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ABSTRACT

The association constants for the interaction of BALB/c (UPC 10, Y5476,
W3082, and UPC 61) and NZB (PC 3660) myeloma anti-D-fructans in pure form,
or in ascitic fluids, with high-molecular-weight levans (K®) and with such low-
molecular-weight compounds as rye-grass levan, inulin, sucrose, and D-fructo-
oligosaccharides (K2) were determined by affinity electrophoresis, measuring the
extent of retardation of the p-fructan-specific band by levan and its restoration by
the low-molecular-weight compounds and oligosaccharide haptens. With different
levans, K® values ranged from 1.14 x 10° to 1.52 x 10® mL/g for PC 3660, 1.35 x
10° to 6.45 x 10° mL/g for UPC 10, 1.0 x 10*t0 7.9 x 10* mL/g for Y5476, 7.63 x
10° to 6.38 x 10* mL/g for W3082, and 3.35 x 103 to 1.54 x 10* mL/g for UPC 61.
The retarded, D-fructan-specific bands of W3082 and UPC 61 were restored by
inulin, having B-pD-(2—1)-linkages, and rye-grass levan, having f-D-(2—6)-linkages,
and those of PC 3660, UPC 10, and Y5476 by rye-grass levan. The K2 values of
inulin with W3082 and UPC 61 were 10 times those of rye-grass levan. The K}
values of inulin (3.65 x 10° M~ for W3082, and 4.44 x 10° M~ for UPC 61) were
very similar to those of [f-D-Fruf=(2—1)],--p-Fruf-(2—6)-0-Glc (3) (3.95 x 10°
M~1 for W3082, and 4.5 x 10°> m~! for UPC 61). With sucrose and the D-fructo-
oligosaccharides, the order of K2 values of W3082 and UPC 61 was 3 > f-D-Fruf-
(2—1)-p-pD-Fruf~(2-6)-pD-Glc > sucrose > B-D-Fruf~(2—6)-p-Glc. With rye-grass
levan, K3 values were 4.25 x 10° M~ for PC 3660, 2.7 x 10° m~?! for UPC 10, and
8.77 x 10* Mm~! for Y5476. These results confirm ecarlier findings that W3082 and
UPC 61 have dual specificity for -(2—1) and f-(2—6) p-fructofuranosyl linkages,
that PC 3660, Y5476, and UPC 10 have specificity for p-(2~»6) pD-fructofuranosyl
linkages, and that the combining sites of W3082 and UPC 61 are most complementary
to the tetrasaccharide 3. That W3082 and Y5476 share the same, cross-reacting
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idiotype, although their combining sites differ in specificity, provides further evidence
that these two properties do not run parallel.

INTRODUCTION

The BALB/c and NZB lines of inbred mice produce myeloma proteins having
different specificities after intraperitoneal injection of mineral oil or solid plastic
material® ~7. The immunological properties of BALB/c and NZB p-fructan-specific,
myeloma proteins have been extensively studied by quantitative precipitin and
precipitin-inhibition assays®~'°. These D-fructan-specific, myeloma proteins are
classified into two groups on the basis of their specificities. The members of the first
group, BALB/c UPC 10 and Y5476 and NZB PC 3660, precipitate with rye-grass
levan, having B-D-(2—6)-linkages, but not with inulin, having g-p-(2—1)-linkages,
whereas those in the second, BALB/c W3082 and UPC 61, react with inulin but not
with rye-grass levan®-10-12.13_ W3082 and UPC 61 have the same idiotypic specifi-
city***5, and their combining sites are most complementary®+!? to the tetrasaccharide
[ B-D-Fruf~(2—1)1,-B-p-Fruf-(2—6)-p-Glc (3). These specificities have been confirmed
by determination of the binding properties in fluorescence studies of purified anti-
D-fructans!! and their Fab fragments'?-13. Affinity electrophoresis using poly(acryl-
amide) gel has been developed for measurement of the binding constants of hapten—
antibody with antibody in ascitic fluid, or with purified antibody'®17, and of ligand-
lectin or lectin in crude extracts'®~2°, Association constants for dextran—anti-dextran
interactions determined by this method!® using ascitic fluid were very similar to
those of dextran-purified anti-dextran determined by equilibrium dialysis’! and of the
synthetic linear dextran D3-Fab fragment by fluorescence studies?!, establishing
affinity electrophoresis as a useful method for determining binding-constants of
antibodies in ascitic fluid and for studying their specificities. In the present investiga-
tion, attempts were made to determine the association constants of BALB/c and
NZB anti-D-fructans in pure form, or in ascitic fluid, by affinity electrophoresis. The
findings are in good agreement with previous reports'! 13 on the binding properties
of myeloma anti-D-fructans.

MATERIALS AND METHODS

Materials. — Myeloma D-fructan-specific protein BALB/c W3082 (IgAk),
UPC 61 (IgA), Y5476 (IgAx) and UPC 10 (IgG,,x), and NZB PC 3660 (IgAx)°:*°
and levans used in this study® %2 were described previously. Myeloma proteins W3082
and Y5476 were those purified earlier® by gel filtration on Sephadex G-75. Myeloma
proteins in ascitic fluids were studied after the fluids had been clarified by centrifuga-
tion. To determine the association constants (K* and K2), the minimum amount of
detectable, D-fructan-specific, myeloma protein, or D-fructan-specific protein in
ascitic fluid, was used, namely, 0.5 ug of N in ascitic fluid per tube for UPC 10,
UPC 61, and PC 3660, and 0.4 ug of N per tube for purified W3082 and Y 5476.
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Sucrose was dialyzed, and recrystallized from alcohol before use. Inulin was pur-
chased from Nutritional Biochemicals Corporation, Cleveland, Ohio. The di-, tri-,
and tetra-saccharides, namely, O-B-D-fructofuranosyl-(2—6)-p-glucose (1), O-8-D-
fructofuranosyl-(2—1)-0O-g-D-fructofuranosyl-(2— 6)-p-glucose (2), and O-B-p-fruc-
tofuranosyl-(2— 1)-0-f-D-fructofuranosyl- (2—1)-O- g-D-fructofuranosyl-(2— 6)-D-
glucose (3), were kindly provided by Dr. F. Arcamone, Instituto Richerche Farmitalia,
Milano?3, and Dr. G. Cassinelli, Farmitalia Carlo Erba, Richerca e Sviluppo Chimi-
co, Milano, Italy.

Electrophoresis and calculation of association constants. — As reported previ-
ously'®!7, association constants by affinity electrophoresis are calculated from the
extent of retardation or restoration of the mobility of the ligand-specific band as a
function of ligand or inhibitor concentration in the separating gel. Affinity electro-
phoresis was conducted in 5% poly(acrylamide) gel by the modified procedure of
Ornstein?®. The samples of myeloma proteins were applied in 1:9 glycerol-water
containing the solution for the stacking gel. To determine the association constant
(K?), levan at an appropriate concentration was added to the separating gel. To
determine the association constants (K3) of oligosaccharides and low-molecular-
weight compounds, various concentrations of such inhibitors as rye-grass levan,
inulin, sucrose, and D-fructo-oligosaccharides were added to the separating gel,
together with an amount of levan P6 giving ~559% retardation of the p-fructan-
specific band, and restoration of mobility by the inhibitor was measured. The final
concentrations of levan P6 in the separating gel were, in ug/mL, 2.5 for PC 3660,
3.1 for UPC 10, 9.8 for Y5476, 40.4 for W3082, and 68.7 for UPC 61.

The dissociation constant (KY) of the anti-pD-fructan-levan complex was
calculated by Eq. I, as described previously!6-17-23-28

K? = cRm;/(Rmo — Rm,), ()

where Rm, and Rm; are the relative mobilities of the b-fructan-specific band in the
absence and the presence, in the separating gel, of levan of concentration (c).

When an inhibitor was added to the separating gel containing levan P6, the
dissociation constant was calculated by Eq. 2.

K¢ = iKY {[cRm¢/(Rmy, — Rm¢)]} — K4}, (2)

where i and Rm¢ are, respectively, the concentrations of inhibitor in the separating
gel containing a constant concentration (c¢) of levan P6, and the relative mobility
of the pD-fructan-specific band in the presence of both levan P6 and inhibitor.

Egs. I and 2 can be transformed into Eqs. 3 and 4, respectively.

1/Rm; = (1 + ¢/K%)/Rm, (3)

Rm¢/(Rm, — Rm?) = K*(1 + i/K%)/c (4)

Therefore, if 1/Rm; and Rm%/(Rm, — Rm¢) are plotted against ¢ and i,
respectively, straight lines will be obtained. The intercepts on the c-axis and i-axis
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give the negative K¢ and K¢ values, respectively. Binding constants were expressed
as association constants (K®* and K2), the reciprocals of the dissociation constants.

RESULTS

Association constants (K*®) of various levans with myeloma anti-pD-fructans. — The
staining patterns of BALB/c and NZB myeloma anti-D-fructans were similar to those
previously illustrated'®-'7. Mobility of the D-fructan-specific bands was retarded
proportionally to levan concentration when levan was added to the separating gel.
With an excess of levan, the D-fructan-specific band was completely retarded, and
observed at the top of the separating gel. Two bands of W3082 and three or four
bands of UPC 61 at 0.4 to 0.5 ug of N were retarded with levans, whereas only one
band of PC 3660, UPC 10, or Y5476 at 0.4 to 0.5 ug of N was retarded. PC 3660,
UPC 10, and Y5476 showed the wavy bands!” with levans more frequently than did
W3082 and UPC 61. In this study, only the main band corresponding to the monomer
fraction was used for determination of the association constants (K®). When the
reciprocal values of the relative mobility (Rm) of the pD-fructan-specific band were
plotted against the concentration of levan in the separating gel, straight lines were
obtained, as shown in Fig. 1. Correlation coefficients of the plots were not lower

PLIss0 W3ios2 Wainex

tsvon BS12 FR B

10 & 3= Levan B512 FR E

‘20 4l 2}
Lsvan P&
10 2 1 b
2 1 1 ] ] ] 1 1 1 1 1 1 1 1
o os 10 15 o 2 & ? 12 .1 1o 20 30 40 50 ¢ 10 20 30 490 50 a9
g} UPCIO 12} UPCIO 4} UPCsl &L UPCa?
o b levon 8512 FR A al ka/'/"
4 2 Levan P6
- ? Levan 8512 FR.E
2L Levan P& Tk 1k
] L] : ] } L [] (] (1 1 1 ] (] [ 1] 1
Q as 0 1.3 20 23 [+] 5 10 15 20 23 1 ] 10 20 30 40 50 o 15 30 73 100
Concentration o i [
ol Ysaze oL vsezs t levan in gel (ug/mL)
JM":,M
2r - 2k
Levan P Levan B512 FR.E
1= 1
] 1 1 1 ] 1 X £ t ’ '

Q ] 2 3 . 5 [+] H 10 15 20 25

Concentration of levan in gel (ugfmi)

Fig. 1. Reciprocal values of relative migration distance (Rm) of myeloma anti-pD-fructans against
concentration of levans.
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TABLE I

ASSOCIATION CONSTANTS (K %) FOR THE BINDING OF VARIOUS LEVANS TO MYELOMA PROTEINS, DETERMINED
BY AFFINITY ELECTROPHORESIS

Levan Association constants {(mL[g)
PC 3660 UPC 10 Y5476 w3082 UPC 61

P-6 1.52 x 108 6.49 x 105 79 x 104 6.38 x 104 1.54 x 104
B512 Fr. A 1.56 x 105 1.35 x 105 3.65 x 104 2.2 X 104 4.66 x 103
B5i12Fr. B 1.14 x 105 1.44 x 105 245 x 104 1.26 x 104 7.51 x 108
B512 Fr. E 549 x 105 1.41 x 105 1.0 x 104 7.66 x 103 3.35 x 103
Hestrin levan 8.6 x 105 4.67 x 105 48 x 104 3.51 x 104 147 x 104
(native)

Hestrin levan 1.16 x 105 435 x 10% 1.05 x 105 5.73 x 104 9.35 x 103
(fr. A)

Hestrin levan 6.02 x 10° 4.62 x 105 5.8 x 10# 294 x 104 546 x 103
(Fr. B)

than 0.93. Table I summarizes the K* values obtained from the graphs shown in
Fig. 1. The K2 values of PC 3660 and UPC 10 were always higher than those of
Y5476, W3082, and UPC 61. The highest K® values were obtained with levan P6
(1.52 x 10° mL/g for PC 3660, 6.49 x 10° mL/g for UPC 10, 7.9 x 10* mL/g for
Y5476, 6.38 x 10* mL/g for W3082, and 1.54 x 10* mL/g for UPC 61), and the
lowest K2 values with levan B512 fractions (1.14 x 10° to 5.49 x 10° mL/g for PC
3660, 1.35 x 10° to 1.44 x 10° mL/g for UPC 10, 1.0 x 10* to 3.65 x 10* mL/g
for Y5476, 7.7 x 10° to 2.2 x 10* mi/g for W3082, and 3.35 x 10% to 7.51 x 103

Fig. 2. Disc-clectrophoresis patterns of myeloma anti-D-fructan UPC 61 in the presence of levan
P6 and 1 in the gels. (A: no levan or 1; gels B to E contained 68.7 ug of levan P6 per mL. In addition,
gels from C to E contained 1 at 0.18, 0.36, and 0.54mMm, respectively.)
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Fig. 3. Plots of myeloma anti-p-fructan—inulin or —rye-grass levan interaction.

mL/g for UPC 61). Intermediate K* values were obtained with Hestrin levans (6 x 10°
to 1.16 x 10° mL/g for PC 3660, 4.35 x 10° to 4.67 x 10° mL/g for UPC 10, 4.8 x
10* to 1.07 x 10° mL/g for Y5476, 2.94 x 10* to 5.73 x 10* mL/g for W3082, and
5.5 x 10° to 1.47 x 10* mL/g for UPC 61). When used with inulin or rye-grass
levan at 500 pg/mL, values 7 to 200 times those of the levans giving 559 retardation,
no retardation of the p-fructan-specific bands of five myeloma anti-p-fructans was
observed.

Association constants (K32) of rye-grass levan, inulin, sucrose, and D-fructo-
oligosaccharides and myeloma anti-D-fructans. — The mobility of the D-fructan-
specific band was restored proportionally to hapten concentration when hapten was
added together with a constant concentration of levan P6 in the separating gel
(see Fig. 2). With addition of an excess of hapten to the separating gel, the mobility
of the D-fructan-specific band was completely restored, and corresponded to that of
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the myeloma anti-D-fructan alone. The retarded, D-fructan-specific bands of W3082
and UPC 61 were restored by inulin and rye-grass levan, and those of PC 3660,
UPC 61, and Y5476 were restored only by rye-grass levan. The plots calculated from
Eq. 4 gave straight lines, as shown in Fig. 3. Correlation coefficients were not lower
than 0.93. Table II shows the association constants (K%) of rye-grass levan, inulin,
sucrose, and D-fructo-oligosaccharides for the myeloma anti-D-fructans determined
by affinity electrophoresis as compared with those determined by fluorescence studies
on purified anti-D-fructans'! and Fab fragments'?-'3. With inulin, sucrose, and D-
fructo-oligosaccharides, the K% values of W3082 were similar to those of UPC 61.
The highest K2 value was obtained with 3 (3.95 x 10° M~ ! for UPC 61), whereas the
lowest was with 1 (6.4 x 10%> m~! for W3082 and 8.2 x 10®> m~* for UPC 61). The
K2 values of inulin, 3.67 x 10° M~* for W3082, and 444 x 10° M~ for UPC 61,
were quite similar to those of 3. The K3 values of 2 were ~200 to 400 times those of
sucrose or 1, and 1/1.7 times those of 3. Although the retarded, D-fructan-specific
bands of W3082 and UPC 61 were also restored with rye-grass levan, the K2 values
of rye-grass levan (4.76 x 10* Mm~! for W3082, and 4.36 x 10* m~! for UPC 61)

TABLE HI

ASSOCIATION CONSTANT OF UPC 10 WITH NATIVE, HESTRIN LEVAN

Association constant (mLfg)

3.12 x 10°
246 X 10°
3.79 X
442 X
3.21 x 105
2.76 %
281 X
3.00 x
4.46 x 105

3.36 x 105

3.36 +0.72 x 105

Yoo R N e

3
=

TABLE IV

ASSOCIATION CONSTANT OF W3082 witH 3

Association constant (M™1)

1 3.95 x 10°
2 5.08 x 105
3 6.03 x 105
4 5.18 x 105
5 6.85 x 105
6 406 x 105
7 2.33 x 105
Mean 491 X 105

S.d. 491 3-1.43 x 105
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were 1/10th those of inulin. With rye-grass levan, the K3 values of PC 3660, UPC 10,
and Y5476 were 4.24 x 10° M1, 2.7 x 10° M™%, and 8.9 x 10* M™%, respectively.
Inulin at 3.15 mg/mL (corresponding to 1.4 x 10° M) did not restore the retarded,
D-fructan-specific bands of PC 3660, UPC 10, and Y5476.

The reproducibility of association constants determined by affinity electrophoresis.
— As reported previously'”, the K2 value of isomalto-oligosaccharides to NZB
myeloma antidextran PC 3936 varied over a 4-fold range, as PC 3936 usually showed
a wavy band. To determine the reproducibility of the K* and K2 values obtained in
this study, the K* and K2 values were calculated by making nine independent deter-
minations with UPC 10 and native Hestrin levan, and seven independent determina-
tions with W3082 and 3. As shown in Tables III and IV, the K* and K% values
ranged from 2.46 x 10° to 4.46 x 10° mL/g (mean value 3.36 x 10° mL/g) and from
2.33 x 10° to 6.85 x 10° M~ ! (mean value, 4.91 x 10° m~1).

DISCUSSION

The specificity and the combining-site size of a myeloma protein or plant lectin
is usually determined by quantitative precipitin and precipitin-inhibition assays®.
The binding properties of antigen—antibody or hapten—antibody and of ligand-lectin
interactions are expressed as association constants determined by equilibrium dialysis,
fluorescence quenching, and affinity electrophoresis. The specificity and the com-
bining-site size of BALB/c myeloma anti-D-fructans determined by quantitative,
precipitin-inhibition assays®:® have been established by measurement of their binding
properties by fluorescence quenching!!~13. BALB/c W3082 and UPC 61 have specifi-
city for inulin, having g-p-fructofuranosyl (2— 1)-linkages®, whereas BALB/c UPC 10
and Y5476 and NZB PC 3660 are specific for rye-grass levan, having f-D-fructo-
furanosyl (2—6)-linkages®-*?-12:13_ By the results of measurement of the binding
constants in affinity electrophoresis, the present study confirmed the earlier findings.

The p-fructan-specific bands of BALB/c and NZB myeloma anti-D-fructans
were retarded in affinity electrophoresis by all levans tested, which were homepolymers
of D-fructose with mainly f-D-(2—6)-linkages and B-D-(2—1) branches?®, similar
to findings with BALB/c and NZB myeloma anti-dextrans and dextrans'®-'®. The
binding properties (K* values) of myeloma anti-D-fructans to levans are in good
agreement with their precipitating properties as described previously®:1?. When
used with either inulin or rye-grass levan, the b-fructan-specific bands of these mye-
loma anti-D-fructans were not retarded in affinity electrophoresis, although BALB/c
and NZB myeloma anti-D-fructans are precipitated with either inulin or rye-grass
levan?:19; this is probably due to the low molecular weights of inulin3%-31 and rye-
grass levan'?+32, Similar findings were obtained in affinity electrophoresis with the
completely linear dextran D3 and NZB myeloma anti-dextrans'’” PC 3858 and
PC 3936. Dextran D3 (mol. wt. 36,500) is the most potent precipitinogen!® for PC
3858 and PC 3936, but the K? values of D3 to PC 3858 and PC 3936 determined by
affinity electrophoresis were lower than those of the least-branched dextrans, such as
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N-279, NRC fractions 8, 6, and 4, and about the same as those with NRC3, all with
molecular weights!? > 36,500. Unlike the findings with dextran D3 and antidextran,
inulin and rye-grass levan did not retard the mobility of the anti-levan myelomas,
probably due to their lower molecular weight. However, as inhibitors, inulin and rye-
grass levan restored the retarded D-fructan-specific bands of W3082 and UPC 61,
and rye-grass levan, those of PC 3660, UPC 10, and Y5476, showing that BALB/c
myeloma anti-D-fructans W3082 and UPC 61 show apparent dual specificity for
B-D-fructofuranosyl (2—1)- and (2—6)-linkages, and BALB/c UPC 10 and Y5476
and NZB PC 3660 have specificity for f-D-fructofuranosyl (2— 6)-linkages.

The dual specificity of W3082 and UPC 61 is supported by the findings that
W3082 and UPC 61 precipitate with bacterial levans having mainly 8-D-(2—6)-
linkages, and that W3082 shows idiotypic cross-reactivity with Y5476 having a
specificity for f-D-(2—6)-linkages'*. Therefore, the specificities of W3082 and UPC 61
are similar to those of anti-inulin E109 and E4 with dual specificities'®. That members
of the two groups of myeloma anti-D-fructans can show the same idiotypic specificity
is a further indication that idiotypic specificity and antibody combining-site specificity
do not run parallel, in accord with the findings of Oudin and Cazenave®2, and tends
to support the minigene hypothesis for the generation of antibody diversity®*~37.
The location of these cross-reacting, idiotypic determinants in the amino acid se-
quence, in relation to those amino acids forming the complementarity-determining
regions of the antibody combining-site, could provide a test of this hypothesis.

The combining-site sizes of BALB/c W3082 and UPC 61 have been studied by
precipitin-inhibition assays with D-fructo-oligosaccharides®. The order of inhibitory
potency of these oligosaccharides was 3 > 2 > 1 > sucrose. These findings have been
confirmed by the binding properties determined by fluorescence quenching!?~13.
As shown in Table I, the K3 values of D-fructo-oligosaccharides obtained by affinity
electrophoresis increased as the number of B-D-fructefuranosyl (2—1)-linkages
increased. Of the oligosaccharides available, the highest K2 values were obtained with
3, indicating that the combining sites of myeloma W3082 and UPC 61 are most
complementary to a chain of at least three f-p-fructofuranosyl units and a §-D-(2—6)-
linkage to D-Glc (as in 3). However, the finding that the K2 values of inulin with
W3082 and UPC 61 are similar to those of 3 indicated that maximal complementarity
was achieved with a tri-D-fructosyl g-p-(2—6)-linkage to D-glucose occupying the
combining site!?. Moreover, the fluorescence studies of Streefkerk and Glaudemans*?
have shown that the binding constants are lower if this (2— 1) chain of the p-fructo-
furanosyl oligosaccharides is f-D-(2— 1)-linked to D-Glc. In this connection, BALB/c
myeloma W3082 and UPC 61 have the same specificities®, but differ from BALB/c
myeloma J606 in the sizes of their combining sites, as J606 is most complementary®
to trisaccharide 2.

The combining-site size of myeloma anti-D-fructans UPC 10, Y5476, and PC
3660, having specificity for f-D-(2—6)-linkages, could not be studied, as they were
not inhibited by any D-fructo-oligosaccharides available®:*°. The K2 value of rye-
grass levan to UPC 16 (2.7 x 10° Mm™1), obtained in this study, was similar to that
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(1.99 x 10° M™*') of the Fab fragment obtained by fluorescence quenching!3. The
K2 values of myeloma anti-D-fructans for rye-grass levan were calculated on the
basis of a molecular weight of 5,000 for rye-grass levan®? in this study, and the K2
values of the Fab fragment of rye-grass levan on a molecular weight!? of 2,000 (from
the data on the chemical analysis of rye-grass levan>?®). If the K2 values obtained in
this study are calculated on the basis of a molecular weight of 2,000, they become
1.69 x 105 M~ for PC 3660, 1.08 x 10> Mm~! for UPC 10, and 3.49 x 10* M~ ! for
Y 5476. In either case, K} of the interaction of rye-grass levan with UPC 10 is similar

to that determined by fiuorescence quenching'?, as already mentioned.

It is of interest to compare the association constants (K?) determined by
affinity electrophoresis with those obtained by fluorescence, described previously!! =13,
The K2 values obtained by both methods are in good agreement'! ™13, as shown in
Table II. Comparable findings were previously reported by affinity electrophoresis
using BALB/c myeloma anti-dextrans W3129 and QUPC 52 and isomalto-oligo-
saccharides'®. Affinity electrophoresis is a simple, useful, and practical method for
determining the interaction of antigen—antibody or hapten-antibody interactions
with association constants ranging from 102 to 10° mL/g or M~ !, respectively'®-17.
Although the precision of affinity electrophoresis is somewhat lower than that of
other methods, the ability to (2) use ascitic or culture fluid instead of purified antibody,
and (b) determine binding-constants for interaction of macromolecules with antibody,
offers substantial advantages.
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