stage appear to require interaction with
the target in order to remain responsive
to ACh. If a similar requirement exists
in vivo, either during development or
throughout the neuronal life cycle, target
interaction may be seen as a mechanism
particularly suited to the formation and
maintenance of appropriate neuronal cir-
cuitry. Activity through a synaptic path-
way has been implicated as an important
influence on the maintenance and rela-
tive efficacy of neuron-to-neuron and
neuromuscular transmission (/5). Neu-
rons failing to compete successfully for
target interaction might lose transmitter
responsiveness and also lose a sustaining
influence gained from tonic activity. This
would be particularly true if the lack of
contact with a target caused a loss of
responsiveness to all transmitters, re-
sulting in transmission failure at all in-
coming synapses. Because interaction
with membrane remnants is as effective
as interaction with live myotubes, at
least in the short-term maintenance of
neuronal ACh sensitivity, it is hard to
envision a major role for tonic activity in
this instance.

In cell culture, ciliary ganglion neu-
rons can be released from the normal
dependency on the target for survival by
the addition of target-derived proteins
(16). In addition, several other ‘‘trophic’
proteins or activities support aspects of
neuronal differentiation (/7). These ob-
servations, along with studies of nerve
growth factor (/8), suggest an important
role for readily soluble proteins in the
development of embryonic neurons.
However, for the ciliary ganglion, pro-
tein factors added to the culture medium
are not capable of supporting neuronal
development equivalent to that seen in
vivo (3, 19). The failure of the soluble
trophic factors to foster normal develop-
ment in cell culture may be the result of
other deficiencies in the culture environ-
ment, insufficient neuronal access to the
factors, or as yet obscure factors that act
in concert to promote neuronal differen-
tiation. Nonetheless, the present results
indicate that contact with the target
membrane has a strong influence on neu-
ronal development.

JEREMY B. TUTTLE
Physiology Section, Biological Sciences
Group, University of Connecticut,
Storrs 06268
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Number of Receptor Sites from Scatchard and

Klotz Graphs: A Constructive Critique

The Scatchard plot is now perhaps the
most popular method for graphical anal-
ysis of ligand-receptor binding studies.
With the increasing number of receptor
studies in neurobiology, endocrinology,
pharmacology, immunology, and numer-
ous other biomedical fields, it is impor-
tant that this method be used and inter-
preted correctly. Klotz (/) has called
attention to some potential shortcomings
of the Scatchard plot method. However,
it should not be concluded that there is
something inherently wrong with the
Scatchard plot or that the graph preferred
by Klotz, in which the concentration of
bound ligand is plotted against the log of
the free ligand ([B)/log [F]), is intrinsical-
ly better. Clearly, the statistical informa-
tional content of the data is not altered
by presentation in one or the other coor-
dinate system: a simple algebraic ma-
nipulation will convert one format to the
other. Thus identical conclusions should
be drawn from bath plots, provided they
are interpreted correctly.

A number of issues deserve comment.

1) When one uses a plot of bound
versus free ligand or bound versus the
log of the free concentration, it becomes
apparent that the maximum binding ca-
pacity (Bnax) is an extrapolated value
and that one must extrapolate a very
long distance (until the concentration of
the free ligand equals ‘‘infinity’’). Even
if one reaches 80, 90, or 95 percent of the!
apparent upper plateau value, there is'’
always the disturbing possibility that the

curve might change its shape in the un-
observed (and unobservable) region.
Thus, one can never prove that one has
determined the true value for B.x, uti-
lizing any kind of plot or any kind of
statistical analysis. This problem ap-
plies equally to the Scatchard and
Lineweaver-Burk plots (2), although in
these plots the graphical extrapolation
appears to be only a short distance.

2) One can only make an estimate of
B if one begins with a particular mod-
el (for example, homogeneous noninter-
acting sites or two, three, or more class-
es of independent sites, cooperativity
based on a specified model) and then
assumes that the model will continue to
apply over the extrapolated range.

There are two distinct sources of un-
certainty in the estimate of B... Ran-
dom fluctuation in the observed data will
result in corresponding uncertainty in
the estimate of By, even if we knew the
exact model governing the biochemical
reaction. The magnitude of this type of
error will increase as the length of ex-
trapolation increases, giving a warning
when inadequate data are available. The
error limits in the estimate of B,x may
be calculated on the basis of assumptions
about the error distribution for the data.
More accurate limits are obtained if inde-
pendent replicates of the experiment are
available. Appropriate methods of calcu-
lation have been described elsewhere
3.

Uncertainty also results from incom-
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plete knowledge of which biochemical
mechanism governs the reaction. One
may have inadvertently selected the
wrong model (because of failure to detect
curvature in the Scatchard plot, for ex-
ample). If the observations are over only
a limited range of free ligand concentra-
tion, it becomes difficult to distinguish
between alternative models. This second
form of uncertainty is more serious since
it is almost impossible to quantify and is
therefore often ignored.

The ‘“‘model dependency’’ of extrapo-
lated parameters, such as Bp.x, applies
to all methods, graphical and computer-
ized. In this respect, the Scatchard plot
is no better (and no worse) than that in
which [B] is plotted against log [F], when
both are properly interpreted.

3) Proper interpretation of a graph
requires that the user understand (i) the
shape of the curve for any specified
model and (ii) the shape of the uncertain-
ty region around the curve (for example,
95 percent confidence region). Changing
the plotting coordinate system (that is,
nonlinear transformation of the data)
both alters the shape of the curve and
distorts the shape of the corresponding
95 percent confidence region. Small er-
rors in the data will appear magnified
near either axis of a Scatchard plot (Fig.
1A). Similarly, errors are magnified near
the upper plateau when [B] is plotted
against log [F] (Fig. 1B). Lack of appre-
ciation of these facts may result in incor-
rect conclusions being drawn from either
plot.

4) The biologist or biochemist does not
use K (the affinity constant) and B,y in
the same sense—or for the same pur-
pose—as the enzymologist or physical
chemist. The biologist is usually not in-
terested in establishing the true values of
affinity constants and binding capacities.
These values may be biased because of
failure to reach equilibrium, problems in
the separation of bound and free, errors
in the estimate of specific activity, erro-
neous assumption of an incorrect model,
or a host of other factors (4). Rather, in
the same way that the biologist can use
muscle contraction, uterine weight, or
behavioral changes as a measurable re-
sponse to an experimental probe, he or
she can also legitimately use apparent K
or B.x values observed under defined
experimental conditions.

Frequently, the biologist may observe
an overall shift in the magnitude of bind-
ing, but no change in the shape of the
curve. Here, it is best to characterize the
data in terms of the observed range of
the data, rather than basing results on
extrapolated values such as Bp.x. For
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example, one can form the ratio of bind-
ing in the presence of a ‘‘treatment’
relative to that observed for ‘‘control”
for several concentrations of free ligand,

- and then test whether this ratio is signifi-

cantly different from unity. Often, this is
all that the biologist wishes to establish.
The question about the true value for
B.x must await the purification of the
receptor to homogeneity so that the
physical chemist can count the number
of binding sites on the molecule (quite a
different problem).

'S
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Log [free]

Fig. 1. Transforming the data does not change
the information content. The same binding
curve shown in two coordinate systems. The
shape of the curve changes, but with corre-
sponding changes in the shape of the envelope
of uncertainty around the curve (enclosed by
a broken line). Duplicate data points are
shown in each plot. In the Scatchard plot (A),
duplicates tend to lie on lines radiating from
the origin. Large scatter appears as one ap-
proaches the axis for the concentration of
bound ligand, especially in the presence of
significant nonspecific binding. Likewise, the
curve can ‘‘blow up’’ as one approaches the
B/F axis, when there is a small but constant
error in measurement of bound ligand concen-
tration. In (B), duplicates lie on nearly verti-
cal lines, but errors become substantial at
high concentrations of free ligand because of
the presence of nonspecific binding. Approxi-
mate confidence regions (broken lines) for a
single new observation were'generated with
the assumption of 2 percent nonspecific bind-
ing with a relative 10 percent measurement
error in bound concentration plus a small
(0.002 unit) constant error.

Receptor studies, unlike classical
enzymology, frequently deal with whole
tissues and therefore numerous impuri-
ties. As a result, at large free ligand
concentrations, nonspecific binding will
inevitably become larger than specific
saturable binding. At the extreme right-
hand end of the binding isotherm (Fig.
1B) specific binding is often measured as
the difference between two very large
numbers. Hence, attempts to measure
B.x by simply using large free-ligand
concentrations may be unreliable. The
presence of nonspecific binding magni-
fies all of the statistical problems dis-
cussed above. Nonspecific is better
treated as an unknown parameter, to be
estimated by a statistical curve-fitting
technique, rather than as a fixed value to
be subtracted from the observed total
binding (3).

5) Extrapolation of a linear Scatchard
plot is fraught with difficulties. Even
more severe problems arise when one
extrapolates nonlinear Scatchard plots,
especially when one performs the ex-
trapolation ‘‘by eye’’ without stipulating
the exact molecular mechanism, mathe-
matical model, or the underlying as-
sumptions regarding the nature and mag-
nitude of experimental errors. Such re-
sults are likely to be poorly reproducible
from one investigator to another, and
especially from one laboratory to anoth-
er. Abuses of this nature have frequently
appeared in the literature. Some labora-
tories have published what they claim to
be ‘‘normal ranges’’ for Scatchard plots,
including B,.,, for various clinical stud-
ies. It is hazardous to publish the ‘‘nor-
mal range’’ for an extrapolated value
when the rules for the extrapolation are
unspecified.

6) One may avoid the issue of graphi-
cal methods altogether, by use of com-
puterized nonlinear least-squares curve
fitting (3, 5, 6), weighted to account for
the statistical distributions of the errors.
Then the results will be optimal in a
statistical sense, irrespective of the
choice of graphical coordinate system
used for display of the data. This ap-
proach has several advantages (3):

e Computer analysis allows one to
take account of the error distribution of
the original data, thus avoiding transfor-
mation biases and artifacts.

e It provides a measure of the stan-
dard errors and confidence limits for
each of the estimated parameters, and
for pairs of parameters considered joint-
ly.

* e It provides several objective criteria
for goodness of fit and tests for outliers.

e It facilitates comparison with alter-
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native models, and selection of the ‘‘best
model’’ on the basis of objective criteria.

e It permits simultaneous analysis of
data from multiple curves or multiple
experiments.

o It can provide tests of similarity of
shape of two binding isotherms, and en-
able one to estimate the relative scaling
factors for two or more binding iso-
therms of similar shape.

In summary, the Scatchard plot is no
more and no less subject to abuse than
other plots which in fact have the same
informational content. Graphical meth-
ods serve well to provide subjective,
preliminary understanding of the data
(6). However, such methods sometimes
oversimplify, with the paradoxical result
that different graphs of the same data
appear to lead to different conclusions.
Such paradoxes are usually resolved
with the use of an appropriate statistical
analysis.

P. J. MuNsoN
D. RODBARD
Laboratory of Theoretical and
Physical Biology, National Institute of
Child Health and Human Development,
Bethesda, Maryland 20205
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Munson and Rodbard (/) present in
summary their views of the difficulties
encountered in analyzing ligand-receptor
interactions. Most of their presentation
is perfectly acceptable and analyzes is-
sues not touched upon in my report (2),
but there are some misleading state-
ments to which I take exception. ,

If a set of algebraic equations can be
transformed into each other, then the
‘‘statistical information content of the
data’’ is indeed the same in terms of any
one of them. Graphs, however, make
their impact by a visual interaction with
the observer, and they can distort in
different ways the implications of a set of
data. Thus some graphs can lure one into
false conclusions. For example, Fig. 1
shows the same data plotted in two dif-
ferent coordinate systems. In each figure
a tenfold change in concentration of
free ligand, F, is represented by a bar, I
or —i, of appropriate length. It is immedi-
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B/F (x 1076)

Fig. 1. Binding of carbamyl phos-
phate by aspartate transcarbamylase
[data from (6)]. B represents normal-
ized moles of bound ligand and F the
concentration of free ligand. A bar, I
or —i, delineates the span of a tenfold
change in concentration of free lig-
and. Note in the top graph the pro-
gressive diminution in the span of the
bar. In contrast, in the lower graph,
each tenfold increase in F is associat-
ed with the same bar length. 3

ately obvious that at increasing F there is
an enormous compression of information
in the top (Scatchard) graph, but a uni-
form distribution in the B-log F coordi-
nate system. It is for this reason that I
pointed out previously (2) that the for-
mer graph is more deceptive than the
latter in leading people to believe that
Bnax can be established by extrapola-
tion. For both cases, however, I also
stated explicitly that ‘‘[u]nless reliable
binding data can be obtained at [high]
ligand concentrations . . . any [graphical]
estimate [of Bpax] Will be uncertain.”’

It would also be desirable to distin-
guish between a ‘‘Scatchard graph’’ and
a ‘‘Scatchard analysis.”” The latter may
be used with no graph or with any graph.
Scatchard analysis refers to a particular
algebraic format for analyzing binding
data, and depends on the assumption of a
very restrictive molecular model for the
receptor system. One obtains the im-
pression from Munson and Rodbard (/)
that an algebraic analysis of binding data
must begin ‘‘with a particular model.”
That is not true. It has long been known
(3-5) that a binding equation in terms of
stoichiometric equilibrium constants is
valid broadly, for homogeneous nonin-
teracting sites, for two, three, or more
classes of independent sites, when there
is positive cooperativity between sites,
when there is negative cooperativity,
when there is positive and negative
cooperativity, and so forth. Further-
more, from principles of algebra it has
been shown that the stoichiometric bind-
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ing equation can be transformed into a
format that very deceptively looks like
the Scatchard equation but is not; the
binding constants of the former are for
an ensemble of imaginary, isolated,
ghost sites, and, except in very special
circumstances, do not correspond to
those of real sites. Thereafter, if a model
is assumed, binding constants for the
real sites may be extracted. If one uses
this mathematical procedure, one recog-
nizes that a particular model is only one
solution to the general binding equation,
which may or may not be in accord with
knowledge of molecular structure (5).

It may be, as Munson and Rodbard
state (/), that the ‘‘biologist . . . does
not use K ... and B, in the same
sense . . . as the enzymologist or physi-
cal chemist.”” If so, it behooves such
biologists to define new symbols and
new names for their new and different
quantities, or confusion will be propagat-
ed in the literature.

IrviING M. KLOTZ
Department of Chemistry, Northwestern
University, Evanston, Illinois 60201
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