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Abstract 
Metal ion activators, Ni*+ and Mn2+, have been suggested to induce different confo~ations of calmodulin (CaM)-stimulated phosphata~. In the 

present study, an autoinhibito~ domain previously implicated in the ~nfo~ation transition of CaM stimulation of the phosphatase is shown to 
participate in defining the differential metal ion activation. A proteolytic derivative of the phosphatase deleted from the autoinhibitory domain 
displayed CaM-independent Mn2’-stimulated activity which was about 4-times that of the CaM-stimulated activity of the native enzyme. The 
Ni**-stimulated activity of the derivative, on the other hand, retained slight CaM-dependence, and the CaM-stim~ated activity was 90% of that of 
the native enzyme. A synthetic peptide corresponding to the autoinhibitory domain could inhibit the Mnz+-stimulate activity of the phosphatase 
derivative by 80%, but had little effect on the Ni’+-stimulated activity. 
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1. In~oduction 

Cam-stimulated phosphatase (also known as cal- 
cineurin or protein phosphatase 2B) possesses complex 
regulatory properties [1,2]. In addition to regulation by 
CaM, the purified enzyme shows a dependence on spe- 
cific metal ion activators for activity. The various metal 
ions, Ni2+, Mn” and Mg2’ plus Ca*‘, activate the en- 
zyme to different levels of phosphatase activity with dif- 
ferent degrees of CaM dependence [3-51. The enzyme 
activations by Ni** and Mn’+ are both time-dependent, 
suggestive of conformational changes of the enzyme. Ki- 
netic analysis of the timecourse of activation and immu- 
nological evidence suggest that the Ni2*- and Mn’+-in- 
duced forms of the phosphatase are distinct [4,5,7,8]. The 
nature of the differential metal ion activations, however, 
is not defined in terms of the enzyme structure. 

CaM-stimulated phosphatase is composed of two sub- 
units, a and ,&, of molecular weights of approximately 
61,000 and 20,000 Da, respectively [9-141. Structure- 
function analysis of the enzyme using controlled proteol- 
ysis has revealed several functional domains. The a 
subunit is the catalytic subunit, but it also contains regu- 
latory domains such as the CaM-binding domain and an 
autoinhibitory domain, as well as binding sites for Mn*’ 
and Ni2* [2,6,9,12,15]. The /? subunit is a Ca2”-binding 
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unit with four EF hand structures [9,14,16]. Proteolytic 
derivatives of the phosphatase with specific domains de- 
leted have been obtained [17]. A synthetic peptide de- 
rived from the inhibitory domain has been shown to 
inhibit CaM-stimulated phosphatase activity using 32Pr 
labelled myosin light chain as a substrate 1181. In this 
study, we use the controlled proteolysis and synthetic 
peptide approaches to demonstrate that the inhibitory 
domain plays an important role in the differential metal 
ion activation of the enzyme. 

2. Materials and methods 

2. I. Materials 
Clostripain and ~-~tosyl-L-lysine chloromethylketone was pur- 

chased from Sigma. Synthetic autoinhibito~ peptide, ITSFEEAKG- 
LDRINERMPPRRDAMP, was from Takara Biomedicais (Japan). 

2.2. Proteins 
The major isoform of bovine brain CaM-stimulate phospbatase, 

desi~ated as BPI, was purified as described previously 1191 and used 
in this study. 

2.3. Digestion of Cam-stim~ated phosp~tase with c~ostripain 
Digestion was carried out according to the procedure of Hubbard et. 

al. [I 71. Digestion was carried out in 11.5 ~1 of reaction mixture contain- 
ing 40 mM Tris-HCI (pH 8.0),0.1 M NaCl, I mM MgCI,, 1 mM CaCI,, 
8 mM dithiothreitol t&d CaM-stimulated phosphat&e (20 fig) with or 
without CaM (20 us) at 30°C. Proteolvsis was started by the addition 
of 0.17 U of dostri~ain, and stopped by the addition of N-p-tosyl+ 
lysine chloromethylketone (24pg). Digestion with CaM was carried out 
for 2.5 min when more than 95% of CaM-stimulated phosphatase a 
subunit had been converted to a 57 kDa derivative. For some experi- 
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ments, CaM was removed from the phosphatase derivative by chroma- 
tography on a FPLC-Superose 12 column and then the 51 kDa deriva- 
tive was used. Digestion in the absence of CaM was carried out for 15 
mm when all AM-st~ulated pbosphatase a subunit was converted to 
a 43 kDa and 40 kDa doublet. 

2.4. Assay for Cam-st~~iate~~hos~hatase activity 
CaM-stimulated phosphatase was assayed using pNPP as described 

previously [5]. The reaction mixture contained 50 mM Tris-HCI (pH 
?.O), 3.4 mM pNPP, 0.1 mg/ml bovine serum alb~in with or without 
10-30 ,q/ml CaM, and metal ion activators such as Ni’+, Mn2*, Mg2i 
or Ca*+ as indicated. To analyze the effect of the autoinhibitory domain 
peptide, CaM-stim~ated pbosphatase was preincubated with metal ion 
as indicated and the synthetic peptide with or without CaM for 15 min 
and the assay was started by addition of pNPP. Specific activity of 
CaM-stimulated phospbatases which were used in this study was 1.5- 
3.2 ymol pNPP hydrolyzedlminfmg protein in the presence of Ni2+ and 
CaM. 

3, Results and discussion 

3.1. Effect ofproteolysis on metal ion activation of CaM- 
stimulated ~~osp~atuse 

Hubbard and Klee [17] showed that controlled diges- 
tion of ham-stimulated phosphatase by clostripain pro- 
duced well-defined active phosphata~ derivatives with 
the carboxy-te~inal region of the a subunit truncated, 
one with a 57 kDa cx subunit derivative and another with 
a 43 kDa cx subunit derivative. While the native phos- 
phatase is strongly dependent on CaM for activity, the 
amino-terminus truncated derivatives were shown to dis- 
play CaM-independent activity [17]. These results have 
led to the suggestion that CaM-stimulated phosphatase 
contains, in the carboxy-terminal region of the a subunit, 
an autoinhibitory domain which interacts with the cata- 
lytic domain to suppress the enzyme activity. CaM-stim- 
ulation of the enzyme is due to the disruption of the 
interaction between the autoinhibitory and the catalytic 
domains, whereas proteolytic activation of the enzyme 
results from the removal of the autoin~bito~ domain 
from the enzyme protein. 

Purified bovine brain CaM-stimulated phosphatase 
depends on various added metal ions for activity. The 
different metal ion activation conditions have been sug- 
gested to induce different active forms of the enzyme. To 
explore the possibility that the differential metal ion acti- 
vation involves the participation of the carboxy-terminal 
region of the IY: subunit of the enzyme, the effects of 
clostripain digestion on the enzyme activity under the 
various metal ion activation conditions were examined. 

In the original study [ 171, the enzyme activity was 
examined only by using Mg2’ plus Ca2+ as the activator, 
Table 1 shows that the effects of clostripain digestion on 
the phosphatase activity are distinct under different acti- 
vation conditions. When the enzyme was assayed using 
Mg’” plus Ca” or Ni2+ as metal activators, the conver- 
sion of the native phosphatase to the 57 kDa derivative 
was accompanied by a marked increase in CaM-inde- 
pendent phosphatase activity or an activity slightly lower 
than the CaM-stimulated activity of the native enzyme. 
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Table 1 
Effect of proteolysis on meta ion activation of CaM-stim~at~ phos- 
phatase activity 

CaM Pbosphatase activity (%) 

Native 51 kDa 43 kDa 

NiZ+ + 100 90.41 rt 7.41 33.24 + 4.31 

y 
18.34 rt: 4.26 45.47 rt 5.01 - 

Mn2” 16.58 + 2.58 60.05 -t 10.26 38.08 i: 6.62 
5.23 + 1.81 60.02+ 5.49 - 

Ca*+, Mgl’ + 9.12 k 4.35 6.11 f 2.45 2.82 + 1.55 
1.50 + 0.77 5.23 + 2.89 - 

The con~~tration of activators used were: 1 mM Ni2+, 1 mM Mn*+, 
0.1 mM Ca”‘, 3 mM Mg?’ and CaM 10-30 @ml. Reactions were 
carried out at pH 7.0, n = 6-24. Phosphatase activity was expressed as 
the percentage of Ni*+/CaM-stimulate activity as 100%. 

Under the Mn2+ activation conditions, a more drastic 
increase in CaM-inde~ndent activity resulted from the 
proteolytic digestion, so that the CaM-inde~ndent ac- 
tivity reached almost Ctimes that of the CaM-striated 
activity on the native enzyme. One possible explanation 
for the drastic increase in Mn’+-stimulated phosphatase 
activity upon clostripain treatment is that the carboxy- 
terminal region exerts inhibitory activity on the enzyme 
even when CaM is bound. 

The 57 kDa derivative maintains the CaM-binding 
activity, but it is not activated by CaM under the Mn*’ 
or Mg2’ plus Ca” activation conditions. However, it 
could be activated, about 2-fold by CaM when Ni2+ was 
used as the metal activator (Table 1). The 43 kDa CL 
subunit derivative displayed a generally lower enzyme 
activity than the 57 kDa derivative. It showed no CaM- 
activation. This is to be expected since the CaM-binding 
domain of this enzyme is absent, 
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Fig. I. Effect of autoinhibito~ peptide on CaM-st~u~at~ phospha- 
tase under various metal ion activation conditions. The pNPP phospha- 
tase activity with CaM was expressed as tbe percentage of the enzyme 
activity in absence of the peptide. (A), (0) and (A) were activities assayed 
by using 1 mM Ni’+, 1 mM Mn” and 3 mM MgZ’ plus 0.1 mM Ca*’ 
as metal ion activator, respectively. Tbe reaction were carried out at pH 
7.0. 



Table 2 
Effects of an autoinhibitory peptide on CaM-stimulated phospbatase 
and proteolyzed phosphatase activity 

CaM Phosphatase activity (%) 

Native 
57 kDa 

43 kDa 

i 
i 

4 

Ni2’ F&2+ Ca”, Mg” 

75.8 r 8.4 48.8 !z 9.8 55.3 + 5.3 
96.3 rt: 6.4 20.1 * 4.2 48.7 rf 4.9 
95.3 rt LO.2 _ 
89.4 F L f.2 f8.lr0.8 SW55 . _ . 

Phosphatase activity without the autoinhibitory peptide was taken as 
100%. The antoinhibito~ domain peptide co~~ntrat~on was 0.125 
mM. The concentration of metal ions were the same as in Table 1. 
Reactions were carried out at pH 7.0, n = 3-9* 

3.2. effect ~f~~~t~~t~~ autoa%rhibitoPy ~~~l?idtt opt dl~f~re~- 
dial metal iwt ~~t~~~t~~~ of ~a~-st~~~~~t@d ~~~s~~fft~~ 

~a~hi~~~~ et al. ff8] identj~~ a peptide sequence 
w~~~~ the 4 kDa ~arboxy-terrn~~~ fra~ent~ KSFEE- 
A~~~DRrNERMPP~RDAMP~ which showed spe- 
cific and relatively potent inhibition of the phosphatase. 
This peptide has been suggested to represent the autoin- 
hibitory domain, and may be used to further study the 
involvement of the autoinhibitory domain in the differ- 
ential metal ion activation of CaM-stimulated phospha- 
tase. Fig. 1 shows that the CaM-stimulated phosphatase 
activity was inhibited by the a~t~~nhibitory peptide 
under ah activation conditions with a similar dose de- 
pendency. However, the extents of inhibition differed. 
With Mg” pEus Ca” or Mn’” as metal activators, the 
dam-stim~ated phos~hata~ activity was ~nh~b~t~ 
maximally 55%, whereas the N~~~~eaM~stimu~ated activ- 
ity was inhibited about 40% (Fig. I), 

The di~erentia~ effects of autoin~ibit~ry peptide on 
the phosphatase activity of the enzyme under different 
metal ion activation conditions can be more clearly dem- 
onstrated using the proteolytic derivatives of het phos- 
phatase. Table 2 shows that the inhibition of both the 57 
and 43 kDa enzyme species by the aut~i~~~bitory peptide 
showed strong depeudeu~e on metal ion activation con- 
ditions. Xn ~art~~u~ar~ whik the enzyme derivatives were 
only rnar~na~ly inhibited by the peptide (about 10%) 
when Ni’~-aEt~vated activity of the enzyme was meas- 
ured, the Mn’+-activated activity was drastically inhib- 

ited (about 80%). The result further supports the involve- 
ment of the carboxy-terminal region of the a, subunit in 
the induction of different metal ion activation forms of 
the enzyme. Under the Mn2’-activation conditions, the 
autoinhibitory domain appears to maintain a strong in- 
teraction with the catalytic domain to suppress the en- 
zyme activity even in the presence of CaM. On the other 
hand, in the Ni2*-activated form, the a~toinb~b~tory do- 
main does not exert strong action towards the enzyme 
activity. 
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