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SUMMARY 

I. The effect of sodium citrate and salts of other carboxylic acids on the activa- 
tion of bean ~-ghitamyl transpeptidase has been studied. 

2. The possibility that association of subunits or dissociation to subunits oc- 
curred in the presence of sodium citrate has been eliminated by the finding that the 
presence of citrate does not affect the sedimentation behavior of the enzyme. 

3. The absence of any effect of urea or guanidine on the activity of the bean 
transpeptidase indicates that the citrate effect is not due to hydrogen bond breaking. 

4. Increase of fluorescence of i-anilino-8-naphthyl sulfonate in the presence of 
the transpeptidase when citrate was added indicates that citrate promotes a confor- 
mational change favorable for catalytic action. 

INTRODUCTION 

In the course of investigations on the properties and function of ~-glutamyl 
transpeptidase from kidney bean fruit, it was observed that upon the addition of 
sodium citrate to the reaction mixture the enzymic activity was markedly increased 1. 
Rather high concentrations (1-1.5 M) of citrate were needed to produce this effect, 
which is not confined to sodium citrate alone, but is also shown by salts of some di- 
carboxylic acids and EDTA. 

Previous investigations have shown that enhancement of enzymic activity by 
citrate is due to removal of cations 2, or dissociation of enzyme into subunits 3,4, 
whereas the effect of citrate on gelatin structure is thought to be a result of breaking 
hydrogen bonds between protein and bound waterS, 6. Prior work on the bean trans- 
peptidase established that citrate was not inactivating an inhibitor ion 1. In this paper, 
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i t  is demons t r a t ed  tha t  ac t iva t ion  by  c i t ra te  is a result  of a conformat ional  change not  
p r imar i ly  caused b y  hydrogen  bond  breaking.  

M A T E R I A L S  A N D  M E T H O D S  

Prepara t ion  of the  enzyme as well as methods  used for the assay are presented  
in the  preceding paper  v. 

Ul t racen t r i fuga t ion  was carr ied out  in a Spinco Model E centrifuge. A 2.o ~o solu- 
t ion of purified enzyme in o . i  M phospha te  buffer (pH 6.8) was subjec ted  to centr ifu-  
gat ion at  5o 47o rev . /min  (radius at  top  of  cell = 5.7 cm) at  2o °. 

Fluorescence measurements  were carr ied out  in an A m i n c o - B o w m a n  spectro-  
fluorimeter.  Wave leng th  of  exci t ing l ight  was 31o m# and fluorescence was measured  
at  47 ° m#. The b lank  consisted of a solution of the dye in which the pro te in  was 
omit ted .  

T A B L E  I 

E F F E C T  OF S O D I U M  C I T R A T E  A N D  S O D I U M  SALTS OF S O M E  C A R B O X Y L I C  A C I D S  ON H Y D R O L Y T I C  

A C T I V I T Y  OF B E A N  T R A N S P E P T I D A S E  AT p H  V A L U E S  OF 6 .  5 A N D  9 ' 5  A N D  ON T R A N S F E R  ACTIVITY" AT 

p H  9-5 

A s s a y  c o n d i t i o n s  as  in  p r e c e d i n g  p a p e r : .  

Acid Final Relative hydrolytic Relative 
concentration activity" transfer 
( M ) activity* 

(pH 6.5) (pH 9.5) (pH 9:5) 

N o n e  - -  0 .58  0 .58  0 .42  
C i t r i c  0 .8  I.OO I .oo I .oo 
C i t r i c  1.2 1.14 1.13 1 .16 
O x a l i c  0 .8  0 .75  0 .80  0 .69  
M a l o n i c  0 .8  o .71 0 .70  o.71 
S u c c i n i c  0 .8  o.91 0 .89  I.OO 
M a l e i c  0 .8  0 .83  0 .62  0 .74  
F u m a r i c  0 .8  0 .78  1.o 5 0 .82  
P h t h a l i c  0 .8  0 .63  0 .65  o.51 
A c e t i c  0 .8  o .60  0 .59  0 .45  
E D T A  1.2 - -  1.o 4 i . i  4 

" I n  e a c h  g r o u p  o f  e x p e r i m e n t s ,  t h e  a c t i v i t y  a t  0 .8  M c i t r a t e  is s e t  a t  i . o .  

R E S U L T S  A N D  DISCUSSION 

The ac t iva t ing  effect of sodium c i t ra te  and sodium sal ts  of some other  carboxyl ic  
acids are i l lus t ra ted  b y  d a t a  in Table  I. Inspec t ion  of the  tab le  also shows t ha t  bo th  
the  hydro ly t i c  and the t ransfer  react ions (see previous  paper)  are ac t iva t ed  to the  
same extent .  Since c i t ra te  d id  not  remove interfer ing cat ions 1 several  o ther  explana-  
t ions for this  effect have been considered:  

i .  Sodium c i t ra te  influences the  s ta te  of aggregat ion of the  enzyme molecule 
ei ther  b y  associat ion of  subuni ts  or dissociat ion into subunits3, 4. 

2. Sodium c i t ra te  interferes wi th  hydrogen  bonding,  thus  loosening and opening 
the enzyme molecule in a manner  s imilar  to t ha t  of urea  or guanidine.  

3. Sodium c i t ra te  promotes  a s table  change in the  t e r t i a ry  s t ructure .  
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The effect of citrate on the aggregation state of the transpeptidase 
In  order  to de te rmine  whe ther  sod ium c i t ra te  affects the  aggregat ion of  the  

bean  t r anspep t idase  as in the  case of acetyl  CoA carboxylase2, 3, the  viscosi ty  and 
sed imen ta t ion  behav ior  of h ighly  purif ied t r anspep t idase  ~ were de te rmined  in the  
presence and absence of sodium ci trate .  The  v iscos i ty  measurements  were unsuccess-  
ful because the  high viscos i ty  of  a concen t ra ted  sodium c i t ra te  solut ion v i t i a t ed  any  
accura te  de te rmina t ion  of  the  intr insic  v iscos i ty  due to the  protein.  Measurements  of 
s ed imen ta t ion  ve loc i ty  were more successful (Fig. I). A l though  the  t r anspep t idase  was 
observed  as a shoulder  on a diffuse peak  in sodium c i t ra te  solut ion (Fig. I),  the  sedi- 
men ta t i on  coefficient (s~0 ' w) could be eva lua t ed  as 4.15, a value close to t ha t  of 4.82 
ob ta ined  in the  absence of sodium c i t ra te  (Fig. i) .  

Accura te  measuremen t  of  the  sed imen ta t ion  coefficient (Fig. I) necess i ta ted  the  
use of  a r e la t ive ly  high concent ra t ion  of  pro te in  (2.0%) t h a t  was abou t  one hundred  
t imes  as high as the  concent ra t ion  rou t ine ly  used in ac t i v i t y  measurements .  Since 
dissociat ion of  a pro te in  into subuni t s  is genera l ly  an equi l ibr ium reaction,  the  lack of 
evidence (Fig. i)  for dissociat ion a t  the  high pro te in  concentra t ions  used in the  u l t ra -  

Fig. i. Sedimentation diagram of kidney bean transpeptidase. Top : sedimentation in the absence 
of sodium citrate. Photographs taken at 4-min intervals. Bottom : sedimentation in the presence 
of i.o M sodium citrate. Photographs taken at 8-min intervals. 

centr i fuge m a y  not  be pe r t inen t  to the  condi t ions under  which enzyme assays  were 
no rma l ly  done. Consequent ly ,  the  effect of  c i t ra te  on the  ac t i v i t y  of  the  t r anspep t idase  
was measured  at  the  concent ra t ion  of  enzyme used in the  sed imenta t ion  analysis  wi th  
a cor respondingly  shor ter  incuba t ion  t ime.  W i t h  all o ther  condit ions the  same as in 
the  s t a n d a r d  assays,  i t  was found t ha t  I M c i t ra te  increased t ransfer  ac t iv i ty  2.42-fold 
and hydro ly t i c  ac t i v i t y  2.39-fold. These resul ts  demons t r a t e  t ha t  c i t ra te  stil l  exer t s  
an ac t iva t ion  effect a t  the  pro te in  concent ra t ion  used in the  ul t racentr i fuge.  There-  
fore, the  absence of  a c i t ra te  effect on the  sed imenta t ion  coefficient shows t h a t  dis- 
sociat ion or associat ion of  the  enzyme molecule b y  c i t ra te  is not  the  cause of  ac t iva-  
tion. 
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TABLE I I  

THE EFFECT OF UREA AND GUANIDINE ON THE ACTIVITY OF BEAN TRANSPEPTIDASE,  AS MEASURED 

BY THE RELEASE OF p - N I T R O A N I L I N E  

E x c e p t  for the  use of  the  y - g l u t a m y l - p - n i t r o a n i l i n e  a s s a y  condi t ions  are as described in the  
prev ious  paper  v. 

Compound Final p-nitroaniline 
added concentration released 

( M ) ( tzmoles ) 

N o n e  - -  o . 1 9  

Sod ium c i trate  i .5 0 . 8 0  

Guanid ine  0 . 2  o. 16  

Guanid ine  i .  5 o. 12 

Urea  0 . 2  o . 1 2  

Urea  1. 5 o . n  

The effect of citrate on hydrogen bonding in transpeptidase 
Urea, guanidine and other highly polar substances change protein configuration 

by breaking hydrogen bonds s. The possibility that citrate might activate the bean 
transpeptidase' by breaking hydrogen bonds has been examined by comparing the 
effects of citrate, urea and guanidine on the activity of the bean transpeptidase. Since 
urea and guanidine interfere with the assay of transpeptidase with y-glutamylaniline, 
y-glutamyl-p-nitroaniline was used as substrate 9. The results of these experiments, 
illustrated in Table II, show that neither urea nor guanidine increases the activity of 
the enzyme. Moreover, when urea and sodium citrate are present together, urea does 
not reduce the activation by sodium citrate (Table III). It is clear, therefore, that 
sodium citrate does not enhance the enzyme activity by breaking hydrogen bonds in a 
manlier similar to that of urea or guanidine. 

The effect of citrate on conformation of transpeptidase 
The possibility that sodium citrate might have some effect on the tertiary struc- 

ture of the enzyme was also tested by optical rotatory dispersion and absorption of 
fluorescent dyes. Attempts to determine the effect of citrate on the optical rotatory 
dispersion of the enzyme were unsuccessful, due to the interference by citrate at a 
wavelength of 230 m# where a negative Cotton effect occurred. However, by studying 

T A B L E  I I I  

THE EFFECT OF UREA ON THE ACTIVITY OF BEAN TRANSPEPTIDASE IN THE PRESENCE AND ABSENCE 

OF SODIUM CITRATE, AS MEASURED BY THE RELEASE OF p - N I T R O A N I L I N E  

A s s a y  condi t ions  as  in preceding paper  v. 

Urea p-nitroaniline released in the 
concentration presence of: 
(M) 

2:. 5 M sodium No extra salts 
citrate (l, moles) (l~moles) 

o . o  0 . 6 8 5  o . 1 5 o  

0.  5 0 . 6 8 5  o . 1 5 6  

2 . 0  0 . 4 5 6  O . l l  4 

4 . 0  o . 4 1 o  O . l l  4 
8 . 0  0 . 2 9 6  0 . 0 6 8  
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T A B L E  IV 

T H E  E F F E C T  OF S O D I U M  C I T R A T E  A N D  S O M E  D I C A R B O X Y L I C  A C I D S  ON T H E  F L U O R E S C E N C E  I N T E N S I T Y  

OF I - A N I L I N O - 8 - N A P H T H Y L - S U L F O N A T E  I N  T H E  P R E S E N C E  OF ~ - G L U T A M Y L  T R A N S P E P T I D A S E  P R E -  

P A R A T I O N  F R O M  K I D N E Y  B E A N  F R U I T *  

Compound Concentration % Fluorescence** 
(M) 

Sod ium c i t r a t e  o 8.8 
Sod ium c i t r a t e  0.25 55.5 
Sodium c i t r a t e  o.5o 64. 5 
Sod ium c i t r a t e  o.75 85 
Sodium c i t r a t e  I.OO IOO 
Sodium c i t r a t e  1.5 ° IOO 
Succ ina te  i .oo 97 
Malona te  I .oo 85 
M e t h y l c i t r a t e  o.5o 5.8 

* In  each expe r imen t ,  2. 5 m g / m l  p ro te in  were used. 
-- F luorescence  a t  i .o  M sod ium c i t r a t e  was  set  a t  lOO%. 

the fluorescence effect of i-anilino-8-naphthyl sulfonate which becomes fluorescent 
when it is adsorbed on a protein 1°-12, some evidence was obtained that the activation 
effect is due to conformational changes in the protein molecule. In Table IV, the effect 
of several salts on the fluorescence intensity of the dye is shown. The methyl ester of 
citric acid showed neither activation nor the fluorescent effect, thus making it appear 
that free carboxyl groups are essential for the activation process. Since the activating 
effect of acetic acid is very low (Table I), it seems that an activating molecule must 
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Fig. 2. Effect  of sod ium c i t r a t e  on the  f luorescence  i n t e n s i t y  (a) of I - an i l i no -8 -naph thy l  su l fonate  
in the  presence  of 7 - g l u t a m y l  t r a n s p e p t i d a s e  p r e p a r a t i o n  and  on the  a c t i v i t y  (b) of the  enzyme.  
A s s a y  condi t ions  are  described in prev ious  pape r  and f luorescence  m e a s u r e m e n t s  are described in 
Table  IV. 
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have at least two carboxyl groups. The steric arrangement of the carboxyl groups 
appears not to be too important,  though a flexible molecule like succinate seems to 
activate the enzyme more than fumarate (Table I). 

The data illustrated in Fig. 2 indicate a close correlation between the effect of 
citrate on the activity of the enzyme and its effect on the intensity of fluorescence ex- 
hibited by the enzyme protein. These results suggest that  the effect of sodium citrate 
on the enzymic activity is due to a change in conformation of the protein molecule. 
This is in contrast to the effect of citrate on acetyl-CoA carboxylase where activation 
of the enzyme by  citrate is associated with a change in the sedimentation behavior 
of the enzymeB, 4. 

Any physiological significance of the effect of citrate on bean transpeptidase is 
dubious since the intracellular concentration of this acid is probably much lower la 
than those needed for the activation process of the enzyme. 

The effect of citrate on hydrogen bonding in gelatinS, 6 does not appear to be an 
adequate explanation of the citrate effect on the bean transpeptidase. First, the acti- 
vation of transpeptidase requires relatively high concentrations of citrate (I.O-I.5 M), 
whereas helicity in gelatin was promoted by o.15 M citrate. Secondly, unless citrate 
acts very specifically on protein-water hydrogen bonds rather than protein-protein 
hydrogen bonds, it is difficult to understand why urea at low and high concentrations 
(Tables I I  and III) does not increase enzyme activity whereas citrate does. Finally, 
it would be expected that  helix formation proposed by COURT AND LITTLE 6 would 
"tighten" a protein molecule. !The previous observation 1 that  bromocresol green in- 
hibits the bean transpeptidase only in the presence of citrate is not consistent with a 
tightening of the protein molecule. 

Thus it is concluded that  citrate activates the bean transpeptidase by changing 
the conformation of the protein molecule in such a way that  the active site(s) of the 
enzyme is more accessible to substrates and inhibitors. Specifically, a change in 
arrangement of highly ordered sections of the molecule without changes within the 
helical sections can be postulated. 
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