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SUMMARY

A new procedure for analysis of ligand binding kinetics was
evaluated by Monte Carlo simulations. In this, all association and
dissociation data were fitted simuitaneously to a set of nonlinear
equations. This should have several advantages over more con-
ventional methods; data are better used in a single fitting pro-
cedure in which the degrees of freedom are maximized and the
error term is spread over more observations; all relevant param-
eters (Bmax, k1, and k_,) are obtained directly; values obtained
from measurements are not treated as errorless; and it yields a
single residual term that can be used for statistical comparison
among binding models and/or experiments. We have compared
this approach with the common practice of analyzing the asso-
ciation and dissociation phases separately, either by nonlinear
regression or by linear regression after suitable transformations.
With respect to both the precision and accuracy of parameter

estimates, the simultaneous procedure was superior to the other
two methods. The properties of the simultaneous procedure
were further investigated, conceming both parameter estimation
and the probability of reliably detecting a second binding site.
For the latter, the relative density of receptor subtypes and the
dissociation rate constants were found to be of major impor-
tance, whereas association rate constants and ligand concentra-
tion were of minor importance in this respect. The probability of
resolving two sites by kinetic or equilibrium data under similar
conditions with the aid of a single labeled ligand was examined.
When the selectivity of the ligand was low, the resolution was
found to be more probable when based on kinetic, rather than
equilibrium, data. This was true at higher selectivities as well,
provided kinetic data were obtained at two different ligand con-
centrations.

Kinetic analysis of radioligand binding is often performed
for a few specific purposes, namely, to determine appropriate
incubation times for equilibrium binding studies, to demon-
strate the reversibility of ligand-receptor interaction, and to
confirm the estimates of binding affinities obtained from such
experiments. Thus, kinetic studies are often regarded as sub-
ordinate to equilibrium binding studies. This may partly be due
to the relative inefficiency of the procedures commonly used to
analyze binding kinetics. Such data are usually evaluated by
LR on transformed data (1), although the use of nonlinear least
squares curve fitting (NLR) has increased in recent years (2-
7). In both these procedures, the association and dissociation
phases are evaluated separately rather than simultaneously.
This makes it necessary to use either the total receptor concen-
tration (B..x), obtained from equilibrium binding studies, or
the dissociation rate constant (k-,), from the dissociation curve,
in the calculation of the association rate constant (k,). Errors
in these B,.., or k_, estimates will unduly influence the resulting
estimate of k, and thus also the kinetically determined binding
affinity (K,). Furthermore, if B, from equilibrium binding

experiments is used, the K, obtained from the kinetic studies
will not be truly independent. Separate analysis of the associ-
ation and dissociation curves will yield two residual terms,
which impedes statistical comparison between ligand-binding
models. Linear regression of transformed data involves addi-
tional disadvantages; the equilibrium binding level (B.,) has to
be estimated and this estimate is treated as an indefectible
value in the subsequent analysis; the linearization results in an
error transformation that is not considered in the linear regres-
sion; and heterogeneous binding curves resulting from multiple
binding sites are not easily evaluated.

In the search for a more efficient kinetic analysis, we have
developed a novel procedure, namely SNLR of association and
dissociation data (8), in which the above-mentioned drawbacks
of traditional analysis are avoided. In the present study we
have compared the three fitting procedures (LR, NLR, and
SNLR) with respect to estimation properties, when fitting one-
site binding data. We have further characterized factors influ-
encing parameter estimation by SNLR.

The binding of a radioligand to several receptor populations

ABBREVIATIONS: LR, linear regression of transformed data; NLR, separate nonlinear regression of association and dissociation data; SNLR,
simultaneous nonlinear regression of association and dissociation data; CV, coefficient of variation; L, total ligand concentration.
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can usually be characterized at equilibrium through the differ-
ent affinities of the interactions. Every selectivity of a ligand
results from differences in the association and/or dissociation
processes and will be evident in its binding kinetics. Further-
more, ligands that are nonselective at equilibrium have shown
large differences in their kinetics at receptor subtypes (3, 9,
10). Kinetically selective ligands will thus encompass all tra-
ditionally selective ligands as well as others. This implies that,
theoretically, receptor subtypes can be resolved by a single
ligand in more binding systems by kinetic than by equilibrium
studies. In practice, however, several factors influence the
possibility of recognizing receptor subtypes. In this study, some
conditions that may influence the resolution of two binding
sites by SNLR were evaluated, namely, differences in the rates
of association and dissociation, relative binding densities, re-
ceptor occupancy, scatter in data, and number of data points.
In addition, we compared the probability of detecting two
binding sites through kinetic modeling with their discrimina-
tion by equilibrium studies. Throughout, this model comparison
was restricted to one or two independent binding site popula-
tions. For both parts of this study, we used Monte Carlo
simulations (11), which have proven to be a powerful tool in
the validation of other analytical procedures (12-14).

Materials and Methods

Hard- and software. Data were generated with the aid of the
simulation computer program ACSL, using a second-order Runge-
Kutta algorithm (15). Theoretical models were fitted to the simulated
kinetic data by the nonlinear least-squares curve fitting program
PCNONLIN (16), using the Nelder-Mead simplex algorithm (17). Both
the generation and analysis of data were performed on IBM personal
computers.

Simulations of binding to one site. Ligand-receptor interactions
according to Egs. 1 and 2 (the number of binding site populations, n,
is equal to one) were simulated and a normally distributed random
noise was added to the calculated values of concentration of bound
ligand (B).

Association:

dB/dt = 3 | k- (Bowns — Bi)-(LT -3 B.») - L.--B.] )

i=1 -1
Dissociation:

dB/dt = ¥ [-k-i-Bl] (2)
=1
The noise function [variance (B) = (CV - (B + 0.05 - B,;))?] was
chosen 80 as to give an error essentially proportional to the concentra-
tion of bound ligand, but with a minor component mimicking the
subtraction of a nonspecific binding amounting to 5% of the specific
binding at equilibrium.

Different plausible experimental conditions were mimicked by vary-
ing the scatter, B..,, L7, and the number of data points. For each
combination of parameters and experimental conditions, 30 data sets
were generated. Each data set consisted of 14 “observations,” sampled
at 10, 30, 45, 60, 75, 90, 98, and 99% of B., in the association phase
and 90, 75, 60, 45, 30, and 10% of B., in the dissociation phase, and
every increase in the number of data was accomplished by multiple
sampling at these levels. Equilibrium was assumed to have been at-
tained before the initiation of dissociation. The default binding param-
eters used were as follows: B.., = 107! concentration, K, = 10~°
concentration, k, = 10" concentration™ time™’, and k-, = 0.01 time™
(arbitrary units).

Simulations of binding to two sites. The association and disso-

ciation of a ligand to two binding sites were simulated according to
Eqgs. 1 and 2 (two sites, n = 2). The default procedures with respect to
scatter, number of simulations, and number and spacing of data points
were essentially the same as described for the one-site model. Unless
otherwise stated, the total concentration of binding sites was 107
concentration units, and the densities of the two sites were equal. The
kinetic rate constants of site 1 were the same as those described above
for the one-site model, and those of site 2 were as stated in the text.
The chosen ligand concentrations normally gave an equilibrium occu-
pancy of 50%, either for both sites or for the site with the lowest
affinity.

LR. The binding data from the dissociation phase were evaluated
by linear regression of the logarithmic transforms:

InB=In By — k-t @3)
The association of ligand was transformed according to the equation:

In[Be/(Be = B)] = ky-t-L1+Brax/Beg “@

This equation assumes pseudo-first order conditions (i.e., L+ > B.,)
(1), which was a reasonable assumption because at most 0.1% of the
added ligand was bound in the data sets evaluated by this method. The
calculation of k, requires an estimate of B,,. This was obtained as the
mean value of bound ligand for the samples at 98% and 99% of Be,. In
a few data sets, the value obtained at 90% of B,, exceeded this estimate,
in which case B., was obtained as the mean of the three highest
concentrations of B (i.e., the 90, 98, and 99% levels) in order to avoid
logarithmic transforms of negative values. The slope of the association
plot was determined by linear regression and, in the calculation of k,
from this slope, the true value of B.., was inserted unless otherwise
stated.

NLR. The analysis according to NLR was performed in steps. First,
k_, was estimated by fitting dissociation data to Eq. 5. This k-, estimate
for each data set was then introduced as a constant in Eq. 6 (one site,
n = 1), which was used for the estimation of B,,,, and k, from association
data.

B = By.e™** (5)

n

B = ¥ Bua-(1 — el )(1 + k_;/(k;-Ly) (6)
i=1
In Eq. 6, it is assumed that Lr >» B,, and that equilibrium is attained
before initiation of dissociation, which was the case in the data sets
analyzed by NLR. The same weighting procedure was used for NLR as
described below for SNLR.

SNLR. Egs. 1 and 2 were fitted simultaneously to the data from the
association and dissociation phases, respectively. When applicable (Ly
> B,,), these equations were replaced by Eqs. 6 and 7. The variables
Biax.is ki, and k_; were thus estimated from each data set in a single fit.

B = ¥ Buuice™*/(1 + k_i/(ki-L1)) (W)
i=1

The reciprocal of the error function used to generate data was used for
weighting in the nonlinear regression. An iterative reweighting proce-
dure (described in the PCNONLIN manual) was used to calculate the
individual weights, because weighting according to the predicted, rather
than the observed, concentrations has slightly superior estimation
properties (18, 19).

Statistics. As a measure of accuracy, the geometric mean was
calculated from the 30 individual parameter estimates. The geometric
range, calculated as the difference in the asymmetric 95% confidence
interval limits, normalized to the mean estimate, is given as a measure
of precision. The parameters reported were normalized by calculating
the ratio between the estimates and the true parameter values charac-
terizing site 1.

To determine whether data were better explained by two than by
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one receptor population, discrimination between the rival models was
accomplished by the use of a partial F test, according to Eq. 8 (20):

F value = [(WSS, — WSS,)/(df, — df.)]/(WSS./df,) (8)

where WSS, and WSS; are the sums of the weighted squares of
residuals with models 1 and 2, and df, and df; are the corresponding
degrees of freedom. An improvement of the fit by use of the two-site
model was considered significant at p < 0.05.

Results

Comparison of kinetic estimation procedures. In con-
trast to LR, the precision and accuracy of NLR and SNLR
were correlated to the receptor occupancy. At ligand concentra-
tions equal to or higher than K, both nonlinear fitting proce-
dures were superior with respect to both accuracy and precision,
whereas at low ligand concentration the opposite was true
(Table 1). The above findings held true whether the arithmetic
or geometric mean was used as a measure of accuracy. However,
the geometric mean was used throughout, because the param-
eter estimates were approximately log-normally distributed.
The low precision of the nonlinear fitting procedures in deter-
mining B..., and k&, at low occupancies was accompanied by an
increase in the correlation between these two parameters, in
which an overestimation of B,,., paralleled an underestimation
of k,. This uncertainty in k, resulted in poor estimates of K.
As in LR, an equilibrium binding estimate of B.. may be
introduced in the nonlinear fitting procedures. Through this,
the independence of kinetic estimates are lost but, when the
true value of B,.., was inserted, it resulted in approximately 5-
to 10-fold higher precision in the parameter estimates with
nonlinear fitting than with LR. When a normal random error
with a standard deviation of 25% was added to the fixed B«
value, the inferiority of LR was still evident (not shown).

The precision of parameter estimates was higher for SNLR
than NLR, irrespective of whether B,... was estimated as a
variable or introduced as a constant. Under optimal experimen-
tal conditions, the two nonlinear methods performed similarly
whereas, under less optimal conditions, SNLR was clearly
superior. Therefore, we proceeded with a further characteriza-
tion of the properties of SNLR only.

Factors affecting SNLR estimates. Because the precision
and the accuracy of the estimates declined with reduced recep-
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tor occupancy, three strategies to improve the estimates from
experiments run at low ligand concentrations were tried; firstly,
the number of samples were doubled; secondly, the ligand
concentration was doubled; and thirdly, the number of samples
was doubled and the ligand concentration was increased by
50% in half the samples and reduced by the same amount in
the other half. The applied designs all involve doubling of the
amount of ligand used in the original experiment. It was found
that the latter design resulted in the largest increase in both
the precision (Fig. 1) and accuracy (not shown) of the parameter
estimates.

In a number of simulations with medium scatter, conditions
were chosen that would make the concentration bound not
negligible in relation to the total ligand concentration. These
data sets, with 20, 40, and 60% of added ligand bound and with
equilibrium receptor occupancies of 29, 38, and 44%, respec-
tively, were fitted with SNLR according to the full second-
order model. The uncertainties of the B,,.. estimates were 0.20,
0.15, and 0.12 (normalized geometric range), respectively, which
are approximately as expected from the level of occupancy
(compare Fig. 1). The accuracy of the B,., estimates and the
accuracy and precision of the other parameter estimates were
also as expected from the occupation level.

Kinetic binding data usually reflect the binding to specific
and nonspecific binding sites. If the amount of nonspecifically
bound ligand can be considered constant throughout the studied
time interval, the estimation of this binding can easily be
included in the data analysis by adding an extra term to the
fitted equations. We found that this yielded slightly increased
precision, in comparison with manual subtraction of the non-
saturable binding (not shown).

The association and dissociation rate constants (and the
ligand concentration) determine the shape of kinetic binding
curves. Therefore, two receptor subtypes differing in either one
or both of this pair of constants may be resolved in kinetic
binding experiments. If the relative rate of association (k./k;)
and the relative rate of dissociation (k-./k-,) of two binding
sites are equal, these sites will behave as a single homogeneous
site at equilibrium, whereas in kinetic experiments they may
be resolved. The probability of resolving the two sites depends
on their relative kinetic rates and on their relative binding
densities (Table 2). The most favorable conditions for differ-

TABLE 1
Parameter estimates from SNLR, NLR, and linearization procedures of simulated one-site binding curves
Geometric mean + range
Receptor occupancy at
Parameters equilbrium SNLR NLR LR
CcV=2% CV=4% CcV=28% CV=2% CV=14% CV=8% CV=2% CV=14% CV=28%
% % of true value
ky 9.1 90 + 28 69 + 82 38+147 86+35 50+156 18+279 109+12 106+14 102+27
50 99+35 98+73 96+15 99+35 98+76 96+16 104+74 105+ 16 94 + 24
91 100+17 99+34 99+63 100+21 99142 9+75 104+78 111+21 104 +26
k-1 9.1 100+09 101+16 10134 100+1.0 100+17 101+40 10011 101 +18 10155
50 100+08 10115 102+31 101+10 101+20 103+42 10110 10119 103+5.6
91 100+09 101 +19 10135 100+12 101+20 10140 100+1.1 101+23 10155
Bimax 9.1 111+£28 146 +82 268+ 143 116+ 34 199+ 155 559 275 —* —_ —_
50 101+£27 102+54 105+11 101+25 101+£58 105+12 — —_ —_
91 100+08 100+18 101+34 100+13 100+24 104+10 —_ —_ —_
Ky 9.1 112+29 146+84 268+148 116+ 37 200+ 166 557 £+308 92+ 13 94+15 100+27
50 101 +£4.0 102+80 107+17 101+36 102+84 106+17 97 +80 96+17 10922
91 101 +£23 100+48 103+88 101+25 100+44 102+89 97+80 91+20 98 + 24

* Estimates are not obtained with this procedure.
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0 25 50 75 100

% Occupied receptors (Beq/Bmax)

Fig. 1. Relationship between receptor occupation and precision of Bmax
estimates by the simuitaneous method. The points represent the geo-
metric range of the 30 B...« estimates from simulated experiments. The
results are from data sets with a total of 14 observations and a CV of
2% ([O). 4% (W), and 8% (). and data sets with 28 observations and a
CV of 4%. The latter were simulated as two separate experiments, each
with 14 observations, with either the same (A) or different (A) ligand
concentrations, fitted together. The ratio of the different ligand concen-
trations was 3, and shown are the geometric range in relation to
occupancy at the mean of the two concentrations.

entiating two sites are high relative kinetic rates and equal
binding densities. Subtypes with binding densities of the same
order (Bimax, site 1 i8 25-75% of total Bi..x) could be determined if
the relative rates of the binding processes were at least 3 to 5,
and relative rates of 5 to 10 were recognizable when the minor
binding component accounted for 10-25%. It was found that,
the higher the relative density of a receptor subtype, the better
determination of binding parameters. Because the dissociation
process was not followed beyond the time at which 90% of the

initial ligand-receptor complex was dissociated, the slow bind-
ing component (k-,) was poorly estimated.

To test whether the differentiation between two sites is
mainly determined by the relative rate of association or the
relative rate of dissociation, each of these was set at unity while
the other was varied (Fig. 2). Receptor subtypes with a relative
rate of association equal to unity or equal to the relative rate
of dissociation were resolved to a similar degree. Ligand-site
interactions differing only in their rate of association were
identified to a significantly lesser extent.

Because we found that the level of occupancy influenced the
precision of parameter estimates, potentially similar effects on
model discrimination were studied. When two binding sites
differed only in their association rate constants, a high positive
correlation between receptor occupancy and discrimination
power was found, whereas no correlation could be found under
other conditions (Fig. 3). The influence of the number of
observations on the probability of identifying a complex model
was also studied. Model discrimination improved exponentially
with increasing number of observations, irrespective of the
scatter in the data (Fig. 4). A more efficient way of increasing
the resolution than through the mere addition of data points
was to rerun the experiment at different ligand concentrations.

To examine the sensitivity of the model discrimination with
respect to the approximation of ligand excess, data sets with a
5-fold difference in the rates of association and dissociation
were simulated with receptor concentrations equal to 10 and
20% of the ligand concentration. When, thus, the fraction of
added ligand bound was increased from below 0.1% to approx-
imately 5% and 10%, a slight decrease in the F values was
observed.

Comparison of model discrimination by kinetic and by
equilibrium binding data. Because two binding sites may be
resolved by both kinetic and equilibrium studies, the relative
merits of these two techniques were compared on similar prem-
ises. For this purpose, Monte Carlo simulations of equilibrium
binding experiments with nonlinear least-squares curve fitting

TABLE 2
Influence of relative receptor densities and relative kinetic rates on model resolution and parameter estimation of two binding sites with
equal affinity
Parameter estimates
Relative rates Relative density F values Improved two-site (geometric mean =+ range)®
(Kafks)* of site 1 (mean + SD) fits®
ks k2 k- k-2 Bmm.l Bmz
% % % of true values
2 25 12+1.2 3 85 + 62 101 £ 26 105 + 24 106+16 116 £ 66 91+ 27
50 22+23 13 86 + 50 83+ 34 94 + 21 104 +£ 19 96 + 51 112+ 29
75 13+15 7 83 +59 79 + 563 99 + 10 102 + 38 95 + 27 132 £ 46
3 10 13+15 7 95 + 104 92 + 13 78+ 108 105+ 13 55+288 101+ 16
25 45+ 27 47 91 + 61 94 + 24 89 + 47 108+15 112160 94 + 22
50 10+ 8.0 83 85+73 96 + 23 84 + 61 114 £ 22 99 + 52 96 + 30
75 48+ 4.0 50 64 + 34 96 + 24 91+9 79 £ 27 96 + 26 138 + 32
90 19+26 13 82 + 26 60 + 160 9% +7 9+70 118+ 21 178 + 84
5 10 35+26 33 63 + 126 94+8 19+342 1017 101+ 73 102+8
25 23+ 15 100 109 £ 65 87 + 28 89 + 47 96 +39 102 +52 99 + 35
50 33+19 100 81 + 31 98 + 16 99 + 10 104+15 110+20 106 + 16
75 13+6.1 97 88 + 24 84 + 42 9+5 98+35 105+13 123+ 39
90 50+54 30 95 + 22 105 + 85 99 +4 91+63 100+12 112 £ 80
10 10 12+ 87 93 108 + 83 105 £ 12 57+245 105+10 146+64 93+ 13
50 53+ 25 100 87 + 38 95 +17 99 +6 100+ 14 109+ 22 105 + 16
90 9.7+44 90 90 + 17 78 + 56 101+3 120 + 56 107 +9 136 + 41

* Because the two sites have equal K, are they characterized by their relative rates, i.e., kz/k, (which is equal to k_o/k_,).

®F > 4.08 corresponds to p < 0.05, which was considered significant.
¢ Mean and range for all 30 data sets.
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Statistical improvement by two-site fit

0 10 20

Relative rate
Fig. 2. The relationship between the quotient of the association and/or
dissociation rate constants and resolution of two binding sites. Kinetic
binding curves with a CV of 4% were generated for a two-site model
with a difference in either the association (4) rate constant, the dissocia-
tion (O) rate constant, or both (M. In the latter case the two receptors
had equal K, values. The abscissa gives the ratio of k,/k, and/or k_o/k_,.
An F value > 4.07 corresponds to a p value < 0.05 and was considered
statistically significant (F values corresponding to p = 0.01 and p = 0.001
are 7.59 and 15.8, respectively). The number in italics at each point
represents the percentage of data sets from which two sites were
successfully detected.

100 3

(mean F values)

Statistical improvement by two-site fit

0 25 50 75 100

Occupancy at equilbrium (% of total Bmax)
Fig. 3. The influence of equilibrium occupancy on model discrimination
at a 10-fold difference in the association (l) or 3-fold difference in the
dissociation (A) rate constants between the receptor subtypes. Experi-
ments were also simulated with a 2- (x), 3- (4), or 5-fold (OJ) difference
in both association and dissociation rate constants. CV, significance
level; and numbers in italics as in Fig. 2.

were taken from Biirgisser (Table 2 in Ref. 12). The same
conditions with respect to scatter [variance in bound ligand
(B) = (3% - B)?*], number of observations (n = 20), K, ratios,
and total amount of radioligand were then used when simulat-
ing kinetic data. The selectivity of a ligand toward two sites at
equilibrium is determined by the ratio of their K, values. Such
a ratio can, however, reflect an infinite number of combinations
between the rates of reaction and, thus, an n-fold selectivity
will prevail as long as k_,/k, is n times higher than k_,/k,. At a
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Fig. 4. Effect of scatter and number of observations on the detection of
two binding sites. Data were simulated at a single receptor occupancy
of 50% and a CV of 2% (W), 4% (0J), or 8% (A). A denotes the resolution
when data sets run at receptor occupancies of 50%, 10%, and 90%,

respectively, with a CV of 4% were sequentially fitted together. Signifi-
cance level and numbers in italics are as in Fig. 2. F values for 14, 28,
and 54 observations at p = 0.05 are 4.07, 3.05, and 2.80, and corre-
sponding values at p < 0.001 are 15.8, 7.80, and 6.38, respectively.

5-fold K, ratio, the resolution power was higher for the kinetic
than the equilibrium binding experiments at all relative rates
of the two reactions, except when the dissociation rate con-
stants were similar (Fig. 5A). As the selectivity of a ligand has
often been ascribed to differences in the dissociation time from
the receptor subtypes, further comparisons were made under
the assumption of similar association rate constants. Equilib-
rium binding experiments were superior in resolving the bind-
ing of ligands with high selectivity, whereas kinetic experiments
were more advantageous for less selective ligands (Fig. 6B),
irrespective of the relative binding densities of the two subtypes
(Fig. 5C). Simultaneous analysis of two kinetic experiments
run at different ligand concentrations was superior to both
equilibrium binding experiments and kinetic experiments run
at a single ligand concentration.

An example of kinetic and equilibrium fitting of binding data
for a ligand interacting with two sites, at a 5-fold selectivity, is
given in Fig. 6. Although both procedures do identify the two-
site model, the kinetic procedure yields more accurate param-
eter estimates.

Discussion

Nonlinear fitting of untransformed kinetic binding data has,
a priori, several advantages over linear regression of trans-
formed data. The estimates of the kinetic binding parameters
are independent of B... estimates from equilibrium binding
studies, and there is no need either to attain or to determine
the equilibrium binding level, or to treat this estimate as an
indefectible value. The use of untransformed data makes it
possible to weight data according to their known or estimated
variance. The use of SNLR renders further advantages over
both LR and NLR. All the relevant parameters (B, k;, and
k_,) are determined simultaneously, and their interdependence
will be revealed by the correlation matrix. As the total number
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Fig. 5. Resolution of two existing binding sites, from Monte Carlo
simulations of kinetic (l) and equilibrium (O) binding to two sites. The
same conditions with respect to K, ratio, receptor concentrations, scat-
ter, number of observations, and total amount of ligand were used in
corresponding experiments with the two techniques. The numbers in

of parameters is smaller, the error term will be spread over
more observations. The data analysis gives a single residual
term, which in principle enables model discrimination to be
performed statistically with respect to all kinetic data, in a
manner similar to methods used in analysis of equilibrium data
(21).

A given fitting procedure is of little value, irrespective of
other advantages, without sufficient accuracy and precision in
the estimation of parameters. We have evaluated SNLR in this
respect and compared it with the generally used NLR and LR.
At medium and high levels of receptor occupancy, the nonlinear
fitting procedures were superior to the linearization procedure
in every respect. There was, however, a decline in both the
accuracy and precision of the nonlinear fitting procedures with
decreasing equilibrium occupancy. Thus, LR was superior in
estimating the kinetic rate of constants at low occupancy. This
superiority is based on the assumption of a known B,,,, value,
which is introduced as a constant in the fitting process. When
data were analyzed by the nonlinear procedures under the same
assumption, the resulting estimates were highly superior to
those obtained by LR. However, because several of the advan-
tages of nonlinear fitting are lost with this procedure, we have
investigated other strategies to increase the precision for
SNLR. The inability to determine &, and B,.,, correctly at low
ligand concentrations (L - k, << k_,) can be predicted from
Eq. 6, which then approximates to:

B = anx'kl'LT'(l - e—k_‘.[)/k—l (9)

This equation clearly shows the interdependence between k,
and B,..., and the difficulty in determining the two parameters
accurately in such circumstances is obvious. The use of a low
radioligand concentration in kinetic binding studies is not
uncommon in experimental practice. In such cases, diluting the
radioligand with unlabeled ligand and running the experiments
at the former levels of radioactivity will suffice to increase the
performance of the simultaneous fitting procedure. The most
favorable way to increase precision and accuracy, in the event
of a limited amount of ligand, is to run the kinetic experiments
at different ligand concentrations and then fit all the data
together.

The treatment of nonsaturable binding poses a problem in
binding experiments. If the nonsaturable binding can be con-
sidered constant over time, it may be estimated by inclusion of
an extra parameter in the kinetic model of SNLR. The benefits
of adopting this procedure are similar to those obtained when

italics give the success rate of detecting two sites (p < 0.05), given as
percentage. The F values corresponding to p values of 0.05, 0.01, and
0.001 are 3.34, 5.56, and 9.73 for the kinetic, and 3.63, 6.23, and 11.0
for the equilibrium binding experiments, respectively. A, The influence of
different ratios between k. and k, (equal to k-2/k-,) on kinetic resolution.
The ligand shows a 5-fold selectivity towards the two sites and the two
sites have equal binding densities. Resolution of two sites from equilib-
rium binding data is not dependent on k:/k,, but the single estimate is
given as a straight line for comparison. B, Resolution of two sites at
different selectivities. The ligand selectivity was due to differences in the
dissociation rate constant, and the binding densities of the two sites
were equal. A denotes the resolution when kinetic data were obtained
at two different ligand concentrations. The total amount of ligand, the
total number of observations, and other conditions are as in the other
experiments. C, Resolution of two sites at different relative binding
densities when the 5-fold selectivity of the ligand is determined solely by
differences in the dissociation rate constant.
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Fig. 6. Examples of ligand binding to a
mixture of two receptor subtypes of equal
density and a 5-fold difference in affinity,
caused by differences in rate of dissocia-
tion. Shown are the best fit of one- (—)
and two{—) site models to data con-
taining a relative error of 3%. A, Equilib-
rium binding data were generated by
Feldmans equation, error was added to
the true values, and the resulting data

were fitted in LIGAND, according to the
method of Burgisser (12). Significantly
better fit was obtained with the two-site

0.0 4 . Y r T v Y
0 10 20 30
Ligand added

Log [(Beq-B)/Beq]
S
@

model (F = 22.8, p < 0.001). Parameters
50 for the two-site fit were (estimate + stand-
ard error as percent of the true values)

KdJ =133+ 12; Kdg = 690 + 636; Bmu.l

=157 £ 12; Brax2 = 70.4 = 15.6. Inset,

Scatchard plot of the same data. B, Time-

course of ligand binding. Association ()

and dissociation ((J) were fitted simuita-

neously, yielding a significantly better fit

1 for the two-site model (F = 178, p <
0.001). Parameter estimates for the two-

Ligand bound

site fit were (estimate + standard error as
percent of true values) k, = 86.9 + 24.5;
k-, =943 £ 4.6, k, = 104 £ 23; k_, =
92.8 + 10; Bmax1 = 92.6 + 7.2; Brax2 =
108 + 6.4. Kd_1 = 108 + 32, Kdg = 88.8
+ 18. Upper inset, logarithmic transfor-
mation of the association data to show
fraction of complex remaining to be
formed; fower inset, logarithmic piot of

200 the dissociation data.

L v Iy L v L]
0 5 10 15 0 100
Association time

fitting nonspecific binding to equilibrium binding data (21),
namely, that the information regarding the nonsaturable level
contained in the total binding data is taken into account and
the determination of the nonsaturable binding is not treated as
precise.

From the considerations above it is clear that LR is subop-
timal and should be replaced by nonlinear regression tech-
niques. In the choice of nonlinear technique, we advocate
SNLR. This choice is based on several factors as follows: the
superior estimation properties, the statistical advantages, and
the relative simplicity of SNLR. We have, with experience
using several computer programs, found that SNLR is easier
to handle because it requires half the number of both model
and data files and transfer of data from the dissociation fitting
to the association fitting is avoided. One may assume that the
relative merits of SNLR data will increase with increasing
complexity of the underlying ligand-receptor interaction, as

200

Dissociation time

when two binding sites are possible. Then, both fitting of data
to one and two sites, respectively, and statistical comparison
become necessary. Two-site fitting by LR is, in general, impos-
sible. Such fitting can be performed by NLR (5), but this
procedure involves pairing of the right association and disso-
ciation rate constants. The model discrimination with NLR is
made more complex by summation of residuals and uncertainty
relating to the interpretation of degrees of freedom, as some
parameters are used twice.

The relative merits of model resolution by SNLR may best
be assessed in relation to those of resolution based on equilib-
rium binding data. Different receptor subtypes are unlikely to
be detected in equilibrium binding studies with ligands showing
less than 5- to 7-fold selectivity (12, 13, 22). Major differences
in kinetics have been found for ligands exhibiting low selectivity
in the binding to opiate, y-aminobutyric acid, serotonin, do-
pamine, histamine, and «-adrenergic receptor subtypes (3, 9,
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10). The binding kinetics can thus be utilized to detect receptor
subtypes in systems in which equilibrium binding studies will
fail. This inability of equilibrium binding experiments to re-
solve separate sites with a ligand showing similar affinities is
well known and several alternative equilibrium (23-25) and
kinetic (26, 27) techniques have been developed. But, whereas
each of these techniques demands previous information of the
binding sites in question and access to selective ligands, we
have recently shown this is not needed when SNLR analysis is
used (8). Another situation in which equilibrium studies may
give unreliable results is when a ligand has low specific activity.
Although this could lead to an improperly defined binding
isotherm in the low concentration range at equilibrium, model
discrimination by kinetic data is usually improved by the use
of a high ligand concentration.

Most available ligands are, however, moderately selective.
Our studies indicate that, whereas both equilibrium and kinetic
binding data obtained with such ligands will probably pick up
a second binding site, properly designed kinetic experiments
have far superior resolving power. Apart from the higher re-
solving power of the kinetic procedure, the results shown in
Fig. 6 indicate that this procedure is likely to yield more
accurate parameter estimates than equilibrium studies, but we
have not pursued this issue further. Because kinetic data is
usually collected in any event, attention to experimental design
and efficient data analysis may reveal erroneous models or
serve as an independent verification of parameters obtained
through equilibrium binding.
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