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StJMMARY 

A variety of  proteins have been studied for their ability to interact and alter 
the thermotropic properties of phospholipid bilayer membranes as detected by differ- 
ential scanning calorimeter. The proteins studied included: basic myelin protein (A1 
protein), cytochrome c, major apoprotein of myelin proteolipid (N-2 apoprotein), 
gramicidin A, polylysine, ribonuclease and hemoglobin. The lipids used for the inter- 
actions were dipalmitoylphosphatidylcholine and dipalmitoylphosphatidylglycerol. 
The interactions were grouped in three categories each having very different effects on 
the phospholipid phase transition from solid to liquid crystalline. The calorimetric 
studies were also correlated with data from vesicle permeability and monolayer ex- 
pansion. 

Ribonuclease and polylysine which exemplify, group 1 interactions, show 
strong dependence oll electrostatic binding. Their effects on lipid bilayers include an 
increase in the enthalpy of transition ( A H )  accompanied by either an increase or no 
change in the temperature of  transition (T~). In addition, they show minimal effects 
oil vesicle perineability and monolayer expansion. It was concluded that these inter- 
actions represent simple surface binding of  the protein on the lipid bilayer without 
penetration into the hydrocarbon region. 

C}'tochrome c and A I protein, which exemplify group 2 interactions, also show 
a strong dependence on the presence of net negative charges on the lipid bilayers for 
their binding. In contrast to the first group, however, they induce a drastic decrease 
in both T~ and AH of the lipid phase transition. Furthermore, they induce a large 
increase in the permeability of vesicles and a substantial expansion in area of  closely 
packed monolayers at the air-water interface. It was concluded that group 2 inter- 
actions represent surface binding followed by partial penetration and/or deformation 
of the bilayer. 

Group 3 interactions, shown by proteolipid apoprotein and gramicidin A, 

Abbreviations: TES, N-tris-(hydroxymethyl)-methyl-2-aminoethane sulfonic acid: 7"o phase 
transition mid-point temperature; IH,  transition enthalpy; AI protein, basic myelin protein: 
N-2 apoprotein, the major apoprotein of myelin proteolipid. 



were primarily non-polar in character, not requiring electrostatic charges and not 
inhibited by salt and pH changes. They had no appreciable effect on the 7. but did 
induce a linear decrease in the magnitude of the AH, proportional to the percentage of 
protein by weight. Membranes containing 50"., proteolipid protein still exhibited a 
thermotropic transition with a AH one half that of the pure lipid, and o n h  a small 
diminution of the size of the cooperative unit. It ~,as conchlded that in this case the 
protein was embedded within the bilayer, associating with a limited number of mole- 
cules via non-polar interactions, while the rest of  the bilayer ~as largel 3 unperturbed. 

INTRODU('TION 

Considerable current research interest focuses on the role of phospholipid 
phase transitions on transport properties of cell membranes [I -4] and lipid-dependenl 
membrane enzymes [5-10]. The subject is of general biological interest since lipid 
fluidity could be affecting many aspects of cell behavior [ l l  IS]. 

Intimately related to the above subject is the question as to how different pro- 
teins affect lipid fluidity and consequently the thermotropic phase transitions of phos- 
pholipid bilayers with which they might interact. The calorimetric studies of Steim 
and colleagues [19, 20] have established that there is a general similarity between the 
thermotropic transitions of intact membranes from mycoplasrna, mitochondria and 
rnicrosomes and those of the extracted lipids when suspended in aqueous salt solu- 
tions. This overall similarity was also noted with t-Sscherichia Colt membranes and ex- 
tracted lipids using fluorescence techniques [21]. The conclusion drawn from the 
above studies was that the large majority of membrane lipids associate with each other 
as in a pure bilayer. 

The interpretation of such studies is complicated by' the present lack of detailed 
information concerning the effects of  different types of lipid-protein interactions on 
the thermotropic properties of the lipids. The available information indicates that a 
variety of  effects could be expected. For example Chapman and colleagues [22, 23] 
noted that cytochrome c decreases the transition temperature (T~.) of phosphatidyl- 
glycerol membranes, while Verkleij et al. [24] have reported that the basic myelin 
protein increases the T~ of similar membranes. Inhibition in molecular motion of spin 
probes was reported to be produced by rhodopsin on lecithin membranes [25] and 
also by cytochrome oxidase on a fraction of the lipid molecules in reconstituted 
systems [26]. Various effects on the orientation of lipid molecules were also reported 
by Butler et al. [27]. 

In this report, we have examined the effects of several proteins and peptides on 
the thermotropic properties of  highly purified dipalmitoylphospholipids as detected 
by a differential scanning calorimeter. These results were then correlated with the 
effects of the same proteins on the permeability of  phospholipid vesicles and the ex- 
pansion of  phospholipid mono-molecular films at the air-water interface. It was con- 
cluded that the effect o f  a particular protein on the T< and the enthalpy of transition 
depends on the type of interaction and the degree of "'penetration" into the bilayer. 
The proteins studied here were grouped in three broad types of  interactions: (1) sur- 
face adsorption, (2) surface adsorptiort followed by partial penetration and del\~r- 
mation of bilayer, (3) complete penetration of the protein molecule (or part of  it) into 
/he bilayer. 
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MATERIALS AND METHODS 

Proteins. The major apoprotein from myelin proteolipid (N-2 apoprotein) was 
purified from human brain myelin [28] and was solubilized in water f'ollowingextensive 
dialysis in decreasing concentrations of acetic acid {29]. The resulting preparation in 
aqueous solution was shown to have a predominantly/J-conformation [30] and an 
aggregate weight of 500000 daltons, while the monomer appears to be 25000 daltons 
[30]. The basic myelin protein (AI protein) was purified from bovine brain [31 ]. The 
complete amino acid sequence has been determined [32], and the molecular weight 
estimated as 18 400 [33], with a conformation devoid of ~-helical and /~-structures, 
and high intrinsic viscosity [33, 34]. Cytochrome c (horse heart, Type VI) was ob- 
tained From Sigma: Ribonuclease (bovine pancreas, RAF type) from Worthinglon. 
Albumin (human serum, crystallized) from Miles-Pentex: hemoglobin (human, twice 
crystallized) from Mann Research: poly-L-lysine (mol. wt 17000) from Mann, Grami- 
cidin A (activity 100 '},,) from Nutritional Biochemicals. All proteins and peptides 
obtained commercially were used without further purification, except for a prelimi- 
nary dialysis against the buffer• 

l, ipids. All phospholipids used in this study were synthesized and characterized in 
this laboratory using methods described in detail elsewhere [35] and were chromato- 
graphically pure• Dipalmitoylphosphatidylcholine (I,2-dihexadec~l-sn-glycero-3- 
phosphoryl-choline) was synthesized by re-acylation of egg yolk lecithin [36] by the 
method of Robles and Van den Berg [37]. Dipalmitoylphosphatidylglycerol was 
sbnthesized by a minor modification [35] of the method of Dawson {38]. All lipids 
were stored in chloroform under N 2 in sealed ampoulesa t  50 C at concentration 
ol 'approx.  10 Hnlol/ml. Each ampoule was newly opened for each experiment. 

Phospholipid vesicles were prepared by ewiporating the chloroform solution 
under vacuurn and suspending the material in aqueous buffer containing NaCI (100 
or 10 mM as stated), l-histidine (2 raM), TES (2 mM), EDTA (0.1 raM) adjusted to 
pH 6.,5 or 7.4 as stated. Suspension was accomplished by shaking in a vortex mixer 
under N 2 For 10rain at 45 C. The suspensions (containing3Hmol phosphate in 1.5 
ml) were equilibrated at 45 C f o r  1 h, and then centrifuged at 10000 • g l\)r 10min 
at room temperature. The resulting wet pellets were used immediately for calorimetry. 
In some cases, as stated in the text, the initial suspensions were sonicated in a bath- 
typesonicator,  inside a closed tube under N 2for I h a t 4 5  C as described before {39]. 
The sonicated suspensions consisting mostly of small vesicles (less than 2 000 A dia- 
meter as judged by negative stain electron microscopy) were concentrated by ultra- 
filtration at room temperature before calorimetry. Self-diffusion rates of 22Na+ 
through sonicated vesicles were determined as before [40]. 

Interaction leith proteins. Proteins and peptides were brought in contact with the 
lipids by one of three methods as stated in the text. One: The protein was dialyzed 
against the desired buffer and was added to the dry lipid during the initial suspension. 
The preparation was then treated as the pure lipids described above. Two: The protein 
(N-2, the proteolipid apoprotein) was dissolved in chloroform/methanol/water (10- 
5-1, v/v). Gramicidin was dissolved in ethanol. In either case, the lipid was added in 
chloroform solution and the mixture evaporated to dryness under vacuum. Finally, it 
was suspended in buffer by vortex shaking for 10 min at 45 C and treated as above. 
Three: Protein dialyzed against the desired buffer was added to pre-formed sorticated 
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vesicles and incubated at the stated temperature for I h, centrifuged at 10 000 . ~/~l 
room temperature for 10 rain and the pellet used for calorimelrv. ] h e  amount  of  lipid 
in each preparation was 3 Hmol of  phosphate in 1.5 ml to 5 ml total ~olumc and pro- 
tein concentrat ion as stated. 

Monolayer  area expansion under constant pressure, induced by proteins added 
to the subphase, was determined as before [42]. Protein was determined by the method 
of  Lowry et al. [43] with human serum albumin as standard. Phosphate was deter- 
mined by a variation [6] of  the Fiske and SubbaRow method [44]. 

D!/tbrenlial scanning calorimetrr. A Perkin-Elmer DSC-2 was used throughout  
with a scann.ing rate of  5 C per min as described elsewhere [41 ]. Only heating scans 
are reported throughout  the paper and they were found to be reproducible upon re- 
heating unless specifically stated otherwise. The sensitivity range was usually I mCa l  
for full scale (10 inch) displacement. The samples were obtained from the wet pellets 
after centrifugation (10 000 - H for 10 rain at 24 C) of  the suspensions containing 
lipids with and without different proteins. Each sample contained 0.5 1.0 /mini of  
phosphate in 10 151H total volume. Phosphate and protein content were determined 
after calorimetry, by sonicating each sample in 1.0 ml of  1.3",, sodium deoxycholatc.  
inside a test tube held in a bath-type sonicator until the sample pan opened and the 
pellet was dispersed. The calorimeter was standardized against Indium Standard oh- 
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Fig. I. Differential scanning calorimetry of dipalmitoylphosphatidylgl~,cerol t[)F'PG)rnembranc~ 
prepared in the presence of ribonuclease. Each of file mixtures contained 3/~mol of dipalrnitoyl- 
phosphatidylglycerol with or without added protein in 1.5 ml total volume of  I0 mM NaCI bufi'er at 
pH 7.4. a, dipalmitoylphosphatidylglycerol alone; 2.1 Fmol of  phosphate in pellet, b, dipalmitoyl- 
phosphatidylglycerol plus 10rag ribonuclease; 1.2 /~mol phosphate and 1.6mg protein in pellet: 
c, dipalmitoylphosphatidylglycerol plus 30mg of  ribonuclease: 0.95/~mol phosphate and 2.25 mg 
protein in pellet. T h e a r r o w o n  the left margin of  this and the following figures indicates |he direction 
for an endothermic transition. 
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tained from Perkin-Elmer. The enthalpy of transition was obtained from the area 
under each peak and the amount of phosphate in each sample. The area was calculated 
by weighing the paper cut-outs and converting to areas from standard curve. The mid- 
point of each peak was defined as the T~. Reduction of the heating rate from 5 to 
1.25 C per min had a small but consistent effect in all samples, producing a decrease 
in the mid-point T~ by 1 C .  Each experiment was repeated at least three times with 
consistent results. 

Other chemicals. L-Histidine (Sigma grade) and N-tris-(hydroxymethyl)- 
methyl 2-aminoethane (TES) were obtained from Sigma Chemical Co. (St. Louis, 
Mo.). Sodium deoxycholate from Mann Research Labs (M.A. grade). All other 
chemicals were reagent grade. Water was twice distilled, the second time in an all 
glass apparatus. 

RESULTS A N D  DISCUSSION 

Interactions with ribonuclease aml polylysine (group 1) 
Different amounts of either pancreatic ribonuclease and poly-L-lysine were 

added to dipalmitoylphosphatidylglycerol in 10 mM NaCI aqueous solutions at pH 
7.4, and the mixture suspended together by shaking at 45 C ,  as described for inter- 
action method "'one" in Materials and Methods. The results are shown in Figs I and 2. 

x,,_ 

3b ' £ sb " go 
Temperature (°C) 

Fig. 2. Differential scanning calorimetry of  dipalmitoylphosphatidylglycerol (DPPG) membranes 
prepared in the presence of  polylysine. Each mixture contained 3 l¢mol of  dipalmitoylphosphalidyl- 
glycerol in 1.5 ml of  10 mM NaCI buffer at pH 7.4, with different amounts  of  polylysine present: 
a, none: b, 0.2 rag; c, 0.8 rag; d, 4 rag. 
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As reported earlier [41] dipalmitoylphosphatidylglycerol undergoes an erich> 
thermic transition with a main peak mid-point at 41.5 C and a pre-melt poini :ll 
34 C (curve a Fig. I).The pellets obtained in the presence of  10 and 30 ing ribtmu- 
clease (curve b and c, respectively, o|" Fig. I ) exhibited also a main cndothcrmic peak 
x,~ith a mid-point tit 41.5 C. However. tile pro-melt peak was either diminished (10 
rag) or absent (30 i n g ) a n d  the main peak was considerably broadened. Tl leexce , ,  
heat associated with tile main transition (al 41.5 ( ' )  was increased fronl 7.9 0.4 
kcal/mol for phosphatidylglyc,,'rol alone, to S.9, 9.5 and 9.7 kcal, mol in the prescncc 
of 5. l0 and 30 mg of  ribonuclease, respectively. 

The amount  of  ribonuclease protein associated with the pellets is expressed a~ 
a percentage of  the total weight of  lipid plus protein present and ~.as Ikmnd to bc 64 

;.lilt] 75 "<, for the t~.o samples shown in Fig. I. The shallow peak appearing with a 
mid-point at 57 C in the samples containing proteins probably corresponds to tile 
thermal transition of  ribonuclease associated with tile lipid. Concentrated solutions of 
ribonuclease alone show an endothermic peak \~ith a mid-point at 64 C. It appear,  
then that tile binding of ribonuclease to phosphatidylglycerol has a considerable effect 
on the thermal transition of  the protein [45]. All curves shown in Fig. 1 are reproduc- 
ible following repated heating and cooling, even after briefexl+osurc to temperatures 
;`is high as 70 C. Similar experiments with dipalmitoylphosphatidylcholine indicated 
thai there is no binding and no effect on the transition o1" tile neutral phospholipid 
oxen ill the presence of  high concentrations of  ribonuclease (30 mg in 1.5 ml contain- 
ing 3 ltn3ol of  dipaln3itoylphospl lat idylchol ine. 

Simihir  results It) lhe above were obtained when ribonuciease was nlixed with 
pre-fornled SOllicated phosphatidylglycerol x0sicles, and a typical cur'<e is sho\',il in 
Fig. 4 (curve e). In this case, tile vesicles \yore 111:,lde tit 45 C, and then equilibrated at 
24 C, at which point the\' were mixed with ribonuclease ill 10 mM NaCI. pH 7.4 
After incubation for I h ;`it 24 C, tile \~hite i]oculant, which formed immcdiateh 
fo l lowing ti le addit ion of  ti le protein, was centrifuged (10 000 • ,q for 10 n l i n )and  
tile pellet examined in the C;.l]orinlcter. Sonicated vesicles ,:.llOlle do n o t  s e d i l l l E l l l  ;.li all 
under these condit ions, l )u rh lg  the lli'sl heating, a peak was obtained with a mid- 
point at 41 ('. The sample was then ]1eared at 45 (7" for I0 nlin, cooled and heated 
again. The l laCil lg obtained during the second healing was ~uperinlposable to tile OllC 
obtained earlier, with a second shallow peak centering ;`it 56 ('. 

The results described above, indicate that ribonuclea~,c binds strongly, to phos- 
phatidylglyc,?rol vesicles and can form precipitable material containing a high ratio of  
protein to lipid. However, the presence of  tile protein has no signilicant effect on the 
phase transition mid-point temperature (7~) and a small but signilicant increase ill thc 
enthalpy (AH) of  the transition. As will be discussed later, this is consistent with 
earlier results [46, 47] indicating that ribonuclease has only a minimal effect on the 
permeability of  phospholipid vesicles and does not induce expansion of  the are;`l in 
phospholipid monolayers tit the air-water interface at pressures above 24 dynes/era e 
Tile overall conclusion that could be drawn From these results is that ribonucleasc 
(which is positively charged at pH 7.4) adsorbs at the lipid-water interface and binds 
to negative charges without penetrating into the bilayer interior, and thus it does not 
interfere with the packing of  the awl  chains. 

Tile results obtained when phosphatidylglycerol was suspended in 10 mM 
NaCI bulfer at pH 7.4 in tile presence of  increasing amounts  of  polylysine is sho',~ n in 
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Fig. 2. The addition of 0.2 mg polylysine to 3 llmol (2.3 rag) of dipalmitoylphosphati- 
glycerol produces (curve b) two peaks one of which (41 °C) is similar to that obtained 
with pure phosphatidylglycerol and a second at higher (46.5 ~C) temperature. Addi- 
tion of 0.8 mg of polylysine in a similar system (curve c) produces only one peak at 
48 C. Higher amounts of polylysine (4 rag) produce a main peak at 44.5 C with a 
minor at 48 C ( c u r v e  d), although the minor peak does not appear during reheating 
(broken line). The enthalpy of transition (AH) was found to be increased from 8 
kcal/mol for the control dipalmitoylphosphatidylglycerol in 10 mM NaC1, to 9, II 
and 12 kcal/mol in the presence of 0.2, 0.8 and 4.0 mg polylysine, respectively. Where 
the double peak was present, the AH was calculated from the area under both peaks. 

Although the results with polylysine are complicated by the appearance of 
more than one new peak, it is clear that its presence induces a 3 to 8 C increase in the 
/'~ of phosphatidylglycerol, and also a substantial increase in the AH of transition. 
These data can be interpreted as a stabilization of the bilayer, possibly due to 
the neutralization of the negative charges of dipalmitoylphosphatidylglycerol. A 
similar increase in T~for dipalmitoylphosphatidylglycerol was reported earlier in 
the presence of 3 mM Mg z+ [10, 41] and dimyristoylphosphatidic acid in the 
presence of low concentrations of both Ca 2+ and Mg z+ [48]. Similarly, the 
basic myelin protein has been reported to stabilize preparations of dilaurylphos- 
phatidylglycerol [24]. Stabilization of bilayers by polylysine is compatible with 
a localization at the lipid-water interphase, bound primarily by ionic interactions 
to the phosphate groups. Earlier studies have shown that the addition of polylysine 
to phosphatidylserine vesicles induces only a small increase in Na + efllux rate 
[46], and that the polypeptide undergoes a conformational transition from random 
coil to ~-helix following binding to the vesicles [49]. It is possible that the double 
peak (Fig. 2 curve b) might be related to different conformational states, or to two 
phases, one unreacted phosphatidylglycerol and another (higher melting) phospha- 
fidylglycerol-polylysine complex. 

Interactions with basic myelin protein, c),tochrome c etc. (group 2) 
Addition of increasing amounts of the basic myelin protein (AI protein) to 

phosphatidylglycerol during suspension in 10 mM NaCI at pH 7.4 induces a large 
decrease in the T c of this phospholipid (Fig. 3). Under similar conditions, AI protein 
has no effect on the thermotropic properties of dipalmitoylphosphatidylcholine, As 
can be seen in Fig. 3, addition of 0.5 nag of the AI protein in the suspending buffer 
(curve b) produces membranes containing 10 ?,~, protein (calculated by dry weight) 
with a small but definite effect on the thermotropic behavior. Thus, the main endo- 
thermic peak of phosphatidylglycerol is unaltered except for slight broadening, but 
the pre-melt has disappeared. The presence of  2 mg AI protein gives membranes con- 
taining 51 !~,i protein by weight. In this case (curve c) the main endothermic peak is 
shifted to 40.2 from 41.2 °C with a shoulder at approx. 37 ~'C. When similar amounts 
of lipid and AI protein were incubated at 100 mM NaCI (instead of 10 mM NaCI), 
the main peak was again shifted by 1 cC to lower temperatures with a second peak at 
34 -C (tracing with broken line in Fig. 3). The presence of 4 mg of AI protein (at 10 
mM NaCI, curve d) also produced two peaks at 39 and 33 C ,  and the sample con- 
tained 65 ~i~ protein by weight, Higher amounts of AI protein in the original suspen- 
ding buffer (8 rag) produce membranes with only one peak appearing at 31.2 °C, 



324 

containing 73 ", protein by weight (curve e). 
The enthalpy of transition was decreased in the presence of AI protein, from 

7.8 kcal/mol for pure dipalmitoylphosphatidylglycerol, to 7.5 kcal/mol for membrane~ 
containing 10',,, protein, to 5.1 kcal/mol for membranes with 51",, protein, to 
4.2 kcal/mol l\~r those with 65 ",, protein and 5.5 kcal/mol when 73".  protein was 
present (curve e). Where more than one peak was presen! the sum of the area under 
both peaks was used to calculate/IH. All the tracings shown in Fig. 3 are reproducible 
upon second heating, and no separate protein denaturation peak was obtained at 
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Fig. 3. l)ilTerential scanning calor imetry o f  dipalnl i toylphosphat idylglycerol  ( D P P G ) m e m b r t m c s  
prepared in the presence o f  basic myelin protein ( A l l .  Each mixture contained 3!m3o1 d ipa lmi toy l -  
phosphatidylglycerol in 1.5 ml o f  I0 mM NaCl huff'or ul pH ?.4 plus dilTerent amounts o f  A I  
protein: a, none; b, 0.5 rag; c, 2 rag; d. 4 rag; and c, 14 rag. Each pellet obtained f rom each mixture 
contained: a, 1.5/~mol phosphate; b. I .O/ imol  phosphate, 0.1 mg pro'rain; c, 0.76!mlol  phosphntc, 
0.62 mg protein; d. 1.31 ,umol phosphate, 1.82 mg protein;  and e, O.?21mlol phosphate. 1.52 nlg 
protein. 

Fig. 4. Differential scanning calor imetry of" sonicated vesicles o f  dipaln3itoylphosphatidylglycerol 
{DPPG)  before lind after incubation with different proteins. Each mixture contained 3umo l  o f  
d ipalmitoylphosphat idylg lycerol  son!cared in 1.5 ml o f  I0 mM NaCI buffer, tit pH ?.4. a, d ipa lmi toy l -  
phosphatidylglycerol vesicles after u l t raf ihrat ion l~r 3 h at room temperature and concentrat ion to 0.2 
volume; h, d ipalmitoylphosphat idyig lycerol  vesicles were incubated with 5 mg A I  protein for  I h 
tit 0 C. The precipitate was centrifuged (10000 # for IOrnin tit 24 C ) a n d  transferred in the calo- 
r imeter pan at 0 C: ( l ) ,  curve obtained during the first heating o f  the b sample; (2), curve obtained 
f rom the same sample during second healing; (3), same sample except stored ;it 0 C overnight;  c, 
sample similar to b except the vesicles were or ig inal ly incubated with A I  protein for  I h lit 45 C; 
d, d ipalmitoylphosphat idylg lycerol  vesicles incubated for I h lit 24 C with 20 mg hemoglobin;  c. 
d ipalmitoylphosphat idylg lycerol  vesicles incubated for I h tit 24 C with 20 mg ribonuclease; f, 
d ipalrni toylphosphat idylglycerol  vesicles incubated for I h t i t  24 C w i t h  I m g N - 2 a p o p r o t e i n  (water- 
soluble form).  
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higher tempera tures .  
The results discussed above  indicate that  when A I prote in  is bound  to acidic 

phosphol ip id  membranes  it can have a large effect by decreasing both the T~ and A H 
of  the endo thermic  t ransi t ion.  The effect is very small when the membranes  contain  
1 0 , ,  prote in  by weight but  it becomes substant ia l  in the region of  50-70,<,. This 
effect can be in terpreted as f luidizat ion of  the bilayer,  induced by par t ia l  " 'penetrat ion'"  
of  the protein in to  the hydroca rbon  interior.  The presence of  two endothermic  peaks 
(Fig. 3d) is a compl ica t ing  factor  and  not easy to explain. Fur ther  studies are neces- 
sary in o rder  to establ ish whether  the low melt ing peak indicates the presence of  lipid 
domains  a round  A I protein molecules or  the format ion  of  a complete ly  separate  
phase. 

In o rder  to investigate the abi l i ty  o f A I  protein  to interact  with ei ther "'l¥ozen'" 
or  " f lu id"  phosphat idylgylcerol  bilayers we performed the exper iment  described in 
Fig. 4. In this case, pre-[\~rmed, sonicated vesicles in 10 mM NaC1, pH 7.4, were in- 
cubated w i t h A l  protein a t 0  C and also at 45 C .  In both cases, the addi t ion o r A l  
protein p roduced  aggregat ion  of  the vesicles. The precipi ta te  ob ta ined  at 0 C gave a 
differential scanning ca lor imet ry  t racing shown in curve b ( I ) ,  o f  Fig. 4. Two peaks 
are apparent ,  a minor  one at 30 C, a n d a  major  one at 38 C. The minor  peak corre- 
sponds  to that  ob ta ined  when d ipa lmi toy lphospha t idy lg lycero l  was suspended in the 
presence of  8 mg of  AI prote in  (Fig. 3, curve e). The major  peak cor responds  to the 
one ob ta ined  with sonicated vesicles alone* (Fig.  4, curve a). It is thus reasonable  to 
conclude from curve b, that  most of  the phosphat idylg lycerol  present in the precipi ta te  
is unaffected by the presence o f  A1 protein.  However  when the same sample  was re- 
heated fol lowing th, e brief  exposure  to 42 C and immedia te ly  cooled,  curve b(2) wa~ 
ob ta ined  indicat ing that  now all phosphat idylg lycerol  melts at a lower t empera ture  
with cons iderably  reduced enthalpy.  Curve b(3) was also obta ined  with the same 
sample,  after further  incubat ion  at 0 ' C overnight .  The presence of  a substant ia l  peak 
at 40 C i n d i c a t e s  that the effect o r A l  protein is reversible. Curve c was ob ta ined  b \  
an identical mixture to that  in b, b u t w h i c h  w a s m c u b a t e d  initially at 45 C a n d  gives 
a single low tempera tu re  peak. 

The above  results could be interpreted as follows: The low tempera ture  endo-  
thermic peak ob ta ined  with phosphat idylg lycerol  when it was incubated with A I 
protein at t empera tures  above  the T~, was due to part ia l  " 'penetra t ion into" and "'de- 
fo rma t ion"  of  the bilayer.  Such interact ion would p r o b a b b  involve non-po la r  (hydro-  
phobic?)  associa t ions  but it is dependent  on initial e lectrostat ic  interact ions.  The non- 
e lectrostat ic  or  hydrophob ic  interact ion was inhibited when the bi layer was l¥ozen 
(below the T~). It occurred only after  brief  exposure  to tempera tures  above  the T~, 
and was at least par t ia l ly  reversed fol lowing incubat ion at t empera tures  below the 7<.. 
In this later case, the s i tua t ion  could be character ized as a freezing-out of  the protein.  

The interact ions  of  two other  proteins,  cy tochrome c and hemoglobin ,  with 
phosphat idylg lyczro l  showed similar  effects and are descr ibed in Fig. 5. The top  curve 

* Tile sonication ofdipalmitoylphosphatidylglycerol dispersions produces considerable broad- 
thing of tile endotllernlic peak [411 and a shift of tile mid-point from 41 to 38 C. The shoulder 
at 41 Cshown in Fig. 4 (curve a) could be due to either the presence ofresidual large vesicles which 
have not been aft'coted by sonication, or to a re-appearance of the original 41 C peak during the 
lime period of" ultrafiltration. This latter pllenomenon has been observed belk~re [41] follo,~ing 
incubation of sonicated phospllatidylglycerol vesicles for 20 I1 at 45 C. 
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Fig. 5. Differential scanning calorimetry ot'dipalmitoylphosphatidylglycerol (I)PPG) membranc~ 
prepared in the presence of cytochromc c and hemoglobin. Each mixture contained 3/tn3ol dipalmi- 
Ioylphosphatidylglycerol in 1.5ml ot'10mM NaCI texcept for d, 100raM NaCI) buffer at pH 7.4 
containing different amounts of protein: a, dipalmitoylphosphatidylglycerol alone: b, dipalmito_~l- 
phosphatidylglycerol plus 10 mg cytochrome c.The pellet contained 1.0 umol phosphate and 0.2 mg 
protein: (I), first heating curve; (2), third consecutive heating curve: c, dipalmitoylphosphatidyl- 
glycerol plus 25 mg hemoglobin: pellet contained 0.96jtmol phosphate and 3.16rag protein: d. 
same as c except in 100 mM NaCI. 

was ob ta ined  with pure phosphat idylg lycerol  dispersed in 10 mM NaCI buffer at pH 
7.4. The two middle curves (b) were obta ined  in the presence o f  10 mg o f c y t o c h r o m e  
c in the buffer dur ing dispersion.  The pellet ob ta ined  from this mixture conta ined  21 ",, 
protein  by weight. Curve b( 1 ) was obta ined dur ing the first heat ing scan, and curve (2) 
dur ing second scan, fol lowing brief  exposure  to tempera tures  up to 57 C. It is evident 
that  cy tochrome c induces a decrease in the fc ( from 41 '~C) to 36.5 ' C dur ing the first 
scan and to 30 C during the second. A broad peak centering at 54 C dur ing  the first 
heating scan is p robab ly  due to heat dena tura t ion  of  the protein.  The difference be- 
tween the first and second scans could be the result o f  part ia l  dena tura t ion  o f  cyto- 
chrome c. The entha lpy  for the t ransi t ion ob ta ined  from the first scan was 4.2 kcal 
mol, a value cons iderab ly  lower than  that  o f  pure phosphat idylg lycerol .  The lowering 
of  the 7<. of  acidic phosphol ip ids  by cy tochrome c has been repor ted  before [22, 231 
and has been interpreted as due to the e lect ros ta t ic  interact ions  between the lipid and 
the protein.  We interpret  this effect as the result o f  non-po la r  contacts  of  the protein 
with the bilayer,  an explanat ion  identical to that  given earl ier  for the effects o f A  I pro- 
iein and consistent  with previously proposed  models  [50, 51,47].  

The two lower curves shown in Fig. 5 were ob ta ined  by suspending phosphai i -  
dylglycerol  in buffer conta in ing 25 mg hemoglobin  in 10 mM (curve c) and  100 mM 
(curve d)  NaCI buffer, at pH 7.4. In both cases the r< was lowered to 30 and 32.5 ( 
and the A H  lo 3.1 and 3.8 kcal /mol,  respectively. The amoun t  of  prote in  present in 
the pellet was very large, 80 and 75 "k, respectively, by weight. The overall  effecl i~ 
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thus similar to that obtained by cytochrome c and A I protein. Hemoglobin has alread\ 
been reported to increase drastically the permeability of phospholipid vesicles [52, 
42]. In contrast to the other two proteins however, hemoglobin binds to, and increases 
the permeability of  phosphatidylcholine vesicles. In contrast to cytochrome c, its 
interaction with acidic phospholipids is not inhibited by increasing the salt concen- 
tration from 10 to 100 raM. It is thus possible that the interaction of hemoglobin with 
phospholipid bilayers does not depend on initial electrostatic binding (at least at thi~ 
pH 7.4, which is above the isolectric point) as seems to be the case for cytochrome c. 
Its interaction with neutral phosphatidylcholine membranes is similar to that observed 
x~ ith the proteolipid apoprotein, to be discussed below. The interaction of hemoglobin 
~ith pre-l\wmed sonicated vesicles at 24 C is shown in Fig. 4 (curve d), with results 
similar to the above. 

All the interactions discussed in this section resulted in drastically, reduced 7", 
and AH for the melting of phosphatidylglycerol membranes. The three proteins pro- 
ducing this effect, AI protein, cytochrome c and hemoglobin, all expanded mono- 
layers of acidic phospholipids at the air-water interface, and also produced large in- 
creases in the Na + efllux rate through acidic phospholipid vesicles. We interpret their 
effect as a fluidization of the bilayer due to "'partial penetration" and consequent 
"Meformation'" of the packing of the phosphoiipid acyl chains. 

Interactions ~?/ myelin proteolipid apoprotein ( N-2 apoprotein ) and gramicidin (,qroul, 3) 
The major apoprotein from human myelin proteolipid [28] has been studied 

recently in reconstituted model systems. It has been shown to induce the appearance 
of intramembranous particles in freeze fractures of phospholipid vesicles [53]. lt~ 
effects on the thermotropic properties of  dipalmitoylphosphatidylcholine are shown 
in Fig, 6. The tracing marked a on the upper left hand side was obtained with pure 
phosphatidylcholine dispersed in water. Identical results were obtained at 100 mM 
NaC1. The three tracings on the right hand side were obtained in the presence of in- 
creasing amounts of N-2 apoprotein, giving final precipitates containing 20",  (curve 
d), 32 ?0 (curve e) and 52 ')~i protein (curve f) by weight. The calculated AH for the 
main endothermic peak in each case was 6.3, 4.6 and 4.4 kcal/mol, respectively. In all 
three cases the T~ of the main peak remains essentially unaltered (within I C) al- 
though it becomes broader at high protein-to-lipid ratios, and the pre-melt is elimi- 
nated in samples containing more than 20 "; protein. 

Similar results were obtained irrespective of whether the initial mixing of the 
N-2 apoprotein with the lipid was accomplished in chloroform/methanol,  water or 
buffer [54]. Furthermore, the results were similar with both phosphatidylcholine and 
phosphatidylglycerol. As reported elsewhere [54] it appears that the AH for the lipid 
transition decreases linearly as the percentage of the protein increases up to approx. 
50",, by weight. Such samples containing equal weights of lipid and protein were 
centrifuged in sucrose density gradients where they settled on the top of a cushion of 
40 ",, sucrose (density between 1,08 and 1.17 g/ml) clearly separating from pure lipids 
and protein alone [54]. It appears then that the N-2 apoprotein can bind to a variety 
of phospholipids and the resulting bilayers containing up to 50°0 protein by weight still 
exhibit an endothermic transition at the same temperature but of reduced enthalpy 
(AH). 

These results were rather unexpected in view of the earlier observations indi- 
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t i g .  6. l ) i l t c r en t i a l  s c a n n i n g  c a l o r i n l e t f y  o f  d i p a h n i t o y l p h o s p h a i i d y l c h o l i n e  I I ) P P ( ' I  p r e p a r e d  in 
the p re sence  o f g r a n l i c i d i n  A ( g r a m .  A)  ~llld p r o t e o l i p i d  a p o p r o t c i n  (N-2) .  a. d i p a l n l i t o y l p l l o s p l l a t i d )  I- 
c h o l i n e  a l o n c .  3 Fmol suspenc tcd  in 1.5 ml o f  l0  n lM N a C I  bu| l 'er ,  p H  6.5:  h. 6 F n l o l  dipalnl i lO, , I -  
p h o s p h n l i d y l c h o l h l c  x~erc mixed  \~i111 I m o l  g r a m i c i d i n  A in c h l o r o f o r n l , e t h a n o l  (I : 1 .  ,. x)ev , : ipo-  
r a t ed  to  d r y n e s s ,  zuld s u s p e n d e d  in 0.1 nil o f  100 m M N a ( ' l  bu l f c r  at  p H  7.4. ( ) f  th is  n l ix tu fc ,  10y l  
~ e f e  used as s an lp l c :  c, s a m e  :l~, I~, excep t  Ihe l ipid \~as d i p a l n l i t o y l p h o s p h a t i d y l g l y c c r o l :  d. 3 y n l o l  

d i p a h n i t o y l p h s o s p h a t i d y l c h o l i n c  ~ c r e  mixed  in c h l o r o f o r n l  n l c t h a n o l , ~ a t e r  ~i t t l  0 .72 nlg  o f  N-2 
a p o p r o t e i n .  E v a p o r a t e d  to d r y n e s s  a n d  s u s p e n d e d  for  I I1 at 42 C i n  I n11(11"100 nlM N a C I ,  p H  7.4: 
pellet  c o n t a i n e d  1.12 ,ttnlol p l l o s p h a t c  a n d  0 .24  nlg p f o l e i n :  e. szlnle :.is zlbo~,e excep t  I.I m g  o f  N-2 
a p o p r o t e i n  a d d e d  iniliall~ ; pellet  c o n l a i n e d  I. 1 y m o l  p h o s p h a t e ,  a n d  0.42 m g  p r o t e i n :  f. S a m e  as iil d. 
excep t  2.5 m g  o f ' N - 2  a p o p r o t e i n  a d d e d  in i l ia l ly .  -['hc m i x t u r e  x~zls s u s p e n d e d  in \~ater  ~lnd limlll> 

luyered  on  a d i s c o n t i n u o u s  s u c r o s e  dens i t y  g r a d i e n t .  A f t e r  c e n t r i f u g u t i o n  1"oi-6 h al 1 0 0 0 0 0  ,q Illc 
n/:.tterizll rcc( ivered  f r o m  l i l t  illtcrl'zlce betx~,,,2en 20 Zllld 40 " , ,  Y, LICFOSe \\d~, fes t l spe l lded  i11 I 1111 k%Zlter. 

c e n t r i f u g e d  at l0  000  .# for  10 ram.  :lnd the pellel used as s amp le .  It c o n t a i n e d  1.22 . t o o l  p h o s p h a t e  
:lnd I.I nlg p ro t e in .  

c:iling fl~at the N-2 apoprotein can increase the permeability of phospholipid vesicles, 
and expand the area of phospholipid monolayers at constant pressure of  24 dynes 
cmz [42]. Furthermore, the lipophilicity of this protein and its abilib to induce the 
appearance of intramernbranous particles in freeze-flactures of phospholipid vesicle~ 
[53], both suggested that the N-2 apoprotein can penetrate deeply into the bilaver. 
We interpret the present calorimetric results as indicating that the N-2 apoprotein, 
-tlthough embedded in the bilayer, does not perturb the acyl chain packing of  the bulk 
lipid (no decrease in 7-<,). The phospholipid molecules around the embedded protein 
could be more strongly bound lo it, or perhaps relatively immobilized by the protein 
[26] and consequently do not participate in the cooperative melting of the bulk lipid 
(decrease in ~H).  

In order to substantiate the above conclusions we studied the interaction of 
another hydrophobic peptide, gramicidin, with the same lipids. The results are shown 
in curves b and c of Fig. 6. The initial mohir ratio of phospholipid to grarnicidin in 
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these samples was 6 to 1. The thermograms obtained with both lipids indicate a con- 
siderable broadening of the main endothermic peak, substantial lowering of the AH 
(to approx. 5 kcal/mol) but only a small effect on the mid-point (T~,) of  the main 
endothermic peak (lowering by I C), Previous studies by several investigators have 
shown that gramicidin A forms ion-conducting channels composed of a dimer that 
spans the length of the bilayer [55, 56]. Such channels probably have a conformation 
favoring the localization of the methylene groups in the perimetry of a helix, thus 
maximizing non-polar contacts with the interior of the bilayer [55]. It is apparent 
From the results obtained here with gramicidin, that the presence of this molecule does 
not afl'ect drastically the mid-point l\~r the transition of the bulk lipid, although the 
transition becomes considerably broader, with a lower AH, A recent study [23] re- 
ported that gramicidin A produces a considerably more pronounced lowering of the 
mid-point of the dipalnaitoylphosphatidylcholinetransition (4 C). It is not clear at 
present what the difference between the two results is due to. However, we note that 
the mid-point for the main dipalmitoylphosphatidylcholine transition is also at vari- 
ance between the two studies {42.5 C here and 46 C i n  ref. 23). 

Correlalion o~ calorimetric slmlie.s' with ¢f[[ecls on vesicle iwrmcability and monolarer 
Ul 'e[ l  expallsiO/l 

An examination of the efl~ects of the same proteins on other properties of phos- 
pholipid membranes reveals some relevant relationships. Fig. 7 compares the ability 
of five proteins and polypeptides to increase the permeability of sonicated phosphati- 
dylserine vesicles to Na +. The proteins are added outside the vesicles in 10 mM NaCI 
bufl'er at different concentrations and the el'flux of 22Na + from inside the vesicles is 
taken as an index of its self-diffusion rate. It can be seen clearly that the A1 protein 
and N-2 apoprotein both induce large increases in Na ~ elltux (approx. 1600-fold) at 
low concentrations (approx. I mg/ml). Cytochrome c induces a similarly large increase 
but at much higher concentration (10 40 n~g/ml}. However, neither polylysine, nor 
ribonuclease induce comparably large increases, even at high concentrations (10-30 
rag, ml ). 

The ability to increase the permeability of phospholipid vesicles is not an ex- 
clusive property of membrane proteins, since lysozyme [46], hemoglobin [52, 42] 
and even albumin [57] can induce similar large increases. Unfolding of ribonuclease 
has been shown to augment its ability to increase the permeability of vesicles, and the 
film pressure of monolayers [47]. It has been proposed [47] that the ability of proteins 
to increase the permeability of phospholipid membranes is based on their ability to 
either "'penetrate" or "'delk)rm'" the acyl chain packing within the bilayers [47]. This 
proposal was based on a correlation of increased permeability in vesicles, with in- 
creased film pressure (zlr,) in monolayers induc=d by several proteins. 

We have recently extended these studies by measuring the ability of proteins 
to increase the area of  phospholipid films kept at constant pressure. Table I gives the 
results obtained with several of the proteins discussed earlier. It can be seen that ribo- 
nuclease has no effect at all at 24 dynes/cm ~ while cytochrome c, A I protein and N-2 
apoprotein, all have large efl'ec~.s and produce considerable expansion in film area. 
Such increase in area per molecule could be rationalized by either a "penetration'" or 
"'del\~rmation'" model. However, the important result is that ribonuclease produces 
no expansion, which correlates well with its minimal efl~ect on phosphatidylserine 
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con t a ined  I i ra /e l  (11" p h o s p h a t i d y l - s e r i n e  vesicles son i ca l cd  in 100 mM N a ( l .  pH 7.4, in a fin41 
,,oltlllle of  I ii11. ProleillS ~ e r c  d ia lyzed  ;igaillSt the sanle  bulTcr al ld ,acre added  ou t s ide  the prc- 
l 'ormcd ~csicles. at the ind ica ted  a l l lo t ln ts .  Pe rmcab i l i t x  was measured  by f o l l o ~ i n g  the cfltux el  
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I A B L E  I 

A R E A  E X P A N S I O N  O F  F ' H O S P H O L I P I D  M O N O L A Y E R S  A1 C O N S 1 A N 1  S { ' R F A ( ' L  
P R E S S U R E  I N D U C E D  BY P R O T E I N S  

l h e  m o n o l a y c r  area e x p a n s i o n  ~ a s  measu red  ~ i t h  a p h o s p h a t i d y l s e r i n e  film at an in i t ia l  l i lm pres- 
sure  o|" 25 t l yncs ' cm ~'. at 25 C. in 10 m M  NaC]  bulk  phase,  pH 7.4. The  pro te in  ~ a s  injected under  
Ihe film and  the bulk  phase  s t i r red  wi th  m a g n e t i c  s t i r rer .  The  ba r r i e r  ~ a s  moved  to increuse lhc area 
in o rde r  to c o m p e n s a t e  for any  m c r e a s e i n  film pressure  , I dyne /e ra  2 [42]. The  va lues  o f  increase  in 
a rea  ~ e r e  o b t a i n e d  I h a f te r  in jec t ion  o f  the prote in .  They  represent  ave rages  o l ' t ~  o e x p e r i m e n t s  ~ hich 
a c r e  r ep roduc ib l e  wi th in  10 '!~] o f l h e  f igure given,  

Prote in  Concentration (ug'ml Increase  in area (<',>) 

R ibon uclease  2.5  0 
( ' y i o c h r o m e  c 2.0 38 
Basic myel in  pro te in  (A I) 1.6 65 
P ro t eo l ip id  a p o p r o t e m  ( N - 2 )  1.2 60 
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vesicle permeability, and on the T~ of phosphatidylglycerol membranes. On the con- 
trary, all the other proteins which expand the monolayers, also increase vesicle perme- 
ability. It is tempting to speculate that proteins which tend to "'deform" the bilayer 
awl chain packing by inducing non-polar contacts close to the lipid-water interface, 
would have a large "fluidizing" effect (i.e. A1 protein and cytochrome c). On the other 
hand, proteins or peptides which cart assume conformations that allow for extensive 
non-polar interactions with the lipid and can thus penetrate into the bilayer interior 
either half way or fully, might have a minimal effect on awl chain packing. 

GENERAL DISCUSSION AND CONCLUSIONS 

A summary of the effects of  different proteins on the properties of  phospho- 
lipid bilayers and monolayers is given in Table 11 and a schematic, idealized, represen- 
tation of the three types of interactions is shown in Fig. 8. Interaction 1 (simple ad- 
sorption), is represented by ribonuclease and polylysine, interaction 2 (adsorption 
and deformation) by cytochrome c and A1 protein and interactions 3a and 3b (pene- 
tration) by N-2 apoprotein and gramicidin A. It is clear that combinations of different 
types of interactions might also occur with different proteins. Type 1 interaction which 
involves simple adsorption at the interface could be induced either by electrostatic 
interactions as shown here and proposed originally by Danielli and Davson [58], or 
by specific interactions involving non-charged polar groups, such as carbohydrate 
residues [59]. Type 2 interaction, which involves fluidization of the bilayer, would 
tend to decrease membrane thickness as shown in Fig. 8. The degree of non-polar 
association between protein and lipid would depend on the fluidity of the lipid, as has 
been shown here by the reversibility of the AI protein effect and also by the inhibition 

T A B L E  I I  

SUMMARY OF EFFECTS OF DIFFERENT PROTEINS ON SEVERAL PROPERTIES OF 
PHOSPHOLIPID BILAYERS AND MONOLAYERS 

Details of the interactions and quanlitative aspects are given in detail in the text. 

Group Protein (A) (P) (IH) 
Area per Vesicle Enthalpy 
molecule permeability of acyl 
in mono- to sodium chain 
layers inching 

Ribonuclease None small increase 
increase 

Polylysine small increase 
increase 

Basic myelin protein (AI) Increase large decrease 
increase 

Cytochrome c Increase large decrease 
mcrease 

Major myelin Increase large decrease 
proteolipid (N-2) increase 
Gramicidin A Increase large decrease 

increase 

Temperature 
of acyl chain 
melting 

none 

increase 

decrease 

decrease 

none 

none 
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of protein penetralion by cholesterol, reported earlier [42]. T3pe 3 interaction i~ 
sinlilar to that proposed by Singer and Nicolson [I 1 ] and also by olhers [60, 61 ] lk)r 
tile localization of  intrinsic proteins within the lipid bilaver. Tile extensive hydro- 
phobic contacts with the lipid could be achieved either by lhe presence of  a hydro- 
phobic peptide segment [62, 63] which becomes the anchoring point or by oligomeric 
arrangements that shield the more polar part of  the protein monomer.  Evidence in- 
dicating inhibition o f  molecular motion of  tile acvl chains ad_iacent to such protein- 
lipid inlerfhce has been reported [26]. Such interaction would not be specilicall> 
detected by the calorimetric method used here, except indirectly bv the decrease in 
A H, which could be interpreted as indic,'lting that fewer phospholipid molecule, 
participate in the cooperative melting o f  lhe bulk lipid. 

Another  pertinent point that can be made From tile calorimetric data is thc 
relative effect of  the ditTerent proteins on tile size of  the cooperative unit for the mel- 
ting of  the phospholipid acyl chains. Tile size of  the cooperative unit c;.in be calculated 
['rein tile ratio el ' the enthalpies derived from wln't Hoffequat ion to tile correspondiuL, 
calorimetric enlhalpies, and involves tile assumption of  a t~o state process [45, 64]. 
Within the limitalions of  the above calculations, x~e have determined that tile coopera-  
tive unit ofphosphat idylglycerol  bilavers is reduced by approx. 5S",, (from 58 to 24 
molecules) in the case of  cytochrome c (Fig. 5, cur\.e b (1)), but onlx b~ 6",, (lrom S4 
to 79) in tile case o1" N-2 apoprotein and phosphatidlycholine (Fig. 6, cur~e e) and 
26 <',, (from 5S to 43) in  the case of  ribonuclcase (Fig. I. curve h). Thc comparativel.~ 
large eftbct of  cytocllrome c in reduchlg tile size of  the cooperative unit can be inter- 
preted as loss el" long-range order \~ithin the phospllolipid bila>er, and is compatible 
\vilh tile "delorln~.ition'" model discussed above. Oil the other h,'ind, the Slll~.lllel cl- 
l'ecis of  N-2 apoprotein and ribonuclease on the size o1 tile cooperative unit, indicate 
that these proteins do nol interfere greatl 3 with tile long-range order of the phospho- 
lipid bilayer. This ix supportive ;.lgaiil el ' the interactions type I and 3 discus~,cd ~lbo\c. 
In tile former case (ribonuclease) the protein inieructs strictlx with tile polar head- 
groups, without penetrating into ttle interior. In the latter case (N-2 apoprotein)  the 
protein is at least partly embedded into tile bilayer bul it interacts, ~ith only a limited 
number  of  phospholipid molecules without perturbing the rcst of  the bilayer. 

The implicit assumption hi all the above considerations ix til:.it the oxcrall lipid 
bihiver structure is preserved during the interactions \vith the dilTerent proteins. Ho~-  
c,,er, a change in tile lransition temper:.iturc for tile nlelting o1" the acvl chains induced 
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by the presence of a particular protein could be interpreted also as due to the forma- 
tion of an entirely new phase structure, such as hexagonal, not necessarily involving 
lipid lamellae. Parallel X-ray diffraction studies would be ideally suited to this prob- 
lem. but have not been applied consistently yet to the various interactions discussed 
here. The only well-studied case is that of cytochrome c interaction with various 
acidic lipids [36, 50, 67], which shows the presence of a lamellar phase involving 
both lipid and protein layers. Of the other proteins, the interaction of A I with brain 
lipids [68] and the interaction of N-2 apoprotein with egg lecithin (Rand, P., private 
communications) both indicate the presence of well-ordered lipid lamellae. 

The lipid-protein interactions studied in this paper were not undertaken for 
their strict relevance to specilic membrane functions, but as well-defined examples 
relevant to the general question of how different proteins affect the properties of lipid 
bilayers [19, 20, 22]. The data indicate that while some electrostatic interactions 
result in stabilization of the bilayer, others induce considerable fluidization. Most im- 
portantly, it appears that lipid-protein complexes that involve largely non-pohu" (hy- 
drophobic) associations have no effect on the bulk-lipid T~, although they reduce 
proportionately the heat of transition. In any case, the studies reported here indicate 
the complexit3 of the problem of interpretation of thermotropic phase transitions in 
biological membranes [19, 20, 22]. In addition to the diverse effects discussed above. 
an\  assignment ot" phase changes in a multicomponent system has to take into con- 
sideration the recently reported role of diwilent metals in inducing both a large in- 
crease in the T or acidic lipids [10, 48, 24, 41] and also their separation into domains 
[65, 66]. 

A C K N O W L E D G E M E N T S  

This work was supported by grants from the National Institutes of Health 
(G M 18921 ) and the National Research Council of Canada. We thank Dr K. Jacobsen 
and S. Nir for helpful suggestions with the manuscript and stimulating discussions 
during the course of the experiments. The technical assistance of Ms R. Lazo is 
gratefull 3 acknowledged. 

R E F E R E N C E S  

I Linden, C. I) . ,  Wright,  K. L., McConncl l ,  H. M. and Fox, C. F. (1973l Prec. Nai l .  Acad. Sci. 
U.S. 70, 2271-2275 

2 Ovcrath,  P. and Trauble,  H. 11973t Biochemistry 12, 2625-2634 
3 Raison, J. K. (1973) Bioenergctics 4, 285-309 
4 Esfahani,  M., Limbrick,  A. R., Knuiton,  S., Oka,  T. and Wakil ,  S. II971~ Prec. Natl.  Acad. Sci. 

U.S. 68, 3180-3184 
5 Ma,As, R. I). and Vagclos, P. R. (1972t J. Biol. Chem. 247, 652-659 
6 Kimelberg,  H. K. and Papahadjopoulos ,  D. (1972} Biochim. Biophys. Acta 282, 277-292 
7 Esfahani,  M., Crowl'ool,  P. D. and Wakil ,  S. J. (1972} J. Biol. Chem. 247, 725-17256 
8 Gr isham,  C. M. and Barnett,  R. E. ~1973) Biochenlislry 12, 2635-2637 
9 Incsi, G., Mil lman,  M. and Elctr, S. (1973) J. Mol. Biol. 81, 483-504 

10 Kimclberg,  H. K. and Papahadjopoulos ,  D. (1974tJ .  Biol. ('hen1. 249, 1071 1080 
II Singer, S. J. and Nicolson, G. L. 11972) Science 175, 720-731 
12 Nicolson, G. L. (1973) Nat. New Biol. 243, 218-220 
13 Edidin, M. and Fambrough,  D. 11973) J. Cell Biol. 57, 27-37 
14 Rittcnhouse,  H. O.. Will iams,  R. E., Wisnicski,  B. and Fox, ('. F. (19741 Biochcm. Bioph.~s. 

Res. Colnmun.  58. 222-228 



334 

15 Horwitz, A. F. ,Hatten,  M.G.  and Burger, M. M.(1974) Proc. Nat l. Acad. Sci. U.S. 71.3115 3119 
16 Inbar, M., Shinitzky, M. and Sachs, L. (1974) FEBS Lett. 38, 268 270 
17 Papahadjopoulos, D.. Poste, G. and Schaeffer, B. E. (1973) Biochim. Biophys. Acta 323, 23 42 
18 Papahadjopoulos, D. (1974) J. Theor. Biol. 43. 329 337 
19 Steim, J. M., Tourtellotte, M. E., Reinert, J. C., McEIhaney, R. N. and Rader, R. L. 119691 

Proc. Natl. Acad. Sci. U.S. 63, 104 109 
20 Blazyk, J. F. and Steim, J. M. (1972) Biochim. Biophys. Acta 266, 737 741 
21 Trauble, H. and Overath, P. (1973) Biochim. Biophys. Acta 307, 491 512 
22 Chapman,  D. and Urbina, J. (19711 FEBS Lelt. 12. 169 172 
23 Chapman,  D., Urbina, J. and Keough, K. M. (1974) J. Biol. Chem. 249, 2512 2521 
24 Verkleij, A. J., DeKruyff, B., Ververgaerl, P. H. J. Th., Tocanne. J. F. and Van Deenen, L. I_. M 

(1974) Biochim. Biophys. Acta 339, 432 437 
25 Hong, K. and Hubbell, W. L. (1972) Proc. Natl. Acad. Sci. U.S. 69, 2617-2621 
26 Jost, P., Griffith, O. n. ,  Capaldi, R. A. ,:lnd Vandcrkooi, G. 119731 Biochim. Biophys. Acta 

311, 141 152 
27 Butler. K. W.. Hanson, A. W.. Smith. I. (', and Schneider, H. 11973) Can. J. Biochem. 51. 

980 989 
28 Gagnon, J., Finch, P. R.. Wood, D. D. and Moscarcllo, M. A. 11971 ) Biodlcmistry 10, 4756 4763 
29 Anthony. J. and Moscarello, M. A. (19711 FEBS kerr. 15, 335 339 
30 Moscarello, M. A.. Gagnon. J.. Wood, D. D., Anthony, J. and Epand, R. 11973) Biochemistr~ 

12, 3402 3406 
31 Oshiro, Y. and Eylar, K. H. 11970) Arch. Biochem. Biophys. 138, 392 396 
32 Eylar, E. H., Brostoff, S., Hashim, G., Caccam, J. and BurneU, P. ~19711 J. Biol. Claem. 246. 

5770 5784 
33 Eylar, E. H. and Thompson,  M. (1969) Arch. Biochem. Biophys. 129, 468 479 
34 Epand, R. M., Moscarello, M. A.,Zierenberg,  B. and Vail. W. J. (1974) Biochemistr5 13. 1264 

1267 
35 Papahadjopoulos. D., Jacobson. K.. Nir, S, and Isac. I .  11973} Biochim. BioptDs. Acla 311 

330 348 
36 Papahadjopoulos, l). and Miller, N. (1967) Biochim. Biophys. Acta 135. 624 638 
37 Robles, F,. C. and Van den Berg, D. (1969) Biochim. Biophys. Acta 187, 520 526 
38 Dawson, R. M. C. (1967) Biochem. J. 102, 205 210 
39 Papahadjopoulos, D. (1970) Biochim. Biophys. Acta 211, 467 477 
40 Papahadjopoulos, D., Nir, S. and Ohki. S. ll972) Biochim. Biophys. Acta 266. 561 583 
41 Jacobson, K. and Papahadjopoulos, D. (1975) Biochemistry 14, 152 161 
42 Papahadjopoulos, D., Cowden, M. and Kimelberg, H. (1973) Biochim. Biophys. Acta 330. 8 26 
43 [.o~ry, O. H., Rosebrough. N. ,I., Farr. A. L. and Randall, R. J. (1951l J. Biol. ( 'hem. 193, 

265 275 
44 I-iskc, ('. H. and SubbaRo~.  "t'. 11925)J. Biol. Chem. 66, 375 386 
45 Tsong,'l-. Y., Hearu, R. P.. Wrathall. D. P. and Sturtewmt, J. M. 119701 Biochemistry 9. 2666 

2677 
46 Kimelberg, H. and Papahadjopoulos, D. (1971t,I. Biol. Chem. 246, 1142 1148 
47 Kimelberg, H. K. and Papahadjopoulos. I). (1971~ Biochim. Biophys. Acta 233. 805 809 
48 r rauble ,  H. and Eibl, H. (1974) Proc. Natl. Acad. Sci. U.S. 71, 214 219 
49 Hummes. G. G. and Schullery, S. E. (1970) Biochemistry 9, 2555 2563 
50 Gulik-Krzywicki, T., Shechtcr. E., Luzzati, V. and Fause. M. 11969) Nature 223, 1116 1121 
51 Rand, R. P. (1971) Biochim. Biophys. Acta 241, 823 834 
52 Calissano, P., Alema, S. and Rusca, G. (1972) Biochim. Biophys. Acta 255, 1009 1013 
53 Vail, W. J., Papahadjopoulos, D. and Moscarello, M. A. 119741 Biochim. Biophys. Acta 345, 

463 467 
54 Papahadjopoulos, D., Vail, W. J. and Moscarello, M. A. (1975) J. Membrane Biol.. in the press 
55 Urry, D. W., Goodall. M. C., Glickson. J. D. and Mayers. D. F. (19711 Proc. Natl. Acad. Sci. 

U.S. 68. 1907 1911 
56 Haydon, D. A. and Hladky, S. B. 11972) Q. Rev. Biophys. 5, 187 282 
57 Juliano, R. L., Kimelberg, H. K. and Papahadjopoulos, D. 11971) Biochim. Biophys. Acta 241, 

894 905 
58 Danielli. J. F. and Day, son. tt. 11935)J. Cell Physiol. 5, 495 508 



335 

59 ( 'olacicco,  G. (1969)J .  Coll. Ira. Sci. 29, 345~ 364 
60 Wallach. D. F. H. and Zahler,  P. H. (1966) Proc. Natl.  Acad. Sci. U.S. 56, 1552 1559 
61 Hendler, R. W. (1971) Physiol. Rev. 51. 66 97 
62 M~lrchesi, V. Y., i i l l a c k ,  T. W., Jackson,  R. L., Segresl. J. P. 4nd Scolt, R. E. (19721 Proc. Ntlt[. 

Acad. Sci. U.S. 69. 1445 1449 
63 Str i t tmaler .  P.. Rogers. M. J. and Spatz. k. (1972).1. Biol. Chem. 247. 7188 7194 
64 Hinz, H.-J . :md Sturtevunt.  J. M. (1972)J .  Biol. Chem. 247, 6071 6075 
(~5 Pap~dl4djopoulo,,, D., Poste, G., Schaeffer, B. E. and Vail, W. J. (1974) Biochim. Biophy~,. Acta 

352, I0 28 
66 Ohnishi,  S.-I. ~.illct IIo. T. (1974) Biochemistry 13, 881 887 
67 Blaurock. A. E. 11973) Biophys. J. 13, 290-298 
A8 Matcu, k., Luzzati, V., London, Y.. Gould,  R. M.. Vosscberg, F. G. A. and Olive, ,I. 11973) 

.I. Mol. Biol. 75. 697 709 


