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Summary. Requirements  for the activation of CI conductance  
have been investigated in pig jejunal brush border vesicles. The 
stability of  ATP as a substrate  for protein kinase activity, the 
stability of  the phosphoprotein  product of  protein kinase action, 
and the choice of  buffer sys tem used for vesicle preparation were 
studied as variables which affected the outcome of in vitro acti- 
vation a t tempts .  Arsenate  was selected as the most  effective 
agent in protecting ATP from hydrolysis  by the phosphatase  ac- 
tivity in this vesicle sys tem.  Brush border vesicle protein ap- 
peared to prevent the accumulat ion of phosphoprotein  in a 
cAMP-dependen t  protein kinase reaction, and vesicle protein 
only had phosphate  acceptor  activity when KF was added as a 
presumpt ive  inhibitor of  phosphoprote in  phosphatase .  

A CI  condnctance  response  to a potass ium gradient and 
val inomycin was present  in vesicles prepared in buffers contain- 
ing t e t r amethy lammonium.  CI conductance  activity was not in- 
creased in this sys tem by the addition of ATP, dibutyryl cyclic 
AMP, and cyclic AMP-dependent  protein kinase. 

There was no CI conductance  response  to a potass ium gra- 
dient in vesicles buffered with imidazolium-acetate.  Incorpora- 
tion of  ATP,  AsO 3 , and F- into these nonconduct ive  vesicles by 
homogenizat ion,  followed by addition of dibutyryl cAMP,  pro- 
duced substantial  conduc tance  activity. Maximal activation of  
CI conduc tance  was obtained with vesicles prepared in imid- 
azol ium-acetate  buffering, using precaut ions to stabilize ATP 
and phosphoprote in  prior to conductance  measuremen t s .  

Key Words CI conductance  - conduc tance  activation �9 intes- 
tinal secret ion �9 cystic fibrosis 

Introduction 

Protein phosphorylat ion was assumed to control ion 
secretion by enterocytes  from the time of early 
studies that showed a connection between intestinal 
fluid secretion and elevated levels of  cAMP in intes- 
tinal epithelial cells. Lucid and Cox reported in 1972 
that cholera toxin increased the phosphorylation of 
brush border  membrane proteins [17]. The sug- 
gested target of this protein kinase activity was a 
process controlling CI- secretion across the intesti- 
nal mucosa in a serosal-to-mucosal direction [5]. 
Subsequently the process of active chloride secre- 
tion has been shown to be driven by the electro- 

chemical potential of intracellular CI ion, and lim- 
ited by the permeability of the apical membrane for 
chloride [8, 10]. 

Current measurements of epithelial chloride 
channels by patch-clamp procedures indicate acti- 
vation of these conductive channels by cyclic AMP 
and calcium [7, 9]. The demonstration of regulation 
of  CI channels contained in excised membrane 
patches suggested that it should also be possible to 
activate conductance in membrane vesicles where 
there would be sufficient membrane protein to per- 
mit identification of channel regulatory elements 
and isolation of channel proteins. 

Chloride conductance has been demonstrated 
in enterocyte  brush border  membrane vesicles from 
several species [6, 14, 16]. However ,  direct evi- 
dence for activation of conductance in vesicle sys- 
tems has not been reported in spite of intensive ef- 
forts to identify the relevant targets of protein 
kinase [2, 4, 12, 21-23]. 

Large amounts of material for vesicle prepara- 
tion and identification of channel components  are 
available from pig jejunum [18, 19]. However ,  there 
are specific buffer requirements for the demonstra- 
tion of chloride conductance in pig jejunal brush 
border  membrane vesicles [6]. There was no CI- 
conductance response to a t ransmembranous K + 
gradient in brush border  vesicles prepared in imid- 
azolium-acetate buffer according to Liedtke and 
Hopfer  [16]. On the other hand, vesicles obtained 
from the same tissue showed a consistent conduc- 
tance response when prepared in N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonate (HEPES)-te-  
t ramethylammonium buffer (TMA) [14]. We hy- 
pothesize that a demonstrat ion of in vitro activation 
may require starting material which resembles the 
basal state in vivo; i.e., lacks CI- conductance ac- 
tivity. This study reports some requirements for ac- 
tivation of C1- conductance in vesicles isolated with 
the basal, or closed configuration of the CI- conduc- 
tance carrier. 
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Materials and Methods 

V E S I C L E  P R E P A R A T I O N  

Brush border membrane  vesicles were prepared from pig jejunal 
mucosal  scrapings as described previously [181. All steps in vesi- 
cle preparation were carried out at 0-4~ Scrapings from 40-cm 
segments  were suspended in 60 ml of either of  the buffers de- 
scribed below, and homogenized with 4-30 sec bursts  on a 
Brinkmann Polytron homogenizer .  Cell debris was removed by 
centrifuging for 10 min at 4,500 x ,~. The supernatant  was centri- 
fuged for 60 min at 4,500 x ~,, to collect a crude vesicle prepara- 
tion. These  vesicles were resuspended in 3(1 ml of homogenizing 
buffer using one pass o f a  Potter-Elvehjem homogenizer  at 1,000 
rpm. The suspended material was made 10 mM in Mg 2' by addi- 
tion of Mg gluconate and left for 20 min to allow aggregation of 
nonmembranous  material. The Mg2+-aggregate was then re- 
moved by centrifuging for 15 min at 3,000 • ~,,. The brush border 
fraction was collected as a pellet by centrifuging at 27,(100 • ~,, ['or 
30 rain. Sodium-potass ium ATPase and alkaline phosphatase  ac- 
tivity were assayed  to determine purification of brush border 
material and contaminat ion with basal-lateral membranes  {18]. 

Vesicles were prepared in either of  two homogenizing 
buffers. The first buffer contained 300 mM mannitoI, 1.0 mM 
CaCI,, and 70 mM imidazolium-acetate at pH 7.4. In the second 
buffer the imidazolium-acetate was replaced by 10 mM HEPES-  
Tris, pH 7.4. Minor variations included the addition of ATP and 
other componen ts  of  a cyclic AMP-dependent  protein kinase (A- 
kinase) sys tem at various points in the preparation procedure as 
indicated below. 

P R E E Q U I L I B R A T 1 O N  AND U P T A K E  C O N D I T I O N S  

Vesicles prepared in HEPES-Tris  buffer were pre-equilibrated 
with HEPES- te t r amethy lammonium (TMA) by resuspending in 
300 mM mannitol ,  l0 mM HEPES-TMA,  pH 7.4, followed by a 
second collection step at 27,000 • g for 30 min. 3~CI uptake by 
vesicle suspens ions  was initiated by diluting the suspens ion  with 
an equal volume of isotonic uptake media  (replacements  of  man- 
nitol with 100 mM K gluconate and 10 mM KCI plus 1.0/xCi/ml of 
3~C1, specific activity 1.0/,Ci//xmol). For conductance  conditions 
val inomycin (7.0/*g/mg vesicle protein) was added 5 min prior to 
starting the uptake. 3~CI content  of  the vesicle suspens ions  was 
determined by collecting triplicate samples  of  0.2 mg vesicle pro- 
tein on cellulose acetate filters (0 .45 / ,m pore size) followed by 
liquid scintillation counting.  

ATP PERSISTENCE IN VE S IC L E  S US P E NS IONS 

ATP was mixed with brush border vesicles and residual ATP 
assayed  by a luciferin-luciferase kit (Sigma Chemical  Co.) to 
determine the availability of  ATP for incorporation into vesicles,  
and for action as a substrate  for A-kinase.  Alkaline phosphatase  
activity of  pig jejunal vesicles was assayed according to Hirano 
et al. [12], using p-ni t rophenylphosphate  as a substrate.  Inhibi- 
tion of  pig jejunal brush border alkaline phosphatase  by arsenate  
was investigated under  the same conditions.  ATPase  was as- 
sayed as the appearance  of inorganic phosphate  in a buffer sys- 
tem containing 2.5 mM ATP, 100 mM NaCI, I(} mM KCI, 50 mM 
Tris HCI at pH 7.5, 1.0 mm EDTA and 1.0 mM MgCI> with 50/xg 
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of vesicle protein added. The assay  was carried out in the pres- 
ence and absence of 1.0 • 10 4 M ouabain.  

A - K I N A S E  A C T I V I T Y  ON VESICLE PROTEIN 

The activity of  A-kinase with pig jejunal brush border vesicle 
protein as substrate  was investigated using the condit ions sug- 
gested by Roskoski  [201. A-kinase from beef  heart (Sigma) was 
used at a level of  120 pM units per assay.  Comparal ive  phos- 
phorylation of  bovine serum albumin, type IlA calf t hymus  his- 
tone, and vesicle protein was determined using @-'P ATP as 
phosphate  donor and trapping the reaction products on 
phosphocel lulose paper to quanti tate 3-'P t ransfer  to protein. 

C O N D U C T A N C E  A C T I V A T I O N  C O N D I T I O N S  

The standard activation sys tem consisted of: Na_,HAsO4, 5.0 
raM, KF, 5.0 raM; ATP 5.0 mM; plus 20 tiM dibutryl cAMP. 
Tbese  activators were introduced into the vesicles by a single 
pass  of  a Potter-Elvehjem homogenizer  operating at 1.00(I rpm. 
This homogenizing procedure produced a mannitol space of 1.6 
/*l/mg of vesicle protein when 3H-mannitol (I.0 /*Ci/m[) was 
added immediately before homogenizing,  and the mannitol space 
was completely lost on lysing the vesicles with 0.5% sodium 
dodecylsulfate.  The time of addition of  ATP and the inhibitors 
was varied to examine effects on conductance  activation. Dibu- 
tryl cAMP was added 5 rain prior to initiating 3~'CI uptake. 

Results 

V E S I C L E  PROPERTIES A N D  B U F F E R  E F F E C T S  

The procedures outlined above gave vesicles with 
an equilibrated chloride space of 1.4 to 1.6/zl per 
mg of protein. This space was independent of the 
buffer used during vesicle preparation. Alkaline 
phosphatase activity was enriched 12- to 15-fold 
during the purification, and Na-K ATPase activity 
increased - I . 2  times. The enrichment of the 
marker enzymes, and the vesicle protein profiles 
separated in the presence of sodium dodecyl sulfate 
on 7.5% polyacrylamide gels [15] did not differ with 
preparation in HEPES-Tris or in imidazolium-ace- 
rate buffers. 

S T A B I L I T Y  OF E X O G E N O U S  A T P  

IN V E S I C L E  SUSPENSIONS 

Relatively high concentrations of vesicle protein (13 
mg protein per ml) used for ion transport studies 
contained correspondingly large amounts of phos- 
phatase activity. ATP added to vesicle suspensions 
at 1 to 5 mM initial concentration was reduced to 
less than 10/xM within 1 rain. Total ATPase activity 
of the vesicle suspensions was measured at 1.36 
/xmol/min/mg of vesicle protein, and this activity 
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Table 1. Phosphoprotein production in the presencc of jejunal 
brush border vesicle protein 

Protein substrate 

Bovine serum albumin (BSA) 
BSA + BBV protein 
BSA + BBV protein + As()] 
BSA + histone 
BSA + histone + BBV protein 
BSA + histone + boiled BBV protein 
BSA + histone + BBV protein + KF 
BSA + BBV protein + KF 

pmol  P, attached 
to protein 

64 
42 
60 

2(13/t 
218 

154(1 
40(1 

93 

Reaction additions: 5.0 nmol y~2p ATP, 12(1 pM units A-kinase, 
(1.2 nmot BSA. 50 ,~g (3.6 nmol) type IIA histone, 50 /xg (~ l  
nmol) BBV protein. 

was reduced by 0.15/~mol in the presence of oua- 
bain. When a group of reported inhibitors including 
phenylalanine, ascorbate, bismuth and pyrophos- 
phate were tested for inhibition of phosphatase ac- 
tivity toward p-nitrophenylphosphate the best inhi- 
bition was obtained using AsO~- ion. Inhibition of 
p-nitrophenylphosphate phosphatase was maximal 
at 90% with 5.0 mM arsenate, so this condition was 
used during subsequent attempts at conductance 
activation. 

PHOSPHORYLATION OF V E S I C U L A R  PROTEIN 

The dynamics of in vivo phosphorylation and de- 
phosphorylation require that protein kinase activity 
be balanced by corresponding phosphoprotein 
phosphatase activity. With lfrnited intravesicular 
supplies of ATP this phosphatase activity could 
present a problem for conductance activation if pro- 
tein kinase activity is matched by an equally active 
phosphoprotein phosphatase. Pig jejunal brush bor- 
der vesicle protein did not appear to be a good sub- 
strate for phosphorylation by A-kinase under in vi- 
tro assay conditions (Table I). It was also noted that 
vesicle protein included with histone or bovine se- 
rum albumin significantly reduced the amount of 32p 

associated with these proteins at the end of a 10-min 
kinase assay. Addition of arsenate ion to the assay 
did not prevent the inhibitory action of vesicle pro- 
tein on histone and BSA phosphorylation. The in- 
hibitory effect of the vesicles was heat labile. Fluo- 
ride ion is reported to be one of the more effective 
inhibitors of phosphoprotein phosphatase [I 1]. The 
labeling of  the mixture of histone and vesicle pro- 
tein was doubled by including 5.0 mM KF in the 
kinase assay system, and KF was required to show 
any net 32p transfer to vesicle protein ( s e e  Table I). 

4 - % Activators 

._~ ~ K gradient 

'=E 3 : l : .  

0 I I I I 
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Fill. 1. Chloride conductance of brush border vesicles buffered 
with HEPES-TMA. Vesicles were prepared in medium contain- 
ing 3(1(I mM mannitol, l0 mM HEPES-Tris at pH 7.5, 5.0 mM 
ATP, 5.0 mg NazHAsO4, 5.0 mM KF. Before measuring C1 up- 
take the vesicles were equilibrated with [00 mg mannitol, 10(I 
mM TMA gluconate with 10 mM HEPES-TMA at pH 7.5. Valino- 
mycin (7.(I/*g/mg vesicle protein) was added to vesicle suspen- 
sions labeled K ,~,radient (A), and Activators {C]) 5 min before 
starting CI uptake. 2(1 ,u.M dibutyryl cAMP added with valinomy- 
cin for activation (D). The No L, radient (�9 condition lacked 
valinomycin. CI uptake was started by diluting vesicle suspen- 
sions in equal volumes of media containing mannitol, 100 mM K 
gluconate, 1(1 mM KCI, I.(I ,u.Ci s~'Cl per ml. Values are :7 + SEM 
(n = 12). Missing enor bars are smaller than the symbol size 

ABSENCE OF ACTIVATION IN VESICLES PREPARED 

WITH HEPES-TRIS 

A substantial conductance effect was present in 
vesicles prepared in the mannitol HEPES-Tris  ho- 
mogenizing buffer, and preequilibrated with 
HEPES-TMA before measuring CI- uptake. The 
extent of the conductance response is shown in Fig. 
1. The initial rate of CI uptake was increased ap- 
proximately fourfold by imposing a K + gradient. 

Activation of  the conductance state in these 
vesicles was attempted by addition of ATP as sub- 
strate, substrate stabilizer, and protein phosphatase 
inhibitor, These additions were included in the ini- 
tial homogenizing buffer to ensure internalization 
within the intravesicular space during the homoge- 
nization. Dibutryl cAMP was added as a kinase ac- 
tivator with the valinomycin at the beginning of the 
CI- uptake. Under conductance conditions there 
was no significant increase in the rate of CI uptake 
relative to the uptake rate measured in the absence 
of activators (Fig. 1). 

Several procedures were used to try to obtain 
activation of  conductance.  Conductance rates were 
not increased by addition of all activation reagents 
10 min before initiating the CI uptake conditions, or 
by using detergents to permeabilize vesicles for ac- 
tivator access to internal protein kinase substrate 
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Fig. 2. Chloride conductance  activation in brush border vesicles 
buffered with imidazolium-acetate.  Vesicles were prepared in 
263 mM mannitol ,  1.0 mM CaCI,_, buffered to pH 7.5 with 50 mM 
imidazolium-acetate.  ATP, AsO]- ,  and F incorporation is indi- 
cated by ATP. Uptake media for measur ing conductance  con- 
tained 52.5 mm mannitol ,  50 mM imidazolium-acetate pH 7.5, 100 
mM K gluconate,  10 mm KC[, 1.0 mM CaCl> with 1.0/ ,Ci 3~'CI 
per ml and 7 .0/xg of val inomycin per mg vesicle protein. ATP 
and val inomycin were omitted in the basal condition ([Z]). Valino- 
mycin,  but no activation components ,  were present  in the K 
condition (O). Vesicles with incorporated ATP were used in the 
conductance  condition,  without (A), and with ([Z]) added dibu- 
tyryl cAMP.  Values are 2 -+ SEM (n -- 12). Missing error bars 
were smaller than the symbol size 

sites. Activation was also unsuccessful when exog- 
enous A-kinase (50 to 500 pM units/mg of vesicle 
protein) was included in the activation mixture. 

A B S E N C E  OF C O N D U C T A N C E  

IN VESICLES P R E P A R E D  

W I T H  ] M I D A Z O L I  U M - A C E T A T E  

The vesicles prepared in this buffer system had a 
normal permeabil i ty to CI-  ion when measurements  
of  uptake were carried out in the absence  of a K + 
gradient. A range of  conditions was employed to try 
to obtain increased rates of  CI uptake in response to 
a K + gradient imposed across vesicles treated with 
valinomycin.  A conductance response could not be 
obtained by varying the osmolari ty of  the homoge- 
nizing and uptake media, the valinomycin concen-  
tration, or the magnitude of  the potassium gradient. 
Effective valinomycin concentrat ions required for 
K + permeabil i ty have been determined for this sys- 
tem [6]. The control rate of  uptake for 10 mM CI- 
was 7.7 -+ 0.79 nmol C1- - min -~ �9 mg protein -~ (n = 
27), compared  to 7.0 -+ 0.89 nmol C1 �9 min -~ . m g  
protein -~ (n = 29) with 7/xg of valinomycin per mg 
vesicle protein. 

C O N D U C T A N C E  A C T I V A T I O N  

The activation system which was tried unsuccess-  
fully with vesicles buffered in H E P E S - T M A  was 
also tested in vesicles prepared in imidazolium-ace- 
tare (l-A) buffer. Activators were added after the 
divalent cation precipitation step in vesicle prepara- 
tion. The supernatant  solution after divalent cation 
precipitation was made 5.0 mM in ATP, sodium ar- 
senate,  and KF. These ingredients were introduced 
into the intravesicular space by a single pass with a 
Pot ter-Elvejhem homogenizer  at 1,000 rpm. The 
vesicles were harvested by a final centrifugation 
step, and dibutryl cAMP (20/XM) was added to the 
resuspended vesicles 5 min prior to starting CI up- 
take measurements .  The vesicles prepared freshly 
in imidazolium-acetate had slightly higher CI per- 
meability than similar preparat ions made in 
H E P E S - T M A  (compare Figs. 1 and 2). 

Incorporat ion of ATP plus inhibitors increased 
the initial rate of  CI- uptake observed with the K + 
gradient,  and this rate was increased further by ad- 
dition of dibutryl cAMP prior to starting the CI- 
uptake. The results show a significant increase in 
CI conductance activity after the addition of pro- 
tein kinase substrate and activator.  The equilibrated 
CI content of  these vesicles was 15 -+ 1.4 nmol CI 
per nag vesicle protein, and this content  was not 
changed by any of the additions used in the activa- 
tion study. 

R E Q U I R E M E N T S  FOR A s O 4  AND F 

IN THE A C T I V A T I O N  S Y S T E M  

Sodium arsenate  was added to reduce the destruc- 
tion of ATP by alkaline phosphatase ,  and KF was 
used for its inhibitory activity toward phosphopro-  
tein phosphatase  as outlined above.  The effect of  
ommitt ing both inhibitors f rom the otherwise com- 
plete activation system is shown in Fig. 3. There  
was no detectable activation in compar ison to basal 
conductance rates reported in Fig. 2 when the inhib- 
itors were both ommitted.  For purposes of  clarity, 
the separate  ommissions of  arsenate and fluoride 
are not shown in Fig. 3, but the data indicate a 
synergistic effect of  the two agents in promoting 
activation of  CI conductance.  

R O L E  OF Ca > IN C O N D U C T A N C E  A C T I V A T I O N  

The Ca > requirement  of the activation system was 
examined by omitting Ca 2+ from the homogeniz- 
ing buffer. Ca > (1.0 mM) or 1.0 mM ethyleneglycol- 
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Fig. 3. The requirement for arsenate and fluoride in activation of 
chloride conductance. Vesicle preparation was carried out as 
described for Fig. 2. The effect of omitting 5.0 mM Na~HAsO4 
and KF (C)) from the ATP incorporation step were compared 
with conductance activity measured in the complete activation 
system containing arsenate, fluoride, and ATP ([Z]). Dibutyryl 
cAMP and valinomycin were added prior to CI uptake in both 
conditions. Values are .T + SEM (/1 = 6) 
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Fig. 4. Effect of delaying Ca-" addition on the activation of chlo- 
ride conductance. Vesicles were prepared as described for Fig. 2 
except for ommission of CaCle from the initial homogenizing 
buffer. At the time of ATP incorporation (after the precipitation 
of nonbrush border material by Mg2+), CaCI_, (I.0 mM) (A), 
EGTA ( 1.0 raM) (K}), or neither (�9 were added to the otherwise 
complete activation system. Values are _~ +- SEM (n = 6) 

bis-[/J-aminoethyl ether] N,N,N ' ,N ' - te t raace t ic  
acid (EGTA) were then added at the time of ATP 
incorporation. EGTA addition at this time caused 
some increase in conductance above the basal level, 
while Ca 2+ addition at this stage in vesicle prepara- 
tion did not permit the normal activation usually 
observed in the presence of ATP and dibutryl 
cAMP (Fig. 4). The characteristic activation re- 
sponse reported in Fig. 2 appeared to require the 
presence of  1.0 mM Ca 2+ throughout the vesicle 
preparation. 

OPTIMAL TIMING FOR A T P  ADDITION 

Both the ATP substrate and the phosphoprotein 
product  of protein kinase activity may be labile in 
the brush border  vesicle system. Thus the route and 
timing of ATP addition could be critical to produc- 
ing conductance activation. Extravesicular ATP did 
not increase CI conductance,  so ATP addition had 
to be combined with a technique to insert ATP into 
the intravesicular space. Conductance activation in 
response to different times of ATP insertion is 
shown in Table 2. ATP insertion at the time of the 
initial homogenization of  mucosal scrapings (ap- 
proximately 3 hr prior to addition of  dibutryl cAMP) 
gave an increase of  about 20% over  the basal con- 
ductance rate. ATP introduction by homogenizing 
after the divalent cation precipitation step (45 min 
prior to conductance measurements)  gave the great- 
est activation response. Homogenizing vesicle sus- 
pensions with ATP within 10 min of starting the 

conductance assay gave relatively high rates of C1 
conductance under both the activation condition 
and the basal state. The largest response to addition 
of ATP and dibutryl cAMP clearly occurred with 
the intermediate time of ATP addition. 

EFFECT OF VESICLE BUFFER SYSTEM 

ON ACTIVATION 

Differences in the potential for conductance activa- 
tion were reassessed in vesicles prepared in the two 
different buffer systems used in this study. Ca 2+ 
was present throughout the preparation, and ATP 
was incorporated after divalent cation precipitation 
of nonbrush border  material. Under these optimal 
activation conditions for vesicles prepared with im- 
idazolium-acetate buffering, there was no signifi- 
cant activation of conductance in vesicles prepared 
in HEPES-TMA buffer (Fig. 5). 

Discussion 

There may be a number of reasons why activation 
of  CI conductance in vesicle systems has proven 
difficult. Some of the more obvious problems in- 
clude the techniques required to introduce soluble 
proteins, cofactors and substrates for the activation 
system into closed vesicles. There may also be diffi- 
culties in maintaining functional levels of labile sub- 
strates until vesicles can be resealed for ion trans- 
port measurements .  Steps must be taken to ensure 
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Table 2. Effect of different modes of ATP addition on chloride 
conductance activity (as initial rates of 3r uptake) in brush 
border vesicles 

Concentration and mode Basal rate + ATP + ATP 
of ATP addition rate increment 

(nmol Cl/min/mg vesicle protein) 

5.0 mM incorporated at 10.8 +- 3.0 12.9 -+ 1.6 2.1 
mucosal scrapings 
homog 

5.0 mM incorporated after 8.4 + 0.6 15.6 -+ 1.2 7.2 
Mg z~ ppct"  step 

5.0 mM added to vesicles 10.8 -+ 3.0 10.4 -+ 1.0 - -  

before  Cl uptake 

1.0 mM incorporated 14.4 + 1.4 12.5 -+ 0.7 - -  
before C1 uptake 

5.0 mM incorporated 14.4 + 1.4 15.6 + 1.6 1.2 
before CI uptake 

n = 6 + SEM except for condition 2 (incorporation after Mg e~ 
ppct") where n = 14. 

the persistence of phosphoprotein products after 
protein kinase activation. Finally, there is the ques- 
tion of the criteria to be met in a system in order to 
claim that CI conductance has been increased in a 
similar manner, and to a similar extent, as in the 
activation process occurring in intact cells and tis- 
sues. 

Consideration of these factors in the design of 
an in vitro activation system did not produce a de- 
tectable increase in the initial rates of CI entry into 
brush border membrane vesicles prepared in 
HEPES-TMA buffer. The final requirement for con- 
ductance activation in pig jejunal brush border 
membrane vesicles was a source of  vesicles isolated 
with a basal state of the CI conductance channel. 
Vesicles isolated with imidazolium-acetate buf- 
fering had no demonstrable conductance activity 
[6]. The choice of these vesicles as starting material 
for the activation system appeared to be the key to 
the successful application of the conditions consid- 
ered above. 

Donowitz et al. have used freeze-thaw and high 
voltage discharge procedures to incorporate ATP 
and dextran into rabbit ileal brush border vesicles 
[3]. The homogenizing technique used in this study 
was faster and less complex than the freeze-thaw 
procedure. Measurements of the mannitol space in 
vesicles opened by this method indicate that it pro- 
duces a good equilibration of the intravesicular 
space with the suspending buffer. Mannitol spaces 
of 1.6/.tl per mg protein agree well with an equili- 
brated Cl space of approximately 1.5/xl per mg. The 
only apparent disadvantage of  the technique was 
the time requirement of 20 to 30 min for completion 
of vesicle resealing as noted in Table 2. 
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Fig. 5. The effect of buffer system on the capacity for conduc- 
tance activation in vesicles. One batch of mucosal scrapings was 
used to prepare vesicles as described for Fig. 1 with HEPES- 
TMA buffering, or as for Fig. 2 with imidazolium-acetate buf- 
fering. Basal HEPES-TMA (O). and basal imidazolium-acetate 
(A) conductance was measured with 100 mM external K ' ion and 
valinomycin, but no incorporated activators. Activation was at- 
tempted with 5.0 mM ATP, AsO 3 , and F- incorporation into 
vesicles prepared in each buffer by homogenizing vesicle suspen- 
sions after divalent cation precipitation of nonbrush border mate- 
rial (ATP, filled symbols). 20 ktM dibutyryl cAMP was added 
with valinomycin 5 rain prior to initiating CI uptakes. Values are 
.v +- SEN (n = 6) 

Phosphatase enzymes are common markers for 
intestinal brush border membranes,  and some of 
them were very effective in catalysing the dephos- 
phorylation of  ATP. The rapid breakdown of  ATP 
that was observed in suspensions of vesicles could 
severely deplete added ATP even in the short time 
intervals between ATP addition to a vesicle suspen- 
sion and homogenizing for insertion. It is not clear 
from these data if the arsenate contribution to con- 
ductance activation involved protection of  extrave- 
sicular ATP prior to incorporation, or perhaps some 
protection of intravesicular ATP from phosphatase 
activity within the vesicles. Since the native loca- 
tion of  the alkaline phosphatase is on the luminal 
surface of the brush border membrane, the arsenate 
should be acting primarily to stabilize ATP before 
incorporation. 

Evidence relating to the stability of phospho- 
protein was obtained from a study of  protein kinase 
activity toward different substrates. Pig jejunal ves- 
icle protein was a very poor substrate for A-kinase 
from beef heart. Mixing type IIA histone with vesi- 
cle p ro tdn  caused a major suppression of 32p pro- 
tein product in comparison to the histone alone. 
The inhibitory effect could have arisen at several 
levels, including destruction of ATP, inhibition of 
A-kinase, or removal of P from phosphoprotein. 
ATP destruction may be partially ruled out since 
arsenate addition to the A-kinase assay did not re- 
verse the inhibition of histone labeling by vesicle 
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protein. Phosphoprotein phosphatase  is a normal 
enzyme activity in any tissue using protein kinases 
for intracellular signalling. Evidence of heat lability, 
and partial reversal of  inhibition of histone phos- 
phorylation when KF was added to the sys tem con- 
taining vesicle protein, suggested that suppression 
of phosphoprotein  phosphatase  may be necessary 
to produce persistent phosphorylat ion,  and activa- 
tion of C1 conductance.  

Application of the conditions developed for 
producing a phosphoprote in  product  in pig jejunal 
brush border  vesicles did not lead to any changes in 
the CI conductance  measured in vesicles prepared 
in H E P E S - T M A  buffers. It was not clear why these 
vesicles should have been refractory to activation 
at tempts.  The ~ 'success"  of  activation at tempts in 
vesicles prepared in I-A buffer could have resulted 
from more favorable conditions for phosphoprotein 
accumulat ion within the vesicles, but it also seems 
possible that conductance activation may work best 
in vesicles with basal conductance activity. If the 
level of  conductance  obtained after activation were 
close to the maximum to be expected in the system 
then it would not be surprizing that H E P E S - T M A  
vesicles, which start with a substantial conductance  
activity, did not increase conductance under activa- 
tion conditions. 

Changes in short-circuit current (1) on induc- 
tion of intestinal secretion usually lie in the range of 
30 to 50/xA cm -2 of intestinal mucosa  mounted in 
Ussing chambers  [5, 8]. This change is assumed to 
consist  largely of  C1 efflux across the apical entero- 
cyte membrane  via Cl conductance channels. 
Giraldez et al. have recently used microelectrode 
techniques to calculate CI flux rates of  1 • 10 9 tool 
cm 2 sec- i  in Necturus  enterocytes  [10]. This flux 
rate corresponds  to a value of 97/xA cm -2 for l a .  
The brush border  vesicles used in this study had 
initial rates of  CI uptake which would produce satu- 
ration at 45 sec with 10 mM Cl ion. Spherical vesi- 
cles with a diameter  of  200 nm would have a volume 
of 4 • 10 -~s liter, and at saturation with l0 m u  C1 
ion would contain 4 x l0 2o tool of  CI ion. The 
average vesicle surface area would be 1.2 • 10 -9 

cm 2. The flux rate across the act ivated vesicles be- 
comes  7.3 • 10 -~3 tool cm -2 sec -~. This is equiva- 
lent to 7.1 • 10 -8 A cm -2 sec 1 for the surface area 
of  the membrane  vesicles. 

A correct ion factor  of  10 for the villi, and 20 for 
the microvilli has been suggested to relate mucosal  
surface area to the area of  cytoplasmic membrane  
[1,24]. Multiplying the current  density for CI trans- 
port  in vesicles by these correct ion factors for mem- 
brane area gives an 1cl value of 14/xA cm -2. These 
calculations suggest that rates of  CI t ransport  into 
membrane  vesicles with act ivated conductance may 
differ by a factor  of  two or three f rom measure-  

ments  carried out across intact tissues. These small 
differences could arise entirely from differences in 
CI concentrat ion gradients between whole cell and 
vesicle systems.  Membrane  potentials,  which are 
difficult to measure  in vesicles or to control com- 
pletely, could also be involved with the lower rate 
of  CI t ransport  observed in the vesicle system. On 
the basis of  these calculations we speculate that the 
CI conductance channels measured after in vitro ac- 
tivation could represent  the channels that are ac- 
t ivated in vivo in response to intestinal secreto- 
gogues. 

Activation increases apical membrane  permea-  
bility to CI some 15-fold in Necturus  enterocytes  
[10], while it is only doubled in membrane  vesicles. 
This discrepancy probably arises from differences 
in the CI permeabil i ty in the basal state. Because 
vesicles are prepared by mechanical  disruption of 
apical membranes  they do not seal tightly enough to 
regain the impermeabil i ty of  the native membranes  
to CI ion. This can be seen in the C1 transport  rates 
measured in short intervals after membrane  disrup- 
tion in Table 2. When the activation response in 
vesicles is compared  to the relatively high basal Cl 
permeabil i ty it appears  to be a small response,  but 
would be much larger on a relative basis if the unac- 
tivated vesicles could be resealed as tightly as the 
plasma membranes  of  enterocytes .  

If  the activation response obtained in vesicles 
buffered in I-A represents  the normal extent of  C1 
channel activation which is observed in vivo, then 
vesicles prepared in H E P E S - T M A  buffering have a 
somewhat  lower CI t ransport  capacity,  as well as 
being refractory to activation. The difference in 
buffer ions could alter membrane  potential to re- 
duce the rates of  C1 uptake,  but the nature of  the 
resistance to activation is not clear. Speculation 
could range f rom buffer incompatabil i ty with pro- 
duction or maintenance of phosphoprotein,  to a 
buffer-induced opening of CI conductance channels 
which cannot be altered further by normal control 
mechanisms.  

This demonstrat ion of conditions for in vitro 
activation of C1 conductance raises the possibility 
of  an enzymat ic  assay for the defective conduc- 
tance activation sys tem in cystic fibrosis. The resis- 
tance of vesicles buffered in H E P E S - T M A  to con- 
ductance activation raises the possibility of  an in 
vitro model for manipulating the protein compo-  
nents required for conductance activation. Pursuit 
of  these ideas may provide new information about 
the molecular  nature of  the cystic fibrosis syn- 
drome.  
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