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Abstract

The binding of an anticancer drug (actinomycin D or ACTD) to double-stranded DNA (dsDNA) was studied by means of high-performance
liquid chromatography (HPLC). ACTD is an antitumor antibiotic containing one chromophore group and two pentapeptidic lactone cycles
that binds dsDNA. Incubations of ACTD with DNA were performed at physiological pH. The complexed and free ligand concentrations of
the mixture were quantified at 440 nm from their separation on a size-exclusion chromatographic (SEC) column using the same buffer for the
elution and the sample incubation. The DNA and the ACTD–DNA complexes were eluted at the column exclusion volume while the ligand
was retained on the support. An apparent binding curve was obtained by plotting the amount emerging at the exclusion column volume against
that eluted at free ACTD retention volume. A dissociating effect was evidenced and the binding parameters were significantly different from
those obtained at equilibrium by visible absorbance titration. The equilibrium binding parameters determined by absorption spectroscopy were
used as starting data in the numerical simulations of the chromatographic process. The results showed a strong dependency of the apparent
binding parameters on the reaction kinetics. Finally the comparison of the apparent binding curve obtained from the HPLC experiments and
from the numerical simulations permitted an evaluation of the dissociation rate constant (kd = 0.004 s−1).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Actinomycin D (ACTD) is an important anticancer drug
that binds to double-stranded DNA (dsDNA) via interca-
lation. The interaction between ACTD and DNA has been
widely studied as the non-covalent ACTD–DNA complex is
an interesting model for understanding the interactions be-
tween DNA and peptide-like substances[1]. It is now well
recognized that its biological activity is related to its binding
by intercalation to DNA.

The crystal structure of the DNA–ACTD complex has
been studied by X-ray diffraction and a stereochemical
model was proposed, in which the ACTD phenoxazone
chromophore intercalates between the DNA base pairs[2,3].
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It was shown that the pentapeptide lactone of the ACTD
molecules interact with some specific DNA sequences.
Systematic NMR spectroscopic studies[4,5] were used to
investigate the interaction of ACTD with DNA sequences
and were in good agreement with the above model. Spectral
titration methods (visible absorbance, circular dichroism,
fluorescence) have been also employed to study the bind-
ing of ACTD (or its fluorescent analogue) to DNA and to
various DNA sequences[1,6–10]. Muller and Crothers[1]
have shown that ACTD binds to dsDNA with high affinity
and a very slow dissociation process of the DNA–ACTD
complex was observed. The electrophoretic behavior of
oligonucleotides in absence and in presence of ACTD have
been studied by capillary electrophoresis (CE)[10] but the
affinity constants were not determined by CE.

Several chromatographic methods were proposed to study
the binding of a ligand to a macromolecule (for review,
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see[11,12]). In the direct zonal separation methods[13,14],
the incubated species are separated and the free and bound
ligand are quantified from the corresponding peaks. The
method is valid only if there is no dissociation of the com-
plex during its migration through the column[13–15]. Be-
cause of this limitation, the chromatographic method has
been seldom employed to study ligand–substrate interactions
[16–18]. Moreover in many of these experimental studies,
the results may not have been adequately analyzed as the
column dissociation effects were not accounted for.

The aim of this work was to investigate the potential of the
direct separation method to characterize the binding affinity
of ACTD to DNA. The direct separation methods are easier
to carry out as a preincubated mixture containing the lig-
and and the macromolecule is injected into a size-exclusion
chromatogaphic (SEC) column. As a continuous dissocia-
tion of the complex may occur during the elution in the col-
umn, an apparent binding curve is obtained, which describes
the equilibrium between the interacting species only if the
dissociation process is slow enough.

Numerical simulations of the chromatographic process
were employed to test the validity of the method. In a pre-
vious work[15], we have developed a numerical algorithm
with the hypothesis of an instantaneous equilibrium between
the ligand and the biological macromolecule. In the present
study, this model was modified to take into account the ef-
fects of association–dissociation kinetics. Computer simula-
tion approaches including kinetic effects have already been
described in literature[13,14] but were never applied to the
interpretation of the apparent binding curves obtained when
preincubated mixtures are analyzed by chromatography. The
binding of DNA to ACTD represents an interesting experi-
mental model to apply the direct separation HPLC method.

2. Theory

The association equilibrium between the ligand (L) and
the DNA binding sites (S) can be described by a simple
chemical equation:

L + S
ka

�
kd

LS (1)

The apparent adsorption and desorption rate constants are
ka and kd, respectively. The dissociation equilibrium con-
stant isKD = kd/ka. The concentration of bound ligand [LS]
is related to that of the free ligand [L] by the equilibrium
binding isotherm:

[LS] = Z[A]0
[L]

KD + [L]
(2)

where [A]0 is the total concentration of DNA in the solution
andZ the stoichiometric coefficient of the reaction or number
of binding sites per DNA molecule. It is related to the total
concentration of binding sites in the solution (c0 = Z [A]0).

A numerical simulation method was used to generate the
theoretical zone profiles corresponding to the elution of the
total concentration of ligand from the column. The algo-
rithm of the computer program includes two steps, one for
the kinetic exchanges in solution and another for axial dis-
persion according to the Fick law. The size-exclusion col-
umn was divided into an arbitrary number of slices in which
the above chemical equilibrium takes place. We assumed
that the retentions of the speciesA and its complexes are
governed by Henry law and are identical, while the ligand
L was retained by the support. The hypothesis of a linear
adsorption isotherm was also postulated for the interaction
of the ligand with the adsorbent.

The phenomenon of size-exclusion is symbolized by the
expression of the accessible volumes for the ligand (V ∗

L) and
for DNA and its complexes (V ∗

A):

V ∗
L = V0 + σLVp = V0(1 + k0

L) (3)

V ∗
A = V0 + σAVp = V0(1 + k0

A) (4)

whereV0 is the excluded column volume andVp the porous
column volume. The permeation coefficients for speciesL
andA areσL andσA, respectively. The corresponding per-
meation ratios arek0

L andk0
A. In every slice, a strict mass

conservation was kept. Thus the total concentrations ofA
(GA) andL (GL) remain constant and can be expressed as
follows:

GA = [A](1 + kA)(1 + k0
A) (5)

GL = [L](1 + kL)(1 + k0
L) + x(1 + kA)(1 + k0

A) (6)

wherex = [LS] is the concentration of the bound ligand in
the mobile phase. The solute capacity factors for speciesL
andA arekA andkL, respectively.The process occurring in
solution is then governed by the kinetic law:

dx

dt
= ra(c1 − x)(c0 − x) − rdx (7)

where the parameters are expressed as follows:

c1 = GL

(1 + kA)(1 + k0
A)

, ra = ka

(1 + kL)(1 + k0
L)

and

rd = kd

(1 + kA)(1 + k0
A)

The solution ofEq. (7)was applied to calculate the evo-
lution of mobile and stationary phase compositions after a
time �t in each slice, the time needed by the mobile phase
to flow through the volume of one slice.

The global dispersive effect was accounted for by apply-
ing the Fick law to the concentrations of each species in so-
lution. It includes all the contributions to band broadening
(molecular diffusion, eddy diffusion and kinetic mass trans-
fers with the stationary phase). This global axial dispersion
coefficientD is related[19,20] to the plate height (H) by D
= Hu/2, whereu is the velocity of the mobile phase. The
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numerical procedures for simulating the Fick law were pre-
viously reported[15,21].

3. Experimental

3.1. Chemicals

ACTD (Mr = 1255.4, A-4262) and the highly polymer-
ized dsDNA from calf thymus (D-1501) were purchased
from Sigma (St. Louis, MO, USA). All other chemicals were
from Aldrich (Milwaukee, WI, USA): tris(hydroxymethyl)
aminomethane (25,285), sodium chloride (22,351-4). The
buffers and solutions were prepared in Ultrapure water ob-
tained from an Ultrapore Milli-Q water purification system
(Millipore, Bedford, MA, USA).

3.2. DNA characterization

The dsDNA molecular mass was estimated by measur-
ing its intrinsic viscosity from DNA solutions ranging from
0.1 to 1 g/L. The value found ([η] = 145 dL/g) permitted to
estimate (theMr of dsDNA (3.8 × 107)), when using the
expression proposed by Crothers and Zimm[22] for high
molecular mass DNA polymers. When calculating the mean
number of base pairs (bp) per dsDNA molecule from its
molecular mass, one finds 57,000 bp per DNA molecule.

3.3. Absorbance measurements at equilibrium

The binding measurements at equilibrium were performed
using the method described in reference[1] with a Varian
Cary 100 UV–vis spectrophotometer (Varian, Palo Alto, CA,
USA). The concentration of the stock ACTD solutions were
determined by measuring their absorbance in the buffer us-
ing an extinction coefficient of 24 500 M−1 cm−1 at 440 nm
[6,7]. The extinction coefficient of bound ACTD at 440 nm
(15 300 M−1 cm−1) was determined from its spectrum mea-
sured in presence of a large DNA concentration (0.5 g/L)
when the amount of free ACTD can be neglected. The max-
imum of this spectrum was shifted to 445 nm.

Various mixtures of known total concentrations of DNA
(0.05 g/L) and ACTD (from 0.001 to 0.030 g/L) were pre-
pared in 20 mM Tris–HCl buffer at pH 7.5. The mixtures
were incubated and shaken for 2 h at ambient temperature.
The absorbance changes at 440 nm were used to plot the
bound versus free ACTD concentrations.

3.4. HPLC apparatus

The HPLC studies were performed with a system consist-
ing of a LC-9A pump (Shimadzu, Kyoto, Japan), a Model
7125 sample injector (Rheodyne, Berkeley, CA, USA), fit-
ted with a 100�L sample loop. An optical scanning UV–vis
detector (Spectra FOCUS, Spectra-Physics, San Jose, CA,
USA) was routinely used. The detections of ACTD and of

its associated forms with DNA were performed at 440 nm.
When required, the monitoring wavelength of DNA peak
was set at 260 nm. The signal from detector was con-
nected to a data acquisition module (Hercule 2000, JMBS,
Fontaine, France) and the chromatogram was stored via
the Diamir software in the Personal Computer hard disk
(Optilex GX1-MT, Dell, Austin, TX, USA). A Waters 996
photodiode-array detector (Waters, Milford, MA, USA)
was used in preliminary experiments to obtain the spec-
trochromatogram of a DNA–ACTD sample mixture. The
HPLC separations were performed with a TSK-gel G3000
SW (Tosohaas, Montgomeryville, PA, USA) SEC column
(300 mm× 7.8 mm). The mobile phase (20 mM Tris–HCl
buffer at pH 7.5) was delivered at a flow rate of 1 mL/min.

3.5. Chromatographic method

All reagents were diluted in the mobile phase buffer.
The concentration of the ACTD stock solution was deter-
mined by measuring its absorbance at 440 nm, with the
UV–vis spectrophotometer. Various ACTD–DNA solutions
were prepared by mixing equal volumes of a DNA solu-
tion (0.1 g/L) with varying concentrations of ACTD solu-
tions (from 0.01 to 0.025 g/L). The mixtures were incubated
overnight by gentle shaking.

The study of the binding of ACTD to DNA was performed
by injecting 100�L of the incubated mixtures into the SEC
column. A typical chromatogram recorded at 440 nm is
shown inFig. 1. The apparent binding curves were deter-
mined by plotting the amount of ACTD eluting in the first
peak against that eluting in the second peak. The apparent
concentrations in the incubated solution were calculated by
dividing these amounts with the volume of sample injected.
The chromatographic system was calibrated by injection of
pure ACTD solutions at various concentrations and integra-

Fig. 1. Chromatogram of a preincubated ACTD–DNA mixture. Detection
at 440 nm. Sample with [DNA]0 = 0.05 g/L and [ACTD]0 = 0.015 g/L
TSK–gel G3000 SW (300 mm× 7.8 mm) SEC column. Flow rate:
1 ml/min. Buffer: 20 mM Tris–HCl buffer at pH 7.5.
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tion of peak areas. The response of bound ACTD was cal-
culated by dividing the response of free ACTD by the ratio
(1.6) previously determined by spectrophotometry from the
absorbance of bound ACTD in presence of a DNA excess.

3.6. Numerical procedures

The numerical simulation program was written in For-
tran language and run on a Personal Computer. The method
consists in subdividing the column into equally spaces
cross-slices of arbitrary thickness. The chemical reactions
and the exchanges between the phases of every slice were
calculated with an increment of time equal to that needed
for the eluent to flow through the slice. The number of
slices selected were large enough to minimize numerical
dispersion and thus to render its contribution negligible
compared to the band broadening orginated from diffusion.

The experimental peak integrations were performed us-
ing the facilities of the Origin software (Microcal Software,
Northampton, MA, USA). A non-linear least square fit pro-
gram (Origin software) was used to determine the coeffi-
cients of the binding isothermsEq. (2). The results are given
together with the 95% confidence interval.

4. Results and discussion

4.1. Binding equilibrium isotherm from visible
absorbance measurements

The binding equilibrium isotherm characterising the as-
sociation of ACTD to dsDNA was determined by spectral
titration at 440 nm. The coefficients of the binding equilib-
rium isotherm were determined from the best fit to equation
2 using a non-linear least square program. The values of
Z[A]0 andKD are given inTable 1.

The asymptotic valueZ[A]0 = 8.6�mol/L yields 0.11
for the apparent number of binding sites per bp of DNA
molecule. This data is in good agreement with that of ref-
erence[1] obtained by spectral analysis in neutral medium
in presence of a buffer containing 0.18 mol/L NaCl. Muller
and Crothers[1] observed an important decrease of theKD
equilibrium constant at increasing salt concentrations in the
buffer. TheKD value determined in our work, is about half

Table 1
Equilibrium coefficients of the binding isotherm

Method Z[A]0
a (�mol/L) KD (�mol/L)

UV–vis spectrophotometry
(at equilibrium)

8.6 ± 0.3 0.20± 0.05

SEC separationb (apparent data) 2.4± 0.1 0.25± 0.05

Comparison of the results obtained by UV–vis spectrophotometry and
HPLC analysis of the incubated sample.

a [A]0 = 0.05 g/L = 0.00132�mol/L.
b Experimental conditions as described inSection 3.

Fig. 2. Diode-array chromatogram of a preincubated ACTD–DNA mix-
ture. Photodiode-array detection. Sample with [DNA]0 = 0.05 g/L and
[ACTD]0 = 0.05 g/L. Other experimental conditions as inFig. 1.

that obtained by Muller and Crothers[1]. The higher affin-
ity observed in the present experiment is explained by the
low ionic strength of the buffer employed.

4.2. Apparent binding curve obtained by HPLC analysis

Preliminary studies were performed using a SEC column
coupled to a diode array detector. The 3D view obtained
from the injection of mixture of DNA (0.05 g/L) and ACTD
(0.05 g/L) at equilibrium is shown inFig. 2. At this large
concentration excess of ACTD, a maximum concentration
of bound ligand in the incubated mixture is reached, corre-
sponding to the asymptotic region of the binding isotherm.
There is a coelution of DNA and of the DNA–ACTD com-
plex at the elution volume of the first peak. As expected, a
coelution of both DNA and its associated form with ACTD
at the column excluded volume (5 mL) was observed and
the corresponding spectrum exhibits two maxima at 260 and
445 nm. Indeed the DNA meanMr (3.8 × 107) is largely
above the exclusion limit of the TSK3000 column used
(70 000 for theMr of dextrans). The second peak elutes with
a large retention volume (around 40 mL) equal to the reten-
tion volume of free ACTD. Its spectrum presents a single
maximum at 440 nm. The ACTD retention volume is much
larger than expected for small molecules, as the total perme-
ation volume of the SEC column was determined at 12 mL.
The high retention observed for ACTD and the asymmet-
ric peak shape were explained by strong adsorption interac-
tions of ACTD with the stationary phase. The dissociation
of the ACTD complexed form occurring during the chro-
matographic process could be monitored at 440 nm since the
response in the visible region of the spectrum arised only
from the phenoxazone chromophore of the drug (Fig. 1).

The amounts of bound and free ACTD eluted from the
column were calculated from the areas of the first and second
peaks using appropriate calibration factors for ACTD and
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bound ACTD, respectively. Generally, these amounts are not
those present in the sample injected as a dissociation of the
complex may occur during the chromatographic process.
The importance of this effect depends on the kinetic rates of
the association–dissociation equilibrium. In the present case,
the dissociation seems to be relatively slow as we observed
no noticeable baseline drift between the first and the second
peak. With a lower concentration of ACTD in the injected
mixture, ([DNA]0 = 0.05 g/L and [ACTD]0 < 0.01 g/L) the
amount of free ACTD cannot be detected as the signal of
the second peak is hidden in the baseline noise.

An apparent binding curve was obtained by plotting the
amounts of bound ACTD per unit sample loop volume
against that of free ACTD apparently present at equilibrium
in the mixture injected. Two apparent binding coefficients
were determined (Table 1) from the non-linear least square
fit of Eq. (2) to the experimental data. When comparing
these coefficients with those determined by spectrophotom-
etry at 440 nm, one can notice that the values of the equi-
librium constants measured by both methods are in good
agreement. A marked difference exists for the asymptotic
values of the binding curve asZ[A]0 is divided by more
than 3, when determined by the HPLC method. Such a re-
sult indicates a slow dissociation of the associated complex
during its elution through the column.

4.3. Simulation of the chromatographic process

The dissociation of the ligand–DNA complex can be pre-
dicted by numerical simulation of the chromatographic pro-
cess accounting for the effects of association–dissociation
kinetics. The numerical simulations were carried out with
the values of the coefficients of the binding isotherm (Eq. 2)
(KD = 0.2× 10−6 mol/L andZ[A]0 = 8.6× 10−6 mol/L) de-
termined from equilibrium measurements obtained by spec-
tral titration (Table 1). The sample mixture injected at the
column inlet was assumed to be at equilibrium. The profile
generated at the column outlet is that of the total ligand con-
centration, equal to the sum of free and bound ligand species.
The parameters used in the simulation algorithm correspond
to the experimental conditions of the HPLC separation with
the SEC column (V0 = 5 mL, Vp = 7 mL, kA = k0

A = 0, kL

= 2.33, k0
L = 1.4, D = 0.005 cm2/s, flow rate: 1 mL/min).

As DNA and its complexed form are not retained by the SEC
column, small retention factors were used for both species.

Fig. 3 illustrates typical simulated chromatograms ob-
tained when increasing ligand amounts are injected, keeping
constant the total concentration of the macromolecular sub-
stance ([A]0 = 1.32× 10−9 mol/L). For this series of total
ligand profiles emerging from the column, the desorption
rate constant was set tokd = 0.005 s−1. An apparent binding
isotherm was obtained by plotting the area of the first peak
per unit volume of sample injected versus that of the second
peak. The area of these peaks corresponds to the amounts of
bound and free ligand apparently present in the sample in-
jected, respectively. When the desorption process is fast (kd

Fig. 3. Three-dimensional plot showing the evolution of the simulated
total ligand profile as a function of the amount injected. Simulations
performed with 2< [L]0 < 20�mol/L, [A]0 = 0.00132�mol/L, Z = 6500,
kd = 0.005 s−1 V0 = 5 mL, Vp = 7 mL, kA = k0

A = 0, kL = 2.33, k0
L

= 1.4, D = 0.005 cm2/s, flow rate 1 ml/min.

> 0.05 s−1), the first peak almost disappears and the total lig-
and concentration elutes as a single peak at free ligand elu-
tion time. Therefore, plotting an apparent binding isotherm
is possible only when the desorption process is slow enough.

The influence of the desorption rate constant on the total
ligand profile is shown inFig. 4, when an excess of free lig-
and concentration is present in the sample injected. In the
initial conditions of this simulation, the mixture contains a
large total ligand concentration ([L]0 = 20× 10−6 mol/L) in
equilibrium with the macromolecular substance ([A]0 = 1.32
× 10−9 mol/L). With the selected binding isotherm (KD
= 0.2�mol/L andZ = 6500), the concentrations of free and

Fig. 4. Influence of the desorption rate constant on the simulated total
ligand profile. Simulations performed with [L]0 = 20�mol/L, kd (in s−1)
= 0.1 (1); 0.005 (2); 0.001 (3); 0.0001 (4) and the other parameters of
Fig. 3.
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bound ligand at equilibrium in the incubated sample are [L]
= 11.6 × 10−6 mol/L and [LD] = 8.4 × 10−6 mol/L, re-
spectively. In this case, the binding sites are almost totally
saturated since this set of data corresponds to the asymptotic
region of the binding isotherm.

With the above starting equilibrium and simulation con-
ditions, we noticed a series of situations depending on the
dissociation rate constants (Fig. 4). For extremely low val-
ues (kd < 10−4 s−1), the dissociating effect due to column
dilution is negligible and the area of the bound ligand peak
corresponds to the amount of complex in the sample. A de-
crease of this peak area is observed at largerkd values, de-
picted by a signal slightly above the baseline between the
first and second peak. Forkd = 0.1 s−1, the complex is al-
most totally dissociated and the first peak has nearly disap-
peared. This latter case is similar to the results simulated
with the assumption of instantaneous equilibrium between
bound and free species: a single symmetrical peak is ob-
tained emerging at free ligand retention time.

In the range of relatively slow dissociating effects alter-
ing the amount of bound ligand eluted at the excluded col-
umn volume (fromkd = 0.001 to 0.01 s−1) a retained peak
emerges from the baseline, provided that the free ligand con-
centration in the injected sample is large enough. With the
set of initial conditions ofFig. 3, the second peak is hidden
in the baseline drift resulting from the dissociation of the
complex when [L]0 < 8 × 10−6 mol/L. The apparent bind-
ing curves ofFig. 5were thus generated at sufficiently large
total ligand concentration values ([L]0 > 8 × 10−6 mol/L).
The column dissociation effect was studied by changing the
value of the desorption rate constant and the parameters of
the apparent binding isotherm are listed inTable 2.

For an almost “irreversible” association process (kd <

0.0005 s−1), the apparent binding curve nearly coincides
with the theoretical equilibrium plot (Fig. 5). In this case,
the parameters given inTable 2 are close to the equilib-
rium coefficients ofEq. (2). A decrease of the asymptotic
value of the simulated apparent binding curve at increasing
desorption rates is noticed inFig. 5. On this figure is also
reported the experimental binding curve determined by the

Table 2
Simulation of the chromatographic process

kd (s−1) Z[A]0 (�mol/L) KD (�mol/L) Z[A]0 (�mol/L) KD (�mol/L)

0.0001 8.29± 0.01 0.245± 0.005 8.46± 0.01 0.223± 0.005
0.0005 7.29± 0.03 0.32± 0.01 8.03± 0.01 0.230± 0.005
0.001 6.23± 0.03 0.42± 0.03 7.56± 0.01 0.25± 0.01
0.002 4.58± 0.03 0.60± 0.05 6.74± 0.02 0.28± 0.02
0.003 3.42± 0.03 0.8± 0.1 6.07± 0.03 0.31± 0.03
0.004 2.60± 0.02 0.9± 0.1 5.50± 0.03 0.33± 0.03
0.005 2.00± 0.02 1.1± 0.1 5.02± 0.03 0.35± 0.05
0.006 1.57± 0.01 1.2± 0.1 4.60± 0.05 0.40± 0.05
0.008 1.00± 0.01 1.5± 0.1 3.95± 0.05 0.43± 0.05
0.01 0.67± 0.01 1.8± 0.1 3.45± 0.05 0.45± 0.05
Simulation column volumes V0 = 5 mL andVp = 7 mL V0 = 1 mL andVp = 1.4 mL

Influence of the desorption rate constant on the parameters of the apparent binding isotherm. Simulations with:KD = 0.20�mol/L, [A]0 = 0.00132�mol/L,
Z = 6500,kA = k0

A = 0, kL = 2.33, k0
L = 1.4, D = 0.005 cm2/s, flow rate 1 ml/min.

Fig. 5. Influence of the desorption rate constant on the apparent binding
curve. Comparison with the experimental apparent ACTD–DNA binding
curve: (•) and solid line: experiment (same conditions as inFig. 1) and
0.0125 < [ACTD]0 < 0.050 g/L; (- - -) simulation with parameters of
Fig. 3, 8 < [L]0 < 40�mol/L and 0.0001< kd < 0.01 s−1.

direct separation method. The apparent stoichiometry of the
ACTD–DNA association reaction measured with the HPLC
method is quite low, much below the value expected from
the equilibrium spectroscopic measurements. This discrep-
ancy suggests a non-negligible dissociation process which
is illustrated by the series of apparent theoretical binding
curves ofFig. 5. The simulation which best describe the ex-
perimental apparent binding curve is that generated with a
value ofkd around 0.004 s−1. The association rate constant
(ka ≈ 2 × 104 L mol−1 s−1) was calculated from the ratio of
kd value and the equilibrium binding constant (KD = 0.2×
10−6 mol/L). This value ofkd is of the same order of magni-
tude order as that determined for the dissociation of the acti-
nomycin C3–DNA complex[1], using a detergent induced
method. At high calf thymus DNA concentrations, Muller
and Crothers[1] have found several discrete dissociation
times, with the lowest at 570 s. A detergent-driven dissocia-
tion method was also used by Chen[6] to study the kinetics
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of the interaction of ACTD with several self-complementary
sequences. Larger dissociation times were found ranging
from 3300 to 800 s.

The simulation of the chromatographic process has shown
that the apparent binding parameters are greatly affected
by the desorption process taking place when the associated
form is migrating through the column. The analysis time
was particularly long because a SEC column was used for
separating the interacting species and an important column
dissociation effect was noticed. It is interesting to test our
approach for studying the ACTD–DNA binding system with
shorter analysis times in order to reduce this effect. The
simulation tests have shown (Table 2) that the discrepancies
between apparent and theoretical binding curves are greatly
reduced by increasing the speed of analysis with a column
of smaller volume.

5. Conclusion

In this work, we have tested the potential of a direct
separation chromatographic method for measuring the equi-
librium binding constants of a ligand and a macromolecule
substance present as a mixture in the injected sample.
The apparent binding curve is close to the equilibrium
binding-isotherm for interacting systems when extremely
low dissociation rates occur. Because of non-negligible col-
umn dissociation effects, the direct separation method can
only give a magnitude order of the association equilibrium
constant. The apparent stoichiometric coefficient is also
greatly affected by the dilution process occurring when the
associated form is migrating through the column. Its value
is largely underestimated at the experimental conditions
used in this work for eluting the ACTD–DNA complex.

The approach remains interesting for the kinetic study of
interacting systems which exhibit relatively slow desorption
kinetics, as for ACTD and DNA. In this case, apparent ex-
perimental curves can be obtained from the amounts emerg-
ing at the retention times of the bound and free species.
The desorption rate constant is then evaluated by fitting the
simulated apparent experimental binding curves to the ex-
perimental ones. In the method proposed in this work, the
equilibrium binding coefficients were determined from in-
dependent measurements as these parameters cannot be de-
termined by the direct separation chromatographic method.

The simulations of the chromatographic process would
be useful to define the conditions at which an association
complex can be eluted from a column with a sufficiently
low dissociation effect. Various experimental conditions
could be defined to select the most appropriate ones for
measuring the kinetic and equilibrium parameters from the
apparent binding curve. Work is now in progress to im-
prove the method. Indeed, increasing the speed of analysis
would allow the method to be applied with accuracy to in-
teracting systems that undergo slow dissociation during the
separation analysis.

6. Nomenclature

c0 total concentration of DNA binding
sites (mol/L)c0 = Z[A]0

D global dispersion coefficient (cm2/s)
GA total concentration of DNA and its

complexes in a column slice (mol/L)
GL total concentration of ligand in a column

slice (mol/L)
H theoretical plate height (cm)
kA capacity factor of DNA and its complexes
kL capacity factor of ligand
ka association rate constant (L mol−1 s−1)
kd dissociation rate constant (s−1)
KD dissociation equilibrium constant (mol/L)
k0
A permeation ratio of DNA and its complexes

k0
L permeation ratio of ligand

ra global association rate constant (L mol−1 s−1)
rd global dissociation rate constant (s−1)
[species] concentration of the indicated species
[species]0 total concentration of the indicated species
u mobile phase velocity along column

length (cm/s)
V ∗

A volume accessible to DNA and its
complexes (mL)

V ∗
L volume accessible to the ligand

molecules (mL)
VP pore volume in the column (mL)
V0 excluded column volume (outside

the pores) (mL)
Z maximal number of ligand molecules bound

to a DNA molecule
σA permeation coefficient of DNA and its

complexes
σL permeation coefficient of the ligand molecules
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