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Lipid-protein interactions with the myelin proteolipid protein incorporated in the gel phase of dimyristoylphosphatidylcholine 
bilayers have been studied by saturation transfer EPR spectroscopy of spin-labelled phospholipids. The integrated intensities of 
the saturation transfer EPR spectra from spin-labelled phosphatidylcholine are linearly dependent on the protein/lipid ratio, 
and correspond to a fixed stoichiometry of approximately 11 lipids per monomer associated with the protein in the gel phase. 
The normalized saturation transfer intensities of spin-labelled phosphatidic acid, on the other hand, display a non-linear 
dependence on the protein/lipid ratio that can be described well by a selectivity for interaction with the protein in the gel phase 
with an average association constant relative to phosphatidylcholine of approx. 5.2. These values for the stoichiometry and 
selectivity of lipid-protein interaction in the lipid gel phase obtained from saturation transfer EPR spectroscopy are comparable 
to those found previously in fluid phase lipids by conventional EPR spectroscopy. 

Lip id-pro te in  interactions are essential determi- 
nants of the functional integrity of cell membranes.  
Conventional electron spin resonance (EPR) spec- 
troscopy of spin-labelled lipids has proved to be ex- 
tremely useful for characterization of both the stoi- 
chiometry and specificity of lipid interactions with inte- 
gral proteins in membranes  in the fluid phase (see, e.g., 
Ref. 1). This information is obtained from spectral 
subtractions with different spin-labelled lipids, gener- 
ally as a function of the l ip id /p ro te in  ratio of the 
sample. Such an approach,  however, is not easily possi- 
ble for membranes  in the gel phase because of the lack 
of spectral resolution of the spin labels interacting 
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directly with the protein from those in the bulk lipid 
gel phase. 2H nuclear magnetic resonance (NMR), on 
the other hand, has been used to investigate the stoi- 
chiometry of phosphatidylcholine association with 
rhodopsin [2] and with cytochrome oxidase [3] reconsti- 
tuted in the gel phase. However, such methods are not 
applicable also to the fluid phase because of the fast 
exchange of the lipids at the protein interface on the 
2H-NMR time scale (see, e.g., Ref. 4). 

Lipid-prote in  interactions in the gel phase are of 
intrinsic interest because of the information that they 
may yield on the association state of the protein, and 
on the lipid mobility, in more tightly packed lipid 
membrane  environments. From the point of view of 
spin label EPR measurements,  methods for investigat- 
ing l ipid-protein interactions in the fluid phase where 
there is poor resolution between the protein- and bi- 
layer-associated components,  e.g., for lipids labelled 
close to the glycerol backbone (cf., Ref. 5), are also of 
considerable interest. This requires methods different 
from conventional EPR spectroscopy, and it seems that 
those based on the saturation properties of the spec- 
t rum which are sensitive to the spin-lattice relaxation 
of the spin label, and hence can distinguish differences 
in mobility on a timescale slower than that of conven- 
tional spin label EPR spectroscopy, might be appropri- 
ate. 
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In the present work, saturation transfer (ST) EPR 
experiments with spin-labelled lipids are used to study 
lipid-protein interactions in the gel phase of recom- 
binants of the myelin proteolipid apoprotein (PLP) 
with dimyristoyl phosphatidylcholine (DMPC). It is 
known that the STEPR spectra of the protein-associ- 
ated and lipid-associated spin labels differ in the gel 
phase of such systems [6]. Furthermore, the linear 
additivity of the normalized integral intensity of the 
STEPR spectra from multi-component systems [6] 
means that this method of analysis can be applied 
directly to titrations of the lipid/protein ratio of the 
gel-phase complexes, in a manner similar to that used 
for the conventional EPR spectra from the fluid phase. 
In this way, it is found possible to determine the 
stoichiometry of association of spin-labelled phospha- 
tidylcholine and the selectivity of association of spin- 
labelled phosphatidic acid with the myelin proteolipid 
protein in gel phase lipid. 

Representative STEPR spectra (V2'-display) of spin- 
labelled phosphatidylcholine (14-PCSL) in gel phase 
DMPC bilayers, in a PLP/DMPC complex of lipid/ 
protein ratio of 24:1 (mol/mol), and in association 
with delipidated PLP at 0°C are given in Fig. 1. Sam- 
ples were prepared as described in Ref. 7 and spectra 
were recorded as described in Ref. 6, according to the 
standardized protocol given in Ref. 8. The line shapes 
of the STEPR spectra differ considerably between the 
different samples, indicating that the mobility of the 
spin-labelled lipid chains associated with the protein is 
considerably less than that in the gel phase lipid envi- 
ronment at the same temperature (cf., e.g., Ref. 9). 

However, the STEPR spectrum of the lipid/protein 
complex (Fig. lb) cannot be resolved clearly into two 
components, as is to be expected because the STEPR 
spectra of the protein-alone (Fig. la) and of the pure 
lipid bilayers (Fig. lc) both extend over the full spectral 
range. This is true, even more so, for the conventional 
EPR spectra recorded in the gel phase (data not 
shown). Verification and testing of the two-component 
nature of the spectra from the lipid/protein complex 
must therefore be made by evaluating the normalized 
integrals, /ST, of the STEPR spectra (as defined in 
Ref. 6): 

IsT = f v;( H ) . d ,  / f f  n ).d2n (]) 

where H is the magnetic field strength. 
The first integrals of the V 2' STEPR spectra normal- 

ized to the second integrals of the V~ conventional 
EPR spectra for the 14-PCSL spin label in PLP/DMPC 
complexes at 0°C are given in Fig. 2, as a function of 
the total protein/lipid ratio of the complexes. It is 
seen that the STEPR integral of 14-PCSL depends 
linearly on the protein/lipid ratio, implying that there 
is a fixed stoichiometry of interaction with PLP in the 
gel phase, as is shown by the following analysis. Since 
the normalized integral, /ST, of a composite STEPR 
spectrum is additive [6], the measured value for a 
spectrum composed of two components, b (protein-as- 
sociated) and f (lipid bilayer-associated), is given by: 

/ST = f ' l~T,b + (1 - f ) l ~ T , f  (2) 

integral: [ 

. . . . .  , .,~-~..,. . . . . . . . . . . . . .  " - .  

a) PLP b) PLPIDMPC (1:2/.) c) DNPC 

Fig. 1. Second harmonic, 90°-out-of-phase, absorption STEPR spectra (V2',-display) and their normalized first integrals, for the 14-PCSL 
phosphatidylcholine spin label at 0°C. (a) Associated with the myelin proteolipid protein alone, (b) in a P L P / D M P C  complex of l ipid/protein 
ratio 24: 1 mol /mol ,  and (c) in bilayers of DMPC alone. The spectra are given in the lower row and the integrals in the upper row. The ordinate 

is normalized to an integrated intensity of 2.10 -2  as full scale. Total scan width = 100 G. 



0.8 

r 

0.6 • 

O 

~0.4  

0.3 

0.0 
0.00 0.1)2 0.04 0.061 0.081 0.10 

Fig. 2. D e p e n d e n c e  on the p ro t e in / l i p id  ratio, 1 / n t ,  of  the normal-  
ized integrals, /ST, from the saturation transfer EPR spectra (V2'-dis- 
play) of the 14-PCSL phosphatidyicholine spin label (11) and the 
14-PASL phosphatidic acid spin label (o) in recombinants of the 
myelin proteolipid protein with dimyristoyiphosphatidylcholine at 
0°C. The full straight line represents a linear regression of the data 
for 14-PCSL according to Eqn. 4, with the parameters: NO(I~T,b- 
I~T.~) = 7.01 and I~T,~ = 0.127. The curved line represents a non-lin- 
ear least-squares fit of the data for 14-PASL to Eqn. 6, with the 
fitting parameters: Nb= 11.4, Kr=5.2, l~T,b = 0.708 and l~T,r = 
0.146. The vertical dashed line represents the lipid/protein stoi- 

chiometry N o = 11.0. 

where f is the fractional population of component b 
and I~x,b I~x,r are the normalized values of the satura- 
tion transfer integral for components b and f, respec- 
tively. If there is no selectivity betweer I the spin-la- 
belled lipid and the host lipid for association with the 
protein, the value of f is related to the total l ip id/  
protein ratio, nt, in the l ip id /pro te in  complex simply 
by: 

f = N b / n  t (3) 

where N b is the number of lipid association sites with 
the protein. In this case of no selectivity, the saturation 
transfer integral is given from Eqns. 2 and 3 by: 

IST = (I~T,O -- l ~ T , f ) N b / n t  + l~T,f (4) 

and a linear dependence of Isx on 1 / n  t is expected. 
As noted from Fig. 2, this is the case for the 14-PCSL 
phosphatidylcholine spin label in complexes of the 
myelin proteolipid protein with dimyristoylphospha- 
tidylcholine, indicating that there is no selectivity be- 
tween the spin-labelled and unlabelled parent phos- 
phatidylcholine for interaction with the PLP protein in 
the gel phase. A similar result has been found previ- 
ously for the interaction of spin-labelled phosphatidyl- 
choline with the PLP protein in DMPC complexes in 
the fluid phase [7]. The value of I~v,f deduced from the 
linear regression is close to that measured for the spin 
label in the gel-phase lipid alone at the same tempera- 
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ture. From the value of the gradient of the linear 
regression, together with the value of I~T,b = 0.763 
measured for a sample of the delipidated protein at 
0°C (Fig. la), it can be estimated that the number of 
lipids associated with PLP in the gel phase is: N b = 11.0. 
This value is very similar to the stoichiometry of lipid 
sites at the interface of the PLP in fluid phase DMPC, 
which was determined to be: N b = 9-10 from l ip id /  
protein titrations obtained by digital subtraction of the 
conventional EPR spectra [7]. 

Spin-labelled phosphatidic acid has a pronounced 
selectivity for interaction with the PLP protein in the 
fluid phase of DMPC [7,10]. The values of the STEPR 
integral as a function of pro te in / l ip id  ratio for 14- 
PASL in P L P / D M P C  complexes in the gel phase are 
given in Fig. 2. It can be seen that the STEPR data for 
this spin-labelled lipid do not conform to the linear 
dependence on 1 / n  t expected for a non-selective inter- 
action with the protein in the lipid gel phase; also the 
values of IST are much larger, closer to those for the 
protein alone, than for 14-PCSL in complexes of simi- 
lar pro te in / l ip id  ratios at the same temperature. This 
indicates a clear selectivity of the phosphatidic acid 
spin label over that of phosphatidylcholine for associa- 
tion with the PLP protein in gel phase lipid. 

For spin-labelled lipids that show a selectivity for 
association with the protein, the value of f in Eqn. 2 is 
given by the equation for equilibrium association with 
the protein [1,11]: 

f = K r / ( n  t / N  b + K r - l )  (5) 

where K r is the average association constant of the 
spin-labelled lipid with the protein, relative to that for 
the unlabelled host lipid, and nt>_N b Substituting 
Eqn. 5 in Eqn. 2 yields the following expression for the 
saturation transfer integral of spin-labelled lipids dis- 
playing a selectivity for the protein: 

/ST = [ Kr  I~T,0 + ( n t / N o  - 1 ) I ~ T , f ] / ( n t / N b  + Kr  - 1) (6) 

The l ip id /pro te in  titration of the STEPR data for 
14-PASL in gel phase P L P / D M P C  complexes given in 
Fig. 2 can be described well by Eqn. 6, which allows for 
the selectivity of the spin-labelled lipid, with reason- 
able values of I~T,f and I~a-,b. The value of the former 
is identical to that measured for the spin label in the 
lipid alone, and the value for the latter lies reasonably 
close to that found with the delipidated protein: I~T,b 
= 0.763. From calibrations with isotropically rotating 
spin-labelled haemoglobin [12], the value for 14-PASL 
corresponds to an effective rotational correlation time 
of 67 ~s for the spin-labelled lipid associated with the 
PLP protein in the gel phase. The value deduced for 
the stoichiometry ( N  b = 11.4) with 14-PASL is very 
similar to that obtained with the spin-labelled phos- 
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phatidylcholine in the gel phase. The relative associa- 
tion constant K r = 5.2 deduced for 14-PASL evidences 
a considerable selectivity, relative to phosphatidyl- 
choline, of the l ip id-prote in  interaction in the gel 
phase and corresponds reasonably closely to that ob- 
tained recently ( K  r = 5.7) in the fluid phase under 
otherwise comparable conditions [10]. 

It seems, therefore, that both the stoichiometry and 
specificity of the l ip id-prote in  interactions with the 
PLP protein are similar in the gel phase to those in the 
fluid phase of the host lipid. Hence,  it is tempting to 
speculate that the solvation of the integral protein by 
lipid is similar in the two phases. However, this must 
not absolutely be the case, although the lipid selectivity 
observed here does argue strongly in its favour. In 
particular, it cannot be excluded that the protein is 
more aggregated in the gel phase than in the fluid 
phase, even if it is fully solvated by lipid in both cases. 
The lipid stoichiometries of rhodopsin and cytochrome 
oxidase, for instance, that are obtained in the gel phase 
differ somewhat from those found in the fluid phase 
[4]. 

In conclusion, it has been demonstrated that l ip id /  
protein titrations in reconstituted complexes with an 
integral protein can be used to investigate the stoi- 
chiometry and selectivity of l ipid-protein interaction 
by saturation transfer E P R  of spin-labelled lipids in 
the gel phase. These experiments are analogous to the 
usual l ip id /p ro te in  titrations of the conventional spin 
label E P R  spectra in the fluid phase. They rely for 
their success on the additivity of the saturation transfer 
EPR integral in mult i-component  systems [6], and on 
the fact that the dynamic propert ies of the protein-as- 

sociated spin labels differ from those in the gel phase, 
resulting in a distinguishable spin-lattice relaxation and 
hence distinguishable saturation behaviour. This sim- 
ple formulation is possible because, in the gel phase, 
any exchange with the bulk lipid of the lipids associ- 
ated with the protein is too slow to affect the STEPR 
spectra [10]. 

We thank Mrs. S. Chatterjee and Frau B. Anger- 
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