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SUMMARY
We describe a versatile computer program for least-squares
fitting of ligand/receptor association and dissociation curves
from several experiments simultaneously. The program is de-
signed to handle any number of classes of binding sites react-
ing with a single ligand that may have two forms: labeled and
unlabeled. For a single class of binding sites, the exact, ana-
lytical solution is used to generate the computed curves. For
more than one class of sites, the computed curves are gener-
ated through numerical solution of a set of ordinary differential
equations. The parameters determined with this procedure are
the on- and off-rate constants and the concentrations of each

binding site class. An extensive selection of experimental de-
signs can be processed. The times of observation may be freely
chosen, although that choice will affect the quality of the re-
suIts. Starting with a sample material (e.g., cells, membranes,
macromolecules), one can preincubate (to equilibrium) with any
combination of labeled and unlabeled ligand. One can then
perturb the system by adding any combination of labeled and
cold ligand or simply diluting the sample; such an experiment
can be continued through several perturbations. A variety of
such runs may be combined for analysis as a single data set.

We present a new computer program, KINFIT II, for the

simultaneous analysis of several kinetic ligand-binding ex-

periments. The program estimates association rates (on

rates), dissociation rates (off rates), and binding capacities or

concentrations of one or more classes of binding sites in a

sample. KINFIT II is written in MATLAB 4, an interactive
language for scientific numerical calculations (1).

Ligand-binding studies are still one of the most widely

used techniques in many laboratories, from pharmacology to

endocrinology and toxicology or biochemistry, for character-
izing the interaction of ligands (e.g., hormones, drugs, neu-
rotransmitters) with a wide variety of receptors, macromol-

ecules, membranes, or whole cells. Binding studies are

typically divided into two main categories: equilibrium and

kinetic studies. Here, we primarily consider kinetic studies.

Basically, there are two types of kinetic experiments pos-

sible: the association and the dissociation time course. In an

association experiment, labeled ligand is added to a solution

containing receptor, and aliquots of the mixture are taken at

chosen times. In a dissociation experiment, the sample is

usually preincubated to equilibrium with labeled ligand.

Then, unlabeled ligand or simply a diluting solution is added,

This work was partially supported by the Italian National Research Coun-
cil, Committee for Information Science and Technology.

and aliquots are taken. The association and dissociation ex-

periments can be done in tandem; i.e., first add the labeled

ligand, take aliquots over time, and then dilute the same

sample and take more aliquots. The tandem design provides

more information than either experiment alone while elimi-

nating the need for a separate preincubation step.

In general, a run (a single time course after a given per-

turbation) can continue an earlier one (i.e., a tandem design)

by perturbing a system that might or might not yet be at

equilibrium. The perturbation itself can consist of any com-
bination of added labeled and unlabeled ligand or simply a

dilution.

Kinetic ligand binding experiments are very often used in

preliminary phases of the characterization of a receptor sys-

tem. Data from dissociation time courses are also used to

calculate the dissociation constant(s) (i.e., k0ff) and to test

whether the data from the dissociation kinetic experiment

suggest heterogeneity of binding sites.

In the simplest case of a single class of binding site, eqs. 1

and 2 (see Methods) simplify to a Ricatti differential equation

that has an exact analytical solution (2). It is possible to solve

these equations for H1, the bound ligand concentration, with

k00, k0ff, and R1 as unknown parameters (3). When two or

more binding sites are present, no analytical solution is

available except in the special case of a large excess of HT

ABBREVIATIONS: ODE, ordinary differential equation; LT, leukotriene.
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andlor CT, 50 we solve it numerically. This avoids the need to

use a pseudo-first-order approximation (4), which may be of

questionable validity.

Although it is theoretically possible to estimate all three

parameters (kon, k0ff, and R) from a single dissociation exper-
iment, there may be practical advantages to analyzing asso-

ciation and dissociation curves together. In particular,
greater confidence can be asserted in the correctness of the
model when it fits data taken from both experimental proto-

cols.

Methods

The following quantities are fixed by nature: n is the number of

site classes; kon, �5 the on-rate constant for the ith site class, i = 1
n; k0ff �5 the off-rate constant for the ith site class; Kd = kofflkon, the

equilibrium binding constant for ith site class; and S, is the concen-

tration of ith binding site class, in original solution, in user-defined

units.

The next quantities may be manipulated experimentally but are
fixed during each phase of the experiment: c is the scale factor,

multiplying S�; 4) is the dilution factor incurred at the start of each
phase due to the addition of solution containing additional reagents

(see Appendix B); R, = cS�, the total molar concentration of the ith
receptor or binding site class; H� is the total molar concentration of

labeled ligand; and CT is the total molar concentration of unlabeled

ligand.
The following quantities vary during the time course of an exper-

iment: H�(t), the molar concentration of labeled ligand bound to class

i sites at time t; C,(t), the molar concentration of unlabeled ligand
bound to class i sites at time t; H�,At), the molar concentration of free

labeled ligand at time t; and C,-(t), the molar concentration of free

unlabeled ligand at time t.

We use the following additional notation: df(degrees of freedom),
WSS (weighted sum of squares), CV (coefficient of variation), � (pa-

rameter dependency), and t (time).

In the absence of unlabeled ligand, the system is governed by n

ODEs of the following form:

dH1(t)/dt = kon H�’(t)[R� - H1(t)] k0ff H1(t), I 1,2 fl (1)

where

H5.(t) = HT- �R,(t)

J= 1

When the system contains mixtures of labeled and unlabeled

ligand, eq. 1 must be modified and augmented with n more ODEs,
yielding the following:

dH1(t)/dt = k0�, H�.(t)[R1 - C(t) - H1(t)] - koa H�(t)
(2)

dC1(t)/dt = k0� C�(t)[R� - C(t) - H1(t)] - hon C�(t), i 1,2 fl

where

CF(t) = CT � C�(t).
j= 1

When n = 1, the single ODE (for the labeled-only case) or the two

ODEs (for the labeled-and-unlabeled case) can be solved analytically.

The solution was given by Rodbard and Weiss (2), but there have

been some errata (see Appendix A). When n > 1, eqs. 1 and 2 must
be solved numerically. We use Gear’s second- and third-order formu-
las to integrate a stiff system of ODEs (5).

These equations model both association and dissociation experi-

ments. For association experiments, we specify the initial condition

II,(0) = 0 (i.e., that all labeled ligand is initially unbound.) Dissoci-
ation experiments require that labeled ligand be preincubated with

receptor and that this preequilibrated condition be perturbed by

dilution with or without the addition of unlabeled ligand to the

system. The combination of preincubation and perturbation condi-

tions determine the values ofHT, CT, and the initial conditions, H(0)
and C1(0), for eq. 2. Here, we model experiments combining an

association phase with a dissociation phase, initiated at a certain

time by the dilution and addition ofunlabeled ligand. KINFIT II will

be used to analyze other, more complex protocols, as described in
Appendix B. An association/dissociation experiment is described

with the use of four numbers: HT for the association phase (CT = 0

during association), a dilution factor 4 (which modifies both HT and

R, for the dissociation phase), and CT for the dissociation phase and
the time at which dissociation is initiated.

The data from both association and dissociation experiments may

be fitted simultaneously with the use of KINFIT II. Likewise, curves
obtained with different labeled or unlabeled ligand concentrations

(HT and CT) may also be fitted simultaneously. The mathematical

framework and numerical methods for fitting functions nonlinear in

the parameters to experimental data have been discussed in detail

previously (6). The method used here is a weighted nonlinear least-

squares curve-fitting routine with the use of the Gauss-Newton

algorithm as modified by Levenberg and Marquardt (7, 8). The

partial derivatives of the fitting function with respect to the un-
known parameters (e.g., k�fl, k0ff, and R,), required by the Gauss-

Newton technique, are estimated numerically.
To simulate an experimental situation, we must specify the char-

acteristics of the system under study (n, ken, k0ff, and R, for each i).
We must also specify the experimentally controllable parameters

(HT and CT) in each phase of the experiment and the time at which

the next phase is begun. Furthermore, we must specify the times at

which observations ofH, are made. With eq. 1 or 2, the “true” values
of the experimental observations can be simulated. Finally, we as-

sumed a gaussian distribution for measurement error with a vari-

ance proportional to the measured quantity (constant CV). In our

study, we assumed a constant 1% error rate.

After producing simulated data, we fit them with eq. 1 or 2 as

appropriate with the correct number of binding classes (n) with the

use of KINFIT II. This exercise obviously should lead to parameter

values close to those used in the simulation step. Any departures

from ideal values reflect the limitations imposed by the experimental

design (e.g., number and spacing of time points, choice of ligand

concentrations).

The quality of the estimated parameters can be conveniently sum-
marized with the use oftwo quantities that are available after any fit

to real or simulated data. The first quantity is the standard error of
each parameter, a measure of the spread or uncertainty of the value.

We express this as a proportion ofthe parameter value estimate (i.e.,

the CV). The CV is directly proportional to the magnitude of simu-

lated experimental errors; thus, a reduction (simulated or real) in
experimental error will reduce the CV of all estimated parameters.

Useful estimates should have a CV of around �30%.

The second quantity is h, which is used to summarize the interac-

tions or correlations of a parameter estimate with all other param-

eters in the model. The squared h (h2) is also known as the variance

inflation factor in the statistical literature (9). Both measure how

much higher the parameter error becomes due to the presence of

other unknown and correlated parameters in the model. Values for �

of > 100 suggest that there are serious problems with either the

model or the experimental design (see Appendix B). Thus, experi-
mental designs (e.g., choice of measurement time points, HT and CT
values for each phase) should be sought that minimize � and the

parameter standard errors.
In any model, there are implicit physical assumptions that should

be recognized. In the model described with the use of eqs. 1 and 2,
these assumptions are that (a) labeled and unlabeled ligands have

the same rate constants. This assumption holds well in systems in
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which labeled and unlabeled ligands differ only in the isotopes they

contain. The introduction of a radioactive iodine into a protein,

however, may modify the constants considerably. (b) There is no
cooperativity within or between site classes. This assumption is not

appropriate for, e.g., hemoglobin/oxygen kinetics. (c) Ligand does not

self-associate or bind with anything (e.g., buffers) except the sites in

question. (d) Likewise, the sites do not bind anything but ligand. (e)

There are no transient effects of binding that would alter the rate

constants or concentrations (e.g. , the Bohr effect). (I) The system is
well stirred. When aliquots are taken, the volume is reduced without

the concentration changing. (g) The bound ligand or bound fraction
can be accurately determined at known time points in the reaction.

These assumptions are often met sufficiently well for modeling

purposes, whereas otherwise they must serve as a useful first ap-

proximation.

When additional parameters are added to a model (i.e., an in-
crease in the number of binding classes), the fit usually improves,

resulting in a smaller WSS simply because ofthe added flexibility in
the model. However, the resulting model might be unnecessarily
complex with an excess of parameters and loss of df. Therefore, a

compromise is necessary between the addition of new parameters

and improvement in the goodness of fit. The appropriate number of

parameters (i.e., the appropriate number of binding sites), can be
determined with a statistical test, the F test, based on the extra sum

of squares principle (10) that compares the more complex model

(involving more parameters) with the simpler one.

Results

We provide some examples that demonstrate the capabil-

ities of the program and that partially explore the limits and

possibilities of kinetic binding experiments. To do this, we

used synthetic data obtained from a given model of known

complexity and with known parameter values. We considered
cases with either one or two classes of binding sites with a

single labeled ligand concentration for the association phase

(cases 1 and 2) and a case with two binding sites and an

experiment consisting of two association/dissociation curve

pairs run at different labeled ligand concentrations (case 3).

We set the number ofpoints and time schedule for each curve

in the simulations so that both the association and dissocia-

tion curves almost reach equilibrium. For convenience, we
express the binding affinity (Kd) in molar concentration units

and the off rate (k0ff) in per-minute units. The binding capac-
ity of the system will always be expressed as a unitless ratio

to the binding affinity (R/Kd), and, likewise, the total ligand

concentration will be given in terms of Kd.
We also analyzed two real kinetic experiments with the use

ofKINFIT II. In the first experiment, [3HJketanserin binding

to human platelets is modeled as a single homogeneous class.
Ketanserin is a potent serotonin antagonist, acting at the

type 2 receptor (5-hydroxytryptamine2), but we demon-
strated (11) in human platelets that this compound actually

binds to the monoamine transporter rather than to the 5-hy-

droxytryptamine2 receptor. Analysis of both equilibrium and

dissociation binding data clearly demonstrated the presence

of a homogeneous class of sites. In the second experiment,

[3H]LTC4 binding to U937 cells is analyzed with the use of a

two-site model. Leukotrienes are potent inflammatory medi-
ators, and their receptors and metabolism have been exten-

sively studied in the cell line U937, an immortalized line of

human promonocytic leukemia cells. In particular, we found
through the use of a equilibrium binding assay that in these
cells, [3HILTC4 binds not only to a well-characterized low

TABLE 1

Influence of the labeled total ligand concentration, HT on the
precision of parameter estimates from an
association/dissociation experiment (case 1)
The simulated parameters were k0� = 1 min1, R = 0.1 Kd, CT = 1 mM for the
dissociation phase, and dilution factor 4

km Kd H�
Dependency �5

k05 k00 R

flM1 flM Kd

10 0.1 0.01 >100 5.9 >100
10 0.1 0.1 90 5.6 94
10 0.1 1.0 8 3.6 10
10 0.1 10 1.4 1.4 1.8
10 0.1 100 1 1 1.1

1 1.0 0.01 >100 5.9 >100
1 1.0 0.1 90 5.6 94
1 1.0 1.0 8 3.6 10
1 1.0 10 1.4 1.4 1.8
1 1.0 100 1 1 1.1
0.1 10.0 0.01 >100 6.4 >100
0.1 10.0 0.1 87 5.9 91
0.1 10.0 1.0 7.7 3.6 10

0.1 10.0 10 1.4 1.4 1.8
0.1 10.0 100 1 1 1.1

affinity/high capacity site, which is most likely an enzyme

(12), but also to a high affinity/low capacity site with the

characteristic of a specific receptor.’ Therefore, the kinetic

experiment was run twice (in the presence of different la-

beled and unlabeled ligand concentrations), a design that

should facilitate the estimation of all six parameters of the

model.

Case 1: Single association/dissociation curve, one

class of sites. In the association phase of this simulation, all

of the labeled ligand is initially unbound [H1(0) = 0, C1(0) =

01. The dissociation phase is initiated by dilution of the sys-

tem by a modest factor (4’ is 9:10 = 0.9) together with the
addition ofunlabeled ligand (CT = 1 mM). The simplest model

includes a single class of binding sites. Therefore, three pa-

rameters must be considered: k0�, k0ff, and R. We consider a

series of parameter settings (Table 1). For each setting, we

ran a series of simulations while varying the total ligand

concentration, HT, from 0.01 to 100 Kd for the association
phase. For the dissociation phase, CT became 1 mM, whereas

HT and R� were reduced by the addition of a solution contain-
ing unlabeled ligand. We simulated 40 data points for each
phase (association and dissociation) of the experiment that

were spread uniformly over a time interval, which allowed

the system to essentially reach equilibrium. It is evident from

Table 1 that as the HT concentration becomes smaller than
that ofKd, � rises for k00 and R but not substantially for k0ff.

In a second set of simulations of one association and one

dissociation curve, we varied the R values with a constant Kd.
Table 2 shows the influence ofbinding capacity, expressed as

R/Kd, on the precision of the parameter estimates. When the
binding capacity is > 10 Kd, the 6 values for hon and R begin

to rise, becoming essentially infinite when R reaches 1000

Kd. Again, as expected, there is no effect on the dependency
of the dissociation constant.

We also considered a situation in which instead of using a

large excess of unlabeled ligand to start the dissociation
phase, we added only a small amount ofthe unlabeled ligand.

= 0.9.
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In this case, the dissociation was incomplete (Fig. 1), but our

computer program, taking into account the concentrations of

both the labeled and unlabeled ligand, can easily handle this
experimental protocol. As can be seen from CVs and 6 values

(see legend to Fig. 1), we can easily calculate all of the

unknown parameters of the model even if the dissociation

phase is incomplete, thus using only a fraction ofthe amount

of unlabeled ligand that is usually added to completely dis-

sociate the system.

In Fig. 2A, we present a real set of data obtained with the

use of [3H]ketanserin in human platelet membranes. In this

real case, we used 3.5 nM labeled ketanserin, and we ran an

association experiment, taking seven aliquots at different
times. In a second, separate experiment, we again incubated

membranes from human platelets with 3.5 nM [3Hlketan-

serin and let the system equilibrate for 15 mm before adding

158 p�M unlabeled ketanserin to completely dissociate the

system and taking aliquots. Simultaneous computer analysis

0.01

0.0075

C

j�I 0.005

0.0025

0.1

0.05

0
of both of these sets of data with the use of KINFIT II gives

a k0� estimate of5.36 X iO� M1 min’ (CV = 86%, 6 = 13.3),

a k0ffvalue ofO.26 min ‘ (CV = 31%, 6 = 4.8), and an R value

of 6.2 x 10- ‘#{176}M (CV = 66%, 6 = 16.7). The corresponding

estimate for Kd was 4.9 nM, which is practically identical to

the Kd estimated separately with the use of an equilibrium

binding study (4.79 mi, CV = 45%) (11).

In Fig. 2B, we also present a set of synthetic data gener-

ated with 10% random error in labeled bound on the basis of
the same time schedule and parameter estimates obtained

from the analysis of the real data presented in Fig. 2A. It is

KINFIT II: A Program for Analysis of Kinetic Binding Data 89

TABLE 2
Influence of the binding capacity, R, on the dependency of
parameter estimates from an association/dissociation
experiment (case 1)
The model parameters were set as Kd = 1 nM and k0� = 1 min�1 (k0,, = 1 �
min1). Labeled ligand concentration H� = 10 Kd for the association phase, CT =

1 mM for dissociation phase, and dilution factor 4, = 0.9.

Binding
capacity R

Dependency S

km k,n R

Kd

0.01 1.4 1.4 1.8
0.1 1.4 1.4 1.8
1 1.5 1.4 1.9

10 2.5 1.7 3.2
100 37 1 37

1000 >100 1 >100

Time (mm)

Fig. I . Association and dissociation curves and data simulated by a
kinetic model of a single class of binding sites. Vertical dashed line, the
addition of unlabeled ligand. The model parameters were set as K0 =

0.1 nM, k0ff = 1 min1 (k0� = 10 nr�r1 min1), and R = 0.01 nM. At 3 mm,
the dissociation phase was initiated by the dilution and addition of
unlabeled ligand. H� (association phase) = 1 0 Kd, CT (dissociation
phase) = 1 .0 nM, and dilution factor 4 = 0.9. The parameter estimates
differed from their true values by �2%. The dependencies, 5, of the
estimated parameters were 1 .5, 2.2, and 2.7, whereas the estimated CV
values were 1 , 2.2, and <1 for k00, k0�, and R, respectively.

Time (mm)

Fig. 2. Association curve and dissociation curve of ketanserin. A, Real
experimental data. The labeled ligand concentration H� used for the
association curve was 3.5 nM rH]ketanserin, whereas the dissociation
phase was initiated at 1 5 mm (dashed line) by the addition of unlabeled
ketanserin (dissociation phase CT = 158 �tM). Parameter values esti-
mated from the real data are k00 = 0.054 1 min1 (±86% CV), k00
= 0.26 min1 (±31% CV) (Kd 4.9 nM), and R = 0.62 nM (±65% CV).
B, Synthetic data generated with 10% random error in labeled bound
on the basis of the same time schedule and parameter as A. Parameter
values estimated from the synthetic data are k0� = 0.051 nM1 min1

(±42% CV), k0ff = 0.27 min1 (±11% CV) (Kd = 5.3 nM), and R = 0.63
nM (±31% CV).
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clear that real and synthetic data are in good agreement,

thus confirming the reliability of our mathematical model.

Case 2: Single association/dissociation curve, two

classes of sites. In this set of simulations, we considered the

situation in which two classes of binding sites are present.
Therefore, six parameters should be estimated from data:

k0�, k0ff, and R1 for the first binding site and k0�2, k0ff2, and
R2 for the second. We considered cases in which two sites are

present in equal amounts or in which the low affinity site is

present in a higher amount.

When the two-site classes are present in equal amounts,

we set a 10-fold difference in the Kd values and simulated

models with five different HT concentrations in the associa-

tion phase. Based on the information in Table 3, it is clear
that the class of binding sites with higher affinity for the

ligand is better defined than the one with lower affinity.

In Table 4, we considered a series of models with different

capacity ratios (R2/R,) for the two sites, with the Kd values

set at 10 R for both sites and HT values set at 10 Kd2. Not

surprisingly, as the ratio increases, the estimates of the

lower capacity binding site quickly become indeterminate.
A special situation may be considered when two classes of

binding sites have the identical Kd values but different k0ff

values and, thus, different values for k0� = (k0�/Kd). We ran

such a simulation and analyzed the results by using KINFIT

II. The program was able to precisely identify all six different

parameters with a single experiment, even though different

proportions of binding sites were assumed (Fig. 3).

Case 3: Multiple association and dissociation curves,
two classes of sites. To solve the problem of parameter

indeterminacy discussed in case 2, we suggest the use of

multiple association and dissociation curves run at several

initial ligand concentrations, HT. To illustrate this idea, we

simulated two association and dissociation experiments run

at a different ligand concentration. We choose an HT concen-
tration for each experiment to be 10-fold higher than the Kd
values for each of the two sites. We varied the binding capac-

ity R2 from 1 x R, to 1000 x R,. Now, we were able to

estimate all six parameters with reasonable precision, pro-

vided R2 remains at < 100 , , and in all cases the precision
was greater than when only a single association/dissociation

experiment was run (compare models 1 and 2 ofTable 4 with
models 2 and 3 of Table 5). This demonstrates the potential

benefit of the more extensive experimental protocol. In other

investigations, we considered similar protocols for systems

TABLE 3
Effects of total labeled ligand concentration, H7-, on precision of
estimates when model has two classes of binding sites with
equal capacity. Experiment involves a single pair of association/
dissociation curves (case 2)
The simulated parameters were set as Kd1 = 0.1 nM, k0� = 1 mm � (k0�1 = 10
nM 1 mm �1), and R1 = 0.1 Kd, and Kd2 = 1 nM, k002 = � min� � (k0�2 = 5 n�i’
mm 1), and R2 - R1.

Model HT
Depend ency S

k051 kei R1 km2 k052 R2

Kd

1 0.1 >100 15 >100 >100 17 >100
2 1 14 16 62 >100 29 >100
3 10 9.4 4.7 56 >100 12 >100
4 100 2.7 3.6 30 4.2 4.8 23

5 1000 9.9 3.2 27 10 3.4 25

TABLE 4

Effect of binding capacity, R2, for the second class of sites on
precision of estimates (case 2)
The simulated parameters were set as Kd1 = 0.1 nM, k0�1 = 1 min�1 (k,,,,1 = 10
nM1 min�1),andR1 = 0.01 nMandKd2 = 10R2andk0�2 = 5min�1.

cv
Model HT R2

k� �1 k0�1 R1 k,�2 k0�2 R2

Kd1 R1 %

1 100 10 17 25 29 2.5 3 2.8

2 1000 100 >100 >100 70 1.8 1.3 0.9
3 10000 1000 >100 >100 80 1 0.9 0.2

C

V
C

0

Fig. 3. Association and dissociation curves simulating a model with
two different classes of binding sites with the same equilibrium disso-
ciation constants (Kd1 Kd 0.1 nM) but different kinetic constants.
Vertical dashed line, the ac(dition of unlabeled ligand. The model pa-
rameterswerek00, = 10nM1 min1,k0�1 = 1 min1,R1 = 0.01 nM,k0�2
= 50 nM1 min1, k0ff2 = 5 min1, R2= 0.1 nM, HT = 1 nM, CT = 1 mM,
and 4 = 0.9. The estimated values of the model were k0�, = 1 1 .4 n�1

min�1, k0�1 = 1.2 min1 (Kd1 0.105 nM), and R1 = 0.013 n� and k0�2
= 51 nM�1 min1, k0� = 5.1 min1 (Kd2 = 0.1), and R2 = 0.097 nr�i, with
CV values of 4.1%, �.8%, and 2.2% and of 3.9%, 3.8%, and 2.3%,
respectively.

with a variety of affinity ratios (Kd2/Kd1) and binding capac-
ities.

When the Kd1 differs from Kd2, three different possibilities
arise: (a) both hon and k0ff of the two sites are different, (b)
only k0�1 and k0�2 are different, or (c) only k0ff1 and k0ff2 are

different. We considered the possibility that different Kd
values arise from differences in the association rates (Fig. 4)

or from differences in dissociation rates (Fig. 5). For this set
of simulations, we fixed the binding capacity ratio R2/R, at
10, with a constant R/Kd ratio of 0. 1 for each class of sites.

The simulated experiments shown in Figs. 4 and 5 consist of

two association/dissociation pairs, with the association-phase

total ligand concentration HT = 10 X Kd for the first exper-

iment and NT 10 X Kd2 for the second. With the program,
we were able to precisely determine all six parameters for
these experiments, with CV values of < 10% and 6 values of
< 15. Such precise estimates would not have been possible
with only one pair of association/dissociation curves (one NT

concentration).
In other simulations, we examined the behavior of the
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curves at different HT

The simulated parameters were set as Kd1 = 0.1 nM, k0�1 = 1 min1 (k0�1 = 10 nM�1
phase) = 1 nM 10 Kd1 and HT and second experiment, association phase) = 1 0 Kd2.

mini), R1 = 0.01 rn�, and k052 = 5 min’ and HT(first experiment, association

Model Binding capacity R2 Binding affinity K�
k0�

cv

k05, R1 k052 k052 R2

R1 %

1 1 1 2.3 3.3 3.7 2.5 3.9 3.5

2 10 1 11 16 18 1.2 1.9 1.6
3 100 10 70 57 26 0.9 0.7 0.2
4 1000 100 >100 >100 >100 0.7 0.7 0.2
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TABLE 5

Influence of the binding capacity, R2, on CV for experiment including two sets of
values (case 3)

estimation strategy with the use of a variety of binding
capacity ratios. In all eight data sets tested with the pro-

gram, we were able to determine the six unknown parame-
ters of the simulated models, with CV values of <63%.

In Fig. 6, we present two different experiments obtained

with [3HILTC4 in membranes from U937. In this real case,

we used two association and two dissociation curves of

[3H]LTC4 run at different total ligand concentrations (0.5 n�

Fig. 4. Kinetic experiments run at
different total ligand concentra-
tions. In the association phase,

HT= 1 nM(O)andH�= 10 nM (U);

in the dissociation phase, CT 1
mM and 41 0.9 for both curves.
Association (A) and dissociation
(B) curves simulate a model with
two different classes of binding
sites having the same dissociation
constants (k0�1 = k0ff2 = 1 mm 1)
but different association con-

stants. For the simulation, param-
eters were k0�1 = 10 n� � mm �,

R1 = 0.01 nr�i, k0�2 = 1 nM�1
min’, and R2= 0.1 nM.

Fig. 5. Kinetic experiments run
at different total ligand concen-
trations. In the association phase,
H�= 1 nM(O)andHT= lOnM(U);
in the dissociation phase, CT = 1

mM and 41 0.9 for both curves.
Association (A) and dissociation
(B) curves simulate a model with
two different classes of binding
sites having the same association
constants (k0� = k0�2 = 10 n�i
min1) but different dissociation
constants. The simulated param-
eters were k0�1 = 1 min1, R1 =

0.01 nM, k0�2 = 10 min1, and R2
= 0.1 nM.

[3HILTC4 for the first experiment and 1 ni� [3H]LTC4 plus 30

nM LTC4 for the second experiment). Both dissociation

phases were initiated by 3 �tM unlabeled LTC4. Simultaneous

computer analysis ofboth ofthese sets of data with the use of

KINFIT II according to one- and two-site models gave a

statistically significant improvement in the two-site model

compared with the simpler one (p < 0.01). The calculated

parameters were as follows: k001 = 0.24 nM ‘ min ‘ (CV =
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Fig. 6. Two association (A) and
two dissociation (B) curves of
rH]LTC4 run at different total Ii-
gand concentrations: 0, associa-
tion phase H� = 0.5 nM rH]LTC4;
U, association phase HT 1 nM

rH]LTC4; C,. = 30 n� LTC4. Both
dissociation phases were initi-

ated by CT 3 j�M unlabeled
LTC4. Parameter values esti-
mated simultaneously from the
four curves were k0�1 = 0.24 nr�r1
min1 (±34% CV), k0�1 = 0.25
min1 (±19% CV), and R1 =

0.069 nM (±28% CV) (Kd,
nM) and k0� = 0.0038 n�r1
min1 (±19#{176},�CV), k0ff2 = 0.51
min1 (±8.5% CV), and R2 = 7.5
nM (±16% CV) (Kd2 134 nM).

34%), k0ff1 0.25 min’ (CV = 19%), and R, = 0.069 n�i

(CV = 28%) (Kd1 1.1 nM) and kon 0.0038 flM�’ min’
(CV = 19%), k0ff2 0.51 min’ (CV = 8.5%), andR2 = 7.5 nzs�

(CV = 16%) (Kd2 134.8 nr��).

Discussion

We described a computer program for the analysis and
modeling of kinetic ligand-binding experiments. Our algo-

rithm is suitable for analysis of binding experiments involv-

ing one or more classes of binding sites and one or more

curves, performed at different ligand concentrations. We pre-

sented some synthetic data sets simulating very common

situations encountered in the real world as well as real data

as examples of the power and flexibility of KINFIT II.
KINFIT II allows the estimation of parameters for a stan-

dard association experiment and a classic dissociation exper-

iment, in which the dissociation is induced by either a very
large dilution or the addition of a large excess of unlabeled

ligand. In addition, KINFIT II can be used to extract the

unknown parameters when only a small amount of unlabeled
ligand is added to start the dissociation phase (Fig. 1). This

feature gives the experimentalist the possibility of trying
different experimental designs for the dissociation phase of a

kinetic experiment and can result in a considerable saving of

unlabeled ligand, which can be costly or limited in quantity.
We demonstrated that data from association and dissocia-

tion time courses can be used to model a receptor system; to

estimate parameter values such as k0�, k0� and R; or to
statistically test alternative hypotheses regarding the struc-

ture of the model. Because KINFIT II can handle classic
kinetic protocols (single association and dissociation curves)
and because families of kinetic curves run at different ligand

concentrations, it can effectively combine the power of kinetic
and equilibrium studies to probe the nature of a complex

receptor system.

We previously demonstrated that a homologous displace-

ment curve or a saturation curve should start with a total
ligand concentration as low as possible, consistent with ob-

taming reliable measurements (13). In other words, in equi-

librium binding experiments, one has to start with a concen-

tration of the labeled ligand as low as possible in both the

displacement and saturation curves, whereas in kinetic ex-
periments, the best precision and lowest dependency values

are obtained with high concentrations of labeled ligand, HT.

This observation can be very useful when the labeled ligand

has a very high affinity for a particular receptor class but low

specific activity, as is often the case with tritiated sub-

stances. The use of very low ligand concentrations obviously
creates problems when radioactive count rates drop into the

background levels. We suggest that in this situation it might

be advantageous to determine the equilibrium constant

through a kinetic experiment, with sufficient labeled ligand

to ensure adequate count rates for a reliable measurement

(Table 1).

The test cases illustrate that when one ofthe two classes of

binding sites greatly outnumbers the other, parameters as-

sociated with the minority class are less well resolved. Also,
if the amount of ligand bound in one class greatly exceeds

that bound in the other class, for the range ofligand concen-

trations used the same effect on resolution will be observed.

It is interesting to note that KINFIT II can resolve two

sites with equal Kd values but different kinetic parameters
with a single association and dissociation time course (Fig.

3). This is in contrast to the situation with equilibrium ex-

periments, which cannot distinguish two such classes. This is

one of the situations in which kinetic experiments have a

superior resolution power compared with equilibrium bind-

ing experiments.

The most rigorous approach to the problem of characteriz-
ing multiple binding sites is, of course, to run more than one

curve at different ligand concentrations and then analyze

them simultaneously, as presented in case 3. Such combined

experiments should be considered when validating a hypo-

thetical receptor mechanism or when interest centers on both

the kinetic and equilibrium characteristics of the system

under investigation.
The test cases also show that with a wide variety of rates

and site populations, the program was able to recover the

“true” parameter values with a minimal degree of bias and

acceptable variance. Two exceptions are noted. First, with
two different classes of binding sites having a > 100-fold
difference in binding capacity, the use of a single HT concen-

tration is not sufficient to precisely estimate parameters

associated with the lower capacity class (Table 4). Second, in

the presence of two different classes of binding sites, even

with the use ofmore than one ligand concentration (Table 5),
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(14).

if the capacity of one class greatly outweighs the other, pa-

rameters associated with the lower-capacity class are not

well resolved.

We also present two sets of real data obtained in a simple

one-binding-site model and in a more complex, two-binding-

site model. In the first case, we analyzed the data to obtain

the model and the parameter values (Fig. 2A), and we double-
checked them against the data obtained from equilibrium

binding experiments, thus confirming the very good agree-

ment between them. Furthermore, we used KINFIT II, given

the parameter values and the time schedule of the real ex-

periment, to back-calculate the synthetic data (Fig. 2B) that

should have been obtained if the model and the calculated

parameters were correct. It is clear from Fig. 2 that there is

good correspondence between real and synthetic data, sup-

porting our mathematical model and the interpretation of the
results.

The second set of real data came from a system with two

distinct binding sites for LTC4 in membranes from U937

cells. As mentioned before, we previously validated the model
with a series of equilibrium experiments. However, in this

type of experiment, despite a clear indication of the existence

of two distinct binding sites, the absolute value of the Kd of

the high affinity/low capacity site was not precisely deter-

mined (Kd 0.03-0.2 nM) due to the very high affinity but
low specific activity (see above) of the labeled ligand. There-

fore, we decided to perform kinetic experiments that should

have a superior resolution power in this situation. From the

simultaneous analysis of two kinetic experiments run at dif-

ferent total ligand concentrations, we were able to obtain a

statistically significant improvement in the two-site model

compared with the one-site model (p < 0.01), thus confirming

and validating the model obtained with the equilibrium ex-

periments. However, the kinetic experiments yielded an es-

timate of the Kd of the high affinity/low capacity site of -1

order of magnitude different from the one obtained from

equilibrium experiments (Kd = 1.1 � Thus, we believe that

the > 100-fold difference in capacity (R = 0.069 versus 7.5 n�i

for the first and second site, respectively) confirms the intrin-

sic limit of the kinetic experiments when dealing with two
sites, one of which greatly outnumbers the other. On the

other hand, the Kd of the second site was very similar in
equilibrium and kinetic experiments (134 and 201 nr�t, re-

spectively).

In conclusion, with the use of our program KJ.NFIT II, it is

possible to analyze kinetic data using the exact mathematical

model for one or more classes of sites, thus taking advantage

of all of the information contained in the association and

dissociation time courses.

Appendix A

The following are errata to the analytical solution of eqs. 1

and 2 (as published in Ref. 2).

In eq. B6, within U� the expression a2 + b2 should be

a2 - b2.

In eq. B13, the fraction p1(1 - a) should be K,,/(l - a).

In eq. B14, the numeratorp(q - U_) should be K�(q - UJ.

The solution was republished in altered and corrected form

Appendix B

KINFIT II Input

KINFIT II accepts kinetic data and produces estimates for

the three parameters kon, k0ff, and S. for each site class i = 1,

. . . , n. The input data are pin, a column vector of initial

parameter estimates; t, a column vector of times for one or

more runs; h, a column vector of observed bound labeled

ligand; w, a column vector of statistical weights; and info, a

seven-column matrix, with one row for each run.
The vector pin serves two purposes. First, it contains mi-

tial estimates of the fitting parameters. Second, its length
divided by 3 determines the number, n, of site classes to be

resolved. For example, the MATLAB statement

pin = [ 1, 3, 5, 4, 9, 2 1’;

means that two-site classes are to be used, with the initial

estimates Ofkoni 1, k0ff1 3, and 5, = 5 and k0�2 = 4, k0ff2 =

9, and �2 2.

We note that the parameter R� in eqs. 1 and 2 is identified

with the product cS�, where c is a scale factor (described

below). These parameters are explained more thoroughly in

KJNFIT II output, below. The vector t likewise serves two

functions. First, it contains the observation times relative to
the most recent perturbation. Second, any t� = 0 announces
the beginning of a new run. For example, the MATLAB

statement

t = { 0,1,2,4, 0,2,4,5,6, 0,1,2,3,5,10 1’;

describes a data set with three runs of four, five, and six

observations, respectively.
The vector h contains the concentration of labeled ligand

bound to sites of all classes. This is the observed variable, h�,

corresponding to ti. The elements of the vector w should be
reciprocal variances of each h�. Where h� is measured by

counting statistics, w� should be proportional to reciprocal
counts. Thus, eachjth observation consists of the three num-

bers t�, h�, and w�.

The matrix info defines amounts initially present and

amounts added for each run. Every run specified by some t� =

0 must have a corresponding row of info. Within each row of

info, the elements are 1) V#{176},initial volume, containing the
following three quantities; 2) c, a correction or scale factor for

binding site concentration; 3) H#{176},initial labeled ligand con-

centration; 4) C#{176},initial unlabeled ligand concentration; 5)
VA, added volume, containing the following two concentra-

tions; 6) HA, added labeled ligand concentration; and 7) CA,
added unlabeled ligand concentration; there are a total of

seven columns. The final volume, VT, and dilution factor, 4,
for the run are then computed within the program as:

ye

VT ye + VA, �,
VT

(3)

The factor c may be entered in absolute (e.g., molar) or

relative (dimensionless) units. The choice of units for c will

influence the units in which the fitted concentrations S are
expressed. This flexibility is required for cases in which the

molecules with binding sites are embedded in membranes or

cells where the mass of the sample is known but the concen-

tration of binding molecules is not. The best one can do is to
assume that the binding sites are well distributed through-
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out the sample material. Implications for the fitted concen-
trations are discussed in KINFIT II output.

The condition c > 0 not only provides the scale factor for
the concentration ofsample but also signals that this is a new
run; i.e., this run is not tandem to the previous run. In this

case, the values R� HT, and CT in eq. 1 or 2 are set to c51, H#{176},

and C#{176},respectively, and the preequilibrated bound ligand
concentrations R�#{176}and R� are found so that all derivatives

are zero. Then, all concentrations are scaled by the dilution
factor 4’ = �#{176}�‘T’ incurred by the additional volume, so that

in eq. 1 or 2, we set HT = 4’ 11#{176}+ (1 - 4)HA, CT = 4 C#{176}+ (1

- 4)CA, and R� = 4� cS4. The initial conditions are set to II�(0)

= 4ili�#{176}andC�(0) = 4R7.

In contrast, c = 0 signifies that this run is tandem to the

previous run. The values for eq. 1 or 2 are R� = 4 cS�, using
thecfromthepreviousrun,andHT= 4H’ + (1 - 4)HA and

CT= 4C’ + (1 - 4)CA,whereHlandClareHTandCTfrom

the previous run, respectively. The initial conditions H�(0)

and C�(0) are taken from the corresponding values at the
final time point of the previous run, scaled by the dilution

factor 4). Several successive tandem runs may be indicated in
this way.

The following matrix info will serve as an example:

% ye � H�C�VAHAC�

{ 1, 8, 0, 0, 1, 8, 0;

info = 1, 0, 0, 0, 1, 0, 4;
1, 0, 0, 0, 1, 0, 0;

3, 2, 2, 0, 3, 0, 2

(MATLAB comments begin with the symbol % and are ig-
nored by the interpreter.) Run 1 begins with no ligand
present, so the initial conditions are H�(0) = 0 for all i. Then,

labeled ligand is added. At the onset of run 1 (after the

dilution by 4) = 0.5), the total concentrations are HT = 4 and
CT 0. The total volume at the onset ofrun 1 is VT = 2, but
(presumably because aliquots are taken) by the start ofrun 2,
only one unit is left. Run 2 is tandem to run 1, and unlabeled

ligand is added. Run 3 is tandem to run 2, and the pertur-
bation here is a simple dilution (added volume, no added
ligand). By the onset of run 3, the total concentrations have

been diluted to HT 1 and CT l� Run 4 is a new run not
related to run 3. Sample and labeled ligands are preequili-
brated; then, unlabeled ligand is added. At the onset ofrun 4,
the total concentrations are the same as in run 3. However,
the kinetics are quite different in run 4 because C�(0) = 0 and
free unlabeled ligand is being introduced, whereas in run 3,

free and bound unlabeled ligands are carried over from run 2.

KINFIT II Output

There are three output vectors listed beside each other in
columns. These are p, the vector of parameters; se, the vector

of corresponding standard errors; and dep, the vector of cor-
responding dependencies (measures of condition). The vector
p contains the final estimates ofthe parameters k0�, korn and
S and so on for as many sites as were specified in the input
vector pin. The parameters k0ff are the first-order off-rate

constants in units of 1/time and will of course depend on the
units in which time is expressed. However, the units of k0�,

the second-order on-rate constants, are 1/[(concentration)
(time)] and will therefore depend on both the concentration
units and the time units that are used.

The products cS are given in concentration units. There-

fore, if C (specified in the matrix info) is already in concen-

tration units, the values for S are nondimensional. They can
be interpreted as sites/molecule. However, if c represents
relative concentrations of binding material, then the values
for S are concentrations of sites/unit amount of binding ma-
terial.

The vector se contains approximate estimates of the stan-

dard errors ofp, as described previously (15). The qualifica-

tion “asymptotic” must be used because a linear error anal-
ysis is being applied to a nonlinear fitting problem. The

dependency values dep are likewise asymptotic values. Pa-
rameter dependencies serve to separate two aspects of the

standard errors. Standard errors are approximately propor-

tional to the noise level in the data. However, this certainly is
not the only influence. The number of fitted parameters in
the model and the range of data (i.e., the experimental de-

sign) also determine the standard errors, sometimes compen-

sating for each other. For example, extension of the model to
include more parameters often entails extending the data
range to improve resolution.

Dependency values are a critique of how well we have done

in this regard. Let r1 be the ith standard error produced by
the program, let 6. be the ith dependency value, and let #{128}�be

the standard error that the program would have produced if

pi were the only fitted parameter, with all other fitted pa-
rameters regarded as constants. Like o�, #{128}�is proportional to

noise level and serves as a measure of how well these data
resolve this parameter in isolation. The dependency value is

a ratio of the two standard errors: � = o�/#{128}�or o� = � so

that o� is composed of two factors: #{128}�,the error inherent in p�

alone, and � the magnification of that error due to the
presence of the other parameters. Unlike o� and #{128},6 is not

influenced by noise level. It reflects only the interdependence

ofthe parameters within the current experimental design. A
dependency value of, for example, � 100 indicates either that
we have overparameterized the model (e.g., too many site
classes) or that our data range is somehow insufficient to
resolve the parameters. The dependency value � is the square

root of the variance inflation factor described in the statisti-
cal literature (3).

In addition top, se, and dep, the fitted function is provided
for graphic comparison and goodness-of-fit tests, some of
which are provided in the program but are not detailed here.
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