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Effect of Hydrodynamic Interactions on the Diffusion of Integral
Membrane Proteins: Tracer Diffusion in Organelle and Reconstituted
Membranes

Stuart J. Bussell, Donald L. Koch, and Daniel A. Hammer
School of Chemical Engineering, Cornell University, Ithaca, New York 14853 USA

ABSTRACT A persistent discrepancy exists between theoretical predictions and experimental observations for the diffusion
coefficients of integral membrane proteins in lipid bilayers free of immobilized proteins. Current thermodynamic theories over-
estimate tracer diffusion coefficients at high area fractions. We explore the hypothesis that the combined effect of hydrodynamic
and thermodynamic interactions reconciles theory with experiment. We have determined previously the short- and long-time
tracer diffusivities, D, and D,, respectively, of integral membrane proteins in lipid bilayers as a function of their area fraction, ¢.
The results are based on two-particle hydrodynamic and thermodynamic interactions and are precise to O(¢). Here we extend
the results for D, to high ¢ by combining the hydrodynamic results for D, into theories for D, based on many-particle thermo-
dynamic interactions. The results compare favorably with the experimental measurements of D, as a function of protein area
fraction for bacteriorhodopsin in reconstituted membranes and for complex lil of the mitochondrial inner membrane. The agree-
ment suggests that both hydrodynamic and thermodynamic interactions are important determinants of diffusion coefficients of
proteins in lipid bilayers. Additional experiments are required to verify the role of hydrodynamic interactions in protein diffusion

in reconstituted systems.

INTRODUCTION

Eukaryotic membranes are principally suspensions of inte-
gral membrane proteins (IMPs) in fluid lipid bilayers (Singer
and Nicolson, 1972). Proteins and lipids combined compose
by weight the vast majority of plasma and organelle mem-
branes (Gennis, 1989). Biological membranes can be cat-
egorized based on the presence or absence of immobilized
protein. Typically, only 70% of the IMPs in plasma mem-
branes are mobile, whereas nearly 100% are mobile in the
membranes of organelles (Edidin, 1987). Immobilization is
thought to occur when the cytoplasmic tails of IMPs interact
with cytoskeletal elements underlying the plasma membrane
(Tank et al., 1982; Wu et al., 1982; Henis and Elson, 1981).
As a result of the immobilization, the protein dynamics in
plasma membranes tend to be slower than the dynamics in
organelle membranes. For instance, translational diffusivi-
ties can be one to several orders of magnitude slower in
plasma membranes than in organelle or reconstituted mem-
branes (Edidin, 1987).

Artificial bilayers reconstituted with IMPs are simple sys-
tems of well defined composition that can be used for the
study of the dynamics of IMPs. Because they lack cytoskele-
tal components, their dynamics resemble those of organelle
membranes. In this paper, we are interested in protein dif-
fusion in organelle and reconstituted membranes, hereafter
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referred to as lipid bilayers. In the companion paper (Bussell
etal., 1995), we address the diffusivity of proteins in plasma
membranes.

A commonly used technique for measuring tracer diffu-
sion coefficients of IMPs is fluorescent photobleaching and
recovery (FPR) (Axelrod et al., 1976). The IMPs are labeled
with a fluorescent probe, and a small fraction of the total area
of the membrane is exposed to a focused, high intensity laser
beam. In the area of illumination, the fluorophores are
bleached. Then the laser beam is attenuated to a power suf-
ficient to excite the fluorophores with negligible bleaching,
and the increase in fluorescence emission from the previ-
ously bleached spot, resulting from the diffusion of un-
bleached IMPs into that region, can be used to determine the
diffusivity and mobility of the labeled proteins.

Experiments have shown that tracer diffusion coefficients
of IMPs in multilamellar lipid bilayer vesicles decrease as the
area fraction of proteins, ¢, increases (Peters and Cherry,
1982; Chazotte and Hackenbrock, 1988). Diffusion coeffi-
cients of bacteriorhodopsin reconstituted in artificial bilayers
were measured for lipid/protein molar ratios, LP, from 30 to
210 (Peters and Cherry, 1982). The virtue of these measure-
ments is the simple composition of the experimental system.
In contrast to in vivo systems, the reconstituted system used
in these experiments contained only a single species of both
protein and lipid. The diffusion coefficients of bacteriorho-
dopsin decrease as LP decreases (¢ increases).

Chazotte and Hackenbrock (1988) measured diffusion co-
efficients of complex III of the mitochondrial electron trans-
port chain in inner mitochondrial membranes. They varied
protein concentrations by incorporating exogenous soybean
phospholipid into the inner membranes. They presented their
data in terms of a lipid enrichment factor, LE, defined as the
ratio of the mass of lipid in the membrane after soybean
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phospholipid addition to the mass of lipid in the membrane
before addition. In their experiments, LE varied from 1 to 8.
Lower values of LE correspond to higher IMP area fractions.
Again, diffusion coefficients decrease as ¢ increases. Be-
cause endogenous mitochondria were used as a starting point
for the lipid dilution, the composition of the lipids and IMPs
in this system remained highly heterogeneous.

Previous theoretical explanations of the experimental data
from these studies did not consider hydrodynamic interac-
tions between proteins because, until recently, no one had
correctly solved for these interactions (Scalettar and Abney,
1991). Pink (1985) and Saxton (1987) performed Monte
Carlo computer simulations to explore the effect of protein
area fraction on the diffusivity of IMPs. They ignored hy-
drodynamic interactions and concentrated on interparticle
potential energy interactions. Abney et al., (1989a, 1989b)
used a semi-analytic technique to correlate protein diffusivi-
ties to area fractions for a particle undergoing both tracer and
gradient diffusion. They also ignored hydrodynamic inter-
actions but retained three-body thermodynamic interactions,
and their results for tracer diffusion coefficients coincide
remarkably well with the results from Monte Carlo simula-
tions for the effect of protein area fraction on protein dif-
fusivity. However, both simulations and semi-analytic theo-
ries fail to fit accurately the experimental observations
(Saxton, 1987; Scalettar and Abney, 1991). Specifically, the
theoretical predictions overestimate tracer diffusivities at all
but the lowest protein area fractions, and the discrepancy is
greatest at the highest area fractions. A potential explanation
for the discrepancy between theory and experiment is that
hydrodynamic interactions were excluded from these
studies.

To understand the role of hydrodynamics in protein dif-
fusion in lipid membranes, we use techniques from suspen-
sion mechanics that have been quite useful in elucidating the
diffusive behavior of spheres in three-dimensional suspen-
sions (Medina-Noyala, 1988; Russel and Gast, 1986). Bio-
logical membranes can be thought of as analogous two-
dimensional suspensions of proteins in lipid fluid. We
recognize that there are two characteristic tracer diffusion
coefficients for IMPs that differ according to their time scale.
The short-time tracer diffusion coefficient of an IMP is valid
for times 7 ~ 7, << a*/D, where a is its radius in the membrane,
D is its scalar diffusivity, and ¢, is the shortest time for which
a diffusivity can be described. (The exact value of ¢ is a
subject of some debate, both in two- and three-dimensional
suspensions, depending on whether inertial or purely viscous
fluid effects are important. The exact value of ¢, is not im-
portant for this analysis). The time scale, a%D, is the time
required for the particles to travel a distance comparable with
a. Fora = 2 nm and D = O(10~° cm?%s), a¥/D = O(10™*5s).
For times much less than a%D, the structure of the suspension
relative to the particle positions remains nearly unchanged.
Diffusion coefficients for ¢+ ~ ¢, < a%D are short-time co-
efficients, D, and they are solely determined by hydrody-
namic effects and independent of excluded area effects be-
tween IMPs. In contrast, for ¢+ > a%D, motions of tracer
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particles are influenced by interparticle and excluded area
interactions. Because excluded area effects inhibit diffusive
motion, long-time diffusion coefficients are less than D_. As
t goes from ¢, to a time much greater than a?/D, D decreases
steadily until it reaches its steady long-time value, D,. All
previously cited experiments have attempted to measure D,.

Our goal is to determine the effect of hydrodynamic in-
teractions on D, at high ¢ and compare the results with ex-
periment. We have previously calculated D, and D, based on
two-particle hydrodynamic and thermodynamic interactions
(Bussell et al., 1992, 1994). In this paper, we extend these
results to high ¢ by combining the results for D, based on
hydrodynamic interactions with the results for D, obtained by
methods that ignore hydrodynamic interactions but include
many-particle excluded area effects.

As mentioned earlier, hydrodynamic interactions are the
sole determinant of D,. In contrast, according to Rallison
(1988), the strongest determinant of Dy/D, is the hindered
motion of the particles due to thermodynamic interactions.
Therefore, we assume hydrodynamics have a small effect on
Dy/D, and can be neglected to estimate its value. We reconcile
these two views and use both the hydrodynamic results for
D, and the multibody thermodynamic results for D/D, to
calculate a physically consistent D,. Comparison of the re-
sults with experimental data for bacteriorhodopsin and mi-
tochondrial complex III shows that the experimental obser-
vations can be explained successfully with a combined
hydrodynamic-thermodynamic approach.

THEORY
Short-time tracer diffusion coefficients

Short-time diffusion coefficients are only affected by hy-
drodynamic interactions that operate on the time scale ¢ <<
a/D. Saffman and Delbruck (1975) used a model of the
membrane lipid as a continuum fluid to calculate the mobility
of a single protein in a biological membrane of infinite ex-
tent. Strictly, the continuum approximation would be satis-
fied when the ratio of lipid to protein radius is much smaller
than one. In reality, the ratio of lipid to protein radius is
between some fraction of one (perhaps as small as 0.1) to one,
and Saffman and Delbruck (1975) assumed the continuum
approximation would be valid over much of this range. At
infinite dilution, both short- and long-time diffusion coef-
ficients for IMPs are given by (Saffman and Delbruck, 1975):

D, = kT [In(A) — 7] 1

Here, A = ph/p’a, where h is the membrane thickness, a is
the protein radius, p and p' are the viscosities of the mem-
brane and surrounding aqueous phases, respectively, and y
is Euler’s constant. Because Eq. 1 properly describes protein
diffusion at infinite dilution (Scalettar and Abney, 1991), the
continuum approximation is likely valid for some protein-
membrane systems, but it will be most appropriate for small
ratios of lipid/protein radii.
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For time scales t < a%/D, and ¢ > 0, hydrodynamic in-
teractions between IMPs reduce D, from the infinite dilution
limit, D,, given by (1). The leading order effects of hydro-
dynamic interactions occur between two-particle interac-
tions. Results for the two-particle interactions (Bussell et al.,
1992) have been used recently to calculate D, to leading order
in ¢ (Bussell et al., 1994). The calculations for D, ensemble
average the two-particle interactions, and the results depend
on A. To O(¢/In(X)) they are

1+ In(2) - 9/32] 2

In(A) — vy

D, differs significantly from D, at nonzero IMP area
fractions.

The result in (2) for D /D, depends on both ¢ and A, al-
though the functional dependence on ¢ is much stronger. As
aresult, theoretical predictions for IMP diffusion coefficients
are significantly more sensitive to parameters affecting ¢.

DS—1 26| 1
D, ¢

Long-time tracer diffusion coefficients

Previous work to calculate the long-time tracer diffusivity,
D, has involved methods such as Monte Carlo simulation
(Saxton, 1987), Brownian integral methods (Abney et al.,
1989a), or free volume models (Minton, 1989). These tech-
niques are reviewed by Scalettar and Abney (1991). All of
these techniques account for the hindered motion of IMPs for
t > a*D and include thermodynamic interactions, but ex-
clude hydrodynamic interactions. In Monte Carlo tech-
niques, the diffusivity calculated in simulation time is related
to a diffusivity calculated in real time using a reference dif-
fusivity, D, .. Often, results are expressed as D/D,.;. The ref-
erence diffusivity is the characteristic diffusion coefficient
for the smallest excursions or times for which a diffusion
coefficient can be defined. When hydrodynamic interactions
are excluded, D, is assumed to be D,, regardless of ¢.
Strictly, D, is D, only at infinite dilution and, at higher area
fractions, the appropriate reference diffusivity is D,. There-
fore, Monte Carlo results give D/D,. The other techniques for
determining D, cited above also provide values for D/D,
when hydrodynamic interactions are excluded, but there are
ways of directly incorporating hydrodynamic interactions
into these models if the appropriate hydrodynamic functions
are known (Russel and Gast, 1986), although this has not yet
been done for two-dimensional diffusion (Scalettar and Ab-
ney, 1991).

If D/D,, is available from thermodynamic methods, and
D; is available from hydrodynamic calculations, the long-
time tracer diffusivity can be constructed from the two:

— Dl
D,—(D )Ds. 3

ref

This technique has been used in suspension mechanics to
calculate long-time diffusivities of spheres in concentrated
suspensions (Medina-Noyala, 1988), and the results compare
favorably with measured diffusivities. Our aim is to use our
calculation of D, combined with previously reported cal-
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culations of D/D,,,, calculate D, using (3), and compare the
results with existing data of protein diffusion.

We consider two ways to calculate D/D,. First, Saxton
(1987) provides a fit to Monte Carlo results for D/D, as a
function of area fraction, ¢, for hard-core repulsive inter-
actions in systems where all the proteins are mobile. He
found (Saxton, 1987):

D,
L=1 - 21187¢ + 1.8025¢>
Dref

— 1.6304 + 0.9466¢*. (4)

The results given by Abney et al., (1989a), using Brownian
integral methods, are in basic agreement with Eq. 4. Al-
though Abney et al. (1989a) considered several types of in-
terparticle potentials, we restrict our consideration to hard-
core repulsions.

An alternative technique for calculating D,/D,, is given by
Rallison (1988), which we adapt here to diffusive motions in
two dimensions. According to Rallison (1988), the effects of
the coordinated motions, or “caging,” of particles needed for
long-time diffusion at high area fractions dominate the ef-
fects of hydrodynamic interactions operating on time scales
t > a?/D. Based on his reasoning, as area fractions become
large, techniques that neglect hydrodynamic interactions
should be effective at calculating D,/D, .. Rallison demon-
strated the utility of his hypothesis by comparing his theo-
retical results with both Monte Carlo simulation results and
experimental observations from a variety of systems. There-
fore, we might expect the results given in (4) to be accurate
at high ¢ despite the neglect of hydrodynamic interactions.
On the other hand, hydrodynamic interactions should be the
principle determinants of diffusivities at low ¢.

The conjecture that forms the basis for Rallison’s tech-
nique is that long-time diffusivities are inversely propor-
tional to the number of particles, N, “caging” a tracer particle
and related to the time, ¢, required for the tracer particle to
escape its cage. The mean-square displacement, (x2), for a
particle is a function of time. As t — 0, (x2) — 2D, and as
t— t, (x}) = 2Dyt. Rallison postulates that (x2) for a tracer

particle is
1 (4mDs1)112 d
0 = 5 f = ©

where £ = (4wDyt’)"? and ¢’ is a variable of integration. The
tracer particle is itself included in N, and the integral in (5)
has the correct limit as # — 0. With the proper definitions for
N and ¢, (5) can be used to calculate D,.

The time ¢, is related to the distance d, that a particle must
travel to escape its cage and enter a new one. From (5), the
relationship is

1 (4mDstc )12 §d§
&= 2D, = p j; @ 6)

The values of N and ¢, or d_ are determined by following the
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progressive motion of a tracer particle. As the tracer
advances, all N particles, which are assumed to form a
roughly circular region of radius R(x), advance (see Fig. 1).
When the tracer advances a rectilinear distance dx, a new
particle is contacted and recruited by the advancing front of
the cage if its center lies in the area dA = 2(R + a)dx.
Therefore,

dN

i n2(R + a), ©)
where n is the number density of IMPs. The radius R also
increases as the tracer moves if newly contacted particles are
on the periphery of the cage. The cage diameter changes
according to the equation, d(2R) = (the probability a new
disk is hit at the periphery of R) X (expected length of over-
lap). For all R, the cage increases its radius R if one of its
two ends strikes a disk, and this occurs if a particle center lies
in the area 2(2a)dx. The average length of overlap is a, so that

dR 2
E;=zana=$ ®)

Equations (7) and (8) yield

22 6¢x
N(x)=:+az+%+1. ©)
The values of 7, and d, must be determined before we can
calculate D/D, .. Rallison advocates the choice of a for d,,
and this choice is appropriate at high ¢. At high ¢, when a
protein moves a distance a, it likely exits the cage that con-
fines it based on the highly ordered structure of the IMPs at
high area fractions. At lower ¢, caging structures do not
exist. There simply are not enough particles to form networks
of confining particles. Despite this, we extend the results to
low ¢ to generate continuous results, always assuming that
d,. = a.
If we substitute d, = a and N from (9) into (6), we find
the implicit solution:

20 6 3\/7
1=4%2 ln(%§2+?¢§+ 1) ————\7/—‘

_ 2¢
(3+\/7)(3+7g- \ﬁ)
2¢
G- \/7)<3+?§+\/?>

In

1
4mDt \2
where & = 2 |- (10)

We can solve for ¢, using a simple root solver. After inserting
1, into (6), we arrive at the solution for D/D,,. D/D,, de-
creases monotonically with increasing ¢, although D/D,, >
0 over the domain 0 = ¢ < 1.
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Cage

FIGURE 1 The motion of a tracer particle and its cage. R is the radius
of the cage, a is the radius of the IMP, dx is the differential distance of
translation of the cage, and dA is the differential area change associated with
a displacement of dx.

The results for D/D,; calculated by Saxton (1987; Eq. 4)
and calculated above using the method of Rallison (Eq. 6) are
plotted as function of ¢ in Fig. 2. Both of these methods
incorporate multiple hard-core interactions and agree closely
with each other over the domain of interest, 0 =< ¢ =< 0.6.
Based on this comparison, the assumptions that lead to the
results based on caging theory seem to be correct. Further-
more, we have two independent methods to determine D/D,
that agree quantitatively at physically realistic ¢.

Using Eq. 3, either of these results for D/D,; (Eqgs. 4 or
6), valid at all ¢, can be combined with the result for D/D,
(Eq. 2), valid to O(¢/InA), to construct D,/D,, as a function
of ¢. This function will be strictly valid at low ¢, but may
also be valid at higher ¢ if interactions in concentrated sus-
pensions are dominated by thermodynamics at high ¢, and
the low ¢ asymptote is adequate to describe hydrodynamic
interactions at higher concentrations. This physical picture
would be consistent with the conjecture of Rallison (1988).
These result for D,/D, can be compared with an expression
derived by Bussell et al. (1994) for D,/D, as a function of ¢
that takes into account two body hydrodynamic and ther-
modynamic interactions only, and is only valid at low ¢
(Bussell et al., 1994):

D,_D, 007
D, D, () — v an

ref

Equation 11 is rigorously valid in the limit of low area frac-
tion and can be considered the low ¢ asymptote for D, in
contrast to Eq. 2, which is the low ¢ asymptote for D,.

COMPARISON OF THEORY WITH EXPERIMENT

The theoretical results for D,/D, obtained from combinations
of Egs. 4 and 2 with 3 are plotted in Fig. 3 for A = 250 and
in Fig. 4 for A = 750. In Fig. 3, we also plot two other
theoretical curves for comparison. One is D/D,, from Eq. 4
calculated by Saxton (1987). The other is the low ¢ asymp-
tote for D/D, (Eq. 11) where Eq. 2 was used to determine
D/D,. We have also included this low ¢ asymptote in Fig.
4. The experimental results for bacteriorhodopsin and com-
plex III are also given in Figs. 3 and 4, respectively.
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FIGURE 2 Comparison between theoretical results for D/D, based on
Monte Carlo simulations (Saxton, 1987) and the caging theory (this work).

Several assumptions have to be made to interpret the ex-
perimental data to construct Figs. 3 and 4. The value of A is
set to 250 for the bacteriorhodopsin system based on the
approximate values a = 2 nm, u. = 1 poise, h = 5 nm, and
p' = 1 centipoise (Peters and Cherry, 1982). We use the
crystal radii for both the protein and lipid for consistency to
calculate ¢. They are approximately @ = 1.75 nm (Hend-
erson and Unwin, 1975) and g, = 0.4 nm, where g, is the
radius of a typical lipid molecule (Gennis, 1989). Because the
lipids form a bilayer and the protein resides almost entirely
in the membrane, the area fraction is

1
¢ =1+ @pica

where LP is the lipid/protein molar ratio.

At the most dilute IMP concentrations, complex III dif-
fuses approximately one-third as quickly as bacteriorhodop-
sin. This suggests that the viscosity of the inner mitochon-
drial membrane is approximately 3 times the viscosity of the
bilayer used in the bacteriorhodopsin experiments because
the Saffman-Delbruck diffusivity varies approximately lin-
early with membrane viscosity. Therefore, we assume A =
750 for this system. Because we have made this determina-
tion at the most dilute concentration of protein, we minimize
any possible differences between the effective viscosity and
the viscosity of the pure lipid. In addition, we have to es-
timate certain properties of the proteins and lipids in native
and enriched mitochondrial inner membranes to convert the
original lipid enrichment data to IMP area fractions. The
native membrane has a weight ratio of protein to lipid, pl, of
4:1 (Gennis, 1989). We assume that the proteins and lipids

(12)
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FIGURE 3 Comparison between theory and experiment for the diffusion
of bacteriorhodopsin. The theoretical predictions fit the experimental data
only when both hydrodynamic and thermodynamic interactions are incor-
porated into the calculations. Low ¢ results (Eq. 2) and solely thermody-
namic results (Saxton, 1987) are shown for comparison. The experimental
data and error bars are interpreted from the results at 32°C reported in Table
3 and Fig. 3, respectively, of Peters and Cherry (1982).

have typical densities of p, = 1.36 g/ml and p, = 0.9 g/ml,
respectively. The density of protein is commonly known, and
the density of lipid is estimated from average values for
lipids—molecular weight equal to 800 g/mole, cross sec-
tional area equal to 60 A in the plane of the membrane, and
height equal to half the membrane thickness, ~25 A (Gennis,
1989). Furthermore, we assume that the fraction of the IMPs
total weight actually residing in the membrane, PF, is be-
tween 0.3 and 0.4 based on the three-dimensional structures
of known mitochondrial IMPs (Deatherage et al., 1982; Leo-
nard et al., 1987). The area fraction is

1
ST EXp WPFxpixpy B

where LE is the lipid enrichment factor. For both experi-
ments, D, is undetermined as are precise values for the pa-
rameters of the Saffman-Delbruck equation (1). Conse-
quently, theoretical values of D/D,, given by the low ¢
analytical expression, (11), are fit to the most dilute data
points in both experiments to determine D,,.
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FIGURE 4 Comparison between theory and experiment for the diffusion
of complex III in inner mitochondrial membranes enriched with soybean
phospholipids. Again, the theoretical predictions fit the experimental data
only when both thermodynamic and hydrodynamic interactions are included
in the calculations. The low ¢ result is also shown for comparison and is
similar in magnitude to the purely thermodynamic result that was shown in
Fig. 3. The experimental data and error bars are interpreted from the results
reported in Table II of Chazotte and Hackenbrock (1988). The results de-
pend strongly on parameters used to determine experimental values for ¢
as demonstrated by the discrepancy between data generated with protein
mass fractions (PF) in the membrane set to 0.3 or 0.4.

DISCUSSION AND CONCLUSIONS

Before we discuss the results in detail, we first comment on
the experimental data. The experimental measurements of
the diffusion coefficients of bacteriorhodopsin in reconsti-
tuted membranes were performed in multilamellar vesicles
at L/P ratios as low as 30. Conceivably, the IMPs in adjacent
bilayers could interact hydrodynamically. However, this
would only occur if adjacent bilayers were separated by dis-
tances approximately equal to or less than the hydrodynamic
screening length, Aa ~ 500 nm. If the bilayers are separated
by more than Aag, interactions are weak. In addition, bacte-
riorhodopsin is known to aggregate in its native bacterial
purple membrane. Obviously, high levels of protein aggre-
gation would significantly affect measured diffusion coef-
ficients. Experiments indicate that only low levels of aggre-
gation occur at L/P ratios of 40 or more (Cherry and Godfrey,
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1981). The low level of aggregation that occurs at the lowest
L/P ratios has only minor effects on D, and D, for IMP dif-
fusion coefficients because of the weak dependence of these
diffusivities on the radii of IMPs (Saffman and Delbruck,
1975). Larger effects on D, may occur at high area fraction
if noncircular protein aggregates display different hindering
than circular individual proteins. Because the extent of ag-
gregation and its effects on diffusivity appear minor and are
ill-defined, we choose to analyze the results of these experi-
ments without explicitly taking aggregation into account.

The experimental measurements of the diffusion coeffi-
cients of complex III in mitochondrial inner membranes oc-
curred in a highly heterogeneous system. Inner mitochon-
drial membranes are composed of a large variety of IMPs and
lipids. By assuming average properties for the IMPs and lip-
ids, we neglect the influences of polydispersity on the hy-
drodynamics. For hydrodynamic interactions, polydispersity
is probably a weak effect. Protein diffusivities vary weakly
with protein radius a (In a dependence). Provided the lipid
molecules are smaller than the proteins such that the lipid
remains a continuum fluid and there is no lipid phase sepa-
ration induced by the heterogeneous lipid composition of the
membrane, the only effect of lipid polydispersity would be
to change the membrane viscosity. Until there is convincing
evidence otherwise, we choose to use the simplest assump-
tions as a means to establish a basis for future comparisons.

Finally, diffusion data for gramicidin at various IMP con-
centrations are available (Tank et al., 1982), although we
have chosen not to analyze them. Gramicidin is an unusually
small IMP having a radius nearly equal to the radius of a lipid
molecule. Hence, the fluid continuum model assumed in the
derivation of D, is not applicable. Free area theories would
be better suited for the analysis of the concentration depen-
dence of gramicidin diffusion (Scalettar and Abney, 1991).

As mentioned before, the results in Figs. 3 and 4 are most
sensitive to assumptions that affect ¢. Diffusion coefficients
are strongly dependent on ¢ but have only a weak logarith-
mic dependence on A. Accordingly, changes to the param-
eters from which ¢ are derived influence most strongly the
comparison between theory and experiment. This can be seen
in Fig. 4, where we have compared theoretical results with
experimental data for complex III for values of PF equal to
0.3 and 0.4. Small changes in derived values for protein area
fractions generate large differences in the quality of agree-
ment between theory and experiment.

Keeping all these considerations in mind, there is good
agreement between the theory that incorporates both ther-
modynamic and hydrodynamic interactions and experiment,
as shown in Figs. 3 and 4. As expected, the theoretical as-
ymptotic result for D,, valid only at low ¢ and including only
two body (hydrodynamic and thermodynamic) interactions,
adequately matches the experimental long-time diffusivities
at low ¢, but is inadequate to explain the trend in the data
at higher ¢. Likewise, a theory that excludes hydrodynamics
and includes multibody thermodynamics also overpredicts
the diffusivity (Fig. 3) to the same extent. Because the
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decrease in diffusivity with increasing ¢ appears to be quan-
titatively similar in solely hydrodynamic or thermodynamic
theories (Fig. 3), both types of interactions appear to con-
tribute equally to the low diffusivities at higher ¢.

The close correspondence between our theoretical calcu-
lations and published experimental results at high ¢ needs to
be studied further. The result for D, given in (2) is a low ¢
asymptote, yet we have used this result as the reference dif-
fusion coefficient to determine D, absolutely at all ¢. There
are two possibilities for the close correspondence at high ¢
between experimental data and theoretical predictions made
using both Eq. 4 and the low ¢ asymptote for D,. It could
occur because errors in the theoretical values of D, extrapo-
lated from the low ¢ asymptote are cancelled by effects gen-
erated at high ¢ for the calculation of D/D, (Eq. 4). However,
this possibility is contrary to Rallison’s reasoning, which
suggests that the results for D,/D, given by (4) and (6) are
precise at high ¢ because D/D, is determined primarily by
multibody thermodynamic interactions. Alternatively, the
close correspondence could occur because higher order, mul-
tiparticle hydrodynamic effects either are insignificant or
cancel for short time diffusion coefficients. This issue, how-
ever, can only be fully resolved by more encompassing nu-
merical procedures such as Stokesian dynamics simulations
(Brady and Bossis, 1988).

Nevertheless, we believe that these studies show that both
hydrodynamic and thermodynamic interactions are impor-
tant determinants of D, at high area fractions. They appear
to be equal determinants, because D/D, from thermodynamic
calculations and the low ¢ asymptote for D,/D, (largely a
hydrodynamic result) are similar functions of ¢ (see Fig. 3).
Our results make an important step toward explaining the
differences that exist between experimental results and theo-
retical predictions based solely on thermodynamic interac-
tions for the diffusion of IMPs in lipid bilayer membranes
(Saxton, 1987; Scalettar and Abney, 1991).

If, as we believe, hydrodynamic interactions play an im-
portant role in protein diffusion in lipid bilayers, experimen-
talists should be aware that hydrodynamic variables such as
membrane and aqueous phase viscosities are critical deter-
minants of diffusion rates and should be measured indepen-
dently and altered when possible. Measurements of viscosity
must be done in dilute suspensions to avoid measuring ef-
fective viscosities, which are functions of protein concen-
tration. Also, further experimental investigations of protein
diffusion coefficients in reconstituted systems using large
unilamellar vesicles containing a single lipid and a single
nonaggregating IMP species are needed to compare rigor-
ously with the hydrodynamic theory. The data for neither the
diffusion of bacteriorhodopsin (because of multilayer blebs)
nor complex III (because of lipid and protein heterogeneity)
are ideal for testing the theoretical predictions.

The results presented in this paper do not explain the low
diffusion coefficients observed in plasma membranes in
which a large fraction of the IMPs are immobile (Henis and
Elson, 1981). As we demonstrate in the companion paper
(Bussell et al., 1995), the hydrodynamic interactions in
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plasma membranes are different than those in lipid bilayers.
Explicit consideration of the proper hydrodynamic interac-
tions in plasma membranes leads naturally to a theory that
predicts the low IMP diffusion coefficients observed in
plasma membranes.
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