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SUMMARY 

The diffusion of [14C]glucose from phospholipid model membrane systems has 
been measured in the presence and absence of bovine serum albumin under various 
conditions. 

At acid pH, bovine serum albumin enhances the rate at which glucose diffuses 
from lecithin-cholesterol-dicetyl phosphate micelles. The enhancement effect has a 
pK of 4.3. This is close to the pH at which the well-known acid conformation change 
occurs in this protein. The activation of diffusion only takes place with negatively 
charged micelles, and is not disrupted by high salt concentrations. The effects of 
temperature and protein concentration on the diffusion rate were also studied. 

It  is suggested that the protein binds through electrostatic interactions initially, 
but that the subsequent formation of apolar bonds brings about the activation of 
glucose diffusion. 

INTRODUCTION 

An understanding of lipid-protein interactions in cellular membranes is a 
central problem in molecular biology. Although the subject of much speculation 1-4, 
this area is, as yet, only poorly understood. It seems clear that both lipids and protein 
are intimately involved in structure and function of biological menlbrane systems, 
and tile problem becomes one of attempting to define how these components of the 
membrane relate to one another in such a fashion as to form a membrane matrix of 
specific functional capability. 

In recent years, one of the more fruitful approaches in the field of inembrane 
s tudy has been the use of simple model systems. In 1964 BANGHAM and co-workersS, 6 
reported experiments with a model menlbrane system which appeared to possess 
many of the properties of its natural counterpart. When shaken with water or salt 
solutions, dry lecithin forms a liquid-crystalline suspension, which on electron 
microscopic examination can be shown to consist of intact spherules with diameters 
of up to 2ooo A. Optical birefringence studies and other considerations suggest that 
these spherules consist of concentric shells of bimolecular leaflets. Other experiments6, 7 
indicated that these artificial membranes possess certain physical and permeability 
characteristics of biological membranes. This system thus provides an opportunity 
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to study the process of diffusion of small molecules and ions across a relatively simple 
membrane system, whose structure and composition reflects that  of cellular mem- 
branes. 

Work in our laboratory has centered on the concept that alteration of a func- 
tional aspect of such a model system (e.g., diffusion) by protein can serve as a measure 
of interaction of lipids in a membrane with that protein. A study of the structural 
aspects of such a system in different functional states should then be of considerable 
assistance in elucidation of the biomembrane problem. 

The work reported here is an investigation of the interaction of bovine serum 
albumin with such a suspension of lecithin spherules. It  was found that under certain 
conditions, small amounts of this protein greatly enhance the efflux of glucose trapped 
inside the spherules. This effect was studied as a function of pH, temperature, ionic 
strength, and membrane charge. 

MATERIALS AND METHODS 

All reagents were A.R. grade and were used without further purification. Dis- 
tilled, deionized water was used. Egg lecithin was prepared by the method of SINGLE- 
TOY et al. s, bovine serum albumin (crystallized) was obtained from General Biochem- 
icals, dicetyl phosphate and stearyl amine from K and K Laboratories and cholesterol 
from Sigma Co. D-[laClGlucose was obtained from Tracerlab. Paper chromatography 
done in our laboratory indicated that this material did not contain any significant 
radioactive impurities. 

Radioactivity determinations were done with a Picker Ansitron liquid scintil- 
lation counter, using IO ml of a counting solution consisting of 300 g naphthalene, 
14 g 2,5 - diphenyloxazole (PPO), 0.600 g 1, 4- his- 2 - (5 - phenyloxazolyl) - benzene 
(POPOP) in 3000 nfl of dioxane. 

Preparation of the lecithin dispersions 
The method used to disperse the lecithin was essentially that of BANGHAM, 

STANDISH AND WATKINS 6. The swelling solution contained I t*C/ml of isotopically 
labeled glucose made up to a concentration of o.145 M. In addition, the solution was 
buffered with I mM tartaric aeid-NaH2PO a at a specified pH in 0.0725 M NaC1. The 
lipid components were dissolved in chloroform and thinly coated on the walls of a 
round-bottom flask by rotary evaporation. The glucose buffer solution was then added 
together with a few glass beads and the mixture was shaken vigorously with a mechan- 
ical shaker for 45 rain. In the final suspension there were 15/~moles of lecithin per ml, 
and the molar ratio of lecithin to the other constituents was 7o:1o:2o (lecithin: 
cholesterol :dicetyl phosphate or stearyl amine). 

Measurement qf g/ucose diffusion 
The lipid spherules were separated from the external solution by passage 

through a colunm of Sephadex G-75 which was equilibrated with a solution con- 
taining buffer, but no glucose. Diffusion of glucose from the lipid spherules was 
measured with the use of a diffusion cell consisting of two compartments separated 
by a dialysis tubing membrane. The membrane was supported between the ground 
glass surfaces of two female 28/15 pyrex socket joints which were sealed off at the end. 
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One side of the cell held zo ml of buffer solution, while the other contained 5 ml of the 
lipid suspension. The whole apparatus was placed on a mechanical shaker to assure 
efficient mixing, and samples were taken from the buffer solution at various intervals 
depending on the diffusion rate for a particular experiment. 

A sample of the lipid suspension was always counted directly after passage 
through the Sephadex column to determine the amount of glucose trapped bv the 
spherules. 

RESULTS 

In the following experiments, the lipid suspensions were all prepared in the 
same way, i.e., by mechanical agitation for 45 rain. I t  has been shown 9 that  the size 
of phospholipid spherules and the rate of efflux of trapped molecules depend on the 
type of phospholipid involved, the method of dispersion and the environment in the 
solution. We have held the first two of these factors constant in order to examine the 
effect of changing environmental factors on the diffusion rate. 

Separation of the spherules ji'om tmtrapped glucose 
After swelling and equilibration, the lipid suspension was layered onto a column 

of Sephadex G-75. The large lipid aggregates pass through this column rapidly and 
are easily separated from the unassociated glucose. Fig. z shows radioactivity and 
-45"*0m/~ (light scattering by micelle particles) plotted as a function of the column 
effluent volume. The untrapped and trapped radioactivity are readily separated, and 
about ~1% of the total  radioactivity and all of the absorbance is associated with the 
lipid spherules. This value compares faw)rably with that  of \ 'VEISSMANN, SI';SSA ANI) 
BEI{NHEIMER 1° and it is a s s u l n e d  to represent the amount of glucose mechanically 
trapped in the lipid spherulcs. 
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Fig.  i .  S e p a r a t i o n  of p h o s p h o l i p i d  mice l l e s  a n d  t r a p p e d  ~l"l(;]glucose f r o m  the  u n t r a p p e d  s o l u t i o n  
on  S e p h a d e x  (;-75. S ix  m l  of s u s p e n d e d  p h o s p h o l i p i d  were  p l a c e d  on  a c o l u m n ,  22 cm /, 2. 5 cm.  
.'. A , A 5 2 o n v , ;  O O ,  r a d i o a c t i v i t y  as c o u n t s / m i n  p e r  ml  of eff luent .  

F ig .  2. T h e  d i f fus ion  of s e q u e s t e r e d  [14C]glucose f r o m  t h e  p h o s p h o l i p i d  mice l les .  Zero  t i m e  cor re -  
s p o n d s  to  t h e  a d d i t i o n  of t h e  m i c e l l e s  t o  one  s ide  of t h e  cell.  T h e  a m o u n t  of r a d i o a c t i v i t y  a p p e a r i n g  
on  t h e  t m f f e r s i d e  of t h e  ce l l  is  e x p r e s s e d  as  t h e  p e r c e n t  of t o t a l  c a p t u r e .  Temp. ,  -'2 ; p H ,  3.4. 
~ - ~ , d i f l u s i o n a c r o s s  d i a l y s i s  t u b i n g  o n l y ;  O O ,  d i f fu s ion  f rom m i c e l l e s  a c t i v a t e d  b y  b o v i n e  
s e r u m  a l b u m i n  ; LJ J ,  d i f fu s ion  f rom mice l l e s  on ly .  
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Diffusion of glucose 
The initial observation was that although bovine serum albumin had no effect 

on the movement of glucose at neutral pH, diffusion was greatly enhanced at lower 
pH values. Fig. 2 summarizes the data obtained from these experiments. The glucose 
at)t)earing across the dialysis membrane is expressed as the percent of the amount 
captured, i.e., the amount of radioactivity trapped inside the lipid spherules. 

Unhindered diffusion (movement across the dialysis tubing only) was, as 
expected, considerably faster than either leakage of trapped glucose from the lipid 
spherules or protein-enhanced leakage. The introduction of bovine serum albumin 
at neutral pH had little or no effect on the diffusion rate. However, when the system 
was at approx, pH 3.5, more than a 4-fold increase in the diffusion rate was observed. 
Over the same pH range, the rate of glucose efflux from the lipid spherules in the 
absence of protein increased only about 25 %. 

E ffec! of pH o.n the difC)¢sion rate 
Since the enhancement effect of the protein on glucose diffusion was only ob- 

served in acidic solutions, a study of the effect of pH on diffusion activation was 
conducted. The results are shown in Fig. 3. Here the difference between the rate of 
glucose diffusion in the presence and absence of bovine serum albumin is plotted 
against pH. In the region between pH's 5.5 and 2.5, the activation of diffusion takes 
place in two phases. A gradual increase in the rate of glucose diffusion begins at pH 
5.5 and reaches a plateau between pH's 3-5 and 3.0; the midpoint of this portion of 
the curve is at pH 4.3. It was of interest that this effect occurs in tim same pH region 
as the " N - F "  transition studied by AOKI AXD FOSTER ~1, which has been shown to 
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Fig. 3. T i t r a t i o n  curve  for the  e n h a n c e m e n t  of glucose diffusion. The p H  of the  buffer was var ied  
by  the  add i t i on  of N a O H  or HC1. The m a g n i t u d e  of the e n h a n c e m e n t  effect is expressed as the  
difference be tween  the  diffusion ra tes  (% per h of t o t a l  capture)  w i th  and w i t h o u t  p ro te in  pres~mt. 
(There was  a s l igh t  increase  in  the  diffusion ra te  of controi  micel les  wi th  pH.  Using a di l ference 
scaIe e l imina te s  th is  e f fec t . )Temp. ,  22-- bov ine  se rum a l b u m i n  concn., 4" lO 4 mole p ro te in  per 
mole of leci thin.  

Fig. 4- The effect of increased  I on enhanced  diffusion. In i t i a l ly ,  the  same e x p e r i m e n t  measur ing  
the  effect of bovine  se rum a l b u m i n  in Yig. 2 was performed.  ~ - - A ,  a t  3 ° rain these  samples  were 
made  i M in NaC1; O O,  these  samples  were a l lowed to  diffuse n o r m a l l y  and made  i M in NaCI 
a f te r  9o rain ju s t  p r ior  to  t a k i n g  a sample.  (This h igh  concen t r a t ion  of sa l t  lowered the  efficiency 
w i t h  which  the  r a d i o a c t i v i t y  was  measured.)  ~ - - ~ d ,  diffusion from micel les  w i t h o u t  prote in .  
Tomp., 25:" ; pH  3.4. 
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involve a conformation change in the protein. A second phase in the activation process 
is indicated by a point at pH 2.8 which shows a further increase in the diffusion rate 
in this area. 

Effect of membrane charge and ionic strength 
The isoelectric point of bovine serum albumin is about 4.8 (ref. 12); at pH 

values below this point the protein molecule will carry a net positive charge. Since 
the spherules which contain dicetyl phosphate will have a net negative charge under 
these conditions 6, it seemed possible that electrostatic forces are involved in the 
interaction. 

To test this hypothesis, the charge on the inembrane was changed from negative 
to positive by the substitution of an equimolar amount of stearyl amine for dicetyl 
phosphate G. In this system, there will be a repulsion between the positive membrane 
and the protein molecule, which should disrupt the interaction. At neutral pH, on 
the other hand, the protein is negatively charged and an attractive force would be 
expected. The spherules were also made uncharged by inclusion of only lecithin and 
cholesterol. As indicated in Table I, it was found that the membrane must be negati- 
vely charged for any enhancement to occur. 

T A B L E  I 

E F F E C T  O F  M E M B R A N E  C H A R G E  ON B O V I N E  S E R U M  A L B U M I N - E N H A N C E D  D I F F U S I O N  

Temp.,  22* ; concn .  of bovine  serunl  a lbumin ,  4" IO 4 mole p ro t e in  per  mole of lec i th in .  The  menl-  
b rane  was  g iven  a pos i t ive  charge  by  s u b s t i t u t i o n  of an  e q u i m o l a r  a m o u n t  of s t ea ry l  amine  for 
d i ce ty l  phospha te .  The neu t r a l  m e m b r a n e  con ta ined  only  l ec i th in  and cholesterol .  

Membrane Nbtmber of Diff~sion rate (% capture 
charge experiments* per h) at 

pH 7 pH 3.5 

Pos i t ive  2 3 4 3-4 
N e g a t i v e  5 3 4 I~ 
N e u t r a l  I - -  4 

* E a c h  e x p e r i m e n t  invo lves  5 repl icates .  

Since high salt concentrations will disrupt charge-charge interactions, the effect 
of ionic strength on the activation of glucose diffusion was studied. The protein was 
allowed to interact with the spherules at a low salt concentration for 3 ° rain, at which 
time enough NaC1 was added to the cell to make the final concentration I M. Diffusion 
was allowed to continue for another 9 ° rain. As indicated in Fig. 4, the rate of diffusion 
at high ionic strength was the same as the rate for diffusion at low ionic strength. 

If tile salt concentration of the buffer was increased to one molar before the 
addition of bovine serum albumin, there was no activation of diffusion. This may be 
due to the fact that bovine serum albumin has a strong tendency so aggregate at low 
pH and high ionic strength la. 

Effect of temperature 
The above experiments were all done at room temperature (22°). However, it 

was of interest to see how the rates of diffusion would vary with temperature. Samples 
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were either shaken in a constant temperature bath or in a cold room to obtain the 
data presented in Fig. 5. The initial rate was determined for each temperature and is 
expressed as the percent of the total capture per h. The logarithm of this rate is plotted 
against reciprocal temperature to obtain the activation energy from the Arrhenius 
equation. The activation energies for the albumin-enhanced diffusion and for diffusion 
in the absence of protein are --IO kcal. mole - t  and - - I I  kcal. mole -~, respectively. 
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~ .  1o 
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Bovine serum olbumin concn.xlO 4 
(mo les /mo le  lecithin) 

Fig. 5. Arrhenius  plot  for diffusion of glucose f rom phospholipid micelles. The log rate  te rm is 
the log10 of % per  h of total  capture.  O - - O ,  diffusion rate wi thout  bovine serum a lbumin;  & - - A ,  
diffusion rate  in the presence of bovine serum albumin,  pH, 3.4; protein concentrat ion,  4" lO-4 
mole protein per  mole of lecithin. 

Fig. 6. The effect of bovine serum a lbumin  concentrat ion on diffusion. The diffusion rate is ex- 
pressed as % of total  capture  per h and the bovine serum a lbumin  concentrat ion as moles of protein  
per mole of lecithin. (The rate  wi th  no bovine serum a lbumin  present  is 4% per h.) Temp.,  23°; 
pH,  3.4- 

Removal o f free fatty acid 
Studies of crystalline bovine serum albumin 14 have indicated that the protein 

has several strong binding sites for free fat ty acids. The fat ty acid may be removed 
by treatment with activated charcoal in acid solution. Upon such treatment, we ob- 
served no detectable difference between the treated bovine serum albumin and the 
natural material. Both enhanced the diffusion of glucose in the same manner. 

Effect of bovine serum albumin concentration 
In all the previous experiments, the same concentration of bovine serum 

albumin was used, 4"1o-4 mole of protein per mole of lecithin. Fig. 6 shows the 
dependence of the diffusion rate on protein concentration. It can be seen that the 
phenomenon is saturable and a point can be reached where added protein does not 
increase the enhancement effect. In fact, the data fit the classical Michaelis-Menten 
expression for enzyme kinetics and a Lineweaver-Burke plot gives a very good 
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straight line. However, the Vmax obtained in this manner approaches Vmax for simple 
diffusion across the dialysis membrane. Therefore, interpretation of these data must 
await further study. 

DISCUSSION 

Diffusion of glucose 
BANGHAM, STANDISH AND WATKINS 6 have shown previously thas it is possible 

to separate the lipid spherules containing sequestered solute molecules from the rest 
of the solution. Our data confirm these observations. To be able to measure the sub- 
sequent diffusion of captured molecules, the limiting step must be the actual move- 
ment across the lipid barrier. In our experiments as in those of BANGHAM, STAN1)ISH 
ANI) WATKINS 6, the movement of solute across the dialysis tubing barrier was found 
to be many times more rapid than the movement across the lipid lamellae of the 
phospholipid spherules. 

The rate of diffusion depends on the area of the membrane involved and the 
concentration gradient driving the process. Assuming that the area of the membranes 
does not change, the initial linearity of the curves in Fig. 2 indicates that the gradient 
is constant during the time course of the experiments reported here. In other words, 
the lamellar structure of the spherules and rapid dispersal of diffused molecules ap- 
pears to provide for the maintenance of nearly constant gradient during the initial 
stages of diffusion. 

Temperature studies 
In experiments with similar model membranes, PAPAHADJOPOULOS AND 

WaTKIXS 9 calculated the activation energies for the diffusion of cations. Their values 
are somewhat greater than the I I  kcal.mole -t  we calculated for glucose diffusion 
(15 kcal-mole ~ for K+), but this is perhaps not too surprising in view of the fact 
that we are dealing with diffusion of an uncharged molecule. In fact, it is of interest 
that the values for cation diffusion and those for glucose diffusion are so sinfilar. 

Another important aspect of the temperature study is the observation that 
enhancement by bovine serum albumin involves only a small change in the slope of 
the Arrhenius plot, and that the major change is in the intercept. Apparently the 
entropy of activation plays a large part in determining the rate increase because this 
factor is reflected in the intercept and not the slope of the Arrhenius plot. A more 
detailed interpretation is difficult at the moment because of the many factors that 
may be involved. However, this observation does suggest that the active conforma- 
tion of bovine serum albumin is able to reduce the entropy requirements for the 
transition state in glucose passage through tile membrane, while the enthalpy of 
activation remains nearly the same. This observation is presently under more inten- 
sive investigation. 

The pH effect 
Between pH's 5.5 and 2.o, several changes occur in the conformation and elec- 

trostatic properties of bovine serum all)umin. The most obvious change occurs at the 
isoelectrie point (pH 4.9-4.7) where tile net charge on the protein lnolecule goes from 
negative at higher pH values to positive at pH values below the isoelectric point. 
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We have already mentioned tile conformation change studied by electrophoresis 
experiments ~t which takes place between pH's 4.5 and 3.5 with a pK of 4.1. Mea- 
surements of intrinsic viscosity ~a have also indicated that the protein conformation 
changes at this point. These studies as well as optical rotation measurements~< t7 and 
increases in the radius of the protein u indicate that further alteration in the protein 
occurs between pH's 3.5 and 2.5. Through this pH range there seems to be a general 
expansion of the bovine serum albumin molecule which is distinct from tlle " N - F "  
ccmformation change. 

It is obvious from Fig. 3 that the effect of bovine serum albumin on the lecithin 
spherules cannot be directly correlated with any of the effects mentioned above. 
Between pH's 5.5 and 2.5, bovine serunl albumin goes through a complex series of 
transformations, and it would seem from the width, position and biphasic nature of 
the curve in Fig. 3 that many of these changes are involved in the enhancelnent of 
glucose diffusion. 

Ionic slrenglh and membrane charge effects 
Initially, we considered the activation of diffusion at lower pH values (Fig. 4) 

to be due to electrostatic interactions between the increasingly, positive protein mole- 
cules (pI, 4.8) and the negatively charged lipid spherules. However, if these inter- 
actions were the only requirement for activation of diffusion, bovine serum albumin 
would affect positively charged spherules at pH values above its isoelectric point. 
This was not the case; when stearyl amine was substituted for dicetvl phosphate in 
the lipid spherules, the addition of bovine serum albumin at neutral pH had no effect 
on the diffusion rate (Table I). It thus appears that other factors are involved in the 
activation process. This conclusion is reinforced by the observation that sharply in- 
creasing the ionic strength does not alter the rate of glucose diffusion. Simple electro- 
static interactions should be disrupted in I M NaCI (ref. IS); however, the bovine 
serum albumin activation occurs even at this high salt concentration. 

lZO~TER t9 has reviewed the known properties of bovine serum albumin; and on 
the basis of titration behavior, the binding of ionic detergents and other factors, has 
proposed a model for the tertiary and quaternary structure of this molecule. The 
model consists of four subunits, all connected in the same protein backbone. These 
subunits are associated with one another through both hydrophobic and electrostatic 
interactions. Upon acidification of 3 crucial carboxyl groups per subunit, the subunits 
unfold, exposing hydrophobic areas of the protein. Subsequent experimental studies 
of digestion of the protein by pepsin by WEBER aND Youx(; "tJ and of the binding of 
alkanes to bovine serum albumin by \~;ISHINA AND PINDER 2t supt)~'~rt FOSTHe's 
conclusions. 

Our results appear to suggest that the "F" or unfolded conformation is inwflved 
in the activation of glucose diffusion in the model membrane system. Opposite 
charge on the protein and the lipid spherules appears to be necessary, but not suf- 
ficient to activate diffusion. Since the interaction is not disrupted by high salt con- 
centration, and appears to involve protein with exposed hydrophobic sites, the 
existence of apolar interactions is implied. 

Thus, our picture of this protein-lipid interaction involves the initial binding 
of the protein to the surface of tile spherule due to electrostatic interactions. Activation 
of diffusion may then be caused through disruption of the lipid barrier brought about 

Biochim. Biophys. Acta, I73 0060) 94-ro3 



102 C. SWEET, J. E. ZULL 

by the penetration of apolar portions of the protein molecule into the hydrocarbon 
matrix of the membranes. 

There are other conceivable explanations for the enhancement of glucose 
diffusion by bovine serum albumin. In our studies, it was assumed that the model 
membranes remain essentially intact during the activation process. However, if the 
lamellar lnembrane systems of some of the spherules were grossly disrupted, it would 
lead to the release of trapped glucose into the surrounding solution. As a result, the 
apparent leakage rate would be greatly enhanced. Such an effect is seen with certain 
non-ionic detergents and globular proteins m. However, under circumstances where 
the radioactive marker is free in solution, one would expect the activation energy for 
the diffusion process to be the same as that for free diffusion across the dialysis men> 
brane (3-4 kcal). In fact, in our system the activation energy is about the same for 
both normal and enhanced diffusion (IO-II  kcal). This indicates that the barrier to 
glucose diffusion is not destroyed in the activation process. Electron microscopic 
studies now under way may also help resolve this question. 

Another alternative explanation might be the selective solubilization of a 
component of the lipid lamellar system; bovine serum albumin is known to bind 
long-chain organic ions similar to dicetyl phosphate 19. We have found, however, that 
on high-speed centrifugation in acid solution, bovine serum albumin sediments with 
the lipid*. One would expect bovine serum albumin to remain in the supernatant if 
the effect were due to removal of the organic anion by this protein. 

Obviously, more work needs to be done to fully substantiate our hypothesis, 
but in any case, it seems clear that both polar and apolar forces are important in this 
lipid-protein interaction. This appears to be the first example of a system where both 
types of interactions are involved in a lipoprotein system, although GREEN 18 has 
demonstrated both for the association of different proteins with lipids in mitochron- 
dria. 

In conclusion, it appears that further study of the bovine serum albumin 
interaction with model phospholipid membranes may be of assistance in under- 
standing protein-lipid interactions in cell membranes. 
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