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Summary 

The fluorescent probe 9-aminoacridine was used to measure the rate of 
decay of experimentally established pH gradients across liposome membranes. 
From the rate of decay, separate permeability coefficients for protons (PH) 
and hydroxyls (PoH) were calculated and summed to yield the net proton- 
hydroxyl permeability (Pnet). The net permeability of protons and hydroxyls 
was found to be approximately 10 -4 cm/s, six orders of magnitude greater than 
that measured for sodium and pyrophosphate ions under similar conditions. 
This suggests that protons and/or hydroxyls cross lipid bilayers by a different 
mechanism than do other monovalent cations and anions. In addition, the 
measurements provide a standard for net proton-hydroxyl permeability in 
pure phospholipid bilayers for comparison with biological membranes. 

Introduction 

Liposomes provide a useful model system for studying numerous membrane 
related phenomena, including permeability of various biologically important 
ions. For instance, sodium, potassium, and chloride permeabilities have been 
measured using radioactive label methods [ 1--3]. However, the rapid equilibra- 
tion of a tritium label between protons, hydroxyls and water makes it unsuit- 
able for similar measurements of proton and hydroxyl permeabilities, and 
indirect methods are required. 

Abbreviation: FCCP, carbonyl cyanide p-trifluoromethoxyphenylhYdrazone. 
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We have used the fluorescent probe 9-aminoacridine to monitor pH gradients 
and their rate of decay across liposome membranes.- From this decay rate, the 
net proton-hydroxyl flux can be calculated. The Goldman [4], Hodgkin and 
Katz [5] equation has been shown to predict accurately this measured flux and 
can be used to solve for the proton and hydroxyl permeability coefficients. 
These coefficients were summed to yield the net proton-hydroxyl permeability. 
Surprisingly, this net permeability was found to be six orders of magnitude 
greater than sodium permeability measured under similar conditions. 

Although others have measured pH gradient decay [6--8] or combined 
proton-hydroxyl conductance [10--12] for membranous vesicles and bilayer 
membranes, to our knowledge this is the first report of net proton-hydroxyl 
permeability in liposomes. 

Methods 

Liposome preparation 
Liposomes were prepared by an ether vaporization method described in 

detail elsewhere [13]. Diethyl ether solutions of phospholipid were injected 
into aqueous buffer solutions warmed to 60°C. The ether vaporized, and lipid 
dispersions with relatively high trapping-capacities (10--20 1/mol phospholipid) 
were formed. In typical experiments, 2 ml of ether solution of lipid (2 pmol/ 
ml) were injected over a ten minute period into 4 ml of 30 mM pyrophosphate 
buffer (pH 5.5). Liposomes were prepared from 98 mol% phosphatidylcholine 
and 2 mol% phosphatidic acid (Avanti Biochemicals, Inc., Birmingham, AL). 
The resulting liposomes were filtered through a 0.45 ~zm Millipore filter to 
remove large lipid structures, followed by filtration through Sephadex G-50 
(1 × 30 cm column) into 67 mM sodium sulfate (pH 5.5). The Sephadex beads 
were routinely removed from the column, washed in methanol and water, and 
repacked for each preparation. 

The phospholipid and phosphate content of the liposomes was measured by 
the method of Raheja et al. [14] and Chen et al. [15], respectively. From the 
known phosphate concentration within the liposomes, the internal volume and 
the volume trapping efficiency of the liposomes were readily calculated. To 
produce a pH gradient of known magnitude, 0.2-ml aliquots of the liposome 
suspension were injected into 2.0 ml of isoosmotic buffers at pH ranges higher 
than the trapped buffer. The addition was made directly into the cuvet while in 
the fluorometer. 

Measurement of pyrophosphate permeability 
Liposomes were prepared containing pyrophosphate (PPi) buffer (pH 5.5) 

inside and unbuffered Na2SO4 (pH 5.5) outside. The liposome solution was 
titrated to pH 8.5 with NaOH and placed on one side of a chamber separated 
by a dialysis membrane (exclusion size 12 000 mol. wt.). The solutions were 
stirred slowly and allowed to equilibrate for 4 h. The liposome solution, the 
dialysate, and a blank were then assayed for inorganic phosphate in order to 
determine pyrophosphate permeability. Phospholipid was extracted from the 
samples with chloroform/methanol (1 : 1). The remaining aqueous solution was 
dried and resuspended in 0.6 ml 0.5 N HC1, heated in a boiling water bath for 
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15 min to hydrolyze the pyrophoshate and assayed for inorganic phosphate 
[15]. 

Measurement of Na ÷ permeability 
When it was desired to compare sodium permeability to proton and 

hydroxyl permeability 22Na was included in the internal buffer solution, and 
liposomes were prepared as usual, followed by gel filtration. The resulting 
suspension was placed in dialysis tubing and the rate of appearance of 22Na was 
measured in the solution outside the dialysis membrane. This experiment was 
designed so that 22Na and proton and hydroxyl permeability could be com- 
pared under similar conditions. We established concentration gradients of 
1 0 0 0 : 1  for protons, hydroxyls, and sodium. The proton and hydroxyl 
gradient was from 10 -s's to 10 -s's M and the sodium gradient was from 10 -2 
to 10 -s M. In this manner, the rate of sodium flux could be compared with that 
of protons and hydroxyls down similar gradients and under similar conditions. 
The ionic strength of the buffers was adjusted with potassium pyrophosphate 
(PPi). 

Measurement of ApH and proton-hydroxyl flux 
ApH was measured using 9-aminoacridine, as previously described [16]. 

Twenty ~1 of 0.1 mM 9~minoacridine in ethanol were placed in the cuvet of a 
recording Aminco Bowman spectrophotofluorometer containing 2.0 ml of 
aqueous buffer at varying pH values. The fluorescence (excitation 260 nm, 
emission 460 nm) was adjusted to 100% on the recorder, and the liposomes 
were added. Quenching of fluorescence indicated that the dye was taken up by 
the liposomes [16--19]. The fluorescence was recorded continuously for up 
to 40 min, and the relaxation of quenching was assumed to reflect the pH 
gradient decay by the combination of proton and hydroxyl flux. To be sure 
that 9-aminoacridine was not affecting the permeability of the liposomes, in 
other experiments the dye was added after efflux had occurred for varying 
intervals of time, and the quenching was compared with that obtained by 
continuous measurement. No significant differences were observed in the rate 
of ApH decay, and we concluded that 9-aminoacridine did not affect the 
proton and hydroxyl permeability of liposomes. 

Net flux measurement 
The relationship governing distribution of monoamines between membrane- 

enclosed volumes of different pH is [16] : 

ApHo_._ i = pH 0 -- pH i = log + log ~i  (1) 

where ApHo~ is the difference in pH inside (pHi) and pH outside (pHo). Ai and 
Ao are the total amount of amine inside and outside respectively, and Vi and 
V0 are the volumes inside and outside, respectively. Assuming the dye trapped 
inside the vesicles is totally quenched, Ai/Ao is given by Q/(100 -- Q), where Q 
is the percent quenching of the total fluorescence. This relationship was tested 
by varying the pH of the external buffer and calculating Ai/Ao from the 
measured values of Q. The plot of ApH versus log Ai/Ao is linear for ApH less 
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than 3 with a slope near the theoretical slope of  1.0. In order to account  for 
any non-ideality in this system, for each set of  liposomes the limits of  linearity 
were tested, and a linear equation describing the relationship between ApH 
and log Ai/Ao was determined and used to calculate the ApH for any given 
value of  log Ai/Ao. The y-intercept of  this line gives the theoretical value of  log 
Vo/Vi. Thus, from the gradual increase in fluorescence, the value for log Ai/Ao 
and ApH could be determined for a sequence of  time points. Since the external 
solution is buffered sufficiently to maintain a constant  pH, a change in ApH 
reflects a change in the internal pH alone, and the internal pH can be plot ted 
against time. This graph was numerically differentiated to obtain dpH~/dt vs. 
time. The buffer capacity of  the internal buffer (Bi) can be determined from an 
acid or base titration experiment.  The net  change in internal proton concentra- 
tion which is also equal to the net flux of  protons and hydroxyls across the 
liposome membranes (Jnet) can be calculated from the following relation: 

Jnet dpHi BiVi  (2) 
d t  A 

where V is the total internal volume, calculated by assaying the amount  of 
pyrophosphate  trapped inside the liposome, and A is the total surface area of  
the liposome, estimated by assaying the amount  of  phospholipid and assuming 
a packing area per molecule phospholipid of  55 A 2 [20].  In order to test our 
estimated values for internal volume (V i) and surface area (A), we calculated 
the average diameter of  a sphere having these properties from the relation 
d = 6 Vi/A. The estimated diameter is 0.33 #m and is similar to the diameter 
(0.2 ~m) calculated for ether-injected liposomes from negatively stained 
electron micrographs [21].  We conclude that the liposomes are primarily uni- 
lamellar and that our volume and area estimates are satisfactory. 

Calculation of  the net proton-hydroxyl permeability 
The flux of  protons and hydroxyls  across a membrane can be expressed by 

the following equations derived by Goldman [4],  Hodgkin and Katz [5]. 

V F  [H]0 - -  [H]i  e x p ( - - V R ] R T )  (3) 
--JH = PH ~-~ I --  e x p ( - - V F / R T )  

= p V F  [OH]  i - -  [OH]0  e x p ( - - V F / R T )  
- - JoH OH ~-~ 1 --  e x p ( - - V F / R T )  (4) 

JH and JOH are the net  fluxes of  protons and hydroxyls  respectively; PH and 
Poll, the respective permeability coefficients; [H] and [OH], the proton and 
hydroxyl  activities. The subscripts 'o '  and 'i' refer to outside and inside, respec- 
tively. V is the electrical potential across the membrane.  

J n e t  is determined from the change in the internal amount  of  protons per 
unit area per unit time, as described in the previous section, and reflects the 
combined net fluxes of  protons and hydroxyls.  Therefore: 

V F  [HI0 - -  [H]i  e x p ( - - V F / R T )  V F  [OH]i  - -  [OH]0  e x p ( - - V F / R T )  
Jnet = PH R T  1 --  e x p ( - - V F / R T )  + P o l l  R T  1 --  e x p ( - - V F / R T )  (5)  

The electrical potential can be estimated by including all of  the permeant 
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ions in the constant  field equation [5].  

R T  PH [H]i + POll[OH]0 + PNa [Na]i + PPPi[PPi]0 (6) 
V = ~ -  In PH[H]0 + poH[OH]i  + PNa[Na]0 + pppi[PPi]i 

Eqns. 5 and 6 are not  readily solved analytically, therefore the following 
procedure was used to solve them. From each pH decay curve, the net flux at 
fifteen equally-spaced time points was calculated as described in the previous 
section. Since the external and internal pH are known for each time point, 
their respective activities can be calculated. 

Initially, an arbitrary value for V was assumed, so that  the independent  
variables for each time point  could be substi tuted into Eqn. 5, resulting in a 
series of  independent  linear equations which could be solved by a least-squares 
analysis for the permeability coefficients PH and Po~ [22].  These permeability 
coefficients, together with those previously measured for sodium and pyro- 
phosphate,  could then be substi tuted into Eqn. 6 to compute  the electrical 
potential V for each time point.  The values for V were used to write another 
series of equations from Eqn. 5 and solved for PH and POH as before. This 
procedure was repeated until values for PH and POH were found which satisfied 
both  Eqns. 5 and 6. These separate coefficients were summed to yield the net 
proton-hydroxyl  permeability (Pnet). (Initial values for V were in the range of  
30 mV and approached zero as ApH decayed.) 

The validity of  this analysis is dependent  on the following assumptions. 
First, the use of  the constant  field equation depends on the basic assumptions 
used for its derivation [5].  In addition, we have assumed that the permeabilities 
of  protons and hydroxyls  are equal in both the inward and outward directions. 
This is a reasonable assumption considering that any surface charge asymmetry 
which might result from the different pH buffers in the inner and outer  com- 
partments would produce the same energy barrier to diffusion for ions passing 
in either direction, given a transmembrane voltage less than 80 mV [23].  We 
have also assumed that  the permeabilities are constant  over the pH range 5.5-- 
6.5. The external pH remains constant  while the internal pH changes from 5.5 
to approx. 6.5. Over this range neither the egg phosphatidylcholine nor the 
phosphatidic acid have titratable charges [24].  It  is therefore reasonable to 
assume that there are no significant changes in permeability resulting from the 
internal pH shift during the course of  each experiment.  Finally we have 
assumed that proton and hydroxyl  flux through the lipid bilayer are separate 
and independent  events. 

Results 

9-Aminoacridine and ApH measurements 
Typical experimental data from a liposome system are shown in Fig. 1. 

Quenching under these conditions is entirely dependent  on the existence of  a 
pH gradient across the liposome membrane.  Furthermore,  when the amine has 
responded to an existing pH gradient, any condition which permits decay of  
the pH gradient also causes the fluorescence of the amine to return to its 
original level. These conditions include addition of  1 mM NH4C1, 0.1 mM 
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Fig.  1. F l u o r e s c e n t  m e a s u r e m e n t  of  p H  g r a d i e n t  d e c a y .  T w o  ml  o f  3 0  m M  N a 4 P 2 0 7  ( p H  8 .62 )  were  
p l a c e d  in the  c u v e t t e  o f  an  A m i n c o  B o w m a n  S p e c t r o f l u o r i m e t e r .  2 0  pl  0 .1  m M  9 - a m i n o a c r i d i n e  was  
a d d e d  a n d  the  f l u o r e s c e n c e  r e c o r d e d ,  f o l l o w e d  b y  a d d i t i o n  o f  0 . 2  m l  of  l i p o s o m e  s o l u t i o n  (67  m M  
N a 2 S O  4 ( p H  5 .82 )  o u t s i d e ;  3 0  m M  N a 2 P 2 0 7  (pH 5 .82 )  ins ide) .  F l u o r e s c e n c e  was  in i t ia l ly  q u e n c h e d ,  
a n d  g r a d u a l l y  i nc r ea sed  as t he  p H  g r a d i e n t  d e c a y e d .  1 0  Izl 1 0 0  m M  N H 4 C I  were  a d d e d  t o  re lease  the  
p H  g r a d i e n t  a n d  a l low m e a s u r e m e n t  o f  t o t a l  f l u o r e s c e n c e  in t he  a b s e n c e  o f  a g r a d i e n t .  

Triton X-100, nigericin, valinomycin + FCCP, or simply adding acid until the 
external pH approaches the internal pH. These diverse conditions provide 
strong qualitative evidence that 9-aminoacridine, under carefully chosen 
experimental conditions, responds to pH gradients by distributing into the 
acidic volume with consequent quenching of its fluorescence. The mechanism 
of fluorescence quenching is not yet understood. 

The model described in Eqn. 1 predicts that the dependence of log Ai/A o 
should be linear with the pH of the external medium given that the internal 
pH and the amount of liposome solution added remain constant. As previously 
shown by others authors [16,18,19], this relationship is linear given a ApH 
of less than three pH units. The slope is close to the theoretical ideal of 1.0, 
and the y-intercept predicts a value for log Vo/Vi of 3.17, very close to that 
of 3.34 measured by the amount of trapped pyrophosphate buffer. Eqn. 1 
also predicts a linear relationship between log Vo/Vi and log Ai/Ao. The rela- 
tionship was tested and validated. We concluded that the fluorescence quench- 
ing of 9-aminoacridine could be used to measure ApH across liposome mem- 
branes. 

Several investigators have questioned the validity of fluorescent probe 
analysis for measuring ApH. For instance, Massari [25] obtained anomalous 
fluorescence spectra when atebrin was permitted to interact with liposomes. 
On the basis of these results, Massari also criticized 9-aminoacridine as a probe 
of pH. However, Massari did not test 9-aminoacridine response to established 
pH gradients, as we have done here. 

Kraayenhof [26] speculated that the pH dependence of acridine quenching 
does not result from amine distribution across membranes, but rather is due to 
titration of surface negative charges, so that the positively charged amine dif- 
ferentially interacts with the surface as pH is varied. A simple and direct test of 
Kraayenhof's proposed mechanism would be to determine whether positively 
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charged liposomes show quenching dependent on pH gradients. We have there- 
fore tested liposomes containing 10 mol% cetyltrimethylammonium bromide, 
and found that 9-aminoacridine fluorescence is quenched, and that the pH 
dependence of the quenching is that expected from the standard relationships. 

A more serious criticism of the 9-aminoacridine technique was raised by 
Fiolet et al. [18] who showed that the slope of the linear relationship between 
ApH and log Ai/Ao is dependent in part on the concentration of negatively 
charged molecules in the liposome membranes. With this in mind, we chose to 
empirically determine the appropriate slope for each set of liposomes so that 
the calculated ApH and proton-hydroxyl flux rate would be independent of 
the lipid composition of the liposomes. 

Permeability coefficients 
Results from a typical experiment are shown in Figs. 2--4. The internal 

pH was calculated from the percent quenching of fluorescence [16] at regular 
time points after the addition of liposomes. The experimental conditions for 
these measurements were established such that all of the imposed pH gradients 
resulted in values for the percent quenching of fluorescence that fell within the 
limits of linearity established for Eqn. 1. These values were plotted (Fig. 2) 
and numerically differentiated (Fig. 3) so that the net flux (Jnet) could be 
calculated from Eqn. 2 and plotted (Fig. 4). Since the external pH was buffered 
sufficiently to remain constant, the external and internal proton and hydroxyl 
concentrations at each time point could be derived from the internal pH 
plotted in Fig. 2. Fifteen linear equations of the form in Eqn. 5 were written 
and solved for PH and POH by a least-squares analysis. The solid line in Fig. 4 
represents the theoretically expected flux obtained by substituting the cal- 
culated values of PH and POll into the theoretical flux equations. This theo- 
retical curve correlates well with the experimental points. 

2,4 ¸ 

581 

Po.: 0~.-" 
6 2 -  "1- 

61- 

z 

" '  6 0  

z 

5 9  

2 2  

~: 2,0" 

~0 1.8- 
x 

14. 

399 

o- ~ ,b ,5 2b 25 3b 12o ~ ~b l~ 2b 2~ 
TIME (rain) TIME (rnin) 

Fig .  2 .  T i m e  c o u r s e  o f  i n t e r n a l  p H  o f  l i p o s o m e s .  S e r i a l  t i m e  points  o f  Ai/A 0 f r o m  F i g .  1 were  c o n v e r t e d  
t o  A p H  u s i n g  E q n .  1 .  Since  the ex terna l  pH was  su f f i c i ent ly  b u f f e r e d  t o  r e m a i n  c o n s t a n t ,  i n t e r n a l  p H  = 
A p H  - -  e x t e r n a l  p H .  The d o t t e d  l ines  represent  the  e x p e c t e d  internal  p H  g i v e n  the  l imi t ing  cases  such  that  
there  is  n o  p r o t o n  f l u x  ( P H  = 0 )  o r  n o  h y d r o x y l  f l u x  ( P o H  = 0) .  

F i g .  3 .  T i m e  c o u r s e  o f  t h e  r a t e  of  change o f  internal  pH.  The curve in F i g .  3 w a s  n u m e r i c a l l y  di f feren-  
t iated and p l o t t e d  t o  g i v e  d p H i / d t  vs .  t i m e  [ 2 2 ] ,  



400 

\ 
2O 

o ~ ,o ,g 2b 2b 
TIME (rain} 

Fig.  4.  T ime  c o u r s e  o f  n e t  p r o t o n - h y d r o x y l  f l ux .  The  values  fo r  d p H i / d t  in Fig.  3 were  c o n v e r t e d  to  ne t  
p r o t o n - h y d r o x y l  f lux  b y  the  f o l l o w i n g  e q u a t i o n :  J n e t  = d p H i / d t ]  [ ( b u f f e r  c a p a c i t y )  × ( in t e rna l  v o l u m e ) ]  
( su r face  a r e a ) ] .  The  b l a c k  d o t s  (o)  r e p r e s e n t  t he  c a l c u l a t e d  values  f o r  J n e t -  The  so l id  l ine ( ) was  
g e n e r a t e d  b y  s u b s t i t u t i o n  o f  t he  c a l c u l a t e d  values  fo r  P H  a n d  P O H  i n t o  E q n .  5. 
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In order to assess the sensitivity of  this method for distinguishing between 
proton and hydroxyl  permeability, we substi tuted the two limiting values for 
proton and hydroxyl  permeability, PH = 0 and POH= 0, into Eqn. 5 and cal- 
culated the expected flux vs. time for each case. These curves were numerically 
integrated to give the plot  of  pHi vs. time for both limiting cases. These results 
are plot ted in Fig. 2. As can be seen by comparing the two,  small inaccuracies 
in computing the internal pH can result in large shifts in the calculated values 
of  PH and Poll. For this reason, the separate permeability coefficients cannot  
be used to distinguish between proton and hydroxyl  flux. However,  their sum 
gives an accurate and reliable determination of  the net proton-hydroxyl  perme- 
ability. 

/'net was found to be approx. 106 times greater than sodium permeability 
(PNa) measured under the same conditions (Table I), and approximately 10 
times less than the permeability of water (0.8--18 • 10 -4 cm/s) measured from 
experiments based on the rate of  swelling of  multilamellar liposomes [27].  This 
value for Pnet has been confirmed in our lab by a completely different tech- 
nique using a glass pH electrode to moni tor  proton-hydroxyl  flux (unpublished 
data). 

However,  our value for PNa is considerably greater than previously reported 
values. Hauser et al. [3] measured P N a  = 1.2 .  10 -14 cm/s in sonicated phos- 
phatidylcholine vesicles, whereas Papahadjopoulos et al. [1] measured P N a  = 

1.1 • 10 -13 cm/s in sonicated vesicles containing 4% phosphatidic acid and 96% 
phosphatidylcholine. Our value for PNa measured in ether-injected liposomes is 
103 to 104 times greater. The reason for this large discrepancy is no t  clear, 
although it may result from the larger size of  the ether-injected liposomes. The 
small size (0.05 #m average diameter) of  the sonicated vesicles may impose 
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TABLE I 

PERMEABILITY COEFFICIENTS FOR ETHER-INJECTED LIPOSOMES 

N e t  p r o t o n - h y d r o x y l  p e r m e a b i l i t y  was  ca lcu la ted  as d i s c u s s e d  in  the  t e x t .  The  value  for  P n e t  is t h e  m e a n  
S.D. P e r m e a b i l i t y  for  Na  + a n d  PPi  w e r e  c a l c u l a t e d  f r o m  t h e  r e l a t ion  P = ( f r ac t ion  los t / s )  × ( in te rna l  vol- 

u m e ) / ( s u r f a c e  a rea) .  

Ions  A b b r e v i a t i o n  P e r m e a b i l i t y  c o e f f i c i e n t  N u m b e r  of  e x p e r i m e n t s  

(cmls) 

H + and  O H -  P n e t  1.4 • 10 -4 ± 1.6 • 10 -4 8 
Na+ P N a  1.0 • 10 -10  1 

P y r o p h o s p h a t e  (PPi)  PPPi  4.6 • 10 - l  1 1 

physical constraints which result in lower ionic permeability. 
Considering this difference in cation permeability between sonicated and 

ether injected liposomes, one would expect  the proton-hydroxyl  permeability 
to be significantly greater in the latter. We believe the larger vesicles to be a 
bet ter  model  for most  cellular membranes,  whereas the sonicates more 
accurately reflect the properties of  very small vesicular organelles. 

The very low permeabili ty of  pyrophosphate  (Table I) measured in the 
presence of  a three-unit pH gradient eliminates the possibility that  our flux 
measurements may have been influenced by  protons or hydroxyls  being trans- 
ported bound  to a pyrophosphate  molecule. Pyrophosphate transport of  
protons cannot  account  for a significant amount  of  the measured flux. 

In some experiments in order to rule out  carbonic acid transport of protons,  
all of the buffer solutions were flushed with argon to remove carbon dioxide. 
Pnet measured with and wi thout  argon did no t  differ significantly, and we con- 
cluded that carbonic acid was no t  responsible for transporting protons in this 
system. 

We assumed that residual ether remaining in the liposomes preparation 
would affect their permeability properties to some degree. The amount  of  
residual ether has been measured using radioactive ether as a tracer and found 
to be less than one millimolar [21].  An addition of  40 mM ether to the reac- 
tion mixture increased the net  permeability 1.59 times over control.  We there- 
fore concluded that  the amount  of residual ether in the preparation had an 
insignificant effect  on the measurement of  permeability. 

Other sources of  contaminants which might have affected permeability were 
also tested. A portion of the stock phosphatidylcholine was purified by  quan- 
titative thin-layer chromatography and used to prepare liposomes. In addition, 
the commercial diethyl ether was distilled and peroxides were removed by 
shaking with a 5% aqueous ferrous sulfate solution [28].  In each case there was 
no significant difference in the flux rates as compared to the standard proce- 
dure. We concluded that the ether-injected liposome preparation accurately 
reflected the permeabili ty properties of  large unilamellar vesicles. 

Discussion 

Although others have measured proton and hydroxyl  flux and conductance,  
this research reports the first a t tempt  to quantify the net  proton-hydroxyl  
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permeability of liposomes. Scarpa and DeGier [6] qualitatively measured the 
rate of pH decay in multilammellar liposomes. They measured the rate of 
change of pH in unbuffered solutions containing these vesicles in response to 
pH gradients and cation driven exchange and concluded that they were 
re!atively impermeable to protons and hydroxyls. The very low proton- 
hydroxyl flux detected for these liposomes actually reflects a high permeability 
considering the exceptionally low concentrations of protons and hydroxyls 
in these solutions. 

Mitchell and Moyle [9] used a similar technique to measure the effective 
proton conductance (combined proton and hydroxyl conductance) in mito- 
chondria. They compared the mitochondrial effective proton conductance of 
0.45 ~2-1/cm 2 to that measured in artificial black lipid membranes of 0.1 
#~- ' / cm 2 measured by Thompson and collaborators [12] and concluded that 
mitochondria have the lowest natural membrane ion-conductance known. 
Ion conductance, though, is not a simple constant; it depends not only on the 
ion permeability of the membrane but also on the number and distribution of 
ions available on either side of the membrane. Since the number of protons and 
hydroxyls is very low compared to sodium, potassium and chloride ions, a low 
proton-hydroxyl conductance can still reflect a very large permeability 
coefficient. 

Crandell et al. [8] used a pH pulse technique to determine the rate of pH 
equilibration across erythrocyte membranes. They assumed that hydroxyl 
ions could move through anion channels and therefore were solely responsible 
for the equilibration of imposed pH gradients. They concluded that the 
hydroxyl permeability varied with pH from 2 . 1 0  -4 at pH 9 to 4 . 1 0  -1 at 
pH 4. The assumption that protons do not flux across the erythrocyte mem- 
branes is questionable and leads to the calculation of an exceptionally large 
hydroxyl permeability coefficient at pH 4. If protons and hydroxyls are both 
assumed to flux, the net proton-hydroxyl permeability at pH 4 would be 
several orders of magnitude smaller than this calculated value for hydroxyl 
permeability alone. 

Mechanism of proton-hydroxyl flux 
The exceptionally high permeability coefficient calculated from proton- 

hydroxyl flux measurements suggests that proton equivalents must have a 
unique transport mechanism. One possible explanation which we are consider- 
ing is that proton-hydroxyl flux is related to water content of the hydrophobic 
phase. It is clear that water exists within the lipid bilayer, since lipid mem- 
branes are relatively permeable to water, with permeability coefficients of the 
order of 10 -3 cm/s [27,29,30]. Furthermore, water has a measurable solubility 
in bulk hydrocarbons in the millimolar range for n-alkanes [31]. Addition of 
a double bond increases water solubility even further, typically by 5--8 times 
when an alkane is compared with an alkene of the same chain length [31]. If 
it is assumed that some fraction of the water in the hydrophobic phase of lipid 
bilayers is associated, perhaps as hydrogen bonded strands entering from the 
membrane surface and extending into the interior, it is possible that protons 
and hydroxyl ions could in effect be transferred by rearrangement of the 
hydrogen bonds. This would provide a unique mechanism for proton-hydroxyl 
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transport not available to other monovalent cations and anions, and suggests 
further studies in which the degree of  water association in hydrophobic phases 
will be determined. 
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