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Summary. Water-soluble Folch-Lees proteolipid apoprotein from bovine CNS white 
matter induces a voltage-dependent conductance in black lipid membranes. Na + is required 
for the induced conductance change but the established conductance has very low ionic 
selectivity. The induced conductance fluctuates with a minimum amplitude of 
10-11_10 10 mho. The magnitude of the conductivity change is dependent on protein 
concentration and on the composition of lipid bilayers. At a fixed voltage the induced 
conductance of a phosphatidylcholine-cholesterol membrane is proportional to the sixth 
power of the protein concentration and the first power of Na + concentration. The interac- 
tions between the apoprotein and the lipids are both electrostatic and hydrophobic, but 
the interaction leading to the conductance increase appears to be mainly hydrophobic. 
Both the increase in conductance and the current fluctuations remain after extensive washing 
of the chambers to remove the protein. Furthermore, pronase or glutaraldehyde added 
to either the cis or trans side of the membrane does not affect the apoprotein-established 
conductance. However, if the bilayer is formed in the presence of both the apoprotein 
and pronase or if the apoprotein is treated with pronase prior to its addition to the 
chamber, no conductance change is observed. The association of the apoprotein with 
the membrane thus appears to render the protein inaccessible to proteolytic digestion, 
suggesting that the apoprotein is at least partially imbedded in the membrane interior. 

Model membranes containing well defined proteins and lipids provide 
a simplified system for the study of the role of lipid-protein interactions 
in the molecular architecture and function of biological membranes. 
The major interactions between soluble or extrinsic membrane proteins 
and lipids are electrostatic, and changes in the membrane conductance 
in the lipid bilayers are generally not observed (Tien & Mountz, 1976). 
Integral or intrinsic proteins show both electrostatic and hydrophobic 
interactions with lipids, but these have been studied to a much lesser 
extent. 
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The  Fo lch-Lees  pro teo l ip id ,  one  o f  the two m a jo r  pro te ins  o f  centra l  

nervous  system myel in ,  accoun t s  for  app ro x im a te ly  ha l f  o f  the to ta l  

myel in  p ro te in ;  mos t  o f  the remain ing  pro te in  is the myel in  basic p ro te in  

(Folch-Pi  & Stoffyn,  1972). The  p ro teo l ip id  is an  amphipa th ic ,  intr insic 

m e m b r a n e  p ro te in  which is soluble in organic  solvents  and  associates  

closely with lipids. The  apopro t e in ,  devoid  o f  complex  lipids, main ta ins  

its solubil i ty in c h l o r o f o r m - m e t h a n o l  but  can  be conve r t ed  to a wate r  

soluble f o r m  ( T e n e n b a u m  & Folch-Pi ,  1966; Fo lch-P i  & Stoffyn,  1972; 

H end r i c kson ,  Joffe  & Dav idson ,  1972). The  in te rac t ions  o f  the a p o p r o t e i n  

wi th  dif ferent  lipids have  been s tudied in m o n o l a y e r s  (Ter  Minass ian-  

Saraga  et al., 1973; L o n d o n  et al., 1974) and  in l iposomes  (Braun  & 

Radin ,  1969; P a p a h a d j o p o u l o s ,  Vail & Moscare l lo ,  1975; Boggs, Vail 

& Moscare l lo ,  1976; Boggs e ta l . ,  1977; Cu ra to lo  e ta l . ,  1977; Cockle  

et al., 1978a, b), and  in te rac t ions  wi th  bo th  charged  and  neut ra l  lipids 

have been  demons t r a t ed .  In the present  paper ,  we descr ibe the effects 

o f  the water -so luble  f o rm  of  the p ro teo l ip id  a p o p r o t e i n  on  the electrical  

p roper t i es  o f  bi layers  o f  var ious  lipid compos i t ions .  

Materials and Methods 

Chromatographically pure bovine phosphatidyl serine (PS), egg yolk phosphatidyl cho- 
line (PC), and cholesterol were purchased from Supelco Inc. (Bellefonte, Pa.) and n-decane 
was obtained from Eastman Kodak Co. (Rochester, N.Y.). Pronase was obtained from 
Sigma Chemical Co. (St. Louis, Mo.) and glutaraldehyde from Taab Laboratories (Emmer 
Green, Reading, England). All other chemicals were reagent grade. 

Bimoiecular or black lipid membranes (BLMs) were formed from PS (10 mg/ml n-de- 
cane) or from PC (20 mg/ml n-decane) or a mixture of PC and cholesterol at a concentration 
of 12.5 mg PC and 3 mg cholesterol per ml n-decane. BLMs formed from PC alone were 
unstable in the presence of the apoprotein. The bilayers were formed by spreading the 
lipid solution with a brush or a Pasteur pipette across the hole (~3 x 10 -2 cm 2) on a 
polyethylene or Teflon partition, which separates two aqueous phases (Mueller et al., 1964). 
The protein was added to either one or both chambers after the membrane had thinned 
down to a black film. The protein-induced conductance usually reached a steady state 
within 10 rain after the addition of the protein to the aqueous phase. To ensure that 
the newly established membrane conductance had reached a stable value, all current-voltage 
(I-V) curves were taken 15 rain after protein addition. Experiments were also performed 
in which the chloroform/methanol (2:1 vol/vol) soluble form of the protein was combined 
with the lipid solution prior to formation of the membrane. The rate of thinning was 
considerably slower when the membrane was formed in the presence of the protein. All 
aqueous solutions were buffered with 10 mM Tris-acetate at pH 6.5, and all measurements 
were performed at room temperature (~21 ~ Aqueous solutions were changed by perfu- 
sion of the chambers using a pair of mechanically matched coupled syringes. 
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Membrane conductance (Gin) was determined using a four-electrode system. One pair 
of electrodes was connected to a high input impedance differential amplifier for measuring 
membrane potential (V~). A third electrode was connected to a voltage source (a ramp or 
a pulse generator), and the fourth was used to measure the current flowing across the 
membrane (I,,). A potential was defined as positive when the potential of the back chamber 
was more positive than the front, and a positive current was considered as one in which 
cations flow from the back to the front chamber. Gm (G~ =Im/Vm) was calculated from the 
current-voltage curves at a constant voltage. Ag-AgC1 electrodes were used for most 
measurements, but for measurements which involved asymmetric chloride concentrations 
across the bilayer, commercial calomel electrodes were substituted. 

The proteolipid apoprotein was isolated from bovine white matter and delipidated by 
dialysis against neutral and acidic chloroform-methanol (Lees & Sakura, 1978). After the 
removal of lipids, the apoprotein was converted to the water-soluble form by the method 
of Sherman and Folch-Pi (1970). Detergent was not used at any step of the isolation 
or purification procedures. The apoprotein, thus prepared, is free of complex lipids but 
still contains 24% covalently bound fatty acids (Stoffyn & Folch-Pi, 1971). The protein 
shows a single, sharp band upon isoelectric focusing in a non-ionic detergent (Draper, 
Lees & Chan, 1978), but multiple bands are observed on SDS polyacrylamide gels. However, 
no chemical differences have been detected in the material eluted from the various gel bands 
and a structural interrelationship among the bands has been proposed (Lees et aI., 1979). 
Bovine myelin basic protein was kindly provided by Dr. Eugene Day of Duke University. 

Results 

Symmetrical Addition of  Apoprotein 

The  add i t ion  o f  the p ro teo l ip id  to bo th  sides o f  the m e m b r a n e  separat-  

ing two aqueous  solut ions  con ta in ing  0.1 M buf fe red  NaC1 induces an 

increase in m e m b r a n e  conduc t ance  (Fig. 1). N o  difference is observed  

be tween results ob ta ined  when pro te in  is added  to the aqueous  c h a m b e r  

a f te r  f o r m a t i o n  o f  the lipid m e m b r a n e  or  when the c h l o r o f o r m - m e t h a n o l  

soluble p ro te in  is mixed  with the lipid solut ion pr ior  to  m e m b r a n e  fo rma-  

tion. Results  are shown only  for  the fo rmer  set o f  exper iments .  The  

zero-vol tage  conduc t ance  o f  the PC-choles te ro l  m e m b r a n e s  is 

10-  7 f U  ~ . c m -  2. g g -  ~ prote in ,  whereas tha t  o f  the PS m e m b r a n e s  

is an order  o f  magn i tude  lower  ( ~ 1 0  -8 f~ 1 . cm -Z .~ tg -1  prote in) .  Re-  

gardless o f  the lipid compos i t i on  of  the m e m b r a n e ,  the cur ren t  increases 

exponent ia l ly  with the voltage.  F o r  each 25 mV change  in potent ia l ,  

there  is an e-fold change  in m e m b r a n e  cur rent  ( insert  o f  Fig. 1). In 

add i t ion  to the vol tage dependen t  increase in m e m b r a n e  conduc tance ,  

the a p o p r o t e i n  induces r a n d o m  cur ren t  f luc tua t ions  at vol tages greater  

than  _+ 20 inV. These  f luc tua t ions  occur  on ly  af ter  the increase in m em -  

b rane  c onduc t a nce  is observed  and  have a m i n i m u m  ampl i tude  of  10-z  1 



36 H.P. Ting-Beall, M.B. Lees, and J.D. Robertson 

C 

o 
T 
0 

E 

-160 -120 -80 - 40  9_S" . . . . . .  . . . . . .  

. .  

-16 e 

-12 

-8 

-4  

�9 , 4  

...... " ' T " "  

40 80 120 160 

- - 4  PC 

- - 8  ,o-9. /-/6 
/ "-12 HE Wo" 

'-16 

.s" ,Io ,io 
VmimV) 

V m (mY) 

Fig. 1. Current-voltage relationship for (A) PS or PC-cholesterol BLM with no Folch-Lees 
proteolipid apoproten present in the aqueous phase. PC-cholesterol BLM without apo- 
protein has the same membrane conductance as that of the PS control BLM ; (B) PS BLM 
and 2.5 gg/ml apoprotein; (C) PC-cholesterol BLM and 1.0 pg/ml apoprotein. Membranes 
were formed in 0.1 M NaCI and 0.01 M Tris-acetate buffer, pH 6.5, and the protein was 
added to both chambers. Insert is a replot of curve A on a semi-logarithmic scale to show 

the exponential dependence of the current on voltage 

to  10 -~~  mho .  On the basis  o f  p r e l i m i n a r y  s ingle-channel  analyses ,  the 

a m p l i t u d e  o f  the  f luc tua t ions  a p p e a r  to be  i n d e p e n d e n t  o f  the app l i ed  

vo l t age  be tween  + 2 0  and  + 9 0  mV.  Bo th  the  increase  in c o n d u c t a n c e  

a n d  the  cu r r en t  f luc tua t ions  r e m a i n  a f te r  extensive wash ing  o f  the 

c h a m b e r s  to  r e m o v e  the  p ro te in ,  suggest ing tha t  the p ro t e in  e i ther  pen-  

e t ra tes  the  l ipid b i layer  or  is i r revers ib ly  a d s o r b e d  to it. 

Asymmetrical Addition of Apoprotein 

Asymmetry in the I-V curves  is o b s e r v e d  if the p ro t e in  is a d d e d  to 

on ly  one  side o f  the b i layer  (Fig. 2). The  pos i t ive  cu r ren t  f lows m o r e  
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Fig. 2. Current-voltage relationship for (A) PS BLM and 2.5 pg/m] apoprotein; (B) PC- 
cholesterol BLM and 1.0 gg/ml apoprotein. Experimental conditions are the same as in 
Fig. 1 except the protein was added to the front chamber only. Insert is the replot of 
the I-V curves on a semi-logarithmic scale. Closed symbols are for positive voltages and 

the open symbols are for negative voltages 

easily away from the side containing the protein than towards it. How-  
ever, the asymmetry is less pronounced in the PC-cholesterol membrane 

than in the PS membrane.  The magnitude of  the asymmetry is defined 
as the distance (R) between the two curves of  the positive and negative 
voltages on a semi-log plot of current vs. voltage (insert of  Fig. 2). The 

value of  R for the PC-cholesterol bilayer is approximately half that 
of  the PS bilayer. 

Membrane Stability with Apoprotein Incorporated 

Both PS and PC-cholesterol BLMs are normal[y stable for several 
hours, even after incorporat ion of  apoprotein. The modified bilayers 



38 H.P. Ting-Beall, M.B. Lees; and J.D. Robertson 

=, 
0 

E 

- 2 0 0  -160 

-24  

-16 

J 

. -16 

- - 2 4  

- - 3 2  

2oo vm (rnv) 

Fig. 3. Current-voltage curve of a PS BLM with addition of 2.5 gg/ml apoprotein to the 
front chamber. Experimental conditions are the same as in Fig. 1. Arrows show direction 

of voltage sweep; dr~dr= 10 mV/sec 

can be subjected to repeated voltage sweeps up to + 150 mV without 
showing any sign of breakage or increase in membrane conductance 
above the level of the apoprotein-induced membrane conductance. Fig- 
ure 3 shows a typical I-V curve of a PS-apoprotein bilayer measured 
at a voltage sweep rate of 10 mV/sec. The separation of the traces in 
the two different sweep directions (indicated by arrows) is due to the 
capacitive charging current (Ic) and is given by Ic--C(dv/dt) where C 
is the membrane capacitance, and dV/dt is the change of membrane 
voltage with time. In contrast to these results, the PC-apoprotein recombi- 
nent membranes are relatively unstable under these conditions and repro- 
ducible measurements cannot be obtained. 

Ion Selectivity 

Sodium ions (>  1.0 raN) on the same side of the membrane as the 
apoprotein are required for the protein to exert an effect on the bilayer, 
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Fig. 4. Effect of either NaC1 or KC1 on membrane conductance (Vm=60 mV) of PC- 
cholesterol BLM at a fixed concentration of the apoprotein (1.0 gg/ml) in both chambers. 

All aqueous solutions were buffered with 0.01 ~ Tris-acetate at pH 6.5 

but, once the increase in conductance has been produced,  the membrane 

loses its selectivity for Na  + and K +. The bionic potential, i.e., the electri- 
cal potential difference at zero current across a membrane separating 

equimolar solutions of  NaC1 and KC1, is zero. Measurements  of  zero 
current potential in the presence of  a ten-fold gradient of  NaC1 concentra- 

tion indicates that the selectivity for cations and anions is insignificant: 

the transference number  for Na + is only 0.4. However,  if only KC1 

is present, the apoprotein has no effect on the conductance (Fig. 4). 
In contrast, at a fixed protein concentration, the effect of  the apoprotein 
on the membrane conductance is directly proport ional  to NaC1 concen- 
tration in the range between 0.01 and 0.3 M (Fig. 4). The conductance 
reaches a maximum at around 0.3 M NaC1 and drops precipitously 
beyond this concentration almost to the level of  the unmodified mem- 

brane, The deviation from linearity in the data at low NaC1 concentra- 
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Fig. 5. Effect of Folch-Lees proteolipid apoprotein concentrations on membrane conduc- 
tance (Vm=60 mV) of PC-cholesterol BLM at three different NaC1 concentrations. All 
aqueous solutions were buffered with 0.01 M Tris-acetate at pH 6.5. Apoprotein was present 

in both chambers 

tions is probably due to the relatively small magnitude of  the changes 
in conductance induced by the protein at the low salt concentration. 

Apoprotein Concentration 

With the apoprotein in both chambers,  the conductance of  a PC- 
cholesterol BLM in either 0.01 or 0 . 1  M NaC1 increases as the sixth 
power of  the protein concentration (Fig. 5). Unilateral addition of  protein 
gives the same slope, but  the curve is shifted to the right along the 
protein concentrat ion axis. At high salt concentrat ion (1.0 M NaC1) the 
addition of  protein causes only minimal change in conductance. Further  
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Fig. 6. Current-voltage curves of a PS bilayer exposed to 3.3 ~tg/ml apoprotein in the 
front chamber (A), and subsequent addition of 10 pg/ml myelin basic protein to the back 
chamber (B). Membrane was formed in 0.1 M NaC! and 0.01 M Tris-acetate buffer, pH 6.5 

increase in protein concentration produces little additional conductance 
change. 

Other Myelin Proteins 

In contrast  to the effect of  the proteolipid apoprotein on the electrical 
proteins of  a PS bilayer, the addition of  myelin basic protein at concentra- 
tions up to 10 mg/ml has n o  effect. However,  upon addition of  basic 

protein after establishment of  the conductance increase by the apoprotein,  
a further enhancement of  the membrane conductance is observed (Fig. 6) 
and the membrane becomes unstable. 

Apoprotein Modifications 

The increase in membrane conductane is not observed after the 
protein has been subjected to prolonged freezing and thawing. Further, 
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if the apoprotein is incubated for 30min with pronase (50 gg/ml) prior 
to its addition to the chamber, no increase in conductance is observed. 
Similarly, if the bilayer is formed in the presence of both the apoprotein 
and pronase, no conductance change is observed. In contrast, if the 
apoprotein is added to the bilayer and pronase is subsequently added 
to either the same or the opposite side, the apoprotein-induced increase 
in conductance and the amplitude of the current fluctuations are main- 
tained. Similarly, the addition of up to 2% glutaraldehyde to the aqueous 
medium has no effect. Thus, once the apoprotein has interacted with 
the BLM, it appears to be inaccessible to proteolytic digestion or chemical 
fixation. 

Discussion 

The results presented in this paper demonstrate that the bovine brain 
white matter proteolipid apoprotein, when incorporated into a BLM, 
increases membrane conductance and that Na § is required to produce 
this change. It is well established that the apoprotein shows a conforma- 
tional flexibility in different solvents (Sherman & Folch-Pi, 1970; Mos- 
carello, et al., 1973). Salts are known to alter the interrelationship be- 
tween this protein and lipids and to cause aggregation of  the protein 
(Webster & Folch, 1961). It is, therefore, possible that a specific confor- 
mational change in the protein may occur in the presence of Na § and 
that it is only in this conformation that the protein can interact with 
the BLM. Although no differences have as yet been observed between 
the effects of different monovalent cations on the conformation of the 
protein, the occurrence of such changes is not precluded. At high Na § 
concentrations ( > 0.3 g) a nonspecific aggregation occurs (Butler, 1975). 
The large complexes which are formed may not be able to penetrate 
the bilayer, and consequently little change in membrane conductance 
is observed (Figs. 4 and 5). 

The magnitude of the apoprotein-induced membrane conductance 
change is dependent on the composition of the BLM and reflects a 
difference between electrostatic and hydrophobic forces. In the case of 
cholesterol-containing membranes, hydrophobic interactions probably 
account for the marked effect of the apoprotein on the PC-cholesterol 
BLM. The increase in conductance observed with increasing ionic 
strength (Fig. 4 and 5), along with the evidence from the monolayer 
and liposome studies (Braun & Radin, 1969; London et al., 1974; Papa- 
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hadjopoulos et al., 1975; Boggs et al., 1976; 1977; Cockle et al., 1978a, 
b), all emphasize the importance of hydrophobic interactions between 
the apoprotein and the lipids. On the other hand, with a comparable 
amount of protein, the conductance change observed for a PS BLM 
is less than for the PC-cholesterol BLM. The apoprotein bears a net 
positive charge at pH 6.5 (isoelectric point=9.2, Draper, Lees & Chart, 
1978), and the positively charged protein molecules can be expected 
to interact with the negative charges of the PS head groups. Consequently, 
fewer protein molecules would be available for hydrophobic interactions 
and a lesser magnitude of the conductance change would be expected. 

Both proteolipid apoprotein and myelin basic protein have been 
shown to interact with charged lipids at an air-water interface and to 
expand the area of the monolayer at a constant surface pressure (Demel 
etal. ,  1973; London etal. ,  1974). However, in the present study the 
myelin basic protein produced no change in membrane conductance 
when added to either one or both sides of a PS BLM. Myelin basic 
protein is a water soluble, hydrophilic protein which probably interacts 
with membranes mainly via electrostatic forces. Soluble basic proteins 
generally interact electrostatically with charged lipids and can thereby 
alter the permeability of PS vesicles to 22Na+ (Kimelberg & Papahadjo- 
poulos, 1971a). However, the extent of the effect of different basic 
proteins on permeability varies by several orders of magnitude and ap- 
pears to correlate with the degree of penetration of the protein into 
PS monolayers (Kimelberg & Paphadjopoulos, 1971b). Myelin basic 
protein has been shown to markedly alter the permeability of liposomes 
to glucose (Gould & London, 1972). This effect has been interpreted 
as a consequence of the pentration of the lipid matrix by the protein, 
or certain regions of the protein, resulting in increased permeability 
of the liposomes to glucose. Under the conditions used in the present 
study, the myelin basic protein does not alter the conductance of the 
BLM but does increase the conductance of a membrane in which proteoli- 
pid apoprotein is already incorporated. This effect could involve either 
an interaction of the basic protein with a lipid bilayer whose structure 
has already been altered by the apoprotein or a direct interaction between 
the basic protein and the proteolipid apoprotein. Preliminary studies 
on the primary structure of the apoprotein suggest a segregation of amino- 
acid residues into charged and uncharged regions (Chan & Lees, 1978). 
Interactions of hydrophobic regions of the protein with the apolar lipid 
core of the bilayer may fix the protein in a conformation which permits 
electrostatic interactions. Thus, the membrane conductance, which in- 
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creases as a result of incorporation of the apoprotein into the membrane, 
increases further upon interaction with the basic protein. Although the 
latter interaction could involve mainly electrostatic forces, the possibility 
of hydrophobic interactions between the basic protein and proteolipid 
is not precluded. An analogous situation is seen in the increased conduc- 
tance of BLM produced by a erythrocyte sialoglycoprotein and the fur- 
ther increase in conductance upon the addition of concanavalin A (Toste- 
son, Lau & Tosteson, 1973). 

In addition to the effects on membrane conductance, the apoprotein, 
once incorporated into the bilayer, produces random current fluctuations 
which are independent of the lipid composition of the membrane. These 
fluctuations suggest the formation of channels in the bilayer. They are 
not as discrete as would be observed upon formation of stable channels, 
and they could correspond to detergent-like effects of the anaphipathic 
apoprotein. However, several lines of evidence suggest that the current 
fluctuations are not a consequence of a breakdown of the membrane 
but are an indication of channel formation. The membrane remains 

stable at voltages as high as 150 mV and can be subjected to repeated 
changes in voltages in either direction without changes in apoprotein- 
induced conductance. Furthermore,  the amplitude of the single channel 
is independent of applied voltage in the range between 20 and 90 inV. 
Thus, there is no evidence for membrane breakage under these conditions. 
The apoprotein, as has been observed for most channel formers (Mueller 
& Rudin, 1968; Muller & Finkelstein, 1972; Eisenberg, Hall & Mead, 
1973 ; Blumenthal & Shamoo, 1975), produces a high order of concentra- 
t ion-dependent conductance change in BLMs. The slope of the log-log 
plot of conductance v s .  apoprotein concentration is 6. This high order 
of dependence on protein concentration supports the hypothesis that 
the apoprotein forms channels in the bilayer and that the formation 
of channels involves some type of cooperativity or aggregation. The 
possible existence of oligomeric forms of the protein proposed by Chan 
and Lees (1974) suggests that this type of interaction may play an impor- 
tant role in the process of channel formation by the apoprotein. It is 
likely, but not yet established, that the increase in steady-state conduc- 
tance produced in the bilayer by the apoprotein is entirely due to the 
formation of these channels. Further investigation of this possibility is 

required. 
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