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ABSTRACT Two neutral Ca2+-dependent proteinases,
differing in molecular size, have been isolated from rabbit liv-
er. Both are recovered as inactive proenzymes that can be con-
verted to the active forms by high (0.1-1.0 mM) concentra-
tions of Ca2+ in the absence of substrate or, in the presence of
a protein substrate, by low (1-5 uM) concentrations of Ca2+.
The activated proteinases required only 1-5 IAM Ca2+ for
maximal activity. Substrates hydrolyzed were denatured glo-
bin, globin, casein, and to a lesser extent, several extracellular
proteins; no digestion was observed with several intracellular
cytosolic enzymes tested. Only those proteins that served as
substrates were capable of promoting conversion of the pro-
enzymes to the active low-Ca2+-requiring proteinases.

Ca2'-activated neutral proteinases have been the subject of
increasing interest since the suggestion by Huston and Krebs
in 1968 (1) that phosphorylase b kinase activating factor is
such a proteinase and more recent evidence for the role of
Ca2'-activated proteinases in the turnover of muscle pro-
teins (ref. 2 and references therein). Ca2+-requiring protein-
ases have also been implicated in the activation of a protein
kinase of rat brain (3). Purified preparations have been de-
scribed from muscles of a variety of species (2, 4-9), from
human erythrocytes (10), and from rat liver (11-13) and other
tissues (13).
The Ca2'-activated proteinases from muscle have been re-

ported to fall into two classes on the basis of their require-
ment for millimolar or micromolar concentrations of Ca2+
(refs. 5 and 9; for review see ref. 14) and similar high-Ca2+-
and low-Ca2+-requiring proteinases have been identified in
rat liver (11, 12). Although several laboratories have report-
ed the conversion of high-Ca2+-requiring proteinases to low-
Ca2+-requiring forms by limited autolysis (7, 15, 16), others
have reported the isolation of high-Ca2+- and low-Ca2+-re-
quiring forms that do not appear to be structurally related (9,
11).

In the present report we describe two low-Ca2'-requiring
proteinases from rabbit liver. These are isolated as inactive
proenzymes that can be converted to the active forms by
high concentrations of Ca2+ or, more physiologically, by low
concentrations of Ca2+ in the presence of a digestible sub-
strate.

MATERIALS AND METHODS
Materials. Farm-grown adult rabbits weighing 2.0-2.5 kg

were purchased on the local market. Human acid-denatured
globin was prepared as described by Hayman and Alberty
(17) and extensively dialyzed against distilled water before
use. Casein (type I), muscle aldolase (grade I), and bovine
serum albumin (crystallized, lyophilized) were purchased
from Sigma. Rabbit liver fructose-1,6-bisphosphatase was

purified as described (18). Ultrogel AcA 34 and DEAE-Tri-
sacryl M were purchased from LKB, Sephadex G-200 from
Pharmacia, butylagarose from Miles, and DEAE-cellulose
(DE 32) from Whatman.

Methods. Assay ofthe neutral proteinase activity. Neutral
proteinase activity was assayed with acid-denatured globin
as substrate, measuring the liberation of free a-amino
groups. The reaction mixture contained, in a final volume of
0.6 ml, 50 mM sodium borate buffer at pH 7.5, 1.2 mg of
substrate, and CaCl2 at the concentrations indicated. The re-
action was started by the addition of the appropriate amount
of enzyme and the mixture was incubated for 10 min at 20°C.
After the addition of trichloroacetic acid (7.5% final concen-
tration), the protein was removed by centrifugation and the
free amino groups in an aliquot of the supernatant solution
were determined with fluorescamine (19). The unit of en-
zyme activity was defined as the amount required to release
1 ,umol of free amino groups in 10 min under these condi-
tions.

Purification of the proenzymes. Homogenates prepared in
0.25 M sucrose containing 1.0 mM EGTA as described (20)
were centrifuged for 20 min at 20,000 x g and the superna-
tant solution was centrifuged again for 45 min at 100,000 x g.
The supernatant solution from 40 g of rabbit liver (190 ml)
was concentrated to 10 ml by ultrafiltration on an Amicon
YM-10 membrane. This solution was then chromatographed
on an Ultrogel AcA 34 column, which yielded three peaks of
neutral proteinase activity, corresponding to molecular
masses of >400 kilodaltons (kDa), 200 kDa, and 150 kDa,
respectively. The proteinases in the last two peaks re-
quired Ca2+ and accounted for 18% and 75%, respectively,
of the total activity (Fig. 1).
The 150-kDa proteinase was further purified by chroma-

tography on butylagarose and Sephadex G-200. The 200-kDa
proteinase was further purified by chromatography on DE
32, DEAE-Trisacryl M, and Sephadex G-200. The details of
the purification procedures will be described elsewhere. The
specific activities of the purified 150- and 200-kDa protein-
ases were 34.6 and 23.5 units/mg, respectively.

RESULTS
Conversion of the Proenzymes to the Active Low-Ca2+-Re-

quiring Proteinases. The effect of Ca2+ concentration on the
rate of conversion of the 150- and 200-kDa proenzymes to
the active low-Ca2'-requiring forms is illustrated in Fig. 2.
For the 150-kDa proteinase the rate in the presence of 1 mM
Ca2+ was too fast to measure (Fig. 2A); in the presence of 100
,uM Ca2+ the same conversion required several minutes (Fig.
2B). Similar conversions, although at somewhat lower rates,
were observed with the 200-kDa proteinase (Fig. 2 D and E).
These results resemble those reported by Suzuki and co-
workers for the Ca2'-requiring neutral proteinases from
chicken muscle (15, 16). In contrast to the repQrts from other
laboratories, however, we also observed a slower, but highly
significant, rate of activation of the rabbit liver proen-
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FIG. 1. Separation on Ultrogel AcA 34 of the neutral proteinase
activities present in rabbit liver cytosol. The concentrated liver cy-
tosol was prepared as described in the text and applied to a column
(2.2 x 160 cm) of Ultrogel AcA 34 equilibrated in 50 mM sodium
borate, pH 7.5, containing 0.1 mM EGTA and developed with the
same buffer at a flow rate of 18 ml/hr . Fractions (3.5 ml) were col-
lected and 100-jul aliquots were assayed in the absence (o) or

presence (e) of 1 mM Ca2+. The 150-kDa proteinase was then puri-
fied from fractions 95-115 as outlined in Materials and Methods.
The 200-kDa proteinase was purified from the cytosol fraction by
chromatography on a DE 32 column, which did not retain the 150-
kDa proteinase, followed by chromatography on DEAE-Trisacryl M
and Sephadex G-200.

zymes by a physiological (5 puM) concentration of Ca2+ (Fig.
2 C and F). In a similar experiment with 1 gM Ca2+ the
conversion of the 150-kDa proteinase reached 40-50% of
maximum in 3 hr (data not shown).
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FIG. 3. Effect of substrate concentration on the activation of the
proenzyme in the presence of 5 AuM Ca2 . (A) The 150-kDa protein-

ase (200 Al, 30 /ug) was incubated in the presence of 5 ,uM Ca2+ as
described in the legend to Fig. 2, with the mg amounts of denatured
globin indicated in the figure. (B) The 200-kDa proteinase (500 Ml, 38
;kg) was incubated and assayed as described in A for the 150-kDa
proteinase. In each case the activity measured directly in 1 mM Ca2+
was taken as 100%. These values were 32.5 and 21.3 units/mg of
protein for the 150- and 200-kDa proteinases, respectively.

These observations suggested that the neutral proteinases
from rabbit liver are indeed low-Ca2+-requiring proteinases
but that an obligatory first step is the conversion of the inac-
tive proenzyme to the active enzyme forms. Once activated,
these enzymes were found to be almost equally active with
100 AM or 5 MM Ca2+ (illustrated in Fig. 2E for the 200-kDa
proteinase) (see also Fig. 4).

Effect of Substrate on the Conversion of the Proenzymes to
the Low-Ca2+-Requiring Forms. In the preceding experi-
ments the globin substrate was always present when the en-
zymes were incubated with Ca2+. On examination, the sub-
strate was found to have no effect on the activation of either
the 150-kDa or the 200-kDa proenzyme in the presence of 1
mM or 100 ,tM Ca2+ (data not shown) but to be essential for
activation in the presence of 5 MM Ca2+ (Fig. 3). The rate of
activation increased with increasing substrate concentration
and was more rapid with the 150-kDa proenzyme. It also in-
creased as the proportion of active-low-Ca2+-requiring pro-
teinases increased, suggesting that it was this active species
that was responsible for the autocatalytic conversion.
Ca2+ Requirement for the Activated Neutral Proteinases.

The activated proteinases required only 5 MM Ca2+ for maxi-
mal rates of hydrolysis of denatured globin (Fig. 4). Under
the standard assay conditions, the proenzymes showed sig-

R 101

Time, min
FIG. 2. Conversion of the native proenzymes to the low-Ca2+-

requiring forms. The purified 150-kDa proteinase (200 ,A, 30 Aug) was
diluted to 2.0 ml with 50 mM sodium borate, pH 7.5, containing 4 mg
of denatured globin and 1 mM Ca2+ (A), 100 MM Ca2+ (B), or 5 AM
Ca2+ (C). The solutions were incubated at room temperature. At the
times indicated 200-1.l aliquots were treated with sufficient EGTA to
reduce the Ca2+ concentration to approximately 5 MM and assayed
in the presence of 5 AM Ca2+. The purified 200-kDa proteinase (500
AM 38 gg) was similarly incubated in the presence of 4 mg of dena-
tured globin with 1 mM (D), 100 MM (E), or 5 MM (F) Ca2 . Aliquots
were assayed for neutral proteinase activity in the presence of 5 AM
Ca2 . In E, aliquots were also assayed in the presence of 100 AM
Ca2+ (0).
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FIG. 4. Requirement of Ca2+ for the activity of the activated
neutral proteinase and for expression of proenzyme activity. (A) The
150-kDa proteinase was activated in the presence of 5 ,uM Ca2 and
denatured globin at 2 mg/ml as described in the legend to Fig. 2.
After 60 min at room temperature, aliquots (200 jul) were analyzed
for neutral proteinase activity in the presence of the indicated con-
centrations of Ca2+ (a). The o show the activity of the proenzyme
assayed directly without prior incubation with substrate and Ca2
(B) The same experiment was carried out with the 200-kDa protein-
ase. The values for 100% activity are as given in the legend to Fig. 3.
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Table 1. Substrate specificity of the neutral 150-kDa proteinase

Relative
Substrate activity

Denatured globin 100
Native 83-globin 16
Casein 15
Glucagon 7
Insulin B chain 4
Native human hemoglobin 2
Bovine serum albumin <1
Rabbit liver fructose-1,6-bisphosphatase <1
Rabbit muscle aldolase <1

The substrates were tested at concentrations of 2 mg/ml and 30
Ag of 150-kDa proenzyme in the presence of 1 mM Ca2". With this
concentration of Ca2" the proenzyme is activated almost instanta-
neously. Denatured globin was prepared as described in Materials
and Methods. /3-Globin (21) and rabbit liver fructose-1,6-bisphos-
phatase (18) were prepared as described. Other proteins tested were
from Sigma.

nificant activity only at concentrations of Ca2+ above 30
AiM. However, this activity can be attributed to the conver-
sion of the proenzymes to the activated proteinases; this
conversion was sufficiently rapid at the high Ca2+ concentra-
tions to account for the proteolytic activity detected during
the standard 10-min incubation period.

Substrate Specificity for Activity and for the Conversion of
Proenzymes at Low Concentrations of Ca2+. The activated
150-kDa proteinase was most active with denatured globin
but showed some activity toward several other exogenous
proteins, such as native 3-globin and casein (Table 1). Simi-
lar specificity was observed for the 200-kDa proteinase. No
activity was observed with native muscle aldolase or native
liver fructose-1,6-bisphosphatase as substrates.
Only those proteins that were digested by the activated

proteinases were active in promoting the conversion of the
proenzymes to the active proteinases (Fig. 5). In the pres-
ence of 5 ,uM Ca2 , formation of the active low-Ca2+-requir-
ing proteinase was most rapid in the presence of denatured
globin. With casein, which was hydrolyzed only 15% as rap-
idly as denatured globin, the rate of activation was only
about one-fifth as rapid. Rabbit muscle aldolase and fruc-
tose-1,6-bisphosphatase, which were inactive as substrates,
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FIG. 5. Activity of substrate and nonsubstrate proteins as pro-
moters of the proenzyme-active proteinase conversion in the pres-
ence of 5 ,uM Ca2+. The conditions for activation of the proenzyme
were as described in the legend to Fig. 4, with 15 ,ug of the purified
150-kDa proenzyme and 2 mg of proteins as indicated. Aliquots (200
Al) were assayed at the times indicated for activity with denatured
globin as substrate, in the presence of 5 ,AM Ca2+. The activity of
the proenzyme assayed directly with 1 mM Ca2+ was taken as

100%. The proteins tested were denatured globin (o), casein (o),
muscle aldolase (o), and bovine serum albumin (A).

failed to promote the proenzyme-to-active enzyme conver-
sion.

DISCUSSION
The neutral proteinases of rabbit liver appear to be present in
the cytosol in the form of inactive proenzymes that can be
converted to the active low-Ca2+-requiring forms by high
concentrations of Ca2+ or, more physiologically, by low con-
centrations of Ca2+ in the presence of an appropriate digest-
ible substrate. The finding that this conversion is almost in-
stantaneous in the presence of 0.1-1.0 mM Ca2+ might lead
one to conclude that the native forms, referred to here as
proenzymes, are high-Ca2+-requiring proteinases. However,
the activated enzymes must be classified as low-Ca2+-requir-
ing proteinases, since they are equally active with 5 ,uM or 1
mM Ca2+. The activity observed when the proenzymes are
assayed in the presence of millimolar concentrations of Ca2+
can be attributed to the formation of active enzyme during
the time required for the assay.
With physiological concentrations of Ca2+ (1-5 AM) the

formation of active proteinase requires the presence of a di-
gestible substrate. Only denatured or "foreign" proteins ap-
pear to be suitable substrates and activators, which may ac-
count for the fact that these proteinases are present in nor-
mal liver cytosol as the inactive proenzyme forms. This
observation provides an attractive model for the regulation
of the activity of these proteinases, although the physiologi-
cal substrate(s) and activator(s) remain to be identified.
The function of the Ca2+-requiring neutral proteinases in

liver remains to be determined. In addition to a possible role
in the activation of phosphorylase b kinase, which has not
yet been demonstrated for the liver kinase, or in the activa-
tion of the proenzyme of the cAMP-independent protein ki-
nase (3), Ca2'-requiring proteinases have also been shown to
hydrolyze the receptors for epidermal growth factor (22) and
calmodulin-binding proteins (23). They may prove to play a
major role in the regulation of these systems.

The Institute of Biological Chemistry of the University of Genoa
acknowledges support from the Italian Consiglio Nazionale delle Ri-
cerche Progetto Finalizzato Ingegneria Genetica e Basi Molecolari
delle Malattie Ereditarie.

1. Huston, R. B. & Krebs, E. G. (1968) Biochemistry 7, 2116-
2122.

2. Dayton, W. R., Goll, D. E., Zeece, M. G., Robson, R. M. &
Reville, W. J. (1976) Biochemistry 15, 2150-2158.

3. Inoue, M., Kishimoto, A., Takai, Y. & Nishizuka, Y. (1977) J.
Biol. Chem. 252, 7610-7616.

4. Ishiura, S., Murofushi, H., Suzuki, K. & Imahori, K. (1978) J.
Biochem. (Tokyo) 84, 225-230.

5. Mellgren, R. L. (1980) FEBS Lett. 109, 129-133.
6. Mellgren, R. L., Repetti, A., Muck, T. C. & Easly, J. (1982) J.

Biol. Chem. 257, 7203-7209.
7. Hathaway, D. R., Werth, D. K. & Haeberle, J. R. (1982) J.

Biol. Chem. 257, 9072-9077.
8. Hara, K., Ichihara, Y. & Takahashi, K. (1983) J. Biochem.

(Tokyo) 93, 1435-1445.
9. Otsuka, Y. & Tanaka, H. (1983) Biochem. Biophys. Res. Com-

mun. 111, 700-709.
10. Melloni, E., Sparatore, B., Salamino, F., Michetti, M. & Pon-

tremoli, S. (1982) Biochem. Biophys. Res. Commun. 106, 731-
740.

11. DeMartino, G. N. (1981) Arch. Biochem. Biophys. 211, 253-
257.

12. DeMartino, G. N. (1982) Biochem. Biophys. Res. Commun.
108, 1325-1330.

13. Murachi, T., Hatanaka, M., Yasumoto, Y., Nakayama, N. &
Tanaka, K. (1981) Biochem. Int. 2, 651-656.

14. Murachi, T. (1983) Trends Biochem. Sci. 8, 167-169.
15. Suzuki, K., Tsuji, S., Kubota, S., Kimura, Y. & Imahori, K.

(1981) J. Biochem. (Tokyo) 90, 275-278.

A n A6

Biochemistry: Pontremoli et aL,



56 Biochemistry: Pontremoli et aL

16. Suzuki, K., Tsuji, S., Ishiura, S., Kimura, Y., Kubota, S. &
Imahori, K. (1981) J. Biochem. (Tokyo) 90, 1787-1793.

17. Hayman, S. & Alberty, R. A. (1961) Ann. N. Y. Acad. Sci. 94,
812-824.

18. Traniello, S., Melloni, E., Pontremoli, S., Sia, C. L. &
Horecker, B. L. (1972) Arch. Biochem. Biophys. 149, 222-
231.

19. Nakai, N., Lai, C. Y. & Horecker, B. L. (1974) Anal. Bio-
chem. 58, 563-570.

Proc. NatL Acad Sci. USA 81 (1984)

20. Melloni, E., Pontremoli, S., Salamino, F., Sparatore, B., Mi-
chetti, M. & Horecker, B. L. (1981) Arch. Biochem. Biophys.
208, 175-183.

21. Melloni, E., Salamino, F., Sparatore, B., Michetti, M. & Pon-
tremoli, S. (1982) Arch. Biochem. Biophys. 216, 495-502.

22. Gates, R. E. & King, L. E., Jr. (1983) Biochem. Biophys. Res.
Commun. 113, 255-261.

23. Kosaki, G., Tsujinaka, T., Kambayashi, J.-I., Morimoto, K.;
Yamamoto, K., Yamagami, K., Sobue, K. & Kakuichi, S.
(1983) Biochem. Int. 6, 767-775.


