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Abstract

Certain hormonal and nonhormonal binding systems such as the
leukoagglutinin-lymphocyte model exhibit complex receptor-li-
gand interactions that result in nonlinear Scatchard plots. Such
plots are interpreted as indicating either homogeneous negatively
interacting binding sites or heterogeneous sites with different
and fixed affinity. We assessed the validity of these interpreta-
tions in our system by conjugating the ligand to a photoactivated
heterobifunctional agent and cross-linking the conjugate to a
subset of receptors before studying the binding interactions of
non-cross-linked sites. Conjugation did not qualitatively or
quantitatively affect the binding properties of the ligand. Cross-
linking was specific, efficient, and stable and had no effect on
irrelevant surface receptors. Cross-linking of only 3% of the total
receptors resulted in 50% decreased ligand binding to high affinity
sites consistent with a calculated inactivation of 85% and 2% of
high and low affinity sites, respectively. Such preferential in-
activation of high affinity sites is an unequivocal demonstration
of binding site heterogeneity in this system and shows a clear
rejection of the homogeneous cooperation model.

Introduction

Evidence suggests that complex receptor-ligand interactions in
certain hormonal and nonhormonal systems reflect occupancy-
dependent affinity (1, 2). To date, such evidence has relied on
demonstrating enhanced dissociation of bound labeled ligand
as receptor occupancy is increased by addition of an excess of
unlabeled ligand to the dissociation mixture (1, 2). While
suggestive, this approach fails to prove the existence of negatively
interacting binding sites (3-7). Thus, the existence of hetero-
geneous binding sites with different but fixed affinity for the
ligand remains the preferred explanation of such complex bind-
ing interactions. Objective resolution of the uncertainty regarding
binding models underlying complex binding interactions is
hampered by the phenomenological nature of receptor-ligand
binding studies and by methodological limitations that preclude
selectively studying each class of heterogeneous binding sites. If
receptors belonging to one of two distinct classes of binding sites
were cross-linked to the ligand, then data from post—cross-linking
binding studies would reflect the second non-cross-linked class
of receptor. Such an approach might provide an experimental
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basis for distinguishing homogeneous interacting from hetero-
geneous noninteracting binding sites.

Using the lymphocyte-leukoagglutinin (LPHA),! a receptor-
ligand system that generates binding data compatible with either
homogeneous interacting or with heterogeneous binding sites
with different and fixed affinities, we have examined the binding
interactions of one of the two assumed receptor classes after
selectively cross-linking the other receptor class with a photoac-
tivated heterobifunctional reagent. Our observations clearly show
that in the LPHA-lymphocyte system, complex binding inter-
actions reflect binding site heterogeneity and are inconsistent
with the negatively cooperative model.

Methods

Cells

IM9, a B-lymphoblastoid cell line, was grown in RPMI 1640 (Gibco,
Grand Island, NY) with 10% fetal calf serum (MA Bioproducts, Walk-
ersville, MD) at 37°C in a 5% CO, incubator (Forma Scientific, Marietta,
OH). Before binding assays, cells were harvested by centrifugation at
200 g for 10 min and washed three times with medium. Cell viability
assessed by Trypan Blue dye exclusion was consistently >95%.

PHA purification and iodination

LPHA, a potent mitogenic lectin (8, 9), was prepared from a single batch
of PHA-P (Difco Laboratories, Inc., Detroit, MI) according to a modi-
fication of the column chromatography methods of Weber (8), as pre-
viously described (9). LPHA was iodinated (with reductant-free '*’I or
1311, 17 and 20 Ci/mg sp act, respectively, Amersham Corp., Arlington
Heights, IL) by the chloramine-T method of Hunter and Greenwood
(10) to a specific activity of 0.1-1 uCi/ug. Details of the LPHA purification
and iodination procedures, and of its biological activity have been pub-
lished elsewhere (9, 11, 12).

Insulin iodination

Porcine insulin, a gift from Dr. R. Chance (Eli Lilly & Co., Indianapolis,
IN), was iodinated (reductant-free '*'I, 20 Ci/mg sp act, Amersham Corp.)
by the chloramine-T method of Hunter and Greenwood (10) to a specific
activity of 100-200 uCi/ug.

LPHA conjugation

Radioiodinated LPHA was conjugated with the heterobifunctional re-
agent ethyl N-5-azido-2-nitrobenzoylaminoacetimidate-HC1 (ANB-AI),
a gift from Dr. W. S. Allison (University of California, San Diego, CA),
according to published procedure (13). Briefly, after dialysis against 0.15
M Na,CO; buffer, pH 9, overnight at 4°C, 0.5 mg of '*I-LPHA was
exposed to a 10-fold molar excess of ANB-AI and rotated for 8 h at
room temperature. The reaction mixture was filtered over a G-50 se-
phadex column (Pharmacia Fine Chemicals, Piscataway, NJ), and equil-
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ibrated with 0.15 M phosphate buffer, pH 7.4. The pooled radioactive
peak containing the activated radiolabeled lectin (‘>’I-LPHA-ANB-AI,
0.1-1 uCi/ug sp act) was in aliquots and stored at —70°C. All manipu-
lations of the activated lectin were carried out in the dark.

Receptor-ligand binding studies

Binding equilibrium. Increasing concentrations (1.5 X 10 M to 1.5
X 1076 M) of '*'I-LPHA of constant specific activity were incubated with
fresh cells (10° aliquots) or with cell aliquots previously cross-linked with
tracer concentrations (2.65 X 1078 M) of '*I-LPHA-ANB-AI in 0.5 ml
Hanks’ buffer containing 0.1% of bovine serum albumin (BSA; Sigma
Chemical Co., St. Louis, MO) in polystyrene tubes precoated overnight
with 0.5% BSA in Hanks’ buffer to minimize nonspecific binding. Con-
trols included '*'I-LPHA binding to fresh cells in the presence of equi-
molar concentrations of ANB-AI and equilibrium binding of equimolar
concentrations of '*I-LPHA-ANB-AI of constant specific activity to fresh
cells. After reaching equilibrium (60 min incubation at 22°C) the bound
and unbound tracer from each incubation were separated by centrifu-
gation over a 4:1 mixture of dibutyl phthalate and bis-2-ethylhexyl
phthalate (Eastman Kodak Co., Rochester, NY) at 10,000 g (Microfuge
12; Beckman Instruments, Inc., Fullerton, CA) for 2 min in conical
microcentrifuge tubes (Sarstedt, Inc., Princeton, NJ). The centrifuge tube
tips containing the cell pellet were cut off and cell-bound radioactivity
of the pellet was determined in a gamma counter (Gamma 4000; Beck-
man Instruments, Inc.). Aliquots of cells cross-linked with '2I-LPHA-
ANB-AI but not exposed to '*'I-LPHA were counted to determine the
amount and efficiency of cross-linking. In some experiments binding of
125L.insulin to IM-9 cells under steady state was determined as described
for LPHA except that cells were incubated with '*I-insulin (1.7 X 107!!
M) in the presence of increasing concentrations of native insulin.

Dissociation studies. Cells (10° aliquots) were exposed to tracer
amounts (2.65 X 10~ M) of '*I-LPHA or '®I-LPHA-ANB-AI in 0.1
ml of Hanks’ buffer containing 0.1% BSA (Hanks-BSA). After reaching
equilibrium, cells were irradiated and unbound tracer ligand was removed
by washing the cells twice with Hanks-BSA buffer at 4°C and replacing
the supernatant with 50 volumes of Hanks’-BSA buffer alone or in buffer
containing native LPHA in concentrations equal to the '>’I-LPHA present
in the original sample. Volume dilution prevents reassociation of ligand
released during the dissociation reaction (1, 2). Addition of native LPHA
increases the overall occupancy by the ligand and thus enhances tracer
dissociation, as described for this (2) and other systems (14). At various
times, duplicate cell aliquots were processed as described above to as-
certain receptor ligand complex dissociation.

Receptor-LPHA cross-linking

Cross-linking was induced as follows: After equilibration with tracer
concentrations of '>I-LPHA-ANB-AI, cells were placed in a BSA-pre-
coated quartz glass tube and irradiated for 5 min. Irradiations were carried
out in a Rayonet photochemical reactor (RMR-500; Southern New
England Ultraviolet Co., Hamden, CT). The apparatus contains four
fluorescent tubes with an output of 975 milliwatts each at 300 nm ar-
ranged around a cylinder. This long wavelength light increases the reac-
tivity of the photo-generated arylnitrene and reduces undesirable pho-
tolysis on other amino acid residues of the conjugated protein (15). The
samples in glass tubes rotate at 5 rpm in a carousel (Merry-go-round,
RMR-400; Southern New England Ultraviolet Co., Hamden, CT), in-
suring uniform irradiation of all samples.

Data analysis

Specific LPHA and insulin binding was calculated from total binding
by subtracting nonspecific binding, as determined by binding of radio-
ligand in the presence of 1,000-fold excess of native ligand. Data from
dual radiolabel experiments were corrected for spilldown of '*'I counts
into the '»I window. Data are presented as averages of replicate exper-
iments as indicated in the figure legends. In all experiments, each data
point is assessed in duplicate. Standard deviations (not shown) were gen-
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erally <5% of the mean. Equilibrium binding data were analyzed by
curve-fitting using the least-square “ligand” program (16) adapted to
Apple Soft Basic for the Apple I+ microcomputer (Apple Computer,
Inc., Cupertino, CA). Fitted parameters are displayed in Scatchard co-
ordinates (17).

Results

Properties of the "*I-LPHA-ANB-AI conjugate. Fig. 1 shows the
radioactivity, protein, and ANB-AI profiles of the fractionation
eluate of the modified '*I-LPHA. As shown, nearly all the mod-
ified '>I-LPHA eluted between fractions 11 and 16 with clear-
cut separation between the conjugated and the unconjugated
fractions of ANB-AIL The figure inset shows the absorption
spectra of the modified and unmodified LPHA. Based on the
extinction coefficient of ANB-AI (¢ = 9 X 10> M~! at 318 nm),
the molecular weight of LPHA (128,000), and the contribution
of ANB-AI to the modified LPHA absorbance at 318 nM, the
molar ratio of reagent to lectin can be estimated. Reaction con-
ditions were chosen to generate conjugates with an ANB-AI to
LPHA molar ratio of 1. Because one cross-link is sufficient, such
a ratio reduces undesirable cross-linking to nonreceptor surface
moieties often associated with excesses of heterobifunctional re-
agent.

Effect of ANB-AI on LPHA binding. Whether or not ANB-
Al affects the magnitude or affinity of LPHA binding to lym-
phocyte receptors was ascertained in the following experiments.
Cells were equilibrated either with 1.5 X 10™° M to 1.5 X 107¢
M of *'I-LPHA in the presence and absence of equimolar con-
centrations of ANB-AI or with 1.5 X 107 M to 1.5 X 107 M
125 LPHA-ANB-AI conjugate as described under Methods. As
shown in Fig. 2 A4, binding of LPHA to its lymphocyte receptors
was substantially the same at all ligand concentrations in each
set of experiments. Replots in Scatchard coordinates (Fig. 2 B)
show that binding data from each set of experiments generates
a virtually identical curvilinear Scatchard plot. Thus, under these
experimental conditions, ANB-AI does not affect the magnitude
or complexity of LPHA binding either as unconjugated reagent
in the reaction mixture or when conjugated to the binding ligand.

OD and CPM (X10™)

Fraction Number

Figure 1. Chromatography of '*I-LPHA conjugated with ANB-AI on
sephadex G-50. Each tube contained 0.5 ml of effluent. Fractions were
assayed for the presence of radioiodine (0) in a gamma counter; pro-
tein (a) at 700 nm absorbance; and for presence of ANB-AI (0), at 405
nm. The inset shows the absorption spectra of conjugated (upper line)
and unconjugated (lower line) LPHA.
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Figure 2. (4) Binding of '*'I-LPHA and '*I-LPHA-ANB-AI to IM9
cells. Cells were equilibrated with increasing concentrations of '*'I-
LPHA in the presence (a) and absence (0) of ANB-AI and with in-
creasing concentrations of '>I-LPHA-ANB-AI (e). Cell-bound radio-
activity was measured in duplicate aliquots of 10° cells as described in
the text. Receptor-bound ligand is expressed as bound (log of ng '*I-
LPHA/109 cells) and is plotted as a function of the total ligand added
(ug/10° cells). (B) Replots the binding data in Scatchard coordinates.
Bound over free radioiodinated ligand is expressed as a function of
bound (ng X 10° cells).

Assessment of cross-linking. To assess cross-linking efficiency,
two sets of 8 X 10° cells were incubated with tracer amounts
(2.65 X 107 M) of '*I-LPHA or '®I-LPHA-ANB-AI, respec-
tively. After reaching equilibrium, both sets were simultaneously
irradiated as described above, washed twice in Hanks-BSA
buffer, and diluted with a 50-fold excess of Hanks’-BSA buffer
alone, or in buffer containing native LPHA at concentrations
(2.65 X 10~% M) sufficient to maintain equilibrium initially in-
duced by the tracer (2). Duplicate aliquots of 10° cells were re-
moved from each set at 0, 5, 30, and 60 min and processed as
described above to ascertain cell-bound radioactivity. Under
these experimental conditions, dissociation of receptor-ligand
complexes proceeds spontaneously (basal dissociation) or is ac-
celerated by the presence of excess of native ligand in the reaction
mixture (ligand-enhanced dissociation) as demonstrated for this
(2) and other systems (1, 14). As shown in Fig. 3 A4, spontaneous
and LPHA-enhanced tracer dissociation were 37 and 68%, re-
spectively, at 60 min. These values are comparable to dissociation
experiments performed on nonirradiated lymphocytes (2). In
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Figure 3. (A) Dissociation of receptor-LPHA complexes. After equili-
brating with tracer amounts (2.65 X 10~® M/10° cells) of '*I-LPHA
(left) or '®I-LPHA-ANB-AI (right), cells were irradiated and washed
twice with buffer. Supernatants were replaced by a 50-fold excess of
fresh medium containing (o, set 1) or not containing (q, set 2) 2.65

X 1078 M of native LPHA per 10° cells. At the intervals shown, dupli-
cate aliquots from each set were processed as described in the text to
ascertain the cell-bound radioconjugated ligand. Data are expressed as
percentages of time zero value and plotted as a function of dissocia-
tion time. (B) Scatchard plots of *'I-LPHA equilibrium binding to
IM9 cells before cross-linking showing the high and low affinity com-
ponents of the curve. The fraction of total cross-linked receptors (a

= 13 ng/10° cells) linearly extrapolates to the high and low affinity
components intersecting at b = 3 ng/10° cells and ¢ = 9 ng/10° cells,
respectively. Ratio of bound over free '*'I-LPHA (X 100) is plotted as
a function of bound *'I-LPHA (ng X 10° cells).

contrast, irradiation of cells equilibrated with '**I-LPHA-ANB-
Al precluded both spontaneous and LPHA-enhanced dissocia-
tion of receptor-bound '**I-LPHA-ANB-AI As shown, 95 and
92% of receptor-'*’I-LPHA-ANB-AI complexes remained cross-
linked under basal and LPHA-enhanced conditions, respectively,
after 60 min dissociation.

Binding interactions after cross-linking one of two (assumed)
classes of receptors. In this system, LPHA-receptor binding in-
teractions data generate a curvilinear Scatchard plot (Fig. 3 B)
compatible with more than one class of sites with different and
fixed affinity, or with one class of interacting binding sites. As-
suming heterogeneous sites, the Scatchard plot was mathemat-
ically resolved by weighted nonlinear least-squares curve fitting
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to estimate the equilibrium binding constants (K and R values)
of each binding class. A two-site model was identified as “best
fit” consisting of a small component (R, = 3.6 ng/10° cells) of
high affinity sites (K; = 2 X 10° M™"); and a large component
(R; = 388 ng/10° cells) of low affinity receptors (K, = 5 X 10°
M™!). Using dual labeled ligand, we conducted equilibrium
binding studies using '*'I-LPHA on the assumed class of low
affinity sites after cross-linking the assumed class of high affinity
receptors (with '*I-LPHA-ANB-AI) as described under Methods.
Cell aliquots equilibrated with '*'I-LPHA in the presence or
absence of ANB-AI followed by irradiation and cells equilibrated
with *'I-LPHA-ANB-AI without irradiation served as controls.
The fraction of cross-linked receptors (13 ng/10° cells or ~3%
of the total) exceeded (by >3:1) the estimated capacity of high
affinity sites, thus insuring that equilibrium binding data gen-
erated under these conditions reflect mostly low affinity site in-
teractions minimally contributed to by the class of high affinity
sites. This prediction was graphically confirmed from the inter-
section of the line of cross-linked receptors (Fig. 3 B) with the
low and high affinity components of the Scatchard plot, which
shows that 2 and 85% of the assumed low and high affinity re-
ceptors, respectively, were inactivated. The latter estimate is fur-
ther supported by curve fitting of the Scatchard plot following
cross-linking which revealed a 15% remnant active high affinity
class (0.56 ng/10° cells). '*'I-LPHA binding to cross-linked cells
(Fig. 4, solid squares) generated a curvilinear Scatchard plot
qualitatively comparable to those derived from '*'I-LPHA bind-
ing to non—cross-linked cells (Fig. 2 B, open squares, open tri-
angles, and solid circles) but with a 50% decrease in binding to
high affinity sites.

Insulin binding to '’I-LPHA-ANB-AI cross-linked cells. To
ascertain the specificity of receptor-ligand cross-linking and to
assess the potential effect of cross-linking on the cell membrane
and on unrelated membrane components, we performed the
following experiments: cell aliquots were equilibrated with '*°I-
LPHA-ANB-AI and in the presence of an excess of native LPHA.
Excesses of native LPHA blocked binding of the conjugated li-
gand to specific receptors resulting in a binding component
comparable to the unsaturable nonspecific binding obtained from
blanks (not shown). In addition, equilibrium '*'I-insulin binding
experiments were conducted on IM9 cells cross-linked with '%I-
LPHA-ANB-AL Insulin was chosen as a second ligand because
the density ratio of LPHA to insulin receptors on IM9 cells is
~100:1 (G. B. Faguet, unpublished observations). Thus, binding
interactions of low density receptors would be appreciably altered
by cross-linking even a small fraction of the high density receptors
should the cross-linking be either partly nonspecific or should
it induce allosteric effects. Fig. 5 shows the Scatchard display of
insulin binding to fresh IM9 cells and to IM9 cells pre-cross-
linked with LPHA. The fraction of cross-linked LPHA was cal-
culated at 17 ng/10° cells or ~80,000 receptors per cell. Likewise,
it is calculated that 109-3,135 insulin receptors per cell were
bound with insulin. Thus, the ratio of LPHA cross-linked to
insulin-bound receptors over the insulin concentration range
assayed was 736:1 to 26:1. Insulin binding to LPHA cross-linked
and non-cross-linked IM9 cells was virtually identical, which
strongly suggests that LPHA-receptor cross-linking had no effect
on the binding interactions of non-LPHA receptors. This suggests
that LPHA cross-linking was receptor-specific, exerted no mea-
surable allosteric effects, and did not affect the complex inter-
actions of irrelevant receptors.

70 G. B. Faguet and D. Beebe

w
o
A
o L T L L) L] L] L) L}
0 100 200 300 400
Bound
B
3.
e 2],
o
400

Figure 4. Scatchard plot of '3'I-LPHA equilibrium binding to IM9
cells after 3% receptor inactivation () compared with expected curves
for remaining sites assumed homogeneous and negatively interacting
(A), or postulated heterogeneous with high and low components (B).
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Figure 5. Scatchard plots of insulin binding to fresh and LPHA-cross-
linked IM9 cells. '*I-insulin (1.7 X 10~!! M) was incubated for 90
min at 15°C with two sets of 2 X 10° cells/ml in the presence and ab-
sence of various concentrations of native insulin. One set consisted of
fresh cells (O), the other of cells that had been preincubated with '*'I-
LPHA and irradiated (o) as described in the text to cross-link a frac-
tion of LPHA receptors. Specific '*I-insulin binding was determined
and the bound over free ratio of labeled hormone is plotted as a func-
tion of the total concentration of bound hormone.



Discussion

This report shows that a select fraction of LPHA receptors can
be cross-linked to LPHA by the heterobifunctional agent ANB-
Al and that selective binding interaction studies can be conducted
on the non-cross-linked receptor population. One attractive
feature of the heterobifunctional agent ANB-ALI is that it can be
activated with 300 nm ultraviolet light (13) reducing to a min-
imum radiation damage to the target (13, 18). This is of particular
importance when intact cells are involved. Crucial to the inter-
pretation of our results, and the validity of our conclusions, is
the assessment of the specificity and efficiency of cross-linking;
the distinction between cross-linked and non-cross-linked re-
ceptors; and the evaluation of the possible contribution of bio-
logical cross-linking during photolysis (19, 20). The specificity
of binding and cross-linking LPHA-ANB-AI to lymphocyte
LPHA receptors is shown by complete inhibition of LPHA-ANB-
Al binding by native LPHA and the fact that LPHA receptor
cross-linking had no effect on the binding interactions of irrel-
evant insulin receptors. A significant degree of random chemical
or biological cross-linking would be expected to qualitatively or
quantitatively affect binding of irrelevant receptors particularly
at such a high density of the target receptor (3.4 X 10%/cell) and
with a 100:1 target/irrelevant receptors ratio. Irradiation was
determined to induce efficient cross-linking as ~100% of LPHA-
ANB-AI bound to receptors at the time of irradiation was cross-
linked by photolysis. By virtue of the 1:1 LPHA/ANB-AI molar
ratio of the activated lectin, this cross-linking efficiency suggests
that the ANB-AI attaches LPHA very near its binding site. Sta-
bility of cross-linked complexes is demonstrated by the minimal
spontaneous dissociation (~5%) of receptor-bound and irradi-
ated LPHA-ANB-AI over a 60-min period (compared with 37%
for LPHA), and the fact that dissociation of cross-linked com-
plexes was not enhanced by excess of native ligand. Assessment
of the potential effect of cross-linking binding a fraction of re-
ceptors on the post—cross-linking binding data must be examined
in the context of the opposing hypothetical binding models: ho-
mogeneous interacting binding sites with occupancy-dependent
affinity vs. heterogeneous classes of sites with different and fixed
affinity. Cross-linking of a fraction of binding sites would have
no appreciable effect on binding interactions of the remaining
non—cross-linked receptors if all receptors belong to a single class
of interacting binding sites. Indeed, non-cross-linked receptors
would retain variable affinity dependent on occupancy. Accord-
ing to this model, data from equilibrium binding studies con-
ducted on non-cross-linked receptors would generate identical
curvilinear Scatchard plots regardless of whether a fraction of
receptors is cross-linked. In contrast, in a system with two classes
of noninteracting binding sites with different and fixed affinity
binding, studies performed after preferential inactivation of a
class of sites will reflect interactions of the non—cross-linked class.
According to this model, the magnitude and class specificity of
the inactivation will dictate the extent to which the pre- and
post-inactivation Scatchard plots differ. In our system we found
that inactivation of only 3% of the total receptors by cross-linking,
resulted in a 50% decrease in subsequent tracer ligand binding
to high affinity sites. This preferential inactivation of high affinity
sites represents an unequivocal demonstration of binding site
heterogeneity in this system and a clear rejection of the homo-
geneous negatively cooperative binding model. Indeed, graphical

analysis of the Scatchard plot indicates that cross-linking inac-
tivation of 3% of the total receptors eliminates 85% of the low
capacity-high affinity receptors but only 2% of the high capacity-
low affinity sites (Fig. 3 B), which is consistent with a two-class
heterogeneous binding site interpretation (Fig. 4). It could be
argued that the receptor-LPHA-ANB-AI complex dissociates but
that the conjugate remains cross-linked by the ANB-AI at a site
other than the LPHA receptor. Should this be the case, cross-
linking would have no effect on binding interactions because,
in effect, all receptors would remain available to the unconjugated
tracer ligand. However, two conditions must be met for this to
occur: (a) cross-linking would have to be random rather than
receptor-specific, and (b) the association constant of the uncon-
jugated ligand should be greater than the dissociation rate of the
conjugated ligand (concerted substitution hypothesis). However,
such alternative explanation of our data is inconsistent with our
findings that cross-linking is receptor-specific and that conju-
gation did not measurably affect the dissociation constant for
the ligand. We did not examine and therefore cannot extrapolate
our conclusions to other systems with complex binding inter-
actions. However, given the striking similarities in equilibrium
and kinetic binding data derived from LPHA and certain other
ligands (2, 4, 9, 14), it is unlikely that our observations represent
a phenomenon restricted to LPHA receptors.
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