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SUMMARY 

The equation of propagation of a signal of finite concentration through an 
affinity column is obtained by solving the mass conservation equations of liquid 
chromatography. Its numerical integration allows peak simulation, curve fitting and 
thence the determination of the equilibrium isotherm function. This method was 
applied to the measurement of ligand-protein interactions in zonal elution chroma- 
tography. In the range ofconcentrations studied, a three-parameter isotherm equation 
is convenient for characterizing the binding of phenylbutazone with human serum 
albumin on diol-silica. The data were analyzed with two different isotherm models: the 
two-independent-site model with specific and non-specific interaction and the 
stepwise-multiple-interaction model. The effects of stationary-phase coverage and 
temperature were studied. From these results were determined the amount of active 
immobilized protein and the equilibrium constant characterizing the affinity inter- 
action (2.6 l/pmol), which is about twice as large as the value measured in solution. 

INTRODUCTION 

Affinity chromatography, a powerful technique for purifying biological 
materials, is also an important physicochemical method for the direct evaluation of the 
molecular interactions between soluble and immobilized biomolecules’. Since its 
combination with high-performance liquid chromatography (HPLC), the resulting 
analytical method, high-performance affinity chromatography (HPAC), has gained in 
speed and reproducibility’. 

Two classical elution techniques are used to measure molecular interactions: the 
frontal and the zonal elution methods. They differ by the input injection signal. In 
frontal elution, the solute concentration is suddenly raised and maintained at 
a constant value (Dirac step function). The binding isotherm is obtained directly from 
the breakthrough curves when the system is at quasi-equilibrium3. In zonal elution, the 
input signal is a short rectangular pulse. This technique is generally preferred to frontal 
elution because of its simplicity and the small amounts of sample required. However, 
because of difficulties in the mathematical treatment, its exploitation was limited to the 
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linear case for retention volumes extrapolated to zero sample sizel, but recently it was 
extended to a Langmuir-isotherm retention and an analytical expression of the elution 
zone was given4”. 

In zonal elution, the retention volume and the shape of the output signal contain 
all the information needed to determine kinetic and equilibrium constants. It is the 
mass balance equations of chromatography which describe the propagation of signals 
through a chromatographic column 6. They depend on the chemical equilibrium 
function and can be integrated by using the numerical procedures based on Godunov’s 
method7pg or on Craig distribution computer modelling’0-12, without any limitations 
concerning the equilibrium isotherm model. These computer simulation methods were 
essentially developed to predict the elution behaviour under the overload conditions of 
preparative chromatography13,14. 

The aim of the present study is to show that the same numerical simulation 
approach can be used in HPAC to determine, by zonal elution, the partition isotherm 
characterizing the interaction of the solute and the immobilized molecule. The method 
is applied to a study of the interaction of a small molecule (phenylbutazone) with 
human serum albumin (HSA) immobilized on an HPLC support. The binding of drugs 
and small molecules to immobilized albumins has previously been studied by frontal 
elution’5316, and bovine serum albumin (BSA) is mainly used as a chiral stationary 
phase in HPAC17-22. 

The characterization of the ligand interaction with the immobilized protein is 
useful for a better understanding of the mechanisms of separation of a small molecule 
on affinity columns. Moreover, the physiological importance of albumin has led to 
a great number of in vitro binding studies of drugs with albumin. It is interesting to 
compare the equilibrium constants, measured at the liquid-solid interface, with those 
of the ligand protein interacting in solutions and measured by different techniques23, 
including HPLC 24 frontal analysis24 , and equilibrium/saturation methods25*26. 

THEORETICAL 

The mass conservation equation of solute A during the propagation process is 

where c = the total concentration of solute A in the mobile phase, z = the abscissa of 
the slice along the column length (z = 0 corresponds to the inlet, z = L to the outlet of 
the column), t = the time elapsed from the moment of injection, u = the average 
velocity of the liquid phase, D = the dispersive coefficient or global diffusion 
parameter, V. = the liquid external volume, & = the total amount of solute 
A immobilized on the solid surface by affinity, Qi = the total amount of solute 
A inside the pores, 02 and PA* = the values of (ZA and @’ at equilibrium. 

The kinetic effects may be written in the global expression (where d is the rate 
constant): 

a@A + QA> 

at (2) 
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When equilibrium is achieved 

Q: = Q* = f(C) 

where f(c> = the equilibrium isotherm characterizing the interaction of solute A with 
the affinity matrix X, Vi = the liquid internal pore volume, dA = the permeation 
coefficient of solute A and V* = V. + oAVi. 

In the absence of kinetic effects, the mass balance equation of chromatography 
reduces to: 

(5) 

The propagation of the concentration profile depends on the equilibrium 
between the amount of solute, &, and the concentration in the liquid phase (eqn. 4). 

In previous papers7,* we have shown that it is possible to perform an 
approximate integration of eqn. 5 with any model of isotherm by using a numerical 
procedure where discrete length steps, AZ, and time steps, At, are used in the 
integration method. The dispersive effect corresponding to the second-order term is 
well approximated when AZ is equal to H, the height equivalent to a theoretical plate 
(HETP): 

AZ = H = 2Dt,lL (6) 

The chromatographic peak is then defined by the shape of the initial injection 
signal, the amount injected (or peak area), the global dispersive coefficient, D, anti the 
equilibrium isotherm, & = f(a); D is an apparent diffusion coefficient, accounting for 
the contributions to band broadening at zero concentration, including diffusion- 
limited kinetic effectsr4. 

In most cases, the ligand/albumin equilibria have been analysed according to the 
Scatchard mode127, assuming that the ligand is bound to classes of identical, 
independent binding sites. The alternative way of analysing the data is the use of 
a multiple-stepwise-equilibrium mode128. 

In the case of the Scatchard model, the chemical equilibria may be written in the 
form (where the brackets [] represent concentrations, in mol/cm3, in the liquid phase, 
and the braces { } surface concentrations, in mol/m2): 

A+X 1 eAX1 (Ax11 = {&)LW 
A+X 2=+AX2 IAX21 = @2&4lB2 

. . . . . . . . . . . . . . . . . a..................,. 

. . . . . . . . . . . . . . . . . ,.................... 

A + X, = AX,, {AX,} = PLILW, 

(7) 
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The corresponding isotherm is given by the equation 
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where fii is the association constant between A and Xi (class i sites) &xi is the amount in 
moles of class i sites, and S is the surface area of the affinity sorbent. The parameter &x 
is defined as follows: 

Qx = f CL, 
i=l 

The second system has been used by Lagercrantz et ~1.‘~~‘~ to analyse the 
binding of a small molecule to immobilized serum albumin. It involves an immobilized 
protein, X, carrying several sites and a low-molecular-weight ligand, A, in solution. 
The equilibria are as follows: 

X +A+XA {XA} = &{X}[Al 
XA + A=XA2 (XAZ) = &{XA}[Al 

= &&{X)[Al* (9) 

where K1, K2,. . . K, are the successive association constants and n the number of sites. 
The expression of the equilibrium isotherm, deduced from the above equilibria, 

is 

QA = &[A1 + 
K1 + 2K1Kz[A] + . . . + nKlKz . . . K,[A]“- 1 

1 + KJA] + KIKJA]* + KIKZ . . . K&4]” = Qti (10) 

where QA is the total amount of ligand bound to the matrix and y is the molar ratio 
between the bound ligand and the immobilized protein. 

The physical meaning of both models has been discussed by Klot7 and 
Hunston’“. The identification of the constants of eqn. 10 with those of the Scatchard 
model is difficult with an analytical expression, except for K1: 

KI = i Qx,PiiQx (11) 
i=l 

In this work, both models will be considered as satisfactory approximations of the 
experimental isotherms. 

EXPERIMENTAL 

The reagents used were HSA (A1887, fatty-acid free) and phenylbutazone from 
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Sigma (St. Louis, MO, U.S.A.), diol-bonded Lichrospher Si-100 (diameter 10 pm, pore 
size 100 A) from Merck (Darmstadt, F.R.G.). 

The Schiff-base method was used to immobilize HSA on the diol support by the 
same procedure as that described previously for protein immobilization’. Supports of 
variable HSA coverage were prepared by changing the concentration of the protein 
solution in contact with the aldehyde support. The medium-coverage HSA sorbent 
was prepared from a 2-ml solution (4 mg/ml HSA) per g of diol-silica, and for the 
high-coverage sorbent a 10 mg/ml HSA solution was used. After protein immobi- 
lization, the excess of aldehyde groups were reduced by addition of sodium 
tetrahydroborate2. The amount of protein immobilized was determined by the Lowry 
method. 

The HPLC system consisted of a pump (Model 2150; LKB, Bromma, Sweden), 
a 7125 sampling valve (Rheodyne, Berkeley, CA, U.S.A.) with a 20-~1 loop and an UV 
detector (Model SPD 6A; Shimadzu, Kyoto,Japan), operated at 268 nm. Its response 
curve was linear within the whole range of solute concentrations studied. 

The analogue output of the detector was connected to a digital voltmeter (Model 
3497; Hewlett-Packard, Palo Alto, CA, U.S.A.), which displays the data in four digit 
precision. The data were stored on floppy disks. The theoretical treatments were 
carried out in Fortran language, using amicrocomputer (Model AT2; IBM, Greenock, 
U.K.). 

The stainless-steel column (50 mm x 4.1 mm I.D.) was vacuum-slurry-packed. 
It was placed in a water-bath, and its temperature was controlled within + 0.1% The 
eluent was 0.067 A4 (pH 7.4) potassium phosphate buffer. The liquid volume of the 
column was determined from the retention time of ‘H20. A weak, non-specific 
retention was observed on the diol-silica (k’ = 0.6), but it was larger on aldehyde-silica 
(k6 = 2.2 at 37”C), the activated support used for protein immobilization. 

RESULTS AND DISCUSSION 

Curve fitting procedure 
The changes in the elution profiles obtained were studied by injecting increasing 

amounts of phenylbutazone into the affinity column. The partition isotherm indicates 
a saturation effect with causes tailing peaks for large sample sizes (Fig. 1). 

The multisite-equilibrium model. The theoretical model first assumed for the 
partition isotherm is that of multisite adsorption. The equation for this was introduced 
into the numerical integration program, and its parameters were determined from best 
fitting between experimental and theoretical results. For the range of concentration 
studied, a three-parameter isotherm is sufficient to describe the whole set of elution 
peaks obtained at various concentrations on the medium-coverage HSA column (Fig. 
1). The isotherm equation (eqn. 8) reduces to 

QA = Qx, * 1 +“‘ilp + k;[A]V* 
1 

(12) 

where k; = QxJ2/V*. 
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Fig. I. Elution peak of phenylbutazone for medium-coverage immobilized HSA. Column length: 5 cm. 
Temperature: 37°C. Flow-rate; 1 ml/rnin. Eluent: 0.067 M phosphate buffer (pH 7.4). . . . . . . . . . . Experimental 
values stored by computer data acquisition; -, best tit of the simulated elution peak. (a) 
Two-independent-site isotherm model (one specific, the other non-specific); fil = 2.6 l/pmol; Qx, = 6.5 
nmol; k; =4.4; H=0.55 mm. (b) Stepwise-multiple-equilibrium-isotherm model; K, =2.7 l/pmol; 
Kz. . Ks=0.25 I/pmol; Qx=7.5 nmol; H=O.55 mm. 
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The limiting capacity factor. k& is then given by: 

kl, = PlQx,/I/* + k; (13) 

This model describes a solute-immobilized ligand equilibrium with two groups of sites: 
one of high affinity and a second one of low affinity with non-specific interaction. 

For the low-concentration peak a two-parameter equation fits the experimental 
elution peak as well as the three-parameter model, with a binding constant of 2.9 . lO-3 
pmol/l in the first case and 2.85 * 1W3 pmol/l in the second one. The two-parameter 
isotherm equation’ is then of the Langmuir type 

QA=k,$- [*I 
1 + B[A] 

(14) 

where B = bl(l -k;&). Both isotherms (eqns. 12 and 14) have equal second 
derivatives at the origin. 

In Fig. 2, one can compare the elution peaks simulated from the Langmuir-type 
model (two-parameter isotherm) with those obtained from the two-site model having 
the same first two derivatives at the origin. The elution profiles coincide only in the 
low-concentration range (O-l pmol/m2), but marked differences between both models 
are observed at higher concentrations. Furthermore, the isotherm curves for both 
models are identical near the origin (Fig. 3). The isotherm function with two types of 
sites (specific and non-specific) increases linearly at high solute concentration, 
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Fig. 2. Simulated elution peaks with the same first and second derivatives of the isotherm at the origin. 
. . . . . , Two-parameter isotherm (eqn. 14); -, three-parameter isotherm (eqn. 12). 
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Although the solute concentrations are ten times larger in the injection signal 
than at the column outlet, the simulation results show that the shape of the 
higher-concentration portion of the isotherm has only a weak influence on the 
low-concentration elution peaks. 

The strategy of adjusting the theoretical model to the experimental one is to fit 
the low-concentration peak with a Langmuir isotherm. For the largest elution peaks, 
when important deviations between theory and experiment are observed, the 
three-parameter isotherm is used with the same first and second derivatives as for the 
Langmuir-type model. 

The error of the parameters was determined according to the mathematical 
scheme of Phillips and Eyring 29 . The relative error at a 90% confidence level of the first 
derivative at zero concentration, &, is OS%, that of the second derivative at zero 
concentration, k;, is 7% and that of kb is 20%. Hence the corresponding relative errors 
of /I1 and Qx are 10%. 

The stepwise-multiple-equilibrium model. The data were analysed with the 
stepwise-multiple-equilibrium isotherm (eqn. 10). As with the previous model, good 
convergence of the curve fitting procedure is observed only with a three-parameter 
isotherm. Here, we assumed that the successive association constants, except the first 
one (G, KS . . ., K,) are equal. As in the previous case, the first and second derivatives 
at the origin must be equal to those of the Langmuir-type isotherm, determined from 
the low-concentration elution peaks. In this case, Q&Cl = &/I’* and /I = K1 -2&. 
As shown in Fig. lb, with this model, the adjustment is as good as that in Fig. la, where 
the two-independent-site model was considered. 
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Fig. 3. Equilibrium isotherm of phenylbutazone on medium-coverage immobilized HSA. -, (a) 
Independent-site-isotherm model (eqn. 12); -, (b) Langmuir-type isotherm (eqn. 14). Same experi- 
mental conditions as in Fig. 1. . . . . . . . . . . Stepwise multiple-equilibrium isotherm (eqn. 10). 2-7: number of 
steps or order of the polynomial expansion. 
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As in the previous case, the relative errors of K1 and Qx estimated at the 90% 
confidence level are lOoh, but those of K2 (relative error 20%) are larger. 

The isotherm for this model was compared with that of the two-independent-site 
model used previously (Fig. 3). The best fit of the theoretical peak to the experimental 
one is obtained with a five-term polynomial expansion. When the order of expansion is 
increased, the isotherm shows two inflection points, starting with the fifth order; the 
presence of inflection points should generate shocks, i.e., vertical parts in the 
calculated elution peaks, which are not observed in the experimental ones. The 
assumption of equal higher-order constants is unrealistic; it would be more likely for 
them to decrease in the order K2, K3, . . ., K,,. However, since we could not obtain any 
precision in their determination, we limited the model to a three-parameter isotherm, 
which allows a good convergence in the determination of parameters Qx and K1. The 
value of K2 can be taken only as a rough approximation, and only the order of 
magnitude is significant. 

Effect of the amount of HSA immobilized 
The effect of stationary-phase coverage on the binding properties of immo- 

bilized HSA was determined from the elution profiles of phenylbutazone injected at 
various concentrations. The equilibrium isotherm was determined on two columns 
with HSA immobilized in different amounts: Fig. la and b illustrate the peak 
adjustment for experiments made on the medium-coverage silica and Fig. 4 for that 
with high stationary-phase coverage. The results of the best fit by numerical simulation 
obtained with the isotherm models discussed above are summarized in Table I. 

The retention volume of phenylbutazone increases in proportion to the amount 
of HSA immobilized within the errors of measurement of the effective amount of HSA 
immobilized; but the characteristics of the equilibrium isotherm are quite similar for 
both the medium- and high-coverage HSA-silica. The values (measured at 37°C) of the 
binding constant, fil, characterizing specific interaction in the independent-site model, 
are equal for both HSA coverages. The capacity factor, k;, for non-specific 
interactions is roughly proportional to the amount of HSA immobilized. This shows 
that the non-specific sites are most probably those of the protein. Moreover, a weak 
retention is observed on diol-silica with a much lower capacity factor, &, =0.6. 

The amount (in nmoles) of active protein can also be determined by this method. 
Its value is about half of the amount of protein effectively immobilized on the support. 
This is not surprising, since during the immobilization process some active groups of 
the protein will be bound to aldehyde-silica. 

Table I also displays the constants when the experimental data are analysed with 
the stepwise-multiple-equilibrium model. The adjustment of the theoretical peaks 
obtained with this model for the high-coverage silica is almost identical to that 
obtained with the two-independent-site model, considered in Fig. 4 and is not given 
here. The binding constant, K1, measured with the high-coverage sorbent is equal to 
that measured with the medium-coverage sorbent. Its value (K, = 2.7 l/pmol) is close to 
the binding constant (,!Y1 = 2.6 l/pmol) characteristic of the specific interaction between 
the solute and immobilized protein in the two-independent-site model (Table I). 

The above results demonstrate the validity of the numerical method of 
determining the isotherm equilibrium from the elution peak analysis, since the 
equilibrium constants measured at high and medium stationary-phase coverage are in 
excellent agreement. 
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Fig. 4. Elution peak of phenylbutazone on high-coverage immobilized HSAY Column length: 5 cm. 
Temperature; 37°C. Flow-rate: 1.5 ml/min. Eluent; 0.067 Mphosphate buffer (pH 7.4). . . . . . . . . . . Experimental 
values stored by computer data acquisition; -, best tit of the simulated elution peak with the 
two-independent-site isotherm model; pi =2.6 l/hmol; Qx, = 19 nmol; k; =9.1. 

Effect of temperature 

The chromatographic behaviour of phenylbutazone, eluted in finite concen- 
tration in the presence of medium-coverage HSA, was studied as a function of 
temperature. For every temperature, the solute/immobilized HSA equilibrium 
isotherm was determined from the best fit of the simulated peak to the experimental 
one. The results are summarized in Table I. The equilibrium constants, characterizing 
the specific interaction of phenylbutazone with immobilized HSA, are similar for both 

TABLE I 

PARAMETERS OF THE EQUILIBRIUM ISOTHERM MODELS USED FOR NUMERICAL 
SIMULATION OF ELUTION PEAKS 

Temperature and stationary phase coverage effects. 

Immobilized 
HSA 

t H Two classes of independent sires Stepwise multiple equilibrium 

PC) (mm) 
Qx, BI k; QX KI Kz K, 
(nmol) (lirmol) (nmol) (llPmo1) (1iPmoll 

High coverage 37 0.70 19.0 2.6 9.1 20.5 2.7 0.22 
(40 nmol) 

Medium 37 0.55 6.5 2.6 4.4 7.5 2.7 0.25 
coverage 30 0.64 7.9 2.9 4.4 8.8 3.0 0.25 
(15 nmol) 25 0.76 6.7 3.3 3.1 7.0 3.4 0.22 

20 1.00 5.7 4.3 5.7 6.4 4.4 0.35 
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TABLE II 

COMPARISON OF ASSOCIATION CONSTANTS OF PHENYLBUTAZONE AND HSA, 
MEASURED BY DIFFERENT TECHNIQUES 

t K1 = Zn& HSA Method 

PC) (Ulunoll concentration range (%) 

37 
31 
36 
37 
37 
37 
37 
22 

2.6 Immobilized 
0.85 0.01-0.2 
2.3 Not given 
0.16 0.2 
0.35 0.2 
0.75 0.2 
0.8 0.1 
0.93 0.1 
0.20 1.0 

HPAC (this work) 
Equilibrium-saturation HPLCz6 
Ultrafiltration30 
Ultrafiltration3i 
Equilibrium dialysis32 
Dynamic dialysis33 
Fluorescence34 
I Ultrafiltration and 

equilibrium dialysis35 

CONCLUSIONS 

The curve fitting of the simulated theoretical profile to the experimental peak 
allows the determination of the equilibrium isotherm mainly for concentrations 
ranging from the detection threshold to the output concentration. A three-parameter- 
isotherm equation was found suitable to account for the peak distortions observed for 
phenylbutazone, when eluted from HSA, immobilized on a diol-support at a finite 
concentration. Two different isotherm equilibrium models were tested, but it was 
impossible to tell which one would tit the experimental data more closely. 

The method offers a convenient way of revealing heterogeneities in affinity sites 
and permits the determination of the amount of immobilized protein that is active 
towards the solute. This parameter is an important factor for characterizing an affinity 
packing, especially when one considers that a decrease in the number of active protein 
sites occurs during the immobilization process, since some of them are bound to the 
support. Therefore, the amount of active protein is lower than the amount that is 
effectively immobilized. Moreover, the amount of active protein can readily be 
measured after a few solute injections, and this is useful when dealing with immobilized 
proteins of poor long-term stability. 

Zonal elution and numerical simulation of the elution peaks also permit 
determination of the association constant for binding of the solute with the 
immobilized protein. These parameters are useful for comparing the various methods 
of protein immobilization and for evaluating the contributions of the support to the 
retention. 
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