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Abstract The 1,10-phenanthroline micelles-copper(l) coordi- 
nated complex, not the mono-dispersed bis 1,10-phenanthroline- 
copper(I) one, rapidly degraded proteins in the presence of ~l- 
mercaptoethanol in the neutral-to-mild acidic region under aero- 
bic conditions. The degradation products derived from a-casein 
were peptides and amino acids. 
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I. Introduction 

There are various types of protease in nature [1]. However, 
a powerful protease, natural  or artificial, that completely de- 
grades a protein to amino acids is not  known. When we exam- 
ined the effects of chemical compounds on the cysteine pro- 
teases from rat endoplasmic reticulum [2-4] using a commercial 
protein-disulfide isomerase (PDI) as the substrate, PDI was 
rapidly degraded on the addition of 1,10-phenanthroline (OP) 
to the reaction mixture. However, PDI further purified by hy- 
droxyapatite column chromatography was resistant to the deg- 
radation. Then, a very small amount  of copper ions was found 
to have contaminated the commercial PDI preparation. On the 
basis of these findings, we succeeded in showing that OP 
miceUes complexed with copper(I) degrade a-casein to peptides 
and amino acids in the presence offl-mercaptoethanol.  How- 
ever, mono-dispersed bis OP--copper(I) showed no activity. 
Such a reaction, which should facilitate the hydrolysis of pol- 
ypeptides to amino acids with a single catalyst, has not  previ- 
ously been reported. 

2. Experimental 

2.1. Materials" 
OP, 2,9-dimethyl 1,10-phenanthroline, and ~-casein were purchased 

from Sigma. Bovine liver PDI was from Takara Shuzo Co., Kyoto. All 
other chemicals were of reagent grade. 

2.2. Assay of the protease reaction 
The protease reaction was carried out in 10 mM bis(2-hydroxyethyl) 

iminotris (hydroxymethyl) methane (bis-Tris)-HC1 (bis-Tris buffer), pH 
6.3, containing 1.5/~g ~-casein or PDI, 10/IM cupric sulfate, 3 mM OP 
and 100 mM fl-mercaptoethanol. The final volume was 10/A. After a 
1-h incubation at 37°C, the reaction was terminated by the addition of 
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Abbreviations. PDI, protein-disulfide isomerase; OP, 1,10-phenanthro- 
line; bis-Tris buffer, bis(2-hydroxyethyl) iminotris (hydroxymethyl) 
methane-HCl; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; HPLC, high performance liquid chromatography. 

4 x SDS sample buffer (4/A) [5], followed by analysis by SDS-PAGE 
[51. 

2.3. Analysis of peptides among the reaction products 
The reaction (1 mg ~-casein in 30 ml) was carried out under the above 

assay conditions except that 10 mM acetate buffer, pH 6.0, was used 
instead of bis-Tris buffer. After a 3-h incubation, the reaction mixture 
was lyophilized and the residue dissolved in 0.5 ml of 0.1% trifluoroace- 
tic acid. 50/11 of the sample solution was applied to a ~tBondasphere 
C~8 high performance liquid chromatography (HPLC) column 
(0.39 x 15 cm). Amino acids and peptides were eluted with a linear 
gradient of 0-60% acetonitrile in 0.1% trifluoroacetic acid at 30°C, at 
the flow rate of 1 ml/min. The elution was monitored as to the absorb- 
ance at 214 nm. Fractions were collected and analyzed with a Protein 
Sequencer, Model 477A (Applied Biosystems Inc.). 

2.4. Analysis' of amino acids among the reaction products 
The reaction was carried out as described in section 2.3. After the 

reaction, norleucine was added to the reaction mixture as an internal 
standard. In order to remove OR the reaction mixture was applied to 
a Dowex 50W x8 (H ÷) column and eluted with 1 N ammonium in water. 
The effluent was dried in a rotary evaporator. The residue was dissolved 
in 0.2 M sodium citrate buffer, pH 2.2, for amino acid analysis. An 
aliquot of the sample was analyzed with an Amino Acid Analyzer, 
Model 835 (Hitachi Ltd., Tokyo). 

3. Results and discussion 

Almost all of the a-casein was degraded under the assay 
conditions given in section 2 (Fig. 1,, lanes 1, 2 and 6). The 
reaction required OP, Cu 2+ and fl-mercaptoethanol. With the 
omission of any one of the components,  c~-casein was not  de- 
graded at all (Fig. 1, lanes 3-5). PDI was also degraded (Fig. 
1, lanes 7 and 8). Bovine serum albumin and soy glycinine were 
similarly degraded (data not  shown), a-Casein was mostly de- 
graded within 1 h under the assay conditions used (Fig. 2A). 
The reaction proceeded in the mild acidic region but  not  in the 
mild basic region (Fig. 2B). This degradation depended on the 
temperature (Fig. 2C). OP could not  be replaced by ethylenedi- 
aminetetraacetic acid, 2,2'-bipyridine or 2,9-dimethyl 1,10- 
phenanthrol ine (data not  shown). Fe 3+, Zn  2+, Co  2+ and Ni 2+ 
could not  be substituted for Cu 2+ (data not  shown). This sug- 
gests an unusual  reactivity of the OP--copper(II) coordinated 
complex. 

As for the degradation products derived from a-casein, pol- 
ypeptide fragments were hardly detected on the SDS gel (Fig. 
1, lanes 2 and 6), suggesting that polypeptides were further 
degraded. In order to identify the reaction products, the reac- 
tion mixture was analyzed by reverse-phase HPLC and with an 
Amino Acid Analyzer. Individual major fractions obtained on 
HPLC (fraction numbers 4-8) were composed of two or more 
peptide fragments (Fig. 3A). When a-casein was assumed to be 
completely hydrolyzed to amino acids, the yield of glycine was 
14.6% (Fig. 3B). This value is much higher than those for the 
other amino acids. Thus, the OP-copper(II)  complex may pref- 
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Fig. 1. Degradation of proteins by the OP~opper ion complex, c~- 
Casein (lanes 1 6) or PDI (lanes 7 and 8) were incubated under the 
assay conditions given section 2 except that PDI was incubated for 
3 h: lanes 1 and 7, without incubation; lane 3, without 3 mM OP; lane 
4, without 10 pM cupric sulfate; lane 5, without 100 mM fl-mercap- 
toethanol; lane 6, 10 mM acetate buffer, pH 6.0, instead of bis-Tris 
buffer. After the incubation, the samples were subjected to SDS-PAGE 
on 15% gels. 

erentially cleave some specific peptide linkages containing espe- 
cially glycine. These results suggest that the OP-copper(II) 
complex behaves like an endoprotease rather than an exopro- 
tease. However, this complex may also have peptidase-like ac- 
tivity, since free amino acids were produced. 

It appears that OP, at ten times the concentration, will se- 
quester all Cu 2+ as a 2:1 complex of OP-copper(II) to bis 
OP~copper(II). However, under such conditions (100/.tM OP 
and 10 p M  cupric ions), the 2:1 complex failed to degrade 
c~-casein (Fig. 4A). The OP~copper(II) complex exhibited pro- 
tease activity at OP concentrations above 650 p M  (Fig. 4A). 
Thus, extremely high OP concentrations were required for the 
reaction. This suggests that OP assembles to form certain ag- 
gregates, since it has an amphipathic structure. Then, its colloi- 
dal behavior was determined in 10 mM bis-Tris buffer, pH 6.3, 
at 37°C (Fig. 4B). As expected, OP was found to form micelles, 
with a critical micellar concentration of 650 /.tM (Fig. 4B). 
Therefore, it seems likely that the OP micellesmopper(II) com- 
plex behaves like a chemical enzyme, catalyzing protein degra- 
dation. 

2,9-Dimethyl 1,10-phenanthroline, a cuprous-specific che- 
lating agent [6], inhibited the degradation of c~-casein (data not 
shown). This may indicate that the OP micelles-copper(I) com- 
plex rather than the OP micelles-copper(II) one plays an essen- 
tial role in the hydrolysis of peptide linkages, fl-Mercaptoetha- 
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Thr 0.46 

Gly 14.6 

Ala 0.74 
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Fig. 3. Reaction products derived from a-casein. The reaction products derived from a-casein were analyzed as described in section 2. (A) The elution 
profile on reverse-phase HPLC. 1 and 3, amino acids; 2, OP; 4-8, two or more peptides in each fraction. (B) Production of amino acids. The yields 
(%) of amino acids were calculated, the amount of each amino acid obtained on hydrolysis of a-casein in 6 N HC1 being taken as 100%. 

nol may generate the OP micelles-copper(I) complex by reduc- 
ing the OP micelles-copper(II) one. On the other hand, the 
degradation reaction proceeded under aerobic conditions but 
not under anaerobic conditions (Fig. 5, lanes 2 and 3). How- 
ever, the reaction proceeded on the addition of H202 to the 
reaction mixture under anaerobic conditions (Fig. 5, lane 4), 
whereas this effect of H202 was not seen in the absence of Cu 2+ 
(lane 5). From the several lines of evidence described above, it 
is assumed that oxygen serves as a precursor of H202 via super- 
oxide radical formation [7 10]. This reaction may be coupled 
to the in situ oxidation of fl-mercaptoethanol catalyzed by 
either the bis OP~copper(II) or OP micelles-copper(II) com- 
plex, of which copper(II) will be reduced to copper(I). Then, 
a hydroxy free radical ('OH) may be formed from H202 [10,11] 
by the complexed copper(I). However, mannitol or ethanol, 
hydroxy free radical scavengers, did not inhibit the reaction 
(data not shown). This suggests that reactive diffusible species 
do not participate in the reaction. However, we cannot exclude 
the case of a hypothetical intermediate, 'crypto "OH', bound to 

the copper(II), which may be resistant to hydroxy radical scav- 
engers. 

The bis OP-copper(I) complex failed to act as a catalyst for 
the protein hydrolysis (Fig. 4B), although this complex may 
produce "OH [9,11] and cleave the phosphoester of DNA [8]. 
It was found that the OP micelles-copper(I) complex may serve 
as a chemical protease. Probably, OP micelles provide a struc- 
ture necessary for their association with proteins. Contrary to 
in the case of this complex, it seems difficult for the mono- 
dispersed bis OP-copper(I) one to bind properly to proteins. 
Thus, an important feature of the degradation reaction may be 
the binding of the OP micelles-copper(I) complex to a protein. 
Thus, it is speculated that a 'crypto "OH' of the OP micelles 
copper(I) complex may effectively attack the target peptide 
linkages. 

Although the exact mechanism of action remains to be eluci- 
dated, our findings strongly suggest an important role for the 
micelle formation of inactive mono-dispersed components in 
protease activity. 

(____ 
Fig. 2. Time-course, optimal pH and temperature-dependent manner of the degradation of a-casein. The reaction was carried out under the assay 
conditions given in section 2 except that the incubation time was changed (A), pH was changed (B), and the temperature was changed (C), as shown 
in the figure. Then, the samples were subjected to SDS-PAGE on 15% gels. a-Casein fractions stained with Coomassie brilliant blue R-250 were 
determined at 550 nm with a densitometer. The activity was calculated according to the equation: a-casein [at 0 time-after the reaction]/a-casein 
at 0 time x 100 (%). The mean values for duplicate experiments are plotted. 
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Fig. 4. Relation between protease activity and micelle formation of OP. 
(A) The degradation of 0t-casein was carried out under the assay condi- 
tions given in section 2 except that the OP concentration was changed. 
Then, samples were subjected to SDS-PAGE on 15% gels. 0~-Casein 
fractions stained with Coomassie brilliant blue R-250 were determined 
at 550 nm with a densitometer. The mean values for duplicate experi- 
ments are plotted. (B) The critical micellar concentration of OP was 
determined according to Chattopadhyay and London [12] in 10 mM 
bis-Tris buffer, pH 6.3, with various concentrations of OP. Fluores- 
cence was measured at an excitation wavelength of 358 nm and an 
emission wavelength of 430 nm. The critical micellar concentration was 
read at the intercept of the lines through the data points. The data are 
means for duplicate experiments. 
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Fig. 5. The degradation of c~-casein under aerobic or anaerobic condi- 
tions. The reactions were carried out under the assay conditions given 
in section 2 (control), under aerobic or anaerobic conditions, the solu- 
tions being de-aerated by bubbling with O2-free N 2 gas. 1, 0-time con- 
trol; 2, control under aerobic conditions; 3-5, under anaerobic condi- 
tions; 3, control; 4, + H202; 5, + H202 without Cu 2÷. 
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