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Summary 

Mucor  miehei  protease (EC 3 . 4 . 2 3 -  ), an acid protease of fungal origin, 
was rapidly inhibited at pH 5.0 and 10°C by a 78-fold molar excess of diazo- 
acetyl norleucine methyl  ester (N2Ac-Nle-OMe) when simultaneously added 
with a 78-fold molar excess of Cu(II). Preincubation with Cu(II) before the ad- 
dition of N2Ac-Nle-OMe reduced the initial rate of activity loss presumably due 
to a copper-induced structural change as deduced from an examination of CD 
spectra. Complete inactivation was associated with the incorporation of 1.6 -+ 
0.12 residues of norleucine and 1.02 + 0.041 mol of copper. The conformation 
of the N2Ac-Nle-OMe-inhibited enzyme appeared to be somewhat altered since 
the rate of H-3H exchange determined for the slowest exchanging class of hydro- 
gens was reduced by more than 10-fold although the estimated number of  hy- 
drogens in this class remained constant. 

Mucor  miehei  protease was also inhibited by pepstatin; complete inactivation 
required a 6-fold molar excess of inhibitor and was associated with a major con- 
formational change as determined from CD spectra. Loss of activity also oc- 
curred in the presence of 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP). 

Introduct ion 

Most acid proteases (EC 3.4.23 -- ), irrespective or origin, are inactivated by 
diazoacetyl norleucine methyl  ester (N2Ac-Nle-OMe) in the presence of copper; 
loss of activity being associated with the esterification of a unique aspartic acid 
residue [ 1]. Consequently, inactivation by N2Ac-Nle-OMe and a second residue 
specific reagent, 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP) are now consid- 
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ered as reactions typical of  enzymes which are optimally active at acid pH [2, 
3]. However,  there are several examples of  acid protease such as the enzymes 
from Aspergillus niger Type A and Scytalidium lignicolum which are not  inhib- 
ited by either compound or the Streptomyces pepsin inhibitor "pepsta t in"  [4, 
5]. Consequently,  at least two types of  acid proteases may be distinguished; the 
pepsin-like, which are sensitive to inhibition by N2Ac-Nle-OMe, EPNP and pep- 
statin, and the remainder, resembling the "A"  enzymes of Sc. lignicolum which 
are not  inhibited by one or more of these three compounds.  Mucor miehei pro- 
tease, unlike most  other acid proteases, is a glycoprotein resembling the " A"  
enzymes of  Scytalidium in carbohydrate content ,  isoelectric point  and molecu- 
lax weight [6,7]. In addition recent studies of the amino acid sequence about  
the basic disulfide loop of  the Mucor enzyme did not  reveal any obvious ho- 
mologies with the aspartate gastric proteases [8]. One aim of the present s tudy 
was to establish whether this enzyme is, in fact, an aspartate enzyme as defined 
by the inhibition studies referred to earlier. 

A second aim was to investigate the role of Cu(II) in the N2Ac-Nle-OMe re- 
action, since the presence of a multi-fold excess of copper might be expected to 
result in a modification of protein structure in addition to stabilizing the pro- 
posed carbene intermediate [7]. For example, a hydrogen-tritium exchange 
study of conalbumin has shown that copper binding is effective in retarding iso- 
tope exchange indicating a "t ighter" structure while a calorimetric investigation 
of  the interaction of copper and albumin has demonstrated that the binding of 
copper results in a general loosening of  the native structure [9,10].  A similar 
diversity of response has been reported with respect to the effect of  copper on 
enzymatic activity. In the presence of a 3000--4000 molar excess of  Cu(II) the 
proteolyt ic  activity of Scytalidium acid protease was increased 200% while the 
proteolytic activities of  the acid proteases from Physarum polycephalum and 
Mucor pusillus were reduced 80 and 48%, respectively [4,11,12].  

Materials and Methods 

M. miehei protease was isolated from the commercial product  "Rennilase" 
provided by Novo Industri A/S, Copenhagen, Denmark; the details of  the isola- 
tion procedure and the characteristics of the purified enzyme have been de- 
scribed [7,13].  Pepstatin was a generous gift from Dr. P. Corvol and Dr. T. 
Hofmann while EPNP was purchased from Eastman Organic Chemicals. 

[2-~4C]Glycine, specific activity 650 pCi/mg was obtained from Amersham; 
L-norleucine, glycine and carbobenzoxyglycine from Sigma Corp.; carbo- 
benzoxychloride,  95%, from Aldrich Chemicals and dicyclohexylcarbodiimide 
from Fluka A/G. Triethylamine was distilled and stored over sodium. 

[2-~4C]Glycyl-L-norleucine methyl  ester hydrobromide was prepared by re- 
moving the benzyloxycarbonyl  group of  the coupled product  from carbo- 
benzoxyglycine and L-norleucine methyl  ester by standard methods,  Diazotiza- 
tion was carried out  as described by Rajagopalan et al. [14] and resulted in a 
product  which was chromatographically pure with properties similar to those 
recorded earlier. 

Tritiated water was purchased from ICN Chemical and Radioisotope Division 
and had a specific activity of 100 mCi/g. 
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Analytical methods 
1-mg samples of protein were hydrolyzed at l l 0 ° C  for 24 h under N2 in a 

sealed tube and analyzed using a Beckman 121C amino acid analyzer. The 
amino acid composition including norleucine content  was established by a com- 
parison with results determined under similar conditions [7,14,15]. The 
amount  of norleucine incorporated was also established from the specific activi- 
ty  of labelled protein solutions measured using a Beckman LS-133 liquid scin- 
tillation counter with sufficient counting time being allowed so that  a relative 
standard error of 1.5% was recorded for the lowest-counting samples. Tritium 
activity was determined in a similar fashion. 

Estimates of the copper content  of protein solutions were obtained using a 
Perkin-Elmer 460 atomic absorption spectrometer equipped with a graphite 
furnace. Sample volumes of 20 pl containing about 40 pg of protein were dried 
at 100°C for 60 s, ashed at 920°C for 30 s, and atomized at 2500°C for 7 s. 
The sensitivity of the instrument for copper under these conditions was such 
that atomization of an aqueous solution of copper nitrate containing 2 .5 .10  -3 pg 
of copper/ml resulted in an absorbance of 0.0044. Quantitation was based on 
six determinations using the method of standard additions in order to minimize 
protein matrix effects. 

Repetitive circular dichroid (CD) spectra were determined using a Cary Mod- 
el 61 recording spectropolarimeter after the addition of a 78-fold molar excess 
of copper acetate at 4°C; conditions which approximate those used in the reac- 
tion of M. miehei protease with N2Ac-Nle-OMe described below. Other condi- 
tions were as described previously [ 16 ]. 

Estimates of proteolytic activity were obtained using acid denatured hemo- 
globin as substrate at 6--8 different protein concentrations with and without  
preincubation in the presence of a 78-fold molar excess in copper. 

The methods used in the hydrogen-tritium exchange study of the N2Ac-Nle- 
OMe-inhibited enzyme were essentially as previously described with the 
exchange-in reaction being carried out at the desired pH for 24 h in the pres- 
ence of 1 mCi of tritium [13]. 

Reaction with pepsin inhibitors 
There has been little agreement as the exact conditions to be used in investi- 

gations of the reaction of N2Ac-Nle-OMe with various acid proteases. Although 
the pH of the reaction mixture was generally between pH 5.0 and 5.6, the 
N2Ac-NIe-OMe : Cu(II) ratio, the order of  reagent addition, the reagent : pro- 
tein ratio, and the temperature employed in the reaction vary significantly [2, 
14,17--19]. In the present investigation, a protein concentration of 1 mg/ml in 
0.05 M acetate buffer pH 5.0, was maintained in all experiments as well as 
Cu(II) : N2Ac-Nle-OMe : protein ratio of 78 : 78 : 1. Generally N2Ac-Nle-OMe 
was added immediately after the copper acetate as a 0.15 M methanolic solu- 
tion. When a reaction mixture was required, it consisted of equal quantities of a 
0.3 M methanolic solution of N2Ac-Nle-OMe and 0.3 M copper acetate preincu- 
bated for various times in 0.05 M acetate buffer, pH 5.0. Temperature was 
maintained at 10 + I°C by means of water-jacketed reaction vessel and a circu- 
lating water bath. 

The course of the inactivation was followed by removing 10-pl aliquots of 
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the reaction mixture for activity determinations at 1-min intervals after the 
N2Ac-Nle-OMe addition. Since the reaction was rather rapid, an equal volume 
of 1.0 M citrate buffer, pH 4.0, in some instances, was added which arrested the 
inactivation so that  larger quantities of labelled protein could be prepared for 
the H-3H exchange studies, estimations of copper content  and amino acid anal- 
yses. These "quenched"  solutions were exhaustively dialyzed at 4°C against 
seven changes of double-distilled water over a period of 4 days and then lyo- 
philised. 

In some experiments, first the enzyme was totally inactivated by incubation 
at 38°C for 30 min at pH 5.0 with 6 M guanidine; then the temperature was re- 
duced to 10°C and the appropriate amounts of copper acetate and N2Ac-Nle- 
OMe added. In other experiments the enzyme was inactivated by the addition 
of a 6-fold molar excess of pepstatin prior to incubation with N2Ac-Nle-OMe. 

The extent  of pepstatin inhibition at 25°C was estimated from the residual 
activity after 30 min of solutions containing 1.0 mg of enzyme on 0.5 M acetate 
buffer, pH 5.0, and varying amounts of  a 0.5% solution of the inhibitor dis- 
solved in 0.01 M NaOH. The conformation of the enzyme under conditions of 
partial and total inhibition was also investigated by obtaining CD spectra in the 
presence of varying amounts of inhibitor. Exactly 30 min after pepstatin addi- 
tion, scans were made and the spectra compared with that  of the native enzyme 
reported previously [ 16]. 

In a separate series of experiments, sufficient pepstatin was added to solu- 
tions of the enzyme to produce a 50% loss in activity and the residual activity 
determined at various time intervals in order to obtain some information with 
respect to the time dependency of the reaction. 

Inactivation with EPNP was accomplished essentially as described by Tang 
[3]. A 2000-fold molar excess of solid EPNP was added to an enzyme solution 
at 30°C containing 1.5 mg of protein/ml in 0.1 M acetate buffer, pH 3.8. The 
solution was stirred vigorously to ensure an even suspension of the reagent and 
aliquots, corresponding to about 1.5 mg, taken at appropriate times and freed 
of excess reagent by gel filtration using a different 16 X 0.9 cm column of 
Sephadex G-15 equilibrated with the reaction buffer for each aliquot. Aliquots 
of the recovered protein were taken for estimates of proteolytic activity and 
EPNP incorporation. The resultant enzymatic activities are expressed as a per- 
centage of a control solution wi thout  EPNP but otherwise treated in an identi- 
cal fashion. 

The number of incorporated EPNP residues was estimated from 

Residues EPNP = (A315n m • 4.8) [A2son m -- (A315n m • 0.438)] 

as suggested by Tang [ 3]. 

Results 

Modification by N2Ac-Nle-OMe 
M. miehei protease was rapidly inactivated at 10°C by a 78-fold molar excess 

of N2Ac-Nle-OMe and Cu(II) when both reagents were added simultaneously; 
the "half- t ime" for complete inactivation being about 3 min. 

Preincubation of solutions of N2Ac-Nle-OMe and Cu(II) for 20 min did not  
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result in a significant modification of the course of the reaction but a marked 
difference was observed when the enzyme solution was preincubated for 20 
min with Cu(II) prior to the addition of N2Ac-Nle-OMe. Under these condi- 
tions, the "half-t ime" was increased approx. 3-fold to about 10 min while the 
time required for >95% inactivation (approx. 20--25 min) remained unaltered 
(see Fig. 1). 

The complex nature of this reaction is further illustrated by the insert in Fig. 
1 in which the data are presented in a semi-logarithmic plot. Although a quanti- 
tative evaluation was not attempted, it is obvious that  the initial phase of the 
reaction was quite rapid but slowed considerably after about 3 min so that  the 
final rate of  activity loss was less than 30% of the initial. This initial rapid loss 
of activity followed by a much slower rate of inactivation appears to be a gen- 
eral characteristic of the reaction. For example, although the time taken for 
50% inactivation of pepsin at 14°C and pH 5.6 in the presence of a 66-fold mo- 
lE  excess of Cu(II) and 10-fold molar excess of N2Ac-Nle-OMe was about 6 
min [2], under almost identical conditions; the half-times for the inactivation 
of chymosin and Mucor rennin have been reported as about 20 and 45 min, re- 
spectively, while the time required for complete loss in activity was about 5 h 
[20]. This discrepancy might be due to differing salt contents in the protein 
preparations since it is obvious from Fig. 2 that  with respect to M. miehei pro- 
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Fig.  1. R e p r e s e n t a t i v e  d a t a  i nd i ca t ing  the  loss of  e n z y m a t i c  act iv i ty  at pH 5.0 and  10°C in the  p r e s e n c e  of  
a 78-fo ld  m o l a r  excess  of  N 2 A c - N I e - O M e  ( D A N )  and  cupric  ace ta te  ( see  t ex t ) .  • o, N2Ac -NIe -OMe  
and C u ( n )  ace t a t e  were  p r c i n c u b a t e d  for  20 rain at  10~C pr io r  to  a d d i t i o n  to  the  e n z y m e  solut ion~ 
m--- m, a l iquo t s  of  N2Ac-NIe -OMe and  C u ( I I )  ace ta te  were  a d d e d  s i m u l a t a n e o u s l y ;  • • ,  the  en- 
z y m e  so lu t ion  was p r e i n c u b a t e d  for  20 ra in  wi th  C u ( I I )  ace ta te  p r io r  to  the  a d d i t i o n  of  N2Ac-Nle -OMe.  

T h e  insert  is a s e m i - l o g a r i t h m i c  plot  o f  d a t a  o b t a i n e d  f r o m  the  s i m u l t a n e o u s  a d d i t i o n  o f  N 2 A c - N l e - O M e  

and  C u ( I I )  ace ta te .  
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tease, at least, the loss of proteolytic activity was very much dependent  on 
NaC1 concentration. 

The data presented in Fig. 3 demonstrate that  norleucine incorporation was 
directly related to the loss of enzymatic activity throughout  most of the reac- 
tion. The initial 70% loss in activity, which takes about 6--8 min at 10°C, was 
associated with the incorporation of about one residue of norleucine as esti- 
mated from amino analyses. Complete inhibition resulted in the incorporation 
of an addition of 0.6 residue for a total of about 1.6 + 0.12 residues (12 inde- 
pendent  experiments) with similar results being obtained based on estimates of 
14C incorporation. These values are not  unusual and, in fact an incorporation of 
more than one residue of norleucine would seem to be the rule rather than the 
exception in such studies [2,4,18]. The relationship between that  final 30% 
loss in activity and norleucine incorporation was difficult to determine since 
the enzyme which had been inactivated by 6 M guanidine still incorporated 
about 0.5 residue of  label as did that  pepstatin-inhibited enzyme. It is also in- 
teresting to note that  the N2Ac-Nle-OMe-inhibited protein contained 1.02 -+ 
0.04 mol of copper per mol of protein while less than 0.01 mol per mol of pro- 
tein were found in the native enzyme. 

The CD spectra in Fig. 4A, taken at 5°C and various times after the addition 
of a 78-fold molar excess of copper, show an obvious time dependency in ellip- 
ticity at 232 and 245 nm and suggested a copper-mediated conformational 
change. This fact is perhaps a bit clearer in Fig. 4B in which [0]232 and [0124s 
are plotted as a function of time. The value for [0124s, decayed to that  of the 
native enzyme within the time taken for the rapid phase of the N2Ac-Nle-OMe 
reaction which was about 10 min (see Fig. 1). On the other hand [0]232 did not  
return to its initial value until about 20 min after the addition of copper and 
continued to decrease. The loss of the band centered at 232 nm has been noted 
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Fig.  2. I n h i b i t i o n  o f  the  N 2 A c - N l e - O M e  ( D A N )  r e a c t i o n  b y  increas ing  a m o u n t s  o f  NaCI.  T h e  e x p e r i m e n t a l  
c o n d i t i o n s  are ident i ca l  to  t h o s e  d e s c r i b e d  u n d e r  Fig.  1 ( i  . )  w i t h  the  e x c e p t i o n  that  the  reac t ion  
m i x t u r e  c o n t a i n e d  vary ing  a m o u n t s  o f  NaCl .  

Fig.  3. T h e  re la t ionsh ip  b e t w e e n  loss  o f  ac t iv i ty  and n o r l e u c i n e  i n c o r p o r a t i o n  u n d e r  s tandard  c o n d i t i o n s  
(w . ) ,  Fig.  i .  
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previously both after exposure to 6 M guanidine and prolonged periodate oxi- 
dation and was attributed to loss of asymmetry about one or both disulfide lin- 
ages [16]. The region of the spectra ascribed to peptide transitions (below 224 
nm) was essentially the same as reported previously for the native enzyme indi- 
cating that a major change in conformation had not occurred. 

When the N2Ac-Nlc-OMe-inhibited enzyme was subjected to tritium ex- 
change under conditions identical to those employed previously for the native 
enzyme, the kinetics of the exchange-out reaction were significantly altered as 
early as 20--35 min after removal of bulk tritium. At this point, the slope of 
the curve suggests a decreased solvent accessibility to all but the fastest ex- 
changing group of peptide hydrogens. A value of 1.77 • 10 -4 min -1 was esti- 
mated for the slowest measurable rate as compared with a value of 20.3 • 10 -4 
min- '  determined previously for the native enzyme [13]. Since the number of 
hydrogens exchanging with this rate constant, as estimated from the data in 
Fig. 5 was unchanged, N2Ac-Nle-OMe inhibition did not cause a major confor- 
mational change. 

The effect of bound copper on the net charge of the enzyme was also ruled 
out as a possible explanation for the observed rate retardation on the following 
grounds. Based on previously published titration data [13], the presence of 1 
mol of copper per mol of protein should have the effect of reducing the net 
charge at pH 5.0 from --10 to --8 so that  the resultant exchange-out kinetics 
would be expected to resemble those of the native enzyme at pH 4.83. As- 
suming that  the effect of copper was purely electrostatic, the magnitude of the 
resultant decrease in rate constant would be about 35%, which is not  sufficient 
to account for the difference in the "slow" rates (Fig. 5). Consequently, the re- 
sults are interpreted as indicating a general tightening of the structure of the en- 
zyme which might be related to copper binding (see Discussion). 
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Pepstatin inhibition 
M. miehei protease was progressively inhibited by increasing amounts of pep- 

statin when incubated at pH 5.0 for 30 min at 25°C (Fig. 6A). The hypothesis 
of  a one to one correspondence between activity loss and amount  of  inhibitor 
present was not  supported by these results since extrapolation of the initial rate 
of  inactivation indicated that about  1.5 mol of  pepstatin would be required for 
complete  inhibition; in actual fact, about  6 mol were required. Evidently at 
about  30% residual activity, the progress of the reaction changed dramatically 
so that 15 times more pepstatin was required for the elimination of the residual 
30% as for the initial 30% of the activity. A similar result was reported by 
Saheki and Holzer [21] from their investigation of  the inhibition of yeast pro- 
tease A by pepstatin and Miller et al. [22] from a similar s tudy of  kidney renin. 
In contrast  Kunimoto et al. [23] have reported that the binding of 1 mol of 
pepstatin resulted in complete inhibition of pepsin, and suggested that pep- 
statin might be useful as an active site titrant. Based on the present results, and 
those obtained by others, the use of pepstatin in this way would seem to have a 
limited potential. Also, the case of M. miehei protease, it is obvious from Fig. 
6B that partially inhibited solutions of enzyme regained significant amounts of 
activity after prolonged incubation which makes a more quantitative interpre- 
tation of the data difficult. 

Furthermore,  a complete  explanation for pepstatin-induced activity loss 
must also consider the effect  of conformational  changes on the kinetics of  inhi- 
bition. Fig. 7 shows the CD spectra of  solutions containing 40 pg of  pepstatin 
(Fig. 7A), equimolar quantities of pepstatin and enzyme (Fig. 7B) and a 6-fold 
molar excess o fpeps t a t i n  over enzyme (Fig. 7C). The spectra in Figs. 7B and 
7C were corrected for the pepstatin contribution and, consequently,  provide 
some information with respect to the conformation of  the enzyme under these 
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conditions since pepstatin can be considered as having no organized structure 
(Fig. 7A). 

As noted earlier, 30 min after the addition of  an equimolar amount  of pep- 
statin, there was a 70% loss in proteolyt ic  activity which is not  associated with 
a major conformational  change although the CD spectrum under  these condi- 
tions suggested that there was a general " loosening" of tertiary structure (Fig. 
7B). Specifically, the shape of the curve was identical to that  of the native en- 
zyme but the magnitude of the ellipticity has been reduced. In contrast,  the ad- 
dition of a quant i ty  of pepstatin sufficient to totally inhibit the enzyme did 
produce a major conformational  change (Fig. 7C). The minimum in the CD 
band normally ascribed to peptide transitions has been shifted from 212 to 217 
nm with the concomitant  appearance of broad and poorly resolved shoulders at 
208 and 225 nm and a large increase in ellipticity at 232 nm. The shift in the 



2 7 1  

+ I.O 
"7 

¢u 

o 
E 0.0 

oJ 

E -1.0 u 

"~ - 2.0 

I 

o -3 .0  
x 

(~ _ 4.0 

A PEPSTATIN 

/- 
I I 

210 230 250 

B I:1 COMPLEX 

L/ 
I 

210 

C 6:1 COMPLEX 

I I I I I 
230 250 2lO 230 250 

W A V E L E N G T H  (nm)  

Fig. 7. The  CD spec t ra  at  25°C of a so lu t ion  of  peps ta t in  and solu t ions  con ta in ing  va ry ing  a m o u n t s  of  
peps t a t i n  and e n z y m e .  A, peps ta t in ,  40  #g /ml  in ace ta te  bu f f e r  pH 5.0;  B, a so lu t ion  con ta in ing  equimola~  
quan t i t i e s  of  peps t a t i n  and e n z y m e ;  C, a so lu t ion  con ta in ing  a 6-fold m o l a r  excess of  peps t a t i n  (see Fig. 
6A and t ex t  for  addi t iona l  details) .  

100. 

8 7 .  ¸ 

75.4 

63.1 

~ ,  5 0 , ~  

8 

3&~ 

262 

13.! 

1.E 

2.O( 

01.5' 

1.26 , , "~ 

0 16 32 48 

I I I J I 
16 32 :~8 64 80 96 

T I M E  ( H O U R S )  

Fig. 8. I nac t i va t i on  of  M. miehe i  pro tease  a t  30~C in 0.1 M ace ta te  buf fe r ,  pH 3.8,  con ta in ing  a 2000- fo ld  
m o l a r  excess  of  EPNP. 



2 7 2  

100 

_~ 75 

z 
8 

51 

i -  

0 1.11 2.22 3.33 4,44 
EPNPCRES/MOLE) 

Fig. 9. T he  re la t ionship of  act iv i ty  loss to residues of  b o u n d  EPNP. The  e x p e r i m e n t a l  cond i t ions  were 
ident ica l  to those descr ibed  below Fig. S ( fo r  addi t ional  details,  see text ) .  

peptide minimum from 212 to 217 nm suggested a relaxation of the distorted 13 
structure reported in the native enzyme [16], while the shoulders at 208 and 
225 nm suggested additional a-helical content;  the resolution in this area makes 
any interpretation highly speculative. 

Modification by EPNP 
Loss of proteolytic activity in the presence of a 2000-fold molar excess of 

EPNP would appear to follow pseudo first-order kinetics for the first 48 h (Fig. 
8). Loss of activity beyond this point was associated with a disproportionate in- 
corporation of label so that  total inactivation required 96 h and was associated 
with the binding of between 4 and 5 mol of EPNP per mol of  enzyme (Fig. 9). 

Although the rate of activity loss was not as rapid as in the presence of 
N2Ac-Nle-OMe, the half-time of about 14--16 h was still significantly shorter 
than the value of 20--24 h recorded for penicillopepsin [24] and pepsin [3] 
presumably due to the lower pH used in the present experiments [24]. 

Discussion 

The progress and the outcome of the reaction of M. miehei protease with 
N2Ac-Nle-OMe resembled that  of other proteases in the sense that  the rate of 
inactivation was copper dependent and the loss of activity was associated with 
the incorporation of norleucine. However, the kinetics of the reaction are, and 
were expected to be, complex since the suggested mechanism involves initial 
binding of a copper-complexed carbene by a carboxylate group with a pK a of 
about 4 followed by a transfer to a protonated carboxyl group [2]. In the case 
of pepsin, there are many possible initial binding sites, since about 10 mol of 
copper are bound/mol  of enzyme at pH 5.6, and several possibilities for the ac- 
ceptor site since the denaturation of pepsin at neutral pH was associated with 
the loss of six protons [25,26]. A similar situation exists with respect to M. 
miehei protease. From our ti tration data, this enzyme has a net negative charge 
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of about  10 at pH 5.0 suggesting numerous potential copper-binding sites and 
from a consideration of the pH dependence of thermal denaturation, about  six 
protons are released at pH 5.0 indicating six potential N2Ac-Nle-OMe-reactive 

si tes  [13,27].  Although Lundblad and Stein [2] have reported that the copper- 
complexed carbene intermediate is responsible for the relative specificity of  this 
reaction, there is no a priori reason why any one of  the many negatively charged 
groups could not  bind the intermediate especially since it has been shown that 
specificity of  diazo compounds  is not  governed by the amino acid residue. 

Based on our own results, we would like to suggest an additional role for 
copper in this reaction. It is possible that  a second function of  copper is to 
stablize the structure of the enzyme by forming a square-planar type complex 
with two carboxyl groups other than those implicated in catalysis [28,1].  Ex- 
perimental evidence for such a complex has not  been presented but  it has been 
demonstrated that the addition of  copper brings about  an instanteous increase 
in [0]232 and [0124s (Fig. 4). 

In addition we have also found that preparations of N2Ac-Nle-OMe-inhibited 
enzyme contain 1 mol of copper  which was not  removed by extensive dialysis. 
Furthermore,  the H-3H exchange reaction of  the modified protein was greatly 
retarded suggesting a much tighter structure, than in the native enzyme (Fig. 
7). On this basis, a second rate-limiting step in the reaction might involve a cop- 
per-mediated structural stabilization which facilitates a carbene transfer to the 
reactive site aspartic acid. The decreased reaction rate observed after 20 min 
preincubation with copper could then be due to a subsequent loosening of  the 
structure caused by weaker non-specific copper-carboxylate interactions as sug- 
gested by the continuing decay of [0 ] 232 or by cationic competi t ion for the car- 
bene-binding site as suggested by the inhibitory effects of NaC1 (Fig. 2). It should 
be emphasized that without  further experimental evidence this "addition role" 
is speculative at best. At the same time, it is obvious that the function of  cop- 
per is not  restricted to the formation of  the carbene intermediate. 

M. miehei protease was also progressively inhibited by the addition of  in- 
creasing amounts  of  pepstatin; 6 mol of  pepstatin/mol of enzyme being required 
for complete  inhibition. In contrast, Kunimoto et al. [23] found that an equi- 
molar concentration of pepstatin was required for total inhibition of pepsin, 
which is in contrast to the results of  a more recent investigation, in which it 
was concluded that each pepstatin molecule binds two molecules of  pepsin 
[29].  In the present investigation, complete inhibition of M. miehei protease 
was associated with a major conformational change presumably due to the 
binding of  more than 1 mol of pepstatin per mol of enzyme. With respect to 
this enzyme, the explanation for pepstatin-induced inhibition is not  one of 
simple competit ive inhibition [23,29] and is further complicated by the regen- 
eration of activity noted in Fig. 5B. 

EPNP inhibition follows a similar course as that reported for penicillopepsin; 
the disproportionate increase in the incorporation of  label after 48 h was pre- 
sumably due to denaturation and non-specific binding [21].  Since M. miehei 
protease was inhibitable by NzAc-Nle-OMe, and pepstatin as well as EPNP, it is 
obviously a "pepsin-like" acid protease as defined in Introduction.  Consequent- 
ly, the similarities with the glycoproteases of Sc. lignicolum noted earlier do not  
extend to the anomalous reaction with pepsin inhibitors. 
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