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To better understand retroviral entry, we have characterized the interactions between subgroup A avian
leukosis virus [ALV(A)] envelope glycoproteins and Tva, the receptor for ALV(A), that result in receptor
interference. We have recently shown that soluble forms of the chicken and quail Tva receptor (sTva),
expressed from genes delivered by retroviral vectors, block ALV(A) infection of cultured chicken cells (;200-
fold antiviral effect) and chickens (>98% of the birds were not infected). We hypothesized that inhibition of
viral replication by sTva would select virus variants with mutations in the surface glycoprotein (SU) that
altered the binding affinity of the subgroup A SU for the sTva protein and/or altered the normal receptor usage
of the virus. Virus propagation in the presence of quail sTva-mIgG, the quail Tva extracellular region fused to
the constant region of the mouse immunoglobulin G (IgG) protein, identified viruses with three mutations in
the subgroup A hr1 region of SU, E149K, Y142N, and Y142N/E149K. These mutations reduced the binding
affinity of the subgroup A envelope glycoproteins for quail sTva-mIgG (32-, 324-, and 4,739-fold, respectively)
but did not alter their binding affinity for chicken sTva-mIgG. The ALV(A) mutants efficiently infected cells
expressing the chicken Tva receptor but were 2-fold (E149K), 10-fold (Y142N), and 600-fold (Y142N/E149K)
less efficient at infecting cells expressing the quail Tva receptor. These mutations identify key determinants of
the interaction between the ALV(A) glycoproteins and the Tva receptor. We also conclude from these results
that, at least for the wild-type and variant ALV(A)s tested, the receptor binding affinity was directly related to
infection efficiency.

The avian leukosis-sarcoma viruses (ALV) are useful for
studying early events in retrovirus infection because they use
distinct cellular receptors to gain entry into cells. ALVs that
infect chicken cells have been divided into six envelope sub-
groups, A through E and J [ALV(A) through ALV(E) and
ALV(J)], based on host range, interference patterns, and
cross-reactivity with neutralizing antibodies (65). Some mem-
bers of these envelope subgroups have also been classified as
either noncytopathic [ALV(A), ALV(C), and ALV(E)] or cy-
topathic [ALV(B) and ALV(D)]. Infection of primary avian
fibroblasts by cytopathic ALVs usually causes a transient cyto-
toxicity that results in the death of 30 to 40% of the cells (66,
67). Replication of some subgroup ALV(B) and ALV(D)
strains in DF-1 cells, a nontransformed cell line derived from
line 0 chicken embryo fibroblasts (CEF), induces a transient
cytotoxicity similar to the cytotoxicity observed in CEF (35,
56). Unexpectedly, some ALV(C) strains induce a transient
cytotoxicity in DF-1 cells. DF-1 cells may be more sensitive
to the cytotoxic effects of ALV(B), ALV(D), and ALV(C)
than are CEF (35). However, not all ALV(B), ALV(D), and
ALV(C) strains induce observable cytotoxicity. The degree of
cytotoxicity in DF-1 cells and CEF appears to be related to the
level of expression of the ALV envelope glycoproteins (56).

The susceptibility of chicken cells to infection by ALV(A) to

ALV(E) strains is determined by three genetic loci designated
tv-a, tv-b, and tv-c. The tv-a receptor controls susceptibility to
ALV(A), the tv-c receptor controls susceptibility to ALV(C),
and the tv-b receptor controls susceptibility to ALV(B), ALV(D),
and ALV(E). Susceptibility or resistance to virus infection is
conferred by alleles at these loci (65). Several cell surface pro-
teins have been identified as ALV receptors. Tva, the receptor
for ALV(A), contains sequences related to the ligand binding
region of low-density lipoprotein receptors (LDLR) (7, 8, 69).
TvbS3, a receptor for ALV(B) and ALV(D) (13, 60), TvbT, a
receptor for ALV(E) (1), and TvbS1, a receptor for ALV(B),
ALV(D), and ALV(E) (2), are all members of the tumor ne-
crosis factor receptor family. The subgroup C receptor has not
yet been identified.

The ALV env gene (Fig. 1A) encodes a precursor polypro-
tein that assembles into a trimer in the endoplasmic reticulum
(39). After transport to the Golgi, the polyproteins are glyco-
sylated and subsequently cleaved to produce two glycoproteins:
the surface glycoprotein (SU), which contains the major do-
mains that interact with the host cell receptor, and the trans-
membrane glycoprotein (TM), which anchors SU to the cell
membrane. The specific interaction of SU with its receptor is
thought to trigger a conformational change in the envelope
glycoprotein trimer necessary for the fusion peptide in TM to
interact with the cell membrane and mediate the fusion of the
viral and cellular membranes. The amino acid sequences of the
ALV(A) to ALV(E) envelope glycoproteins are highly con-
served except for five variable regions in SU (vr1, vr2, hr1, hr2,
and vr3) (Fig. 1B) (11, 12, 22). It should be noted, however,
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that there is some variation in these five regions in individual
ALV env subgroups (33).

Analysis of the different ALV env subgroups suggests that
they evolved from a common ancestor, presumably because of
host resistance (15). The results of several studies of recombi-
nant env genes containing portions of the variable regions from
ALV(B), ALV(C), or ALV(E), suggest that the principal bind-
ing interactions between the host receptor and the envelope
glycoproteins occur in the two major variable regions, hr1 and
hr2 (21, 63, 64). The vr3 region may play a role in receptor
recognition but does not appear to participate in binding spec-
ificity; vr1 and vr2 do not appear to be essential for receptor
specificity. A recent study demonstrated that basic residues in
hr2 were important for efficient receptor interaction, although
multiple basic residue mutations were required to significantly
alter the binding of ALV(A) envelope glycoproteins to Tva and
alter receptor-triggered envelope glycoprotein conformational
changes (18, 52). Basic amino acids in ligands of the LDLR
bind to the cysteine-rich domains of the receptor (50, 68).

It has been proposed that ALV variants with altered host
range may have developed by both point mutations and ex-
change of the hr regions (15). A recent study by Taplitz and
Coffin (61) tested this hypothesis by propagating an ALV(B)

strain, td-Pr-RSV-B, on a mixture of permissive chicken (C/E)
and nonpermissive quail (QT6/BD) cells. The selection for the
ability to replicate in cells that lacked the ALV(B) receptor
produced a variant virus with an extended host range. The
variant virus, which contained two amino acid changes in the
hr1 domain, was able to use both the chicken ALV(B) receptor
and the quail ALV(E) receptor. In a different approach, Hol-
men and Federspiel (37) identified a variant ALV(A) virus
with altered receptor usage by selecting for ALV(A) replica-
tion in chicken DF-1 cells expressing SU(A)-IgG, a soluble
form of the ALV(A) SU domain fused to a rabbit immuno-
globulin G (IgG) tag (72). The TF/SU(A)-19 cell line express-
ing SU(A)-rIgG was highly resistant to ALV(A) infection
(;185,000-fold) compared to DF-1 cells, and the antiviral
effect was specific for ALV(A) strains, consistent with a re-
ceptor interference mechanism. A variant virus resistant to the
SU(A)-rIgG antiviral effect was obtained and contained a
6-amino-acid deletion in the ALV(A) hr1 region. The variant
virus could efficiently infect cells preinfected with another
ALV(A) strain, indicating an altered receptor usage. However,
the binding affinity of the variant virus envelope glycoproteins
for Tva was unchanged. Interestingly, the deleted region in the
ALV(A) variant overlaps the homologous hr1 region mutated

FIG. 1. (A) Schematic representations of the ALV-based RCASBP replication-competent retroviral vector and the major domains of the
envelope glycoproteins. The five regions of amino acid sequence variation (vr1, vr2, hr1, hr2, and vr3) identified by comparing the sequences of
the surface glycoproteins (SU) of ALV(A) to ALV(E) are also shown. (B) Comparison of the amino acid sequences of the two major SU variable
domains, hr1 and hr2, of representative ALV(A) to ALV(E). The sequences were aligned with the ClustalW multiple-sequence alignment program
of MacVector 6.5. Amino acids identical to SR-A are denoted by dots, and gaps in the alignment are denoted by dashes. (C) Comparison of the
amino acid sequences of the quail and chicken Tva receptors homologous to the LDLR cysteine-rich ligand binding domain. Only the amino acid
differences are shown for chicken Tva. The six cysteines are in bold, and the disulfide bonds are indicated by brackets.
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in the ALV(B) variant identified by Taplitz and Coffin (61) and
may indicate that this region of ALV SU hr1 plays a critical
role in receptor specificity. These studies demonstrated that
small changes within the retroviral env gene could alter recep-
tor usage.

Initial characterization of the extracellular domain of the
quail Tva receptor showed that the principal domains of Tva
required for efficient binding to the ALV(A) envelope glyco-
proteins and infection of cells expressing Tva are contained
within the extracellular region of Tva homologous to the
LDLR cysteine-rich ligand binding domain (51, 71). Further
characterization of the quail Tva receptor revealed that the
carboxy-terminal half of the LDLR motif was required for
receptor function (53, 54, 72). The overall structure of the Tva
cysteine-rich region (amino acids 11 to 50 in quail Tva) is
formed by three disulfide bonds (C1-C3, C2-C5, and C4-C6)
between the six cysteine residues (Cys-11, Cys-18, Cys-28, Cys-
35, Cys-41, and Cys-50) (Fig. 1C) (9). Three amino acid resi-
dues (Asp-46, Glu-47, and Trp-48) (54, 72) contained in the
protein loop formed by the C4-C6 disulfide bond, as well as
several other residues in the carboxy-terminal half of this re-
gion (Leu-34, His-38, and Gly-49) (53), have been identified as
critical for efficient interaction between the quail Tva receptor
and ALV(A) in a variety of assays. The chicken Tva receptor
has not been extensively characterized since the complete cod-
ing region of the gene has not been identified (8, 69). However,
the extracellular domain of the chicken Tva receptor was iden-
tified and shown to correspond to amino acids 7 to 83 of the
quail Tva receptor. The carboxy-terminal halves of the cys-
teine-rich domains of the two Tva receptors are identical; how-
ever, the N-terminal regions are only 50% identical (Fig. 1C).

Soluble forms of viral receptors are effective reagents for
characterizing viral envelope glycoprotein-receptor interac-
tions. Soluble forms of the quail Tva receptor are capable of
inducing conformational changes in subgroup A envelope gly-
coproteins that may be similar to receptor-triggered events
required for membrane fusion (19, 31, 32, 34). A soluble re-
ceptor chimera consisting of the leader and first 6 amino acids
of the quail Tva receptor fused to the extracellular region of
the chicken Tva receptor efficiently and specifically blocked
infection of ALV(A) (16). Similarly, a soluble form of the
83-amino-acid extracellular domain of the quail Tva receptor,
produced and purified with a baculovirus expression system,
efficiently bound ALV(A) envelope glycoproteins and spe-
cifically blocked ALV(A) infection (5). We recently showed
that soluble forms of the chicken and quail Tva receptors,
expressed from genes delivered by retroviral vectors, block
ALV(A) infection of cultured chicken cells (;200-fold antivi-
ral effect) and chickens (.98% of the birds were not infected)
(38). The antiviral effect was specific for ALV(A), consistent
with a receptor interference mechanism.

In this study, we tested whether the antiviral effect of soluble
quail Tva could select for resistant viruses. We hypothesized
that virus variants with mutations in SU that reduced the af-
finity for the soluble quail Tva protein and/or had altered
receptor usage would be selected and that these mutations
would identify specific amino acids in subgroup A envelope
glycoproteins critical for productive interaction with the Tva
receptor. A pool of viruses resistant to soluble quail Tva re-
ceptor interference was selected in the chicken DF-1 cell line

expressing quail sTva-mIgG, the extracellular domain of quail
Tva fused to a mouse IgG tag. ALV(A) variants were obtained
with mutations in the subgroup A hr1 region that were capable
of efficiently infecting cells expressing the chicken but not the
quail Tva receptor. The mutations significantly reduced the
binding affinity of the mutant subgroup A envelope glycopro-
teins for quail sTva-mIgG without affecting the affinity for
chicken sTva-mIgG.

MATERIALS AND METHODS

Virus sequence alignment. The deduced amino acid sequences of the SU
regions of ALV(A) to ALV(E) were compared using the ClustalW multiple-
sequence alignment program of MacVector 6.5 (Oxford Molecular Ltd., Oxford,
England). The Schmidt-Ruppin subgroup A strain of Rous sarcoma virus (SR-A;
GenBank accession no. M14901), Prague subgroup C strain of Rous sarcoma virus
(PR-C; GenBank accession no. J02342), Rous-associated virus type 2 (RAV-2;
GenBank accession no. M14902), Schmidt-Ruppin subgroup D strain of Rous sar-
coma virus (SR-D; GenBank accession no. D10652), and Rous-associated virus type
0 (RAV-0; GenBank accession no. M12171) were used in the sequence alignments.

Vector constructions. The construction of the quail stva-mIgG gene in the
CLA12NCO adapter plasmid and the RCASBP(C)stva-mIgG retrovirus has been
described previously (38). The stva-mIgG gene encodes the signal peptide and
83-amino-acid extracellular domain of the quail pg950 Tva cDNA, fused to the
constant region of the mouse IgG heavy chain. The stva-mIgG gene was isolated
as a ClaI fragment from the CLA12NCO/stva-mIgG adapter plasmid and sub-
cloned into the TFANEO expression plasmid (TFANEO/stva-mIgG). The ex-
pression cassette of TFANEO consists of two long terminal repeats derived from
the RCAS vector that provide strong promoter, enhancer, and polyadenylation
sites flanking a unique ClaI insertion site (26, 27). The TFANEO plasmid also
contains a neo resistance gene expressed under the control of the chicken b-actin
promoter and an ampicillin resistance gene for selection in Escherichia coli.

A soluble form of the chicken Tva receptor, encoding the leader and first six
amino acids of quail Tva fused to the extracellular region of chicken Tva (resi-
dues 7 to 83), was described previously (16). The chicken stva-mIgG (ckstva-
mIgG) gene was constructed by replacing the region encoding the quail sTva
domain with the region encoding the chicken sTva domain, isolated as a NcoI-
EagI fragment from pLC126, into the NcoI and EagI sites of CLA12NCO/stva-
mIgG (38). The ckstva-mIgG gene cassette was isolated as a ClaI fragment and
subcloned into the ClaI site of RCASBP(C).

The construction of the RCASBP(A)AP retroviral vector, the ALV-based
replication-competent RCASBP vector with a subgroup A env gene and the
heat-stable human placental alkaline phosphatase (AP) gene, has been described
previously (27–29). The SalI sites flanking the AP gene were made blunt with the
Klenow fragment of DNA polymerase type I (New England Biolabs, Beverly,
Mass.), and the modified fragment was cloned into the SalI site (also made blunt)
of the CLA12 adapter plasmid. The APSal2 gene was subcloned into the
RCASBP(A) vector as a ClaI fragment to produce RCASBP(A)APSal2. The
mutant SU regions were isolated as Asp718-SalI fragments from the pBluescript
KS clones, clone 17 (Y142N), clone 13 (E149K), or clone 22 (Y142N/E149K)
(see Fig. 3), and cloned into the unique Asp718 and SalI sites of the RCASBP
(A)APSal2 vector. The mutation(s) in the env gene of the recombinant RCASBP
(A)APSal2 clones was verified by nucleotide sequence analysis.

Cell culture and virus propagation. DF-1 cells (35, 56), QT6 cells (48) and
CEF derived from 10-day, line 0 embryos (C/E) (3) were grown in Dulbecco’s
modified Eagle’s medium (GIBCO/BRL) supplemented with 10% fetal bovine
serum (GIBCO/BRL), 100 U of penicillin per ml, and 100 mg of streptomycin
per ml (Quality Biological, Inc., Gaithersburg, Md.) at 39°C and 5% CO2. The
generation of the 3T3pg950 cell line, an NIH 3T3 cell line stably transfected
with the quail pg950 Tva receptor cDNA, was previously described (31). The
3T3pg950 cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% calf serum (CS) (GIBCO/BRL), 250 mg of G418 per ml
(GIBCO/BRL), 100 U of penicillin per ml, and 100 mg of streptomycin per ml at
37°C and 5% CO2. The cultures were passaged 1:3 or 1:6 when confluent.

Virus propagation was initiated either by transfection of plasmid DNA that
contained the retroviral vector in proviral form (27) or by direct infection. In
standard transfections, 5 mg of purified plasmid DNA was introduced into DF-1
cells by the calcium phosphate precipitation method (43). Viral spread was
monitored by assaying culture supernatants for ALV capsid protein (CA) by
enzyme-linked immunosorbent assay (ELISA) (59). Virus stocks were generated
from cell supernatants. The supernatants were cleared of cellular debris by
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centrifugation at 2,000 3 g for 10 min at 4°C and stored in aliquots at 280°C.
DF-1 cells transfected with TFANEO or TFANEO/stva-mIgG plasmid DNA
were grown in 500 mg of G418 per ml to select for neomycin-resistant cells. Clones
were isolated using cloning cylinders (Bellco Glass Inc., Vineland, N.J.), expanded,
and maintained with standard medium supplemented with 250 mg of G418 per ml.

DF-1 cell cultures chronically infected with RCASBP(A), RCASBP(B),
RCASBP(C), or HPRS-103 were produced. The RCASBP viruses with subgroup
A, B, and C env genes have been described previously (27). HPRS-103 (GenBank
accession no. Z46390) is an ALV strain with a subgroup J env gene (4) and was
obtained from Michael A. Skinner (Institute for Animal Health, Compton,
Berks., United Kingdom).

ELISA. The ALV CA protein was detected in culture supernatants by ELISA
as previously described (59). The levels of sTva-mIgG and cksTva-mIgG were
determined in culture supernatants by ELISA for the mouse IgG tag as previ-
ously described (38). The linear range for a standard experiment was between 0.5
and 50 ng of ImmunoPure mouse IgG Fc fragment per ml.

Cloning and nucleotide sequence analysis of integrated viral DNA. DNA was
isolated from cells in culture using the QIAamp tissue kit (Qiagen). The SU
region of the env gene was amplified by PCR using either Taq DNA polymerase
(Promega, Madison, Wis.) or Vent DNA polymerase (New England Biolabs)
with the primers 59-GGGACGAGGTTATGCCGCTG-39 (;50 bp upstream of
the Asp718 site) and 59-ATGAGGAAAATTGCGGGTGG-39 (downstream of
the SalI site). Each Taq PCR mixture contained 1.25 ml of 103 PCR buffer (final
concentrations, 50 mM Tris-Cl [pH 8.3], 50 mM KCl, 7 mM MgCl2, and 1.1 mM
b-mercaptoethanol), 1.25 ml of 1.7-mg/ml bovine serum albumin, 0.5 ml of each
deoxynucleoside triphosphate at 25 mM, 0.5 ml of each primer (absorbance at
260 nm 5 5), 6.0 ml of H2O, and 1.0 ml of DNA (genomic DNA, ;100 ng/ml;
plasmid DNA, ;2 ng/ml). The reaction mixtures were heated to 90°C for 1 min,
and the reactions were initiated by the addition of 1.5 ml of Taq DNA polymerase
diluted 1:10 (vol/vol) (0.75 U). Thirty cycles of PCR were carried out as follows:
90°C for 40 s and then 59°C for 80 s. Each Vent PCR mixture contained 1.25 ml
of 103 Vent Pol buffer and 0.125 ml of 1003 acetylated bovine serum albumin
(supplied by the manufacturer), 1.0 ml of each deoxynucleoside triphosphate at
25 mM, 0.5 ml of each primer (absorbance at 260 nm 5 5), 0.625 ml of 0.1 M
MgSO4, 6.0 ml of H2O, 1.0 ml of 50% dimethyl sulfoxide, and 1.0 ml of DNA
(genomic DNA, ;100 ng/ml; plasmid DNA, ;2 ng/ml). The reaction mixtures
were heated to 90°C for 1 min, and the reactions were initiated by the addition
of 0.5 ml of Vent DNA polymerase diluted 1:2 (vol/vol) (0.5 U). Thirty cycles of
PCR were carried out as follows: 90°C for 40 s and then 59°C for 80 s.

The amplified products were separated by agarose gel electrophoresis, and the
1.1-kb product was purified and digested with Asp718 and SalI. The digested
product was cloned into pBluescript KS (Stratagene, La Jolla, Calif.) digested
with Asp718 and SalI. The nucleotide sequences of the SU regions were deter-
mined by the Mayo Clinic Molecular Biology Core on an ABI PRISM 377 DNA
sequencer (with XL upgrade) with a ABI PRISM dRhodamine Terminator
cycle-sequencing ready reaction kit and AmpliTaq DNA polymerase (PE Ap-
plied Biosystems, Foster City, Calif.).

ALV AP challenge assay. In a direct AP challenge assay, DF-1 cell cultures
(;30% confluent) were incubated with 10-fold serial dilutions of the
RCASBP/AP virus stocks for 36 to 48 h at 39°C. In a preadsorption AP challenge
assay, the 10-fold viral serial dilutions were first mixed for 3 h at 4°C with 2 ml
of supernatant containing quail sTva-mIgG and then assayed as above. The assay
for AP activity was described previously (38).

Fluorescence-activated cell sorting (FACS) analysis of envelope glycoprotein
binding to sTva-mIgG. Uninfected DF-1 cells or DF-1 cells infected with either
wild-type or mutant RCASBP(A)AP virus were removed from culture with
Trypsin de Larco (Quality Biological, Inc.) and washed with Dulbecco’s phos-
phate-buffered saline (PBS). The cells were fixed with 4% paraformaldehyde in
PBS at room temperature for 15 min and then washed with PBS. Approximately
106 cells in PBS supplemented with 1% calf serum (PBS-CS) were incubated on
ice for 30 min with supernatant containing either chicken or quail sTva-mIgG.
The cells were then washed with PBS-CS and incubated with 5 ml of goat
anti-mouse IgG (heavy plus light chains) linked to phycoerythrin (Kirkegaard &
Perry Laboratories, Gaithersburg, Md.) in PBS-CS (1-ml total volume) on ice for
30 min. The cell–sTva-mIgG–Ig-phycoerythrin complexes were washed with
PBS-CS, resuspended in 0.5 ml of PBS-CS, and analyzed with a Becton Dickin-
son FACSCalibur using CELLQuest 3.1 software.

Apparent dissociation constant (Kd) calculations. The maximum possible
bound fluorescence for each data set obtained from the FACS binding assays was
estimated by fitting the data via a nonlinear least-squares method to a log logistic
growth curve function: f(y)5M/[1 1 e2r(log x 2 logKd)], where y is the mean
fluorescence, M is the maximum fluorescence, r is the rate, x is the concentration
of sTva-mIgG, and Kd is the dissociation constant, defined as the concentration

of sTva-mIgG at half-maximal binding. The estimated maximum fluorescence
was used to convert the FACS fluorescence bound to a percentage of the
maximum values and plotted against the sTva-mIgG concentration. The statis-
tical significance of the estimated Kd values was determined using multiple t tests
and the Bonferonni correction for multiple testing, where the P values must be
smaller than 0.003 to be considered significant at a 95% confidence level.

RESULTS

Generation of DF-1 cell lines expressing quail sTva-mIgG.
Clonal cell lines expressing quail sTva-mIgG were produced by
calcium phosphate transfection of the expression plasmid
TFANEO/stva-mIgG in DF-1 cells. DF-1 cells are derived from
line 0 (C/E) CEF that do not contain endogenous sequences
closely related to the ALV-based vectors (3), eliminating pos-
sible recombinants between the vector and endogenous vi-
ruses. The cell lines were challenged with RCASBP(A)AP, and
the level of resistance to ALV(A) infection was between 40-
and 250-fold. The TF/sTva-4 cell line had the highest level of
resistance to infection by RCASBP(A)AP in a direct AP chal-
lenge assay. Preabsorption of RCASBP(A)AP with superna-
tant from a confluent TF/sTva-4 culture increased the antiviral
effect to ;15,600-fold (Table 1). The TF/sTva-4 cell line ex-
pressed relatively high levels of quail sTva-mIgG in the super-
natant: 4.6 6 0.2 mg/ml measured by ELISA for mouse IgG.
The level of sTva-mIgG expressed by the TF/sTvaI4 culture did
not vary significantly over a 50-day period.

Selection of RCASBP(A) variants resistant to the quail
sTva-mIgG antiviral effect. To expose the TF/sTva-4 cell line
to a high level of virus yet infect a small number of cells,
TF/sTva-4 cells were challenged with ;5 3 106 infection-form-
ing units (IFU) of RCASBP(A)AP preadsorbed with superna-
tant containing quail sTva-mIgG. Two days after virus chal-
lenge, the culture was split among three plates. On day 4
postchallenge, one of the three plates contained 115 infected
foci as determined by the AP assay. As a control, a cell line
transfected with TFANEO alone was challenged with ;1 and
;10 IFU of RCASBP(A)AP and passaged as above, which
resulted in one plate of each culture with 15 and 256 infected
AP-positive foci 4 days postchallenge. These controls allowed
us to monitor the rate of viral spread from approximately the
same number of infected cells in the absence of sTva-mIgG.
The infected cell lines were passaged, and the supernatants
were assayed for the ALV CA protein by ELISA to monitor
for virus production. In the control cultures, ALV CA protein
levels rose rapidly, reaching peaks 8 to 12 days postinfection

TABLE 1. Relative resistance of TF/sTva-4 to infection by
wild-type and mutant RCASBP(A)AP viruses

Virus
Titer (mean 6 SD) on:

Resistanceb

DF-1 cells TF/sTva-4 cellsa

Wild type (5.3 6 1.9) 3 106 (3.4 6 1.2) 3 102 15,590
E149K (1.3 6 0.1) 3 107 (5.6 6 1.6) 3 103 2,320 (7)
Y142N (7.7 6 1.1) 3 106 (5.4 6 1.2) 3 104 140 (111)
Y142N/E149K (1.2 6 0.2) 3 107 (5.8 6 1.5) 3 105 21 (742)

a Virions were preabsorbed with supernatant from a confluent TF/sTva-4
culture containing sTva-mIgG protein prior to the assay.

b The resistance of TF/sTva-4 cells to virus infection was determined by divid-
ing the mean titer obtained in the control DF-1 cells by the mean titer obtained
for each virus in TF/sTva-4 cells. The fold difference in the resistance of the
mutant viruses compared to wild-type virus is given in parentheses.
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(Fig. 2A). ALV CA protein was not observed in the TF/sTva-4
culture until 16 days postinfection, reaching a peak on day 20
(Fig. 2A). There was a transient period of cytotoxicity in the
infected TF/sTva-4 culture 16 days postinfection. The observed
cytotoxicity was similar to the transient cytotoxicity observed in
DF-1 cultures infected with some ALV(B), ALV(D), and
ALV(C) strains (35, 56). Since wild-type ALV(A) strains do
not induce cytotoxicity and the cultures were negative for other
ALV envelope subgroups as assayed by PCR with subgroup-
specific primers (data not shown), the infected TF/sTva-4 cul-
ture may be producing a mutant virus pool containing ALV(A)
variants which interact with an alternate receptor, resulting in
cytotoxicity.

To determine if the viral population produced by the TF/
sTva-4 culture now had a replication advantage in TF/sTva-4
cells compared to wild-type RCASBP(A)AP, uninfected TF/
sTva-4 cells were challenged with the virus pool from the
infected TF/sTva-4 culture or wild-type RCASBP(A)AP. In
this assay, 0.1 ml of day 24 supernatant was preadsorbed with
sTva-mIgG prior to infection. The cultures were passaged, and
the supernatants were monitored by ELISA for virus produc-
tion. The virus pool produced by the TF/sTva-4 culture (Fig.
2A) had a significant replication advantage over wild-type
RCASBP(A)AP in TF/sTva-4 cells (Fig. 2B).

The selected viruses contain mutations in the hr1 region of
SU. The ;1.1-kb SU coding regions of integrated proviruses
were amplified by PCR from genomic DNA isolated from
the day 16 TF/sTva-4 culture (Fig. 2B) and from a control
TFANEO culture infected with wild-type RCASBP(A)AP
(Fig. 2A). The SU regions were amplified in two different
reactions, one using Taq DNA polymerase and one using Vent
DNA polymerase, to control for any changes that might have
been introduced by PCR. The amplified products were cloned,
and the nucleotide sequence of SU was compiled from 19
control clones and 24 clones isolated from TF/sTva-4 culture

DNA. The deduced amino acid sequence of each clone was
compared to the sequence of the SU region of the paren-
tal virus, RCASBP(A). All of the SU coding regions cloned
from the TF/sTva-4 culture contained changes in the hr1 re-
gion (Fig. 3). There was either a tyrosine (TAT)-to-asparagine
(AAT) mutation at codon 142 (Y142N) (11 clones) or a glu-
tamic acid (GAG)-to-lysine (AAG) mutation at codon 149
(E149K) (12 clones), or both mutations (Y142N/E149K) (1
clone). Several clones contained additional amino acid changes
in SU compared to RCASBP(A). The amino acid sequences of
the SU regions cloned from the control “unselected” viral
population in the TFANEO culture contained significantly
more differences (average of four changes per clone) than
did the sequences in the TF/sTva-4-selected clones (average
of two changes per clone) (Fig. 3). Only one amino acid
change (W101G) was present in a significant proportion of the
controls (13 of 19).

RCASBP(A)AP molecular clones containing the putative
mutations display a resistant phenotype. To determine if the
Y142N, E149K, and Y142N/E149K mutations provided an ad-
vantage for ALV(A) replication in cells expressing quail sTva-
mIgG, we replaced the SU fragment in the wild-type RCASBP
(A)AP molecular clone with the mutant SU fragments con-
taining either the Y142N or E149K mutation or both (Y142N/
E149K) mutations. Wild-type and mutant RCASBP(A)AP
plasmid DNAs were transfected into both DF-1 and TF/sTva-4
cells. The culture supernatants were assayed on DF-1 cells for
infectious virus. In DF-1 cells, the wild-type RCASBP(A)AP
virus and the three mutant viruses produced similar titers of
infectious virus (Fig. 4). To determine if the infected DF-1
cultures produced the expected mutant viruses or revertants,
the SU regions in day 16 genomic DNA of each culture were
amplified by PCR and cloned, and the nucleotide sequences of
10 clones were determined as described above. All of the
clones analyzed contained the expected hr1 mutation(s) with

FIG. 2. Selection of ALV(A) variants resistant to quail sTva-mIgG receptor interference. Viral growth was monitored by ELISA for the ALV
CA protein. (A) TF/sTva-4 cells, a cell line derived from DF-1 cells transfected with the TFANEO/stva-mIgG plasmid and expressing quail
sTva-mIgG protein, were challenged with ;5 3 106 IFU of RCASBP(A)AP preadsorbed with supernatant containing quail sTva-mIgG protein
prior to infection (h). As controls, the TFANEO-alone DF-1 cell line was challenged with ;1 IFU (F) or ;10 IFU (■) of RCASBP(A)AP. The
arrows indicate the 3-day period of transient cytotoxicity observed in the challenged TF/sTva-4 culture. (B) Uninfected TF/sTva-4 cells were
infected with 0.1 ml of day 24 supernatant from the challenged TF/sTva-4 culture (h) and 0.1 ml of supernatant from a TFANEO-alone culture
(F) (see panel A). O.D., optical density.
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no additional second-site mutations (data not shown). In TF/
sTva-4 cells, the Y142N and Y142N/E149K viruses replicated
to high titers, as in DF-1 cells (Fig. 4). However, the E149K
virus produced a lower level of infectious virus in TF/sTva-4
cells than in DF-1 cells (Fig. 4), and there was a prolonged
period of cytotoxicity (13 days), after which the cells recovered
(data not shown). The cytotoxicity phenotype observed during
the selection of variant ALV(A) strains (Fig. 2A) appears to

correlate with the E149K mutation, but only when the virus is
produced in the presence of quail sTva-mIgG in TF/sTva-4
cells.

The hr1 mutations reduce the antiviral effect of quail sTva-
mIgG. The antiviral effect of quail sTva-mIgG on wild-type and
mutant virions was determined as one measure of the interac-
tion of the wild-type and mutant envelope glycoproteins
with the quail Tva receptor. Virions collected from the DF-1

FIG. 3. Identification of ALV(A) variants with env mutations. The SU regions of the env genes of ALV proviruses in genomic DNA isolated
from each infected culture were amplified by PCR and cloned as KpnI-SalI fragments, and the nucleotide sequences were determined. A schematic
of the cloned region is included at the top of the figure. The amino acids are numbered from the start of the mature SU glycoprotein (gp85). The
amino acids contained in the five variable regions are vr1, 64 to 75; vr2, 100 to 105; hr1, 122 to 165; hr2, 199 to 227; and vr3, 261 to 269. The deduced
amino acid sequences of the hr1 and hr2 regions of SU cloned from the sTva-mIgG-selected viral population (clones 1 to 24) and the control
(unselected) viral population (clones C1 to C19) are shown. Clones 1 to 12 and C1 to C9 were amplified by Taq DNA polymerase, whereas clones
13 to 24 and C10 to C19 were amplified by Vent DNA polymerase. Only the differences in amino acid sequence compared to SR-A SU (WT) are
shown. Additional amino acid changes in this region of SU are listed for each clone.
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cultures infected with Y142N, E149K, Y142N/E149K, or wild-
type RCASBP(A)AP were preadsorbed with quail sTva-mIgG,
and the infectious-virus titer was determined on uninfected
TF/sTva-4 cells. Treatment of wild-type RCASBP(A)AP virus
with quail sTva-mIgG in this assay reduced the titer ;15,600-
fold compared to that of untreated virus determined on
DF-1 cells (Table 1). However, preadsorption of the mutant
RCASBP(A)AP viruses with quail sTva-mIgG resulted in sig-
nificantly lower antiviral effects: ;2,300-fold for E149K, ;140-
fold for Y142N, and ;20-fold for Y142N/E149K. Since we
believe that the antiviral effect of sTva-mIgG depends on
competitive binding to the envelope glycoproteins on ALV(A)
virions, the results of this assay suggest that the antiviral effect
of quail sTva-mIgG selected envelope glycoproteins with a
lower binding affinity for quail sTva-mIgG.

Analysis of receptor interference patterns. To determine
if the envelope glycoprotein mutations altered the receptor
usage of the recombinant viruses, we performed receptor
interference assays. Uninfected DF-1 cells and DF-1 cells
chronically infected with subgroup A [RCASBP(A)], subgroup
B [RCASBP(B)], subgroup C [RCASBP(C)] or subgroup J

(HPRS-103) ALVs were used to determine the titers of the
Y142N, E149K, Y142N/E149K, or wild-type RCASBP(A)AP
virus stocks produced in DF-1 cells by the AP assay. The sus-
ceptibility of this panel of cells to a wild-type ALV(A) strain
was demonstrated by RCASBP(A)AP infection (Fig. 4, WT).
Uninfected DF-1 cells and DF-1 cells infected with ALV(B),
ALV(C), or ALV(J) strains were efficiently infected by RCASBP
(A)AP. However, preinfection with ALV(A) inhibited RCASBP
(A)AP superinfection by 5 log units (Fig. 4A), and superinfec-
tion of ALV(B)-infected cells with RCASBP(B)AP or ALV
(C)-infected cells with RCASBP(C)AP produced a 4-log-unit
decrease in titer (data not shown). The three mutant RCASBP
(A)AP viruses propagated in DF-1 cells had receptor interfer-
ence patterns similar to that of wild-type RCASBP(A)AP (Fig.
4A). The only difference that may be significant was that both
the Y142N and Y142N/E149K viruses were somewhat less
efficient at infecting cells infected with ALV(B) or ALV(C)
than were wild-type and E149K viruses.

A very different pattern of receptor interference was pro-
duced when the mutant viruses were propagated in TF/sTva-4
cells expressing quail sTva-mIgG. All three mutant viruses had

FIG. 4. Analysis of the receptor interference patterns of the mutant and wild-type RCASBP(A)AP viruses produced in DF-1 cells 12 days
posttransfection (A) and in TF/sTva-4 cells for the Y142N and Y142N/E149K mutants 12 days posttransfection, and the E149K mutant 24 days
posttransfection (B). Uninfected DF-1 cells (DF-1) and DF-1 cells chronically infected with RCASBP(A) (A), RCASBP(B) (B), RCASBP(C) (C),
or subgroup J HPRS-103 (J) viruses were infected with 10-fold serial dilutions of the culture supernatants, and the titer was determined by the AP
assay. The results shown are an average of three different experiments. Error bars show standard deviations.
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different receptor interference profiles compared to virus pro-
duced in DF-1 cells (Fig. 4B). The E149K virus-infected TF/
sTva-4 culture produced virus that infected the ALV(A)-in-
fected DF-1 cells relatively efficiently (within 10-fold of the
titer on DF-1 cells) and was ;20-fold less efficient at infecting
ALV(B)- or ALV(C)-infected DF-1 cells (Fig. 4B). As de-
scribed above, the E149K virus grew to a much lower titer in
TF/sTva-4 cells than did the other mutant RCASBP(A)AP
viruses, and it induced a prolonged period of cytotoxicity
(data not shown). The Y142N virus-infected TF/sTva-4 cul-
ture produced virus capable of infecting ALV(A)-infected
DF-1 cells ;200-fold more efficiently than did Y142N or wild-
type RCASBP(A)AP propagated in DF-1 cells (Fig. 4). The
Y142N/E149K RCASBP(A)AP virus-infected TF/sTva-4 cul-
ture produced virus capable of infecting ALV(A)-infected
DF-1 cells ca. fivefold more efficiently than did Y142N/E149K
or wild-type RCASBP(A)AP propagated in DF-1 cells (Fig. 4).
These results indicate that the mutations in the ALV(A) en-
velope glycoproteins may alter the receptor usage of the mu-
tant viruses in the presence of quail sTva-mIgG.

The mutant viruses efficiently infect cells expressing the
chicken but not the quail Tva receptor. The inability of the
mutant RCASBP(A)AP viruses propagated in DF-1 cells to
efficiently infect ALV(A)-infected DF-1 cells (Fig. 4A), even
though the mutants were resistant to the antiviral effects of
quail sTva-mIgG (Table 1), presented a conundrum. One pos-
sible explanation may be that virus replication in chicken DF-1
cells and in the presence of quail sTva-mIgG selected envelope
glycoprotein mutants which had lower affinities for the quail
Tva receptor but retained high binding affinities for the
chicken Tva receptor. As an initial test of this hypothesis, the
ability of mutant and wild-type RCASBP(A)AP viruses to in-
fect cells expressing the chicken Tva receptor (chicken DF-1
cells [C/E] and line 0 CEF [C/E]), and cells expressing the quail
Tva receptor (quail QT6 cells [QT6/BD] and mouse NIH 3T3
cells that express the quail pg950 Tva cDNA [3T3pg950]), was
determined. NIH 3T3 cells are not susceptible to efficient in-
fection by ALV because they lack functional receptors. As
shown above, the three mutant viruses infected DF-1 cells as
efficiently as the wild-type RCASBP(A)AP did, as demon-
strated by the AP assay (Fig. 5). Two of the mutant viruses also

infected CEF as efficiently as the wild type did. However, the
Y142N/E149K virus was ca. twofold less efficient at infecting
CEF than the wild-type virus was. Overall, the envelope gly-
coprotein mutations had little or no effect on the efficiency of
the mutant viruses to infect cells expressing the chicken Tva
receptor.

In contrast, the ability of the mutant viruses to infect cells
expressing the quail Tva receptor was reduced and directly
related to the susceptibility of the viruses to the antiviral effect
of quail sTva-mIgG. The Y142N/E149K virus, which was the
least susceptible to sTva-mIgG neutralization, was least effi-
cient at infecting QT6 and 3T3pg950 cells, producing titers
;600-fold lower than those of the wild-type RCASBP(A)AP
(Fig. 5). The Y142N virus, which was more susceptible to
sTva-mIgG neutralization, infected QT6 and 3T3pg950 cells at
;10-fold-lower levels than wild-type virus did. The E149K
virus, which was susceptible to sTva-mIgG neutralization at
a level similar to wild-type virus, infected QT6 and 3T3pg950
cells at near wild-type levels (ca. twofold lower). While the
3T3pg950 cells were susceptible to ALV(A) infection, the ef-
ficiency of wild-type RCASBP(A)AP infection was 200- to
500-fold lower in 3T3pg950 cells than in avian cells (Fig. 5). In
a study where mouse embryonic stem cells were infected by a
similar ALV-based retroviral vector containing a selectable
marker, only one-third of the infected stem cells could be
selected with the appropriate selective agent (70). Therefore, it
seems likely that the low wild-type RCASBP(A)AP titer ob-
tained on 3T3pg950 cells was due, at least in part, to infected
cells producing undetectable levels of AP.

Analysis of the binding affinities of the mutant envelope
glycoproteins for Tva. To determine if the hr1 mutations al-
tered the binding affinities of the mutant envelope glycopro-
teins for the Tva receptors, the Y142N, E149K, Y142N/E149K,
and wild-type RCASBP(A)AP envelope glycoproteins ex-
pressed on DF-1 cells were assayed for binding to chicken and
quail sTva-mIgG by FACS. The sTva-mIgG proteins were pro-
duced by DF-1 cells chronically infected with either the
RCASBP(C)stva-mIgG virus or the RCASBP(C)ckstva-mIgG
virus. The level of sTva-mIgG in the culture supernatants was
quantitated by ELISA for the mouse IgG tag. Uninfected DF-1
cells and DF-1 cells expressing wild-type RCASBP(A)AP en-

FIG. 5. Analysis of the ability of the mutant viruses to use different Tva receptors. Cell lines expressing the chicken Tva receptor, chicken DF-1
cells (DF-1) and line 0 chicken embryo fibroblasts (CEF), or the quail Tva receptor, quail QT6 cells (QT6) and NIH 3T3 cells expressing the quail
pg950 Tva (3T3pg950), were infected with 10-fold serial dilutions of Y142N, E149K, Y142N/E149K, or wild-type RCASBP(A)AP DF-1 virus
stocks, and the viral titer was determined by the AP assay. The results shown are an average of three different experiments. Error bars show
standard deviations.
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velope glycoproteins were incubated with different amounts of
supernatant containing either chicken or quail sTva-mIgG
(0.05 to 51 nM). The sTva-mIgG proteins bound to the cells
were incubated with an antimouse antibody conjugated to phy-
coerythrin, and the fluorescence was quantitated by FACS.
The results were corrected for nonspecific binding of sTva-
mIgG and the secondary antibody by subtracting the level of
fluorescence obtained from uninfected DF-1 cells. Both the
chicken and quail sTva-mIgG proteins bound to wild-type sub-
group A envelope glycoproteins in a concentration-dependent
manner, reaching near-saturable levels of binding at 25 to 50
nM. The maximum mean fluorescence was estimated for each
data set by fitting the data via a nonlinear least-squares method
to a log logistic growth curve function (see Materials and
Methods). The data from four experiments were plotted as the
percentage of the maximum mean fluorescence bound against
the log of the sTva-mIgG concentration (Fig. 6A). From these
data, the binding affinities of the wild-type ALV(A) envelope
glycoproteins for the chicken and quail sTva-mIgG proteins
were estimated to have similar apparent Kd values, 0.51 and
0.31 nM, respectively (Table 2). The Kd values obtained are an
approximation of the equilibrium dissociation constant, since
equilibrium was not maintained during the wash and detection
steps of the FACS binding assay.

The binding affinities of the E149K, Y142N, and Y142N/
E149K envelope glycoproteins for the chicken and quail sTva-
mIgG proteins were estimated in the same way. However, in
contrast to the wild-type envelope glycoproteins having similar
binding affinities for both sTva-mIgG proteins, the binding
affinities of all three mutant glycoproteins for quail sTva-mIgG
were significantly reduced, while near-wild-type binding affin-
ities for chicken sTva-mIgG were retained. Since the mutant
glycoproteins bound the chicken sTva-mIgG with high affinity,
the maximum mean fluorescence was calculated using the data
from the chicken sTva-mIgG binding assays for each mutant
envelope glycoprotein. The data from both the chicken and
quail sTva-mIgG binding assays were plotted as the percentage
of the chicken sTva-mIgG maximum mean fluorescence bound
against the log of the sTva-mIgG concentration (Fig. 6B to D).
The binding affinities of the mutant glycoproteins for chicken
sTva-mIgG were estimated to have apparent Kd values similar
to those of wild-type ALV(A) envelope glycoproteins (Table
2). However, the mutant glycoproteins bound quail sTva-mIgG
at significantly lower affinities than did the wild-type ALV(A)
glycoproteins. The binding affinity of the mutant glycoproteins
for quail sTva-mIgG was directly related to the ability of the
mutant viruses to infect cells expressing the quail Tva receptor;
i.e., the Y142N/E149K envelope glycoproteins had the lowest
binding affinity for quail sTva-mIgG and the Y142N/E149K
virus was the least efficient at infecting QT6 and 3T3pg950
cells.

FIG. 6. Binding of chicken and quail sTva-mIgG to wild-type and
mutant ALV(A) glycoproteins. Uninfected DF-1 cells and DF-1 cells
infected with wild-type RCASBP(A)AP virus (A) or the E149K (B),
Y142N (C), or Y142N/E149K (D) mutant viruses (Fig. 4) were fixed
with paraformaldehyde, incubated with different amounts of the
chicken (E) or quail (■) sTva-mIgG protein, and the envelope glyco-

protein–sTva-mIgG complexes were bound to goat anti-mouse Ig an-
tibody linked to phycoerythrin. The levels of phycoerythrin bound to
the cells were measured by FACS, and the maximum fluorescence was
estimated (see Materials and Methods). The data were plotted as
percent maximum fluorescence bound against sTva-mIgG concentra-
tion. The values shown are an average of four different experiments.
Error bars show standard error.
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DISCUSSION

As we had hypothesized, sTva-mIgG receptor interference
selected SU mutations that significantly reduced the binding
affinity of the envelope glycoproteins for sTva-mIgG. We did
not expect that all three mutant viruses produced in DF-1 cells
would be efficiently blocked from infecting DF-1 cells prein-
fected with ALV(A) strains at levels similar to those of wild-
type virus (Fig. 4A). We believe that selecting for viruses able
to escape from receptor interference produced by quail sTva-
mIgG in DF-1 cells which express the chicken Tva receptor
identified mutants that selectively recognize chicken Tva in
preference to quail Tva. We show that the mutant envelope
glycoproteins retain near-wild-type binding affinities for the
soluble chicken Tva receptor but have significantly lower bind-
ing affinities for the soluble quail Tva receptor (Fig. 6; Table
2). The lower binding affinities of the mutant glycoproteins for
quail sTva-mIgG most probably explain the resistance of the
mutant virus to neutralization by quail sTva-mIgG (Table 1)
and the reduced infection efficiency of the mutant viruses for
cells expressing the quail Tva receptor (Fig. 5). The region of
quail Tva homologous to the LDLR ligand binding domain,
principally the carboxy-terminal half of the region, is thought
to contain the major sites of interaction with ALV(A) envelope
glycoproteins. The chicken and quail Tva receptors are iden-
tical in the carboxy-terminal half of the 40-amino-acid cys-
teine-rich region of the LDLR motif; however, they are only
;50% identical in the amino-terminal half of this region (Fig.
1C) (8). These results indicate that the mutations identify
specific amino acids in ALV(A) SU important for the interac-
tion of SU with the nonconserved amino-terminal region of the
Tva receptor.

Soluble forms of the Tva receptor specifically block ALV(A)
infection (5, 38, 72) and induce conformational changes in the
envelope glycoproteins similar to events thought to be required
for membrane fusion (19, 31, 32, 34). In this study, the binding
affinities of both chicken and quail sTva-mIgG produced in
chicken cells, for ALV(A) envelope glycoproteins expressed on
the surface of infected chicken cells, were estimated to have
apparent Kd values of 0.51 and 0.31 nM, respectively (Table 2).
Since the sTva-mIgG proteins were most probably dimers due to
the IgG tag and the Tva receptor is thought to be a monomer, our
estimate of the binding affinity of ALV(A) glycoprotein for sTva-
mIgG may be lower than the actual binding affinity for mem-
brane-bound Tva. Two other studies have estimated the apparent
dissociation constant of quail Tva for ALV(A) envelope glyco-
proteins by using different assays. One study used a FACS
binding assay to quantitate soluble ALV(A) SU immunoad-
hesin produced in human 293 cells, bound to 293 cells tran-
siently expressing quail Tva (Kd 5 1.5 nM) (72). The other
study used an ELISA-based binding assay to quantitate puri-
fied quail sTva expressed from insect cells, bound to an immo-
bilized epitope-tagged ALV(A) envelope glycoprotein pro-
duced in 293 cells (Kd 5 0.3 nM) (5). In none of the three
studies was an equilibrium maintained in the binding assays,
and therefore the apparent Kd values are only approximations
of the actual dissociation constant. However, despite the dif-
ferences in the three assays, all three studies estimated very
similar apparent Kd values for the binding affinity of the
ALV(A) envelope glycoprotein-quail Tva interaction.

Soluble forms of a variety of viral receptors are effective at
inhibiting viral entry (14, 20, 30, 40, 41, 46, 49, 55, 58, 62).
Several studies have identified and characterized mutant vi-
ruses that are resistant to the antiviral effect of the soluble
receptor (42, 44, 47, 55). Invariably, the resistant viruses have
a reduced binding affinity for the soluble receptor but may or
may not have a reduced affinity for the membrane-bound re-
ceptor compared to wild-type virions. Poliovirus variants resis-
tant to soluble poliovirus receptor showed reduced binding to
soluble and membrane-bound receptors, but the reduced bind-
ing did not alter poliovirus replication (42). Mouse hepatitis
virus variants resistant to soluble mouse hepatitis virus recep-
tor showed reduced binding to only the soluble receptor but
showed near-wild-type binding to membrane-bound receptors
(55). Several human immunodeficiency virus (HIV) variants
resistant to neutralization by soluble forms of the primary
receptor CD4 have been isolated and exhibit lower binding
affinities for soluble and membrane-bound CD4 (44, 47). How-
ever, in addition to the lower receptor binding affinity for CD4,
postbinding changes may be necessary to explain the resistant
phenotype of the HIV variants. For example, since HIV also
requires a coreceptor for efficient entry into cells (39) and since
there are HIV strains that do not require CD4 for entry (23–
25, 36, 45), the mutations in the soluble CD4-resistant HIV
envelope glycoproteins may increase the ability of the virus to
use the coreceptor alone for virus entry. In this study, we show
that ALV(A) variants could be selected with a wide range of
binding affinities for quail sTva-mIgG (Table 2), which directly
correlated with the ability of the viruses to infect cells express-
ing quail Tva (Fig. 5). However, even though the binding af-
finity of the Y142N/E149K envelope glycoproteins for quail
sTva-mIgG was .4,000-fold lower than that of the wild-type
glycoproteins, the mutant virus could still infect cells express-
ing the quail Tva receptor, albeit inefficiently [600-fold lower
than wild-type ALV(A)]. The lower binding affinity of the virus
for the receptor may result in an inefficient conformational
change in the envelope glycoproteins and/or poor recruitment
of additional viral glycoprotein-Tva interactions necessary for
efficient fusion of the viral and cellular membranes.

While the primary mechanism of antiviral resistance of the

TABLE 2. Estimated binding affinities of wild-type and mutant
ALV(A) glycoproteins for soluble forms of the chicken

and quail Tva receptors

Envelope glycoprotein
Apparent Kd (nM)a

Chicken sTva-mIgG Quail sTva-mIgG

Wild type 0.51 6 0.18c,d 0.31 6 0.15c,e

E149K 0.86 6 0.10d,f 9.68 6 2.94e,f

Y142N 0.67 6 0.21d,g 100.4 6 11.7b,e,g

Y142N/E149K 1.16 6 0.13d,h 1469 6 768b,e,h

a The apparent Kd values were estimated by fitting the data (see Fig. 6) via the
nonlinear least-squares method to a log logistic growth curve function as de-
scribed in Materials and Methods. Each result is the mean and standard error of
four experiments.

b The apparent Kd was estimated by extrapolating the data in Fig. 6 to 50%
maximum sTva-mIgG bound.

c These results are not statistically different (P . 0.1).
d These results are not statistically different (P . 0.02).
e Statistical difference of P , 0.0002.
f Statistical difference of P , 0.0001.
g Statistical difference of P , 0.0001.
h Statistical difference of P , 0.0001.
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mutant viruses propagated in DF-1 cells appears to be a change in
the binding affinity of the mutant glycoproteins for quail sTva-
mIgG, the picture appears more complex when the mutant vi-
ruses are propagated in cells expressing quail sTva-mIgG. All
three mutant viruses had an altered pattern of receptor usage
when propagated in TF/sTva-4 cells that express quail sTva-mIgG
than when propagated in DF-1 cells (Fig. 4), and the degree of
altered receptor usage correlated with quail sTva-mIgG binding
affinity (Table 2). We hypothesize that in virions produced by
TF/sTva-4 cells the mutant envelope glycoproteins are complexed
with quail sTva-mIgG that effectively blocks access to membrane-
bound Tva on the target cell, thereby requiring the use of an
alternate receptor for entry. For example, the E149K envelope
glycoprotein binds sTva-mIgG relatively well, and virions carrying
this mutation show the greatest alteration in receptor usage. The
E149K virus also induced a period of cytotoxicity when propa-
gated in TF/sTva-4 cells expressing quail sTva-mIgG, similar to
that seen with some ALV(B), ALV(D), and ALV(C) strains in
DF-1 cells but not with ALV(A) strains (35, 56). One possible
explanation for the alteration in receptor usage is that unique
complexes of the mutant envelope glycoproteins and quail sTva-
mIgG are formed in the TF/sTva-4 cells as the proteins are pro-
cessed in the endoplasmic reticulum and Golgi. Virions produced
with envelope glycoproteins from these complexes may have lost
receptor specificity due to envelope glycoprotein preactivation
(e.g., they may have undergone a partial conformational change)
and may be capable of infecting cells by interacting with a variety
of cell surface proteins. Several other studies demonstrated that
prebinding soluble forms of Tva to ALV(A) virions produced
activated viruses capable of infecting Tva-negative cells (10, 17,
60). Viral envelope preactivation has also been proposed for the
observed enhancement of infection of CD4-negative cells by
some HIV and simian immunodeficiency virus variants pread-
sorbed with soluble CD4 (6, 57).

A variety of selective forces, including development of re-
sistance to viral entry by the host, are probably responsible for
retroviruses evolving to use different receptors. The highly
conserved ALV envelope glycoprotein subgroups are presum-
ably a result of these selective forces. We believe that our
model system can mimic the adaptation of ALV to blocks in
viral entry provided by the selective pressure of receptor in-
terference, either with soluble forms of the Tva receptor (this
report) or with SU (37). Using this system, key interaction
determinants of both Tva binding affinity and receptor speci-
ficity have been identified in the hr1 region of ALV(A) SU.
The selection of variant ALV(A) strains with quail sTva-mIgG
in chicken cells further restricted the receptor use of the mu-
tant ALV(A) strains to the chicken Tva receptor. This result
highlights the importance of differences in homologous recep-
tor proteins on virus evolution and adaptation between species.
We also conclude from these results that at least for the wild-
type and variant ALV(A) strains tested, the receptor binding
affinity was directly related to infection efficiency.
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