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SUMMARY 

The meta l  requi rements  of ca rboxypep t idase  G1, an exopept idase  der ived  from 
P s e u d o m o n a s  s tu tzer i  and act ive agains t  g lu tamyl -  and  a spa r ty l - t e rmina l  peptides,  
have been inves t igated.  When  the enzyme is rendered  metal-free  b y  incuba t ion  wi th  
the  chela t ing resin, Chelex ioo,  the resul t ing inact ive  enzyme is r e -ac t iva ted  only 
b y  Zn 2+, which produces  a progressive increase in hydro ly t i c  ac t i v i t y  over  the  con- 
cen t ra t ion  range IO 7- 5. IO -5 M. Pr ior  add i t ion  of heavy  meta ls  such as Co 2+, Hg  ~+, 
Cu e+, Ni 2+, or Mn 2+ to the  meta l - f lee  enzyme inhibi ts  recons t i tu t ion  of the  act ive 
Zn 2+ complex.  Addi t ion  of these inh ib i to ry  cat ions to the  ful ly cons t i tu ted  Zn 2+- 
enzyme complex produces  no inhibi t ion.  Atomic  absorp t ion  analysis  of  the  act ive 
enzyme indicates  the  b inding  of four a toms  of  Zn 2+ per enzyme molecule, or two 
a toms  to each of t i le two enzyme subunits .  

There  was a pa r t i a l  i r revers ible  loss of ca rboxypep t idase  G 1 ac t i v i t y  following 
brief  exposure  to e i ther  a meta l  b inding  resin or low pH.  In  bo th  instances,  bovine 
serum a lbumin  (IO mg/ml) subs tan t i a l ly  p ro tec ted  the  enzyme from inac t iva t ion .  

INTRODUCTION 

Numerous  bac te r ia l  and  m a m m a l i a n  enzymes have been descr ibed which 
require  Zn 2+ for ac t i v i t y  a. In  par t icular ,  the s tudies  of bovine ca rboxypep t idase  A 
(pept idyl -L-amino acid hydrolase,  EC 3.4.2.I), a single chain pro te in  of 34 ooo 
molecular  weight  which binds  one a tom Zn 2+ per  enzyme molecule, have e luc ida ted  
the  impor tance  of the  me ta l  ion in de te rmin ing  enzyme ac t i v i t y  and subs t ra te  
specifici ty 2. This  enzyme possesses C-terminal  exopept idase  ac t iv i ty  versus a b road  
range of subs t ra tes  wi th  pa r t i cu la r  affinity for a romat ic  C-terminal  peptides.  
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More recently, a Zn2÷-activated bacterial exopeptidase, carboxypeptidase G, 
has been described which specifically cleaves C-terminal glutamyl residues from pep- 
tide linkage s. The loosely bound Zn 2+ cofactor of this enzyme was readily removed 
by Sephadex G-Ioo gel filtration, with loss of enzyme activity. 

We have recently isolated a carboxypeptidase, named carboxypeptidase G 1, 
(ref. 4) which hydrolyzes C-terminal glutamyl and aspartyl residues, and which displays 
a high affinity for folio acid and its derivatives. This enzyme, which possesses anti- 
tumor activity in vitro and in vivo a, differs from carboxypeptidase G in its ability to 
cleave aspartyl-terminal peptides, its greater affinity for folates, and its failure to bind 
to DEAE-cellulose in dilute buffer at pH 7.3. (ref. 4) Carboxypeptidase G1, a dimeric 
protein of 9 2 ooo molecular weight, is also activated by Zn z+. This paper describes 
tile stoichiometry and affinity of Zn 2+ binding to carboxypeptidase G1, and defines 
the effect of substitution of various other heavy metals on enzyme activity. In addi- 
tion, evidence is presented for the stabilization of metal-free carboxypeptidase G~ 
by bovine serum albumin. The implications of these findings for the use of this en- 
zyme as an antineoplastic agent are discussed. 

METHODS 

Reage~#s 
Chelex IOO resin (200-400 mesh) was purchased from BioRad. Dithizone 

(diphenylthiocarbazide) and i , io-phenanthroline were purchased from Pfaltz-Bauer. 
Tris-Base "Ultra-Pure"  grade, and crystalline bovine serum albumin, were from 
Schwartz-Mann. Divalent metals, including Zn 2+, Hg 2+, Cu 2÷, Mn 2+, Ni 2+, Mg 2+, 
and Ca 2+ were purchased from Fisher as the chloride salts, "certified" grade, and 
contained less than 0.006% heavy metal contamination, with the following excep- 
tions: Co 2+ (0.03% Nie+); Ni 2+ (o.o1% pb2+); Mn e+ (0.02% Zn2+); and Cu 2+ (o.o15% 
Fe2+). Other sources of materials were previously described 4. 

Preparation of glassware 
Polyethylene containers were used where ever possible. Plastic pipettes were 

used throughout. All glassware was acid washed 6. Cuvettes were soaked in a cleaning 
solution of equal parts of 3 M HC1 and absolute ethanol for 18 h prior to rinsing with 
o.oo1% dithizone in carbon tetrachloride, and finally with double distilled water. 

Preparation of buffers and metal solutions 
Double distilled water was used throughout. Buffers were extracted with o.oo 1% 

dithizone in carbon tetrachloride, and the solutions clarified by further extractions 
with carbon tetrachloride. Metal solutions were prepared and stored in 2o-ml plastic 
vials; the salts were dissolved in o.I ml of o.I M HC1 and appropriate dilutions made 
to give final concentrations in the range of lO -I  to lO -4 M. 

Preparation o[ metal-free carboxypeptidase G 1 

In a typical experiment, i .o ml carboxypeptidase G1, specific activity 2oo- 
600 units/rag of protein and activity 25 IOO units/m1, was added to a 2-ml suspension 
containing Chelex IOO resin, I g; Tris-HC1 (pH 7.3), 1.5 mmoles; and where indicated 
bovine serum albumin, 30 mg. The suspension was then swirled gently in a metabolic 
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shaker at 25 °C for 2 h. The suspension was centrifuged for IO rain at 5000 rev./min 
and the supernatant saved for experimental use. 

Carboxypeptidase G~ enzyme activity was assayed as previously described 4. 
Briefly, I-lO #1 of an enzyme solution was added to an assay mixture containing 
inethotrexate, 60 nmoles; Tris-HC1 (pH 7.3), o.o5 mmole; and ZnC1 v o.1 #mole, in 
a total volume of 1 ml at 37 °C. For studies of enzyme activation and inhibition by 
metal ions, Zn 2+ was not included in the basic assay solution, and specific metal 
addition was made as described in the individual experiments. The rate of hydrolysis 
of methotrexate was determined by following the decrease in absorbance at 32o nm. 
At this wavelength, a zJA of 8.3 absorbance units, mmole-l .1 was determined for 
the hydrolysis of methotrexate a. 

Atomic absorption analysis 
The molar Zn 2+ content of carboxypeptidase G~ was determined by the single 

spike height methodL I.O3. Io -5 M carboxypeptidase G 1 of specific activity 600 units/ 
nag of protein, yielding one major active band of protein on disc electrophoresis% 
was dialyzed fi)r 48 h versus three changes of a IOOO-fold volume of metal-free o.oi M 
Tris-HC1 (pH 7.3) prior to analysis by atomic absorption. 

Enzyne acidification 
The activity of a solution containing 5-15 units/ml carboxypeptidase G 1 

(specific activity 25 ° units/rag), o.oz M Tris-HC1 (pH 7.3) and IO 4 M ZnClz, was 
determined by the standard assay. 2 M HC1 was then added slowly with stirring to 
lower pH to the appropriate level. A 5-1o-#1 aliquot of the acidified carboxypepti- 
dase G 1 solution was then assayed in the standard pH 7.3 solution for activity. 
After 15 min, the pH of the enzyme solution was returned to 7-3 by addition of 2 M 
NaOH, and an aliquot of tim solution was again assayed for residual enzyme activity. 
In specified experiments, bovine serum albumin (lO mg/ml) was included in the 
enzyme solution. 

R E S U L T S  

During enzyme purification it was observed that a dialyzable factor was re- 
quired for enzyme activity and stability. Activity was gradually lost when carboxy- 
peptidase G 1 was dialyzed against metal-free o.oi M Tris-HC1 buffer, pH 7.3 (Table I). 

T A B L E  I 

STABILITY OF CARBOXYPEPTIDASE (J1 DURING DIALYSIS 

3 m l  o f  c a r b o x y p e p t i d a s e  G t (4 u n i t s / m l )  w a s  d i a l y z e d  a t  4 °C f o r  2 4 h a g a i n s t  t h r e e  c h a n g e s  o f  
IOO m l  o f  o . o I  M T r i s - H C 1  ( p H  7.3).  

Additions to dialysate Activity remaining after 2 4 h 
(% of initial) 

N o n e  66  
l , t o - P h e n a n t h r o l i n c ,  i o  a M 43 
i , l o - P h e n a n t h r o l i n e ,  lO 4 M 3 
Zll 2+-, IO 5 M IOO 
Z n  2+, lO -4 M lOO 
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The addition of the chelating agent, i , io-phenanthrol ine,  to the dialysate led to a 
greater loss of activity.  As the assay of enzyme act ivi ty  was performed in the pre- 
sence of  lO -4 M Zn ~+, it was apparent  tha t  the loss of  act ivi ty could not  be reversed 
by  re-exposure to Zn ~+. However,  when carboxypeptidase G~ was dialyzed against a 
Tris buffer solution containing IO -~ M Zn 2+, no loss of act ivi ty  was observed. 

Metal-free carboxypeptidase G 1 was prepared by incubation of the enzyme 
with Chelex IOO resin. As previously reported, during incubation with Chelex the 
enzyme gradually lost all act ivi ty over a 2-h period, as judged by assay in the absence 
of Zn 2+, but  full act ivi ty was restored by adding Zn 2+ to the assay solution 4. The re- 
consti tution of active enzyme, presumably as a carboxypeptidase G1-Zn 2+ complex, 
was concentrat ion dependent,  with 50% of act ivi ty restored at 2.IO -6 M (Fig. I). 
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Fig. i .  Re -ac t i va t i on  of meta l - f ree  c a r b o x y p e p t i d a s e  G I by  Zn 2+. 72 un i t s  of enzyme  were added  
to  3 g Chelex resin which  ha d  been equ i l i b ra t ed  wi th  2 ml o fo .o  5 M Tr i s -HCl  (pH 7.3), and  0.83 M 
NaC1, and  the  vo lume  was b r ough t  to 3 ml  wi th  water .  The suspens ion  was  i ncuba t ed  a t  25 °C 
for 2 h. The s u p e r n a t a n t  was removed  as in Fig. i,  and  a 2-,ul a l iquo t  was then  assayed  for hydro -  
ly t ic  a c t i v i t y  in the  presence of increas ing concen t ra t ions  of Zn ~+, as desc r ibed  in Methods. 

Attempts  to demonstra te  activation of  metal-free carboxypeptidase G 1 by  prolonged 
incubation with stoichiometric quantit ies of Zn 2+, lO-9-1o - n  M, were uniformly 
unsuccessful. 

The order of addition of Zn 2+ and substrate to metal-free enzyme had no effect 
on activity. Prior addition of substrate to the enzyme did not prevent subsequent 
full act ivation of the metal-free enzyme by  Zn 2+. 

Enzyme  content  of Zn e+ was determined by  atomic absorption analysis fol- 
lowing a 48-11 dialysis against metal-free buffer. Zn 2+ content  was 3.8o gatoms per 
mole carboxypeptidase G1, a ratio consistent with the binding of two atoms of  metal 
ion for each of the two enzyme subunits 4. However,  since Zn ~+ was included in all 
buffers during the process of enzyme purification, it can not be s tated with cer ta inty  
tha t  Zn 2+ is the metal  found in the "na t ive"  enzyme. 

Addit ion of  bovine serum albumin to the Chelex incubation suspension was 
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T A B L E  II  

S T A B I L I Z A T I O N  O F  M E T A L  F R E E  C A R I ~ O X Y P E P T I I ) A S E  ( ; 1  B Y  A L B U M I N  

Carboxypep t i da se  (;~ (l. 3 uni t s /ml)  was i ncuba t ed  with Chelex IOO (see Methods)  in dupl ica te  
tubes ,  one of which  con ta ined  bovine  s e rum a l b u m i n  (IO mg/ml) .  After  2 h i ncuba t ion  the  meta l -  
free s u p e r n a t a n t s  were recovered by  cent r i fuga t ion ,  s tored a t  4 %;, and  assayed  a t  the  t inie inter-  
wds  ind ica ted  in the  s t a n d a r d  a s say  solution.  

Time (h) Activily (m~its/ml) 

Carbo.rypeptidase (':1 Carboxypeptidas(' (i L 
al.o,~e with albumi~ 

O O. 2 1  O. 0 0  

2 0.15 0.06 
5 o.o9 0.09 

17 o.o6 o.54 

found to stabil ize di lute  solut ions of ca rboxypep t idase  G 1 (Table II), and fac i l i ta ted  
the  s tudy  of the inh ib i tory  effect of d iva len t  cat ions on enzyme ac t iva t ion  by  Zn 2+. 
Al though serum a lbumin  is known to have a weak meta l  chelat ing capab i l i ty  s, 
bovine serum a lbumin at  a concentra t ion  of I. 5. Io 4 M had no effect on the Zn 2+ 
ac t iva t ion  of ca rboxypep t idase  (;v A series of diva len t  cat ions were tes ted  for ab i l i ty  
to ac t iva te  metal-free  ca rboxypep t idase  G 1. None of the meta l  ions l isted in Table  I I I  

T A B L E  111 

Z i 1 2 +  A C T I V A T I O N  O1," M E ' I ' A I + - I r R E E  C A R B O X Y P E I ) T 1 D A S E  ( ; 1  : I N 1 H H I T I O N  I{'C P R I O R  A I ) I ) I T I O N  O1" 

D I V A L E N T  M E T A L S  

Metal-free car l ioxyt)ept idase  (; 1 (o.o 5 unit) was added  to [ ml of  Zn 2+ free assay  mix tu r e  con- 
ta in ing  io 4 M of  the  des igna ted  cation. After  i miu  incubat ion ,  i t d of  o.oi M Zn('l._, was t hen  ad- 
ded to the  cuve t t c  and  the  ra te  of  hydro lys i s  de te rmined .  The  control  ra te  was de te rmined  bv 
addi t ion  of enzynle  to all a s say  solut ion lacking the  inhibi tory  cation. 

Cc~tio~l Activity 
(% co~trol) 

H g2+ 60 
Co ''+ 14 
Cu 2~ 19 
Ni 2~ z 7 
Mn'2+ 44 
Ca 2 ~ 1 oo 
M~ 2+ Ioo 

a c t i v a t e d  t i m  e n z y m e  w h e n  a d d e d  t o  t h e  a s s a y  s o l u t i o n  o v e r  t i l e  c o n c e n t r a t i o n  r a n g e ,  

i o  v t o  IO a M. H o w e v e r ,  Co 2~, C u  2. ,  N i  2~, M n  2+, a n d  H g  2+, b u t  n o t  Ca '~  or  Mg 2~, 

m a r k e d l y  i n h i b i t e d  s u b s e q u e n t  a c t i v a t i o n  o f  t h e  e n z y m e  b y  Z n  2~ w h e n  a d d e d  to  t h e  

a s s a y  s o l u t i o n  p r i o r  t o  Z n  2+. W h e n  Z n  2+ w a s  a d d e d  t o  t h e  m e t a l - f r e e  e n z y m e  p r i o r  to  

t h e  a d d i t i o n  o f  t h e  o t h e r  m e t a l  i o n s ,  n o  i n h i b i t i o n  w a s  s e e n .  

S i n c e  o t h e r  Z n  2+ a c t i v a t e d  p r o t e i n s  a r e  r e v e r s i b l y  i n a c t i v a t e d  b y  l o w e r i n g  p H ,  

d u e  t o  t h e  c o m p e t i t i o n  o f  H + fo r  m e t a l  b i n d i n g  s i t e s  o n  t h e  p r o t e i n  1, t h e  e f f e c t  o f  H + 

o n  a c t i v i t y  a n d  s t a b i l i t y  o f  c a r b o x y p e p t i d a s e  G 1 w a s  e x a m i n e d .  W h e n  t h e  p H  o f  a n  

e n z y m e  s o l u t i o n  w a s  l o w e r e d  t o  5 o r  less ,  t h e  e n z y m e  s h o w e d  a p r o g r e s s i v e  l o s s  o f  

llivchim, tHophys. Acta, 270 (1072) 234 24<) 
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T A B L E  IV 

A L B U M I N  PROTI~CTION OF C A R B O X Y P E P T I D A S I ~  Q~I D U R I N G  A C I D I F I C A T I O N  

A c t i v i t y  expressed  as % control .  See Methods  for detai ls .  

p H  during Act ivi ty  at low p H  Activi ty  when p H  
acidification restored to 7.3 

2 . 0  

2. 5 
3.0 
4.0 
5.0 

+Albumin A lbumin  +Albumin - A l b u m i n  

7 o 15 3 
13 8 37 16 
2 9  2 I  7 ° 2 6  

83 5 ° 83 73 
IOO IOO IOO IOO 

activity which was only partially reversed by returning the pH of the solution to 
7.3 (Table IV). When albumin (IO mg/ml) was present, however, protection was 
afforded the enzyme from irreversible inactivation at low pH. 

DISCUSSION 

The preceding studies have characterized carboxypeptidase G 1 as a Zn*+ 
activated enzyme. This activation proceeds over the concentration range of approx. 
io 7 5'  io ~ M Zn 2+, and in this respect resembles carboxypeptidase G, the glutamate 
specific C-terminal exopeptidase described by Goldman and Levy ~, which was 
activated by Zn 2+ in the concentration range lO .6 to io -~ M. Other divalent cations 
failed to activate metal-free carboxypeptidase G1, although several metals, including 
Mn e+, Cu 2+, Hg z+, Ni 2+, Co e+ substantially inhibited the reconstitution of the active 
complex of Zn~+-carboxypeptidase G1, presumably by occupying the enzyme's metal  
binding site(s) and preventing Zn ~+ attachment.  Consistent with this interpretation 
is the failure of these cations to inhibit the enzyme when added after the addition of 
Zn2+. 

Failure of Co s+ to activate the metal-free carboxypeptidase G~ represents a 
departure from the substantial stinmlatory effect of this ion on the apoenzyme form 
of the three most carefully studied Zn 2+ metalloenzymes, carboxypeptidase A (ref. 2), 
carbonic anhydrase 9, and alkaline phosphatase from Escherichia coli a°. In addition the 
presence of substrate does not prevent metal activation of carboxypeptidase G~ as 
was described in the case of carboxypeptidase A (ref. IX). 

In addition to the requirement of Zn 2+ for enzyme activity, the metal  cation 
appears to stabilize carboxypeptidase G 1. Thus, dialysis against metal-free buffer 
or the chelating agent I ,Io-phenanthroline, or removal of metal ions with the 
chelating resin Chelex IOO leads to a gradual irreversible loss of enzyme activity. 
Metal removal has been shown to promote depolymerization of two other Zn2+-con- 
taining enzymes, alkaline phosphatase 12 and yeast alcohol dehydrogenasOa; alkaline 
phosphatase readily re-aggregates upon addition of Zn ~+, but the dehydrogenase is 
irreversibly inactivated. Albumin, which stabilizes carboxypeptidase G~ in the metal- 
free state and during exposure to low pH, has been frequently used to stabilize other 
enzymes, although the mechanism of this stabilization is uncertain. 

Because of the anti tumor activity of carboxypeptidase G1 (ref. 5), its metal  re- 

Biochim. Biophys.  Acta, 276 (1972) 234-240 



2 4 0  B . A .  CHABNER, J. R. BER'IlNO 

quirements and stability are of considerable importance. The Zn 2+ concentration in 
human serum is approx. IO -~ M, but varies with sex and age 12. This level would satisfy 
the activation requirements of carboxypeptidase G 1 and would enhance its stability. 
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