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SUMMARY 

I. A y-glutamyl transpeptidase from kidney bean fruit has been further purified 
and its properties have been studied. The purified material seems to consist of one 
component, as judged by its behavior in the ultracentrifuge and its elution pat tern 
from an acrylamide-gel column. The preparation catalyzes the transfer of the y-gluta- 
myl moiety of glutathione, y-glutamylaniline, and y-glutamyl-p-nitroaniline to suit- 
able acceptor molecules, usually amino acids. 

2. The same preparation was found to catalyze the hydrolytic cleavage of the 
y-glutamyl peptide linkage of these compounds. Evidence, based on purification, gel 
filtration and activation, is presented that  the two activities are associated with the 
same enzyme. 

3. From kinetic studies, it is concluded that  a basic nitrogen of an imidazole 
group and a phenolic group of tyrosine constitute a part  of the catalytic site of the 
enzyme molecule. On the basis of these findings a mechanism for the transfer and the 
hydrolytic reactions is proposed based on a nucleophilic at tack of imidazole nitrogen 
on substrates. 

4. I t  is suggested that  the enzyme is involved in the degradation of glutathione. 

INTRODUCTION 

y-Glutamyl transpeptidases from animals and microorganisms have been known 
for several years 1-4. Recently, a y-glutamyl transpeptidase was isolated from plants 5 
as a result of studies on the mode ofy-glutamyl dipeptide formation. The plant enzyme 
is similar to the animal enzyme in catalyzing both the transfer of y-glutamyl groups 
and the hydrolysis of y-glutamyl peptides; however, it is notably different from its 

* Present address: Worthington Biochemical Corporation, Freehold, N.J., U.S.A. 
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animal counterpart in several respects. The plant enzyme has no magnesium require- 
ment, is soluble rather than particle bound, is unaffected by  bromocresol green (except 
at high salt concentration), acts on glycylglycine very slowly, is inhibited by borate, 
and is activated by sodium citrate. These differences prompted an investigation of the 
properties of the bean transpeptidase and its mechanism of action. 

MATERIALS 

The following compounds were obtained from commercial sources* : 7-glutamyl- 
p-nitroaniline, a- and y-benzyl esters of N-carbobenzyloxyglutamic acid, glutathione 
(Cyclo Chemical Company, Los Angeles, California); acetyl pyridine-DPN (Nutri- 
tional Biochemical Corporation, Cleveland, Ohio); glutamate dehydrogenase (Sigma 
Chemical Company, St. Louis, Missouri); and blue dextran 2000 (Pharmacia Co., 
Uppsala, Sweden). 

y-Glutamylaniline and a-glutamylaniline were prepared from the a-benzyl 
ester (or the y-benzyl ester) of N-carbobenzyloxyglutamic acid and aniline by the 
method of SACHS AND BRAND 6. The product was purified by two recrystallizations 
from water. 

M E T H O D S  

Protein was determined according to the method of LOWRY et alF. However, 
when a large number of samples was involved, the spectrophotometric method 8 was 
used, and generally, the results obtained by  the two methods agreed well. 

Assay of enzymic activity 
a. Assay of 7-glutamyl transpeptidase. Transpeptidase activity was usually 

determined by a procedure based on that  of GOLDBARG et al2 in which aniline released 
from y-glutamylaniline is measured colorimetrically. A typical incubation mixture 
contained in I ml: 250 #moles Tris buffer (pH 9-5); 1.5 mmole sodium citrate; i 
/,mole y-glutamylaniline; IO /,moles S-methyl-L-eysteine; and 5O-lOO #g enzyme 
preparation from Step 4- 

After incubation at 37 ° for 2 h, 2 ml of 40°//0 trichloroacetic acid were added and 
the aniline formed was measured. Transpeptidase activity was measured by the differ- 
ence between aniline formed in the presence and in the absence of a glutamyl acceptor. 
When more accurate determinations were needed, the amount of glutamate formed 
(hydrolysis) was determined and its value subtracted from the total amount of aniline 
formed. The determination of glutamate is described in Section b. 

b. Determination of the hydrolytic activity. Using the synthetic compound y-L- 
glutamylaniline as substrate, the hydrolytic activity of the enzyme preparation can 
be measured by  the release of either glutamate or aniline. At pH values below 7.o,the 
results from both methods are identical, since no transfer occurs in this pH range. 
However, at pH values higher than 7.5, where y-glutamylaniline can act both as 
donor and acceptor of the y-glutamyl moiety, more aniline than glutamate is released 

* Trade names and company names are included for the benefit of the reader and do not 
imply any endorsement or preferential treatment of the product listed by tile U.S. Department 
of Agriculture. 
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because of the formation of 7-glutamyl-y-glutamylaniline ~. The difference is small, 
however, especially when a low concentration of substrate is used (see Fig. 4). There- 
fore, except when a very accurate determination of hydrolytic activity was needed, 
aniline, rather than glutamate was measured. Hydrolytic activity was measured by 
the same procedure described for transfer activity, except that the acceptor amino 
acid was omitted. Whenever the glutamate method was used, 2/,moles of 7-glutamyl- 
aniline were used instead of I/ ,mole, and at the end of the reaction, separate aliquots 
were taken for glutamate and aniline determinations. 

In the determination of glutamate, the enzymic method developed by KAPLAN, 

CIOTTI AND STOLZENBACH 1° as adapted by LEVENBERG 11 was used. 
In some experiments, 7-giutamyl-p-nitroaniline was used as substrate TM. In 

these cases, 3.5/,moles of substrate were used in a final volume of I ml. Other condi- 
tions were as described earlier, except that  the reaction was stopped by the addition 
of 2 ml of I M acetic acid. The p-nitroaniline released in the reaction was determined 
by measuring its absorbance at 41o m#. 

One unit of transpeptidase activity is defined as the activity that catalyzed the 
liberation of i / ,mole  of aniline per hour under the given assay conditions. 

Proteolytic digestion was carried out by mixing a solution of transpeptidase 
(5.2 mg/ml of o.I M Tris-acetate buffer (pH 8.2)) with an equal volume of trypsin or 
chymotrypsin (5.0 mg/ml) in the same buffer solution and incubating at 37 °. 

RESULTS 

Purification of 7-glutamyl transpeptidase 
The first two steps of the purification procedure were given in a previous work 5. 

Subsequent steps include sodium nucleate precipitation of impurities, adsorption on 
calcium phosphate gel and chromatography on diethyl-aminoethyl cellulose (DEAE) 
to give an overall purification of about 36o-fold (Table I). Unless otherwise stated, 
the purification procedure was carried out at 2-5 ° . 

Step I. Fresh green beans (IOOO g) were ground with I 1 of 0.05 M sodium bi- 
carbonate at 4 ° in a blender for 2-4 min. Large particles were removed by filtration 
through two layers of cheese cloth. 

T A B L E I  

SUMMARY OF THE PURIFICATION PROCEDURE OF ~2-GLUTAMYL TRANSPEPTIDASE BASED ON A BATCH 
OF I 0 0 0  g OF FRESH KIDNEY BEAN FRUIT 

Step Treatment Volume Protein Total Total Speci f ic  Relative Yield 
(ml) (mg[ml) protein units activity purity (%) 

(mg) 

I S o d i u m  b i c a r b o n a t e  
e x t r a c t  117o 9.5 I I  115 95.5 ° 0 .0086 (I)  i o o  

2 A m m o n i u m  su l f a t e  
d i a l y s a t e  5 ° 16.o 800 58.5 ° o .o73o 8. 5 61 

3 S o d i u m  n u c l e a t e  
s u p e r n a t a n t  5 ° 5.2 260 48.00 o .19o 22.0 5 ° 

4 C a l c i u m  p h o s p h a t e  
gel  e l u a t e  IO 0.74 7.4 ° 8.15 i . i o  127.o 8. 5 

5 D E A E - c e l l u l o s e  
e l u a t e  2 0.36 0.72 2.25 3.1o 36o.0 2. 3 

Bio~him. Biophys. ,4cta, 132 (1967) 1 5 - 2 6  



I 8  M. Y. GOORE, J. F. THOMPSON 

Step 2: Solid ammonium sulfate was dissolved in the filtrate to make it 5o% 
saturated. The solution was kept four hours and centrifuged at 3000 × g for 15 min. 
Solid ammonium sulfate was added to make the supernatant solution 70 % saturated. 
After 4 h, the resultant precipitate, which contained most of the activity, was then 
collected by centrifugation, and the supernatant was discarded. The precipitate was 
dissolved in a minimum amount of water (about 50 ml), and the solution was dialyzed 
for 24 h against 8 1 of o.oi M potassium phosphate buffer at pH 6.8. 

Step 3: The dialyzed material was diluted to a protein concentration of 15 to 2o 
mg per ml, and treated with one-tenth volume of a cold 2 °/o solution of sodium ribo- 
nucleate. While stirring vigorously, the solution was then brought to pH 4.7 by  the 
slow addition of I M acetic acid. The solution was kept overnight and then centrifuged 
at 15 ooo × g. The supernatant (about 50 ml) contained most of the activity. Up to 
this stage of purification, the enzyme could be stored either frozen or lyophilized with- 
out loss of activity. After this stage, freezing or lyophilization caused immediate loss 
of activity (more than 50%). However, activity was completely retained in solution 
at o ° for at least three weeks. 

Step 4: To the solution from Step 3, I ml of 85 % calcium phosphate gel 13 per 
15-2o mg protein was added and the mixture stirred for 2 h. The suspension was 
centrifuged at 5000 × g for 5 rain and the supernatant solution was discarded. The 
precipitate was washed twice with o.oi M phosphate buffer (pH 6.8/, twice with 0.05 
M buffer and once with o. I M buffer where the volume of wash equaled that  of the gel 
suspension. The enzyme was eluted from the calcium phosphate gel by stirring twice 
with one volume (same as wash) of o.5 M phosphate buffer for I h. After centrifugation 
the supernatant solution was dialyzed against 41 of o.oi M potassium phosphate buffer 
at pH 6.8 for 12 h. 

Step 5 : 5  ml of the enzyme preparation from Step 4 (containing about 3.5 mg 
protein) were put on a freshly prepared column of DEAE-cellulose (io cm × I cm) 
and equilibrated with o.oi M potassium phosphate buffer at pH 6.8. After adding the 
sample, the column was washed with IOO ml of o.oi M potassium phosphate buffer 
at pH 6.8 and 50 ml of o.oi M K~HPO4 at a flow rate of about 2 ml per rain. Then, the 
enzyme was eluted with 0.05 M K ~ H P Q  at a flow rate of about 0.25 ml per min. 
During this phase of chromatography, 3-ml fractions were collected, and the fractions 
containing the activity were concentrated to a volume of about 2 ml by  using dry 
acrylamide gel (Bio-Gel P-Io). The most highly purified material behaved as a single 
component in the ultracentrifuge (Fig. I of the following paper). 

Properties of the enzyme 
The higher level of purification of the enzyme preparation has necessitated a re- 

determination and extension of some of the characteristics of the bean transpeptidase 
as described below. 

The following reactions catalyzed by the enzyme preparation have been demon- 
strated in previous work 5, using the synthetic substrate, y-glutamylaniline, as donor 
of the v-glutamyl moiety: 

(a) 7-Glutamylaniline + S-methyl-L-cysteine ---> ~-Glutamyl-S-methyl-L-cysteine + aniline 

(b) 2 ~-Glutamylaniline -~ T-Glutamyl-y-glutamylaniline + aniline 

(c) ~,-Glutamylaniline + H20 ---> Glutamic acid + aniline 

Biochim. Biophys. Acta, 132 (1967) 15-26 
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Fig. I. Effect of pH on hydrolytic activity and transfer activity of purified kidney bean enzyme. 
Assay conditions are as described in METHODS. 

I t  was also shown tha t  the  same p repa ra t ion  ac ted  on g lu ta th ione  in the  same manner ,  
except  for the  fact  t ha t  g lu ta th ione  could not  serve as acceptor  in the  t r anspep t ida t i on  
reac t ion  (React ion b). 

Specif ici ty s tudies  were carr ied out  wi th  var ious  v -g lu tamyl  donors. The  resul ts  
shown in Table  I I  indicate  t ha t  the  enzyme in bo th  hydro ly t i c  and  t ransfer  react ions  
is much  more act ive toward  the y-L-g lu tamyl  moiety .  The results  ob ta ined  wi th  the  
bean  enzyme are s imilar  to those ob ta ined  b y  ORLOWSKI AND MEISTER 14, working 
wi th  purif ied hog-k idney  t ranspep t idase .  

The highly  purif ied enzyme had  the  same p H  op t imum (9.5) as the  less pure  
ma te r i a l  5 (see Fig. I).  However ,  fur ther  s t u d y  of  the  two react ions revealed t ha t  a t  p H  
values  below 7.5, the  enzyme prepara t ion ,  a l though act ive in hydrolys is ,  exh ib i ted  
no t ransfer  ac t iv i ty .  Studies  were unde r t aken  to de te rmine  whe ther  bo th  act ivi t ies  
are associa ted wi th  the  same enzyme (see la te r  section). 

The molecular  weight  of  the  enzyme prepara t ion ,  as de te rmined  from gel fi l tra- 
t ion d a t a  15, is in the  ne ighborhood of  18o ooo. The value thus  ob ta ined  agreed reason- 

TABLE II 

S P E C I F I C I T Y  OF B E A N  T R A N S P E P T I D A S E  W I T H  R E S P E C T  TO T H E  ~ - G L U T A M Y L  M O I E T Y  OF T H E  D O N O R  

M O L E C U L E  I N  B O T H  T H E  H Y D R O L Y T I C  A N D  T R A N S F E R  R E A C T I O N ,  AS M E A S U R E D  B Y  T H E  R E L E A S E  

OF A N I L I N E  OR p - N I T R O A N I L I N E .  C O N D I T I O N S  A R E  AS D E S C R I B E D  IN T E X T  

Substrate Aniline or p-nitroaniline 
released 

Hydrolytic Transfer 
activity activity 
(l~moles) (#,moles) 

~-L-glutamyl aniline 0.037 
a-L-glutamyl aniline o 
T-L-glutamyl p-nitroaniline 0.440 
},-D-glutamyl p-nitroaniline 0.082 

o.o51 
O 

0.746 
o.o82 
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T A B L E  I I I  

RATIOS OF TRANSFER TO HYDROLYTIC ACTIVITY OF BEAN TRANSPEPTIDASE THROUGHOUT THE 
PURIFCATION PROCEDURE, AS MEASURED BY THE RELEASE OF ANILINE AND GLUTAMATE. RESPEC- 
TIVELY 

Step Treatment Transfer activity 
Hydrolytic activity 

S o d i u m  b i c a r b o n a t e  e x t r a c t  (crude) 1.5o 
A m m o n i u m  sul fa te  d ia lysa te  1.58 
S o d i u m  nuc lea te  s u p e r n a t a n t  1.35 
Calc ium p h o s p h a t e  gel 1.68 
Co lumn  c h r o m a t o g r a p h y  wi th  DEAE-ce l lu lose  1.5o 

ably well with values obtained by sedimentation where the preparation appeared to 
consist of one component as judged from the schlieren pat tern (see Fig. i of the follow- 
ing paper). The sedimentation coefficient, S2o,w, of the preparation as calculated from 
the movement of the maximum ordinate is 4.82. An estimate based only on this sedi- 
mentation coefficient gives a molecular weight of approx. 15o ooo, a value which may 
be misleading 16 because it assumes a spherical molecule. 

Hydrolytic and transfer activity as functions of the same enzyme protein 
BINKLEY 19 showed that  purification of renal glutathionase resulted in the loss 

of hydrolytic activity. However, 0RLOWSKI AND MEISTER 14 in a more highly purified 
preparation found significant hydrolysis. The following evidence strongly indicates 
that  the extensively purified bean transpeptidase catalyzes both hydrolysis and 
transfer. 
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Fig. 2. E l u t i o n  of  k idney  b e a n  f ru i t  e n z y m e  f r o m  a c o l u m n  of  Bio-Gel P-3oo.  F o r  ac t i v i t y  tes t ,  
o.25 ml  was  t aken .  O t h e r  cond i t i ons  as descr ibed in METHODS. ( (2)-- ©),  p ro te ins .  ( ~ x - - A ) ,  h y d r o -  
lyt ic  ac t iv i ty .  ( × - -  × ), t r an s f e r  ac t iv i ty .  

Fig. 3. I n h i b i t i o n  of  t he  h y d r o l y t i c  ac t i v i t y  u p o n  add i t i on  of  accep to r  a m i n o  acid. A s s a y  con-  
d i t ions  are  as  descr ibed  in METHODS. Solid circles refer  to t r a n s f e r  ac t iv i ty .  O p e n  circles refer  to hy -  
drolyt ic  ac t iv i ty .  
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5. Evidence from the purification procedure. Throughout the various steps of 
purification, the ratio of the specific activities of transfer to hydrolysis remained 
unchanged, as shown in Table III. 

2. Acrylamide gelfiltration. The passage of highly purified enzymic preparation 
(Step 5 of the purification procedure) through a column of Bio-Gel P-3oo (50 cm × 0. 9 
cm) gave one peak. The results illustrated in Fig. 2 indicate that the two activities have 
similar effluent profiles. Further, the ratio of the two activities is the same in the 
various parts of the peak. 

3. Activation of the enzyme preparation by carboxylic acids. It  has been reported 
previously 5 that the addition of sodium citrate or ethylenediaminetetraacetate (EDTA) 
to the reaction mixture increased markedly the activity of the enzyme. During the 
progress of this work, it has been found that this effect is also shown by the sodium 
salts of other carboxylic acids (see Table I of the following paper). Since both hydro- 
lytic and transfer activities were increased to the same extent by many salts, the most 
reasonable explanation of this finding is that both processes are associated with the 
same enzyme. 

4. Inhibition of the hydrolytic activity by the presence of acceptor molecules. If  the 
hydrolysis and transfer are catalyzed by the same protein, it would be expected that 

T A B L E  I V  

EFFECT OF TRYPSIN AND CHYMOTRYPSIN ON KIDNEY BEAN TRANSPEPTIDASE* 

Time of Transfer activity 
incubation with Hydrolytic activity 
trypsin or 
chymotrypsin Trypsin Chymotrvpsin 
(h) treated treated 

o I . I  I.O 
I 0 .95  I .o 3 
2 0 .95  I.O 3 
4 0 .95  1.15 
6 0 .97  I . I  
8 0 .97  0 .77  

24 o .74  o .64  

* S a m p l e s  o f  t h e  e n z y m e  p r e p a r a t i o n  t a k e n  f r o m  S t e p  4 o f  t h e  p u r i f i c a t i o n  p r o c e d u r e  
w e r e  i n c u b a t e d  w i t h  t r y p s i n  o r  c h y m o t r y p s i n  as  i n d i c a t e d .  A s s a y  c o n d i t i o n s  a r e  as  d e s c r i b e d  
in  METHODS. 

the acceptor molecule (amino acid) would reduce hydrolysis. Fig. 3 shows that high 
concentrations of methylcysteine reduce hydrolysis about 30%. 

5. The effect of proteolytic digestion on enzyme activity. The effect of proteolytic 
digestion on the transfer and hydrolytic activities of bean transpeptidase is shown in 
Table IV. These results show that digestion of the bean transpeptidase has produced 
a significant change in the ratio of transfer to hydrolytic activity. A change in ratio 
of transfer to hydrolytic activities could well be interpreted as a difference in sensitiv- 
i ty of two separate proteins to proteolysis. However, in view of the strong evidence 
for one protein, already presented, it is highly probable that proteolytic digestion has 
preferentially removed the site or sites necessary for the transfer catalysis. This im- 
plies that at least two sites must be present in the enzyme molecule--one that  binds 

Biochim. Biophys. Acta, 132 (1967) 1 5 - 2 6  
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the 7-glutamyl substrate and is the only site necessary for hydrolysis, and one site 
that binds an amino acceptor. Kinetic data presented below lend support to this view. 
Further, according to this hypothesis, one would expect transfer activity to be lost 
faster than hydrolytic activity, as was observed. 

Kinetic studies and mechanism of action 
The above results indicate that hydrolysis and transfer are catalyzed by one 

protein which has one site for the 7-glutamyl peptide and a second binding site for the 
acceptor amine. On this premise, an enzymic mechanism has been developed from 
the kinetic data. 
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"4.0 

> -4.2 

._1 

-4.4 

° j . / "  

~'o -,16 -,14 -,:o ~6 
RN Ht 

LOG RNH, ~ RNH, + 

l b 
- O . 6  , ~ /  

"OB t 

ZI_ ~- 1.0 

I~ , -I.2 E: ~-,4 / 
°~-" / 
~ - 1.8 

- 2 0  

8.0 85 9.0 ~5 I~0 
pH 

Fig. 4- The active form of the a-amino group in the transfer catalyzed reaction, a. Log vrnax 
of the transfer reaction as function of log of the fraction of the uncharged form of the a-amino 
group of S-methyl cysteine present at a given pH. Vmax is expressed as rnoles/h of aniline released 
under the standard assay conditions described in METHODS. b. Log of the fraction of the un- 
charged form (R--NH~) of S-methyl-L-cysteine as function of the pH. 

The form of the a-amino group taking part in the transfer reaction 
A rather high pH optimum of the 7-glutamyl-transpeptidase has been observed 

for both the bean enzyme (see Fig. I) and the kidney enzyme18,19. The high pH opti- 
mum suggests that the active form of the a-amino acid taking part in the transfer 
reaction has an uncharged a-amino group. Following this assumption, HIRI) AND 
SPRINGELL 19 attempted to explain the relative acceptor activities of the various amino 
acids in the animal transpeptidase system in terms of their pK values. This approach 
proved to be unsatisfactory because other factors, such as the length and the chemical 
nature of the side chain of the amino acid, determine the fitness of an amino acid to 
serve as acceptor in the transpeptidase system. More conclusive results concerning 
the active form of the amino group taking part in the transpeptidation process were 
obtained by comparing the rate of enzymic activity with protonation of the amino 
acid acceptor at various pH's. In Fig. 4 a, the logarithm of the maximum velocity of 
y-glutamyl transpeptidase reaction calculated at various pH's  is plotted against the 
logarithm of the fraction of the uncharged form of S-methyl-L-cysteine present at the 
corresponding pH. In Fig. 4b, the logarithm of the fraction of the uncharged form 
at a given pH is plotted against that pH for comparison. Inspection of these figures 
shows that there is good correlation between the Vmax'S of the transfer catalyzed reac- 
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tion and the concentration of the non-protonated form of the a-amino group of the 
amino acid, which in itself is a function of pH. 

The poor correlation at low pH's ,  where the concentration of the non-protonated 
amino form of the acceptor molecule is very low, may  be explained as due in part  to 
departure from Michaelis-Menten conditions and in part  to the enzyme hydrolytic 
activity. Thus, there is good reason to believe that  the non-protonated form of the 
a-amino group of the acceptor molecule is the active form in the transfer catalyzed 
reaction, and this fact could explain the high pH opt imum of y-glutamyl transpepti- 
dase and the absence of transfer below pH 7.0. An alternative possibility is that  the 
high pH affects some group or groups in the enzyme molecule, but subsequent data  
show that  the effects of pH on the substrate rather than on the enzyme influence 
enzymatic activity. 

Effect of pH on Km and Vmax of transfer and hydrolytic activities 
The kinetic constants, Km and Vmax, were measured over a range of pH values 

for both the hydrolytic and transfer reactions and these results are shown in Figs. 5 
and 6. The inflection points shown by  these curves imply that  the p K  1 and pK 2 values 
for hydrolytic activity are 7.0 and 9-5 respectively, and that  the p K  1 and pK2 values 
for transfer activity are 7.8-8.2 and 9.6-9.7 respectively. The pK values of 7.0 and 
7.8-8.2 suggest that  an imidazole ring and an a-amino group, respectively ~, are in- 
volved in the catalytic process. However, in the case of p K  9.5-9.7, there are several 
possible ionizing groups which may be responsible for this pK value, and these are 
the thiol of cysteine, the e-amino group of lysine and the phenolic group of tyrosine. 
Previous studies 5 showed that  no sulfhydryl groups are involved in the catalytic 
process. In addition, the fact that  the enzymic activity is more affected by  chymo- 
trypsin than by trypsin (see Table IV) suggests that  a phenolic group of tyrosine 
rather than an e-amino group of lysine is involved. Further, the nature of the dis- 
sociation of these groups around pH io, and the type of the catalysis involved makes 
it more likely that  a phenolic group is responsible for the inflection point of the curve 
at pH 9.5 than an amino group. 

Enzymic mechanism 
On the basis of the data presented, conclusions concerning the groups involved 

in the enzymic catalysis of the hydrolytic and the transfer reactions may  be summar- 
ized as follows: An imidazole and a phenolic group are involved in the hydrolytic 
catalyzed reaction. Following DIXON'S analysis 22 of the effect of pH on enzymic 
catalysis, the curves in Figs. 5 and 6 suggest that  the two groups are present in both the 
free enzyme and in the enzyme-substrate  complex. (Rule io of DIXON'2.) 

In the case of the transfer reactions, the two groups involved in the catalytic 
process are an a-amino group and a phenolic group. As judged from the curves pre- 
sented ill Fig. 5, both groups belong the to enzyme-substrate  complex. The conclusion 
was already drawn that  the phenolic group actually is present in the enzyme molecule. 
Since in the transfer reaction, the acceptor amino acid is part  of the enzyme-substrate  
complex, the a-amino group involved in the transfer reaction (and absent from the 
hydrolytic reaction) belongs to the substrate and not to the enzyme molecule. This is 
consistent with the suggestion previously made that  the high pH must  affect the 

Biochim: Biophys. Acta, 132 (1967) 15-26 



24 M. Y. GOORE, J. F. THOMPSON 

Fig. 5. The effect of pH on the maximum velocity and the Michaelis constant of the hydrolytic 
activity of the kidney bean enzyme. v,,, is expressed as moles/h of glutamate produced under 
the standard assay conditions, described in METHODS, and K, as moles. The graphical method of 
LINEWEAVER-BURK~Q was used for the calculation of ZI,,, and Km. 

Fig. 6. The effect of pH on the maximum velocity and the Michaelis constant of the transfer 
activity of the kidney bean enzyme. Conditions are the same as for Fig. 5. 
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Fig. 7. Proposed mechanism for the hydrolysis and transfer mediated by bean transpeptidase. 
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protonation state of the g-amino group of the substrate (tile acceptor) and not some 
functional group in the enzyme molecule. 

Thus, assuming that the groups mentioned above are involved in the catalytic 
process, it would appear to be consistent with the data to suggest the following scheme 
as a possible mechanism for the hydrolytic and the transfer reactions (Fig. 7). As 
shown in this scheme, the same mechanism is proposed for both the hydrolytic and 
the transfer processes. In the sequence of reactions proposed for hydrolysis, it is 
postulated that the activated complex (Fig. 7) is produced as a result of a nucleophilic 
attack by the basic nitrogen of the imidazole ring on the carbonyl carbon atom of the 
7-glutamyl peptide linkage through a molecule of water, concomitant with an electro- 
philic attack by the acidic hydrogen of the phenolic group on the nitrogen of the 
peptide bond. 

In the transfer catalyzed reaction, the same sequence and type of reactions are 
proposed, with the exception that  the acceptor amino acid is substituted for water 
(Fig. 7). I t  was emphasized above that only the uncharged form of the a-amino group 
takes part in the transfer reaction. The mechanism proposed is consistent with this 
behavior. Further, it is suggested that only one enzyme is responsible for both reac- 
tions as indicated earlier. Comparison of the two reactions indicates that under con- 
ditions where the transfer reaction takes place, the hydrolytic process should be 
inhibited, and this is what happens (Fig. 3). 

I t  should be emphasized that the mechanism proposed in Fig. 7 must be con- 
sidered speculative until more direct evidence for the involvement of histidine and 
tyrosine in the active site is available. However, the mechanism is consistent with 
present information and provides a reasonable working hypothesis for further in- 
vestigation. 

DISCUSSION 

There is no indication that the highly purified preparation of bean transpepti- 
dase differs in its catalytic properties from the crude extract or the ammonium sulfate 
fraction 5. This was apparently not the case with renal glutathionase in which purifica- 
tion brought about the separation of the transfer from the hydrolytic activity 17, al- 
though there are differences of opinion 14. On the basis of evidence derived indirectly 
from kinetic data, failure to separate the two activities by purification should be anti- 
cipated. 

The finding that the enzyme preparation from beans exhibits little transfer 
activity at physiological pH's, while still retaining its hydrolytic activity, indicates 
that  the primary function of the bean enzyme is hydrolysis, as suggested for the ani- 
mal system TM. Since this hypothesis implies that the breakdown of glutathione in 
plants proceeds via the same sequence of reactions suggested for its breakdown in 
animal tissues ~-~6, investigations along this line should reveal cysteinylglycine di- 
peptidase activity in plant tissues, but  tests of such activity have not been reported. 

As already stated, these conclusions are consistent with a previous suggestion 5 
that the plant transpeptidase may account for the biosynthesis of a number of ~,- 
glutamyl dipeptides. According to the hypothesis presented in this work, these di- 
peptides arise as byproducts of the first reaction in the sequence leading to the com- 
plete degradation of glutathione. This is illustrated by the following scheme, which is 
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similar to that proposed by HIRD AND SPRINGELL 19 for the breakdown of glutathione 
in animal tissues. 

(pH 6-10) ( pH > 7.0) 

y-Giutarnyl peptidase y- Glutarnyl transpeptidase 

Water , ~ l u t a t h i o n e  ~ A m i n o  acids 

G,0tomic--J Ly-G,utomy, 0e0t,0e0 
acid glycine 

Peptidase 

Cysteine + (3lycine 
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