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ABSTRACT The nucleotide sequence of v-rel, the oncogene
carried by reticuloendotheliosis virus (REV), has been deter-
mined. The defective transforming genome REV arose through
the insertion of v-rel (1,415 nucleotides) into the env gene of the
helper virus REV-A. The predicted rel protein (503 amino acids)
employs the REV-A enm initiator and terminates within the p2OE
region of env. Because there are no natural antisera that detect
the REV transforming protein, this nucleotide sequence provides
the first step toward its isolation and characterization. The pre-
dicted protein is clearly distinct from all other reported trans-
forming proteins but may be very distantly related to members of
the arc family.

mini by using [a-32P]dNTPs (Amersham, 3,000 Ci/mmol; 1 Ci
= 3.7 x 1010 Bq) and the Klenow fragment of Escherichia coli
DNA polymerase I (12). End-labeled fragments were then di-
gested with the appropriate restriction enzyme and separated
by agarose gel electrophoresis. The sequence was determined
according to the method of Maxam and Gilbert (12), by using
reactions for G, G+A, C, C+T, and A+C. Over all areas the
reported sequence is the result of multiple independent de-
terminations. Each area has been read at least four times and
in all areas both DNA strands have been read. Examples of the
sequence analysis strategy are shown in Fig. 1.

Reticuloendotheliosis virus (REV), a type C retrovirus, causes
acute leukemia in young chickens. The virus is a complex of
a replication-competent helper virus called REV-A and a rep-
lication defective genome called REV, which is responsible
for transformation (1). REV proviral DNA contains some se-
quences found in the helper virus, including long terminal re-
peats (LTRs) and parts of the gag, pol, and env genes, but it
also contains an additional segment of about 1.5 kilobases (kb)
not found in REV-A (2-6). This segment, termed v-rel, is the
presumptive onc gene of the virus. Like the other known onc
genes, v-rel appears to have been derived from a normal cel-
lular gene, for related sequences have been found in DNA from
uninfected avian species (5-9). How v-rel relates to the other
onc genes has been unclear. No hybridization has been de-
tected between REV and nucleic acids of other oncogenic vi-
ruses (refs. 5 and 8; M. Shibuya and H. Hanafusa, personal
communication), and because to date there has been no anti-
serum that detects the v-rel protein (10, 11), its relatedness to
other transforming proteins has been unknown. We report here
the complete DNA sequence of v-rel. The protein predicted
from this sequence is clearly distinct from all of the transform-
ing proteins published to date but does appear to be very dis-
tantly related to members of the src family.

MATERIALS AND METHODS
The cloning of Sac I fragments of REV and REV-A proviral DNA
into AgtWES-AB has been described (6). For the purpose of se-
quence analysis various subclones of these DNA fragments were
constructed in pBR322 or pUC8 (or both), both of which have
been modified to include a Sac I site. A Charon 4A clone of
REV-T (5) was a gift of I. Chen. Its internal 0.88-kb EcoRI frag-
ment was subcloned into pBR322 and was used to confirm the
sequence across the Sac I sites within v-rel.

Restriction fragments of DNA were labeled at their 3' ter-

RESULTS AND DISCUSSION
Nucleotide Sequence of v-rel. The nucleotide sequence of

v-rel and adjoining regions of REV-A-related proviral DNA is
shown in Fig. 2 together with the predicted amino acid se-
quence of the rel protein. Junctions of v-rel with helper se-
quences were precisely localized by comparison with DNA se-
quence derived from REV-A clones. v-rel consists of 1,415
nucleotides.

As shown in Fig. 3A, there is only one reading frame of v-
rel that is open for any significant length. This open frame be-
gins slightly upstream from the 5' boundary of v-rel and ex-
tends through the entire transforming region to a termination
codon (TGA) located within REV-A-derived env sequences 58-
60 bases beyond the 3' terminus of v-rel. Both p90P-Yes of Y73
(15) and the protein predicted by the v-myb sequence of avian
myeloblast6sis virus (16, 17) also terminate within env, but the
proteins specified by v-mos, v-sis,-v-fes, v-fps, and v-myc are
all predicted to terminate within the transforming region itself
(18-22). One possible explanation of the arrangement found in
REV is that the c-rel gene that was inserted into REV-A was
incomplete, lacking its 3' terminus and hence its usual termi-
nator. This is consistent with the recent finding of sequences
toward the 3' end of c-rel that do not hybridize with v-rel (9).

Downstream from the 5' terminus of v-rel, there is no ATG
codon within the open reading frame for almost 800 nucleo-
tides. However, there is an in-frame ATG immediately up-
stream from v-rel, within REV-A-derived sequences. Further-
more, the sequence surrounding this codon, A-G-A-A-T-G-G,
agrees with that of the consensus initiator A-N-N-A-T-G-G (23).
Because all ATG codons even farther upstream are closely fol-
lowed by terminators, it appears likely that the rel protein ini-
tiates at this point and contains 12 helper-related amino acids
at its NH2 terminus. That v-rel sequences close to its 5' end are
indeed translated is indicated by our preliminary results with

Abbreviations: REV, reticuloendotheliosis virus; kb, kilobase(s); LTR,
long terminal repeat; M-MuLV, Moloney murine leukemia virus.
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H RH B R B for REV-A andREV DNAs. The REV-A sequence was
obtained from two pBR322 subclones, one contain-
ing the 1.6-kb HindEl fragment and the other the

REV 0.55-kb HindU-Sac I fragment immediately up-
stream from the 3' LTR. The REV sequence was ob-
tained from the three indicated Sac I clones and the

-. .EcoRI clone. DNA fragments were end-labeled at sites
denoted by the beginning of each arrow and se-

_ ... quence was read over a distance denoted by the length
i - 11 kb - of the arrow. Closed circles mean that end-labeling

occurred at a site in vector DNA or that sequence was
read into vector DNA. B,BamHI; B2, Bgl II; E, BstEll;

_H HinduE; R, EcoRI; S, Sac I; and X, Xba I.

(-130) AGCAGTCGGG GCCACGGTGG GACGGACCCT ACACTGTAGT CCTCAGTGCC CCCACCGCGG TAAAGGTCGC TGGGAAGACC CCGTGGGTCC ACCACTCTCG ACTCTAGAAA GCTCCTGACA ACCAAGAAGA -1

env *- e v-rel
ATG GAC TTT CTC ACC MC CTC CGA TTC ACT GV-GGT AVrC TCA GAG CCC TAC ATT GM ATA TTT GAA CAA CCC AGG CAA AGG GGT ACG CGT TTC AGA TAT AM TGT GAA GGA AGA TCA GCT 120
Met Asp Phe Leu Thr Asn Leu Arg Phe Thr Glu Gly Ile Ser Glu Pro Tyr Ile Glu Ile Phe Glu Gln Pro Arg Gln Arg Gly Thr Arg Phe Arg Tyr Lys Cys Glu Gly Arg Ser Ala

1 10 20 30 40

GGT AGC ATT CCA GGA GAA CAC AGT ACT GAC AAC AAC AAG ACA TTC CCA TCC ATA CAG ATC CTA MC TAT TTT GGA AAA GTC MA ATA AGA ACT ACA TTG GTA ACA MG AAC GAA CCC TAC 240
Gly Ser Ile Pro Gly Glu His Ser Thr Asp Asn Asn Lys Thr Phe Pro Ser Ile Gln Ile Leu Asn Tyr Phe Gly Lys Val Lys Ile Arg Thr Thr Leu Val Thr Lys Asn Glu Pro Tyr

50 60 70 80

AAG CCA CAC CCT CAC GAT CTA GTT GGA AAA GGC TGC AGA GAT GGC TAC TAT GAA GCA GAG TTT GGG CCC GAA CGG CAA GTC TTG TCT TTT CAG MT TTG GGA ATT CAA TGT GTG AAG AAA 360
Lys Pro His Pro His Asp Leu Val Gly Lys Gly Cys Arg Asp Gly Tyr Tyr Glu Ala Glu Phe Gly Pro Glu Arg Gln Val Leu Ser Phe Gln Asn Leu Gly Ile Gln Cys Val Lys Lys

90 100 l10 120

MA GAC CTG AAA GAA TCA ATT TCT TTG CGA ATC TCA MG AAA ATC MT CCC TTT MT GTG CCT GAG GAA CAG TTG CAT MC ATC GAT GAG TAC GAT CTC MC GTT GTC CGC CTC TGT TTC 480
Lys Asp Leu Lys Glu Ser Ile Ser Leu Arg Ile Ser Lys Lys Ile Asn Pro Phe Asn Val Pro Glu Glu Gln Leu His Asn Ile Asp Glu Tyr Asp Leu Asn Val Val Arg Leu Cys Phe

130 140 150 160

CM GCT TTC CTC CCT GAT GM CAT GGC MC TAC ACA TTG GCT CTT CCT CCT TTG ATT TCC MC CCA ATC TAT GAC AAC AGA GCT CCC MC ACG GCA GAA CTG AGG ATT TGT CGT GTG MT 600
Gln Ala Phe Len Pro Asp Glu His Gly Asn Tyr Thr Leu Ala Leu Pro Pro Leu Ile Ser Asn Pro Ile Tyr Asp Asn Arg Ala Pro Asn Thr Ala Glu Leu Arg Ile Cys Arg Val Asn

170 180 190 200

AAG AAC TGT GGA AGT GTA MG GGA GGA GAT GAA ATT TTT CTT CTG TGT GAC MA GTT CM AAA GAT GAC ATA GAG GTC AGA TTT GTC TTG GGC MC TGG GAG GCA MG GGC TCC TTC TCC 720
Lys Asn Cys Gly Ser Val Lys Gly Gly Asp Glu Ile Phe Leu Leu Cys Asp Lys Val Gln Lys Asp Asp Ile Glu Val Arg Phe Val Leu Gly Asn Trp Glu Ala Lys Gly Ser Phe Ser

210 220 230 240

CM GCT GAT GTT CAT CGC CAG GTC GCA ATT GTA TTT AGA ACA CCG CCG TTC CTC GGA GAC ATC ACA GAA CCC ATC ACG GTG AAG ATG CAG TTA CGA AGG CCT TCA GAC CAG GCA GTC AGT 840
Gln Ala Asp Val His Arg Gln Val Ala Ile Val Phe Arg Thr Pro Pro Phe Leu Gly Asp Ile Thr Glu Pro Ile Thr Val Lys Met Gln Leu Arg Arg Pro Ser Asp Gln Ala Val Ser

250 260 270 280

GM CCA GTG GAT TTC AGA TAT TTA CCA GAT GM GAG GAT CCG TCT GGC MC AM GCA AAA AGG CAA AGA TCA ACA CTG GCT TGG CAA AAA CCC ATA CAG GAC TGC GGA TCA GCT GTG ACA 960
Glu Pro Val Asp Phe Arg Tyr Leu Pro Asp Glu Glu Asp Pro Ser Gly Asn Lys Ala Lys Arg Gin Arg Ser Thr Leu Ala Trp Gln Lys Pro Ile Gln Asp Cys Gly Ser Ala Val Thr

290 300 310 320

GAG AGG CCA AAA GCG GCT CCT ATC CCC ACT GTC AAC CCT GAA GGA AAG CTG MG AM GAA CCA AAT ATG TTT TCA CCT ACG CTG ATG CTG CCT GGG CTA GGA ACA CTG AGC TCC AGT CAG 1080
Glu Arg Pro Lys Ala Ala Pro Ile Pro Thr Val Asn Pro Glu Gly Lys Leu Lys Lys Glu Pro Asn Met Phe Ser Pro Thr Leu Met Leu Pro Gly Leu Gly Thr Leu Ser Ser Ser Gln

330 340 350 360

ATG TAC CCT GCA TGC AGC CAG ATG CCC ACC CAG CCT GCG CAG CTT GGC CCT GGG AAG CAG GAC ACA CTC CAT TCC TGC TGG CAG CAG CTG TAC AGC CCC TCC CCT TCA GCC AGC AGC CTG 1200
Met Tyr Pro Ala Cys Ser Gln Met Pro Thr Gln Pro Ala Gln Leu Gly Pro Gly Lys Gln Asp Thr Leu His Ser Cys Trp Gln Gln Leu Tyr Ser Pro Ser Pro Ser Ala Ser Ser Leu

370 380 390 400

CTC AGC TTG CAC TCA CAC AGC AGC TTC ACA GCG GAA GTG CCT CAG CCT GGT GCT CAG GGC AGT AGC TCT CTC CCG GCC TAT AAC CCA CTG AAC TGG CCT GAT GAG MG AAT TCC AGT TTT 1320
Leu Ser Leu His Ser His Ser Ser Phe Thr Ala Glu Val Pro Gln Pro Gly Ala Gln Gly Ser Ser Ser Leu Pro Ala Tyr Asn Pro Leu Asn Trp Pro Asp Glu Lys Asn Ser Ser Phe

410 420 43n 440

TAC AGG MT TTT GGC MC ACA CAT GGG ATG GGA GCA GCG TTG GTG TCA GCT GCA GGC ATG CAG AGT GTT TCC AGT AGC AGC ATC GTC CAG GGC ACT CAT CAG GCC AGT GCC ACT ACT GCA 1440
Tyr Arg Asn Phe Gly Asn Thr His Gly Met Gly Ala Ala Leu Val Ser Ala Ala Gly Met Gln Ser Val Ser Ser Ser Ser lie Val Gln Gly Thr His Gln Ala Ser Ala Thr Thr Ala

450 460 470 480

v-rel 4 - env
AGC ATC ATG ACC IATG CCT CGC ACT CCA GGA GAA GTG CCG TTT TTA CGC CAA CAA GTC GGG TAT CGT TCG TGA CAAGATCCGG AAACTCCMG GGGACCTTGT CGCGAGGAAA CGTGCACCCC 1562
Ser lie Met Thr Met Pro Arg Thr Pro Gly Glu Val Pro Phe Leu Arg Gln Gln Val Gly Tyr Arg Ser END

490 500

CTGTGGAACG GCTTGAACGG CTTCCTTCCA TATTTGCTAC CCTTGTTGGG CCCCCTGTTT GGGCTCATAT TGTTCCTGAC CCTCGGCCCG 1652

FIG. 2. DNA sequence of v-rel and amino acid sequence of the predicted rel protein. Nucleotides are numbered in the right-hand column, and
every 10th amino acid is numbered. Numberingbegins with the presumptive initiator methionine. Junctions of v-rel with REV-A-derived sequences
are marked and were localized by comparing REV and REV-A proviral DNA sequences.
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FIG. 3. Reading frames of v-rel and hydrophilicity of the predicted
rel protein. (A) Numbering starts with the presumptive initiator ATG,
which lies 37 bases upstream from the 5' boundary of v-rel. The 3' ter-
minus of the v-rel insert is at base number 1,452. Closed circles denote
methionines and bars denote termination codons. Thus, frame 1 is open
for 1,509 bases (503 amino acids), whereas in frames 2 and 3 the max-
imal distance between a methionine codon and the first downstream
termination codon is about 175 bases. (B) Hydrophilicity of the protein
predicted from frame 1. According to the method of Hopp and Woods
(13) each amino acid is assigned a hydrophilicity value ranging from
3.0 (very hydrophilic) to -3.4 (very hydrophobic). Average values are
then computed along the length ofthe protein in overlapping segments
of six amino acids. On this scale the average protein has a net hydro-
philicity of 0.07; value for the rel protein is 0.1. The method ofKyte and
Doolittle (14), which uses somewhat different hydrophilicity values for
the amino acids, yields very similar results over most of the molecule,
except that a few areas predicted above to be weakly hydrophobic are
calculated to be weakly hydrophilic. These differences occur in the
COOH-terminal half of the molecule and reflect the clustering of pro-
lines and glutamines therein.

antisera raised against two synthetic peptides (amino acid res-
idues 22-33 and 96-108 in Fig. 2). Both antisera precipitate a
protein of apparent Mr of 64,000 from nonproducer trans-
formed cells but not from uninfected chicken embryo fibro-
blasts (unpublished data).
The Predicted rel Protein. The DNA sequence predicts a

protein of 503 amino acid residues, whose combined Mrs total
55,915. Notable features of the amino acid composition are el-
evated levels of serine, proline, and glutamine (>30% higher
than that of the average protein) and depressed levels of ala-
nine, cysteine, and tryptophan (at least 30% lower than aver-
age). Proline and serine levels stand out in particular. The total
proline content is predicted to be 8.7%, more than 60% higher
than average. Most of these prolines are found in the 179-res-
idue segment between amino acids 255 and 433, where the pro-
line content totals 14.5%. Total serine content is 9.3%, about
30% higher than average, and these residues are even more
highly clustered than are the prolines. Approximately three-
fourths of the 47 total serine residues are in the COOH-ter-
minal half of the molecule, and a 97-residue segment between
amino acids 385 and 481 contains 23 serines, for a content of
24%.
About 10% of the residues are acidic and 13% are basic, which

are values close to average. The very low level of these charged
residues in the COOH-terminal 140 amino acids results in the
moderate hydrophobicity of the chain in this region, as shown
in Fig. 3B. The hydrophobic amino acids themselves are rather
evenly distributed throughout the molecule. Though there are
several occurrences of seven consecutive hydrophobic resi-
dues, there are no longer stretches characteristic of membrane
attachment sites. Overall the molecule is only slightly hydro-

philic (average = 0.1 on a scale of 3.0 to -3.4), but it contains
two extended regions (residues 119-152 and 272-303) where
the level of charged residues exceeds 40%.
The presence of typical recognition sites for modifying en-

zymes indicates that the rel protein might be altered post-trans-
lationally. The cAMP-dependent protein kinase phosphorylates
serine residues within sequences Lys-Arg-X-X-Ser-X or Arg-Arg-
X-Ser-X (24), and two such serines are found at positions 275
and 304. There are three potential glycosylation sites at posi-
tions 52, 170, and 437 with the sequence Asn-X-Thr/Ser (25).
However, glycosylated proteins tend to be exported, and the
absence of a long hydrophobic region makes it doubtful that the
rel protein is either secreted or membrane-bound. Indeed, our
preliminary experiments have revealed neither glycosylation
nor kinase activity of the rel protein, but further investigation
relating to both of these possibilities is necessary.

v-rel Is Inserted into the env Gene. Inspection of the se-
quence surrounding the ATG codon at position 1-3 reveals
marked similarity to that surrounding the initiator codon for the
Moloney murine leukemia virus (M-MuLV) envelope protein
(26). In M-MuLV the sequences specifying the COOH ter-
minus of the pol gene product and the NH2 terminus of the env
gene product overlap but are read in different frames. The en-
velope initiator codon is found 58 nucleotides upstream from
the pol termination codon (TAA). This same arrangement is ev-
ident in REV-A, with a spacing of 61 nucleotides. As shown in
Fig. 4A, the translated sequence surrounding this ATG in REV-
A is very similar to that at the extreme COOH terminus of the

A

CCA CGG TGG GAC GGA CCC TAC ACT GTA GTC CTC AGT ACC CCC ACC CCG GTA AAG GTT 57
Pro Arg Trp Asp Gly Pro Tyr Thr Val Val Leu Ser Thr Pro Thr Ala Val Lys Val

GTT GGG AAG ACC CCG TGG ATC CAC TAC TCT CGA CTC AAG AAA GCT CCT GAC MC CAA 114
Val Gly Lys Thr Pro Trp Ile His Tyr Ser Arg Leu Lys Lys Ala Pro Asp Asn Gln

Met Asp Cys Leu Thr Asp Leu Arg Ser Thr Glu Gly Lys Val Asp Gln Ala
GAA GAA TGG ACT GTC TCA CCG ACC TCC GAT CCA CTG AGG GTA AAG TTG ACC AGG CGG 171
Glu Glu Trp Thr Val Ser Pro Thr Ser Asp Pro Leu Arg Val Lys Lou Thr Arg ArdA

GI Lys Thr Leu Ile Leu Leu Val Val Trp Trp Gly Phe Gly Thr ThrIAla Glu Gly
4CA AAA CCC TAA TTG7TC TTG TGG TTT GGT GGG GGT TTG GGA CCATT7TCG AGG GT 227

Ala Lys Pro END

B
p2OE Gln Gly Gly Ile Cys Leu Ala Leu Gbn Glu Lys Cys
REV-A CAA GGA GGA AT

A TGT CTC GCA CTC CAG GAG AAG TGC
. . . ... ........ .... .... .........

A TGC- CTC GCA CTC CAG GAG AAG TGC
REV GCA TCA TGA CC

p2OE C s Phe Tyr Ala Asn Lys Ser Gy Ile Val Ar Asp
REV-A TGTTmW m AAC AAG TCGGGT ATA 1T7 GAG

.. ... ... ... ... ... ... ... .. . . .

REV CGT TTT TAC GCC AAC AAG TCG GGT ATC GTT CGT GAC
v-rol

FIG. 4. v-rel is inserted into the env gene. (A) The translated nu-
cleotide sequence at the REV-A pol/env junction. Translation in the
pol reading frame is given below theDNA sequence and in the env read-
ing frame above. Underlining indicates identity with either M-MuLV
(26) or simian sarcoma virus (19); double underlining indicates identity
with both. Triangles indicate a gap in REV-A relative to M-MuLV (po-
sition 120) or to simian sarcoma virus (position 171). In M-MuLV the
envelope precursor is cleaved at a Thr-Ala linkage located 33 amino
acids downstream from the initiator methionine (26, 27). REV-A also
has a Thr-Ala doublet at this position (arrow). The asterisk marks the
position of insertion of v-rel in REV. (B) The 3' junction of v-rel with
REV-A sequences. The sequence ofREV from nucleotide 1,442 to 1,513
(Fig. 2 numbering system) is shown and is compared with that ofREV-
A. The REV-A sequence is translated in the p2OE reading frame. Un-
derlining indicates identity with M-MuLV pl5E (26). Dots indicate
identity between REV and REV-A.
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v-relvrl
a , b , c, d e ,

~~~~i I
A.S. = 4.3 7.4 3.5 4.3 3.2

src I I j\ \
100 200 300

Amino Acid Residue Number
400 500

V-src 129 TIY1YITPIS N Y VA P S D IS I QIA E E WIY F G KII T RqE SERLL L NP NMRGTF V RIK S E T AK[]AI
a) v-reT 40 AGSII.JGEHST D N N K TFPIS I I L N IY F G K|V K I|T T L V T K N E Y K JH P H DL V GLKJ G C R D JYV

BPK 97 VNF PFLVKILiE F S F K D N S NL Y V P GME M F S HIR R I G R F SE P H A
v-mos 146 L R H D N I V R V V A A S TRT E D S N S L G T I I M E F G G N V T L H Q V
v--fe 749 Y S H P N I V R I G V C T Q K Q P I IVME L V Q G D F L S F L R S K G P R L K M K K L

b) V-Es 974 C N H P N I V RL I G V C T Q K Q P I Y I V M E L V Q G GD F L T F L R T E G A R L R M K T L
v-src 317 LF H Em LV Q L Y A V V SIE El PI Y I V I EY M S K G SD L F L K G M G KY L R LPQ L
v-rel 129 L R I SKK I N P F N V PE EQ L H N I D D L N V V RLCFQA A F L P G H GNHYGTLL A L P P L

BPK 178 Y I V T D F G F A K R V K G R T W T L C G T P E Y L APE
v-mos 241 V C I S n F G C S Q K L Q D L R G R Q A 5 P P H IIIG T Y TH APE
v-Tes 831 V L K|I S D F G M S[7E A A D G I A A S GG|L R Q V VK WTAPE

c) v-!E 1056 T L KII S D F G M SIRIQ E E D G VIA S T GGM K Q IPVIK W T A P E
v-src 399 nC[V A D F G L ALL IIT N E YJT A R QJGA K F WIKW T A P E
v-rel 279 VWS E P V. FR Y L P D EIE lP S GN K A K R Q R S T LA KPI

*** * * * *

BPK
v-mos

d) v-
v-src
v-rel

211 K G Y N K A V D WAL IYMA A [rVY PP F F
281 G E I A T P K A D YS F G I LW M T T R E V P S

870 G|R Y S S EWA V W S F G I L LWET F S LGA S|P VYP
1095 GIW Y S S EISIDIV W S F G I L L W EAF L A VIP YLA
437 ICR F T I K[DVWS F G I L L TELTTK GR V VP

335 GK L K K E P N MFSPTLML P GLGL S S SQ MP
*_*

253 K V R F
322 N L R P S L A G
913 R L P C
1138 R L E
480 R ; LEJC
367 Q M! T

A V F T A S L T G K A L Q N I I Q SC W E A R G L Q R P S A E L L
PEL WDAVFRLMEQCWAYEFP1GQRPSFF SAI
PIP E QIC PIE D V Y RL MIQ RIC WIE Y DIPIH RIR P SIFIG A V
IPIP E MESLHDILMCQCWRKD EERPTFKVL

QLPJA Q L GP G K Q DT L H SC WQ Q L Y S P SPS A S SL

FIG. 5. Relatedness of v-rel and v-Sr. Segments of the predicted rel protein were compared with segments of v-src (30) by using the ALIGN
program with the mutation data matrix, a matrix bias of 6, and a gap penalty of 6 (31). A.S. = alignment score. Replacing the 12 COOH-terminal
amino acids of v-Sr with the 19 COOH-terminal residues of c-Sr (32) extends the length of segment e and raises its score to 4.0 SD. Alignment
over the entire region containing c + d + e then yields a score of 3.6 SD (probability of chance occurrence < 2 x 10-4). The amino acid sequence
in segments a-e is shown below, and corresponding sequences from v-fes (20), v-fps (21), v-mos (18) and the catalytic chain of the cAMP-dependent
bovine protein kinase (33, 34) are included for comparison. Residues common to v-rel and v-sr are boxed, as are residues common to v-Sa, v-fes,
and v-fps. Asterisks indicate residues found in v-rel and at least two of the other proteins. The phosphorylated tyrosine in v-src is residue 416.

M-MuLV pol product. Farther upstream the homology be-
tween the two is even more striking (unpublished data), leaving
little doubt that these are equivalent regions in the two ge-
nomes. That this ATG is REV-A's env initiator is revealed by
inspection of the REV-A DNA sequence and comparison with
that of M-MuLV. In M-MuLV a 33-amino acid signal peptide
containing a highly hydrophobic region is cleaved from the en-
velope precursor at a Thr-Ala linkage (26, 27). In REV-A there
is a Thr-Ala doublet at position 33-34, and the sequence be-
tween the methionine and this doublet contains 11 consecutive
hydrophobic amino acids. Therefore, we conclude that v-rel has
been inserted into REV-A just 37 nucleotides downstream from
the start of the env gene and that the rel protein thus begins
with 12 amino acids of the REV-A envelope gene product. This
is exactly the same arrangement as seen with the insertion of
v-mos into M-MuLV, except that in that case only five amino
acids of the env gene product are present (18).

Initiation of translation of almost all of the v-onc gene prod-
ucts of the defective transforming viruses occurs at an ATG lo-
cated in helper-derived sequences. Some of these products are

gag-onc fusion proteins, whereas others such as v-rel, v-mos

(18), and v-sis (19) contain several amino acids of env. A simple

interpretation of these findings is that transduction of each of
the c-oncs omitted the 5'-most region of the respective genes,
including the normal initiator. It is not known whether this de-
notes a requirement of a helper-derived protein fragment for
transforming activity or simply reflects the low frequency at
which the entire c-onc could be inserted in a position that would
allow self-initiation. Alternatively, perhaps it is only when its
5'-most region (exon?) is missing that the resultant v-onc has
transforming ability.

env sequences are also found at the 3' end of v-rel, as shown
in Fig. 4B. In REV-A, sequences coding for p2OE were easily
identifiable based on amino acid sequence data for purified REV-
A p2OE (W. P. Tsai and S. Oroszlan, personal communication)
and on the protein's similarity to M-MuLV pl5E (26). In REV,
p2OE sequences abut the 3' boundary of v-rel, but because the
rel protein is read in the -1 frame relative to REV-A p2OE, no

p2OE fragments will appear in it. The rel protein is predicted
to end after incorporating 19 amino acids from the helper-de-
rived region.

Because all frames upstream from the presumptive initiator
ATG are blocked, it is likely that the rel protein is translated
from a spliced message. In fact, a RNA of about 3 kb that con-

BPK
v-mos

e) v-E
v-src
v-rel

Proc. Nad. Acad. Sci. USA 80 (1983)



Proc. Natl. Acad. Sci. USA 80 (1983) 6233
Biochemistry: Stephens et al.

tains rel sequences has been observed in nonproducer trans-

formed cells (unpublished data). It is also interesting to note

that within v-rel itself there are a number of potential splice

acceptor sites [e.g., (Y)10-C-A-A-G-C at position 725, where Y
= pyrimidine]. Thus, it is conceivable that a second protein is

produced, translated from a mRNA of <3 kb and initiated at

one of the several ATGs located within v-rel.
v-rel May Be Distantly Related to v-src. A preliminary search

for similarities between the v-rel protein and the other reported
onc gene proteins employed the computer program RELATE
(28) and revealed a possible distant relatedness between parts

of v-rel and v-src. These results were then evaluated by using
the ALIGN program (28). Given a scoring matrix and a penalty
for introduced gaps, ALIGN brings two sequences into optimal
alignment and assigns a score to the comparison. The residues
in each sequence are then repeatedly jumbled and recom-

pared, and the so-called alignment score expresses how far (in
standard deviation units) the test score is above the average score.

An alignment score of 5 SD has been taken to imply evolu-
tionary relatedness of two polypeptides and a score between 3
and 5 SD is suggestive of such relatedness (29).
The results of comparing v-rel and v-src (30) in this way are

shown in Fig. 5. There are five segments of rel, together com-

prising 205 amino acids, which give alignment scores of >3 SD
when compared with segments of v-src. The most similar cou-

pling exhibits 18 identities out of 47 possible matches, yielding
a score of 7.4 SD. The probability of these two segments

achieving a score this high by chance is <10-13. The four other
pairs have scores between 3 and 5 SD (7/33, 8/33, 18/54, and
7/28 identities). Broadening the comparison, alignment over

the 134-amino acid span encompassing segments c, d, and e (rel
279-413, src 399-526) gives a score of 3.0 SD (probability of
chance occurrence = 10-'). Thus, of the 472 (503 - 31) amino

acids derived from v-rel, almost half are in segments that ap-

pear to be related to v-src. The fact that the linear arrangement
of these five segments is the same in both rel and src also sup-

ports the possibility of their ancestral relatedness.
This apparent similarity between rel and src is much weaker

than that between v-src and its other relatives. v-src and v-yes

have 82% identities over a 436-amino acid span (15); v-src and
v-fes or v-fps have about 40% identities over a 280-residue span

(20, 21); v-src and v-mos show about 25% identities over the
374-amino acid length of v-mos (18); and v-src and the catalytic
chain of the bovine protein kinase exhibit about 25% identities
over a 166-amino acid span (33, 34). Although src and rel ex-

hibit almost 30% identities in the segments shown in Fig. 5,

homology over the region encompassing all of these segments

is only about 20% of rel's residues. The long areas of apparently
unrelated sequence and the necessity of introducing gaps within
the apparently related areas result in neither RELATE nor

ALIGN assigning a significant score to this latter comparison.
In contrast, the alignment score between v-src and the bovine
protein kinase over a 166-amino acid length is about 9 (prob-
ability of chance occurrence = 10-19) (34). Thus, we are unable
to say whether the observed similarities between v-rel and
members of the v-src family are merely fortuitous or whether
they represent a distant relatedness reflecting descent from a

common ancestor. Detection and isolation of the rel protein,

rendered possible by knowledge of v-rers DNA sequence, should
reveal whether there are functional similarities between the rel

and src proteins.
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