B, and pNH1/9BAH. Samples (1 ml) of each
culture either were used to prepare whole cell lysates (odd-numbered
lanes) in 50 /4 of Laemmli NaDodSO4/polyacrylamide gel sample
buffer or were used to prepare insoluble protein (even-numbered
lanes). The insoluble proteins were denatured in 50 u4 of Laemmli
buffer, and 10 ILI of both whole cell lysates and insoluble proteins
were analyzed on 7-15% linear gradient NaDodSO4/polyacrylamide
gels. Arrows indicate unique fusion protein products produced from
plasmids pNH1/9B and pN!41/9BAH.

(pNH1/9BAH) would encode a truncated version (42 kDa) of
the pNH1/9B-encoded fusion protein. In Fig. 2 (lanes 7 and
8) such a protein was seen among the insoluble proteins ofE.
coli carrying the plasmid pNH1/9BAH. Similar NaDod-
S04/PAGE analysis revealed the presence of a 60-kDa
insoluble fusion protein in bacteria with the plasmid
pNH2/17AB. We have, therefore, created two fusion pro-
teins that utilize approximately three-quarters of the coding
sequence of the v-rel protein.
The Identification of v-rel-Related Proteins in Avian Cefls.

The trpE-v-rel fusion proteins from bacteria with plasmid
pNH1/91 were separated by preparative NaDodSO4/PAGE.
The 57-kDa fusion protein was excised from the gel and used
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to immunize rabbits. Serum taken 3 weeks after immuniza,
tion was used in immunoblotting experiments. Proteins from
bacterial and cellular extracts of REV-T-transformed cells,
MSB41 cells (a herpesvirus-transformed lymphoid cell line),
and CEF cultures were separated on polyacrylamide gels.
The proteins were transferred to nitrocellulose and then
probed with the serum against the fusion proteins (27). Sera
taken from two rabbits, both immunized with the 57-kDa
fusion protein, were found to recognize a 57-kDa protein in
extracts of bacteria carrying pNH1/9B (Fig. 3A). A 42-kDa
fusion protein was detected in bacteria with pNH1/9BAH,
which encodes for the truncated fusion protein. Low levels of
the 37-kDa trpE protein were detected in bacteria carrying
pATH-i. REV-T-transformed lymphoid cell lines (UTC41,
UT370, UT37i, UT-1, UTBB5, UT377, UTES01, UT024)
contained a single 57-kDa protein that reacted with the
antisera against the v-rel fusion proteins. This is consistent
with the size of the v-rel protein (55,915 Da) as predicted by
the v-rel nucleotide sequence (14, 16). A 57-kDa v-rel protein
was also detected in REV-T-infected CEF cultures (Fig. 3B).
The antisera directed against the fusion protein encoded by
the plasmid pNH2/17AB also recognized a 57-kDa v-rel
protein in REV-T-transformed cells. Duplicate filters ofthose
shown in Fig. 3 were incubated with sera taken from the
rabbits prior to immunization with the fusion proteins.
Preimmune serum did not react with any avian or insoluble
bacterial proteins. The addition of the bacterial fusion pro-
teins was found to compete with the detection of the 57-kDa
protein in immunoblots of proteins from REV-T-transformed
cells. The 37-kDa trpE protein did not affect the detection of
the 57-kDa v-rel protein.
REV-T-transformed lymphoid cells, which contain ap-

proximately equivalent amounts of c-rel and v-rel mRNA
transcripts (17), contained only a 57-kDa v-rel protein.
MSB-1 cells, which also contain c-rel transcripts, did not
contain a c-rel protein that could be detected by either of
these antisera. In uninfected avian fibroblast cultures, a
protein of =190 kDa was detected by immunoblotting with
antisera directed against the v-rel fusion proteins (Fig. 3B).
The detection of this large rel-related protein in immunoblots
ofCEF proteins was substantially reduced by the addition of
competing trpE-v-rel fusion proteins, but not by the trpE
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FIG. 3. Immunoblotting analysis of avian cells. The samples (25 gg of protein) were separated on 7-15% linear gradient
NaDodSO4/polyacrylamide gels. Proteins were electrophoretically transferred to nitrocellulose filters (0.1 Atm or 0.45 gum), which were
incubated with anti-trpE-v-rel fusion sera. (A) CEF, REV-T-transformed cell lines derived by in vitro transformation of chicken spleen cells
(UTC41, UT370, UT371, UTBB5, UT377, UT024), embryonic spleen cells (UTES01), bone marrow cells from a moribund REV-T/REV-A-
infected chicken (UT-i), and MSB-1 cells that are a herpesvirus-transformed avian lymphoid cell line. (B) Proteins from uninfected CEF cultures
(CEF), REV-T/REV-A-infected CEF cultures (REV-T/REV-A CEF), and REV-A-infected CEF cultures (REV-A CEF). REV-T-transformed
lymphoid cells (UJT-I, C4-1) are also included. Incubation of duplicate filters with preimmune serum yielded no detectable activity to any protein
present in these cells.
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37-kDa protein. This protein, however, has not been consis-
tently detected.

Expression of v-rel Sequences Using lacZ. To confirm that
the 57-kDa protein detected in REV-T-transformed cells is
the v-rel-encoded polypeptide, a plasmid was constructed to
express the native v-rel protein. The Xba I (bp 27 of v-rel) to
Sal I (bp 86 distal to the REV-T long terminal repeat)
fragment of the REV-T genome was inserted into the
polylinker region of pUC18 (32, 33) (Fig. 4). Mixtures of
ligated fragment and plasmid DNA were transformed into E.
coli JM105, plated on L agar containing 500 Ag of carbeni-
cillin per ml with 2.5-ml agar overlays containing 0.5 mM
IPTG and 0.5 mg of XGal (5-bromo-4-chloro-3-indolyl 3-D-
galactopyranoside) per ml. In the plasmid pNHX/SW10, the
Xba I site places v-rel sequences into the same reading frame
as lacZ. However, protein synthesis initiated at the lacZ start
codon would encounter a TGA triplet at the 12th codon
downstream of the Xba I site. The v-rel ATG is another 5
codons further downstream. Translation beginning at the
v-rel ATG would terminate at the v-rel stop codon, resulting
in the synthesis of the v-rel protein that is not a lacZ fusion
protein. Therefore, plasmid pNHX/SW10 confers the
ampicillin-resistance Lac- phenotype on E. coli JM105. The
plasmid pNHX/SW10 was transformed into the E. coli strain
P678-53. Minicells were purified from cultures of E. coli
P678-53 and from transformants carrying pUC18 and
pNHX/SW10. The polypeptides synthesized upon lacZ in-
duction with IPTG were labeled with [35S]methionine and
separated by NaDodSO4/PAGE. The majority of the pro-
teins synthesized in minicells correspond to those encoded by
plasmids (25, 34). The autoradiogram ofthe protein gel in Fig.
5A revealed that pNHX/SW10 encodes a 56-kDa protein not
detected in minicells that lack plasmids or minicells contain-
ing pUC18 without the v-rel insert. Utilization of the v-rel
coding sequence in the production of the 56-kDa protein seen
in minicells with pNHX/SW10 was confirmed by the deletion
of a fragment from HindIII (bp 482) in v-rel to a HindIII site
in the distal polylinker region in pNHX/SW10. As illustrated
in Fig. 5B, minicells carrying the plasmid pNHX/SAH did not
synthesize the 56-kDa protein. Therefore, the 56-kDa protein
produced in minicells with pNHX/SW10 utilizes v-rel coding
sequences in the proper reading frame. The size of the v-rel
protein produced in the lacZ expression vector corresponded
to the predicted size based on the nucleotide sequence and
was somewhat smaller than the v-rel protein detected in
REV-T-transformed cells. The 56-kDa protein produced in
minicells carrying pNHX/SW10 was recognized by antisera
generated to both fusion proteins.

DISCUSSION
The genome of REV-T includes a unique oncogene v-rel,
which is located in the envelope region (11, 14-16). The
insertion of the v-rel oncogene within envelope sequences
closely resembles the arrangement ofv-mos into the env gene
within the genome ofMoloney murine leukemia virus (35). To
identify the product of the v-rel oncogene, we have used
trpE-v-rel fusion proteins produced in bacteria to generate
specific antibodies against the v-rel protein. Two plasmids
that encode trpE-v-rel proteins were constructed, which
include approximately three-quarters of the v-rel protein.
Antisera to the fusion proteins were used in immunoblotting
experiments to identify a 57-kDa protein in REV-T-trans-
formed lymphoid cell lines and REV-T/REV-A-infected
CEF cultures. A 57-kDa protein was not found in REV-A-
infected CEF cultures or in MSB-1 cells. Minicells carrying
the plasmid constructed to express the native v-rel protein
(pNHX/SW10) were found to synthesize an IPTG-inducible
56-kDa v-rel protein. This protein was also recognized by the
antisera directed toward the fusion proteins. This confirms
that the v-rel protein is 56 kDa, as was predicted by the
nucleotide sequence. Possible differences in the covalent
modifications of the v-rel protein made in E. coli may account
for its slightly smaller size when compared with the v-rel
protein detected in avian cells.
The oncogenes transduced by various retroviruses are

involved in the process of intracellular or intercellular trans-
mission of signals regulating growth and cell division. The
v-rel oncogene is distinct from other transforming genes, and
how it functions to interfere with proper lymphocyte differ-
entiation is unknown. The v-rel protein is not glycosylated
and, like the v-mos gene product, is found predominantly in
the cytoplasm.
The identification of the gene product encoded by c-rel is

problematic. The complete nucleotide sequence of the c-rel
gene has not been defined, so an estimate of the size of the
c-rel gene product is not available. Hematopoietic cells
contain a single c-rel transcript of "=4.0 kb (11, 17). In
lymphocytes transformed by REV-T or Marek disease virus,
which contain c-rel transcripts, a c-rel-specified protein could
not be detected by using antisera generated against the v-rel
fusion proteins. Avian lymphoid cells transformed by avian
leucosis virus and chicken syncitial virus also failed to
express a detectable protein related to v-rel. Uninfected
avian fibroblasts, however, contained a single protein species
of -190 kDa, which could be detected by immunoblotting
using antisera directed against the two different trpE-v-rel
fusion proteins. Fibroblasts, infected but not morphological-
ly transformed by REV-T, contained the 57-kDa v-rel protein

1)0X0

pBR3222

A gag

ii m
o o n E1 1

--I I I I

- I -

I I L
MMMXX\\'~\\\\\\\\\W3 LTRR

v-rel

pNHX/SW1 0

_
.0 =

x

ATG c

v-relji
I

pUC 8

c2
IAlJ

v-rel
ATG

lac

lac Z'

56-kDa native protein

FIG. 4. A plasmid was constructed to express the v-rel gene in bacteria utilizing the lac promoter and operator. The Xba I (bp 27 of v-rel)
to Sal I [bp 86 distal to the REV-T long terminal repeat (LTR)] fragment of pICREV-T3 was gel-purified. This fragment was ligated into the
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FIG. 5. NaDodSO4/PAGE analysis of proteins synthesized in
purified minicells exposed to IPTG as an inducer of the lacZ gene.
Proteins labeled with [35S]methionine from minicells of E. coli
P678-53 and minicells harboring the plasmids were separated on
7-15% linear gradient NaDodSO4/polyacrylamide gels. The dried
gels were exposed to Kodak XAR-5 x-ray film. (A) Labeled proteins
produced in minicells harboring pUC18 and pNHX/SW10. (B)
Labeled minicell proteins encoded by plasmids pUC18, pNHX/
SW10, and pNHX/SAH, and protein in minicells harboring no
plasmids (P678-53).

and the 190-kDa protein. The size of this protein does not
correspond to the coding capacity of a 4.0-kb c-rel mRNA
described in cells of hematopoietic origin. Protease mapping
experiments are being performed to define the relationship,
if any, between the v-rel 57-kDa protein and the large protein
detected in avian fibroblasts. Immunoblotting experiments
have also revealed the presence of c-rel-related proteins in
Drosophila melanogaster and in the cytoplasm of sea urchin
eggs. The expression of c-rel-related proteins among such
evolutionary diverse organisms as the chicken, fruit fly, and
sea urchin strongly suggests that the c-rel protein is involved
in some fundamental cellular process.
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