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Abstract

A numerical simulation of the direct zonal liquid chromatographic method is described for studying the binding of a ligand to a macro-
molecule by quantification of the interacting species present in a sample at equilibrium. The algorithm accounts for both the kinetic exchanges
in solution and the dispersion effects depicted by the Fick law. Dimensionless variables are used for the concentrations which are expressed
as a function of the equilibrium consta#t;. The free ligand concentration was varied in the injected samples from 0.1Kig, 2¢hile that
of the macromolecule was kept constant. An apparent binding isotherm was obtained from the total ligand chromatogram generated by the
simulation run, when the amount emerging at almost column dead volume is plotted against that eluting at the free ligand retention time.

As a continuous dissociation of the complex may occur during its migration, the apparent binding curve and the theoretical binding
isotherm coincide at extremely low dissociating rates. At larger dissociation rates (060K 0.1s?, for a first peak eluting in 1 min)
the simulations were used to test various chromatographic conditions. The flow rate (or column volume) is the major effect which influences
the on-column dissociation process as an exponential decay was found when the apparently bound fraction is plotted against the analysis
time. The apparent equilibrium coefficient is close to the theoretical one for a binding curve generated with an initial solution containing a
relatively low total concentration of binding sitesKp). The apparent stoichiometric term is largely underestimated as its value decreases
exponentially at increasing dissociation rates. An extrapolation at extremely short analysis times could be used to determine the stoichiometric
coefficient characterizing the binding interaction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction eluting at the retention volume of each species. As a continu-
ous dissociation of the complex may occur during the elution,
Procedures using the direct zonal separation method tothe approach is valid only with systems exhibiting sufficiently
study the binding interactions are of great interest becauselow dissociation rates. Only few experimental studlied—8]
HPLC can rapidly and accurately quantify the species presenthave used this method to measure binding interactions as the
at equilibrium in the injected solutiofil—3]. The direct approach is limited to stable complexes unaffected by the
zonal chromatographic method consists in injecting a pre- dilution in the mobile phase.
incubated mixture of a ligand and a macromolecule into a  In a previous work[1], we studied experimentally the
chromatographic column. The interacting species are sepa-DNA-actinomycin interactions by analyzing an apparent
rated and the concentrations of bound and free ligand in thebinding curve obtained by plotting the amounts of bound
sample injected are quantified from the areas of the peaksand free ligand emerging as peaks from a size-exclusion col-
umn. The experimental data were analyzed by comparison
with the results obtained by numerical simulation of a sepa-
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slow dissociation of the complexed forms was occurring dur- (stoichiometric coefficient), then li<Z. At equilibrium,

ing the migration in the column, an analysis of the apparent the concentration of bound ligandin the mobile phase
binding curve permitted to determine the equilibrium param- is related to that of free ligand concentratidn by the
eters and the association and dissociation rate constants obinding isotherm, when assuming equal and independent
the drug—DNA binding reaction. sites (Scatchard treatment):

In the present study, we shall give a detailed description (L]
of the model used to simulate the separation by retentionx = Z[A]lg——————
on a chromatographic support and propose an approach Kp +[L]
to determine reliable binding constants. The simulation where ] is the total concentration of the macromolecule in
results will be useful to show how to apply the direct the mobile phase and the total concentration of binding sites
separation method to quantitative binding analyses. lter- isZ[A]o. The dissociation equilibrium constantig = ky/ka
ative simulations were already described to predict the where the dissociation and association rate constants are
chromatographic behaviour of a complex which elutes respectivelyky andka.
under slow dissociating conditions. The model of Nimmo In each slice, the total concentrationsfoéndL are:
and Bauermeistef9] which does not account for axial
diffusion gives a semi-quantitative description of the elution Ga = [Alo(1+ k) (3)
behaviour of a protein—ligand complex in zonal gel filtration. G| = [L](1 + k) + x(1 + ka) (4)

In the algorithm described by Stevens for size-exclusion o ) o ) o
chromatographyl0], association—dissociation probabilities The kinetic law governing the association—dissociation pro-
were used to approximate the intermixing of the free and ¢€SS is then in each slice:

complexed species during the time intervals.

Inthe model described here, both association—dissociation
kinetics and dispersion effects are accounted for during the
species migration in the chromatographic column. The sim-
ulation results are used to define the domain of applicabil- dx
ity of the direct separation method when apparent binding dr ralgL = x)(Z[Alo = %) — rax ©)

curves are employed to evaluate the binding parameters Ofwheregl =G /(1 +Ka), ra=ka/(1 +ki) andrq =Kg/(1 +ka).
the ligand—macromolecule interaction. The solution of Eq'(6) is given by:

2. Theor 1 _ e el (7)
- [heory x—x*  xg—x* E

(2)

(14 k)5 = KLI(ZTAlo — ) ~ kox ®

Eq. (5) may be written as follows:

The chromatographic process was simulated by dividing where x is equal to the equilibrium value and for
the column into a large number of cross-slices. In each cell, t=0, x=x,. The other auxiliary variables are ex-
the variations of concentrations as a function of time were pressed as follows: E = \/(g2)2 — 4g1 Z[A]o and
calculated by considering two different steps: the kinetic ex- g, =g, + Z[AJg + Kp (1 +k.)/(1 +Ka)
changes of the interacting species in solution and the dis-  The concentration of bound ligand at equilibrium is given
persion effects depicted by the Fick law. The migration of py:
the mobile phase was simulated by shifting the mobile phase
from a given slice to the following one. The time spent in * _ M (8)
each sliceAt was deduced from the slice thicknesg by 2
At= Azlu, whereu is the mobile phase velocity. We assume The above solution was applied to calculate the evolution of
that the retention of all the interacting species are governedmobile and stationary phase compositions after a timat
by a linear partition isotherm and the retention factor of the in each slice, the time needed by the mobile phase to flow
ligand isk_. The macromolecule and the complexed forms through the volume of one slice.
elute at the same retention volume, with a retention fdgor

2.2. Simulation of the mobile phase progression during
2.1. Simulation of the chemical changes in a given slice the time increment

The interaction in solution of the macromolecéavith The simulation algorithm proceeds from the outlet to the
the ligandL was described by a series of chemical equations, inlet of the column. During the time increment, the total
according to the scheme: concentration in thigh cell is deduced from the previous one

by:
AL 1+ L2 AL; (1)

. . GL'() = [L1G — D)+ &L[LIG) +x( — 1)+ kax(j)  (9)
wherei is the number of ligand molecules bound per macro- )
molecule. IfZ is the maximum number of bound ligand Ga'(j) = [Alo(j — 1) + ka[A]o(/) (10)
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For each slice, the new total concentration of the macro- 2.4. Numerical procedure
molecule in solution after mobile phase progression is then:

Ga'(j) The numerical procedure consists of calculation loops,
A

[A]lg = ——% (11) every one establishing the concentrati@®f each species
(14 ka) for the instant {+ At) from those for the instant)( Inside
The new initial value of the bound ligand concentration in €very loop the algorithm was divided into two major steps,
solutionxg is calculated from: one for calculating the concentration changes due to global
) . axial dispersion according to the approximate Fick law and
= knx(j) +x(j — 1) (12) the other for the kinetic exchanges in the solution. For each
(1+ka) step, the mass conservation was strictly maintained. The

number of slicedN was chosen large enough to minimize
numerical dispersion. The slice liquid volumeA¥ = Vo/N,
whereV is the mobile phase volume of the column.

The initial conditions correspond to the injection of a rect-

2.3. Simulation of the dispersive effects in a given slice

The global dispersive effect was accounted for by applying

the Fick.law.to the concentrations.of each species in_soIL!tion. angular step of a preincubated mixture.tAt0, the column

All cont.rlbupons t.o bgnd broadening as molecular diffusion, was with zero concentrations in both phases. We have for
eddy 'd|ffu5|on, kinetic mass trapsfer§ were a}sumed to bethe initial conditions, when Ot<t;: Z [AJo=cs, [L] = ¢ and
described by a global apparent diffusion coefficibht X=0; wherec;s is the total concentration of binding sites in

Foragiven so_Iute_, the molar ra_ytethrough acrosssection o sample injected. The concentration of bound liggraf

Sof the column is given by the Fick lafgt1]: the pre-incubated mixture is related to that of the free ligand
,0C ¢i by the equilibrium binding isotherm given by E@).
w=-SD 0z (13) Unless indicated, the simulation runs were performed with
the following chromatographic conditions: volume of mobile
phase in a columnyg=1cn?; flow rate,§=1cn? min~1;
apparent global diffusion coefficieri?/ =0.001 cnd s~ 1; re-
tention factors ks =0.01 andk_ =3; injected sample vol-
AVo ume 0.02 cri. The simulation program was written in For-

= _Adcﬂ (14) tran language and was run on a PC computer. A non-linear
whereAVy is the mobile phase volume of a slice. least square fit program (Origin software, Micrqcal Softwarg,

For the inner cross sections, we have AC: I\!orthampton, MA, USA) was used to determine the coeffi-

cients of the apparent binding curves.

A spy D OC D/ AC
dC = —_— R —

AVp 0z u Az
. . . . 3. Results and discussion
whereAC is the difference of concentration in two vicinous

slices. When varies from 0 to it — 1), for each sectiothqC

whereCthe concentration of the solute considered. The molar
rate is related to the concentration incremeniC by the
equation:

(15)

The simulation describes the separation of a mixture con-

is given by: taining the ligand and the macromolecule at equilibriumin a
) D’ ] ] sample injected into a chromatographic column. The macro-
AdC(jAz) = uAZ €l +1 () (16) molecule and its associated forms are assumed to elute as

hereC(0) is th L 4 F hi non-retained species at almost column dead volume, while
whereC(0) is the concentration injected. From this expres- 4, ligand is retained with a retention fackpr Unless speci-

sion one can deduce the evolution of the concentration in anygq 4 the simulations were performed under the HPLC condi-
slice, during the time incremeuit. For the inner slices, we tions previously given and the elution time of a non-retained

have compound is generallyy =1 min.

AC(j, 1) = AgC(z) — AgC(z — Az) The experimental conditions of the pre-incubated solution
, are assumed to be kept during the separation in the chromato-

— [C(+1)+C(j—1)—2C()] (17) graphic column. The temperature of the column is thus equal

uUAz to that used for equilibrating the species in the injected solu-

For the first and last lice, the equations are: tion. Slmllarly, the same solvent is used for both the sample
, and the mobile phase eluent. The association—dissociation
AC(L 1) = AgC(AzZ) = [C(1) — C(0)] (18) process between the interacting species is thus governed by

ulz the same kinetic law in the injected mixture at equilibrium
and during column migration. The total ligand chromatogram
profile is the result of the association—dissociation kinetics
and the equilibrium isotherm (Ed2)) characterizing the
(19) binding affinity of the ligand to the macromolecule in the

/

AC(n,t) = AqC(nAz — Az) = %M[C(n) —C(n—-1)]
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solution injected. With a sufficiently slow dissociation pro- ootod 1.2
cess, an apparent binding curve can be obtained by plotting
the amount emerging as a first peak against that eluting at x**
free ligand retention volume. It is close to the equilibrium
binding isotherm for extremely low dissociation rates.

For these binding studies the total concentration of the
macromolecule in the sample was kept constant, while that
of the free ligand concentration was varied from 0.1 t&20
in order to study a wide range of situations in which 9—95% of
the macromolecule binding sites are saturated. The concen-=
trations are expressed as a functiorKefin order to handle
dimensionless variables. This approach permits to predict a
chromatographic behaviour independently from the value of ~ 0.000 : : : ' ' :
the ligand—macromolecule affinity constant. 0 1 2 3 4 5 6

Examples with a low and a large total concentration of (2) Time (min)
binding sites in the starting solution will be given. In the range

008+

0.006+

0.004+

gand concentration /

0.002+

Tota

¢s < Kp, the concentration of the bound ligand is relatively 08

low compared to that of the free compound, and the dissoci-

ation of the first peak does not contribute significantly to the < %77

amount eluted in the second one. As shown in next section § o0.6-

a different chromatogram is obtained at larggevalues. An g 0.5 123 45

example of a large total concentration of binding sites in the g o

initial sample will be studied by selectirgg = 10Kp. With § %

this highly concentrated macromolecule solution, the ligand @ ¢.3-

amount which dissociates from the first peak is sufficiently §,027 1

large to alter the total ligand chromatogram. = ﬁz
5017 3

3.1. Influence of the dissociating effect on the total 0.0 .

ligand chromatogram o 1 2 3 a1 5 6
(b) Time (min)

In presence of a slow dissociation process, the chro- _ _ _ . N

. . Fig. 1. Total ligand profiles as a function of the dissociation rate con-
matogra_m of the total ligand concentration shows two peaks, stant. Simulations with an initial mixture containing at equilibrium a low
one eluting at column dead volume and the other at the re-pinging site concentrationc{=Kp) and (a) a low ¢ =0.1Kp) or (b) a
tention time of the free ligand~{g. 1). The bound species large ¢ =11Kp) free ligand concentration. Chromatographic conditions:
coelute in the first peak with the macromolecule. The areas Vo=1mL,ka =0,k =3,D'=0.001cnfs ™, flow rate 1 mL/min. dissocia-
of the first and second peak are not equal to the amountstion rate constantg (s™)=0.001 (2); 0.01 (2); 0.05 (3); 0.1 (4); 1 (5).
of free and bound ligand present at equilibrium in the in-
jected solution, except for extremely low dissociation rates
(kg<0.0005s1, for tg=1 min). At increasindsg values, the A different total ligand chromatogram is generated when
area of the first peak decreases, while an increase of the basahe concentrations of binding site in the initial solution is
line level between the first and the second peak is observedlarge, as illustrated ifrig. 2 with ¢s=10Kp. The injected
With large dissociation rates, the first peak totally disappears concentration of binding sites is much larger than that of the
and the area of the second peak increases. free ligand ¢ = 0.1Kp). For this example, the contribution of

At diluted concentrations in the sample injectegd<{Kp the dissociated amount to the area of the second peak can be

andc; =0.1Kp), the peak profiles of the total chromatogram significant, specially at low injected concentrations of free
(Fig. 1a) are altered only when relatively large dissociation ligand (Fig. 2a). At large free ligand concentrations in the
rates are considereky(> 0.05s 1), i.e. for dissociationtime ~ sample mixture = 11Kp in Fig. 2b), the decrease of the
and first peak elution time of the same magnitude order. With first peak due to the dissociation process contributes to a
sufficiently large free ligand concentrations to saturate at much less extent to the increase of the second peak area.
equilibrium the binding sites of the macromolecule in the The above simulation results are illustrated Rig. 3,
initial sample, the peak shapes are not significantly modi- which gives the evolution with the dissociation rate of the
fied (Fig. 1b), even at a relatively large dissociation rate as fraction eluted inthe firsHig. 3a) and second peaksi@y. 3b),
kg=0.1sL. In the example oFig. 1, the total ligand pro- calculated as the ratio of the areas divided by respectively
file is generally not markedly altered because a relatively the amounts of bound and free ligand present at equilibrium
low amount arises from the bound fraction which dissociates in the injected mixture. The apparently bound fraction
during its migration through the column. decreases exponentially at increasing valudg @Fig. 3a).
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Fig. 2. Total ligand profiles as a function of the dissociation rate constant.

Simulations with an initial solution containing at equilibrium a large bind-
ing site concentrationc{=10Kp) and (a) low ¢ =0.1Kp) or (b) large
(ci =11Kp) free ligand concentrations. Same chromatographic conditions

Fig. 3. Variation of the fraction eluted in (a) first or (b) second peak as a
function of the dissociation rate constant. Simulation results with low (solid
lines) and large (dotted lines) concentrations of binding sites in the initial

solution concentrations at equilibrium in the injected samplezKp and

¢ =0.1Kp (1); cs=Kp andc; =20Kp (2); cs=10Kp andc; =0.1Kp (3);

¢s=10Kp andc; = 20Kp (4). Same chromatographic conditions abig. 1

The variations are nearly the same whatever the concentra-

tions of the interacting species present at equilibrium in the

starting solution (binding sites or free ligand concentrations).
For a large free ligand concentration in the initial solution,

the increase of the second peak area at incre&&ingplues

is small Fig. 30). There is a discrete modification of peak ar- 3.2. Apparent binding equilibrium isotherm

eas at both low and large concentration of binding sites in the

starting sample (plots 2 and 4). With diluted injected concen-  An apparent binding curve was obtained by plotting the

trations of the free ligand and the macromolecaleQ.1Kp area of first peak against that of the second one. The amounts

andcs=Kp), a small linear increase at larger dissociation eluted were divided by the volume of sample injected in order

and dissociation rates asfig. 1

kinetics when comparing the total ligand chromatograms of
Figs. 1and 2

rates is also displayed (plot 1 kig. 3). With a low free lig-
and concentratiorc(=0.1Kp) and a large binding site con-
centration in the initial sample{=10Kp), a strong variation

to handle apparent bound and free concentratibran(lf).
These concentrations are equal to those of the starting solu-
tion (g andc;), when there is no column dissociation effect,

with the dissociation rate values is observed, and the slope ofi.e. at extremely low dissociation ratelg & 0). When us-

the straight line (plot 3) is significantly higher than the one
observed witlcs=Kp (plot 1). The variations of the second

peak fractions with the dissociation rate values illustrated in
Fig. 3b for alow and a large binding site concentrations, sum- ~ _
marize the modifications already observed at fast dissociationcs B+ f/Kp

ing the dimensionless variabléfcs andf/Kp, the apparent
binding curve is given by:

af/Kp 20)
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wherea and g are coefficients equal to unity if the appar- Table1
ent binding curve is identical to the theoretical equilibrium Influence of the dissociation rate constant on the parameters of the apparent
isotherm characterizing the interaction at equilibrium of the 2ndingisotherm

species in solution (Eq2)). As explained above, the binding k(™ @ B o B

curves were generated by varying the free ligand concen-0.001 0982 1.026 0983  1.047
tration of the injected sample from 0.1 to B8, while that 8-8(1)5 g-gig i-gii’ g-zég iggf
of the macromolecule was kept constant. Two different total 05 0442 1095 0430 2238

binding site concentrations were considered with alow and a 1 0194  1.140 0171  3.352

largecs value €s =Kp and 10Kp). The effect of the dissocia-  Total binding site concen- cs=Kp (molL~1)  cs=10Kp (molL—1)

tion rate constant on the apparent binding curves was studied tration in the sample

andFig. 4illustrates the decrease of the asymptotic plateau simulations performed with a low and a large binding site concentration in

at increasing dissociation rate constants, with Kp in the the initial sample and the same chromatographic conditions Rigiri.

various samples injected.

At extremely low kg values kg<0.0005s! for Adiscrete variation is noticed at increaskyyalues, but even

to=1min), the dissociation due to the column dilution ef- for relatively large dissociation rate constarkg£0.1s 1)

fect can be neglected. In these conditions, the areas of boundhe difference with the theoretical value never exceeds 15%.

and free ligand are respectively equal to those present atA different behaviour is obtained when a largeconcen-

equilibrium in the initial solution and the apparent binding tration is used in the injected samplé&le ). A strong

isotherm nearly coincides with the theoretical one (dotted increase of8 at increasing dissociation rates is observed as

line in Fig. 4). At largerkqy values, the area of the first peak is  this term is more than 25% times above the expected value

decreasing, with higher level of the base line between the firstwith kqy=0.01s. At high reaction rates and largg con-

and the second peaki@s. 1 and 2 With kg <0.1s 1 an ap- centrations, a direct determination l§f from the g value

parent binding curve can be generated by plotting the area ofis not suitable, considering the important modifications in

first peak against that of the second one at various free ligandpeak shape of the second elution peBlg( 2a). These re-

concentrations in the injected sample. For simulations per- sults show that a good estimation of the equilibrium constant

formed with an almost instantaneous equilibrium between the Kp is generally obtained from the analysis of the apparent

interacting speciesg>0.5s1), the first peak has vanished binding curve, when samples with a low concentration of

(Figs. 1 and 2 With these conditions, the complexed forms binding sites are considered; < Kp). At largercs concen-

are totally dissociated during the migration through the col- trations, the value of the apparent equilibrium term will be

umn and a plot of the apparent binding curve is not possible. close to unity only with systems having low enough kinetic

In Table 1are compared the coefficientsand g deter- rates.

mined by fitting Eq(20) to the apparent binding curves gen- For the apparent stoichiometric temm its value is un-

erated at different dissociation rate constants. For adow derestimated but there is no significative difference between

value, the equilibrium terng is only slightly overestimated.  the simulations carried out at low and large binding site con-
centrations in the starting solutiomgble 1. Such effect was
previously illustrated inFig. 3, where the decrease of the
first peak amount at increasing dissociation rates is nearly

1 the same whatever the total concentration of binding sites in

the preincubated solutiofkig. 4 shows the strong decrease

of the level of the asymptotic plateau and thus ofd¢halue

at larger dissociation rate values. When plotted as a function

of theky value, the variation is that of an exponential decay

similar to the plots oFig. 3a which shows the evolution of the

4 bound fraction (first peak area verdg$. A direct determina-
tion of the stoichiometric coefficie@from the apparent term
may be difficult because there is pronounced decreasabf

Bound apparent fration per binding site, b / ¢

5 relatively moderate dissociation rates (0.0&<0.1st in
Table ).
0.0 ; I , ; . : . : . In “real” experiments, the effect of noise and base line
0 10 20 30 40 drifts will affect the precision on the peak area measurements
free apparent ligand concentration, f/ Ky and increase the error intervals when evaluating the binding

coefficients from the apparent binding curve. This effect is
Fig. 4. Influence of the dissociation rate constant on the apparent binding specially important for the apparent equilibrium coefficient
curve. Binding site concentration in the initial sampie= Kp dotted line: as a number of points in the low concentration range of the
theoretical equilibrium isotherm solid line: apparent binding curves gener- . .

apparent binding curvd € 5Kp) is needed for an accurate

ated with the dissociation ratdg; (s~1) =0.001 (1); 0.005 (2); 0.01 (3); 0.05 . . -
(4); 0.1 (5) and the same chromatographic conditions &gnl determination of theg8 coefficient. Moreover, the area of the
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second peak in the total ligand profile may be difficult to
measure accurately, as the ligand is often retained as a broac 00 | e ;
and tailing peak. For the apparent stoichiometric coefficient : 3
(), the error made on its determination is lower as it is ob- ]
tained from the asymptotic value of the first peak area when -0.4
there is an excess of free ligand concentratiérslQKp) in .
the starting sample. This area is generally easier to measureg™ -0-6+ 4
accurately since the bound species elute as a narrow peak?;» T
at column dead volume. Nevertheless, a selective detection™
should be used for recording the total ligand chromatogram to
eliminate the other perturbations as the macromolecule and ]
impurity signals. 42
As shown from the simulation results, the equilibrium
affinity constant can be relatively well estimated from the ap- o 20 40 e 8 100
parent binding curve, if the concentration of binding sites is V_/3(s)
low (cs < Kp). This condition may imply to use relatively di-
luted ligand—macromolecule mixtures. In “real” experiments, Fig. 5. Linear plot of the logarithm of the apparently bound fraction against
such arequirement may be difficult to achieve at ligand detec- :Eethee'ui:‘?e”czr:jeszfn? rl‘;:'_fitaigi?j g{”‘z%ci’g”déi(r:nour::ﬁggsti?; f;teezuwi?;ium
tion ".“.“”S near the bgse—llne noise level. Therefore, a highly the dissi)ciation ratgka (s—l)Dzo.ooll @, oE.)oos (2);0.01 (g); 0.05 (4); 0.1
sensitive and selective detection system should be used tQs) g the same chromatographic conditions d&ign 1
directly determine the equilibrium affinity constant from the

apparent binding curve. chemical reaction. Ifable 2 the slopep of the straight lines
was determined by plotting Ib{g;) againstVp/s. As shown

3.3. Influence of the chromatographic conditions on the in Table 2for k_ =3 and relatively low dissociation rates,

apparent binding process the slope is roughly proportional to thg value. Such a de-

pendence was to be expected as it has been shown previously

The simulations permit to test the various experimental that the plot of the apparently bound fraction against the value
conditions which may influence the on-column dissociation given to the dissociation rate is an exponential deEay. @).
process. We have mainly studied the changes in the time of Comparison of the parameters of the apparent binding
analysis by varying the flow rate or the column dead volume. curve obtained at three different flow rates (0.5, 1 and
The variations of the ligand retention factor were also tested 2 cn® min—1) permit to test the influence of the time of anal-
and a small influence on the areas of the peaks of the totalysis on the column dissociation procedalfle 3. In this
ligand chromatogram was noticed. For the global dispersion example, the injected mixture contains a low concentration
coefficient used in the simulations, its modification affects of binding sites ¢s=Kp). As expected for this relatively low
the band broadening of the peaks in the total ligand chro- ¢ value, a negligible influence of the flow rate on the equi-
matogram, but its effect on peak areas and thus on the resultsibrium term g is found. At all the dissociation rate values
of Table 1can be neglected. studied kg <0.1s71), the equilibrium coefficienKp is well

The time needed by the complex to flow through the col- determined from the direct analysis of the apparent binding
umn has a strong influence on the coefficients of the apparentcurve. For the stoichiometric term a strong influence of the
binding curve. As in this work, the associated forms were flow rate is found when both the dissociation time &ndre
assumed to elute as non-retained compounds, the amoungf the same magnitude order. With an initial sample contain-
eluting as a first peak was studied as a functiorgpthe ing a macromolecule with nearly all its sites saturated by the
elution time of a non-retained compound. This variation was
obtained by either changing the flow raseor the column Table 2
dead volumeY. Effect of ligand retention on the parameters of the straight lines

Typical plots are given iffFig. 5for various values of the (_Fig. 5 obtaingd by plotting'the ]ogarithm of the fraction eluted as a

. . - first peak against the retention time of an unretained compound, with

dissociation rate constant. The variations of ldgy) versus In(blcg) = In(bo/) + p(Vols)
Vo/é are well described by straight lines, with a slope increas- - — =
ing with thekq values used in the simulation runs. The data ka(s7) bolcy P bl PE)

listed in Table 2 indicate that the apparently bound amount 9-001 0.998 0.00027 0.999 0.00019

P 0.005 0.997 0.0013 0.998 0.00081
bp extrapolatgd fok/g/§ = 0 is almost equal to theT concentra- o, 0.994 0.0026 0.997 0.0016
tion present in the initial Sampkq;. When the Injected free 0.05 0.987 0.016 0.988 0.0080
ligand concentration is large as those used in the simulationso.1 0.937 0.065 0.975 0.016
of Fig. 5, the extrapolation at large flow rates or small column Retention factor k=3 k=6

volumes could be used to determine the maximum amount Simulations performed at almost binding site saturation (same conditions as
of bound ligand and thus the stoichiometry of the binding in Fig. 9.
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Table 3

Influence of the chromatographic conditions on the parameters of the apparent binding isotherm

ke (s7Y) o B o B o B o B

0.001 0.966 1.037 0.982 1.026 0.989 1.020 0.988 1.025
0.005 0.850 1.044 0.920 1.033 0.959 1.016 0.951 1.028
0.01 0.723 1.053 0.849 1.041 0.958 1.023 0.907 1.031
0.05 0.199 1.108 0.442 1.095 0.661 1.054 0.617 1.058
0.1 0.040 1.158 0.194 1.140 0.435 1.082 0.379 1.085
Vo/8 (min) 0.5 1 2 1

Ligand retention k. =3 k. =3 k. =3 k. =6

Simulations with a low binding site concentratiag= Kp (mol L—1).

ligand (Fig. 5, the extrapolation of the asymptotic plateau dissociation process of the bound species during their migra-
(or « term) at extremely fast analysis times could be used to tion through the column. It is useful for defining the domain
determine the stoichiometric parameZfer of validity in which one can use an apparent binding curve to
The effect of ligand retention was also studied by com- determine the equilibrium parameters of a binding chemical
paring the simulation results performed at the same flow ratereaction. This curve is obtained by analyzing the total lig-

(to =1 min) with two different ligand retention factorg (= 3 and chromatogram which exhibits two distinct peaks if the
and 6). At a given dissociation rate constant, the slope of thedissociation kinetics are slow enough.
straight lines obtained by plotting Ib/g;) against the elution The apparent equilibrium coefficient is generally close to

time of a non-retained compound is significantly lower with the theoretical equilibrium constant for diluted mixtures con-
k. =6 (Table 2. For all theky values tested witk,. =6, there taining a low concentration of binding sites in the initial so-

is a rough proportionality between the slgpand the disso-  lution (cs <Kp). This upper value for the concentration of
ciation rate constaikyy. When comparing the slopes obtained binding sites in the initial solution implies the detection of
at differentk_ values, the lowep value found withk_ =6, the bound species at a level which may be lower than the de-
is explained by the global rate expression (E8)) which tection limits. In this case, relatively large concentrations of

implies that the larger is the ligand retention facdkpr the binding sites in the pre-incubated mixture should be injected
lower is the apparent reassociation process occurring duringin the column and the equilibrium affinity constant can be
the migration of the interacting species. When comparing evaluated by comparison with the total ligand chromatogram
the parameters of the apparent binding curves obtained atobtained by simulating the chromatographic process.
two differentk values {able 3, the influence of the second Except for extremely slow dissociation processes, the ap-
peak retention factor on the apparent binding curve is small. parent stoichiometric term largely underestimates the maxi-
Nearly equal apparent equilibrium terms are found at a given mum number of ligand molecules bound per macromolecule,
dissociation rate constant, and the values are close to unity. Aas an exponential decrease was found at increasing dissocia-
larger apparent stoichiometric term is found with= 6, but tion rates. An extrapolation of the apparently bound amount
the difference is significative at only fast dissociation kinetics at zero elution times could be used to determine the con-
whenkg>0.01s1, centration effectively present at equilibrium in the injected
The effect of flow rate on the apparently bound amount solution. This method could be used to determine the stoi-
(area of first peak) may be interesting to study as an extrap-chiometric coefficient by analyzing the separation profile of
olation at fast analysis times could be used to determine thea mixture containing an excess of free ligand. A study of the
concentration of bound ligand in the injected sample. With an on-column dissociation process at different flow rates offers
excess of free ligand in the initial solution, the extrapolated a promising approach for determining the dissociation rates.
value is close to the asymptotic plateau of the equilibrium
binding isotherm. This study could also be useful for evalu-
ating the kinetic rate constantg(@and thusk, if Kp is deter- 5. Nomenclature
mined) as the simulations predict an exponential decay for
the variation of the amount detected in the first peak versus
the analysis time. The coefficient of this exponential curve
mainly depends on the kinetics of the binding chemical reac-
tion (kg value) and on the chromatographic conditions of the
separation (ligand retention factor).

bound apparent ligand concentration in the sample
injected (mol 1)
value ofb extrapolated ap =0 (mol L1)

Cs total concentration of the macromolecule binding
sites in the sample injected (motL)
4. Conclusion Ci free ligand concentration in the sample injected
(molL~1)
The simulation of the direct zonal chromatographic C concentration of each species in the mobile phase

method provides a convenient way for studying the of a column slice (mol £1)
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global apparent diffusion coefficient (érs 1) z distance along column length (cm)
V(2% — 421 Z[Alo 4 stoichiometric coefficient or maximal number of lig-

free apparent ligand concentration in the sample in- ~ and molecules bound to the macromolecule
jected (mol 1) [species] concentration of the indicated species in a column

GL/(1 +kn) _ slice _ - -
g1+ Z[Alo + Kp(L +k /(1 +ka) [species} total concentration of the indicated species in a

total concentration of the macromolecule and its column S”CQ _ .
complexes in a column slice (moft) o apparent stoichiometric term
total concentration of ligand in a column slice # apparent equmblnum term
(mol L~ ) flow rate (cnis™1)

. _ 1
capacity factor of the macromolecule and its com- molar flow rate (mol’s~)
plexes

capacity factor of the ligand
association rate constant (L mals—1)

dissociation rate constant(y o o
dissociation equilibrium constant (mott) The authors thank “La junta de Extramadura-Consejeria

number of slices de Educacion, Ciencia y Tecnologia y el Fondo Social Eu-
slope of the straight line: Inb(g;)=In (bo/gi) +p ropeo” for the postdoctoral fellowship given to F.C.-C.
(Vo/d) (s71)

bound ligand concentration in the sample injected
(mol L-1) References
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