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SUMMARY 

The effect of temperature and pH on the act ivi ty  of sweet almond a-galactosIdase 
(a-galactoslde galactohydrolase, EC 3 2 I 22) has been studied with mehblose and 
p-nitrophenyl a-D-galactoslde (PNPG) Activation energies for the two substrates 
were found to be 12 4 and 19 o kcal/mole, respectively The pKm vs I /T plots were 
linear for both substrates, and the enthalples of binding were - -7  3 and - - i o  2 kcal/ 
mole for PNPG and mehblose, respectively Changes in Km and Vmax of mehblose with 
pH suggested the part icipation of a group with p K  5 75 in the enzyme-substrate  
binding and of another group with pK around 3 in the catalytic step Similar studle~ 
with PNPG also revealed the presence of two groups (pK 3 4 or above and 6 7 or below), 
the pK values of which were strongly Influenced by  the substrate concentration The 
group dissociating In the lower pH range appears to play a minor part  only m the 
PNPG hydrolysis In spite of apparent ly  marked differences in the effect of temperature 
and pH, all the substrates appear to be hydrolysed at the same site on the enzyme 
molecule The differences probably arose from differences in the mechanisms of the 
reaction or in the nature of the rate-limiting step m the two cases 

INTRODUCTION 

Studies on the effect of temperature and pH yield some useful mformatlon about 
the enzyme-catalysed reactions Such stuches have not been reported in any detail 
on a-galactosldase (a-galactoside galactohydrolase, EC 3 2 i 22) probably because 
the enzyme was not available in a sufficiently purified form 1 We have already de- 
scribed an intensive purification of this enzyme from sweet almonds2, 3 as well as its 
specificity 4 The present paper deals with the effect of temperature and pH on the 
act ivi ty  of this enzyme Earlier we showed that  substrates could be divided into two 
main groups, namely those which followed simple Mlchaehs-Menten kinetics and 
others with which inhibition was observed at high substrate concentrations Both 
types of substrates, however, appear to be hydrolysed at the same site in the enzyme 
molecule 4 In the present studies, parallel experiments were carried out with each type 

Abbrevlatmn PNPG, p-nltrophenyl a-D-galactomde 
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of substrate The results seem to suggest a change in the mechanism of the reaction or 
in the nature of the rate-hmltlng step when the substrate is changed 

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

Enzyme preparation 
a-Galactosxdase was purified as described earher 2 to a specific activity of 12 7 

umts/mg protein 

Substrate 
Mehblose was obtained from British Drug Houses Alkyl galactosldes were 

prepared according to DALE A N D  H U D S O N  5, and p-mtrophenyl  a-D-galactoslde 
(PNPG) was prepared as described earhera, e 

Assay procedure 
The assay procedures for the enzymatic hydrolysis of PNPG and mehblose were 

the same as described earher 4. The Km and the Vmax were calculated from Lmeweaver-  
Burk plots 

Nonenzymatw hydrolys,s 
PNPG (o 197 mM for alkahne hydrolysis and o 79 mM for acid hydrolysis) was 

kept in acid or alkali of required strengths at the desired temperature.  Ahquots (5 ml) 
were withdrawn at regular intervals, were chilled and were neutralized with calculated 
amounts ofalkah or acid The yellow colour developed by adding Na2CO a was estimated 
at 4o5 m~u A similar procedure was adopted for mehblose (0.05 M) except that  the 
ahquots (i o ml) after the chllhng and neutralization were analysed for liberated 
glucose by  the method of HUGGETT AND NIXON 7 using the glucose reagent (Boehringer 
und Soehne, Mannhelm) which was calibrated daily against several concentrations of 
glucose. 

Whereas both acid and alkaline hydrolyses were studied with PNPG, only the 
acid hydrolysis could be Investigated with mehblose because under the conditions 
required for hydrolysis (65-75 ° and o I M NaOH), alkali imparted a brown colour to 
the sugar and thus interfered with the final glucose estimation 

T A B L E I  

E F F E C T  OF T E M P E R A T U R E  ON T H E  E N Z Y M A T I C  H Y D R O L Y S I S  OF M E L I B I O S E  A N D  P N P G  IN O 0 5 M 

PHOSPHATE BUFFER ( p H  6 O) 

Vmax IS e x p r e s s e d  as  # m o l e s  o f  s u b s t r a t e  h y d r o l y s e d  p e r  m l n  p e r  m g  e n z y m e  

Temp Mehbwse  P N P G  

Km Vmax Km Vrnax 
( raM)  ( raM)  

20 ° 2 9 o 92 o 43 12 2 
3 °0 5 26 i 84 o 68 37 5 
4 °0 8 69 3 51 I 25 lO6 6 

45 ° - -  - -  I 05 164 5 
5 °0 - -  - -  I 4 ° 250 o 
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T A B L E  I I  

A C I D  A N D  A L K A L I N E  H Y D R O L Y S I S  O F  M E L I B I O S E  A N D  P N P G  

Substrate Catalyst Temp Pseudo first- 
order rate 
constant × 1 0  4 

(m~n -1) 

P N P G  o I M N a O H  55 ° 3 5 t  ~_ 16 
o I M N a O H  65 ° 968  ± 30 
o i M HC1 55 ° 9 53 ± o 07 
o i  M H C 1  65 ° 3 l o  ± 6 

M e h b i o s e  i o M HC1 65 ° 14 2 ± o 9 
I o M H C I  75 ° 34 8 ± I o 

R E S U L T S  

Effect of temperature 
The Km and Vmax values of PNPG and mehblose at different temperatures are 

shown in Table I In both cases, Vmax increased with temperature Arrhenms plots 
were linear an both cases and gave activation energies of 19 o and 12 4 kcal/mole for 
the enzymatic hydrolysis of PNPG and melxblose, respectively. 

Nonenzymatlc hydrolyses o fPNPG catalysed by HC1 and NaOH and of mellbaose 
catalysed by HC1 were also studied at different temperatures.  Typical results are 
shown in Fig I The pseudo first-order rate constants obtained are given In Table I I  
Activation energies obtained from these data  are compared with those of the enzymatic 
reaction given in Table I I I  I t  is interesting to note tha t  the difference In the activation 
energies of nonenzymatlc and enzymatic hydrolyses is much larger with mehbaose 
than with PNPG 

Km also increased with temperature but  to a different extent than did Vmax 
Thus whereas Vmax for PNPG increased from 12 2 to 25 ° #moles of PNPG hydrolysed 
per min per mg enzyme between 2o and 5 o°, Km rose from o 43 mM to I 4 mM Plots 
of pKm (-- log Kin) against I/T gave straight hnes for both substrates Their slopes 
gave enthalpy values of - -7  3 and - - i o  2 kcal/mole substrate bound for a complex 
formation of the enzyme with PNPG and mehbIose, respectively 

T A B L E  I I I  

A C T I V A T I O N  E N E R G I E S  F O R  T H E  E N Z Y M A T I C ,  A C I D  A N D  A L K A L I N E  H Y D R O L Y S I S  O F  P N P G  A N D  

M E L I B I O S E  

Catalyst Temp Activation energy 
range ( kcal /mole) 

P N P G  Mehb,ose 

o i M HC1 5 5 - 6 5  ° 26 t - -  
o i M N a O H  5 5 - 6 5  ° 22 9 - -  
I o M HC1 6 5 - 7 5  ° - -  z i  i 
a - G a l a c t o s l d a s e  2 o - 4  o° 19 o I 2  4 

( u p  t o  5 °0 ) 

Bzoch~m Bzophys Acta, 185 (1969)  4 o 2 - 4 o 8  



K I N E T I C S  OF (Z-GALACTOSIDASE 405 

2 0  

E 
0 
..7.12 

E 

z 

Time (mln) 

F i g  i H y d r o l y s i s  o f  P N P G  w i t h  o I M N a O H  a t  55 ° a n d  65 ° 
AND METHODS 

o n . . ° ~ -  

15 

I:l 

O5 

pH 

P r o c e d u r e  is g i v e n  in  MATERIALS 

F i g  2 E f f e c t  o f  p H  o n  Km f o r  t h e  e n z y m a t i c  h y d r o l y s i s  o f  m e l l b l o s e  C i t r a t e - p h o s p h a t e  b u f f e r s  
w e r e  u s e d ,  a n d  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  3 °0 Km is  e x p r e s s e d  as  M 

Effect of pH 
The effect of pH on Km and Vmax of mehblose IS shown in Figs 2 and 3 The 

pKm-pH plot (Fig 2) shows the presence ofa  dlssoclable group on the achve site of the 
free enzyme with a pK of 5 75 (cf ref 8) The protonated (or undlssoclated) form of 
this group is required for enzyme activity because the enzyme-substrate affinity 
appears to decrease as the pH is raised The Vmax rises gradually as the pH is rinsed 
from 3 to 6 and becomes more or less pH-lndependent beyond that point (Fig 3) The 
rate of change of Vmax with pH 3-6 IS small The pH corresponding to half the ophmal 
velocity is found to be about 3 

The Km and Vmax of PNPG vaned with pH in a more complex manner Km IS 
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pH 
F i g  3 E f f e c t  o f  p H  o n  Z~max f o r  t h e  e n z y m a t m  h y d r o l y s i s  o f  m e h b l o s e  C i t r a t e - p h o s p h a t e  b u f f e r s  
w e r e  u s e d ,  a n d  e x p e r a m e n t s  w e r e  c a r r i e d  o u t  a t  3 °0 Vmax is e x p r e s s e d  a s / , m o l e s  o f  s u b s t r a t e  h y -  
d r o l y s e d  p e r  m l n  p e r  m g  e n z y m e  p r o t e i n  

F i g  4 E f f e c t  o f  p H  o n  t h e  e n z y m a t i c  h y d r o l y s i s  o f  P N P G  C i t r a t e - p h o s p h a t e  b u f f e r s  w e r e  u s e d ,  
a n d  e x p e r l m e n t s  w e r e  c a r r i e d  o u t  a t  3o ° P N P G  c o n c e n t r a t i o n s  w e r e  o 5 m M  ( O - - O ) ,  i o m M  
( X - - X ) ,  I 5 m M  ( 0 - - 0 ) ,  a n d  oo  (, e Vmax ) ( / ~ - - / ~ )  
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Fig  5 P l o t s  o f  Yopt/v versus H ~  c o n c e n t r a t i o n  
( © - - O ) ,  i o m M  ( x - - x ) ,  a n d  I 5 m M  ( O - - O )  Data.  o f  F i g  4 

F i g  6 P l o t s  o f  Vopt /v versus O H -  c o n c e n t r a t i o n  a t  d i f f eren t  P N P G  c o n c e n t r a t i o n s  
( © - - O ) ,  i o m M  ( x - - x ) ,  i 5 m M ( Q - - - O ) , a n d  oo (ze Vmax) ( A - - A )  D a t a  o f  Fag 4 
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at  d i f f e r e n t  P N P G  c o n c e n t r a t i o n s  o 5 m M  

o 5 naM 

practically independent of pH (o 57-o 87 raM, pH 3 o-7 5) except between pH 7 5 
and 8 o (Km : 2 I raM) The behavlour of Vmax is shown in Fig 4 Optimal velocity is 
observed at pH 5 7 There is a continuous fall in Vmax as the pH IS raised above 5 7 
The half-optimal velocity is observed at pH 7 I On the lower pH side, there is a small 
fall only to pH 5 o, and the Vmax is unchanged in the pH range 3 0-5 o This last effect 
seems to be a function of the substrate concentration, and the falhng part of the curve 
can be extended to lower pH's if the substrate concentration is lowered (Fig 4) As 
the half-optimal velocity could not be achieved on the acidic side of the pH optimum, 
the pH-sensltave part of this data was analysed according to the WALEY eciuatlong, a° 
The results are shown m Figs 5 and 6 The pK values of groups dissociating on both 
sides of pH optima at different substrate concentrations, as obtained from slopes of 
plots of Figs 5 and 6, are shown In Table IV The pK of the group dissociating on the 
acidic side seems to fall while that of the group dissociating on the alkahne side appears 
to increase as the substrate concentration is increased 

Hydrolyszs of dzfferent substrates 
Earher results suggested that mehblose and PNPG were hydrolysed at the same 

site in the enzyme moleculO Their behavlour with temperature and pH, however, 

T A B L E  I V  

DISSOCIATION CONSTANTS OF THE GROUPS ON THE ACTIVE SITE OF SWEET ALMOND (Z-GALACTOSIDASE 
AT DIFFERENT P N P G  CONCENTRArlONS 

P N P G  conch p i t "  a ptt'B** 
(raM) 

0 5  3 4  6 7  
i o  3 3  6 8  
1 5  3 2  6 9  

(* e ~ r  Vmax) - -  7 I 

* D i s s o c i a t i n g  on  t h e  ac id i c  s ide  o f  p H  o p t i m u m  
* * D i s s o c i a t i n g  on  t h e  a l k a h n e  s ide  o f  p H  o p t i m u m  
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TABLE V 

COMPARISON OF K m AND / t  V A L U E S  FOR CERTAIN ~ - G A L A C T O S I D E S  

In o I M acetate buffer (pH 5 5), 3 o°, K, was determined using PNPG as the substrate 

Compound Km K~ 
(raM) (raM) 

Methyl-a-galactoslde IO 9 12 5 ~ o 5 
Ethyl-a-galactosade 6 25 5 83 i o 14 
Mehbaose 2 24 i 95 zL o I 
Mehblose (citrate-phosphate 

buffer, pH 6 o) 4 25 3 76 ~ o 26 

were widely  different Therefore,  the  compet i t ive  Inhibi t ion of  P N P G  hydro lys i s  b y  
mehbiose  and  a lky l  ga lac tos ides  was examined  again  Table  V compares  Ki  values  of  
these  compounds  wi th  the  respect ive  Km values  and shows clear ly  t h a t  a lkyl  galacto-  
sides, mehbaose and  P N P G  (and p r e sumab ly  o ther  a ry l  galactosldes  and  raffinose) are 
all bound  and hydro lysed  at  the  same sate 

DISCUSSION 

Varia t ions  of  Km and  Vmax with  the  na tu re  of  the  subs t r a t e  4, t e m p e r a t u r e  and  
p H  bear  no resemblance  to each o ther  This suggests  t ha t  in the  present  case, Km ~ K8 
(~ e d issocia t ion cons tan t  of  the  e n z y m e - s u b s t r a t e  complex  into enzyme and subst ra te)  
The  s t r i c t ly  l inear  re la t ionship  be tween  pKm and I /T also suggests  t ha t  Km, an this  
case, is a s imple cons tan t  r a the r  t han  a complex  funct ion  of several  veloci ty  cons tan ts  

The p K  5 75 for a group on the ac t ive  si te as ob ta ined  from the  p K m - p H  plot  
for mehblose (Fig 2) mus t  refer to the  group as it  exists  in the  free enzyme and not  in 
the  e n z y m e - s u b s t r a t e  complex  because  the  curve concaves downward  and the sub- 
s t r a te  (melabiose) does not  have  any  dissoclable group in this  p H  range (cf ref  8) This  
group might  be an lmidazohum group ( l i tera ture  p K  value  5 6-7 o (ref I I ) )  The 
group showing a p K  of  7 I in the  e n z y m e - P N P G  complex  (pH at  Vmax (op t ) /2  in 
F ig  4) is p r o b a b l y  the  same group,  and  the  d i sc repancy  in the  two values  m a y  be due 
to  the  pecuhar  effect of  the  subs t r a t e  banding A rising t r end  in the  p K  of  this  group 
as a resul t  of  Increased sa tu ra t ion  with  the  subs t r a t e  is ind ica ted  in Table  IV 

The presence of  ano ther  group,  d issocia t ing at  a lower pH,  is c lear ly ind ica ted  
b y  Figs  3 and  4 I t s  p K  an the  free enzyme mus t  be 3 3 or higher  (see Table  IV), b u t  the  
same is lowered to  abou t  3 as a resul t  of  subs t r a t e  banding This group might  be a 
ca rboxy l  group ( l i tera ture  p K  value  3 0-4  7 (ref I I )  required as CO0 ) in the  ac t ive  
form of  the  enzyme The role of  this  group is less p ronounced  in the  ful ly s a t u r a t e d  
e n z y m e - P N P G  complex  (Vmax is p H - i n d e p e n d e n t  below p H  5) than  in an e n z y m e -  
mehbiose  complex  (continuous fall in Vmax below p H  6) 

I t  is in te res t ing  to  note  t ha t  the  subs t r a t e  (PNPG) b inding  lowers the  p K  of the  
group dissocia t ing on the acidic slde and raises t ha t  of  the  group dissociat ing on the  
a lkal ine  side of  the  p H  o p t i m u m  A similar  shif t ing of  the  two p K  values  was observed 
when chi to t r iose  was bound  to lysozyme 12 In  o ther  words  the  changes (p resumably  
conformat ional)  induced  b y  the subs t r a t e  in an enzyme molecule enlarge the  effective 
p H  range of  the  e n z y m e , ,  e the  induced  changes favour  the  ca t a ly t i c  reac t ion  13 
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I t  h a s  b e e n  s h o w n  t h a t  all  t h e  s u b s t r a t e s  a re  b e i n g  b o u n d  a n d  h y d r o l y s e d  a t  t h e  

s a m e  s i te  T h e r e f o r e ,  t h e  d i f fe rences  o b s e r v e d  in  t h e  effect  of  t e m p e r a t u r e  a n d  p H  w i t h  

d i f f e r en t  s u b s t r a t e s  m u s t  b e  a t t r i b u t e d  to  d i f f e rences  in  t h e  m e e h a m s m  of  r e a c t i o n  or  

in  t h e  n a t u r e  o f  t h e  r a t e - h m l t m g  s t e p  I f  i t  is p r e s u m e d  t h a t  C O O -  h a s  t h e  f u n c t i o n  of  

a b a s e  m t h e  e n z y m e - c a t a l y s e d  r e a c t i o n  a n d  l m l d a z o h u m  t h a t  o f  a n  amd,  t h e  e n z y m a t m  

h y d r o l y s i s  o f  a ry l  g a l a c t o s i d e s  w o u l d  b e  s o m e w h a t  s i m i l a r  t o  t h e  a c l d - c a t a l y s e d  r e a c t i o n  

(e g a h i g h e r  e n e r g y  of  a c t i v a t i o n  a n d  a d e c r e a s e  in  t h e  r a t e  of  h y d r o l y s i s  w i t h  m -  

c r e a s i n g  H a m m e t t ' s  s u b s t l t u e n t  c o n s t a n t  4) whi l e  t h a t  of  m e l l b l o s e  m i g h t  b e  s i m i l a r  

to  a c o n c e r t e d  a c t i o n  m e c h a n i s m  (e g l a rge  d e c r e a s e  in t h e  e n e r g y  of  a c t i v a t i o n )  

I t  ~s n o t e w o r t h y  t h a t  s i m i l a r  conc lus ions ,  n a m e l y  t h e  e x i s t e n c e  of  ac id ic  a n d  

b a s i c  g r o u p s  a n d  c h a n g e s  t a k i n g  p lace  in  t h e  m e c h a n i s m  or  p o s s i b l y  m t h e  n a t u r e  of  a 

r a t e - l i m i t i n g  s tep ,  were  a lso d r a w n  f r o m  spec i f i c i ty  s t u d i e s  4 
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