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Protein kinase C in human brain and its inhibition by calmodulin 
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Protein kinase C is a ubiquitous enzyme which is especially concentrated in brain tissue and which has been reported to have a key 
role in the regulation of neuronal  activity. Substrates for this kinase were studied in frozen pos tmor tem h u m a n  cortex. Two major  pro- 
tein substrates with tool. wts. of  86,000 and 67,000 Da were found in the cytosol fraction. Calmodulin was found to inhibit phosphory-  
lation of these two proteins. 

Calcium/phosphatidytserine-dependent protein ki- 

nase (protein kinase C) appears to be universal in the 

animal kingdom. Every animal phylum studied has 
been shown to contain this enzyme 9'16. This enzyme 

also appears to be ubiquitous in its tissue distribution. 
Thus, it has been found in every animal tissue exam- 
ined 9'14. Interestingly, brain and peripheral nervous 

tissues contain higher levels of the enzyme than do 
most n o n - n e r v o u s  t i s s u e s  5"7'9"14. However. the hu- 

man brain remains one of the few tissues on which no 

biochemical study of this kinase or its substrates has 

been made. It has been believed that activation of 

protein kinase C requires the presence of both calci- 
um and phospholipid 7'2°'22. Takai et al. 21 have demon- 

strated that micromolar concentrations of diacylgly- 

cerol are required for protein kinase C to be fully ac- 

tivated in the presence of phosphatidylserine (PS) 

and physiological concentrations of calcium. Fur- 

ther, they have reported 3 that certain tumor-promot- 

ing phorbol esters increase protein kinase C activity. 

Other investigators have shown that the activation of 
kinase C by phorbol esters does not require the pres- 
ence of elevated levels of calcium 4. This finding 

raised the possibility of measuring protein kinase C 
activity without employing calcium in vitro, which 
makes the assay reliable. Protein kinase C has been 
reported to be activated by calcium-activated pro- 

teases s't3. Inclusion of calcium as activator in the pro- 

tein kinase C assay may confound the result because 

of contaminating calcium-activated proteases. Calci- 

um-activated proteases are rather abundant enzymes 
in nervous tissu& is and they are important constitu- 

ents of neurons because they play important roles in 
neuronal f u n c t i o n  2"12 Thus, it is desirable to exclude 

calcium from the protein kinase C assay. Here. we 

report a successful demonstration of kinase C activity 

in human cortex cytosol fraction in the absence of cal- 

cium using the combination of phorbol ester (PMA) 

and PS as activators. 
Postmortem human brains (postmortem times 

were 1.5, 2. 11 and 14 h for 4 brains, aged 71, 72.82 

and 90 years, respectively) were frozen and kept at 

-70 °C until dissection. Before dissection, brains were 

kept 4 h at 4 °C and sections ca. 1 cm thick were sliced 
while brains were still frozen. Midfrontal cortex was 

dissected from these sections on a glass plate cooled 
from below by a bed of powdered dry ice. Dissected 

cortex, brought back to -70 °C and kept frozen al 
-70 °C until homogenization, was placed in 10 vols. 
of the homogenization buffer (0.32 Msucrose: 5 mM 

HEPES. pH 8.0:5 mM benzamidine: 2 mM fl-mer- 
captoethanol, 3 mM EGTA: (1.5 mM MgSO~: 0.5 
mM ZnSO4; 0.1 mM pMSF: 0.1 mg/ml leupeptin: 
0.05 mg/ml pepstatin and 0.1 mg/ml aprotinin) and 
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homogenized by two 5-s strokes of a Polytron homog- 

enizer (Brinkmann, Westbury, N.Y.). This bomoge- 
nate was centrifuged 8 min at 2500 g at 2 °C to preci- 
pitate nucleus and cytoskeleton. The 2500 g superna- 
tant was then centrifuged 1 h at 100,000 g at 2 °C to 
separate the membrane-rich fraction (100,000 g pel- 
let) from the cytosol. The 100,000 g pellet was 
reconstituted to the original volume with the homog- 
enization buffer, aliquoted, frozen in an ethanol/dry- 
ice bath and stored at -70 °C until used for the pho- 
phorylation reaction. 

To measure stimulation of phosphorylation by 
PMA and PS, 10 ,ul of each fraction in the homoge- 
nization buffer containing 6.3/~g protein was mixed 
with 15 I~1 of reaction mixture containing 50 mM Tris- 
HCI, pH 7.6 (all concentrations are for final 25 M), 10 
mM MgSO4, 100 ,ug/ml protein kinase A inhibitor 

(Sigma, St. Louis, MO), 5 mM fi mercaptoethanol, 
10 ,uM ATP, 1 ~uCi/tube [?-32p]ATP (ICN, lrvine, 

CA) and 0.2 mM EDTA. Kinase C activity was de- 
tected by the addition of a reaction mixture contain- 
ing 0.1 uM phorbol 12-myristate 13-acetate (PMA; 
Sigma, St. Louis, MO) and 50/~g/ml PS (Sigma, St. 
Louis, MO) in addition to all the above constituents. 
PMA was stored at -20 °C at a concentration of 0.1 
mM in methanol. PS dispersion was kept at -20 °C in 
water at a concentration of 1 mg/ml and sonicated 

just before it was used. The phosphorylation reaction 
was 12 min at 30 °C. The reaction was stopped by the 
addition of 6.3/~1 of a buffer containing 40% glycerol, 
25%/3 mercaptoethanol, 12% SDS, 0.31 M Tris-HCl 

(pH 6.8), 25 mM EDTA, and 0.1% Bromophenol 
blue. The samples were then subjected to 6.5-12.5% 
polyacrylamide gel (1 mm thickness) electrophoresis 
with 2-cm stacking gel > at a current of 20 mA per gel. 
The electrophoresis was stopped when the tracking 
dye reached 1 cm before the edge of the gel. Gels 
were fixed 1 h in 10% acetic acid containing 15% iso- 

propyl alcohol, stained 1 h with 0.2% Coomassie 
brilliant blue in 10% acetic acid and 40% isopropyl 
alcohol, and destained in 10% acetic acid and 15% 
isopropyl alcohol. Destained gel was rinsed 1 h with 
water, dried and exposed about 10 h to X-Omat RP 
film (Kodak) with Hi Plus intensifying screen (Du 
Pont) at -70 °C. Protein amounts were determined 
using the method of Lowry et al. ~l with plasma globu- 
lin (Bio-Rad, Richmond, CA) as the standard. 

To measure the influence of calcium/calmodulin 
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on phosphorylation, the cytosol fraction containing 

6.3 ,ug protein was subjected to the phosphorylation 
reaction as described in the previous paragraph, 

without activators or in the presence of 1.5 mM CaCI~ 
and 20/tg/ml calmodulin. EGTA,  1.2 mM (final con- 
centration), is carried over from the homogenization 

buffer to the final pbosphorylation reaction. Thus the 

addition of 1.5 mM CaCI z gives a concentration of 
10 -5 M free calcium. 

Inclusion of PMA and PS in the in vitro phosphory- 
lation reaction stimulated the phosphorylation of two 

cytosol proteins which have mol. wts. of 86,000 and 
67,000 Da, although it did not change the degree of 
phosphorylation of any proteins in the 100,000 g pel- 
let fraction (Fig. 1). Quantification of the results 

(Table 1) shows that the phospborylation of the 
86,000-Da protein was stimulated 2.4-fold in the 
presence of PMA and PS. Phosphorylation of the 

67,000-Da protein was not quantificated because of 
its low radioactivity. 

Calmodulin was previously found to inhibit the cal- 
cium/phospholipid-dependent phosphorylation of an 
endogenous substrate, called the 87-kDa protein, in 

a crude extract prepared from rat brain synaptosom- 
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Fig. l. Stimulation of phosphorylation of 86,000-Da and 
67,000-Da proteins in cytosol by PMA and PS. An autoradio- 
gram of 32p-labeled proteins from membrane and cytosol ob- 
tained in the presence or absence of protein kinase C activators 
(PMA/PS) is shown. 
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TABLE I 

Stimulation and inhibition of the phosphorylation of the 86.000- 
Da protein 

The phosphorylation reactions were with 6.3 ug of protein from 
the cytosol fraction, either in the presence or in the absence of 
PMA/PS and calcium/calmodulin (Ca2+/CaMI as described m 
the text. The 86.000-Da protein as well as the remaining por- 
tion of the lane were dissected out from dried gels and counted 
in liquid scintillation cocktail with a liquid scintillation counter 
The proportion of radioactivity recovered in the 86.000-Da 
band as compared to radioactivity recovered in the entire lane 
is shown. Results are from 4 independent experiments using 4 
different individuals. Total radioactivity was between 2500 and 
3500 cpm. 

Addition Proportion of radioactivit~ Ratio to 
in 86.000-Da protein control 
(% of total radioactivity) 

- 4 . 3  + 0 . 6  1 . 0  

PMA/PS 10.3 _+ 3.1 2.4 
Ca2+/CaM 1.3 z 0.9 0.3 

al cytosol 1'23. It is probable that the 87-kDa protein 

observed in the rat brain is the homologue of the Mr 

86,000 -protein that we observed in human brain. 

Thus, we studied the effect of catmodulin on the 

phosphorylation of the 86.000-Da and 67.000-Da 

proteins in the cytosol fraction. As shown in Fig. 2. in 

the presence of calcium and calmodulin,  the phos- 

phorylation of these protems as well as minor phos- 

phorylation of proteins between 150.000 and 100.000 

was essentially abolished, although the phosphoryla- 

tion of other proteins, which were not stimulated by 

the presence of phorbol ester and phosphatidylse- 

rine, was not influenced by the presence of calcium 

and calmodulin except for a 65.000-Da protein whose 

phosphorylation was stimulated 3.2-fold in the pres- 

ence of calcium/calmodulin. The quantification of 

the results (Table I) shows that the inhibition of 

86,000-Da protein phosphorylation by calcium/cal- 

modulin was as much as 70%. Again.  the result sug- 

gests that the human 86.000-Da protein that we ob- 

served is the homologue of the 87-kDa protein which 

has been previously described in rat brain. It is some- 

how surprising that calcium and calmodulin did not 

stimulate phosphorylation of any proteins around 

50,000 Da under  our conditions, as calcium and cai- 

modulin have been known to stimulate the autophos- 

phorylation of soluble calciurn/calmodulin-depen- 

dent protein kinase II which has a tool. wt. close to 
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Fig. 2. Inhibition of phosphorylation of 86.000-Da and 67.000- 
Da proteins and stimulation of phosphorylation of 65.000 pro- 
tein by calcium/calmodulin (CAM). An autoradiogram of dried 
gel is shown Two arrowheads show calcium/calmodulin-in- 
hibited phosphoproteins and an arrow shows a calcium/calmo- 
dulin-stimutated phosphoprotein. 

50.000 Da 15,19. This lack of stimulation seems to be 

caused by zinc which we used in the homogenizat ion 

buffer: we found intense inhibition of purified Aply- 

sia calcium/calmodulin-dependent  protein kinase 11 

by zinc (unpublished data I. 

Here. we report the presence of protein kinase C 

activity and kinase C substrates in postmortem hu- 

man brain. This is important  because now we can 

confidently use frozen postmortem human  brain tis- 

sue to study kinase C activity as well as its substrates 

under experimental  circumstances. However .  it 

should be stressed that there is the possibility that  

postmortem changes occur. We find a decline of total 

kinase activity in human frontal cortex as a function 

of postmortem time (¢/2 = ca. 12 h). Fur thermore .  

we could not detect any protein kinase C activity in  a 

brain which had been left unfrozen for 10 days.Thus. 
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to be meaningfu l ,  especial ly  to c o m p a r e  brains f rom 

different  individuals ,  the factor  of  p o s t m o r t e m  

changes  must  be kep t  in mind.  

E n d o g e n o u s  prote in  kinase C activity de t ec t ed  by 

phosphory la t ion  of  the 86,000-Da pro te in  appears  to 

be inhibi ted in the p resence  of  ca lc ium and ca lmodu-  

lin. Because  of  the impl ied  impor tance  of  both  calci- 

um and kinase C in cont ro l l ing  neu rona l  activity 17, it 

will be mos t  in te res t ing  to c o m p a r e  kinase  C activity 

and its substra tes  a m o n g  p o s t m o r t e m  brains f rom dif- 

fe ren t  neuro logica l ly  d i so rde red  pat ients .  
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