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Abstract

It is recently proposed that directed passage of ligand on the surface of enzymes may play an important role in the process of
enzyme activity, as a result of decreasing the required steps of random walking of the ligand toward the active site. Here, we revisited
the approach applied by others, where a cellular automaton is designed to simulate the behavior of a ligand molecule traveling
toward the active site of an enzyme. Since a cellular automaton plane is topologically equivalent to a torus surface, we recommended
the use of a ‘double cellular automata’ to model globular proteins. With the boundary conditions applied, our model is topologically
identical to a sphere. It was shown that using this model, even fewer steps are needed for a molecule to attend the active site. This
assumption can lead to more realistic results in the modeling of surfaces with spherical topology.

© 2005 Elsevier Inc. All rights reserved.
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The centerpiece of enzyme-substrate interaction is the
proper collisions of the two molecules. Therefore, the
rate of an enzymatic reaction is affected by the transla-
tional diffusion coefficient of the smaller molecule, nor-
mally the substrate. This effect is only revealed if the
catalytic efficiency of the enzyme exceeds the delivery
rate of the substrate to the enzyme active site, so that
the reaction becomes ‘““diffusion controlled.”” These so-
called perfect enzyme, possess such a sophisticated bio-
chemical machinery that they can instantly transform
the delivered substrate to the product [1].

Interestingly, there are reports of enzymes whose
association constants exceed the values that are pre-
dicted by Smoluchowski equation [2]. This equation
defines the maximum rate constant for the enzyme-sub-
strate encounter. On the other hand, it has been shown
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that diffusion of the substrate from the bulk solution to
the enzyme active site is too slow to permit the coordi-
nation of heterogeneous metabolic processes in living
systems [3]. Such observations imply the need for
improvements in the classic view of active site and sub-
strate collisions.

To date, several models have been proposed to simu-
late this behavior. Some of them try to find the answer in
the surface properties of proteins in that they assume the
existence of some special “‘trajectories’ on the surface of
the proteins which direct (guide) the substrate to the en-
zyme active site [4,5]; the substrate may spend some time
interacting with the protein surface, before it is guided
to the active site. Therefore, a much larger area of the
protein surface, than the active site itself, may act as a
substrate collector.

To evaluate the consequences of these theories, cellu-
lar automata have been used [4-6]. Cellular automata
(CA) are mathematical models, first introduced by J.
von Neumann as formal models for self-reproducing
organisms. Today, they are widely used as numerical
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solutions to partial differential equations and as models
for chemical, physical, and biological systems [7,8]. They
are regular arrangement of discrete cells that any of
them may have several but finite states. The state of each
cell in any given time depends only on its previous state
and its neighbor cells. Change of a cell’s state may be
based on probabilistic or deterministic rules.

In simple simulations which have been used for mod-
eling ligand passage toward the active site [4—6], the state
of each cell is either “occupied” or “empty.” The cells
may represent single amino acids or areas of the protein
surface. This is the basis of “update rules” of the cells,
i.e., the rules that affect the ligand movement to each
cell. In these models, a ligand in the (i, j) cell can go
tooneof {(i+1,)),(i—1,)), (Hj+1),(i,j— 1)} cells.
In case i — I (or j — I) is not a positive value, it will be
replaced by n, i.e., the ligand ‘jumps’ to the right (or bot-
tom) border of the grid because of the infinity of the sur-
face. A similar replacement approach (but with the value
one) is applied to the situations where i + [ (or j + I) ex-
ceeds n.

With all these movement and boundary rules taken
into account, the cellular automata will have the topo-
logical properties of the surface of a torus (Fig. 1). This
impairs the efficiency of this model to mimic the surface
properties of proteins, which in most known cases, are
closed surfaces (like a sphere).

To obtain the properties of a globular protein (as of a
sphere), we made use of a ‘double cellular automata.” By
this model we mean two simultaneously updated CA
with special movement rules as described below. The
substrate may move to each cell in these cellular auto-
mata, which is an immediate neighbor of the current
cell. In a cellular automaton of size n, whenever i — /
(or j — 1) is less than zero, it is replaced by i (or j), but
the cellular automaton on which the ligand is placed is
changed; i.e., the ligand moves from one cellular autom-
aton to another. The same procedure is performed
whenever i+ I (or j+ 1) exceeds n (Fig. 2).

A software program was written to perform the li-
gand passage simulations using the above-mentioned
model (the program was developed in Managed C++
and is available upon request). For the results to be
comparable to previously published data, we used the
surface parameters as those that had been proposed by
Ghaemi et al. [6]. Briefly, in this model, each cell repre-
sents one surface amino acid, and it holds a hydropathy
index between 0 and 8, corresponding to most hydro-

Fig. 1. Topology of a torus (left) and a sphere (right).
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Fig. 2. Boundary conditions in a double cellular automata model.
Whenever the moving element passes through each boundary (i.e., a, b,
c or d), it moves to the equivalent cell in the other cellular automaton
on the same boundary.

phobic and most hydrophilic side chains, respectively.
This scheme has been adopted from Kyte and Doolittle
[9]. The simulator program assigns a value between 0
and 99 to each cell, directly proportional to its hydrop-
athy and its neighborhood situation. This value repre-
sents the number of water molecules in interaction
with that amino acid. The procedure is that first a ran-
dom number between 0 and 99 is assigned to each cell.
Then the assigned number of nine cells in a 3 x 3 block
is added up and then redistributed over the cells, based
on their hydropathy indices. Then the 9-cell block is
shifted one cell down and right, and the procedure of
summation and redistribution is repeated until a static
pattern of water molecules is reached.

For the number of cells to be relatively the same, we
used either a double CA, each of size 19 x 19 or 27 x 14.
These double cellular automata are, respectively, 7 and
27 cells larger than the original 27 x 27 single cellular
automata used by the Ghaemi et al. [6].

We also extended our simulation to the so-called
Moor neighborhood, where a ligand in the cell (i, j)
may move to any of {(i—1, j—1), (i—1, j), (i— 1,
J+D, G j-D, G j+ D, G+, j—1),G+1,)), ([+1,
j+ 1)} (Fig. 3).

The ligand passage was simulated 5000 times using
each of neighborhood types. In each round of simula-
tion, a different set of random numbers were generated
and the proper hydrodynamic scale was created for it.
The similarity of all the reported procedures and vari-
ables in [6] to ours was strictly watched. All the four
types of protein surface models that were introduced
in [6] were created analogously by the double CA. These
forms are uniform with the hydropathy index of 4, ran-
dom distribution, uniform with the value of 4, and ran-
dom distribution but with diagonal, mid-vertical, and
mid-horizontal lines with the value of 8 (see Fig. 4).
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Fig. 3. von Neumann neighborhood (left) and Moor neighborhood
(right).
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Fig. 4. Directed passage in the uniform and random context. The cells
depicted with dark color possess the hydropathy index 8, while other
cells are assigned 4 in the uniform context, or random integers from the
0 to 8 interval in the random context.

Table 1 represents the comparison of the results of
simulations and the original results reported in [6]. It
must be noted that due to the random nature of ligand
movement on the cellular automata, the travel lengths
will be skewed toward large values. This behavior affects
the mean of travel length simulations. Although this ef-
fect is negligible in movement in uniform and directed
passage cellular automata, it becomes a concern in ran-
domly filled ones.

Table 1
Mean travel lengths averaged over 5000 simulations

To maintain the reproducibility of the results, we
found all the “outlier” and ‘“‘suspected outlier” values
of travel length simulations using the method described
by Hogg and Tanis [10]. In this method, we obtain the
first and third quartiles of the travel length simulations
and define the inter quartile range (IQR) as the differ-
ence between the first and the third quartiles. Any value
which is greater than 1.5 times the IQR is a suspected
outlier and any one greater than three times the IQR
is an outlier. These values were both omitted and not
used to calculate the mean travel lengths. One can ne-
glect substrate molecules with very large travel lengths
toward enzyme active site and consider them as inert.
Therefore, it is rational to remove the effect of these
paths from our modeling, because we are just con-
cerned about those substrate molecules whose paths to-
ward the enzyme active site are facilitated by the
enzyme surface.

As it may be seen, there is a significant decrease in
travel length in the double cellular automata model
compared to a single cellular automaton. The results
are even more remarkable when we note that the num-
ber of cells in our ‘double CA’ is more than those used
in [6].

Bearing in mind the increased similarity of the double
CA model to the protein surface, it can be judged that
the effect of the existence of ligand passage directions
on the protein surface is significantly more than what
had been thought before. One can observe that in our
model there is a 2.9 decrease in travel length from uni-
form distribution to directed passage in uniform con-
text, while the decrease in travel time in single cellular
automaton model was only 1.2-fold [6]. The same pat-
tern is seen in random distribution relative to directed
passage in random context: the decrease in our model
is 4.0-fold while it is 1.3-fold in single cellular automa-
ton model [6]. The observed differences in the two dou-
ble CA models (i.e., 19x19 and 27 x14) may be
interpreted as a simple consequence of the difference
in the number of cells, since the results are approxi-
mately the same in the simulation results of the two
models.

It is also noteworthy that increasing the neighbor-
hood size from 4 to 8 cells (Moor rather than von Neu-
mann neighborhood [8]) decreases the travel length even

Experiment Uniform Random Directed in uniform context Directed in random context
Single cellular automaton [6] (27 x 27) 2142 2522 1778 1984

Double CA/von Neumann neighborhood (19 x 19) 1151 2281 — —

Double CA/von Neumann neighborhood (27 x 14) 1236 2337 429 579

Double CA/Moor neighborhood (19 x 19) 812 1309 — —

Double CA/Moor neighborhood (27 x 14) 884 1402 389 431

To maintain the similarity between our double CA and the CA model presented in [6], we simulated directed passage only in double CA of size

27 x 14.
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more. We may assume that as the 8-cell neighborhood is
a better model of a circle around a center point than the
4-cell model, it is a more realistic approach toward the
movement of a ligand on the protein surface.
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