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SUMMARY 

Phospholipid liposomes were used to test atebrin and 9-aminoacridine as 
fluorescent probes for measuring pH gradients across membranes. Quenching of 
9-aminoacridine fluorescence could be quantitatively related to the magnitude of pH 
gradients across liposome membranes, and the relation indicated that  the distribution 
of this amine between inner and outer volumes in the liposome system was that of an 
ideal monoamine. Quenching of atebrin fluorescence could not be related to that  
predicted from the theoretical equation of a diamine. We conclude that 9-amino- 
acridine is the preferred fluorescent probe for use in the range of ApH ~ 2-4 pH 
units. 

Quenching of 9-aminoacridine fluorescence was used to measure the develop- 
ment of pH gradients in liposomes. In one system, an oxidation-reduction reaction 
mediated by a dye which accepted H + upon reduction, was established across lipo- 
some membranes. It  was found that  gradients of at least 4 pH units could develop 
under these conditions. In a second system, nigericin mediated the exchange of K + 
for H + across the liposome membranes, and it was found that  the pH gradient de- 
veloped depended upon the original K + gradient and could be at least 2.2 pH units. 
Liposomes offer a model membrane system in which controlled pH gradients may be 
established. 

INTRODUCTION 

Proton transport and resulting gradients of H+ activity across membranes are 
now recognized to be integrally related to phosphorylation and ion transport in 
chloroplasts, mitochondria and other membranous systems. Present methods for 
estimating pH gradients across membranes involve measurements of pH changes in 
the external medium using a glass electrode or indicator dyes1, 2, the distribution of 
amines 3 or weak acids 4 in response to pH gradients, or other pH-related absorption or 
scattering changes 5,6. Each of these methods has certain limitations, and a technique 
which more directly and rapidly measures pH gradients would be useful. 

Kraayenhof 7 found that  fluorescence of the diamine, atebrin, was quenched 
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Abbreviat ions:  MES, 2-(N-morpholino)ethanesulphonic acid; TES, N-tr is(hydroxymethyl)-  
methyl-2-aminoethane sulphonic acid; PlY[S, phenazine methosulphate.  
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during electron transport in chloroplast suspensions, and suggested that  the quenching 
may be related to the high energy state of the chloroplasts. Rottenberg et al. 3 extended 
this work with atebrin and 9-aminoacridine, and proposed that  the quenching may 
depend on inward movement of the amines in response to pH gradients which develop 
across chloroplast membranes during electron transport. Rottenberg et al. noted that  
fluorescence quenching may therefore be a parameter of amine uptake and calculated 
from the amine distribution that  a pH gradient as large as 3.5 pH units could develop 
across the membranes of illuminated chloroplasts. 

This potentially important method has two limitations. It  is not known if 
fluorescence is completely quenched by entry into membrane enclosed volumes, and 
the assumption that  the amines respond ideally to pH gradients across membranes is 
open to question. To test these points, we have studied the quenching of atebrin and 
9-aminoacridine fluorescence in phospholipid liposomes s, in which controlled pH 
gradients were established. In a second series of experiments, the fluorescent probes 
were used to determine whether pH gradients may be generated across liposome 
membranes by a simple electron transport system or an ion exchange mediated by the 
antibiotic nigericin. 

METHODS 

Lipids 
Egg lecithin was prepared from hens eggs by column chromatography on alu- 

mina and silicic acid. The product was chromatographically pure as judged by thin- 
layer chromatography on Silica Gel G. Dicetyl phosphate was a kind gift of Dr A. 
Bangham. Bacteriochlorophyll was prepared from a methanol extract of Rhodo- 
pseudomonas capsulata by column chromatography on Whatman cellulose powder 
using 5 % diethyl ether in light petroleum. 

Fluorescent probe s 
Atebrin was purchased from Sigma, and 9-aminoacridine from Ralph N. 

Emanuel Ltd, Wembley, England. Both were dissolved in distilled water at a concen- 
tration of I raM. 

Buffgrs 
I t  was found that organic buffers (Tricine, 2-(N-morpholino)ethanesulphonic 

acid (MES), N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid (TES)) 
quenched 9-aminoacridine fluorescence to variable degrees, although atebrin fluores- 
cence was unaffected. To avoid the partial quenching, a buffer containing o.I M sodium 
phosphate and o.I M sodium pyrophosphate was used for the pH range 5.0 to 9.0. 
Since liposome membranes are relatively permeable to chlorideS, 9 it was possible that  
any chloride in the medium could move with a proton and discharge pH gradients. 
Therefore, buffer pH was adjusted with H~SOa, rather than HC1. The pH gradients are 
also sensitive to amines and care was taken that no amine compounds other than the 
fluorescent probes were inadvertently introduced into the medium. When K+- and 
Na+-free media were required, phosphoric acid was neutralized with tetramethyl- 
ammonium hydroxide. 
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Liposome preparations 
Liposomes were produced by evaporating chloroform solutions of varying 

amounts of egg lecithin plus 5 % dicetyl phosphate under nitrogen. The lipid was 
sonicated for I rain with 2 ml of the medium to be trapped inside the liposome volume. 
A Soniprobe II3oA (Dawe Instruments, London) was used in this step at a power 
setting of 50 W. During sonication, the temperature of the solution rose to approxi- 
mately 4 ° °C and this presumably aided formation of liposome vesicles 1°. In some 
experiments, sonication time was varied from o to 30 rain and the amount of trapped 
anion (phosphate or ferricyanide) was measured. It  was found that the amount of 
trapped material was maximal after 30--60 s sonication. In view of the report that  
prolonged sonication causes some degradation of phospholipid 11 I rain seemed a 
reasonable time interval. The solutions to be trapped contained either phosphate- 
pyrophosphate buffer at pH 5.0 to 9.0, o.i M K3Fe(CN)6 or varying concentrations of 
K2SO 4. All solutions included I mM EDTA. The sonicated suspension (1. 5 ml) was 
placed on a 15 cm × I cm column of Sephadex G-5o, course grade D, which was equili- 
brated with sucrose solution containing IO mM buffer at the original pH. Sucrose was 
added to osmotically balance the vesicles during gel filtration. For instance, o.I M 
K3Fe(CN), would be balanced with 0. 4 M sucrose. The turbid liposome suspension was 
collected from the column in 3-4 ml of the eluate and adjusted to a known volume 
(3-5 ml) with sucrose solution. Examination of the preparation by phase-contrast 
microscopy showed a mixed population of liposome. The major species were o . I - i / zm  
vesicles apparently with single membranes, but with occasional larger multilayered 
liposomes. In some experiments, 2 mole % bacteriochlorophyll was included in the 
lipid prior to evaporation and sonication. All experiments were carried out within 6 h 
of sonication. 

Fluorescence measurements 
Fluorescence of the amines was measured in a fluorimeter with the photo- 

multiplier at 9 °0 to the actinic light path. The actinic beam was provided by a 
quartz-iodine bulb (Philips 12258/99 12 V 55 W) supplied by a stabilized power 
supply (Coutant Electronics Ltd, Reading, England). Blue light was selected either 
by a monochromator (Hilger and Watt  Ltd, London, England Type D 292 ) or by a 
Wratten 36 gelatin filter (Kodak Ltd, London) together with a Corning 9782 glass 
filter. The photomultiplier (EMI Electronics Ltd, Hayes, Middlesex, England, Type 
96Ol B) was screened by a Wratten 61 filter, together with a Corning 9782 glass filter. 
The output was fed to a recorder (Toa Polyrecorder EPR-2TB, T.E.M. Sales Ltd, 
Crawiey, Sussex, England) by way of a simple amplifier and backing circuit. 

RESULTS 

Effect of pH on intrinsic fluorescence 
As noted in previous studies 7,12 atebrin fluorescence is pH dependent, and 

increased nearly 2-fold as pH increased from 6 to 9 (Fig. I). This is related to the first 
pK of this diamine (pK = 7.9, lO.5) and the fluorescence change is half maximal at 
pH 7-9. There was little variation in 9-aminoacridine fluorescence (pK = IO.O) in 
inorganic buffers over the same pH range. It  is important to note the marked quen- 
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ching effect of organic buffers on 9-aminoacr id ine  fluorescence (Fig. I) .  A teb r in  
fluorescence was not  s ignif icant ly  affected b y  organic buffers. 

Fluorescence quenching and enhancement dependent on pH gradients 
Fig.  2 shows a typ ica l  expe r imen t  in which l iposomes were a d d e d  to med ia  

con ta in ing  a tebr in  or 9-aminoacr idine .  W h e n  the  l iposomes conta ined  buffers a t  p H  
lower t han  t ha t  of the  medium,  a tebr in  fluorescence was enhanced,  r a the r  t han  quen- 
ched (Fig. 2A). At  higher  l ipid concent ra t ions  the  enhancement  m a y  be 25 ° %. 
Tr i ton  (o.I raM) or NH4C1 (5 raM) comple te ly  reversed the  enhancement .  However ,  
if 2 mole  % bac te r ioch lorophyl l  was inc luded in the  l ip id  phase,  quenching of fluores- 
cence occurred under  the  same condit ions,  and  again  the  quenching was revers ible  
with Tr i ton  or NH4C1 (Fig. 2B). Quenching of 9-aminoacr id ine  fluorescence occurred 
bo th  wi th  and  wi thou t  bac ter iochlorophyl l ,  a l though there  was somewhat  increased 
quenching  when bac te r ioch lorophyl l  was present  (Figs 2C and  2D). 

The effect of a range of p H  grad ien t s  on a tebr in  and  9-aminoacr id ine  fluores- 
cence quenching  b y  l iposomes is shown in Fig.  3. In  bo th  cases the  inner  phase  was 
m a i n t a i n e d  at  p H  5 and  the  ex te rna l  p H  was var ied  from 5 to 9. I t  is a p p a r e n t  t ha t  
quenching  of the  fluorescence of the  amines  in l iposome suspensions was s t rong ly  de- 
penden t  on p H  grad ien t s  across the  l iposome membrane .  In  the  absence of bacter io-  
ch lorophyl l  the  enhancement  of a tebr in  fluorescence was m a x i m a l  at  p H  6.2 (ApH 
---- 1.2), then  decreased.  If  bac te r ioch lorophyl l  was present ,  t i le quenching curve of 
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Fig. I. Dependence of amine fluorescence on pH. The fluorescence (arbitrary units) of atebrin and 
9-aminoacridine was measured in organic buffers. The organic buffers ( . . . . .  ) were o.i M MES 
(pH 5 and 6), o.i MTES (pH 7) and o.I M Tricine (pH 8 and 9). The inorganic buffer (--) was the 
phosphate-pyrophosphate buffer described in Methods. • and [], 4 /~M 9-aminoacridine in 
organic and inorganic buffers, respectively; • and O, 4 /*M atebrin in organic and inorganic 
buffers, respectively. 

Fig. 2. Amine fluorescence changes in liposome suspensions. Liposomes (L) containing buffer at 
pH 5.0 were added to solutions of atebrin and 9-aminoacridine, followed by Triton X-ioo (T) to 
a final concentration of o.i mM. Final lipid concentration was o.08 mg/ml. (A) Fluorescence 
enhancement occurred when liposomes were added to 4 /~M atebrin in inorganic buffer (pH 7.0). 
No bacteriochlorophyll was present. (]3) Fluorescence quenching occurred under conditions for 
(A) but with 2 mole % bacteriochlorophyll in the liposome membranes. (C) Fluorescence quenching 
occurred when liposomes were added to 4 /~M 9-aminoacridine in inorganic buffer (pH 8.0). No 
bacteriochlorophyll was present. (D) Increased fluorescence quenching occurred under conditions 
for (C) but with 2 mole % bacterioehlorophyll in the liposome membranes. 
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a tebr in  fluorescence was s imi lar  to t h a t  of 9 -aminoacr id ine  fluorescence, bu t  as no ted  
prev ious ly  ~ a tebr in  was more responsive to p H  gradients .  

F o r  monoamines  i t  is possible to der ive  the  re la t ion 

[ H+] i  _ A p H ( i _ o ) = l o g A i  + Vo log [H + ]'~ = Ao log Vi 

where Vo/Vi is the  ra t io  of ex te rna l  volume to in te rna l  vo lume and  A is the  t o t a l  
a m o u n t  of amine  cat ion in the  inner  or  outer  volumes.  Thus,  - - 3 p H  p l o t t e d  aga ins t  
log A i /A  0 should provide  a l inear  re la t ion of slope = I.O wi th  an in te rcep t  equal  to  
log Vo/Vi. W h e n  p K a  for the  amine is much  higher  t han  the  expe r imen ta l  pH,  the  
concen t ra t ion  of free amine  is negligible and  A app rox ima te s  closely to the  t o t a l  amine.  
W e  have  t r e a t ed  d a t a  from the  exper iments  using 9-aminoacr id ine  in this  form, 
assuming  t h a t  Ai /A 0 is equ iva len t  to Q/(Ioo--Q) where fluorescence in the  absence of 
a p H  g rad ien t  is t aken  as IOO and  Q is the  measured  percent  quenching.  Fu r the rmore ,  
we va r ied  the  volume ra t ios  since the  in te rcep t  equal  to the  log of the  volume rat ios ,  
should  also v a r y  in a p red ic tab le  manner .  These resul ts  are shown in Fig.  4. 

In  this  exper iment ,  five different  l iposome concent ra t ions  were used so t h a t  
Vo/Vi var ied  in a contro l led  manner ,  and  A p H  was va r ied  from 2 to 4 p H  units .  Since 
we do not  have  a precise measuremen t  of l iposome volume,  we assumed t h a t  the  resul ts  
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Fig. 3. Effect of varying pH gradients on fluorescence 
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changes. O --- O, enhancement of atebrin 
fluorescence in presence of liposomes lacking pigment; O - - O ,  quenching of atebrin fluorescence 
by liposome containing 2 mole % bacteriochlorophyll; i - - I ,  quenching of 9-aminoacridine 
fluorescence by liposomes containing 2 mole % bacteriochlorophyll. Liposomes contained buffer 
at pH 5.o. Lipid concentration, o.o8 mg/ml; amine concentration, 4/~M. 

Fig. 4. Effect on the distribution of 9-aminoacridine, as estimated from the quenching of fluores- 
cence, of varying lipid concentration , and pH gradients across liposome membranes. Liposomes 
containing buffer (pH 5.0) were added to 2. 5 ml of buffer ranging from pH 7 to 9. ]3acteriochloro- 
phyll, 2 mole %, was included in the lipid. Lipid concentrations: O - - O ,  0.24 mg/ml; O - - O ,  
o.12 mg/ml; i - - m ,  o.o6 mg]ml; D--E],  o.o3 mg/ml; A- - /x ,  o.o12 mg/ml. 
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for a liposome concentration of o.I2 mg/ml were correct. Theoretical lines with a 
slope of I.O and intercepts corresponding to the relative volume ratios were then 
drawn through all five sets of data. The fit of the data to the theoretical lines was 
quite good for the three higher liposome concentrations, but deviated to some extent 
from the expected lines for the lower concentrations. 

A similar experiment was carried out for two concentrations of liposomes in 
which atebrin was the fluorescent amine. Atebrin did not behave as an ideal diamine 
(Fig. 5) since the results deviated considerably from the slope of the theoretical line, 
which was drawn by  graphing the logarithmic form of the distribution equation for an 
ideal diamine using the values of pKa for atebrin. 

Developing pH gradients across liposome membranes 
There are a number of methods by which one might expect to develop pH gra- 

dients across liposomes. Two of the most convenient are described here. In the first, 
an oxidation-reduction reaction was established across the liposomal membrane. This 
type of system has been described earlier by  Hinkle la and Kimelberg et al. 14. In the 
present system liposomes containing an oxidant were added to a medium containing 
a reductant.  A lipid-soluble carrier molecule which acted as a hydrogen acceptor upon 
reduction was then added. The carrier would be expected to transport  both protons 
and electrons inward and release protons inside following oxidation by  the trapped 
couple. 

A second method involved the use of the ionophoric antibiotic, nigericin, which 
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Fig. 5- Effect  of v a r y i n g  pI-I g rad ien t s  and  lipid concen t ra t ion  on a p p a r e n t  d i s t r ibu t ion  of a t eb r in  
across l iposome m e m b r a n e s .  Same  condi t ions  as Fig. 4, b u t  buffers r anged  f rom pI-I 6 to 8 and  
4 / , M  a tebr in  was  used.  Lipid  concen t ra t ions :  O - - - O ,  o.12 m g / m l ;  © - - - © ,  0. 3 mg/ml .  Solid line 
is a theoret ica l  line for the  equa t ion  of d iamine  d i s t r ibu t ion  a s s u m i n g  Vo/Vi ~ iooo. See t ex t  for 
details .  

Fig. 6. Quench ing  of 9-aminoacr id ine  f luorescence by  l iposomes con ta in ing  KaFe(CN)6. Lipo- 
somes  (L) were added  to 2.5 ml  of buffer  solut ion a t  pI-I 7.o, followed by  addi t ions  of PMS (P), 
2 m M  ascorbic acid (A) or K4Fe(CN)e (F), and  o. i  m M  Tr i ton  X-IOO (T). Lipid concen t ra t ion  was 
o.o8 m g / m l  and  conta ined  2 mole % bacter iochlorophyl l .  (a) If  4 #M PMS was p resen t  ini t ial ly 
add i t ion  of ascorbic acid caused  a nea r ly  comple te  q u e n c h i n g  of f luorescence which  was reversible 
by  Tr i ton .  (b) Addi t ion  of fer rocyanide  unde r  t he  condi t ions  of (a) p roduced  a m u c h  smal ler  
quenching .  (c) Addi t ion  of smal l  i nc remen t s  of P1VfS (each addi t ion  was an  increase of 0. 4 / ,M)  ill 
t h e  presence of ascorbic acid p roduced  an  initial rapid  q u e n c h i n g  phase ,  followed by  a slower 
phase .  As to ta l  PMS concen t ra t ion  was increased,  the  ra te  of t he  slower phase  also increased.  
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mediates the exchange of K + and H + across liposome membranes 15. If  nigericin is 
added to a membrane system across which a K + gradient exists, K ÷ exchanges with 
protons across the membranes and a pH gradient should develop. We have tested 
both of the above methods in the liposome system, using 9oaminoacridine to detect 
and measure pH gradients. 

In the redox couple method ferricyanide was used as an oxidant t rapped inside 
the liposomes, ascorbic acid or ferrocyanide was used as a reductant outside and 
phenazine methosulfate as a proton carrier molecule. A concentration of o.I M 
KaFe(CN)6 was used and approximately 0.39/~mole/mg lipid could be trapped in the 
liposome volume. In a typical experiment (Fig. 6A) no quenching was observed until 
both ascorbate and phenazine methosulphate (PMS) were added, at which time a 
large ( > 9  ° %) quenching occurred which was completely reversed upon addition of 
Triton or NH4C1. Ferrocyanide was not as effective in producing a large quenching 
(Fig. 6B). If the data in Fig. 4 were used to calibrate ApH for the lipid concentration 
present in the ferricyanide system, it would indicate that  a ApH of 4.0 units developed 
across the liposome membranes when ascorbate was used as the reductant,  and 1.6 
units when ferrocyanide was used as a reductant.  

The mechanism by which PMS mediated the redox reaction was of some interest. 
PMS could either act in a cyclic manner, in which case catalytic amounts would 
promote the electron transport  reaction, or it could act in a non-cyclic manner, in 
which case the extent of the reaction would be limited by  the amount of PMS present. 
This was tested by  ti trating the quenching with small additions of PMS (Fig. 6 C). I t  
is clear that  the quenching which occurs after PMS addition has both a fast and slow 
phase. The significance of this result will be discussed later. 

Results from the second method for developing pH gradients are shown in 
Fig. 7. When liposomes were loaded with K2SO 4 and placed in a K+-free medium, 
addition of nigericin induced a rapid quenching of 9-aminoacridine fluorescence 
(not shown) similar to that  seen with the redox couple system. If it is assumed tha t  
nigericin mediates the neutral exchange of one K + per H +, then after addition of 

0.t 

0.t 
O 

0.4 

0.1 

I 

Ki/K o )(6 IO .2 

Fig. 7" F~ffect of nigericin and  K + g rad ien t s  on a p p a r e n t  9 -aminoacr id ine  d is t r ibut ion.  L iposomes  
were loaded wi th  o . i  M K~SO 4 a n d  placed in 2.5 ml  solut ions  con ta in ing  v a r y i n g  concen t ra t ions  
of K +. Niger ic in  (i /~g) was  t h e n  added ,  and  AI/A0 was  ca lcula ted  f rom the  resu l t ing  quench ing .  
The  lipid (concent ra t ion ,  0.08 mg/ml )  con ta ined  2 mole % bacter iochlorophyl l .  Solid line: theore-  
t ical curve  (see text) .  
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nigericin Ai+/Ao + ~ Hi+/H0 + ---- Ki+/K0 +. To test this relation, liposomes containing 
o.I M K~SO 4 were suspended in varying concentrations of K+ and Ai/A 0 was plotted 
against initial Ki+/K0 +. The experimental data  fit the theoretical line at values of 
Kl+/Ko + -~ 200. Above this value the amount of Ki + which was lost to the medium in 
exchange for protons changed the value of Ko+ so that  the equilibrium values differed 
significantly from the initial values plotted and the data deviate from the theoretical 
line. 

DISCUSSION 

Fluorescent probes which respond to pH gradients across membranes may  
be either amines or weak acids, although none of the latter have been tested as yet. 
Ideally, fluorescent probes would have the following properties: 

(I) They would be monoamines or monofunctional weak acids to simplify 
theoretical treatment.  

(2) Fluorescent quenching, by whatever mechanism, would be complete when 
the molecule entered a membrane-enclosed volume. 

(3) Intrinsic fluorescence of the probe would be independent of the composition 
of the external medium. 

(4) The probe would be capable of rapid equilibration across membranes in 
response to pH gradients. 

In the discussion to follow, we will compare atebrin and 9-aminoacridine in 
light of the above considerations. 

Measurements of quenching and estimation of A i/A o 
When atebrin and 9-aminoacridine were exposed to pigmented liposome mem- 

branes enclosing a phase at a pH lower than that  of the external medium, the fluores- 
cence of the amines was quenched. In the absence of pigment, atebrin fluorescence 
was enhanced. If these changes in fluorescence were related to pH gradients, it would 
be expected that  discharging the gradient would reverse the change. Triton X-Ioo is 
a non-ionic detergent which releases ion gradients by causing membranes to become 
generally permeable to ions 18. NH4C1 is a monoamine which interacts with pH 
gradients according to Eqn i below. If present in sufficient concentration, it follows 
that  NH4C1 and other amines would equilibrate with a pH gradient and greatly 
reduce its magnitudelL Addition of either Triton or NH4C1 reversed the fluorescence 
changes described above and we concluded that  the changes were dependent on pH 
gradients across the liposome membranes. 

The value i i / A  0 w a s  measured by  assuming that  fluorescence was completely 
quenched when atebrin or 9-aminoacridine entered a membrane-enclosed volume. For 
instance, fluorescence in the presence of liposomes might be 50 arbi trary units, and 
then increase to IOO units upon Triton addition. We would assume that  half the amine 
had been in the liposomes, and that  Ai/Ao = I.O. I t  was necessary to use the fluores- 
cence level following Triton addition as a baseline, since some of the components of 
the system (bacteriochlorophyll, ascorbate, ferricyanide) could partially quench 
fluorescence (see Fig. 2). 
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M onoamines and diamines 
9-Aminoacridine is a monoamine with pK ---- IO.O 

distribute across membranes s according to the relation 

[At]i = Ka + [H+]i 

[AT]o K a +  [H+]o 

(ref. 3). Ideally it should 

(0 

where EAT~ is the total  concentration of the amine, Ka is the dissociation constant of 
the amine and EH+J is the concentration of protons. When Ka is small relative to 
[H+I this relation may be expressed in logarithmic form as 

Ai Vo 
log ~-~o + tog-~i = - ApH(i-o) (2) 

where Vo/Vt is the volume ratio of the external volume to the internal membrane 
enclosed volume, and Al and Ao are the total  amine in the internal and external 
volumes, respectively. We could test this relation in the liposome system, even 
though values of Vo/Vl were unknown, by varying ApH for severallipid concentrations. 
The data could then be compared with theoretical lines assuming that  one set of data 
points was correct. When this was carried out, we found that  9-aminoacridine be- 
haved as an ideal monoamine whenlipid concentration ranged from o.o6 to o.24 mg/ml. 

Atebrin is a diamine (pK 1 = 7.9, pK2 ---- IO.5), which should ideally distribute 
across membranes according to the relation. 

[AT]i K1K2 + KI[H+]i + [H+]i 2 
[AT]o K1K 2 + KI[H+]o + [H+]o 2 (3) 

For atebrin at [H+]l>IO -n, this simplifies to 

[A~]~ = [n+]~ 2 

[AT]0 KI[H+]0 + [H+]o 2 (4) 

Atebrin was tested in the liposome system by graphing the logarithmic form of Eqn 4 
and comparing the resulting line with actual data. Atebrin did not behave as an ideal 
diamine, and the experimental data deviated considerably from the above relation 
(Fig. 5). The reason for this deviation is unknown, but may be related to incomplete 
quenching, or the fluorescence enhancement we observed under certain conditions. 

Fluorescence quenching and enhancement 
The mechanism by which distribution of atebrin and 9-aminoacridine across 

membranes alters their fluorescence is unknown. There are several possible effects 
which may contribute to the observed quenching: 

(~) Screening. If a fluorescent molecule disappears from an external volume and 
enters a volume which is shielded by  a pigment layer which in turn absorbs in the 
excitation or emission wavelength, it may be imagined that  some quenching of 
fluorescence may occur. Schuldiner and Avron is suggested that  this may  be the major 
effect when atebrin fluorescence is quenched by illuminated chloroplasts. However, it 
is not clear that  the very thin layer of pigment which separates the external and inter- 
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nal volumes in the liposome system would provide sufficient absorption to account 
for all the observed quenching. Furthermore, this mechanism certainly cannot account 
for the 9-aminoacridine quenching which does not depend on the presence of pigment. 

(2) Effect of pH on intrinsic fluorescence. Atebrin fluorescence decreases by half as 
it accepts a second proton at lower pH ranges (Fig. I) and this may account for a 
certain amount of quenching, as will be discussed later. Quenching of 9-aminoacridine 
fluorescence cannot be accounted for in this way. 

(3) Self-queneMng. Energy t;ansfer between molecules of the same species may 
cause a decreased quantum yield of fluorescence at a specified emission wavelength. 
The extent of the self-quenching is naturally concentration dependent, and it may  be 
imagined that  when a fluorescent amine is concentrated within liposomes self- 
quenching may become important. I t  should be noted that  under conditions described 
here, quite high concentrations of the amine would build up within the membrane 
enclosed volume. For instance, in Fig. 4, the apparent values for Vo/Vi obtained from 
the intercepts of the three largest lipid concentrations are 200, 40o and 800. The amine 
concentrations inside for Al/Ao --~ I would therefore be 0. 4, 0.8 and 1.6 mM, respec- 
tively. 

(4) Interaction with other m~lecules. A fluorescent molecule may also lose its 
energy by interaction with other molecules. For instance, this is clearly evident in the 
quenching of 9-aminoacridine fluorescence by organic buffers (Fig. I). A similar 
effect may contribute to quenching if the amine interacted with the components of 
liposomal or other membranes. 

Comparison of atebrin and 9-aminoacridine 
The fact that  fluorescence is enhanced when atebrin is concentrated in lipo- 

somes further complicates the interpretation of results when it is used as a pH probe. 
Fig. 3 shows the enhancement effect over a range of pH. The enhancement, which was 
maximal at LJpH of I -2  pH units, decreased at larger pH values. This may be under- 
stood from the pH dependence of intrinsic atebrin fluorescence (Fig. I). An atebrin 
molecule at pH 8 has twice the intrinsic fluorescence that  it has at pH 5-6. Thus, 
atebrin leaving an external environment at pH 8 and entering an internal volume at 
pH 5 would lose half its fluorescence, and this would overcome the enhancement 
e;fect. The enhancement itself may possibly result from "excimer" formation as 
atebrin becomes more concentrated TM. 

If bacteriochlorophyll or other pigments (chlorophyll a, b and carotene) were 
included in the liposome membranes, atebrin fluorescence was quenched. The quen- 
ching was maximal at 2-3 mole % bacteriochlorophyll, but it was not certain that  the 
quenching was complete even with the pigments present. 9-Aminoacridine fluorescence, 
in contrast to atebrin, was quenched in liposomes lacking pigments. This quenching was 
still incomplete, since addition of pigment produced further quenching (Fig. 2). 
Quenching of 9-aminoacridine fluorescence may be best understood as a concentration- 
dependent self-quenching, with an additional contribution to quenching by any 
pigments present in the membranes. The close fit of experimental results to the theo- 
retical lines in Fig. 4 suggests that  quenching in the presence of pigment was nearly 
complete. 

We conclude that the monoamine, 9-aminoacridine, is superior to atebrin as a 
fluorescent indicator for LlpH ---- 2-4 units. However, its fluorescence is partially 
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quenched by organic buffers, and the method is only slightly responsive to A p H <  
2 pH units at volume ratios commonly used in experimental systems. These defects 
are far outweighed by its behaviour as an ideal monoamine as indicated by its response 
in the liposome system, and 9-aminoacridine should be quite useful for estimating 
ApH in membranous systems which develop acid interiors. Atebrin, although more 
responsive in the 0-2 ApH range, does not behave as an ideal diamine and displays 
an anomalous fluorescence enhancement in the liposome system. In a naturally pig- 
mented system such as chloroplasts or chromatophores with high pigment concen- 
tration, atebrin fluorescence quenching may very well be complete. In a non-pi- 
mented system, such as microsomes or mitochondria, atebrin probably could not be 
used effectively as a quantitative pH probe. I t  is interesting to note in this regard that  
Azzi et al. '° found that  atebrin fluorescence was partially quenched by submitochon- 
drial particles during electron transport. I t  was suggested that the quenching may be 
related to an exchange of cationic atebrin for protons across the membranes. However, 
in view of the previous investigations with chloroplasts and the present study with 
liposomes, it seems more probably that  atebrin was simply moving inward, with a 
consequent partial fluorescence quenching in response to a pH gradient developing 
across the submitochondrial membranes. 

Estimation of Vo/V, 
Calculations of ApH from a theoretical consideration of amine distribution 

depend on knowing the ratio Vo/Vi. We were not able to make a reliable estimate of 
this ratio in the present tiposome system. The usual method of finding sucrose or 
inulin impermeable space was impractical, since the liposomes did not form a centri- 
fugal pellet under the conditions required for establishing pH gradients. 

However, exact values of Vo/Vi are unnecessary if the data shown in Fig. 4 are 
used as a calibration curve. For any given lipid concentration, one may assume that  
under similar ionic and osmotic conditions, the Vo/Vi ratio does not vary appreciably. 
We were therefore able to estimate ApH in the redox couple and nigericin systems 
described below, since the lipid concentrations were within the range shown in 
Fig. 4. 

Development of pH gradients across liposomal membranes 
Redox couples and carrier molecules 
The presumed reaction sequence for the redox reaction established across 

liposomal membranes is shown in Fig. 8. 
The midpoint potential (E01(oH 7) ) for the ascorbate couple is + 60 mV, and 

for ferro/ferricyanide is + 430 mV. In the liposome system described here containing 
I mM ascorbate and 0.03 mM ferricyanide (total concentration), the ferricyanide 
would essentially be completely reduced if the reaction occurred in free solution. 

• 

212(CNt- H%A 

Fig. 8. Proposed reaction sequence for development of pH gradients by coupled redox reactions 
across liposome membranes. See text for details. 
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However, since the couples were separated by proton-impermeable membranes, a 
pH gradient would build up which would ultimately come to equilibrium with the 
driving force of the downtfill electron transport reaction. It  is difficult to calculate the 
relative concentrations at which this might occur. In one experiment the amount of 
ferricyanide reacting under the usual conditions was measured in a dual wavelength 
spectrophotometer, and it was found that  approximately half the ferricyanide present 
was quickly reduced. Since the original concentration of ferricyanide in the liposomes 
was o.I M, this would suggest that  about 0.05 M protons might be produced within 
the liposomes, equivalent to pH 1.3. At pH 7 outside, a ApH of 5 pFI units or more 
would result. The 9-aminoacridine method could not accurately measure a pH gra- 
dient of this magnitude, but  certainly the quenching of 9-aminoacridine fluorescence 
would indicate that  a gradient of at least 4 pH units developed under the above 
conditions. 

If ferrocyanide was used as a reductant, rather than ascorbate, the final 
equilibrium depended only on the relative concentrations of ferro- and ferricyanide 
in the system. Since the redox potential difference at the concentrations used was small 
relative to the ascorbate-ferricyanide system, one would expect a much smaller pH 
gradient to develop, and in fact the data for 9-aminoacridine quenching indicate a 
pH gradient of only 1.6 units. 

The liposome system offers a potential model system for studying the mechanism 
of electron transport across membranes. For instance, the results with PMS (Fig. 6C) 
suggest that  there are two steps in which PMS crosses the membranes. The first of 
these is the inward transport of electrons by PMS in its reduced, uncharged form, and 
is quite rapid. The second is the much slower, outward diffusion of PMS + across the 
membranes Thus, we only see a rapid development of a pH gradient if PMS is present 
in concentrations approaching the total  amount of ferricyanide in tile system (Fig. 
6A). If smaller amounts are used, the second step becomes rate limiting (Fig. 6C). 
In preliminary experiments (R.C. Prince, unpublished) other carriers such as diamino- 
durol and dichlorophenolindophenol act at catalytic concentrations suggesting that 
both oxidized and reduced forms of these dyes readily cross the membrane. 

Proton-K+ exchange mediated by nigericin 
The pH gradient developed when K+ exchanges for protons in the liposome 

systems depends simply on the relative concentrations of K + across the membranes, as 
shown in Fig. 7- Under these controlled conditions, a ApFI of 2.2 units as estimated 
from the calibration curve in Fig. 4 may be established when the expected Ki+/Ko + = 
200. The fact that  9-aminoacridine behaves ideally in the nigericin system is additional 
support for the conclusion that  it may be used to quantitate pH gradients with con- 
siderable accuracy. 
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