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ABSTRACT Using hybridoma-specific immune precipita-
tions of fragments derived from Rauscher virus gp70, coupled
with peptide patterns (fingerprinting) and partial amino acid
sequence analyses, we have generated a linear map of Rauscher
gp7O.We used a panel of 56 hybridomas derived from the fusion
of the drug-selected SP-2 myeloma line with spleen cells from
either a 129 GIX+ or a GIX- mouse immunized with purified
Rauscher virus gp7O. The results showed that by "natural"
breakdown, gp7O splits into predominant fragments with Mr
45,000 (P45), 34,000 (P34), and 32,000 (P32). Peptide finger-
printing of these as well as overlapping fragments coupled with
partial amino acid sequence analyses allowed us to align the
fraens into the linear arrangement NHrP45-P32-COOH,
with P34 being an NHrtermin'al degradation product of P45.
Of the 56 hybridomas,-20 immunoprecipitated both P45 and
P34; 18 immunoprecipitated only P45; and 18 immunoprecipi-
tated only P32. The hybridomas thus define three domains of
the molecule as NH-P45/P34, P45 only, and P32-COOH. Al-
lowing these hybridomas to react with two Rauscher-derived
envelope gene recombinant viruses yielded the following results:
(i) all 20 P45/34 reactors bound to the two Rauscher recombi-
nants; (ii) of 18 P45-only hybridomas, 10 reacted; and (iii) only
1 of 18 P32 reactors bound to the Rauscher recombinants. This
last hybridoma reacted with various murine retroviruses, indi-
cating that it was directed at conserved determinants of gp70.
Peptide fingerprinting of R-gp7, the recombinant gp7os, and
their respective breakdown products confirmed the homologies
and nonhomologies defin by the hybridomas. Furthermore,
peptide patterns showed that these acquired sequences on the
COOH-terminal portion of the recombinant gp70s are related
to xenotropic virus gp70s.

Recent evidence suggests that recombination within the major
envelope glycoprotein, gp7O, of many retroviruses is involved
in generating highly leukemogenic (murine leukemia viruses
(MuLVs) (1-13). Although the parents of the recombinant mink
cell focus-inducing viruses of each system are quite distinct, the
site of recombination appears to be confined to a discrete region
of the envelope gene. The present study focuses on the structure
of Rauscher MuLV (R-MuLV) gp70, which we have used to
establish a framework upon which to compare other gp70s of
interest. We have prepared monospecific hybridomas directed
against R-MuLV gp7O and have utilized these antibodies cou-
pled with specific cleavage fragments and partial sequence data
to order the peptides within the molecule. By deriving similar
fragments from gp7Os of recombinant viruses derived from
R-MuLV and comparing peptide structures of these fragments,
we have been able to determine that the primary change in the
recombinants begins approximately 30,000 daltons from the
NH2 terminus and extends through the COOH-terminal por-
tion of the molecule. Peptide analyses indicate that the substi-

tuted region in the mink cell focus-inducing viruses gp7O shares
peptides common to endogenous xenotropic viruses.

MATERIALS AND METHODS
Viruses. R-MuLV was kindly provided by Jack Gruber

(Resources Branch, National Cancer Institute). All other viruses
used in this study were produced in either mouse SC-I cells or
mink lung CCL64 cells, isolated and purified as described (2,
14).
Gp7O Isolation and Peptide Fingerprinting. Gp7O was

purified from Nonidet P-40-disrupted R-MuLV by phospho-
cellulose (Whatman P11) chromatography (15), or by immu-
noaffinity chromatography (2, 14) and subjected to Na-
DodSO4/polyacrylamide gel electrophoresis (16). Bands cor-
responding to gp70 or specific breakdown products were sliced
from the gel and subjected to tryptic and chymotryptic diges-
tion and two-dimensional separation of the peptides as de-
scribed (2, 14).

Peptide Fragments. Fragments were primarily generated
by the "natural" breakdown of unpurified gp70. Viruses were
disrupted with Nonidet P-40 and radiolabeled with 1251 (17
mCi/mmol; 1 Ci = 3.7 X 1010 becquerels; ICN) as described
(2, 14). The virus was then dialyzed against phosphate-buffered
saline for 16 hr at 250C. Additional fragments were produced
from limited digestion with V8 protease (50 ug/ml in 0.4%
NH4HCO3) by addition of 5 ,1 of enzyme solution to 100,gl of
buffer containing 8 X 106 cpm of 125I-labeled gp7O (125I-gp70)
and incubation at 370C for 30 min. The reaction was termi-
nated by immersion of the samples in boiling H20 for 2 min.
Fragments were also derived by treatment of gp70 with 88%
formic acid for 4 hr at 60'C; this reaction was terminated by
lyophilization.

Immunizations and Fusions. Either 129 GIX+ or 129 GIX-
mice were immunized subcutaneously or intraperitoneally with
50 MAg of R-MuLV gp70 in complete Freund's adjuvant. Two
weeks later, 50 MAg of gp7O in alum (10 mg/ml) was injected
interperitoneally. An additional injection with 50 Mig of gp70
was given intravenously 2 months later. Five days after the final
injection, nucleated spleen cells were fused with 2 X 107 SP-2
drug-marked nonimmunoglobulin-secreting myeloma cells (17)
as described (18). The cells were then resuspended in 0.1 mM
hypoxanthine/1 MAM methotrexate/32 MM thymidine in min-
imal essential medium supplemented with 10% fetal calf serum.
Cells were plated into 16 microtiter plates (96-well, Falcon).
Macroscopic colonies were transferred to 24-well Linbro plates
and assayed 4-8 days later.
Antibody Binding Assay. Anti-gp7O antibodies were de-

tected by a binding assay (19) with 125I-labeled affinity-purified

Abbreviations: MuLV, murine leukemia virus; R-MuLV Rauscher
MuLV.
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goat anti-rabbit antibody kindly provided by N. Klinman of
this institute. Rabbit anti-mouse antiserum supplemented with
rabbit anti-mouse IgE was generously provided by D. Katz of
this institute. Virus-coated flexible microtiter plates were pre-
pared (20) and assayed as described (19).
By using affinity-purified goat anti-rabbit antibody conju-

gated with glucose oxidase (21), the isotype of each hybridoma
was determined by substituting absorbed rabbit anti-mouse
isotype antibodies (generously provided by J. Teale, this Insti-
tute) for the broadly reactive anti-mouse immunoglobulin
anti-sera in the above procedure.
Immune Precipitation. Radiolabeled virus (1-2 X 106 cpm)

was incubated with 50,ul of tissue culture supernatant (adjusted
to 0.5% Nonidet P-40) for 30 min at 370C and overnight at 40C.
The mixture was then incubated for 30 min at 370C with 20 ,1
of a 1:10 dilution of rabbit anti-mouse K and X light chain an-
tisera (Miles) to facilitate precipitation by Pansorbin of non-
binding isotypes. Pansorbin (50 IA) was added and the bound
immunoglobulin was washed twice with 500mM LiCl/10mM
Tris.HCL pH 8.5 (22). The resulting pellet was heated at 1000C
for 2 min in 100 gl of 0.5% 2-mercaptoethanol/1% Na-
DodSO4/20% (vol/vol) glycerol and subjected to electrophoresis
as above.

RESULTS
Characterization of gp7O Fragments. More than 3000 hy-

bridomas were generated in this study, of which 300 had
binding activity for R-MuLV and more than 100 were stable.
Based upon reactivity patterns generated by binding assays with
other viruses, immunoprecipitation of gp7O fragments, and
immunofluorescence of virus-infected cells, more than 30 de-
terminants were defined by the 56 hybridomas used in this
study (unpublished data). The 56 hybridomas used in this study
were selected for their ability to immunoprecipitate "natural"
breakdown products of gp7O. gp7O has been shown to break
down to two major products of apparent Mrs of approximately
45,000 and 32,000 (23). Because monoclonal antibodies react
with a single antigenic determinant, they should only immu-
noprecipitate antigenically related polypeptides. Fig. 1 shows
immunoprecipitation of 125I-labeled R-MuLV with a goat an-
tiserum against R-MuLV gp7O as well as tissue culture super-
natants of three hybridomas. Major polypeptides of Mr 70,000
(gp7O), 45,000 (P45), 34,000 (P34), and 32,000 (P32) all were
precipitated by the broadly reactive goat antiserum.

Fig. 2 shows the chymotryptic peptides of the indicated
bands of Fig. 1 precipitated by each specific hybridoma. gp7O
was degraded via two parallel pathways. P45 was clearly related
to P34 and differed primarily in the loss of two major peptides.
One of these peptides (left arrow in B) comigrated with a
peptide present in P34 and its loss was indicated by a depletion
in that region of the P45 map relative to the map of P34. P32
was distinct from P45 and contained the gp7O peptides not
present in P45. The peptide map of the minor P42 component
was essentially the same as P32 (data not shown) and possibly
ran at a higher apparent Mr due to the presence of a full com-
plement of glycosidic sidechains or to residual association with
P1SE. By mass, P32 is the most predominant form in which this
portion of the gp7O is represented. An overlap fragment gen-
erated by cleavage with V8 protease contained peptides of P32
as well as two peptides that comigrated with the two P45-spe-
cific peptides. Note that all the major peptides of gp7O are ac-
counted for by the addition of P45 and P32 and that P45 and
P32 are totally distinct from one another.

Orienting the Peptides. P45 and P32 were oriented with
gp7O by NH2-terminal sequence analysis. Because R-MuLV
gp7O has a tyrosine at position 11 (ref. 24, and our unpublished

FIG. 1. Immunoprecipitations on NaDodSO4/polyacrylamide
gel electrophoresis of R-MuLV gp7O and its natural breakdown
products. 25I-Labeled gp7O was treated as described in Materials and
Methods and incubated with either a broadly reactive goat (G230)
anti-gp7O serum (lane a) or monospecific hybridoma supernatants
(anti-45/34, lane b; anti-45, lane c; anti-32, lane d). Hybridoma
R101DO9-02 (Table 1) was used to precipitate P45 and P34 (anti-
45/34); hybridoma R106BO8-01-02 precipitated only P45 (anti-45);
and R209E11-01-03 precipitated P32 and a minor component ofMr
42,000 (anti-32). The figure is a composite of different gel runs and
thus some discrepancy in mobility of nonspecific fast-migrating
components is apparent, but it is not significant.

data), we were able to determine the sequence of 125I-labeled
R-MuLV gp7O, P45, and P32 for 14 residues and to learn that
P45 also has a tyrosine at position 11 whereas P32 has tyrosine
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FIG. 2. Two-dimensional separation of chymotryptic peptides
of R-MuLV gp7O and natural breakdown products. (A) Total R-
MuLV gp70; (B) P45 immunoprecipitated by antibodies of
R206B08-01-02 (see Table 1); (C) P34 immunoprecipitated by
R101CO9-01; (D) P32 immunoprecipitated by R209C11-02; (E) Mr
55,000 fragment generated by V8 protease; (F) composite drawing
of gp7O peptides indicating relative contribution of the various frag-
ments. Closed circles, derived from P32; open circles, shared by P45
and P34; crosshatched circles, lost from P45 (arrows in B) in transition
to P34 (C) and present in the V8 overlap fragment (arrows in E).
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at positions 4 and 10 (data not shown). The protease V8-derived
overlap fragment contained the peptides of P45 that were ab-

sent from P34 and also contained major peptides of P32. Thus,
the P45-specific peptides reside on the carboxyl end of P45; the
P34 peptides reside on the NH2-terminal portion of P45; and
P32 is located COOH-terminal to P45.

Orienting the Hybridoma Reactivities. The hybridomas
were classified as either P45/P34 reactors, P45-only, or P32
reactors. Of the 56 hybridomas, 20 reacted with both P45 and
P34, 18 reacted only with P45, and 18 reacted with P32 (P42).
Thus, the linear domains of the three groups of hybridomas are

oriented from the NH2 terminus of gp7O as NH2-P45/P34-
P45-P32-COOH.
Mapping Recombinant Specific Sequences. Two R-MuLV

recombinant viruses graciously provided by M. Vogt of the Sallc
Institute, were compared both as to hybridoma reactivity an8
peptide patterns. One of these viruses (R-240) has an XC-
ecotropic virus phenotype. The other (R-319) is a dual tropic
recombinant virus. To map the recombinant specific sequences,

each hybridoma was allowed to react with both recombinant
R-240 and R-319 in a binding assay (Table 1). Of the 20 hy-
bridomas that gave P45/P34 reactivity and thus defined the
NH2 terminus of gp7O, all 20 reacted with R-240 and R-319.
Of the P45-only reactors, 10 of 18 reacted with R-240 and R-
319. Of the P32 reactors which defined the COOH terminus,
only one reacted with R-240 and R-319. This latter hybridoma
also reacted with primate and feline viruses and thus is specific
for interspecies determinants that reside in P32.

Fig. 3 compares the peptide relatedness between R-MuLV
gp7O and the recombinant R-319 gp7O. The peptides shared
between R-MuLV gp7O and R-319 gp7O (open circles, Fig. 3C)
are the major peptides of P45/P34 (compare to Fig. 2F) with
the exception of a doublet of peptides (upper left, Fig. 3C)
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FIG. 3. Two-dimensional separation of chymotryptic peptides
of R-MuLV gp7O, R-MuLV-derived recombinant R-319 gp7O, and
formic acid-generated breakdown fragments. (A) Total R-MuLV
gp7O. (B) Total R-319 gp7O. (C) Composite ofA and B, demonstrating
the extent of change. Closed circles, R-MuLV-specific peptides; open
circles, common peptides; crosshatched circles, peptides found only
in R-319 gp70; arrows, peptides common to all gp70s including those
of primate and feline retroviruses; arrow within circle, peptide moves
slightly faster (shifts up) in R-319 gp7O relative to R-MuLV gp7O.
Note that two dominant peptides of natural breakdown P32 (Fig. 2
D and F) are in R-FA45 (D), establishing their NH2-terminal location
on P32. Additionally, note that R-319 FA45 (E) lacks these peptides
and thus this region of the molecule represents a major region of dif-
ference between R-MuLV gp7O and R-319 gp7O.

which are common to all gp70s and reside in the COOH-ter-
minal P32 fragment (Fig. 2D). Comigrations indicate that one
of the P45-specific peptides (defined in Fig. 2) is shifted upward
in mobility in R-319 gp7O (arrow within peptide, Fig. 3C).

Table 1. Peptide fragment and recombinant virus reactivities of anti-R-MuLV Gp7O hybridomas
P45/34 Recombinant P45-only Recombinant P32 Recombinant

reactors* reactivityt reactors? reactivityt reactors§ reactivityt

R104C10(KsYj) + RjO1G11(K,'y) + R116GO7(Ky2) -

R112GO5(Ky2a) + Rl0G02(K,'y2a) + Ri1OBO6(K,Yl) -

RllBO4(K,'y2) + RlOlDll(K,'y2) + R211D1O(K,-Y) -

R108HO4(K,'y) + R102FlO(K,-fy) + R201FOl(K,'y2a) -

R106BO3(Ky2) + R211AO3-04(K,'yl) + R201CO8(K,'y1) -

R109C11(K,-y2a) + Rl15G05-02(KY2a) + R214DO1(Kiyl) -

R213GO7(X,y1) + R206B08-01-02(K,'y2) + R113HO3(K,,yl) -

R112FlO(K,'y2a) + R105AO6-01(K,'yU) + R109C12(X,-yU) +
R112H06(X,'y1) + Rj04G05-0l(K,Y2b) + R115CO6(K,,'Y) -

R102GO9-04(XAY2a) + R11OB04-01(K,cYl) + R115DO4(K,'yl) -

R112CO7-01(K,'Y1) + Rj05ElO,(KsYa) - R113A11-02(K,71) -

R108E03-O1(K,c'y) + R1OlBO1(K,'Yl) - R209C11-02(KY2b) -

R1OlDO9-0l(KcY2b) + Ri11GO2(K,'yl) - R203Dl1-03(K,yl) -

R203F09-02(K,-2b) + R1llBO6(K,Y2b) - R104D05-02(K,1yj) -

R210G05-08-03(K,lyj) + R112CO2(Kcy1) - R104C07-0l(K,Y2b) -

R101C12-04(K,'y~a) + RjO1H11-03(K,-Y) - RjllE10-0l(K,c'Y) -

R11OD05-07-02(K,a) + R115H06-04-02(K,'y) - R209E11-01-03(K,'y) -

R116C12-01-02(KY3) + Rl11C12-01-O2(K,'yj) - R116D02-04-01-02(K,C) -

R105EO6-05-01(K,'yl) +
R106F09-02(K,Y2b) +

Hybridoma with subscript 1 originated from hyperimmune spleen cells of a 129 GLx- mouse. Subscript 2 hybridomas came from 129 GIx+
hyperimmune spleen cells. The symbols in parentheses refer to isotype of light and heavy chains, respectively. Abbreviations are: a, IgA; 'y1,
IgG1; ya, IgG2.; 2b, IgG2b; -y3, IgG3 e, IgE. Number after hyphen refers to subclone number.
* Antibodies from these hybridomas immunoprecipitate natural breakdown products OfMr 45,000 and 34,000.
t +, Antibodies bound to both R-MuLV virus and R-MuLV-derived recombinant virus-coated microtiter plates; -, Antibodies bound only
to R-MuLV-coated microtiter plates.
Antibodies from these hybridomas immunoprecipitate natural breakdown products ofMr 45,000.

§ Antibodies from these hybridomas immunoprecipitate natural breakdown products ofMr 32,000.
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Peptides present only in R-MuLV gp7O (closed circles, Fig. 3C
virtually all reside within the COOH-terminal P32 fragmer
(compare Fig. 3C to Fig. 2 D and F). Certain peptides (cross
hatched, Fig. 3C) were present only in R-319 gp7O. Some minc
peptides that are not readily visible in the photographs wer
clearly present in the autoradiographs and are included in th
composite.

Fig. 3 D and E shows fragments of Mr -45,000 generate
by cleavage of R-MuLV and R-319 gp70s, respectively, wit
formic acid. Under these conditions, R-MuLV gp70 was cleave
to a fragment (Fig. 3D) that contained all the peptides commo
between P45 and P34, the P45-specific peptides, and twi
peptides normally in P32 (Fig. 2 D-F) that were absent fron
the recombinant R-319 (Fig. 3 B, C, and E). One P45-specifi
peptide was altered in mobility (arrow within circle) and tho
major P45/P34 shared peptides (open circles) were in commoi
between R-MuLV gp7O and R-319 gp70. Thus, both hybridonr
reactivities and peptide mapping indicate that the major dif
ferences between the parental ecotropic R-MuLV and the re
combinant virus gp70s reside in the carboxyl half of P45 an(
the COOH-terminal P32 portion of the molecule. No differ
ences were found between the gp70s of the XC- ecotropic viru
(R-240) and the dual tropic R-319 virus by either hybridomk
reactivity or peptide analysis. The ramifications of these find
ings will be the subject of another report.

Tryptic peptide analyses have revealed a major peptidc
shared by the above recombinants and xenotropic viruses (2
5, 10, 14). Fig. 4 shows the tryptic peptides of R-MuLV gp7(
and R-319 gp7O. Fig 4C shows a tryptic peptide pattern of a
fragment with an apparent Mr of 32,000 derived by cleavage
of R-319 gp7O with formic acid; note that the predominant
feature is the xenotropic peptide (brackets). Common peptides
between R-MuLV gp7O and R-319 are present along the
baseline. Cleavage of FA32 derived from R-319 by using chy-
motrypsin (Fig. 4D) revealed the presence of the interspecies
peptides (arrows, Fig. 3C) that characterize the COOH-ter-
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FIG. 4. Two-dimensional separation of tryptic peptides of R-
MuLV gp70 and R-319 gp7O. (A) Total R-MuLV gp7O digested by
trypsin; (B) total R-319 gp7O digested by trypsin. Brackets denote
peptide common to xenotropic and dual tropic virus gp70s and absent
from ecotropic virus gp70s (note lack of this peptide in A). (C) Tryptic
digest of a Mr 32,000 fragment of R-319 generated by treatment with
formic acid. (D) Chymotryptic digest of formic acid-generated Mr
32,000 fragment of R-319 gp7O. Double arrows denote peptides found
in all gp70s (see Fig. 3) and which establish that FA32 is derived from
the COOH terminus of R-319 gp70 by virtue of these structural
markers (see Fig. 2 A and D-F).
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FIG. 5. Diagram of the relative domains of R-MuLV gp70 and
orientation of acquired sequences. Relative locations of gp7O break-
down fragments are shown from the NH2-terminus to the COOH
terminus of gp7O. Fragments are as defined in Figs. 1 and 2. Arrow
denotes relative location ofmarker peptides common to all gp70s (see
Figs. 3C and 4D). Crosshatched area indicates region ofR-MuLV gp70
that is changed in the recombinants.

minal P32 portion of the molecule and are present in all gp70s
tested (including primate and feline retrovirus gp7os). The
other peptides are distinct from similarly derived peptides of
R-MuLV gp7O (not shown).
A diagram of the data described above is shown in Fig. 5. The

relative locations of the fragments as well as the site of recom-
bination are shown. The molecular sizes of the fragments are
based on apparent molecular weights by NaDodSO4/polyac-
rylamide electrophoresis and are overestimates due to the
presence of glycosidic sidechains.

DISCUSSION
The natural breakdown of gp7O into discrete polypeptides of
Mr 45,000 and 32,000 as well as several smaller fragments has

e been demonstrated previously (23). Because of the parallel
0.0, breakdown of the two portions of the molecule into segments
0 that had the same approximate electrophoretic mobility, it was
a not possible to interpret peptide maps of the total digest un-
e ambiguously (ref. 23 and our observations). Use of monoclonal
Lt antibodies allows the separation of fragments that are anti-
!s genically distinct, even though they have the same electro-
e phoretic mobility. Mapping of the immunoprecipitated frag-

ments clearly demonstrates them to be structurally distinct.
s To date, most studies to localize the site of recombination

have relied upon heteroduplex mapping (7, 25, 26) and olig-
onucleotide fingerprinting (3, 8, 27). The results of such studies
have been remarkably consistent, indicating that the differences
between the recombinant virus and the ecotropic parent lie in
the 5' half of the env gene. Because the 21S env message is twice
as big as the gp7O molecule, it has not been possible to locate the
site of recombination precisely. Reactivity patterns of mono-
clonal antibodies as well as peptide mapping of gp 70 break-
down products indicate that the major differences between the
ecotropic parent and the recombinant viruses begin near the
center of the gp7O molecule and extend through the COOH
terminus. We leave open the possibility that the rest of the 3'
end of the genome has been replaced.
We cannot determine precisely the beginning of the re-

combination site because of ambiguity in assigning accurate
molecular weights to the various gp7O fragments. The total
molecule is 32% carbohydrate (28), and the mobilities of heavily
glycosylated fragments are altered appreciably on Na-
DodSO4/polyacrylamide gel electrophoresis. However, from
other fragments generated by formic acid (which will cleave
glycosidic side chains as well as aspartic acid-proline bonds),
we estimate that the true molecular weights are approximately
40,000 for P45, 25,000 for P34, and 20,000 for P32. This would
place the beginning of the recombination site in a region ap-
proximately 30,000 daltons from the NH2 terminus of gp7O.
Our data, in conjunction with nonhomologies demonstrated

by heteroduplex analyses (7, 25, 26), suggest that gp7O termi-
nates approximately 1700 bases from the 3' end of the genome.
DNA sequence data indicate that P1SE resides between 887
and 1150 bases from the 3' end (29). In toto, these data suggest
that posttranslational processing may occur in the envelope
precursor polyprotein between gp7O and p15E.

Biochemistry: Niman and Elder
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Our findings are consistent with previous conclusions that
these env gene recombinants share determinants of xenotropic
viruses (1-13). Moreover, the xenotropic virus relatedness is
present in the COOH-terminal portion of the recombinant
gp7O. This finding supports our conclusion that R-MuLV gp7O
and the derived recombinants share NH2-terminal sequences
and differ in the COOH-terminal portion of the molecule.
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