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Previous genetic analysis has localized the region of the Rous sarcoma virus (RSV) env gene responsible for
host range specificity to that encoding the middle one-third of gp85. To better understand the host range

determinants, the relevant regions of the genomes of infectious molecular clones of the transformation-defective
Prague strain of RSV, subgroup B (Pr-RSV-B) and Rous-associated virus 0 (RAV-0) (subgroup E) were

sequenced and compared with the sequence of Pr-RSV-C. This comparative analysis identified two variable
regions of low amino acid sequence homology flanked by highly conserved amino acid sequences. The first
variable region (hrl) begins at base 5654 in the Pr-RSV-C sequence and encodes 32 amino acids. The second
variable region (hr2) begins at base 5846 and encodes 27 amino acids. To test the role of the variable regions
in host range specificity, we determined the sequence of this region of the env gene of NTRE-4, a recombinant
virus between Pr-RSV-B and RAV-0 which exhibits an extended host range. This analysis revealed that the
recombinant subgroup-encoding region of NTRE-4 is composed of 200 bases of RAV-0 sequence, including hr2,
flanked by sequences which are otherwise of Pr-RSV-B origin. This study indicates that hrl and hr2 are the
domains of gp85 responsible for host range determination in avian retroviruses.

The retroviruses of chickens related to Rous sarcoma
virus (RSV) can be divided into five host range subgroups, A
through E, defined by the ability to infect genetically defined
chicken cells, interference patterns, and neutralizing anti-
body cross-reaction (8, 11, 25, 28). Several more subgroups
have been identified in viruses isolated from other species of
galliform birds (27). The ability of a virus to infect a cell is
dependent upon the presence on the cell surface of a specific
receptor site for that viral subgroup. The virion envelope
glycoproteins gp85 and gp37, the products of the env gene,
are responsible for the subgroup-specific interaction with the
host cell receptor (24). Resistance of cells to superinfection
by viruses of the same subgroup specificity as defined by
interference patterns is probably the result of blockage of the
receptor by newly synthesized viral glycoprotein expressed
at the cell surface (21).

In the chicken, three autosomal loci have been identified
which control cell susceptibility to infection by viruses of
subgroups A, B, and C. These loci are designated tv-a, tv-b,
and tv-c, respectively (27). Susceptibility is always dominant
over resistance, implying that they directly encode the
receptors. The tv-a and tv-c loci are genetically linked,
although they code for independent receptors (19). Whereas
some genetic studies have indicated that the tv-b locus
consists of multiple alleles encoding the receptors for both
subgroup B and subgroup E viruses (5), other genetic
evidence suggests that an independent locus, tv-e, encodes
the subgroup E receptor (18). Resistance to subgroup B
viruses is associated with resistance to subgroup E viruses,
and preinfection of chicken cells with subgroup B or D virus
prevents superinfection by subgroup E virus. However, this
interference is nonreciprocal (27). Chicken cells resistant to
subgroup B viruses also exclude subgroup D viruses almost
completely and the two subgroups exhibit reciprocal inter-
ference, indicating that they probably recognize the same
receptor encoded by the tv-b locus (8). Thus, subgroup B, D,
and E viruses recognize closely related receptors. Analysis
of the susceptibility of other avian species to avian leukosis
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virus has shown that other species do not exhibit patterns of
resistance identical to those described for chicken cells. For
example, turkey or quail embryo fibroblasts which are
susceptible to infection by subgroup E virus are resistant to
infection by subgroup B and D viruses (24). This is in
contrast to the situation described for chicken cells in which
susceptibility to subgroup E virus is always associated with
susceptibility to subgroup B and D viruses. Thus, these
receptors are not identical among galliform species.
Ti oligonucleotide fingerprint analysis has identified a

region within the env gene which segregates strictly with the
subgroup phenotype in crosses between subgroups (3, 12).
By identifying the Ti oligonucleotides associated with this
region of the env gene within the nucleotide sequence of the
Prague strain of RSV, subgroup C (Pr-RSV-C), it was
possible to position the sequences coding for subgroup
specificity roughly between bases 5490 and 5950 (10). This
places the host range determinants within the middle one-
third of gp85 and points to the domain of gp85 which
specifically interacts with the cell surface receptors.
Although the host range coding region usually segregates

as an inviolate unit, some recombinant viruses have been
isolated which exhibit a host range extended beyond that of
the parental viruses (23). One such virus, NTRE-4, is a
recombinant between transformation-defective (td) Pr-RSV-
B and the endogenous Rous-associated virus 0 (RAV-0).
Analysis of this virus indicated that it recognizes both the
subgroup B receptor on chicken cells and the subgroup E
receptor on turkey cells. This composite host range is
associated with a unique recombination event within the
subgroup-encoding region of the env gene. A single sub-
group E-specific oligonucleotide is present within an env
gene which is otherwise composed entirely of subgroup
B-specific oligonucleotides. This recombination event is an
exception to previous observations of the strong linkage of
oligonucleotides within the subgroup-encoding region (22)
and further associates these sequences with host range
determination.
To identify the host range determinants on gp85, we have

obtained molecular clones of NTRE-4 and tdPr-RSV-B DNA
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and conducted a comparative nucleotide sequence analysis
of the region of the env gene between bases 5266 and 6060 of
these viruses and of RAV-0. This region encodes amino
acids 8 through 280 in the deduced amino acid sequence of
the mature gp85. The gp85 of Pr-RSV-C is 341 amino acids in
length (10). This sequence analysis encompassed all of the T,
oligonucleotides which segregate with subgroup specificity.
Comparison of the deduced amino acid sequences of this

region of gp85 revealed two domains of low amino acid
homology between virus subgroups within a highly con-
served amino acid sequence. We have termed these variable
regions hrl and hr2. Analysis of the sequence of NTRE-4
showed that the crossovers within the env gene generated a
recombinant gp85 which carried hrl of subgroup B and hr2
of subgroup E. Thus, our comparative sequence analysis has
identified two small variable domains on gp85, both of which
are involved in host range determination.

MATERIALS AND METHODS
Cells and viruses. Chicken embryo fibroblasts (C/E; chf-,

gs-, V-) were prepared from fertilized eggs (SPAFAS, Nor-
wich, Conn.). Turkey embryo fibroblasts (T/BD) were pre-
pared from fertilized eggs (Orlopp Enterprises, Arosi, Calif.).
QT-6 cells are a continuous line derived from a methyl-
cholanthrene-induced fibrosarcoma of Japanese quail (17).
Pr-RSV-B, its transformation-defective deletion mutant
(tdPr-RSV-B), the endogenous RAV-0, and the recombinant
virus NTRE-4 have been extensively characterized in this
laboratory (3, 23). The molecular clone of RAV-0 (pRAV-0)
was a gift of P. N. Tsichlis. The molecular clone of Pr-RSV-C
(pATV-8) was a gift of R. Guntaka (13). Both of these clones
yielded infectious virus indistinguishable from the parental
type after introduction into appropriate avian host cells (P.
Norton and L. Lieberman, personal communication).

Molecular cloning of tdPr-RSV-B and NTRE-4. Subcon-
fluent monolayers of C/E cells were infected with Pr-RSV-B
and the infection was monitored by focus formation. Subcon-
fluent monolayers of QT-6 cells were infected with NTRE-4
and the infection was monitored by the presence of sedi-
mentable reverse transcriptase activity. For large-scale pu-
rification of viral DNA, uninfected and virus-infected cells
were mixed in a ratio of 10:1 and grown for 20 h in roller
bottles. The unintegrated viral DNA from 2 x 108 to 3 x 108
cells was isolated by the method of Hirt (9), and the
supernatant was treated with pronase and pancreatic RNase
essentially as described previously (7). The purified super-
natant was enriched for closed circular DNA by a single
extraction with acidic phenol (pH 4.2) (30).
Because preliminary analysis of proviral DNA had indi-

cated the presence of a unique Sall recognition site within
the env gene sequences encoding gp85, this site was utilized
in the cloning procedure. A total of 10% of the purified Hirt
supernatant DNA was digested with Sall and ligated with 1
,ug of Sall-digested L47.1 X DNA (14) overnight at 13°C
under standard conditions (15). Ligated DNA was packaged
in vitro into phage particles from a sonicated extract of
BHB2690 (prehead donor) and a freeze-thaw extract of
BHB2688 (packaging protein donor) (15). Phage was plated
onto Escherichia coli 1160, a recA+ P2 lysogen, at approxi-
mately 1.5 x 104 PFU per 10-cm plate. Recombinant phage
were identified by plaque hybridization by the method of
Benton and Davis (1), using DNA from plasmid pATV-8
labeled by nick translation as a probe. Nick translation was
performed under conditions recommended by the radioiso-
tope supplier (New England Nuclear). After several rounds
of plaque purification on E. coli 1160, recombinant phage

DNA was prepared from plate lysates (15) of infected E. coli
LE392, analyzed by restriction enzyme digestion, and tested
for infectivity as described below. Viral DNA inserts were
subcloned into the SalI site of pBR322 and tested for
infectivity as described below. Infectious plasmid clones of
tdPr-RSV-B (pPrB-1) and NTRE-4 (pNT-4) were used for
subsequent DNA sequence analysis.

Transfection of cloned viral DNA and T, oligonucleotide
fingerprinting of rescued virus. Viral inserts were excised
from vector DNA by Sall digestion and ligated with T4 DNA
ligase to produce nonpermuted circular copies of the viral
DNA. C/E or T/BD cells were transfected by either the
calcium phosphate method (7) modified such that the final
concentration of Na2HPO4 in the HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid)-buffered saline
was 1 mM instead of 7 mM or by the DEAE-dextran
procedure (6). Production of infectious virus was assayed by
testing for sedimentable reverse transcriptase activity. T1
oligonucleotide fingerprints of 32P-labeled RNA of virus
rescued by transfection were prepared essentially as de-
scribed before (2).

Nucleotide sequence analysis. DNA fragments were labeled
at the 5' termini with [-y-32P]ATP and T4 polynucleotide
kinase after removal of 5'-phosphate groups with calf intes-
tinal alkaline phosphatase according to standard procedures
(15). DNA fragments were labeled at the 3' termini, using the
Klenow fragment of DNA polymerase I (15). Radiolabeled
DNA was usually subjected to secondary restriction enzyme
digestion to produce fragments with a single radiolabeled
terminus and were purified by polyacrylamide gel electropho-
resis (16). Alternatively, the complementary strands were
denatured and the strands were separated by polyacrylamide
gel electrophoresis (15). DNA sequence analysis was per-
formed by the chemical cleavage method of Maxam and
Gilbert (16) with the following alterations: the second pre-
cipitation after the base modification reactions was per-
formed by dissolving the pelleted DNA in 150 ,u of 10 mM
Tris-hydrochloride (pH 7.5) and adding 4 volumes of 95%
ethanol containing 60 mM sodium acetate; in place of the
series of lyophilizations after the piperidine cleavage reac-
tions, the reactions were precipitated by the addition of 4
volumes of 95% ethanol containing 60 mM sodium acetate
and the pelleted DNA was washed with 70% ethanol and
lyophilized. Analysis of sequence data was performed by
using a dot matrix program written by J.M.C. (unpublished
data).
Enzymes and radioisotopes. Restriction endonucleases

were purchased from New England Biolabs or Bethesda
Research Laboratories and used under conditions recom-
mended by the supplier. T4 DNA ligase and T4 polynucleo-
tide kinase were from New England Biolabs. Calf intestinal
alkaline phosphatase was purchased from Boehringer Mann-
heim Biochemicals. The Klenow fragment of E. coli DNA
polymerase I, DNA sequencing reagents, and all radioiso-
topes were from New England Nuclear Corp.

RESULTS AND DISCUSSION
Characterization of molecular clones of tdPr-RSV-B and

NTRE-4. Initial restriction mapping of recombinant phage
revealed a range of sizes of viral inserts resulting from the
cloning of Pr-RSV-B and NTRE-4 DNA. Although the
original virus stock contained transformation-competent Pr-
RSV-B, none of the cloned viral DNA analyzed presented
arestriction pattern consistent with a full-length Pr-RSV-B
genome. DNA from several of the largest phage clones of
Pr-RSV-B was tested for infectivity by transfection of C/E
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cells. Within 7 days after transfection, the production of
infectious virus was detected by testing for sedimentable
reverse transcriptase activity (data not shown). Morpholog-
ical transformation of transfected cells was not observed,
indicating that the molecular clones of Pr-RSV-B we ob-
tained represented transformation-defective deletion mu-
tants.
Genomic RNA of virus rescued by transfection was sub-

jected to T1 oligonucleotide fingerprint analysis. This analy-
sis confirmed the identity of the virus and revealed the
absence of src-specific oligonucleotides 6A and 5, which
map approximately in the middle of the src gene, and the
retention of src-specific oligonucleotide 6B (data not shown).
This composition was consistent with the observation that
virus stock obtained after a few passages contains a large
proportion of virus which lacks the portion of the src gene
encoded by oligonucleotides 6A and 5 (4). Restriction map-
ping of the infectious plasmid clone pPrB-1 DNA indicated
that approximately 1 kilobase pair of 3' src sequences had
been deleted in this molecular clone of tdPr-RSV-B (Fig.
1A).
DNA from phage clones of NTRE-4 was introduced into

T/BD cells by transfection, and rescued virus was examined
by fingerprint analysis. The oligonucleotide fingerprint of the
rescued virus showed the unique characteristic of NTRE-4:
the presence of a single subgroup E-specific oligonucleotide
(oligonucleotide 06) within the env gene otherwise contain-
ing only subgroup B-specific oligonucleotides (data not
shown). The infectious plasmid clone pNT-4 exhibited a
restriction map similar to but distinguishable from that of
pPrB-1 (Fig. 1A). pNT-4 DNA lacked an XhoI site located 3'
of the env gene in pPrB-1 DNA presumably because these
sequences are lost with the complete src gene deletion of
NTRE-4. The position of an SstI site in the gag gene of
pNT-4 DNA which is not present in pPrB-1 corresponds to a
site in pRAV-0 DNA. Its presence in pNT-4 is in agreement
with the T1 oligonucleotide fingerprint which showed that
NTRE-4 was generated by several crossovers at the 5' end
of the genome within the gag and pol genes (23).
As a final check on the identity of the molecular clones,

the host range of the rescued viruses was investigated.
NTRE-4 exhibited an extended host range with the ability to
infect both C/E cells and T/BD cells, whereas tdPr-RSV-B
infected C/E cells and was unable to infect T/BD cells (data
not shown). Thus, the molecular clones of NTRE-4 and
tdPr-RSV-B had the same biological activity as the original
virus stocks.
Comparison of the deduced amino acid sequences of gp85.

Nucleotide sequence analysis was performed on the region
of the env gene between an XhoI site at base 5258 and a
unique Sall site at base 6059 (nucleotide assignments accord-
ing to the sequence of Pr-RSV-C [20]) by the strategy shown
in Fig. 1B for tdPr-RSV-B, NTRE-4, and RAV-0. The
complete sequences determined by this analysis are pre-
sented in Fig. 2 and 3. This region of the env gene contains
the subgroup B-specific oligonucleotides 9, 2, 33, 19, 28, and
35 in Pr-RSV-B and the subgroup E-specific oligonucleotides
012, 07, 02, 04, 013, and 06 in RAV-0. Oligonucleotide 308 in
Pr-RSV-C and RAV-0 is allelic to oligonucleotide 9 in
Pr-RSV-B. Located near the 5' end of these sequences is
oligonucleotide 4 which is found in all strains of avian
leukosis virus. Preliminary sequence analysis has located
oligonucleotide 402 in RAV-0 approximately 20 bases after
the Sal site, which marks the 3' terminus of the sequence
analysis (data not shown). Oligonucleotide 402 is not sub-
group specific. Thus, the nucleotide sequence presented

here encompasses all of the oligonucleotides reported to
segregate with the subgroup phenotype in crosses between
subgroups (3, 12) and so must include all of the information
relevant to host range determination. Initial studies involv-
ing the construction of recombinant virus by the exchange of
restriction fragments have also shown that the host range
determinants are located in sequences 5' of the Sall site
(Coffin, unpublished data).

Presented in Fig. 4 is the complete amino acid sequence of
the gp85 of Pr-RSV-C, beginning with the aspartic acid
residue located at the amino terminus of the mature glycopro-
tein (10), compared with the deduced amino acid sequences
of the portion of gp85 of Pr-RSV-B and of RAV-0 deter-
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FIG. 1. Structure of pPrB-1 and pNT-4 DNAs. (A) Infectious
clones of tdPr-RSV-B (pPrB-1) and NTRE-4 (pNT-4) DNA per-
muted at the unique Sall site in pBR322 were analyzed by cleavage
with the restriction enzymes shown. The genetic structure of the
virus genome is indicated below the restriction map. Clone pNT-4
DNA contains a single long terminal repeat (LTR), whereas clone
pPrB-1 DNA has two long terminal repeats in tandem as determined
by the EcoRl digestion pattern. Note the deletion of approximately
1 kilobase from the 3' end of the src gene in pPrB-1. The region of
the genome subjected to sequence analysis is indicated by the thick
line. (B) Sequencing strategy of the host range encoding region of
the env gene. Indicated are the restriction sites utilized in the
sequence analysis of the regions of RAV-0, tdPr-B (tdPr-RSV-B),
and NTRE-4. Nucleotide assignments of restriction sites are num-
bered from the first base of the recognition sequence according to
the sequence of Pr-RSV-C (20). Vertical lines indicate the labeled
end of a fragment, and horizontal arrows indicate the extent and
orientation of the sequencing run. Restriction enzyme designations:
X, XhoI; Xm, XmnI; T, SstI; P, PvuII, S, Sall; N, NdeI; M, MspI;
K, KpnI; E, EcoRI; B, BamHI.
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10 20 30 40 50 60 70 mined by our sequence analysis. This comparative analysisGCCAGGGAACCTTTGGATTACATGIGGCCAACCGTACAGGTCAGACGGATTTCTGCCTCTCTACACAGTCA no pse mn cdpstin hog 8 fteg8,,,,,,,,,,,,,,encompassed amino acid positions 8 through 280 of the gp85
GCCAGGGAACCTTTGGATTACATGGGCCAACCGTACAGGTCAGACGGATTTCTGCCTCTCTACACAGTCA of the three different host range subgroups and included the10 20 30 40 50 60 70 middle one-third of the protein implicated in host range

t4 determination. A consensus amino acid sequence of gp85
80 90 100 110 120 130 140 can be constructed of amino acid residues shared among the

GCCACCTCCCCTTTTCAAACATGTTTGGTAGGTGTCCCGTCCCCTATTTCCGAAGGTGATTTTAAGGGAT different subgroup sequences. Such a sequence highlights
GCCACCTCCCCTTTTCAAACATGTTTGGTAGGTGTCCCGTCCCCTATTTCCGAAGGTGATTTTAAGGGAT rgoso p5wihehbtsbru-pcfcvrainb8090100110120130 ~~~~~ regions of gp85 which exhibit subgroup-specific variation by

#4 the appearance of lacunae in the consensus sequence at
150 160 170 180 190 200 210 positions where there is no common residue between at least

ATGTCTCTGATAATTGCACCACTGTGGGAACTCACCGGTTAGTCTCGAGTGGCATTCCTGACGGCCCTGA two subgroups.
II1::1111 :::::::It 1::IM ExaminationH of these sequencesrevealedaionofteseseqenlargeeald blockslocsofATGTCTCTGATAATTGCACCACTGTGGGAACTCACCGGTTAGTCTCGAGTGGCATT CCTGACGGCCCTGA Exa inton ftheseequencsrevaledlrg blocksf

150 160 170 180 190 200 210 complete amino acid homology among all three subgroups.
The amino-terminal region of gp85 displays a zone of highly

2 9 240 250 260 270 280 conserved amino acid sequence extending from the proline
TAACAGCACAACCCTCACCTATCGGAAGGTTTCATGCTTGTTGTTAAAGCTGAACGTTTCTCTGTTGGAC residue at position 8 to the aspartic acid residue at position
TAACAGCACAACCCTCACCTATCGGAAGGTTTCATGCTTATTGTTAAAGCTGAACGTTTCTCTGTTGGAC 57, in which the only two differences are the same conserv-

220 230 240 250 260 270 280 ative changes from isoleucine residues in RAV-0 and Pr-#9
#2 RSV-C to valine residues in Pr-RSV-B. Beginning at position

290 300 310 320 330 340 350 58 and continuing to position 76 is a region in which the
GAGCCATCAGAACTACAACTGCTAGGTTCCCAGTCTCTCCCCAATATAACTAATATTACTCGGATCCCTA * *
,,,,,,,,,,,,, t,,, l,t, l,,ll, ,,,,,, ,,,,,', amino acid sequence is no longer completely homologous
GAGCCATCAGAACTACAACTGCTAGGTTCCCAGTCTCTCCCCAATATAACTAATATTACTCGGATCCCTA among all three subgroups. Of 19 positions within this

290 300 3 10 320 330 340 350
#2 region, 10 exhibit an amino acid residue shared among all

#33 hri three subgroups. Six positions in the consensus sequence
360 370 380 390 400 410 420 indicate homology only between subgroups C and E, includ-

GTGTGGCTGGGGGATGCATAGGCTTTACCCCATACGGTAGTCCGGCTGGCGTTTACGGATGGGACCGG AG ingtopsiionsmredbydel
~~~~~~~~~~~. ing two positions marked by deletions in the subgroup B

GTGTGGCTGGGGGATGCATAGGCTTTACCCCATACGGTAGTCCGGCTGGCGTTTACGGATGGGACCGGAG sequence. Beginning with the glycine residue at position 77
360 370 380 390 400 410 420

#33 is a 60-amino acid stretch of 80% amino acid homology
#19 #28 t35 among all three subgroups in which the consensus sequence

430 440 450 460 470 480 490 still remained intact.
ACAGGTTACTCACATCCTTTTGACCGACCCAGGGAACAATCCTTTCTTTGATAAGGCCTCCAACTCCTCG
',,,,,,,,,:,,,,,,,,,m ,,,t,,,,,1The only amino acid sequence differences which showed

ACAGGTTACTCACATCCTTTTGACCGACCCAGGGAACAATCCTTTCTTTGATAAGGCCTCCAACTCCTCG
430 440 450 460 470 480 490 subgroup-specific variation were found to form two small

#19. #28- #35 regions within the middle one-third of gp85 between amino
#06 acids 136 and 234. Following a conserved proline residue at

500 510 520 530 540 550 560 position 136 and corresponding to bases 5654 to 5731 in the
AAACCGTTTACGGTAGTGACAGCGGACAGGCACAATCTTTTTATGGGGAGTGAGTACTGCGGTGCATATG

,,,,,,,,,,,,)IM ,1: ,,,,,,im,,,,,,, ,, .,, ,1Pr-RSV-C sequence, the consensus sequence breaks down.
AAACCGTTTACGGTAGTGACAGCGGACAGGCACAATCTCTTTATGGGGAGTGAGTATTGTGGTGCATATG t resdu500 510 520 530 540 550 560 At 12 of 32 positions there is no common residue between at

A A least two subgroups. This region was termed hrl (for host
hr 2 range region 1). Immediately preceding hrl there lies a short

570 580 590 600 610 620 630
GCTACAGATTTTGGGAAATATATAATTGCTCACACAGATTTGATAATTTTGATATTTACACCTGTGGAGA region of amino acid differences in which there is agreement

M:'5'''''''H:i,i,1: only between two of three subgroups. More than half of
GCTACAGGTTCTGGGAAATGTACAATTGCTCACAAA TGAGA CAGAATTGGTCCATTTGTCAGGA

570 580 590 600 610 620 these differences are conservative amino acid changes, and
because they did not display variation according to sub-

640 650 660 670 680 690 700 group, this region was not included within hrl. After hrl is a
TGTGCAGACAGTCAAATCCCCCGAAAAACAGTGTGTGGGGGGAGGAGGTATATGGGTTAATCAATCAAAG region of almost complete amino acid homology encompass-

TGTGTGGGGCCGAGGCTTCCCCGAAAGTTGGTGTACAAGCACAGGAGGTATATGGGTTAATCAATCGAAG ing 38 residues. Beginning at position 207 and corresponding630 640 650 660 670 680 690 to bases 5846 to 5917, a second region of variable amino acid
sequence exists, termed hr2. Within hr2 11 of 27 amino acid

710 720 730 740 750 760 770 positions fail to exhibit homology among subgroups. hr2
GAAATTAATGAGACAGAGCCGTTCAGTTTTACTGCGAATTGTACAGGCAGTAATTTAGGTAATGTCAGCG ends at amino acid position 233 and is followed by a

GCAATCAACGAGACAGAACCGTTCAGTTTTACTGCGAATTGTACAGGCAGTAATTTAGGTAATGTCAGCG conserved amino acid sequence up to the end of our se-
700 710 720 730A 740 750 760 quence analysis at amino acid position 280. The variability of
AA

hrl and hr2 within the highly conserved sequence of gp85
780 790 800 810 implicates these two regions in the determination of host

GATGTTGCGGAGAACCGATCACGATTCTCCCACCAGGGGCATGG range. An ancillary role of other amino acid differences such
GATGTTGCGGAGAACCGATCACGATTCTCCCACCAGGGGCATGG as those following hr2 between residues 258 and 277 is also

770 7T0 790 800 possible.
, 2. Comparison of nucleotide sequence of NTRE-4 with that Within hrl the amino acid sequences of the gp85 of
RSV-B. The first base of these sequences corresponds to base subgroups B and E display more homology with each other
n the Pr-RSV-C sequence and the sequence terminates at base than with that of subgroup C. Fourteen of 16 amino acid
This portion of the env gene encodes the 273-amino acid residues shared between any two subgroups are common to
of gp85 shown in Fig. 4. RNase T1 oligonucleotides present
this part of the genome are underlined and numbered subgroups B and B. Five amino acids are homologous

ling to Coffin et al. (3). The sequences corresponding to the among all three subgroups, whereas 11 positions exhibit
ange-specific regions hrl and hr2 are boxed. Triangles delin- subgroup-specific variation. This suggests that the host
he regions within which the recombinition events which range determinants of subgroup B and E viruses are more
ted NTRE-4 must have occurred. closely related to each other than to those 'of subgroup C
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10 20 30 40 50 60
NTRE-4 GCCAGGGAACCTTTGGATTACATGGGCCAACCGTACAGGTCAGACGGATTTCTGCCTCTCTACAC

RAV-0 GAGCAGCCAGGGAACCTTTGGATTACATGGGCCAACCGTACAGGCCAAACGGATTTCTGCCTCTCTACAC
10 20 30 40 50 60 70

04
70 80 90 100 110 120 130

NTRE-4 AGTCAGCCACCTCCCCTTTTCAAACATGTTTGGTAGGTGTCCCGTCCCCTATTTCCGAAGGTGATTTTAA

RAV-0 AGTCAGCCACCTCCCCTTTTCAAACATGTTTGATAGGTATCCCGTCCCCTATTTCCGAAGGTGATTTTAA
80 90 100 110 120 130 140

#4

140 150 160 170 180 190
NTRE-4 GGGATATGTCTCTGATA ATTGCACCACTGTGGGAACTCACCGGTTAGTCTCG AGT GGCATTCCT

RAV-0 GGGATATGTCTCTGATACAAATTGCACCACCTTGGGAACTGACCGGTTAGTCTCGTCAGCCAGCATTACC
150 160 170 180 190 200 210

#9
200 210 220 230 240 250 260

NTRE-4 GACGGCCCTGATAACAGCACAACCCTCACCTATCGGAAGGTTTCATGCTTGTTGTTAAAGCTGAACGTTT

RAV-0 GGCGGCCCTGACAACAGCACCACCCTCACTTATCGAAAGGTTTCATGCTTGCTGTTAAAGCTGAATGTCT
220 230 240 250 260 270 280

#308

#2
270 280 290 300 310 320 330

NTRE-4 CTCTGTTGGACGAGCCATCAGAACTACAACTGCTAGGTTCCCAGTCTCTCCCCAATATAACTAATATTAC

RAV-0 CTATGTGGGATGAGCCACCGGAACTACAGCTGCTAGGTTCCCAGTCTCTCCCTAACATTACTAATATTAC
290 300 310 320 330 340 350

#012
hri

533
340 350 360 370 380 390 400

NTRE-4 TCGGATCCCTAGTGTGGCTGGGGGATGCATAGGCTTTACCCCATACGGTAGTCCGGCTGGCGTTTACGGA

RAV-0 TCAGATTTCTGGTGTAACCGGGGGATGCGTAGGCTTCGCCCCACACTCCAATCCAAGTGGTGTCTACGGG
360 370 380 390 400 410 420

#07

t19 #28
410 420 430 440 450 460 470

NTRE-4 TGGGACCGGAGACAGGTTACTCACATCCTTTTGACCGACCCAGGGAACAATCCTTTCTTTGATAAGGCCT

RAV-0 TGGGGCCGGAGACAGGTTACACACAACTTCTTGATCGCCCCGTGGGTCAATCCTTTCTTTAACAGCGCTT
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FIG. 4. Comparison of amino acid sequences of gp85 of three
20 630 640 650 660 670 680 different subgroups. The amino acid sequence of gp85 of Pr-RSV-C
ACCTGTGGAGATGTGCAGACAGTCAAATCCCCCGAAAAACAGTGTGTGGGGGGAGGAGGTATATGGGTTA is shown in its entirety (10). The deduced amino acid sequences of

ACCTGTGGAGATGTGCAGACAGTCAAATCCCCCGAAAAACAGTGTGTGGGGGGAGGAGGTATATGGGTTA the portion of gp85 determined by this sequence analysis of Pr-RSV-
640 650 660 670 680 690 700 B and RAV-0 are aligned within the Pr-RSV-C sequence. Amino

acids are numbered from the amino-terminal aspartic acid of the
mature gp85 (10). Boxed areas indicate positions in the gp85

90 700 710 720 730 740 750
ATCAATCAAAGGAAATTAATGAGACAGAGCCGTTCAGTTTTACTGCGAATTGTACAGGCAGTAATTTAGG sequence at which all three subgroups have a common amino acid.

,1 .0.
tACTGCGAACTGTACAGCTAGTAATTTGOG

. 0. , 0 ,, ,Hyphens indicate deletions in the aligned sequence. The consensus
ATCAATCAAAGGAAATTAATGAGACAGAGCCGTTCAGTTTTACTGCGAACTGTACAGCTAGTAATTTCGGG

sqec a eie sflos bxdrgosidct oiin710 720 730 740 750 760 770 sequence was derived as follows: boxed regions indicate positions
A A of amino acid homology among all three subgroups; unboxed amino

acid residues are common between any two subgroups; hyphens
60 770 780 790 800 810 mark positions in the consensus sequence where there is no amino
TAATGTCAGCGGATGTTGCGGAGAACCOATCACGATTCTCCCACCAGGOGCATGG acid homology. Hyphens in the consensus sequence thus identify

TAATGTCAGCGGATGTTGTGGAAAAACGATCACGATTCTCCCATCAGGGGCGTGG regions of subgroup-specific divergent amino acid sequence among
780 790 800 810 820 the virus subgroups. Diamonds indicate the regions of the crosso-

3. Comparison of nucleotide sequence of NTRE-4 with that vers which generated the recombinant env gene of NTRE-4.
V-0. The first base of the RAV-0 sequence corresponds to
261 of the Pr-RSV-C sequence and the sequence ends at base role of these variable regions in host range determination by
All conventions are as described in the legend to Fig. 2. interaction with the cellular receptors. hr2 displays more

variation in amino acid sequence between subgroups than
~s. The homology between hrl of subgroup B and hrl hrl, and an obvious relationship between hr2 of different
)group E correlates with the results of genetic analysis subgroups cannot be discerned.
i indicates that subgroup B and E viruses recognize It is interesting that outside of the two variable regions the
ly related receptors (5) and supports the presumptive subgroup E amino acid sequence is more homologous with
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FIG. 5. Topography of the envelope glycoprotein gp85. The upper schematic representation of gp85 shows the positions of hrl and hr2 on

the molecule. The open bar indicates the location of the small region of Pr-RSV-B divergent from that of RAV-0 and Pr-RSV-C. The amino
acid positions are numbered as in Fig. 4. The representations of the gp85 of Pr-RSV-C, Pr-RSV-B, and RAV-0 below indicate the positions
of cysteine and proline residues and of potential glycosylation sites on the protein. The subgroup C-specific gp85 is repesented in its entirety,
whereas the gp85 molecules of subgroup B and E specificity are represented within the region determined by this sequence analysis. Symbols:

, proline; T, cysteine; 0, glycosylation site of the type Asn-X-Thr/Ser.

subgroup C than with subgroup B. This is particularly
striking in the region from amino acids 58 through 76.
Outside of hrl and hr2 20 of 30 amino acids shared between
any two subgroups represent homology between subgroups
E and C. This may be the result of homogenization by
frequent recombination of sequences not required for host
range specificity. It cannot be ruled out, however, that these
sequences are involved in host range determination, but this
would imply that the interaction of subgroup B viruses with
their cellular receptor is different in some way from that of
subgroup E and C viruses.

Alternatively, the divergence of the subgroup B amino
acid sequence may be related to the reported cytopathoge-
nicity of avian leukosis viruses of subgroups B and D. A
study of naturally cytopathic retroviruses of subgroup B
indicated that the absence of superinfection resistance re-

sulted in massive reinfection and cell death, whereas viruses
of subgroups A, C, and E are not cytopathic (29). It has also
been observed that repeated passage of Pr-RSV-B in cul-
tures of chicken cells selects for transformation-defective
variants which are highly cytopathic in culture (4). The
variant viruses have sustained point mutations in oligonucle-
otides 4 and 9 which are located in the 5' region of the env

gene (see Fig. 2). These oligonucleotides encode portions of
the highly conserved amino-terminal portion of gp85. It is
possible that this region of gp85 determines the flexibility of
the protein structure which is necessary for cell membrane-
bound gp85 to interact with adjacent cell surface receptors
and establish superinfection resistance. Conceivably, muta-
tions within the amino-terminal region result in a protein
conformation incompetent to interact in this manner. The
variation of the subgroup B sequence from that of the other
subgroups from amino acids 58 to 76 within this region
suggests a role for these differences in the cytopathic effect
of subgroup B viruses.

Identification of recombinant env sequences in NTRE-4.
Totest the role of hrl and hr2 in host range variation, the
organization of the recombinant env' sequence of NTRE-4
was determined. The gp85-encoding region of NTRE-4 was

generated by two crossovers in the vicinity of bases 5770 and
5970 within regions of high nucleotide sequence homology
(Fig. 2 and 3). Except for a single transition which does not
produce an amino acid difference, the PR-RSV-B and NTRE-

4 nucleotide sequences are completely homologous through
the hrl-encoding region and then diverge for approximately
200 bases before returning to complete homology (Fig. 2).
The 5' end of this divergent region is marked by the presence
of the subgroup E-specific oligonucleotide 06 in the NTRE-4
sequence. When the nucleotide sequence of RAV-0 was

compared with that of NTRE-4, a region of complete homol-
ogy including the hr2-encoding region was found to corre-

spond exactly to the region of divergence from the Pr-RSV-
B sequence (Fig. 3).
Thus, the comparative sequence analysis identified the

recombination events within the env gene which generated
the extended host'range virus, NTRE-4, as two crossovers
within regions of high sequence homology. These led to the
insertion of approximately 200 bases of RAV-0-derived
sequence, including the hr2-encoding region, into sequences
completely homologous to that of Pr-RSV-B. RAV-0-
derived sequence codes for the peptide region beginning
around the arginine residue at position 182 through hr2 to the
vicinity of the asparagine residue at position 255 (see Fig. 4).
Since the host range of NTRE-4 encompasses that of both
parental viruses, the subgroup B- and E-specific regions of
its gp85 must both contribute directly to host range speci-
ficity. The subgroup E-specific portion of gp85 consists only
of hr2, demonstrating a role for this region. The subgroup
B-specific sequences include not only hrl but also the region
from amino acids 58 through 76. For reasons discussed
above, it is more likely that hrl is the region relevant to host
range determination, but confirmation of this point requires
the analysis of in vitro recombinant viruses. In any case,
combination of variable regions is clearly responsible for the
ability of the gp85 of NTRE-4 to recognize both the sub-
group B receptor on chicken cells and the subgroup E
receptor on turkey cells. This recombinant env gene organ-
ization underscores the role of more than one region in
determining host range.
Topography and function of gp85. Figure 5 presents a

schematic diagram of the primary structure of gp85 marking
the positions of cysteine and proline residues and of poten-
tial glycosylation sites as deduced from the nucleotide
sequences of subgroup C, B, and E viruses. hrl (32 amino
acids) and hr2 (27 amino acids) are positioned approximately
in the middle of the protein and are separated by a highly

Pr-C
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conserved region of 38 amino acids. Within the sequence of
gp85 covered by our comparative analysis, there are 12
glycosylation sites of the type Asn-X-Thr/Ser which are
conserved among all three subgroups. In the sequences of all
three subgroups the variable regions are bounded by, but do
not contain, potential glycosylation sites.
The positions of cysteine and proline residues are also

highly conserved throughout gp85. Particularly striking is
the conservation of cysteine and proline residues within the
variable regions. Within hr2 there are two cysteine residues
and one proline residue which are conserved among all three
subgroups. Within hrl, the subgroup B and E sequences
display three common proline residues, whereas a fourth
common proline residue is located immediately adjacent to
the left-hand terminus of hrl. The subgroup C sequence,
which contains less homology with the sequences of the
other two subgroups within hrl, shares a single proline
residue within the variable region and also has the proline
residue located at the left-hand end of hrl. The high degree
of conservation of these topographic markers on gp85 im-
plies their importance in determining the conformation which
gp85 adopts on the virion surface and indicates that the
variable regions of all three subgroups assume similar orien-
tations on the mature glycoprotein.
The conformation of gp85 may expose hrl and hr2 on the

surface of the molecule in a structure similar to that pro-
posed for the hemagglutinin glycoprotein monomer of influ-
enza virus (26). In such a structure, the variable determi-
nants are located side by side at the tops of stem structures,
forming a single binding site which is conformationally free
to interact with receptor molecules. Although the mecha-
nism by which the variable regions on gp85 recognize the
appropriate receptors is unknown, several possibilities can
be envisaged. In a manner similar to that of the hemaggluti-
nin protein, hrl and hr2 may form a single binding site.
Alternatively, a two-step mechanism may be involved in
which one variable region initiates contact with a cell surface
receptor, bringing the second variable region into the proper
orientation to complete the recognition process. The recom-
binant structure of the gp85 of NTRE-4 (hrlB-hr2E) shows
that two variable regions of different subgroups can interact
to recognize both types of receptor. Such an event may be
possible in this instance due to the similarity of the subgroup
E and B receptors and the homology of hrlB and hrlE. In this
regard, it is of interest to note that the variant env sequence
found in a Pr-RSV stock as described by Hunter et al. (10)
contains approximately 180 bases of complete homology
with RAV-0, including the hr2E-encoding region correspond-
ing to bases 5810 through 5975. However, the rest of the
sequence is divergent from that of RAV-0 and Pr-RSV-C and
it is possible that this variant represents a similar type of
recombinant between another avian leukemia virus strain
and endogenous viral sequences. Further insight into the
molecular basis of host range variation will result from the in
vitro construction and analysis of recombinant viruses ex-
pressing novel combinations of hrl and hr2.
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