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Acylase I, which was fully active after dialysis or in the presence of 1 X M Versene and which contained no demon- 
strable eo++, was accelerated in activity by addition of eo++ toward certain acetyl-L-amino acids and depressed in activity 
toward others. -411 acetyl-o-amino acids hydrolyzable by acylase I were cleaved at  a greatly accelerated rate by this enzyme 
in the presence of Co++. Maximal effective concentrations of Co++ were found to vary directly with the substrate con- 
centration. Attempts to  replace Co++ with other divalent ions were unsuccessful, for they either had no effect on the rate 
or else inhibited the enzyme completely. When eo++ was added to acylase I and the mixture dialyzed, centrifuged and 
lyophilized, the residual protein was found to contain cobalt to an amount which varied directly up to a maximum value 
with the Concentration of the cobalt originally used. This preparation, referred to as acylase IA, hydrolyzed all substrates 
a t  a rate in excess of that of acylase I, including those whose hydrolysis was ordinarily depressed by the addition of eo++ 
to acylase I. Versene at  1 X 10-8 M had no effect on the activity of acylase 1.4. 

Earlier studies revealed that the influence of 
added Co++ on the hydrolysis of a number of N- 
chloroacetyl-L-amino acids by renal acylase I 
varied with the nature of the substrate.' Thus, 
a t  1 X M Co++ concentration, the hydrolytic 
rate of chloroacetyl-L-threonine was increased by 
33%, that of chloroacetyl-L-aspartic acid by 610%, 
whilst that of chloroacetyl-L-methionine was de- 
creased by 63%.2 There appeared in general to 
be some sort of relation between the capacity to be 
activated or inhibited by Co++ and the suscepti- 
bility of the substrate to the action of the enzyme, 
inasmuch as the less susceptible substrates were 
activated, and the more susceptible substrates were 
inhibited, in the presence of added Co++. It 
seemed of interest to reexamine these observations 
with closer attention to such details as variations 
of metal, enzyme and substrate concentrations, 
and to employ for this purpose a number of optically 
enantiomorphic N-acetyl amino acids as sub- 
strates. 

Effect of Acylase I Concentration on Hydrolytic 
Rates.-When substrates of widely varying sus- 
ceptibilities are simultaneously studied, it is usual 
to vary the enzyme levels accordingly. In  the 
presence of a constant amount of Co++ the hydrol- 
ysis of a rapidly cleaved substrate with a relatively 
small amount of enzyme will be conducted in the 
presence of a higher coba1t:protein ratio than will 
be that of a more slowly cleaved substrate with a 
necessarily larger amount of enzyme. It was 
therefore desirable to study the effect of Co++ on 
the hydrolysis of a single substrate a t  different pro- 
tein concentrations. Before undertaking this study 
the effect of enzyme concentration on activity was 
investigated, and i t  was observed that a linear rela- 
tion was maintained for a 25-fold variation of 
enzyme protein level for the hydrolysis of acetyl- 
L-alanine. A similar relation was obtained for the 
hydrolysis of acetyl-L-isoleucine over a 100-fold 
variation in acylase I levels in the presence (1 X 

M )  and absence of added cobalt ions. Re- 
(1) K. R. Rao, s. M. Birnbaum, R. B. Kingsley and J. P. Green- 

stein, J .  Bid .  Chem.,  198, 507 (19.52). 
(2) Renal acylase 11, whose specidc substrate is N-acyl-L-aspartic 

acid, is not affected by the presence of added e o + +  or M u + + .  Even 
in the presence of Co +*, the hydrolytic rate of chloroacetyl-L-aspartic 
acid with acylase I falls considerably short of that  with acylase 11.1 
The relatively low hydrolytic action of acylase I on chloroacetyl- 
L-aspartic acid in the absence of added Co++ is nut likely due to  
traces of adherent acylase I1 in the former preparation. 

sults on a study of the degree of activation by Co++ 
on acetyl-L-isoleucine a t  three quite different 
enzyme levels are given in Table I. I t  is evident 
that there is no change in the degree of activation 
with the same concentration of eo++ comparable 
to the very great changes in the enzyme levels em- 
ployed. Thus, in the presence of a constant 
amount of substrate and of Co + +, under conditions 
in which the hydrolytic rate is relatively inde- 
pendent of the enzyme concentration, the degree 
of activation is apparently constant. 

TABLE I 

L-ISOLEUCINE AT THREE DIFFERENT ACYLASE I LEVELS= 

tein N 1 x  1 x  1 x  4 x  
present 0 1 0 - M  1 0 - M  1 0 - ' M  1 0 - M  

0.01 960 2150 2920 2960 1750 
0 .1  1100 1940 2590 3230 2190 
1 . o  1080 2340 2280 2100 1620 

0 Rates expressed as pmoles of substrate hydrolyzed per 
hour per mg. N in the reaction mixture at PH 7.0 a t  37'; 
substrate a t  0.017 M concentration; hydrolysis figures 
taken within 30% of complete cleavage so as to approxi- 
mate a zero order reaction. 

EFFECT OF Co++ ON THE HYDROLYTIC RATE OF ACETYL- 

Mg. pro- Hydrolytic rate in the presence of Co++ a t  concn. 

Specificity of Co++ as an Activator for Acylase I. 
-Acetyl-L-alanine a t  0.017 M was used as the 
substrate for acylase I a t  PH 7.0 (Verona1 acetate 
buffer) in the presence of various acetates of 
Mn++, Mg++, Ca++, Zn++, Ni++ and Cu++ in 
concentrations ranging from 1 X to 5 X 

Copper and zinc salts in all concentra- 
tions inhibited the enzyme completely, whilst the 
other metals had no effect a t  the lower concen- 
trations and a mild to severe inhibitory effect a t  
the higher concentrations. As far as these ions 
are concerned, Co++ appears to function uniquely 
as an activator for certain substrates of acylase I. 

Interaction Time of Cobalt and Acylase I.-h 
view of the slow activation of many enzymes by 
added metals, the effect of preincubating the 
enzyme with Co++ was studied for 2 minutes to 
30 minutes of time in the presence of 1 X loM3 
eo++ with acetyl-L-alanine at  0.017 M concen- 
tration as the substrate. In the absence of added 
Co++ the rate was 5800 pmoles of substrate hy- 
drolyzed per hour per mg. N. Preincubated with 
Co++ for 2,  5, 10, 15 and 30 minutes a t  37' and 
then mixed with the substrate, the hydrolytic rates 
were, respectively, 8750, 8940, 9030, 9480 and 9760 

M. 
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pmoles of substrate hydrolyzed per hour per mg. 
N. It would appear that under these conditions 
the enzyme was rapidly activated shortly after 
mixing with the CO++, and thereafter was further 
activated a t  a very slow rate. When acylase I was 
preincubated with Co++ a t  4 X 10+ M concentra- 
tion, the activation of the hydrolysis of acetyl+ 
alanine was identical for preincubation periods of 
2 and of 30 minutes. For nearly all of the work 
reported in this communication, a preincubation 
period of 2 minutes a t  37' was employed. 

Time Course of the Reaction.-Figure 1 shows 
the time course of the hydrolysis of acetyl-L- 
alanine a t  0.017 M concentration by acylase I 
in the absence and in the presence of different 
amounts of added Co++. The shapes of the curves 
are all very similar and suggest that the order of the 
reaction with respect to the substrate is not ap- 
preciably changed by the added metal ions. The 
initial hydrolytic rate is increased by addition of 
eo++ up to the highest concentration (0.04 M )  
employed when inhibition becomes evident. In- 
cluded for comparison is the hydrolytic course of 
acetyl-L-capryline which more nearly approxi- 
mates zero-order kinetics than does that of acetyl- 
L-alanine; this suggests that the Michaelis- 
Menten constant may be larger for the latter than 
for the former substrate. The possibility that the 
same enzyme may follow zero or first-order kinetics 
depending upon the substrate was shown by Smith 
and Spackman in the case of leucine aminopepti- 
d a ~ e . ~  

I I I 1 I I I 

80 1 

20 

0 
0 20 40 60 

Minutes. 
Fig. 1.-Relation between hydrolysis and time of incuba- 

tion a t  37" and pH 7.0.  Substrate-acetyl-L-alanine a t  0, 
0 ,  1 X 1 0 - 4 M 0 ,  1 X 1 0 - 3 M A ,  1 X 1 0 - l M ~ a n d 4  X lo-* 
M 0 concentrations of Co++ added. Substrate-acetyl-L- 
capryline with no added Co++. Concentration of sub- 
strate 0.017 M ,  temperature 37". 0.01 mg. protein N in each 
digest. 

(3) E. I,. Smith and D. H. Spackman, J. B i d .  Chrm.,  212, 271 
(1955). 

Effect of Variation in Co++ Concentration.- 
The effect of varying amounts of added eo++ was 
studied a t  a single concentration (0.017 M> of a 
number of substrates (Table 11). The D-isomers 
of the acetyl derivatives of isoleucine, aspartic 
acid, glutamic acid, arginine and histidine have 
been omitted from the table inasmuch as neither 
in the absence, nor in the presence of added eo++ 
a t  different levels, were they measurably hydro- 
lyzed by acylase I. 

Variation in Substrate Concentration at Several 
Concentrations of Co ++.-Results with acetyl-L- 
and D-alanine a t  two different concentrations dif- 
fering by a factor of ten in the presence of various 
concentrations of eo++ are described in Fig. 2.  
In the case of acetyl-L-alanine a t  0.017 M concen- 
tration, the per cent. increases in rate in the pres- 

ACETYL- L- A L A N  I N E 
~ 
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h n 

'00 1 ACETYL-D-ALANINE \ \ j 
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5 + log co++. 

Fig. 2.-Relation between activation by cobalt and sub- 
strate concentration. Substrate concentration 0.017 M 0 ; 
0 167 M ., PH 7.0,  temperature 37". Acetyl L-alanine, 
0.01 mg. protein N in each digest; acetyl D-alanine, 1 mg. 
protein hT in each digest. 

ence of 1 X and 1 X M Co++ are, re- 
spectively, 12 and 60; a t  the higher substrate con- 
centration, namely, 0.167 M ,  there is no effect by 
added Co++ a t  the above concentrations, and only 
in the presence of more C o t +  does an activating 
effect appear. In  the case of acetyl-D-alanine 
whose hydrolytic rate is so markedly accelerated 
by eo++, the maximum effective metal ion con- 
centration is shifted to higher levels a t  the higher 
substrate concentration but to no such magnitude 
as that shown by the L-isomer (Fig. 2). Un- 
fortunately, i t  was not possible to increase the 
eo++ concentration a t  pH 7.0 beyond that shown 
in the figure, and therefore the maximal activation 
of acetyl-L-alanine a t  the higher concentration 
could not be determined. 



TABLE I1 
EFFECT OF A D D E D  COf+ O N  THE I$TDROLPTIC RATE OF A I C Y l , A S E  I" 

Kate increase or decrease in r a t e  on addii. of Cv + '  at cipncn 
without 1 x  i x  1 x  4 X  

Substrate added Co 10 -4  .I.I 10-2 ,vr 10.-2 A1 10-2 .If 

Acetyl- alanine 5800 + 12 + 60 + 2.5 - (1 

Acetyl-D-alanine 2 . 0  + 350 + 440 + 270 + 20 

.kcetyl-~-methionine 10. B + 25 + 80 +:I1 -21 
Acetyl-L-isoleucine 970 + 194 + 941 1 - 281 I + s2 
Acetyl- aspartic acid 3 7  +281lO + " 8 1  I - 2% I - 1 -  1''s 

Acetyl- arginine l l l i l  - ;) -. '$t i  - ( i t i  - 7 s  
Acetyl-~-histidine 740 i- 1 I +:31 - 1 i  - , ' I  

- Acetyl-~-methionine 25800 - -19 -21; - fi2 

Acetyl- glutamic nritl 3090 +Xl  +TI '  L-27 - ( i  

- -  

Rates defined in Table I ;  Substrate coiicentrations 0.017 AT. 

Similar results were observed with acetyl-L- 
isoleucine as substrate a t  concentrations varying 
over a sixteen-fold range (Table 111). At the 
lower substrate concentrations, the maximal effec- 
tive Co++ concentration appeared to be in the 

TARLE I11 

SRVRRAL SUBSTRATE LEVELS FOR ACETYL-I.-ISOI.~UCI~.E" 

Sub- without % activation by cobalt a t  concn 
strate added 1 X 1 x  1 x  4 X  

concn., dl C o + +  10-4 M 10-3 AI 10-2 hf 10-9 .I< 
0 .021 1040 4-83 t 1 7 0  +210 $130 

.OX3 1360 +80 +178 $365 +280 
,167 1320 +77 +I75 +367 4-360 
,333 1250 4-85 4-146 +450 +430 

IIEGREE OF ACTIVATION AND cO++ CONCENTRATIOX AT 

Rate  

a R a t e  defined in Table I ;  0.01 mg. protein N in each 
digest. 

neighborhood of 1 X lo-* M ,  whereas a t  the higher 
substrate concentrations this maximal concentra- 
tion was seemingly shifted to a range about 1 x 
10-2 to 4 x 10-2 M. 

Inasmuch as for many substrates a t  0.017 -11 a 
Co++ concentration of the order of 1 X lop3 AI 
gives rise to maximal activation, the effect of 
various substrate concentrations was examined a t  
this Co++ level (Table IV). Marked differences 
are observed in the behavior of the various sub- 
strates, the hydrolysis of acetyl-L-methionine being 
inhibited by cobalt a t  all substrate concentrations 
studied. 

The Cobalt-Acylase Interaction. Acylase 1A.- 
Acylase I is active in the absence of added Co++, 
and it has been found that in the presence of 0.001 
M Versene the activity toward acetyl-L-alanine is 
not affected. A sample of acylase I was found to 
contain 0.13% of a tan-colored ash. Cobalt could 
not be detected in this ash either by the chemical 
procedure of Kitson4 or by a spectroscopic method 
sensitive to a t  least one part in a m i l l i ~ n . ~  The 
greater part of the ash was composed of calcium, 
magnesium, sodium, phosphate and zinc, with 
traces of aluminum, chromium, manganese, iron, 
silicon, strontium and barium. 

When acylase I was dialyzed against several 
changes of distilled water, no change was found in 
its specific activity toward a number of substrates, 

(4) R. E. Kitson, A i d .  C h e m . ,  22, 604 (1050). 
( 5 )  Preliminary spectroscopic analyses were performed by Xr .  

11. 1;. Scrihner of the National Bureau of  Standard.;, to whom t l i p  

i i i t l i iNri '  Il i : i i ikc ' irv r i i i i  

although only about 657& of the protein was re- 
covered after centrifugation and lyophilization. 
Similarly, it was found that when acylase I was 
mixed with cobaltous acetate a t  4 X -11 in 
Verona1 acetate buffer a t  pH '7.0 for 10 minutes 
and then dialyzed, no change in the activated con- 
dition of the enzyme could be observed, although 
again only 65% of the protein was recovered after 
lyophilization. From this observation, a cobalt- 
activated enzyme containing cobalt in a 1mn- 
dialyzable form, and referred to hereinafter as 
acylase IA, was prepared. A number of such 
acylase IA preparations were made by mixing acyl- 
ase I a t  36 mg. per ml. with cobaltous acetate a t  
various concentrations. The mixtures were di- 
alyzed against several changes of distilled water 
and then lyophilized. Regardless of how much co- 
balt was employed in the mixture. the recovery of 
close to 65% was the same. Table I J  describes the 
results on the various preparations, together with 
the activity of these preparations toward a number 
of substrates. 

Determinations on two preparations of acylase 
IA which had been derived from a mixture of 
acylase I and 4 X lo-? JI Co++ revealed 0.5 and 
0.6Yc ash. The greater part of the ash was now co- 
balt, and there was a diminution in the amount of 
calcium, magnesium, manganese and strontium ; 
traces of nickel now appeared as a result of the 
contamination of the cobalt by this metal. The 
nitrogen and cobalt values given in Table l' are 
based on the whole protein. The total N of all 
the preparations was very much the same, but the 
proportion of cobalt increased up to a limiting 
value of 0.26T0 as the amount of cobaltous ace- 
tate present in the original mixture was in- 
creased. Paralleling this increase in bound Co+- 
is an increase in the hydrolytic rate of all of the 
substrates tested up to a limit between 0.1 and 
0.27, of bound Co++ to protein or between the 
concentrations of 1 X 10-3 and 1 x lo-* M Co++ 
with which the original acylase I had been mixed. 
This range is the same as that found for the maxi- 
mal activation of acylase I in the presence of added 
Co++ a t  these substrate concentrations (Table 11, 
Fig. 2)  and suggests that in the presence of an ex- 
cess of added Co+- i t  is only that which is bound 
to the protein which is effective. 
In the presence of 1 X 10-4 M cobaltous acetate 

and a t  pH 7.0, 3G mg. of acylase I combined with 
cobalt to 0.016~, or in molar conrciitrntion to 1 >( 
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Substrate 

COR.4LT I O N  ACTIVATION 01; RENAL ACYLASE 

TABLE IV 
DEGREE OF ACTIVATION OF HYDROLYTIC RATE BY ACVLASE I BY 1 X 10-8 M Cot+ 

WITH VARIOUS CONCENTRATIONS OF  SUBSTRATE^ 
Enzyme 

concn. as  0.008 0.017 0.033 0.067 0.167 0.333 
'% activation a t  substrate concn. 

mg. N M M M M M M 

Acetyl-L-alanine 0.01 
Acetyl-L-butyrine .01 
Acetyl- norvaline .Ol 
Acetyl-L-norleucine .01 
Acetyl-L-heptyline .01 
Acetyl-L-capryline .01 
Acetyl- alanine 1.0 
Acet yl-L-methionine 0.01 
Acetyl-D-methionine 1.0 
ilcetyl-~-aspartic acid 1.0 
Acetyl-L-glutamic acid 0.01 
Rate defined in Table I. 

+ 84 + 68 + 50 + 15 
- 42 - 46 
- 32 - 33 
- 18 - 16 

- 27 
+2G0 +410 
-5 - 16 + 35 $51 

+I54 +276 + 50 +81 

+ 24 
+4 
- 39 
- 36 
- 15 

+ 630 

+ 78 
+311 + 67 

-31 

+ 19 0 
+c) 
- 45 
- 38 
- 20 

+GO +44n +503 
- 40 - 11 
+119 +277 
+SI0 + 396 + 45 

3639 

0.667 
J I 

+GOO 
- 19 + 300 

4-29] 

TABLE V 
COBALT-ACTIVATED ACYLASE I PREPARATIONS-ACYLASE I A  

Cobaltous acetate Anal. of active enzyme 
used in prepn., Nitrogen, a Cobalt, Rates of hydrolysis of N-acetyl derivatives ofC 

M % % L-Alanine u-Alanine L-Methionine D-Methionine L-Ornithine (a) 

0 15.4 05 6100 2.1 24200 10.4 15.0 
1 x 10-4 15.8 0.016 8440 5.2 26500 51.0 33.4 
1 x 10-3 15.6 ,096 10300 9.0 27400 80.7 3G.G 
1 x 10-2 15.6 ,194 12100 9.9 26900 85.8 36.2 
4 x 10-2 15.5 ,262 11400 10.0 28700 83.9 36.4 
1 x 10-1 15.6 ,264 11400 10.6 30100 84.9 35.9 

* Not detected bv chemical or sDectroscopic procedures employed. a Not corrected for ash. Rates defined in Table I ;  
substrate concentration 0.017 M .  

In the presence of 1 X loW3 M cobaltous 
acetate, 6 X M Co++ was bound, at 1 X 

M cobaltous acetate about 1.2 x M 
Co++ was bound and a t  4 X and 1 X lo-' M 
cobaltous acetate about 1.6 X M eo++ was 
bound. Beyond the first concentration studied, 
there was a definite excess of cobaltous acetate pres- 
ent ovcr and beyond that bound by the acylase I 
protein. Presumably the excess was removed dur- 
ing the dialysis procedure. When amounts of 
acylase I of 12 mg. to 36 mg. were mixed with 4 
X M cobaltous acetate and the mixtures sub- 
sequently dialyzed, centrifuged and lyophilized, 
the preparations of acylase IA obtained all effected 
the hydrolysis of acetyl-D-alanine (0.017 M con- 
centration) a t  rates which varied between 9.2 and 
10.2 pmoles per hour per mg. N (cf. Table V).  

Of quite striking interest in Table V is the fact 
that the hydrolysis of acetyl-L-methionine, which 
was inhibited when Co++ was added to digests with 
acylase I, was now accelerated at all concentrations 
of Co++ studied provided that the metal was 
combined with protein in that form characteristic 
of acylase IA. 

The susceptibility of a number of substrates a t  
0.017 M concentration to acylase I and to acylase 
IA (prepared by previous mixing with 4 X lop2 M 
cobaltous acetate) is recorded in Table VI. In- 
cluded for comparison are results obtained using 
acylase I in the presence of added 1 X M 
Co++; omitted from this particular series are 
studies on acetyl-D-amino acids whose hydrolytic 
rates are so low that differences in terms of per cent. 
change when eo++ is added might be so far in 
error as to  be meaningless. 

IZcvlnse 1.4 is an activated form of acylase I 

from which i t  differs both in reactivity and to some 
extent in stereospecificity. The marked effect of 
acylase IA on the D-substrates is noteworthy. 
That this effect may extend to a P-D-configuration 
is evident from the data in Table V I  on acetyl-L- 
isoleucine and acetyl-L-alloisoleucine. The amino 
acid components of these two substrates both pos- 
sess an a-L-configuration, but the P-configuration 
of L-isoleucine is L- and that of L-alloisoleucine is 
D . ~  It has been shown that acylase I is an L- 
directed enzyme, favoring the hydrolysis of acyl- 
ated diastereomeric amino acids, with an L- 
configuration not only a t  the a- but also a t  the p- 
carbon.' Thus (Table VI), acetyl-L-isoleucine is 
hydrolyzed twice as fast by acylase I as is acetyl- 
L-alloisoleucine, which is what would be expected 
of a strongly L-directed enzyme. But, with acyl- 
ase IA, the rates of hydrolysis of the two substrates 
are not so greatly different, for this enzyme hydro- 
lyzes acetyl-L-isoleucine three times as rapidly as 
does acylase I and acetyl-L-alloisoleucine four times 
as rapidly as does acylase I. Thus, acylase IA is 
not as strongly L-directed as is acylase I, or con- 
versely, acylase IA is a more strongly D-directed 
enzyme than is acylase I. 

Acylase IA, like acylase I, is not affected in its 
activity toward acetyl-L-alanine in the presence of 
1 X Versene, although the former contains 
cobalt. A comparison of the changes in activity 
in columns 4 and 5 in Table VI is of interest and 

(6) J. Trommel, Pvoc. Konink l .  N e d .  A k a d .  Wetenschap. ,  B66, 272 
(1953); BS7, 36.1 (1954); S. Stalberg-Stenhagen and E. Stenhagen, 
Ark iv .  K e m i .  Mineval. Geol., 24B, 1 (1947): M. Winitz, S .  X I .  Rirn- 
baum and J. P. Greenstein, THIS JOURNAL, 77,  3106 (195.5). 

(7)  M. Winitz, L. Bloch-Frankenthal, N. Izumiya, S. M. Birn- 
haum, C. G .  Raker and J .  P. Greenstein, THIS Jnrmruar, 78. 2123 
( I  rm).  
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TABLE VI  
SUSCEPTIBILITY OF SUBSTRATES TO ENZYMATIC ACTION OF ACYLASE I AND ACYLASE It\ 

L-form D-form 
Change in Change in Change in Change in 
activity of activity of activity of activity of 
acylase IA acylase I acylase IA acylase I 

over by  added over by added 
Acetyl derivative" Rate0 with acylase I, 1 X 10-8 M Rate0 with acylase I, 1 X 10-a .M 
of the amino acids Acylase I Acylase IA R Co + +% Acylase I Acylase IA 70 CO++% 

Alanine 6330 11000 + 73 + 68 2 . 6  9 . 8  +270 +440 
Butyrine 12700 15300 + 21 + 15 0 . 5  1 .5  1-200 . . .  
Korvaline 21200 23300 + 10 - 46 0 . 9  2 . 9  +220 
Korleucine 18800 19600 i- 4 - 33 1 . 5  5 . 7  $280 

Capryline 2730 3210 + 18 - 27 0 0 . 5  . . .  

Aspartic acid 4 . 0  38.3 4-860 +276 0 0 . . .  . . .  
Glutamic acid 3600 4290 + 20 + 81 . . .  . . .  . .  
Isoleucine 1010 3090 +ZOO +240 0 0 
Alloisoleuci~~e 570 2240 +290 $210 0 0 . . .  . .  
Valine 3300 12400 $280 + 25 0 0 
Leucine 10800 16700 + 55 + 22 0 0 . .  
Histidine 740 1140 + 54 + 31 0 0 
Arginine 1110 1160 + 5 - 3 6  0 0 . .  . .  
Ornithine ( a )  15 36.4 $143 + 67 . . .  , .  . . .  
a-chloroacetgl- 23.7 75.3 $218 + 53 . . .  , .  . . .  . . .  

0,s-Dichloracetyl- 104 420 4-304 + 21 . . .  . .  . . .  . . .  

a,&Dichloracetyl- 500 675 + 35 + 24 . . .  . . .  . . .  

Heptyline 10500 12300 + 17 - 16 0 . 5  2 . 5  +400 

Methionine 25500 32800 + 28 - 19 11.6 75.2 +550 '~ 80 

DI.-lysine 

DL-lysine 

DL-ornithine 
a Rates defined in Table I ;  substrate concentrations 0.017 M.  Acetylglycine studied under the present conditions 

possessed a rate with acylase I of 2940, with acylase IA of 4740, the per cent. change in activity of acylase IA over acylase I 
being +SI. The change in activity of acylase I toward this substrate by added 1 X X Co++ was +57%. 

may be based on what appears to be a difference 
in many cases between bound cobalt (column 4) 
and free cobalt ions (column 5 ) .  In the presence 
of free Co++, a high order of activation is observed 
for acetyl-L-aspartic acid, acetyl-L-isoleucine and 
acetyl-L-alloisoleucine, but in the presence of 
bound cobalt, as high if not a higher order of ac- 
tivation is observed not only for these substrates 
but also for acetyl-L-valine, a-acetyl-1,-ornithine, 
a-chloroacetyl-DL-lysine and a ,~-dichloroacetyl-~~-  
lysine. 

The considerable degree of activation of the 
hydrolysis of certain of the acetyl-L-amino acids 
suggested a modification in the resolution procedure 
developed in this Laboratory.8 This procedure de- 
pends in part upon the asymmetric action of acyl- 
ase I upon N-acyl-DL-amino acids, and if Co++ 
should be added to the reaction mixture, i t  would 
be expected that the reaction would be accelerated 
and less enzyme need be used. Inasmuch as co- 
balt would tend to accelerate the hydrolysis of cer- 
tain of the N-acyl-D-isomers, i t  would be necessary 
to avoid adding Co++ when such isomers are pres- 
ent. Judged on the data in Table VI, the resolu- 
tion of isoleucine could be conducted safely from 
this standpoint, and a brief description of this res- 
olution as modified by adding Co++ to the diges- 
tion mixture is given below. 

Effect of Added Co++ on Acylase IA.-When 
Co++ is added at  the higher levels to acylase I, 
acylase 1-4 is formed by an apparently irreversible 
combination with the metal. The mixture may 

(8) S M. Birnbaum, L. Levintow, R .  B. Kingsley and J. P. Green- 
stein, J .  B i d .  Chen. ,  194, 453 (1952); J. P. Greenstein, S. M. Birn- 
bauin m d  hi C. Otey. ih id . ,  204, 307 (1953). 

therefore be considered to be acylase IA in the 
presence of excess Co++. It is probable that it is 
this excess of Co++ which is responsible for the 
diminished rate of hydrolysis of such compounds 
as acetyl-L-methionine and acetyl-L-norvaline, and 
the observed rate may be the resultant of the ac- 
tivating influence of acylase IA and the stronger 
inhibitory effect of free Co++. In the case of 
other compounds, the excess of Co++ may produce 
an accelerating effect over and beyond that of 
acylase TA (acetyl-D-alanine and acetyl-L-glutamic 
acid), an inhibitory effect insufficient to overcome 
the accelerating influence of acylase IA (acetyl-D- 
methionine, acetyl-L-valine, etc.) , and no appre- 
ciable effect a t  all (acetyl-L-alanine, acetyl-L- 
butyrine, etc.). 

It should be possible in part a t  least to reproduce 
the same activation or inhibition phenomena by 
adding Co++ to acylase IA as those found by adding 
Co++ to acylase I. Under the same conditions de- 
scribed in Table VI except that Co++ to l X 
M concentration was added, the hydrolytic rates by 
acylase IA of the following acetylated amino acids 
were diminished by an extent shown in the ac- 
companying parentheses in terms of per cent.: 
L-butyrine, (- 6), L-norvaline (- 14), L-norleucine 
( - 27), L-heptyline ( - 13), L-capryline ( - 6), 
L-methionine ( - 27) and L-arginine (- 14). Sim- 
ilarly, the hydrolytic rates of the following acetyl- 
ated amino acid were accelerated by the extent 
shown: glycine (+30) L-alanine (+13), L- 
aspartic acid (+39), L-glutamic acid (+43), L- 
isoleucine (+SO), L-alloisoleucine (+sa), L-valine 
(+48), L-histidine (+9), D-alanine (+11) and D- 
methionine (+20). It would appear that al- 
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though the inhibitory phenomena displayed by 
Co++ added to acylase IA were those which might 
in general have been expected, the accelerating 
phenomena were not all that were expected. Thus, 
the added impetus to the hydrolytic rates by ad- 
dition of Co++ to acylase IA, although expected 
for acetyl-D-alanine and acetyl-L-glutamic acid, 
was surprising in the case of the other substrates 
whose rates should have been either unchanged or 
diminished. The fact that they were increased 
suggests that further sites on the acylase IA mole- 
cule were capable of binding cobalt and that either 
full saturation of the acylase IA with cobalt had 
not been originally achieved when acylase I was 
mixed with an excess of e o + +  or else that during 
the dialysis procedure some bound cobalt had been 
stripped off its binding site in acylase IA. 

Michaelis-Menten Constants.-The usual con- 
stants9,l0 have been obtained through the use of 
the Lineweaver-Burk relation": S/v = S/P + 
K J V ,  where S is the substrate concentration, v 
the rate of hydrolysis and V the rate a t  the satura- 
tion level of the enzyme. The results are shown 
in Table VII. It is noted that the K, values for 
acylase IA are uniformly smaller for each sub- 
strate than with acylase I. For the homologous 
series from acetylglycine to acetyl-L-capryline, the 
K ,  values diminish progressively with both kinds 
of enzyme. The values of the maximum rates for 
each compound in this series are very nearly the 
same, although the values of K ,  are in most cases 
considerably different. 

TABLE VI1 
MICHAELIS-MENTEN CONSTANTS 

Acylase I Acylase IA 
Max. K. Max. K. 
rate X 108 rate X 108 

Substrate v mole/l'. v mole/i. 

Acetyl-glycine 
Acetyl-L-alanine 
Acetyl-L-butyrine 
Acetyl-L-norvaline 
Acetyl-L-norleucine 
Acet yl-L-heptyline 
Acetyl-L-capryline 
Acet yl-L-methionine 
Acet yl-L-leucine 
Acetyl-L-valine 
Acet yl-L-isoleucine 
Acet yl-L-alloisoleucine 
Acetyl-L-aspartic acid 
Acetyl-L-glutamic acid 
Acet yl-L-arginine 
Acetyl-D- alanine 
Acet yl-D-methionine 

a Very small. 

6480 
15500 
20700 
26900 
22300 
14700 
2690 

30700 
19500 
10200 
1820 

44.5 
17900 

6 . 1  
62.0 

40.8 
25.6 
8 . 3  
3 .0  
2.0 
1 . 3  
V.S." 
3 .7  

12 .8  
30.6 
17.8 

409 
63.1 

34.4 
77.8 

6410 
15600 
19900 
25500 
19000 
16200 
3300 

32800 
25700 
12500 
3770 
3970 

142 
17800 
2120 

9 . 4  
7 .1  
5.0 
1.0 
V.S." 
V.S." 
V.S." 
1.8 
5 .6  

13.2 
15.1 
13.9 

28.8 
27.6 
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Experimental 
The acetyl-L- and D-amino acids were prepared from op- 

tically active amino acids prepared in this Laboratory by 
resolution.8 The acetyl derivatives of alanine,8 leucine,s 
methionine,8 alloisoleucine.8 argininelz and a-ornithine13 

(9) L. Michaelis and M. L. Menten, Biochem. Z . ,  49, 333 (1913). 
(10) G. E. Briggs and J. B. S. Haldane, Biochem. J . ,  19, 338 (1925). 
(11) H. Lineweaver and D. Burk, THIS JOURNAL, 66, 658 (1934). 
(12) S. M. Birnbaum, hl. Winitz and J. P. Greenstein, Archiu. 

(13) J. P. Greenstein, M. Winitz, P. Chllino, S. XI .  Birnbaum and 
Biochem. Biophys., 60 ,  498 (1950). 

X I  C .  Otry, ibid., 60, iu  press ( l Y . j l ' ~ ) .  

have been described, as have the chloroacetylated deriva- 
tives of racemic ornithinel' and lysine.16 Acetyl-L-glutamic 
acid and acetyl-L- and D-histidine were prepared by the 
method of Bergmann and Zervas.lB The synthesis of the 
latter compounds was slightly modified in that the mixture 
of L- or D-histidine with glacial acetic acid and an equivalent 
amount of acetic anhydride was rapidly brought to the boil- 
ing point, held there for 30 seconds and immediately chilled; 
[u]=D for the L-isomer was +46.2' (c 1, HnO). The L- 
isomer prepared by the Schotten-Baumann procedure using 
LiOH as base yielded [CY]=D +46.8" (c  1, HzO). The acetyl- 
D-histidine was found to be slightly racemized by the synthe- 
sis using acetic anhydride in glacial acetic acid solution and 
was purified by first treating the compound with acylase I 
to hydrolyze the acetyl-L-histidine contaminant followed by 
treatment with Crotalus adamanteus venom L-amino acid 
oxidase to remove the L-histidine formed,17 [ a ] = ~  -46.0' 
(c  1, HnO). Bergmann and Zervas reported an [ a ] ~  value 
of $44.7' for acetyl-L-histidine.lB Acetylglycine was 
purchased from the Eastman Kodak Company and was re- 
crystallized from water, map.  207'. The remainder of the 
compounds employed in the present study were acetylated 
by the usual Schotten-Baumann procedure using acetic 
anhydride and NaOH. Crystallization media included 
water, ethanol and ethyl acetatepetroleum ether. Their 
physical constants are listed in Table VIII. 

Salts.-All metal salts (Fisher Certified Reagents) were 
employed as the acetates. 

Enzymic Procedure.-The digests were prepared as fol- 
lows. One ml. of veronal acetate buffer a t  pH 7 (or 0.7 
ml. of buffer plus 0.3 ml. of a solution in the buffer of metal 
ion or Versene a t  ten times the desired final concentration) 
was incubated at 37' with 1 ml. of acylase I solution in 
buffer for a given period of time. For most of the experi- 
ments reported a period of two minutes was used. One 
ml. of substrate solution a t  37' which had been adjusted 
to pH 7 with dilute NaOH was then added. After a meas- 
ured time interval, 3 ml. of saturated picric acid solution 
was added and the amount of free amino acid determined 
by COOH-N in the Van Slyke apparatus. In the case of 
acetylaspartic acid, the reaction was stopped by the addi- 
tion of 3 ml. of 0.5 M citrate buffer a t  pH 4 inasmuch as 
picric acid has a tendency to hydrolyze this substrate. 
Blank determinations were performed in all cases. The 
PH was carefully checked on a reaction mixture prepared in 
the same manner, and any solution which varied from 7.0 
by more than kO.1 was rejected. The concentration of the 
enzyme solution was 1.0 mg. N in the case of all of the D- 
substrates, for acetyl-L-aspartic acid and for all of the de- 
rivatives of ornithine and lysine, whereas for all of the re- 
maining L-substrates 0.01 mg. N was employed. A quoted 
rate of zero indicates that there was no measurable evolution 
of ninhydrin-COa after 3 hr. of incubation a t  37' with an 
enzyme level of 1 mg. N. Initial rates within 30% of the 
complete hydrolysis of the substrates were expressed in terms 
of rmoles of substrate hydrolyzed per hour per mg. N. 

Preparation of Enzymes.-Acylase I was prepared as de- 
scribed.8 Acylase IA was prepared as follows. Acylase I 
was dissolved in veronal acetate buffer a t  pH 7.0, and suffi- 
cient cobaltous acetate solution in veronal buffer was added 
to attain the desired concentration, and buffer finally added 
to a definite volume. For most of the preparations of this 
modified acylase, the final concentration of cobalt was 4 X 
lo-* M and that of the protein was 12-36 mg. per ml. The 
solution was allowed to stand a t  37' for 10 minutes and then 
dialyzed a t  5' against distilled water frequently changed. 
The contents of the dialysis sack were centrifuged a t  4000 
r.p.m. for 30 minutes and the light orange-brown colored 
supernatant solution quickly frozen and lyophilized. The 
recoveries were about 65%. 

Resolution of Isoleucine in the Presence of Co++.-An 
epimeric mixture of 1972 g. of acetyl-L-isoleucine and acetyl- 
D-alloisoleucine was dissolved in 30 1. of water and the solu- 
tion adjusted to pH 7.5 with ammonium hydroxide. An 
amount of 9.5 g. of cobaltous acetate tetrahydrate was dis- 

(14) L. Levintow and J. P. Greenstein, J. B i d .  Chem., 188, 643 

(15) J. P. Greenstein, J. B.  Gilbert and P. J. Fodor, ibid. ,  182, 451 

(16) M. Bergmann and L. Zervas, Biockem. Z . ,  203, 280 (1928). 
(17) S .  SI. Birnbaum and J. P. Greenstein, Avchiv. Bio;henz. Bio- 

(1951). 

(1950). 

ph>r. ,  39, 108 (1932). 



TABLE VI11 
PHYSICAL COSSTANTS AND ;'~NAI.YSES 

derivat ive of oc. deg. for c H N c H S 

i,-Butyriric 131 - 40,O(c) C ~ H I ~ O ~ S  49. 7 i . il !). 7 1 9 i i  7 . 8  i 1 . i  
n . But yr in e 131 +40,0(c) 4 9 , i i  7 . 9  9 . 6  
~-Snrv:iline 100 -35. O(C) C7I-I , 3 0 3  N 52 .8  8 .1  s 8 52 8 8 . 2  8 . 9  
11- Sorvaline 100 +35.0(c) 5 9 . 5  8 . 6  8.8 
I-- Sorleuciiie 11% - 20.0(c) CSIII30JS 35 5 S . 7  S.l 35 i; 9 . 0  8, 2 
1 ) -  Sorlcucine 112 +20.0(cii , i5.3 3 . 9  8 .1  
L-I Ieptyliric 108 - S.O(d) caHi70aS 5i.i 9 . 1  7 . 3  , i7, !) i )  3 7 . 6  
~-Heptyliiie 108 f- 8.0(d)  3 7 9  $1.2 7. i i  

t i 0  1 I )  7 ti. 9 i.-Caprylinc IO3 -I- 7 ,5 (e j  c 1 " H , 9 0 3  T X 7  9.2 7.0 
iio 1 ! I ,  7 7 fl 

I.- \.':Lline 168 A 7.5(cj C ~ I ~ I J O S ~  2 2 s  8 1  s s  . j1  .i 8 .  t S 7 
w\.alinc l(iS - 7.6(c)  ,i2 S X . .-I X S 
k.-.isl)art ic acid 11% +57. o ( C )  CSIiSOjS 4 1 . 1  5 .1  s 0 411 * ? 2  X I  
r)-ilspartic acid 142 -57,0(c) -1 1 3 .'i, ,i S I )  

Allalysr>,  ' < 
N Acetyl I1 y,"  [ a l l ) , b  Calcd. Calclrldterl I.'oiin<l 

i)-CapryIiIic 105 - 7.5(cj  -. 

I' -411 inciting points correctctl. * All solutions a t  1-2Cx a t  2j0 ,  111 \vater. ri 111 SU?; acetic acid. e i n  glacial acctic 
acid, 

solved in this solution and the total volume brought to  38 1. 
Two hundred mg. of acylase I powder was dissolved in the 
solution which was then incubated a t  38". The initial 
rate of hydrolysis under these conditions was 6600 fimoles 
of substrate hydrolyzed per hour per mg. N. Less than one- 
third the amount of enzyme was employed than customary in 
the absence of added cobalt. The reaction was complete in 
24 hr., but the solution was allowed to stand for another 24 
Iir. In  working up each of the optical antipodes18 no diffi- 
culty due to the presence of Co++ was encountered, and the 
isomers were obtained in a state of high optical and chemical 
purity, in yields of 50-60% of the theoretical. 

(18; J. P. Greenstein, L. Levintow, C. G. Baker and J. White, 
J. P. Greenstein, S. M. Birnbaum .I. l i d .  C h e m . ,  188, 047 (1951); 

,u1d I,. Levintow,  Biodzein. Prcpavafions,  3 ,  84 (1953). 

Product of Hydrolysis of Acetyl-D-alanine by Acylase I 
in the Presence of Co++.-The action of acylase I on acetyl- 
D-methionine led to  a product which was isolated in good 
yield and identified as D-methionine.* The experiment was 
repeated with acylase I using acet5 1-D-alanine as substrate 
and in the presence of 4 X ..Zt the end of the 
reaction D-alanine was isolated in 62% of the theoretical 
yield, [ o 1 I z 5 ~  -30.4 (c 0.6, glacial acetic acid). The rota- 
tion of L-alanine under these conditions has been reported 
as +29.4'.* 
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A Deoxyribonuclease of Micrococcus pyogenes 

BY LEW CUNNINGHAM, B. WESLEY CATLIN AND M. PRIVAT DE GAKILIIE 
RECEIVED APRIL 11, 1956 

-1lzcrococcus pyogenes var uurezis was found to  release large quantities of a calcium-activated deoxyribonuclease (DSasc) 
into the culture medium when grown with vigorous aeration. This enzyme was unusually stable and could be purified by 
boiling, followed by precipitation from the culture fluid with (NHSzSOd and a series of washings, first with saturated NH4CI 
containing 2.5% trichloroacetic acid, and then with 83% ethanol. The pH optimum was 8.6. After completion of the 
action of the M. pyogenes DNase on deoxyribonucleic acid, studies with the aid of ion-exchange chromatography indicated 
that the number of bonds in the substrate which were attacked was greater than that for pancreatic DNase and less than 
that for snake venom phosphodiesterase. Mononucleotides liberated by the action of the bacterial enzyme were not de- 
phosphorylated by snake venom 5'-nucleotidase, indicating that M .  pyogenes DNase, unlike pancreatic DXase and various 
phosphodiesterases, could split the j'-phosphodiester bond in deoxyribonucleic acid. 

In the course of a survey of deoxyribonucleases 
(DIYases) from various sources, i t  was found that an 
enzyme present in the supernatant fluid of centri- 
fuged cultures of Mtcrococcus pyogenes var. aureus 
(Staphylococcus aureus)  had several unusual prop- 
erties. It required calcium, instead of mag- 
nesium, as cationic activator. Prior to separation 
from the original culture medium, it could be boiled 
with little or no loss of activity. The enzyme 
passed through a dialyiing membrane in easily 

( 1 )  4 piiliniintr\ t ~ p u i t  15 ~5 pre i en t td  . k t  the rueetini: 01 l h i  4iiieri 
I I I  c I I P I T ~ I C  LI i,~ ~ r l !  111 Alll tne i r i < t l i \  ieirteinl,cr 1 r ) i i  

detectable quantities, providing further evidence 
that it was a rather small molecule. 

The unusual stability of the enzyme gave prom- 
ise that i t  might be obtainable sufficiently free of 
interfering enzymes, so that a study of the mech- 
anism of action on deoxyribonucleic acid (DNA) 
could be undertaken. After prolonged digestion 
of the substrate with various preparations of the 
enzyme, mononucleotides and other small molecules 
were obtained in rather large yield, without the 
production of inorganic phosphate in detectable 
quantity. The patterns prorlucetl 1)y chrornatog- 


