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We have modelled the effects of macromolecular adsorption upon lipid lateral diffusion in a two-component lipid bilayer or
monolayer, which is at a temperature above both of the main transition temperatures. One set of lipids (binders, b) can bind to
the macromolecules with a free energy of binding, Fp, while the other set does not bind (non-binders, nb). We assumed that no
phase separation of the lipids occurs in the absence of adsorbed macromolecules. We represented the lipid bilayer /monolayer by
a triangular lattice, each site of which is occupied by a lipid molecule. Adsorbed macromolecules were represented by hexagons
covering ny sites, and we defined a probability per unit of time, p, that a hexagon attempts to adsorb onto the lattice. We
considered two sizes of hexagons, ny = 7 (Size-1) and ny = 19 (Size-2) and disallowed or permitted adsorbed hexagons to move
laterally on the lattice. We calculate the lipid relative diffusion coefficients, D, and D,, for three characteristic time-regimes,
(D) 7, < 7, (ii) 7, = 7, and (iii) 7, > 7,, where 7, and 7, are the times for proteins to adsorb/desorb or for lipids to move from
site to site, respectively. We obtain analytical expressions for D, and D, in the first case and calculate them using computer
simulation in the other two cases. We found that (i) D,(ii) < D (ii) < D (i) (@ = nb, b); (ii} D, could display a shoulder as a
function of Fy for low values of p; (iii) compared to cases in which lateral diffusion was disallowed, the lateral diffusion of
absorbed hexagons appeared to have little effect on D, but could cause D, to increase by 50%. (iv) Scatter in the calculated
values of D via simulation appeared to be largest for Size-1 hexagons, and could be understood as a consequence of the large
interfacial region between areas free of hexagons and areas ‘covered’ by hexagons. Our results suggest that it is advisable to
measure Dy, since D, might show little change from 1.0 for the values of F and p appropriate to the system being studied.

Introduction protein concentration in a lipid bilayer. These papers

have used either lattice models and Monte Carlo meth-

An understanding of the process of protein adsorp-
tion onto the surface of lipid bilayer membranes or
monolayers is a challenge to both experimentalists and
theorists. While much work has been done on protein
adsorption at solid /liquid interfaces [1-5], relatively
little work has been done on the adsorption of proteins
onto lipid bilayer membranes or monolayers [6-11],
and then it has not been concerned with a calculation
of diffusion coefficients [12,13]. The intention of this
paper is to introduce and study a model of extrinsic
proteins interacting with a lipid bilayer membrane or a
lipid monolayer in order to see the effect of protein
adsorption upon lipid lateral diffusion coefficients. In
recent years, a number of theoretical papers appear to
have understood the decrease of tracer or protein
lateral diffusion coefficients with increasing integral
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ods to simulate diffusion [14,15], or else related the
diffusion coefficient to a pair correlation function which
was then calculated [16]. It was found that there was
excellent agreement between all approaches [17-20]. It
was also found that experimental data on protein self-
diffusion could be understood by introducing an attrac-
tive interaction between model proteins (Ref. 21; see
also Refs. 22, 23). Recently, the effect of different
concentrations of polymerized lipids (‘macrolipids’)
upon the lateral diffusion coefficients of labelled lipid
molecules and macrolipids was modelled and the re-
sults compared well with measurements [24]. These
successes support the view that Monte Carlo simula-
tion methods can be used in appropriate circumstances
to model lateral diffusion in the plane of a bilayer or a
monolayer.

Here, we will model the lateral diffusion of lipid
molecules in the plane of a lipid bilayer or monolayer,
onto which macromolecules, e.g., proteins, are adsorb-
ing/desorbing from a bulk in contact with the inter-
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face. Our intention is to calculate how such macro-
molecules affect the relative diffusion coefficients of
lipid molecules in the plane of the bilayer. Clearly, this
process introduces an aspect not present in the models
of the movement of integral proteins in lipid bilayers.
In the latter case the rate of change of protein configu-
rations in the bilayer is determined by the diffusion
coefficient of proteins in the plane of the bilayer.
Generally, this is less than that of the lipids, so that the
important parameter is the protein concentration in
the bilayer. The correlation time for protein configura-
tions is relatively long compared to the time to move a
distance equal to the diameter of a lipid molecule. In
the case considered here, an important parameter is
not only the concentration of macromolecules ad-
sorbed onto the surface, but also the rate of adsorp-
tion /desorption. The latter is determined not by the
viscosity of the bilayer /monolayer, but by the binding
energy of the macromolecules to the interface and by
the density of macromolecules in the bulk which deter-
mines their flux onto the interface.

In the next section, we describe the model that we
will use, describe the computer simulation procedure,
and discuss time-, length-, rate- and energy-scales. We
then present the results of computer simulations, and
discuss them.

Theory

(i) The model

We represent the outer half of the lipid bilayer by a
triangular lattice, with periodic boundary conditions,
each site of which can be occupied either by a ‘lipid
molecule’ which binds the macromolecule in question,
(‘binders’) or by one which does not (‘non-binders’).
We assume that the hydrocarbon chains of both types
of lipids are essentially identical. Thus, a bilayer made
up of a mixture of DMPC (non-binders) and DMPG
(binders) could serve as a membrane to study the
adsorption of poly(L-lysine). The plane of the mem-
brane is assumed to be in contact with an aqueous
solution which contains macromolecules, such as pro-
teins. These macromolecules can impinge upon the
surface of the membrane, thereby interacting with it.
The free energy of interaction can lead to the molecules
being bound on the surface (adsorbed) and subse-
quently being desorbed if the binding energy is suffi-
ciently small. We assume that only monolayer coverage
of the membrane surface by macromolecules is at-
tained [25]. We represent the adsorption ‘footprint’ of
a macromolecule onto the bilayer surface by a hexagon
which covers seven lattice sites, with the hexagon cen-
tre at one site and its vertices at the other six. Both
binders and non-binders can be under such a hexagon.
A binder under such a hexagon may be bound to the
hexagon or not. The total binding energy of an ad-

sorbed macromolecule is proportional to the number
of binders, under the hexagon, which are actually bound
to the hexagon.

Lateral movement of lipid molecules is achieved by
allowing them to move from site to site by effecting an
exchange with one of their nearest neighbour lipids:
any two nearest neighbour lipids can interchange their
positions unless one, or both, of them is bound to a
hexagon. We shall consider the two cases in which an
adsorbed hexagon is constrained to be laterally immo-
bile on the plane of the bilayer, or may move laterally
taking with it those lipids to which it is bound. We
assume that the temperature of the system is such that
both types of lipid are in their ‘fluid’ states, so that we
need not concern ourselves with phase transitions or
phase separation, except for the possible sequestering
of binders under adsorbed hexagons [9,26].

(ii) Computer simulation

We will use the standard Metropolis Monte Carlo
algorithm [20]. In the course of the simulation, thermo-
dynamic quantities of interest are averaged over an
appropriate number of Monte Carlo steps. One Monte
Carlo step involves, first, attempting to adsorb a
hexagon; second, attempting to desorb hexagons by
breaking bonds which have arisen when a hexagon
binds to a binder; and, finally, attempting to move all
lipids, and all bound hexagons, together with the lipids
to which they are bound, if this is allowed. In order to
carry this out we need to specify (i) the probability, per
Monte Carlo step, p, that a hexagon centre will at-
tempt to be adsorbed onto a lattice site and (i) the
free energy of binding divided by kT, Fg, (Fz<0)
between a hexagon and a binder. 7 is the absolute
temperature and k is Boltzmann’s constant. With these
specified, one Monte Carlo step consists of the follow-
ing:

(a) A site is randomly selected and a random num-
ber, R, 0 <R <1, is chosen. If R <p and if that site
and all of its six nearest neighbours are not already
occupied by a hexagon, and if at least one of those
seven sites is occupied by a binder, then the hexagon is
placed there and all binders on those sites are consid-
ered ‘bound’ (to that hexagon). This procedure is re-
peated for all sites of the lattice.

(b) All hexagons are visited once and only once
using a random sequence. Any unbound binder which
is under a hexagon becomes bound, since the energy of
the system is thereby decreased. One attempt each is
then made to unbind each bound binder (including
those which became bound in this Monte Carlo step as
described above) which is under that hexagon. For
each such bound binder, a random number, R’, 0 <R’
<1 is chosen. If R’ < exp(+ Fg) then that binder be-
comes unbound. If, at the end of this step, a hexagon is
bound to no binder, then it is desorbed and removed



from the lattice. It should be noted that we are not
attempting to unbind all the bound binders under a
given hexagon, collectively, but rather we attempt to
carry this out individually for each bound binder.

(c) All non-binders and binders are visited again in a
random sequence. If the choice is a bound binder then
the next choice is made. If an unbound binder or a
non-binder is chosen, then one of its six nearest neigh-
bour sites is chosen randomly. If the object at this site
is an unbound binder or a non-binder, then the two
objects interchange their position.

(d) In cases in which hexagons are permitted to
move laterally in the plane of the bilayer, all hexagons
are visited in a random sequence. One of the six
directions is chosen randomly and an attempt is made
to translate a hexagon, together with the lipids which
are bound to it, by one lattice constant. This attempt is
successful if, in so moving, the hexagon does not oc-
cupy sites already occupied by another hexagon.

The vector distance moved in this way by an un-
bound lipid in (c) or by a bound lipid in (d) is added to
the total vector distance moved by the object which was
moved, but nothing is added to the total vector dis-
tance moved by the object which was occupying the
nearest neighbour site, unless that, too, was a bound
lipid moved during the movement of an adsorbed
hexagon. Thus, let an object visited at the M-th Monte
Carlo step be labelled i. Let it be initially at site r and
let it have moved a total vector distance of R(i) from
the start of the simulation up to, and including, step
M-1. Let the nearest neighbour site at r’ be occupied
by the object j which has moved a vector distance R(j)
also during M-1 Monte Carlo steps. If the two objects
can be interchanged, then after the exchange, object i
is at r’ and has moved a vector distance R(i) + (r’ — 1),
while object j is now at r and has moved a distance
R(j).

If we average R(i)? separately over all binders and
non-binders for a sufficient number of Monte Carlo
steps then we will obtain (r?), and {r2),, respec-
tively. The relative diffusion coefficient (in units of the
lattice constant, a?) is given by

D, =%, /M, a=b,nb ¢

where b and nb denote ‘binder’ and ‘non-binder’. It is
these quantities which we will calculate and study.

(iii) Relative time scales

There are three time scales in the process of protein
adsorption at lipid bilayer interfaces, as described here,
and we now consider their relative magnitudes and
their effect upon lipid lateral diffusion: (a) The charac-
teristic time, 7,, for a lipid to move a distance equal to
the average lipid-lipid distance. In cases where we
permit lateral movement of adsorbed proteins on the
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bilayer, there will be the characteristic time for it to
move through one average lipid-lipid distance. Because
of the weak dependence of two-dimensional mobility
upon the mass of the moving object [27], this time is
approximately 7, unless the adsorbed protein is some
orders of magnitude larger than a single lipid molecule;
(b) the characteristic time taken, r,, for an unbound
protein to traverse a region of non-zero bilayer-protein
interaction adjacent to the bilayer, and either impinge
upon the bilayer or move away from the bilayer and
then leave this interaction region; (c) the characteristic
times, 7, and 7, for a protein to form a bound state
with a (binder) lipid molecule and to make a transition
from such a bound state to an unbound state, respec-
tively.

Here we assume that the thickness of the region
adjacent to the bilayer within which the interaction
between a protein and the bilayer surface is non-
negligible, is effectively zero. This assumes that v = 0.
We cannot, however, dismiss as easily the possible
interplay between the times characteristic of (a) and
(c), even if we assume that there is only one character-
istic time associated with the latter, 7., =7, =17.. We
can, however, make the following observations: If T,
> 7, then the diffusing lipids will see an essentially
static distribution of adsorbed proteins with a given
average surface coverage, while if 7, < 7,, they will
move through a distribution of proteins which will be a
very fast averaging over all possible distributions hav-
ing a fixed average surface coverage. These two cases
essentially decouple the dynamics of protein adsorp-
tion and lipid lateral movement. Indeed, the second
case can simply be treated by considering the probabil-
ities of single-site occupancy by proteins. The most
difficult case, however, is when 7,=7, and it is this
case which we will concentrate on while presenting
results for the other two cases.

(iv) Fast protein exchange 7, <,

We can easily obtain analytic expressions for binder
and non-binder relative diffusion coefficients, D, and
D,,, if we assume that, because of the fast exchange of
proteins at the bilayer surface, there is no correlation
between the positions at which there are bound binders.
In this case, the average mean square distance tra-
versed on a lattice in M Monte Carlo steps, and,
accordingly, the diffusion coefficient are given by,

(r*)=a*PM
D=a’P )

where g is the lattice constant and P is the (assumed
time- and position-independent) probability of an ob-
ject moving from a site to a nearest neighbour site. Let
the concentration of non-binders be ¢ (fraction of
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lipids which are non-binders). Then, if the free energy
of binding divided by kT (per binder) is Fg <0, this
mean field approximation yields

Pyp=c+(1=c)(1-fa(1-e"))
Py=(1~- fa(1-e™®)) Py, 3

where f, is the average surface area covered by the
adsorbing proteins,

fa=nuNu/N 4)

where Ny is the average number of hexagons on the
surface, ny is the number of sites occupied by one
hexagon and N is the number of lattice sites. Clearly,
fa is determined by Fy and by p, the probability per
step that a hexagon will attempt to adsorb onto the
lattice. These analytical expressions will be compared
to the results of our simulations.

It should be noted that we have specified f, and Fy
in Eqn. 3. In order to make comparisons with our
computer simulation results, we must be able to choose
a value of p so that we can obtain the f, assumed, no
matter how small Fp is. Although, as a probability,
p < 1, there is no a priori reason in our simulations why
we may make only one attempt per Monte Carlo step
to adsorb a hexagon centre at a particular site. When it
is realized that this exchange rate regime can corre-
spond to as many attempts as we wish per Monte Carlo
step, then we can always find a value of p for any given
pair f, and Fjg.

(v) Slow protein exchange 1,>> 7,

In order to model the case in which the rate at
which desorption is attempted is very much slower than
the time characterizing one Monte Carlo step (7, > 1,),
we distributed a static hexagon configuration on the
lattice. All binders under hexagons were bound for all
Monte Carlo steps, and all binders which subsequently
moved to lie under hexagons became bound for all
further steps. The hexagons were adsorbed as de-
scribed above, until a preselected value of surface
coverage by adsorbed hexagons, f,, was achieved. This
way of creating a static distribution of hexagons biases
the distribution of the hexagons adsorbed late in the
procedure compared to the distribution at the start of
the procedure. If an unbiased distribution is required
then lateral movement of hexagons should be permit-
ted so that the system can relax. However, in these
cases we have assumed that we can ignore lateral
movement of adsorbed proteins and so have not per-
mitted such hexagon movement. Accordingly, the sur-
face distribution of hexagons should correctly repre-
sent protein adsorption with no substantial subsequent
lateral motion. We have studied the effect of hexagon
lateral diffusion in other cases.

(vi) Length, diffusion time and rate scales

We have assumed that the lipid bilayer is in a fluid
lipid phase at a temperature sufficiently far above the
main transition temperatures of the two kinds of lipid.
Since each lattice site represents the cross-sectional
area of a lipid molecule, then each site corresponds to
an area of ~ 0.6 nm? [28,29], with the lattice constant,
a, representing a length of ~ 0.83 nm. In order to
identify the length of time elapsed for each Monte
Carlo step, we equate the two expressions for the
average mean square distance moved in a random walk
of M Monte Carlo steps on the (hexagon-free) lattice,
in an elapsed time of At:

2y =1/4D( At = a*M Q)

If we choose D, =0.55 1078 cm?/s [30,31], then we
find that

At =5-107"M ©)

so that one Monte Carlo step corresponds to ~5-
1077 s. Here we have assumed that all Monte Carlo
steps represent elapsed time of equal magnitude.

Finally, using our assumption that each lattice site
corresponds to one lipid molecule of area ~ 0.6 nm?
and that one Monte Carlo step corresponds to ~5-
1077 s, we can calculate the rate, Ry, at which macro-
molecules are impinging upon the surface of the mem-
brane. For a given value of p, for cases in which only
one attempt is made, per Monte Carlo step, to locate a
hexagon centre at a given site, we obtain

Ry = 0.33p- 107 molecules /nm? per s )

If more than one attempt is made per Monte Carlo
step, then Eqn. 7 is multiplied by that number. The
‘footprint’ of each molecule corresponds to ~ 0.6 ny

nm?.

(vii) Energy scales
The Boltzmann factor in equilibrium statistical me-
chanics can be written as

dBe—EB/kT=e—FB
Fg=Fg/kT (8)
Fg=Eg— kT Indy

where Ey and dg are the energy and degeneracy of
the bound state relative to the unbound state. E is
therefore negative and it is plausible that d < 1, since
the unbound state should possess higher entropy than
the bound state. Accordingly, although E,; might be
very negative, Fy could be small if dg is small.

If Boltzmann’s constant is taken as k = 1.3806 and
the absolute temperature, T, is written in units of 103



K, then the units of %, will be 107" erg/bound
state. If we choose the temperature to be 30°C (T =
0.3032) then we can relate % to our choices of Fy:

Fg=2.613F5 (1072 eV)

Fg=2.52F (kJ /mol) )

Results

We studied lipid diffusion with hexagons of two
sizes, nyy =7 and ny = 19. We refer to these as Size-1
and Size-2 hexagons. In order to study the cases 7. = 7,
and 7, > r,, we performed simulations on (60)* trian-
gular lattices with periodic boundary conditions. We
ran each simulation for between 500 and 5000 Monte
Carlo steps with initialization of between 50 and 2000
steps.

We chose two cases for the concentration of non-
binders: ¢ = 0.8 and ¢ = 0.5 in order to display a range
of results. We chose four values of p: p=0.001, p=
0.007, p=10.05 and p=0.1 for the case r,=1, To
study the case 7, <7, we also performed simulations
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for other values of p in order to show how the relative
diffusion coefficients varied with the free energy of
binding divided by kT, Fpg, at a fixed average surface
coverage by adsorbed hexagons, f,. In what follows,
Figs. 1 to 9 describe cases in which the hexagon is not
allowed to move in the plane of the bilayer, while Figs.
10 to 12 describe cases in which this is allowed.

Figs. 1 and 2 show the dependence of the relative
diffusion coefficients, D, and D, for Size-1 hexagons
(ny =7 and non-binder concentrations ¢ =0.5 and
¢ =038, for Fy ranging from 0 to —3. There are two
kinds of result. When p is sufficiently small, then, for
small Fpg, the fractional area covered by the hexagons,
fa, rises very slowly with decreasing Fg. As Fy de-
creases further f, rises more rapidly followed by a
decreasing slope as saturation is approached. The con-
sequence of this for the relative diffusion coefficients is
that they exhibit a shoulder for small values of Fy,
then decrease more rapidly as Fy decreases, followed
by a levelling out as Fy becomes very negative. This
behaviour can be seen for both ¢=0.5 and ¢ =0.8
with p =0.001 and p = 0.007.

For higher values of p, the shoulders in Dy and D,
are absent, as is the initial small increase of f,, for
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Fig. 1. Size-1 hexagons. Hexagon lateral diffusion disallowed. Relative diffusion coefficients, D, (0) and Dy, (O), and f, (a) as functions of Fg
for ¢ = 0.5. (A) p = 0.001. (B) p = 0.007. (C) p=0.05. (D) p=0.1.
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small Fg. The diffusion coefficients decrease at rates
which approach zero as Fy increases. This behaviour is
seen for ¢ = 0.5 and ¢ = 0.8 with p =0.05 and p =0.1.

Fig. 3 shows diffusion coefficients for Size-1
hexagons and compares results for the three time-scale
regimes for three values of f,, and for non-binder
concentration, ¢ =0.5. The upper sets of solid and
dashed curves (a) show D, and D,, respectively, for
fa=0207, f,=04 and f,=0.558 for the case 7,
< 7, using Eqn. 3, while the data points, connected by
straight lines, are the results of simulations carried out
at approximately the same fractional area coverages.
The fluctuations in the latter reflect the fact that they
are for values of f, which may differ by a few percent.
It is clear that when the system is in the fast protein
exchange regime, the relative diffusion coefficients are
substantially larger than in those cases where 7. =7,
The observation that, for low value of Fy and larger
values of p, the two cases give similar results simply
reflects the fact that under those conditions hexagons
are adsorbing/desorbing relatively quickly compared
to the lateral diffusion time scale.

The lowest sets of horizontal solid and dashed lines
(b) are the results of simulations carried out at the f,
values shown, by the procedure described in part (v) of
the last section designed to simulate the case 7,> 7,.
It is clear that for given values of Fy and f,, the
following relations hold:

D7 1) < Do(re = 7)) < D7 < 7) 10

where a =b or nb.

Fig. 4 compares cases for Size-1 hexagons for given
values of ¢ and Fg, when 7, = 7,, as functions of p, the
probability that a hexagon will attempt to adsorb on a
randomly selected set of seven sites. This is perhaps
the data most closely related to experiments which can
be carried out. It can be seen that there is a range of p
values where D, > 0.9. It is only when the free energy
of binding becomes strong (i.e., exp(Fg) < 1) that D
falls below about 0.9. The same cannot be said of D,,
which displays a marked decrease in all cases shown.
Of course, if p is very large and Fg not too small, then
both diffusion coefficients will be small. Conversely, as
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Fig. 2. Size-1 hexagons. Hexagon lateral diffusion disallowed. Relative diffusion coefficients, D, (©) and Dy (0), and f, () as functions of Fy
for ¢ = 0.8. (A) p=0.001. (B) p =0.007.(C) p=0.05.(D) p=0.1.
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Fig. 3. Size-1 hexagons. Hexagon lateral diffusion disallowed. Rela-
tive diffusion coefficients, D, (O, and solid lines) and Dy, (O, and
dashed lines) as functions of Fg for ¢ =0.5. (A) f,=0.207. (B)
fa=10.400. (C) f,=0.558. (i) Fast hexagon adsorption/desorption
(r. < 1,) uses the analytical expressions of Eqn. 3 (upper solid and
dashed curves). (i} 7. =7, (0,0). (iii) 7.> 7, represented by a
static hexagon distribution (lower solid and dashed horizontal lines).

p — 0 with Fy not too weak, both diffusion coefficients
will approach unity.

Figs. 5 and 6 are concerned with Size-2 hexagons.
Fig. 5 is for non-binder concentration, ¢ = 0.5, while
Fig. 6 is for ¢ = 0.8, and are the analogues of Figs. 1
and 2, respectively. A comparison of Fig. 5 with Fig. 1
(B, C and D) shows that D, displays, approximately,
the same shape in corresponding cases, as functions of
binding energy, Fg. D, and f, behave differently for
Size-2 hexagons compared to Size-1 hexagons: f, rises
more rapidly with Fg for the larger hexagons, and Dy
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decreases more rapidly with Fg. The same behaviour
can be seen in Fig. 6 (for ¢ = 0.8) when it is compared
to the results of Fig. 2 (B, C and D). These results
suggest that, as functions of the binding energy, Fy,
D_,, is much less dependent upon the size of adsorbed
proteins bound to the interface than are Dy and F,.

Fig. 7 shows the dependence of Dy and D, upon
the average fraction of the surface covered by hexagons,
fa, for various values of Fy ranging from —0.1 to
—2.8. It can be seen that Size-1 hexagons exhibit more
scatter in the data than do Size-2 hexagons. This is to
be expected and we shall discuss this in the next
section. It might be noted that for both concentrations
of binder, in the case of the larger hexagons, D, does
not drop below 0.9 until f, exceeds ~ 0.5 (Fig. 7B and
D).

It is useful to show the dependence of D upon
hexagon size, p and Fpg, as a function of non-binder
concentration, c¢. Figs. 8 and 9 show this for Size-0
(‘hexagons’ occupying only a single site (n;; = 1) on the
lattice, so that this object is bound to only one binder
or unbound) and for Size-2, respectively. Here, we
chose Fp=1.5 with p=0.1 (Figs. 8 and 9A), and
F,=—0.6 with p=0.05 (Fig. 9B), and plotted the
results as a function of binder concentration, 1 —c.
Here we can clearly see the strong dependence of D,
upon the dynamics of the adsorption process. At binder
concentration, 1 — ¢ = 0.8, for example, f, = 0.6 in both
cases shown in Fig. 9. D, is reduced by a factor of 2 in
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Fig. 4. Size-1 hexagons. Hexagon lateral diffusion disallowed. Rela-

tive diffusion coefficients, D, (0) and D, (0O), as functions of p,

for various ¢ and Fg. ¢ = 0.5: (A) Fg= —0.6.(B) Fg=-2.1. c=0.8:
(C) Fg=-0.6. (D) Fg=-2.1.
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Fig. 5. Size-2 hexagons. Hexagon lateral diffusion disallowed. Rela-
tive diffusion coefficients, D,, (0) and Dy (0O), and f, (a) as
functions of Fg for ¢ =0.5. (A) p=0.007. (B) p=0.05. (C) p=0.1.

the case in which the adsorbed configuration changes
more slowly (Fig. 9A) than in the other case (Fig. 9B).
The rate of change of the configuration of adsorbed
hexagons will depend upon the probability of desorp-
tion, ~ exp(Fy), and that of adsorption, ~p(1—f,).
The case of Fig. 9A will be more static than that of Fig.
9B and so D, is lower in the former. D, must also be
affected, but this is much less than a factor of 2, since
non-binders can find their way in areas free of ad-
sorbed hexagons or between bound binders under ad-
sorbed hexagons. Fig. 8 illustrates the dependence of
D upon size, and again shows that it is not only f,
which determines D, but also the rate at which config-
urations of adsorbed hexagons are changing. This point
will be discussed in the next section.

Finally, we consider cases in which the adsorbed
hexagons, together with the binders to which they are

bound, can move laterally in the plane of the mem-
brane. In this, we assume that the adsorbed hexagons
diffuse at approximately the same rate as free binders
or non-binders. If we first consider Size-1 hexagons,
Fig. 10 (A and B) should be compared to Fig. 1 (B and
D), while Fig. 10C should be compared to Fig. 2D. In
the former cases the asymptotic value of f, is higher
by ~ 10% than in the latter case. This is probably due
to the fact that we are allowing the bound hexagon
configurations to anneal, so that hexagon-free areas
are created onto which more hexagons can be bound.
D, is slightly higher in Fig. 10 (A and B) compared to
Fig. 1 (B and D). The reason is that in this case there
are many binders which are unbound. At low values of
fa many binders are free so that D, is changed little
even if the relatively small number of bound binders
are allowed to move with the hexagons. At high values
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of f,, the hexagons cannot move very much so that
again D, increases slightly. In the case of ¢=0.38,
however, there is a small number of binders, so that a
relatively large fraction of them are bound except for
very small values of f,. Thus, if the hexagons can
move, a larger change will be seen in D, (Fig. 10C)
when compared to the case in which they do not move
(Fig. 2D). In all cases, D,, increases slightly, as we
would expect.

If we now consider Size-2 hexagons, Fig. 11 (A and
B) should be compared to Fig. 6 (B and C). We chose
¢ = 0.8 so that a large effect might be seen (above). For
both cases we see essentially no change in f, and D,,,
while Dy is ~ 50% higher in the case in which hexagons
move.

Fig. 12 (A, B and C) should be compared to Fig. 7
(A, C and D). The first thing to notice is that the
annealed system of moving hexagons can accommodate
more hexagons than those with static distributions.
This must be most noticeable when the hexagons are
small, since the probability of creating free areas for
hexagon adsorption is higher, the smaller the free area
required. This is seen in comparing Fig. 12A and Fig.
7A. However, even if free areas are created by hexagon
movement, f, will not increase unless there are binders
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available to bind more hexagons. This effect is seen in
Fig. 12B and Fig. 7C, where the binder concentration
is 1 — ¢ = 0.2. No significant change is seen in D, but
D, generally exhibits an increase in the case of
hexagons which are allowed to move. This effect is
most noticeable, as we would expect, for low binder
concentration and smaller hexagons.

Our results suggest, therefore, that there will be a
substantial advantage in measuring D, instead of D,,,.
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functions of binder concentration, 1—c. (A) Fg=—-1.5, p=0.1. (B)
Fg=~0.6, p=0.05.
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A measurement of both, however, should provide in-
formation on Fy as well as ¢, since the distribution of
binders may not be symmetric with respect to both
halves of the bilayer.

Conclusions

We have modelled the relative lateral diffusion of
lipid molecules in a lipid bilayer or monolayer com-
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Fig. 12. D, (filled symbols) and Dy (unfilled symbols) as functions of f, with hexagon lateral diffusion permitted. (A) Size-1 with ¢ = 0.5. (B)

Size-1 with ¢ = 0.8. (C) Size-2 with ¢ = 0.8. Fg values are —0.05 (¢,0), —0.1 (»,>), —0.15(«,<), —03(®,0), —0.6 (a,a),
—22(e,0)and —2.8 (e,0).

(m,0), —2.1(e,0),

-1.0(v,v), —1.5



posed of two kinds of lipids, onto which macro-
molecules are adsorbing/desorbing. One type of lipid
(binders) binds to the macromolecules, while the other
type does not (non-binders). We have used a lattice
model and have represented the ‘footprint’ of a macro-
molecule by a hexagon occupying n, sites of the
lattice. Each site of the lattice is considered to repre-
sent the cross-sectional area of a lipid molecule in a
fluid phase with an area is ~ 0.6 nm?. We have consid-
ered hexagons of two sizes: Size-1 for which ny=7
and Size-2 for which n,;=19. These correspond to
areas of ~ 0.6 ny nm?. We have also considered, only
for comparison, Size-0 with ny; = 1. The model is char-
acterized by three parameters: Fy, the free energy of
binding between a hexagon and a binder; p, the proba-
bility that a hexagon centre will attempt to be adsorbed
onto a randomly chosen site; and ¢, the concentration
of non-binders.

We considered three time-scale regimes charac-
terized by the times 7, and 7, the times associated
with lipid movement and protein adsorption or desorp-
tion: 7. < 7,, 7, =7, and 7. > 7.

We carried out Monte Carlo computer simulations
on a (60)? triangular lattice and obtained the depen-
dence of the relative diffusion coefficient for binders
and non-binders, D, and D, , upon the parameters p
and Fy for two concentrations, c. We calculated ana-
lytical expressions for D, and D, for the case 7, < 7,.

We obtained the following results:

(i) For fixed p and c, the behaviour of D upon Fy
can show a shoulder at small Fy if p is sufficiently
small so that D remains near unity for a range of Fy.
If p is sufficiently large, no shoulder appears but
instead a steady decrease of D with increasing Fy is
seen.

(ii) We have found, for the only case, ¢ = 0.5, for
which we performed the calculations, that, for a given
Fy, the relative diffusion coefficients appear to satisfy
the inequalities of Eqn. 10. The fastest diffusion ap-
pears to occur when the protein exchange on the
membrane or monolayer surface is very rapid with
T KT,

(iii) For given values of ¢ and F s, @ study of D as a
function of p shows that D, can remain very high
(>0.9), while D, will, in general, quickly fall as p
increases. We reiterate, therefore, that it is advisable
to measure D, in order to avoid the possibility that Fy
is small so that D = 1.

(iv) Lateral diffusion of adsorbed hexagons, whereby
the hexagons and the binders to which they are bound
diffuse as units, appears to have little effect upon D,
compared to cases in which no lateral diffusion is
permitted. This appears to be so even in the case of
Size-1 hexagons. Such hexagon lateral diffusion has,
however, a larger effect upon D,. The magnitude of
this effect can be seen, for example, for Size-2 hexagons
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when ¢=0.8 and f, =0.5. In that case D, =055 if
diffusion is disallowed while D, = 0.8 if it is permitted.
For Size-1 hexagons when ¢ =0.5 and f, =0.5, D, =
0.4 (diffusion disallowed) and D, = 0.65 (diffusion per-
mitted). In general, bigger hexagons appear to give
larger values of both D, and D, than smaller
hexagons, for a given value of f,.

(v) Smaller hexagons appear to give rise to greater
scatter of data points for both D, and D, for a given
value of f,, than do larger hexagons. The reason for
this is, probably, that we can write D (D =D,, or D,)
as,

D~ (AO - NHAH)Dfree + NHAHDhex + NHAi{zDhex-free
NNH[(AI_AH)Dfree+AHDle+All'{zDhex-free] 1n

Here Dy ., Dy, and D, (.. are the diffusion coeffi-
cients of lipids which are moving not under a hexagon,
are moving under a hexagon, and are moving at the
perimeter of a hexagon and sampling the free and the
under-hexagon environments but in a random way. The
first two quantities are weighted by the free area,
Ay — Ny Ay, and the area covered by hexagons, Ny Ay,
where A, is the total area, Ay is the area per hexagon,
A, =Ay/Ny, and NyAy/A,=fa. The third quantity
must be weighted by the total perimeter length of the
hexagons and this scales like AL{2 It is the third term
which can give rise to scatter in the values of D for
fixed f, because of the different paths that lipids
diffusing in the neighbourhood of hexagon perimeters
can take. As Ay — », however, the effect of the third
term becomes irrelevant, so that scatter in plots such as
that shown in Fig. 7 (A and C) vanishes. This can be
seen in Fig. 7 (B and D).

Permitting the hexagons to diffuse laterally appears
to reduce this scatter in data, as Fig. 12 shows.

In this paper we have studied the consequences of a
very particular method of desorption. Each bound
macromolecule-binder pair attempts to break, inde-
pendently of what happens to other bound states on
the same macromolecule. An alternative model could
be to assume that desorption proceeds collectively,
with all bound states becoming simultaneously un-
bound [32]. A comparison between the model pre-
sented here, an alternative model and other models is
in progress.

Finally, we reiterate that, although some theoretical
studies have been done on the effects of adsorbing
macromolecules onto membranes, they have been con-
cerned with calculating the concentration profiles of
macromolecules on the membrane using diffusion
equations and a knowledge of the diffusion coefficient
{12,13]. The work presented here is, we believe, the
first calculation of the relative diffusion coefficient
itself.
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