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Summary 

The rate of histone phosphorylation in adipose tissue abstracts 
obtained from adults and newborns by cyclic adenosine mono- 
phosphate (cAMP)dependent protein kinase was studied. Aden- 
sine triphosphate (ATP) had an apparent Km of 0.18 pM. Further 
kinetic studies indicated that human white adipose tissue is similar 
to brown adipose tissue of newborn rats in that it probably contains 
more than one type of soluble cyclic AMPdependent protein 
kinase activity. 

Cyclic AMP activated the human enzyme with maximum veloc- 
ity reached at  1pM concentration. Cyclic guanosine monophos- 
phate, however, produced only a low level activation of the enzyme, 
perhaps more dose-dependent when arginine-rich histone sewed 
as the phosphate acceptor. 

The activity in samples of subcutaneous adipose tissue of two 
age groups of healthy newborns was compared with samples 
obtained from adult volunteers. Both the basal activity and the 
CAMP-activated enzymes showed an increase with age. The veloc- 
ity values for the rate of phosphorylation observed in the presence 
of relatively high NaCl concentrations were depressed by approx- 
imately 50 %, the "activity ratio" under these conditions, however, 
reflected the true in vivo state of activation of the type I1 protein 
kinase. 

It has been confirmed by a series of methodologic experiments 
that the cyclic AMP dependent protein kinase of adult human 
white fat exhibits the same properties as the type I1 enzyme 
described in rat white adipose tissue. The activity ratio was 
determined on samples of subcutaneous adipose tissue of different 
age groups of healthy human newborns and of adult volunteers. 
The system is highly activated immediately after birth (less than 
12 hr) and a subsequent decrease (12-48 hr) in the level of 
activation is observed. 

Speculation 

The protein kinase system, its composition, characteristics, and 
in particular, its level of activation under physiologic and patho- 
logic conditions is of utmost importance in our understanding of 
the molecular mechanisms of hormonal regulation occurring in 
infant adipose tissue. Experimental conditions described here 
allow determinations of the in vivo level of activation of the cyclic 
AMP-dependent system and after further modification may help 
to link specific hormonal stimulation with phosphorylation, and, 
thus, functional changes, occurring in specific intracellular pro- 
teins. 

The protein kinase system is the only intracellular system known 
to be dependent on cyclic nucleotides for expression of its activity. 
It "translates" the increased rate of cyclic AMP synthesis, occur- 
ring upon adenylate cyclase stimulation by a hormone, into the 

ultimate effect of such a stimulation by introducing a phosphoryl 
group into a protein molecule. Such phosphorylation, combined 
with dephosphorylation catalyzed by phosphoprotein phospha- 
tases, is known to occur concurrently with activity changes in a 
variety of hormone-mediated regulatory (13).-~ence, 
the  rotei in kinase system. its com~osition. characteristics, and. in , , . . 
particular, its level of activation under physiologic and pathologic 
conditions, is of utmost importance in understanding the molec- 
ular mechanisms of hormonal regulation. 

- 

Hormones in general, and catecholamines in particular, are 
known to directly control the metabolism of subcutaneous white 
adipose tissue of mammalian newborns, including human infants 
(9). It has been shown repeatedly that the metabolic changes 
occurring in adipose tissue of human newborns immediately after 
birth contribute significantly to the adaptive mechanisms neces- 
sary for the neonate to cope with the extrauterine environment 
(11). Brown adipose tissue has been studied in great detail in 
neonatal mammals in this respect (6, 16, 18-20), but information 
on molecular mechanisms in hormonal regulation of 
white adipose tissue metabolism during the neonatal period, par- 
ticularly in humans, is still rather scarce. 

It has been shown that lipolytic agents, capable of increasing 
the intracellular levels of cyclic AMP, can activate the cyclic 
AMP-dependent protein kiiase in white adipose cells (14). The 
activated enzyme then catalyzes the transfer of the terminal phos- 
phoryl group from ATP to serine and threonine residues of 
hormone-sensitive lipase; this process causes the lipase to be 
converted to an active form (5). Similar activation by phosphor- 
ylation occurs in the phosphorylase b kinase-phosphorylase system 
and the reverse is true for the glycogen synthetase system (5). Both 
lipolysis and glycogenolysis are increased in adipose tissue of 
newborns (12). It has been suspected, but never directly proved, 
that the activation of a cyclic AMP-dependent protein kiiase is 
involved. We have, therefore, decided to initiate studies of the 
protein kiiase system in subcutaneous white adipose tissue of 
human newborns. 

Cyclic AMP-dependent protein kinase in white fat, like that in 
other tissues, consists of regulatory and catalytic subunits (2). 
When cyclic AMP binds to the regulatory subunit, it causes the 
holoenzyme to dissociate and release the catalytic activity; reas- 
sociation of the subunits and, thus, inactivation occurs upon the 
removal of the cyclic nucleotide (2). Corbin et al. (1) established 
conditions under which the proportion of active catalytic subunits 
and inactive holoenzyme is not altered in white fat of adult rats 

' during tissue preparation and homogenization. An accurate esti- 
mate of the state of activation of the protein kinase in vivo is, thus, 
possible. We have confirmed that the conditions used by Corbin 
et al. (1) can be applied to human tissue and have investigated the 
degree of activation of protein kiiase in the immediate postpar- 
turition period. Some more detailed time sequence studies of the 
kiiase activation ratio (activity-cAMP/activity + CAMP) were 



Fig. I. Effect of protein concentration on protein kinase activity. Adi- 
pose tissue of human adults was homogenized in 4 mM EDTA, centrifuged 
at 20,000 x g for 30 min and the supernatant assayed for protein kinase 
activity in the absence and presence of I pM cyclic AMP. 
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performed on brown adipose tissue of newborn rats to complement 
the data obtained on humans. so - 

MATERIALS AND METHODS 40 - 

SAMPLE PREPARATION - I 
: 3 0 -  

Samples of infant subcutaneous adipose tissue were obtained t 
by a needle biopsy technique (10). Written informed consent for 
these samples was obtained (25). Due to the small amount of -f, 

- 
material obtained by this method (10-30 mg), some samples of 
adult human adipose tissue (2-5 g) obtained during elective 
surgery (tuba1 ligation performed under epidural anaesthesia) 
were used to establish the assay conditions. Samples of rat (Wistar, 
Woodlyn Laboratories, Guelph, Ontario) brown adipose tissue o 10 20 

30 40 
(25-80 mg depending on age) were obtained after decapitation 
from the cervical and interscapular regions of infant animals from A 1 ~ )  

timed pregnancies. All samples were rapidly frozen in liquid Fig. 2. Effect of ATP concentration on protein-kinase activity in white 
nitrogen and stored at -80° until assayed. Storage of up to 2 wk adipose tissue of human adults. Double reciprocal plot of ATP concentra- 
did not result in any loss of activity or change in the protein kinase tion vs. velocity. From the plot, the apparent Krn for ATP was calculated 
ratio. to be 0.18 pM. 

Samples were homogenized in 5 volumes of ice-cold 4mM 
EDTA, pH 7.0 using a glass Potter-Elvehjem homogenizer fitted 
with a motor-driven Teflon pestle. The homogenates were centri- 10 I- 

fuged at 20,000 x g for 30 min and the supernatants assayed 
immediately for protein kinase activity. In the studies of the 
protein kiiase activation ratio, the isolation medium consisted of 8 - 
0.5 M NaCl, 10 mM EDTA, 10 mM theophylline, and 10 mM 
potassium phosphate, pH 6.5 and the sample preparation step was 
timed not to exceed 40 min k 3 between the thawing of the tissue 
and the start of the assay. Detailed information on the technique 
is published elsewhere (19). 

ENZYMIC ASSAYS 

RESULTS 

The protein kiiase assays were performed as previously de- 
scribed (17). Ten pl of the sample containing 5-30 pg of protein 
was used to start the assay. Protein was assayed by the method of 
Lowry et al. (8). ( 3 2 P ) ~ T ~  was prepared by the method of Glynn 

The rate of histone phosphorylation with the crude extracts of 
adult human adipose tissue was linear with time up to 30 min and 
with amount of sample up to 40 pg of protein (Fig. 1). Sample 
protein content of 10-30 pg and incubation time of 20 min at 30' 
were selected for subsequent assays. Simple saturation kinetics 
with respect to ATP was observed. When the reciprocals of ATP 
concentration were plotted against the reciprocal values of velocity 
(Fig. 2). an apparent Km of 0.18 pM was observed. When the 
velocity of the reaction was plotted against the histone (mixed, 
type IIA) concentration (Fig. 3), a double-sloped correlation 
emerged. It was even more apparent (Fig. 4) with arginine-rich 
histone (Sigma type VIII), and was probably due to the presence 
in the crude extracts of more than one kinase activity with different 
affmities for the histone used. White adipose tissue of the human 
adult, thus, seems similar in that respect to brown adipose tissue 
of newborn rats (6) inasmuch as it probably contains more than 
one type of soluble,protein kinase activity: . - 

Cyclic AMP activated the human enzyme in a dose-dependent 
manner with both mixed histone (left upper panel of Fig. 5) and 
arginine-rich histone (lefi lowerpanel of Fig. 5) as substrates, with 
a maximum activation reached at 1 pM. Cyclic GMP, however, 
produced only a low-level activation of the enzyme (right panels 

- 

- 

and Chappell (3) from (32P) phosphoric acid. Nonlabeled nucleo- o ' 0.5 1.0 1.5 2.0 
tides, histones, and other chemicals were purchased from Sigma 
Chemical Co., St. Louis, Mo., and were of highest purity com- HSXED $ l ~ t  ( m s f i l )  

mercially available., Fig. 3. Effect of histone (11-A) concentration on protein kinase activity 
in soluble extracts of human adult white fat. Double reciprocal plot of 
histone IIA concentration vs. velocity in the presence of cyclic AMP. 
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Fig. 4. Effect of arginine-rich histone concentration on protein kinase 
activity in soluble extracts of human adult white fat. Double reciprocal 
plot of arginine-rich histone concentration vs. velocity in the presence of 
cyclic AMP. 

Fig. 5. Cyclic nucleotide specificity of adult human adipose tissue 
protein-kinase. Protein kinase was assayed with the indicated concentra- 
tion of cyclic AMP and cyclic GMP with mixed or arginine-rich histone 
as substrate. 

of Fig. S),  perhaps more dose-dependent when arginine-rich his- 
tone served as the phosphate acceptor. 

Having thus established the optimal assay conditions and the 
basal characteristics of the protein kiiase in crude extracts of 
human adult adipose tissue, we determined the activity in samples 
of subcutaneous adipose tissue of two age groups of healthy 
newborns and compared it with samples obtained from adult 
volunteers (Fig. 6). As shown, both the basal activity and the 
cAMP activated enzyme showed an increase with age. 

In a system such as protein kinase, the state of activation in vivo 
is more physiologically relevant than the maximum activity as- 
sayed in vitro. Corbin et al. (1) has shown that the presence of 
high salt concentration in the isolation medium prevents the 
dissociation and reassociation of the subunits of the type I1 enzyme 
subsequent to the tissue collection. Higher salt concentration, 
however, exerts an inhibitory effect on the maximum velocity of 
the enzyme (19). As shown in Figure 7, this also proved to be the 
case for human adult adipose tissue y~rotein kinase. The velocity 
values for the rate of phosphorylation observed in the presence of 
relatively high NaCl concentrations hence become artificially low; 

the activity ratio, however, reflects the true in vivo state of the type 
I1 protein kinase (1, 19). By using 0.5 M NaCl in the isolation 
medium, which becomes 0.1 M in the assay medium, approxi- 
mately 50 % (Fig. 7) of the maximum velocity is detected. 

In order to ensure that the 0.5 M NaCl indeed prevented the 
reassociation of the protein k i a s e  subunits in human adult white 
fat, the following dilution.experiment was performed: the kinase 
was fully activated in the crude extracts by the addition of 0.3 pM 
cAMP and the cyclic nucleotide was subsequently removed by 

PROTEIN KINASE ACTIVITY I N  HUMAN NEWBORNS 

0.6 -<AMP 

0-24 h r 24 h &It 0-24 h r 24 h d u l l  

AGE 

Fig. 6. Protein kinase activity in subcutaneous white adipose tissue of 
human newborns. The activity was determined in whole tissue homoge- 
nates of adipose tissue in the age range indicated. The data are the mean 
* SE for duplicate determinations of the indicated number of samples. 

Fig. 7. Effect of sodium chloride on protein kinase activity in soluble 
extracts of human adult white adipose tissue. The activity was assayed in 
the presence of the indicated concentration of NaCl. Cyclic AMP (1 pM) 
was-present where indicated. 
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Fig. 8. Effect of NaCl on the reassociation of the protein kinase sub- 
units in white fat of human adults. The adipose tissue soluble extract was 
incubated in the presence of 0.3 pM cyclic AMP for 10 min. NaCl(0.5 M) 
was added to one set of the samples; the other set served as a control. The 
samples were then diluted with buffer to give the final concentration of 
cyclic AMP indicated. 

THE EFFECT Of 0.5 M NaCl ON PK DISSOCIATION 
IN HUMAN WAT 

4 6  1 protain/assay 

Fig. 9. The effect of histone on the dissociation of the protein kinase 
subunits both in the absence and the presence of 0.5 M NaCl. Samples of 
supernatant fractions of adult human-white fat were incubated at 30' for 
30 min in the presence of various concentrations of histone. At the end of 
incubation the assay medium (containing enough histone to bring the final 
concentration to 15 mg/ml) was added and the activity ratio calculated 
after a 5 min assay for kinase activity with and without 1 pM CAMP. NaCl 
(0.5 M) was present where indicated. 

serial dilutions of the sample by the isolation medium. This 
dilution resulted in a decrease of the basal activity whereas the 
activity assayed with cAMP remained the same, thus resulting in 
a gradually decreasing activity ratio (rate of phosphorylation 
observed in the absence of cAMP over that observed in the 
presence of 0.3 pM CAMP) as shown in Figure 8. When the same 
experiment was performed in the presence of 0.5 M NaCl in the 
isolation medium, the activity ra t6  remained high (Fig. 8), thus, 
indicating that the salt prevented reassociation of the protein 

kiiase subunits. To ascertain that no dissociation was caused by 
the salt itself, we performed another series of experiments. Histone 
is known to activate the protein kinase by causing a gradual 
dissociation of the subunits (19). We have, therefore, preincubated 
the adult human fat supernatant samples for various lengths of 
time in the presence of low histone concentrations, and followed 
it with a 5-min assay of the activity. A slight dissociation (less 
than 20 % after 30 min preincubation) of the subunits was actually 
lessened by the presence of 0.5 M NaCl (Fig. 9). 

We have, thus, confirmed that the cyclic AMP-dependent pro- 
tein kinase in adult human white fat exhibits the same properties 
as the type I1 enzyme according to the classification adopted by 
Corbin et al. Furthermore, we confirmed that in the presence of 
0.5 M NaCl in the isolation medium the in vivo state of activation 
of the system is preserved. The activity ratio was then determined 
on samples of subcutaneous adipose tissue of different age groups 
of healthy human newborns and of adult volunteers. As shown in 
Figure 10, the system is activated immediately after birth and a 
subsequent decrease in the activation is observed. Samples from 
adult tissue showed a rather high degree of activation of the 
protein kinase system. 

To complement the developmental data obtained on human 
white adipose tissue, we performed a series of determinations of 
the protein kinase activity ratio using brown adipose tissue of 
newborn rats. As shown in Figure 11, much more prominent 
changes in the activity ratio, spread over much shorter time 
intervals, were observed. 

Finally, protein kinase activity and its activity ratio were com- 
pared in samples of subcutaneous white adipose tissue of non- 
pregnant and pregnant (36 wk of gestation) women. As shown in 
Table 1, both higher total activity and higher degree of activation 
was observed in the tissue of the pregnant group. 

DISCUSSION 

The presence in human adult white adipose tissue of a cyclic 
AMP-dependent protein kinase which activates the hormone sen- 
sitive lipase has previously been shown (14). We have assayed the 
enzyme in crude extracts of tissue from human newborns where 
hormone-mediated metabolic regulation is of particular impor- 
tance (4). Protein kiiase activity was estimated from the rate of 
histone phosphorylation. Both mixed histone and arginine-rich 
histone were readily phosphorylated with an apparent Km of 0.66 
mg/ml for the mixed histone. ATP served as the phosphate donor 
with an appars>*bi Km of 0.18 pM. Cyclic GMP exhibited a much 

PROTEW K W E  A C T M I I  RATIO N WMAN NEWBORNS T 

0-12 h 13-48 h 48 h aduhs 

AOt 

Fig. 10. Protein kinase activity ratios in human newborns. Protein 
kinase activity ratios, i.e.. activity -cAMP/+cAMP were calculated from 
the data given in Figure 6 at the ages indicated. The data are the mean 
* SE for the given age ranges. 
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AGE (DAYS) 

Fig. 11. Protein kinase activity ratios in newborn rats. Activity ratios 
were determined in brown adipose tissue of fetal, newborn, and older rats 
at the ages indicated. The data are the mean f SE for eight determinations 
on separate animals in each group. 

Table 1. Protein kinase activity in normal andpregnant females' 

Protein kinase activity Activity 
Ratio 

-CAMP/ 
-CAMP +CAMP +CAMP 

Normal 0.092 f 0.009 0.195 f 0.025 0.48 f 0.03 
Pregnant 0.154 f 0.0302 0.267 f 0.03S3 0.57 f 0.034 

' Subcutaneous adipose tissue was obtained from female patients during 
delivery by caesarean section and patients undergoing tuba1 ligation 
(normal). The tissue was handled aid assayed as described in the text. 
The data are the mean f SE for six duplicate determinations for each 
group. The activity ratio was calculated for each determination, and then 
subjected to systical analyses by Student's t test. 

P < 0.05 compared to normal. 
Not significant. 
' P < 0.05 compared to normal. 

lesser degree of activation, more apparent with arginine-rich his- 
tone as substrate, which is in accord with Kuo's observations (7) 
on the cyclic GMP dependent protein kinase. 

As previously out for brown adipose tissue (19), the 
activity ratio of the protein kinase is more physiologically relevant 
than its maximum activity determined under in vitro conditions. 
Before the activation ratio can be used as a meaningful parameter, 
it is necessary to ascertain that the relative proportions of the 
inactive holoenzyme and the active catalytic subunits are not 
altered during sample preparation. The present results show that 
the addition of 0.5 M NaCl to the isolation medium inhibited the 
reassociation and did not initiate dissociation of the free kinase 
subunits in human white fat. Such an action of NaCl indicates 
that the cyclic AMP-dependent protein kinase in human adult 
white fat should be classified as a type I1 enzyme under the 
convention adopted by Corbin et al. (1). 

The relationship between the protein kinase activity ratio and 

the intracellular concentration of cyclic AMP expressed in terms 
of simple saturation kinetics has been shown in brown adipose 
tissue of newborn rats (19). The activity ratio was also directly 
related to the rate of lipolysis observed under a variety of condi- 
tions. Our present data on white adipose tissue of newborn humans 
shows no evidence contradictory to our assumption that the 
human white adipose tissue protein kinase system carries out 
similar functions by similar mechanisms to that of brown fat of 
newborn mammals. 

It is important to note that, even though the maximal total 
protein kinase activity observed during the immediate postpartu- 
rition period was lower than that 2-3 days after birth, the activity 
ratio was higher during the first 12 hr of life than later. This 
finding is consistent with reports that the rate of lipolysis in white 
fat of human newborns is high immediately after delivery and 
subsequently declines (12). Furthermore, this finding again un- 
derlines the importance of considering the activity ratio rather 
than the total activity of the protein kiinase system when discussing 
the physiologic relevance of the data. 

Using samples of interscapular brown adipose tissue of newborn 
rats made it possible to follow the protein kinase activity ratio at 
much shorter time intervals. The activity ratio increased by ap- 
proximately 150 % at the time of delivery, remained high for 4 hr, 
and a short-lived return to the low-level activation was observed 
at 12 hr postpartum, followed by another peak; the latter persisted 
throughout the first 3 weeks of life. It would seem that the initial 
activation occurred in response to the stress of birth, e.g., hypoxia 
and perhaps, sympathetic nerve stimulation. As the effects of 
delivery wore off, the ratio returned to a low level only to be again 
elevated; this time the activation presumably occurred in response 
to a functional stimulation of the tissue by the cold environment. 
The mother animal usually leaves the nest for the first time at 12 
hr postpartum and the newborn must then activate its mechanisms 
for nonshivering heat production taking place in brown fat in 
order to cope with the drop of environmental temperature. Mature 
animals, after 3 wk of life have developed other means of ther- 
moregulation and nonshivering heat production loses its impor- 
tance; hence, the observed drop in the brown fat protein kinase 
activation level. 

The relatively high activity ratio observed in white adipose 
tissue of adult volunteers obtained by the needle biopsy technique 
most probably reflects catecholamine stimulation occurring as a 
consequence of a mild, but none the less present, psychologic 
agitation of the volunteers preceeding the procedure. This is 
confirmed by the fact that the ratios were lower in the adult tissues 
collected during surgery procedures when anesthesia was used 
(Table l), however, effects of epidural anesthesia on cyclic AMP 
levels and subsequent protein kinase activity cannot be ruled out. 

Total protein kinase activity in pregnant vs. nonpregnant 
women showed no significant differences, but the kinase assayed 
in the absence of added cyclic AMP was significantly higher in 
the pregnant group (Table 1). This difference is reflected in the 
higher activity ratios observed in the pregnant group and may 
indicate a higher degree of hormonal activation of the adipocytes 
in this group. 

More detailed information on the protein kinase activity ratios 
will have to be obtained, particularly with different and, perhaps, 
endogenous proteins as phosphate acceptors, before any definite 
conclusions can be drawn about the state of activation of the 
systems involved in the regulation of specific processes. 
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