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Summary. The coupling between H + transport (Jn) 
and anaerobic glycolysis was examined in vitro in 
an anaerobic preparation of turtle urinary bladder. 
JH was measured as the short-circuit current after 
Na + transport was abolished with ouabain and by 
pH stat titration. The media were gassed with N2 
and 1% COz ( P O z < 0 . 5 m m H g )  and contained 
10 mu  glucose. Under these conditions, Jn was not 
inhibited by 3 mM serosal (S) cyanide or by 0.1 mM 
mucosal (3//) dinitrophenol. Control anaerobic lactate 
production (Jla~) of 47 bladders was plotted as a func- 
tion of simultaneously measured Ji+ The slope of 
Jlac on JH was 0.58+_0.12 with an intercept for Jlac 
at JH=0 of 0.55 gmol/hr. Values for ~J~ac/g)Jn were 
determined in groups of individual bladders when 
JH was inhibited by an opposing pH gradient (0.55 _ 
0.16), by acetazolamide (0.58+0.19) and by dicyclo- 
hexylcarbodiimide, DCCD (0.58_+0.14). The con- 
stancy of 5JIao/fJH indicates a high degree of coupling 
between JH and Ja~. Since the anaerobic metabolism 
of glucose produces one ATP for each lactate formed, 
the 6J~ac/SJI~ values can be used to estimate the stoi- 
chiometry of H + translocation. The movement of 
slightly less than 2 H + ions is coupled to the hydroly- 
sis of one ATP. During anaerobiosis (absence of mito- 
chondrial ATPase function) the acidification pump 
was not inhibited by M addition of oligomycin but 
was inhibited by M addition of DCCD and Dio-9, 
inhibitors of H + flow in the proteolipid portion of 
H +-translocating ATPases. DCCD inhibited anaero- 
bic JH without change in 6J~/fJH or basal J~,o and, 
therefore, acted primarily on the H + pump. S addition 
of  vanadate also inhibited J~, but the inhibition was 
associated with an increase in Jl,~. The site of this 
apparent uncoupling remains to be defined. The acidi- 
fication pump of the luminal cell membrane of the 
turtle bladder has H+-ATPase characteristics that 
differ from mitochondrial ATPase in that H + trans- 
port is oligomycin-resistant and vanadate-sensitive. As 

judged from the flows of H + and lactate, the H +/ATP 
stoichiometry of the pump is about 2. 

The fresh water turtle is able to withstand 02 depriva- 
tion for prolonged periods during diving or N2 inhala- 
tion (Dodge & Folk, 1963; Robin et al., 1964). The 
isolated urinary bladder of  the turtle shares this ability 
since it can maintain appreciable rates of Na + absorp- 
tion and H + secretion in vitro during deoxygenation 
with N2 (Klahr & Bricker, 1964; Schwartz & Stein- 
metz, 1977). The H § pump of the luminal cell mem- 
brane is especially well equipped to operate anaerobi- 
cally. In the presence of glucose and exogenous CO2 
it maintains steady transport rates for several hours. 
Under anaerobic conditions the metabolic pathways 
which provide energy to the H § pump are greatly 
simplified. The flow of metabolic energy can be moni- 
tored as the rate of lactate production from glucose 
and can be related to the simultaneous rate of H § 
transport (J~.  Furthermore, since mitochondrial 
ATPase function is excluded, it becomes possible to 
examine the acidification pump of the luminal mem- 
brane by means of  ATPase inhibitors which otherwise 
might affect H § secretion indirectly by inhibiting mi- 
tochondrial respiration. 

In the present study we examined the coupling 
between active H § transport and anaerobic glycolysis 
and explored how the two flows are affected by 
ATPase inhibitors. The studies suggest that the pro- 
ton pump of the turtle bladder is a H+-translocating 
ATPase with characteristics that differ from mito- 
chondrial ATPase in that the proton pump is oligo- 
mycin-resistant and vanadate-sensitive. Anaerobic J .  
is closely coupled to lactate production when Yn is 
inhibited by a variety of  maneuvers. Slightly less than 
2 H § ions are translocated per lactate (or ATP) 
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formed from glucose. Some of the experiments for 
this paper have been reported in preliminary form 
(Steinmetz, Mueller & Beauwens, 1979; Steinmetz, 
Husted & Mueller, 1980). 

Materials and Methods 

Urinary bladders of adult fresh water turtles, Pseudemys scripta, 
(Lemberger Co., Germantown, Wisc.) were mounted in Lucite 
chambers with an exposed tissue area of 8 cm 2. H + secretion (JH) 
was measured as the short-circuit current in bladders in which 
Na § transport was abolished by 0.5 mM ouabain (Schwartz, 1976). 
In a few groups of experiments JH was measured also by pH 
stat titration as indicated in the text. All rates were expressed 
in vmol/hr per 8 cm 2 membrane area. The mean dry wt of  this 
bladder area has ranged from 13.8 • 0.9 to 14.7_+ 0.6 mg in previous 
studies from our laboratory (Steinmetz, 1974). 

The bathing solution contained in mmol per liter: Na, 118; 
K, 3.5; Ca, 1.8; Mg, 0.5; C1, 122; HPO4, 2; and dextrose, 10. 
The mucosal solution was gassed with 100% N2 and the serosal 
solution with 1% CO2 and 99% N2. The pH of the solutions 
was kept at 7.4. The chambers were covered with parafilm to 
exclude ambient oxygen. Samples of the fluid adjacellt to the blad- 
der were taken with a long needle and a gas-tight syringe. PO2 
measurements were made with a model 113 blood gas analyzer 
(Instrumentation Laboratory, Inc.). 

Under these conditions the bladders tolerated the anaerobiosis 
well for periods ranging from 4 to 7 hr as judged from steady 
H"  secretion rates and preserved electrical resistances. This toler- 
ance is in contrast to the tissue injury observed previously under 
different anaerobic conditions by Oliver, Himmelstein and Stein- 
metz (1975) when the serosal solution contained 20 mM HCO~- 
and was deoxygenated with N2 without CO2. In this previous 
study the electrical resistance often fell sharply presumably because 
of the alkalinity imposed on the epithelial ceils by the serosal 
HCO3 in the absence of  metabolic or exogenous CO2. 

After a 2-hr period of  deoxygenation the effects on anaerobic 
JH of the following agents were studied. 2,4-dinitropheno/(DNP) 
was added to a final concentration of 0.1 m~t, dicyclohexylcarbodii- 
mide (DCCD) was added in concentrations ranging from 0.1- 
1.0 mM, oligomycin (Sigma Chemical Co,, St. Louis, Mo.) in a 
concentration of  I00 ~g/ml and Dio-9 (Gist-Brocades NV, Delft, 
Netherlands) in concentrations from 50-500 gg/ml; these agents 
were added to the mucosal solution. Sodium orthovanadate was 
added either to the mucosal or serosal solution as indicated in 
a final concentration of  1 raM; at pH 7.4 the H2VO2 concentration 
of the media was 0.I mM (Pope & Dale, 1968). Sodium cyanide 
(NaCN) and acetazolamide (American Cyanamid Co., Pearl River, 
N.Y.) were added to the serosal solution in final concentrations 
of  3 and 0.05 raM, respectively. DCCD, Dio-9, DNP, and oligomy- 
cin were dissolved in ethanol, the other agents in water. 

The accumulation of lactate was measured in the mucosal 
and serosal solutions by removing samples of 200 gl at half-hour 
periods with a long needled Hamilton syringe. Lactate was deter- 
mined by an enzymatic (LDH) method (Diagnostic Kits, Sigma 
Chemical Co.) in which NAD is converted to NADH in an alkaline 
medium. NADH was determined in a model 25 spectrophotometer 
(Beckman) at an ultra-violet wavelength of 340 nm. More than 
95% of the produced lactate appeared in the serosal fluid. All 
lactate production rates given are total rates (J~,c). 

An attempt was made to strip the serosaI loose tissue layer 
with its network of muscle fibers from the mucosal cell layer. In 
nine experiments it was possible to mount an 8-cm 2 area of  stripped 
mucosa on the Lucite chambers. These stripped tissue behaved 
similarly to the other tissues. As indicated, J~,o in stripped tissues 

was only slightly lower than in unstripped tissue. The relationship 
of lactate production to H + secretion was studied in a variety 
of ways. In a group of  nine stripped bladders and 38 nonstripped 
bladders the spontaneous rates of  lactate production and H + secre- 
tion were compared under control conditions. In groups of experi- 
ments the change in J~,c in individuai bladders was followed after 
inhibition of  H + secretion by acetazolamide, DCCD, or vanadate. 
J~ac was also measured after the rate of H + secretion was either 
decreased or increased by changing mucosal pH. After an experi- 
mental maneuver, J~ac was measured for three half-hour periods. 
Values are given as mean values with the standard error of the 
mean. The slopes and intercepts of the relationship between lactate 
production and hydrogen secretion were determined by analysis 
of covariance for the group data and by linear regression analysis 
for individual experiments. 

Results 

1. H + Transport and Lactate Production 
by the Anaerobic Turtle Bladder 

During deoxygenation under our experimental condi- 
tions, 02 was not detectable (<0.5 mmHg) in the 
solutions adjacent to the bladder (n= 17). The results 
of Table 1 demonstrate that the preparation was in- 
deed anaerobic. Serosal addition of 3 mM sodium cya- 
nide had no effect on the rate of H § secretion (JH). 
Anaerobic JH remained relatively constant in both 
the control and experimental halves of the bladders. 
The same concentration of NaCN inhibits JH by 
about 40% in the presence of Oz and 1% CO2 
(Schwartz & Steinmetz, 1977). In a group of five other 
experiments anaerobic JH was unchanged by 0.1 mM 
2,4-dinitrophenol (DNP); control Jn was 14.2+ 
1.6 btA and Jn 1 hr after DNP was 14.4+ 1.4 btA. The 
failure of cyanide and DNP to decrease JH indicates 
that the H + pump received all its metabolic energy 
from anaerobic glycolysis. 

JH was dependent on the presence of glucose. In 
four experiments in which glucose was removed from 
the media Jn fell from 27 + 7 gA to zero; readdition 
of glucose restored the rate to 17_+4 gA. 

Table 1. Failure of sodium cyanide to affect H + secretion during 
anaerobiosis 

Time (min) H + Secretion (btA) 
0 Deoxygenation with 99% N2-1% CO2 

Experimental Control 

60 22_+4 24_+7 
90 21 +4  23 + 7 

120 21_+4 23_+7 
121 NaCN Control 
150 20_+4 22_+6 
180 20_+4 21+_6 

Values for mean and SE are given for five pairs of hemibladders. 
NaCN was added to the serosal solution in a final concentration 
of 3 mM at 121 rain to the experimental halves. 
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Fig. 1. Relationship of lactate production (Jlac) to H + secretion 
(JH) in 47 bladders. The slope of the combined regression is 0.58 -+ 
0.12 and the intercept is 0.55+0.08. The lines shown in the figure 
have the same slope but have intercepts calculated separately for 
the stripped and nonstripped bladders (see Table 2) 

In Fig. 1 the rates of  lactate production (Jl~) are 
plotted against anaerobic Jn  for a group of 38 blad- 
ders (solid dots) as well as for a group of 9 bladders 
in which the serosal loose tissue layer with its network 
of  muscle bundles had been stripped off (open circles). 
J ~  varied as a function of Jn in these groups of 
bladders. Mean Jlac w a s  0.91-+0.05 gmol/hr  in the 
nonstripped bladders and 0.73_+0.06 in the stripped 
bladders. Mean anaerobic JH was similar in the two 
groups, 0.57 gmol/hr (15 gA) for the nonstripped 
group and 0.51 ~mol/hr (14~tA) for the stripped 
group. The observed rates of  lactate production were 
at least twice as high as those reported previously 
by Klahr and Bricker (1965) and Schwartz and Stein- 
metz (1977). The high rates observed in the present 
study may be explained by the more prolonged and, 
perhaps, more complete anaerobiosis and also by the 
higher glucose concentrations used. In the study of 
Klahr and Bricker glucose was absent from the 
Ringer's solution, and in the experiments of  Schwartz 
and Steimnetz the glucose concentration was only 
2 raM. 

In Table 2 the slope and the intercept of the data 
of  Fig. 1 are shown. Analysis of covariance indicated 
that neither the slope nor the intercept were signifi- 
cantly different between groups of stripped and non- 
stripped bladders. The slope for the combined groups 
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Table 2. Coupling between anaerobic H + secretion (JH) and lactate 
production (Jj,~) 

n cSJta~/g~JH J~c at JH = 0 
~tmol/hr 

47 0.58_+0.12 0.55• 
38 0.58-+0.09 
9 0.44+_0.18 

Group of Fig. 1 
Nonstripped bladders 
Stripped bladders 

Nonstripped bladders 
A pH method 7 
Acetazolamide 6 
(0.05 raM) 

Stripped bladders 
DCCD (0.5 raM) 5 

0.55+0.16 0.59_+0.10 
0.58+0.19 0.61+_0.05 

0.58_+0.14 0.45_+0.07 

Mean + sE are given for groups of experiments as indicated. For 
the bladders of Fig. 1 the slope and intercept are for the group 
data. For the other three groups of bladders, the reported values 
are the averages of the slopes and intercepts calculated for individu- 
al experiments. 

was 0.58_+0.12. For comparison with subsequent 
studies in individual bladders, the intercepts for 
stripped (0.44-+ 0.18 gmol/hr) and nonstripped blad- 
ders (0.58-+0.09 gmol/hr) are also shown. The inter- 
cepts represent basal metabolism unrelated to H § 
secretion. The difference between stripped and non- 
stripped bladders presumably represented lactate pro- 
duction by muscle and other cells of  the serosal loose 
tissue layer. 

These results suggest that the rate of  anaerobic 
glycolysis is coupled to JH. To examine this coupling 
further JH was varied experimentally in individual 
bladders by different maneuvers and the ensuing 
change in Jlac was measured. 

2. Coupling between H + Transport 
and Anaerobic Glycolysis 

Active H + transport  can be increased or decreased 
promptly by changing the pH gradient against which 
transport  occurs. Figure 2 shows an individual experi- 
ment in which JH was first decreased in two steps 
and then increased by changing luminal pH. Jlac de- 
creased as JH was reduced and both rates increased 
as the luminal pH was returned to 7.4. This experi- 
ment is shown in Fig. 3 by the solid dots and line. 
Basal Jlao was 0.64 gmol/hr and the slope, 6J~ao/CSJn 
was 0.50. Figure 3 also shows two other experiments 
in which JH could be varied over a wide enough range 
to make serial measurements of  Jlac at several levels 
of  JH. The intercepts and slopes of these experiments 
were similar. The average 6J~ac/c3JH for the group of  
seven experiments in which Jn was varied by the A pH 
method was 0.55_+0.16 while basal Jl,c was 0.59_+ 
0.10 ~mol/hr (see Table 2). These values obtained in 
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individual bladders are very close to the values ob- 
served when control  J~ar was compared  with the spon- 
taneous anaerobic  secretion rate for H + in the group 
of  different bladders o f  Fig. 1. Average 6Jlac/Mn was 
0 .58+0.19  for a group of  experiments in which Jn  
was reduced by acetazolamide and 0.58_+0.14 for a 
group of  experiments in which JH was inhibited by 
addit ion o f  0.5 mM dicyclohexylcarbodiimide 
( D C C D )  to the luminal solution (Table 2). D C C D  
did not  alter basal Jla~ as judged f rom control  Jl,~ 
at J n = 0  in stripped bladders and the inhibition o f  
JH by D C C D  reduced Jl,o with the same average 6Jl,c/ 
5JH as was obtained with the ApH method or with 

acetazolamide. The average slopes ranged between 
0.55 and 0.58 a m o n g  the  different groups o f  experi- 
ments. The fact that  D C C D  did not  alter 5J~ao/SJH 
or basal J~a~ suggests that  D C C D  acted primarily on 
the H § pump. 

3. Inhibitor Characteristics 
of Anaerobic H + Transport 

Dicyclohexylcarbodiimide ( D C C D )  is thought  to bind 
to the proteolipid or channel  componen t  o f  most  
H+-ATPases  in mitochondria ,  chloroplasts,  bacterial 
membranes,  and certain animal plasma membranes  
and, ' thereby, to inhibit the t ranslocat ion o f  protons  
across the membrane  (Racker,  1976; Kagawa  et al., 
1979). As shown in the experiment o f  Fig. 4, mucosal  
addit ion o f  0.5 mM D C C D  caused a marked inhibi- 
t ion o f  anaerobic JH in a bladder in which N a C N  had 
no effect on the anaerobic rate. Anaerobic  JH in the 
control  half  o f  the same bladder remained constant.  
In Fig. 5, the concentra t ion dependence of  the in- 
hibition o f  anaerobic  Jn  is shown. Fifty percent in- 
hibition was reached after about  30 rain exposure to 
0.1 mM D C C D  and after about  15 min of  exposure 
to 0.5 or  1.0 mM D C C D .  A similar time course and 
degree o f  inhibition occurred if the luminal membrane  
was exposed to D C C D  for only 5 rain and then washed. 
Since D C C D  had no effect (see above) on basal Jl,c 
or  the number  o f  protons  translocated per lactate 
formed (Table 2), the inhibition o f  JH appears to rep- 
resent a pr imary act ion on the p ro ton  pump of  the 
luminal cell membrane  of  the bladder. 

The antibiotic Dio-9, a potent  inhibitor o f  H + 
ATPase  in chloroplasts  and mi tochondr ia  (Carmeli, 
Lifshitz & Gepshtein, 1975; Racker,  1976), caused 
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an almost instantaneous inhibition of anaerobic J~. 
In five experiments the luminal addition of 500 gg/ml 
Dio-9 reduced JH by more than 50% within 1 min. 

To ensure that the inhibition of the short-circuit 
current in ouabain-treated bladders represented inhi- 
bition of H § secretion, we made simultaneous mea- 
surements of Ju by pH stat titration in five bladders 
exposed to DCCD and three exposed to Dio-9. Simi- 
lar large reductions in anaerobic JH were measured 
by this method. 

In contrast to the inhibition of DCCD and Dio-9, 
anaerobic JH was not inhibited by oligomycin added 
to the luminal solution in a final concentration of 
100 ~tg/ml. In six experiments mean control Ju was 
18 + 2 btA at 120 and 150 min of anaerobiosis. Thirty 
and 60 min after oligomycin, JH was 17 +_ 2 jaA. Under 
aerobic conditions luminal addition of as little as 
20 gg/ml is sufficient to cause 40% inhibition of JH. 
There is little doubt, therefore, that the oligomycin 
concentrations were adequate. The failure of  oligomy- 
cin to inhibit anaerobic JH is interesting since in the 
yeast Schizosaccharomycespombe (Delhez et al., 1977) 
and in Neurospora crassa (Bowman et al., 1978) the 
plasma membrane contains a H § translocating 
ATPase that differs from mitochondrial ATPase in 
that it is oligomycin insensitive. Another difference 
between the plasma membrane and the mitochondrial 
ATPase in these fungi is that the plasma membrane 
but not the mitochondrial H+-ATPase is inhibited 
by vanadate. Figure 6 shows the effects of luminal 
and serosal addition of vanadate on anaerobic Ju 
in six bladders. Luminal addition of vanadate had 
no effect on anaerobic Js, whereas serosal addition 
caused a reduction in JH from 21 +_4 to 7_+2 btA with- 
in 1 hr. The H/VO2 anion is thought to be the major 
active form of vanadate and to act on the cytoplasmic 

side of the ATPase (Simons, 1979). The effective con- 
centration of H 2 V O  4 at the pH of the media was 
about 0.1 mM (Pope & Dale, 1968). The failure of  
vanadate to inhibit arM from the luminal side is prob- 
ably due to the inability of the anions to cross the 
luminal cell membrane. The serosal cell membrane 
has a high anion permeability (Cohen, Mueller & 
Steinmetz, 1978) and would be expected to allow entry 
of vanadate anions. Beauwens, Crabb6 and Rent- 
meesters (1980) also observed that in toad bladder 
the inhibitory effect of vanadate on Na transport is 
exerted from the serosal side. The inhibition was re- 
duced by pretreatment of the serosal surface with 
a disulfonic stilbene, a result which suggests that van- 
adate enters the cell through specific anion transport 
sites. 

4. Uncoupling of JH and Jac by Vanadate 

In Table 2 we showed that in the anaerobic prepara- 
tion Jlac is related to arM. It should be mentioned paren- 
thetically that H + secretion was the principal trans- 
port process since Na + transport was abolished by 
ouabain. The relationship 6J~ac/6JH was remarkably 
constant when arM was varied by different experimental 
maneuvers. 

In contrast to these results of Table 2, the serosal 
addition of vanadate caused an apparent uncoupling 
of JH from anaerobic glycolysis. As shown in Table 3 
the inhibition of JH by vanadate was associated with 
increased rather than decreased lactate production. 
To determine whether this increased Jlac resulted from 
uncoupling at the catalytic site of the H § pump or 
from increased glycotysis unrelated to H § transport, 
we measured J]~c when JH was reduced to zero either 
by an opposing pH gradient or by 0.5 mM DCCD. 
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Table 3. Uncoupling of anaerobic Ja and Jz.o by vanadate 

JH Jlac 

gmol/hr) (gmol/hr) 

Control H2VO2 AJn Control H2VO 2 AJla~ 

1 0.69 0.18 0.98 1.58 
2 0.26 0.16 0.97 1.05 
3 0.60 0.32 0.50 1.34 
4 0.31 0.04 1.08 1.30 
5 0.30 0.07 0.72 1.24 
6 0.44 0.04 1.05 1.40 

Mean 0.44 0.14 -0 .30  0.89 1.32 
_+sE 0.07 0.04 0.06 0.09 0.07 

+0.43 
0.11 

Na3VO4 was added to the serosal solution to give a final concentra- 
tion of HzVO2 of about 0.I raM. This group of  experiments was 
different from that of Fig. 4. The AJH and AJiao (paired analysis) 
are significant (P < 0.05). 

Vanadate failed to increase Jlac when the pump was 
stopped by a pH gradient, but did cause an increase 
in Jl,o when the pump was stopped by DCCD. It 
is possible, therefore, that vanadate increased basal 
Jl~ by stimulation of anaerobic glycolysis under some 
conditions. Vanadate may replace phosphate in glyco- 
lytic metabolism and promote rapid vanadolytic reac- 
tions (DeMaster & Mitchell, 1973). The apparent un- 
coupling between JH and Jlac remains to be clarified. 
It is of interest that vanadate also causes a marked 
(about 80%) inhibition of JH under aerobic conditions 
when several pathways for the supply of metabolic 
energy are available (Norby & Schwartz, 1978). 

Discussion 

These studies indicate that proton transport (JH) by 
the isolated turtle bladder can be driven by the energy 
from anaerobic glycolysis. Under strictly anaerobic 
conditions, a portion of lactate production (Jlac) w a s  

clearly coupled to JH. Such coupling was observed 
among bladders with different spontaneous rates of 
H + secretion as well as in individual bladders when 
JH was altered experimentally by an opposing pH 
gradient or by certain inhibitors. 

H + secretion accounts for most of the transport 
activity of the epithelium when sodium transport is 
abolished by ouabain 1. Nevertheless, the rate of lac- 
tate production unrelated to H + secretion (Jla~ at 
Jn=0) was appreciable: 0.58 I~mol/hr in nonstripped 
bladders and 0.44 ~tmol/hr in stripped bladders. The 

1 Electroneutral C1-HCO3 exchange transport in turtle bladder 
is extremely 02 dependent (Oliver et al., 1975) and would not 
be expected to operate under our conditions. 
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small difference between stripped and nonstripped 
bladders indicate that the muscle bundles and other 
cells of the serosal loose tissue layer contribute rela- 
tively little to basal Jlao. Therefore, most of the basal 
Jlac must originate from the epithelial cells. Since H § 
secretion appears to be the function of only a popula- 
tion of carbonic anhydrase containing cells (Mueller 
et al., 1978; Husted et al., 1980), basal Jl~ reflects 
the nontransport-related glycolysis of the H + secret- 
ing cells as well as the anaerobic metabolism of the 
large population of granular cells. 

Of major interest in our anaerobic system is the 
consistent coupling observed between J ~  and aT. and 
the narrow range of 6Jl,o/6Jrt between 0.55 and 0.58 
obtained when JH was inhibited by the A pH method, 
acetazolamide or DCCD. This result indicates a high 
degree of coupling between JH and the metabolic driv- 
ing reaction and supports a similar conclusion 
reached by Beauwens and A1 Awqati (1976) on the 
basis of studies carried out under aerobic conditions. 
Since H + secretion during prolonged anaerobiosis is 
critically dependent on the presence of glucose, we 
may assume that the transport-related lactate was de- 
rived from the breakdown of glucose. The anaerobic 
metabolism of one glucose results in the formation 
of two lactate and two ATP molecules. If ATP hydro- 
lysis provides the free energy of H + translocation, 
the observed coupling would indicate that the H + 
pump transports slightly less than 2 protons per ATP 
hydrolyzed. This H § stoichiometry is lower than 
the value of about 3 estimated by Dixon and AI 
Awqati (1980) from the average ATP/ADP. Pi ratios 
of all epithelial cells and the simultaneously measured 
maximal electrochemical potential gradient for pro- 
tons (AI2F0. Since it is as yet not feasible to obtain 
estimates of the free energy of ATP hydrolysis and 
the A~iH of the H + secreting cell, the stoichiometry 
of 3 may prove to be too high. The H+/ATP stoichi- 
ometry of just below 2 obtained in the present study 
depends on the ratio of the two flows JH and J~a~ 
rather than on the ratio of the two forces AG'ATP 
and A ~H- Ju was measured by the current method 
which was in good agreement with the pH stat meth- 
od. Jla~ might underestimate ATP hydrolysis if O; 
entered the system or if glycogen rather than glucose 
was metabolized. These possibilities were unlikely 
and, furthermore, would change the stoichiometry in 
the wrong direction, i.e., to values less than 2. When 
the H +/ATP stoichiometry is estimated from the ratio 
of the forces the assumption is made that there is 
a high degree of coupling between the two flows. 
As stated earlier our results support this assumption. 
At present there is no obvious explanation for the 
difference between the estimates made by the two 
experimental approaches. Perhaps the least certain 
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value is the A gH across the luminal cell membrane 
of the H § secreting cell. 

An important simplification that can be made dur- 
ing anaerobiosis is the exclusion of mitochondrial 
ATPase function. If the proton pump of the luminal 
cell membrane of turtle bladder is indeed an ATPase, 
it might share some of the characteristics of mito- 
chondrial ATPase. Thus, in our studies DCCD and 
Dio-9, agents which block proton flow in the proteoli- 
pid portion of the H+-ATPases of mitochondrial, 
chloroplast, and certain bacterial membranes (Carme- 
li et al., 1975; Racker, 1976) caused inhibition of an- 
aerobic JH. The fact that 6Jlac/C~JH was  the same after 
inhibition of JH by DCCD as by other methods indi- 
cates that DCCD acted primarily on the H § pump. 
In contrast to this similarity between the plasma mem- 
brane pump and mitochondrial ATPase, the plasma 
membrane pump was unaffected by concentrations 
of oligomycin which easily inhibit mitochondrial 
ATPase. Conversely, vanadate which does not inhibit 
mitochondrial ATPase (Bowman et al., 1978; 
Willsky, 1979) did inhibit JH in turtle bladder. The 
acidification pump of the luminal cell membrane, 
therefore, differs from mitochondrial ATPase in sev- 
eral respects. 

Unlike the (Na§ of the basolateral 
cell membrane, the luminal H § pump is not sensitive 
to ouabain (Solinger et al., 1968; Husted & Steinmetz, 
1979). Both cell membrane pumps, however, are in- 
hibited by vanadate. The vanadate sensitivity of an- 
aerobic JH in our study is of special interest since 
vanadate was the only inhibitor that uncoupled JH 
from J~ac- J~c increased significantly as JH decreased. 
It appears that the active form ofvanadate is probably 
the H2VO4 ion which resembles H2PO2 and may 
act on the phosphate release site of the ATPase (Si- 
mons, 1979; Grantham & Glynn, 1979). Vanadate 
inhibits the sodium pump from the inner side of the 
membrane. Similarly, in turtle bladder the inhibition 
of JH occurred when the vanadate was added to the 
serosal side of the bladder. Since the serosal cell mem- 
brane has a much higher anion permeability than 
the luminal membrane (Cohen et al., 1978), it is likely 
that vanadate also acted on the cytoplasmic side of 
the proton pump. 

The H § pump of the turtle bladder is electrogenic 
(Steinmetz, Omachi & Frazier, 1967) and closely con- 
trolled by the A 0H across the transport pathway 
(Steinmetz, 1974; Beauwens & A1 Awqati, 1976; A1 
Awqati, Mueller & Steinmetz, 1977). Of great interest 
is the recent study by Dixon and A1 Awqati (1979), 
suggesting that when a sufficiently large AgH is im- 
posed across the turtle bladder, protons flow through 
the pump pathway in reverse direction and ATP is 
synthesized within the epithelial cell layer. They con- 

cluded that the H + pump of the luminal cell mem- 
brane is a reversible ATPase. In their study ATP 
synthesis was abolished by oligomycin and dinitro- 
phenol and the plasma membrane pump closely re- 
sembled mitochondrial ATPase. Our anaerobic stud- 
ies support the conclusion that the acidification pump 
is a proton-translocating ATPase but suggest that the 
characteristics of this ATPase may differ from those 
of mitochondrial ATPase. 

The characteristics of the electrogenic proton 
pump of the turtle bladder are virtually identical to 
those of the H§ of the plasma membranes 
of yeast (Delhez et al., 1977; Willsky, 1979) and the 
fungus Neurospora crassa (Bowman & Slayman, 1977; 
Bowman et al., 1978). In these organisms it has been 
possible to separate the H+-ATPases of the plasma 
membrane from the mitochondrial ATPase. The plas- 
ma membrane ATPases translocate protons by an 
electrogenic mechanism and have a lower pH opti- 
mum for ATP hydrolysis and a simpler subunit struc- 
ture than the mitochondrial enzyme. The plasma 
membrane ATPases are oligomycin resistant and vana- 
date sensitive (Bowman et al., 1978 ; Willsky, 1979). 

In contrast to the well-characterized ATPases of 
yeast and fungi, relatively little is known about elec- 
trogenic proton pumps in epithelial membranes. 
Sachs, Spenney and Lewin (1978) have defined an 
apical membrane ATPase in gastric mucosa which 
is DCCD-sensitive and oligomycin-resistant. This 
gastric ATPase, however, appears to operate in a non- 
electrogenic mode by exchanging K § for H § Kinne- 
Saffran and Kinne (1979) have provided evidence for 
a bicarbonate-stimulated Mg+§ in brush 
border membranes isolated from rat kidney cortex. 
This ATPase is again oligomycin-resistant and differs 
in other respects from mitochondrial ATPase. The 
transport characteristics of this brushborder ATPase 
remain to be determined. 

The proton pump of the turtle bladder has char- 
acteristics which are intermediate between those of 
mitochondrial ATPase and those of the metal cation 
ATPases. The stoichiometry of JH and Jlac suggests 
that for each ATP hydrolyzed slightly less than two 
protons are translocated. 

This work was supported by NIH grants AM 17568 and AM 
24022. 
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