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Abstract

A new model for biospecific sorption of proteins is proposed. The model considers adsorption on a rigid non-swelling
matrix, in particular, silica. The quantity of ligand accessible to a protein is estimated using the fractal approach. Steric (not
allosteric) interactions between a protein sorbed and a cluster of attached ligands are discussed. It is shown that biospecific
binding of a protein decreases as the surface concentration of attached ligands is increased.
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1. Introduction

The theory of modern affinity chromatography
cannot ignore the following: distribution of attached
ligands over a matrix; co-operative interactions
between a protein and immobilized ligands; *‘multi-
valent’” binding of proteins, etc.

The early papers [1-3] consider only interactions
between a protein and an isolated ligand. These
theories are applicable only to highly diluted sor-
bents. More complex, multivalent interactions be-
tween a protein and clusters of attached ligands are
considered in {4-6].

These theoretical studies provide the fundamentals
for the general theory of affinity chromatography.
However, the majority of the theories consider the
sorbents prepared on the basis of organic matrices
(agarose, cellulose, etc.). At the same time, a consid-
erable number of bioaffinity sorbents are made on
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the basis of inorganic matrices (silica, alumina, etc.)
[7.8]. Mineral bioaffinity sorbents have several ad-
vantages compared to organopolymeric ones. For
instance, they do not swell in organic solvents, are
not biodegradable and are not very expensive.

The problem is that the known theories sometimes
do not give an adequate description of the biospecific
sorption of a protein on an inorganic sorbent. Indeed,
the sorption onto the surface of rigid, non-swelling
sorbent has the following conceptual features:

— First, sorption of a protein cannot be considered
as absorption into a matrix space. Therefore, the
concentration of ligands cannot be expressed as a
reciprocal of the volume of a sorbent. These assump-
tions are likely to be suitable only for swelling
polymer sorbents. We believe that adsorption onto a
surface of a sorbent should be considered.

— Second, it concerns the geometrical accessibility
of attached ligands (Fig. 1). For organic sorbents, the
assumptions are usually made that either 100% of
ligands (1) or an arbitrarily chosen proportion, say
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Fig. 1. Adsorption of a protein on a flat (A) and on an irregular (B) surface.

10% [6], is accessible to a protein. For rigid, non-
swelling sorbents, accessibility of ligands to a pro-
tein can be estimated quantitatively using the idea of
fractality of porous solids [9—-13].The description of
biospecific adsorption on a surface of rigid matrix is
the goal of this study.

2. Results and discussion

2.1. Calculation of concentration of attached
ligand clusters [x.]

To estimate the extent of multivalent interactions
between a protein and a biospecific sorbent one
should know the number of ligands that are attached
on an area equal to the cross-section of the protein
(0,). Evidently, this value is not a constant for the
surface of a real biospecific sorbent. Let us calculate
this variable.

In this study, the population of attached ligands,
which are attached to a randomly chosen area equal
to o, is referred to as a cluster of attached ligands.
To calculate the concentration of clusters of attached

B

ligands on a surface, the following model assump-
tions are done:

1. The sorption of a protein occurs onto a surface of
a matrix and not in the matrix space, as is usually
assumed [1,4,6].

2. The distribution of attached ligands over the
surface follows Poisson’s law. Namely, the prob-
ability of finding exactly / ligands on an area of
surface, p(i), is:

pli) = exp(—m) X m'/i! (1)

where m is the average content of ligands in this
area.

3. The surface concentration of attached ligands,
which are accessible to the protein (c), can be
calculated as [9-11]

C:pX(O'p/O',)'zgd)/z )

where p is the total concentration of attached
ligands (mol/ mz), 0, is cross-sectional area oc-
cupied by the attached ligand, d is the surface
fractal dimension. In other words, the surface of
the matrix can be treated with the fractal scaling
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law [9-13]. It should be noted that the con-
centration of accessible ligands and the total
concentration of attached ligands can differ sig-
nificantly. Fig. 2 demonstrates the dependence of
the share of accessible ligands (c/p) on the
surface fractal dimension d.

4. Attached ligands are non-diffusible and their size
is small in comparison with a cross-sectional area
of a protein (a-p> >a).

Formally, related models are used for the description
of “multivalent protein~-DNA” interactions [14-17].
Indeed, such systems can be considered as one-
dimensional analogues of protein adsorption onto the
affinity sorbent. However, the models suggested in
[14-17] consider the nucleic acid as a sequence of
identical nucleotides arranged at an equal distance
from each other. At the same time, the distribution of
the affinity ligands on the surface of the sorbent is
random and can be treated using Poisson’s law. An
additional difference lies in the fact that the present
model considers the concentration of ligands as a
variable, whereas the amount of nucleotides per unit
length is a constant value. Thus, the model suggested
in this paper and the models of [14-17] are not
analogues, and they should be used in different
cases.

In the framework of the model suggested, p(i) can
be readily calculated as follows:

pli) =exp(—c X a,) X (¢ X ) /i! (3)

Of course Zp(i)=1. However, i can be equal to
zero, i.e. there are areas with a size of more than o,
which do not contain ligands at all. Specific sorption
of a protein does not occur on these areas, so allows
us to exclude them from further consideration.
Instead of p(i), the corrected probabilities p'(i) will
be used:

p'()=p(i)/(1 — p(0)) 4
Then the concentration of i-ligand clusters [x;] is
proportional to p'(i):

i X[x]/c

___concentration of ligands in i — clusters

" total concentration of accessible ligands

=p'(0) (5)
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Fig. 2. Share of ligands with o, equal to | nm’, which are
accessible to a protein with ¢, equal to 50 nm’, as a function of
the surface fractal dimension.

Combining Eqgs. (3-5) and taking into account that
p(0)=exp(—cXo,) one can obtain:

[x,] = c X exp(—c X 0,) X (c X @,) /i X.i!
X (1 —exp(—c X a,)) (6)

This equation is the goal of this section. Using Eq.
(6), one can describe adsorption of a protein on a
surface and interactions between a protein and a
ligand cluster (co-operative, allosteric, steric, etc.).

2.2. Model of steric interactions between protein
and attached ligands

This section considers the reduction of biospecific
binding of proteins due to possible steric interactions
between the protein sorbed and attached neigh-
bouring ligands (Fig. 3). Indeed, affinity ligands are
usually bulky molecules. Therefore, the ligand can
be sterically hindered by proximate neighbours.

It should be noted that the probability of inter-
action between sorbing protein and ‘‘neighbouring”
ligands can be considerable. Let us calculate the
proportion of isolated and clustered attached ligands
for the following typical example: Total concen-
tration of attached ligands (p) is equal to 0.1 groups
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Fig. 3. Interactions between a protein and an isolated attached
ligand (A) and a cluster of attached ligands (B).

per nm” (about 0.06 mmol/ g for sorbents with a
specific surface of 100 m~/g); cross-sectional area of
a protein is equal to 50 nm” and the surface fractal
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dimension is equal to two. Then, using Eq. (6) we
find that the proportion of ligands in clusters with the
number of ligands ranging from two to eleven is
about 68%, whereas the proportion of isolated lig-
ands is 32%.

It is difficult to give a quantitative description of
such non-specific interactions. In this paper we make
the following simplifying assumptions: the specific
binding constant for a protein and an i-ligand cluster
is expressed as follows:

K, = Constant X K, /i" (7)

where K, is a binding constant for an isolated
attached ligand and » is a constant that characterizes
the strength of the interactions. It should be noted
that the essence of parameter b is now out of our
consideration.

The case with 5=0, evidently, means that steric
interactions between the enzyme sorbed and the
ligands are non existent.

Furthermore, we would like to consider two cases:
b=x and 0<b<wx.
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Fig. 4. Dependence of a relative amount of a protein adsorbed specifically on the surface concentration of attached ligands (¢). Surface
fractal dimension was taken to be equal to two, o, was taken to be equal to 50 nm’.
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(1) b=2c. This means that clusters with i>1 do
not bind enzyme at all (K;=0). Taking into account
that the mass of a sorbed protein (M) is expressed as
follows:

M=K Xix,] (8)
and combining Egs. (6,8), we have
M = Constant X ¢ X g, X exp(—c X (rp) (9

Fig. 4 shows the dependence between the relative
amount of protein adsorbed and the total concen-
tration of attached ligands. Note that concentration of
accessible ligands (¢) and total concentration of
attached ligands (p) are unambiguously connected
for rigid matrices (see Eq. (1)).

As one can see, the curve have well-pronounced
extremuma. The increase in the surface fractal
dimension d from two (corresponding to a flat
surface) to three (geometrically non-uniform, mi-
croporous support) leads to the displacement of the
maximum to the region where the concentration of
ligands (p) is higher. The decrease in the cross-

sectional area of the protein (o,) gives similar
results.

(2) 0<b<oc. We believe that the above-mentioned
case (b=2) is unlikely to occur in practice. Indeed,
steric interactions are hardly so strong, and the
sorption of a protein on the clusters with i>1 does
occur. Thus, it is worth considering the case where
the value of parameter » is small. Without loss of
generality, let b=1. Then, from Egs. (6-8), we have

M = Constant X 2(’ X exp(—c X U'P)
X (e X o —p)/it X il X (1 —exp(—c X 7,)

(10)

Fig. 4 shows the dependence of the relative amount
of protein adsorbed on the total concentration of
attached ligands.

The general behaviour of the dependence is simi-
lar to that discussed above. Unlike the case with
b=, this curve has a less pronounced maximum.

It should be noted that the mass of adsorbed
protein depends on the cross-sectional area of a
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Fig. 5. Dependence of a relative amount of a protein adsorbed specifically on the surface fractal dimension of a matrix. The surface
concentration of attached ligands is 0.04 groups per nm’; parameter b= (curve 1), b= (curve 2). o, was taken to be equal to 50 nm™;

o, /o, was taken to be equal to 50.
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protein (0,) (see Egs. (9,10)) and on the surface
fractal dimension (d) (see Eqgs. (1,9,10)). The in-
crease in the surface fractal dimension d (passing
from wide to narrow pore supports) leads to a
decrease in the mass of protein adsorbed (Fig. 5). A
decrease in the cross-sectional area of a protein also
results in a decrease in the mass of adsorbed protein.

3. Conclusions

The following conclusions can be drawn.

The model discussed above considers sorption of a
protein onto a surface of a rigid non-swelling
biospecific sorbent. The proportion of attached lig-
ands that are geometrically accessible to a protein is
estimated using the idea of surface fractality. It was
demonstrated that biospecific sorption can decrease
as the ligand loading is increased, due to neigh-
bouring ligands sterically hindering the formation of
an affinity complex.

The model predicts the maximum on the depen-
dencies between biospecific binding on the sorbent
and the ligand loading. In other words, the maximum
in affinity binding does not correspond to the maxi-
mum of ligand loaded.
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