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An investigation has been carded out of the relationship between changes in the fluorescence polarization of 
1,6-diphenyl-l,3,5-hexatriene (DPH) and concomittant changes in the lateral diffusion of proteins and lipid 
probes in membranes. Plasma membranes from lymphocytes and a CH1 mouse lymphoma line were treated with 
up to 70 tool% (relative to the total membrane phospholipid) of oleic or linoleic fatty acids. Under these condi- 
tions the fluorescence polarization of DPH decreased by between 8 and 15% which, in the framework of the 
microviscosity approach, suggests a membrane fluidity change of between 20 and 50%. The lateral diffusion coef- 
ficients of surface immunoglobin and the lipid probes 3,3'-dioctadecylindocarbocyanine and pyrene were also 
measured in these membranes using the fluorescence photobleaching recovery technique and the rate of pyrene 
excimer formation. The diffusion rates were found to be unaffected by the presence of free fatty acids. Hence 
despite large 'microviscosity' changes as reported by depolarization of DPH fluorescence, lateral diffusion coeffi- 
cients are essentially unchanged. This finding is consistent with the idea that perturbing agents such as free fatty 
acids do not cause a general fluidization of the membrane but act locally to alter, for example, protein function. 
It is also consistent with the suggestion that lateral mobility of membrane proteins is not modulated by the lipid 
viscosity. 

Introduction 

The formulation of the fluid mosaic model of 
biologccal membranes was a significant advance in our 
understanding of membrane structure and function. 
The central features of this model are: (1) the hpld 
bilayer constitutes a homogeneous two-dtmensional 
fluid matrLx that is the basic structural unit of the 
membrane, and (2) integral membrane proteins are 
inserted into the lipid matrix and are generally free to 
diffuse laterally in the fluid lipid 'sea' hmlted only by 

* Present address: Max-Planck Instltut fur BlophysLkallsche 
Chemxe, Abtellung Molekulare Blologle, Postfach 968, 
D-3400 Gottmgen, F.R.G. 

the viscous drag of the lipxds [ 1]. Lateral movement 
of membrane liplds and proteins has been demon- 
strated directly in a number of laboratories [2-14] .  
Evidence that lateral motion of proteins in the ceil 
membrane plays at least a permissive role in physio- 
logical processes is provided, for example, by the 
apparent requirement for receptor aggregation in 
mast cell degranulation and the action of some pep- 
tide hormones [ 15-20].  

Some researchers have gone a step farther in sug- 
gesting that control of the lateral diffusion rate of 
membrane proteins can be used to modulate a.cellular 
response, such as with a diffusion-linked coupling of a 
membrane receptor with adenyl cyclase or regulatory 
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proteins [20,21 ]. Such observations and theories have 
led to a more detailed and quantitative approach to 
diffusion m the plane of the membrane. Whale tech- 
niques do exist for the direct measurement of lateral 
diffusion coefficients of some membrane proteins, 
they are not generally available to most researchers 
and are not immediately applicable to all cell protein 
species. As a alternative, many researchers have 
attempted to measure some 'fluidity' parameter of 
the lipid phase. From such measurements, effects on 
two-dimensional protein diffusion are deduced by 
assuming that it is controlled by lipid viscosity. A 
theory giving a quantitative relation between viscosity 
and diffusion coefficients in two dimensions has been 
developed [22]. Serious reservations exist, however, 
about the apphcabillty of such a hydrodynamic 
approach, since membranes are highly anlsotropic 
three-dimensional systems, one of whose dimensions 
IS of molecular size. In addition, the probes used for 
membrane 'fluidity' measurements are generally 
single molecules of a size similar to the 'solvent', so 
that macroscopic hydrodynamic theories are not 
explicitly applicable. 

Nevertheless, the concept of a quantitative param- 
eter of membrane structure termed 'fluidity' has 
taken firm hold in the literature. If we wish, despite 
the difficulties mentioned above, to measure an 
operationally defined fluidity parameter, it as obvi- 
ously important how such a parameter is measured. 
In bulk, isotroplc fluids, fluidity refers to the reci- 
procal of the viscosity, which in turn derives from the 
drag exerted on an object as the fluid translates past 
it. The most common measure of membrane fluidity 
has been derived from measurements of fluorescence 
polarization of hpophlhc probes such as the widely 
used 1,6-dlphenyl-l,3,5-hexatriene (DPH) [23]. How- 
ever, since the polarization of this type of probe 
undoubtedly reflects more the local properties of its 
microenvlronment rather than resistance to macro- 
scoplc flow, the operational term 'microviscoslfy' has 
been introduced to describe "viscous-like' forces 
retarding the probe's tumbling motion. The hope is 
that microviscoslty values, which are relatively easdy 
measured, are related at least semi-quantitatively to 
true hydrodynamic viscosity. 

There has been to date no experimental justifica- 
tion that mlcrovlscosIty values measured in mem- 
branes are related to viscous resistance to transla- 

tlonal motion. Hare and Lussan [24] have, in fact, 
demonstrated that mlcroviscoslties measured In bulk 
aliphatlc oils do not uniquely reflect bulk viscosity. 
The connection may be expected to be even more 
tenuous in the extremely anlsotropxc environment 
of a membrane, since the relationship between local 
lipid acyl chain packing, which should be reflected in 
polarization measurements, and the mechanism by 
which lipid molecules slip by one another (lateral dif- 
fusion) is far from obvious. It is therefore also not 
clear how the lateral diffusion of membrane proteins 
IS affected by so-called fluldizlng agents wluch 
perturb the hpid phase. Indeed the cummulatlve 
evidence from photobleachlng measurements [25] is 
that the diffusion coefficients of all proteins studied, 
with the exceptions of rhodopsln [3,10], band 3 pro- 
teln in spectrin-free spherocytic mouse erythrocytes 
[26] and in red cell ghosts treated with high concen- 
trations of phosphate [27] are on the order of 10 -1° 
cm2/s or less. On the other hand, the theory of Saff- 
man and Delbruck [23] suggests that the protein 
lateral diffusion coefficient should be similar to the 
lipid ( 5 - 1 5 .  10 -9 cm2/s). It may therefore be that 
the lateral motion of most membrane proteins is not 
governed by the viscosity of the lipid bilayer. 

In this paper we present a direct test of whether 
mlcrovlscoslty measurements necessarily reflect 
lateral translational diffusion rates of hpids or pro- 
teins in cell membranes. We measured lateral diffu- 
sion coefficients of hpophlhc probe molecules using 
two different techniques, fluorescence photobleach- 
ing recovery and pyrene exctmer formation, and also 
the lateral diffusion coefficient of an integral mem- 
brane protein using the fluorescence photobleaching 
recovery technique. We compared the effects of mem- 
brane perturbation by free fatty acids on these mea- 
surements with their effects on DPH depolarization 
measurements. Our results show that, despite large 
'microviscosity' changes as reported by depolarization 
of DPH fluorescence, lateral translational diffusion 
coefficients are essentially unaffected. Finally, we 
discuss the avatlable evidence relating to the control 
of  protein diffusion in cell plasma membranes. 

Materials and Methods 

Stock solutions of 5 mM pyrene (Aldrich Co., Mil- 
waukee, WI) were prepared In either acetone (Aldrich 



'Gold Label') or dlmethylformamlde (J.T. Baker, 
'Photrex', Phllhpsburg, NJ). DPH (Aldrich Co.,) was 
made up in tetrahydrofuran (J.T. Baker, 'Photrex') at 
concentratxons between 500/aM and 5 raM. Solutions 
of 1 mg/ml or 10 mg/ml free fatty acids (Nu Chek, 
Elysian, MN) were prepared in ethanol (U.S.I. New 
York, NY). Acrylamlde was obtained from Bxorad 
(Richmond, CA) and recrystalized twice from water. 

Lymphocytes were prepared fresh by mechanical 
disruption of A/J mouse spleens. Measurements were 
performed using between 5 • l0 s and 5 • 1 0  6 cells/ml. 
The lower concentrations were used for polarization 
measurements m which the A at 360 nm is less than 
0.3. Lymphoma cells were obtained from the perito- 
neum of B6AF1/J mice (Jackson Labs., Bar Harbor, 
ME) which had been inoculated with a CH1 lym- 
phoma cell line. Plasma membranes were prepared 
from these cells essentially by the method of Lemon- 
nier et al. [28]. The phospholipid concentration of 
the membranes varied between 50 and 170/aM. Small 
somcated single walled vesicles were prepared by the 
method of Huang and Thompson [29]. Phospholip:d 
concentrations were determined by the method of 
Bartlett [30]. Both cells and membranes were sus- 
pended in buffer containing 150 mM NaC1/10 mM 
Tns-HC1 tltrated to pH 7.4 at 25°C. 

Pyrene fluorescence intensities were determined 
using a Perkm Elmer model MPF2A fluorimeter with 
a 4 nm excitation and emission band width and 338 
nm excitation wavelength. DPH polarization and hfe- 
time measurements were carried out as described in 
Klausner et al. [31 ] using an SLM Instruments model 
4800 fluorimeter (SLM Instruments Urbana, IL) for 
wluch the excitation was 360 nm and emission was 
observed through a Coming 3144 filter. Absorption 
measurements were performed using a Cary model 
210 spectrophotometer (Varlan, Palo Alto, CA). 

DPH in tetrahydrofuran was added directly to the 
membranes or cells whale gently vortex mixing and 
allowed to incubate for 30 min at room temperature. 
The total molar DPH concentration was always less 
than 0.01 of the total molar phosphohpid concentra- 
tion. Aliquots of pyrene were added to membranes 
while vigorously vortex mixing. This procedure mini- 
mized pyrene excimer fluorescence in water which 
was observed even at concentrations below 1/aM. 
Two procedures were used to incorporate free fatty 
acids into cells or membranes. In the first, a mem- 
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brane or cell suspension was treated with pyrene as 
described above until the ratio of exctmer to mono- 
mer intensities (D/M) was large enough (>0.2) to 
allow changes to be monitored easily. At this pyrene 
concentration, between 10 and 30 mol% free fatty 
acid as a concentrated solution in ethanol were added 
to the mixture and DIM was monitored as a function 
of time of incubation. In the second method, mem- 
branes were allowed to incubated with as much as 70 
mol% free fatty acid for 30 min at room temperature. 
The samples were then washed two times by cen- 
trifugatlon at 1 0 0 0 0 0 × g  for 30 min and resus- 
pended in buffer. Pyrene was then added to each 
sample as described above and the DIM ratio as a 
function of pyrene concentration was determined for 
control and free fatty acid-containing membranes. 

The ratio of excimer to monomer intensmes 
(D/M) were determined by averaging the ratio of 
three peak intensities at 373,385 and 394 nm to that 
at 465 nm. If the rate of  exclmer formation is dxffu- 
sion limited, DIM is directly proportional to the 
pyrene diffusion coefficient. Since we were interested 
only in relative changes in viscosity, we did not 
attempt to calculate absolute diffusion coefficients, 
which require a determination of the pyrene lifetime 
and water/membrane partmon coefficient. However, 
If we assume that the partition coefficient and 
fluorescence lifetime of the exctmer are slmdar to 
those in red cell membranes (for whxch Dembo et al. 
[32], obtained 7 • 104 and 34 • 1 0  6 s -1 , respectively), 
then typical values for the diffusion coefficient 
(evaluated using the method of Dembo et al.) were 
found to be about 7 • 10 -a c m 2 / s .  

In the studies performed using fluorescence photo- 
bleaching recovery, labeling with the fluorescent hpld 
analogue 3,3'-dloctadecylindocarbocyanine iodide (a 
gift from Dr. Alan Waggoner) was accomplished by 
adding 1/al 10 mg/ml ethanol stock solution of the 
dye to the cells m 1 ml buffer. Goat anti-mouse IgG 
antibodies were obtained from Cappel Laboratories, 
and Fab fragments were prepared by papain digestion 
as described in Dragsten et al. [33]. Gel filtration on 
Sephadex G-100 was used to ensure against the pres- 
ence of undigested antibody. All proteins were 
labeled with tetramethyl rhodamine isothiocyanate 
(Research Organics) by 2 h  incubation at room 
temperature in borate buffer, pH 9.0. with 50/ag dye/ 
mg protein. Free rhodamine was removed by exten- 
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slve dialysis. Aggregated protein was removed from 

the antibody preps by a preliminary centrlfugation at 
1 0 0 0 0 0 × g  for 30 min in an airfuge (Beckman 

Instruments). Lymphocytes from B10 Br mice (Jack- 

son Laboratories) were labeled with Fab antl-lgG by 

incubation with the antibodies for 20 mIn on ice. 

Fluorescence photobleachlng recovery measurements 
of lateral diffusion of 3,3'-dloctadecyhndocarbo- 

cyanlne iodide and the protein probes were made as 

previously described [33] 

Results 

As Fig. la demonstrates, addition of pyrene to 

water, even at sub-mlcromolar concentrations, results 
in the formation of exclmer fluorescence. This indi- 

cates that some form of pyrene IS soluble in water, 

fluoresces, and forms excimers at a rate which is not 

diffusion limited. Upon addition of membranes to the 
pyrene-water mixture, there is an approx. 3-fold 

increase in monomer and an even greater decrease In 
excimer fluorescence. To demonstrate directly that 

the rate of exclmer formation in membranes is diffu- 
sion hmlted, an aqueous suspension of membranes 
was titrated with pyrene. The results of this study, 
which are shown in Fig. 2, demonstrate that the rate 
of exclmer formation In membranes follows Stern- 
Volmer kinetics, strongly suggesting that the reaction 
is diffusion limited [34]. 

Exposure of lymphoma plasma membranes and 
whole lymphocytes to oleic or linoleic acid, as Table 
I demonstrates, decreases the DPH polarization by 8 
to 15%. The effect of free fatty acids on the decay of 
DPH was also studied and the results are shown in 
Table II. As discussed previously, a two component 
decay is expected for a membrane exhibiting lipid 
phase heterogeneity [31]. Our results demonstrate a 
small (similar results were obtained from three 

separate preparations) shortening of both lifetime 
components. This decrease in lifetime is consistent 
with a reduction in hpld packing induced by the free 
fatty acid since, as our previous study demonstrated 
[31], the decay times of DPH are appreciably longer 
in solid as compared to liquid phase lIposomes. In 
any case, if the polarization of DPH were governed by 
an lsotropic mlcroviscoslty, a decrease in the lifetime 
of DPH should lead to an increase in polarization. 
Hence, wathln the framework of the microviscosity 

a." 
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Fig. 1. (a) Pyrene fluorescence emission spectra. The . . . . . .  
curve was obtained by adding 0.6 ,uM pyrene to buffer, and 
demonstrates that pyrene exclmers can be formed by a non- 
diffusion limited mechanism. The solid curve was obtained 
by adding lymphoma membranes (phosphollpld concentra- 
tion = 50 /~M) to the pyrene-buffer suspension The disap- 
pearance of the exclmer peak indicates that the pyrene parti- 
tions into the membrane and at these concentrations exists 
largely as monomers m the excited state (b) The . . . . . .  
curve was obtained by adding 1 ~tM pyrene to aqueous 
buffer, and the solid curve after adding 12/aM oleic acid to 
this same solution. The observed increase in the exclmer 
intensity demonstrates the formation of exclmers in fatty 
acid mlcelles. 

approach [23] the polarization changes correspond to 
a decrease in the rmcrovlscoslty of between 20 and 
50%. 

On the other hand, as IS seen in Fig. 2 and Table I, 
the introduction of free fatty acids into membranes 
or cells exhibiting appreciable pyrene exctmer forma- 
tion causes at most a 2 - 3 %  increase in the DIM ratio. 
Even this small increase in DIM can be accounted for 
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Fig. 2. Pyrene fluorescent mtensmes m lymphoma plasma 
membranes. Spectra were obtained at the indicated pyrene 
concentration (m /zM). The insert depicts the D(Exclmer)/ 
M ratio as a funchon of total pyrene concentration. The solid 
ctrcles represent values obtained in the control membranes, 
while the open triangle is the value obtained after adding 20 
mol% olelc acid. Details of the procedures are giving m 
Materials and Methods. 
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without recourse to membrane fluldlzation. As shown 
in Fig. lb ,  the partition of pyrene Into fatty acid 

micelles Is accompanied by an increase in exclmer 
fluorescence. To eliminate the contribution of 
aqueous and miceUe-assoclated pyrene, 320 mM 
acrylamlde were added to the membrane-pyrene sys- 

tem. In a separate experiment we found that 300 mM 

acrylamlde will quench the aqueous plus micell-asso- 

ciated pyrene fluorescence by about 80%, whale thas 

same concentration of acrylamlde had essennally no 
effect on pyrene fluorescence in egg phosphatidyl- 

choline vesicles. As expected, m the presence of acryl- 

amlde no increase in DIM was observed upon addition 

of oleic acid (Table I). 

To further ensure that the presence of excess fatty 
acid in the aqueous phase could not influence 

excimer fluorescence, pyrene fluorescence was 
studied with membranes whach were cleansed of 

external fatty acid as described m Materials and 

Methods.,Pyrene titrations were performed with both 
the control and fatty acid-treated membranes. 
Although the dependence the of DIM vs. pyrene con- 

centratlon was linear for both, the slope of the fatty 
acid-treated membranes was 29% greater than the 
untreated. However, the ratio of treated to untreated 

monomer intensities also increased by about 29%. 
This suggests that, although the fatty acids do not 
fluldize the membrane, they do increase the mem- 
brane solubility of pyrene. Therefore, the slope of the 
DIM curve, which is proportional to the product of 
the diffusion coefficient and the membrane phase 
concentration of pyrene, increases. 

TABLE I 

Sample Polarization of DPH Pyrene exctmer formation (D/M) 

Control + free fatty acid Control + free fatty acid 

Lymphocytes 
Lymphocyte plasma membrane 
Lymphoma plasma membrane 
Lymphoma plasms membrane + 320 mM acrylamlde 

0.289 ± 0 008 0.250 ± 0.008 a 0.349 ± 0.008 0.345 ± 0.009 
0.302 ± 0.004 0.256 -+ 0.009 a n.d. nd. 
0.313 -+ 0.004 0.280 -+ 0.022 b 0.428 ± 0 005 0 439 ± 0.005 b 
0.300 -* 0.003 0.271 ~ 0 005 b 0.492 -+ 0.005 0.486 ± 0 005 b 

a Linolelc acid (see text for detads) 
b Olexc acid. 
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TABLE III 

DIFFUSION COEFFICIENTS IN LYMPHOCYTE PLASMA 
MEMBRANES 

Data are given as mean -+ S.E. with the number of cells mea- 
sured in parenthesis. Data are presented as cm2/s (×1010). 

Probe Control +Lmolelc acid 

3,3'-dloctadecyl- 
lndocar- 
bocyanine 
mdlde 128 -+ 8 (13) 

(Fab) Anti IgG 2 33 -+ 0.18 (16) 
112 -+ 7 (12) 

206-*023(12) 

Table III shows the results of  the fluorescence 
photobleaching recovery measurements of  lateral dif- 
fusion of  3,3'-dioctadecyhndocarbocyanine iodide 
and surface immunoglobulin. The mean diffusion 
coefficient of 3,3'-dioctadecylindocarbocyanine 
iodide and surface immunoglobulin are lower after 
linoleIc acid treatment, rather than 20 -50% higher as 
predicted from the microviscoslty measurements. The 
hypothesis that the diffusion coefficients in the fatty 
acid-treated membranes are at least 20% higher can be 
rejected by the Student's t test criteria for 3,3'- 
dloctadecyhndocarbocyanlne iodide ( P <  0.0005) 
and for surface immunoglobulin (P < 0.01). 

Agents such as free fatty acids may alter the shape 
o f  cells and this may artifactually either result in or 
mask lateral diffusion rate changes as measured by 
fluorescence photobleaching recovery. In fact, fluo- 
rescence photobleaching recovery reveals no differ- 
ence in hpld diffusion rates when measured in 'flat '  as 
apposed to ruffled areas of  lymphocytes [33]. Recent 
theoretical calculations also support these results 
[51]. Furthermore, such surface shape changes 
should not alter pyrene exctrner formation and there- 
fore it is likely that the lack of  change in the diffu- 
sion rates reported here correctly reflects a lack of  
change in membrane lateral mobility. 

Discussion 

Our results clearly show that large changes in the 
fluorescence polarization of  DPH in biological mem- 
branes do not imply similar changes in lateral diffu- 
sion rates of  other membrane constituents. Incuba- 
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tion of  whole cells or isolated plasma membrane frag- 
ments with hnolelc or oleic acid produces a marked 
decrease in DPH polarization, corresponding roughly 
to a 20-50% decrease in membrane microviscosity 
calculated according to the method of  Shinitzky and 
Barenholz [23]. If mlcroviscoslty were the control- 
ling factor in lateral diffusion rates, one would thus 
expect lateral diffusion coefficients to increase by 
20 -50% according to either three- or two-dimen- 
sional hydrodynamic theories of  diffusion [22]. As IS 
apparent in Table I, lateral diffusion coefficients of  
two lipophiltc probes and an integral membrane pro- 
tein were not measurably affected by incorporation 
of  free fatty acid. 

It is not surprismg that the polarization of  DPH 
does not predict the lateral diffusion rates of  mole- 
cules in the membrane. The problem of making a 
simple or reliable connection between microviscosity 
and DPH polarization has been dealt with by several 
authors [ 2 4 , 3 5 4 1 , 5 3 ] .  These studies have demon- 
strated the lack of  correlation of  DPH polarization 
with macroscopic viscosity [24] and have shown that 
DPH decay anisotropy does not support the supposi- 
tion of  unhindered, lsotropic rotation [35-41 ]. 

Fluorescence polarization is also sensitive to the 
probe lifetime. This is significant since recent studies 
have demonstrated that the lifetime of  DPH is a func- 
tion of  membrane structure [31]. In this respect, it 
should be commented that a serious deficiency in 
many 'microviscosity' measurements is the failure to 
perform lifetime measurements. In addition, Klausner 
et al. [31] have shown that DPH exhibits more than 
one fluorescence lifetime when Incorporated into 
either mixed phase lipid vesicles or plasma mem- 
branes of  many cells, indicating partitioning of  the 
probe Into more than one microenvironment. 

Even if the difficulties alluded to above are 
ignored, it is not clear how restrictions on the rota- 
tion of  a lipid probe in a highly anIsotropic mem- 
brane are related to restrictions imposed upon trans- 
lational diffusion of  membrane components. This 
caveat is all the more important since most intuitive 
ideas relating membrane function and structure to 
fluidity are more directly connected to translational 
diffusion. Moreover, it has been found that the lateral 
diffusion coefficient of  lipids or lipophlhc probes in 
model bilayers undergoes a dramatic change at the 
phase transition temperature, or upon incorporation 
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of  cholesterol [42 -44]  ; although, the change in rota- 
tional rate of  DPH is not sigmficant [37,40]. Fluores- 
cence polarization of lipid probes more hkely reflects 
local lipid packing constraints, and this may be 
expected to depend on the specific locatmn of  the 
probe in the bdayer. 

The question remains as to whether membrane 
protein diffusion is in fact, controlled by the viscous 
drag of  the lipid btlayer. The fact that direct measure- 
ments of  lateral diffusion of cell membrane proteins 
have consistently detected a fraction that is immobile 
suggests that this notion may not be entirely correct. 
Whether it is applicable even to the observed mobile 
fraction is more properly addressed by directly com- 
paring lateral diffusion rates of  lipid and protein 
probes. Such measurements have been carried out 
using a number of  different probes in a variety of  cell 
types, and a representative survey of  the results of  
such measurements are given in Ref. 25. In general, 
the results can be summarized as follows: (1) protein 
diffusmn coefficients are all around 5 • 10 -1° cm2/s 
or smaller (with three exceptions), (2) lipid diffusion 
coefficients are all of  the order of  10 -8 cmZ/s. A 
hydrodynamic theory for diffusion in membranes has 
been worked out by Saffman and Delbrtick [23]. 
They derived an expression for the lateral diffusion 
coefficient of  a cylindrical particle of  radius a 
embedded In a membrane of  thickness h. 

D = 4 - ~  h ln - - -Tr~a  (3) 

where ~ and 7 '  are the viscosities of  the membrane 
and surrounding aqueous phases respectively, k is 
Boltzmann's constant and 7 is Euler's constant. If  
protein and lipid diffusion rates are both determined 
by the same viscous forces, the ,atio of  their lateral 
diffusion coefficients depends prtmarily on their rela- 
tive molecular sizes. Using a hpld radius of  5 A, a 
protein radius of  50A, h = 50A,  and ~/~7'= 100, 
Eqn. 3 gives a ratio of  lipid to protein diffusion coef- 
ficients of 1.6. If anythmg this is an overestimate; 
increasing r~/r~' and decreasing h both decrease the dif- 
fusion coefficient ratio, and the 10-fold difference in 
molecular radh is probably an upper limit. Using 
representative diffusion coefficients of  Di,p~d = 10 -s, 
Dprotem = 1 - 3  • 10 -1° we calculate a ratio of  
between 33 and 100, clearly incompatible with the 
theoretical estimate. 

A possible explanation for this discrepancy is that 
the logarithmic size dependence of the diffusion coef- 
ficient given by Eqn. 3 is stmply not correct. The 
Stokes-Einstein formula for the diffusion coefficient 
of  a sphere in an isotroplc three-dimensional fluid, 
for example, varies inversely with the first power of  
the particle radius. However, even if we use the 
Stokes-Einstein formula with its much stronger size 
dependence to calculate the ratio of  diffusion coeffi- 
cients (for which there is admittedly no theoretical 
justification) we still get at most only a ratio of  10. 
It therefore seems unlikely that the same viscous 
forces determine lipid and protein diffusion in cell 
plasma membranes. Consistent with lack of correla- 
tion of DPH polarization changes with protein lateral 
diffusion is the work of Schindler et al. [45] in which 
no correlation was found between the polyphos- 
phate-stlmulated increase in lateral diffusion of gly- 
coproteln, and DPH polarization. 

What then determines the rate of  protein diffu- 
sion. One attractive candidate is the interaction of 
membrane proteins with the cell's cytoskeletal archi- 
tecture. Cytoskeleton-membrane protein interactions 
are well documented as, for example, in the case of  
capping of  surface antigens where the cytoskeleton 
appears to play a dominant role [45,46]. Smith et 
al. [47], using a periodic pattern photobleachmg 
technique, have also reported that &ffusion of suc- 
cinyl-concanavalin-A-labeled membrane glycoproteins 
is asymmetric in adherent mouse fibroblasts and in 
fact, correlates with the orientation of cytoskeletal 
stress fibers: diffusion parallel to the stress fibers is 
between 2- and 10-fold faster than diffusion perpen- 
dicular to the fibers. 

Evidence from cytoskeleton-free systems supports 
this hypothesis. Smith et al. [47] have measured 
lateral diffusion rates of  the M-B phage coat protein 
incorporated into synthetic dimyrlstoylphosphatidyl- 
choline bilayers. In fired phase llpids, its diffusion 
coefficient was only about 2-fold lower than that of  a 
hpid probe. Since this is a relatively small protein 
(molecular weight 5260), it does not afford a rigorous 
test of  the theory of Saffman and Delbruck. 
Recently, however, Wu et al. [42] have incorporated 
cytochrome P-450 and Vaz et al. [52] have incorpo- 
rated glycophonn into synthetic multibilayers and 
measured diffusion coefficients of  around 5-  10 -9 

cm2/s and 2 • 10 -s cm2/s, respectively, in fluid phase 



liplds. Equally interesting is the fact that rhodopsin in 
frog rod outer segments, which have no cytoskeletal 
elements, has a lateral diffusion coefficient of  around 
5 • 10 -9 cm2/s, [3,11], close to lipid probe diffusion 
values in other cell membranes. Recent measurements 
on mutant (spectrin-depleted) erythrocytes show pro- 
teln diffusion value:; much larger than on normal 
spectrin-contalnlng cells [26]. Moreover, the work of  
Golan and Veatch, [27], on the effect of  phosphate 
on the mobility of  band 3 proteins of  human erythro- 
cytes points again to the role of  cytoskeletal modula- 

tion on protein movement. 
In view of  this evidence it appears that protein 

lateral diffusion rates are governed by lipid viscosity in 
model membrane systems, but generally not in cell 
plasma membranes. Therefore, a direct connection 
between changes in lipid dynamics and protein lateral 
movement is unhkely. Lipid structure can, neverthe- 
less, modulate membrane protein function (see, for 
example, the review of  Sandermann, [48]). We feel 
these effects more likely reflect perturbation of  pro- 
tein conformation in the membrane. For example, It 
has been suggested that addition of  cholesterol can 
cause a vertical displacement of  membrane proteins 
[49] and that inhibition of  capping in lymphocytes 
by free fatty acids involves a conformational change 
in a membrane protein brought about by selectively 
perturbing the lipid packing in domains surrounding 
the protein [50]. 

In summary, we believe that fluorescence polariza- 
tion measurements of  lipophdlc probes can be sensi- 
tive indicators of  local lipid packing. Changes In 
polarization parameters cannot, however, be general- 
ized to imply changes in rates of  lateral movement of  
either liplds or proteins in cell plasma membranes. 
Current evidence also strongly suggests that the rate 
o f  lateral diffusion of  most Integral membrane pro- 
teins is not determined by a viscous drag due to the 
membrane lipid matrix. Direct control of  cell func- 
tions via lipid matrix modulation of  protein lateral 
diffusion is therefore highly unhkely. The lipid com- 
position of  cell membranes is nevertheless under strict 
cellular control and has been shown to modulate cell 
function. We feel such specific effects are mediated 
through local lipid packing constraints which can 
affect membrane protein conformation. Finally, it is 
clear that the simplest depiction of  the fired mosaic 
model for cell plasma membranes in terms of  mem- 
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brane proteins freely floating in a homogenous fluid 
lipid sea is inadequate. The roles of  protein-protein 
Interactions, particularly involving the cytoskeleton, 
of  local lipid packing constraints on protein function, 
and the long range organization of  the membrane are 
clearly areas of  central importance in furthering our 
understanding of  membrane structure and function. 
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