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The effect of myelin basic protein on the lateral diffusion of spin-labelled steaHe acid in dimyristoylphosphatidylcho!ine 
(DMPC) and dimyristoylphosphatidylglycerol (DMPG) vesicles has been investigated measuring bimolecular collision 
rates by electron spin resonance spectroscopy. In .~ molar fraction range of 0 .02-0.15,  in which the line shape is 
dominated by the effects of exchange narrowin- a t _  ~ dipe',ar e,oadening, spectral simulations based on the modified 
Bloch equations have been used to quantitate the observed spectral changes. Best fitting simulated spectra required a 
combination of dipole-dipole and spin exchang,. • contributions and least-squares optimizations were applied to obtain a 
unique combination of these factors. Lateral diffusion coefficients were calculated from collision frequency data in the 
frame of the lattice model; for  pure D M P C  and D M P G  vesicles lateral diffusion coefficients of 1 . 7 . 1 0  -7  and 
1 .2 -10-TcmZ-  s - t  were obtained. Upon adding myelin basic protein to these vesicles the diffusion coefficients of the 
negatively charged D M P G  decreased to 4 . 1 - 1 0  - s  cmZ-s  - I ,  whereas that of the zwitterionic D M P C  remained 
unchanged. It is concluded that myelin basic protein must strongly restrict the lateral movement of the D M P G  
molecules and reduce their diffusion coefficient close to the values observed for  proteins. The restricted lateral diffusion 
is explained by electrostatic interactions which lead to an altered molecular dynamics due to oue-to-oue lipid exchange 
and lipid-protein co-diffusion. 

Introduction 

Spin label electron spin resonance (ESR) spec- 
troscopy has optimal sensitivity for studying lipid dy- 
namics in model and biological membranes  [1]. 
Phospholipids and their spin labelled analogues un- 
dergo rapid acyl chain isomerization and lateral diffu- 
sion in fluid bilayers and so their motionally averaged 
ESR spectra can readily be resolved from the powder  
pattern of solvation lipids which are motionally re- 
stricted at the interface of integral membrane proteins 
(for recent reviews see Refs. 2 and  3). The spectral 
resolution between these two line shapes provides a very 
powerful means to study the stoichiometry and specific- 
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ity of l ip id-prote in  interaction [4]. Peripheral mem- 
brane proteins, however, are more difficult to investi- 
gate by such spectral analyses because the short  in- 
t ramembraneous  loops, which are believed to play a 
central role in anchor ing these proteins at  membrane  
interfaces, result in less effective acyl chain immobiliza- 
tion, particularly close to the methyl terminals [5]. In 
spite of the successful applicat ion of spin label ESR to 
many integral membrane  proteins only a few peripheral  
proteins have been investigated so far; the first results 
were published on apocytochrome c [6,7], glycerol-3- 
phosphate  dehydrogenase [8], lactalbumin [9], and  
myeliKl basic protein [5,10,11]. 

Thg myelin basic protein (MBP) is a prototype of 
peripheral proteins and is known to interact prefer- 
entially with acidic lipids to neutralize its unmasked 
basic residues at  a stoichiometry of 2 5 - 3 0  m o l / m o l  
[11]. Its secondary structure in aqueous solution is de- 
void of a-helical and  / /-conformations,  but  contains  a 
significant amount  of turns (16%), while it is dominated  
by fl-sheets (53%) and  equal amounts  of a-helical and  
turns (15.~) when bound  to D M P G  bilayers [12]. Basic 
protein aggregates vesicles of acidic lipids; this effect 
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was studied by turbidity changes [13] and ESR imaging 
in conjunction with sedimentation equilibrium experi- 
ments [14]. Here we apply lipid lateral diffusion mea- 
surements for studying the interaction between basic 
protein and membrane lipids and demonstratc that there 
is a restricted lateral diffusion of acidic lipids in the 
presence of basic protein. It is suggested that certain 
lipids which selectively interact with basic protein un- 
dergo slow co-diffusion with the protein. The role of 
one-to-one lipid exchange and lipid-protein co-diffusion 
is discussed as the two major contributions to the 
altered interracial dynamics. 

Materials and Methods 

Materials. 1,2-Dimyristoyl-sn-glycerol-3-phospho- 
choline (DMPC) was obtained from Fluka (Buchs, 
Switzerland); 1,2-dimyristoyl-sn-glycerol-3-phospho- 
glycerol (DMPG) was provided by Dr. D. Marsh 
(G~Sttingen, F.R.G.). Both lipids gave single spots by 
thin-layer chromatography (solvent system: Coil j4 / 
CH3OH/33% NH 3 (65 :30 :3 ,  v /v )  and molybdenum 
staining followed by sulfuric acid charring) and were 
used without further purification. C-16 positional iso- 
mer of spin-labelled stearic acid (16-SASL) was ob- 
tained from Aldrich Chemical Co. (Beerse, Belgium). 
Myelin basic protein was purified by Dr. G.J. Tigyi of 
tl~!s Institute as described in Ref. 15. 

Preparation of lipid vesicles. Lipid and spin probe at 
different ratios were mixed in chloroform/methanol,  
evaporated to dryness by N 2 gas stream, and evacuated 
for several hours to remove solvent traces. Lipid vesicles 
were always prepared from dry lipid films by dispersion 
in 2 mM Hepes, 1 mM EDTA (pH 7.4) buffer solution 
at a final concentration of 10 m g / m l  and allowed to 
stand at room temperature for 1 h before adding the 
protein. Basic protein was dissolved in the same buffer 
and added to the lipid vesicle suspension while mixing 
with a vortex mixer. The basic pro te in / l ip id  ratio was 
1 :85  mol /mol  which, assuming uniform distribution, 
corresponds to a vesicle surface coverage of 32%. After 
overnight incubation at 4 °C  uncomplexed vesicles were 
removed by centrifugation and 0.1 ml of vesicle suspen- 
sion was filled into the ESR sample capillaries (i.d. 1 
mm) and pelleted in a bench top centrifuge. L ip id /  
protein ratio of the pellet and supernatant was de- 
termined by a modified Lowry assay [16] and phosphate 
determination [17]. 

ESR spectroscopy. ESR spectra were recorded with a 
Jeol X-band ESR spectrometer (JES-PE-IX, Japan) 
using 100 kHz modulation technique. Typical instru- 
mental setting: microwave power, 8 mW; scan range, 10 
mT; modulation amplitude, 0.16 mT (Gp_p); gain, 103. 
The + 100 mV analog output of the spectrometer was 
digitized by a 12 + 1 bit A / D  converter and stored as 1 
kiloword datafiles in a PDP 11/40 computer (Central 
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Research lnstltute of Physics Budapest) using softwares 
written by Dr. J. CzO.g ~ (this Institute). Spectra recorded 
at low label / l ip ld  ~atios w~te smoothed according to a 
polynomial algorithm: baseline drifts were corrected by 
adjusting vanishing first integrals. In most of the ESR 
spectra of l ipid/protein complexes weak "aqueous 
peaks" were observed due to the partitioning of 16-SASL 
between the membrane and aqueous phases: the in- 
tegrated intensity of this .'pectrum component was < 5% 
for DMPC-MBP and < 1% for DMPG-MBP com- 
plexes. These overlapping aqueous peaks were digitally 
subtracted using our ESR software package written in 
Fortran. 

Theoretical line shape "dnalvses. The translational dif- 
fusion of lipids was measured from the specti-al effects 
of spin-spin interaction. At low label / l ip id  ratios (0.1-2 
mol%) the observed linewidth can be written as, 

Tz.,~b, = T2" ! + T,~)~H + T~  N label/lipid < 2 mol% ( l )  

where T., - I  is the intrinsic linewidth, T2~u and T2~NIN 
are due to exchange effects of the unresolved proton 
and nitrogen hyperfine struct::res. The line broadening 
terms T, Td u and T.,]~ N can be separated by the method 
of Bales [18]. Sachse et al. [19] explored several methods 
for the measurement of the translational diffusion based 
on diffe~'ent terms in Eqn. 1: molecular collision rates 
were determined from exchange narrowing of the unre- 
solved proton hyperfine structure and from exchange/  
dipole broadening of the nitrogen hyperfine structure. 
The two contributions to T2.~N, namely spin exchange 
and dipole-dipole interaction, were separated by their 
different temperature dependencies. In the range of 
intermediate label / l ip id  ratios (2-8 real%) the contri- 
bution to line width of the exchange averaged proton 
hyperfine structure can be neglected [19] and the domi- 
nant term in Eqn. 1 is T2_~] N. The spectral effects of its 
two contributions can be separated more readily as the 
nitrogen hyperfine structure begins to merge into a 
broad singiet due to spin exchange. Sackmann and 
Trauble [20] derived a line shape formula from the 
steady-state exchange-coupled BIoch equations, 

(T2-,e~f +3Pe~)um-vex~Um,+(~m-t~)Pm~O (2) 

where the subscripts m and m' refer to the nitrogen 
nuclear quantum number (m I = +1,  0, - 1 ) ,  u and v 
are the x and y components of the transverse magneti- 
zation, T27~t is the effective spin-spin relaxation time, 
and p~ is the exchange frequency. (Further notations: 
t0 is the angular resonance frequency, y is the 
giromagnetic ratio, H 1 is the microwave magnetic field, 
and M m is the value of the steady-state magnetization 
in the direction of the applied magnetic field.) It should 
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Fig. 1. Experimenlal ESR spectra of ]6-SASL in dimyristoylphospha- 
tidylcholine (DMPC) lipid ve~icles and simulated line shapes based on 
Ihe modified BIoch equatkms (Eqns. 2 and 3). The experimental 
specmlm (dotted line) is shown together with simulated line shapes 
(full line) assuming different combinations of spin exchange and 
dipole-dlpole contributions. (A) Pure dipole-dipole broadening with 
no spin exchange contribution. (B) Exchange narrowing with no 
dipole-dipole contribution. (C) Best-fitting combination of spin ex- 
change and dipole-dipole contribution. Experimental spectrum was 

recorded at 36°C: total scan width =10 mT. 

be noted that no explicit reference is made to dipole-di- 
pole interaction in Eqns. 2 and 3; its line broadening 
effect is absorbed in T.-i 2.err 

T£o;,= 7";' + T2-gd (a) 

The imaginary part of the magnetization, v = Y~ v m, is 
proportional to the intensity of the ESR absorption. 

Best-fitting simulated line shapes were adjusted by 
least-squares optimization; the parameter o defined as 

0 = E( Yexp -- Ysim )2/~yczp2 (5) 

was minimized by fitting Tf  i to line shapes recorded at 
low label/lipid ratio and then varying T--12.dd and v~. 
(Yelp are ]~,im are the ith point of the experimental and 
simulated spectra.) As illustrated in Fig. 1 reasonable 
fits could be obtained only if a combination of dipolar 
and spin exchange contributions were assumed. At high 
spin label mole fractions (c > 0.02) least-squares optimi- 
zatio:; always gave a unique combination for the rela- 
tive contributions of J'e~ and T - l  2.dd to the observed line 
broadening and line shape changes for which the 
parameter o was minimal. 

Results 

Pure lipid vesicles 
ESR spectra of 16-SASL in dimyristoylphosphatidyl- 

glycerol (DMPG) bilayers using various label/lipid mole 

fractions are shown in Fig. 2. These spectra were re- 
corded at 36 °C  in the liquid crystalline phase of DMPG 
and so motionally averaged three-line spectra were ob- 
served. On increasing the label/l ipid mole fraction a 
Lorentzian line broadening was first detected (spectra A 
and B in Fig. 2) and then the spectral effects of spin 
exchange were dominating as expected for intermediate 
label/l ipid mole fractions (spectra C and D in Fig. 2). 
Essentially similar results were obtained for dimyris- 
toylpbosphatidylcholine (DMPC) vesicles (data not 
shown). The experimental spectra are shown together 
with best-fitting simulated spectra in order to illustrate 
the quality of the simulations. Best-fitting simulations 
for intermediate label/ l ipid mole fractions were ob- 
tained with significantly greater contributions from the 
spin exchange (Vex) than the dipole-dipole (T2~d) terms 
to the line broadening as the nitrogen hyperfine struc- 
ture began to collapse into an exchange averaged line 
shape. Monomolecular lateral diffusion coefficients 
calculated from these simulations and simulation 
parameters are summarized in Table I. 

J 

LlraT 
Fig. 2, Experimental ESR spectra of 16-SASL (thick dotted fines) in 
dimyristoylphosphatidylglycerol (DMPG) bilayers using various spin 
label concentrations and best-fitting simulated line shapes based o n  

Eqns. 2 and 3 (full lines), All experimental spectra were recorded at 
36°C. Label/lipid mole fraction: (A) 0.010, (n) 0.020, (C) 0,038, (D) 
0,070, and (E) 0,106. Simulation parameters of the best-fining theo- 

retical spectra are summarized in Table L 
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TABLE I 

Best-fitting simulation parameters and monomolecular lateral difftL~ion coefficients D x of 16-SASL spin label in d,nvrist~vlphosphatidylcholine ¢ DMPC) 
and dimyristoylphosphatidylglycerol (DMPG) bilayers in the absem'e and presence of tavern ha~i~" protein (MBP) 

All spectral data were calculated from fluid phase spectra recorded at 36 o C. 

Label/lipid Intrinsic Dipole Spin exchange 107 D r 
mol fraction, linewidth, broadening, frequency. (cm". s i I 
c T2 I (MHz) T2.dld (MHzl "~e~ (MHz) 

Pure DMPC 0.010 2.4 0.0 1.1 
vesicles 0.020 2.4 0.0 2.4 

0.038 2.4 0.1 3.9 
0.074 2.4 1.5 7 0 
0.107 2.4 1.7 i 1.3 
0.137 2.4 2.3 14.4 1.63 

DMPC-MBP 0.010 1.7 0.0 1.6 
complex 0.020 1.7 0.0 2.4 

0.038 1.7 1.1 3.9 
0.061 1.7 1.4 6.5 
0.097 1.7 1.5 I 1.2 
0.123 1.7 1.7 13.9 1.78 

Pure DMPG 0.010 2.4 0.0 1.3 
vesicles 0.020 2.4 0.0 2.0 

0.038 2.4 1.5 3.7 
0.070 2.4 1.9 8.7 
0.106 2.4 2.2 8.6 
0.136 2.4 3.0 9.2 1.18 

DMPG-MBP 0.010 2.8 0.0 1.5 
complex 0.020 2.8 0.6 1.7 

0.038 2.8 2.1 1.6 
0.074 2.8 2.5 2.6 
0,138 2.8 3.2 4.2 < 0.41 

L i p i d - p r o t e i n  c o m p l e x e s  

U p o n  adding  basic protein to p re fo rmed  D M P C  
vesicles no  appa ren t  spectral changes were observed;  
compa r ing  the best-fi t t ing s imulated spectra  (dot ted 
lines in Fig. 3) with those fitted to the spectra  of  pure  
D M P C  vesicles no  significant differences could be  
established (Table  1). A n  entirely new pat tern  was re- 
corded  af ter  the addi t ion of  basic prote in  to D M P G  
vesicles. The  qual i ta t ive differences di3cussed below are  
ra ther  striking even f rom a superficial compar i son  of  
the two spec t rum series shown in Figs. 2 and  4. Here  
again  the s imulated spect ra  are  overlaid with the experi-  
men ta l  spectra  in o rder  to illustrate that  the quality of  
these simulat ions is not  inferior to those of  pure  lipid 
spectra.  Best-fitting spectral parameters ,  including the 
intrinsic l inewidths and  the line broadenings  due  to 
d ipo le -d ipo le  interact ion and  spin exchange are  sum-  
mar ized  in Table  1. As  expected f rom the line shape 
changes  the dipole-dipole line b roadening  (T2_dla te rm)  
became  comparab le  to the l inewidth effects of  spin 
exchange 0'¢, te rm)  for in termedia te  l abe l / l i p id  mole 
fractions. 

W h e n  using C-5 or  C-14 positional isomers  a mot ion-  
ally restricted spectral  componen t  could also be re- 
solved both  in D M P C - M B P  and  D M P G - M B P  com- 

plexes ([10] and T. P/fli and L.l. Horvhth,  unpublished 
results). It should be noted that  this second componen t  
is more  difficult to resolve with 16-SASL used in this 
work  because its spect rum is dnmina ted  by the very 
narrow fluid componen t  (fire < 0.15) and hence in all 
subsequent  line shape  analyses the motional ly restricted 
componen t  was neglected. 

L a t e r a l  d i f f u s ion  coe f f i c i en t s  

The  spin exchange frequency p~ is proport ional  to 
the collision frequency ~'~o, [21], 

J'~x = 2 1 / ( 2 1  + l)'pc~" J'¢oll (6) 

where  / is the 14N nuclear  spin q u a n t u m  n u m b e r  and  
p,~ is the probabil i ty of  spin exchange on collision. In 
the case of  lipid membranes  pe~ = 1 / 2  in good ap-  
proximat ion  assuming collision pair  lifetimes of  "> 2-  
1 0 - n  s [22]. The  diffusion process can" be described by 
the hopping  mot ion  of  lipid molecules in a two-dimen-  
sional hexagonal  lattice. The  lateral diffusion coefficient 
D T is then given by 

k z J,,~. 
o r  = ~ T (7) 
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Fig. 3. Difference ESR spectra of 16-SASL (thick dotted lines) in 
dimyristoylphosphatidylcholine bilayers in the presence of protein 
(DMPC/MBP, ratio 1:85) using various spin label concentrations 
after subtracting the aqueous component. All experimental spectra 
were recorded at 36°C. Best fitting simulated line shapes based on 
Eqns. 2 and 3 are overlaid with the experimental spectra (full lines). 
Label/lipid mole fraction: (A) 0.010, (n) 0.020, (C) 0.038. (D) 0.061, 
and (E) 0.097. Simulation parameters of the best-fiuing theoretical 

spectra are summarized in Table I. 

where  h is the latt ice spac ing  and  c is the mole  fract ion.  
Since the collision f requency l inearly depends  on the 
mole  fract ion of  spin  label the lateral d i f fus ion  coeffi-  
cient  D T can  be de te rmined  f rom the grad ien t  o f  ~¢o. = 
~cou(e) curves.  

The  concent ra t ion  dependence  of  the  collision 
fi-cqlicii~.)" for pure  D,~.A.PC and  D M P G  vesicles and 
l ipid-protein complexes  p repared  with  these two phos-  
phol ipids  is shown in Fig. 5. As  expected the  exper i -  
menta l  points  could be  f i t ted well wi th  s t ra ight  l ines in 
every  case; typical  corre la t ion coeff ic ients  ( r  z) of  l inear 
regression were  at least 0.97. The  lateral d i f fus ion  coef- 
f icients  D T calculated f rom the grad ien ts  ot concent ra-  
t ion dependence  a s s u m i n g  a typical  lat t ice spac ing  of  
0.8 n m  [23] were  1 . 6 - 1 0  -7 and  1 . 7 - 1 0 - T c m 2 . s  - I  for  
D M P C  vesicles and  D M P C - M B P  complexes ,  respec-  
tively, whereas  a somewha t  lower lateral  d i f fus ion  coef- 
f icient  o f  1 .2 -10  -7  cm 2. s -1 was measured  for  D M P G  
vesicles and a s ignif icant ly  lower value of  4 . 1 . 1 0  - s  
cm 2- s -  i for  D M P G - M B P  complexes  (Table  1). It  should 

Fig. q. Difference ESR spectra of 16-SASL (thick dotted lines) in 
dimyristoylphosphatidylglycerol hilayers in the presence of protein 
(DMPG/MBP, ratio 1:85) using various concentrations of the spin 
label. Aqueous components were subtracted by using 16-SASL in 
water reference spectra. All experimental spectra were recorded at 
36°C. Best fitting simulated line shapes based on Eqns. 2 and 3 are 
overlaid with the experimental spectra (full lines). Label/lipid mole 
fraction: (A) 0,010, (B) 0.020, (C) 0.038, (D) 0.074, and (E) 0.138. 
Simulation parameters of the best-fining theoretical spectra are sum- 

marized in Table l. 

OMPC OMPG 
100 

~ 40 o 

°o 4 .  ' 0 ; 8 '  012 ' 0 00, 008 0,2 0,8 
MOLE FRACTION SPIN LABEL 

Fig. 5. Bimolecular label-label collision frequency P~II obtained from 
best-fitting simulated spectra as a function of mole fraction oi' 16-SASL 
in dimyristoylphosphatidylcholine (DMPC) and dimyristoylphospha- 
tidylglycerol (DMPG) bilay¢rs in the absence (open symbols) and 
presence (full symbols) of basic protein. Error bars indicate a collision 
frequency range over which the parameter o defined in Eqn. 4 

increased by 570. 



be noted that the same evaluation for DMPG-MBP 
complexes was less reliable because all the experimental 
da ta  points were very low throughout the mole fraction 
range used in this study and  were probably close to the 
sensitivity limit of the method. Clearly, at slow rates of 
spin exchange the two contributions T2~'atd and v~ to the 
linewidth (see Eqns. 2 -4)  are more difficult to separate 
unambiguously and hence the lateral diffusion coeffi- 
cient of 4 . 1 . 1 0  - s  cmz. s - I  should be regarded as an 
upper  limit in this case. 

Discussion 

Membrane spectroscopy provides a very detailed in- 
sight into various molecular motions of proteins and 
lipids. Clearly, the motional coupling of lipids and 
proteins must  play an important  role in interfacing the 
membrane  components  and  sealing the membrane.  Spin 
label ESR has a rather suitable timescale for mapping 
the gradient in molecular dynamics at  the interface of 
membrane  proteins. A less studied aspect of this mo- 
tional coupling is the modulat ion of lipid lateral diffu- 
sion by proteins. A theoretical estimate for the lateral 
diffusion of protein and  lipid molecules has been given 
by Saffmann and Delbriick [241 (for a review, see Ref. 
25). Since the lateral diffusion of membrane proteins is 
governed by the viscous drag at  the interface and is 
influenced by the molecular size to lesser extent, D-r 
typically varies in the range of 5 - 10-9_ 5 - 10-  s cm 2 " s -  i 
for proteins with hydrodynamic  radii of  0 .3-3 .0  nm 
[24]. The lateral diffusion of lipids is inherently faster 
according to fluorescent recovery after photobleaching 
(FRAP)  experiments: 5 . 1 0 - s - 2  • 10-Tom 2- s - i  [24-25]. 
Spin label ESR is also suitable for measuring lipid 
lateral diffusion using 16-SASL in conjunction with the 
Heisenberg spin exchange method [11. Such measure- 
ments  give greater diffusion coefficients than those ob- 
tained from FRAP [251 and  ESR imaging experiments 
[26] since the range '  of  motion detected by the Hei- 
senberg spin exchange method is less than 1.2 nm and  
the lifting off motions associated with rotational 
isomerism can  separate nearest neighbour labelled acyl 
chains beyond their magnetic radii thereby resulting in 
more molecular encounters. 

The major  result of  the present spin label ESR 
experiments is that  the lateral diffusion of various phos- 
pholipid~ i~ modulated rather ~clccfivcly by ba~'~c pro- 
tein. The diffusion coefficient of the spin probe in 
D M P C - M B P  complexes remained unchanged as com- 
pared to the value observed in pure DMPC vesicles, 
whereas that  in D M P G - M B P  complexes was signifi- 
cant ly less than in pure D M P G  vesicles and  was close 
to the sensitivity limit of the Heisenberg spin exchange 
method (Figs. 3 and  4, and  Table 1). The lateral diffu- 
sion coefficient in DMPC-MBP complexes (1 .7-10  -7 
cmZ.s  -1)  lies in the range observed for fluid lipid 
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bilayers by spin label ESR experiments [19.25] and 
suggests no interaction between basic protein and 
DMPC in agreement with earlier results (for a review. 
see Ref. 11). The diffusion coefficient in DMPG-MBP 
complexes, on the other hand, was 4.1 • 10 -~ cm".  s -~ 
indicating a restricted lateral diffusion as a consequence 
of l ipid-protein interactiov. A possible explanation of 
the slow lateral diffusion is that certain lipids, which 
interact with the basic protein with great selectivity and 
form short-living segregated domains, undergo slow co- 
diffusion with the protein. 

Selective association of acidic !ipids with membrane 
proteins can be explained by electrostatic and hydro- 
phobic interactions [2,3,11,25]. From a comparison of 
the effects of basic protein and polylysine the relative 
contributions of hydrophobic and electrostatic interac- 
tions could be estimated [27]. Labeling experiments with 
a hydrophobic  photolabel also suggested that the basic 
protein can penetrate into bilayers of acidic lipids de- 
eper than the polar headgroup region [28]. Therefore it 
seems that basic protein, as it interacts with the mem- 
brane surface, exposes a hydrophobic  surface for con- 
tact l ip id-protein  interaction in the interfacial region. 
This is consistent with the shorter T 1 values obtained in 
2H-NMR experiments which also indicate a slowing 
down of acyl chain motions [29,30]. 

The free diffusion of lipids off the protein can be 
restricted in the interfacial region where the charged 
lipid headgroups are in contact with positively charged 
amino acids of the protein. The off-rates of DMPC and 
other zwitterionic lipids has proved to be diffusion 
controlled and virtually unaffected by integral mem- 
brane proteins, whereas the off-rates of acidic lipids 
such as DMPG are less by a factor of 1.5-3 at the 
interface of proteins depending on their relative associ- 
ation constants [31-331. Applying the same model [3,34] 
to the case of basic protein an unchanged one-to-one 
lipid exchange and diffusion controlled lateral move- 
ment is expected for the zwitterionic DMPC and a 
slowing down by 30-50% for DMPG because of its 
specificity. Since the observed spectra indicate a greater 
change in the collision frequency (Table I) we conclude 
that the restricted lateral diffusion in D M P G / M B P  
complexes is partly due to the slowing down of one-to- 
one lipid exchange and part ly due to lipid-protein co- 
diffusion. An unambiguous determination of these two 
factor,n rcqu~re~ macroscopic (imaging or FRAP) meth- 
ods in conjunction with the Heisenberg spin exchange 
method. 
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