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The nucleotide sequence of the gag gene of feline leukemia virus and its flanking sequences were
determined and compared with the corresponding sequences of two strains of feline sarcoma virus and with
that of the Moloney strain of murine leukemia virus. A high degree of nucleotide sequence homology
between the feline leukemia virus and murine leukemia virus gag genes was observed, suggesting that
retroviruses of domestic cats and laboratory mice have a common, proximal evolutionary progenitor. The
predicted structure of the complete feline leukemia virus gag gene precursor suggests that the translation of
nonglycosylated and glycosylated gag gene polypeptides is initiated at two different AUG codons. These
initiator codons fall in the same reading frame and are separated by a 222-base-pair segment which encodes
an amino terminal signal peptide. The nucleotide sequence predicts the order of amino acids in each of the
individual gag-coded proteins (p15, p12, p30, pl0), all of which derive from the gag gene precursor. Stable
stem-and-loop secondary structures are proposed for two regions of viral RNA. The first falls within
sequences at the 5’ end of the viral genome, together with adjacent palindromic sequences which may play a
role in dimer linkage of RNA subunits. The second includes coding sequences at the gag-pol junction and is
proposed to be involved in translation of the pol gene product. Sequence analysis of the latter region shows
that the gag and pol genes are translated in different reading frames. Classical consensus splice donor and
acceptor sequences could not be localized to regions which would permit synthesis of the expected gag-pol
precursor protein. Alternatively, we suggest that the pol gene product (RNA-dependent DNA polymerase)
could be translated by a frameshift suppressing mechanism which could involve cleavage modification of

stems and loops in a manner similar to that observed in tRNA processing.

Feline leukemia virus (FeLV) is a horizontally transmitted
retrovirus which is a natural etiological agent of leukemia in
domestic cats (13). FeLV contains a diploid RNA genome,
each strand encoding the three genes (gag, pol, and env)
necessary for viral replication. The gag gene encodes the
structural proteins of the virion core; the pol gene encodes
an RNA-dependent DNA polymerase; and the env gene
encodes the envelope glycoproteins of the virion surface (2).
Three subgroups of FeLV differ from one another in their
host range, neutralization, and viral interference, all of
which are properties of the env gene product (38). Like other
retroviruses, FeLV replication depends on the formation of
a DNA provirus which integrates into the DNA of the
infected host cell (53). Although the order of genes in the
DNA provirus is colinear with that of viral RNA, retroviral
DNA intermediates differ at their ends from viral RNA by
the presence of long terminally redundant sequences
(LTRs), formed during the process of reverse transcription
(reviewed in references 51 and 52).

In the present study, we determined the nucleotide se-
quence of 2,565 base pairs representing a segment of a
previously cloned FeLV (subgroup B) DNA intermediate
(46). The sequenced region includes a portion of the 5' LTR,
the gag leader, the complete gag gene, and 389 base pairs of
the pol gene. The results were interpreted partly by compari-
son with those previously obtained with the Moloney strain
of murine leukemia virus (Mo-MuLV) (8, 47) and with two
previously sequenced strains of feline sarcoma virus (FeSV)
a17).

* Corresponding author.
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MATERIALS AND METHODS

The molecular clone of FeLV DNA was previously char-
acterized by restriction enzyme mapping and heteroduplex
analyses (46). The recombinant A-WES phage was produced
in liquid culture, and the cloned DNA insert was isolated
after release from the vector with EcoRI. A subgenomic
EcoRI-Pst1 fragment representing a portion of the 5’ LTR,
the gag gene, and a portion of the pol gene was purified, and
its sequence was determined from the EcoRI site to an
Mboll site 2,565 base pairs downstream. The nucleotide
sequence was established by the Maxam and Gilbert method
by using five specific reactions of G, AG, CT, C, and AC (19,
27) (Fig. 1). Except for one case, 5’ end labeling was
performed. For one of two hydrolyses done with Hinfl-
Sau3A, 3' end labeling was undertaken with a mixture of [a-
32pJdATP and unlabeled dGTP in the presence of DNA
polymerase I. The complete sequence of both strands was
determined by using a variety of different end labels such
that all labeled termini appeared as internal sites within other
sequenced fragments.

RESULTS AND DISCUSSION

Organizational landmarks. The nucleotide sequence of the
cloned FeLV DNA fragment is presented in Fig. 2. By
convention, the cap site corresponding to the 5’ end of FeLV
RNA was numbered +1. Sequences upstream of the cap site
include a portion of the U3 region of the viral 5' LTR (16).
These contain the CAAT box (positions —74 to —66) and the
Hogness box (positions —31 to —25), characteristic of eu-
caryotic promotors (reviewed in reference 51). As previous-
ly reported (16), a polyadenylation signal and polyadenylate
addition site are located downstream of the cap site within
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FIG. 1. Sequencing strategy. The upper line scheme represents the sequenced zone as a whole. Distances are given in base pairs (Fig. 2).
Restriction sites indicated on this line are those previously known (46). Arrows give the length of the segments analyzed on each of the two
strands (+ strand above, — strand below), starting from the labeled termini indicated by the vertical bars. -5 and -3 stand for 5’ and 3’ labeling,

respectively.

the R region of the 5' LTR and appear to function in
terminating transcripts within the 3’ LTR near the other
terminus of proviral DNA. The end of the inverted repeat
which marks the end of the 5’ LTR appears at nucleotide 144
and is followed by the tRNA primer binding site at positions
145 to 162.

Two ATG codons at positions 344 to 346 and 566 to 568 are
in frame with one another and are separated by 222 base
pairs. The second ATG codon corresponds in position to the
amino terminus of the gag gene precursor, Pr656%¢ (17). The
gag reading frame ends at a TAG codon starting at nucleo-
tide 2084. A second open reading frame begins after the TAG
codon starting at position 2076 and continues to the Mboll
cleavage site in the pol gene at nucleotide 2464. The latter
segment, which corresponds to the 5’ end of the pol gene,
differs in frame from that of the gag gene (see below).

The individual gag gene polypeptides. The known order of
processed polypeptides in the gag precursor, Pr658%, is
NH,-p15-p12-p30-p10-COOH (22). By comparison with pro-
tein sequences (17), the plS-pl2, pl2-p30, and p30-pl0
junctions occur at nucleotides 947, 1157, and 1901, respec-
tively. The carboxy terminus of pl0 occurs at nucleotide
2071 and is followed by a 12-nucleotide coding sequence
before the TAG stop codon at positions 2084 to 2086. The
sites of proteolytic cleavage of individual gag peptides
have serine or threonine at a position four amino acids to
their amino-terminal side: (p15) NH-SerSerLeuTyr | (pl2)
ProValVal-OH; (p12) NH-SerGlnAlaLeu | (p30) Pro-
LeuArgGlu-OH; (p30) NH-ThrLysValLeu | (pl0) AlaThr-
ValVal-OH; (p10) NH-SerThrLeuLeu | AsnLeuGluAsp-
OH (end of gag gene). The immediate neighborhood of the
junctions is hydrophobic: on the average, the four amino
acids which border the junctions have a hydrophobicity
index (41) of +2 to +3.1 and a hydrophilicity value (H.V.)
(20) of —1 to —1.4. The corresponding values for Mo-MuLV
are +2.1to +2.75 and —1.1 to —1.45.

The calculated molecular weights of individual gag-coded
peptides (Table 1) are compatible with values obtained
previously (18, 57). For pl2 and pl0, the values were
overestimated by gel filtration in the presence of 6 M
guanidine hydrochloride (50). Existence of 31.5% proline in

p12 of FeLV (Fig. 2) might account for the discrepancy, as a
result of effects on secondary structure (26). For pl0, the
discrepancy was probably within experimental error since
more recent estimates for the size of this polypeptide are
closer to 7,000 daltons (18).

Approximate calculations of the degrees of acidity or
basicity (Table 1) are compatible with the published FeLV
isoelectric point values (50) for p15, p30, and pl0; for p12
there is disagreement (pI = 5.4), probably because of the
phosphorylation of this polypeptide (34, 43).

Glycosylated and nonglycosylated gag gene products. The
RNA leader sequence upstream of the FeLV gag gene
includes a portion of the 5’ LTR (the R region: nucleotides 1
to 145), a noncoding sequence of 199 additional nucleotides
(nucleotides 146 to 344), and a potential coding sequence
(nucleotides 345 to 566) 5’ to the gag plS amino terminus.
The open reading frame in the FeLV leader sequence is in
frame with the predicted gag gene sequence and can code for
a polypeptide of about 7.6 kilodaltons. The open reading
frame has also been conserved in different strains of FeSV
which contain the same FeLV-derived sequences (see Fig. 2)
and contains signal sequences thought to be responsible for
directing nascent polypeptide chains to membranes of the
rough endoplasmic reticulum (12; reviewed in reference 16).
Thus, we propose that the ATG at positions 344 to 346
specifies the amino terminus of a glycosylated gag precur-
sor, gPr80%?4, whereas that at positions 567 to 569 specifies
the amino terminus of the nonglycosylated gag precursor
Pr6529¢. Although both glycosylated and nonglycosylated
forms of the gag precursor are indeed detected in cells
infected with FeLV (32, 45), the mechanism for regulating
the translation of both proteins remains unknown. One
possibility is RNA splicing between a donor site at nucleo-
tides 203 to 209 and a potential acceptor sequence just 3’ of
the AG at position 456.

These results are consistent with data obtained in other
systems. Existence of a gag glycoprotein is well documented
for Mo-MuLV (10, 25, 39, 56; reviewed in reference 9). This
protein is found on the plasma membrane.

Glycosylation sites within gPr80?¢ were experimentally
determined for Mo-MuLV and were identified in p15 and p30
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(39; reviewed in reference 9). In the case of FeLLV, there are
only two possible sites which comply with the sequence
Asn-X-Ser/Thr, one within pl5 at position 743 (Asn-Ile-Ser)
and the other near the end of p10 at position 2057 (Asn-Ser-
Thr). Only the latter site would be contained in the extracel-
lular gag glycoprotein fragment with a molecular weight of
40,000 (32). By analogy with Mo-MuLV, it appears equally
likely that the site within FeLV p15 is also glycosylated.

Hydrophilic sectors. Different hydrophilic zones have been
located; some of them could be antigenic sites (20). Among
them, two stretches at the p30 level have a maximum
hydrophilicity (positions 1823 to 1838 and 1856 to 1874; H.V.
= +3); they appear to be duplicated zones, as has been
described in murine retroviruses (33, 47). At the plS5 level,
the sector of maximum hydrophilicity (positions 650 to 665;
H.V. = +2.25) is situated in a block of homology (Fig. 2);
another hydrophilic zone (positions 740 to 764; H.V. =
+1.04) indeed contains the hypothetic glycosylation site. At
the p12 level the maximum hydrophilicity sequence (posi-
tions 1109 to 1127; H.V. = +2.3) is also situated in a block of
homology and could be connected with the phosphorylation
site (see below). p10 also has a sector of maximum hydrophi-
licity (positions 1922 to 1940; H.V. = +3) in a zone which is
only partially homologous with the corresponding one for
Mo-MulLV (Fig. 2).

Comparison of the FeLV and FeSV gag genes. The Snyder-
Theilen (ST) and Gardner-Arnstein (GA) strains of FeSV
arose by recombination between FeLV and protooncogene
sequences in cat cellular DNA (14, 48). Both sarcoma
viruses contain a truncated gag gene which is fused in frame
to the viral oncogene sequences required for transformation
(17). The FeLV subgroup B analyzed in these studies was
molecularly cloned as the natural helper virus of ST-FeSV.
The natural FeLV helper of GA-FeSV has been cloned by
others (29), and portions of its sequence, not including the
gag gene, have been reported (11).

Figure 2 shows that the ST-FeSV gag sequence ends after
nucleotide 1457 and that of GA-FeSV ends after nucleotide
1611. In the region where ST-FeSV, GA-FeSV, and FeLV
gag sequences could be compared, only six base changes
(transitions) between FeLV subgroup B and ST-FeSV were
found, four of which lead to amino acid differences. By
contrast, 84 base differences (with 69 transitions) were
detected between FeLV subgroup B and GA-FeSV, leading
to 16 amino acid changes. The latter include 10 alterations in
the signal peptide, 3 within pl15 and 3 within p12.

Although ST- and GA-FeSV represent independent iso-
lates, they appear to have arisen from a single recombination
event between FeLV and c-fes protooncogene sequences,
since the 3’ FeLV/v-fes recombination sites are identical in
both strains (17). Subsequent deletion and mutational diver-
gence and recombination with the replication competent
FeLV helper could explain the strain-specific differences
between the two sarcoma viruses. Another hypothesis re-
mains, as suggested by hybridization and immunological
studies (36): independent FeSV isolates could have arisen
from different FeLLV subgroups. If this were the case, the
unique 3’ FeLV/v-fes recombination site would be an in-
triguing datum which could be explained by additional work
on the mechanisms of recombination. In any case, the
answers to these questions deserve further investigation.

Comparison with the Mo-MuLV sequence. In regions
where there is no ambiguity in the relative position of the
FeLV and MuLV sequences (Fig. 2), ca. 330 transitions and
365 transversions were noted. Between the cap site and the
beginning of the gPr80%“¢ coding region, there are variations

J. VIrROL.

in sequence homology between 42 and 86%. From the
beginning of gPr80%“¢, the percentage of nucleotide homolo-
gy remains close to the percentage of amino acid homology.
In general, the percentage of nucleotide homology exceeds
50% for p15, p12, and p10 and 60% for p30 and the part of the
pol gene studied. The data are consistent with the hypothesis
that FeLV was ancestrally derived from viruses of rodent
origin which were horizontally transmitted between different
species (3).

The overall percentages of amino acid homology with Mo-
MuLV are ca. 43.5% for the signal peptide, 66.5% for p15,
56% for pl12, 68% for p30, 55% for p10, and 77% for the first
128 pol residues. The blocks of complete homology are not
very great for the signal peptide (Fig. 2). Apart from the first
three amino acids and other groups of two or three residues,
there are entire portions without homology. The only ex-
tended homology within the signal peptide (90%) runs from
the serine at nucleotide position 467 to the valine at position
500. However, besides these changes in amino acid se-
quence, the hydrophobicity of the sequence coded by nucle-
otides 497 to 556 is highly maintained. There are four blocks
of extended amino acid homology within pl5 which include
the first uncharged 12 amino acid residues and FeLV se-
quences 632 to 674, 704 to 731, and 764 to 812. Comparison
with the polypeptide sequences of the Rauscher strain of
MuLV and Mo-MuLV p12 shows at this level a first block of
85% homology (positions 1007 to 1043) which ends with
ProProProTyr. This tyrosine might be the only phosphoryla-
tion-mediated p12 nucleotidylation point (57). There is an-
other block of homology (75%; positions 1094 to 1127)
including two serines and an intriguing hydrophilic zone
seven amino acids long (from serine at position 1106) which
includes four arginines (H.V. = +2.3, the maximum for
p12); although not already described (reviewed in references
24, 34, 43, and 49), a phosphorylation sector could be
hypothesized at this level. Figure 2 shows that the entire p30

TABLE 1. Molecular weights of the different polypeptide sectors
and the degrees of acidity or basicity®

. Calculated

Peptide mol wt b-a b—ab+a §¥RKd/ pl
Leader 7,662 +2 +0.2 8.2

plS 14,155 +6 +0.25 7.85 7.5
pl2 7,366 -1 -0.06 7.5 5.4
p30 28,898 +4 +0.055 8 7.6
pl0 6,591 +8 +0.35 8.5 9.1
Pr65 57,429 +15 +0.1 8

P75 65,073 +17 +0.11 8.1

% Dry molecular weights were calculated from the polypeptide
sequence deduced from the nucleotide sequence (Fig. 2). b — ais the
difference between the sum of His, Lys, and Arg and the sum of Glu
and Asp (6); b + a is the sum of the whole. SpK/2fRd is the ratio of
the sum of the free acid and basic radical pK to the total number of
these radicals (it is a case of global appreciation of the degrees of
acidity or basicity, taking into account the dissociation constants of
the free radicals). The isoelectric points indicated are values pub-
lished for FeLV (50). The methionine at the beginning of P75
(gPr80%°%), Pr65%“¢, and the leader peptide, and that observed at the
beginning of p15, are excluded from the calculation of the molecular
weights of the latter polypeptides. The methionine at the beginning
of pl5 has been included in the leader peptide. The molecular
weights of p15, p12, p30, and pl0 do not equal Pr65 because the
carboxy terminus of the predicted gag polyprotein is four amino
acids longer than the carboxy terminus of pl0, as it is in Mo-MuLV
7).
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MLV CCCTGTGCCTT ATTTGAACTAACCAATC A G T TCGCTTCTCGCTTCTGTTCGCGCGCTTCCGTCCC
GA-FesV (G)7(6)™ _ (C) G) ) O
ST-FeSV -1Q0 go .
FelLV AATTCAACCTTCCGTCTCATTTAAACTAACCAATCCCCACGCCTCTCGCTT QIACGCGCGCTT IQT
CAAT Box

— —
M CGAGCTCAATAAAA  GAGCCCACAACCCCTCACTCGGCGCGCCAGTCCTCCGATTGACTGAGTCGCCCGGGTACCCGTGTAT
G () (c) “TACG) (€) (C)
S
F

‘-
GCT ATAAAAAACGAGCCA‘I‘CAGCCCC CAgA GGCGCGCAAGTCTTTGTTGAGACTTCACCGCCCGGGTACC&NTA
= RNA

—3
Hogness box

TTGT

— ¢ —
CCAATAAACCCTCTTGCAGTT GCATCCGACTTGTGGTCTCGCTGTICCTTGGG A GGGTCTCCICT GAGTGATTGAC
CTT i GAG CAC
30 . 100
OGAATAAAGCCTCT'IGC'ICTTTGCATC’[’GACTCGTGGTCTCGGTGCTCOGTGGGCACGGGGTCTCATCGCCGAG GAA GACC

polyadenylation polyadeaylatmn
signal site

mnoOx

TACCCGTCAGCGGGGGTCTTTCATTTGGGGGCTCGTCCGGGATCGGGAGACCCC TG CCCAGGGACCACCOACCCACCACCGG
™ ™M (C) ©)
- . 200

TAC IC ccaccc‘rcr‘r‘rcn‘r croo‘rccoccn A GAGACCCCCAACCCCAGGGACCACCGACCCACCATCAG
IR PBS

mrnox

1
GAGGTAAGCTGGCCAGCAAC TTATCTGTGTCTGTCCGATTGTCT AGTGTCTATG — ACT GATTTTATGCGCCTGCG
Ay (NG - (TTY
. . . (a) 250
GAGGTAAGCTCGCCGGCGACCATATCTGT — TGTCC  TTGTGTAAGTGTCT TGTCAAC'I\'.‘-ATCTGATTTT

donor

mLrnoOx

LeuThrSerSerValSerGlyGly ProValValGluLeuThrSerSerGluHisProAlaAlaThrLeuG
TCGGTACTAGTTAGCTAACTAGCTCTGTATCTGGCGGA CCCGTGGTGGAACTGACGAGTTCGGAACACCCGGCCGCAACCCTGG
(6) )
300
GGCGG'ICGAACCGAAGGAGCTGA(‘BAGCTOGTACTTCGCCCCCGCAACCCTGG

mnox

lyAspValPro Gly Thr SerGlyAlaValPheValAlaArgProGluSerLysAsnProAspArgPheGlyLeuPheG
GAGACGTCCCA GGG  ACT TCGGGGGCCGTTTTTGTGGCCCGACCTGAGTCCAAAAATCCCGATCGTTTTGGACTCTTTG
- —(@© T© Tcr) (M

330
AAGAOGTTCCACGGG‘!’GTC'ICATGTCTGGAGCC TCT AGTGGG ACA G CC ATT GGG GCTCAT CTGTTTG

MetSerGl Ma Ser SerGly Thr Ala Tle Gly AlaHis TeuPheG
= gPr80

mwrnox

FIG. 2. The FeLV subgroup B sequence at the level of the first 2,565 base pairs starting from the EcoRI site of the LTR, 5’ side.
Orientation is that of the viral RNA. Only the DNA (+) strand representing the viral RNA (starting from the capping site) is represented in this
context. The numbering noted at this strand acts as a reference for the locations at this nucleotide chain, those with which it is compared, and
the amino acids translated from the nucleotide chains (located by the position of the first base of the codon). The position +1 is the first base of
viral RNA (capping site); from this position the nucleotides are numbered negatively on the 5’ side and positively on the 3’ side up to position
2464; the dots which are regularly placed upon some letters are 10 to 10 graduations of DNA (+) sequence. The sequence has been written be-
low the aligned sequence of murine sarcoma virus (8) up to the beginning of the viral RNA and subsequently below the aligned sequence of
Mo-MuLV (MLV; M) (47). Gaps have been inserted in the writing to maintain maximum agreement between the two sequences. In actual fact
the nucleotides which border these gaps are contiguous. The same means of presentation has been adopted for the amino acids corresponding
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mnOX mLnox mnox mnaOx mTLLOX mLnOX

mnox

1lyAlaProProLeuGluGluGlyTyrValValLeuValGlyAspGluAsnLeulysGlnPheProProProSerGluPheLeul

GNCACCCCCCTTAGAGGAGGGATAN'l‘GGTTCNGTAGGAGAOGAGAACCTAAAACAGTTCCCGCCTCCGTCTGAATTTT'I’GC
T(X) T (T(CCTATTAGG), — AY @y "~
0 . (a) . . 450

GGGTCTCA CCT GAA TACAGGGTGTTGATCGGAGAOGGGGGAGCCGGACCCTCAAAGTCTCTTTCTGAGGTTTCAT

IyValSerPro Glu TyrArgValleulTeGLyAspGlyGlyAlaGlyProSerLysSerLeuSerGluvalSerP
Pro Glu GlyAspG

acceptor

euSerValTrpAspArgSerArgAlaAlaArgleuValCysCysSerIleValLeuCysCysLeu CysLeuThrvalP
TTTCGGTTTGGGACCGAAGCCGCGCCGCGCGTCTTGTCTGCTGCAGCATCGTTCTGTGTTGTCTC TGTC‘IGAC‘I‘GTGT
(c) w©y BGN (1)

500
TTTCGGTTMTATOGAAGCCG(‘BCGGCACGTCT'K}TCATTCTTTGTCTTGT’K}CGTCTTTCCTTGTCCCCTGTCTAACC T
heSerValTrpTyrArgSerArgﬂaHaArgleuVall leLeuCysLeuVal, AlaSerPheLeuValProCzsLeuThr P

heLeu'l‘ereuSerGluAsnMetE. 1nThrVal ThrThrProLeuSerLeuThrLeuGlyHisTrpLysAspValGluArgl
TTCIGTATTTGTCTGAGAATATGGG ""%cc GA'cm'rTACCAc'chc' TTAAGTTTGACCTTAGG TCACTGGAAAGATGTCGAGCGGA
(%) (1) (M)A
550 690
TTTT ATNCAGAAGCCGTCATGGGCCAAAC']GTAACTACCCCCTTAAGCCTCACCCTTGACCACTGGTCOGAGGTCCGGGCAC
rLeuIleAlaGIuAlaVal tGIyGinﬁrValﬁr’l-‘FrProLeuSerLeuThrLeuAslesTrpSerﬁuValArgAlaA
L—» pi5

leAlaHisAsnGlnSerValAspValLysLysArgArgTrpValThrPheC SerAlaGluTrpProThrPheAsnValGlyT
T&C‘l‘CACAACCAGTOGQA%@A@{\EAGAOGTEGEGTTACCTTCﬁTC‘ICCAGAANGCCAACCTTTAACGTOGGAT
™ -y ey OB
650 (A) . 7Q0
GAGCCCATAATCAGGGTGT AGGTCCGGAAAAAGAAATGGATTACTTTATGTGAAGCCGAATGGGTGANATGAATGTAGGCT

rgAlaﬂlsAsnﬁrGIyV_l-Tu——IArg sLysLysTrpITeThrLeuCysGluAlaGluTrpValMetMetAsnValGLy T

rpProArgAspGly ThrPheAsnArgAspleulleThrGlnVallysIle LysValPheSerProGlyProHisGlyHisProA
GGCCGH AGACG_GCAC_CEAACOGAGACCTCATCACCCAGGTTAAGATCAAGGTCTTTTCACCTGGCCCGCATGGACACCCAG
Tcr—' “TGT
(A).
GGCCCCGM‘:AAGGAACTTTTTCTCTTGATAACATTT TCAGGTTGAGAAGAAGATCTTOGQCQG_GEAE_C.ACATGGACACCCCQ
rpProArgGluGly ThrPheSerLeuAspAsnIleSerGInValGluLysLysITePhe AlaProGly ProHisGLyHisProA

spGlnValProTyrIleValThrTrpGluAlaleuAlaPheAspProProProTrp VallysProPheValHisPro L

tz

ACCAGGTCCCCTACATCG TGACCTGGGAAGCCTTGGCTT TTGACCCCCCTCCCTOOGTCAAGCCCTTTGTACACCCT — AAGS
A) 1) (- (T
800 850 . .o© .

ACCAAGTTCCTTACATTACCACA'!CGAGATCCTTGGCCACAGACCCCCCTTCATGGGTTCGCCCGTTCCTACCCCCTCCCAAAC
spoinValProTyrileThrThrTrpArgSerLeuAlaThrAspProProSerTrpval ArgProPheLeuPro ProProLst

roProProProleuPro Pro  Ser Ala ProSerLeuProleuGluProProArgSerThrProProArgSerSerL
CTC&CCTCCTCTTCCT CCA TCC GCC COGTCTCTCCCCCT'NAACCTCCTCGTTOGACCCCGCCTCGATCCTCCC

M (AY (€3] T
900 .
CTCCCAQAQCQCCCTCAGCCTCTTTCGCOGCAGCCCTCCGCCCCCCTT ACC TCCTCCC
roPro'l‘hrProlcuProGln_PLgbeu& ProGlnProSerAlaProLeu Thr SerSerlL

FIG. 2—Continued

J. VIroL.

to translation of the nucleotide chains in the known coding zones. Nucleotide or polypeptide identities between the two viruses have been
underlined. The correspondences established are based on blocks of homology. In certain places several solutions can be proposed which do
not contradict the greater part of the homologies. Between the two sequences of FeLV (F) and Mo-MuLV, a comparison has been made
between FeLV and GA-FeSV (G) first and ST-FeSV (S) second, up to the two dots indicating divergence on the 5’ side. Nucleotides different
from their correspondents in FeLV have been labeled with parentheses. Missing nucleotides are represented by empty parentheses. Excess
nucleotides with regard to FeLV are between parentheses with an arrow indicating at what place they are inserted in the sequence. The
locations of the different patterns, the locations of the divergence with ST-FeSV and with GA-FeSV, and the limits of the different polypeptide
sectors are indicated (see the text). The TAG codons at the end of gag and the beginning of pol are indicated by three dots.
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sequence is made up of long blocks of homology. Among the
homologous regions, the region which runs from glutamine
at position 1187 to asparagine at position 1427 is particularly
conserved among mammalian retroviruses (reviewed in ref-
erences 21 and 33). A zone of extensive homology within p10 site of fixation of p10 with the viral RNA (18).
runs from the aspartic acid at position 1982 to the arginine at

mLnox mrnox nmunox mMLnox mMruox nmuwox

nmnox

gag FeLV NUCLEOTIDE SEQUENCE

'-—-0
euTyrProAlaLeuThrProSerLeuGlyAlaLysProLysProGlnValLeu SerAspSerGlyGlyProLeulleAspL
TTTATCCAGCCCTCACTCCTTCTCTAGGCGCCAAACCTAAACCTCAAGTTCTT ~ TCTGACAGTGGGGGGCCGCTCATCGACC
Yy (T m
950 10Q0
TCTACCCCGTTGTC QCAAGQC&AQCQQ CCCAAACOGCC‘mTG1‘TACOGCC‘mATCCTTCTTCCCCTTTAATTGATC
eu]erroValVa-f ProLysProAspPro ProLysProProVall.euProProMProSerSerProLeuIleAsg
pl2

euleuThrGluAspProProProTyr  ArgAspProArgProProProSerAspArgAspGlyAsnGlyGlyGluAlaThrP
TACTTACAGAAGACCCCCCGCCTTAT ~ AGGGACCCAAGACCACCCCCTTCCGACAGGGACGGAAATGGTGGAGAAGCGACCC

- T = Y o "
. 1050 . .
TCTEAACAGAAGAGQEA@T@CTATCOGGGGGGTCACGGGCCACCGCCATCA GGCCCTAGG ACCC
euleuThrGluGluProProProTyrProGlyGlyHisGlyProProProSer GlyProArg ThrP

roAlaGlyGluAlaProAspProSerProMetAlaSerArgleuArgGlyArgArgGluProProValAlaAspSer ThrThrS
CTGCGGGAGAGGCACCGGACCCCTCCCCAATGGCATCTCGCCTACGTGGGAGACGGGAGCCCCCTGTGGCCGACTCCACTACCT

(YY) w - (4)

1100 (T) . .
(X}GCC GCT TCCCCGATNCAAGCCGGCTAAGGGAACBCOGAGAAMCCCT G_C_TQAGAG T
roAla Ala SerProIleAlaSerArgLeuArgGluArgArgGI AsnPro AlaGluGlu S

'—D
erGlnAlaPheProleuArgAlaGlyGlyAsnGlyGlnLeuGlnTyr TrpProPheSerSerSerAspLeuTyrAsnTrpLysA
QGQGQEATTCCCCCICCX.‘-CGCAGGAGGAAACGGACAGCTTCAATACTGGCCGTTCTCCTCTTCTGACCTTTACAACTGGAAAA
I — )Ty ey
1150 o 1200 .
CTCA @CCTCCCCT_‘[GAGGGAAGGCCCCAACAACCGAQCCQGETTGGCCATTCTCGGQCEAGACCTGETMTTGGAAGT
erGlnAlaLeuProleuArgGluGlyProAsnAsnArgProGlnTyr TrpProPheSerAlaSerAspLeuTyrAsnTrplyssS
L p30

snAsnAsnProSerPheSerGluAspProGlyLysLeuThrAlaleulleGluSerValleulleThrHisGlnProThrTrpA

ATAATAACCCTTCTTTTTCTGAAGATCCAGGTAAACTGACAGCTCTGATCGAGTCTGTTCTCATCACCCATCAGCCCACCTGGG
T w©y 1

. . 1250 . . 1300

CGCATAACCCCCCTTTCTCCCAAGACCCGGTGGCCCTAACTAACCTAATTGAGTCCATTTTAGTAACGCACCAACCAACCTGGG

spAspCysGlnGlnLeuLeuGlyThrLeuLeuThrGlyGluGluLysGlnArgValLleuleuGluAlaArgLysAlaValArgG
ACGACTGTCAGCAGCTGTTGGGGACTCTGCTGACCGGAG AAGAAAAACAACGGGTGCTCTTAGAGGCTAGAAAGGCGGK}CGGG
Gy B () Yy ~
1350
ACG ACTGCCAGCAACTCTTGCAGGCACTCCTGACAGCCGAAGAAAGGC AAAGAGTCCTTCTTG AGGCCOGAAAGC -\AG GTTCCAG

1yAspAspGlyArgProThrGlnleuProAsnGluValAspAlaAlaPheProLleuGluArgProAspTrpAspTyrThrThré
GCGATGATGGGCGCCCCACTCAACTGCCCAATG AAGTCGATGCCGCTTTTCCCCTCG AGCGCCCAGACTGGGATTACACCACCC
— (6) (A A) o (€

1400 . 1450
GCGAAQ&CGGGCGGQA;AQCCAACTGCCCAATG TCAIT%CQAGACTTTCCCCTTuACCOGCCCCAACTGGGATTTTGCTAOGC

1yGluAspGlyArgProThrGlnLeuProAsnVallleAspGluThrPheProLeuThrArgProAsnTrpAspPheAlaThrP
ST-FeSV gag o

FIG. 2—Continued

889

position 2042 (Fig. 2). The major antigenicity of p10 is group
specific with strong interspecific determinants (reviewed in
reference 9), possibly located within the conserved region.
The conserved region could functionally correspond to the

Stems, loops, and palindromes. A search for potentially
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1nAlaGlyArgAsnHisLeuValHisTyrArgGlnleuLeuleuAlaGlyLeuGlnAsnAlaGlyArgSerProThrAsnleuA
AGGCAGGTAGGAACEACC'I‘AGTCCACTATOGCCAGTTGCTCCTAGCGGGTCTCCAAAACGCGGGCAGAAGCCCCACCAATT‘K}G
. 1500 . 1550 T).
mGCAGG‘l‘AGGGAGCACCTAOGCCTTTATCGCCAGTTGCTATTAGOGGGTCTCOGCGGGGC'IGCAAGACGCCCCACCAATTTGG
roATaCT YArgeTulisLeuArgleuTyrArgGinLeuleuLleuAlaGly LeuArgGly AlaAlaArgArgProThr AsnLeuA

mnmox

laLysValLysGlyIleThrGlnGlyProAsnGluSerProSerAlaPheleuGluArgleulysGluAlaTyrArgArgTyrT
CCAAGT MAAGGAATAACACAAGGGCCCAA'!‘GAGTCTCCCTQGG_CCQCCTAGAGAGACIT&G%A@CTATCGC&GGTACA
o (AT (A . 161600 — - . -
CACAGGTAAAGC T‘l‘G'l‘GCAAGGGAAAGAAGAAACGCCAGCAGCATTTCTAGAGAGATTGAAAGAGGCTTACAGAATGTACA
TaGTnVallysG1nValValGInGlyLysGTuGluThrProATaAlaPhe LeuGluArgLleuly sCIuAlaTyrArgHetTyrT

GA-FeSV gag «—

nmox

hrProTyrAspProGluAspProGlyGlnGluThrAsnValSerMetSerPheIleTrpGlnSerAlaProAspIleGlyArgL
M CTCC'I‘TA'!GACCC'!GM}GACCCAGGGCAAGAAACTAA‘lG'l’GTC‘I‘ATGTCTTTCATT'IGGCAGTCTGCCCCAGACATTGGGAGAA

1650 . . 1700 .
ZTCCC'l'A'lOACCC'lCM}GATCCAGGGCAAGOGGCTAGTGTTATCCTATCCTTTATCTACCAGTCTAGTCCAGATATAAGAAATA

ysLeuGlyArgleuGluAspLeuLysAsnLysThrLeuGlyAspleuValArgGluAlaGluLysIlePheAsnLysArgGluT
AGTTAGGGAGGTTAGAAGAT'I‘TAAAAAACAAGAOGCTTGGAGATTNGTTAGAGAGGCAGAAAAGATCTTTAATAAACGAGAAA

. 1750 1800 N
F  AGTTACAAAGGCTAGA GGCCTACAAGGGTTCACCCTATC‘IGATCNCTAAAAGAAGCAGAAAAAATATATAACAAAAGGGAGA

hrProGluGluArgGluGluArgIleArgArgGluThrGluGluLysGluGluArgArgArgThrGluAspGluGlnLy sGluL
M C CW&AGAAAGAﬂGGﬂQTATCAGGAGAGAMCAGAGGAAAAAGAAGAAOGCCBTAGGACAGAGGATGAGCAGAAAGAGA
F CCCCAGAGGAAAGGG_AAGAAAQATIA‘I‘G_G
hrProGluGluArgGluGluArgLeuTrp

0
CAGgGACAGGAAGAAAGGGAT AAAAAGCGC CACAAGGAG

GlnArgGlnGluGluArgAsp LysLysArg ﬁsrxsm

e
ysGluArgAspArgArgArgHisArgGluMetSerLysLeuleuAlaThrValValSerGlyGlnLlys  GlnAspArgGlnG
M AAGAAAGAGATCGTAGGAGACATAGAGAGATGAGCAAGCTATTGGCCACTGTCGTTAGTGGACAGAAA  CAGGATAGACAGG
1900
F ANACTAAAGTTCNGCCACAGTAGTTGCTCAGAATAGAGATAAGGATAGAGAG
MetThr _LVallzuﬁa'l‘hrVaIValAlaGlnAsnArgAspLysAsEArgclu
== p10

1nCysAlaTyrCysLysGluLysG

GACCAG'N'I‘GCCTACTGCAAAGAAAAGG
2000

AAAC AGATCAAM‘:GAAAATACCTC‘IGGGAAAGGACCAGTGTGCCTAT'ICCAAGGAAAAAG

LysLeuGly SpGlnArg LysIleProLeuGlyLysAspGlnCysAlaTyrCysLysoluLyso

1yGlyGluArgArgArgSerGlnleu Asp Arg
M GAGGAGAAOGAAGGAGGTCCCAACTC CAT  CGC

F GAA AAT
@ Asn

Q-—| Q-j
1yHisTrpAlaLysAspCysProLlysLysProArgGlyProArgGly ProArgProGlnThrSerLeuleuThrLeuAspAsp.
M GGCACTGGGCTAAAGATTGTCCCAAGAAACCACGAGGACCTCGGGGACCAAGACCCCAGACCTCCCTCCTGACCCTAGATCACT

2050
F GACA‘I"I’GGGTTGGOGAT‘IG'I‘CCCAAACSACCCCGGAAG AA&C GCAAACTCCAQTCTCCTC&AQTTAGAAQTI
TyHisTr VaTArg AspCysProlys ArgProArgLys LysPro  AlaAsnSerThrLeuleuAsnLeuGluAsp.
a.___n pl0 o ...LysIle
donor ? gag o—J

FIG. 2—Continued

J. VIROL.

stable (<—10 and <—-0.4 kcal [ca. <—41.8 and <-1.7 kJ]
per nucleotide for stems and loops, respectively; <—19.2
kcal [ca. <—80.3 kJ] for palindromes) secondary structural
features was performed by using previously described meth-
ods (37, 54, 55).

These features are more numerous within the 500 first

bases of the viral RNA. Among the S palindromes (out of 11
in the whole sequence) situated in this sector, which could
be hypothesized as being possible linkage points of the two
RNA subunits (5, 31), the more stable (—35.8 kcal [ca.
—149.8 kJ)) is at position 483 (Fig. 3). A similar palindromic
zone was observed for Rous sarcoma virus (40). A stem and
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gag FeLV NUCLEOTIDE SEQUENCE

++GlyGlyG1nGlyGlnAsp ProProProGluProArgIleThrl.cuLysValGlﬁlﬁlnProValThrPheleuValAsB
AGGGAGG‘I‘CAGGGTCAOGAC CCCCCCCC'lCAACCCAGGATAACCCIC;AAAGICGGGGGGCAACCCﬂCAgCﬂCCTGGTA_G_QT

2100 . 2150 .
AGGAGAGTCAGGGCCAGGACCCCCCCCCC‘!CAGCCCAGGATAACCTTAAGAATAGGGGGGCAACOGGNACTTTTCNG'I‘GGAC
. ArgAl ﬁrProProl’roGIu roArgIleﬁrIeuArgIle GlyClyGlnProVal ThrPhe LeuValAsp
ArgArgval

acceptor ?

ThrGlelaGlnmsSerValLeu‘l'hrGlnAsnProGlxProLeuSerAsELysSerAlaTrpValGlnGlela'ﬂirGlely
AC‘ICGGGCCCMCACTCOGTGCTGACCCAAAATCC'!GGACCCCTAAGNATAAGTQT@TGG_GICCMGGGGCTACN&GQA

. 2200 . 2250
AOGGGAGCCCAGCACTCAGTAC’ICACTGGACéAGATGGACC‘l‘CTCAGTGACOGCACAGCCCNGTGCAAGGAGCTACAGGAAGC

ThrGlyATaClnHisSerValleuThrArgProAspGlyProLeuSerAspArgThrAlaLeuValGlnGlyAlaThrGly Ser

Ey_sArg rArgTrpThr Thr AspAr LysVa1H1sLeuAlaThrGlestalThrHlsSerPheLeuH:LsValProAspgy_s

. 2300 .
AAAMCTAC&GTGGACCACCGACABGAGGGTACAACTGGCMCmTAAGGTGACTCACTCTTTTTTATATGTACCTGAATGT
LysAsnTyrArgTrpThr ThrAspArgArgValGlnLeuAlaThrGlyLysVal ThrhHisSerPheLeuTyrValProGluCys

Prorxrl’robeul.eu(}lxArgAsgheul.eu'l'hrLzsLeuL!sAlaGlnIleﬂlsPhecluﬂxSe 1yAlaGlnValMetGly

CCCTATQTCTC1‘TAGGAAGAGATT'l‘GC'l‘GACTAAACTAAAAGCCCAAATCCACTTTGAGGGATCAQG_A_GE!C&G@A_‘IG@A
. 2350 . 2400

CCCTACC(X"TTAT AGGGAGAGACT‘l‘A‘l“l‘AACTAAACTCAAGGCCCAAATCCATTTTACOGGAGAGGGGGCTAATGTTGTNGG

ProMetGlyGlnProLeuGlnValLleuThrLeuAsnIleGlu

891

M CCAATGGGGCAGCCCC'I‘GCAAGTGT'I‘GACCCTAAATATAGAAGA

2350

F CCCAGGGGTTTACCCTTACAAGTCCTTAC TTACAATTAGAAGA
ProArgGlyLeuProLeuGInValLleuThr LeuGInLeuGlu

FIG. 2—Continued

loop of —13 kcal (ca. —54.4 KJ) (positions 102 to 129) is
possible near the 5’ end of viral RNA and has previously
been proposed for Moloney sarcoma virus (4). A larger stem
and loop of —75.1 kcal (ca. —314.2 kJ) (positions 70 to 201)
contains the LTR inverted repeat and the primer binding
site, both of which are located in the double loop at the stem
summit (Fig. 3). In the case of Mo-MuLV, a stem and loop
visualized by electron microscopy was localized between the
5" end of viral RNA and the stable linkage point of the two
RNA subunits (31). This location appears to correspond to
that predicted for FeLV. Overall, the first 500-base region of
FeLV RNA could generate a secondary structure similar to
that described for Rous sarcoma virus, physically linking the
cap site, possible ribosome-binding site, and initiation codon
of the gag gene (7).

A possible ribosome-binding site is encountered at posi-
tion 23:

23-5GA CC€ CC CGGG3'-33
3'CUAGGAAGG-GUCCS’ « 3' end of 18S rRNA
(—19.5 and —0.78 kcal [ca. —81.6 and -3.26 kJ] per nu-
cleotide)

It overlaps a set of two palindromes of —22.2 and —31.2 kcal
(ca. —92.9 and —130.5 kJ) (Fig. 3), 100% homologous in Mo-
MuLV, which include restriction sites Kpnl, Aval, Hpall,
Rsal, and Smal. Another possible ribosome-binding site is
encountered at position 325, a little before the ATG at the
beginning of gPr80%?¢ (Fig. 2):

325-5'GA COSTTCCACGGGTGTCTGATG3'-346
3'CUAGGAAGG-GUCCS’ « 3’ end of 18S rRNA
(—15.85 and —0.59 kcal [ca. —66.31 and —2.47 KJ]
per nucleotide)

One could hypothesize that these two possible ribosome-
binding sites could be used in an alternating way and could
be responsible for the discriminatory translations of Pr65¢4¢
and P75 (gPr805°¢) by yet unknown mechanisms in which
secondary structures could take part.

A third stem-and-loop structure proposed between nucleo-
tides 2060 and 2124 (Fig. 3) includes the gag-pol junction. It
constitutes the most stable predicted structure (—37.9 kcal
[ca. —158.6 kJ]) apart from the first 500 bases of viral RNA.
This zone is very homologous with Mo-MuLV in nucleotides
(79%) but less so in amino acids (50%).

The gag-pol junction. Reverse transcriptase is thought to
arise from the posttranslational processing of a large poly-
protein (Pr18042¢7°) encoded by the gag and pol genes of
full-genome-length mRNA. In the case of MuLV, the gag-
pol polyprotein is presumed to be generated by in-frame
suppression of the gag gene stop codon, allowing translation
to continue into the pol sequences (30, 35). By contrast, in
vitro translation of Rous sarcoma virus RNA in the presence
of suppressor tRNA resulted in the synthesis of a polypro-
tein only slightly longer than the gag-coded precursor (58).
Recent nucleotide sequencing indeed showed that the RSV
gag and pol genes are in two different reading frames
separated by 20 nucleotides (40).
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T AG
T ¢ T A
S A T A
T T [o¢}
G T ATA
] T AT
6 6 CTa
d G (o c}
G G c6
CG TA
;€6 c6
c c TA
A T C6
Tc [ 5'—2060TCCAT
$¢ 3.-2124466 °©
GAAG C Ach
GAG C c6
cG cG
GCG GC
CG AGC
TA TA
32 s
cG
TA c A
CG c c
TA c c
GC
o e CcC
GC
GC
¢ .
& A
c
GC
GC
GC
TA , L]
N o §——-28CCCGGGTACCCG 39— 3’
co GGGCCCATGGGC
co
TA
c cC
G C
TA
GC
GC
]
TA
$ c 5'—483GCCGCGCGG6C492—+3
GcC CGGCGCGCCG
GC
TA
CGc
c
Tc A
AT
GC
TA

5'—70 C G201 — 3’

FIG. 3. The two most stable palindromic zones and stems and
loops, from the energy point of view, in the viral RNA sequence.
Numbered sequences correspond to the DNA (+) strand and its
numbering (Fig. 2). Numbers give the position of the first and last
letter of each pattern or group of patterns. For palindromes the
unnumbered complementary chain has been added opposite. The
structure which runs from positions 28 to 39 is made up of two
overlapping palindromes, each of which is indicated by a thick line.

Like RSV, the FeLV gag and pol genes are in different
reading frames, suggesting that pol is translated from a
processed mRNA. One possibility is that the pol gene
product is synthesized from a spliced mRNA molecule in
which the gag and pol genes are fused in frame. A possible
splice acceptor sequence around nucleotide 2117
(CCCCCCCCCCTGAG | ) (28, 42, 44) occurs close to the
gag-pol junction. However, no typical donor groupings were
found in the same region of the FeLV genome. The closest
consensus sequence for a potential splice donor occurs

J. ViroL.

around nucleotide 2017 within p10 (TGG | GTTCGC-3') and
shows only limited homology (four of nine bases) to expect-
ed donor sequences (SAG | GTAAGT) (28). Taking into
account the proposed splice acceptor, the latter donor site
could place the reading frames into continuity without
producing a major deletion of gag sequences.

Another possibility is that a tRNA-specific splicing en-
zyme might recognize a stem and loop like that proposed at
the gag-pol junction (Fig. 3; see above) and produce an
excision which shifts the reading frame (1, 23, 47), similar to
what has been observed with other tRNA-specific enzymes
(reviewed in reference 15). Although the latter represents a
novel mechanism for frame suppression in translation of
retroviral RNA, like splicing, it is compatible with the
expected size of the gag-pol precursor and with the inability
to detect subgenomic mRNA species which could account
for a unique pol mRNA species. Regardless of the exact
mechanism, the nucleotide sequences of both FeLV and
RSV emphasize that the modes of translation of retroviral
polymerases deserve further investigation.
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