
tional changes involving only minor 
electron relocalization. This is not 
so with H atoms as the reducing 
agent (7, 16). Hydrogen atoms react 
faster than eTq with some amino acid 
components of protein-for example, 
aromatic amino acids-but e-a react 
faster than H atoms with CII. The 
competition by the protein moiety 
should be more effective in the case 
of H atoms. Competition experiments 
involving steady state irradiation (5) or 
H atoms as such introduced into the 
solution from the gas phase (6) showed 
that under our conditions all H atoms 
react with CIII, k = 1 x 10M-1 sec-1. 
This rate constant was also obtained 
in the pulse radiolysis experiments, 
where 15 to 20 percent of the H atoms 
reacted with CIII in a very fast second 
order process, yielding CII (7). An ad- 
ditional 35 to 40 percent of CII is 
then formed in intramolecular reactions 
over the time scale of 10-5 to 10-1 
second (Fig. 1). The total reduction 

efficiency by H atoms is thus some 50 

percent of all H atoms taken up by 
CIII. Figure 1 shows the kinetics of 
CII formation with malate and with H 
atoms. When all the CIII has been 
reduced to CII by H atoms, the H 
atoms continue to react with CII, lead- 

ing-as the steady state chemical ex- 

periments showed (6)-to reactions with 
the protein and heme. 

Our results thus indicate specific 
complete reduction of CIII by malate 
in a second order reaction which is 
about 30 times slower than the diffusion 
controlled rate, has a low activation 

energy, and is thus consistent with 
selective interaction with part of the 

enzyme surface. Hydrogen atoms react 
with CIII at close to the diffusion con- 
trolled rate, but only part of H so 
taken up leads directly to the appear- 
ance of CII. The results are consistent 
with uptake of H by several sites on 

the enzyme; intermediate enzyme radi- 
cals are formed, and the added elec- 
tron equivalent not residing on the 
iron part of these radicals transfers in- 

tramolecularly to yield CII. 
Fast, consecutive intramolecular radi- 

cal transfer processes have been estab- 
lished in the ribonuclease molecule, and 

spectroscopic evidence indicated that the 
sites of the intermediate radicals in- 
clude divalent sulfur and aromatic 
amino acids (17). For cytochrome c we 
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Table 1. Effects of isoproterenol on the adenylate cyclase responsive system of rat uterus. 
Each value is the mean of triplicate determinations and indicates nanomoles of 32p incorporated 
per milligram of protein. 

Protein kinase activity Cyclic AMP 
(nmole -P/mg protein) bindin site Cyclic AMP 

(noemomlrti)bnig tes (pmole/mg protein) 
Control Treated (pmole/mg protein) 

- Cyclic +Cyclic - Cyclic +Cyclic Control Treated Control Treated 
AMP AMP AMP AMP 

10-'M Isoproterenol, 10 minutes 
0.31 2.66 0.86 1.45 3.5 1.7 30.9 490 
0.25 1.91 0.41 0.65 2.7 1.0 18 70 
0.11 0.51 0.32 0.44 3.6 0.9 9 250 

10-5M Isoproterenol, 30 minutes 
0.44 1.19 0.61 0.77 11.4 3.4 3.5 40 
0.31 1.48 0.50 0.51 8.0 6.7 6.4 34 

5 X 10 'M Isoproterenol, 20 minutes 
0.24 1.31 0.28 0.81 14.5 11.9 5.4 15 

5 X 10-IM Isoproterenol, 30 minutes 
0.30 1.30 0.50 1.14 12.6 10.2 1.3 1.7 
0.35 0.77 0.66 0.77 20.0 12.8 9.4 28 
0.28 0.69 0.36 0.41 5.4 4.4 5.7 22 
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Protein Kinase Translocation as an Early Event in the 

Hormonal Control of Uterine Contraction 

Abstract. /8-Adrenergic stimulation with isoproterenol inhibits contractility, in- 
creases cyclic adenosine monophosphate (AMP) concentration, decreases the con- 

centration of unsaturated cyclic AMP receptor sites, and increases cyclic AMP- 

independent kinase in the uterus of ovariectomized rats. The total soluble kinase 

activity is reduced. The protein kinase activity lost from the cytosol was trans- 

located to the microsomal fraction mostly in a cyclic AMP-independent form, 
suggesting a particulate substrate for the activated enzyme. 
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phate (AMP) to protein kinase activa- 
tion (6, 7). We now report that adenyl- 
ate cyclase stimulation by isoproterenol 
reduced the number of unsaturated 

cyclic AMP binding sites and increased 
the concentration of cyclic AMP-inde- 
pendent protein kinase in a manner 

roughly proportional to the degree of 
the stimulation. The apparent concen- 
tration of protein kinase in the super- 
natant fraction of homogenates of 
uterus tissue decreased significantly 
after adenylate cyclase activation, and 
the lost kinase activity could be re- 
covered in the (operationally defined) 
microsomal fraction by extraction with 
Triton X-100. 

Uteri from 15 to 25 ovariectomized 
(5 to 8 day) rats were pooled, and 
incubated for 20 minutes in Eagle's 
minimal essential medium at 37?C. 
They were then placed in control or 
isoproterenol-containing medium. At the 
intervals indicated (Table 1), the tis- 
sues were placed in liquid nitrogen, and 
a sample was homogenized directly in 
trichloroacetic acid for cyclic AMP as- 
say (6). The frozen tissues were pul- 
verized in liquid nitrogen with a mortar 
and pestle and then homogenized for 
30 seconds in a small glass motor-driven 
homogenizer in 3 ml of 0.05M sodium 
acetate buffer, pH 6.5, containing 1 mM 
Pn-mercaptoethanol and 5 mM theophyl- 

line. After filtration through two layers 
of cheese cloth, the homogenate was 
centrifuged at 20,000g for 15 minutes, 
and the supernatant was used for 
kinase assay (8, 9). The number of un- 
saturated receptor sites was determined 
by the method of Chambaut et al. (10). 

Since the response of the uterus in 
vitro to isoproterenol was dose and time 
dependent, we studied the course of the 
cyclic AMP increment, receptor satura- 
tion, and kinase activation (Table 1). 
The stimulation of cyclic AMP fol- 
lowed the expected relation to dose and 
time. The increase of cyclic AMP corre- 
sponded to a decrease in unsaturated 
cyclic AMP binding sites. 

As we expected, there was a substan- 
tial increase of cyclic AMP-independent 
protein kinase activity (Table 1). Cor- 
relation of the increment in cyclic AMP 
and that in cyclic AMP-independent 
kinase in 14 experiments in which iso- 
proterenol doses and times were varied, 
resulted in a value of r = .82, suggest- 
ing that activated kinase was closely 
regulated by the concentration of cyclic 
AMP. 

Unexpectedly, a substantial fall in 
total kinase activity was noted to occur 
as a result of treatment with isoprotere- 
1 FEBRUARY 1974 

Table 2. Extraction of protein kinase activity, 
expressed as nanomoles of 3:P incorporated 
per milligram of protein. The 20,000g to 
145,000g pellet (microsomal fraction) was 
taken up in assay buffer containing 0.7 per- 
cent Triton X-100, and the protein kinase was 
determined in the solubilized pellet and in 
the cytosol. 

Protein kinase activity 

Frac- Control Treated 
tion 

-Cyclic - Cyclic -Cyclic -tCyclic 
AMP AMP AMP AMP 

Cytosol 0.39 2.1 0.73 1.5 
NMicro- 

somal 0.57 1.1 1.1 1.2 
Cytosol 0.16 0.91 0.17 0.66 
Micro- 

somal 0.33 0.62 0.63 1.3 
Cytosol 0.24 0.96 0.34 0.62 
Micro- 

somal 0.41 1.6 0.61 1.8 

nol (Table 1, + cyclic AMP). This could 
have been due either to degradation or 
to transfer to another cellular compart- 
ment. To test the second possibility, we 
extracted the subcellular fraction of the 
myometrium with 0.7 percent Triton 
X-100 and determined the kinase ac- 
tivity (11, 12). 

When the 20,000g pellet was ex- 
tracted with 0.7 percent Triton X-100, 
no consistent pattern of response to 
isoproterenol was found. The degree of 
kinase extraction by successive treat- 
ments with Triton was unpredictable. 

The supernatant from the 20,000g 
centrifugation was then centrifuged at 
145,000g and the kinase activity in the 
20,000 to 145,000g pellet was deter- 
mined by Triton extraction (Table 2). 
The usual increment in cyclic AMP- 
independent and decrement in cyclic 
AMP-dependent kinase was seen in the 
cytosol. The 20,000 to 145,000g pellet 
showed a substantial increment in the 
specific activity of the cyclic AMP- 
independent kinase and a small increase 
in cyclic AMP-dependent kinase. When 

calculated on the basis of the weight of 
the tissue, the increment in microsomal 
kinase was slightly more impressive, but 
losses due to Triton-induced foaming 
were significant. 

When the 20,000g supernatants of 
control and treated uteri, exhibiting the 
usual pattern of decline of total kinase 
activity with isoproterenol treatment, 
were subjected to Triton extraction, 
there was a substantial increase of 
kinase activity and full recovery of the 
loss due to hormone treatment (Table 
3). The kinase activity in the cytosol 
and that in the purified protein were not 
affected by Triton. 

Our studies suggest that translocation 
of cyclic AMP-dependent protein ki- 
nase, mostly of the catalytic subunit to 
a particulate component of the 20,000g 
to 145,000g pellet (microsomal frac- 
tion), is an intrinsic feature of the re- 
sponse of the cell to G-adrenergic stimu- 
lation. Previous reports of kinase activa- 
tion (1-3) did not demonstrate this 
phenomenon. 

The nature of the substrate for pro- 
tein kinase was not determined. How- 
ever, calcium accumulation by micro- 
somes has been shown to accompany 
isoproterenol administration in smooth 
muscle (13), cardiac muscle (14), and 
skeletal muscle (15). A phosphorylated 
component constituted approximately 50 

percent of the sarcoplasmic vesicle mem- 
brane protein and acted as the calcium- 
binding intermediate of the calcium 
pump. This. reaction requires adenosine 
triphosphate and Mg2+, the cofactors 
for protein kinase. In sarcoplasmic vesi- 
cles of dog cardiac muscle, cyclic AMP- 
dependent protein kinase activity was 
found to phosphorylate an intermediate 
believed to be responsible for calcium 
uptake (16). A reasonable conclusion, 
then, would be that translocation of 
kinase activity to a substrate in the sar- 
coplasmic vesicle membrane may be re- 

'able 3. Recovery of particulate kinase activity (nanomoles of 32P incorporated per milligram 
of protein) by incubation in the presence of Triton X-100. Each value represents triplicate 
estimates from a pool of 15 to 25 uteri. 

Protein kinase activity 

Control Treated 

-Cyclic +Cyclic -Cyclic - Cyclic 
AMP AMP AMP AMP 

Supernatant 0.86 2.25 0.95 1.37 
- Triton 1.14 3.53 2.41 3.55 
Supernatant 0.13 2.37 0.94 1.50 

-Triton 0.38 4.0 2.07 3.63 
Supernatant 0.39 1.65 0.63 1.49 
+4Triton 0.52 2.12 0.70 2.02 

Means 
Supernatant 0.46 ? .21 2.09 ? .22 0.84 ? .11 1.45 ? .04 

-Triton 0.68 ? .23 3.22 ? .47 1.73 ? .52 3.07 + .53 
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Several studies (1, 2) indicate that 
carbonic anhydrase (E.C. 4.2.1.1), an 
enzyme which is widespread in biologi- 
cal systems, may play a role in bone 
demineralization, possibly by decreas- 
ing pH in areas of bone resorption. A 
major deficiency in proving this hypoth- 
esis has been the lack of an unequivo- 
cal localization of carbonic anhydrase 
(CA) in osteoclasts or osteocytes, the 
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cells which occur in areas of osteoclas- 
tic bone resorption and osteocytic oste- 
olysis, respectively. Although several 
authors (1, 3) have found significant 
amounts of CA in bone by chemical 
analysis, it is uncertain if the enzyme 
activity is associated with bone cells or 
the preerythrocytes of bone marrow, 
which are known to be rich in CA (4). 
Since bone mineral and marrow form 
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Table 1. Average grain counts over osteoclasts, pancreas, and muscle. The values are corrected 
for background; S.E.M., standard error of the mean. 

Grains per 1000 pin2 + S.E.M. over 
Animal Labeled 

Pancreas Muscle osteoclasts 

Hen 20.5 ? 2.4* 24.8 ? 2.7* 0.2 ? 0.7 
Quail 1 16.5 ?1.8* 52.3 ? 2.1* 3.5 ? 0.8 
Quail 2 21.9 ? 2.6* 65.5 ? 5.0* 6.2 ? 1.1 
Chick 1 7.7 ? 1.1 11.8 ? 0.9* 2.3 ? 0.7 
Chick 2 15.4 ? 1.9* 15.5 + 1.5* 2.6 ? 0.6 
* Significantly different from background at P < .05 by Duncan's new multiple range test (17). 
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an interlocking system, which cannot 
be separated, the best approach for 
determining if the enzyme is present in 
bone cells is cellular localization. The 
only localization of CA in bone cells 
(5) is based on a method which has 
been found to be invalid since staining 
is caused by CA-independent alkaliniza- 
tion of the medium (6). 

We have developed an alternate pro- 
cedure for localizing CA. The method, 
which has been described in detail else- 
where (7), involves labeling of CA 
in vivo with tritiated acetazolamide, a 
specific inhibitor (8, 9). Tissues, are 
then prepared for autoradiography. 

A 1-year-old White Leghorn laying 
hen, two 10-day-old male commercial 
broiler chicks, both Gallus domesticus, 
and two 3-month-old laying quail, 
Coturnix coturnix japonica, were in- 
jected intravenously with sodium [acetyl- 
3H]'acetazolamide ( 160 mc/ mmole, 
New England Nuclear, Boston, Massa- 
chusetts). The quail and chicks re- 
ceived 16.4 to 28.1 mc and the hen 2.3 
mc per kilogram of body weight. This 
corresponded to an acetazolamide con- 
centration of 22.8 to 39.1 mg per kilo- 
gram of body weight for quail and 
chicks. The injection received by the 
hen was supplemented with 10 mg of 
unlabeled sodium acetazolamide per 
kilogram of body weight so that the 
total drug concentration was 13.2 
mg/kg. These dosages have been re- 
ported to cause maximum inhilbition 
of CA in all organs of various species 
tested (9) and of egg shell formation 
in laying hens (10). Twenty-four hours 
later, tissues were removed from the 
hen and chicks. At this time the con- 
centration of acetazolamide in plasma 
of the laying hen was about 100 times 
lower than that in CA-rich red blood 
cells (7), a finding which indicated 
that free and loosely bound acetazola- 
mide was rapidly cleared from the plas- 
ma and most tissues. The quail were 
killed 3 hours after injection of the 
drug since experiments in our labora- 
tory had shown that there is little in- 
hibition of quail shell gland CA by 
acetazolamide after longer time inter- 
vals. Pieces of tissue about 2 mm3 in 
volume were removed from birds which 
were under sodium pentobarbital anes- 
thesia (25 to 100 mg per kilogram of 
body weight). The tissues were frozen 
immediately in isopentane at - 160?C, 
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freeze-dried, fixed with Os04 vapor, 
and embedded in Epon. Thus, the only 
liquid which came in contact with the 
tissues was a nonaqueous plastic resin. 
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sponsible for isoproterenol action. How- 
ever, the evidence for the presence of 
sarcoplasmic vesicles in uterus is not 
great (17), and a recent report suggests 
that perhaps the microsomal calicum 
uptake system of smooth muscle is. de- 
rived from the cell membrane (18). 
Definition of the cellular locus and 
chemical nature of the particulate ki- 
nase substrate will be of great impor- 
tance. 
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Carbonic Anhydrase and Osteoclasts: Localization 

by Labeled Inhibitor Autoradiography 

Abstract. Autoradiography with tritiated acetazolamide indicates that osteo- 
clasts of the hen and chick contain concentrations of carbonic anhydrase which 
are similar to those in pancreatic acinar cells. Grain counts of osteoblasts and 
osteocytes were not different from background. Thus, a sufficient quantity of 
carbonic anhydrase seems to be present in osteoclasts to be of physiological im- 
portance in bone resorption. 
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