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ABSTRACT 

Experimental studies have been combined with numerical simulations of frontal affinity chromatography to illustrate the 
potential of this technique for obtaining rate constants for the interaction of the solute with affinity matrix and for a reaction in 
competition with the solute-matrix interaction. Frontal chromatography of p-nitrophenylmannoside on a standard HPLC column 
of concanavalin A-CPG 3000 at flow-rates of 2-10 ml/min has yielded a rate constant of 0.42 s-l for the dissociation of the 
solute-immobilized lectin complex on the basis of the flow-rate dependence of boundary spreading in the elution profile: this 
constant (k_,) has been obtained by extrapolating the apparent dissociation rate constant (k”_b;) to zero solute concentration to 
eliminate the consequences of non-linear (Langmuir) kinetics. Numerical simulations of the affinity chromatographic behaviour of 
p-nitrophenylmannoside (A) in the presence of a fixed concentration of a second saccharide (B) that competes for matrix sites 
have shown that the corresponding extrapolation of k?y to zero solute concentration again yields k_,, but that the presence of 
competing saccharide is manifested as a change in slope of the essentially linear dependence of k”_b; upon p-nitrophenylmannoside 
concentration ([A]). A calibration plot of the variation of d(k$)ld[A] with dissociation rate constant for the competing 
ligand-matrix interaction (k_,) has then been used to obtain a rate constant of 1 s-l for the dissociation of methylmannoside from 
the immobilized lectin on the basis of frontal affinity chromatography of p-nitrophenylmannoside in the presence of 100 pM 
competing saccharide. Finally, the potential of affinity chromatography for evaluating the dissociation rate constant for a 
competing interaction between ligand and solute has been illustrated by numerical simulation of elution profiles and their 
interpretation in terms of a published expression for the flow-rate dependence of boundary spreading under conditions of linear 
kinetics; and by extrapolation of the apparent rate constants so obtained to zero solute concentration to take into account the 
effects of Langmuir kinetics on chromatographic migration. 

INTRODUCTION 

Studies of the kinetics of ligand binding have 
generally been confined to interactions for which 
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the rate of reaction is either sufficiently fast for 
study by stopped-flow and temperature-jump 
techniques, or sufficiently slow for study by the 
classical procedure of analyzing product forma- 
tion after reaction for a series of time intervals. 
Unfortunately, the time scale of metabolic flux is 
such that kinetic considerations are likely to be 
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of greatest importance for reactions in the inter- 
vening range, which has been largely neglected 
for want of suitable methodology. 

In principle, high-performance liquid affinity 
chromatography has the potential to provide a 
means of determining rate constants that are too 
slow for study by stopped-flow techniques [l-6]. 
Furthermore, despite the failure of those initial 
investigations to provide much encouragement 
for the experimental realization of that potential, 
a more recent study [7] has demonstrated the 
experimental feasibility of employing affinity 
chromatography to characterize the kinetics of 
the solute-matrix interaction. The present exten- 
sion of that investigation is concerned with 
kinetic characterization of a reaction in competi- 
tion with the solute-matrix interaction. 

The initial aim of this investigation is to verify 
the envisaged experimental approach by numeri- 
cal simulations of the chromatographic migration 
of p-nitrophenylmannoside (solute) on immobil- 
ized concanavalin A, a system for which litera- 
ture estimates of the required rate and equilib- 
rium constants are available [4,5,8,9]. Two com- 
petitive situations are considered: (i) ligand- 
facilitated elution of solute arising from supple- 
mentation of the applied solution with a second 
saccharide that competes for concanavalin A 
sites on the affinity matrix; and (ii) ligand-facili- 
tated elution of solute arising from supple- 
mentation of the applied solution with con- 
canavalin A to decrease the concentration of 
p-nitrophenylmannoside available for interaction 
with affinity matrix. The experimental aspects of 
the procedure are illustrated by means of a 
frontal chromatographic study of the effect of 
methylmannoside on the elution of p-nitro- 
phenylmannoside from concanavalin A immobil- 
ized on CPG-3000 under conditions of Langmuir 
(non-linear) kinetics. 

EXPERIMENTAL 

Materials 
Concanavalin A, controlled-pore glass beads 

(glyceryl-CPG 3000, 200 mesh), p-nitrophenyl 
cu-D-mannoside, and methyl cu-D-mannoside were 
obtained from Sigma (St. Louis, MO, USA). 
The tresylation procedure described by Nilsson 

and Larsson [3] was used to immobilize con- 
canavalin A on the glyceryl-CPG 3000 beads. 
Because the effective thermodynamic concen- 
tration of immobilized ligand sites is the relevant 
column parameter for quantitative affinity chro- 
matography, the lectin content of the affinity 
column has been defined on that basis rather 
than analytically. 

Affinity chromatography of saccharides on 
immobilized concanavalin A 

The interaction of p-nitrophenylmannoside 
with immobilized concanavalin A was quantified 
by subjecting solutions of the saccharide (10.7- 
53.4 PM) to frontal chromatography on a 
column (25 x 0.46 cm) of concanavalin A-CPG 
3000 equilibrated at 25°C with phosphate- 
chloride buffer (0.05 M NaH,PO,-0.01 M 
Na,HPO,-0.001 M MgCl,-0.001 M MnCl,- 
0.44 M NaCl), pH 5.5. Effluent from the HPLC 
column, maintained at constant flow-rates in the 
range 2-10 ml/min by means of a Waters Model 
510 pump, was assayed continuously at 305 nm 
[4] with an ISCO V4 monitor, the response of 
which was transferred to an IBM-compatible 
personal computer by means of a software pack- 
age designed initially for the evaluation of pro- 
gress curves in enzyme kinetic studies [lo]. The 
acquired data in the range 3-97% of the plateau 
concentration for the advancing and trailing 
elution profiles were analyzed by standard proce- 
dures to obtain the first moment (mean elution 
volume, v’) and second moment (a:) of the 
boundaries. 

For the corresponding characterization of the 
competitive interaction ‘between methylman- 
noside and immobilized concanavalin A, the 
same protocol was followed except that the 
buffer and applied solutions of p-nitro- 
phenylmannoside were supplemented with a 
fixed concentration (100 PM) of the competing 
ligand, which did not need to be monitored 
because of its invariant concentration. 

Evaluation of equilibrium constants 
Operationally defined values of the association 

equilibrium constant (KAx) and matrix-site con- 
centration ([%I) for the interaction of p-nitro- 
phenylmannoside (partitioning solute, A) with 
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matrix sites (X) may be obtained from the stant for the competing interaction between B 
expression [ 1 l] and matrix sites. 

(V*lV~)“f - 1 = K*,[k] -fK*x( VJv:)‘f-“‘f 

- [A][( vAIV:)“f - l] (la) 

in which f, the valence of the partitioning solute, 
is unity for the interaction of p-nitrophenylman- 
noside with immobilized concanavalin A sites. 
Consequently, eqn. la becomes [ll-131 

Evaluation of kinetic parameters for the 
solute-matrix interaction 

(VA/V:) - 1 = KAx[X] - K,x[A][(V’IV;) - l] 

Under conditions of linear kinetics the depen- 
dence of the variance (a:) upon flow-rate, F, in 
the absence of competing ligand is related to the 
rate constant for dissociation of A from solute- 
matrix complex, k_,, by the expression [7,15,16] 

(lb) 
k_, = 2(Vk - V;)l(da:ldF) (2) 

V, is the measured elution volume in a frontal 
chromatographic experiment with applied solute 
concentration [A] on an affinity column with ,an 
effective total concentration of matrix sites [Xl. 
Vi, the elution volume of solute in the absence 
of interaction with matrix, was obtained from 
experiments with p-nitrophenylmannoside (10.7 
PM) on an identical column of underivatized 
glyceryl-CPG 3000. As required, the value so 
obtained coincided with the elution volume of 
p-nitrophenylmannoside in the presence of a 
sufficiently high concentration (0.2 M) of 
methylmannoside to effectively eliminate the 
interaction between immobilized lectin and parti- 
ti_oning solute. For illustrative purposes KAx and 
[X] may be obtained as the slope and abscissa 
intercept, respectively, of a plot of (Vk - Vi)/ 
Vz versus [A] [(VA -Vi)lVz]; but reported 
values were obtained by non-linear regression 
analysis in terms of the expression 

where the denominator of the right-hand side is 
obtained from the linear flow-rate dependence of 
the second moment of either the advancing or 
trailing elution profile [7]. Although eqn. 2 does 
not apply directly to the analysis of results 
exhibiting Langmuir (non-linear) kinetics, it may 
be used to define an operational parameter 
(k”_q”), which may then be extrapolated to infinite 
dilution ([A] -j 0) to obtain the true dissociation 
constant [7]. 

(VA/V;) - 1= KAx[X]/(l + K&A]) (lc) 

of which eqn. lb is the equivalent of a Scatchard 
linear transform [11,14]. 

The same experimental approach has been 
adopted for situations in which the chromatog- 
raphy of partitioning solute (A) is conducted in 
the presence of a fixed concentration of compet- 
ing ligand (B). Under these circumstances, how- 
ever, the value of k”_b,” is a combination of rate 
and equilibrium parameters for solute and com- 
peting ligand interactions. The use of these 
values of k”_qs to evaluate k_,, the rate constant 
for dissociation of the complex involving compet- 
ing ligand, is addressed later. 

Numerical simulation of elution profiles 

The quantitative expression describing the 
elution of p-nitrophenylmannoside in frontal 
experiments conducted with a fixed concentra- 
tion, [B], of competing saccharide (methylman- 
noside) is analogous to eqn. lb except that KAx 
is replaced by a constitutive equilibrium con- 
stant, KAx, defined [ll] by 

KAX = KJ(1 + GW) ( W 
where KBx is the association equilibrium con- 

For all simulations of elution profiles the 
column was assigned a diameter of 0.46 cm and a 
length of 20 cm. Elution profiles were generated 
by an adaptation of the theoretical plate model 
of chromatography [17] with the transfer volume 
set at 10% of the plate (segment) volume access- 
ible to solute. The present simulations follow the 
procedure described previously [7] for examining 
the affinity chromatographic behaviour of A 
alone, which was considered in terms of the 
reaction 
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k+l 
A+XeAX 

k-1 

For simulations of the chromatographic migra- 
tion of A in the presence of competing ligand, B, 
the same general procedure has been adopted; 
but clearly, consideration needs to be given to 
the consequences of the kinetics of the compet- 
ing reaction. In addition to considering the 
present experimental situation in which the com- 
pleting reaction may be written as 

k+z 
B+X eBX 

k-z 
(3b) 

chromatographic migration has also been simu- 
lated for the case where B competes with matrix 
sites for A: the second reaction then becomes 

k+3 
A+BeAB 

k-3 
(3c) 

In accordance with previous protocol [7], the 
column matrix was considered to be impervious 
to solute and competing ligand, a situation which 
obviates the need to consider the kinetics of 
solute partitioning into the accessible region of 
the stationary phase. After each transfer of a 
volume increment, SV, which corresponds to a 
time interval (St) via the flow-rate, F (1-5 ml/ 
min) , a subroutine for chemical kinetics was 
called to evaluate the new distribution of sol- 
ute(s) between complexed and free states in each 
column segment (plate). For simulation of the 
affinity chromatographic migration of A alone 
this kinetic subroutine [7] entailed analytical 
solution of the differential rate equation [18]. 
Simulation of the corresponding behaviour of A 
in the presence of B required a kinetic sub- 
routine with numerical solution of the set of 
differential equations by the 4th-order Runge- 
Kutta method. 

RESULTS AND DISCUSSION 

Although the major goal of this investigation 
is the determination of rate constants for the 
dissociation of saccharide complexes with im- 
mobilized concanavalin A, it should be noted 
that the same experiments also provide a means 

of evaluating the corresponding association 
equilibrium constants from the measured elution 
volumes, v,. Unlike the second moment, the 
elution volume (first moment of the eluted 
boundary) is independent of flow-rate and is 
governed by eqn. 1. Estimates of 32.5 PM and 
27000 M-’ for [X] and Kax, respectively, are 
obtained from the dependence of vk upon con- 
centration of p-nitrophenylmannoside, the Scat- 
chard transform of which is illustrated (0) in 
Fig. 1. Combination of the value of KAx with the 
value of 14000 M-’ for K,, from results ob- 
tained in the presence of 100 pM methylman- 
noside (0) yields, via eqn. Id, an association 
equilibrium constant (K,,) of 9 000 M-’ for the 
corresponding interaction between this compet- 
ing saccharide and immobilized concanavalin A. 
These association constants are encompassed by 
the values of 24 000 (+5 000) and 11000 
(22 000) Me1 obtained for KAx and Ksx, re- 
spectively, in an earlier, more extensive investi- 
gation under the same conditions [pH 5.5, ionic 

1.0. I I I 

0 10 20 30 40 

M&I - VA*)NA’ (14 

Fig. 1. Scatchard plot for the determination, via eqn. lb, of 
the association constant for the solute-matrix interaction 
(K,,) by frontal affinity chromatography of p-nitro- 
phenylmannoside (0) on a glyceryl-CPG 3000 column (25 x 
0.46 cm) with concanavalin A as immobilized ligand. The 
solid symbols refer to evaluation of its constitutive counter- 
part (EA,,) in the presence of 100 pM methylmannoside (B), 
a parameter that affords a means (eqn. Id) of determining 
the equilibrium constant for the competing interaction of the 
second saccharide with immobilized lectin. 
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strength (Z) Z 0.5) [19]; and are also in reason- 
able agreement with literature reports [4,5] of 
16000-26000 and 7 400-8 500 M-’ for the re- 
spective interactions of p-nitrophenylmannoside 
and methylmannoside with immobilized con- 
canavalin A under fairly similar conditions (pH 
5.5, Z 0.1 and pH 6.0, Z 0.5, respectively). 

The next step of this experimental study of the 
competition between methylmannoside (B) and 
p-nitrophenylmannoside (A) for sites on im- 
mobilized concanavalin A is to entail analysis of 
the flow-rate dependence of the second moment 
of elution profiles for A in terms of k”_q”, an 
apparent first-order rate constant for dissociation 
of AX complex in the presence of a free concen- 
tration [B] of competing ligand. Lack of an 
analytical expression for the dependence of k”_b,” 
upon the concentration of either saccharide has 
necessitated resort to numerical simulations of 
the chromatographic behaviour in order to ascer- 
tain the effect of the competing ligand (B) on the 
flow-rate dependence of the spread of A, which 
is interpreted as an apparent first-order rate 
constant (k”_q”) via eqn. 2. Further consideration 
of the experimental results is therefore preceded 
by a description of those simulations and of their 
outcome. 

Simulated chromatographic migration of 
saccharide mixtures on immobilized 
concanavalin A 

In anticipation of experimental studies of the 
effect of methylmannoside (B) on the affinity 
chromatographic behaviour of p-nitro- 
phenylmannoside (A) on immobilized con- 
canavalin A, elution profiles were simulated 
numerically for mixtures of A and B, whose 
interactions with immobilized-lectin sites (X) 
were described by eqns. 3a and 3b with k_, = 
0.42 s-l (see later), K,, = k+,lk_, = 24000 
M-l, k_, = 0.2-2.0 s-l, K,, = k+,lk_, = 10 000 
M-l. For generation of the trailing elution 
profile each segment (plate) of the column was 
assigned a total matrix-site concentration, [Xl, of 
32.5 PM (Fig. l), the corresponding value for 
the competing ligand, [B], being set at 100 PM: 
the total concentration of partitioning solute, 
[A], was varied between 10 and 40 PM to define 

the effect of solute concentration upon the 
magnitude of k”_q” evaluated from the flow- 
rate dependence of C& (eqn. 2). The trailing 
elution profile was then generated by successive 
introductions, to the top segment of the column 
array, of the transfer volume (W) of solvent 
containing competing ligand B at its equilibrium 
concentration ([B]) in the array of segments at 
t = 0. For the advancing elution profile the start- 
ing condition was an array of segments with the 
concentrations of free matrix sites ([Xl) and free 
competing ligand ([B]) set at the values required 
to establish a final plateau with the same total 
concentrations ([%I, [A] and [B]) as those used 
for the initial conditions in simulation of the 
corresponding trailing elution profile. 

The effects of column flow-rate upon the form 
of the elution profiles for solute ([A] = 40 PM) 
in the presence of competing ligand ([B] = 100 
PM) are illustrated in Fig. 2: in this particular 
example k_, = 0.55 s-l. An obvious feature of 
these simulated elution profiles is the sharper 
form of the advancing boundary at the lower 
flow-rate, a situation consistent with chromato- 
graphic migration of a system exhibiting non- 
linear (Langmuir) kinetics [7]. A second point to 
note is that the extent of spreading of boundaries 
(advancing and trailing) increases with increasing 
flow rate, this being a manifestation of the 
comparable rates of chemical dissociation and 
chromatographic migration of the partitioning 
solute. Furthermore, the pronounced asymmetry 
of boundaries that is generated in these numeri- 
cal simulations of chromatographic migration at 
higher flow-rates is also observed experimentally 
in affinity chromatography of‘p-nitrophenylman- 
noside-methylmannoside mixtures on immobil- 
ized concanavalin A (Fig. 3). Finally, the flow- 
rate dependence of the spread, as monitored by 
the second moment of the boundary (a:) was 
found to decrease with increasing concentration 
of solute. 

The quantitative ramifications of that final 
point for the advancing elution profile are sum- 
marized in Fig. 4a, which presents the flow-rate 
dependence of the second moment derived from 
simulated advancing profiles for systems with 
lo-40 PM p-nitrophenylmannoside ([A]). The 
consequent dependence of k”_b,“, obtained from 
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Fig. 2. Effect of flow-rate (F) on simulated elution profiles for the frontal chromatography of mixtures of p-nitrophenylman- 
noside (A) and methylmannoside (B) on an immobilized concanavalin A affinity column ([%I = 32.5 pM, [ii] = 40 pM, [fi] = 100 

NM, K,x =24OOQ M-l, k_, =0.42 s-l, k_, =0.55 s-l): (a) F = 1.0 ml/min; (b) F =5.0 ml/min. Solid lines denote the 
concentration profiles and broken lines the derivatives thereof. 

Fig. 4a via eqn. 2, upon the concentration of free 
solute in the plateau region ([A]) is shown (0) 
in Fig. 4b. Also shown are corresponding depen- 
dences obtained for mixtures supplemented with 
100 PM competing saccharide, the desorption of 
which from matrix sites is governed by an as- 
sociation equilibrium constant of 10 000 M-’ and 
dissociation rate constants of 0.2 (m) and 1.0 
(A) s-l. Several points merit comment. (i) As 
noted previously [7], extrapolation of k’$ to 
zero concentration in the absence of B essential- 
ly yields the value of k_, (0.42 s-l) that was 
used for the simulation of chromatographic 
migration. (ii) Fig. 4b also shows that the corre- 
sponding ordinate intercept is again essentially 
k_, in situations where the interaction of parti- 
tioning solute with matrix sites is in competition 
with a matrix-ligand interaction. (iii) Although 
no information on the dissociation kinetics of 
competing ligand from the matrix emanates from 
the extrapolated value of k”_q” as [A]+ 0, the 
slope of the concentration dependence of k”_q” is 
a function of k_, (Fig. 4b). Despite the absence 
of a quantitative expression for this concentra- 

tion dependence, an empirical relationship may 
be obtained from simulated elution profiles for a 
range of assigned k_, values. The resultant 
dependence, normalized by dividing by the slope 
of the absence of B, is presented in Fig. 5 to 
provide a standard curve for evaluating k_, on 
the basis of the measured ratio of slopes, since 
the magnitudes of k_, , KAx, KBx and [%I used 
in the simulations mimic the experimentally 
determined values for the interactions of p-nitro- 
phenylmannoside and methylmannoside with im- 
mobilized concanavalin A. Such evaluation of 
k_, is now illustrated by means of the ex- 
perimental study of the effect of methylman- 
noside on the chromatographic behaviour of p- 
nitrophenylmannoside on the affinity column 
with concanavalin A as the immobilized ligand. 

Rate constants for dissociation of saccharides 
from complexes with immobilized concanavalin 
A 

The above numerical simulations refer to 
situations in which any partition of solute and 
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Fig. 3. Effect of flow-rate (F) on experimental elution profiles in affinity chromatography of mixtures of p-nitrophenylmannoside 
(A) and methylmamroside (B) in phosphate-chloride buffer (pH 5.5, I 0.5) on a column (25 X 0.46 cm) of glyceryl-CPG 3000 
with concanavalin A as immobilized ligand ([k] = 32.5 ~.LM, [A] = 40 PM, [B] = 100 PM): (a) F = 2.2 mllmin; (b) F = 8.7 
mllmin. Solid lines denote the concentration profiles and broken lines the derivatives thereof. 

competing ligand is identical and essentially 
instantaneous on the time scale of the dissocia- 
tion kinetics. Our envisaged method of achieving 
conformity with this requirement entailed co- 
valent attachment of concanavalin A to the 
surface of impenetrable glass beads, and hence 
confinement of both saccharides to the mobile 
phase of the column. However, the surface area 
needed for attainment of an acceptable concen- 
tration of immobilized lectin sites ([%I) would 
have dictated the selection of beads with a 
diameter too small to be commensurate with the 
envisaged flow rates. Resort to the column of 
large porous glass beads (CPG 3000, 200 mesh) 
overcomes the surface-area problem but intro- 
duces the necessity of establishing the extent to 
which it is a reasonable approximation to assume 
that partition kinetics contributes negligibly to 
the flow-rate dependence of boundary spreading, 
da:ldF. 

Fig. 6 compares the flow-rate dependence of 
ai obtained from advancing (0) and trailing 
( q ) profiles for p-nitrophenylmannoside (40 

@4) on the present lectin-CPG 3000 column 
with that obtained for either boundary on an 
identical column of underivatized CPG 3000 
(A). The slight positive slope of the latter plot 
indicates the existence of a non-negligible contri- 
bution by partition kinetics to the overall flow- 
rate dependence of boundary spreading. On the 
grounds that the coefficient describing the linear 
dependence of oi upon flow-rate reflects the 
combined contributions of chemical, (a:),, and 
partition, ([T&, kinetics [22], effects of the 
latter have been taken into account by means of 
the expression 

d(a:),ldF = da:ldF - d(a;),ldF (4) 

which assumes simple additivity of the two 
contributions and introduces the problem of 
quantifying the partition kinetics contribution. 

If chemical equilibrium between matrix sites 
and partitioning sites were instantaneous, all 
flow-rate dependence of the second moment 
would result from partition kinetics. Under those 
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Fig. 4. Analysis of simulated elution profiles for the chroma- 
tography of p-nitrophenylmannoside on immobilized con- 
canavalin A ([R] = 32.5 PM, as in Fig. 2). (a) Effect of 
flow-rate on the variance of advancing elution profiles with 
applied solute concentrations ([A]) of 5.9 (0) 12.5 (0) 19.6 
(m) and 27.2 (Cl) &I saccharide. (b) Dependence of the 
apparent rate constant for p-nitrophenylmannoside desorp- 
tion (0), obtained from eqn. 2, upon concentration of 
saccharide in the applied solution. Solid symbols denote 
corresponding dependences for mixtures supplemented with 
86-89 PM competing saccharide ([B] = 100 p&f), the desorp- 
tion of which from matrix sites is governed by an equilibrium 
constant (Z&) of 10 000 M-’ and dissociation rate constants 
(k_,) of 0.2 (m) and 1.0 (A) s-r. 

circumstances the elution volume, VA, and sec- 
ond moment, (u&,, are given by [16] 

v, = {1+ K&Al+ Lxm~vo (54 

(dp = WpQ + K4x[X1)2k,K~ (5b) 
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5. Calibration plot, based on results of numerical Fig. 
simulations (Fig. 4), for evaluating k_,, the rate constant for 
dissociation of methylmannoside from immobilized con- 
canavalin A, from the effect of this competing saccharide (B) 
on the affinity chromatographic behaviour of p-nitro- 
phenylmannoside (A). The ordinate presents the concen- 
tration dependence of the apparent rate constant for dissocia- 
tion of the AX complex in the presence of competing 
saccharide ([B] = 100 PM), (dk”_q”ld[A]), as a proportion of 
the corresponding slope in the absence of competing sac- 
charide, (dk”_L;‘ld[A]),. Dotted lines indicate the magnitude 
of the experimentally determined ratio (Fig. 7) and the 
consequent estimate of k_,. 

where Z$, is the partition coefficient for equilib- 
rium attainment between the mobile phase (with 
volume V,) and the accessible stationary phase 
volume (with volume Vi - V,): k_, refers to the 
rate constant for the partitioning process. Ex- 
perimentally more tractable relationships are 
obtained on noting [7] that 

&[X] = (V* -v;)Iv: (6) 

whereupon eqns. 5a and 5b become 

VA = [1+ K,(V*/v:)]v, (7a) 

(w’,), = 2Kp(~hIV~)2VoFIk_, (7b) 

Combination of eqns. 7a and 7b then gives 

d(a&,ldF= 2(vk - V,)(~‘IV;)Ik_, (8) 

The experimentally measured flow-rate depen- 
dence of the second moment reflecting partition 
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Fig. 6. Effect of flow-rate on the second moment of the 
advancing (0) and trailing (0) elution profiles of p-nitro- 
phenylmannoside (40 pM) on an affinity column (25 X 0.46 
cm) of glyceryl-CPG 3OOU with concanavalin A as the 
immobilized ligand. Broken lines denote the corresponding 
dependences after allowance for effects of flow-rate on 
boundary spreading arising from the kinetics of saccharide 
partitioning into the stationary phase, a correction made by 
applying eqns. 4 and 10 to results (A) obtained from 
advancing and trailing elution profiles in chromatography of 
p-nitrophenylmannoside on an identical column of underiva- 
tized glyceryl-CPG 3000: V, was taken as 2.00 ml for this 
column with a bed volume of 4.15 ml [20,21]. 

kinetics on the underivatized column (A, Fig. 6) 
is now incorporated by noting that the analog of 
eqn. 8 for that experiment is, by the above 
reasoning but with [X] = 0 and V, = Vi, 

d(&JdF = 2(VT, - IQ/k_, (9) 

Elimination of k_, between eqns. 8 and 9 then 
gives 

d(a;),ldF = 
vk<v, - v,>P(dp,uW 

V:(V: -v,) 
(10) 

as the term to be subtracted from the measured 
value of da;ldF in an affinity chromatographic 
experiment in order to obtain the chemical 
kinetic contribution (eqn. 4). 

The consequent flow-rate dependence of (o$J, 
for p-nitrophenylmannoside in the absence of B 
is shown as the broken lines in Fig. 6, the slopes 
of which may be used to evaluate the magnitudes 
of k”_q”, via eqn. 2. As noted above, such values 

need to be extrapolated to zero solute concen- 
tration in order to obtain k_,, the rate constant 
for dissociation of the AX complex. Such depen- 
dence of k”_b,” upon concentration of p-nitro- 
phenylmannoside in the applied solution is 
shown (open symbols) in Fig. 7, which also 
presents the corresponding relationships deduced 
from experiments with mixtures containing 100 
pM methylmannoside (closed symbols): squares 
and circles refer to the respective results inferred 
from advancing and trailing elution profiles. On 
the basis of the ordinate intercept for experi- 
ments in the absence of B a value of 0.42 s-l is 
obtained for k_, , the rate constant for dissocia- 
tion of p-nitrophenylmannoside from its complex 
with immobilized concanavalin A. In that regard 
the slightly higher value of the corresponding 
intercept in the presence of methylmannoside is 
at variance with the earlier inference, drawn 
from the results of the numerical simulations 
(Fig. 4b), that this extrapolation should also 
yield k_ 1 ; and possibly reflects the presence of a 
minor systematic error in the analysis due to 
assumed simple additivity of partition- and 
chemical-kinetic contributions to the flow-rate 
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Fig. 7. Effect of methylmannoside (100 pM) on the mag- 
nitude of the apparent rate constant for desorption of p- 
nitrophenylmannoside (A) from immobilized concanavalin 
A, a parameter obtained (eqn. 2) from the flow-rate depen- 
dence of boundary spreading (Fig. 4): Cl, 0 =respective 
values of k”_t;’ obtained from advancing and trailing elution 
profiles for A in the absence of competing saccharide; n , 
0 = corresponding values obtained from experiments on 
mixtures supplemented with 100 pM methylmannoside. 
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dependence of boundary spreading. Interpreta- 
tion of the slope of the dependence of (u:)~ 
upon [A] that is obtained from the advancing 
elution profile in the presence of 100 p&f 
methylmannoside in terms of the calibration plot 
(Fig. 5) leads to a value of 0.9-1.1 s-l for k_,, 
the rate constant for dissociation of the complex 
between immobilized concanavalin A and 
methylmannoside (the competing ligand, B). In 
principle, this value is likely to be a slight 
underestimate because the calibration plot refers 
to mixtures with slightly lower concentrations of 
competing saccharide (86-89 PM cf. 100 @4 in 
the experiments). However, the scatter of ex- 
perimental points in the dependence of k”_b,” upon 
[A] (Fig. 7) is sufficiently great to encompass the 
ensuing error. We therefore assign k_, a value of 
1 s-l on the basis of these experiments. 

To conclude this experimental section on 
characterizing the kinetics of interactions be- 
tween saccharides and immobilized concanavalin 
A, we note that the present rate constant of 0.42 
S -’ for the dissociation of p-nitrophenylman- 
noside agrees well with a corresponding estimate 
of 0.37-0.43 s-l that is obtained by extrapolating 
zonal chromatographic results to zero for the 
concentration of the injected zone (Table III in 
ref. 4). In addition, the larger rate constant (k_,) 
of 1 s-l that is inferred from Figs. 5-7 for 
dissociation of methylmannoside from immobil- 
ized concanavalin A is in keeping with the 
smaller binding constant (10 000 cf. 24 000 M-‘) 
that pertains to this competitive interaction. 
These results point to the potential of employing 
a calibration plot based on results of numerical 
simulations of affinity chromatographic behav- 
iour for evaluating the kinetics of the second 
interaction in instances where ligand-facilitated 
elution of the partitioning solute (A) reflects 
competition from the ligand (B) for affinity 
matrix sites (X). Finally, the fact that these rate 
constants are smaller, by an order of magnitude, 
than those for the corresponding saccharide 
interactions with soluble concanavalin A [8] 
should not be construed as a deficiency of the 
affinity chromatographic analysis but rather as a 
consequence of the chemical modification associ- 
ated with lectin immobilization. 

Simulated migration of ligand-facilitated elution 
reflecting competitive binding of ligand to solute 

Thus far the emphasis of this investigation has 
centred on the feasibility of evaluating rate 
constants for the competitive interaction in af- 
finity chromatographic situations where the lig- 
and-facilitated elution of solute (A) reflects 
competition with ligand (B) for matrix sites (X). 
We conclude this investigation by employing 
simulated chromatographic migration to explore 
the alternative situation in which the ligand- 
facilitated elution reflects an interaction in the 
liquid phase between solute (A) and ligand (B). 
The simulated results could be considered to 
describe, for example, affinity chromatography 
of mixtures of a lectin and p-nitrophenylman- 
noside on immobilized concanavalin A, or of 
mixtures of NAD+ (A) and alcohol dehydro- 
genase (B) on an affinity matrix with the enzyme 
as immobilized ligand [3]. In that regard the 
magnitudes of the equilibrium and rate constants 
for the dissociation of AX and AB complexes 
have been amended to be more in line with those 
for the latter system at alkaline pH [23,24] to 
illustrate the feasibility of quantifying the kinet- 
ics of reactions in instances where the dissocia- 
tion rate constants are greater than those already 
considered. 

The potential of affinity chromatography for 
evaluating the dissociation rate constant for a 
competing interaction between ligand and solute 
in the liquid phase has been explored by numeri- 
cal simulation of trailing elution profiles for 
systems with [X] = 5 PM, [B] = 4 pA4, KAx = lo5 
M-’ and k_, =4 s-l. For initial simulations the 
equilibrium constant (KAB) and rate constant for 
dissociation constant of the solute-ligand com- 
plex in solution (k_3 in eqn. 3c) were also taken 
as lo5 M-’ and 4 s-l, respectively. However, for 
exploration of a wider range of potential 
systems, k_, was decreased and KAB = k,,lk_, 
increased accordingly such that the other ex- 
treme situation reflected a system with k_, = 0.4 
S -’ and KAB = lo6 M-‘. To avoid the problems 
of differential migration of A, B and AB in the 
liquid phase, the column (20 x 0.46 cm) was 
again considered to contain X-sites immobilized 
to an impenetrable matrix, whereupon V: 
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becomes synonymous with the void volume of 
the column. 

In comparison with the treatment of their 
counterparts described above, the quantification 
of these systems with the competitive interaction 
between ligand and solute is rendered far more 
elegant by the availability of the following ex- 
pression [ 161 

2wLx[Xl (da2,‘dF) = 1 + KAB[B] 

{ 

1 ~AB~.4XMBl .- 
k-, + k-,(1 + K,JW2 I (11) 

which describes the flow-rate dependence of 
boundary spreading under conditions of linear 
kinetics. After substituting eqn. 6 for K&X], 
eqn. 11 becomes 

2(V* -Vi) 
(dW?dF) = (1 + KAB[B]) 

$+ Kid v, - V:)Pl 
-I k_,V:(l + K&B])’ I 

(12) 
which, as required, simplifies to eqn. 2 in the 
absence of competing ligand ([B] = 0). The ap- 
proach to be adopted therefore entails substitu- 
tion of the value of k_,, obtainable experimen- 
tally from data in the absence of B (Figs. 4 and 
6), the two measured elution volumes (v,, Vi) 
and equilibrium constants (Kax, KAB [12-141) 
into eqn. 12 to obtain an apparent estimate of 
the rate constant for dissociation of AB complex, 
k “_“,“, from the flow-rate dependence of boundary 
spreading in a series of experiments with given 
free concentrations of solute and ligand ([A] and 
[B], respectively). Because eqn. 12 has been 
derived on the basis of linear kinetics [16], the 
true value of k_, should then be given by the 
limiting value of k”-“,” as [A] + 0. A series of such 
experiments on mixtures with a range of concen- 
trations of solute, [A], is then required for this 
extrapolation to infinite dilution. 

Results of simulations with values of 4.0 s-r 
(0) and 0.4 s-l (A) for k_, and a range of total 
solute concentrations are summarized in Fig. 8, 
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Fig. 8. Analysis of simulated trailing elution profiles, in 
accordance with eqn. 12, to test the feasibility of employing 
flow-rate dependence of boundary spreading in affinity chro- 
matography of a solute (A) to evaluate the dissociation rate 
constant (k_,) for a competing reaction between solute and 
ligand (B) in the liquid phase. Points refer to results from 
simulated elution profiles for a system with [k] = 5 PM, 
[B] = 4 /LM, KAx = lo5 M-l, k_, = 4 s-r and either K,, = 
lo5 M-l, k_, = 4 so’ (0) or K,, = lo6 M-l, k_, =0.4 s-’ 
(A). Dotted lines denote the input values of k_, that should, 
in principle, be obtained from eqn. 12 in the limit that the 
concentration of p-nitrophenylmannoside tends to zero. 

about which the following points are noted. (i) 
Values of k”_b; for these two situations signify that 
their required extrapolation to zero solute con- 
centration to obtain k_, should pose no great 
difficulty, despite the fact that the form of the 
extrapolation is clearly a function of the mag- 
nitude of k_, (or, more generally a function of 
the magnitude of k_, relative to that of k,,). (ii) 
Extrapolation of the two sets of the k”_“3” data to 
infinite dilution yields estimates of 4.2 and 0.44 
s-* for the respective dissociation rate constants 
(k_3). (iii) Such ability to regain the input values 
to within 10% is considered to be sufficiently 
satisfactory to justify an optimistic outlook to the 
prospect of using affinity chromatography for 
quantifying the kinetics of complex dissociation 
(and hence complex formation via KAB) in the 
solution phase. (iv) This finding is particularly 
encouraging in the sense that the major envis- 
aged deployment of affinity chromatography 
entails the characterization of a competitive 
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interaction between solute and ligand in the 
liquid phase. In other words, the affinity matrix 
is likely to be introduced merely as a tool for 
characterizing the kinetics of an equilibrium 
interaction that occurs in the solution phase. 

CONCLUDING REMARKS 

This investigation culminates a probe of the 
possibility that affinity chromatography might 
provide a means of obtaining dissociation rate 
constants for reactions that are too slow for 
study by stopped-flow techniques. In that regard, 
the optimistic conclusion to this study contrasts 
markedly with the disappointing outcomes of its 
predecessors [l-6], and also the criticism [25] of 
the whole approach. As noted previously [7], a 
major contributing factor to the greatly im- 
proved outlook for affinity chromatography as a 
means of studying the dissociation kinetics of 
reactions has been the replacement of zonal by 
frontal affinity chromatography in order to avoid 
the theoretical requirement that two infinitely 
sharp boundaries be generated an infinitesimal 
distance apart. Another change in approach has 
been the quantification of the kinetic contribu- 
tion to boundary spreading on the basis of the 
flow-rate dependence of the second moment, 
thereby obviating the problem of making allow- 
ance for the contribution arising from axial 
dispersion [3-51. Advantage has also been taken 
of the fact that frontal chromatography defines 
unequivocally the solute concentration to which 
chromatographic parameters refer, and that re- 
sults obtained under conditions of non-linear 
(Langmuir) kinetics may therefore be extrapo- 
lated to zero solute concentration for analysis in 
terms of the simpler quantitative expressions 
describing chromatographic migration under 
linear kinetic conditions. However, despite the 
considerable progress that has been made in the 
characterization of reaction kinetics by affinity 
chromatography, it should be noted that uni- 
valency of the solute is an implicit assumption in 
the above simulations and experimental studies. 
Indeed, this consideration has dictated the need 
to design the experiments (simulated or other- 
wise) in such a manner that the protein (con- 
canavalin A or alcohol dehydrogenase) rather 

than the small solute (saccharide or pyridine 
nucleotide) is attached to the chromatographic 
matrix: the procedures described are not applic- 
able to the reverse situation entailing affinity 
chromatography of the proteins with the small 
solute immobilized to a matrix. 

The present investigation also serves to ex- 
emplify even further the power of numerical 
simulation as an aid to the development of 
quantitative procedures for characterizing inter- 
actions on the basis of their effects on chromato- 
graphic migration [7,26,27]. For example, simu- 
lation of the affinity chromatographic behaviour 
of a solute in the presence of a ligand with which 
it also interacts has afforded the means of 
establishing the validity of defining the compet- 
ing dissociation rate constant (k_3) on the basis 
of expressions developed by Hethcote and De- 
Lisi [16] for diffusion-free migration under linear 
kinetic conditions (Fig. 8). Even greater tes- 
timony to the power of numerical simulation 
emanates from consideration of the affinity chro- 
matography of systems in which solute and 
ligand compete for matrix sites, a situation for 
which no quantitative description of boundary 
spreading is available. Despite the consequent 
lack of an analytical expression for description of 
results, it has still been possible to evaluate a 
rate constant for the dissociation of methylman- 
noside from immobilized concanavalin A on the 
basis of the effect of this competing ligand on the 
affinity chromatographic behaviour of p-nitro- 
phenylmannoside on a column of porous glass 
beads with the lectin covalently attached (Figs. 
5-7). 

Finally, it should be noted that the ramifica- 
tions of this particular investigation extend 
beyond the feasibility of employing affinity chro- 
matography to quantify the kinetics of equilib- 
rium interactions that are amenable to study by 
stopped-flow and temperature-jump techniques: 
indeed, their readier study by the latter methods 
is not disputed. This demonstration of the via- 
bility of affinity chromatography for characteriz- 
ing the kinetics of reactions occurring on that 
time scale means that the procedure may also be 
used to quantify the kinetics of any slower 
interaction merely by decreasing the range of 
column flow-rates used to assess the effect of 
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chemical kinetics on the extent of boundary 
spreading. The most important outcome of this 
investigation is therefore the development of a 
protocol whereby affinity chromatography af- 
fords a means of characterizing the dissociation 
kinetics of interactions that are too slow for 
study by stopped-flow methods but too fast for 
study by assaying the time dependence of prod- 
uct formation (or reactant depletion) - a long- 
sought potential [l-6] of affinity chromatography 
that is at last being realized. 
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