
5734 B I O C  H E M  I S T  R Y  B O G G S  A N D  M O S C A R E I . 1  0 

Dependence of Boundary Lipid on Fatty Acid Chain Length in 
Phosphatidylcholine Vesicles Containing a Hydrophobic Protein from 
Myelin Proteolipid? 

J .  M. Boggs* and M. A. Moscarello 

ABSTRACT: Lipophilin, a hydrophobic protein fraction, pu- 
rified, and delipidated from the proteolipid of human myelin, 
possesses a layer of boundary lipid surrounding it when in- 
corporated into lipid vesicles. The  protein reduces the energy 
absorbed during the lipid phase transition, indicating that the 
boundary lipid does not go through the phase transition. The  
amount of boundary lipid was estimated by plotting the en- 
thalpy of the transition against the protein to lipid mole ratio 
and extrapolating to AH = 0 for a number of synthetic phos- 
phatidylcholines, to determine the ability of fatty acid chains 
of varying length to interact with the protein. The amount of 

M e m b r a n e s  contain a mixture of lipids with different fatty 
acid chain lengths as well as  different polar head groups. The  
activity of membrane enzymes has been shown to depend on 
both lipid polar head group and on fatty acid chain length 
(Kimmelberg, 1977). The  dependence on fatty acid chain 
length could be due to the effect of fatty acid chain length on 
average membrane fluidity or to the stability of a specific in- 
teraction of the enzyme with a boundary layer or annulus of 
lipid. The activity of the Ca2+, Mg2+ dependent ATPase from 
sarcoplasmic reticulum has been shown to depend to a greater 
extent on the fluidity of the annular lipid than the bulk lipid 
(Hesketh et al., 1976). It is possible that the stability of the 
interaction of a protein with a boundary layer of lipid might 
depend on lipid fatty acid chain length as well as polar head 
group and therefore a membrane protein might be able to select 
out those lipids having a polar head group or particular fatty 
acid chain length with which it can form the most energetically 
stable complex. An enzyme might be able to control its activity 
in this way even if  the average membrane lipid composition 
changes. 

We have extensively studied the interactions of lipophilin, 
a protein fraction purified and delipidated from the proteolipid 
of human C N S  myelin, with lipid. Although this protein has 
no known enzymatic activity or other dynamic function, it is 
a hydrophobic membrane protein of the intrinsic type and 
studies of the interaction of this protein with lipid are relevant 
to other membrane proteins. Lipophilin has been shown by 
ESR spectroscopy to possess a layer of boundary lipid when 
incorporated into lipid vesicles (Boggs et al., 1976). The  ESR 
spectrum of a fatty acid spin-label incorporated into these 
vesicles possessed two components, one due to immobilized 
lipid indicating the presence of a boundary layer of lipid as seen 
for cytochrome oxidase (Jost et al., 1973), and the other 
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boundary lipid was found to be similar, 21 -25 molecules per 
molecule of lipophilin, for fatty acid chains of length 14-18 
carbons but somewhat less, 16 molecules of lipid per molecule 
of protein, for a fatty acid chain length of 12 or for one with 
a trans double bond ( 18:l t r ) .  No preferential interaction was 
observed with a lipid containing a particular fatty acid chain 
length when the protein was incorporated into a mixture of 
these lipids. These results suggest that the binding of lipids to 
the boundary layer of other membrane proteins and enzymes 
may not depend significantly on lipid fatty acid chain 
length. 

component characteristic of a lamellar phase but slightly more 
ordered than in the absence of protein. This protein was also 
shown by differential scanning calorimetry to decrease the 
enthalpy of the lipid gel to liquid crystalline phase transition 
without altering the transition temperature (Papahadjopoulos 
et al., 1975) suggesting that the boundary layer of lipid did not 
participate in the phase transition. The amount of boundary 
lipid was estimated from the decrease in enthalpy in dipalmi- 
toylphosphatidylcholine and dipalmitoylphosphatidylgly- 
cero1 and was found to be similar for these neutral and acidic 
lipids. However, we demonstrated that when neutral and acidic. 
lipids were mixed this protein could cause lipid phase separa- 
tion by binding the acidic lipid preferentially to its boundary 
layer (Boggs et al., 1977), indicating that it can interact elec- 
trostatically with lipid polar head groups as well as hydro- 
phobically with lipid fatty acids. The  present study was per- 
formed to investigate the dependence of the amount of 
boundary lipid on fatty acid chain length over the range C-I2 
to C- 18 in a neutral lipid, phosphatidylcholine. Mixtures of 
these synthetic phosphatidylcholines were also studied to de- 
termine whether the protein can interact preferentially with 
one fatty acid chain length when a choice is available. 

Materials and Methods 
Preparation of Lipophilin. Myelin was isolated from normal 

human white matter by the method of Lowden et al. (1966) 
Lipophilin (previously called N-2) was extracted and purified 
by chromatography on Sephadex LH-20 in chloroform/ 
methanol ( I : ] ,  v/v) containing 5% of 0.1 M HCI, by the 
method of Gagnon et al. (197 1) and stored in the lyophilized 
form. 

Lipids. Dimyristoylphosphatidylcholine (DMPC)  and di- 
palmitoylphosphatidylcholine (DPPC) were purchased from 
either Serdary Research Laboratory (London, Ontario) or 
Sigma Chemical Co. Dilauroylphosphatidylcholine (DLPC)  
and distearoylphosphatidylcholine (DSPC) were purchased 
from Supelco. Dielaidoylphosphatidylcholine (DEPC)  was a 
gift from Dr. D. Papahadjopoulos. All lipids were stored at  -50 
"C under nitrogen and were chromatographically pure with 
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the exception of DLPC which had a small contaminant of lyso 
compound which resulted in an extra thermotropic peak when 
examined by DSC. The amount of this impurity is probably 
less than 5% since addition of 5% lyso-PC to a pure phospha- 
tidylcholine produces a similar higher melting peak. Attempts 
a t  purifying this lipid by preparative T L C  resulted in greater 
contamination so the lipid was used as purchased. 2-Chlo- 
roethanol was obtained from BDH, redistilled periodically, and 
stored in the dark at  4 O C .  N-2-Hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid (Hepes)'  was obtained from Calbio- 
chem. 5-Doxylstearate I (1 2,3)  and 16-doxylstearate I (1, 14) 
were purchased from Syva. 

0, A- ,N-0 

CH,(CH,)...--C-(CH,) ,--COOH 
I (m, n) 

Preparation of Vesicles. Lipid vesicles with or without 
lipophilin were prepared by dialysis from 2-chloroethanol 
against aqueous buffer as described previously (Boggs et al., 
1976). The buffer contained NaCl  (100 mM)  and Hepes (2 
mM)  adjusted to pH 7.4. Dialysis was carried out in a tem- 
perature controlled bath at a temperature above the lipid phase 
transition temperature. The temperature used for all the lipids 
except DSPC was 45 OC to minimize the effect of temperature 
on the protein. However, it was necessary to use a higher 
temperature, 62 OC, for DSPC. Dialysis was carried out 
against a high salt concentration, 100 m M  NaCI, to allow 
precipitation of the multilayered vesicles. Dialysis against a 
low salt concentration results in single layered vesicles in the 
case of high protein concentrations which are difficult to 
sediment out. Centrifugation on a sucrose gradient indicated 
that there was little or no lipid or protein outside of the com- 
plex, which formed a single band, and therefore most of the 
samples used for DSC were not routinely purified on sucrose 
gradients. The suspensions were centrifuged at  12 000 rpm for 
5 min in an Eppendorf microcentrifuge. The lipid-protein ratio 
of the pellets was analyzed by measuring phospholipid content 
in an aliquot by a modified Bartlett procedure (1959) and 
protein content by hydrolyzing another aliquot and measuring 
amino acid content on a Durrum D-500 amino acid analyz- 
er. 

Differential Scanning C'alorimefry. The temperature and 
heat content of the thermotropic transition of the vesicle 
preparations with and without protein were determined with 
a differential scanning calorimeter (Perkin-Elmer DSC-2) 
using a scanning rate of 5 OC/min unless specified otherwise. 
All samples used for enthalpy determination were scanned at  
5 OC/min a t  a fast chart speed of 80 mm/min. Vesicle pellets 
were taken up in micropipets and transferred to the sample 
pans. The reference pan contained buffer. Four pans were filled 
and measured for each sample. The  area of the peaks was 
measured by Xeroxing several copies, cutting out, and 
weighing. In  the case of DLPC where an extra higher melting 
peak was present due to an impurity, the higher melting peak 
was ignored in measuring the area. The  pans were opened by 
sonication in 1 mL of distilled water, and aliquots were taken 
for phosphate analysis to  determine the total amount of 
phospholipid in the pan. The calorimeter was standardized 
against indium. 
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I Abbreviations used: DSC, differential scanning calorimetry; DLPC, 
dilauroylphosphatidylcholine; DEPC, dielaidoylphosphatidylcholine; 
DMPC, dimyristoylphosphatidylcholine; DPPC, dipalmitoylphosphati- 
dylcholine; Hepes, N-2-hydroxyethylpiperazine-N'-2'-ethanesulfonic acid; 
ESR, electron spin resonance spectroscopy. 
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FIGURE 1: Differential scanning calorimetry thermograms for lipid 
vesicles in  the presence (- - -) and absence (-) of lipophilin. (a) DLPC 
f 54% lipophilin; the higher melting peak is due to an impurity in the lipid 
used: (b) DEPC f 31.9% lipophilin; (c) DPPC f 40% lipophilin; (d) 
DMPC & 31% lipophilin; (e) DSPC & 30.1% lipophilin. The thermograms 
shown were obtainedby scanning at 10 OClmin; however, the appearance 
was identical at 1.25 OC/min. All samples used for AH determination were 
scanned at 5 OC/min at a fast chart speed, 80 mmjs.  

Electron Spin Resonance Measurements. Vesicles were 
labeled with a fatty acid spin label by evaporating a chloroform 
solution of the spin label in a test tube and adding the vesicle 
suspension. Spin-labeled suspensions were taken up in 50 p L  
disposable micropipets and centrifuged a t  2000 rpm for 10 min 
to obtain a concentrated sample for ESR measurements. 
Spectra were obtained on a Varian E-4 spectrophotometer with 
a Varian temperature control accessory. The microwave power 
used was I O  mW. 

Results 
DSC scans showing the effect of lipophilin on the thermo- 

tropic transition of each of the lipids are shown in Figure 1. In  
agreement with earlier results by Papahadjopoulos et a]. 
(1975), lipophilin has no effect on the midpoint of the phase 
transition but broadens the transition slightly a t  high con- 
centrations. It does not abolish the premelt uptil concentrations 
over 40%. However, it causes a decrease &the heat absorbed 
proportional to the amount of protein present. The scans shown 
in Figure 1 were run a t  I O  OC/min but have a similar ap- 
pearance at  heating rates down to 1.25 OC/min. However, 
background noise is higher. The  scans were completely re- 
versible when cooled and reheated a t  least five times. The 
protein itself does not absorb any detectable energy from 0 to 
70 "C and C D  studies have shown that temperature-induced 
changes in the CD spectrum up to 60 "C are  not great, the 
ellipticity a t  222 nm increasing by 14%. The  presence of lipid 
was also found to decrease the rate and extent of thermal de- 
naturation and increases the reversibility of changes in the CD 
spectrum (Cockle et al., 1978). 

The enthalpy of the transition is plotted against the mole 
ratio of lipophilin to lipid in Figure 2 assuming a monomer 
molecular weight of 25 000 g/mol for lipophilin (Moscarello 
et al., 1973). The  standard deviations for enthalpy values are 
low indicating that random errors involved are  low. However, 
the enthalpy values for the pure lipids a re  higher than those 
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t-IGL'RE 2: Enthalpy of transition in  kcal/mol for the lipid phase transition 
in vesicles containing various concentrations of lipophilin for DEPC (O), 
DLPC (A), DSPC (A), DPPC (O),  and DMPC (0) .  The protein to lipid 
mole ratio was calculated from the weight percentage using a nionomer 
molecular weight of 25 000 for lipophilin. Each point is an average of four 
determinations and the standard deviation is indicated. 

T A B 1  t I: Boundary Lipid Surrounding Lipophilin in 
Phosphatidylcholine Containing Various Fatty Acids. 

boundary lipid 
(molecules/ 
molecule of corrh 

coeff lipid lipophilin) ____ ._____ 

DLPC (C-12~0) 16.6 f 1.0" -0.977 
D M P C  (C-14:O) 22.6 f 0.25 -0.998 
DPPC (C-16:O) 24.9 f 1.3 -0.978 
DSPC (C-1810) 31.1 f 1.2 -0.966 
D E P C  (C-18:lTT) 15.9 f 0.6 -0.962 

" Standard deviation calculated for x intercept from deviation of 
Correlation coefficient for fit of best straight line from data  points. 

line to points by linear regression. 

reported elsewhere (de Kruyff et al., 1974). This may be due 
to a different calibration of the instrument but does not affect 
comparison of the enthalpy of various samples. The  best 
straight line was fitted to the data using linear regression, and 
the .Y intercept, the protein to lipid mole ratio a t  zero enthalpy, 
was calculated. This value represents the amount of lipid which 
does not go through the phase transition and is defined as the 
boundary lipid. The amount of boundary lipid for each lipid 
and the standard deviations and correlation coefficients for fit 
of the best straight line a re  shown in Table I .  These results 
indicate that the amount of boundary lipid is similar for 
DMPC,  DPPC, and DSPC (21 -25 molecules lipid/molecule 
of protein), while i t  is somewhat less for DLPC and DEPC 
(approximately 16). This difference is statistically significant 
( P  <O.Ol)  by a two-tailed student's t test. However, the im- 
purity in DLPC may affect the boundary lipid so that little 
significance can be attributed to the lower amount of boundary 
lipid obtained for this lipid. 

Although the amount of boundary lipid is similar for lipids 
containing fatty acid chains 14--18 carbons in length when only 
a single lipid is present, it was thought possible that the protein 
might bind one type of fatty acid preferentially when a mixture 
of lipids was used. Therefore we studied the ability of the 
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t I(I1JRr 3 DSC thermogram\ w n n e d  'it 5 "C/min for (A)  dn equimolar 
mixture of DMPC and DSPC prepared by dialysis d t  62 "C ( I )  with lipid 
only, (2) with 15% Iipophilin, (3) with 36% Iipophilin, (B) an  equimolar 
mixture of DMPC and DPPC prepared by dialysis a t  45 OC ( I )  with lipid 
only. (2) with 15% Iipophilin, ( 3 )  with 29% Iipophilin, (C)  an equimolar 
mixture of DEPC and DPPC prepared by dialysis at 45 'C ( I )  with lipid 
only, (2) with 13% lipophilin. (3) with 32% lipophilin 

protein to cause lipid phase separation in a cocrystallizing 
mixture of lipids or to interact preferentially with one species 
in  a mixture which does not cocrystallize. I f  preferential 
binding of lipophilin occurs, it can be detected from a decrease 
in height of one peak relative to the other, and/or a shift in  
phase transition temperature of one or both peaks where some 
mixing occurs. 

DMPC and DSPC. whose fatty acids differ by 3 carbons in 
length, do not cocrystalli7e completely and an equimolar 
mixture has two transitions at  temperatures higher and lower 
than that of the pure compounds as indicated in Figure 3.4. 
Lipophilin decreases the height of the lower melting peak 
slightly and increases the temperature of the lower melting 
peak by 2.5 OC a t  a concentration of 36% (Figure 3A, 2 and 
3) and Table 11. This indicates that it may bind preferentially 
to the lower melting component which contains primarily 
DMPC and some DSPC and also that it may bind DMPC 
preferentially, increasing the DSPC concentration of the lower 
melting component. The effect of lipophilin on the transition 
of an  equimolar niixturc of DMPC and DPPC is shown in 
Figure 3B. These lipids whose fatty acid chains differ in length 
by only 2 carbons, cocrystalli7e giving a single peak. Lipophilin 
does not alter the transition temperature significantly (Table 
I I ) ;  a small decrease is seen for 15?6 protein while there is a 
small increase for 29% protein. This indicates that in 
DMPC -DPPC, lipophilin docs not bind one lipid preferentially 
to its boundary layer to a significant extent. 

An equimolar mixture of DEPC and DPPC, which also does 
not cocrystallize completely. gives a broad peak with two 
components (Figure 3C).  Lipophilin increases the temperature 
a t  which melting begins by 3.3 OC (Table 11) and also increases 
the temperature at which melting finishes slightly. It also de- 
creases the height of the lower melting component relative to 
the higher one slightly indicating that lipophilin binds pref- 
erentially to the lower melting component, DEPC, to some 
extent even though it binds more DPPC to its boundary layer 
than DEPC when only a single lipid is present. 

A mixture of DLPC and DSPC whose fatty acid chains 
differ by 4 carbons does not cocrystallize very much; it gives 
two peaks, the lower at  ii tempcrature similar to that of DLPC. 
while the upper is less than that of DSPC indicating that the 
component melting at the upper temperature contains some 
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TABLE 11: Phase.Transition Temperatures of a Variety of Samples in the Presence and Absence of Lipophilin. 
heating rate Tca ("C) ratio of heights of lower temp 

sample (O C/ min) lower upper peak to higher temp peak 

DMPC 
DSPC 
DMPC:DSPC 1:1 
DMPC:DSPC + 15% protein 
DMPC:DSPC + 36% protein 

DMPC:DPPC 1:l 
DMPC:DPPC + 15% protein 
DMPC:DPPC + 29% protein 

DLPC 
DLPC:DSPC 1:l 
DLPC:DSPC + 11% protein 
DLPC:DSPC + 28% protein 

5 
5 
5 
5 
5 

5 
5 
5 

10 
10 
10 
I O  

23.8 
54.3 
31 45 
31.5 45.1 
33.5 45.2 

32.3 
31.8 
33.2 

-3 
-3 43.6 
-2.5 43.9 
-2.9 43.9 

0.72 
0.65 
0.60 

0.74 
0.93 
I .07 

DEPC 10 22.0 
DEPC:DPPC 1 : 1 10 18.7b 33.9 0.84 
DEPC:DPPC + 13% protein 10 20.7 35 0.82 
DEPC:DPPC + 32% protein 10 22.0b 35.8 0.80 

heating obtained by extrapolating the slope of the peak to the base line. 
Tc is the temperature of the peak midpoint of each component except where noted. Temperatures are for the onset and completion of 
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FIGURE 4: DSC thermograms scanned at 10 'C/min for (a) an equimolar 
mixture of DLPC and DSPC prepared by dialysis at 62 O C ;  (b) containing 
12% lipophilin; (c) containing 28% lipophilin. Samples were recorded at 
high sensitivity and background noise is high. 

DLPC as  well as DSPC (Figure 4a). In  this mixture, the ratio 
of lower to higher melting component cannot be measured very 
accurately because of the impurity in DLPC and background 
noise, but it appears to increase in the presence of lipophilin 
(Table 11, Figure 4b,c) indicating that in this case the protein 
may bind to the higher melting component preferentially. This 
is consistent with the greater amount of boundary lipid for 
DSPC compared with DLPC. 

These results suggest that in general there may be a slight 
preferential interaction with the lower melting component in 
most mixtures of lipids with the exception of DLPC and DSPC. 
However, the effect is not large and lipophilin interacts to a 
nearly equal extent with both lipids in the mixtures used. 

The amount of boundary lipid as determined by DSC is the 
amount which exists a t  the lipid phase transition. As reported 
earlier, the amount of immobilized probe in egg phosphati- 
dylcholine a t  37 OC, a temperature well above its phase tran- 
sition, indicated that the amount of  boundary lipid is consid- 
erable. ESR spectra for the fatty acid spin labels, 5-doxyl- 
stearate and 16-doxylstearate in DMPC vesicles containing 
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FIGURE 5: ESR spectra of (a) 5-doxylstearate in vesicles of DMPC 
containing 35% lipophilin at 30 (-) and 50 "C (- - -);and (b) 16-doxyl- 
stearate in the same vesicles recorded at low sensitivity at 22 OC (- - .) 
and recorded at five times higher sensitivity a t  22 (. e), 30 (-), and 50 
o c  (- - -). 

lipophilin a t  different temperatures are shown in Figure 5 .  
There is a small decrease in height of the immobilized com- 
ponent when the temperature is raised from 30 to 50 "C. This 
can be seen more clearly for 16-doxylstearate (Figure 5B) 
where there is less overlap between the immobilized component 
and the fluid component. The amount of boundary lipid cannot 
be quantitated by determining the amount of immobilized spin 
label as this depends on the partition coefficient of the probe 
in the immobilized and fluid phases and probably depends on 
the probe used as  well as  temperature. Although the amount 
of boundary lipid may decrease somewhat with increase in 
temperature, these results indicate that there is still a consid- 
erable amount of boundary lipid at  50 "C, well above the phase 
transition temperature of DMPC.  
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The effect of cis double bonds was not examined since these 
lipids melt below 0 O C .  F-lofievcr. most membrane lipids have 
fatty acids longer than C-I2 and have one saturated fatt) acid 
and thus i t  can be concluded that their interaction with lipo- 
philin would probably not depend significantly on fatty acid 
content but would depend on the presence of an acidic polar 
head group a s  shonn previously (Boggs et al.. 1977).  

Even i n  a mixture of lipids with different fatt! acid chain 
length. no significant preferential interaction witli o n e  par- 
ticular lipid could be denionstrated. regardless of ahether  the 
lipids cocrystalli7c o r  not. This niay be i n  contrast t o  other 
membrane proteins which have been shown by freeze fracture 
electron microscopy to interact with the lipid which melts first 
in lipid mixtures and t o  aggregate 21s the) ;ire squec7ed out of 
gel phase lipid ;is for glj.cophorin (Grant & bicContiell. 197.1) 
and the sarcopl;ismic reticuluni ATPase (Kleeniann & 
McConnell. 1976).  Lipophilin can bc incorporated into lipid 
b e h  its phase triinsitiori teriiper;iturc (Boggs et d.. 1076) and 
freex-fracture  results indicate that the  protein docs n o t  ag- 
gregate \+hen the lipid i \  i n  the gel phase (Papah;idjopouio~ e t  
at. .  1975). 

The amount o f  boundary lipid fourid for t h i s  protein is 
comparable to  t h a t  found for othcr proteins, ;ippro.ximatel! 
3 O for the s ;I r co pl :i 5 111 i c ret i c u I u rii C'a ' + . LI g + . .? ' I  Pas e 
( IVarren  et ;iI . 1975) ;ind 1 7  f\)r  c,! tochroiiie o x i d ; i x  (.lost c t  
i l l . . 197.3). However, these latter t w o  proteins have a much 
higher molecular \+eight t h a n  lipophilin. The  radius of lipo- 
philin i n  vesicles h a \  heen estimated f rom X-rEi! diffraction 
a s  53 if (Brad> et  al . .  1973).  I t  i ~ o i i l d  t h u s  have  ;I circunifer- 
cnce of 339 .A which w ~ i i i l t l  ;tllou rooiii fur 7 0  phospholipid 
iiiolecnles around i t  i f  both fatty acid chains of the phospholipid 
;ire interacting w i t h  the protein. assuming a diameter oi 'e ;~ch 
fa t ty  acid chain nt 1.8 ;I (I:ngelin;in. I97 I ),  The oligomeric 
state of  lipophilin i n  the bilabcr is not  known: i t  exist.; a s  ;1 

nionorner i n  organic solwnts and  a trimer or higher oligoincrs 
i n  water depending on h o w  i t  is prepared (Moscarcllo e t  ; I I . .  
1973: Cockle et a l . ,  197s) .  The a m o u n t  of bouridarq lipid \\;IS 
calcri lntcd per nionoiiier of protein. The a m o u n t  per  trimc'r. 
:issuining a molecular weight o f 7 5  000 g/niol. ~rould be 63 75 
molecules of  lipid. Since ;I sphere o l  54 ?I r;idius h a s  room f o r  
70 riiolccules of phospholipid. t h i s  suggest5 th;it the protein 
ma> exist ;is a trimer i n  the bilayer. 

Two recent theoretical studies predicted that menibr;ine 
proteins should perturb several layers of  lipid bcjond the 
boundar)  la!er (hlar ie l ja .  1076: Onicki  et 31.. 1978). LVe 
shoued earlier t h a t  lipophilin increases the order of the la- 
mellar phase lipid as \+ell as  in1mobilii.in.g ;I layer of bound:irl 
lipid (Boggs et al.. 1976) .  j i l though i t  s e e m  reasonable that 
there be a boundary gradient bctwcen the 1st layer of boundiiry 
lipid and the lamellar phase lipid. the techniques used to date  
are  not sufficient to detect i t .  Longmiur et al. (1977) :ilso 
sugge.;ted that cytoclironic oxidase can perturb lipid outside 
thr boundarj, layer. iilthough the! could not resolve the 
boundary lipid from the remaining lipid. Curatolo et al. (1977) 
interpreted the increase in phase transition temperature o f  
DMPC induced by the proteolipid as evidence for a perturbing 
effect of the protein o n  three or four layers of lipid around the 
protein. tiowever, we d o  n o t  observe this higher melting peak 
with our purified protein. They also observed an increase in 
trans character of the fatty acid chains above the lipid phase 
transition by Raman spectroscopy. and interpreted this a s  
belonging to the boundar? lipid, but i t  is also consistent h i th  
the increased order which we observed in the lamellar lipid 
outside the boundary layer. 

The boundary lipid determined by DSC is the amount which 
existr a t  the phase transition temperature. Theoretical studies 

1) i sc u ss i  o n 

Lipophilin was found to have a similar effect on all of the 
lipids studied. I t  decreased the enthalpy of the lipid phase 
transition but did not alter the phase transition temperature 
in agreement with an earlier study using DPPC (Papahadjo- 
poulos et al., 1975). In  contrast, Curatolo et al. (1977) recently 
reported that bovine myelin proteolipid increased the phase 
transition temperature of D M P C  by 2 "C. The difference 
between their results and the earlier report by Papahadjopoulos 
et  ;il. ( I  975) was attributed to the heating rates used. However, 
even when we exaniined vesicles containing lipophiliri a t  the 
slow heating rate used by Curatolo et al. (1977), 1.25 OC/min, 
i n  the present study or by monitoring the T E M P O  partition 
coefficient by ESR spectroscopy (Boggs et al., 1976). u e  did 
not observe ;I higher melting peak. The protein used herc is a 
fraction of the apoprotein from the total proteolipid from 
human mqclin and represents a t  lenqt half of the proteolipid 
apoprotein (Gagnon et al., 197 I ) .  while Curatolo et al. ( 1977) 
used the unfractionated apoprotein froin the total proteolipid 
of bovine ni4elin. 1-ipophilin is i i l s o  purified and delipidated 
b) different methods t h a n  used by Cur;itolo et al. Although 
i t  is expected that both proteins should behave similarly, i t  is 
possible that becauw of these differences the results cannot be 
comp;ircd. l i o \ ~ e v e r ,  observation of this higher niclting peak 
led Curatolo et al. (1977)  to  define the lipid which melted at  
the higher temperature a5 boundary lipid. I n  our studies we 
interpret the dccreiise i n  cnthalp!. t o  indicate t h a t  the boundary 
lipid docs not  go through a phase transition. Indeed there ic  ;I 

si g ii i  fic:i n t ;I ti10 ti n t of bound I r! I i  pid ;I I t e it1 pera t 11 res 15 e1 I 
above the phase transition as monitored by the immobilization 
of ;I f a t t y  acid spin label (Boggs et 31.. 1976: Figure 5 ) .  The 
boundary lipid surrounding the Ca". \ lg-+-ATPase of rar- 
copl;ismic reticulum also does not appear t o  go through a phase 
transition (ttecketh et  al.. 1976'). 

Although the fatty acid chains of the boundary lipid are  
irnmobili7cd b\ intcr;icticins \\ith the protein this docs not mean 
that [he! ;ire i n  the gel state or iiiore ordered. They may in fact 
beconic inore disordered in order to conform to the irregular 
surl'acc o f  t h e  protein a n d  provide a n  interface between the 
protein and the f a t t )  acid chains of the laiiiellar lipid. .4 recent 
R a n i a n  spcctroscopic study by Curatolo et :\I. ( I  978) o n  the 
total proteolipid Mhich showed that this protein increased the 
gliuctic character ol'the lipid f a t t )  acid chains below the phase 
transition temperature is consistent \ \ i th  a n  increase in disorder 
o f t h e  boundary layer relative to gel phase lipid. 

Since the boundary layer of lipid surrounding lipophilin does 
n o t  go through the phase transition, the amount of boundary 
lipid can be estimated by extrapolating to A H  = 0 in Figure 
2 .  This requires the assumption that the enthalpy of the la- 
mellar lipid reniains unchanged. which niay not  be true, since 
the protein hxs been shown to increase the order of the lamellar 
lipid slightly (Bogps et al., 1976) and t h e  DSC p e a k  are  
broadened slightly. However. the effect of this on the enthalpy 
is probably small and is probably similar for all the lipids so 
t h a t  the boundary lipid estimates for different lipids can be 
coni pa red. 

Assuming a monomer inolecular weight for lipophilin of 
25 000 g/mol, the aniount of boundary lipid was found to be 
21 -25  molecules of lipid per molecule of protein for DMPC,  
DPPC, and DSPC and thus does not depend on fatty acid chain 
length over the range C- 14 to C-18. However, the amount of 
boundary lipid was somewhat less for DLPC and DEPC a t  a 
value of about 16 molecules of lipid/molecule of protein. This 
indicates that a short chain fatty acid and an unsaturated trans 
fatty acid may not be able to interact as  well with the protein. 
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(Marcelja, 1976; Owicki et al., 1978) predicted a decrease in 
the amount of boundary lipid with an increase in temperature. 
Dahlquist et al. (1977) presented evidence that the amount of 
boundary lipid around cytochrome oxidase decreases with 
increasing temperature. However, the effect of temperature 
on the height of the peak in vesicles containing lipophilin in- 
dicates that, although some decrease in the amount of 
boundary lipid may occur, there is still a significant amount 
a t  temperatures well about the phase transition. 

The interaction of lipophilin with lipids thus depends on 
polar head group but not on fatty acid chain length. It can in- 
teract with both neutral and acidic lipids but in a mixture of 
lipids it preferentially binds acidic lipids to its boundary layer 
(Boggs et al., 1977). However, it can interact equally well with 
fatty acid chains over the range C(14)-C(18). There is evi- 
dence that the sarcoplasmic reticulum ATPase also does not 
bind one lipid preferentially to its boundary layer in mixtures 
of DMPC-DOPC or DPPC-DOPC (Warren et al., 1975) 
since the activity, which is high in dioleoylphosphatidylcholine 
(DOPC) and low in DPPC or DMPC,  decreases linearly with 
increasing concentration of DMPC or DPPC in mixtures with 
DOPC. Whether other membrane proteins and enzymes be- 
have similarly or interact more specifically with certain lipids 
remains to be determined. 
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