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The epitope specificities and functional activities of monoclonal antibodies (MAbs) specific for the murine
leukemia virus (MuLV) SU envelope protein subunit were determined. Neutralizing antibodies were directed
towards two distinct sites in MuLV SU: one overlapping the major receptor-binding pocket in the N-terminal
domain and the other involving a region that includes the most C-terminal disulfide-bonded loop. Two other
groups of MAbs, reactive with distinct sites in the N-terminal domain or in the proline-rich region (PRR), did
not neutralize MuLV infectivity. Only the neutralizing MAbs specific for the receptor-binding pocket were able
to block binding of purified SU and MuLV virions to cells expressing the ecotropic MuLV receptor, mCAT-1.
Whereas the neutralizing MAbs specific for the C-terminal domain did not interfere with the SU–mCAT-1
interaction, they efficiently inhibited cell-to-cell fusion mediated by MuLV Env, indicating that they interfered
with a postattachment event necessary for fusion. The C-terminal domain MAbs displayed the highest neu-
tralization titers and binding activities. However, the nonneutralizing PRR-specific MAbs bound to intact
virions with affinities similar to those of the neutralizing receptor-binding pocket-specific MAbs, indicating
that epitope exposure, while necessary, is not sufficient for viral neutralization by MAbs. These results identify
two separate neutralization domains in MuLV SU and suggest a role for the C-terminal domain in a
postattachment step necessary for viral fusion.

The murine leukemia virus (MuLV) envelope proteins con-
sist of SU (gp70) and TM (transmembrane [p15E]), two sub-
units that exist on the virion surface as trimeric complexes (22,
50) of disulfide-linked heterodimers (56). The SU subunit is
responsible for binding to the cell surface receptor (10, 14),
which for ecotropic MuLV is the cationic amino acid trans-
porter, mCAT-1 (1, 26). Receptor binding by ecotropic SU has
been mapped to the amino-terminal 236 amino acids, and
this region is therefore called the “receptor binding domain”
(RBD) (19). While much of this amino-terminal domain is well
conserved among all MuLVs regardless of receptor usage, the
RBD contains three variable regions (VRA, VRB, and VRC)
that are relatively conserved only among MuLV envs that use
the same receptor (13, 27, 46, 63). Structural and mutational
studies of the ecotropic RBD have identified a putative recep-
tor-binding pocket in VRA that includes the five residues S84,
D86, R85, R97, and W102 (2, 8, 13, 36), consistent with ob-
servations that VRA plays a dominant role in receptor choice
(41).

Despite considerable effort spent generating MuLV-specific
monoclonal antibodies (MAbs), relatively few such MAbs have
been well characterized, and these studies have not provided
detailed information about the structure and function of
MuLV Env (7, 34, 37, 43, 57, 58, 62). Two rat MAbs have been
described that have potent neutralization activity against
MuLV. 35/56 was isolated from a W/Fu rat immunized with
AKR ecotropic MuLV and was type specific for a class of

endogenous MuLVs related to Akv (44, 49). Its reactivity
strongly correlated with the GIX epitope, originally defined as
an inherited Mendelian marker present on thymocytes of cer-
tain strains of mice and subsequently shown to be present on
endogenously expressed MuLV Env proteins (48, 64). The
35/56 epitope was roughly mapped to the C-terminal domain
of gp70 by biochemical fragmentation analysis (55). An inde-
pendently isolated rat MAb, 83A25, was broadly reactive with
a C-terminal epitope present on the envelope glycoproteins
of many ecotropic, polytropic, xenotropic, and amphotropic
MuLVs (12), but absent from both the Rauscher and Friend
isolates.

The present study describes new MAbs specific for sites in
the RBD or proline-rich region (PRR) of Friend SU, isolated
from mice immunized with a recombinant fusion protein con-
sisting of the first 263 residues of Friend SU joined to the
V1/V2 domain of human immunodeficiency virus type 1
(HIV-1) gp120. The transgenic XenoMouse G2 strain, which
produces fully human antibodies (20, 39), was used to isolate
most of the new MAbs described in this study. These mice have
been engineered by functionally inactivating the murine heavy
chain and kappa light chain immunoglobulin loci and incorpo-
rating megabase-size inserts of human DNA carrying immu-
noglobulin heavy chain and kappa light chain loci that express
the majority of the human antibody repertoire. Although the
original impetus of the experiments described here was to
generate human MAbs against the HIV-1 domains of these
proteins, most of the MAbs generated were directed against
epitopes within native MuLV SU. The epitope specificity and
functional activity of a number of these novel MuLV SU-
specific MAbs, including two directed against a neutralization
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site in the RBD, are described. In addition, the C-terminal
domain epitopes recognized by the neutralizing rat MAbs
35/56 and 83A25 are defined more precisely, and the mecha-
nisms by which these MAbs neutralize MuLV are addressed.

MATERIALS AND METHODS

Purification of recombinant proteins and MAbs. The recombinant MuLV SU
truncation protein and MuLV–HIV-1 fusion proteins were expressed from the
human cytomegalovirus promoter as described previously (52). The truncation
protein contained the first 263 residues of Friend clone 57 MuLV SU. The
MuLV–HIV-1 fusion proteins joined a 96-amino-acid fragment encompassing
the V1/V2 domain of the CaseA2 (65) or SF162 (6) isolate of HIV-1 SU to the
C terminus of the 263-residue N-terminal fragment of MuLV SU. These recom-
binant proteins contained a polyhistidine affinity tag that was used to purify these
proteins on Ni�2-nitrilotriacetic acid resin, as described previously (52). The
purity of the fusion proteins was assessed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by Coomassie staining, and
their concentration was determined by A280, assuming an extinction coefficient of
1.0.

MAbs were purified from hybridoma cell supernatants with GammaBind G
Sepharose or protein A Sepharose Fast Flow (Amersham Pharmacia Biotech
AB) according to the manufacturer’s recommendations. The purity and concen-
tration of purified MAbs were assayed as described above, except that an ex-
tinction coefficient of 1.35 (17) was used. The MuLV SU-specific rat MAbs 35/56
(44) and 83A25 (12) have been described previously. The HIV-1 SU-specific
human MAb 5145a (53) and the MuLV p12gag-specific rat MAb 10BA10 (23)
were produced in this laboratory. The MuLV TM-specific MAbs 42/114 (16) and
10CE11 (33) have been described previously. Goat polyclonal sera raised to
Rauscher MuLV SU or CA were purchased from Quality Biotech, Camden, N.J.

The Friend, Friend S84I, PVC211 (21, 60), and PVC211 D86A RBD proteins
were provided by J. Cunningham (Harvard Medical School). Friend S84I has the
Friend RBD sequence with an isoleucine substitution for serine at residue 84,
and PVC211 D86A is the RBD of the Friend-derived PVC211 clone containing
an alanine substitution for aspartate at residue 86 (8). Full-length soluble MuLV
SU was purified from virus particles by lectin affinity chromatography essentially
as described previously (59). The purity and concentration of this MuLV SU
were determined as described above.

Cell lines. XC rat sarcoma cells, Chinese hamster ovary (CHO), mouse NIH
3T3 fibroblasts, human 293 fibroblasts, mouse Sp2/0 myelomas, and all hybrid-
omas were cultured in cDMEM (Dulbecco’s modified Eagle’s medium [Gibco]
supplemented with 10% fetal bovine serum [Sigma, St. Louis, Mo.] and penicil-
lin-streptomycin [Gibco] at 100 �g/ml) unless otherwise indicated. 293 cells
expressing mCAT-1t (293.mCAT) (9) were provided by James Cunningham and
were cultured as described above under G418 selection.

Viruses. NIH 3T3 cells chronically infected with MuLVs of either ecotropic
Friend clone 57 (15), Moloney clone 1 (40), AKR.623 (35), or an infectious
mutant of Friend clone 57 containing a seven-residue insertion at position 243 of
SU (24) were prepared by transfection of cDNA clones of these viruses into NIH
3T3 cells and passage of the cells until infection approached 90% as assayed by
immunofluorescence. Culture supernatants from these cell lines, clarified by
low-speed (3,000 rpm) centrifugation and filtration through a 0.8-�m-pore-di-
ameter filter (Nalgene), were used as the source for virions. For assays using
concentrated virus (enzyme-linked immunosorbent assay [ELISA] and Western
blot), the viral supernatant was concentrated by centrifugation at 22,000 � g at
4°C for 2 h followed by resuspension of the pellet in phosphate-buffered saline
(PBS).

To produce MuLV-luciferase pseudotypes, 293 cells (2.5 � 106 in a 100-mm-
diameter plate) were transfected with a mixture of three plasmids by using
Fugene-6 reagent (Roche Biochemicals, Indianapolis, Ind.) as described previ-
ously (61). The plasmids were (i) an MuLV gag/pol expression plasmid con-
structed by cloning an AflII-SacI fragment (nucleotides 642 to 5820) from Friend
FB29 MuLV (25) into pcDNA3.1/Zeo (�) (Invitrogen); (ii) an MuLV env
expression plasmid consisting of the MuLV env gene (a 2,349-bp XbaI-EcoRV
fragment) of interest in pcDNA3.1/Zeo (�); and (iii) a pBABE-luciferase plas-
mid prepared by moving the luciferase gene from pSP-luc� (Promega) into
pBABE-Puro (42). Forty-eight hours posttransfection, the culture supernatant
was harvested and clarified by filtration (0.45-�m pore diameter).

MuLVs bearing Friend 57/AKR.623 chimeric Envs were prepared by utilizing
existing or newly created convenient restriction sites in both sequences. Silent
mutations were introduced into the AKR.623 sequence via PCR mutagenesis in
order to introduce sites present in the Friend 57 sequence. These included

modification of an existing AKR BstEII site (G to C at nucleotide 1350) and
creation of PstI (T to C at nucleotide 1615 and A to G at nucleotide 1617) and
BsaAI (C to G at nucleotide 1254) sites (nucleotide numbering from the A of the
initiation codon of AKR.623 env). The following restriction fragments were
cloned from this AKR.623 sequence into an EcoRV-PstI fragment of Friend
clone 57 env in pSP72 (Promega, Madison, Wis.): (i) AvrII-PstI (amino acids 328
to 514), (ii) AvrII-BsaAI (amino acids 328 to 393), (iii) AvrII-BstEII (amino acids
328 to 426), (iv) BsaAI-BstEII (amino acids 393 to 426), and (v) BstEII-PstI
(amino acids 426 to 514). The amino acid numbering begins at the N-terminal
alanine of Friend 57 SU, and the chimeras are illustrated in Fig. 1. The resulting
plasmids were verified by sequencing. The chimeric fragments were cloned into
a two-long terminal repeat MuLV genomic plasmid (24) in pSP72. The resultant
proviral plasmids were transfected into NIH 3T3 cells, and MuLV infection was
monitored by immunofluorescence.

MuLV neutralization assays. Neutralization of infectious MuLV was quanti-
tated with an immunofluorescence-based strategy essentially as described in
reference 23. Percent neutralization was calculated as [1 � (% infection/%
infection of control wells)] � 100. The 50% neutralization dose (ND50) is defined
as the concentration of MAb that reduced the number of infected cells by 50%.

For luciferase assays, MuLV-luciferase pseudotypes were used to infect NIH
3T3 cells plated the day before at 2 � 104 cells per well in 24-well plates. The
NIH 3T3 cells were treated with Polybrene (Sigma; final concentration, 4 �g/ml)
prior to infection. A dilution of the MuLV-luciferase pseudotype previously

FIG. 1. Mapping of the 35/56 and 83A25 epitopes. (A) Black rect-
angles indicate sequences from Friend clone 57 MuLV SU, and white
rectangles indicate sequences from AKR.623 MuLV SU. Residue
numbers (derived from the Friend sequence) are indicated above the
bars. Only the SU sequence is shown. NIH 3T3 cells infected with
MuLVs bearing these chimeras were assayed for 35/56 and 83A25
reactivity by immunofluorescence. �, positive reaction between anti-
body and infected cells; �, no reaction. (B) Sequence alignment for
various MuLV SUs from residues 390 to 425. The primary amino acid
sequence for AKR.623 is shown at the top. A dash indicates conser-
vation; polymorphisms are indicated by the corresponding residue
letter. Reactivity with 35/56 or 83A25, based on data taken from
references 12 and 55, is indicated on the right. An N-linked glycosyl-
ation site present in some sequences is underlined.
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determined to yield �20,000 relative light units (RLU) was incubated with serial
dilutions of antibody for 1 h at 37°C. The MuLV-luciferase-antibody mixture was
added to the cells, incubated overnight, and removed the next day by aspiration
and replaced with cDMEM. Three days postinfection, the cells were harvested
for measurement of luciferase as previously described (28). All samples were
tested in triplicate. Percent neutralization is calculated as [1 � (RLU of treated
wells/RLU of control wells)] � 100.

Immunizations and production of MAbs. For immunizations, the recombinant
MuLV(1-263)/HIV-V1/V2 SU proteins were formulated in RAS monophospho-
ryl lipid A-Squalene adjuvant (RIBI Immunochemicals, Inc.), and animals were
primed by subcutaneous injection at a dose of 25 �g/kg of body weight. Booster
immunizations consisting of 5-�g/kg doses of the same antigen and adjuvant
were administered subcutaneously at 3-week intervals. Animals were bled 7 to 8
days postboost, and the titers were determined by ELISA against the recombi-
nant SU protein used for the immunogen.

Four days following a final intraperitoneal booster immunization with the
antigen in PBS, animals were sacrificed, and splenocytes collected by gentle
disruption of lymphoid tissue in DMEM. The splenocytes were combined with
Sp2/0 mouse myeloma cells and fused by stirring in a solution of 50% polyeth-
ylene glycol 1450–10% dimethyl sulfoxide (Sigma) in PBS. The fused cells were
washed with DMEM and resuspended in a rich selection medium—HAT selec-
tion media supplemented with recombinant interleukin 6 (Roche Biochemicals)
and OPI (Sigma) (17)—and then transferred to 96-well culture plates (typically
30 plates per fusion). When the colonies were visible by eye, culture supernatants
were screened for immunogen-specific antibodies by ELISA. Positive hybrid-
omas were passaged and rescreened. Hybridomas that remained positive were
cloned by limiting dilution.

Immunoassays. ELISAs (53) and Western blot assays (54) were performed
essentially as described previously. Fluorescence-activated cell sorting (FACS)
assays to detect MuLV binding were based on a previously published protocol
(68). 293 or 293.mCAT cells were detached with trypsin-EDTA (Celltech), and
a total of 5 � 105 cells were incubated with 1 ml of pseudotyped MuLV particles
at 4°C for 2 h with gentle agitation. Cells were washed with 1 ml of ice-cold 10%
fetal bovine serum in PBS (FACS buffer) and resuspended in polyclonal goat
anti-Rauscher SU serum diluted 1:250 in FACS buffer. Cells were incubated for
1 h at 4°C, washed again, and incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-goat immunoglobulin G (Zymed) at 5 �g/ml in FACS buffer.
After a half-hour incubation at 4°C, cells were washed again, fixed in 4% para-
formaldehyde in PBS, and analyzed by flow cytometry with a FacsCalibur flow
cytometer (Becton Dickson) and associated software. For MuLV binding inhi-
bition, MuLV pseudotypes were incubated with anti-SU antibodies for 1 h at
37°C prior to addition to receptor-expressing cells.

Assay of MuLV-induced fusion. Syncytium formation of XC cells was assayed
essentially as described previously (49). Briefly, the MuLV supernatant was
incubated with various concentrations of antibody for 1 h at 37°C prior to
addition to XC cell monolayers. After 2.5 h, the cells were washed, fixed with
methanol, and stained with cresyl violet. Syncytia were quantitated by counting
the number of fused cells containing more than four nuclei in four equal areas,
representing �1,500 cells for each data point.

MuLV SU binding assays. Purified MuLV SU (50 �g of total protein) was
labeled with 125I by using a Bolton-Hunter reagent kit (ICN). A typical labeling
reaction resulted in SU with a specific activity of 103 cpm/ng. For binding
analysis, 30 ng of labeled SU was added to 5 � 105 293.mCAT cells and
incubated for 1.5 h at room temperature. The cells were pelleted and washed
three times with DMEM plus 5% fetal bovine serum to remove unbound label.
Bound SU was then quantitated with a gamma counter.

Immunoprecipitation. Radiolabeled immunoprecipitation and SDS-PAGE as-
says were performed essentially as described previously (51). For virion precip-
itation assays, supernatant medium containing labeled virions was first applied to
a Sephacryl S-1000 Superfine (Pharmacia) column to remove any soluble SU
from intact virions. Virions were collected in the void volume and used in the
precipitation assay, with or without prior solubilization with 0.5% Nonidet P-40
(NP-40). Quantitation of labeled MuLV CA was performed with a Storm 850
PhosphorImager and ImageQuant software (Molecular Dynamics).

RESULTS

Epitope mapping of C-terminal MAbs 35/56 and 83A25.
Two potently neutralizing rat MAbs, 35/56 and 83A25, have
previously been shown to recognize epitopes in the C-terminal
domain of SU (12, 55). The disulfide dependence of their

epitopes was demonstrated by Western blotting, and the re-
activity of these MAbs with SU from AKR.623 and Friend
clone 57 virions was analyzed by ELISA (Table 1). As previ-
ously reported, both 35/56 and 83A25 reacted with ecotropic
AKR.623 SU, while neither MAb reacted with Friend clone 57.
Taking advantage of this specificity, chimeras between Friend
and AKR SUs were used to map determinants of the 35/56
and 83A25 epitopes. Segments of the Friend SU C-terminal
domain were replaced with homologous sequences from
AKR.623, and the resultant chimeric SUs were assayed for
biological function and immunoreactivity. Each of the chimeric
Envs was able to mediate MuLV infection as efficiently as
wild-type Friend Env (4). Substitution of residues 393 to 426
from AKR.623 was sufficient for expression of both the 35/56
and 83A25 epitopes (Fig. 1A), indicating that their type spec-
ificities were determined by sequences in this region and sug-
gesting that both MAbs were directed against sites in this
region of SU. A sequence comparison of this region from a
number of SUs that had been typed for these two epitopes
revealed several polymorphisms that may account for the dif-
ferential expression of these epitopes (Fig. 1B). The closest
sequence to AKR.623 and MCF-247, the only isolates reactive
with 35/56, was Moloney ecotropic clone 1. There were only
two differences among these sequences in this region: a T-to-M
change at 393 and a D-to-N change at 410, which generated an
N-linked glycosylation site in Moloney SU that was absent in
the AKR protein. The T393 residue of AKR.623 was present in
two of the nonreactive sequences (Friend and Rauscher), while
the D residue at 410 was replaced by N for all of the nonre-
active sequences. This suggests either that D410 was necessary
for the 35/56 epitope or that the creation of the N-linked
glycosylation site by the D-to-N substitution at this position
resulted in blocking of this epitope. For 83A25, three consis-
tent differences were found between the reactive and nonre-

TABLE 1. Characterization of SU-specific MAbs in this study

MAb MuLV recognized
by MAba

Reactive with
reduced SUb

Neutralization
activityc

35/56 AKR, MCF 247 No �
83A25 Broadly reactive No �
4.3 Friend 57 No �
59C9 Friend 57 No �
3.3 Friend 57 Yes �
2.1 Friend 57 Yes �
2.4 Friend 57 Yes �
4A1 Friend 57 Yes �
11B6 Friend 57 Yes �
13B3 Friend 57 Yes �
5F1 Friend 57 Yes �
28G12 Friend 57 Yes �
J16 Friend 57 Yes �
M19 Friend 57 Yes �
3.2 Friend 57, Moloney clone 1 Yes �
3.5 Friend 57, Moloney clone 1 Yes �
3.6 Friend 57, Moloney clone 1 Yes �

a 35/56 reactivity was taken from reference 55, and 83A25 reactivity was taken
from reference 12. Reactivity of new MAbs was assayed against pelleted Friend
clone 57, Moloney clone 1, AKR.623, and amphotropic (4070A) and polytropic
MCF.247 MuLVs by ELISA.

b All MAbs were assayed against reduced and nonreduced Friend clone 57 SU
(novel MAbs) or AKR.623 SU (35/56 and 83A25) by Western blotting.

c As determined by immunofluorescence-based MuLV neutralization assay.
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active sequences, at positions 397 (S versus N), 406 (T versus
A), and 411 (L versus R). More complete mapping of these
epitopes will be presented elsewhere.

Generation of new MuLV SU-specific MAbs. A recombinant
protein consisting of the N-terminal 263 amino acids of the
Friend MuLV SU joined to the V1/V2 domain of the HIV-1
SU protein, MuLV(1-263)/HIV-V1/V2 (25), was used to im-
munize rats and XenoMouse G2 animals. The resulting im-
mune response was monitored by ELISA versus the SU fusion
protein used as the immunogen. Typically, serum titers pla-
teaued after three to four booster immunizations (data not
shown). Hybridomas were generated and screened by ELISA
initially against MuLV(1-263)/HIV-V1/V2 to identify hybrid-
omas producing MAbs against the immunogen and then
against MuLV(1-263) and MuLV(1-33)/HIV-V1/V2 proteins
to map the epitopes to either the MuLV or HIV SU sequences.

The MuLV-derived region of the immunogen was immuno-
dominant: of 38 hybridomas isolated, thirty two (84%) were
MuLV specific (4). The six MAbs specific for the HIV-V1/V2
sequence did not react with native HIV-1 SU by ELISA (data
not shown), indicating that they were specific for epitopes
unique to the immunogen or for nonnative structures of the
HIV-1 V1/V2 domain. In contrast with these results, immuni-
zation of XenoMouse G2 animals with a recombinant HIV-1
SU did yield a large number of HIV-1 SU-specific MAbs,
including MAbs against native V1/V2 epitopes (18).

Characterization of MuLV SU-specific MAbs. The MuLV
(1-263)-specific MAbs all reacted with native SU protein pu-
rified from Friend MuLV virions (4). All of the MAbs reacted
with intact Friend MuLV by ELISA, and three antibodies (3.2,
3.5, and 3.6) also recognized Moloney ecotropic virions (Table
1). None of the antibodies reacted with AKR.623, amphotropic
4070A, or polytropic MCF-247 virions, nor did they react with
control material from uninfected NIH 3T3 cells. All of the
antibodies reacted with SU in Western blot assays, as did a
commercial polyclonal serum raised to MuLV SU (24). Two
antibodies, 4.3 and 59C9, recognized epitopes sensitive to re-
duction of disulfide bonds by dithiothreitol (DTT), while the
reactivity of the remaining XenoMouse MAbs was not affected
by DTT treatment (Table 1).

Epitope mapping of novel SU-specific antibodies. The epi-
topes recognized by the MAbs generated in this study were
mapped against a panel of recombinant proteins and peptides
based on Friend clone 57 SU and a functional mutant Friend
SU protein with a seven-residue insert at position 243-244 (Fig.
2 and Table 2).

By virtue of their reactivity with these antigens, the new
MAbs could be classified into three groups (Table 2). The two
disulfide-dependent MAbs, 4.3 and 59C9, were both sensitive
to the S84I substitution in Friend RBD, but not to the D86A
substitution in PVC211 RBD, suggesting that S84 is a contact
site for these antibodies. The S84 and D86 residues have
been identified as components of the binding pocket for the
mCAT-1 receptor (8). It is possible that the S84I mutation
caused gross misfolding of Env and that this accounted for the
lack of recognition by these MAbs. However, it has been re-
ported that this mutant Env was processed normally and in-
corporated into virions at wild-type levels, suggesting that the
S84I mutant was properly folded (8). These data indicated that
the 59C9 and 4.3 antibodies recognized the same or highly

related discontinuous epitopes, which possibly included at least
one residue involved in the binding of SU to its receptor.
Because these two MAbs had neutralizing activity against
Friend clone 57 MuLV (see below), this group was termed
“RBD specific, neutralizing.”

Five other MAbs were also RBD specific, in that their re-
activities were not affected by truncation at residue 236 or by
the 7-amino-acid insertion at residue 243 (Table 2). Unlike the
first group, the reactivities of these antibodies were not af-
fected by the S84I substitution, and they all reacted with re-
duced SU protein (Table 1). These MAbs did not neutralize
MuLV (see below), and thus this group was termed “RBD
specific, nonneutralizing.”

Reactivity by the third class of MAbs was abolished by the
truncation of the N-terminal domain of SU at residue 236 and
by the insertion between residues 243 and 244 (Table 2). These
data indicated that sequences located in the PRR between
residues 236 and 263 contributed to these epitopes and sug-
gested that they spanned residues 243 and 244. The MAb panel

FIG. 2. Antigens used for ELISAs to map SU-specific MAbs. (A)
Black rectangles represent sequences derived from MuLV SU, and the
letter H represents a six-histidine affinity tag. Amino acid numbers
are given above the bars, and single-amino-acid differences from the
Friend clone 57 sequence are indicated. The Friend SU bearing an
insert between residues 243 and 244 has been described previously
(24); viruses bearing this mutation are infectious. (B) Two synthetic
peptides based on the Friend clone 57 MuLV SU PRR are shown:
a 20-mer, 226-245, and a 25-mer, 229-253, which is shaded. The se-
quences are aligned, and the corresponding residue numbers of Friend
SU are indicated. A schematic of Friend SU below the peptides shows
the domain organization of SU. C-term., C-terminal domain.
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was tested for reactivity against two overlapping synthetic pep-
tides based on the Friend clone 57 sequence (Fig. 2B). As
expected, none of the RBD-specific MAbs reacted with either
peptide. The remaining seven MAbs all recognized the 229-253
peptide (Table 2), corresponding to the N-terminal portion of
the PRR, but not the overlapping 226-245 peptide, indicating
an important role for residues 246 to 253 in the structure of
this epitope. Because none of the MAbs that recognized the
229-253 peptide neutralized MuLV, this group of MAbs was
termed “PRR specific, nonneutralizing” (Table 2).

Neutralization of Friend MuLV by SU-specific antibodies.
The complete panel of novel MAbs was assayed for neutral-
ization against Friend clone 57 MuLV by using a previously
described immunofluorescence assay (4). Only two of these
MAbs, 59C9 and 4.3, had neutralizing activity, both with ND50s
of approximately 1 �g/ml. These two MAbs were both specific
for disulfide-dependent epitopes in the RBD and dependent
on the S84 residue.

Neutralization by these antibodies was also assayed with
MuLV luciferase reporter viruses bearing either wild-type
Friend clone 57 Env or a chimeric Env comprising the first 328
residues from Friend clone 57 with the remaining residues
from AKR.623 MuLV (Friend/AKR 328/445). This chimera
expressed both the N-terminal epitopes recognized by the
panel of new MAbs and the C-terminal epitopes recognized by
35/56 and 83A25, allowing direct comparison of the neutral-
ization potencies of these MAbs. In the luciferase assay, 59C9
and 4.3 neutralized the Friend clone 57-pseudotyped MuLV
with ND50s of 0.6 and 0.8 �g/ml, respectively (Fig. 3A). These
MAbs also neutralized virus pseudotyped with the Friend/
AKR 328/445 Env, which was approximately fourfold more
sensitive to 59C9 and 4.3 than the Friend pseudotype (ND50s
of 0.2 �g/ml) (Fig. 3B). 35/56 and 83A25 did not neutralize the

Friend clone 57 pseudotype (consistent with the lack of reac-
tivity of these MAbs for this Env), but neutralized the Friend/
AKR 328/445 pseudotype very potently, with ND50s of 0.005
and 0.008 �g/ml, respectively. This was 25- to 40-fold-less an-
tibody than required for an equivalent level of neutralization
by the 59C9 and 4.3 MAbs (Fig. 3B). No neutralization was
observed with a PRR-specific MAb (4A1) or an irrelevant
HIV-1-specific MAb (5145a).

Mechanisms of neutralization: inhibition of SU binding to
receptor. The involvement of a residue within the receptor-
binding pocket in the reactivity of the novel neutralizing MAbs
suggested that these antibodies might interfere with the inter-
action between SU and the mCAT-1 receptor. To test this
hypothesis, a binding assay utilizing soluble SU was estab-
lished. Friend/AKR 328/445 SU purified from MuLV virions
by lectin affinity chromatography was labeled with 125I. The
labeled SU was reactive with all MAbs used in the binding
inhibition assay and bound specifically to 293 cells expressing
mCAT-1 (data not shown). 59C9 and 4.3 effectively blocked
binding of SU to 293.mCAT cells (50% inhibitory doses
[ID50s] of 2 to 4 �g/ml; Fig. 4A), while the C-terminal-neu-
tralizing MAbs and the PRR-specific MAb 28G12 did not
block binding at concentrations as high as 40 �g/ml.

A FACS-based virion-binding assay was used in order to
determine whether the MAbs that inhibited binding of SU to
mCAT-1 also blocked binding of intact virions to cells. The
pseudotyped MuLV used in these experiments bound specifi-
cally to mCAT-1-expressing cells (Fig. 4B). Pretreatment of
the virus with SU-specific polyclonal serum reduced binding
moderately, while treatment with 59C9 at 20 �g/ml reduced
binding of MuLV to near the background level obtained for
293 cells not expressing mCAT-1. However, pretreatment of
virions with the C-terminal MAbs 35/56 and 83A25 or a neg-

TABLE 2. Mapping the epitopes of the N-terminal anti-SU MAbs

Antibody classification

OD405

Friend MuLV
(1-263)a

Friend RBD
(1-236)a

Friend S84I
RBDa

PVC211 D86A
RBDa

229-253
peptidea

226-245
peptidea

243-244
insert Envb

RBD specific, neutralizing
4.3 1.1 1.5 0.0 1.3 0.0 0.0 �
59C9 1.4 2.1 0.0 1.7 0.0 0.0 �

RBD specific, nonneutralizing
2.1 0.9 1.8 1.6 1.9 0.1 0.0 �
3.2 1.1 1.4 1.1 1.3 0.0 0.0 �
3.5 0.5 0.9 0.8 1.0 0.2 0.0 �
3.6 0.8 1.2 1.1 1.3 0.0 0.0 �
J16 1.8 1.3 1.0 1.4 0.0 0.0 �

PRR specific, nonneutralizing
2.4 1.8 0.2 0.2 0.2 1.4 0.0 �
3.3 2.9 0.1 0.1 0.2 2.8 0.0 �
4A1 2.8 0.0 0.0 0.0 1.8 0.0 �
5F1 2.5 0.0 0.0 0.0 2.4 0.0 �
28G12 2.3 0.0 0.0 0.0 2.3 0.0 �
11B6 2.4 0.0 0.0 0.0 1.1 0.0 �
13B3 2.2 0.0 0.0 0.0 2.0 0.0 �

Polyclonal anti-SU serum 1.7 1.6 NDc 1.3 0.8 1.8 �

a Antibodies were used in an ELISA at 1 �g/ml. Values (optical density at 405 nm [OD405]) are the averages of triplicate samples.
b Antibody reactivities with 3T3 cells infected with MuLV bearing the 243-ASAVAGA-244 insertion were assayed via immunofluorescence.
c ND, not determined.
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ative control MAb, 5145a, at the same concentration had no
inhibitory effect in this assay. These data indicated that inhi-
bition of receptor binding accounted for neutralization by the
binding pocket-specific MAbs 59C9 and 4.3, but not for neu-
tralization by the C-terminal domain-specific MAbs 35/56 and
83A25.

Mechanisms of neutralization: inhibition of MuLV-induced
fusion. The inability of the C-terminal MAbs to block the
binding of SU or virions to receptor suggested that their neu-
tralizing activity was due to interference with a later step in
Env function. Their ability to inhibit membrane fusion induced
by MuLV was therefore tested with a syncytium formation
assay. When MuLV particles are added to monolayers of rat
XC cells, syncytia are formed (Fig. 5A). This fusion was not

dependent on viral replication, since syncytia were counted
shortly after addition of virus, and thus this assay measured
fusion from without. Both virus-cell and cell-cell fusions are
required for syncytium formation. Titration of the neutralizing
MAbs in this assay revealed that the C-terminal MAbs 35/56
and 83A25 inhibited syncytium formation considerably more
potently than the N-terminal-neutralizing MAbs (Fig. 5B),
mirroring their performance in neutralization assays. Neither a
PRR-reactive MAb (5F1) nor an anti-HIV-1 MAb (5145a)
showed inhibition in this assay. The fact that the C-terminal
MAbs 35/56 and 83A25 blocked fusion but not binding of SU
or virions to cells expressing mCAT-1 indicated that their ef-
ficient neutralization involved the blocking of a step between
virion attachment and membrane fusion.

Nonneutralizing SU-specific MAbs can also bind MuLV
virions. The MAbs isolated in this study were raised to and
assayed against soluble SU proteins. The lack of neutralization
activity found for the majority of these MAbs might therefore
have been due to weak affinity for the native Env oligomers
present on MuLV virions. This has been proposed as the ex-
planation for MAbs that fail to neutralize HIV-1 (5, 47). To
test this hypothesis, the ability of anti-SU MAbs to bind intact
MuLV virions was examined in an intact virion precipitation
assay. This assay is based on the detection of the internal viral
capsid protein (CA [p30]) after immunoprecipitation of intact,
purified virions by anti-Env MAbs (Fig. 6).

All of the SU-specific MAbs precipitated intact virions to
some degree, while a negative control MAb (5145a) did not
(Fig. 6). When virions were first lysed with detergent, no CA
was precipitated by any of the anti-Env reagents tested, dem-
onstrating that CA precipitation in the absence of detergent
was dependent on the binding of the MAbs to the surface of
intact virions. The strongest virion precipitation activity was
seen for the neutralizing MAbs and the PRR-specific nonneu-
tralizing MAbs. The RBD-specific nonneutralizing group of
MAbs precipitated virions less efficiently. Two TM-specific
MAbs that do not neutralize MuLV precipitated intact virions
very poorly (10CE11) or not at all (42/114), indicating that
their respective epitopes were at best slightly exposed on viri-
ons. After disruption of the viral membrane with detergent, all
of the SU-specific MAbs efficiently precipitated SU, and the
TM-specific MAbs precipitated TM (Fig. 6). These data indi-
cated that the inability of the PRR-specific, nonneutralizing
MAbs to neutralize MuLV was not due to an inability of these
antibodies to bind to virions.

Relative binding activities of MAbs for intact virions and
monomeric SU. The relative affinities of the MAbs used in this
study for monomeric MuLV SU were then assayed by titration
against purified MuLV SU by ELISA (4). With the exception
of 83A25 (whose affinity was four- to sevenfold higher than
those of the other MAbs), MAbs in all groups possessed sim-
ilar affinities (within twofold) for monomeric MuLV SU, de-
fined as the MAb concentration that gave half-maximal bind-
ing (Table 3). This indicated that the low affinity of the RBD-
specific, nonneutralizing MAbs for virions was due to poor
exposure of their epitopes on native Env multimers, not to an
inherent low affinity of these MAbs for SU.

The relative affinities of the various MAbs for intact virions
were then examined more quantitatively by titrating MAbs
from each group for their ability to precipitate CA and deter-

FIG. 3. Neutralization of MuLV by SU-specific MAbs. Neutraliza-
tion assays for the indicated MAbs were performed with MuLV-lucif-
erase-encoding virions pseudotyped with Friend clone 57 (A) or
Friend/AKR 328/445 chimeric Env (B). Values are averages of tripli-
cate samples.

3998 BURKHART ET AL. J. VIROL.



mining the concentration that yielded half-maximal precipita-
tion (Table 3). The affinities of the C-terminal-specific MAbs
for virions were roughly 5- to 10-fold greater than that of the
RBD-specific, neutralizing MAb, 59C9. This was consistent
with, and may account for, the more potent neutralizing activ-
ities of the C-terminal-specific MAbs. The affinity of the PRR-
specific, nonneutralizing MAb 5F1 was only slightly lower than
that of 59C9, confirming that the inability of this antibody to
neutralize Friend MuLV was not due to low affinity of this
MAb for intact virions. The affinities of MAbs 2.1 and 3.6 for
virions were 5- to 10-fold less than that of 59C9, suggesting that
low affinity accounted for the lack of detectable neutralization
by MAbs from the RBD-specific, nonneutralizing group.

DISCUSSION

This study describes a number of new MAbs, isolated from
a transgenic strain of mice engineered to produce human an-
tibodies, that were directed against defined sites in the RBD or
PRR of MuLV SU. The neutralizing activities and neutraliza-
tion mechanisms of these antibodies and those of two previ-
ously described rat MAbs directed against sites in the C-ter-
minal domain of SU were studied. The two RBD-specific,
neutralizing MAbs, 4.3 and 59C9, mapped to a disulfide-de-
pendent epitope that included residue 84, an element of the
binding pocket for the mCAT-1 receptor. Binding studies per-
formed with both soluble SU (4.3 and 59C9) and intact viral
particles (59C9) indicated that these MAbs neutralized MuLV
by blocking the binding interaction between SU and the
mCAT-1 receptor. Critical residues for the binding of two
C-terminal-specific rat MAbs, 35/56 and 83A25, were mapped
to one or more of six polymorphisms in a 15-residue region
including the C-terminal disulfide-bonded loop of SU. These
MAbs neutralized MuLV with approximately 25-fold-greater
potency than the RBD-specific MAbs; this increased potency
may be related to a higher affinity of these MAbs for intact
virions. Binding studies demonstrated that this potent neutral-
ization was not mediated by interference with receptor bind-
ing, but by blockage of an undefined postattachment step nec-
essary for fusion between the viral and cellular membranes.

These experiments also identified at least three other SU
epitopes not involved in neutralization of MuLV. Two epitopes
were broadly mapped to the RBD, whose respective MAbs
were termed the “RBD-specific, nonneutralizing group” (Ta-
ble 1). One epitope was represented by MAbs 2.1 and J16,
which recognized Friend clone 57, but not Moloney or

FIG. 4. Inhibition of MuLV SU binding to mCAT-1 by MAbs.
(A) Purified Friend/AKR 328/445 chimeric SU labeled with 125I was
incubated with the MAbs at the indicated concentrations for 1 h at
37°C and then assayed for the ability to bind 293.mCAT cells. The
results are presented as percent inhibition of the binding level in the
absence of MAb. Values are averages of triplicate samples. (B) MuLV
pseudotyped with the Friend/AKR 393/426 chimeric Env was incu-
bated with 293 or 293.mCAT cells (top panel) for 1 h at 37°C, and
virion binding was detected by FACS. The MuLV particles were pre-
treated with 59C9, 5145a, or polyclonal anti-SU serum (PC) (middle
panel) or 83A25 or 35/56 (bottom panel) for 1 h at 37°C and then
assayed for binding as described above. The MAbs were used at 20
�g/ml, and the serum was used at a 1:100 dilution.
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AKR.623 MuLV (Table 1). The other RBD epitope was rec-
ognized by MAbs 3.2, 3.5, and 3.6, which reacted with the
Friend and Moloney MuLV sequences, but not AKR (Table
1). The data presented here did not exclude the possibility that
these RBD-specific, nonneutralizing MAbs recognized a larger
number of distinct epitopes not resolved by these experiments.
The lack of neutralizing activity by these MAbs correlated with
their low affinity for intact virions, which presumably was due
to poor exposure of their epitopes on the surface of intact
virions (Table 3).

A third distinct epitope defined by the novel MAbs was a
linear sequence centered around residues 246 to 253 in the
PRR of SU. Despite good exposure of this region on the
surface of intact virions, these MAbs did not possess detectable
neutralizing activity. This demonstrates that surface exposure
is not a sufficient criterion for a site on SU to act as a neutral-
ization epitope. This region of the PRR is the most variable
region of SU, even among viral isolates of the same receptor
class, and tolerates large insertions and deletions with little or
no deleterious effects on SU function (24, 66). About 50% of
the MAbs isolated in these experiments mapped to this epitope
cluster, suggesting that this region was highly immunogenic.
These results suggest that one function of these sequences may
be to act as an immune decoy to divert the humoral response
from conserved sites that are critical for function.

The dependence of both 35/56 and 83A25 binding on a small
C-terminal region from AKR.623 MuLV mapped determi-
nants of the epitopes of these MAbs to the same small region.
This result was unanticipated because of the strikingly different
strain distributions of these two epitopes. The similar potencies
and mechanisms of neutralization by these two MAbs were
consistent with their recognition of a common functional do-
main.

The mechanistic studies described in this paper clearly dem-
onstrated that the two C-terminal-specific MAbs did not block
binding of virions to the mCAT-1 receptor, but nonetheless
interfered with the subsequent fusion reaction. Although there
is a view that virus neutralization is mediated only by steric
interference of attachment (5), postattachment neutralization
has previously been reported for other enveloped viruses, in-
cluding HIV-1, bovine leukemia virus, and influenza virus (11,
38, 45), and thus is not unique to MuLV.

The C-terminal region that determines the 35/56 and 83A25
epitopes is not particularly hydrophobic and does not possess
any other obvious structural feature that would account for a
direct role in fusion. It is possible that these epitopes require
additional nonpolymorphic residues that, considering the con-
formational nature of these epitopes, might lie outside of the
identified region. These other residues might be directly in-
volved in the fusion reaction. Alternatively, the region involved
in fusion may be a site distinct from these epitopes that is
sterically or allosterically affected by binding of these MAbs to
their targets. Rather than directly interfering with the fusion
reaction, binding of these MAbs might disrupt a step in the
transduction of a signal from the RBD through the C-terminal
domain of SU that activates TM for fusion. Relevant to this are
recent studies suggesting that complex interactions between
the N-terminal region, PRR, and C-terminal domains of SU
are involved in regulating the fusogenicity of the Env complex
(3, 30–32). Another possibility is that binding of these antibod-

FIG. 5. Inhibition of syncytium formation by MAbs. (A) Viral su-
pernatant from NIH 3T3 cells infected with MuLV bearing the Friend/
AKR 393/426 Env was incubated with or without MAbs for 1 h at 37°C.
The supernatant was then used to overlay XC cells, and syncytium
formation was analyzed after a 2.5-h incubation at 37°C. The MAbs
were used at 15 �g/ml. (B) The indicated MAbs were titrated for their
ability to inhibit syncytium formation as described in panel A. After
fixation and staining of syncytia, fused nuclei were counted in four
equal areas for each data point, and this number was used to calculate
a percent inhibition relative to no antibody treatment.
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ies interferes with the interaction between SU and an uniden-
tified cell surface component that functions as a second recep-
tor.

Additional information about the structure of these epitopes
and that of the overall protein domain surrounding these
epitopes is needed to further determine their roles in viral
infection and neutralization. Particularly useful for addressing
these questions would be the determination of the three-di-
mensional structure of the entire SU protein and its associated
TM regions. Crystallization of membrane proteins is often
facilitated by forming complexes with specific antibody frag-
ments that stabilize individual domains and interdomain inter-
actions (29, 67). The availability of well-characterized MAbs
against defined conformational epitopes located at distinct do-
mains of SU could provide useful tools for crystallizing MuLV
SU. In addition to determining the structure of SU, such crys-
tals would also provide the precise definition of the molecular
features of these epitopes, which should help elucidate their
roles in neutralization.

FIG. 6. Precipitation of intact virions with Env-specific MAbs. Culture supernatants from NIH 3T3 cells infected with MuLV bearing the
chimeric Friend/AKR 393/426 Env labeled with [35S]methionine and cysteine were immunoprecipitated in the presence (�) or absence (�) of
NP-40 with the MAbs (20 �g/ml) or polyclonal sera indicated. Precipitates were analyzed by SDS-PAGE and autoradiography. TM refers to the
transmembrane subunit of Env, p15E, and CA refers to the MuLV capsid protein, p30. The presence of a CA band is indicative of binding of the
SU-specific MAbs to intact virions.

TABLE 3. Relative affinities and neutralization titers
of anti-SU MAbs

MAb and classification

MAb concn (nM) yielding
half-maximal binding to: ND50

c

MuLV virionsa MuLV SUb

RBD specific, neutralizing
59C9 1.3 0.8 1.1

RBD specific, nonneutralizing
2.1 11.0 1.5 �230
3.6 5.7 0.9 �230

PRR specific, nonneutralizing
3.3 NDd 1.1 �230
5F1 1.7 0.9 �230

C terminal, neutralizing
35/56 0.3 0.8 0.03
83A25 0.1 0.2 0.04

a Determined by PhosphorImager analysis of virion precipitation.
b Determined by ELISA against purified SU.
c Concentration of MAb that reduced infectivity by 50% (determined in

MuLV-luciferase neutralization assays).
d ND, not determined.
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