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Trans-potassium effects on the chloride/proton symporter 
activity of guinea-pig ileal brush-border membrane vesicles 
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To investigate the inhibitory effect of trans potassium ,~n the C I - / H  + sympartcr activity of brush-border membrane vesicles 
from guinea pig ileum, we measured both a"CI uptake and, by the pyranine fluorescence method, proton fluxes, in the ~rcsence 
of appropriate H ~ and K + gradients. In the absence of valinomycin, a tim~,-dependem inhibitory effect ~f chloride uptake by 
t m n s  K + was demonstrated. This inhibition was indel;endcnt of the presence or absence of any K + gradleat. Electrical effects 
cannot be invoked to explain these inhibitions because the intrinsic permeability of these vesicles to ,'1 - and K ~ is negligibly 
small. Rather. our results show that, in the absence of valinomyein, the inhi', itory ~:ffeet of intravesicular K + involves an 
acceleration of the rate of dissipation of the proton gradient through an electroncutral exehat~ge of trans K + for cis H*, 
catalyzed by the K +/H ÷ antiporter also present in these membranes. Valinomycin can fnrther accelerate the ra~'c of pH gradiept 
dissipatton by facilitating an electrically-coupled exchange between K ~ and H ~. To evaluate the apparent rate of pH-dissipating, 
downhill proton influx, we measured chloride uptake by vesicles preincubated in the presence ef alkaline-inside pH gradients 
(pHout/PHin = 5.0/7.5), charged or not with K ~. In the absence of intravcsicular K +, proton influx exhibited mont~exponential 
kinetics with a time constant k = 11 s i. Presence of ttn) mM K * within the vesicles significanfly increased the rate of pH 
gradient dissipation which, furthermore, became bi-exponcntial and revealed the appearance of an additional, faster proton 
influx component with k = 71 s-  i. This new component wc interpret as representing the sum of the eleetroneutral and the 
electrically-coupled exchange of irons K ~ for cis H ~, mentioned above. Finally, by using the pH-sensitive fluorophorc, pyranine, 
we demonstrate that. independent of the absence or presence of a pH gradient, either vesicle acidification or alkalinisation can 
be generated by adding, respectively, CI- or K * to the extravesicular medium. Such results confirm the independent exi',tence of 
both C I - / H  ÷ symporter and K+/H + antiporler activities in our vesicle preparations, the relative activity of the former being 
larger under the conditions of the present experiments. The possible interplay of these two pr(,'ton-transfer mechanisms in the 
regulation of the intracellular pH is discussed. 

Introduct ion 

We have showtt recently that  an alkaline-inside pH 
gradient  can furnish the energy necessary for the uphill  
t ransport  of chloride ions across brush-border mem- 
brane vesicles from guinea  pig and rabbit i leum [1,2]. 
In addit ion to this pH gradient -dependent  chloride 
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transport  which involves mainly an electroneutral  
C I - / H  + symporter  (or its physicochemical equivalent,  
a C I - / O H -  antiporter),  these vesicles exhibit a small, 
rheogenic CI -  uniport component ,  but  nei ther  C I - /  
Na +, C I - / K  + or 2 C I - / N a + / K  + symporter  nor obliga- 
tory C I - / C I -  or C I - / H C O  3 ant ipor ter  activities. 

Our  observation that  moderately-high intravesicular 
K + a n d / o r  Na + concentrat ions cause a t ime-depen- 
dent  inhibition on pH gradient -dependent  CI -  uptake 
suggested that  both t r a n s  K + and Na + increase the 
rate of pH-gradient  dissipation [I]. Under  short-circuit- 
ing conditions ( imposed with [K+]out/[K+]i, = 100/100 
mM in the presence of valinomycin), the initial rate of 
pH gradient -dependent  C I -  uptake is inconsistently 
affected whereas  the total uptakes measured at longer 
t ime intervals (10 to 6(; ~) are strongly diminished [1]. 

Because the inhibitory effects of intravesicular K + 
become cor, sistent only at 10 s or more, the suggestion 



seems warranted that K + efflux accelerates H + influx, 
thereby indirectly cau.~ing a dme-dependen~ decrease 
in the driving force for C I - / H  + cotransport. Indepen- 
dently, Steffens et al. [3] and Kleinman eta l .  [4] have 
also concluded that voltage clamping accelerates pH- 
gradient dissipation in isolated brush-border vesicles. 
Taken as a whole, these observations serve to call 
attention to the difficulties inherent to using voltage 
clamping as a strategy to establish whether a given 
transport process is either eleetrogenic (rheogenic) or 
electroneutral. 

By using brush-border membrane vesicles from 
guinea pig ileum, in the present work we address the 
question whether or not, in the presence of an alka- 
line-inside pH gradient, the inhibition of CI- .uptake 
by trans K + results from an accelerated dissipation of 
the pH gradient necessary for chloride uphill transport. 
In order to do this, we investigated the effect of trans 
K* on pH gradient-degendent CI- uptake as a func- 
tion of both the absolute potassium concentration and 
the potassium Nernst potential, E K. In p~rallel, we 
measured proton fluxes across ileal brush border mem- 
brane vesicles by monitoring changes in the fluores- 
cence intensity of the pH-sensitive dye, pyranine, previ 
ously trapped within the vesicles. Fi.;ally, we have 
examined the chloride-driven transport of prc.tons un- 
der different conditions of transmembrane K + gradi- 
ent. 

A preliminary account of this work has been given 
[5] 

Materials and Methods 

Materials. H-~'CI (0.4 mCi/mmol, Amersham) was 
neutralized with Tris base before use. Valinomycin and 
nigcricin were from Sigma; tetramethylammonium hy- 
drcxide pentahydrate (TMA) from Aldrich; pyranine 
from Eastman-Kodak; Sephadex G-25, medium, from 
Pharmacia Fine Chemicals, Uppsala, Sweden. All other 
chemicals were also of the highest purity available. 

Buffers. In all the experiments, both the extra- and 
the intravesicular media contained the same metal-free 
buffer consisting of 20 mM Hopes and 40 mM of either 
citric acid or Mes, adjusted to the desired pH with Tris 
base. The extravesicular media were always pH-ad- 
justc.d by taking into account the inevitable carry-over 
of a known fraction of intravesicular pH 7.5 medium at 
the beginning of the transport assay. When, within 
each experiment, the effect of certain ions was tested, 
the total ionic strength was maintained as nearly con- 
stant as possible by adding as needed the appropriate 
amount of 'inert' acid and/or  base; respectively, glu- 
conic acid and either TMA or Tris. Sorbitol was used 
to maintain the total osmolarity ratio, (out)/(in), at 
650/550 mosmol/l. 

Vali~omycin and nigericin, all pro-dissolved in 
ethanol, were allowed to evaporate to dryness before 
mixing with the membrane preparation, at least 15 min 
prior to assaying for CI " transport [1]. Both ionophores 
were used at the same dose, 10 btg/mg of protein. 

Membr;rrze vesicle preparation. Brush-border mem- 
brane vesicles from guinea pig ileum were prepared 
and handled as previously d ,  scribed [1,6]. Loading of 
the vesicles with a given buffer was accomplL,;hed ei- 
ther by entrapment during vesicle formation or by 
membrane resealing, e.g., by applying two consecutive 
~ycles of freezing and thawing [1]. Protein was mea- 
sured by using tile Bio-Rad assay kit. 

Chloride transport measurement. Chloride. uptake was 
assayed by using ~CI and a ra~id filtration technique 
;,7]. Initial uptake rate measurements (0.5 to 2 s) were 
carried out with a Short-Time Incubation apparatus 
(lnnovativ Labor AG, Ziirich, Switzerland), in a room 
thermostated at 23 + 2"C, as previously described [1]. 

Results are expressed as either (i) absolute uptakes 
(un!ts: nmol(mg protein) - t ,  (ii) absolute velocities 
(nmol(mg protein)-Is  - I )  or (iii) relative velocities 
(nl (rag protein)-t s - I )  [8]. Whenever possible, data are 
presented as the means ( 5= S.D.) of several experiments 
performed with at least two different membrane prepa- 
rations. Uptake data were statistically compared by 
applying a one-way analysis of variance [9]. Initial 
absolute velocities as a function of the chloride concen- 
tration were fitted by non-linear least-squares regres- 
sion analysis to an equation containing one saturable 
Michaelian transport system plus a diffusional compo- 
nent, as described [!]. All calculations were done by 
using an Apple Macintosh microcomputer. 

Preparation o f  pyranhw.loaded vesicles. Vesicles were 
loaded with pyranine as described by De Vrij et al. 
[10]. Briefly, 2 ml of membrane vesicles (about 40 mg 
total protein) were mixed with an aqueous 5 mM 
pyranine solution and distributed into two equal 
batches. One batch was subjected to a double cycle of 
freezing in liquid nitrogen, followed by slow thawing to 
room temperature. The seconu batch was not subjected 
to freezing but was maintained during the same time 
interval in the ice bath. In the first batch, assumed to 
have undergone vesicle opening and rcsealing (see Ref. 
11), pyranine was expected to be present both inside 
and outside the vesicles (MV~,,,t+in~), whereas the 
second batch would contain only pyranine bound to 
extravesicular sites ( M V ~ u u ) .  External free pyranine 
was removed from both vesicle batches by Sephadex 
G-25 filtration [11]. The filtered vesicles were then 
concentrated by centrifugation, suspended in the ap- 
propriate buffer and stored at 4°C until the time of 
experiment which took place the same day. 

Proton flux evaluation. Vesicles (400-500 p.g of pro- 
tein) loaded with pyranine in the desired buffer were 
mixed with 2.5 ml medium in a continuously-stirred, 
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l-era polystyrene cuvette maintained at 25 + I°C. Fluo- 
rescence measurements (excitation at 469 nm; emissicn 
at 512 nm) were carried out in a Jobin-Yvon JY3C 
spectrofluorimeter connected to a Hewlett-Paekard 
9815 A recorder. The variation of fluorescence inten- 
sity with time was followed continuously from 3.6 to 
300 s. At the end of each run, the vesicles were lysed 
with 25 g.I of 3% Triton X-100, and the total fluores- 
cence intensity determined. 

The fluorescence intensity of vesicle-entrapped 
pyranine as a function of time, F(t) ,  was first normal- 
ized to account for variations in protein concentration, 
then standardized to the equilibrium value, F~, deter- 
mined after Triton X-100 lysis. The final pH of each 
sample was determined with a pH-meter  and, because 
of the large excess of external over internal medium, 
assumed to correspond exactly to the initial pH of the 
external medium. Because F and pH are non-linearly 
related through sigmoid titration curves [12], F, was 
converted into proton concentratiens according to the 
relationship: 

- i og l t t  + l ,  = ( pK  - i og [ ( t~ . , , ,  - r,~IF,]") ( 1 )  

where [H +] is expres!;ed in moles per mg protein, pK, 
Fm~ ~ and a (the reciprocal of the Hill coefficient) were 
derived from fluorescence intensity-versus-pH plots by 
using either 1 tzM pyranine or pyranine-loaded vesicles 
as reference. A pyranine pK value of 7.2 was calcu- 
lated by linear regression. 

Results and Discussion 

s~Cl uptake experiments 
As we shall see, the inhibitory effect of trans potas- 

sium on pH gradient-dependent chloride uptake is 
time-dependent. In the present paper, therefore, we 
shall distinguish between rapid effects taking place 
during the initial l -2-s  and long-term effects observ- 
able between 10 and 60 s. 

Effect o f  hltracesicular potassiton on the initial chlo- 
ride entry rates. For reasons that will become evident as 
we go along, and sharply contrasting with the effects at 
long time int~:rvals, which are more consistent, the 
effects of trans potassium on the initial chloride entry 
rate are inconsistent, i.e., they can be seen with certain 
vesicle preparations, but not with all. q b  illustrate this 
point, we shall begin by presenting a series of positive 
results obtained with a given vesicle preparation (Table 
1). These results extend and are qualitatively similar, 
although quantitatively not identical wilh, those ob- 
tained before with a different vesicle preparation (Ta- 
blc 1 in Ref. 1). Negative results obtained with ,~till 
other vesicle lots will not be illustrated. 

As shown in Table I, the initial chloride entry rate 
under zero trans K + conditions and in the absence of 

TABLE 1 
Sffects of o pH gradient and/or trans I)otassiton on the absohlte 
chloride uptakes at 2 and O0 s. hi tile absenre and io tile pte.wnce of 
ionophores 

C I  uptake was measured with 14 mM '~'CI as substrale. Both ;tic 
extra- and Ihe intra-vesicular spaces contained: (it a 21) mM Hopes/ 
40 ram citric acid buffer adjusted with Tris base to give tile indicated 
ptl gradients; and (it) a 200 mM mixture of the gluconate sail of 
either Tris or potassium to obtain the indicated [K ~ ],,.J[K+ ]i,, 
ratios. The ,~bsolutc CI- uptakes at both 2 and 61) s are given in 
nmoles per mg protcins:S.D. (n). Identical It)w-case lettels identify 
results that arc indistinguishable according to a one.way amdysis of 
variance, at the P < 0.01 level. 

[ K+ ],,ut/ Ionophore Absolute CI- uptakes 

[K + ]i, valino- niger- 2 s 60s 
ratios mycin icin 
(mM)  

pHot,t/PHin = 7.5/7.5 
l ) l l )  - +- ~, l .O±(l . ,  124)" 3 . l ) + 0 . 2  ( 5 )  .... 

200/2(X) 5: y / 

pH,,ut/pH., = 5.1)/7.5 
( I /O  - - 3 . 6+P .3  (5 )  b 16 .7+1 .0  (5 )  ~ 

200 /2 (X )  - --  2.6 _+ 0.4 (14 )  ~" 9.4 5:1.5 (14 )  f 

20II/2IX) + - 2.l)5:(l.2 (6) d 4.55:0.2 (5) ~ 
200/21X) - + .I -}:l).l (3)" 3.8+0.6 (3)h.~.l, 
21)1)/2(~) + + I . l ± l l . I  ( 3 ) "  4.1)5:0.4 ( 3 )  t '~ 

any pH gradient (pH,,ut/PHi,  = 7 .5/7  5) increased by 
3.6-times when a 2.5-unit, alkadne-inside pH gradient 
(pH uui/PH in - 5.0/'7.5) was imposed. Supcrposition of 
high, equilibrated potassium concentration.,; ([K+]oul = 
[K+]~, = 200 mM), with or without valinom~c!n a n d / o r  
nigeriein, had no effect when no pH gradient was 
present. However, when a pH gradient was present, a 
27% inhibition of chloride uptake was found which 
increased to 44% when valinomycin was added and to 
69% upon addition of Hgericin (with and without 
valinomycin). With nigericin, the level of chloride up- 
take dropped to that obse,ved in the absence of a pH 
gradient, consistent with the notion that, in the pres- 
ence of trans K +, irrespective of the presence or 
absence of valinomycin, nigericin can abolish any exist- 
ing pH gradient, practically instantaneously [2,13]. 

In order to clarify the mechanism of trans potas- 
sium inhibition of chloride uptake, a kinctie analysis of 
CI transport in the presence and absence of intravesic- 
ular K + was performed. We showed previously that the 
kinetics of chloride uptake across the brush-border 
membrane can be adequately described by an equation 
involving a single Michaelian transport term plus a 
diffusional component [1]. The results summarized in 
Table I! reveal that preloading the vesicles with IIX) 
mM K + leads to a slgn;ficant, 17% decrease of V, with 
no effect on K.r. Addition of valinomycin caused an 
additional, 28% significant increase in this inhibitory V 



TABLE II 

CMoride tr, mslum b) the presence of an alkaline-utside pH gradient: 
noucompetitice cfft'ct of tran.s InJtussium bz the absence and in the 
presence of t'atintmlycb! 

Chloride ~aturalion curves were performed by using chloride concen- 
trations ranging from 4 to 84 raM. Buffer composition as in Table I. 
with a pH gradient pit,,,,/plt~, = 5.11/7.5. The kinetic parameters, 
V (nmol(mg protein) ~ ts t) and h r (raM) were estimated by non- 
linear regression analysis. The kinelie diffusion constant. K a, was 
fixed to the common value, 6.7 ailing protein)- i s- i before running 
each iteration. For the F test. the degrees of freedom [df] for pure 
error and for lack of fit. in that order, are indicatt:d between 
brackets. P = n.s. means that tile data points do not differ statisti- 
cally from the theoretical fit of the equation under study. The three 
sels of results were statistically compared by using an F' test as 
described by Van MeUe and Robinson [14,15]. Further t, etails in the 
text. 

Experiment: A B C 
{K ~ 1,,,L/IK" li. 
ratios (mM): 0/0 tO0/IIXI IIX)/HXI 
Valinomycin: - + 

V 4.B5:11.4 4.115:0.3 2.9:!:0.2 

g T 11.8+1.9 13 .15:1 .7  9.55:1.6 

F-tests 
F. [df]. P 1.37129.4]. 1.99 [29,5], 1.4 [33.41. 

n.s. n.s. n.s. 

F', [dfl 

(A, B, C) 25.5 [1114.4] P < 0.005 
(A, B) 15.6 [67,21 P < 0.005 
(B, C) 12.4 [71,2] P < 0.005 
(A, C) 44.1 [70,2] P < 0.005 

effect *. Such results indicate that  trans K + behaves 
in practice as a non-competit ive inhibitor of pH gradi- 
en t -dependent  CI transport .  

Taken together,  the results just described suggest 
the existence of interactions between the fluxes of 
chloride, potassium and hydrogen ions across the 
brush-border membrane,  thereby raising questions of 
physiological interest. In principle, these interactions 
could be explained in terms of eititer: (it  strictly indi- 
rect, electrical coupling between ion gradients  (hence- 
forth, we shall refer to this as the 'electrical hypothesis '  
or ' interpretat ion ' ) ;  or (it) functional interactions be- 
tween carr ier-mediated,  electroneutral  fluxes (the 
'e lectroneutral  hypothesis'). Two such mediated trans- 

The statistical attalysis of the data in Table II has involved both 
the F and the F' tests of Van Melle and Robinson [14 15]. First, 
the F test shows for each curve that the data points do not 
deviate significantly from the equation used to fit them. Second, 
the F' test demonstrates ~hat the three sets of curves are 
statistically different f om one another, both if treated as a group 
or by pairs. Because tile estimated KT values overlap whereas 
the V results do not, the conclusion is warranted that V, not K T, 
is the parameter affected by the various treatments employed. 
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port systems come to the fore in this regard, namely, 
the electroneutral  C I - / H  + symporter  recently demon- 
strated in this laboratory [1,2] and the K + / H  + an- 
t iporter  recently evidenced in apical intestinal vesicles 
by Binder and Murer  [16]. It seems quite easy to 
conceive that,  through the interplay of these two elec- 
t roneutral  mechanisms, trans K + may cause CI -  up- 
take inhibition by accelerat ing the rate of dissipation of 
the proton gradient  energizing chloride uphill  trans- 
port. An analogous suggestion has recently been made  
by Knickelbein e t a l .  [17] who showed that  K + influx 
can accelerate H ~ efflux, thereby causing a decrease in 
the driving force for N a + / H  + antiport  in rabbit i leum 
brush-border membrane  vesicles. 

The electrical hypothesis may seem the simplest  and 
therefore the most attractive at first sight. He,  vc',cr, 
the very low intrinsic permeabil i ty of the intestinal  
brush-border membrane  to both C I -  and K + (Refs. 1, 
16 and 18-20 plus Alvarado and colleagues, unpub- 
lished results **)  casts much doubt on it.,, validity, 
which would render  the electroneutral  interpretat ion 
more credible. In the remainder  of this paper, the two 
hypotheses will be experimentally compared. 

Effect o f  intravesicular potassium on the 60-s cMoride 
uptakes. With time, the inhibitory effects of trans K +, 
observed with some but not  all vesicle preparat ions  at  2 
s, become stronger and more consistent.  Thus, with a 
given vesicle preparat ion,  200 mM trans K + inhibited 
27% at 2 s but  43% at 60 s (Table !). With trans K + 
plus valinomycin, the inhibition was 44% at 2 s versus 
73% at 60 s. Particularly worth noticing here is that  the 
inhibition caused by valinomycin was statistically iden- 
tical with that  caused by aigericin at 60 s, whereas,  at  
2 s, valinomycin was significantly less efficient than 
nigericin. Such results warrant  the interpretat ion that  
both ionophores accelerate the rate of dissipation of 
the pH gradient,  but  the effect of nigericin is much 
faster. The reason for this difference probably depends  
on the mechanism of action of each ionol~hore, which 
seems to be different. According to current  knowledge, 
nigericin may be expected to act directly by catalyzing 
the electroneutral  exchange of K ~ tbr H + [13]. To the 
contrary, as we will show further below in this paper, 
valinomycin appears  to act indirectly by facili tating an 
electrically-coupled exchange of these two ions. 

* *  The low intrinsic permeability to K + and C i -  of brush.border 
membrane vesicles from both pig and guinea pig jejunum and 
ileum has been demonstrated in experiments on rheogenic t).glu- 
cnse/Na + cotransport. These largely unpublished results show 
that: (it a potassimo potential ranging from -61) to +60 mV has 
no el'feet whatsoever on the uptake of it-glucose, unless valino. 
mycin is added; and ~'ii) the electrical effectiveness of various 
sodium salts to activate o-glucose uptake yicld~ the anion perme. 
ability sequence: SCN - > NO~" > I - > Br- > ghtconate = SO.~ 
= F-=  CI-, hldie;,ting that, similar to glu~matc and sulfate, 
CI- is a poorly permeable anion, in these vesicles. 
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Effect o f  the absolute intratresicular potassium con- 
centration under conditions of  equilibrated K + on pH 
gradient-dependent chloride uptake. We have shown that  
cis K + has no effect on pH gradient-dependent  chlo- 
ride uptake [1]. The purpose of studying the effect of 
the absolute trans K + concentrat ion under  conditions 
of [K+]out = [K+]in was to e l iminate  the potassium gra- 
dient  as a factor in CI uptake inhibition by trans K +. 
The results (Fig. 1) show that  increasing [K+]i, leads to 
a progressive decrease in the 60-s absolute uptakes,  an 
effect that  is potent ia ted by valinomyein. These effects 
appear  to be linearly proport ional  up to [K+]in = 75 
mM. 

At  first sight, a likely interpretat ion of these results 
is that  the proton gradient  gives an inside-positive 
membrane  potential  capable of energizing CI uptake:  
trans K + would inhibit by short-circuiting this poten- 
tial, an effect that  would increase upon addit ion of 
valinomycin. Although ~his electrical interpretat ion is 
partial ly correct when valinomycin is present  (see be- 
low), it should be rejected when in its absence, for two 
main reasons. First, we have shown that  more than 
85% of the total  CI uptake driven by a pH gradient  is 
electroneutral ,  meaning that a proton potential  cannot 
satisfactorily explain CI uptake  [1]. Second, this inter- 
pretat ion presupposes that  the permeabil i ty of K ÷ is 
high, which is not true. As ment ioned above, all the 
evidence available to us demonst ra tes  that,  in the ab- 
sence of valinomycin, PK is negligibly small in intesti- 
nal brush-border  membrane  vesicles. 

Consequently,  as an al ternat ive to the electrical 
explanation, we would propose here that,  in the ab- 
sence of  vaIinomycin, the inhibitory effect of trans K + 
involves mainly a t ime-dependent  dissipation of the pH 

-iJ 
l K ] { h i l l )  

Fig. I. Long-term effects of intravesieular potassium on the pH 
gradient-dependent uptake of chloride in the abse~c~ of a mem- 
brane potentiaL Chloride uptake was measured for 60 s with 4 mM 
"~*CI as suhstralc, in the presence ~)f u pH gradient p[-l.,.n/pHin = 
5.11/7.5. The buffer was as in Table I, A 21XI mM mixture of the 
g|uconate salt of either Tris or potassium was used to obtain the 
indicated K* concentrations under equilibrated ([K* l.ut=lK+ ]i,) 
conditions, both in the absence (ra) and in the presence (Ill) of 
valinomycin (n = 3-9 pt:r point, except for the 111(I mM IK ÷ ] eondl, 
tioo where it = 21 an~i 2(1, respectively). The chloride absolute up- 

takes arc expressed in nmol/mg protein t :t: S.D.) per fill s. 

a t  , , i i , 
• 60 -40 .20 0 a) 4O 

EK (mV) 

Fig. 2. Ltul~lerm effects of intravesicular potassium on the pH 
gradient-dependem uptake of chloride, as a function of the potas. 
sium diffusion potential. Chloride uptake was measured under the 
same conditions as in Fig. I. except that [K + ]in was kept constant at 
1(1{1 mM and [K" ],,,* was varied as needed to obtain the indicated 
E K values, both in the absence (13) and in the presence (11) of 
valinomycin In ~ 9 per point). The slope of lines a and b is indistin- 
guishable from zero. but the average uptake of each line (respec- 
tively, 6.3 + 0.6 (n = 70) and 4.65:0.7 ( ,  = 19)) is significantly differ- 
ent (P ~ 0.11(15). The slope of line e (y = 3.5+0.014 E K) differs 
significantly from zero (F = 13 [54,1]; P ,~ 0.005). Further details in 

the text. 

gradient  through the intervention of an electroneutral  
exchange of K ÷ for H +. The electroneutral  K + / H  ÷ 
ant ipor ter  recently found to exist in intestinal apical 
membrane vesicles [16] would provide the physical 
basis for this exchange. 

Role of  the membrane potential at t'ariable / K  +],,,t 
but constant I K + ]i. on pH gradient-dependent chloride 
uptake, pH gradient -dependent  C I -  uptake was as- 
sayed in the presence of constant  (100 mM) [K+]i, and 
variable [K+]out to secure E K values ranging from + 3 0  
to - 60 mV. The results indicate that total CI uptake is 
independent  from the t ransmembrane K ÷ gradient,  
further  weakening the electrical hypothesis. In effect, if 
both PK and Pcl were high, net CI uptake should be 
activated when [K+]+. <[K+]t,ut. CI uptake,  however, 
was perfectly horizontal (Fig. 2, line a). 

Valinomyein significantly increased the inhibitory 
effect of trans K +, a result alse incompatible with the 
electrical hypothesis. In effect, when [K+]ia < [K+],,u~, 
valinomycin can be expected to generate  an inside- 
positive membrane potential  that  should have in- 
creased the CI uptake rate if such an uptake involved a 
rheogenic CI uniport,  lnstea:l ,  valinomycin increased 
the inhibition caused by trans K + (Fig. 2, line b). This 
result, furthermore, strongly supports  the tenet  that  
Pet is negligibly small in these vesicles [1]. We conclude 
that valinomycin increases the inhibitory effect of trans 
K ÷ because, to the electroneutral  K + / H  ÷ exchange 
observed in the absence of the ionophore, it adds an 
electrically-coupled K + / H  + exchange, further acceler- 
at ing H + influx. 
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Fig. 3. pH gradient-dependent chloride uptake. ApparenP,decay of 
the pH gradient as a function of time. Vesicles in Hepes/citrle 
acid/Tris buffer (pH 7.5) were charged with valinomycin and 100 
mM of either Tris- or I< gluconate. 10.g,I aliquots were mixed with 35 
/tl of the Hepas/citrate buffer containing 100 mM K glucoaate to 
obtain a pH gradient (pHou t/pHi. ' = 5.0/7.5) with ([K + ]out/[ K+ ]in 
= 100/100 mM. • ) ;  or without ([K + l.ut/[K + ]in = 100/O raM. • )  
trans K +. After each indicated preineubation time, S t~l of the same 
buffer containing 100 mM K gluconate and "a6CI were added to 
measure uptake for 2 s at 4 raM, zero trans chloride. In panel A, the 
results are illustrated as initial chloride entry rates in nmol/mg 
protein per sS:S.D. (n ~. 9 per point). The right-hand ordinate inus. 
trules the conversion of the data into apparent intravesicular pH 
values, according to Eqn. 2. Panel B illustrates the fit of the data up 
to 6 rain, according to Eqn. 3. The lower curve was decomposed as 
shown into an initial, fast component t0.1 to 0,8 rain; k I = 71.3 s -I) 
and a second, slower component with a time constant k 2 = 10.6 s- t). 

Further details in the text. 

Effect of  intravesicular potassium on the time-depen- 
dent decay of  the pH gradient. The electroneutral  expla- 
nation of the mechanism of CI uptake  inhibition by 
trans K + implies that  intravesicular K ÷ accelerates  the 
rate of pH gradient  dissipation. The experiment  in Fig. 
3 was performed to test this point directly. 

Valinomycin-loaded membrane  vesicles were 
charged or not  with potassium gluconate.  Appropr ia te  
vesicle aliquots were then mixed with the same buffer 
containing K gluconate, in such a manner  that  preineu- 
bations could be performed at 23*{7 in presence of a 
pH gradient  (PHo~t/PHia = 5.0/7.5),  both in the ab- 
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sei~ce and in the presence of trans K +. After the 
preincubation t ime intervals indicated in Fig, 3A, 36CI 
was added to assay for chloride transport.  The results 
show that  )he initial rate of chloride uptake  rapidly 
decreases as a function of the preincubation time, 
indicating that the pH gradient  energizing CI uptake 
decays in an apparently exponeat ia l  manner.  The  rate 
of this decay was strongly accelerated by the presence 
of trans K +, as we had expected. 

Knowledge of the intravesicular pH value at preln- 
cubation t ime zero (PHi,(,=()) = 7.5) and at  the end of 
the experiment  (pH +.(t = m) mi.) = PHout = 5.0) was used 
to compute the appa ien t  intravesicular pH at each 
preincubation interval, PHintr), by applying the equa- 
tion: 

pH int,) = pH,,uL - [(pH,,u~ - pH inl, -o)) 

• (', u(,- :h) - u,)/(u(,_ 2h)-- U(,-,O) ] (2) 

where utt=i) ) and u(t.2h ) are, respectively, the absolute 
C I -  uptake values at  zero and 2 h of preincubation,  
and u t represents  the experimental ly-determined,  ab- 
solute C I -  uptake  data  at t ime t. The est imated pHi .  
values as a function of the preincubation t ime are 
indicated in the r ight-hand ordinate of Fig. 3A. 

The two curves in Fig. 3A looking quite different to 
the naked eye, it seemed of interest  to evaluate them 
quantitatively. To do this, we applied to the first 6-min 
results the following relat ionship [12] derived from 
Eqn. 2: 

In[(ut,-2h)- u,)/(uu-2h)- u(t-m)] = a - kt (3) 

where k is the decay t ime constant. 
This t rea tment  revealed that,  in the absence of trans 

K +, the results follow a single exponential  with the 
t ime constant k =  1 1 . 1  s - i .  In contrast,  the results 
obtained in the presence of trans K + could be decom- 
posed into two exponentials  with k t = 71.3 s - t  and 
k 2 = 10.6 s - t ,  respectively (see Fig. 3B). It would ap- 
pear  that  k and k 2 represent  the same phenomenon,  
e.g., the non-mediated,  downhill  influx of protons. To 
the contrary, kt  appears  to consti tute a new phe- 
nomenon depending on the presence of trans K +. For 
the reasons stated earl ier  in this paper,  we would 
propose here  that  k i  represents  the influx of H + 
catalyzed by the sum of two factors: the electroneutral  
K + / H  ÷ antiporter  and, in the presence of vaflno- 
mycin, the electrically-coupled exchange of  K + for H +. 

Proton flux experintents 

To complement  the preceding 3r'CI uptake  studies, 
vesicles charged with the pH-sensitive fluorophore, 
pyranine, were used to acquire direct knowledge on the 
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flux of protons, the second cosubstrate in C I - / H  + 
cotransport. 

Properties of vesicle-entrapped pyranine. The amount 
of fluotophore incorporated within the vesicles was 
calculated from the difference in the fluorescence in- 
tensity between the two preparations, MVpyrtout+in ) and 
MV~ao, , ,  described in Materials and Methods. Ac- 
cording to these calculations, 76 + 12% (n = 17) of the 
pyranine present in the MWpy~.ltmt+int preparation was 
intravesicular and gave the emission spectrum charac- 
teristic of free pyr~nine. The changes of fluorescence 
intensity in these vesicles were linearly correlated to 
the concentration of entrapped pyranine in the range 
from 100 to 600/~g pro te in /ml  of pyraniscd vesicles. 
Treating the vesicles with Triton X-100 at any given 
time during the run resulted in a fast, monophasic 
change in fluorescence intensity corresponding to the 
pH jump from internal to external pH, thus indicating 
the complete lysis of the vesicles. The pyranine fluores- 
cence intensity did not significant!y change when the 
ionic strength of the buffers was modified within the 
limits set in our  experiments. 

Spectrofluorometric et'tdence for CI - /  H + symport 
and K +/H + antiport actit'ities hi isolated brush-border 
membrane t~sicles from guinea pig intestine: In a first 
series of experiments, the effects of either CI-,  K ~, or 
both together on the dissipation of an alkaline-inside 
pH gradient were studied. 

Fig. 4 illustrates some representative results. The 
'standard',  spontaneous decay of an imposed pH gradi- 
ent ( p H o m / p H , , = 6 . 0 / 7 . 5 )  was first established by 
using equilibrated Tris gluconate as the ' inert '  salt 
replacement. 

All the observed decay curves involved an initial 
rapid fall in intravesicular pH from 7,5 to about 6.8, 
presumably representing the practically instantaneous 
neutralization of the pyranine bound to the outer  face 
of the vesicles. This rapid initial phase was then fol- 
lowed by a slower decrease towards the pHi,  at equi- 
librium, whose exact limiting value was determined at 
the end of each experiment after Triton lysis of the 
vesicles. 

In the absence of trans K +, extravesicular K + glu- 
eonate significantly slowed down the dissipation of the 
pH gradient, indicating that K + influx causes H + ef- 
flux. This inverse relationship between the K + and H + 
fluxes we interpret as direct evidence for K + / H  + 
exchange. In sharp contrast, TMA CI (results not illus. 
tratcd) significantly increased the rate of pH gradient 
dissipation, thus confirming the presence of C I - / H  + 
symport activity in these vesicles. Interestingly, cis KCI 
also significantly increased the rate of pH gradient 
dissipation, suggesting that the C I - / H  + symporter is 
stronger than the K + / H  + antiportcr and therefore can 
prevail under the conditions of these experiments (fur- 
ther evidence below). 

e,6 . . . .  ~ L L ) "  , 

t | ' . ~ _ ~ 2 ~  ~;_U_:~- - (  '... 

61 , , i i II ""~.a 
o m l,~'a leo ~ o  
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Fig. 4. The rate of  dissipation of an alkaline-inside pl-t gradient, in 
the presence of cis chloride and/or potassium: Acceleration by the 
prescnce of intravcsieular potassium. Vesicles we'~e loaded with 
pyranine in the presence of a 20 mM Hepes/40 mM Mes buffer 
adjusted to pHi, = 7.5 with Tris base. In addition, half of the vesicles 
were loaded with 200 mM Tris gluconate (empty symbols); the other 
haft with 10a mM Tris gluconate plus IIR) mM K gluconate (black 
symbols). The reaction wa,, initiated by mixing each vesicles aliquot 
with the same buffer adjusted to ptl,,ut =6.0 and containing the 
fo!l,,~wi:lg salts: 2IX) mM Tris gluconate (~., ~: - 18 per point); ~r !,~' 
mM Tris gluconate plus I(X) mM of eithcr K ÷ gluconate (t~, ,t, 
n = 4 and 3. respectively), or KCI (El, Ill, n =, 3). At 24~.l rain, Ti;ion 
was added to lysc til~ vesicles. As explained in the text. the fluores- 
cence intensities have been tra,slbrmed into the negative logarithm 
of intravesieular [ H  ÷ ]. which are lhe units used to build the left-hand 
ordinate scale. Cmnpared to the control condition (o), the trans K ÷ 
conditions were signifi,'anlly different at any time, whereas for the 
~.onditiuns cix KGiu and cis KCI (zero trans K ÷ ) the difference was 

significant only after 15 and 60 s, respectively. 

Finally, our  results further show that trans K + 
strongly ;:ecelera~cs the rate of pH gradient dissipation, 
fully confirming the proposal that intravesicular K + 
accelerates proton influx. This effect is independent of 
the presence of cis K + and is not significativcly in- 
creased by valinomycin (Fig. 4, lower two curves). 

Taken together, therefore, the results here summa- 
rized constitute a direct confirmation of all the premises 
and predictions contained in the electroneutral hypoth- 
e,,,is discussed in previous sections of this paper. 

Uphill proton transport induced by either cis chloride 
ot by trans potassitmt. If our  conclusion is correct that 
the above-described proton fluxes are catalyzed by 
specific cotransport mechanisms, it should be expected 
that appropriate CI-  and K + gradients should each be 
able to create a proton gradient, although such gradi- 
er.ts should have, by definition, opposite signs. To 
a~,dress this ke> ~ucstion, pyranizcd vesicles were used 
wilere, at time zero, pH,,u, = pHi, . = 65.  Under such 
conditions, any ion-induced change in pH will take 
place, by definition, uphill. 

As shown in Fig. 5, and fully in accord with predic- 
tion, an (out) / ( in)  = 100/0 mM Cl-  (TMA salt) gradi- 
enl caused vesicle acidification whereas a similar gradi- 
ent of K + gluconate caused the opposite effect, intrav- 
es',cular alkalinisation. Because it acts as a K + / H  + 
exchanger, nigeriein in the presence of cis K + glu- 
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Fig. 5. pH gradient-generation by the extravesicuiar addition of 
either chloride or potassium ions to pH-equilibrated vcsicl,:s, as 
determined with the pyranine fluorescence method. Vesicles contain- 
ing 100 mM TMA gluconate and a 20 mM Hopes/40 mM Mes 
buffer adjusted to pH 6.5 with Tris were mixed with media of 

.:::~*!'.:! :=-, position and pH. supplemented (black symbols) or not 
(empty symbols) with valinom,',:in, After 30 s, 100 mM of either K + 
glueonate (~, n ffi 7 per point; A, n = 6), KCI (ra n ffi6; II, n = 7) 
or TMA CI (<>. n = II) were added. At 240 s. Triton was added to 

lyse the vesicles. |no resai~.s are explesscd ~ts in Fig. 4. 

conate also caused a rapid, short-lived alkalinisatien 
(results not illustrated). 

When valinomycin was added in the presence of the 
same inside-directed K + gradient, the result was a 
significant increase in the rate of intravesieular alkalin- 
ization which, furthermore,,~ . ~ e d  to last considerably 
longer than the one obr~rved in the absence of valino- 
mycia (Fig. 5). We ec, nelnde that a K + gradient, can 
cause a purely C,=~'~rone,t:ral, uphill proton transport 
catalyzed by the K + / H  + a'Riport~L In contrast, in the 
plcsc:,cc of ;'aF.nomycin, superimposed to the elec- 
troneutral fluxes just df 'cribed,  there can also be an 
electrically-coupled exch;:age of K* for H +. 

Fig. 5 also illustrates that an inside-directed KCI 
gradient had a small, short-lived intravesicular acidify- 
ing effect. Such a result agrees with the notion that the 
C I - / H  + symport and the K * / H  + antil=ort systems act 
in opposite directions, but the former is the strongest 
of the two  and therefore can temporarily prevail. How- 
ever, this advantage of CI -  over K + disappears when 
valinomycin is added. 

Concluding remarks 

in conclusion, the inhibition of proton-driven chlo- 
ride uptake caused by intravesicular potassium can be 
fully explained in terms of an acceleration of the rate 
of dissipation of an imposed pH gradient, resulting 
from a specific, electroneutral, K+-driven proton influx 
through the K + / H  + antiporter. Valinomycin would act 
synergistically with , m r s  K + by facilitating an addi- 
tional, electrically-coupled exchange of  these two ions. 

Kleinman et al. [4] proposed a quite similar mecha- 
nism whereby voltage clamp!ng can accelerate the dis- 

157 

sipation of an acid.inside pH gradient, leading to a 
decrease in the driving force for Na+/H + exchange ill 
human jejunal brush-border membrane vesicles. Ren- 
tro et al. [21] showed that the uphill SO~- uptake 
driven by a pH gradient in chick renal tubule brush- 
border vesicles was inhibited by equilibrated K + in the 
presence of valinomycin. Furthermore, from these ex- 
periments it appears that, under voltage-clamp condi- 
tions, all pH gradient effects on the uptake of either 
the sodium or the sulfate ions were greatly reduced at 
long time intervals (10 s to 5 rain), but were practically 
unaffected at 2 s [4,21]. 

Together with o u r  own, therefore, all of  these ohser- 
vations indicate that the effects o:~ short-circuiting with 
K + and valinomycin can be rather complex and, de- 
pending on the system under study, may involve net 
decreases in the gradient of a driver ion, e.g,, H +. 
Therefore, valinomyein should be used with great cau- 
tion when experimentally trying to evaluate ~hether  or 
not a given transport system is electrically silem. 

We would cgnclud~ by mcr:,ioi~h~g t~',a~ Ci - / [ '~"  
symporter as well as N a + / H  + and K + / H  ÷ antiporter 
activities coexist in the intestinal brush.border mem- 
brane. As concerns at least the enterocyte, ,'herefore, 
the functional interaction between all of these trans- 
porters will have to be taken into account to achieve a 
full understanding of the mechanism of intracellular 
pH regulation. 
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