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ABSTRACT Since Jerne proposed a "network" theory of
immune regulation, the properties of anti-idiotypic antibodies
(anti-IdAb) have been investigated widely. Anti-IdAb raised
against antibodies to a variety of ligands have been shown to
bind the ligands' receptors. Thus, the combining site of an
anti-IdAb may contain information regarding the three-dimen-
sional structure of an antigen. However, this remarkable
property of "internal imagery" has not been exploited for
structural investigation at the molecular level. In the present
report, a monoclonal "auto"-anti-IdAb was raised against
ganglioside GM1 (a cell-surface glycolipid that binds cholera
toxin) and was shown to crossreact with the B subunit of
cholera toxin. This antibody was presumed to recognize amino
acid residues located within the GM1 binding domain. To
identify these residues, the antibody was screened against
homologous toxins purified from enterotoxigenic strains of
Escherichia coli and chimeric peptides produced by recombi-
nant methods. Amino acid variation at position 4 from the N
terminus of these proteins was found to disrupt antibody
binding. Since the toxins and chimera are all closely related in
structure and function, the residue at position 4 (an asparagine
in cholera toxin B subunit) appears to be in the epitope of the
antibody and, by implication, in the GM1 binding site. Of
particular significance, this structural detail could not be
deduced with GM1 alone. It would seem that ligand and
anti-ligand anti-IdAb encode similar stereochemical informa-
tion but do so with different "chemical alphabets," giving rise
to distinct binding specificities.

Cholera toxin, produced by Vibrio cholerae (1, 2), is com-
posed of two subunits, A and B (3). The A subunit contains
two polypeptide chains, A1 (Mr, 22,000) and A2 (Mr, 5000)
linked by a disulfide bridge (4). A1 can penetrate the plasma
membrane of susceptible cells and therein activate adenylate
cyclase (5, 6). The cholera toxin B subunit (CT-B) consists of
identical polypeptide chains noncovalently associated as
pentamers (4, 7). Each polypeptide (Mr, 11,600) contains 103
amino acids (8, 9); an intrachain disulfide bond links cysteine-
9 and cysteine-86. CT-B specifically binds the monosialo-
ganglioside GM1 [galactosyl-N-acetylgalactosaminyl-(N-
acetylneuraminyl)galactosylglucosylceramide] with an asso-
ciation constant of 109 M-1 (10). This glycolipid, present on
many mammalian cell surfaces, provides an attachment site
for cholera toxin during enteric infection. The oligosaccha-
ride moiety ofGM1 devoid of ceramide (OS-GM1) carries the
determinants for interaction with CT-B (11). Bio- and
physiochemical studies have suggested that several amino
acids-tryptophan-88 (12-14), glycine-33 (15), the cystine
residue (14), and possibly lysine (14, 16), arginine (14, 17),

and histidine (18) residues-are important to the GM1 binding
properties of CT-B. However, most of these studies cannot
distinguish amino acid residues located within the GM1
binding domain from those residues that (i) indirectly con-
tribute to function, (ii) undergo conformation change upon
GM1 binding, or (iii) are in general proximity to, but not in
contact with, bound GM1. In an attempt to circumvent these
interpretive difficulties, we sought anti-idiotypic antibodies
(anti-IdAbs) to GM1 that crossreact with CT-B and, there-
fore, recognize amino acid residues that participate directly
in the B subunit-GM1 interaction.

EXPERIMENTAL PROCEDURES
Preparation of Monoclonal Antibody. The strategy for the

preparation of monoclonal anti-IdAb follows Cleveland et al.
(19). Eight-week-old female'BALB/c mice were immunized
i.p. with 50 ,g of GM1 coated onto acid-treated, boiled
Salmonella (20) in complete Freund's adjuvant (0.2 ml) and
booster injections were given 6 weeks later i.p. with
GM1-Salmonella in incomplete Freund's adjuvant. On days
4, 3, and 2 prior to fusion (7 months after initial injection),
mice were injected i.v. with 0.1 ml of GM1-Salmonella in
saline. Splenocytes were fused with P3X63 AG8.653 myelo-
ma cells essentially according to Sugasawara et al. (21). Two
weeks later, cell culture supernatants were screened for
activity against CT-B by solid phase RIA (see below). This
one-step method for producing "auto"-anti-IdAb was em-
ployed, instead of conventional techniques, for two reasons.
Idiotypic (anti-GM1) antibody produced by direct antigen
stimulation is perhaps more immunologically accessible than
injected antibody that might bind endogenous GM1 (22)
present in peripheral tissue. In addition, the screening pro-
cedures allow for selection of anti-idiotype producing clones
with highest affinity for CT-B.

Preparation of OS-GM1 and a Radioiodinated Derivative.
The oligosaccharide moiety was cleaved from GM1 by
ozonolysis and alkaline fragmentation, purified by ion-ex-
change chromatography, and assessed by TLC according to
the method of Wiegandt and Bucking (23) as modified by
Fishman et al. (24). The concentration of OS-GM1 was
determined by the thiobarbituric acid assay of Aminoff (25)
as adapted by Ledeen and Yu (26). A radiolabeled derivative
was synthesized by reductive amination (27) and Bolton-
Hunter iodination (28).

Assays. Crossreaction of anti-IdAb with CT-B (Sigma), the
B subunit ofhuman or porcine labile toxin (hLT-B or pLT-B),

Abbreviations: anti-IdAb, anti-idiotypic antibody; CT-B, cholera
toxin B subunit; GM1, galactosyl-N-acetylgalactosaminyl-(N-
acetylneuraminyl)galactosylglucosylceramide; OS-GM1, the oligo-
saccharide moiety ofGM1; hLT-B or pLT-B, the B subunit ofhuman
or porcine labile toxin, respectively.
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FIG. 1. Characterization of Ab9B6. (A) Binding to CT-B. Polyvinyl microtiter wells were incubated overnight with 100 Al of CT-B at 7Ag/ml
or, by way of control, bovine serum albumin at 7 Ag/ml, gelatin at 7 ;Lg/ml, thyroglobulin at 7 Ag/ml, or GM1 at 7 jig/ml (o), in PBS, pHi 7.4,
and then washed with PBS containing 0.05% gelatin. Subsequently, serial dilutions ofAb9B6 were added to the wells, and bound immunoglobulin
was determined. (B) Competition with OS-GM1. Serial dilutions of OS-GM1 were mixed with 100 ng of Ab9B6, and the resulting solution was
allowed to compete for binding to CT-B in the solid phase of microtiter wells.

or the chimeric B subunits (purified from Escherichia coli-
see below) were assessed by solid-phase RIA: Polyvinyl
microtiter wells were incubated overnight with 100 p1 of B
subunit at 7 jug/ml, of bovine serum albumin at 7 ug/ml, of
gelatin at 7 ,ug/m1, of thyroglobulin at 7 ,g/ml, or of GM1 at
7 Ag/ml, in PBS (50 mM Na2HPO4/100 mM NaCl, pH 7.4)
and then washed with PBS containing 0.05% gelatin. Subse-
quently, serial dilutions of antibody were added. After 2 hr,
the wells were washed, and rabbit anti-mouse antibodies
(Miles-Yeda), 1:2000 dilution, was introduced. One hour
later, the wells were washed, and 75,000 cpm of 1251-labeled
protein A (Amersham) was added. Following a 1-hr incuba-
tion, bound radioactivity was measured in a y counter. An
apparent avidity constant Kav for the antibody was calculated
by Scatchard analysis (29) of solid-phase RIA data. Compe-
tition between anti-IdAb and OS-GM1 was demonstrated as
follows: Serial dilutions of OS-GM1 were mixed with 100 ng
of antibody, and the resulting solution was added to micro-
titer wells containing CT-B in the solid phase. After 2 hr, the
wells were washed and then incubated with rabbit anti-mouse
antibodies and 125I-labeled protein A as described above.

Preparation of the Chimeric B Subunits. Chimeric B sub-
units, containing the pLT-B amino acid sequence substituted
with hLT-B residues as indicated (see Fig. 3), were purified
to homogeneity (30) by agarose affinity chromatography (31,
32) from E. coli carrying recombinant plasmids. Genes for the
chimeric B subunits were constructed by fusing the following
DNA fragments [see Leong et al. (33) for restriction map]
from plasmids encoding hLT-B and pLT-B: pDL2, EcoRI to
Sma I (pLT-B) and Sma I to HindIII (hLT-B); pDL3, EcoRI
to Cla I (pLT-B) and Cla I to HindIII (hLT-B); pDL5, EcoRI
to Sma I (pDL3, described above) and Sma I to HindIII
(pLT-B); and pDL7, EcoRI to Cla I (hLT-B) and Cla I to
HindIII (pLT-B). The genes were sequenced by the methods
of Chen and Seeburg (34).

RESULTS AND DISCUSSION

Mice were immunized with GM1 to induce anti-GM1 anti-
body that would, in turn, elicit an immune response in the
original animals. Hybridomas producing these "auto"-anti-
IdAb antibodies were identified by screening medium for
CT-B-binding antibodies. Of 1955 hybridomas grown, 13
tested positive. Antibody from one cell line (designated
Ab9B6, isotype IgM) was purified from ascites fluid by

ammonium sulfate precipitation and gel filtration chromatog-
raphy. Ab9B6 binds CT-B specifically (Fig. 1A), with an
apparent avidity constant (Ka,) of 8 x 109 M-1. To determine
whether this clone recognizes the GM1 binding site, we
conducted a competition RIA with the oligosaccharide moi-
ety of GM1 (Fig. 1B). Nanomolar concentrations of OS-GM1
(Mr, 1000) inhibited the binding ofAb9B6 to CT-B [but not the
binding of polyclonal antisera (data not shown)]. Since this
antibody that was raised by immunization with GM1 binds
CT-B specifically and competes with OS-GM1, we propose
that Ab9B6 is an anti-IdAb.

Cholera toxin bears close resemblance-in primary struc-
ture, subunit arrangement, antigenicity, physiochemical
properties, and ligand binding function-to hLT and pLT,
heat-labile toxins produced by enterotoxigenic strains of E.
coli isolated from humans or swine, respectively (31, 32,
35-38). Solid-phase RIA (Fig. 2) and immunoblot analysis
(data not shown) indicated that Ab9B6 crossreacts with
hLT-B (Kav, 7 x 108 Mr 1) but not with pLT-B. These proteins
differ in amino acid sequence at only 4 of 103 positions,
suggesting that residues 4, 13, 46, and/or 102 of hLT-B ahd
CT-B constitute part of the combining site of Ab9B6 (Fig. 3).
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FIG. 2. Crossreaction of Ab9B6 with hLT-B and pLT-B. The
binding ofAbOB6 to hLT-B (*)- or pLT-B (o)-coated microtiter wells
(at 7 ,ug/ml) was assessed.
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FIG. 3. Amino acid sequence of the hLT-B/pLT-B chimera. Chimeric B subunits, containing the pLT-B amino acid sequence substituted
with hLT-B residues as indicated, were purified from E. coli carrying recombinant plasmids.

To further characterize this epitope, we employed engineered
genes encoding pLT-B substituted with liLT-B DNA frag-
ments. The resulting chimeric proteins, containing various
combinations of hLT-B and pLT-B residues (Fig. 3), were
screened for crossreactivity with Ab9B6. Fig. 4 depicts the
results of this study. Ab9B6 did not bind pDL2, pDL3, or
pDL5 that have hLT-B residues at position 102, positions 46
and 102, or position 46, respectively; however, the anti-IdAb
did recognize pDL7 (Kav, 8 x 108 M-1), substituted at
positions 4 and 13. This interaction is blocked by nanomolar
concentrations of OS-GM1. The OS-GM1 derivative

1251
NANA 0 /

I

Gal GalNAc Gal Glu - NH- C - CH2 - CH2 - -O

(NANA,N-acetylneuraminic acid) was used to control for
possible differences in the concentration and in the orienta-
tion of B subunit molecules attached to the solid phase in
these RIAs. CT-B, hLT-B, pLT-B, and the chimera bound
labeled OS-GM1 identically under saturating and nonsaturat-
ing conditions, indicating that the number of accessible GM1
and, by implication, anti-IdAb binding sites were equivalent
in the assays described in Figs. LA, 2, and 4. Therefore, the
epitope recognized by Ab9B6 appears to encompass residues
4 and/or 13.
Another enterotoxigenic E. coli strain pathogenic for

humans (generously provided by Tatsuo Yamamoto of
Juntendo University, Japan) has been isolated, and its toxin
(hLT2) has been purified, sequenced (38), and shown to bind
OS-GM1. The B subunit of this toxin (hLT2-B) differs from
hLT-B by only one amino acid, containing the pLT-B residue
at position 13. Ab9B6 binds hLT2-B, as determined by RIA
(data not shown), indicating that residue 13 does not interact
with the antibody. Instead, these data imply that asparagine-4
constitutes part of the epitope recognized by Ab9B6. Since
Ab9B6 carries an "internal image" ofGM1, we conclude that
residue 4 is also located within the GM1 binding domain of
toxins in the cholera/labile toxin family. This finding sup-
ports a model proposed by Ludwig et al. (14) wherein the

intramolecular disulfide bridge juxtaposes in space residues
near cysteines-9 and -86, which jointly participate in ligand
binding.
Our characterization of the epitope recognized by Ab9B6

rests upon an assumption that amino acid substitutions that
affect antibody binding do so directly, rather than through
allosteric interaction. We base this assumption on the close
structural similarity of hLT to pLT, both native, active
toxins. Moreover, since the proteins exhibit equivalent
affinities for GM1, the receptor binding domain and, thus, the
region specifying the epitope for Ab9B6 are presumed to be
conformationally intact.

Previously, anti-IdAb have been raised against antibody to
a variety ofprotein-binding ligands. Anti-IdAb against insulin
or retinal binding protein bound insulin or retinal binding
protein receptors, respectively (39). Anti-IdAb against
alprenolol recognized f3-adrenergic receptors and stimulated
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FIG. 4. Crossreaction ofAb9B6 with the hLT-B/pLT-B chimera.
The binding of Ab9B6 to pDL2 (A)-, pDL3 (0)-, pDL5 (o)-, or pDL7
(u)-coated microtiter wells was assessed.
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basal adenylate cyclase activity (40). Further, anti-IdAb to
the chemoattractant peptide N-formyl-Met-Leu-Phe crossre-
acted with its receptor on neutrophils (41). These studies
produced immunoglobulin molecules that manifested the
same pharmacologic properties as ligands. Such antibody,
however, cannot provide more information about a receptor,
in structure-function analysis, than the ligand does. But,
ligands and the anti-IdAb they elicit, owing to potential
differences in size and chemical nature, need not necessarily
exhibit identical pharmacologic specificity, a phenomenon
that may be termed "dissociability." Along these lines,
Couraud et al. (42) found that anti-IdAb to substance P, a
naturally occurring neuropeptide, had both agonist and
antagonist properties. Their investigation poised a fundamen-
tal question: Did the polyclonal antibody examined actually
distinguish between two substance P receptors with different
structures or were at least two kinds of antibodies present in
the sera?
The present study directly demonstrates dissociability

between the binding requirements of a ligand and a mono-
clonal anti-IdAb to the ligand (i.e., GM1 binds pLT-B but
Ab9B6 does not). This dissociability was attributable to a
single amino acid substitution and allowed identification ofan
active site residue. In this sense, antigen and internal image-
bearing anti-IdAb encode similar stereochemical information
but with different "chemical alphabets," giving rise to
distinct binding specificities (Fig. 5). By utilizing appropriate
screening procedures for hybridoma banks, it should be
possible to isolate anti-IdAb that define receptor classes as,

ligand anti-id ab

Class I

Class II

FIG. 5. Dissociation of binding specificity between ligand and
"internal image".bearing anti-IdAb. Ligand and antibody, due to
differences irt size and chemical nature, may exhibit subtle stereo-
chemical dissimilarities (striped area of antibody). Here, the ligand
binds both receptor classes, but the antibody interacts with class 1
only.

for example, muscarine identifies a subset of acetylcholine
receptors. Anti-IdAb might also be selected for agonist or
antagonist action. Further, these antibodies may prove useful
in distinguishing receptor conformation, channel state (i.e.,
cis or trans), or enzyme isotype. Thus, anti-IdAb and ligands
or substrates constitute alternative and complementary
probes of protein active sites.
We express our appreciation to Dr. Lubert Stryer for stimulating

discussions and to Daniel Ferber for excellent technical assistance.
D.S.L. was supported by the Medical Scientist Training Program
under Training Grant GM07365 to Stanford University from the
National Institute of General Medical Sciences. A.E.K. is supported
by Contract N00014-81-C-0570 from the Office of Naval Research,
and G.K.S. is a fellow ofthe John A. Hartford Foundation. This work
was supported by Grants Al 21912, Al 16776, and Al 17312 from the
National Institutes of Health.

1. De, S. N. (1959) Nature (London) 183, 1533-1534.
2. Dutta, N. K., Panse, M. V. & Kulkarni, D. R. (1959) J.

Bacteriol. 78, 594-595.
3. Finkelstein, R. A., Boesman, M., Neoh, S. H., LaRue, M. K.

& Delaney, R. (1974) J. Immunol. 113, 145-150.
4. Gill, D. M. (1976) Biochemistry 15, 1242-1248.
5. Cassel, D. & Pfeuffer, T. (1978) Proc. Nati. Acad. Sci. USA

75, 2669-2673.
6. Gill, D. M. & Meren, R. (1978) Proc. Natl. Acad. Sci. USA 75,

3050-3054.
7. Ludwig, D. S., Ribi, H. O., Schoolnik, G. K. & Kornberg,

R. D. (1986) Proc. Natl. Acad. Sci. USA 83, 8585-8588.
8. Lai, C.-Y. (1977) J. Biol. Chem. 252, 7249-7256.
9. Kurosky, A., Markel, D. E. & Peterson, J. W. (1977) J. Biol.

Chem. 252, 7257-7264.
10. Cuatrecasas, P. (1973) Biochemistry 12, 3547-3558.
11. Sattler, J., Schwarzmann, G., Staerk, J., Ziegler, W. & Wie-

gandt, H. (1977) Hoppe-Seylers Z. Physiol. Chem. 358, 159-163.
12. De Wolf, M. J. S., Fridkin, M. & Kohn, L. D. (1981) J. Biol.

Chem. 256, 5489-5496.
13. De Wolf, M. J. S., Fridkin, M., Epstein, M. & Kohn, L. D.

(1981) J. Biol. Chem. 256, 5481-5488.
14. Ludwig, D. S., Holmes, R. K. & Schoolnik, G. K. (1985) J.

Biol. Chem. 260, 12528-12534.
15. Tsuji, T., Honda, T., Miwatani, T., Wakabayashi, S. &

Matsubara, H. (1985) J. Biol. Chem. 260, 8552-8558.
16. Markel, D. E., Hejtmancik, K. E., Peterson, J. W. &

Kurosky, A. (1979) J. Supramol. Struct. 10, 137-149.
17. Duffy, L. K. & Lai, C.-Y. (1979) Biochem. Biophys. Res.

Commun. 91, 1005-1010.
18. De Wolf, M., Van Dessel, G., Lagrou, A., Hilderson, H. J. &

Dierick, W. (1985) Biochem. Biophys. Acta 832, 165-174.
19. Cleveland, W. L., Wassermann, N. H., Sarangarajan, R.,

Penn, A. S. & Erlanger, B. F. (1983) Nature (London) 305,
56-57.

20. Galanos, C., Luderitz, 0. & Westphal, 0. (1971) Eur. J.
Biochem. 24, 116-122.

21. Sugasawara, R. J., Prato, C. M. & Sippel, J. E. (1984) J. Clin.
Microbiol. 19, 230-234.

22. Sweeley, C. C. & Siddiqui, B. (1977) in The Glycoconjugates,
eds., Horowitz, M. I. & Pigman, W. (Academic, New York),
Vol. 1, pp. 459-540.

23. Wiegandt, H. & Bucking, H. W. (1970) Eur. J. Biochem. 15,
287-292.

24. Fishman, P. H., Moss, J. & Osborne, J. C., Jr. (1978) Bio-
chemistry 17, 711-716.

25. Aminoff, D. (1961) Biochem. J. 81, 384-392.
26. Ledeen, R. W. & Yu, R. K. (1982) Methods Enzymol. 83,

139-191.
27. Wiegandt, H. & Ziegler, W. (1974) Hoppe-Seylers Z. Physiol.

Chem. 355S, 11-18.
28. Bolton, A. E. & Hunter, W. M. (1973) Biochem. J. 133,

529-539.
29. Scatchard, G. (1949) Ann. N.Y. Acad. Sci. 51, 660-672.
30. Finkelstein, R. A., Burks, M. F., Rieke, L. C., McDonald,

R. J., Browne, S. K. & Dallas, W. S. (1985) Dev. Biol. Stan-
dard. 59, 51-62.

31. Clements, J. D. & Finkelstein, R. A. (1979) Infect. Immun. 24,
760-769.

3676 Biochemistry: Ludwig et al.



Biochemistry: Ludwig et al.

32. Geary, S. J., Marchlewicz, B. A. & Finkelstein, R. A. (1982)
Infect. Immun. 36, 215-220.

33. Leong, J., Vinal, A. C. & Dallas, W. S. (1985) Infect. Immun.
48, 73-77.

34. Chen, E. Y. & Seeburg, P. H. (1985) DNA 4, 165-170.
35. Dallas, W. S. & Falkow, S. (1980) Nature (London) 288,

499-501.
36. Lindholm, L., Holmgren, J., Wikstrom, M., Karlsson, U.,

Andersson, K. & Lycke, N. (1983) Infect. Immun. 40, 570-
576.

37. Takeda, Y., Honda, T., Sima, H., Tsuji, T. & Miwatani, T.

Proc. Nati. Acad. Sci. USA 84 (1987) 3677

(1983) Infect. Immun. 41, 50-53.
38. Yamamoto, T. & Yokota, T. (1983) J. Bacteriol. 155, 728-733.
39. Sege, K. & Peterson, P. A. (1978) Proc. Natl. Acad. Sci. USA

75, 2443-2447.
40. Schreiber, A. B., Couraud, P. O., Andre, C., Viay, B. &

Strosberg, A. D. (1980) Proc. Natl. Acad. Sci. USA 77,
7385-7389.

41. Marasco, W. A. & Becker, E. L. (1982) J. Immunol. 128,
963-968.

42. Couraud, J.-Y., Escher, E., Regoli, D., Imhoff, V., Rossignol,
B. & Pradelles, P. (1985) J. Biol. Chem. 260, 9461-9469.


