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We have developed a general model that relates the lateral diffusion coefficient of one isolated large intrinsic 
molecule (mol. wt. ~ 1000) in a phosphatidylcholine bilayer to the static lipid hydrocarbon chain order. We 
have studied how protein lateral diffusion can depend upon protein-lipid interactions but have not investi- 
gated possible non-specific contributions from gel-state lattice defects. The model has been used in Monte 
Carlo simulations or in mean-field approximations to study the lateral diffusion coefficients of Gramicidin S, 
the M-13 coat protein and glycophorin in dimyristoyl- and dipalmitoylphosphatidylcholine (DMPC and 
DPPC) bilayers as functions of temperature. Our calculated lateral diffusion coefficients for Gramicidin S 
and the M-13 coat protein are in good agreement with what has been observed and suggest that Gramicidin S 
is in a dimeric form in DMPC bilayers. In the case of glycophorin we find that the 'ice breaker '  effect can be 
understood as a consequence of perturbation of the lipid polar region around the protein. In order to 
understand this effect is is necessary that the protein hydrophilic section perturb the polar regions of at least 
approx. 24 lipid molecules, in good agreement with the numbers of 29-30 measured using 31p-NMR. 
Because of lipid-lipid interactions this effect extends itself out to four or five lipid layers away from the 
protein so that the hydrocarbon chains of between approx. 74 and approx. 108 lipid molecules are more 
disordered in the gel phase, so contributing less to the transition enthalpy, in agreement with the numbers of 
80-100 deduced from differential scanning calorimetry (DSC). An understanding of the abrupt change in the 
diffusion coefficient at a temperature below the main bilayer transition temperature requires an additional 
mechanism. We propose that this change may be a consequence of a 'coupling-uncoupling' transition 
involving the protein hydrophilic section and the lipid polar regions, which may be triggered by the lipid 
bilayer pretransition. Our calculation of the average number of g a u c h e  bonds per lipid chain as a function of 
temperature and distance away from an isolated polypeptide or integral protein shows the extent of statically 
disordered lipid around such molecules. The range of this disorder depends upon temperature, particularly 
near the main transition. 

Abbrevxatxons. DMPC, dlmynstoylphosphaudylchohne, DPPC, 
dapalmltoylphosphaudylehohne 

0005-2736/82/0000-0000/$02 75 © 1982 Elsevaer Bxomedxcal Press 

Introduction 

A study of the translational and rotational dif- 
fusion of integral proteins m biological mem- 



branes is of importance in understanding the 
properties of such membranes. Most of the work 
of the last decade has been concerned with rota- 
tional diffusion [1], but recent years have seen an 
increase in studies of translational, or lateral, dif- 
fusion in reconstituted membanes [2-8] using the 
FRAP technique [9]. The dependence of the pro- 
tern lateral diffusion coefficient, D L, upon temper- 
ature can give information not only about proper- 
ties of the hpid bflayer in which the protein is 
embedded, but also about the effects of the pro- 
tein upon the bilayer. In the case of sufficiently 
high protein concentration information can also be 
obtained about direct protein-protein interactions. 
It is important, therefore, to construct theoretical 
models with which protein lateral diffusion mea- 
surements can be analyzed. 

Our intention here is to construct a plausible, 
fairly general, model of the lateral diffusion of 
intrinsic molecules at very low concentrations in 
both the gel and fluid phases of a lipid bilayer in 
order to obtain an expression for D L in terms of 
the properties of the protein and the state of the 
lipids. The concentration is assumed to be suffi- 
ciently low such that the diffusing objects are 
independent of each other. Of necessity we shall 
obtain a model with a number of parameters re- 
lated to protein-lipid interactions. We shall 
eliminate as many of these as possible by using 
results of other experiments. We shall then study 
the lateral diffusion of Gramlcidin S and the M-13 
coat protein in reconstituted systems as a function 
of temperature. By contrasting these w~th the case 
of glycophorm, we shall study under what condi- 
tions a so-called 'ice breaker '  effect m~ght occur. 

The calculation by Saffman and Delbruck 
[10,11], where an expression for D L is related to 
the dimensions of an isolated cylindrical object 
moving in a thin sheet of viscosity/~, is not suited 
to the study undertaken here for two reasons. 
Bilayer viscosity changes when the temperature T 
falls below the main phase transition temperature 
T~ so that it is not possible to predict values of D L 
for different temperatures unless one has a theory 
of the temperature dependence of #. Possibly more 
important,  however, is the assumption contained 
in Ref. 10 that/~ is a constant everywhere in the 
thin sheet. There is evidence that the hydrophobic 
surface of an integral protein tends to induce static 
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disorder in lipid hydrocarbon chains adjacent to it 
in the sense that they appear to be as disordered as 
chains m a pure fluid phase at the same tempera- 
ture [12]. Although we would not suggest that 
bilayer viscosity depends only, if at all, upon hy- 
drocarbon chain static order, it would seem rash to 
assume that it was independent of whether the 
chains were 'melted'  or not. The possibility thus 
arises that for temperatures less than T c the lipid 
viscosity/~ is different close to a protein compared 
to its value far from the protein so that the expres- 
sion for D L in Ref. 11 does not necessarily hold. 

In the next section we shall outline the model of 
the hpld bilayer which we shall use and describe 
how we shall include proteins within its frame- 
work. We shall then describe how this model can 
be adapted to Monte Carlo techniques and finally 
develop a description of protein lateral diffusion. 
We shall eliminate or evaluate a number of the 
parameters appearing in the model and present 
results for D L calculated using both a Monte Carlo 
simulation and a mean-field approximation for the 
case of an isolated protein. We shall then compare 
our calculations to measurements performed on 
the M-13 phage coat protein [5], Gramlcidin S 
[13], and glycophorin [8] in order to study m what 
way glycophorin could differ from the first two in 
its interaction with phospholipids. In the case of 
glycophorin we shall propose that competing ef- 
fects may have to be considered in order to under- 
stand the temperature dependence of D L in the 
lipid gel phase. 

Theory 

(a) General model 
We shall make use of a model of interacting 

hydrocarbon chains which has been used before 
[14-16]. Each chain can exist in one of ten states: 
The all-trans ground state, g, possessing internal 
energy Eg = 0 and cross-sectional area A s ---- 20.4 
~2; eight ' intermediate'  states 2 . . . . .  9, describing 
chain conformations winch are approximately 
planar such as kinks or jogs near the ends of the 
chain. These states have internal energies E,,  areas 
A n and degeneracies (the number of such states) 
D n and can be explicitly enumerated. The philoso- 
phy of selecting them is that planar conformations 
may be relatively easy to excite when T <  T~; one 
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high-energy 'melted'  state, e, with energy Ee, area 
A e ~-34 .~2 and degeneracy D e very much larger 
than the degeneracies of the other states. This state 
dominates the system when T >  T~ in a pure bi- 
layer. The effect of the water interactions which 
bring the bilayer into existence is included as an 
effective lateral pressure, I-I0, acting on the hydro- 
carbon chains. The Hamiltonian operator describ- 
ing the interaction and internal energies of a pure 
lipid system is 

j M  

9£L - 2 E ~ I.I,,,~,.£j,. 
<tJ~ tim 

+ E E(E. +lioA.) e,. (1) 
l n 

Here jM is the interaction strength between two 
nearest neighbour saturated all-trans chains each 
containing M carbon nuclei per chain, I~I,, de- 
scribes the quadrupole-quadrupole interaction be- 
tween two nearest neighbour chains, labelled t and 
j ,  in states n and m, respectively, and l ~  is a 
projection operator for chain t in state n. The sum 
< q > denotes nearest neighbour interactions only. 

When a single integral protein is introduced 
into the bilayer it can have two effects: It can 
interact via its hydrophoblc surface w~th those 
hydrocarbon chains which are adjacent to it, the 
strength of these interactions depending upon 
which state the chain is in; it can interact via its 
polar region with the water and lipid polar groups. 
This interaction may be a long range interaction. 
It may also disrupt hydrocarbon chain packing by 
creating lattice dislocations in the gel phase. How- 
ever, the hydrophobic surface of some integral 
proteins appears to induce static disorder in lipid 
chains adjacent to it [12] and this might militate 
against the formation of lattice defects in an other- 
wise gel phase. Here we shall ~gnore the possible 
formation of such defects. We shall simplify these 
interactions as follows: We shall assume that the 
protein hydrophobic surface is sufficiently ' rough'  
so as to distinguish only between the 'melted'  
state, e, and the other nine more extended states, 
and that the interaction between the protein surface 
and a chain in state e is sufficiently weak to be 
approximately zero. The effect of the possible 

perturbation of the water region by the polar 
sections of the protein will be taken as affecting 
the lateral pressure acting on the hydrocarbon 
chains. The Hamiltonian for the interaction be- 
tween the lipid molecules and an isolated protein 
is thus, 

< t >  n ~ e  j n 

(2) 

Here K is the interacUon energy between the pro- 
tein and the lipid chains in states g, 2 ... . .  9, with 
< l >  denoting a sum over those lipids which are 
adjacent to the protein. H i is the effective pressure 
acting on the chains within some distance from the 
protein, the sum Y.' denoting that it ~s over some 
set of lipids near to the protein. It is evident that 
II~ may depend upon the extent and conformation 
of the protein polar structure. The total Hamilto- 
nian is {~{'-='~L "+-~CLp" All the parameters here 
are known from previous calculations and fits to 
experiment, with the exception of the protein-lipid 
interaction variables, K, II~, and the range of the 
lateral pressure change due to the protein polar 
structure. We shall see later that K can be 
determined from 2H-NMR results, but that I I  t 
and its range can only be deduced from a study of 
the behavior of D L. 

(b) Stmphftcatton for Monte Carlo studies 
In order to perform a Monte Carlo simulation 

it ~s convenient to have a model w~th as few 
internal states as possible. As described above, 
each lipid chain has ten internal states. A simplica- 
tion can be obtained, however, as described in Ref. 
17: We are interested in processes taking place 
over the characteristic time scale of the melting 
process. Now the time scale for transitions among 
the lowest lying states is of the order of 10-t0 _ 

1 0  - I t  s, while that between the low-lying states 
and the 'melted'  state, e, ~s of the order of 10-6 s. 
If  we are concerned with processes taking place on 
the latter time-scale, then we can perform a ther- 
mal average over the states g, 2 . . . . .  9 to obtain an 
effective temperature-dependent ground state, G. 
This averaging would be trivial if either the states 
g, 2 . . . . .  9 did not interact, or if the interaction 



energies were all the same. An inspection of Eqn. 1 
shows that neither is true. Accordingly, we shall 
represent the interactions between these states by 
mean fields and perform a thermal average over 
the states g, 2 . . . . .  9 in order to obtain an effective 
temperature-dependent ground state, G. This is an 
improvement over the averaging performed m Ref. 
17. We thus obtain a total Hamdtonmn which 
looks like a sum of Eqns. 1 and 2, as before, but 
with the following differences: The sum over n 
labelling the chain states runs only over n = G and 
e, and the parameters associated with the effective 
ground state G are now thermal averages over the 
low-lymg states. 

The labels of chains, ~ and j now refer to lattice 
sites at which the hydrocarbon chains are localized 
and Monte Carlo simulations will be performed as 
introduced by Metropohs and described in Ref. 
18. A single Monte Carlo run involves visiting 
each site once only, randomly, and calculating, 
whether the chain state will change. Because this 
can change approx, every l0 -6 s, this enables us to 
associate a rime of approx, l0 -6 s with each Monte 
Carlo run. In the next sub-section we shall de- 
scribe how lateral diffusion may be simulated. 

(c) Models of  protein lateral dtffuston 
In Appendix A we show that the protein lateral 

diffusion coefficient, D L, can be written as 

DL __ Co < ~2 > (3) 

where ® is determined by the particular mecha- 
nism that we select for diffusion, and < . . .  > 
signifies a thermal average over the states of the 
bilayer. It seems reasonable to assume that the 
protein will diffuse only if there is a sufficiently 
large amount of sufficiently melted lipid around it. 
This means that < 6~ 2 >  will be proportional to 
Pro, the probability that there is on the average, a 
sufficiently melted region of lipid around the pro- 
tein, and we rewrite Eqn. 3 as 

=D0Pm (4) 

In a later sub-section we shall study various forms 
of Pm" 

When we study protein lateral diffusion using 
the Monte Carlo simulation, we shall use Eqn. A 1 
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of Appendix A. Since all sites will be occupied 
either by lipid chains or by proteins, we shall 
model lateral diffusion by allowing a protein to 
move a distance equal to one lattice constant in 
some time, At. The sites left vacant by the move- 
ment of the protein will be filled by the chains 
whose sites have been occupied by the protein as it 
moved. The details of the mechanism of diffusion, 
and the displacement of lipid chains wdl be de- 
scribed in the next section. 

(d) Evaluanon of  K 
We shall first evaluate the constant K of Eqn. 2. 

2H-NMR studies show that the C-2H bond order 
parameters at different positions along the 2-chain 
of dlmyristoylphosphatidylchohne (DMPC) in- 
crease somewhat or not at all, with increasing 
polypeptide or protein concentration at T = 30°C, 
as long as this concentration is not too high [ 12,19]. 
The polypeptlde, Gramicidin A', used does not 
apparently possess a polar group which could in- 
troduce long range effects in the polar region. The 
similarity between the 2 H - N M R  results for 
Granucidin A' and the integral protein cyto- 
chrome oxldase, at low concentrations, seem to 
suggest a similar conclusion for the protein. For 
molecules such as this it seems reasonable to choose 
H I = II  o when the protein concentration is low. 
Further evidence for this conclusion is contained 
in Ref. 20 where a quanntative analys~s of the 
2H-NMR data [12,19] suggests that isolated mole- 
cules of Gramicidin A' or cytochrome oxidase do 
not perturb the polar region significantly. 

We have calculated the C-2H bond order 
parameters along a 2-chain adjacent to single pro- 
teins of various sizes in DMPC bilayers, and found 
that a value of K-~ - 0 . 2 . 1 0  -13 erg gives results 
in good general agreement with Refs. 12 and 19. 
All thermodynamic calculations were performed 
using a mean-field approximation which has been 
described elsewhere [14,15]. This value of K will be 
used for all integral proteins. This means that we 
are assuming that, to a first approximation, the 
hydrophobic surfaces of proteins in contact with 
hpid molecules of the bilayer are equally 'rough' 
because it is this 'roughness' that K describes. 

When the protein possesses polar sections that 
are apparently much larger than the hydrophobic 
sections that penetrate the bilayer we must con- 
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sider the possibility that ~t may perturb the sur- 
rounding polar region. This could result m a mod- 
ification of the interactions in the polar region of 
the lipids which would lead to a lateral pressure 
I I t ,  different from I I  0 in the neighborhood of the 
protein. 

(e) Criteria for lateral dtffuswn to occur 
We shall not concern ourselves with the details 

of the mechanisms whereby a protein diffuses 
through the bilayer but, as stated before, will 
relate D L to the probability, Pm, that (a) a suffi- 
cient number of lipid molecules around the protein 
are (b) sufficiently melted. 

With regard to (b) we observe from earher 
calculations that the states g (the all-trans state), 2 
(states with jogs near the end of the chain) and 5 
(states with single kinks) dominate below the main 
phase transition temperature, T~ [14]. Accordingly 
we shall take a 'sufficiently melted' chain to be one 
in any of the ten states except these three. Thus, 
for each chain, the probability of being sufficiently 
melted is: 

Pm = 1 - p ~  - P 2  - P 5  (5) 

With regard to (a) we shall divide all the chains 
into layers around the single protein which will be 
diffusing in the bilayer. A 'sufficient number '  of 
lipid chains will be N I, N 2 . . . .  from the first, 
second . . . .  layers. We thus obtain, for use in 
Eqn. 4, that Pm =pm(NI 'N2  . . . . .  Nk ....  ). When a 
mean field approximation is used this probability 
factors in the following way, 

2Ni 2N2 )2Nk. 
Pm ----pm(1) pm(2) . . .Pm(k  .. (6) 

where pro(k) is the probability that a chain in the 
k th layer will be sufficiently melted. The expo- 
nents will be 2N l, 2N 2 . . . .  if the protein penetrates 
both halves of the bilayer. If it penetrates only one 
half then these exponents must be divided by two. 
In practice we shall find that only the first layer 
need be melted to give results in accord with 
observation, so that we would have N 2 = N 3 = . . .  0. 

When we perform a Monte Carlo simulation, 
since we have only two states, the effective ground 
state, G, and the excited state, e, we must choose 

the 'sufficiently melted' state to be e. In such a 
simulation we shall use the criterion that the pro- 
tein will move to an adjacent site only ff all of its 
nearest neighbours are melted. The direction that 
it moves in wdl be determined randomly. 

It should be stressed that the criterion for lateral 
diffusion to occur is not related to the number of 
lipids which have some property, e.g. 31p chemical 
shift anisotropy, changed due to their proximity to 
the protein. The latter are determined by the range 
of protein lipid lnteracuons as well as correlation 
lengths m the bilayer. In the next section we shall 
deduce lower bounds for the number of phos- 
pholipids significantly influenced by a protein and 
make comparisons with experiment. 

Results and Discussion 

Proteins or polypepttdes with small hydrophoblc sec- 
t t o n s  

We shall be concerned here initially with intrin- 
sic molecules (proteins or polypeptides) having 
hydrophobic sections of molecular weight around 
2000 if it spans the bilayer, or around 1000 ff it 
penetrates only half of the bdayer. We shall calcu- 
late D L for a single such molecule in a phospholi- 
pid bilayer. We shall compare our results to mea- 
surements made on very low concentrations of 
glycophorin [8] in DMPC. In the absence of data 
we shall assume that the diffusing unit of glyco- 
phorin is a monomer at very low concentrations, 
but the work of Van Zoelen et al. [21] and Yeagle 
and Romans [22] should be noted. Our general 
conclusions will not be invalidated if the diffusing 
umt of glycophorin is a dimer. 

The case of glycophorin is parhcularly interest- 
ing because D L appears to be essentially un- 
changed by the liquid-crystal to gel transition and 
remains high down to approx. 9°C below T c in 
DMPC. At this temperature D L decreases abruptly 
by about two orders of magnitude. We shall study 
under what conditions the first phenomenon, the 
so-called 'ice-breaker effect', can arise, and then 
try to propose a mechanism which might account 
for the abrupt change in D L. We shall then study 
the case of Gramicldin S m DMPC [13] and 
at tempt to discover whether the diffusing umt is a 
monomer or a multimer. 

It must be noted that some studies of glyco- 



phorm lateral diffusion in multibilayers of DMPC 
and egg phosphatidylcholine [23] using the FRAP 
technique have not detected the effects reported 
by Vaz et al. [8]. In the measurements of Wu et al. 
[23] the concentration of glycophorm is not re- 
ported, while Vaz et al. [8] used a lipid/glyco- 
phorm ratio of 4500: 1. It is clear that m order to 
deduce a self-diffusion coefficient, the concentra- 
tion should be sufficiently low to ensure that the 
diffusing units do not interact with each other. 

It should also be stressed that we are studying 
the condmons under which the effects reported by 
Vaz et al. [8] can be due to short range protein-hpid 
interactxons which depend upon the structure of 
glycophorin. Later on we shall remark briefly upon 
effects which are due to &slocations and similar 
defects introduced into a gel phase by the presence 
of an intrinsic molecule. Such effects would not, of 
course, be specific to glycophorm, but it has been 
pointed out that they cannot be excluded by our 
calculations (Sackmann, E., personal communica- 
tion). 

About nine hpid hydrocarbon chains can fit 
around the hydrophobic section of such an iso- 
lated intrinsic monomeric molecule described 
above, in each half of the bilayer (Appendix B). 
About fifteen chains can fit around this molecule 
as a second layer again in each half of the bilayer. 

In the Monte Carlo simulation we allowed the 
hydrophobic section of the protein to occupy one 
site, and the six sites around it to be occupied by 
the chains of the first layer. Although the true 
number of such adjacent chains is about nine, 
instead of six as used here, in each half of the 
bilayer, we consider that the results obtained are 
qualitatively correct. We took the lipids to be 
dipalmitoylphosphatidylcholine (DPPC), chose H 0 
= 30 d y n / c m  as before [15] and adjusted j16 SO 

that the first-order phase transition occurred at 
41°C. We used triangular lattices of 900 or 400 
sites with periodic boundary conditions. We al- 
lowed the lipids to come to thermal equdibrium 
over 500 Monte Carlo runs, and then allowed the 
protein to diffuse for 1500 runs and calculated the 
diffusion coefficient from it. The results are shown 
in Fig. 1. In all the Monte Carlo calculations the 
diffusion coefficient was arbitrarily set equal to 
D L ---- 2 . 1 0 - 8  cm2/s at 50°C. 

Fig. 1A shows the choice of K =  - 0 . 2 . 1 0  -13 
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Fig 1 Calculated lateral diffusion coeffxcxent of one small 
intrinsic molecule an a DPPC bdayer using Monte Carlo s~mu- 
lataon (A) K = - 0 2  10 -13 erg, FIl=30 dyn/em (B) K= 
-0.2 10 -13 erg, I I l=0 (C) K=10 10 -13 erg, H1=30 
dyn/cm 

and H 1 = 30. This corresponds to a molecule which 
interacts with lipid chains like a protein hydro- 
phobic surface but which does not possess a polar 
section large enough to perturb the lipids. We see 
that D L falls off very slightly as T is decreased to 
T~ and then goes to zero. The value of zero simply 
means that D L is less than 10 -1° cm2/s, the smal- 
lest value which we could calculate. This model 
should represent the behaviour of Gramicidin S 
but clearly does not give rise to the diffusion 
observed for low concentrauons of glycophorin. 

In order to mimic the effect of glycophorin we 
explored whether by changing I I  I we could repro- 
duce the 'ice breaker '  effect. Fig. 1B shows the 
result of keeping K - -  - 0 . 2 . 1 0  -13 but choosing 
I I  I = 0. This model represents a glycophorin mole- 
cule as having a hydrophobic section typical of 
any integral protein [12], but as having hydrophilic 
secuons which directly affect the polar groups of 
those phospholipid molecules adjacent to it. The 
result of this latter interaction is assumed to 're- 
duce the packing' of the lipid hydrocarbon chains 
adjacent to the protein by reducing the effective 
lateral pressure from 30 d y n / c m  to 0 dyn /cm.  
This choice of I I  I = 0 is, of course, merely an 
approximation to what may be the effect of com- 
plicated dynamical interactions. Above T c the re- 
sults are essentially identical to the previous ease. 



48 

For T <  To, D L is now large, but there is a definite 
change of slope at T =  T~. The reason for this is 
that in this modal the protein directly affects only 
nearest neighbour sites. The interaction between 
the protein hydrophobic surface and the lipid 
chains in a bilayer is only a nearest neighbour 
interaction which we believe we have correctly 
described. The lack of success of this model m 
reproducing the observed 'ice breaker' effect of 
glycophorin must, therefore, lie in the restriction 
of III to influence only nearest neighbours: The 
polar group of glycophorin may be influencing the 
polar region of at least second nearest neighbour 
lipids. 

We have not built this change into our model, 
but instead we chose K =  1.0.10 -13 and YI 2 = 30 
to mimic the strong polar layer effects which might 
be causing local disorder of the lipid hydrocarbon 
chains. Fig. 1C shows the results. We see that now 
we do have the 'ice breaker' effect [8] with D L 
being only slightly changed at T c. We have studied 
a number of Monte Carlo simulations in which the 
requirements for lateral diffusion were varied but 
we have found essentially the same result: The 'ice 
breaker' effect can be understood as a conse- 
quence of the hydrophilic section of the protein 
affecting the lipid polar region so that the local 
pressure acting on the chains is reduced and they 
remain 'fluid' (represented by our static disorder) 
for temperatures below To. This result is essentially 
in agreement with the observations of Brf~let and 
McConnell [24] where the 'ice breaker' effect was 
predicted. 

In Fig. 2 we show some typical distributions of 
lipid chain states for T <  T¢ in one half of a 
bllayer. Fig. 2A shows the case K =  - 0 . 2 . 1 0  -23 
erg and 1-I I = 30 dyn /cm,  and we see that there is 
some static disorder adjacent to the protein, but 
not sufficient to allow diffusion characteristic of 
T >  T~. Fig. 2B shows K = - 0 . 2 . 1 0  -13 erg and 
H I = 0. Although there is now more static dis- 
order near the protein it is insufficient to prevent a 
significant decrease in D L from the values for 
T>T¢.  In Fig. 2C with K =  1 .10  -23 erg and 
II 2 = 30 dyn /cm,  however, the effect of 'fluidlz- 
ing' only the chains adjacent to the protein is 
propagated, via the lipid-lipid interactmn, over 
distances up to four or more layers away from the 
hydrophobic segment. This is one mechanism 
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Ftg, 2 Typical instantaneous d~stnbutlons of sufficiently melted 
hplds (state e, cross-hatched areas) and gel-state hplds (state G, 
blank areas) on a port~on of a triangular lattice from the Monte 
Carlo s lmulauon of a small mtnns~c molecule (filled c~rcle) m a 
DPPC bllayer (T c =41°C)  The temperature is 35°C (A) K--  
- 0 . 2 . 1 0  -13 erg, II z = 3 0  d y n / c m  (B) K = - 0 2 , 1 0  -13 erg, 
I-I I = 0  (C) K =  I 0 l0 13 erg, H I =30  d y n / c m  

whereby a value of D L of the order of 10 -8 cm2/s 
can be obtained for T <  T c. It can be seen that it is 
not necessary that 'rigid' hpid molecules exchange 
sufficiently rapidly with those 'fluidlzed' by the 
protein. It is also unnecessary that domains of 
'fluid' lipid should be connected in order to have a 
long 'fluid' path available to the protein. The 
protein creates its own region of fluidity as it 
moves and the diffusion limiting mechanism is the 
rate at which the protein can disorder the lipid 
chains as it approaches the boundary of the 'fluid' 
region which it has created. Our model is unable 
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to calculate this rate-limiting effect in a reliable 
way. However, bearing in mind that a value of 
D L : 10 - 8  c m 2 / s  implies that ( <  r 2 > ) 1 / 2  ~ = 7 ~, 
during a time of approx. 10-7 s, we see that if a 
lipid chain can change from a 'rigid' to a 'suffi- 
ciently melted' conformation in approx. 10-7s  
then a value of D L --- 10-8 cm2/s for some T <  T~ 
is quite reasonable. 

It can be seen, however, that the simulation 
does not show an abrupt change in D L at some 
temperature below To, but that D L decreases over 
a wide temperature range. In order to study the 
question of the origin of the abrupt decrease in D L 
at T ~  T ~ -  9°C for glycophorm in DMPC we 
considered an isolated protein surrounded by layers 
of DMPC chains and performed a mean field 
calculation. This is a much simpler calculation 
than performing Monte Carlo simulations. The 
mean fields, of course, depended upon how far the 
chain was from the protein. We studied six cases 
defined by the following conditions: (a) that the 
criterion for protein lateral diffusion to occur is 
that all nine chains in the first lipid layer around 
the protein in each half of the bilayer must be 
melted, and (b) that the perturbing effect of the 
protein's polar section extends out to either the 
second or the third lipid layer with the associated 
reduced pressure, YI I, taken to be 0, 10 or 20 
dyn /cm.  In view of the molecular weight of glyco- 
phorin (approx. 31000) it seems unlikely that its 
hydrophilic section could cause a significant per- 
turbation further away than the third lipid layer. 
These two sets of conditions are quite indepen- 
dent. Set (a) is simply what appear to be reasona- 
ble assumptions about under what conditions 
lateral diffusion can occur. Set (b) concerning the 
range of the perturbation of the hydrophilic sec- 
tion of glycophorin follows from our finding, in 
the Monte Carlo simulations, that in order to 
understand the high value of D L for T <  T~ as a 
consequence of specific interactions between gly- 
cophorin and phospholipids (as distinct from non- 
specific effects such as the formation of disloca- 
tions and similar defects as mentioned above), we 
must consider polar group perturbatmns which 
extend beyond those phospholipids adjacent to the 
glycophorin hydrophobic section. We thus chose 
(see Eqn. 6) (a) N I = 9 with all other N k = 0, and 
(b) H I = 0 ,  H~ = 10 or H I = 20 for either the first 

two layers of lipid, or the first three such layers, 
away from the isolated protein. The value of D O 
(Eqn. 4) was chosen so that D L = 2 .0 .1 0 -8  cm2/s 
at T =  40°C, and the temperature dependence of 
D L is shown in Fig. 3. Fig. 3A is for the protein 
polar section perturbing two layers of lipids, while 
Fig. 3B shows the effect if this perturbation ex- 
tends to three layers. 

The first result to note is that this mean field 
model gives results essentially like that of the 
Monte Carlo simulation of Fig. 1C. This is an 
important check which allows us to proceed with 
using the mean field approximation. The second 
result is that it is not possible to decide between 
whether the protein affects the lipid polar region 
for two layers or for three. The third result is that 
in no case do we see an abrupt change in D L below 
T c. Even in the most likely cases (curves c) D L 
decreases from approx. 6 . 1 0  -9 to approx. 10 -~1 
cm2/s over a range of approx. 8°C which is far 
larger than the range of 1.5°C reported [8]. 

We thus see that by some mechanism the hy- 
drophilic section of glycophorin interacts with (this 
does not imply a bonding in any sense of the term) 
the lipid polar groups which lie within a certain 
distance of the protein, and so perturbs them, 
thereby reducing the effective lateral pressure on 
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Fig 3. Calculated lateral dfffusxon coefflcaent of  one glyco- 
phonn molecule m a DMPC bilayer using the model described 
m the text with a mean field approximation For all cases 
K = - 0 . 2 .  l0 -13 erg, and N I - -9  Glycophonn polar secUbn 
affects two hpld layers around the protein (A), and three lipid 
layers (B) In both cases: curve a, H I =0 ;  curve b, H i = 10 
dyn /c ra ;  curve c, 171 =20  d y n / c m  
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their hydrocarbon chains. This is a mechanism 
whereby the 'ice breaker '  effect can be understood. 

If the abrupt decrease in D L at T-~ Tc - 9°C in 
DMPC is due to specific glycophorin-DMPC in- 
teractions rather than a process taking place in the 
bilayer and independent of the protein, then we 
are led to make the following tentative proposal: 
When some of the lipid hydrocarbon chains, which 
are perturbed by the polar interactions referred to 
above, become sufficiently gel-hke below T~, this 
coupling is broken at a temperature which we 
denote by 7",, and the perturbation is reduced so 
that the effective lateral pressure on these chains, 
FI t, becomes equal to Fi0 (the lateral pressure on 
those chains which are outside the range of the 
protein's hydrophilic section). 

As the criterion for becoming 'sufficiently gel- 
like', we required that when the probability of a 
chain in the second or third layer to be sufficiently 
melted, pm(2) or pm(3), became small enough, then 
the coupling would be broken. In the case of the 
protein affecting two (three) layers we used pro(2) 
(pm(3)) and we denoted this lower hmit by pm(hm). 
Not  surprisingly, we found that pm(hm) depended 
upon the value of Fit. For the case that the protein 
perturbed two layers we found values of 0.89 
( H t = 0 ) ,  0.80 ( F l l = 1 0 )  and 0.56 ( H t - - 2 0 ) ,  
while for the case that the perturbation extended 
to three layers we obtained 0.89 (FI t =0) ,  0.80 
(FIt = 10) and 0.49 (1-I t =20) .  Later, we shall 
compare our results to measurements on DMPC 
and DPPC bdayers containing glycophorin using 
Raman and infrared spectroscopy and differential 
scanning calorimetry. There we shall see that the 
evidence is strong that the abrupt change m D e is 
correlated w~th the lipid pretrans~t~on. This does 
not mean that our mechanism is wrong, but only 
that it ~s triggered in a way different to the one 
which we have proposed. We will, however, pursue 
this triggering mechamsm m order to discover its 
predictions. 

Fig. 4 shows these results for the three cases 
plotted m Fig. 3A. The results for the cases of Fig. 
3B are similar and we are thus not able to decide 
between whether the protein affects the polar re- 
gions of two hpid layers or of three. 

Fig. 5 shows our predicUon for glycophorin in 
DPPC. Here we have chosen the case of two layers 
being affected though the choice of three layers 
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Fig 4 Calculated lateral dlffusxon coefficient of one gl~,co- 
phonn  molecule m a DMPC bdayer using a mean field ap- 
proximation w~th the protein polar section 'uncouphng' mecha- 
msm adjusted to operate at 15°C K = - 0  2 10 l~ erg, and 
N I = 9, with the protein polar section affecting two hpld layers 
The values of 1-I i and pm(hm) are curve a, 0 and 0 89, curve b, 
10 dyn /cm and 0 80, curve c, 20 dyn /cm and 0 56 

will give essentially the same results. Our calcula- 
tion, which now has no free parameters, predicts 
that the dependence of D L upon temperature for 
glycophorin in DPPC should look like that in 
DMPC but shifted upwards in temperature by an 
amount Tc (DPPC)-  T~(DMPC)(here 17.6°C). For 
this reason we have not performed calculations 
analogous to those of F~g. 4. 

We should now be able to calculate the temper- 
ature-dependence of D L for a variety of other 
proteins given their size (in order to estimate N t) 
and by fitting the value of D O to one experimental 
point. Wu et al. [13] measured D L for Gramicidin 
S in DMPC. The monomer has a molecular weight 
of 1141, and its dimensions are such that it 
penetrates one half of a DMPC bilayer [13]. 
Accordingly about nine chains can fit around one 
xsolated such molecule. Fig. 6A shows the results 
of calculations by choosing D O so that D L = 2.2. 
10 -8 / s  at 40°C in approximate agreement with 
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F~g 5 Calculated lateral dlffusxon coefficient of one glyco- 
phorln molecule in a DPPC bdayer using a mean field ap- 
proximation with no 'uncoupling' mechamsm operating K-- 
- 0 2  l0 13 erg, and N]=9 ,  wath the protein polar section 
affecting two lipid layers Curve a, 1-I t = l0 dyn/cm,  curve b, 
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Fig 6 Calculated lateral diffusion coefficxents of three mtnnsac 
molecules m a DMPC bllayer with only one such molecule 
present K = - 0 2  10 -~3, I l l = 3 0  dyn /cm (no protein per- 
turbataon of the hpad polar layer occurs) (A) Gramxcxdm S 
N I = 9  Curve a, D L for monomers with D0----47-10 8, curve 
b, D L for &mers with D O = 1 0 - 1 0 - 7  Tins case gwes values 
closer to those observed [13] (B) M-13 phage coat protein 
N I = I I 6, D o =3  7 10-7 (C) Hypothetical bdayer-spanmng 
protein of molecular weight 40000. Ni =26, D o = 1 6 10 -6 

Ref. 13. Curve a is based on the assumption that 
Gramicidin S is a monomer in the bilayer while 
curve b is the result obtained if it assumes a 
dimeric form in the bilayer. A comparison with 
Fig. 2A of Ref. 13 seems to suggest the latter 
possibility: At 20°C, for example, the measure- 
ments give D E ~ l 0  - 1 °  cm2/s, while the calcula- 
tion gives 2 .3 .10-10 cm2/s. 

Encouraged by the results above we considered 
the case of the M-13 phage coat protein (molecular 
weight 5260) m DMPC [5]. We calculated that 
approximately 11-12 hydrocarbon chains in each 
half bilayer could fit around one isolated such 
molecule. Choosing D O so that we obtain D L ~ 5.2 

• 10-8 cm2/s at 40°C in rough agreement with [5] 
we see from Fig. 6B that at 25°C D L has fallen to 
2- 10 -8 cm2/s which is somewhat lower than 3. 
10-8 cmZ/s as measured• We are not aware of any 
measurements performed for T <  To. Our calcula- 
tion predicts that D L should fall to approx. 10-l0 
cm2/s at 20°C and approx. 10 -12 cm2/s at 15°C. 
We shall, however, raise objections in the conclu- 
sion to taking our calculated values too seriously 
at very low temperatures. 

Fig. 6C shows the calculation of D L for a 
hypothetical protein of molecular weight 40000 
with D E fitted to 2 . 1 0 - 8  cmE/s at T =  40°C. In 
this case approx. 26 lipid chains can fit around 
one isolated protein in each half of the bilayer, we 
assume that it spans the bilayer, and that it does 
not have a polar group to induce an 'ice breaker' 
effect. 

Fig. 7 shows the average number of gauche 
bonds per lipid chain, < ng > ,  as a function of 
layer away from the surface of glycophorm in 
DMPC (A) and DPPC (B), for four temperatures 
where we assumed that the protein hydrophilic 
section affected two lipid layers. In both cases 
(curves c) we see that the 'ice breaker' effect ex- 
tends to about the fourth layer just below T~, tlus 
being a consequence of the increase in correlation 
length near phase transitions. For temperatures 
above T c the hce breaker' effect is restricted to the 
two directly affected layers. Note also that at 
sufficiently low temperatures below T~ (curves d) 
the chains adjacent to the protein are significantly 
disordered statically. In our model this results not 
from affects of the protein hydrophilic section, but 
from the 'roughness' of the protein hydrophobic 
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Fig 7 Average numner of gauche bonds per hpld chain as a 
function of temperature and distance, m lipid layers, away 
from one isolated glycophorm molecule w~th the protein polar 
section affecting two hpld layers (A) DMPC bllayer Curve a. 
T=30°C, curve b, T=23°C, curve c, T= 17°C, curve d, T-- 
5°C (B) DPPC bdayer Curve a, T=48°C; curve b, T=40°C, 
curve c, T--32°C, curve d, T=24°C Note the temperature 
dependence of the extent of perturbed hpld 

surface, as we can see f rom a compar i son  with the 
effects due to pro te ins  which do  not  pe r tu rb  the 
po la r  region as g lycophor in  appa ren t ly  does. 
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Fig 8 Average number of gau¢he bonds per hpld cham as a 
functxon of temperature and distance, m hpld layers, away 
from one ~solated intrinsic molecule whach does not have a 
hydrophdlc section perturbing the hpxd polar region as 
described here These results should hold for Gramxcxdln S and 
the M-13 phage coat protein (A) DMPC bdayers Curve a, 
T=30C, curve b, T=23°C, curve c, T=I7°C (B) DPPC 
bdayers a, T=48'~C; curve b, T--40°C; curve c, T=30°C 

Fig. 8 shows a s imilar  ca lcula t ion  of  < ng > for 
the other  cases cons idered:  Gramlc id in  S, the M-13 
phage  coat  p ro te in  and the hypothe t ica l  p ro te in  of 
molecu la r  weight 40000. It is a p red ic t ion  of  this 

mode l  that  the s tat ic  hyd roca rbon  chain order  as a 
funct ion of  d is tance  away from po lypep t ides  or 
in tegral  pro te ins  such as these should be indepen-  
dent  of the size of  the molecule,  and  should de- 
pend  only upon  the ' roughness '  of  the molecule ' s  
hyd rophob ic  surface as long as its molecular  weight 
is greater  than  1000. The results shown in tins 
f igure are essent ial ly  ident ical  to those of calcula-  
t ions pe r fo rmed  using analyt ica l  methods  and 
M o n t e  Car lo  s imula t ions  to s tudy pro te ins  and 
cholesterol  in l ipid bdayers  (Boothroyd,  A. et al., 
unpub l i shed  data).  

Final ly ,  it should  be no ted  that  the d is tance  
f rom an isola ted pro te in  out  to which a per tu rba-  
t ion of  the hp id  hyd roca rbon  chains  can be 

observed,  is t empera tu re -dependen t ,  par t tcu la r ly  
near  T~, as can be seen in Figs. 7 and 8. 

Comparisons wtth other measurements 
Recent  measurements  using different ia l  scan- 

ning ca lor imet ry  (DSC)  [25], 31P-NMR [22,25] and 
a3C-NMR [26] have been in te rpre ted  m the follow- 
ing way: Tha t  f rom 80 to 100 phospho l ip ld  mole-  
cules are pe r tu rbed  by  each g lycophor in  molecule  
so that  they do  not  take par t  in the gel to l iquid 
crys ta l  t rans i t ion  as measured  by  DSC;  that  29 
D M P C  molecules  are lmmobihzed ,  or  nine mole-  
cules of  d io leoy lphospha t id ic  acid are very s t rongly 
immobihzed ,  in their  phospha te  region as detected 
by  3 ' p - N M R ;  and  that  about  30 l ipid molecules  
are  immobi l i zed  as measured  using ' 3 C - N M R .  

We have found that  m order  to under s t and  the 
la teral  diffusion of g lycophorin ,  within the frame- 
work  of  our  model ,  the po la r  regions of at least 
two layers of  phospho l ip id  molecules  must  be suf- 
f icient ly pe r tu rbed  a round  each such molecule.  
Wi th  approx.  9 l ipids m the first layer and  approx.  
15 in the second (on bo th  sides of the bdayer )  our  
mode l  reqmres  that  the po la r  regions of  at least 24 
phospho l ip id  molecules  must  be pe r tu rbed  by  the 
g lycophor in  hydropin l ic  sectxon. Whi le  we cannot  
say whether  tins pe r tu rba t ion  would  lead to im- 
mobi l i za t ion  on the 31p-NMR time scale, our  
numbers  are  in accord  with those measured.  

Accord ing  to our  model ,  tins number  will not  
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necessarily be that which would be detected using 
DSC. To see this, refer to Fig. 7 curves (b). We see 
that just below the main phase transition tempera- 
ture about four layers of lipid chains are signifi- 
cantly perturbed. Although we do not share the 
view that these are 'removed' from the cooperative 
gel-liquid crystal transition, it is clear that because 
they are more statically disordered than lipid chains 
far from the protein, they will contribute less to 
the transition enthalpy. From geometric considera- 
tions (Appendix B) there are about 74 lipid mole- 
cules on both sides of the bilayer in these four 
layers. Accordingly, DSC will detect this number 
as making a reduced conttabution to the transition 
enthalpy. If we had assumed that the glycophorin 
hydrophilic section perturbed the polar region of 
three lipid layers then we would find that about 
108 lipid molecules per glycophorin molecule 
would be detected, using DSC, as making a re- 
duced contribution to the transition enthalpy. It is 
encouraging that these two numbers are in general 
agreement with the range of 80 to 100 deduced 
from DSC measurements [25]. 

Our calculations are in general agreement with 
very recent ~H-NMR measurements by Ong et al. 
[27] who find that approx. 40 lipid molecules are 
directly affected by each glycophorin molecule in 
small unilamellar vesicles. Our results are also in 
general agreement with the measurements by 
Taraschi and Mendelsohn [28] on glycophorin/  
DPPC bilayers using raman spectroscopy as well 
as with those by Mendelsohn et al. [29] on glyco- 
phorin-DMPC unilamellar vesicles using Raman 
and infrared spectroscopy. Taraschi and Mendel- 
sohn [28] find that at least 135 lipid molecules 
have their phase transition behaviour altered by 
each glycophorin molecule. This is somewhat 
higher than, but in general agreement with, the 
results of Van Zoelen et al. [25] and our calcula- 
tion. Their measurements, however, were done for 
relatively low lipid/glycophorin ratios (1000:1 to 
125 : 1), and their number of 135 lipid molecules is 
deduced from their observations at the highest 
concentrations used. At such concentrations ques- 
tions of protein-protein interactions and lateral 
phase separation must be taken into account, and 
our calculation is for one diffusing unit. 

However, Taraschi and Mendelsohn report no 
indication of a peak in the specific heat, as mea- 

sured using DSC [28], near the temperature of 
approx. T c - 9°C corresponding to which the large 
change in D E was  reported to occur [8] over ap- 
prox. 1.5°C. It is true that the latter measurement 
was performed on DMPC bilayers, but it seems 
unlikely that a result of this sort would not occur 
in DPPC as well. The way in which our 'uncou- 
pling' mechanism is triggered must lead to a pre- 
diction of a peak in the specific heat at T ~  T~ -- 
9°C. Furthermore, as described, the triggering is a 
purely local effect since it depends only upon the 
order of the chains in the neighbourhood of the 
protein and so this peak must persist to higher 
protein concentrations unless the protein keeps all 
of the lipids fluid. In the absence of such a peak 
[28] the way in which our mechanism is triggered, 
but not necessarily the mechanism itself, must be 
called into doubt. It will be recalled that we as- 
sumed that when the probability of lipid chains, in 
a given layer around the protein, to be 'sufficiently 
melted' became too small, then the 'uncoupling' 
mechanism would be triggered. If, however, the 
triggenng was related to long-range effects, such as 
changes in lateral packing, other than that due to 
the local ordering of the chains, at the pretransi- 
tion then our mechanism would not predict a peak 
in the specific heat because at sufficiently high 
protein concentration the pretransition vanishes. 

The recent measurements by Mendelsohn et al. 
[29], are, as far as we can see, essentially in accord 
with our calculations on DMPC bilayers. Fig. 7A 
shows that at 5°C the static hydrocarbon chain 
order is similar to that of a pure lipid except in the 
first layer around the protein (curve d). In the 
fluid phase (curve a) the protein has an insignifi- 
cant effect upon this order. 

One question which we have not studied is 
whether large multimers of glycophorin would dif- 
fuse rapidly below T c. It would appear that the 
problem would be essentially the same as that of 
monomers. 

Conclusions 

We have presented a model for the lateral diffu- 
sion of isolated integral proteins or polypeptides 
(with a molecular weight greater than 1000) in 
phospholipid bilayers, which relates the diffusion 
coe f f i c i en t ,  DL, to the static lipid hydrocarbon 
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chain order. We have used this model in Monte 
Carlo simulations or in mean-field approximations 
to calculate the temperature dependence of D E for 
Gramicidin S, the M-13 coat protein, and glyco- 
phorin in DMPC and DPPC bilayers. We have 
been concerned with the protein-lipid interactions 
which might give rise to the behavlour observed, 
and have not studied the contribution of gel-state 
defects, such as dislocations, to lateral diffusion. 

We find that, at the concentrations studied, the 
change in D E of Gramicidin S at T~ is in accord 
with those molecules being in dimeric forms in 
DMPC bilayers. We have predicted the tempera- 
ture dependence of D E for the M-13 coat protein 
for T <  T c in DMPC bilayers. We have also calcu- 
lated the average number of gauche-bonds per 
lipid hydrocarbon chain for various lipid layers 
around such proteins at different temperatures. 

We find that the 'ice-breaker' effect of glyco- 
phorin in DMPC bilayers, VlZ. the small reduction 
in O L as T decreases from T c to Tc - 9°C, can be 
understood if the hydrophihc section of the pro- 
tein perturbs the polar regions of neighbouring 
lipids, thereby causing a reduction in the effective 
lateral pressure acting in their hydrocarbon chain 
region. We find that at least approx. 24 lipid 
molecules must be directly affected by such a 
mechanism which is in accord with the numbers 29 
or 30 detected by 31P.NMR spectroscopy. Because 
of the interaction between hydrocarbon chains, the 
effect of this perturbation can extend outwards to 
four or five layers of hpid hydrocarbon chains 
away from the protein. From geometrical consid- 
erations, this means that between approx. 74 and 
approx. 108 phosphohpid molecules will make a 
reduced contribution to the transition enthalpy, m 
general agreement with the numbers of 80 to 100 
deduced from DSC. 

Our mechanism, however, cannot account for 
the abrupt decrease in D L for glycophorin in 
DMPC bdayers reported to occur as the system ~s 
cooled through T ~  T~ --9°C, and an understand- 
ing of it required an additional mechanism. If this 
mechanism is related to the structure of glyco- 
phorin, and is not a consequence of changes in the 
bilayer independent of the protein, then we pro- 
pose that the abrupt change in D L is a conse- 
quence of a 'couphng-uncoupling' mechanism in- 
volving the protein hydrophilic section and the 

phosphohpid polar regions. It appears most likely 
that this mechanism is triggered by changes in 
lipid packing at the bilayer pretransition. 

It would be qmte futile for us to speculate upon 
details of the mechanism whereby the glycophorin 
hydrophilic section interacts with the lipid polar 
groups and becomes decoupled from them under 
certain conditions, as we have proposed. A de- 
tailed study of the polar region of the liplds around 
this protein is needed. 

Even if our proposed coupling and decoupling 
turns out to be wrong, this would not affect the 
validity of our model of protein lateral diffusion 
(Eqns. 4 and 5), and the calculations shown here, 
except possibly those shown in Fig. 4. It should be 
stressed that our model of protein lateral diffusion 
is for one protein. At higher concentrations the 
effect of protein-protein interactions must be con- 
sldered. 

We have cautioned against accepting our calcu- 
lated values of D E at  low temperatures, sufficiently 
far below T~, too readily. This is because we have 
not taken into account factors which may enharice 
diffusion such as the formation of dislocations and 
other defects created in the gel phase by the pres- 
ence of a suffioently large intrinsic molecule. 

Finally, it should be noted that by putting 
H l ~ 0 ,  10 or 20 d y n / c m  for the case of glyco- 
phorin we are only approximating what might be 
an interaction involving many dynamical varia- 
bles. If our proposal concerning the existence of 
this effect is correct, then a more elaborate treat- 
ment of it will be necessary. 

Appendix A 

In order to relate an expression for protein 
lateral diffusion coefficient, DL, to  the properties 
of the lipid bilayer in which the protein is incorpo- 
rated, we start by considering a random walk 
performed by the protein's centre of mass. In some 
characteristic time, At, the protein moves a dis- 
tance d, via a mechamsm identified simply as ~'~, 
in a direction given by the randomly-directed unit 
vector R(~). At the lth step the displacement 
vector is 

F, = d ~ R ( ~ )  (A1) 



where P, denotes a unit vector. By summing over 
all the steps to obtain the total displacement F, and 
averaging r 2 = F - F  over a random path we find 
that 

i 

r 2= Ed2~2R(p~)  • R ( ~ )  
i] 

= d 2 ~ 6~2 (A2) 
I 

The last sum is over a random path through the 
bilayer which will sample the states of the lipid at 
that temperature. If 6~ does not depend directly 
upon the state of the protein, then we can rewrite 
Eqn. A2 as 

r-Z= d 2 N ( @  2 ) 

where N is the number of steps taken. This yields 

m 

/.2 __ d 2 

D L - 4 N A t  4 A t ( 6 ~ 2 ) ~ C o ( ~  2) (A3) 

The factor C O must be determined empirically. 

Appendix B 

We estimated the approximate number of lipid 
chains which can fit around an isolated intrinsic 
molecule by assuming that the portion of the 
molecule which is inside the bilayer, possessing a 
mass Mp has a volume proportional to this mass 
such that the same constant of proportionality 
relates the volume of a lipid molecule to its mass, 
M L. Then, if the cross-section area of the lipid 
molecule is A L and that of the intrinsm molecule is 
A I, with h being half the thickness of the bilayer, 
we have 

2 h A x / M  l = hAL/ /M L (B1) 

When the intnnsic molecule spans only half of the 
bilayer, the factor of 2 is omitted. A L is given by 
2A¢ where A~ is the area of a lipid chain. If the 
cross-sections of the chain and the intrinsic mole- 
cule are taken to be effectively circular, then we 
can define radii 

Re = (AL/2er )  1/2, R I = (Ai /~r)  I/2 (B2) 

55 

The approximate number of hydrocarbon chains 
N~ which can fit around one isolated such molecule 
is then 

N c ---~r(R c + R I ) / R  ¢ (B3) 

For example, in the case of glycophorin M I --- 
2500 [8], and M L -~ 680 with A¢ -~ 30 A2, on the 
average, for DMPC, so that A I = 110 ~2 and 
R~ -~ 6 A. Thus, N¢ -~ 9 as we have used. 
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