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Summary 

a-Lactalbumin and dimyristoyl  phosphatidylcholine were used as a proto-  
type  to s tudy the influence of  a protein conformational  change, induced by  the 
pH, on the interaction between that  protein and a phospholipid. 

The enthalpy changes associated with the interaction of  a-lactalbumin with 
dimyristoyl  phosphatidylcholine vesicles were measured as a funct ion of  the 
molar ratio of phospholipid to protein, pH and temperature.  Gel-filtration, 
electron-microscopic and fluorescence data for the same experimental condi- 
tions were also obtained. At pH 4 and 5, the enthalphy changes (AH) are not  
only larger than at physiological pH, but  also show a maximum at about  23°C 
in the AH vs. temperature  graph. At pH 6 and 7, on the contrary,  AH increases 
with decreasing temperature wi thout  a maximum in the curve. Gel~hromato-  
graphic and electron-microscopic data show that  at pH 6 and 7, the morpho-  
logical characteristics of  the vesicles are unchanged upon addit ion of a-lactal- 
bumin,  while at pH 4 and 5 at 23°C an extra peak appears in the gel-filtration 
graphs be tween the pure vesicles and a-lactalbumin. The new fraction contains 
lipid-protein complexes.  Electron micrographs show that  bar-shaped entities 
are formed.  A red shift at 23°C and a blue shift at 37°C, bo th  to 336 nm, are 
observed for kmax of  the fluorescence emission spectra at pH 4 when a-lactal- 
bumin is brought  into contact  with the phospholipid.  At the same time, a 
strong increase in the fluorescence intensity is observed. The chromatographic 
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and fluorescence data indicate that  a lipid-protein complex with a molar 
ratio of  approx.  80 is formed. At PH 7 and different temperatures,  the emission 
maximum remains at the wavelength of  pure a-lactalbumin, the change in the 
fluorescence intensity, however,  indicates that interaction with the lipid 
O c c u r s .  

The results can be explained on the basis of  an electrostatic interaction 
at pH 6 and 7, and a hydrophobic  interaction at pH 4 and 5. 

Introduction 

Membrane proteins are divided into two classes depending on their inter- 
action with respect to the lipids of  the membrane framework.  'Extrinsic' or 
'peripheral'  proteins associate only with the membrane surface. 'Intrinsic' 
or 'integral' proteins penetrate the membrane surface and enter the lipid 
bilayer. Intrinsic proteins are expected to have a non-random spatial distribu- 
tion of  polar and nonpolar groups, in the way that the surface area of  the 
molecule that  enters the lipid bilayer will predominantly consist of  nonpolar 
residues [1].  It has been stated by  Lenaz [2],  that  even for relatively simple 
protein-lipid systems, different types  of  interaction may occur. From these 
points of  view, it is not  astonishing that a predominantly extrinsic or intrinsic 
behaviour of  a protein may depend on its conformational  state. However,  
few studies exist where the influence of  a conformational  change on such 
behaviour is demonstrated.  In this paper, a-lactalbumin and dimyristoyl  phos- 
phatidylcholine vesicles were used as a p ro to type  to study the influence of  
a protein conformational  change, induced by the pH, on the interaction 
between that protein and a phospholipid, a-Lactalbumin has been studied 
very carefully by different authors [ 3--17 ]. At physiological pH, a-lactalbumin 
is known to be a peripheral protein. In an acidic medium, a-lactalbumin under- 
goes a conformational  change, a-Lactalbumin and its integral counterpart ,  
galactosyltransferase, are proteins produced in important  quantities in the 
Golgi apparatus of  mammary  glands. In the presence of  a-lactalbumin, galacto- 
syltransferase catalyzes the reaction [ 18,19 ] : 

UDP-galactose + glucose -~ lactose + UDP 

Although numerous aspects of  the a-lactalbumin-galactosyltransferase 
complex have been studied, the interactions of  this protein complex system 
with the lipid environment have not  yet  been considered. We started with the 
investigation of  the  binding characteristics of  the peripheral protein, a-lactal- 
bumin,  towards phospholipids by the monolayer  technique [20].  It is shown 
that  a-lactalbumin interacts more strongly with dipalmitoyl phosphatidyl- 
choline and cardiolipin at acidic pH than at physiological pH. At pH 7.4, 
a-lactalbumin does not  penetrate monolayers of  both  phospholipids above 
pressures of  30 dyne/cm.  Enzymatic hydrolysis of  these monolayers  by phos- 
pholipase C at pH 7 is inhibited partially or total ly when a-lactalbumin is 
injected into the subphase prior to the enzyme injection, indicating that 
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although a-lactalbumin does not  penetrate the monolayers ,  it is adsorbed to it 
by electrostatic interaction. This monolayer  s tudy with dipalmitoyl phospha- 
t idylcholine is now extended to the interaction be tween dimyristoyl  phos- 
phatidylcholine vesicles and a-lactalbumin by  batch microcalorimetry,  gel 
chromatography,  electron microscopy and t ryptophan  fluorescence. From 
the combined results it can be concluded that  at neutral pH, a-lactalbumin 
is mainly adsorbed to the outer  surface of  the vesicles, behaving like a typical 
peripheral protein. However,  on decreasing the pH, a-lactalbumin penetrates 
the vesicles rapidly and easily, thereby forming a complex with a definite 
molar ratio. 

Materials and Methods 

Protein and lipid, a-Lactalbumin from bovine milk was obtained from 
Sigma. Its purity was checked on a Sephadex G-100 column: a small shoulder 
due to glyco~-lactalbumin was present. The protein concentrat ions were 
determined spectrophotometr ical ly  with a Beckman D-spectrophotometer  
at 280 nm using a value of  E 1~ = 20.1 for a-lactalbumin [21].  L~-Dimyris toyl  
phosphatidylcholine was purchased from Sigma. Purity and composi t ion were 
confirmed by  thin-layer and gas-liquid chromatography.  

Protein and vesicle solutions. All protein and vesicle solutions were 0.1 M in 
NaC1 in the appropriate buffer:  acetate buffer  at pH 4 and 5, Mes buffer  or 
phosphate buffer  at pH 6 and Tris buffer  or phosphate buffer  at pH 7---8. 
Single bilayer vesicles were prepared by  sonication for 25 min in an N2 atmo- 
sphere of  the phospholipid suspended in the  buffer  with an MSE 150 dis- 
integrator at maximum output .  The jacketed vessel was maintained at 40°C 
with a thermostat .  After sonication, the metal particles were removed by  
centrifugation at 25 000 × g. Phosphatidylcholine concentrat ions were 
calculated from the Pi content  according to the method  of  Vaskowsky et al. 
[22].  Gel-filtration chromatography and electron microscopy showed that  
most  vesicles were single lamellar, while a peak due to liposomes could be 
present. 

Gel chromatography. The vesicle-protein complexes were separated from the 
free protein molecules by  gel-filtration chromatography on a 35 X 1.6 cm 
Sepharose CL-4B column. 1.7 ml of  the complex solution were added to the 
column after 2 h of  incubation. Detect ion of  the elution pattern was carried 
out  by an ultraviolet absorpt iometer  Spectrochrom F254 (Gilson Medical 
Electronics). Fractions of  2.5 ml were collected for analysis. Several methods  
were tried in order to detect  a-lactalbumin in the vesicle fraction: from the 
ultraviolet spectra be tween 350 and 250 nm, it was obvious that  small amounts  
of  ~-lactalbumin could not  be detected on the background of  turbidi ty caused 
by the vesicles, and from experiments with 12SI-labelled a-lactalbumin, it was 
observed that the iodonated ~-lactalbumin did not  behave as the a-lactalbumin 
did itself. Therefore,  the amount  of  a-lactalbumin in the complex with dimy- 
ristoyl phosphatidylcholine was calculated from the difference be tween the 
free ~-lactalbumin ultraviolet absorption in a pure a-lactalbumin sample and 
that  in a sample containing the same quant i ty  of  a-lactalbumin in the presence 
of  vesicles. 



542 

Microcalorimetry. The enthalpy change upon binding ~-lactalbumin and 
dimyristoyl phosphatidylcholine was measured in an LKB-batch microcalori- 
meter, type 2107, equiped with siliconized Pyrex glass vessels and thermo- 
statically controlled to 0.001°C by means of an air thermostat  regulated by a 
water thermostat .  This microcalorimeter contains a measuring cell and a 
reference cell mounted  in opposition. Each cell is divided into two compart- 
ments: a 4 ml. and a 2 ml compartment .  The measuring cell is filled with 
2 ml of a vesicle solution and 4 m l  of  the a-lactalbumin solution, both in 
the same buffer solution. The reference cell can be filled with 4 ml of  an 
a-lactalbumin solution of the same concentration as in the measuring cell 
and 2 ml buffer solution. This enables, upon mixing, the subtraction of  the 
heat of dilution of  the protein from the heat of reaction. If in the reference 
cell 2 ml vesicles and 4 ml buffer are mixed, the heat of dilution of the vesicles 
is subtracted from the heat of reaction. In the concentration range used, the 
heats of  dilution of  proteins and vesicles were negligible. Therefore, the two 
compartments  of the reference cell are usually filled with buffer solution. 
The heat was detected on the 10--50 pV scale of the LKB Bromma 2210 
integrating recorder. An LKB 2107 control unit  and Lauda K2RD thermostat  
were used in conjunction with the calorimeter. The enthalpy changes were 
calculated in kJ/mol  protein. 

Electron microscopy. The vesicles and vesicle-protein complexes were 
characterized by electron microscopy with a Jeol 100 ES electron microscope. 
One drop of  a solution containing the vesicles and the protein at an appropriate 
concentration was spread on a copper grid covered with a Forman filter. 
After drying, the complex film was stained with a 0.5% uranyl acetate solution 
and dried. 

Fluorescence and light-scattering measurements. Fluorescence measurements 
were performed on an Aminco-Bowman spectrofluorimeter, with an excitation 
wavelength of  280 nm. The cell compartment  was thermostatically controlled 
at the incubation temperature,  and the separate solutions were also thermo- 
statically controlled before mixing. The excitation and emission slit-widths 
were both 1 mm. Uncorrected protein fluorescence spectra were recorded. 
Blank samples with the vesicles were recorded to correct the area under the 
fluorescence spectra for the light scattered by the vesicles. The final concen- 
tration of  the phospholipid was mostly 1.8 mg/ml and the ~-lactalbumin con- 
centration 0.38 mg/ml, which corresponds to a molar ratio of  100. Light- 
scattering measurements were performed on the same instrument and under 
identical conditions, however, the excitation and the emission wavelengths 
were 400 nm. 

Results 

Batch microcalorimetry 
Enthalpy change o f  binding as a function of  the molar ratio. In this type of  

experiment, 2 ml of  dimyristoyl  phosphatidylcholine vesicles in the concentra- 
t ion range 0.37--16 mg/ml were added to 4 ml of  an ~-lactalbumin solution at 
a concentration of  approx. 0.5 mg/ml. At a constant temperature of 30°C, 
four series of  experiments were carried out  in which the influence of  the ionic 
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Fig. 1. Entha lpy  change  u p o n  binding  ~ - l a c t a l b u m i n  to  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  ves ic les  as a 
f u n c t i o n  o f  the  m o l a r  ratio at 3 0 ° C .  A t  pH 4 .6 :  ~, w i t h o u t  NaC1; ~, 0 .1  M NaC1. A t  pH 7.4 :  ®, w i t h o u t  
NaCl;  ~, 0 .1  M NaCI.  

strength and molar ratio on AH were studied. In Fig. 1, the results of  plotting 
AH as a function of  the molar ratio are shown. It is observed that at physio- 
logical pH, the enthalpy changes upon mixing the vesicles and the protein 
are small. Moreover, it is found that an increase in the ionic strength of  the 
solution,  by increasing the NaC1 concentration to 0.1 M, decreases the AH 
values greatly. At acidic pH, increasingly larger values of  AH are obtained 
with increasing molar ratio. Furthermore, AH is independent of  the ionic 
strength of  the solution and its values are much higher at acidic pH than 
at pH 7. 

Enthalpy of binding as a function of pH. From the results o f  Fig. 1, it can 
already be concluded that pH plays an important role in the phospholipid- 
~-lactalbumin interaction. Therefore, experiments were carried out  in which 

0 
I 

½ 4 6 8 pH 

~500 L 
3 , I 

Fig. 2.  Entha lpy  change  u p o n  binding  c~-lactalbumin to  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  ves ic les  as a 
f u n c t i o n  o f  pH at 3 0 ° C  and at a m o l a r  rat io  o f  1 0 0 .  



1000 

210 30 TEMPERATURE 

SO0 

i 
w ~ 

E 

I ,q 
I 

1206 

200 

~b 

5 4 4  

Fig.  3. E n t h a l p y  c h a n g e  u p o n  b i n d i n g  ~ - l a c t a l b u m i n  t o  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  v e s i c l e s  as  a 
f u n c t i o n  o f  t e m p e r a t u r e  at  a m o l a r  r a t i o  o f  1 0 0 :  p H  4 ( s ) ,  p H  4 .6  (®), p H  7.4  (~);  NaCI,  0 .1  M. 

dimyristoyl  phosphatidylcholine and a-lactalbumin were mixed at a constant 
molar ratio of  approx. 100, at a constant  temperature of  30°C but  at pH values 
varying from 3.5 to 8. The results are plotted in Fig. 2. A drastic increase 
in heat release is observed when going from neutral to acidic pH. 

Enthalpy of  binding as a function of  the reaction temperature. Previous 
work by others [23--26] has shown that  temperature is an important  factor 
in the regularity of the packing of  the lipid molecules and therefore on the 
lipid-protein interactions. The enthalpy change of  binding a-lactalbumin to 
the phospholipid vesicles was therefore measured between 30 and 15°C at 
pH 4, 4.6 and 7.4 for a molar ratio of  approx. 100. In Fig. 3, it is seen that  
again the results differ at acidic and neutral pH. Whereas a maximum in AH 
is found in the acidic pH region around the transition temperature of dimy- 
ristoyl phosphatidylcholine,  no such effect is observed at pH 7.4. 

The microcalorimetric results at different pH and temperature lead to 
the following conclusions. (1) The AH values at acidic pH are much greater 
than at pH 7. (2) There is a maximum in the AH vs. temperature plot at pH 
4, which is not present at pH 7. These results can be explained in two ways: 
either many more a-lactalbumin molecules are adsorbed at the outer surface 
of  the vesicle with a maximum at about  24°C or the protein molecules pene- 
trate the vesicle and a hydrophobic interaction between the protein and fa t ty  
acid chains of  dimyristoyl  phosphatidylcholine becomes possible. In order to 
clarify these posibilities, gel-filtration and electron-microscopic experiments 
were carried out.  
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Fig. 4. Gel-f i l tration chromatographs  o f  d imyr i s toy l  phosphat idy lcho l ine  vesicles  and a- lactalbumin.  
Exper imenta l  condi t ions:  pH 4 (0 .01  M acetate buf fer  in 0.1 M Nat1 )  and 23°C.  (a) - - - - - - ,  % T at 254  
n m  of  pure vesicles  ( 2 . 0 4  m g / m l ) ;  • ~ • - - . ,  % T at 254  n m  of  pure c~-lactalbumin (0 .38  mg/ml ) .  (b) Molar 
ratio 51: . . . . . .  , % T at 254  nm of  a mixtttre o f  vesicles  (0 .91  m g / m l )  and a- lacta lbumin ( 0 . 3 8  mg/ml ) .  
o, dimyr i s toy l  phosphat idy l cho l ine  (mg/ml)  de termined  by  phosphate  analysis .  (c) Molar ratio 1 1 4 :  

, % T at 254  nm of  a mixture  o f  d imyr i s toy l  phosphat idy lcho l ine  (2 .04  m g / m l )  and ~- lactalbumin 
( 0 . 3 8  m g / m l ) ;  o ,  l ipid (mg/ml)  de termined  b y  phosphate  analysis .  

Gel-filtration chromatography 
pH 7. The data obtained after incubating a-lactalbumin with dimyristoyl 

phosphatidylcholine vesicles show that only a small fraction of  a-lactalbumin 
elutes with the vesicles as determined by extinction measurements of  the free 
a-lactalbumin. Furthermore, the vesicles in contact with a-lactalbumin keep 
their original dimensions,  since they elute at the same volume of  pure vesicles 
(graph similar to Fig. 4a). 

pH 4. Dimyristoyl phosphatidylcholine vesicles and a-lactalbumin, incubated 
at two  different molar ratios at pH 4, show a totally different elution profile 
{Fig. 4) from that at pH 7. The pure vesicles elute between 40 and 55 ml, pure 
a-lactalbumin between 65 and 75 ml {Fig. 4a), while the interacting vesicles 
and a-lactalbumin molecules form a complex  which elutes between 48 and 
65 ml. 

At a molar ratio of  114 (Fig. 4c),  practically all the a-lactalbumin elutes 
between 48 and 65 ml and no absorption maximum is found at the elution 
volume of  free a-lactalbumin. On analysis of  phosphorus,  it is found that 
about 25% of  the phospholipid elutes before 48 ml, and about 75% elutes 
complexed to  a-lactalbumin. From these values a molar ratio of  85 within 
the complex  is calculated. 

Similar condit ions show that after incubation of  vesicles and a-lactalbumin 
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at a molar ratio of  51 (Fig. 4b), the formed complex has a molar ratio of  76. 
At pH 5 and 23°C, this separated peak at tr ibuted to a complex between ~-lact- 
albumin and phospholipid is also present, but  not  at pH 5 and 4 at 17°C. 
At 37°C, these experiments could not  be carried out ,  since a precipitate was 
formed after 10 min. 

Ligh t-scattering measurements 
An independent  assessment of  the change in vesicle structure was obtained 

from light-scattering measurements at 400 nm. For a dispersion with definite 
concentrat ion,  it can be stated that  an increase in particle size or refractive 
index of  the dispersed material will produce an increase in intensity of  
scattered light (Io) [27].  

Fig. 5 is a plot of  light scattering, measured at 400 nm and an angle of  
90 °, vs. t ime of  vesicle/~-lactalbumin mixtures, respectively, at pH 4 and 7. 
It is apparent that  at pH 7, the addition of  ~-lactalbumin to the vesicles has 
(apart from the dilution effect)  no influence on the light scattering. 

At pH 4, the effect on the light scattering is dependent  on temperature.  
The mixing of  ~-lactalbumin and the vesicles at the phase transition tem- 
perature causes a marked decrease in light scattering. Gel-filtration chromatog- 
raphy (Fig. 4) shows that under these conditions of  pH and temperature,  the 
interaction between the protein and the lipid results in the formation of  
definite aggregates which differ from the original vesicles. Below the transition 
temperature,  the mixture shows a limited decrease in light scattering, the 
formation of  typical lipid-protein aggregate was not  observed in that  region. 
Above the phase transition temperature,  the light scattering increases with 
time. This is due to a conglomeration of  ~-lactalbumin with the lipid material, 
which ult imately results in a visible turbidi ty and precipitation. The speed of  
the process increases with increasing temperature.  

The light-scattering measurements at 400 nm and an angle of  90 °, made on 
the vesicle/~-lactalbumin mixture (20 min after mixing at 30°C) as a function 
of  decreasing temperature,  are presented in Fig. 6. At pH 7, the light scattering 
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Fig. 5. L igh t  scattering o f  d imyr i s toy l  phosphat idy lcho l ine  ves ic le /a- tactalbumin mixture  as a func t i on  of  
t ime at 4 0 0  nm,  pH 4 and 7, 0.1 M NaC1 and dif ferent  temperatures .  Molar ratio 100.  
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Fig. 6. Light  sca t te r ing  at  400  n m  of  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e / ~ - l a c t a l b u m i n  m i x t u r e  as a f u n c t i o n  
of  decreas ing  the  t e m p e r a t u r e  at  p H  7 and  4. T h e  t e m p e r a t u r e  scan  s tar ted  20 rain a f t e r  m i x i n g  the  l ipid 
wi th  (~-lactalbumin at  30°C.  Molar  ra t io  100.  

of the vesicle/a-lactalbumin mixture behaves as a pure vesicle dispersion; at 
the transition temperature, light scattering increases, mainly due to an increase 
in the refractive index of the bilayer when the fatty acyl chains become quasi- 
crystalline. At pH 4 and 30°C, the scattering of the vesicle/a-lactalbumin 
mixture increased with time but the mixture was still optically clear after 20 
min. On lowering the temperature, the light scattering decreased spectacularly 
at the transition temperatures and finally it reached the intensity that was 
obtained by direct mixing of the vesicles and a-lactalbumin below 23°C. 
This observation illustrates the direct connection between the formation 
of definite protein-lipid aggregates and the transition temperature. 

Fluorimetric measurements 
Fluorescence spectra obtained for a-lactalbumin are typical of those gener- 

ally observed for tryptophan~ontaining proteins. The wavelength distribution 
of fluorescence depends upon the polarity of the immediate surroundings of 
the tryptophan groups. Tryptophans exposed to a polar medium have an 
emission maximum at 350 nm. Buried tryptophans in nonpolar regions are 
expected to have an emission maximum at 300 nm. However, the close proxim- 
ity of relatively polar groups (such as the peptide linkage) shifts the emission 
wavelength to longer wavelength. Of the four tryptophans in native bovine 
a-lactalbumin, it is suggested that tryptophan 118 is exposed to the solvent 
and that tryptophan 26 is buried near the center of the molecule, while the 
tryptophans 60 and 104 should be in a labile region which is relatively close 
to the molecular surface. This structure of the native protein results in a net 
exposure of 1.7 tryptophan residues [28]. 

Fluorescence o f  pure a-lactalbumin. From Table I it is seen that in the pH 
region 4--7, the emission maxima shift towards the red when increasing the 
temperature from 17 to 50°C. At these pH values, between 17 and 34°C, the 
fluorescence intensity (at Xmax) decreases with increasing temperature, owing 
to an increase in nonspecific quenching of tryptophan fluorescence at higher 



548 

TABLE I 

EMISSION MAXIMA AND INTENSITIES AT THE EMISSION MAXIMUM FOR ¢e-LACTALBUMIN AT 
pH 4, 5 AND 7, AND DIFFERENT TEMPERATURES 

Concentration of ~-lactalbumin 0.40 mg/ml.  

Tempera- pH 4 (0.1 M NaCI; pH 5 (0.1 M NaCI; pH 7 (0.1 M NaCI; 
tttre (°C) 0.01 M acetate 0.01 M acetate (0.01 M phosphate 

buffer) buffer) buffer) 

kmax / m a x  ~-max l m a x  hmax Imax  
(nm) (arbitrary (nm) (arbitrary (nm) (arbitrary 

units)  units)  units)  

17 330 165 330 165 329 170 
22 332 156 331 155 330 159 
27 332 152 330 154 
32 333 148 331 144 331 150 
34 333 151 332 148 
37 339 155 334 152 334 157 
43 341 167 340 171 
50 344 167 343 175 

temperature.  The observed increase in fluorescence above 34°C is the net result 
of  two  effects: a further nonspecific quenching and a more important  increase 
in fluorescence which is due to conformational  change in a-lactalbumin. It is 
suggested that  in bovine a-lactalbumin (and other  a-lactalbumins with t rypto-  
phan residues at positions 60 and 104) at lower temperatures,  transfer of  the 
excited-state energy takes place from t ryptophan 104 to t ryptophan 60 with 
subsequent  quenching by  vicinal disulfide bridges [29].  Conformational  
changes should disrupt this aromatic pair at higher temperatures [ 30 ]. 

From Table I it is also seen that  between pH 7 and 5, the fluorescence 
maximum does not  vary in wavelength while a small decrease in maximum 
intensity (and quantum yield) is observed. Between pH 5 and 4 this maximum 
shifts to a higher wavelength and a small increase in maximum intensity (and 
quantum yield) is observed. 

White [31] has observed that the fluorescence quantum yield of  t ryptophan 
is decreased when the carboxyl groups becomes protonated.  And studies with 
proteins [32] have shown a pH<iependent  decrease in fluorescence intensity 
in the acidic region which is at tr ibuted to excited-state interactions between 
carboxyl and t ryptophan groups. In the same way, it is believed that the 
observed decrease in fluorescence quantum yield between pH 7 and 5 is related 
to protonat ion of  a vicinal side chain of  t ryp tophan  [30].  Below pH 5, the 
small increase in ~max and the increase in the quantum yield of  the emission 
spectra of  a-lactalbumin indicate different changes in the environment of  the 
t ryptophans.  Between pH 4 and 3, this trend is more pronounced than between 
pH 5 and 4. At 25°C, the quantum yield increases by a factor 1.4 from pH 4 
to 3 and ~max has a red shift of  5--6 nm [33].  It is demonstrated that  a-lact- 
albumin does not  really denaturate in this  pH region, but  rather expands by 
about  30% [ 13 ]. In this state, a-lactalbumin is partially unfolded but  keeps the 
helical content  of  the native structure. This expansion at 25°C does not  lead 
to an increase in exposure of  the t ryptophans  as is demonstrated by the pertur- 
bation of  the absorption spectra [34].  
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T A B L E  II 

R E L A T I V E  F L U O R E S C E N C E  A N D  E M I S S I O N  M A X I M U M  O F  ~ - L A C T A L B U M I N  IN T H E  P R E S E N C E  
O F  D I M Y R I S T O Y L  P H O S P H A T I D Y L C H O L I N E  V E S I C L E S  A T  A M O L A R  R A T I O  O F  1 0 0  (1 .8  m g / m l  
D I M Y R I S T O Y L  P H O S P H A T I D Y L C H O L I N E  IN T H E  P R E S E N C E  O F  0 . 3 8  m g / m l  a - L A C T A L B U M I N )  

a ,  p u r e  a - l a c t a l b u m i n ;  b ,  a - l a c t a l b u m i n / v e s i c l e ,  f i r s t  s c a n  ( 2 - - 6  m i n  a f t e r  m i x i n g ) ;  b ' ,  s a m e  as  b ,  b u t  a f t e r  
1 5  m i n  i n c u b a t i o n ;  c,  s a m e  as b ,  b u t  a f t e r  1 h i n c u b a t i o n .  F/F 0 = a r e a  u n d e r  t h e  e m i s s i o n  c u r v e  o f  
a - l a c t a l b n m i n  in  t h e  p r e s e n c e  o f  vesicles ,  c o r r e c t e d  f o r  the  l ight  s ca t t ered  b y  c o n t r o l  s a m p l e s  o f  f ree  
ve s i c l e s / a r ea  under  the  e m i s s i o n  c u r v e  o f  ptuce ~ - l a c t a l b u m i n  a t  t h e  s a m e  c o n c e n t r a t i o n ,  p H ,  t e m p e r a t u r e  
a n d  NaCI  c o n c e n t r a t i o n .  

T e m p e r a -  p H 4  p H 5  p H 7  
t u r e  (°C) 

k m a x  F /Fo kmax F /Fo k m a  x F /Fo 

1 7  a 3 3 0  1 3 3 0  1 3 2 9  1 
b 3 3 4  1 . 2 5  3 3 1  0 . 8 7  3 3 1  0 . 9 4  
c 3 3 4  1 . 3 8  3 3 1  0 . 9 7  3 3 2  1 . 0 8  

23  a 3 3 2  1 3 3 1  1 3 3 0  1 
b 3 3 6  1 . 6 0  3 3 1  0 . 9 6  3 3 0  0 . 7 4  
c 3 3 6  1 . 8 5  3 3 4  1 . 2 0  3 3 0  0 . 8 9  

3 7  a 3 3 9  1 * 3 3 4  1 3 3 4  1 
b 3 3 6  1 . 5 0  * 3 3 3  0 . 8 2  3 3 5  0 . 8 3  
b '  3 3 6  1 . 3 2  * 
c p r e c i p i t a t e  p r e c ~ i t a t e  3 3 5  0 . 9 0  

* V a l u e s  f o r  a m o r e  d i l u t e  s o l u t i o n  ( 0 . 6 4  m g / m l  d t m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  in  the  p r e s e n c e  o f  
0 . 1 5  m g / m l  a - l a c t a l b u m i n ) .  

Fluorescence of  a-lactalbUmin/vesicle mixtures. For a-lactalbumin/vesicle 
mixtures, the pH and temperature dependence of the emission maxima and 
the relative quantum yield are summarized in Table II. It is observed that 

-lactalbumin in contact with vesicles behaves differently at acidic and neutral 
pH values. 

A t p H  4 
Fluorescence spectra. At pH 4 and at 23°C, a red shift (4--5 nm) of the emis- 

sion maximum accompanied with a marked increase in the relative fluorescence 
(FIFo ~- 2) is noticed (Fig. 7). The same effects, but smaller, are found below 
the transition temperature (17°C). Above the transition temperature (37°C), 
the fluorescence intensity vs. time plot evolves to a maximum, then decreases 
while the mixture becomes turbid. This evolution was very rapid at lipid and 
~-lactalbumin concentrations 1.8 and 0.38 mg/ml, respectively, but could 
easily be followed at more dilute concentrations of 0.64 mg/ml lipid and 
0.15 mg/ml a-lactalbumin. It is noteworthy that at pH 4, ~-lactalbumin com- 
plexed to dimyristoyl phosphatidylcholine has a kmax which is nearly indepen- 
dent of the temperature, this is in contrast to kmax of pure ~-lactalbumin which 
is temperature dependent. As a consequence of this, the complexation of 
~-lactalbumin at 37°C is accompanied by a blue shift with regard to pure 
~-lactalbumin at pH 4 and 37°C. 

Evolution of  the fluorescence spectra versus time. As observed by Kronman 
[33], the changes in fluorescence accompanying the conformational changes 
of ~-lactalbumin, induced by acid, temperature or urea, occur quite rapidly 
and are completed by the time of preparing the measurements (3 min). From 
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Fig. 7. F luo rescence  spec t r a  o f  the  ~ - l a c t a l b u m i n / d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  s y s t e m  at  pH 4, 23°C 
and  0.1 M NaCI. Exc i t a t i on  w a v e l e n g t h  280  n m .  - - ,  ~ - l ac t a lbumin  (0.4 m g / m l ) ;  . . . . . .  , d i m y r i s t o y l  
p h o s p h a t i d y l c h o l i n e  vesicles (1 .8  m g / m l ) ;  ©, d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  vesicles (1 .8 m g / m l )  and  
~ - l ac t a lbumin  (0 .4  m g / m l )  2--6 rain a f t e r  mix ing ;  . . . . .  , s ame  b u t  a f t e r  14 rain; +, s ame  b u t  a f te r  
1 h ; A  same  b u t  a f t e r 2 h ,  

measurements of  the extinction at 293 nm with a rapid reaction analyser, 
Sugai and co-workers [35] determined that the denaturation of  bovine ~-lact- 
albumin at pH 4, 25°C and 2.4 M guanidine hydrochloride follows a first-order 
kinetic reaction with a halftime of  0.35 s. In contrast  {Fig. 7), the fluorescence 
of  the ~-lactalbumin/vesicle mixture at pH 4 and 23°C continues to increase up 
to a period of  2 h. Identical data are obtained at pH 4 and 17°C and at pH 5 
and 23°C. (It is difficult to follow the shift of  ~'max with t ime as difference 
of  1--2 nm may result from the scan procedure).  These observations could lead 
to the supposition that  the complex formation between ~-lactalbumin and 
the vesicles proceeds for up to 2 h. However,  at pH 4 and 23°C, the fluores- 
cence polarization of  1,6-diphenyl-l ,3,5-hexatriene in the lipid phase increases 
to its final value, within 5 min after the addition of  ~-lactalbumin, indicating 
that  the penetrat ion of  the protein in the bilayer is completed in that t ime 
(Herreman, W., van Tornout ,  P., Hanssens, I. and van Cauwelaert, F., unpub- 
lished results). The results of  the light-scattering measurements,  described 
above (see Fig. 5) also indicate that  at 23°C and pH 4, a reconstruct ion 
of  the vesicles takes place within 5 min after mixing. Therefore,  the continua- 
tion of  the fluorescence increase must be an effect  that follows the complex 
formation and does not  precede it. Since conformational  changes occurring 
in free ~-lactalbumin axe very rapid, the fluorescence intensity changes as 
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funct ion of t ime must be declared as a function of the complex formed, e.g., 
a (partial) rearrangement of ~-lactalbumin in the lipid phase that  can be 
hindered by the limited space. 

Accessibility o f  complexed ~-lactalbumin to changes in the water phase. It 
was a t tempted to obtain some information about  the accessibility of  ~-lact- 
albumin in a reconsti tuted vesicle for changes in the water phase. For that  
purpose, a 2 ml sample of ~-lactalbumin bound to dimyristoyl  phosphatidyl- 
choline vesicles at pH 4 and 23°C (obtained by a 2 h incubation in a buffer 
containing 0.1 M NaC1 and 0.01 M sodium acetate/acetic ac id)was  added to 
2 ml phosphate buffer at pH 7 and with greater capacity (0.1 M K~HPO4/ 
NaH2PO4). The pH of  the mixture was maintained at 7. The emission maximum 
of ~-lactalbumin in this solution remained at 336 nm and was unchanged after 
1 h. Also, the fluorescence intensities did not  differ from a reference solution 
which was diluted with NaC1/acetate buffer. These fluorescence characteristics 
differ from what is obtained by direct mixing of ~-lactalbumin and phospho- 
lipid vesicles at pH 7 (see Table II). This result indicates that ,  at pH 4, ~-lact- 
albumin in contact  with lipid becomes insensitive to changes in the water 
phase. A more drastic method to control the accessibility of the complexed 
~-lactalbumin is obtained by adding aqueous solutions of protein denaturants 
to a stabilized suspension of lipid/~-lactalbumin. Urea and guanidine hydro- 
chloride are widely used denaturants of  proteins; concentrated solutions of 
these agents denaturate globular proteins to linear random coils. ~-Lactalbumin 
is completely denaturated in a 4 mM guanidine hydrochloride solution [35] 
or in a 8 M urea solution [28]. Concentrated aqueous solutions of guanidine 
hydrochloride have also been used to extract membrane proteins. The solu- 
bilized proteins appear to be random coils free of  intermolecular associations. 
However, concentrated (6 M) guanidine hydrochloride solubilizes only some 
membrane proteins and leaves certain others associated with the lipid [36]. 
Urea also has been found to be useful as an adjunct to the extraction of  mem- 
brane proteins. We observed that  at pH 4 and 23°C, free ~-lactalbumin dena- 
tured in 5 M urea and had an emission maximum at 350 nm. However, after 
~-lactalbumin has interacted with the vesicles, a 5 M urea solution only shifts 
the emission maximum of the preformed complex from 336 to 340 nm. 
Free ~-lactalbumin in the presence of 4 M guanidine hydrochloride has an 
emission maximum at 351 nm, while ~-lactalbumin complexed to the phos- 
pholipid has an emission maximum of 344 nm at the same guanidine hydro- 
chloride concentration. These data demonstrate the reduced exposure of  
t ryp tophan  residues to the aqueous denaturants and consequently prove that  
under the experimental conditions ~-lactalbumin is not completely released 
from the apolar lipid moieties. 

Lipid-to-protein molar ratio in the complexes. Fig. 8 shows the relative 
fluorescence when, at pH 4 and 23°C, to an increasing amount  of phospho- 
lipid the same amount  of ~-lactalbumin is added (final concentration of ~-lact- 
albumin 0.38 mg/ml). A doubling of  the total  fluorescence is found when the 
lipid-to-protein ratio increases from zero to 80. Further addition of  lipid has 
practically no effect on the fluorescence. This observation indicates that  up 
to a ratio of 80, all ~-lactalbumin molecules interacted with the vesicles, and 
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Fig. 8. Relative fluorescence, FIFo, of ~-lactalbumin (0.38 mg/ml)  with increasing amounts  of d imyris toyl  
phosphatidYlcholine,  pH 4, 23°C and 0.1 M NaC1. 

that  at lower lipid concentrations,  a part of the a-lactalbumin does not inter- 
act with dimyristoyl  phosphatidylcholine. 

A t p H  7 
Fluorescence spectra and evolution in time. At pH 7 and different temper- 

atures, no significant shift of  the emission maximum was detected. As can be 
seen in Table II, a limited change in the fluorescence intensity was observed. 
At all temperatures,  the relative fluorescence (FIFo) changed with time: in the 
first spectrum after mixing, a relatively important  quenching of  the t ryptophan 
fluorescence of  a-lactalbumin was always measured, while after a longer incuba- 
t ion period the quenching was reduced or even evolved into a fluorescence 
increase as is the case at 17°C. 

Accessibility of  ~-lactalbumin to protein denaturants. For free ~-lactalbumin 
in 5 M urea at pH 7, a kmax at 348 nm is measured. After a-lactalbumin has 
interacted with the vesicles at pH 7, a 5 M urea concentration shifts the 
emission maximum from 330 to 345 nm. 

The Xmax of  free a-lactalbumin in the presence of 4 M guanidine hydro- 
chloride is not  influenced by the pH and remains at 351 nm. a-Lactalbumin 
that  interacted with dimyristoyl  phosphatidylcholine at pH 7 produces an 
emission maximum of 349 nm in 4 M guanidine hydrochloride.  

Electron microscopy 
Electron micrographs were taken from dimyristoyl phosphatidylcholine/ 

a-lactalbumin mixtures at 23°C at pH 4 and 7 compared with the micrographs 
of  pure vesicles at the same pH. At pH 7, as depicted in Fig. 9a, no difference 
is observed between micrographs of  pure vesicles and vesicles/a-lactalbumin. 
Single lamellar vesicles are shown with a diameter of +300 .~ Fig. 9b shows the 
micrograph of a vesicle/a-lactalbumin mixture incubated at 23°C at a molar 



553 

Fig. 9. Electron micrographs: (a) pH 7; (b) pH 4.0 .1  M NaCI, molar ratio 20. Magnification X 120 000. 

ratio of  20. Bar-shaped structures, different from the original vesicles, appear 
in the micrograph. 

Discussion 

a-Lactalbumin is used in this work  as a p ro to type  to s tudy the influence 
of the conformat ion of  a protein on its behaviour towards phospholipid 
vesicles. Two possible interaction mechanisms can occur be tween the vesicles 
and the protein: adsorption at the vesicle outer  surface or adsorption-penetra- 
tion in the vesicle bilayer. Our experimental data will be discussed in view of  
these two possibilities. 

pH 7 
Since a-lactalbumin is known to be a peripheral protein at physiological 

pH, it is most  probable that  its interactions with dimyristoyl  phosphatidyl-  
choline will be weak. This is confirmed by  the microcalorimetric data: low 
AH values which do not  show a maximum in the AH vs. T graph but  are 
dependent  on the ionic strength (an operational criterion that  indicates that  
the interaction is electrostatic in nature [37]}. Furthermore,  the chromato- 
graphic data indicate that  only a small amount  of  protein is bound  to the 
vesicles. Although it is possible that  a small fraction of  the adsorbing protein 
molecules penetrates the vesicles, no species of  a n e w  size or shape are detected 
by gel chromatography or by  light scattering (Figs. 5 and 6). Electrostatic 
interactions with a protein do not  necessarily change the phospholipid bilayer 
thickness as shown in X-ray studies by  Rand and Sen Gupta [38] in a s tudy 
with insulin as protein and by  Shechter et al. [37].  

The increase in fluorescence intensity with t ime after the initial decrease 
upon the interaction of  a-lactalbumin with the vesicles suggests two distinct 
steps for the interaction. The first step is dominated by  the electrostatic 
interaction, while the second step may be a limited conformational  change 
and/or  even a limited penetrat ion into the hydrophobic  phase. The data in 
which urea and guaoidine hydrochloride are added to the vesicle/protein 
mixture,  are strongly in favour of  a penetrat ion,  since it is found that  the 



554 

protein is partially protected (but  much less than at pH 4) from aqueous 
denaturants.  Summarized, all data at pH 7 (and pH 6 as well) are in agreement 
with an adsorption of  ~-lactalbumin to the outer  surface of  the vesicle through 
electrostatic interaction, fol lowed by  a slow penetrat ion of  a small fraction of  
the molecules. At physiological pH, ~olactalbumin behaves, therefore,  like a 
peripheral protein. 

pH 4 and 5 
In the acidic pH region, the results obtained for the interaction between 

dimyristoyl  phosphatidylcholine and ~-lactalbumin are total ly different: 
the AH values are much higher than at pH 7, the dependence of  AH on the 
ionic strength of  the solution disappears and the curve of  AH as a function of  
temperature  shows a maximum around the transition temperature of  the 
lipid. Furthermore,  in the gel-filtration chromatographs,  a peak due to a 
l ipid~-lactalbumin complex appears. These data can be explained by assuming 
that the interacting ~-lactalbumin molecules break down the original vesicles 
and form a lipid-protein complex with a molar ratio of  ~-80. The drastic 
decrease in light scattering around the transition temperature is in agreement 
with the formation of  such a complex. In parallel to the monolayer  behaviour 
[20],  ~-lactalbumin in the acidic pH region adsorbs to and penetrates the 
vesicles, so that  interaction becomes possible between the fat ty  acid chain of  
the phospholipid molecules and the protein. The shape and the maximum 
in the AH vs. (T) curve at pH 4 and at pH 4.6 signifies that this interaction is 
strongly facilitated around the transition temperature but  less so at higher and 
lower temperatures.  A similar maximum in the microcalorimetric data was 
also found by  Rosseneu [25] for the interaction of  apolipoproteins A-I and 
A-II with dimyristoyl  phosphatidylcholine vesicles. The electron-microscopic 
data show that at 23°C, protein-lipid complexes are formed of a size and 
shape different from the complexes at pH 7. The fact is also that  the high AH 
values (2000 kJ /mol  protein) observed at about  23°C at pH 4 and 5 are 
probably not due to simple adsorption. When adsorption and penetration 
become possible, supplementary interactions can contr ibute  to AH, i.e., hydro- 
phobic interaction between the fat ty  acid chains of  the vesicles and hydro- 
phobic parts of  the protein, conformational  changes in the proteins resulting 
in the possibility of  protonat ion of  more carboxylic groups in ~-lactalbumin 
[9 ] and binding of  water. If hydrophobic  interactions are present, fluorescence 
measurements on the protein must present indications. Morrisett et al. [39] ,  
studying fluorescence spectra of  the interaction between the apolipoprotein- 
containing C-terminal alanine (apo-LP-Ala) interacting with phosphatidyl- 
choline, observed a ~max of  350.4 for the free protein. In 4 M guanidine hydro- 
chloride, the ~max shifted to 351 nm, suggesting that the three t ryptophans 
are highly exposed to the polar solvent. Addition of  the phosphatidylcholine 
shifts ~max to 345.2 nm at a molar ratio of  phosphatidylcholine to apo-LP-Ala 
of  90 and decreases the intensity. This is interpreted as a shift of  one or more 
of  the three t ryptophan residues from a more polar to a more hydrophobic  
environment.  Dufourcq et al. [40] studied the interaction between cyto- 
chrome b5 and egg lecithin liposomes: the formation of  the lipid-protein 
complex with a molar ratio of 50 is accompanied by  a drastic increase in the 
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Fig. 10 .  F l u o r e s c e n c e  spectra  o f  ~ - l ac ta lb u m in  under  d i f f e r en t  denaturat ing  condi t ions :  [ a - l a c t a l b u m i n ]  = 

0 .6  m g / m l ,  [ N a C I ]  = 0 .1  M in all spectra .  - - - ,  c~-lactalbumin in a ce ta t e  bu f f er ,  p H  4,  2 3 ° C ,  k m a  x = 

3 3 0  n m , -  . . . . .  , ~- l ac ta lb u m in  in ac e ta t e  buf fer ,  p H  4,  5 1 . 2 ° C ,  ~ m a x  = 3 5 4  n m ,  o - - o ~- la c ta lbumin  
at p H  2,  Xmax  = 3 4 5  r im;  + I, ~ - l a e t a l b u m i n  + dirnyris toyl  p h o s p h a t i d y l c h o l i n e  ves ic les  ( 1 . 8  m g / m l )  

in buf fer  at p H  4,  2 3 ° C ,  ~ m a x  = 3 3 6  nrn; ~ D ~- lae ta lbumin  in 6 M urea at p H  4,  k r n a x  = 3 5 0  n m .  

intensity and a slight blue shift of  ~max. By eliminating the hydrophilic moiety  
of  cytochrome bs, they were able to show that only the hydrophobic part of  
the molecule  is concerned in this interaction. 

In our experiments at 23°C, a shift o f  kmax is observed from 331 to 334 nm 
at pH 5 and to 336 nm at pH 4, while the fluorescence intensity strongly 
increases up to a molar ratio of  dimyristoyl phosphatidylcholine to ~-lact- 
albumin of  80. Also, the red shift and the increase of  fluorescence yield are 
effects commonly  found in ~-lactalbumin denaturation and conformational 
changes. In Fig. 10, the fluorescence spectra of  ~-lactalbumin are recorded in 
different circumstances which cause typical conformational changes. In this 
figure, the spectrum of  ~-lactalbumin in contac t  with phospholipid vesicles 
at pH 4 and 23°C is corrected for the scattering background of  the vesicles. 
From the comparison of  the spectra, it is obvious that although the area of  
the emission curve of  ~-lactalbumin in contact with the vesicles at pH 4 has 
strongly increased, the shift of  the emission maximum is comparatively low 
and is less than the red shift caused by temperature- or acid-induced confor- 
mational changes. As the red shift of  ~-lactalbumin at pH 2 is not  due to the 
exposure of  tryptophan groups to an external polar solvent [34] ,  it is not  
probable that the red shift of  the ~-lactalbumin-vesicle complex  at pH 4 is 
due to a contact of  the tryptophan groups with water or other strongly 
polar groups. In the same way as is suggested for temperature-induced confor- 
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mational changes [30] ,  it is believed that the increase of  fluorescence yield in 
the complex  is due to the reduction of  fluorescence quenching by the separa- 
tion of  the tryptophans 60 and 140. In the a-lactalbumin-vesicle complex,  the 
protein expands in an apolar lipid phase and the separated tryptophans have 
less opportunity to enter into contact with relatively polar groups (such as 
peptide linkages), than at the temperature and in the acid formation of  
a-lactalbumin. This representation also declares that kmax of the complex  is 
less temperature dependent than kmax of  a-lactalbumin itself: it results in a 
hypsochromic shift of  a-lactalbumin combined to the vesicles at 37°C, from 
340 nm in free a-lactalbumin to 336 nm. The complex  with a molar ratio 
of  = 8 0  is very stable, since denaturation of  the protein in the presence of 
5 M urea or 4 M guanidine hydrochloride .does not occur and since it can be 
separated by gel chromatography. 

Acknowledgements  

This study was supported by a grant of  the Nationaal Fonds voor Weten- 
schappelijk Onderzoek. We are grateful to Mrs. N. Holvoet and M. Delva 
for excellent technical assistance, to Drs. M.P. Lombaerts and J. Baert for the 
electron-microscopic data and to the staff o f  the I.R.C. for the many stimulat- 
ing discussions. We also like to thank Professor Barel o f  the Vrije Universiteit, 
Brussels, for discussions on the fluorescence data. 

References 

1 Capaldi, R.A. and V a n d c r k o o i ,  G. (1972) Proc.  Natl .  Acad. Sci. U.S.A. 69, 930--932 
2 Lenaz, G. (1977) in M e m b r a n e  Prote ins  and their  In terac t ions  with Lipids (Capaldi, R.A., ed.), pp. 

47--149,  M. Dekker,  New York 
3 Brew, K., Vanaman, T.C. and Hill, R.L. (1967) J. Biol. Chem. 59, 3747--3749 
4 Kronman,  M.J. (1968) Biochem. Biophys. Res. Commun.  33, 535--541 
5 Cowbttrn, D.A., Brew, K. and Grazer,  W.B. (1972) Biochemistry 11, 1228--1234 
6 Barel, A.O., Prieels, J.P., Maes, E., Looze, Y. and Leonis, J. (1972) Biochim. Biophys. Acta 257, 

288--296 
7 Findlay,  J.B.C. and Brew, K. (1972) Ettr. J. Biochem. 27, 65--68 
8 Browne, W.J., North,  A.C.I., Phillips, D.C., Brew, K., Vanaman, T.C. and Hill, R.L. (1969) J. Mol. 

Biol .  42, 65--86 
9 Warme, P.K., Momany,  F.A., Rumball ,  S.V., Tutt le ,  R.W. and Scheraga,  H.A. (1974) B i o c h e m i s t r y  

13. 768--782 
10 Somers, P.B., Kronman,  M.J. and Brew, K. (1973) Biochem. Biophys. Res. Commun.  52, 98--105 
11 Kronman,  M.J., Cerankowski,  L. and H o l m e s ,  L.G. (1965) Biochemistry 4, 518--525 
12 Takesada, H., Nakanishi,  M. and Tsuboi,  M. (1973) J. Mol. Biol. 77, 605--614 
13 Kuwajima, K., Nitta,  K. and Sugai, S. (1975) J. Biochem. 78 ,205- -211  
14 Maruyama, S., KuwaJima, K., Nitta,  K. and Sugai, S. (1977) Biochim. Biophys. Acta 494, 343--353 
15 B~Lrel, A.O. and Prieels ,  J.P. (1975) Eux. J. Biochem. 50, 463---473 
16 PoweU, J.T. and Brew, K. (1975) J. Biol. Chem. 250, 6337---6343 
17 Sehindler, M., Sh~Lron, N. and Prieels0 J.P. (1976) Biochem. Biophys. Res. Commun. 69, 167--173 
18 Brew, K., Vanaman° T.C. and Hill, R.L. (1968) Biochemistry 59,491---497 
19 Singer, S.J. (1974) Annu. Rev. Bioehem. 4 3 , 8 0 5 - - 8 3 3  
20 Hanssens, I. and van Cauwelaer t ,  F.H, (1978) Biochem. Biophys. Res. Commun.  84, 1088--1096 
21 Kronman,  M.J, and And~eotti,  R.E. (1964) Biochemistry 3, 1145--1151 
22 Vaskovsky, V.E., Koste tsky,  E.Y. and Vasend in ,  I.M. (1975) J. Chromatogr.  114, 129--141 
23 Wilsehut, J.C., Regts, J., Westenberg, H. and S c h e r p h o f ,  G. (1978) Biochim. Biophys. Acta 508, 

185--196 
24 Op den  Kamp, J.A.F., de Gier, J. and van D e e n e n ,  L.L.M. (1974) Biochim. Biophys. Acta 345, 2 5 3 ~  

256 



557 

25 Rosseneu, M. (1976) Thesis, Thermodynamics of Protein-Lipid Interactions, University of Antwerp, 
p. 150 

26 Pownall, H.J., Morrisett, J.D., Sparrow, J.T. and Gotto, A.M. (1974) Biochem. Biophys. Res. 
Commun. 60,779--786 

27 Yi, P.N. and MacDonald, R.C. (1973) Chem. Phys. Lipids 11,114--134 
28 Robinson, P.N., Dean, M. and Thombs,  M.P. (1977) Biochem. Soc. Trans. Meet., Cardiff, 1532--1534 
29 Sommers, P.B., Kronman0 M.J. and Brew, K. (1973) Biochem. Biophys. Res. Commun. 52, 98--105 
30 Kronman, M.J. (1976) in Biochemical Fluorescence Concepts (Chen, R.F. and Edelhoch, H., eds.), 

Vol. 2, pp. 487--514, M. Dekker, New York 
31 White, A. (1959) Biochem. J. 71,214--219 
32 Steiner, R.F. and Edelhoch, H. (1963) Biochim. Biophys. Acta 66, 341--348 
33 Kronman, M.J. (1967) Biochim. Biophys. Acta 133, 19--32 
34 Kronman, M.J., Hoffman, W.B., Jeroszko, J. and Sage, G.W. (1972) Biochim. Biophys. Acta 285, 

124--I  44 
35 Sugai, S., Yashiro, H. and Nitta, K. (1973) Biochim. Biophys. Acta 328, 35---41 
36 Steck, T.L. and Fox, C.F. (1972) in Membrane Molecular Biology (Fox, C.F. and Keith, A.D., eds.), 

pp. 27--75, Sinauer Associates Inc., Sunderland, MA 
37 Shechter, E., Gulik-Krzywicki, T., Azerad, R. and Gros, C. (1971) Biochim. Biophys. Acta 241, 

431---442 
38 Rand, R.P. and Sen Gupta, S. (1972) Biochemistry 11,945--949 
39 Mortisett, J.D., David, J.S.K., Pownall, H.J. and Gotto, A.M., Jr. (1973) Biochemistry 12, 1290-- 

1299 
40 Dufourcq, J., Faucon, J.F., Lussan, C. and Bernon, R. (1975) FEBS Lett. 57, 112--116 


