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Nucleotide sequence analysis of the env gene of two different endogenous feline leukemia virus (FeLV) loci,
CFE-6 and CFE-16, of domestic cats revealed the following characteristics. (i) Both proviruses contain an open

reading frame in the env region; (ii) whereas the full complement of the exogenous FeLV env is generally
present in CFE-6 DNA, it is truncated in CFE-16 DNA such that the 5' half of the gp7O domain and the
untranslated region 3' to the pl5E domain have been fused by an internal deletion, resulting in loss of the
C-terminal half of the gp7O- and all of the pl5E-coding sequences; (iii) endogenous env is highly homologous
to large sequence domains conserved in all three exogenous FeLV subgroups (A, B, and C) but is similar to
FeLV-B sequence domains in the variable regions detected in these viruses; and (iv) there are four other
sequence domains, one residing at the C terminus of gp7O and three scattered in p1SE, which are unique for
the endogenous env, thereby distinguishing it from the FeLV-B gene.

Feline leukemia viruses (FeLVs) are chronic leuke-
mogenic retroviruses that induce neoplasms with long peri-

ods of latency. Most of the events that take place and
interplay during this latency period are currently undefined,
except that in feline T-cell lymphosarcomas the c-rnVc proto-
oncogene is either frequently insertionally activated by an
FeLV provirus or incorporated into the viral genome and
transduced (5, 10, 12, 13). However, it is unknown what
FeLV subgroups or variants might have the viral determi-
nants to induce cell-specific lymphoproliferative disorders.
This issue is important, especially since evidence has been
obtained to suggest that specific FeLV variants may induce
aplastic anemia or fetal immunodeficiency diseases in exper-

imental cats (3, 7, 9, 16, 18). In analogy to recombinational
events that give rise to tumorigenic polytropic murine leu-
kemia viruses (6, 11, 26), it is possible that FeLV infection
also results in recombination with transcriptionally active
endogenous FeLV elements present in the cat genome (1, 23,
24). The hybrid virus may have altered target cell specificity
and may be the precursor for pathogenesis. In fact, the
possibility raised earlier that FeLV subgroup B isolates
might have arisen by genetic exchanges between FeLV
subgroup A and endogenous proviral elements of the normal
cat genome (4, 19, 25) has found new experimental support.
These recent experiments suggest transduction of endoge-
nous FeLV em'l gene regions from feline cells by infectious
FeLV subgroup A (17). The recombinant viruses thus iso-
lated resemble FeLV subgroup B in their extended host
range properties. The characterization of these chimeric
FeLVs was, however, based primarily on hybridization to an
endogenous FeLV enm-specific DNA probe (25), and the
detailed genetic structure of the em' gene of the various
endogenous FeLV loci of the domestic cat has not yet been
reported. In this paper, we present for the first time the
nucleotide sequence of the em's gene of two independent
endogenous FeLV loci. The sequence data revealed the
open reading frame of this endogenous viral gene and
pointed to regions of significant divergence from the exoge-
nous viral counterpart.

Corresponding author.

Two endogenous FeLV clones, CFE-6 and CFE-16 (24),
were selected for analysis. The CFE-6 clone represented the
major class of nearly full-length proviruses, whereas CFE-16
belonged to the minor class of truncated proviruses present
in the uninfected cat genome. The nucleotide sequence was

determined by the M13 dideoxynucleotide-chain termination
method (2, 20). For clone CFE-6, the 2.85-kilobase PstI-
EcoRI fragment encompassing the en' gene and the 3' long
terminal repeat (LTR) was cleaved internally by HindlIl,
and each of the two ensuing fragments (1.25 and 1.6 kilo-
bases) was cloned into both M13mpl8 and M13mpl9 vec-

tors. For CFE-16 DNA sequence analysis, the 1.33-kilobase
PstI-KpnzI truncated eniv! region was cloned into the same

vectors. Figure 1 shows the nucleotide and deduced amino
acid sequences for both cloned endogenous genes. Assign-
ment of the functional domains for the signal peptide and for
the gp7O and piSE proteins was based on similarities to
reported feline leukemia virus sequences (4, 14, 19, 25).

Several interesting observations emerged from analysis of
the sequence data. First, the enm region of the CFE-6 DNA
exhibited a fully open reading frame comprising 2,007 base
pairs. This was in contrast to the detection of frameshift and
nonsense mutations in the gag region of this nearly full-
length endogenous provirus sequence (1). The endogenous
provirus CFE-16 also contained an open reading frame of
819 base pairs in the en', gene; however, a large deletion,
extending from around the middle region of gp7O to the
purine-rich region preceding the 3' LTR, indicated that this
provirus was truncated not only in the pol gene, as described
earlier (24), but also in the en' gene. Comparison of the
nucleotide sequence of en' retained in CFE-16 with the
sequence of CFE-6 showed a very high degree of sequence
conservation (approximately 99%), although a few nucleo-
tide substitutions did occur. Most of these changes were in
either position 1 or position 2 of the codon, resulting in
amino acid substitutions. Altogether, there were nine amino
acid changes: one was located in the signal peptide, six were
scattered in the N-terminal half of gp7O, and two, occurring
near the C terminus of p1SE, resulted from the internal
deletion and consequent frameshift mutations. Sequence
comparison of the LTR region immediately 3' to the env
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FIG. 1. Nucleotide and deduced amino acid sequences of the env gene of the endogenous provirus clones CFE-6 and CFE-16. The
nucleotide sequence begins at the PstI site 61 nucleotides upstream of the coding region and extends into the 3' LTR. The sequence of the
CFE-6 clone is shown, and the identical nucleotide or amino acid residues in the sequence of CFE-16 are indicated by dots. Changes in
nucleotides and deduced amino acids in CFE-16 are shown by letters on the bottom and top lines, respectively. Deletions are marked by
dashes, and the translation termination codon is indicated by the asterisk. Other features illustrated are beginning points for the signal peptide
(SP), gp7O, pl5E, and the 3' LTR. Also highlighted within the 3' LTR are the inverted repeats (IR) delineating the LTR, the beginning of U3,
R, and U5 sequences, and the regulatory domains such as CCAAT, TATAA, and poly(A) signal boxes.

gene showed that these LTRs were highly homologous since
there were only 13 base changes, including deletions within
this 697-base-pair region of CFE-6 and CFE-16. The 3' LTR
sequence of these endogenous proviruses matched well with
the 5' LTR sequences reported earlier (1), indicating poten-
tial conservation of transcription-regulatory elements in both
LTRs flanking the endogenous proviral genes.
To determine the extent of amino acid sequence homology

between endogenous and exogenous FeLV env genes, we

compared the endogenous sequences with exogenous se-

quences representing three subgroups (A, B, and C) of FeLV
classified on the basis of neutralization and viral interference
(21, 22). Among the four isolates included in the comparison,
ST-FeLV-B and GA-FeLV-B were from subgroup B (4, 14),
FeLV-A/Glasgow was from subgroup A (25), and FeLV-
C/Sarma was from subgroup C (19) (Fig. 2). This comparison

clearly revealed that the endogenous env was more homol-
ogous to the FeLV-B gene than to either the FeLV-A or

FeLV-C gene. Throughout the 662 amino acids of the gp7O
and pl5E regions in GA-FeLV-B, there were only 70
changes, including 69 amino acid substitutions and 1 deletion
in clone CFE-6. Thus, a high degree of homology (89.5%)
exists between the endogenous provirus and the exogenous
FeLV-B virus at the amino acid level. Although all FeLV
env-encoded proteins contained sequence blocks with nearly
complete homology, in several regions FeLV-A and FeLV-C
differed from the group represented by FeLV-B and the
endogenous virus. The overall homology, considering the
amino acid substitutions, deletions, and insertions, was only
73% between CFE-6 and the subgroup A or C env gene. The
observed higher level of sequence identity between the
endogenous and FeLV-B env genes was consistent with the
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FIG. 1-Continued.

earlier proposal that FeLV-B isolates were derived through
recombination between FeLV-A and endogenous env genes
(19, 25). Moreover, the data supported the recent findings of
transduction of endogenous sequences from feline cells by
transfected FeLV-A DNA to yield FeLV-B-type viruses
(17). It is difficult to assess from our sequence data where in
the viral genome the hypothetical recombinational event(s)
which gave rise to FeLV-B took place. It would be neces-

sary to extend the sequencing to the adjacent pol gene to
determine whether CFE-6 or CFE-16 diverges from FeLV-B
at a discrete site in that region.
The occurrence of several variable regions of homology in

the FeLV gp7O glycoprotein sequence was described earlier
by different investigators (14, 19). Altogether, seven major
regions of variability (I to VII in Fig. 2) were identified. It
could be clearly seen that the deduced amino acid sequence
of the endogenous gp7O was very similar to that of FeLV-B
and not to that of FeLV-A or FeLV-C in regions II, III, IV,
and V. In the 33-amino-acid length of the signal peptide
(region I), GA-FeLV-B varied from ST-FeLV-B in nine
amino acids, whereas there was only a single amino acid
difference between GA-FeLV-B and FeLV-A in this region.

The variation in signal peptide sequence between the two
subgroup B isolates of the exogenous virus was, however,
contrasted with the detection of homology in 32 of 33 amino
acids between the corresponding sequences of CFE-16 and
CFE-6 endogenous clones. Furthermore, the endogenous
signal peptide region was closer in sequence to that of
ST-FeLV-B (94 to 97% homology) than to that of GA-
FeLV-B (73% homology), which implies diversity in recom-
binational processes that might have resulted in the genesis
of subgroup B viruses.

Although the endogenous and FeLV-B gp7O sequences
were very similar and all positions of the glycosylation sites
were conserved between these sequences, the C-terminus
sequence of the endogenous gp7O appeared to diverge con-
siderably from that of the FeLV-B gp7O. This variation could
be seen in region VII (Fig. 2), which encompassed nine
amino acids, including the first one of pl5E. All exogenous
FeLVs retained homology in five to eight amino acids,
whereas CFE-6 differed at seven of nine positions. Accord-
ingly, this region was fairly characteristic for the endogenous
enm gene.
Three other predicted protein domains (VIII, IX, and X in
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MESPTHPKPSKDKTFPWNLVFLVGILFQIDM ANFSPHQVYNVTWVITNVQTNSRANATSMLGTLTDAYPTLYVDLCDLVGDT¶ PIAPDPRSW ARYSSSTHGCKTTDRKKQ

PN
QRNT FYVCPGHA NRK GGPQDGFCAVWGCETTGETYWKPTSSWDYITV. KVTQGIYQCSGGGWCGiCYDKAVHSSTTGASEGGI CNPLILQFTQKGRQTSWDGPKSWG

QR:TA YVCPGA N::K1PQDG:CAVWGCETTGETYWKPTSSWDYI::TQGIYQCNGGGWCGPCYDKAVH:SSTTGASEGGLCNPLILQFTQKGRQTSWDGPKSWG

QRNT YVCPGA N1KQ CGGPQDGFCAVWGCETTGETYWRPTSSWDYITV .GVTQGIYQCSGGGWCGPCYDKAVHSSTTGASEGGE NPLILQFTQKGRQTSWDGPKSWG
QRtNTP YVCPGHA NRKQ CGGPQDGFCAVWGCETTGETYWRPTS SWDYITVEK.GVTQGIYQCSGGGWCGPCYDKAVHS SITGASEGGE CNPLILQFTQKGRQTSWDGPKSWG

QQTYPFYVCPGH PSLGPKGTH CGGAQDGFCAAWGCETTGEAWWKPTSSWDYI GSSQDNSCE NPLVLQFTQKGRQASWDGPKMWG

QQTY FYVCPGHA PSMGPKGTY CGGAQDGFCAAWGCETTGEAWWKPTSSWDYITV GSNQDNSCK NPLVLQFTQKGRQASWDRPKMWG

LRLYRSGYDPIALFSVSRQVMTITPPQAMGPNPVLPDQKPPSRQSC IESRVIPHPS*

LRLYRSGYDPIALFSVSRQVMTITPPQAMGPNPVLPDQKPPSRQSC IESRVIPHHPQGNGGTPGITLVNASIAPLSTPVTPA PKRIGTGNRLINLVQGTYLTLNVTNPNKTKDCW
L::Y::::::I:::::S:Q:::I::PQA:G:N:::::Q:P::RQ::R:HQ:::::AS::::::::::::::::::::::::::::::::::
LRLYRSG'1DPIALFSVSRQVMTITPPQAMGPNLVLPDQKPPSRQSC IESRVTPHHSQGNGGTPGITLVNASIAPLSTPVTPAS PKRIGTGNRLINLVQGTYLALNVTNPNKTKDCW

LRLYRSGYDPIALFSVSRQVMTITPPQAMGPNLVLPDQKPPS RQSC IESRVTPHHSQGNGGTPGITLVNASIAPLSTPVTPAS PKRIGTGDRLINLVQGTYLALNATD PNRTKDCW

LRLYRTGYDPIALFTVSRQVSTITPPQAMGPNLVLPDQKPPSRQS TGSKVATQRPQ TNESAPRSVAP TT PKRIGTGDRLINLVQGTYLALNATDPNKTKDCW

LRLYRSGYDPIALFSVSRQVMTITPPQANGPNLVLPDQKPPSRQSC rKSKVTTQRPQ ITSSTPRSVAS A KRIGTGDRLINLVQGTYLALNATDPNKTKDCW

LCLVSRPPYYEGIAVLGNYSNQTNPPPSCLSVPQHKLTI SEVSGQGLCIATVPKTHQALC NKTQKGHRG'IHYLVAPNGTYWACNTGLTPCI SMAVLNWTSDFCVLTELWPRITYHE

LCLVSRPPYYEGIAVLGNYSNQTNPPPSCLSDPQHKLTISEVSGQGLCIGTVPKTHQALC KTQKGHKG HYLAAPSGTYWACNTGLIPCISMAVLNWTSDFCVLIELWPRVTYHQ
::::::::::::::IL:::::::::::::::IP::::::::::::::::::::::::::: ::T::G:T::::::P::::::::::L::::::::::::::::::::::::::::
LCLVSRPPYYEGIAILGNYSNQTNPPPSCLSIPQHKLTISEVSGQGLCIGTVPKTHQALCKTQQGHTG HYLAAPNGTYWACNTGLTPCISMAVLNWTSDFCVLIELWPRVTYHQ

LCLVSRPPYYEGIAILGNYSNQTNPPPSCLSTPQHKLTISEVSGQGMCIGTVPKTHQAL TQQGHTG YLAAPNGTYWACNTGLTPCISMAVLNWTSDFCVLIELWPRVTYHQ

LCLVSRPPYYEGIAVLGNYSNQTNPPPSCLSTPQHKLTISEVSGQGLCIGTVPKTHQALC KTQKGHKG: IYLAAPNGTYWACN~TGLTPCISMAVLNWTSDFCVLIELWPRVTY,HQ
p15E 3,

PEYIYSH ENKPRFK ISLTVALMLGGITVGG-MARNRNRD LETAQFRQLQMAHTDIQALEESISALEKSLTSLSEVVLQNRRGLDILFLQEGGLCTALKEECCFYADHT

PEYVYTHF DKTVRLR ISLTVALMLGGLTVGG IAAGVGTG LETAQFRQLQMAMHTDIQALEESISALEKSLTSLSEVVLO

PEYVYTH AKAARFRRE PISLTVALMLGGLTVGG AAGVGTGTKA IETAQFRQLQMAMHTDIQALEESISALEKSLTSLSEVVLQNRRGLDILFLQEGGLCAALKEECCFYADHT

PEYVYTH ::: RR: ISLTVAL?U:GGLTV: :AAGVGTGTHJ LETAQFRQLQMAMHTDIQALEESISALEKSLTSLSEVVLQNRRGLDILFLQEGGLCAALKEECCFYADHT

PEYIYTH AVRFRR ISLTVALMLGGLTVGG AAGVGTGTKA LETAQFRQLQIAMHTDIQALEESISALEKSLTSLSEVVLQNRRGLDILFLQEGGLCAALKEECCFYADHT

HX I
CFE6 GLVRDNMAKLRERLKQRQQLFDSQ DG GWFNKSPWFTTLISSIMGPLMILLLILLFGPCILNRLVQFVKDRISVVQTLVLTQQY RLGQWRLRPTVSPQLNV

GA FELV-B GLVRDNMAKLRERLKQRQQLFDSQ GWFNKSPWFTTLISSIMGPLLILLLILLFGPCILNRLVQFVKDRISVVQALILTQQY IKQYDPDRP

FELV-A GLVRDNMAKLRERLKQRQQLFDSQ GWFNKSPWFTTLISSIMGPLLILLLILLFGPCILNRLVQFVKDRI SVVQALILTQQYC QIKQYDPDRP

FELV-C GLVRDNMAKLRERLKQRQQLFDSQ GWFNKSPWFTTLISSIMGPLLILLLILLLGPCILNRLVQFVKDRI SVVQALILTQQY IQQYDSDRP

FIG. 2. Deduced amino acid sequence comparison of the env genes of the two endogenous proviruses with those of four exogenous FeLV
isolates, ST-FeLV-B (14), GA-FeLV-B (14), FeLV-A/Glasgow (25), and FeLV-C/Sarma (19). Identical amino acids (:) and the abrupt
termination in CFE-16 env resulting from internal deletion and consequent frameshifting (*) are indicated. The reported ST-FeLV-B sequence
was that of a defective viral genome with premature termination ((a,) as well as deletion of the C-terminal portion of pl5E (14). Boxed areas,
designated I through X, indicate the major regions of variable homology. Features marked by arrows are the beginnings of signal peptide (SP),
gp7O, and pl5E sequences. Gaps in the sequences were introduced to maximize homologies between isolates.

Fig. 2), occurring in the pl5E gene region, appeared unique
for the endogenous env. The stretch of 11 amino acids in
region VIII, strongly conserved in exogenous FeLVs, was

entirely different in CFE-6 except for a single amino acid.

This region also contained an amino acid deletion in CFE-6.
Similarly, region IX, consisting of three amino acids, was
unique to CFE-6. Region X of exogenous pl5E contained 10
amino acids, identical to those in FeLV-B and FeLV-A but
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FIG. 3. Comparison of hydrophilicity profiles of env gene prod-
ucts of endogenous FeLV (CFE-6) (A) and exogenous FeLV (GA-
FeLV-B) (B). The patterns were derived by the Hopp and Woods
algorithm (8), using a window size of six residues. Of the 10
variable-homology regions shown in Fig. 2, those which specifically
affect the hydrophilicity in this comparison are appropriately
marked.

varying in two amino acids from the region in FeLV-C. In
contrast, the endogenous pi5E was different in all but one
amino acid. Moreover, it contained an extended pISE C-
terminal sequence of seven amino acids. This type of exten-
sion, analogous to that in endogenous xenotropic murine
retroviruses (15), had also been detected in another clone of
endogenous FeLV DNA (J. Mullins, personal communica-
tion).
Because of the increased amino acid sequence homology

of the endogenous env to FeLV-B relative to other FeLV
subgroups, we attempted to compare the hydrophilicity
profiles of CFE-6 and GA-FeLV-B to assess the effects of
changes in the variable regions. The divergence in hydrophi-
licity was pronounced in regions VII through X (Fig. 3).
Among the other variable regions, I and VI were also
affected in hydrophilicity compared with the analogous
regions in GA-FeLV-B.

In conclusion, sequence analysis of the endogenous FeLV
env gene has defined the genetic relationship of this virus to
exogenous FeLVs and confirmed the previous speculation
that it is more closely related to FeLV subgroup B than to
other FeLV subgroups. In the gp7O glycoprotein region,
relative to FeLV-B env, the endogenous gene contains 30
amino acid substitutions in a total of 465 amino acids.
Although most of these deduced amino acid changes are

scattered throughout the gene sequence, several cluster in
the C-terminal end of the gp7O molecule. The sequence
diversity is more pronounced in the transmembrane protein
p1SE, where three unique regions, VIII, IX, and X, have
been identified near the N-terminal, middle, and C-terminal
regions, respectively, of the endogenous env gene. In addi-
tion, our results reveal the presence of an open reading
frame in the env genes of both of the endogenous provirus
loci sequenced and indicate an internal deletion comprising
the C-terminal half of gp7O and all of pl5E in a naturally
truncated endogenous FeLV provirus. Taken together, the
data indicate significant sequence variation between endog-
enous and exogenous env genes which may have biological
consequences with respect to generation of recombinant
FeLVs containing parts or all of endogenous env sequences.
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