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Nucleotide Sequences of the Envelope Genes of Two Isolates of
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We determined the nucleotide sequences of the envelope genes of the Snyder-Theilen and Gardner-
Arnstein isolates of feline leukemia virus subgroup B. Comparison of the deduced amino acid sequences of
the envelope gene products revealed regions of sequence divergence, which we relate to structural features
of the viral protein. We also examined nucleotide sequences within the long terminal repeats of these related
isolates of feline leukemia virus subgroup B.

The feline leukemia viruses (FeLV) comprise a group of
horizontally transmitted retroviruses associated with a vari-
ety of naturally occurring malignant and degenerative dis-
eases in domestic cats (5, 7, 13). Three subgroups of FeLV
have been defined on the basis of viral interference (15, 16).
Evidence exists to correlate subgroup type(s) with differ-
ences in host range and determinants of antibody-mediated
virus neutralization, as well as with differences in natural
infectivity and disease progression (7, 8, 17). As in other
retrovirus systems, it is likely that many of these phenomena
involve the products of the viral envelope (env) gene,
specifically the surface glycoprotein gp70 . To initiate stud-
ies to determine the structure of FeLV gp7O and to correlate
structural features with functional differences, we deter-
mined the nucleotide sequences of the env genes of two
molecularly cloned isolates of FeLV of the B subgroup
(FeLV-B).
A molecularly cloned Gardner-Arnstein FeLV-B (GA-

FeLV) isolate (XHF60) (12) was kindly provided by A.
Roach and N. Davidson in the form of the pKC7-derived
plasmid pKHR-1. We confirmed that this GA-FeLV proviral
isolate is infectious in transfection experiments (12) with
CCC clone 81 (S+L-) cells (3; J. Gilbert, unpublished data).
A molecularly cloned Snyder-Theilen FeLV-B (ST-FeLV)
isolate (XST-FeLV) (18) was kindly provided by C. Sherr
and was subcloned into the EcoRI site of pACYC184 (pST-
FeLV). The method originally used to molecularly clone this
virus has resulted in the deletion of some long terminal
repeat (LTR) sequences, and this isolate is not amenable to
infectivity studies by a transfection assay.
The complete DNA sequence of the viral env and LTR

regions was obtained by Maxam-Gilbert (10) and M13-
dideoxynucleotide (11, 14) methods. The nucleotide se-
quence, as well as the deduced amino acid sequence of the
env gene products, is presented in Fig. 1. The deduced
amino acid sequences of FeLV gp7O and p15E were deter-
mined by homology to known murine leukemia virus env
proteins (19). Since the time this work was initiated, Elder
and Mullins (2) have published the nucleotide sequence of
the same GA-FeLV isolate; our sequences are identical.
Comparison of the ST- and GA-FeLV nucleotide se-

quences demonstrates that this ST-FeLV sequence was
derived from a viral genome defective in env; an adenosine
has been inserted into the ST-FeLV env gene at position 370
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to 376, generating a frameshift mutation within gp7O and
subsequent premature termination. (The deduced amino acid
sequence shown in Fig. 1 assumes deletion of the inserted
adenosine.) The env gene is additionally defective as a result
of the deletion of the C-terminal portion of p1SE. The
production of defective viral genomes is known to accompa-
ny retroviral replication.
The deletion within pi5E extends to the putative inverted

repeat of the ST-FeLV LTR. The inverted repeat, identical
to that found in the LTRs of GA-FeLV (2), Gardner-
Arnstein feline sarcoma virus (GA-FeSV), and ST-FeSV (4),
is intact. The ST-FeLV LTR contains a series of direct
repeats derived from, and identical to, a 50-nucleotide
sequence found, in single copy, in the LTR of ST-FeSV (4).
The structure of these repeats is shown in Fig. 2. A homolo-
gous single-copy sequence is found in the LTRs of GA-
FeLV (2) and GA-FeSV (4). These repeats are different from
the putative enhancer sequences previously identified in the
LTRs of feline retroviruses (4) and show no significant
homology to enhancer sequences found in direct repeats of
Moloney murine sarcoma virus (9). Unanswered is the
question of whether this ST-FeLV LTR, containing the
direct repeats, is functional or is derived from a provirus
additionally defective in the LTR region.

Because of the defective nature of the ST-FeLV em's gene,
any conclusions as to the functional significance of structural
features of the ST-FeLV gp7O or comparisons with the GA-
FeLV gp7O remain tentative. Comparison of the nucleotide
sequences within the en' genes of GA- and ST-FeLV,
however, reveals extensive homology with only single nucle-
otide changes. Other than the single adenosine insertion at
position 370 to 376, no other insertions, deletions, or rear-
rangements are observed within the ST-FeLV gp7O. Homol-
ogy between the nucleic acid sequences of ST- and GA-
FeLV ranges from greater than 99% in the N-terminal half of
gp7O to ca. 85% in the C-terminal half. This difference in
sequence conservation is reflected in the deduced amino
acid sequences of these proteins. Host range recognition
functions are believed to reside within N-terminal gp7O
sequences (1), and the extreme conservation of these se-
quences between these FeLV-B may reflect the functional
relatedness of these isolates. The relative divergence of C-
terminal sequences may reflect polymorphisms permitted
within this portion of gp7O. Conservation of ST- and GA-
FeLV DNA and protein sequences resumes in p1SE.
Amino acid differences within the ST- and GA-FeLV enm,
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signal peptide
ST-F.LV C.~~~~~~~~~~~~~~~~~~~~~F.D . ..V . L R L .V. 1ST-FeLV -3GMS T HP KPS SD KTL N L V FL GI L F T I D G-GA-F*LV -99 -1

ES

8T-reLV .. ...G..................T.......G.C. .A. .A. .T.....G.....A.G.C....G.G....

I-> gp7O
ST-FeLV .-I ~;~;-;i,~L~;~;ij;~;;~L~;L;;~;;; ~ 4GA-reLV A N P S 'P HN Q VV V T NLVTCTKANATSNLGTLTDAFPTN 4
GA-FeLV GCTCTGCGAAATTAATTATGAATACACTTATGAAAGTAGCcTCTTGGACTAAAGCTCTCTG 120
8?-F*LV....C........GA.A.................................................

ST-reLV.......i;; 'G ';H R8GA-reLV V ICI I I C N T NNP S D Q K KKW00KNTPFV 8
GA-FeLV TATTATAGGTTAAGATCTGACTCGTAGACTCCGGAGAGGTACTTAGGTGACGGACCCCTTT 240

ST-reLV. . . . . . . . . . . . . . .. . . . ..12GA-reLV VC P G H A N R K 0 C C G P 0 D CG W G C E T TG TVWKPTSSNDV 12
GA-FeLV GTTTCGAAGCACGACAGGGGCAAGTGTCGGTTTG TCAACCGGAACATGGCCCTCCTGATC 3,60
ST-reLV .......................G......................................

ST-FeLV ......I
GA-FeLV I T V K K CVT, Q G Y' Q C' S G C N CCPC D K A VHS S T TGASKGGK 160
GA-reLV ATAATAAA-GGTCCGGAAACAGATGGTGTGGGGCTTAGTAGTTCCCTGCAGGGTGGAGGcG 480
ST-reLV.........A..........................................T.............

ST-FeLV i . i 20GA-FeLV CNPLIL 0 F TQ K GR T S N K L SCGTGTPITCLFT VG 0
GA-FeLV GTCACCTACTCATACAAGGAAAAACTGAGACAGCTGGCAGCAAC GAAGCCAAC GT 600

GA-reLV S R Q V K T I T P N LV LPD0KPPSK0S0I SKVTPHHS 24
GA-reLV ATCGCATAGCATCCGCCGCAGGCAACATCGCGTAAACCACAGATTAAAATCGGACCTACTC 720

ST-reLV ...............................................................

GT-reLV 0 G N G G T P G i T L V N A S i A P L S T P V T P A S P K K i C T G D K L i N L 280
GA-FeLV CCAGACGGCCCAGAACCTTATCTCTGCCCAGACCGCCCCCATCAAGATGACGGTGTATATT 840
ST-FeLV .....................T.........................T.A...A... A.........

region I

ST-reLV.V . N..KV.....
GA-FeLV V0CTVLALN A T D P N KT'SKPPYVKGIA I L G N Y 5 320
GA-rOLV AGAAGGCTCTGCTATCACACCAAACAAATTGCCGCGTTTGCACTTAGAGATCACTGTATCG 960
ST-reLV ...G..G.....T....T....T...TA......A............T..A..C..C ...G......T...A....GG.A..G..C..T...

ST-reLV . . . . . D
GA-reLV 1080;;;~L
ST-PeLV ......C..............CGAC..A....T....G..T....A....G..C......TT................A.....

region II

ST-FeLV K K.. K.. .K..T.S.0GA-reLV N G H T G A NH A P N G T Y W A C N T G L T P CISNAVLNNTS 40
GA-reLV CATAAAACGGCTCGGCCCACACGCCATGACATGCTTAATGCCCCAGATCAGCGGTATGACC1200ST-FeLV ...AA.....A.A....A....A.T.......A....T.GC..T....C....A..C....C..G..A.T....C.......A.........

region III
I--> p15E

ST-reLV. . . . . . . . . .. .D TV.
GA-FeLV DpCVLIKL pKVT NQpgyVVTNF A K A A R P ISP 440
GA-reLV TGTTTTTTATGATTGCAATATACTACCATTTTCCCTTGCAGTCAGTCAGGACAACCACGTC1320
ST-FeLV ............C..... .......C............T........C.A .... A....T.... C.... G.............C...

ST-reLV . .. ..L
GA-reLV L N L G C L T V C G i A A G V G T C T K A L I K T A 0 F i 0 L 0 ; A N H 7 D I Q 480
GA-reLV CCCTTGGGATATTGGGAACGGGGCGAAGATAGCTATAAACCGTAAACAAAGCAGAAAAACA1440
ST-reLV .. .T...A................A.......G.........C.C..........................

ST-FeLV-- -

GA-FeLV A KSL75LSKVVL 0 N R K G L D I L F L 0 K G G L C A A 520
GA-F*LV GGCTGAATATATCTAAAGCCGCTCTTTAGATTAAACGCGGCGAATTTCTCAAGAGCCGGCC1560

GA-reLV L K E E C C F Y A D H T G L V R D N N A K L R E R L K 0 R Q 0 L F D S 0 0 C W F 560
GA-reLV ATAAGAATTGTCAGGACCCGATGCGGCAAGCAATAAAAATAAACGACATTTATCACGGTGT1680

GA-r.LV E G w r N K s P w F T T L I S S I N G P L L I L L L I L L F G P C I L N R L V Q 600
GA-r*LV TGAGTGTACATCCTGTAACCATTCCATTGCCTATACTCCTATTCCTGCCTCTCTAAATGAA1800

GA-FeLV F V K D R I S V V 0 A L I L T 0 0 Y 0 0 I K 0 Y D P D K P * 629
CA-FeLV ATCTAAAAATTTTGAAGCTATTACACGACAAAAACAAGTCGCGCAATTCATATTTATCTTG1920

CA-FeLY TCTCCAGAAAAACGGCGCGAATGAAAGACCCCC 1952

SY-FeLV ----------TGAAAGACCCCC

LTR inverted repeat

FIG. 1. Nucleotide and deduced amino acid sequences of ST-FeLV and GA-FeLV em', genes. Nucleotide and amino acid sequences are as
indicated. The nucleotide sequence extends to the LTR inverted repeat (indicated). Deletions in ST-FeLV are indicated by (-); conserved
residues are indicated by (.). The additional adenosine resulting in the ST-FeLV frameshift is indicated between nucleotides 375 and 376 in the
GA-FeLV sequence. The overlined regions in gp7O represent regions of clustered divergence between ST-FeLV gp7O and GA-FeLV gp7O.
The- asterisk de-notes- the- tr-ansla-tio%nal triaoncdnTAA
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seq. A seq. B seq. C seq. B
ST-FeLV T GAAAGACCCCCCCCCA CCCCGAAACTTAGTCAGCCAGCTATTGCA GTAATACCATTT CCCCGAAACTTAGTCAGCCAGCTATTGCA

ST-FeSV T GAAAGACCCCCCCCCA CCCCGAAACTTAGTCAGCCAGCTATTGCA GTAATACCATTT -----------------------------
*** * * **** ** *

GA-FeLV T GAAAGACCCCC---TA CCCCAAAATTTAG----CCAGCTATTGCA GTGGTGCCATTT -----------------------------

LTR inverted repeat

seq. A seq. B seq. C seq. B seq. C
ST-FeLV GAAAGACCCCCCCCCA CCCCGAAACTTAGTCAGCCAGCTATTGCA GTAATACCATTT CCCCGAAACTTAGTCAGCCAGCTATTGCA GTAATACCATTT

ST-FeSV ---------------- ----------------------------- ------------ ----------------------------- ------------

GA-FeLV ---------------- ----------------------------- ------------ ----------------------------- ____

Eco RI
seq. B seq. C

ST-FeLV CCCCGAAACTTAGTCAGCCAGCTATTGCA GTAATACCATTT CACAAGGCATGGAAAATTACCCAAGCATGTTCCCATAAGATATAAGGAAGTTAGAATTC

ST-FeSV ----------------------------- ------------ CACAAGGCATGGAAAATTACCCAAGCATGTTCCCATAAGATATAAGGAAGTTAGAATTC
* * * * **

GA-FeLV ----------------------------- ------------ CACAAGGCATGGAAAATTACTCAAGTATGTTCCCATGAGATACAAGGAAGTTAGAGGCT

FIG. 2. Comparison of LTR sequences in ST-FeLV. ST-FeSV. and GA-FeLV. Homologous sequences between LTR inverted repeats
and the EcoRI sites in the LTRs of ST-FeLV and ST-FeSV are compared. Sequence differences between adjacent lines of sequence are
indicated by (*); deletions relative to ST-FeLV sequences are indicated by (-). Sequences (seq.) A, B. and C represent blocks repeated
within the ST-FeLV LTR. The ST-FeSV LTR sequence is from Hampe et al. (4).

genes were found to be clustered in four specific regions of
the protein. To further analyze these regions, the algorithm
of Hopp and Woods (6) was used to compute hydrophilicity
profiles of the FeLV env proteins. These results and those of
a comparable analysis of Moloney murine leukemia virus
gp7O (19) and Moloney mink cell focus-forming murine
leukemia virus gp70 (1) are shown in Fig. 3. As expected
from conservation of the primary amino acid sequences,
substantial structural homology exists among the C-terminal
gp7O and pl5E regions of these murine and feline proteins.
Three of the four regions of divergence between the ST-

and GA-FeLV env' proteins occur at hydrophilicity peaks
within the C-terminal half of gp7O (as indicated in Fig. 1 and
3). Region I contains two potential glycosylation sites that
are maintained; conservative amino acid changes occur
within the two N-X-T sequences. Region II contains pre-
dominantly nonconservative amino acid changes, one of
which destroys a potential glycosylation site present in GA-
FeLV gp7O. Region III covers the site at which the ens'
precursor is cleaved during virus maturation to yield gp7O
and pl5E; amino acid changes within this region are predom-
inantly conservative. These regions are likely present on the
surface of the protein, as judged both by hydrophilicity and
by the presence of either potential glycosylation sites or
protein cleavage sites. The fourth, and perhaps most strik-
ing, region of divergence between ST- and GA-FeLV ens'
proteins is located within the signal peptide region of the
initial ens' translation product. Although the amino acid
sequence has diverged to 70% identity, changes are for the
most part conservative, and the regions maintain the charac-
teristic features of eucaryotic signal peptides (20).
We interpret these regions of amino acid differences

between ST- and GA-FeLV to identify regions of the protein
in which protein structure, and not specific amino acid
sequence per se, is important for function. The divergence
observed within the putative signal peptide suggests that
substantial flexibility exists within primary amino acid se-
quences compatible with signal peptide function. Models
utilizing structural requirements for signal peptide function
have been described by others (20). Analogously, the diver-
gent regions of gp7O may also serve a structural, rather than

sequence-specific, role in gp7O function. An alternative
possibility, that these sequence differences delineate some
as yet undefined functional difference between ST- and GA-
FeLV, cannot be excluded at this time.
We have presented here the nucleotide sequences of the

envelope genes of two isolates of FeLV-B and have com-
pared the deduced amino acid sequences of the ens', gene
products. The molecularly cloned ST-FeLV sequence used
in this study was derived from a viral genome defective in
en'. We believe, however, that the described amino acid
changes between the related ST- and GA-FeLV are signifi-
cant and relate to structural and functional features of the
ens' gene products. Analysis of additional nondefective iso-
lates of FeLV-B and of other FeLV subgroups will generate
more extensive correlates of FeLV ens' structure and FeLV
viral function.

We thank C. Sherr, J. Mullins, A. Roach, and N. Davidson for
providing us with the molecularly cloned FeLV sequences used in
this study and for useful discussions.

This work was partly supported by funds from TechAmerica
Group. Inc.
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FIG. 3. Comparison of hydrophilicity profiles of env gene prod-
ucts of ST-FeLV, GA-FeLV, Moloney murine leukemia virus, and
Moloney mink cell focus-forming murine leukemia virus. Analysis,
using the algorithm developed by Hopp and Woods (6), is shown.
Profiles are aligned at the gp7O-pl5E junction (indicated). Regions of
clustered divergence between ST-FeLV gp7O and GA-FeLV gp7O
are indicated. Moloney murine leukemia virus sequences are de-
rived from Shinnick et al. (19); Moloney mink cell focus-forming
murine leukemia virus sequences are derived from Bosselman et al.
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