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Surface-Mediated Enzymatic Reactions: Simulations of Tissue Factor
Activation of Factor X on a Lipid Surface
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ABSTRACT Blood coagulation proceeds via reactions in which zymogen coagulation factors are activated to proteases. An
essential step is the activation of factor X by a complex of tissue factor and factor Vlla. This complex usually is studied using
phospholipid vesicles into which tissue factor is inserted. Because factor X exists free in solution and bound to the
lipid-surface, it is difficult to establish experimentally the kinetic contribution of surfaces. We therefore developed a stochastic
model to simulate such reactions and generate initial velocity data from which Michaelis-Menten parameters are estimated.
Simulated K, values decrease slightly when substrate binding to lipid is increased and by a factor of four when the rates of
surface diffusion are increased to that of fluid phase-diffusion. Simulations with various size planar surfaces established an
enzyme capture radius of 32-64 nm. Simulations with different modes of enzyme-substrate complex assembly show that if
the true substrate is lipid-bound, under certain conditions, the true k., is not measured; rather, the product “leaving rate” from
the complex is the rate-limiting step that is measured as substrate is taken to infinity. This model is applicable to any

surface-bound enzyme reaction.

INTRODUCTION

The specific binding of ligands to receptor molecules em-
bedded in cell membranes mediates many biological func-
tions. Blood coagulation is an essential biological process
that entails surface-bound enzymatic complexes and sub-
strates that can interact by either fluid phase (three-dimen-
sional) diffusion, directly or by three-dimensional diffusion
to the lipid surface, followed by lateral surface diffusion
(two-dimensional) (Nemerson, 1988; Giesen et al., 1991;
Krieg et al., 1987). It is generally agreed that surface dif-
fusion can enhance the enzymatic rates, but the relative
contributions of the two diffusion paths differ with different
reaction mechanisms. This recently has been considered
theoretically for both diffusion-limited reaction sinks on a
cell surface and for reaction-limited targets (Wang et al.,
1992; Axelrod and Wang, 1994). It has been suggested that
surface binding per se enhances the local concentration of
the substrate in a shell around the lipid vesicle, thereby
increasing the effective local substrate concentration in the
vicinity of the enzyme (Nesheim et al., 1984). Alternatively,
it has been suggested that the enhancement of lipid reactions
seen in coagulation reactions is simply a factor of the
greater efficiency of 2D diffusion even though the mean
velocity is slower than in fluid diffusion (Goldstein, 1989).
On the other hand, there is direct experimental evidence that
when the lipids are below their transition temperatures, the
enzymic rates are not altered (Higgins et al., 1985). This
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observation suggests that lipid viscosity is not a limiting
factor in substrate delivery, and one could conclude that
surface diffusion is not a significant path for substrate
delivery. The confounding aspects of lipid binding and
overall reaction rates have been difficult to elucidate exper-
imentally, as emphasized by Hermens et al. (1988), for
prothrombin generation. The most general model for a re-
action occurring on a surface would allow formation of
enzyme-substrate (E-S) complexes with access of substrate
to the enzyme either directly from the fluid or from the
surface. An alternative model is required if the substrate
cannot complex with the enzyme directly from the fluid, or
the substrate activation site is not accessible for unbound
substrate. In this case, if the complexed substrates (and
subsequent products) remain bound to the surface, the com-
plexes are actually lipid-enzyme-substrate (L-E-S) com-
plexes. If the newly formed product is always bound to the
surface, it can significantly impede subsequent formation of
a new productive complex. The magnitude of this effect
obviously would depend on the overall leaving rate of the
product from the immediate vicinity of the enzyme. Such
alternative models have been suggested for the initial step in
blood coagulation in which tissue factor, a transmembrane
protein, forms catalytic complexes with factor VIIa, a sol-
uble serine protease (Nemerson, 1988; Mann et al., 1988).
This complex, in turn, proteolytically activates factor X, a
y-carboxyglutamic acid containing zymogen, to another
serine protease, factor Xa. For the purposes of this study, we
have considered the tissue factor:factor VIla complex to be
nondissociable, which is justified by their very low disso-
ciation constant, ~10 pM (Waxman et al., 1992), and by the
fact that experimentally, virtually complete occupancy of
tissue factor is ensured by keeping factor VIla concentra-
tions very high (Nemerson and Gentry, 1986). This reaction
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is studied experimentally by embedding the tissue factor-
factor VIIa complex into lipid surfaces. We treat this com-
plex as a single lipid-bound enzyme. The reaction’s kinetics
can be varied by altering the composition of the lipid, and
thereby the extent of factor X binding to the surface.

To differentiate these competing models experimentally
has proved to be elusive. An alternative approach, which is
considered in this study, is to simulate the reaction. We have
developed a flexible computer program that models the
activation of substrate by a surface-bound enzyme. Al-
though our specific objective was to simulate the tissue
factor-factor VIla activation of factor X, the model is gen-
erally applicable to any similar surface mediated reaction.
The simulation program combines a structural representa-
tion of the reaction milieu within a grid, with substrate and
product transport processes, and models the kinetics of
activation using our microscopic kinetic model (Gentry et
al., 1995). Two variations of the model are considered in
this report, one for reactions with lipid vesicles, referred to
as the V-model, and one in which the lipid is a surface
analogous to a planar bilayer, which is referred to as the
P-model. Substrate and product diffusion, both in the fluid
and on the lipid, is simulated as random walks on square
grid lattices. Simulation of specific reactions in parallel to
laboratory biochemical experiments can be achieved by
choosing corresponding model parameters such as the con-
centrations of reactants, diffusion constants, and probability
constants corresponding to rates. Such simulations can pro-
vide more detailed observations of the reaction than is
normally feasible for actual biochemical reactions, and thus
provide an additional perspective for examining various
theories of reaction mechanisms.

To introduce the simulation model, we briefly discuss
some theoretical aspects of reaction-diffusion systems. The
general model’s structure and assumptions are introduced,
and three series of simulations are used to explore aspects of
surface mediate reactions. The first explores the kinetic
effect of lipid binding per se. The second establishes the
lipid-radius of capture of an enzyme by varying the
extent of the lipid surfaces. The third series was designed
to examine different models of substrate delivery to the
enzyme.

Theoretical and modeling aspects of diffusion-
and surface-mediated reactions

Diffusion is a stochastic process that can be modeled, on
average, as a deterministic process described by the diffu-
sion equation for the concentration at time ¢ and spatial
coordinates X, C(X, f):

C(X,t) = —-DV*C(X,1).
The diffusion constant D is the mean-square displacement

of molecules per unit time. When the diffusion process is
coupled with a kinetic process that either removes or creates
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molecules, the resulting system is described by a reaction-
diffusion equation of the form

cX, 1) —v(X,t)=-DV*C(X,1)

where v(X, 1) is the velocity at which the diffusing substance
is converted to a product (Britton, 1986; Fife, 1979; Murray,
1977). The nature of solutions C(X, #) depends on the
geometry of the diffusion region, the initial state of the
system, and boundary conditions that must be satisfied at
the surface or enzyme. Theoretical considerations of the role
of reduction of dimensionality in mediating surface reac-
tions have generally assumed spherically symmetric do-
mains, in which molecules diffuse to targets on spheres
(Berg, O. G. and von Hippel, 1985; Adam and Delbriick,
1968; Hardt, 1979). A basic premise in these analyses is that
the reaction is diffusion-limited, so that the reactive target
can be viewed as an annihilation sink, at which the substrate
concentration is zero. This has the effect of removing the
reaction velocity term from the reaction-diffusion model.
Although such assumptions allow the determination of an-
alytical solutions for special cases, techniques do not exist
for solving most diffusion equations with more complex
boundary conditions or geometries. To describe such sys-
tems, either numerical solution of the differential equations
or stochastic simulations must be used.

The stochastic or random nature of diffusion can be
modeled as a random walk (Karlin, 1975). The use of
random walks to model diffusion in biological processes has
been clearly set out by H. C. Berg (1983). We chose this
approach for a discrete simulation model because it allows
one to investigate reactions involving a single-enzyme site
rather than ensembles. Furthermore, it allows modeling of
reactions that are not governed simply by a reaction-diffu-
sion equation because of other factors, such as facilitated or
limited transport or the presence of inhibitors. The model
introduced in this study is novel in that it can be used to
investigate the reduction in dimensionality hypothesis, be-
cause it couples three-dimensional diffusion in solution to
two-dimensional diffusion along a surface. Furthermore, it
can be used to explore the inter-relations between intrinsic
kinetic parameters and the diffusion and lipid-binding
parameters.

The reaction system and model assumptions

The modeled reaction system can be applied to a variety of
surface-mediated biochemical reactions with a reaction mi-
lieu consisting of an aqueous environment containing sub-
strate, S, and product, P, and a surface, which shall be
referred to as lipid, L, that may be either planar bilayer
sheets or vesicles, on which the enzyme, E, is attached. In
an unstirred environment, substrate and product are as-
sumed to move via simple diffusion in the fluid and can
bind to and diffuse on the lipid.

Only a small portion of the reaction environment is
modeled, assuming a steady-state system with uniformly
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structured lipid and randomly distributed protein molecules.
The simulation volume is a cubic region containing a single
lipid vesicle or planar sheet. A lipid vesicle is modeled by
a smaller cube centered in a modeled region while a bilayer
is assumed to lie on a face of the region. Symmetry is used
to extrapolate the simulation results to bulk system kinetic
behavior. The simulation uses a lattice representation of the
region. Noting that an equidistant three-dimensional grid
cannot be established (Loeb, 1976), regular cubic and
square grids are used to model the fluid and lipid surface,
respectively. Substrate and product diffusion is achieved via
a random walk governed by transition rules applied itera-
tively. Molecules can move randomly to adjacent nodes or
remain at the same node. A “collision” on the surface is
deemed to occur when a molecule is designated to move to
an occupied position, in which case the molecule remains in
its original position. Initial and periodic random ordering of
the sequence of molecular movement avoids bias over many
iterations (typically >10°). Reflective boundary conditions
are applied at the boundary of the simulated cube to main-
tain conservation of mass.

Lipid surface attachment involves initial binding, lateral
diffusion and, eventually, dissociation from the surface.
When a molecule encounters the surface is randomly con-
trolled by the diffusion process; the probability that the
molecule then binds to the lipid, P,,,, depends on the
properties of the surface, the molecule, and the energy and
orientation of the collision. The probability of dissociation
from the surface, P.g;, is the reciprocal of the off rate
measured experimentally.

The probability, P, g, that a complex is formed when a
substrate or product encounters a vacant enzyme can be
different for bound and fluid-phase substrate or product.
Similarly, the residence time, T, for an enzyme-complex
may be different for E-S and E-P complexes. The probabil-
ity of activation, P, is invoked after the residence time of
an E-S complex to determine product formation. When a
complex dissociates, the released molecule randomly moves
to an adjacent grid node. Each simulation cycle corresponds
to a period of time of the chemical reaction being modeled,
which depends on the diffusion rates and the assumed grid
length between adjacent nodes. The cycle time is the min-
imum of the mean time required for the fastest diffusing
molecule to “traverse” a grid length, the shortest residence
time of molecules on the lipid surface, and the residence
time of complexes. For fine grids, the fluid diffusion coef-
ficients will generally establish the reaction time-simulation
cycle correspondence.

Computer code for the model has been implemented in
FORTRAN 77 and has been compiled and run on different
platforms, including PCs, Unix, and a CRAY parallel pro-
cessor, which only marginally decreased run time because
the code is interactive and essentially not vectorizable.
Slight variations are required for each platform as the ran-
dom number generator calls the operating system time pe-
riodically to re-seed the algorithm. An external input file is
used to supply model parameters for specific reaction sys-
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tems. The primary output consists of periodic reporting of
the reaction’s progress, the number of collisions involving
the diffusing molecules, the enzyme, and surface collisions
and occupancy. Output options include the ability to track
all or specific molecules and to record the number of cycles
since a molecule last contacted the surface, enzyme, or
another molecule.

Specific model parameters are established on the basis of
known physical and chemical properties of the reactants and
correspond to experimental conditions used in actual bio-
chemical experiments conducted in our laboratory. The
volume, V, of a simulation cell is determined from the
assumption that the modeled cell contains a single vesicle or
lipid sheet:

V=1, ~ 1.66044/[LV] nm®.

To conserve computer memory and processing time, in the
V-model we assume that the reaction system is locally
radially symmetric about each vesicle and we model only
one octant with volume V_, = V/8. The cell is modeled by
a regular cubic grid lattice with N, nodes per edge, a
distance, 8, apart. For the V-model, the grid step length is

&= le/s/(Ng -1 = {0~59208/(Ng — DY[LV]™ nm .

The one-eighth of the vesicle contained in the modeled
octant has volume V, = m°/6, where r is the radius of the
vesicle. To use the same grid structure for the fluid and the
lipid surface, the vesicle is modeled by a cubic sub-grid with
N, nodes per edge, where

Ny = Int{(N, = 1) - [V/Va]7} + 1

and Int{ ...} is the greatest integer less than the value
within the braces.

The number of substrate molecules, Ng, in a modeled
octant corresponding to a bulk substrate concentration, [S],
is

Ns = aN,[S]LV]™,

where a is 1 for a P-model and 1/8 for the V-model.
Physically, the mean time, 7, required for a molecule with
diffusion coefficient D to travel a distance 8 is T = 8%/D
(Berg, H. C., 1983). Normally, the fluid diffusion constant,
Dy, is several orders of magnitude greater than the lipid
surface diffusion constant, D,. Consequently, if a molecule
can move one grid step in the fluid per iteration, to move the
same distance on the surface will take Dy/D, iterations,
approximately.

In the P-model, the lipid is represented by a square
two-dimensional lattice centered on one face of the cubic
lattice corresponding to the fluid region. The lipid’s size or
extent is indicated by the number of nodes per edge, N,. The
simplest model places a single enzyme centered at the
central node of the lipid (requiring N, to be odd to maintain
symmetry). The mass conservation boundary conditions
invoked when a molecule via the random walk algorithm
exits the cube, randomly places another molecule of the
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same type on the same surface, except on the lipid contain-
ing face of the P-model, where molecules exiting are re-
placed at the same distance from the center of the face to
avoid bias.

Simulations of factor X activation by tissue
factor-factor Vila

The model parameters used in the reported simulation were
chosen to correspond to experimental reaction conditions
used in in vivo studies of the tissue factor system. The
enzyme is thus a tissue factor-factor VIla complex, which
we assume to be nondissociable, the substrate, factor X, and
the product, factor Xa. A commonly used vesicle prepara-
tion uses a 0.05 nM concentration of 80-nm radius vesicles
(Forman, 1986). Thus, the average volume of the reaction
region containing one vesicle is 33.2088 X 10° nm® and V,,
= (1.60714 X 10> nm)>. The radius of gyration of a factor
X molecule has been estimated by centrifugal techniques to
be ~3.4 nm, so we assume the substrate diameter is ~7 nm
(Forman, 1986). Arbitrarily choosing the number of grid
nodes per edge to be N, = 100 gives a grid step length of
6 = 16.23 nm and makes the molecules on adjacent grid
nodes separated by ~9 nm. (There was no appreciable
difference in simulations with finer grids, N, = 200.) The
octant of an 80-nm radius vesicle then has five nodes per
edge.

The number of substrate molecules included in the sim-
ulation volume is Ng = 2.5 X 10° [S], and the simulated [E]
is then 0.4 nM when a single enzyme is simulated per octant
or per lipid sheet. Simulated K, determinations, corre-
sponding to the typical laboratory experiment protocols,
involve series of simulations with substrate concentrations
ranging from nanomolar to micromolar values; in all
cases, high [S] exceed 10 K, and V_,, is clearly ap-
proached.

The diffusion coefficient of factor X in an aqueous fluid
is ~5 X 107 nm?/s (Forman and Nemerson, 1986). For grid
length & = 16.23 nm, the average time for molecules to
move one grid step in the fluid is then 7, ~ 2.58 X 107 % s,
Estimates for the lipid diffusion coefficient of factor X
range from 100 to 5 X 10° nm%/s (Alberts et al., 1983).
Thus, our default “normal” ratio of DgD, is 1000, corre-
sponding to D, = 5 X 10* nm?s, with the average time
required for a factor X molecule to diffuse on the lipid
through a region of area 8” being 7, ~ 2.58 X 1073 s. This
is taken as the average time for a molecule to move to an
adjacent grid node on the lipid surface. With these param-
eters, 10° simulation iterations correspond to ~2.6 s of real
reaction time.

Simulations and results and analysis
The effect of lipid binding on K,,, for a vesicle model

The kinetics of factor X activation by tissue factor-factor
Vlla can be significantly altered by varying the composition
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of the lipid to change the charge of the lipid and, thereby,
the extent of substrate binding. To explore these effects, a
set of simulations were run with different lipid binding
parameters. In this set of simulations, the product is as-
sumed to leave the enzyme either directly into the fluid
phase or to the surface.

The tightness of substrate binding to the lipid is generally
indicated by an equilibrium dissociation constant, K, which
in fact represents several more primary constants. Exper-
imentally, the K, can be controlled by altering the com-
position of the lipid using mixtures of acidic lipids like
phosphatidylserine, PS, and neutral lipids, such as phos-
phatidylcholine, PC (Zwaal, 1978; Hermens et al., 1988).
For factor X binding to mixtures of 20% PS and 80% PC,
the Ky has been estimated to be 520 nM (Forman and
Nemerson, 1986) and, for slightly different lipid mixtures,
has been estimated by several different methods to be 100-
200 nM (Hermens et al., 1988).

In our simulation models, surface binding and dissocia-
tion are controlled by the probability of a molecule that
diffuses to the surface will actually bind to the lipid, P, ;,
and the first-order off rate for lipid-bound molecules, k.,
which has been estimated to be 3.3 s~! (Krishnaswamy et
al., 1988). The probability of binding is difficult to measure
because it is conditional on the a priori delivery of substrate
to the surface. If the rate of collision is CR, then

Kd = off.l./(Pon.L * C‘Rs.l) .

The collision rate is controlled by the diffusion process and
[S] in the fluid; it may be calculated empirically from
simulation data recording actual surface collisions. For the
V-model with a D; = 5 X 1077 cm? s™!, the observed
collision rate was 0.095 nM ™' s™*. This gives a K, of 52.7
nM when P, ; = 1 and ko, = 5 s~'. Alternatively, the
apparent K can be estimated for a fixed lipid off rate and
binding probability by a substrate titration series of simu-
lations recording the fraction of lipid-binding sites occu-
pied, F, and fitting the data to

The fractional binding capacity of the surface, F,,,,, was ~1
for simulations with D; = 5 X 1077 cm?s™', P, ; = 1 and
koger, = S5 s™' that resulted in K; = 57.6 + 2.82 nM,
whereas a similar series of simulations with P, ; = 0.1,
which should theoretically result in a K; of about 527,
resulted in a binding isotherm fit of K, of 523.8 * 16.7 nM.

To explore the influence of the lipid-binding parameter
on the enzyme kinetics, simulations were run with different
choices of P, ; and k g, to simulate K, values ~52, 520,
and 5200 nM and infinity (i.e., with no binding to the lipid).
For each K, a series of simulations were performed for at
least 15 values of [S], ranging from 25 to 800 nM; because
of the stochastic nature of the random walk algorithm, the
observed initial velocity data exhibit the variability ob-
served in laboratory experiments, as illustrated in Fig. 1.
These initial velocities were fit to the Michaelis-Menten
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FIGURE 1 Representative K, simulation for lipid vesicle; lipid K, =

520 nM; DgD, = 5000.

equation to estimate K, and V,,, (Table 1). The estimated
maximum velocity is independent of K;. The maximum K,
observed with no surface binding, is only 12.7% higher,
44.61 vs. 39.59 nM, than that observed with K; = 520 nM,
which is approximately the dissociation constant of factor X
observed under comparable conditions (Forman and Nem-
erson, 1986). Thus, variations in lipid binding do not ac-
count for the three orders of magnitude reduction in the K,
observed experimentally when lipid binding is introduced
by changing the lipid composition (D. Repke, R. Gentry,
and Y. Nemerson, unpublished observations).

The effect of lipid size on K|,

Clearly, substrate binding to lipid far from the enzyme will
not have an immediate effect on the enzyme’s catalytic
events; indeed, if it cannot reach the enzyme before closer
substrate can, such binding will have no effect on the
kinetics. To formalize this concept, we introduce the notion
of a region of influence (discussed later) and the effective
capture radius of an enzyme. On a surface, the region of
influence is the neighborhood of the enzyme, indicated by
its radius, in which substrate binding will influence the rate
of reaction; substrate binding to the lipid further away from
the enzyme will not enhance the observed reaction rate. The
radius of capture depends on the mean time for the bound
molecule to diffuse to the enzyme, the time between suc-
cessive enzyme-substrate interactions from both fluid and
surface source substrate, and the residence time of an en-
zyme complex. It depends on the apparent surface diffusion

TABLE 1 Fitted K,,, and V,,,,, for different dissociation
constants for substrate binding to lipid vesicles

Ky
(nM) Kim (M) Vinax ("M s7")
52 3436 +3.29 2.090 * 0.0551
520 39.59 * 3.69 2,056 * 0.0492
5200 43.62 * 3.16 2,037 * 0.0389
® 44.61 = 4.11 2.047 + 0.0511
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rate, which may be slower than the theoretical rate because
of impaired movement when the surface-binding sites be-
come saturated. It also depends on the fluid diffusion rate
and the access of substrate to the enzyme, which affect the
mean time between enzyme complex formations.

To explore these aspects, the P-model was used with
different size lipid sheets, for which apparent Michaelis-
Menten parameters were determined by simulation. The
square lipid of size (N8)® has (N + 1) nodes per edge; N was
even and varied from O to 24. The results in Fig. 2 show an
initial drop in K, as the lipid size increases to N = 6, with
a subsequent rise in the K, as the lipid size increases,
suggesting that for these conditions an effective lipid-radius
of capture for the enzyme may be at most 4 to 8 X §/2 ~
32-64 nm. As the lipid size increases past the lipid-radius
of capture, additional substrate binding to the outer portion
of the lipid not only does not enhance the reaction rate but,
in fact, lowers the fluid substrate concentration. Thus, as the
lipid size increases beyond the lipid-radius of capture the
lipid surface in effect acts as a competitive inhibitor, soak-
ing up substrate and sequestering it from the enzyme. This
effect is most pronounced at low substrate levels when lipid
binding is tight and diffusion is very slow. This phenomena
explains the increase observed in the apparent K as the
lipid size is increased.

The kinetic contribution of a surface per se

To investigate further the kinetic role of surfaces, a series of
four K, simulations was run with the P-model in which the
access of the substrate to the enzyme was controlled as well
as binding to the lipid. The X, and V,,, calculated from
simulations with a square lipid of size N = 10 are indicated
in Table 2. The apparent K, is greater when only bound
substrate can form E-S complexes than when both fluid and
lipid bound substrate can form complexes. This indicates
that the mean vacancy time of an enzyme is greater without
fluid source substrate. This restriction must then influence
the lipid radius of capture of an enzyme. To demonstrate the

10—
160
140
1201
1007~
801~
601
4=
201

Km (M)

N (Grid Lengths)

FIGURE 2 The apparent K, as a function of the size, N?, of the planar
lipid sheet: grid Length 16.23 nm; relative diffusion ratio Da:D, = 1000.
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TABLE 2 Simulations of lipid bilayer model with restricted
access to the enzyme and with and without substrate binding
to lipid

Substrate Source
Fluid only Fluid only
Fluid and Lipid with lipid without lipid
lipid only binding binding
K, (nM) 73 75 269 208
Vonax (NM/S) 16.2 15.1 18.6 16.5

influence of fluid access on the capture radius, another set of
simulations were run, varying the lipid size, but this time
only permitting lipid bound substrate to bind with the en-
zyme. The results, indicated in Fig. 3, were similar to those
with both pathways of substrate delivery; however, in this
case the apparent radius of capture increased to 4 to 10 X
8/2 or 32—-80 nm. Thus, restricting enzyme access to only
lipid-bound substrate molecules increases by 25% the upper
bound for the lipid capture radius.

Enzyme complexes and mandatory lipid binding

A controversy that has persisted in the coagulation field is
the nature of the enzyme-substrate complex for specific
reactions. One school of thought is that lipid or surface
binding of the substrate is an essential prerequisite to the
formation of an enzyme complex (Mann et al., 1988), which
implies that the complex is formed with the substrate still
bound to the lipid, yielding a lipid-enzyme-substrate (L-
E-S) complex. To elucidate the implications of such models,
a series of simulations was run with two different P-models.
One being the standard E-S model used previously, in which
E-S complexes can be formed with various controls of
substrate access to the enzyme and no restrictions on the
substrate leaving a complex. The second, referred to as the
lipid-complex or L-E-S model, has mandatory binding of
substrate to the lipid before formation of a L-E-S complex.
In this model, substrate remains adjacent to the enzyme on

160

14O
L
1001~

804

Km (nM)

40
-1

2 6 10 14 18 22
N (Grid Lengths)

FIGURE 3 The apparent K, as a function of the lipid size, N%; condi-
tions are as in Fig. 2, with substrate binding to the enzyme only permitted
from the lipid surface.
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the lipid surface and consequently product, upon formation,
is also bound to the lipid. Hence, after the dissociation of
the L-E-S complex, the movement of the released substrate
or product is governed by the diffusion rate on the lipid and
the off rate from the lipid. In analyzing the initial velocities
of these simulations, the calculated K, is an “apparent” K|
as the observed k., denoted by k., .. depends on the
reaction environment rather than simply the true catalytic
efficiency of the enzyme.

Before considering simulations with different models of
enzyme complex formation, we make a slight diversion to
discuss the relationship between the observed and the the-
oretical values of k_,.. The maximum possible catalytic rate
of the reaction is T, as

kcat = Pact/Tres M

This equation assumes that enzyme is 100% occupied by
substrate (and never product), which presumes instanta-
neous substrate access to the enzyme when [$] is very high.
This is not the case when restrictive assumptions are made
concerning the formation of enzyme complexes or the pro-
cess by which dissociated substrate or product leaves an
enzyme. In our models and, we conjecture in real reaction
systems, restrictions on the leaving process effectively in-
crease the probability of activation above the putative value
of P,, This occurs when the surface is saturated and
unconverted substrate cannot leave an enzyme complex
because of occupancy of adjacent sites; the prolonged res-
idence time increases the substrate’s chance of activation. A
similar prolongation has been suggested in response to
increased fluid viscosity (Somogyi et al., 1978; Somogyi
and Damjanovich, 1975). The theoretical formula for k,
must be modified for our simulations because an uncon-
verted substrate that cannot leave the enzyme, because the
adjacent lipid site is occupied, is given another chance to be
converted to a product. An attempt to move the molecule is
made on the next iteration, with the probability the same
chance, P, ,, of being activated. This process is repeated
until the molecule leaves the enzyme. Thus, the modified
theoretical bound for k_,, will be larger by a factor of F =
1/1 — P), where P = (1 — P, )P, and P, is the
probability of the destination site being occupied, which
naturally increases with increasing substrate levels and is
also a function of the lipid K.

For instance, in the basic P-model, considering the
chance that a nonconverted substrate is designated to move
to an occupied lipid site, gives this factor as F = 1.168
when lipid saturation is 90%, and F = 1.19 when the lipid
is 100% occupied. The corresponding effective probabilities
of activation at high substrate levels are then 74 and 76%
compared with the theoretical 64% entered as the model
parameter P, . Table 3 indicates the impact of lipid satu-
ration on the modified theoretical upper bounds for the
observed k_,,.
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TABLE 3 Upper bounds for the observed value of k..,

Tes (5) 0.0008
Theoretical k_,, (s™')
no saturation effect
Modified k., (s~ ')
90% lipid
occupancy
Modified k_,, (s™")
100% lipid
occupancy

0.016 0.00016

40 800 4000

46.7 934 4672

47.6 952 4760

Upper bounds for the observed value of k_;

A similar modification of the theoretical upper bound for an
observed k_,, can be made for the lipid-complex model. A
significant feature of this model is that the substrate or
product leaving the enzyme is attached to the lipid and, thus,
remains near the enzyme for a short period. This means that
substrate not converted to product may re-contact the en-
zyme at a greater rate than the statistical average for the E-S
model with completely free egress of substrate/product from
an enzyme complex. It also means that recently enzyme-
associated products may present a physical barrier to en-
zyme access, thus lowering the apparent k_,. Because the
L-E-S simulation model restricts both enzyme access and
egress to only four adjacent lipid binding sites, the theoret-
ical k,, for this model is given by the modified formula:

P,./max{T,., LDT/4} .

kcat -

where LDT is the mean time between diffusion moves on
the lipid surface.

The results of simulations of the L-E-S model with P,
= (.5 and the off rate from the complex governed by the
indicated T, are indicated in Table 4. In these simulations,
K4 was kept constant by varying P, ; and k., inversely.
Simulations were run with [S] ranging from 2 to 4000 nM
and from 40 to 40,000 nM for low and high K, values,
respectively. In general, the fact that the k_,, ., are signif-
icantly below the values expected theoretically indicates
that under certain conditions, namely, when both surface
diffusion and the k¢ are slow, the reaction at infinite [S]

TABLE 4 L-E-S lipid complex model
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is governed by these parameters rather than by the intrinsic
k

cat*

L-E-S lipid complex model T,

To discern whether it is the limited access to the enzyme or
the restricted egress that is the controlling factor, a similar
set of simulations were run with the E-S model and enzyme
access limited to surface-bound substrate. In this case, the
product is allowed to leave directly to the fluid phase, which
should partially relieve any product inhibition. The results
of these simulations are shown in Table 5. Under these
conditions, the k_,, ., is still limited by the diffusion rate on
the surface when 7, is short. Note that in this model when
the surface is blocked the product can escape to the fluid
phase directly.

E-S complex planar model: only lipid-source
substrate T,

The more general E-S model, with no restriction on sub-
strate access to the enzyme, was also examined. As indi-
cated in Table 6, removing restrictions on enzyme access
raises the k., .- When both lipid-bound and fluid phase
substrate are allowed to form E-S complexes, the k., obs
becomes essentially independent of the two-dimensional
diffusion rate. However, the K, varies inversely with the
two-dimensional diffusion rate, with the change being most
pronounced when the enzyme-substrate complex residence
time is shortest. Thus, the effect of allowing fluid-source
substrate direct access to the enzyme is to relieve the prod-
uct inhibition and surface saturation effects seen when pre-
vious lipid binding is mandated for a substrate to form an
E-S complex.

DISCUSSION

A central issue in the study of biochemical reactions that
occur on cell or lipid surfaces is the extent to which surface
diffusion influences the kinetics of the reactions. Some very
important aspects of surface-mediated biochemical reac-

Tres (8) D¢D, PonL Ko 571 K. * SE (nM) keacons * SE (s
0.016 1000 0.5 5 885 = 12.2 35.1 % 1.02
0.016 1000 1.0 10 67.8 84 344 084
0.016 10 0.5 5 126 = 1.7 440 =113
0.016 10 1.0 10 93x14 429 = 1.16
0.0008 1000 05 5 161 = 13.6 78.4 * 1.60
0.0008 1000 1.0 10 164 + 222 86.9 + 2.85
0.0008 10 0.5 5 214+ 2638 639 + 202
0.0008 10 1.0 10 199 = 243 720 + 21.8
0.00016 1000 0.5 5 171 £ 193 87.1 £2.39
0.00016 1000 1.0 10 181 * 26.0 94.8 * 3.34
0.00016 10 0.5 5 442 318 1091 * 23.4
0.00016 10 1.0 10 396 = 57.1 1342 £ 55.7
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tions cannot be easily investigated experimentally, such as
the kinetic contributions of surfaces per se or the implica-
tions of saturable surface-binding capacity for alternative
models of enzyme-substrate complex assembly. To study
such phenomena, we developed a flexible computer simu-
lation model that incorporates both surface and fluid diffu-
sion with a microscopic kinetics model. It extends existing
methodology because it does not impose a sparse substrate
restriction and allows fine control of substrate (or product)
access to or egress from a surface-bound enzyme, binding to
and dissociation from the lipid surface, diffusion rates in the
fluid and on the surface, and the kinetics of activation.
Consequently, by systematic simulations, with variations
in specific parameters, the model can be used to explore
the contributions of each factor to the apparent reaction
kinetics.

Experimental evidence suggests that the rate of factor X
activation depends critically on the composition of the lipid.
The activation of factor X using a 30:70 PS/PC mixture is
held generally to be much faster than that observed with a
pure PC lipid that does not bind factor X. The reason that
the introduction of lipid-binding increases the efficiency of
the reaction is that it reduces the K. Variations in lipid
composition can be simulated by varying the effective dis-
sociation constant for the binding of substrate and product
to the surface by changing the probability of binding and the
off rate from the lipid. The estimates of Michaelis-Menten
parameters presented in Table 1 have SEs of ~10%, reflect-
ing the stochastic nature of the simulations. The observed
K., decreased monotonically as the lipid binding became
tighter, suggesting that two-dimensional diffusion, even
when assumed to be slower by a factor of 5000, creates a
more efficient mechanism for supplying substrate to the
enzymatic site. However, the observed increase in the K
between relative tight binding, K; = 52 nM, and no lipid
binding, K; = %, is too small to account for the increase
observed experimentally. One set of negative simulations
does not in any way prove or disprove what is actually the
cause of the experimental observations. It does suggest that
there is more to the incorporation of acidic phospholipids
than simply introducing surface binding of the substrate.

TABLE 5 E-S complex planar model: only lipid-source substrate
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The effective surface-radius of capture was investigated
by a series of simulations using the planar model in which
the extent of the lipid surface was increased, allowing more
substrate to bind to the lipid but progressively at greater
distances from the enzyme. The observed two-thirds de-
crease and subsequent increase in K, as the lipid became
larger (Fig. 2) occurred with no significant change in V..
These data suggest that the radius of capture of an enzyme
on the lipid surface, under the simulated conditions, is in the
range of 41--74 nm; substrate binding beyond this distance
in fact increased the K,,. When access to the enzyme was
limited to only surface-bound substrate, the upper bound for
the radius of capture increased to ~90 nm, reflecting the
increased vacancy time of enzymes because of reduction in
substrate collisions with the enzyme when [S] =~ K|,

The kinetic contribution of a surface per se

To explore the effect of surfaces per se on activations by
surface-bound enzymes, a set of simulations was run with
various limitations on the access of substrate to the enzyme.
The full access model was compared with models with
access limited to fluid phase substrate, both with and with-
out concurrent binding to the lipid surface, and to a model
with access limited to surface-bound substrate. As might be
expected, the data of Table 2 indicate that restriction to
lipid-bound substrate increased the apparent K, by ~20%.
However, restriction to fluid-phase substrate resulted in a
threefold increase in the apparent K, reflecting the non-
productive sequestering of substrate on the lipid surface.
In a pure reaction system with a 100% efficient enzyme,
the apparent K, indicates the substrate concentration at
which the average vacancy time of the enzyme is equal to
the average residence time of an enzyme-substrate complex
(Gentry et al., 1995). The increase in K, ,;,, that arises when
only lipid-source substrate is permitted to bind to enzyme
indicates greater enzyme vacancy times for low substrate
reactions than occur when both fluid and lipid source sub-
strate are permitted to bind. Consequently, one would ex-
pect the capture radius for the enzyme to increase under the
restricted conditions. The data shown in Fig. 3, for simula-

Tres (S) Df/DI Pon.L KofﬁL (S_l) Km + SE (HM) kcal.ohs * SE (sil)
0.016 1000 0.5 5 820+ 104 382+ 1.00
0.016 1000 1.0 10 95.1 £ 83 429 * 0.80
0.016 10 0.5 5 134+ 19 453 * 1.24
0.016 10 1.0 10 17.0 £ 1.7 48.5 = 0.95
0.0008 1000 0.5 5 490 = 50.9 168.0 = 5.34
0.0008 1000 1.0 10 435 + 68.3 170.0 = 7.95
0.0008 10 0.5 5 338 =29.8 864.3 = 21.2
0.0008 10 1.0 10 295 + 22.8 961.1 = 20.0
0.00016 1000 0.5 5 498 + 74.1 183.1 £ 6.43
0.00016 1000 1.0 10 559 £ 63.5 181.4 = 5.06
0.00016 10 0.5 S 2206 * 85.8 3669 = 37.0
0.00016 10 1.0 10 1999 £ 97.0 3811 £ 46.3
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TABLE 6 E-S complex planar modet: fiuid and lipid-source substrate

Tres (S) Df/Dl Pon.L KoffAL (S_ 1) Km + SE (nM) kcat.obs * SE (s_l)
0.016 1000 0.5 5 672 105 429 +1.31
0.016 1000 1.0 10 95.7£9.0 47.8 £ 0.97
0.016 10 0.5 5 16.8 = 3.1 46.6 = 0.95
0.016 10 1.0 10 17.4 £ 3.6 489 = 1.13
0.0008 1000 0.5 5 3741 £ 297 856 + 21.5
0.0008 1000 1.0 10 3689 * 350 921 *+ 27.6
0.0008 10 0.5 5 339 + 30.8 934 + 23.5
0.0008 10 1.0 10 326 £17.5 966 + 14.4
0.00016 1000 0.5 5 22800 = 1617 4350 £ 177.3
0.00016 1000 1.0 10 22176 = 1151 4526 * 133.7
0.00016 10 0.5 5 1817 £ 44.6 3572 = 40.7
0.00016 10 1.0 10 1770 £ 724 3917 = 73.7

tions with enzyme binding restricted to lipid-bound sub-
strate, indicate an increase in the apparent radius of capture
to the range 73— 89 nm. Curiously, the minimal apparent K,
is ~70 nM for both scenarios (Figs. 2 and 3), suggesting
that the increased capture radius compensates, at least to
some extent, for the lack of fluid-phase substrate accessi-
bility to the enzyme.

The difference between observed k., values and the
corresponding theoretical bounds (Tables 3 and 4) when
enzyme access is limited to bound substrate is a conse-
quence of the saturability of the surface. In this situation, the
true V,,,, is not attained because the underlying assumption
of infinite substrate concentration, implying an infinite col-
lision frequency between E and S, is not fulfilled. This
phenomenon is clearly present in the lipid-complex model
simulations (Table 4). To summarize these results, when the
k., is fast, it is not the rate-limiting step, which is the
overall leaving rate of product from the vicinity of the
enzyme. Conversely, if the true k,, is slow compared with
the leaving rate, the observed and calculated values for this
parameter agree. Thus, for example, with the experimen-
tally suggested ratio of diffusion rates, D;/D; = 10°, when
T,.s < 6.5 X 107* s, the reaction is diffusion-limited,
because the leaving rate is LDT/4 ~ 0.65 X 10~ * D,/D,,
and the modified theoretical k., = 985 is about 10 times the
Kcat.obs When T, = 0.00016 s. For the lipid-complex model,
kearobs iS also influenced by the off rate of substrate and
product from the lipid surface, as observed in the consis-
tently lower values when K_ g, is 5 vs. 10 s~ Differences
between the simulation based parameters and the theoretical
bounds also arise because the ideal assumptions of the
theoretical analysis are not satisfied. For example, one of
the reported simulations with [S] = 4000 nM had ~12%
product-enzyme complexes, which clearly would reduce the
Kkcatobs- An additional factor is the vacancy of lipid-binding
sites adjacent to the enzyme, which occurs even when the
substrate concentrations are very high and in turn results in
enzyme vacancy, which was observed to be ~8% of the
time at [S] = 4000 nM. The k_, s With the E-S model
(Tables 5 and 6) agree relatively well with the theoretical or
modified theoretical values when the reaction is slower (7,

(2

= 0.016 s) and when the lipid diffusion is fast (D¢/D; = 10).

For only lipid source substrate E-S simulations (Table 5),
the modified theoretical k_, is not achieved for all residence
times when the diffusion ratio, Dy/D,, is 1000; the corre-
sponding estimates are considerably higher when the en-
zyme is accessible to both fluid and lipid source substrate.
Even with fluid substrate enzyme accessibility, very fast
reactions cannot easily reach the theoretical k_,, when Dy/D,
= 1000, with k_,, ., less than half the theoretical maximum
(Table 6). It is interesting to note that the basic E-S model
Michaelis-Menten parameters change with T, when sur-
face diffusion is relatively very fast, but not for the diffusion
ratio that is probably closer to the physiological state.

CONCLUSIONS

Our simulation model provides a complement to laboratory
experiments designed to elucidate the mechanisms of spe-
cific surface-mediated enzymatic reactions. In general, our
simulations confirm the observations of Axelrod and Wang
(1994) that surface contributions to reactions are compli-
cated and depend on many parameters. In particular, our
simulations provide insight to the kinetics of factor X acti-
vation for two possible mechanisms for the assembly of the
enzyme-substrate complex. We have shown that the models
of unrestricted assembly of E-S complexes and of the for-
mation of lipid-enzyme-substrate complexes requiring pre-
vious lipid surface binding of substrate are difficult to
distinguish when the enzyme’s intrinsic catalytic rate is not
too fast. As the reaction becomes faster, the lipid-complex
system does not reach the true k_,, of the enzyme as [S]
increases to “infinity.” Instead, the maximum velocity is
limited by the diffusion rate on the lipid and the rate at
which product can leave the enzyme. These factors are
mitigated by the saturation of surface-binding sites for sub-
strate and product. This suggests that one way to distinguish
the two models experimentally would be to decrease the
lipid diffusion rate, or the substrate’s affinity for the mem-
brane, by changing the lipid composition or its ionic
strength. Under these conditions, we would expect that the
lipid-complex model have much lower k,, . and K, than
would be observed for the general E-S model. Other simu-
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lations using a vesicle model showed that simply increasing
the binding of substrate to the vesicle can decrease the
apparent K, of the reaction by only one-fourth, and thus
cannot account for the magnitude of change observed ex-
perimentally for factor X when acidic phospholipids are
used instead of neutral lipids. This may be a function of the
fact that the radius of capture of an enzyme, under the
conditions simulated in this paper, is apparently 60 nm and
increases to only 90 nm when only bound substrate can
form E-S complexes. Thus, it would appear that lipid bind-
ing, with its inherently more efficient diffusion, is not as
important kinetically as other surface effects, such as ori-
entation of the substrate or restriction of the rotational
diffusion of the enzyme.

This work supported in part by grant OPG00(09100, Natural Science and
Engineering Research Council, Canada, and grant HL 29019 from National
Institutes of Health.
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