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ABSTRACT: The lipid specificities of two related integral membrane proteins of central nervous system myelin, 
the proteolipid (PLP) and DM-20 proteins, which differ only by the deletion of a polar stretch of 35 contiguous 
amino acid residues, were studied with spin-labeled lipids after reconstitution into dimyristoyl- 
phosphatidylcholine. The selectivity in populating lipid association sites a t  the protein interface and in 
modulating the lipid exchange between protein and bulk lipid sites was quantitated by the relative association 
constants and the off-rate constants for exchange, respectively, for both proteins. The sequence deleted 
in DM-20 (residues 116-150 of PLP) is found to play a major role in determining the lipid selectivity for 
the parent PLP protein. 

%e ESR' spectra of spin-labeled lipid molecules have pre- 
viously been used to determine the pattern of specificity of the 
lipid interaction with a range of different integral membrane 
proteins [see, e.g., Marsh (1985) and Devaux and Seigneuret 
(1985)l. Selectivity in the lipid-protein interaction is found 
for various negatively charged lipids, and the selectivity pattern 
differs for different proteins, corresponding to their individual 
amino acid sequences. In certain cases, the pattern of lipid 
specificity correlates very well with the functional effects of 
different lipids on the protein [see Marsh (1987) for a review]. 

Experiments on the origin of the lipid selectivity have 
demonstrated a decreasing selectivity with increasing ionic 
strength, indicating the importance of electrostatic interactions 
(Esmann & Marsh, 1985; Brotherus et al., 1980; HorvZth et 
al., 1988b). Reversing the charge on the lysine groups of 
cytochrome oxidase by covalent modification has shown that 
these residues are involved in determining the lipid selectivity 
(Powell et al., 1987). Covalent attachment of chemically 
reactive negatively charged phospholipid analogues has allowed 
identification of the subunits of cytochrome oxidase which bear 
the lysine residues contributing to the selectivity (McMillen 
et ai., 1986). 

A direct approach to the problem of identifying the protein 
residues involved would be to investigate the effects of site- 
directed mutagenesis of the protein on the lipid selectivity 
pattern. The proteolipid protein (PLP) from central nervous 
system myelin offers a unique opportunity in this respect, since 
a naturally occurring mutant is available in myelin. The native 
apoprotein is 276 residues in length, and the DM-20 muta1,t 
is a closely related protein of 241 residues, which is derived 
from the parent PLP simply by deletion of 35 amino acids 
corresponding to residue positions 116-150 in the native protein 
(Nave et al., 1987; Simons et ai., 1987). The deleted sequence 
is highly polar in nature, containing three arginine, two lysine 
residues, and one each of glutamic and aspartic acids in bovine 
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DM-20. According to the model of Stoffel et al. (1984), this 
sequence is contained in the largest of the extracytosolic loops 
of the integral protein structure. ESR studies of spin-labeled 
lipids in reconstituted DM-20 systems therefore allow deter- 
mination of the effects of this highly basic portion of the PLP 
molecule on the lipid selectivity pattern, essentially without 
disturbing the hydrophobic region, and hence the number of 
intramembranous lipid sites, in the protein. It is demonstrated 
here that the positively charged stretch of residues from 
position 116 to position 150 plays an important role in de- 
termining the selectivity of interaction with the myelin pro- 
teolipid protein. 

MATERIALS AND METHODS 
Materials. Dimyristoylphosphatidylcholine (DMPC) was 

from Fluka (Buchs, Switzerland). Hepes was from Sigma (St. 
Louis, MO). 14-SASL was prepared according to the method 
of Hubbell and McConnell (1971) and acylated at the sn-2 
position of lysophosphatidylcholine yielding 14-PCSL (Boss 
et al., 1975). The spin-labeled phospholipids 14-PGSL, 14- 
PSSL, and 14-PASL were prepared from 14-PCSL by tran- 
sphosphatidylation catalyzed by phospholipase D [for details, 
see Marsh and Watts (1982)]. 

Protein Purification and Reconstitution. Myelin was ex- 
tracted from bovine spinal cord and delipidated by gel filtration 
on Sephadex LH-20 (Pharmacia, Sweden) as described by 
Gagnon et al. (197 1). SDS-polyacrylamide gel electrophoresis 
(Laemmli, 1970) of the delipidated protein revealed two bands 
corresponding to the myelin proteolipid protein (PLP) and the 
related protein of 23 kDa (DM-20), in a ratio of approximately 
2.5:l. No low molecular mass proteins (12 kDa) could be 
found. DM-20 was further purified to near homogeneity 

' Abbreviations: 14-PCSL, -PGSL, -PSSL, and -PASL, 1-acyl-2- 
[ 13-(4,4-dimethyl-3-oxy-2-butyl-2-oxazolidinyl)tridecanoyl]-sn-glycero- 
3-phosphocholine, -phosphoglycerol, -phosphoserine, and -phosphoric 
acid; 14-SASL, 13-(4,4-dimethyl-3-oxy-2-butyl-2-oxazolidinyl)trideca- 
noic acid; EDTA, ethylenediaminetetraacetic acid; DMPC, 1,2-di- 
myristoyl-sn-glycero-3-phosphocholine; Hepes, N-(2-hydroxyethyl)- 
piperazine-N'-2-ethanesulfonic acid; DM-20, the 23-kDa myelin protein; 
PLP, myelin proteolipid apoprotein; ESR, electron spin resonance. 
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according to the method of Trifilieff et al. (1985). The mo- 
nomer molecular masses of PLP and DM-20 were taken as 
25 and 23 kDa, respectively. 

The DM-20 protein or the natural mixture of the proteolipid 
apoprotein and DM-20 (PLP + DM-20) was reconstituted 
with DMPC by dissolving both constituents in freshly distilled 
2-chloroethanol and dialyzing against three changes of re- 
constitution buffer (100 mM NaCI, 1 mM EDTA, 2 mM 
Hepes, pH 7.4) as previously described (Boggs et al., 1976; 
Brophy, 1977). The homogeneity of protein incorporation was 
verified by sucrose gradient centrifugation for 3 h at 40000 
rpm (10-55% sucrose in reconstitution buffer; Beckman SW 
40Ti rotor), and the position of the single band was consistent 
with the lipid-to-protein ratio of the samples. Lipid and protein 
contents were determined by the methods of Eibl and Lands 
(1969) and Lowry et al. (1951), respectively. 

ESR Spectroscopy. Single batches of dialyzed DM-20/ 
DMPC or (PLP + DM-20)/DMPC complexes were divided 
into several aliquots in order to ensure an identical lipid/protein 
ratio. Samples were spin-labeled from ethanolic solution at 
a level of 10 pg/mg DMPC, and incubated at 4 OC for 45 min. 
Then each aliquot was pelleted, resuspended in salt-free buffer 
(1 mM EDTA, 2 mM Hepes, pH 8.5), and transferred to 
sealed 100-pL capillary tubes. ESR spectra were recorded 
on a Varian E-1 2 Century Line spectrometer with nitrogen 
gas flow temperature regulation. Spectra were digitized with 
either a Digital Equipment Co. PDPl l /LPS or a Tecmar Lab 
Master/IBM PC system and software written by Drs. W. 
Moller and M. D. King. Spectral subtractions were performed 
with interactive graphics, using software written by Dr. W. 
Moller of this Institute; details of spectral subtractions are 
given in Marsh (1 982). Spectral simulations of two-component 
spectra were performed with the exchange-coupled Bloch 
equations (Horvfith et al., 1988a; Marsh & Horvfith, 1989). 

RESULTS 
Lipid Specificity. The lipid selectivities of the myelin DM- 

20 and PLP proteins were studied by comparing the different 
spin-labels in complexes of fixed lipid/protein ratio. The ESR 
spectra of C-14 spin-labeled stearic acid and various C-14 
spin-labeled phospholipids in DM-20/DMPC complexes and 
in complexes of the protein mixture (PLP + DM-20)/DMPC 
of mean lipid/protein ratio of 28:l mol/mol are shown in 
Figure 1. All spectra consist of two components, but with 
different proportions of the two components corresponding to 
the fluid and motionally restricted spin-labeled lipids. Dif- 
ferences between the two proteins reflect the differing degrees 
of selectivity of the various lipids at the lipid-protein interface 
of DM-20 and PLP. These differences are particularly pro- 
nounced in the case of the acidic lipids 14-SASL and 14- 
PASL, which show the highest selectivity for both proteins. 
The fractionsf of the motionally restricted components were 
determined by spectral subtractions using libraries of spectra 
from DMPC and PLP alone and are given in Table I. 

It was shown previously (Brophy et al., 1984) that the 
number of association sites N ,  on PLP is the same for these 
lipids. Because the intramembranous sections of the DM-20 
protein are identical with those of PLP, it may also be rea- 
sonably assumed that the value of N ,  is the same as that for 
PLP and is identical for the different lipids. Therefore, the 
relative association constants K ,  can be calculated directly from 
the ratios of the double-integrated intensities of the fluid and 
motionally restricted components, nf*/nb*, relative to that for 
spin-labeled PC [see, e.g., Marsh (1985)l: 
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FIGURE 1 :  ESR spectra of different spin-labeled lipids in DM-20/ 
DMPC (full lines) and (DM-20 + PLP)/DMPC (dashed lines) re- 
combinants of lipid/protein ratio 28:l mol/mol, at T = 30 OC: (a) 
stearic acid spin-label, 14-SASL; (b) phosphatidic acid spin-label, 
ICPASL; (c) phosphatidylserine spin-label, ICPSSL; (d) phospha- 
tidylglycerol spin-label, 14-PGSL; (e) phosphatidylcholine spin-label, 
14-PCSL. Total scan width = 10 mT. 

Table I: Selectivity of Spin-Labeled Lipids in Myelin 
DM-2O/Dimyristoylphosphatidylcholine and in the Mixed (PLP + 
DM-20)/Dimyristoylphosphatidylcholine Recombinants of 
LiDid/Protein Ratio 28:l mol/mol' 

DM-20 PLP + DM-20 
AG AG 

label f KVL/Kvpc (kJ/mol) f KVL/fLK (kJ/mol) 
14-PASL 0.64 2.46 -2.2 0.81 5.88 -4.3 
14-SASL 0.61 2.16 -1.9 0.76 4.37 -3.6 
ICPSSL 0.47 1.22 -0.5 0.57 1.83 -1.5 
14-PGSL 0.43 1.04 -0.1 0.52 1.50 -1.0 
14-PCSL 0.44 1.09 -0.2 0.42 1.00 0.0 
' T = 30 'C. Notation: fraction of motionally restricted spin-la- 

bel; K: and KrK, relative association constants of lipids L and PC, 
respectively; AG = AG,(L) - AGJPC), differential free energy of as- 
sociation. 

These relative association constants and the differential free 
energies of association AG,(L) - AG,(PC) = -RT In (KrL/ 
KIPC) deduced from them are also given in Table I. 

Exchange Rates. The influence of lipid selectivity on the 
exchange dynamics at the lipid-protein interface can be an- 
alyzed by spectral simulations using the exchange-coupled 
Bloch equations (Marsh & Horvtith, 1989). The simulated 
spectra are shown together with the experimental spectra from 
the lipid selectivity series for DM-20 by the dashed lines in 
Figure 2. The line shapes of the fluid and motionally re- 
stricted spectral components were matched with the fluid lipid 
and protein-alone reference spectra, as previously described 
(Horvfith et al., 1988a). All the two-component spectra could 
be fitted with various proportions of these two components and 
the appropriate exchange rates. Each fit was optimized for 
minimum fitting error; normalized mean square deviations 
were less than 1%. 

The two variables that can be determined from such sim- 
ulations are the off-rate T<] and the fractionfof the motionally 
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FIGURE 2: ESR spectra of different spin-labeled lipids in DM-20/ 
DMPC recombinants of lipid/protein ratio 28: 1 mol/mol (full lines) 
and simulations using the two-component exchange model described 
in the text (dashed lines). rms deviations between experimental and 
simulated spectra are in the range 0.5-0).9%. (a) Stearic acid spin-label, 
14-SASL; (b) phosphatidic acid spin-label, 14-PASL; (c) phospha- 
tidylserine spin-label, 14-PSSL; (d) phosphatidylglycerol spin-label, 
ICPGSL; (e) phosphatidylcholine spin-label, 14-PCSL. T = 30 "C; 
total scan width = I O  mT. 

restricted component. The ratio of the off-rate to the on-rate 
T { I  is determined by the condition for material balance: 

f7b-I = (1 -flT,' (2) 

Substituting this condition into the equation for equilibrium 
association (Brotherus et a\., 1981) yields 

T ~ - ' / T { '  = (nt/NI - l ) /Kr  (3) 

where n, is the total lipid to protein ratio and Nl is the number 
of association sites at the protein interface. It can be assumed 
that the on-rate, 7{Ir is constant for a given lipid/protein ratio 
because it is diffusion controlled (Horvtith et al., 1988b). 
Hence for different spin-labeled lipids, the off-rate constants, 
q , - l ,  should be inversely proportional to their relative asso- 
ciation constants, K,, with the protein. This correlation plot 
between 1 / K, and 7b-I is shown in Figure 3, and the data are 
seen to conform to the inverse relation predicted by eq 3. 

DISCUSSION 
The PLP molecule of the central nervous system myelin has 

been found to be preferentially solvated by negatively charged 
phospholipids, and the electrostatic origin of this lipid spe- 
cificity has been studied by pH and salt titration experiments 
(Boggs et al., 1977; Brophy et al., 1984; HorvZith et al., 1988b). 
In these experiments, the PLP was not separated from the 
DM-20 protein, and hence, the reported lipid specificity pattern 
was a weighted average of the specificities of these two pro- 
teins. The hydropathy profile and distribution of noncom- 
pensated charges in the amino acid sequence of PLP are given 
in Figure 4. The deleted sequence in DM-20, which is in- 
dicated by the shaded box in Figure 4, contains five positively 
and two negatively charged amino acid residues and forms a 
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FIGURE 3: Correlation diagram between the off-rate constants, r<I, 
and the relative association constants, K,, for different spin-labeled 
lipids in DM-20/DMPC (filled symbols) and mixed (DM-20 + 
PLP)/DMPC (open symbols) recombinants of lipid/protein ratio 28: 1 
mol/mol. Phosphatidic acid spin-label, 14-PASL ( 0 ,  +); stearic acid 
spin label, 1CSASL (V, V); phosphatidylserine spin-label, 14-PSSL 
(A, A); phosphatidylglycerol spin-label, 14-PGSL (0, B); phospha- 
tidylcholine spin-label, 14-PCSL (0, 0).  
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FIGURE 4: Hydropathy plot for the myelin proteolipid apoprotein 
(PLP) and the myelin protein of 23 kDa (DM-20), calculated with 
a nine-residue window. The four hydrophobic regions are indicated 
by numbers, and the shaded box indicates the internal hydrophilic 
deletion (residues 116-150) in DM-20. The hydrophobic and hy- 
drophilic regions lie above and below the y = 0 axis, respectively. 
Charged residues are indicated by plus and minus signs, except that 
oppositely charged residues not more than four sequence positions 
apart are considered to neutralize each other. 

long hydrophilic loop connecting a transmembrane sequence 
and a hydrophobic loop (Stoffel et al., 1983, 1984; Laursen 
et al., 1984; Diehl et al., 1986; Simons et al., 1987). Since 
the positively charged residues are located at  the membrane 
interface, this deletion might be expected to decrease the 
relative association constants of acidic lipids, giving a more 
uniform lipid selectivity pattern for the various phospholipids. 
The lower selectivities obtained here for DM-20 complexes 
relative to PLP-containing complexes are consistent with this 
prediction, indicating that these residues play an important 
role in establishing the lipid specificity pattern of PLP. 

The protein-associated fraction in the mixed (PLP + DM- 
20)/DMPC complexes is a weighted average of the intensity 
of the motionally restricted components from the two proteins. 
Assuming that the DM-20 and PLP molecules are solvated 
independently and there is no direct exchange between the two 
sets of association sites, the observed fraction of the motionally 
restricted component can be given in terms of the fractions 
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associated with the DM-20 and PLP molecules, fDM-20 and fpLp: 

(4) 
where X,,.,, = 0.29 and XpLp = 0.71 are the mole fractions 
of DM-20 and PLP, respectively. From the values of Table 
I, the true relative association constants for 14-PASL, 14- 
SASL, 14-PSSL, and 14-PGSL in PLP/DMPC complexes 
are then found to be 10.4,6.5, 2.2, and 1.8, respectively. These 
are appreciably higher than the previous uncorrected values 
obtained for the mixture of PLP and DM-20 (Brophy et al., 
1984; Table I). The acid lipid association constants for PLP 
are therefore much higher than those for DM-20 (Table I), 
corresponding to the reduction in number of net positive 
charges on the protein by a factor of 2. 

The deletion in  DM-20 involves three uncompensated 
positively charged residues on the extracytosolic side. It is of 
interest to compare this decrease in protein net charge with 
the decrease in free energy of association of the acidic lipids. 
The difference between PLP and DM-20 corresponds to a 
decrease in free energy of interaction of between 0.5 and 1.2 
kJ/mol per charge, as deduced from the relative association 
constants for 14-PGSL and 14-PASL, respectively. For 
comparison, two unshielded charges with a separation of 10 
8, in a medium of dielectric constant t = 80 have a Coulombic 
interaction energy of 1.7 kJ/mol. The charges on the protein 
are most probably shielded to a certain extent, even at the 
relatively low ionic strengths used in the present experiments. 

The effects of the deletion in DM-20 on the lipid specificity 
should also be reflected in the exchange rate at the lipid- 
protein interface (HorvBth et al., 1988b; Marsh & Horvlth, 
1989). Figure 3 shows that this is in fact the case. The 
exchange rate of the zwitterionic PC is relatively rapid and 
has the same value for both proteins: 7b-I = 1.5 X 10’ s-’.  
Virtually no selectivity and fast exchange were observed for 
PG in the DM-20/DMPC system, but the corrected exchange 
rate with PLP is reduced to 9 X lo6 s - I .  Substantially slower 
exchange rates were obtained for stearic acid and phosphatidic 
acid in both cases: 5.5 X lo6 s-l for DM-20/DMPC and 
(2.5-3) x lo6 s-l for PLP/DMPC (using values corrected as 
in eq 4), in agreement with the effect of selectivity in retarding 
negatively charged lipids. PS displayed intermediate off-rates 
in both lipid/protein systems: 1 X lo7 s-l for DM-20/DMPC 
and 6 X I O 6  s-l for PLP/DMPC. 

Clearly, the deletion of residues 116-150, including three 
arginines and two lysines, from the primary sequence of PLP 
causes a large decrease in the lipid selectivity of this protein. 
Potentially, such deletions may therefore have considerable 
influence on the assembly of compact myelin and on other 
interactions at the membrane surface. 
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