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Summary 

The permeability of the lysosomal membrane to small anions and cations 
was studied at 37°C and pH 7.0 in a lysosomal-mitochondrial fraction isolated 
from the liver of untreated rats. The extent  of osmotic lysis following ion 
influx was used as a measure of ion permeancy. In order to preserve electro- 
neutrality,  anion influx was coupled to an influx of K* in the presence of 
valinomycin, and cation influx was coupled to an efflux of H ÷ using the 
protonophore 3-tert-butyl-5,2'-dichloro-4'-nitrosalicilylanilide. Lysosomal lysis 
was monitored by observing the loss of latency of two lysosomal hydrolases. 

The order of permeability of  the lysosomal membrane to anions was found 
to be SCN- ~ I- ~ CH3COO- > C1- ~ HCO~ ~ Pi ~ 8042- and that  to cations 
Cs ÷ > K ÷ ~ Na ÷ > H ÷. These orders are largely in agreement with the lyotropic 
series of anions and cations. 

The implications of these findings for the mechanism by means of which a 
low intralysosomal pH is produced and maintained are discussed. 

Introduct ion 

The lysosomal hydrolases have low pH optima [1] and it is now well- 
established that  the intralysosomal matrix is acidic [see refs. 2--4]. Studies on 
the distribution of the weak base methylamine [5--8] have demonstrated a pH 
gradient across the lysosomal membrane of  approximately I unit  at physiologi- 
cal pH values. Several mechanisms have been proposed for the generation and 
maintenance of the lysosomal ApH. These include an ATP-driven H ÷ pump [9], 
and a Donnan equilibrium resulting from the presence of non-diffusible anions 
at the lysosomal interior [10,11] and a selective permeability of the lysosomal 
membrane to cations [8]. A third mechanism has been proposed by Reijngoud 

Abbreviations: S-13, 3.tert-butyl-5,2'-dichloro-4'-nitrosalicilylanflide; HEPES, N-2-hydroxyethyl- 
piperazine-N'-2.ethanesulphonic a c i d .  
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et al. [12].  This mechanism also invokes the presence of intralysosomal, 
negatively-charged groups (in equilibrium with their protonated forms), but  it 
is suggested that H + influx or efflux (or OH- efflux or influx, respectively) is 
accompanied by a stoichiometric movement  of  other ions, which prevents a 
build-up of a transmembrane electrical potential.  Much controversy exists 
concerning which of these mechanisms applies to the in vivo situation. 

In order to envisage how the low intralysosomal pH is produced in the cell, 
it is essential that there be more information than is at present available on the 
permeability of the lysosomal membrane to small ions under conditions similar 
to those in vivo. Up to now most  studies on the ion permeability of  the 
lysosomal membrane have been carried out  under extremely unphysiological 
conditions. Henning [8] studied the relative permeability to cations of 
tri tosomes, i.e. lysosomes prepared from rats injected with Triton WR-1339. In 
addition to perturbations to the membrane which might be caused by the 
detergent,  the elevated cholesterol content  of  lysosomes prepared in this way 
[13] may alter the permeability properties of the lysosomal membrane con- 
siderably (see refs. 14--16). Furthermore,  the investigations of Henning [8] 
were carried out  at 0°C as were those of Goldman and Rot tenberg [5] on the 
permeability of  the lysosomal membrane to H ~ and K ~. At this temperature the 
permeabili ty characteristics of  the tysosomal membrane are quite different to 
those at 37°C (ref. 17; see also ref. 7). 

In the study described here, the relative permeability of the unmodified 
lysosomal membrane to small ions at 37°C and at pH 7.0 has been examined. 
Relative ion permeability was determined by observing the extent  of  osmotic 
lysis * of  lysosomes suspended in slightly hypertonic solutions of various salts. 
Lysosomal lysis was measured as release of  latency of  acid phosphatase and ~- 
hexosaminidase, two intralysosomal hydrolases having a high degree of  latency 
[18].  Observation of  release of  latency of lysosomal hydrolases has been used 
previously to study the permeability of  the lysosomal membrane to 
carbohydrates  [19],  amino acids and small peptides [20] and other compounds  
(see Reijngoud and Tager [4] for a review). Using this technique, specific infor- 
mation concerning the permeability of the lysosomal membrane can be 
obtained using impure, but  relatively unperturbed,  lysosomal preparations. 

In our study, the relative permeabili ty of  the lysosomal membrane to small 
anions was determined by using potassium salts in the presence or absence of 
the K*-specific, electrogenic ionophore valinomycin and that to monovalent  
cations by using salts of  the permeant  anion iodide in the presence or absence 
of the pro tonophore  3-tert-butyl-5,2'-dichloro-4'-nitrosalicilylanilide (S-13). 

Materials and Methods 

Preparation of  a lysosome-enriched fraction from rat liver. Male rats of  the 
Wistar Albino Glaseo strain were killed by decapitation. Their livers were 
removed immediately and minced and washed with ice-cold 0.35 M-sucrose, 
10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), 

* T h e  t e r m  lys i s  is  u s e d  h e r e  t o  d e n o t e  any  e x t e n s i v e  b r e a k d o w n  in  t he  s t r u c t u r a l  i n t e g r i t y  o f  t he  

l y s o s o m a l  m e m b r a n e .  
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pH 7.0. The resulting mixture was homogenized using a motor-driven, Teflon- 
in-glass homogeniser and the homogenate  centrifuged at 4°C and 500 × gmax for 
10 min in the 69404 rotor  of  an MSE Mistral 6L centrifuge. The supernatant 
was centrifuged for a further 20 min at 4°C and 18 000 ×gmax as above. The 
resulting lysosome-enriched pellet was suspended in a small volume of ice-cold 
0.35 M sucrose/10 mM HEPES, pH 7.0 and placed on ice until required. All 
experiments were carried out  within 2 h of  the rats being killed. 

Measurement of  free enzyme activity. Following incubation of  the lysosomal 
fraction under the condit ions described in the figure and table legends, 0.275 ml 
aliquots of  the incubation mixture were assayed for acid phosphatase (EC 
3.1.3.2) activity according to the method of  Appelmans and de Duve [22],  
except  that the aliquot was added to 0.475 ml of 132 mM sodium acetate/ 
526 mM sucrose/84 mM disodium fl-glycerophosphate, pH 5.0. Aliquots of  
0.05 ml of  the incubation mixture were assayed for fi-hexosaminidase (EC 
3.2.1.30) by the method of Rietra et al. [23],  except  that  the aliquot was 
added to 0.25 ml of  100 mM sodium acetate/400 mM sucrose/5 mM p-nitro- 
phenyl-2-acetamido-2-deoxy-fi-D-glucopyranoside, pH 5.0. 

Total enzyme activities were determined as above, using suitably diluted 
samples of  the lysosomal fraction which had been sonicated on ice at 4 pM 
peak to peak in an MSE sonicator. Sonication was for 1 min/ml of  sample 
carried out  in periods of 15 s with 45 s cooling. 

Protein was determined by the method of  Yonetani [24].  Disodium /3- 
glycerophosphate (Grade I) and valinomycin were purchased from Sigma 
Chemical Co. Ltd. {St. Louis, Mo., U.S.A.). p-Nitrophenyl-2-acetamido-2- 
deoxy-~-D-glucopyranoside was purchased from Koch-Light Laboratories Ltd., 
Colnbrook,  U.K. S-13 was a gift from Dr. P. Hamm, Monsanto Co., St. Louis, 
U.S.A. 

Results 

1. Valinomycin-stimulated release of  latency of  lysosomal enzymes 
The possibility of  inducing entry of a permeant  anion into lysosomes by 

generating an electrogenic K ÷ influx was investigated by observing release of  
latency of  enzymes in lysosomes incubated in KI medium in the presence and 
absence of  the K+-ionophore valinomycin. I- was chosen as an anion which 
would probably be highly permeant  across the lysosomal membrane,  as it is in 
several other  model  and biological membranes [25--27],  perhaps permeating in 
the form of I~ [28] or I~ [26],  [28].  There was a t ime-dependent increase in 
the free activities of  acid phosphatase and of fl-hexosaminidase, when 
lysosomes were incubated in KI medium at 37°C and this was stimulated con- 
siderably by valinomycin (Fig. 1). 

In this experiment and those reported below, the release of latency of fi- 
hexosaminidase appears to be greater than that of  acid phosphatase. It has been 
suggested that  intralysosomal enzymes are unevenly distributed amongst 
lysosomes from parenchymal and non-parenchymal liver cells [29],  [30].  
Those lysosomes containing a higher proport ion of ~-hexosaminidase may be 
slightly less stable than the others, resulting in greater release of  this enzyme 
than of  acid phosphatase.  
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Fig.  1. T i m e  course  o f  l a t e n c y  o f  acid phosphatase  and j3-hexosazninidase in l y s o s o m e s  supsended  in KI 

m e d i u m .  T w o  samples  o f  the l y s o s o m a l  suspens ion  (1 .45  ml ,  100 .5  m g  prote in )  were  added to  t w o  
5.8 ml  al iquots  o f  2 0 0  m M  K I / 1 0  m M  H E P E S ,  pH  7.0 ,  15 #1 10 m g / m l  v a l i n o m y c i n  in e t h a n o l  was  a d d e d  
to  on e  sample  and 15 #l of  e t h a n o l  to  the  o ther .  Both  samples  w e r e  incuba ted  at 37~C. Periodical ly ,  
sample s  o f  the  e thano l -  ( e  o)  and v a l i n o m y c i n -  ( m ~ )  conta in ing  m i x t u r e s  were  assayed for acid phos-  
phatase  ( A )  and ~ -hexosamin idase  (B)  ac t iv i ty  as descr ibed  in Materials  and Methods .  Resu l t s  are the 
m e a n s  and S.D.  o f  three  d e t e r m i n a t i o n s .  100% acid phosphatase  act iv i ty  wa s  69 .0  -+ 3.7 n m o l / m i n  pe r  m g  
prote in .  1 0 0 % / 3 - h e x o s a m i n i d a s e  act iv i ty  was  17.0  -+ 0.3 n m o l / m i n  pe r  m g  prote in .  

Fig.  2. C o n c e n t r a t i o n  d e p e n d e n c e  o f  v a l i n o m y c i n - i n d u c e d  release  o f  l a tency  o f  l y s o s o m a l  e n z y m e s .  The 
l y s o s o m a l  suspens ion  (0 .5  ml ,  20.5  m g  prote in )  was  added to  2 ml  of  200  m M  K I / 1 0  m M  H E P E S ,  
pH  7.0.  V a l i n o m y c i n  was  added f r o m  e thano l i c  so lu t ions  to  give the  c o n c e n t r a t i o n s  ind icated .  The 
v o l u m e  o f  e t h a n o l  was  a l w a y s  adjusted  to  15 pl. A f t e r  30 m i n  i n c u b a t i o n  at 37°C,  a l iquots  of  the incuba-  
t ion  m i x t u r e  were  assayed  for  acid phosphatase  (o )  and ~ -hexosamin idase  (o)  act iv i ty .  Resul ts  are the 
m e a n s  and S.D.  o f  three  d e t e r m i n a t i o n s .  100% acid phosphatase  act iv i ty  wa s  56.9  -+- 1.8 n m o l / m i n  per  m g  
prote in .  100% t3-hexosaminidase act iv i ty  was  19.7  ÷ 0 .5  n m o l / m i n  per  m g  prote in .  

In the absence of  valinomycin, the initial rate of latency release was lower 
than that observed subsequently. This latency release may have been due, at 
least in part, to non-osmotic lysosomal breakdown. A similar effect is seen at 
37°C when lysosomes are suspended in a medium containing the impermeant 
solute sucrose [31].  Part of  this initial latency release, however, may have been 
due to osmotic lysis following the slow influx of  K + together with I- (see 
below). Ethanol had no effect on enzyme release (results not shown). After 
30 min incubation, the rate of  enzyme release was approximately the same in 
the absence and presence of  valinomycin. In all experiments reported below, 
latency release was measured after incubation for 30 min. 

The dependence of latency release on valinomycin concentration is shown in 
Fig. 2. Release becomes saturated at approximately 0.25 t~g valinomycin/mg 
protein. As shown in Fig. 3, valinomycin-induced latency release is strongly 
inhibited by high concentrations of  sucrose. 

The above results indicate that valinomycin-induced latency release occurs 
via osmotic lysis of  lysosomes as a consequence of a coupled K*/I - influx. 

2. Anion permeability of  the lysosomal membrane 
The observation of  osmotic lysis of  lysosomes resulting from a coupled K÷/ 

anion influx, as discussed above, was extended to investigate the permeability 
of  the lysosomal membrane to various other anions. Lysosomes were suspended 
in a number of potassium-salt media and the release of  latency of acid phos- 
phatase and ~-hexosaminidase was measured in the presence and absence of a 
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o s m o l a r i t y  t h e  d i f f e r e n c e  b e t w e e n  t h e  f r e e  a c t i v i t y  in  t h e  p r e s e n c e  a n d  a b s e n c e  o f  v a l i n o m y c i n  w a s  
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5 .2  n m o l / m i n  p e r  m g  p r o t e i n .  1 0 0 %  f l - h e x o s a m i n i d a s e  a c t i v i t y  w a s  2 2 . 1  ± 0 . 5  n m o l / m i n  p e r  m g  p r o t e i n .  

saturating concentration of valinomycin, and in the presence of valinomycin 
and of a high concentration of sucrose (see Table I). 

The release of latency in the absence of valinomycin varied according to the 
composition of the medium. This may reflect osmotic lysis due to permeation 
of the anions and a natural K ÷ permeability (see section on cation permeability) 
or to differences in the chaotropic nature of  the various anions. 

The presence of valinomycin caused increased latency release in all salt 
media except sulphate and in all cases this increase was inhibited by a high con- 
centration of sucrose, indicating that  it occurred via osmotic lysis. No valino- 
mycin-induced increase in latency release occurred in sucrose medium, 
excluding the possibility of any degradative effects of the ionophore on the 
lysosomal membrane. 

In KSCN medium the background release of latency of fi-hexosaminidase was 
very high and masked any possible effects of valinomycin. However, the back- 
ground release of latency of  acid phosphatase in this medium was lower and a 
clear valinomycin-induced increase in latency release can be seen. This variation 
in background latencies again suggests that  the bulk of the fi-hexosaminidase 
may be stored in lysosomes which are less stable, and therefore more subject to 
the chaotropic activities of  SCN-, than the remainder. 

The effect of valinomycin on lysosomes in potassium acetate medium is of  
particular interest. Although the stimulation of osmotic lysis by valinomycin 
suggested that  the swelling was the result of a coupled K÷/CH3COO - influx, 
the possibility existed that  it was due to increased acetic acid influx, occurring 
as a consequence of a K*/H ÷ exchange and the subsequent increase in intra- 
lysosomal pH. This possibility was investigated by studying the effect of 
external pH on the release of  latency of lysosomes suspended in KCI and in 
CH3COOK media in the absence and presence of valinomycin. As shown in 
Fig. 4, lysis increased as the external pH was raised. The increase in lysis with 
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Fig. 4. E f f ec t  o f  p H  of  m e d i u m  on the  re lease  o f  l a t e n c y  o f  acid p h o s p h a t a s e  in l y s o s o m e s  i n c u b a t e d  in 
p o t a s s i u m  ace ta te  or KCl m e d i u m .  The  l y s o s o m a l  s u s p e n s i o n  ( 0 , 2 5  ml ,  1 7 . 5  rag p r o t e i n )  was  ad d ed  to 
1 ml  of  200  raM C H 3 C O O K / 1 0  raM HEPES,  or 200  m M  KC1/10 m M  HEPES,  giving the  p H  ind i ca ted .  
A f t e r  add ing  4 pl 2.5 m g / m l  v a l i n o m y c i n  or 4 pl e t h a n o l ,  the  m i x t u r e  w a s  i n c u b a t e d  at 37°C for  3 0  m i n .  
Aliquots  f r o m  the  C H 3 C O O K -  (o,©) and  KCl- (AA) c o n t a i n i n g  m i x t u r e s  w e r e  t h e n  a s sayed  for acid phos-  
pha tase  a c t i v i t y .  ( 1 0 0 %  acid p h o s p h a t a s e  act iv i t i es  w e r e  d e t e r m i n e d  separate ly  u n d e r  e a c h  set  o f  incuba-  
t ion  c o n d i t i o n s ) .  Resu l t s  are the  m e a n s  and  S.D. o f  three  d e t e r m i n a t i o n s .  A b b r e v i a t i o n :  K A c ,  C H 3 C O O K .  

Fig. 5. S t i m u l a t i o n  b y  S-13 of  v a l i n o m y c i n - i n d u c e d  release o f  l a t e n c y  o f  acid p h o s p h a t a s e  in l y s o s o m e s  
s u s p e n d e d  in KI  mmediura. T h e  l y sosoraa l  s u s p e n s i o n  ( 0 . 2  ml ,  6.7 m g  p r o t e i n )  was  ad d ed  to 0.8 m l  of  
200  raM K I / 1 0  m M  HEPES,  pH 7.0.  10 #1 of  1 rag/ral  v a l i n o m y c i n  was  a d d e d  f o l l o w e d  b y  S - 1 3  f r o m  an 
e t h a n o l i e  s o l u t i o n  to give the  c o n c e n t r a t i o n  i n d i c a t e d .  The  v o l u m e  o f  e t h a n o l  w a s  a l w a y s  adjus ted  to  
20 pl. A f t e r  30  rain i n c u b a t i o n  at  37°C,  a l iquot s  o f  the  i n c u b a t i o n  m i x t u r e  w e r e  a s sayed  for acid phos-  
pha tase  a c t i v i t y ,  1 0 0 %  act iv i ty  b e i n g  7 7 . 4  n m o l / m i n  per  m g  p r o t e i n .  Resu l t s  are the  m e a n s  and  S.D. of  
fou r  d e t e r m i n a t i o n s .  

increasing pH in CH3COOK medium would not  occur if acetic acid were the 
only permeant species as the proportion of  acetic acid decreases with increasing 
pH. The similar pH-dependence of  valinomycin-induced lysis in both KC1 and 
CH3COOK media suggests that in both cases lysis occurred via the same mecha- 
nism, i.e. a K÷/anion influx. We conclude, therefore, that the osmotic lysis of  
lysosomes in CH3COOK medium was indeed due to a K*/CH3COO - influx. 

The question arises of  the relative permeability of  the lysosomal membrane 
to CH3COO- and C1-. According to Fig. 4, the valinomycin-induced increase in 
latency release at pH 7.0 is significantly greater in CH3COO- than in C1- 
medium. In Table I however, the effect of  valinomycin in CH3COO- medium is 
only slightly greater than that in C1- medium and the difference is within the 
experimental error. In Table II, are shown the results of  four further experi- 
ments where valinomycin-induced latency release in CH3COO- and C1- media 
was examined. In all cases valinomycin caused a greater increase in latency 
release in CH3COO- than in C1- medium. We conclude from this and the data 
of  Table I that the lysosomal membrane is permeable to the anions tested in 
the order SCN- > I- > CH3COO- > C1- ~ HCO~ ~ Pi ~ SO2- .  At pH 7.0, Pi is 
present almost completely as HPO~- and H2PO~. It is not possible to say which 
of  these is the permeant species. 

3. Cation permeability of  the lysosomal membrane 
(i) Permeability to I-I +. Of particular importance with regard to the mecha- 

nism of the maintenance of  a low intralysosomal pH is the question of  the 
permeability of  the lysosomal membrane to H ÷. To investigate this the effect 
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TABLE II 

VALINOMYCIN-INDUCED RELEASE OF LATENCY OF LYSOSOMALENZYMES IN KCIAND CH 3- 

COOK MEDIA 

The free activities of acid phosphatase and ~-hexosaminidase were determined after incubation of lyso- 

somes for 30 rain at 37°C in 200 mM KCI/10 mM HEPES, pH 7.0 or in 200 mM CH3COOK/10 mM 

HEPES, pH 7.0 in the presence of ethanol or valinomycin. The experimental conditions were as described 

in the legend to Table I, except that the samples of lysosome-enriched fractions contained 8.5--9.6 mg 
pro'~ein and  were  a l w a y s  s u s p e n d e d  in 3 5 0  m M  s u c r o s e / 1 0  m M  H E P E S ,  pH  7.0. F o r  each  e x p e r i m e n t ,  t he  

d i f f e r e n c e  b e t w e e n  the  f ree  e n z y m e  ac t iv i t i e s  in the  p r e sence  or  absence  of  v a l i n o m y c i n  was  ca lcu la ted  
and  the  m e a n  _+ S.D. for  th ree  such  pa i r s  is s h o w n .  

E n z y m e  Exp .  V a l i n o m y c i n - i n d u c e d  release of  l a t ency  (%) 

CH3COOK medium KCI medium 

A c i d p h o s p h a t a s e  1 1 7 . 0 ± 3 . 1  5 . 3 ± 1 . 9  
2 14.2 t 3 . 6  5 . 8 2 2 . 1  

~ - H e x o s a m i n i d a s e  3 1 2 . 4 2 2 . 0  8 . 1 ± 1 . 3  
4 1 5 . 1 ± 1 . 7  6 . 3 * 3 . 4  

was studied of  the p ro tonophore  S-13 on the valinomycin-induced release of 
latency of acid phosphatase from lysosomes suspended in KI medium (Fig. 5). 
There was a 42% enzyme release in the presence of  valinomycin alone and this 
increased in a concentra t ion<lependent  manner  to a maximum of  55% on addi- 
t ion of  S-13. This increase can be explained by an S-13 stimulated exchange of 
intralysosomal H ÷ for K ÷ in the medium, in the presence of  valinomycin (cf. 
ref. 4). Since intralysosomal H ÷ is in equilibrium with ionizable groups, the K*/ 
H ÷ exchange causes an increase in intralysosomal osmolarity further  to that  

T A B L E  I I I  

R E L E A S E  O F  L A T E N C Y  O F  A C I D  P H O S P H A T A S E  A N D  f l - H E X O S A M I N I D A S E  O N  I N C U B A T I N G  

L Y S O S O M E S  IN C E S I U M ,  P O T A S S I U M ,  O R  S O D I U M  I O D I D E .  

To  1.2 ml  o f  a so lu t i on  c o n t a i n i n g  360  m O s M  of  the  salt  i n d i c a t e d  and  10 m M  H E P E S ,  pH  7.0,  was  a d d e d  

0.3 m l  o f  a l y s o s o m e - e n r i c h e d  f r a c t i o n  (23 .5  m g  p r o t e i n )  and  10 ~ l  o f  e t h a n o l  o r  10 ~1 o f  400  g M  S-13. 
A f t e r  i n c u b a t i o n  for  30 ra in  at  37°C,  a l i quo t s  of  t he  s u s p e n s i o n  were  r e m o v e d  for  m e a s u r e m e n t  of  acid 
p h o s p h a t a s e  a n d  ~ - h e x o s a m i n i d a s e  ac t iv i ty  as desc r ibed  in Mater ia l s  and  Methods .  Re su l t s  are m e a n s  and  

S.D.  o f  t h r ee  d e t e r m i n a t i o n s .  

A d d i t i o n  to  i n c u b a t i o n  m e d i u m  Release  o f  l a t e n c y  (%) a f t e r  i n c u b a t i o n  of  l y s o s o m c s  in  

CsI KI  NaI  

Ac id  p h o s p h a t a s e  
E t h a n o l  19.3 + 1.0 17 .5  2 1.0 17.9 2 1.0 
S-13 27 .5  2 0.0 22.9 2 0 .8  20.6 ± 0 .5  

S-13 (h igh  o s m o l a r i t y )  20.9 + 1.3 19 .8  2 1.1 19.0  2 1.3 

~-H e x o s a m i n i d a s c  
E t h a n o l  29.1 2 0 .2  26.4  2 0 .8  26.7 ± 0 .8  
S-13 39 .2  2 1.2 32 .4  2 0.6 29.5  2 0.9 
S-13 (h igh  o s m o l a r i t y )  30 .0  2 1.0 22 .8  2 1.0 28.6  2 1.5 

T o t a l  ac t iv i ty  ( n m o l / m i n  per  m g  p r o t e i n )  
Ac id  p h o s p h a t a s e  63 .2  2 1 .2  56.9  ~ 2.8 57.8  2 0.3 
~ - H e x o s a m i n i d a s e  24.2  +_ 0 .2  21.7  ± 0 .5  27.0  2 1.9 
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caused by K+/I - influx, leading to enhanced osmotic lysis. These data indicate 
therefore, that  at 37°C and pH 7, the lysosomal membrane does provide some 
barrier to H ÷ movement.  

(ii) P e r m e a b i l i t y  to N a  ÷, K ÷ and  Cs ÷. In the experiment of Table III, the 
permeability of the lysosomal membrane to Cs ÷, K ÷ and Na ÷ was compared by 
suspending lysosomes in 180 mM solutions of  the iodide salts of these cations 
with and without  S-13. In the absence of S-13, the release of latency of the two 
enzymes was slightly greater in CsI than in KI or NaI. Addition of S-13 brought 
about a further release of latency, this effect being most pronounced in CsI and 
least in NaI. In all media the effects of  S-13 were inhibited by the presence of a 
high concentration of sucrose, indicating that  release of latency occurred via 
osmotic lysis of the lysosomes. This increased lysis in the presence of S-13 can 
be at tr ibuted to an enhanced cation/H + exchange (cf. Fig. 5), and, in the 
presence of the protonophore,  cation influx will be rate-limiting. Although the 
differences in the extent  of release of latency in the presence of S-13 were 
small, they were significant, and indicate that  the permeability of the lysosomal 
membrane to the cations is in the order Cs ÷ > K ÷ ) Na ÷. Furthermore, all three 
cations are more permeant than H ÷. 

Discussion 

Using the ionophore valinomycin, it is possible to induce an electrogenic 
influx of K ÷ across the lysosomal membrane thus favouring anion entry. This 
leads to osmotic lysis of the lysosomes and release of internal enzymes. The 
order of  anion permeancy as measured in this way is SCN- ~ I- ~ CH3COO- 
C1- ~ Pi ~ HCO~ ~ 802 -. This order is mainly consistent with the lyotropic 
series of anions as determined by Voet [19]. The position of an ion in this 
series is dependent  on its energy of  hydrat ion or, more specifically, the strength 
of its associated electrostatic field (with the ionic field strength increasing in 
the above series). The lyotropic series influences anion permeability in some 
(see refs. 27, 32, 33) but by no means all (see ref. 34) biological membranes. 
In the case of the lysosomal membrane, it is reasonable to conclude that  the 
lyotropic series is the main determinant  of anion permeability. 

We consider it unlikely that  the chaotropic nature of the various anions 
influenced the above order. Whilst chaotropic activities may have had some 
effect  on background latency levels, the observation of valinomycin-induced 
osmotic lysis ensures that  only permeability differences are being considered. 

The observation of a higher permeability to CH3COO- than to C1- is a slight 
deviation from the lyotropic series, according to which C1- would be expected 
to be more permeant than CH3COO-. This may be due to the fact that  
CH3COO-, unlike the other anions tested, is organic and this might affect its 
permeability and lyotropic characteristics differently. The possibility that  
valinomycin-induced osmotic lysis of lysosomes suspended in acetate medium 
was not  due to anion entry but occurred via influx of the acid subsequent to a 
K+/H ÷ exchange and a rise in intralysosomal pH, is excluded by two observa- 
tions. First ,  there is a strong similarity between the effects of pH on valino- 
mycin-induced loss of latency of  acid phosphatase from lysosomes suspended 
in KC1 and CH3COOK medium (Fig. 4). Second, K ÷ appears to be more 
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permeant across the lysosomal membrane than H *, which makes it very un- 
likely that  valinomycin would stimulate a K*/H ÷ exchange. 

The permeability of the lysosomal membrane to cations at 37°C varies in 
the order, Cs + >, K + > Na t and this is, again according to the lyotropic series of 
ions [21]. The order (Cs ~ > Rb * > K + > Na + > Li +) of ability of monovalent 
cations to exchange with intratritosomal H ÷ at 0°C [8] is consistent with that  
observed here. However, contrary to the conclusion of Henning [8] that H ÷ 
was anomalously the most permeant cation (H ÷ has the highest ionic field 
strength [35]) we found H ÷ to be the least permeant of the cations tested. 

Davidson and Song [17] demonstrated that  lysosomes suspended at 37°C 
in isotonic KC1 medium are less stable than those suspended in NaC1 medium, 
from which they concluded that  the lysosomal membrane is more permeable 
to K ÷ than to Na ÷. Our results are in agreement with this conclusion and our 
demonstration of inhibition of S-13 induced latency release by high external 
sucrose concentration confirms that  osmotic effects are being observed. 

Verity and Brown [36] studied the release of latency of enzymes from 
lysosomes suspended in media containing KC1, NH4H2PO4 and CH3COONH4. 
They saw slow latency release in KC1 medium and concluded that  KC1 is 
relatively impermeant across the lysosomal membrane. However, they did not 
consider what the rate-limiting step in KC1 entry is; according to our results it is 
K ÷ movement.  From their observation of a high latency release in NH4H2PO4 
and CH3COONH4 media, Verity and Brown [36] concluded that  the lysosomal 
membrane is permeable to NH~, CH3COO- and PO a-. The latter conclusion is 
unjustified considering that  the proportion of phosphate present as PO~- at the 
pH they used (7.5) is approx. 0.0001% [37]. Furthermore their results are con- 
fused by the extensive lysis which they observed in both media within the 
first 5 min of incubation, probably resulting from the permeation of NH3 and 
concentration of NH~ at the acidic lysosomal interior [4]. 

We believe that  the investigation reported here is the first extensive study of 
the permeability of the untreated lysosomal membrane to anions and cations at 
physiological temperature and pH. Furthermore,  the above findings have 
important  implications concerning the mechanism of production and 
maintenance of the low intralysosomal pH. 

Henning [8] investigated the ability of various types of metal ion to raise the 
internal pH of tritosomes at 0°C by exchanging with internal H ÷. He concluded 
that  the lysosomal membrane was much more permeable to H ÷ than to K ÷ (or 
other monovalent cations) and that, on this basis, the lysosomal ApH could be 
explained by a Donnan equilibrium owing to the presence of impermeant, 
internal, negatively charged groups. Our results indicate, however, that the 
untreated lysosomal membrane at 37°C has a low permeability to H ÷ and a 
higher permeability to K ÷. The low proton permeability would clearly disfavour 
an equilibrium distribution of H ÷. The main objection to a Donnan equilibrium 
mechanism, however, is presented by the permeability of the lysosomal 
membrane to K ÷. In the cytosol the concentration of K + is >100 mM [38]. 
Consequently a Donnan distribution of H ÷ leading to a ApH of 1 unit  would 
necessitate that  the intralysosomal K * concentration be >1 M. We consider it 
extremely unlikely therefore, that  the low intralysosomal pH is maintained by 
a Donnan equilibrium under intracellular conditions. 
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Reijngoud et al. [12] have proposed that the low intralysosomal pH is 
maintained by the presence of  impermeant  negatively-charged groups (in 
equilibrium with their protonated forms) and by H ÷ influx or efflux (or OH- 
efflux or influx, respectively), which is accompanied by a stoichiometric move- 
ment  of  other  ions to prevent the build-up of  transmembrane charge gradients. 
The permeabili ty of  the lysosomal membrane to K ÷ and H +, however, also raises 
an objection to this mechanism, as the magnitude of  a ApH produced in this 
way would be lowered by the exchange of  cytosolic K ÷ for intralysosomal H ÷. 
Provided that the lysosomal lifetime were sufficiently short, the low H ÷ perme- 
ability of the lysosomal membrane might limit the K*/H ÷ exchange effectively 
enough to prevent large changes in internal pH .  The intralysosomal buffering 
capacity [39] might play an important  role here. However, it has been sug- 
gested on the basis of  studies on the turnover of  lysosomal proteins that  the 
lysosomal half-life is approximately 7 days [40].  If this is the case then some 
active mechanism to prevent the equilibration of  K ÷ and H ÷ must be postulated. 
Energy-dependent proton pumps in the lysosomal membrane have been 
proposed [11,41] though there is no clear evidence for their existence (see 
refs. 2, 4, 8). Recently,  a lysosomal membrane-bound ATPase has been 
reported [42]. However,  the possibility that this ATPase activity is due to 
microsomal contamination of the lysosomal fraction has not  been eliminated 
since no microsomal marker was measured. Nevertheless, the possibility that  
there is an ATP-dependent  proton pump in the lysosomal membrane that 
brings about  an exchange of intralysosomal K ÷ for cytosolic H ÷ (cf. the non- 
electrogenic ATPase of  hog gastric mucosa [43,44] ) must be investigated. 
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