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Molecular clones of the subgroup A feline leukemia virus FeLV-A/Glasgow-1 have been obtained. Nucleotide
sequence analysis of the 3' end of the proviral genome and comparison with the published sequence of
FeLV-B/Gardner-Arnstein showed that the most extensive differences are located within the 5' domain of the
env gene. Within this domain, several divergent regions of env are separated by more conserved segments. The
3' end of env is highly conserved, with only a single amino acid coding diference in pl5env. The proviral long
terminal repeats are also highly conserved, differing by only eight base substitutions and one base insertion.
Specific probes constructed from the FeLV-A or FeLV-B env genes were used to compare the env genes of
various exogenous FeLV isolates and the endogenous FeLV-related proviruses of normal cat DNA. An
FeLV-A-derived env probe showed no hybridization to normal cat DNA but detected all FeLV-A and FeLV-C
isolates tested. In contrast, an FeLV-Il env probe detected independent FeLV-B isolates and a family of
endogenous FeLV-related proviruses. Our observations provide strong evidence to support the hypothesis that
FeLV-B viruses have arisen by recombination between FeLV-A and endogenous proviral elements in cat DNA.

Three subgroups of feline leukemia virus (FeLV), A, B,
and C, have been identified by viral interference tests,
suggesting that feline retroviruses can interact with at least
three distinct host cell receptors (21, 48). Although viruses of
each subgroup can be separated readily and grown indepen-
dently to high titer in feline embryonic fibroblast cells, the
subgroup composition of FeLV field isolates (A, AB, AC,
ABC) suggests that they are interdependent in vivo. Two
explanations have been considered for the apparent depen-
dence of FeLV-B and FeLV-C on FeLV-A in vivo. The first
explanation is that the other subgroups must be in a pheno-
typic mixture with FeLV-A for horizontal transmission to
occur. Experimental studies have shown that FeLV-A is
efficiently transmitted from cat to cat and that FeLV-B can
be passed on in phenotypic mixture with FeLV-A (22).
There is no evidence that under natural conditions FeLV-B
or FeLV-C can be horizontally transmitted without FeLV-
A. The second explanation, which was first suggested by
Russell and Jarrett (44), is that the other subgroups may arise
by recombination between FeLV-A and endogenous provi-
ral elemenits in normal cat DNA. Sequence homology be-
tween the FeLV-B env gene and that of murine mink cell
focus-forming (MCF) viruses (9, 51), which appear to be
derived by recombination between exogenous and endoge-
nous proviral elements (6, 10, 23), prompted us to ask
whether FeLV-B viruses have a similar origin.

Further interest in the subgroups of FeLV is provided by
their association with specific diseases in cats. The clearest
example is the association of FeLV-C isolates with erythroid
hypoplasia, a disease that can be reproduced rapidly after
inoculation of FeLV-C isolates into newborn cats (12, 39).
There is less conclusive evidence that FeLV-B isolates may
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be associated with higher rates of viremia and leukemia in
susceptible cat populations (20). In addition, some of the
most highly leukemogenic isolates of FeLV, such as the
Rickard strain (41), are FeLV-AB mixtures.

In view of these interesting biological properties, we
undertook the molecular cloning and detailed analysis of the
FeLV-A strain that has been used as the prototype subgroup
A strain in many experimental studies, FeLV-A/Glasgow-1.
Comparison of our sequence data with the published se-
quences of two FeLV-B isolates (9, 37, 51) showed that the
3' end of env, including the entire pl5env domain, and the
long terminal repeat (LTR) are highly conserved. The most
divergent region, predicted to encode the receptor recogni-
tion function, is found at the 5' end of the env gene.
Subcloned DNA probes from the divergent region of FeLV-
A showed specificity for FeLV-A and C isolates, while
probes from the equivalent region of FeLV-B hybridized to
FeLV-B isolates and to endogenous FeLV-related se-
quences, providing support for the hypothesis that FeLV-B
isolates have arisen by recombination between FeLV-A and
proviral elements of the normal feline genome.

MATERIALS AND METHODS

FeLV strains and molecular clones. The various field strains
of FeLV used in this study were supplied by 0. Jarrett of the
Department of Veterinary Pathology, University ofGlasgow,
Glasgow, U.K. These were provided as infected cultures of
feline embryo cells, and all cultures had been typed by viral
interference. Molecular clones were available for FeLV-
B/Gardner-Arnstein (pFGB) (32), FeLV-B/Rickard (pFRB)
FeLV-C/Sarma (pFSC), and two endogenous FeLV provi-
ruses, pBCM-3 and pLCM-1 (31; (J. I. Mullins, R. C. Binari,
Jr., J. H. Elder, G. Beltz, E. A. Hoover, and V. A. Hirsch,
submitted for publication).

825

 on M
ay 10, 2020 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


826 STEWART ET AL.

E S P K SK B2
IaI I I aml

H X
K PS K IB PIP
I11 I 111II

EP K SK B2
a a I 11

I

K PS K PP H
I II I II1 I

p I env

FIG. 1. Restriction maps of EcoRI inserts of two biologically active clones of FeLV-A/Glasgow-1, pFGA-2 and pFGA-5. Bacteriophage
clones in AgtWES were subcloned into plasmid pUC8, and restriction maps were determined by double-digest and partial-digest analyses. The
genetic map of a typical FeLV provirus is shown underneath, aligned with consensus restriction enzyme sites which predict the location of
proviral sequences (31, 32). The two clones have indistinguishable restriction maps within proviral sequences but are clearly identified as

independent clones by differences in flanking sequence restriction sites. In addition, restriction mapping and DNA sequence analysis shows
an unusual feature at the 3' end of the pFGA-2 provirus, where the 3' LTR is interrupted 10 base pairs from its 3' end by another LTR
sequence (see text). This unusual structure appears not to affect the recovery of infectious FeLV after transfection of pFGA-2 into feline
embryo cells. Restriction enzyme abbreviations: B, BamHI; B2, BglII, E, EcoRI; H, HindIII; K, KpnI; P, PstI; S, SstI.

Cloning of FeLV-A/Glasgow-1 proviruses. Cultures of fe-
line embryonic fibroblast cells (FEA; 21) infected with a
biologically cloned stock of FeLV-A/Glasgow-1 were used
as the source of DNA for cloning. Cellular DNA was
digested with EcoRI, and DNA fragments of 8 to 15
kilobases (kb) were purified from low-melting-point agarose
gels. This fraction of the DNA (1 ,ug) was ligated to EcoRI
arms (300 ng) of the bacteriophage vector XgtWES (obtained
from Amersham International plc). After in vitro packaging,
a library of 1.5 x 106 recombinants was obtained and
screened with a hybridization probe derived from the U3
region of the FeLV LTR (3). Five positive recombinants
were isolated from 5 x 105 phage clones. After plaque
purification and isolation of phage DNA, we screened the
recombinants for their ability to yield infectious FeLV-A
after transfection into FEA cells by the calcium phosphate
technique (13). On the basis of these results, we selected two
recombinants (XFGA-2 and XFGA-5) for subcloning into
plasmid vectors and further analysis.

Biological testing of FeLV-A clones. Testing for infectious
FeLV was performed according to published procedures.
Two tests were used; transfected cultures were tested for
focus induction on cocultivation with S+L- cells (C81; 11)
or for interference to superinfection with murine sarcoma
virus (FeLV) pseudotypes (43). Transfected cells were

grown for at least 3 weeks before interference testing to
allow virus spread to all cells.
DNA sequence analysis. Sequence analysis was carried out

using the methods of Maxam and Gilbert (30) and Sanger et
al. (46). A 2.0 kb PstI fragment of pFGA-2, encompassing
the env gene of FeLV, was purified and digested to comple-
tion with Sau3A or HaeIII. The products were cloned into
BamHI-cut (Sau3A products) or SmaI-cut (HaeIII products)
vector ml3mplO. Single-stranded DNA was prepared, and
dideoxynucleotide sequencing was performed. [a-35S]dATP
was used in the sequencing protocol.
To sequence regions not covered by dideoxy sequencing

or which proved difficult to sequence because of secondary
structure effects, the chemical method ofMaxam and Gilbert
was utilized. For this method, fragments were labeled either
at the 5' ends (using [_y-32P]ATP and polynucleotide kinase)

or at the 3' ends (using [a-32P]ddATP and deoxynucleotide
terminal transferase).

Sequencing of the LTRs was carried out using the dideoxy
method in conjunction with the recently developed ml3mpl8
and mpl9 phages (35).

Sequencing products were separated on 0.3-mm denatur-
ing 6 or 8% polyacrylamide gels. After fixing and drying, gels
were exposed to Kodak RP film and stored at -700C (32p) or
at room temperature (35S) overnight.

Construction of env gene-specific probes. From the results
of sequence analyses we expected that the 5' end of the env

gene would yield probes capable of distinguishing between
FeLV-A/Glasgow-1 and FeLV-B/Gardner-Amstein (GA).
This was confirmed by blot hybridization analyses using
subclones containing the entire env region of each virus (not
shown). To prepare convenient reagents for further analy-
ses, two subclones were made, as follows. (i) For subclone
A/HH, a HincII-HindIII fragment of the FeLV-A/Glasgow-1
env gene was cloned into plasmid pUC8 between the SmaI
and HindIII sites. The inserted fragment can be isolated by
digestion with EcoRI and HindIII. For subclone B/S, a
Sau3A fragment from the env gene of FeLV-B/GA was
cloned into the BamHI site of pUC8. The B/S clone contains
two copies of the FeLV fragment, which can be isolated as
a single fragment after digestion with EcoRI and HindIll.
The restriction sites delineating these fragments are indi-
cated on the sequence in Fig. 3 and in a separate diagram in
Fig. 5.

RESULTS AND DISCUSSION

Molecular cloning and preliminary analysis of FeLV-
A/Glasgow-i proviruses. As described above, we isolated
two biologically active clones from a bacteriophage library
ofDNA from embryonic fibroblast cells infected with FeLV-
A/Glasgow-1. These were subcloned into bacterial plasmids
and analyzed further. The restriction maps of the two
plasmid subclones (pFGA-2 and pFGA-5) are shown in Fig.
1 with a genetic map of FeLV shown underneath for refer-
ence. The EcoRI inserts were 10 kb (pFGA-2) and 9.6 kb
(pFGA-5) in length. As expected from the infectious nature
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FIG. 2. In the upper part of the figure, the strategy employed in determining the sequences of the env gene and 3' LTR of
FeLV-A/Glasgow-1 are shown. Both Maxam-Gilbert and dideoxynucleotide sequencing methods were used (see Materials and Methods).
Restriction sites used for sequencing are indicated. Arrows indicate the direction in which sequencing was carried out. For each of the arrows
shown, at least two complete sequencing experiments were performed. The lower part of the figure shows sequencing strategies for the LTRs
of the pFGA-2 and pFGA-5 clones. These additional determinations were performed to understand the duplicated LTR structure seen at the
3' end of pFGA-2.

of these clones, the EcoRI inserts contained apparently
full-length copies of FeLV proviruses, with characteristic
LTR restriction enzyme sites for KpnI (31, 32) at either end.
Heteroduplex analysis using pFGA-5 and the cloned FeLV-
B/GA was performed and confirmed that our clones were
colinear with the FeLV-B genome with only a short contig-
uous stretch (0.5 to 1 kb) of low homology which could be
assigned to the 5' end of the env gene (33). To analyze the
nature and extent of the subgroup differences within the env
gene, we undertook direct DNA sequence analysis of por-
tions of each of these clones (Fig. 2).

Sequencing strategy. The strategy used for sequence anal-
ysis of the FeLV-A/Glasgow-1 genome is illustrated in Fig.
2. By a combination of dideoxy and Maxam-Gilbert meth-
ods, we determined the sequence of 2,522 base pairs corre-
sponding to the 3' end of the FeLV-A/Glasgow-1 genome.
As indicated in the legend to Fig. 1, the pFGA-2 clone
showed a highly unusual structure such that the 3' end of the
FeLV LTR was interrupted by another FeLV provirus in the
same orientation. It is possible that this represents a rare
case where a double integration event occurred or that there
had been a recombination between two unintegrated FeLVs
before proviral integration. However, since the clone came
from cells infected in mass culture, it was not possible to test
for the existence of this structure in cellular DNA prior to
molecular cloning. The additional FeLV sequences did not
represent a complete provirus, and the 3' terminal EcoRI site

of the clone came from cat cell DNA. Despite the unusual
structure, the pFGA-2 provirus encodes an uninterrupted
copy of the FeLV RNA genome, and the recovery of
infectious FeLV after transfection was unimpaired by the
10-base-pair truncation of U5. We obtained further confir-
mation of the sequence of the FeLV-A/Glasgow-1 LTR by
sequencing the 3' LTR of the pFGA-5 provirus and the 5'
LTR of the pFGA-2 provirus. The sequence shown in Fig. 3
takes this information into account.

Sequence of the env gene: basic features. The sequence
analyzed showed a long open reading frame for a protein
product of 71,067 molecular weight. Comparison with pub-
lished sequences of murine leukemia virus (MuLV) and
FeLV env genes confirmed this as the precursor for the
mature env gene products, gp70env and pl5env (9, 18, 24, 25,
28, 37, 51). Several other short open reading frames were
noted, but these showed no significant conservation in other
feline and murine retroviruses. The predicted env precursor
showed the expected hydrophobic leader sequence charac-
teristic of molecules which are glycosylated and inserted into
cellular membranes (2). In addition, other regions of the
molecule showed significant hydrophobicity (Fig. 4), includ-
ing the N and C termini of the gp70env domain and portions
of the pl5env molecule, particularly at the N terminus.
There were 13 potential N-linked glycosylation sites in the
sequence, and these were clustered mainly in the C-terminal
half of gp7O. A single potential glycosylation site in FeLV

s--4 loo bp.
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Pst I
F:LV-A rTd-G-AACCAACCACCAATCAAGACCTCTCGGACAGCCCCAGCTCAGACGATCCATCAA
FeLV-B gCTGAG ACCAACCACCAATCAAGACCTCTCGGACAGCCCCAGCTCAGACGATCCATCAA

M E S P T H P K P S K D K T L S W N L A
F.LV-A GATGGAAAGTCCAACGCACCCAAAACCCTCTAAAGATAAGACTCTCTCGTGGAACTTAGC
FPLV-B GATGGAAAGTCCAACGCACCCAAAACCCTCTAAAGATAAGACTCTCTCGTGGAACTTAGT

V
r- gp70-

F L V G I L F T I D I G M AN P S P H Q
FPLV-A GTTTCTGGTGGGGATCTTATTTACAATAGACATAGGAG TCCATCCTAGTCCACACCA
F.LV-B GTTTCTGGTGGSGATCTTATTCACAATASACATAG Af TSSCCTCCTAGTCCGCACCA

Bal I

I Y NV T W V I T N V T N T A NAT
FPLV-A AATATATAATGTAACTTGB6TAATAACCAATGTACAAACTAACACCCAAGCTAACGCCAC
FPLV-B ASTGTATAATGTAACTTBGACAATAACCAACCTTSTAACTGGAACAAAGGCTAATGCCAC

V T L V G K

HincII
S M L S T L T D A Y P T L H V D L C D L

F-LV-A CTCTATGTTAGGAACCTTAACCGATGCCTACCCTACCCTACA19TTS?TTATGTGACCT
FPLV-B CTCCATGTTGGGAACCCTGACAGACGCCTTCCCTACCATBTATTTTGACTTATGTGATAT

F M Y F I

V G D T W E P I V L N PT N V K H G A R
FPLV-A ASTBBGABACACCTG6GAACCTATAGTCCTAAACCCAACCAATGTAAAACACGGBBCACG
F.LV-B AATAGBAAATACATGSBAACCCTTCASATCAGGAACCATTCCCASB6TATGBATG 1"T

I N 1D Q E F P G Y S C D D
Sau3A

Y S S S K Y G C K T T D R K K D DO T Y
FPLV-A TTACTCCTCCTCAAAATATBGATGTAAAACTACA9ATAGAAAAAACAGCAACAGACATA
FPLV-B SCCTATSASASGBTBBCAACA6AGAAACACACCC---------------------------

P M R R W Q Q R N P

P F Y V C P G H A P S L G P K G T H C G
FPLV-A CCCCTTTTACGTCTBCCCCGACATSCCCCCTCGTTGSB6CCAAABGGAACACATTGTGG
FPLV-B ----TTTTATSTCTBTCCABBACATBCCAACCSGAASCAAB---------------TGTGB

N R K D

HindIll
G A O D PF C A A W S C E T T G E T W W

FPLV-A ASOSSCACAAGATG6STTTTST6CCGCATGGGSATSTGAeACCACCCGAG CGSTG
PFLV-G SGSSCCACAAGATSGGTTCTGCGCTGTATGSSSTTGCSAGACCACCSGGSAAACCTATTG

FPLV-A
FPLV-B

F-LV-A
FPLV-B

F-LV-A
FPL V-B

P V Y

K P T S S W D Y I T V K R 6 S S D D N S
GAAGCCCACCTCCTCAT6G6ACTATATCACAGTAAAAABAG1GASTASTCAGGACAATAG
GAGACCCACCTCCTCATGGGACTACATCACAGTAAAAAAA6GGSTTACTCAGGGAATATA

R K V T S I Y

C E G K
CTGTGAGGGAAAA --------------------------------------------
TCAATGTAGTGGAGSTGGTTGGTGTGGGCCCTGTTACGATAAAGCTGTTCACTCCTCGAC

D C S G G G W C S P C Y D K A V H S S T

C N P L V L D F T D K S
------------------- -TCAACCCCCTGSTTTTGCAGTTCACCCAGAAG6G 4
AACGGGAGCTAGTGAAGGG66CCGGTGCAACCCCTTlaTTGCAATTTACCCAAAAGGG

P H K L T I S E V S G Q G M C I G T V
60 FPLV-A TCCGCAACACAAACTAACTATATCTGAAGTATCAGGGCAAGGAATGTGCATAGGGACTGT 1155

FPLV-B TCCGCAACACAAACTAACTATATCTGAAGTATCAGGGCAAGGACTGTGCATAGGGACTGT
L

120

180

F-LV-A
FPLV-B

F-LV-A
F-LV-B

240 FPLV-A
FLLV-B

300

FeLV-A
FPLV-B

P K T H 0 A L C FNLK T| 0 0 H T G A H Y
TCCTAAAACCCACCA6GCTTTGTGCAATAAGACACAACAGGSACATACAGGGGCGCACTA
TCCTAAGACCCACCAGGCTTTGTGCAATGAGACACAACAGGGACATACAGGGGCGCACTA

E

L A A P YNST W A C N T G L T P C I S
TCTASCCGCCCCCAACGGCACCTATTGGGCCTGTAACACTGGACTCACCCCATGCATTTC
TCTAGCCGCCCCCAATGGCACCTATTGGGCCTGTAACACTGGACTCACCCCATGTATTTC

M A V L IN W TlS D F C V L I E L W P R V
CATSSESSTGCTCAATTSGACCTCTGATTTTTGTGTCTTAATCSAATTATGGCCCAGAGT
CATSSCSSTSCTCAATTSGACCTCTGATTTTTSTSTCTTAATCGAATTATGGCCCAGAGT

T Y H O P E Y V Y T H F A K A V R F R R
SACTTACCATCAACCCSAATATSTGTACACACATTTTGCCAAAGCTGTCASGTTCCGAAG
GACTTACCATCAACCCGAATATGTGTACACACATTTTGCCAAA6CTGCCAGGTTCCSAAS

A

r-pl5onv-+
E P I S L T V A L M L 6 6 L T V 6 6 I A

AGAACCAATATCACTAACBSTTGCCCTTATSTTSSGSASACTTACTSTASGGGSCATAGC
A6AACCAATATCACTAACTGTTGCCCTCATSTTSGGAGGACTCATTSTAG6SSSCATAGC

A G V G T S T K A L L E T A D F R O L O
C6COGGSTCCSAACABISACTAAAGCCCTCCTT6AAACASCCCAGTTCAGACAACTACA
CSCS6BS6TC6SAACA6BSACTAAASCCCTCATTGAAACASCCCAGTTCAGACAACTACA

I

M A M H T D I D A L E E S I S A L E K S
AATSGCCATSCACACABACATCCAGGCCCTAGAAGAATCAATTAGTSCCTTAGAAAASTC
AATGBCCATGCACACAGACATCCA66CCCTAGAAGASTCAATTA6TBCCTTAGAAAAGTC

L T S L S E V V L 0 N R R G L D I L F L
FPLV-A CCTSACCTCCCTTTCT6AAGTASTCTTACAAAACASAC6SSSCCTAGATATTCTATTCTT
FPLV-B CCTSACCTCCCTTTCTGAASTASTCTTACAAAACAGACS6GGCCTGGATATTCTATTCTT

O E G S L C A A L K E E C C F Y A D H T
FPLV-A ACAAA6 AGCTCTGTGCCSCATTSAAAGAAGATOTTGCTTCTATSCSGATCACAC
FPLV-B ACAAGA66SA6GGCTCTGTGCCGCATTAAAAGAASATGTTGCTTCTAT¢CGGATCACAC

G L V R D N M A K L R E R L K D R D D L
FPLV-A C6GACTC6TCCGA6ACAATATGGCCAAATTAAGA6AAAGACTAAAACAGCGGCAACAACT
FPLV-B C6GACTTGTCCGAGACAATAT6GCTAAATTAAGA6AAAGACTAAAACAGCGGCAACAACT

F D S DQ G W F E S W F N KS P W F T T
FeLV-A GTTTGACTCCCAACASSGATGGTTTGAAGGATG6TTCAACAAGTCCCCCTS6TTTACAAC
FeLV-B GTTTGACTCCCAACAGGGATGGTTTGAAGGATGGTTCAACAASTCCCCCTGGTTTACAAC

L I S S I M G P L L I L L L I L L F G P
FeLV-A CCTAATTTCCTCCATTATGGGCCCCTTACTAATCCTACTCCTAATTCTCCTCTTCGGCCC
FeLV-B CCTAATTTCCTCCATTATGGGCCCCTTACTAATCCTACTCCTAATTCTCCTCTTCGGCCC

C I L N R L V D F V K D R I S V V S A L
FeLV-A ATGCATCCTTAACCGATTAGTACAATTCGTAAAAGACAGAATATCTGTGGTACAS6CTTT
FeLV-B ATGCATCCTTAACAGATTAGTACAATTCGTAAAA ACASAATATCTGTGGTACAABCCTT

I L T Q D Y D D 1 K D Y D P D R P *
FeLV-A AATTTTAACCCAACAGTACCAACAGATAAASCAATACSATCCSBACCGACCATGATTTCC
FeLV-8 AATTTTAACCCAACAGTACCAACAGATAAAGCAATACGATCCGGACCGACCATAATTTCC

IR

FPLV-A
360 FPLV-B

FPLV-A
FPLV-B

420

FILV-A
F.LV-B

480

540

600

613

648

r G A S E G G R
Sau3A

R D A S W D S P K M W S L R L Y R T G Y
FPLV-A AAGACAAGCCTCTTGSGACS6ACCTAASATGTSGSGATTGCGACTATACCGTACAGGATA 708
F-LV-B AAGACAAACATCTTGGGATGGACCTAASTCATGBGGSCTACGACTATACCBTTCA6GATA

T S S

D P I A L F T V S R D V S T I T P P D A
FPLV-A TGACCCTATCGCTTTATTCACGGTGTCCCGGCAGGTATCAACCATTACGCCGCCTCAGGC 768
FPLV-B TGACCCTATAGCCCTGTTCTCGGTATCCCGGCAAGTAATSACCATTACGCCGCCTCAGS1

S N

M G P N L V L P D D K P P S R D S 0 T S
FPLV-A AATGGGACCAAACCTAGTCTTACCTGATCAAAAACCCCCATCCCGACAATCTCAAACAGG 828
FeLV-B 3G~ACCAAATCTASTCCTGCCTGATCAAAAACCCCAATCCASGCAATCTCAAATAGA

NcoI I E

S K V A T 0 R P 0 T
FPLV-A GTCCAAASTGGCG--------ACCCAGAGGCCCCAAAC G---9----------------859
F-LV-B GTCCCGAGTAACACCTCACCATTCCCAAGGCAACGSAG6CACCCCASSTATAACTCTTST

R T P H H S N6 G S T P S I T L V

Ni E 5| A P R S V A P T T MS P K R I S
F-LV-A -AATGAAAGC---GCCCCAAGGTCTGTTGCCCCCACCACCATSG6TCCCAAACSSATTSG 915
F-LV-B TAATGCCTCCATTGCCCCTCTAAGTACCCCTGTCACCCCCGCAAGTCCCAAACG6ATT6G

A I L T P V P A S

T 6 D R L I N L V D S T Y L A L IN A T D
F-LV-A GACCG6AGATAGGTTAATAAATTTAGTACAAGGACATACCTA6CCTTAAATGCCACCGA 975
FPLV-B GACCGGAGATAGGTTAATAAATTTASTACAAGSGACATACCTAGCCTTAAATGCCACCGA

P h K Tj K D C W L C L V S R PP Y Y E S
FPLV-A CCCCAACAAAACTAAAGACT6TTSSCTCTSCCTGGTTTCTCGACCACCCTATTACSAA6G 1035
FPLV-B CCCCAACAGAACTAAAGACT6TTSSCTCTGCCTGSTTTCTCGACCACCCTATTACGAASG

R

I A I L GN V SN T N P P P S C L S I
FPLV-A SATTGCAATCTTABSTACCTACAGCAACCAAACAAACCCCCCCCCATCCTSCCTATCTAC 1095
FPLV-e GATTSCAATCTTAGGTACCTACAGCAACCAAACAAACCCCCCCCATCCTSCCTATCTAT

FPLV-A
FeLV-B

AATTAAATGTATGATTCCATTTAGTCCCCAGAAAAAGGSvAv
AATTAAATGTATGATTCCATTTAGTCTCCAAAA A

1215

1275

1335

1395

1455

1515

1575

1635

1695

1755

1815

1875

1935

1995

TACC 2055
TACC

FeLV-A CCAAAATTTAGCCAGCTACTGCAGTGGTGTCATTTCACAAGGCATGGAAA TTACTCAAG 2115
FeLV-B CCAAAATTTAGCCAGCTATTGCAGTGGTGCCATTTCACAAGGCATGGAAAATTACTCAAG

x x
FPLV-A TATGTTCCCATGAGATATAAGGAAGTTAGAGGCTAAAACAGGATATCTGTBGTTAAGCAC 2175
FLV-B8 TATGTTCCCATGAGATACAAGGAAGTTAGAGSCTGAAACAGGATATCTGTGGTTAABCAC

X K
FwLV-A CTGGGCCCCGGCTTGAGGCCAAGAACAGTTAAACCCCGGATATAGCTGAAACAGCAGAAG 2235
FeLV-B CAGGGCCCCGGCTTGAGGCCAAGAACAGTTAAACCCCC-ATATASCTGAAACAGCAGAAG

FeLV-A TTTCAAGGCCGCTGCCAGCAGTCTCCAGGCTCCCCAGTTGACCAGAGTTCGACCTTCCGC 2295
F*LV-B TTTCAAGGCCGCTGCCAGCAGTCTCCAGGCTCCCCASTTGACCAGAGTTCGACCTTCCGC

FPLV-A CTCATTTAAACTAACCAATCCCCACGCCTCTCGCTTCTGTGCGCGCGCTTTCTGCTATAA 2355
FeLV-B CTCATTTGAACTAACCAATCCCCACGCCTCTCGCTTCTSTGCGCGCGCTTTCTGCTATAA

FPLV-A AACGAGCCATCASCCCCCAACGGDCGCSCAAGTCTTTSCTSAGfACtTTGACC6CCCC GGT 2415
FeLV-B AACGAGCCCTCAGCCCCCAACGGGCGCCCAAGTCTTTGCTGASACTTGACCSCCCCSI3GI

FPLV-A ACCCGTGTACGAATAAACCTCTTGCTSATTGCATCTGACTCGTGGTCTCGGTGTTCCGTG 2475
FPLV-B ACCCGTGTACGAATAAACCTCTTGCTGTTTGCATCTGACTCGTGGTCTCGGTGTTCCGTG

FPLV-A
FPLV-B

GGCACSGGGTCTCATCSCCSAGGAAGACCTASTTWIMTCTTTi
GGTACGGGGTCTCATCGCCGAS6AAGACCTAGTTCSGGGGTCTTCTCA

2522

FIG. 3. Comparison of the env genes and 3' LTRs of FeLV-A/Glasgow-1 and FeLV-B/GA. The nucleotide sequences are shown with the
predicted amino acid sequence for the FeLV-A env gene precursor protein Pr8Oenv and its mature gene products gp7O and pl5env. The
nucleotide sequence of FeLV-B/GA (9) is shown underneath for comparison, and amino acid coding changes are highlighted underneath the
nucleotide sequence. Other features illustrated in boxes are restriction sites used in generating the subgroup-specific probes, inverted repeats
delineating the LTRs, and potential N-linked glycosylation sites; base differences within the LTR are indicated by an asterisk above the
sequence.

pl5env is presumably not used since this molecule is not The FeLV env products are presumably translated from a
labeled by radioactive carbohydrate precursors (34). It is not spliced, subgenomic mRNA, by analogy with related retro-
known which of the potential gp7O glycosylation sites are viruses. A splice acceptor site used for the MuLV env
used. mRNA (18) is conserved in FeLV, but is not seen in the
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FIG. 4. Characteristics of the env gene of FeLV-A/Glasgow-1 and its products. (A) Distribution of termination codons in the coding (+)
and noncoding (-) strands in all reading frames (a, b, c). (B) Representation of the env polypeptide and individual protein products. (C)
Comparison of the FeLV-A/Glasgow-1 and FeLV-B/GA env precursor polypeptides. Block shading indicates >70% homology between the
A and B proteins, hatched shading indicates 30 to 70% homology, and open boxes indicate <30% homology. Numbers refer to amino acid
deletions (-) and insertions (+) in the B protein with respect to the FeLV-A protein. Potential N-linked glycosylation sites (CHO) in the A
protein are indicated. These are completely conserved in the FeLV-B sequence with the exception of one site which occurs in an area of low
protein sequence homology. (D) Open boxes indicate hydrophobic stretches of more than 11 amino acids. These regions were identified by
analysis of the sequence using the Hopp and Woods algorithm (19).

sequence shown in Fig. 3 since it is located 220 base pairs 5'
to the PstI site upstream of env (M. Stewart and J. Neil,
unpublished data).

Sequence of the FeLV-A/Glasgow-1 LTR. The FeLV-
A/Glasgow-1 LTR showed strong homology to previously
published FeLV LTR sequences (9, 15), particularly that of
FeLV-B/GA, with conservation of the consensus sequences
for transcriptional initiation (CAAT, 2311-2314; TATA,
2351-2355) and termination (AATAAA, 2427-2432). Only 9
base pair differences were noted between the LTRs of
FeLV-A/Glasgow-1 and FeLV-B/GA. These were scattered
throughout the LTR, but not in a completely random fash-
ion. Most of the changes were in the 5' half of the LTR, and
three base changes were noted within a region of homology
to the repeated sequences of the MuLV LTR (50) which
have been shown to contain transcriptional enhancer ele-
ments (26). Although no detailed functional analyses of
enhancer elements of the FeLV LTR have yet been pub-
lished, their homology to well-characterized enhancers in
MuLV LTRs predicts a similar function. Furthermore, it has
been established that the FeLV LTR can direct the expres-
sion of the bacterial neomycin resistance gene in mammalian
cells and can also provide enhancer function in this assay
(N. L. Fregien and N. Davidson, personal communication).
The importance of enhancer elements for the tissue speci-

ficity and leukemogenicity of MuLV isolates (4, 5, 7, 8, 27)
suggests that even the minor differences we have noted
could be of biological significance. The FeLV-A/Glasgow-1
isolate is not highly leukemogenic, although it can infect and
replicate efficiently in vivo (22). It will be of interest to
compare the sequence and functions of the FeLV-A LTR
with those of more highly leukemogenic FeLV isolates.
Comparison of FeLV-A/Glasgow-1 and FeLV-B env se-

quences. The predicted env gene products of FeLV-
A/Glasgow-1 have been aligned with those of FeLV-B/GA in
Fig. 3 and 4, showing the extent of amino acid homology
along the length of the env gene precursor. The env sequence
of the FeLV-A virus is 20 amino acids shorter than that of
FeLV-B, due entirely to differences within the gp7O coding
region. With the exception of the N-terminal half of gp7Oenv,
we noted a very good match between the sequences. The
conservation among the feline and murine retroviruses of
various features of the env gene product, such as the
clustering of potential glycosylation sites and the position of
blocks of hydrophobic amino acids in gp7O and pl5env,
allows us to apply similar structural models for the spatial
relationships of the mature gene products on the virion
surface (28, 51). According to the model proposed by Lenz
and co-workers (28), the divergent N-terminal region
projects away from the surface of the virion outer mem-
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FIG. 5. Origin of specific probes derived from the env genes of FeLV-A/Glasgow-1 and FeLV-B/GA. The A/HH and B/S probes were

obtained by subcloning, respectively, a HinclI-HindIll fragment and a Sau3A fragment into the plasmid pUC8. Plasmid inserts were prepared
by extracting the DNA from low-melting-point agarose gels by means of melting the gel at 70°C, removing the agarose by repeated phenol
extractions, and precipitating the DNA with ethanol in the presence of 0.8 M ammonium acetate. Cleavage sites are indicated for the
restriction enzymes BalI, BcIl, HincII, HindIII, NcoI, Pstl, Sau3A, and SstII, and the coding regions of the FeLV-A and B gp7O molecules
are enclosed within open boxes.

brane. Furthermore, the region of greatest divergence be-
tween FeLV-A and FeLV-B gp70env includes one of the
most hydrophilic stretches of the molecule. Since FeLV-A
and B are expected to recognize different cell surface recep-
tors (21, 48), our data lend support to a model in which the
divergent N-terminal region of FeLV gp7O is involved di-
rectly in receptor binding. The divergence of this region was
further illustrated by the requirement for deletions and
insertions to align the two amino acid sequences (Fig. 4).
Apart from the divergent N-terminal domain, the predicted
FeLV-A/Glasgow-1 env gene products showed strong simi-
larity to those of FeLV-B/GA with fewer mismatches than

: 4 5 6 A}

S- 23 1

- 9.4

67-

4.4

23

-2.0

--..

A B

23 4 5 6

noted in a published comparison of two different FeLV-B
isolates (37). For example, we did not observe the cluster of
noncoding or conservative changes in the env leader peptide
domain of FeLV-B/Snyder-Theilen (37), and fewer differ-
ences were noted in the C terminus of gp7O. The predicted
N-linked glycosylation sites were all conserved, with one
exception (Fig. 4). However, at the variant sites in both
FeLV-A and FeLV-B, glycosylation may be suppressed by
an adjacent proline residue (Asn-Pro-Ser/Thr).
The pl5env protein of FeLV has been implicated as a

possible effector of the immunosuppressive disease associ-
ated with FeLV, since partially purified FeLV pl5env can

1 2 3 4 M6 I Z.2 3 4 5 6

40 v~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~... 1 2 3 4 5 6

D

B. 2XSSC B's 0.)X SSCC /HH 2X SSC A/HH 0.IX 5SC
FIG. 6. Hybridization of env probes to cloned FeLV proviruses. (Left) Agarose gel stained with ethidium bromide showing one of the four

identical gels used in the blot hybridization analyses. For lanes 1 through 6, plasmid DNAs containing full-length clones of exogenous or
endogenous FeLV-related proviruses and cellular flanking sequehces were cut with EcoRI to separate insert from vector sequences. Lanes:
1, FeLV-A/Glasgow-1 in pUC8; 2, FeLV-B/GA in pBR322; 3, FeLV-C/Sarma in pK125; 4, FeLV endogenous provirus (pLCM-1) in pK125;
5, FeLV endogenous provirus (pBCM-3) in pBR322; 6, FeLV-B/Rickard in pK125. Lane M contains Hindlll-digested DNA molecular weight
markers. Panels A through D show hybridization of multiple blots of lanes 1 through 6 with the three probes described in the legend of Fig.
5. Probes were labeled by nick-translation to at least 108 cpm/,ug and used at 1 ng/ml in blot hybridization. Hybridization was carried out in
50% formamide-5 x SSC-0.1% sodium dodecyl sulfate-5x Denhardt solution at 42°C, and filters were washed at 60°C in either 2x SSC-O.5%
sodium dodecyl sulfate or O.1x SSC-0.5% sodium dodecyl sulfate for 1 h. After drying, the filters were exposed to Kodak XRP X-ray film
with intensifying screens at -70°C for (A) 4, (B) 24, (C) 16, or (D) 72 h. The weak hybridization to vector sequences seen in blots probed with
the B/S insert is due to a small amount of contaminating pUC8 in the probe.
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suppress lymphocyte functions in vitro (17, 29). We found
only a single amino acid difference between FeLV-
A/Glasgow-1 and FeLV-B/GA pl5env. It will be of interest
to compare this highly conserved gene product in FeLV
strains with more pronounced immunosuppressive activity.

Derivation of env-specific probes. Comparison of the nucle-
otide sequences of the FeLV-A and B env genes encouraged
us to search for probes that would distinguish between FeLV
viruses in a subgroup-specific manner. A diagram showing
the origin of the probes we have used is given in Fig. 5, and
the restriction enzyme sites used are highlighted in the
sequence in Fig. 3. The subgroup B probe (B/S) was a Sau3A
fragment of the FeLV-B env gene encompassing the domain
of greatest mismatch between the A and B env genes. The
subgroup A probe (A/HH) was derived from a domain of the
env gene which overlaps with the corresponding B/S probe.
These probes have proved useful, allowing us to screen
many more FeLV strains than would have been practical by
molecular cloning and DNA sequence analyses.

A/HH Probe

3 8 a ;: :

-

-

43 -

.c
a

B/S
Probe

_~~ ~ ~ ~~ 4_

FIG. 7. Use of subgroup-specific env gene probes in hybridiza-
tion analysis of virus-infected cell DNA. FEA cells (21) were
infected in mass culture with various FeLV isolates and passaged
for 3 weeks to allow virus spread to all cells. DNA was purified from
these cell cultures for use in Southern blot hybridization analyses.
DNAs were digested with KpnI, and the fragments were separated
on 0.8% agarose gels. Southern blots of these gels were analyzed
with the AIHH or B/S probes as indicated. Hybridization and
washing conditions were as outlined in the legend of Fig. 6, except
that 10% dextran sulfate was included during hybridization, the
probes were used at 5 ng/ml,- and only high-stringency washing
(0.1 x SSC) was used. Molecular weight markers (M) were end-
labeled, HindIII-digested lambda DNA fragments, and the cellular
DNA digests were from uninfected FEA cells (lanes 1 and 11)
or FEA cells infected with (lane 2) FeLV-A/Glasgow-H38, (lane
3) FeLV-A/Glasgow-H40, (lane 4) FeLV-A/Glasgow H41, (lane 5)
FeLV-A/Glasgow-1, (lane 6) FeLV-C/Glasgow-FA27, (lane 7)
FeLV-C/Glasgow-FS246, (lane 8) FeLV-C/Glasgow-FY981, (lane
9) FeLV-C/Glasgow-FZ215, (lanes 10 and 13) FeLV-AB/OF142,
(lane 12) FeLV-B/Snyder-Theilen, or (lane 14) FeLV-B/GA (pFGB).

Properties of a subgroup A FeLV env gene probe (A/HH).
The subgroup A-derived probe was tested for hybridization
to cloned FeLV proviruses (Fig. 6). Strong hybridization
was detected to the parental clone pFGA-2 (and to pFGA-5,
not shown) as well as to an FeLV subgroup C clone, pFSC.
However, no hybridization was detected to either of two
FeLV subgroup B clones (pFGB, pFRB) or to two cloned
endogenous FeLV-related proviral elements (pLCM-1 and
pBCM-3). This lack of hybridization to endogenous provi-
ruses was confirmed by hybridization of the A/HH probe to
Southern blots of normal feline DNA (Fig. 7). The A/HH
probe showed no reactivity with DNA from FEA feline
embryonic fibroblasts unless these were infected with an
FeLV of subgroup A or C. Only one of four FeLV-B strains
showed hybridization to the A/HH probe, as discussed
below. Digestion of FeLV-infected cell DNA with KpnI
yielded, in most cases, a 3.7-kb restriction fragment corre-
sponding to the 3' end of the exogenous FeLV genome (see
Fig. 1 and references 31 and 32). Since this is an internal
proviral fragment, its size is unaffected by site of viral
integration and it can readily be detected in mass-infected
cells. All six FeLV-A and five FeLV-C strains that were
tested hybridized to the A/HH probe. Some examples are
shown in Fig. 7. The intensity of hybridization correlated
closely with that seen with a U3 probe (not shown), suggest-
ing that any variations were due to differences in proviral
copy number rather than extent of relatedness to the probe.
All FeLV-B strains tested failed to show hybridization to the
A/HH probe at appropriate stringencies, with the exception
of an uncloned stock of FeLV-B/Snyder-Theilen, in which
one of the two viral components in this mixture hybridized to
A/HH (Fig. 7). However, the same viral component also
hybridized with the FeLV-B env probe, B/S, indicating that
this virus complex includes a provirus with portions homol-
ogous to each of the probes. Interference testing revealed
only subgroup B, suggesting that both components carry the
same receptor-binding determinant or that one of the
genomes is defective in env expression and thereby fails to
block superinfection.

Properties of a subgroup B env gene probe (B/S). A Sau3A
subfragment of the FeLV-GA env gene (B/S) hybridized with
contrasting specificity to the A/HH probe and would detect
only the FeLV-B viruses and the endogenous FeLV provi-
ruses, even if the blots were washed under conditions of
reduced stringency (2x SSC [lx SSC is 0.15 M NaCl plus
0.015 M sodium citrate], 0.5% sodium dodecyl sulfate,
60°C). In addition, this probe hybridized to a larger family of
endogenous proviral elements in normal cat DNA (see Fig.
7). Digestion of FEA DNA with KpnI yielded three bands
which hybridized with the B/S probe at 4.2, 3.0, and 2.4 kb.
The intensity of the 2.4-kb band suggests it corresponds to
the most abundant class of endogenous proviral elements as
represented in clones pBCM-3 and pLCM-1 (31; Mullins et
al., submitted). The B/S probe could also detect infection of
feline cells with exogenous FeLV-B viruses, which appeared
as a new KpnI fragment of 3.7 kb or greater. Each of the
FeLV-B-infected cell DNAs yielded more than one new viral
band (Fig. 7), and in the case of FeLV-B/ST and FeLV-
AB/OF142 this was due to the fact that these were uncloned,
mixed viral stocks. Cells infected with FeLV-B/GA were
obtained after transfection of FEA cells with the pFGB
plasmid clone, which was expected to yield a 3' KpnI
fragment of 3.7 kb. We detected the expected fragment and,
in addition, a band at 4.7 kb which we suggest may have
arisen from some deleted form of the provirus generated
during the transfection process.

VOL. 58, 1986
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The B/S probe will be useful for selective cloning of
FeLV-B proviruses, particularly if it is used in sequential
screening with a U3 probe. We intend to apply this strategy
to clone proviruses from the FeLV-GM1 complex, as there
is circumstantial evidence to implicate a replication-
defective FeLV-B virus in the genesis of the acute myeloid
leukemias associated with this virus strain (D. Onions et al.,
submitted for publication). The B/S probe detected a novel
5-kb KpnI fragment in FEA cells infected with pooled tumor
material from cases of FeLV-GM1 disease (FeLV-
AB/OF142) (Fig. 7). Furthermore, a similar 5-kb KpnI frag-
ment was observed in independent tumors induced by
FeLV-GM1 (not shown).
Recombinant origin of FeLV-B viruses. Our results show

that the A/HH probe, like the U3 portion of exogenous
FeLV LTR elements (3), represents a sequence which has
no close counterpart in normal cat DNA. In contrast, an
equivalent region of the FeLV-Benv gene, represented by
the B/S probe, is closely matched to all FeLV-B viruses and
to a family of endogenous FeLV-related proviruses of nor-
mal cat DNA. This leads us to suggest that FeLV-B viruses
arise by recombination between exogenous FeLV-A viruses
and the endogenous proviruses, yielding progeny viruses
with exogenous U3 elements and env genes derived at least
in part from the endogenous proviruses. The distribution of
FeLV subgroups in nature such that all isolates contain
FeLV-A while only a subset contain FeLV-B (20) would also
be compatible with this proposal. Furthermore, sequence
analysis of an endogenous FeLV env gene (pBCM-3) now
provides direct evidence for our proposal. The analysis
presented here provides no evidence that the FeLV-C vi-
ruses arise by recombination with endogenous proviral ele-
ments, but this also is inferred from direct sequence analysis
of the FeLV-C/Sarma env gene (Mullins et al., submitted; N.
Riedel, R. C. Binari, Jr., J. H. Elder, G. Beltz, E. A.
Hoover, and V. A. Hirsch, submitted for publication). If the
rare FeLV-C viruses arise by recombination between FeLV-
A and endogenous genetic elements, then the common AC
sequences detected by the A/HH probe would be expected
to be derived consistently from the exogenous parental
FeLV-A virus. Alternatively, a minority of cats may harbor
endogenous proviruses which carry a subgroup C env deter-
minant which would match to the A/HH probe.
Comparison of env-specific probes with viral interference

and antigenic analyses of FeLV env genes. There is a good
correlation between the grouping of viruses by hybridization
with the A/HH and B/S probes and subgroup as defined by
viral interference testing. The B/S probe, for instance, was
found to hybridize only to FeLV-B or endogenous FeLV
proviruses. The A/HH probe hybridized to all FeLV-A and
C strains tested but not to FeLV-B strains, with only one
anomalous exception. The lack of complete correlation
could be explained if the regions determining receptor spec-
ificity are significantly smaller than the regions covered by
the DNA probes (>80 codons). Our sequence analysis
should provide a basis for experiments involving mutagene-
sis or exchange of small regions of env which would provide
a more direct approach to identifying crucial domains deter-
mining interference subgroup.

Virus groupings according to antigenic analyses are less
easily compared with our results, although some clear par-
allels can be drawn. Nunberg and colleagues (36), using a
bacteriophage expression vector, cloned a small coding
domain of gp70 from FeLV-B/GA. The fusion product was
detected with a monoclonal antibody which neutralizes
FeLV-A, B, and C (14). We found that the peptide encoded

by this domain is completely conserved in FeLV-A/Glasgow-
1 and that it is located well away from the region of greatest
mismatch between FeLV-A and B. Also, the results of
Russell and Jarrett (44, 45), based on the neutralizing activity
of cat sera for various FeLV strains, provide a parallel with
our results since they reported strong shared antigenic
determinants between FeLV-A and C strains.

Parallels with other retroviruses. Our study extends the
parallel which has been observed between the MuLV and
FeLV families. Common patterns can be discerned in viral
properties such as host range and host cell receptor use, in
the sequence and structure of the env genes, and in the
relationship between the exogenous retroviruses and their
host genomes. For example, FeLV-A isolates are generally
strictly ecotropic (21) like various well-characterized MuLV
strains, e.g., Friend, Moloney, and AKR MuLV (47). FeLV-
B and C strains have a broader host range, as do the MCF
viruses (16). The existence of distinct interference subgroups
of FeLV has been known for some time (48), but the value of
this method of viral classification has been seen relatively
recently for MuLV isolates, where several interference
groups have been identified. The MCF viruses form a
distinct subgroup (40). Our sequence and probe analyses
now show that FeLV-A and B subgroups diverge principally
in a limited domain at the 5' end of the env gene. Similar
conclusions have been drawn from comparisons of Friend
MuLV and Friend MCF env genes (24, 25). Furthermore,
comparison of the predicted amino acid sequences of the env
genes of FeLV-B and murine MCF viruses shows related-
ness in the region where the MCF viruses diverge from their
ecotropic counterparts (9). Finally, a recombinational origin
for murine MCF viruses has been suggested by comparison
of exogenous MuLV and endogenous proviral env gene
sequences (6, 10, 23). The normal cat genome also harbors
endogenous proviral elements related to FeLV (1, 31, 38, 49;
Mullins et al., submitted). These are arranged as proviruses
and carry distinct LTRs which differ from exogenous FeLV
principally in the U3 region (Mullins et al., submitted). Our
analysis indicates that these endogenous proviral elements
carry the FeLV-B- and MCF-related 5' domain of the env
gene.

Although FeLV-B and murine MCF viruses are related at
the 5' end of the env gene (9, 51), we observed no such
relatedness between the FeLV-A env gene and the env genes
of various ecotropic MuLV isolates. One possible explana-
tion is that the exogenous FeLV and MuLV proviruses have
evolved from the MCF or FeLV-B-like endogenous proviral
elements in the relatively recent past. Their alterations in the
U3 region of the LTR and the env gene receptor-binding
region could reflect the requirements for mutations in these
regions for the viruses to escape host restrictions on repli-
cation. A similar proposal has been made for the evolution of
the exogenous, horizontally transmitted strains of avian
leukosis virus, which also differ from their endogenous
counterparts both in U3 and at the 5' end of env (42). Further
studies will be aimed at establishing the significance of this
parallel between the various retroviral families and examin-
ing the roles of the variant env genes of FeLV in pathogen-
esis.
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