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v .  
Abst rac t 

The enzyme a c tin id i n  has been p urified an d s tudied 

chem ically and kinet i call y. 'Th e enzyme ha s man y s t ruc tural 

and kinetic similar i t ies with f ic i n and papai n .  Spe ci f i c i ty  

s t ud ies indicate a s t r o ng pr ef e r e nce for  a bas i c  s i de cha i n  

i n  the S 1 s i te, and competitive i n h ibit o r  b i nd i ng shows a 

Ina c t iva ti on preference f o r  an aromatic gr oup i n  the S2 s i te. 

s tudies s how the p res e nc e of o ne a c t ive thiol g ro up per 

enzyme molecule. 

The hyd rolysis o f  N�- c a r b o benzoxy-L-l y s i ne E- n i t ro p hen y l  

este r b y  ac t ini d in ha s been s tud ied in det a i l . The Michael i s  

c onstant, K , is dependent on groups i o n i s i ng a t  pH 3.75 m 

and 8 . 1 .  The turnover number, k t ' shows  l i t t l e  pH ea 

dep e ndence a t  low pH but a n upwa rd i n f le ct i o n d ependent  on 

a group i o n ising at pH 8.1. When the reac t i on i s  f o l l owed 

w i t h  enzyme c oncen t ra t ion i n  excess of subs t ra t a  c on c ent ra t i on 

a biphasic reaction is observed. This i s  i n t e rpreted b y  a 

mecha nism similar to that p r op o s ed f o r  fi c i n  and p apain 

catalysed hyd rolyses of this subs t ra t a . Th is me chnni s m  i s 

m o r e  c omp l i cated than the s imple acyla tion-deac yla t ion 

mecha n i sm no rmall y expected, involv i ng an i s o me r i s a tion of  

s ome kind . Microscop i c  rate c on s t a n t s  f or t he reac t ion  hav e 

bee n  calc ula ted. 

The s i gn i ficance of va r i ous p h y sico-chemi c al p r i ncip le s  

o f  catal y s i s h a s  b e e n  d is cus s ed i n  rela tio n t o  en zymic 

cata l y s i s . From a s tud y of th e imid a zo l e  ca tal y�ed 
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hyd r o lys i s  o f  N ,O- d ia c e t y l s e r i nam i d e , it  has b e e n  

c oncluded  t h a t  gene ral b a s e  catal y s is c ould p l a y  a much 

grea ter part  in  en zym i c  catalys is than had prev i ous ly 

been e s t imated . 
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SECT I ON I 

GENERAL INTRODUCTION 



1 .  EARLY HISTORY OF ENZYMOLOGY 

i) Gene ral 

The exi s t ence of e n zyme s  was known by inference in 

the early 1 9 th c en tury ( fo r  example Schwann, 1 8 3 6 ) ,  and 

there  was a grea t dea l of inte res t in enzymic ca ta lys i s  

even a s  early as 1 80 0  when the Academy of the F i rs t French 

1 

Republ i c  off ere d a p rize of a kil o  of go ld f o r  a sat isfactory 

answer t o  the question: "Wha� is  the d if f e re nce b e twee n 

'ferments' and the mat eri als they are f e rmen t i ng? " 

The disc overy of solution catalys i s  by  Be r z e lius ( 18 3 7 ) 

l e d  him t o  speculate  tha t " --- in li ving plants a n d  animal s 

thousands of cata lyt i c  p roces s e s  are tak ing p lac e between 

the t i s s ue s and fluids, p rod uc i ng the mul ti tud e of di s s i mi lar 

chemical compounds ---" and Liebig ( 1 8 3 9 )  subsequent ly a pplied 

the id ea to 'ferments•. He postula ted tha t 'fe rment s' were 

chemical catalysts an d did not r equire any 'vital force' t o 

exp l ain their act i on. Past eur, however, d i sputed thi s  id ea, 

ma inta i n i ng tha t fermentation could not oc cur i n  the abs en c e  

o f  a l i ving o rganism . I n  the meantime S chwann ( 1 8 3 6 ) had sh own 

t hat digest ive jui ce from the stomach con ta i ned a prec i pitable 

subs tanc e wh i c h  could break down protei n food. He named the 

'fe rment• peps i n .  Peps i n  was obviously not a liv ing o rgan i s m , 

eo i t  became necessary to divide ' ferments' i nt o  •unorganised 

feraent s' such as pepsin, whi c h  were n ot l ivin g organ i s ms, 

and ' orga nised f e rments' whi c h  were i n  fac t livi ng c el l s. 

The word 'en zyme• was not c oine d unt il 1 8 7 8 . ·  Kuhne ( 1 8 78) 

p ropos ed  the uoe of the word ( f roa the Greek € y �V jA � 
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mean ing "in y eas t " )  to d e s c r i be a l l  f ermen t s  wh i c h  may o c cur 

in y eas t or any other l iv ing organism. 

The controv e r s y  be tween L i e b i g  and Pa s t eur ( a p p l y i n g  

onl y to 'orga n i s ed ferme nts ' a f t e r  Schwann's work ) was 

f i na l l y  res o l v ed by Buchner in 1 8 9 7, wh o was a b l e  to prepare 

a c e l l  free y eas t extract capa b l e  of gl y co l y s is.  Th i s  

expe r iment s h owed conclus ivel y tha t  even proces s e s  due to 

'orga n i sed fe rments' c ould occur out s id e  th e c e l l. 

Th e f i rs t  e nzyme to b e  purif ied  and c r y s tal l i s ed was 

ureas e  ( S umne r ,  1 9 2 6 ) ,  and b y  193 8  ten e nzymes had been, 

i s o lated and c rysta l l is ed, and al l were fo und to b e  p r o t e i n s  

( No rthrop e t  al , 1 948 ). The numb e r  o f  known e nzymes i n  1 9 3 0  

was approxim at e l y  80 , and had ris e n  t o  ove r  1300 i n  1 9 6 8  

( B arman, 19 6 9 ) .  In t h e  l a s t  two d e cades the pro t e i n  

s truc tures o f  many en zymes have b e e n  worked out - n o t  onl y  

t h e  s e quenc e s  o f  am i no a c ids  ( of wh i c h  ove r  200 had b e e n  

wo rk ed out i n  1 968  - Dayhoff , 1 96 9 ) , b u t  a l s o  th e th ree  

d imens ional c onfo rmat ions  of man y enzyme s . Thes e  s tud i es  

hav e g iven us a c oap l ete p i c ture of  what a n  enz yme l ooks 

l ike , but d o  not  e xp l a i n  the catalyt i c  prop e r t i es of the 

mole cul e .  

i i ) Kine t i c s  

I n  t h e  p re s ence  of a g iven co ncentrat ion � e nzyme• 

the rate of r ea c t i on of a subs t rate f o l l ow s  no rmal f i r s t  

ord e r  k ine t i c s  o n l y  a t  l ow subs trata concentra t i ons, a nd 

c hanges to a zero order reac t i o n  at h i gh conc ent rat i on s . 

-

Thus a p l ot o f  reac t i on rate against  substrate conc entrat i o n  
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is hyperbolic ( instead o f  l inear as would be expected f or 

homogeneous cataly s i s i n  s olut i on ) . In ord er t o  exp l a in 

th i s phenomenon Brown ( 1 902 ) p ro p oa ed that th e s u b s tra ta 

b inds  to  the e n zyme to form a reac t i on i nt e rmed ia t e, and 

that the c hang e  f rom f i r s t  ord e r  to zero order k inet ics was 

due to s atura t i on of  the en zyme by subs t ra ta .  The s ame year 

Henri ( 1902 ) came to  the same c o nc l us ion f rom a mathe ma t ical 

i nt e rp re tat ion of the hype rbol ic p l ot. The resu l t s  of  the s e  

workers w e n t  unno t iced, and i t  w a s  Mi c hael is ( 1 913 ) who 

revived the theory of Brown and Hen r i  and s tud i ed it in 

d e t a i l. The the o ry s ub s e quently b ecame genera l ly known as 

the M ichael i s  the o ry . The e s s en tial f ea tures of the th e o ry 

are  embod ied i n  the mechanism: 

k
l k2 

E + s � ES � E + p � 
k_l 

The b i nd ing cons tan t f o r  the subst ra ta, which i s  known 

as the Michaelis constant <K ) is expres sed • 

k_1 >�k2. Th e rat e  of t he e n zyme cata lys ed 

V ,  is giv e n  by: 

V = 
V max 

K m 

as  K = 
k_l m k 1 rea c t i on, 

where Vmax is the l im i t i n g  maximum rat e  obs e rved at  h i gh 

s u b s trate concentra t ions. Briggs and Haldane (192 5 ) s h owed 

that if k2 i s  not much smal l e r  than k_1 the rate equa t i o n  

s t i l l  h ol d s  b u t  K 
m A graph ica l meth od f or 

i f  
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o bta i n i ng K and V m max was deve l oped independent l y  by Woolf 

(19 32) and L i neweaver and 

1 (1 
L-S_! . V= 

K • 
V rs 7 

Jll & XL. -

1 
Burke (193 4 )  us i ng a pl ot of y- v s. 

+ __!_ ) for single subst rata v
.ax 

reactions, or when only one sub strata i s  i n l im i t ing co ncen-

tra t ion. For mu l t i subs trata reac t ions , e nzym e s  requi r in g  

eo-fact ors, and enzymes show ing control mec ha n i s ms , mo re 

c ompl i cated k ine t i c s chemes have been work ed out , and there 

are now many ways of us ing graph ical me thod s  to i nterpre t 

rate data ( e . g .  D ix on and We b b , 1964 ) . 

2 .  PROI'EOLYTIC ENZYMES 

�Chym o t ryps i n  as a Typi c a l Protease 

For the inve s t iga t ion of the genera l charac te r is t ic s  of 
' 

the k ine t ic s and mechan i s m  of e nzy me s , i t  is desirable to 

s tart w i th a s imple system .  Hydrolytic enzyme s are preferable 

becaus e onl y one substrata need be cons ide red ( the othe r , 

water, be i n g  prese nt in exce s s ) .  Proteolyt ic e nz ymes are 

of te n c h o sen bec ause they are usual l y  monomer i c  ( a nd hence 

show no all o s t e r i c  effe c t s , and l i t tle s e ns i t i v i t y t o  i o nic 

s t rength ) , and becau se they hyd ro lyse s im p l e  model subs t ra t e s  

such as es te rs  and amides o f  amino a c i d s  and the i r  d e r ivat ive s . 

Chymo trypsi n  i s  used here to i nd i ca te the p r ogre s s of our 

unde rs tand i ng of enzym i c catalysi s  because mo st of the ge ne ral 

pr inciples of cata lys i s  by p r o teas es were f i rs t  d i scovered 

us ing cX.-chym o t ryps i n .  Thi s  i s  probabl y b e cause i t  is one 

o f  the eas ie s t  p r o tease s to o b t a i n  i n  pure fo rm. Our pres e nt 
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s ta te o f  understand ing of  the mechanism and p r inci p le s of 

chymotryp t ic h ydro l y s i� i s  s t i l l  far ahead of  that fo r any 

o ther p rotease , but as the mechan isms of other proteases are 

be i n g  eluc i d a ted , i t  i s  becom i n g  appare nt that nea rl y  a l l  

p r o teases have features i n  c ommon whic h  could exp l a i n  the i r  

cata l y t i c  a b i l i t y .  

For nearl y a l l  k i ne t ic and mechan i s t ic s tud ies o f  pro tease� 

model subs tratea are used. These can  be des i gned s o  th at th e y  

have ei ther good or bad l eav i ng groups i n  ord er to  s tudy 

d i ffe r e n t  s t e p s  of a r eac tion , and th ey  c a n  be d esi gned to 

con t a i n  ch romopho r e s  that give a change i n  ab s orban c e when 

h y d ro l y s ed. Th is  approach to und e rs tandin g  the mechanism  of 

an en zyme can be crit i c i s ed o n  the ground s tha t  the s u bs trates 

used in s uc h  stud i es are  not the natura l sub s tra tes fo r t h e 

e nzyme. The t y p e  o f  group be i n g  hyd r o l y s ed , however , is 

sim i l ar in the  case o f  est ers , a nd i dent i ca l  i n  t he case of 

amides , to that hyd ro l y sed in natural sub s trates , s o  i t  i s  

unl ike l y  tha t the mechanism  o f  hydro l y s i s  wi l l  d i f fer f or 

p o l y pep t ides . 

Usi n g  steady state meth o d s  it i s  p o s s ible to  d e t e rmine 

tha t a s ubst r a ta is  bound to t he en zyme bef o re it i s  hydro l y s ed 

and how s trongl y i t  i s  bound (from K ) .  The o vera l l  maximum 
m 

m o l ar .ra te o f  hyd r o l ys is can al s o  be determined from V if  
max 

the enzyme c o ncentrat i o n  is a c curate l y  known ( the ca tal y t ic 

rate c o n s tant , or  turnover num ber , k t' ia given b y: 
ea 

k 
cat • From the pH dependenc ie s  of s teady 
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s ta t e  param e t e r s  i t  i s  o f ten pos s i b l e  to d e d u c e  that an 

i o n i s i ng group plays a role in the ca t a l y t ic or b i nd i ng 

mec ha n i sm . I t  was f rom the d ep endenc e of k 
t 

on  the bas ic 
ea 

fo rm o f  a group i on i sing at  pH 7 that his t id ine  wa s f i r s t  

impl ica ted i n  the m e c han i s m  o f  chym o t ryp t i c  hyd r o l ys is 

( Hamm ond and Gu tf re und, 1 9 55) . 

I n f o rmation on the  catal y t i c mechanism can als o be  

d i s c overed f rom the effe c t s  ·on stead y s tate b e hav i our of  

var i ous comp e t i t ive and non-comp e t i tive inh i b it or s .  The 

p ic ture of the catalyt i c  mecha n i sm obta ina b le from s t eady 

s ta t e  s tud ie s , however, is far f roa c omp le te, and muc h  of 

the i nformat i on is inf eren t i al.  I t  has been p o i n t ed out by 

Gutfreund ( 197 1 ) " Th e  a l g e b ra of s teady s tate k inet i c s  i s  

n o  s ub s t i tute f o r  the d irect  o b serva t ion of t he f orma t i o n  

and d e c omp o s i t i on  o f  i n termed iates . "  

The d i rect o b s ervat i o n  o f  i n t e rmed ia t e s  in  an enzyme 

catalysed rea c t ion  involves e ithe r o b s e rvat ion of the reac t i o n  

o f  s ubs trata wi th  exc e s s  en zyme ( non-s teady s t a t e  k i net i c s) , 

or observat i o n  of the k i ne t i cs of rea c t i on pr i o r  t o  the 

a t t a inment o f  a s t ead y s tate when the s ubs trata conc ent rat io n  

i s  i n  exce s s  of t h e  enzyme c o ncent rat io n. I n  b o t h  cas e s  the  

ma j o r d iff i c u l t y  w i th the me thod i s  the rap id rate  of th e 

part  of the reac t i on t o  be o b s erved . Th i s  d if f i c u l ty can  t o  

a great ex tent b e  overcome by the use of flow methods. These 

method s involve rap i d  f o rced m ix i ng o f  en zyme and s u b s t ra ta 

s o l u t i ons th rough a m i x i ng jet and s u b s equent o b s e rvat i on of 

reaction. The app a ratus aost co••only used today is the 
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s t opped-f l ow s pec trophotometer or iginal l y  des igned by G i b s o n  

and Mi l nes (1964). I n  th is  app a ra tus enzyme a n d  subst rate 

s o l ut ions a re d r iven th rough a m ix ing j e t  i n to a s pec t ro­

p h o t ometer cell b y  means of two s imul tane o u s l y  d r iven 

s y r i nges . On the out let o f  the cell is a s to p  s yr i n ge, 

wh i c h  s tops the f l ow whe n i t  reaches the end of its  t ravel, 

and t r i ggers a rec o rd i ng dev ice (usual l y  a s t o ra ge 

o s c i l lo s c ope). Us i ng t h i s apparatus the change in abs o rb-

ance d ue.to  reac t io n  can be f o l l owed as s oo n  as 2 m s  a f ter 

the reac t i on has s ta r ted . The me thod is l im i ted b y  the 

t ime re q u i red f o r  m ix i n g  currents to subs ide and i t  i s  

t h e refore unl ikely that  the t ime res olut i o n  o f  the method 

c a n  be s i gnif i c a n t l y  i ncreased . 

The f i rs t o b s ervat i o n  of the effec t of p re-steady s ta te 

behav iour wa s b y  Har t ley and K i l by ( 1 9 54 )  wh o s howed t h a t  

plots for the rate of hydrolysis of �-nitrophenyl aceta te 

aga ins t t ime by chymo t r yp s in had a non- zero i ntercept a t  

ze ro t ime , and tha t the value o f  the zero t ime i n te rcep t 

was p ro p o rt i ona l to  the en zyme c oncentra t i o n .  Th i s  led them 

to  s ugges t the f o l l ow i n g  s c heme: 

E + S ---7 

where E = D(- c hymotryp s i n; S = �-n i trophenyl acetate; 

P1 = �- n i t rophenol; P2 = aceta te. 

Gut f reund and Sturteva nt ( 1 9 56 )  subsequentl y  f o l l owed 

the rea c t i o n  us ing  the s t opped - f l ow me th od and found tha t an 

in i t ial ra� i d  abs o rbance r i s e  ( or "bur s t")  o c cu rred in  t he 

reac t i on, f o l l owed b y  a s l ow ch ange due t o  t he s tead y  s ta te 



8 

hyd rolys i s .  Th is  behav i our  was ra t iona l i s ed in  the fol l owi ng 

s c heme : 

E + S 

The ma i n  d if f e rence  between this  and the  schem e of 

Har t l e y  and K i l by is  that  subs trata is  bound t o  t he enzyme 

i n  an equil i brium reac t ion p ·r ior  to  the ac ylat ion  step . 

E qua t i ons  were d e r ived relat i ng the obs erved bu rst s ize an d 

rate to  the m i c r os c o p i c  rat e  cons tants o f  th i s  s cheme . The 

obs e rved behav i ou r  requi res tha t k2)) k3 , s ince  t he rap id 

a b s orbance a t  the beginning of  reac t io n  is d ue to c onve rs i on 

o f  mos t of  the en zyme to  EP2 with c oncurrent rel eas e of P1 , 

the p roduc t  wh ich  is  bei ng observed . Th i s  s tep i s  l imited 

by k2 unt il  most  of the enzyme is i n  EP2 form and then k3 
becomes rate  l im i t i ng as  i t  l imits  the rate  at  whi ch enzyme 

becomes avai lable  f o r  reac t i on with more subs trata.  Mic rosc op ic 

rate constants  are  theref ore o bta inable from exp res s ions for 

the burs t rate , bur s t  s ize , and s t eady  state  co ns tant s . 

For  the a bove mechanism i t  was pos tula ted  th at  EP2 
m i gh t  represent  an  ac yl  derivat ive of the a c t ive s it e  s e r in e  

res idue of chymotryp s in . The ex i s tence  of a n  ac et y l  d e r ivative 

of chymot ryp s in  during  the hyd ro l y s is of n i trophenyl  acetate  

had  been  shown b y  Bal l s  and Wood ( 1 9 5 5 )  but  it  was no t known 

whether this  d e r iva t ive  repres e nted an intermed iate  on  the 

ma in reac t ion  pa thway , or mere l y  the p r oduc t of a s i d e  

rea c t i o n . Ev id ence in  favour o f  an ac yl  d e r ivat ive of the 

enzyme b e i ng an intermed iate on the ma in  reac t i on path way  
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was summa r i s ed by Bender (1962• 1964a). 

1 )  A number of a cyl -en zymes had been i s o lated , and the 

enzyme could ofte n be reac t ivated  by attack of nuc l e ophi l e s  

o n  the acyl-enzyme . 

2) When chymotrypsin hydrolys ed  esters of cinnami c  ac id , 

the f orma t i on and breakdown of a c innam oyl d erivati ve of 

the enzyme c ould be o bserved spec t rophotomet rica l l y  · 

( Bend e r  e t  al . ,  1 9 6 2 ) . 

3 )  The pre -stoady s tate experiments d es cri bed above c an 

be e xplained by the f ormat ion of  an ac y l enzyme intermed iate 

<EP2 ) .  

4) Rates  of c h ymo tryp t i c  hyd rol y s i s  o f  a s e r i es  of es ters 

of  N-acotyl tryptophan were id en t i cal w i th in exp e r imental  

e r r o r, ind ic a t ing a c ommon rate  l imi t i ng step, i.e . the 

hydro lys is  of  N acetyl  tryptophanyl ch ym o t rypsi n  ( Zerner 

et al. ,  1 9 6 4 ) . 

5 )  The e f f e ct of vary ing pH , solvent compos i t i o n  a nd s t ru c ture  

of  s ubs trata , on the catalytic ra t e  constan t of  chymotrypsin  

catal y s ed e s t e r  hydrolyses , wer e  para l l el ed by s imilar e f f e c t s  

on  the rate s o f  d ea c y l a tion of acyl  enzyme intermediates . 

It was p ostu l ated on the ground s of th e prin c i p l e  of 

micros cop ic  r eversibil i t y , and the apparent symmetry of the 

reac tion, that the d eac ylation mechanism is the reverse  of 

the acylation  mec hanism , but with water  as an ac y l  acceptor 

instead of the a l c ohol original l y  pres ent in the sub s trata 
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(Bender  and Ke zd y, 1 9 64 ) . From the pH d e pend en c e  of t he 

d ea c y l a t i on rat e  c onstant ,  and the large d e u t e rium i s o tope 

e f f e c t  s e e n  i n  th is  s tep , it  was d educ ed that the catal y t i c  

mechan i s m  inv olved a gene ral bas e , o r  p os s i b l y  a c ombinat ion 

of  func t i ona l i t i e s  s uc h  as a gene ral ac id and a general 

base ( Bend er et a l . , 1962 ) .  From studi es o n  the k i net i c  

s p e c i f i c i t y  o f  t h e  d eac y l a t i o n  reac t ion i t  was sh own tha t  

the  energy o f  a c t iva t i o n  f o r  deacylat i o n  showed l i t t l e 

depend ence on the t yp e  of acyl group us ed, but tha t  the 

entropy o f  ac t i va t i o n  varied w i d e l y. Th e s p e c if i c  subs tra t e s  

h a d  much m o r e  f avourabl e entrop ies of act i vat i on , indi ca t ing 

that b in d i ng o f  t h e  acyl group at  the specif i c  s ubs i t e s  mu s t  

c ause the a c yl enzyme bond t o  be co rrec tl y al i gned i n  th e 

a c t i v e  s i te  f o r h yd ro l ys is ( Bend e r  e t  al . ,  1 9 64a ) . Ev idence 

was  p resented impl i c a t i ng an  imidazole group as the general 

bas e  catal y s t  i n  d eacylat ion (and ac y la t io n ) ,  a nd it was 

al s o  p o s tulated that imidazole  acts as a gene ral ac id c atal y s t  

in t h e  a c y la t i o n  ( a nd p o s s ib l y  deacy lat i on ) s t ep . A s  a 

' result o f  all known facts about the mechan i s m  of  chymotryps in 

cata l ysed hydrol ys e s , t h e  fo llow i ng mech a n ism waa propos ed 

<Bend e r  and Kezd y , 1 96 4 ) f o r  the  d ea c y lat1on s t e p: 
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From a cons i derat ion of the abov e mechanism  and the 

thermodynamic  ac t ivat ion parameters obta ined i t  was 

pos s i b l e  to  exp lain  the rate of hyd ro l y sis of N-ac etyl-L-

tryptop hanamide  by  �-chymotryp s in in terms of five effec t s  

whi c h  together  g i v e  a n  enhanc ement over th e r a t e  of hydroxid e  

cata lys ed hyd rolys i s  s im i lar to tha t obs e rved expe rimental l y  

(Tabl e  1 ) .  

Th is d es c r ipt ion  of the en zyme mech anism  was p robabl y 

the first  attemp t to ra t iona l i s e  the catal y s is of p roteo-

l y t i c  enzyme s on a purel y phys i c o-chem i c a l  basis . 

The mos t s i gn i f icant  advance  in  our unders tand ing  o f  

the  mechanism of chymotryp t ic hydrol y s i s  s ince  1 9 6 4  has 

c ome from the elucida t ion of the  three d imens i o nal mol ecul a r  

s truc ture of the enzyme by  X-ray c rys tal l ography CMatthews 

et a l . ,  1 9 6 7 ) . From t h i s  s t ruc ture i t  can be s een th at the 

a c t ive serine  s id e  cha i n  ( s e r  1 95) is  very c lose  to th e 

imi d a zol e s id e  c ha in of h i s t id i ne 5 7 , wh ich is  p robabl y 

the general base  c a talys t of a cylati on and d eacylat ion . 

The Nt2 atom of the imida zole ring ap pears t o  be  hydrogen 

bond ed  t o  the hyd roxy l  proton of s e rine 1 9 5  in the free 

enzyme and the carboxylate s id e  chai n of the aspa rtate 102 

res idue  i s  hydr ogen bonded to th e proton  on  t he N61 a tom 

of the h is t id ine res idue ( Blow et al . ,  196 9 ) .  Th is aspartate 

side chain is in the hydrophobic core o f  the enzyme so its  

i n t e rac t i on w i th th e h i s t id i ne is very s trong , inc reas ing 

the bas i c i ty of the imidazole  ring and al so ens uring tha t  

it i s  rigid l y  h e l d  i n  p os i t i o n  in t he a c t ive s �te . The 
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TABLE I 

K INETIC FACTORS RESPONSIBLE FOR THE DIFFERENCE BETWEEN THE 

HYDHQXIDE ION AND o(- CHYMOTRYPSIN CATALYSED HYDROLYSES OF · 

N ACETYL L TRYPTOPHANAMIDE
* 

Rate constant of h y d ro x i d e  ion  catalys is 

1 )  Conversion to  intermol ecular bas e 

catalys e d  r eac t i on inv olv ing 

imid a zole (1.6 x 1 0 - 6 ) 

2 )  Conversion t o  in tramo l ecular  c atal y s i s  
( 10 M) 

3) Change in rate determin ing s t ep f rom 

hydro l y s is to  al c oholys i s  ( 10
2

) 

4 )  Freezing of s ubstra ta ( 10
3

) 

5 )  G�neral acidic ca talys is by im idazole 

( 10
2

) 

• • Cal cula tE:-cl onzymic rate 

Observed enzymic rat e  

* 
From Be nder et al . ,  1 9 6 4a 

- 4  - 1  - 1  
3 x 1 0  M s ec 

- 1 0  - 1  . - 1  
4 . 8 x 10 M sec  

-9 - 1  
4 . 8  x 1 0  sec 

-2 - 1  4. 8 x 10 sec 

- 2  - 1  4 . 4  x 10 sec 



e f f ect of the a s p a rtate s i de cha i n  o n  the ba s i c ity o f  the 

i m i d a z o l e  group has bee n  po stulated to be through the 

opera t i on of  a "charge relay s ystem" . The c onsequent 

mechan i s m  o f  cata l y s i s  w i l l  the ref o re b e  as  f ol l ows 

( Bl ow and Ste it z , 1 9 70 ) : 

b) Deacylation step As� 
e-o 
I 
� 

. · if· � · ( ,,,_,,. · H··O� . I) 1-' HiS-57 ,.0 C-R 
· · H 11 . J 0 
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I 
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H I N)J . 
-�N- . ( S�r-195 

· H · ·O� I I His-57 .,N C -R 
· R' I 11 "H 0 

A� . 
e-o I 0 
I H 

. �N)l .. 
0 N, l S�r-195 H··O� 

Hos-57 .,...o-c, · 

H ( 11 R . 0 . . I 

From thi s  mecha n i sm it ca n  b e  s een that im i d a zo l e  

acts a s  a gene ra l ac i d- ba s e  c atal yst , but it s b a s i c ity i s  

enhanced b y  the c a r boxy l ate i on , and its ac i d ity is 

enha nced by the car boxyl  group , of  aspa rtate 102. 

1 3  
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From the p reced i ng a r guments it can be s e en tha t at 

l east som e of  th e phys ico-chemical facto rs i n  e nz ym ic. 

c a ta l ys i s , as exempl if i ed b y chymo t ryp t ic hyd r o l ysis , 

14 

have b e e n  e l uc ida t e d . Present  est i ma t i o ns of  th e r e l a t i v e  

importance of these effects to enzym i c  ca ta l ys i s  a r e , 

however, vague , and a m o re d e ta iled i nves t igation o f  _ 

phys ico- chem ical e f f ects wh ich are u t i l is ed i n  e nzym ic. 

cat a l ys is i s  requ i red . 



SECTION I I  

THE PLANT THIOL PROTEASES 



1. INTRODUCTI ON 

1) General 
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Thiol proteas es can be obt a i ned f rom a numb er of p lant s  

which s how n o  o b vious taxonom i c  r e l ationship inc luding Carica 

paRa�, various  Fie�� species, Anan us co mosus , Pil eus mex ica nus, 

Br�melia pin�uin, Asclepia spegiosa, Tabermonta na grand if l o ra , 

Euphorbia l�thyris and Actinidia chinens is  ( G l a z e r  and Smith , 

1971). 

Of the se enzymes on l y two, f ic i n  and papain , have been 

s tud ied in de tail kine tical l y, and of the s e  onl y papai n  ha s 

be en studied b y  X-rny crysta l lography t o  reveal the three  

d imen sional structure. Some of the physical  and c hemical 

f eatures of bromelain have also been worked out. 

F i cin and papain are obvi ous choice s f o r  stud ie s on 

enzymic catalys is as they are both monomeric pr oteo l ytic 

enzymes. They are readil y  o b ta i ned and reasonably stable and 

hence c onvenient to work with . It is of  interest to s tudy 

plant thio l p roteases f o r  the f o l l owing rea s o n s :  

a) they prov i d e  an alternat ive p roteol ytic system to the 

serine p rot ea ses; 

b) t hey are p lant p r oteas es , whil s t  th e s e rine p roteas os 

that have b een s tudied are a l l animal o r  bacte rial 

e nz ymes; and 

c) b ec aus e they contain a dif fe rent ac tive sit e  residue, 

c y steine. 
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Bec ause the y  are s o  tota l l y  unrelated , any sim ilaritie s 

between the two types  o f  prote o l ytic enzyme that may oc c ur 

c an only  b e  c o n s equences  o f  their fun c tion . This argument 

can be extend ed to similarities wi thin th e p lant thiol proteas ea 

thems e lves , sin c e  the p l ant s f rom wh ich the s e  en zymes are 

o btai ned are taxonomic a l l y  divers e ( Ananus c omosus is 

monoootyled onous , but mo s t  o f  the othe r thiol p rotea s e s  are 

f ound in dic ot y l e d onous plants) , a nd al though th e y  al l havG 

an ac tive thiol g roup , othe r s im i lariti e s  are most likel y to 

be consequen c e s  of  th eir function . 

S i nce more is  known of  the s tructure an d f un c t i on o f  

papain than any othe r p lant th i ol protea s e , pap ai n wil l  b e  

c o n s i d e red in  more d eta il, and relevan t k i n etic studies on 

ficin wil l  al s o  b e  c o nsidered . 

Proteolytic ac tivit y  in papaya latex was known as earl y 

as  1 879 <Wu rtz and Bouchut , 18 7 9 ) and it was shown that the 

active c omponent of the l atex , wh ich d i ge s t ed f i b r i n , wa s an  

ttal buminoid  body" (Wurtz , 1 8 8 0 ).  It was sh own that th e 

en zyme c o u l d  be  ac tivated by H2 S and c ya n i d e  (Mendel and 

Bl ood, 1 910 ) , and this was take n  a s  evidence  f o r  the 

e s s e nt ial ity o f  a s u l f hyd ryl gro up f or ac tivi t y. Sul fhyd ryl 

groups were then known to be s ensitive to oxidation to 

dis u l fid e s , which c ould b e  re- reduc e d  by H2S; and the y we re 

a l s o  shown to b e  s ens itive to h eavy metals , which could b e  

r emoved a s  a c ya n i d e  c oap l ex . Papain was the fir•t p r otea s e  

•• 
to be shown to hydrolyse a s ynthetic p eptide ( Wil lstatter and 

Gras sman , 1924). 
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Th e  first c r y stal line p reparatio n o f  papain was achie ved 

b y  Bal l s  et a l. ( 1 9 3 7 ) f rom f resh papaya la tex. Due t o  the 

d i f fi c ulties i n  obta i n ing fre sh latex, li t t le wo rk was 

carri ed out on the e nzyme until a method wa s found for 

prepari n g  i t  from dried lat e x  (Ki ame l  and Smith, 1 954). 

Papain is ve ry stable , resisti ng heat d e naturation a t  neutral 

pH (Lineweaver and S chwimmer , 1 9 41) although it is rapidly 

inactivated under ac i d i c  c onditions even a t  room temp e ra ture. 

It  remains act ive i n  9M u rea s o l ution . The pure enzyme has 

a molecu l a r  we igh t of 2 3,400 ( �1 i t che l e t  al . ,  1 9 70 ) . The 

amino acid c ompo sition of pap a i n  is recorded in the expe r iMental 

se ct ion. A tentative s equence was publishe d by  Light et a l . 

( 1 964), i dent ify ing c y steine 25 as the active group. Using 

th i s  a s  a guid e , Drenth et al . ( 1 968 ) de t e rm i ned a three 

dim e nsional s t ructure f rom X-ray c rysta l l ographic s tud i e s .  

Very lit t l e  struc t ural work has b e en d one on fic i n  a s  

preparations u s ua l l y  c o ntain s ev e ral i s o e n zyme s . Some of  

the s e  isoenzymes have been i s o la t e d  a nd cha rac t e r i s ed 

(Englund et al., 1 968 ) . The is oenzyme s are ver y  similar in 

si ze, and it is lik e l y  that the amino a c id s equ enc e a round 

the active site is the s ame (Lien e r  and Frie d en s en, 1 9 7 0 ).  

For  kinetic and m echa nis tic studi e s  f i cin i s  usua l l y  regarded 

as a singl e e n zyme. 

11) Specificity 

From st udies usi ng peptide& and p r oteins as  substratea, 

it was s hown that papain had a v e ry broad apecificity, which 

could not e asily be explained (reviewe d by Hill, 1 9 6 5). 



Papain and fic i n  both c ata lyse the hydrolysis of  est ers, 

thioles t ers and amides of s imp le am i no a c id d er i vat ive s, 

est ers be i n g  more rapidly hydrol ysed than amid e s . 

1 8  

Kimmel and Sm ith ( 1 957 ) showed that am i d es and e s t ers of 

basic amino a cids were hydro lysed by papain much f as ter 

than thos e o f  neutral or acidic ami no acids . From the X ray 

crysta l l o graphic resul ts of Drenth et al . ( 1 9 68 )  i t  can be 

s een that the fo-carboxylate grou p of aspartate 158 is present 

in the active sit e  in a p osition that would favour the 

binding of a substrata with a positively charged s ide chain . 

Until rec e ntly, however, the predominant s pecific ity of the 

enzyme was not f u l l y  understood. Recen t s�ud ies ( Sc h ec t er 

and Berg er , 1 9 70 ) have shown that the a c tive si te of papain 

has b i nding af finity for a c ha i n  of seven amino ac id  res idues, 

four o f  which occur on the a c y l  s i d e  of th e p eptide linkage 

that is c leaved . From the dis sociati on con stants f or t he 

b i ndin g  o f  pep tid e inhibit ors it  was shown th a t  a l though the 

presence of a basic s ide chain on the amino a ci d  adjac e n t  to 

the ac tive site CS1> may enhanc e b i ndi ng by an order of 

magnitude , the presence of an aromatic sid e chain in t he 

p enultimate CS2 ) binding sit e  can  e nhanc e b inding by two to 

three ord ers of magnitud e . Th is res ult8 in a s pe cificity for 

the amino acid residue or o ther subst ituent on the amino group 

of  the amino acid residu e in the S 1 si te in a p eptid e or 

mod e l  substrate rather tha n  for the amino acid in the S 1 s i t e  

its e l f  a s  is the case for the serine proteases. I n  sp ite of 

this s pecificity  the overa ll s p e cificity of papain is very 

broad, and when pro teins are hydrol ysed by papai n  (or ficin ) 
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a w i d e  va r i e ty o f  pept i d e s  is pr oduced. 

For k i net i c  and m e chan istic s tudies the most c o nvenient 

substrate s are e s t e rs o f  am ino ac id der iva ti ves. The m o s t  

use ful sub s trate f o r  as s a y  pur p ose s is  Nt;<.-ca rbo ben zoxy - l y s· ine-

p - n i tropheny l e s t e r  (Z-l ys-pNp) wh ich f ul f i l s  the re quirement 

f or a ba s ic group in the S
1 s i t e, . and an aromat i c  g roup, the 

carbobenzox y fun c t i on, in the s2 s i te. The p-n i tr oph enyl e s ter 

is c onvenient s ince p-n i tropheno l is a good leav ing group 

and the r e lea s e  of p-nitrophenol  ( o r p-nitr ophen o l ate ion) 

c a n  be read i l y  o bserved spectropho tomet r i ca l l y .  

i i i) Steady S tate K inetic.Land Mechan isra of j:ster H_xd r o lys i s : 

Th e ex i ste nce of a thioacyl enzyme interm e d iate in 

p apai n  c a ta l y s ed hydro l y s i s  was f i rst proposed by Weisz ( 19 3 7) 

on the ba s i s  o f  the known essen t iality of a th i o l  group f o r  

e nzymic a c t iv i ty, and th e ease o f  hydrolysis of th i o l e s ters. 

Th i s  prop o s a l  r e c e ived l i t tle a t tention, and the theory was put 

�f orward aga in in 1 9 55 (Smi th et a l . ,  1955), based on kin e t ic 

and chem i c a l  ev idence . 

0 0 
11 11 

E-SH + R-C-X E-S-C-R + HX 
k 0 
---) E-SH + RCOOH 

Like the f irs t model  f or the c hymotryp s in mechanism , th is 

mode l did not i n c lude the f o rmat i on of an e n zyme - sub strata 

c omplex , but re gard ed  the f ormat i on of th e acyl onzyme as  the 

b inding s tep . I n  th i s  mechan i s m  i t  was assumed tha t k
0

>) k_1 

and hence that = 
k 0 
j{ ·  Jl 
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The mecha n i sm wa s shown t o  b e  inadequa t e  b y  Wh i t ak e r  and 

Bender ( 1 96 5 ) ,  be cause for amide hyd rolysis the a c y l a tion 

s t e p  ( k2 ) is ra te l imiting , whi l e  f or eater hydro l y sis the 

d ea c y l a tion s tep ( k 3 ) is ra t e  limiting. 

E + S ES 

Bel l  shaped pH p rofil e s  were ob tai ned f or in b o th 

c a s e s , but the pH p ro fil e fo r k3 was sigmoid . The pH 

fi 
k2 p r o  l e  of  f o r  a number of model subs tra tes, b oth e s t e r s  
K 

s 

and amide s, s hows d epend enc e  on two groups with pK 'a of a 

approximat e l y  4.3 and 8 . 2 at 25°C ( Gl a ze r  and Sm i th , 1 9 7 1 ) . 

The group ionising at  pH 8. 2 was shown to have an enthal p y  o f  

di s s o c iation of  5 . 1  kcal/mol e  a t  0°C (Smith a n d  Parker ,  1 9 58 ) .  

This value and t h e  p K  o b tained a r e  typical o f  values  o btai ne d a 

f or ionisation o f  thiol groups, s o  the alkaline limb o f  t he 

pH p rofile was a t tribut ed t o  ionis ation of the ac tive thiol 

group . The acid l im b  of  the pH p rof i l e  was a t t ri but ed  b y  

Sm i t h  and Pa rke r ( 1 9 58 )  t o  a c arboxy l group . In a s tud y o n  

t h e  pH d epend enc ies of  f icin c a ta l y s ed hydro l y s e s  of �-be n zo y l -

arginine ethyl est e r  ( BAEE ) and the corresp onding amide, pK ' s  a 
o f  about 4.4 and 8 . 5 were found , and t h e se were al s o  attribut e d  

t o  1onisat1ons of  a carboxyl and ac t i v e  thio l  group r e s p e c tive l y , 

indicating the likelihood o f  a aia i l a r  me cha nism to tha t of 

papain - (Hammond and Gut f reund , 1 959 ) .  

Th e  sugges tion o f  a thio a c y l· enzyme int e rmedia t e  i n  pap ain 

catalysed hydrolysis was conf irm ed by a numbor of experiments 

in 1 9 65 and 1 966 . Lowe and Wil liams ( 1 9 65a ) were able to 
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o b s e rv e  s p e c t ro p h o t ome trical l y  t h e  fo rmatio n of a t h i oacyl 

e nzyme i n termediate dur i n g  t h e  papain c atal y s ed h y d ro l y s i s  

of me thyl th i onh i p purat e. I n  an o t he r s t udy they sh owed tha t 

k 
t 

for a s e ri e s  of hip pur i c  acid e s t e r s  wa s e s s e n t i a l l y  
ea 

. -1 c o ns tant (2-3 s ec ) al t h ough t h e  l eav in g gr oups vari e d  

wid e l y  (Lowe and W i l l iams , 196 5c). 
• •  

K i r s ch and I ge l s t r om 

( 1 9 66) s h owed that k 
t 

value s for pap ain c atal y s ed hydro l y s e s  
ea 

of �-, �- and �-ni t r o p h e n y l , and e th yl e s t e r s  of N-carbo benzoxy 

g l yc i n e  were the same, al though rat e s  of al kal i n e  h ydr ol y s i s  

f o r  th e s e  s u b s trates var i e d  over t w o  o rd e r s  o f  ma g n i tude. 

Be nder and Brubache r  ( 1 966 ) al s o  s h owod t ha t  fo r a 

s e r i e s  of N -car bo benzoxy-l y s i ne de rivat iv e s k 
t 

was c on s t a nt 
ea 

I n  o rder t o  fu rthe r study t h e  acyl e nzyme i n t e rme dia te 

and the deacylat i o n  s tep , Bru bache r  an d Bend e r  ( 196 6 )  p repared 

the acyl enzym e trans c i n namoyl papa in. It was s h own that 

the deacyl a t i o n  of t h i s  is f i rs t  o rder in acy l enzyme , and 

dep e ndent on a group of pK
a 

4 . 7 .  I n  D
2

o an is o t o p e  effect of 

3.35 was ob s e rv e d  i nd i cating a rate l imit ing p r o to n  t rans f e r. 

Th e deacylat i o n s t e p  was catalys ed by nucl e o p h i l e s wh i ch 

comp e t ed w i t h  wat e r  f o r  t h e  ac yl g roup. Am i ne s  were fo und t o  

b e  b e t t e r  cata l y s ts fo r d eacyla tion than a l c o h o l&, a nd th e 

rat e s  of ami ne o r  alcoh o l  reac t i on w i t h  the ac yl enzyme 

in t e rmediate we re dep endent o n  th e  s t ruc ture of th e a l kyl 

group, whil e the bas i c i t y of the nuc l e op h i l e  was un imp ortant . 

From these f i nd i n g s  i t  was c o n c luded tha t the d eac y lation 

st e p  i s  general base cataly sed b y  a group w it h  a pK of 4. 7 .  
a 

A subsequent study on the enhancement of papain catalysed 
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h y d ro l y s i s  of N- c a r bobenzoxy tryp t ophan �-n i t r opheny l  e s t e r  

b y  add ed nuc l e ophil es (d eac y l a tio n  i s  rat e  d e t e rmining fo r 

th i s  s u b s t rata) sh owed that th e s t ru c ture of the al k y l  g roup 

of t h e  nuc l oo p h i le has a p r ofound effec t  on t h e  ra t e  (Fink 

and Bend�r , 1 9 6 9 ) .  Longer c hain a l c ohols are aore effe c t i v e  

c a t a l y s t s  o f  d e ac y la t ion than s h o r t  c h a i n  ones , c onsis t ent 

wi t h  t h e  hyp o th es i s  that the re i s  a s p e c ifi c binding sit e in 

the enzyme , enzyme s u bs t ra t a  c om p l ex , and a c y l  e nzyme , for 

t he se nuc l e oph i l e s .  

The pre s ence of a h i s tid i ne sid e c hain in t h e  a c t ive s i t e ,  

wh i c h  c ou l d  b e  t ·h e  group of pK 4 . 7  respons i b l e  for catal y s i s  a 

of (ac y l a t i on and ) d ea c y 1a tion was fir s t  p o s tulated b y  Lowe 

and Wil liams (1 9 6 5 b , o ) on the basis of imid a zo l e  cat a l ys is 

of h y d ro l y s i s  of s imp l e  thio l e s t e rs .  D i re c t  evidenc e for a 

h i s t idine re s id ue in c l o s e  p roxim i ty to th e ac t ive t hio l 

group was o b ta ined by inac t ivat ion of t he e nzyme using 1 , 3 -

d i bromoac e t one (Hus a in and Lowe , 1 9 6 8a ) . Th is bifunctiona l 

reagent c ros s link s reac t ive group s with in a radius o f  a b out 
0 

5A o f  eac h  othe r . Sub s e que nt anal y s i s  of th e inac t iva t ed 

enzyme r ev e a l e d  that the  ac tive thio l  g roup had been c ros s 

l i nk ed to t h e  i m i d a zole group of a his t i d ine re sid ue .  Simila r  

r e s ul t s  wer e  o b t a ined when the experiment was c a r ried out on 

ficin and bromelain (Hus a in and Lowe , 1 9 6 8 b ) .  The p r e s enc e 

o f  t h e  imida zo l e  s i d e  c h a in of his tid i ne 1 59 ·in c l os e  p r oximity 

t o  the  a c tive t hiol g r oup of c y s tein 2 5 was c onfirmed b y  t he 

X- ray c ry s tal 1 o graphic s t ructur e of Drenth e t  al . (1968 ) .  

Fu rther s tudies on the hyd rol ys e s  of a s e rie s of esters of 

h i p p uric acid , and of gl yc ine , l e d  Luc a s  and \Vil llams ( 19 6 9 ) 
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t o  p ropo s e  that the acidic pK
a 

obs erved i n  both the k2 

( ac y lation) and k3 ( d eacyl ation) s t ep s is d ue t o  the im id a zo le 

s i d e  c ha i n  o f  his tidine 1 59 . I n  the a c yl ation s tep the 

im idazole group wou l d  a c t  as a g e ne ral base a b s t ra c ting a 

proton f rom the a c tive thiol group , facilitati n g  its attack 

on  the s u b s t ra ta , and in the d eacyl a tion s t� i t  would act 

as a gene ral bas e abs t ract i ng a pro to n f rom t h e  a ttack i n g  

nuc l e oph i l e  ( us ua l l y  water) .  The per turba tion o f  th e pK a 

o f  the imidazo l e  group f rom 6.0 (in h is tidi ne) to 4 . 5 ha s 

b e e n  attribu ted to hydro gen bonding of  the im ida zole to the 

amid e ca rbo nyl of a spa rag ine 175 . Recen tl y  Po l gar ( 1 973) 

has suggested that t h e  l ow pK may be d ue to intera c ti o n  of a 

the imida zol e group w i th the ind o l e  group o f  tr ypt ophan 177 . 

In the s ame s tud y  it was f ound that  the re was no  deu t e rium 

iso tope e f f e c t  f o r  th e reac t i on  o f  th e  active thiol gro up 

w i t h  the  inhi bitor chl o roace tam id e .  This suggested that  i n  

the a l k yl a t i o n  reac tion, gene ral base ca talysis d oe s  no t occu r, 

a nd that i n  the f re e  enzyme the i m id a zol e  is pr o tonated 

whil e t h e  thiol group is not , f o rming an imidazol ium- th iolate 

ion pair . As suming that acy l a tion and d eacyl ation s teps 

o c cur  by the f o rma tion o f  te trahe d ral interme d i at e s  (Jencks , 

1 9 6 9) ,  the mod e l  of  P o l ga r  ( 1 973) predi c ts tha t th e e f f ect 

of the imid a zol e in cau sing ion pa i r  f ormation woul d be  to 

facilita te f orma t i on of a tetrahe d ral intermediate . In 

d ea c y l a t i on the imida zo l e is known to ac t as a general bas e  

ca tal ys t ,  aga in enhancing th e rate o f  f o rmation o f  the 

t e t rahedral in te rmediate . In this model ther e f or e ,  acy l a t i on 

is not the reve r s e  of  d eacy l a tion� i . e .  th e mechanism i s  not 

s ymme t ric al . 
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Stud i e s  on the mechan ism by Lowe and W i l l iams ( 196 5c ) 

and Lowe and Yuth avong ( 1971  a,b ) indicate , however, that 

the mechan isms for acy l ation  and d eacylat i o n  a r e  s ymmetr i c al, 

i nvol v in g  gene ral b a s e  c atal y s i s  in the f o rmat ion of  the 

tetrah edral i n t ermedia te , and general acid c atalys i s  in the 

b reakd own o f  the tetrahedral i nte rme d iate . The k i net ic 

s p e c i f ic i ty of papain f o r  hydro l y s is of a s e ri es o f  esters  

and an i l i d e s  of  N-acy l-gl ycine d er iv a t ives has b e en s hown 

to ref l ect the s p ec i f ic ity of the rate of the a c y l at i on s t ep 

and it was found that f o r a s e r ies of  an111d e s  of  a s p e c i f i c  

and a non-s p e c i f i c  sub strata, ident i cal  Hammet r' valu es of 

-1 . 0 4 were o bta ined ( Lowe and Yuthav ong , 1 9 7 1  a , b ) .  

For a series of hip puryl esters a Hamm e t  /J con stant o f  

+ 1 . 2  
k2 f o r­
K 8 

( p resumably due to k2 , the a c y lat i on ste p ) wa s 

o bta ine d . S i n c e  th i o l ate att a c k  on este r s  n o rmal ly  s hows 

a h i gher ,;Cva l ue tha n  th i s  ( a bo ut 1 . 7 )  th i s  was tak en as 

e v i d ence for the part ic i p a t i on o f  an electroph i l i c group , 

p re s uma bl y a genera l a c i d  catal yst , in the ac y l ati on s tep . 

Th e P value of  -1 . 0 4 f or the acy l a t i on ste p  using an i l id e s  

ind i c ates el ectroph i l i c cata l y s i s ( p r obabl y gen e ra l  ac id  

c ata l y s i s )  o f  the a c y l at i on s t ep fo r the s e  su b strates al s o . 

Thus a symmet r i cal mechanism invo lv i n g  gen e ra l  a c i d  and gene ra l  

base c atal y s i s  of  ac y l at i on and d ea c y lat ion i s  reas onable . 

i v )  Ra_I? i d  Reaction  Kinet i,cs and Mechan i s m  

Stud i e s  on the i nd iv i d ua l  rate c onstants of  th e f i c i n  

c ata l y s e d  hyd rol ys i s  of  £-nitrophenyl h i prurate we re und e r-

taken by H o l l away et al . ( 197 1 ) and th e resul ts were f o und to 
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be  c ons i s tent w i th th e three s tep mechan i sm a b ov e. The pH 

d epend ency of  k2 was f ound to impl icate a g roup i o n is i ng 

at pH 5 . 8 .  For th e pH pro f i l e  
k of  � , groups i o n is ing at 
K 

pH 8 . 5 8  and pH 4 . 3  in  the free 
s enzyme were found . The group 

i on i s in g a t pH 4 . 3  was s hown to be tha t ion i s ing at pH 5 . 8  

i n  the e nzyme- substrate complex , i . e .  for th e k2 s tep . An 

acid i c  pK is not obs e rved in the deac y l a t ion s tep , but k2 

becomes  ra te l im i ting a t  pH 3 . 9 .  Therefore i f  the same 

gro up of pK 5 . 8  in the enzyme subs trate c omplex is pa rt i c i ­
a 

pa t i ng i n  deac ylation, the pK has bee n  s h i f ted to bel ow 3 . 9 ,  a 

a downward s h i f t  of  a t  l ea s t  2 pH unit s . 

K k2 
k3 s 

E + s + H+ � ES + H+ � EP2 + pl + H+ � E + � 

4 . 3  J f  5 .  8 Jl 3 . 9 jf 
EH++ s � EH+ 

S EP H+ + pl � 2 
K ' 8 

I f  the hydro lys is i s  carr ied out und er pre- s tead y s tate 

or non-s tead y s tate cond itio n s  at pH 5 . 0  in  the pre s en c e  of  a 

pH ind i c a tor , pro tons are relea s ed . The r e l eas e o f  the s e  

pro tons c a n  o n l y be expla ined b y  the rel ea s e  o f  a pro ton from 

an im ida zol ium i on duri n g  or immed iatel y af ter th e a c y l a t i o n  

C k2) s tep as th e y  occur t o o  earl y in t h e  reac ti o n  f or pro tons 

rel eas ed by i o n i sation o f  carboxy l ic ac i d  groups a f ter the 

deacy l at ion s te p .  Th e al tera t i o n  of  pK for th i s  group i s  n o t  

ful l y  under s to od , but i t  may r e s ul t  from a c on f ormat io na l  

change i n  t h e  enzyme , mak i n g  the ionis in g group inac c e s s ib l e  

t o  s o lution . An a l ternative explanation i s  th e f orma t ion of 

p2 
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a n  oxaz o l i n o n e  i n t e rm ed ia t e , but t h i s  i s  c on s i d ered unl i k e l y, 

and a t t emp t s  t o  d e te c t  s u c h  an intermed iate s p e ctr oph o t o-

m e tr i c a l l y  h a v e  f a i l ed . 

Rec e n t  s tud i e s  on th e f i c in and papa in  c a talys ed hydr o l y s i s  

o f  N�- c a rbobe n zox y- l y s i ne £- n i trophenol e s t e r  have sh own that 

f or th i s  reaction a three s t ep me c han i s m  is  i nad equa t e  

(Hol laway and Hardman ,  1 9 7 3 ) .  When t h e  react i o n  was exam ine d 

on  th e s topp ed f l ow apparatus w i t h  sub s t ra t a  i n  ex c e s s  of 

e n zyme , n o  bu rs t was s e e n , but t h e  amp l i tud e of t h e o b s e rv e d  

change i n  a b s o r banc e wa s l e s s  tha n  that pred i c t e d  from the 

. sub strata c o n c entrat i on . There f o re a burs t  had in  f a c t  

o c c urred , but at  a rate suf f i c i e n t l y  f a st t o  b e  comp l e t e  

- 1 
w i t h i n  th e 2 m s . d ead t ime of t h e  i nstrum ent ( i . e . k

2
) 300 s e c  ) 

The d eac y l at i o n  s t ep, however , i s not rate l im i t i ng , s i nc e  

n o  rate enha n cem ent was o b s e rv e d  i n  the pre s enc e o f  �- trypto phan-

am id e , wh i c h  i s  k n o wn t o  a c c e l erate deac ylat i on f or the 

c o r res p o nd i n g  gl y c i ne subs t r a t a  ( F i nk a nd Bend er , 1 969 ) .  

When the reaction was carried out with en zyme i n  ex c es s  of  

s ub s t ra t e , th e r e s ul t s  i nd icated  tha t a bout t h r e e  qua r t e r s  of  

the  a b s orban c e  c ha nge due to �- n itrophen o l  r e l e a s e  had occurred 

i n  a burs t that  was comp l e t e  w i th i n  the  d ead t i m e  of the 

apparatu s , and th e rema i n i n g  qua rter of  th e a b s or banc e c ha nge 

took p l a c e  r e la t iv e l y  s l owl y i n  the s ub s e quent react i on . The 

s l ower reacti o n  c o inc i d ed w i t h  the rate of re l e a s e  of protons 

wh i c h  c ould r e s ul t e i ther from t h e  deacy lat ion e t ep , or f rom 

a change in pK o f  an i o n i s in g  group as a r e s u l t o f  th e s l ow a 

ste p (cf . Hol l away e t  al, 1 9 7 1 ) . The s i ze of t h e burs t o f  

p r o t o n s , howeve r ,  i s  c o ns is tent w i t h  the forme r explanat ion . 
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I n  order  to exp l a i n  the sl ow react ion i t  i s  th e r ef ore ne c e s s ary 

to i nterp o s e  a ra te l im it i n g  s tep  between a c yl at ion a nd 

d ea c y l at i on : 

K * k
2 * k3 

k
4 8 

E + s � ES � EP 1P2 
---.::.. EP2 + p

l 
___::. E + P2 • .....--- � � � 

k_2 k_ 3 
k_ 4 

Tho natur e o f  the rate l im i t i ng s tep, k3 , i s  not  k nown, 

bu t s i nce  it appears to a f f ect P1 relea s e, and al s o  has the 

s ame rate c o nstant a s  the corre s p ond i ng ben zyl  and methyl 

esters ( Bend er  and Brubache � ,  1 9 6 6) , it may repr e s e nt a 

c o n f o rmat ion c hange i n  the e nzyme of th e t y p e  p ostulated by  

Hol l away et al . ( 1 971). Lowe and  Yuthavo ng ( 1 9 7 la ) ha ve 

p ostulated  a change i n  conformat i on of the e n zyme up on 

s ubs trata b i n d i n g  wh i c h  d is torts the s u bstrata t owards a 
tetrahedra l  i nt e rmed i ate d uri ng a c y l atio n . The above p ostu-

l a ted  c o nf ormati onal c ha ng e  ma y repre s e nt a relaxa t i on of 

th i s  c o nformat ional change . 

v )  The Th i o l  Pro tease  f rom Act inidia c h i nens i s  

The be r r i e s  of  Act i n i d i a  ch inensis , ( c h i ne s e  goo s ebe rr i e s ) 

were s us p ected to  have p r o te o l yti c act i v i ty becaus e  the ju ic e 

i s  known to have meat tend e r i s i n g  propert i e s , and jel l ie s  

mad e w i th the f r u i t  w i l l  not s et .  Arcu s ( 1 9 59) was t h e  f i rs t  

p e r s o n  to extrac t th e enzyme f rom the f rui t .  He sh owed that 

th e e nzyme was i nactivate d by heavy me ta l s, a n d  acti v i ty was 

enhan ced b y  low c onc entrat i ons of c y s te ine . The en zyme , 

wh i c h  was named  act i n id i n  in k e ep i ng with the  pract i c e  of  

nam i ng a p lant p rote o l yt i c  en zyme a!ter the genus  f ro m  wh i ch 

i t  c ome s, s u f f ixed w i th - i n, was s h own to h yd r o l y s e  gelati n 

. . . 
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w i t h  a pH op t i mum o f  4.0, and it al s o  hydr o l ys e d  haemo gl o b i n, 

p e p t o n e  and who l e  m i lk p r o t e i ns .  

Aet i n i d i n  was f i rst crys tall i s ed b y  MeD o wa l l  ( 19 7 0 ) .  

The p re p arat i o n  was sh own to b e  h e te roge neous , co ntai n i ng one 

act ive and one i nact ive comp o n ent . Sep hadex g e l  c hroma t ography 

i nd icated th a t  t h e  ac t ive e n zym e had a m ole c ul ar we i ght of 

12 , 8 0 0  ± 7 0 0  a nd that the i nac t i v e  comp onent had a molecu l a r  

we i gh t  o f  15 , 40 0  ± 8 0 0 .  Two bands were o b s erved on p o l yaer yl-

am i d e  gel e l ec t r op h or es i s .  Th e e n zyme was s h own to hydr o l y s e  

b e n z o y l  a r g i n i ne e th y l  e s t e r , a t y p ic al t h i ol p roteas e 

s u b s trata , w i th a Km o f  8 9  mM and a k 
t 

o f  2. 6 s e c -
l 

at 
e a  

p H  � . 6 , 2 5°C ,  a n d  a b r oad p H  op t imum f rom p H  5 t o  pH 7 was 
' 

ob s e rved. I nh i b i t i on of t he en zyme with 5 , 5  -di th i o b i s  

t 
(2- n i tr o b e n z o i c  ac id ) , and 4 , 4 - d i t h i o p y r i di ne was o b s e rv�d , 

i n  b o th oas e s  b e i n g  r e v e rsed b y  t h e  add iti on o f  d i th i o th r e i t o l .  

The e n z ym e  was i nact iva t ed b y  i odoac e tat e. The ult rav i ole t 

s p e c t rum o f  act i n id i n  r e v eal e d  a p eak at 27 9 nm, w ith a n  

- 1  - 1  
a b s o rp t iv i t y  o f  2 . 12 1 g em at 28 0 nm. 

Subs e qu e n t  t o  t h e  p u r i f icat i o n  of th e e n zy m e  i n  th i s  

lab o ra t o ry, d e t e rm i na t i o n  o f  the am ino aci d  s e qu e nc e  ha s 

b e gun, a nd crys tals s u i t abl e  f o r  X ray c rystal l o grap h y  hav e 

b e e n  gr own and p h o t ograph ed (Bak e r  19 73 ) .  Pr el i m i nary X ra y . 

c ry stal l o gra p h i e  r e s ul ts show t hat the t etra th i o nate 

i n act iva t ed e n zy m e  cr y sta l l is es f r om 24� amm o n i um sul f a t e  

s olu t ion i n  t h e  P
2 2 2 

space group. The u n it c e ll 

0 0 1 1 1 0 
d im e ns i on s  a r e  a = 7 8.1 A , b = 8 1.2 A , and C = 33.0 A .  

Th e a s symetr i e  u n i t  c o n t a i n s  one m olecule o f  e n zyme , and 
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Th is c o r r e s pond s  

t o  a solvent c o nt e nt i n  the c rys tal s of 40% by vol ume . 

It was de c ided i n  th is s tud y , to exam i ne th e prop e rti es 

ot  a ct i n id i n  further in order to dis c over s im i l a r i t i e s  to 

and d if f erenc es f rom pap a i n and f i c i n ,  ma inly f ro m  a k i ne t i c  

and mechanis t ic v i ewpoi nt . S i n c e  Act i n idia  ch i ne n s i s  is 

not c l os e l y  r e l ated to e ithe r  papaya or the Fic us sp e c i es , 

it is l ik e l y tha t s im i l a r i ties b e tween th es e e n zymes  would 

p r ov ide s ome i n s i gh t  into th e c ommon requ i re me nts tor 

p r o t eolyt i c  activity .  
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Be c a u s e  a c t :!. n i d L i c  a t� :i.. o _  p :;,· o t co.. s o , i t  r:1 a y  b e  s u s c o p t -

i b l o  t o  � u t 6 l y a i s , and a tmc s � h o r i c  oxi d � t io n  o f  t h e  a c t i v e  

t'  i o l  g :.:: o u p . t o  c on v e r t  t h e  en z y m e  

t o  a s u l f c n y l  th i o s u l f a t o  d o � i va t i v c  a �  t h e b c g i n n l n rr  o f  the 
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p � o c cd u � c  ( c f .  E n g l u nc o t  a l . P 9 G 8 ) • . . l l  s t e p s o f p u r i f  i c a t  i o 1 
-- -- I 

:t c r c  c �  : :.· :!. a d  o/:.l t :: t  !'O O •. ·::; 0 ] o ::::- ::: t ·.l ::J t:  L. l e: s s  o ·� h c r ;r :.. � e  3 t a t e d . 
/ 

o f  c h i n e s c 
�-

p � c p a ra t i o n  ap p _ ox iren t c l y  1 k g  

r; c o s c b c r r i e s  r:a s  � l. e nd c d  w i t h  1 l i t r ey"'.rvi 
C: :... :; ;:;. d i u m  ED"'A , l 0 - 2 I·.� s o d i um t e t r a t h :l o na t c  f o r 2 x 3 0  s e c  i n  a 

l a r g o  Wa r in �  b l e nd e r .  
!· 

�h e s u s p e n s i on wa s th e n  s t i r r e d  u t  r o om 

t e m p e ra t u r e  f o r 3 0  n i n , a n d t h e n c en t r i r u G e d  a t  1 3 , 0 0 0  x e f o r 

0 3 0  m i n  ( 0  C ) . E n z y � e  wa � J � e c i p i t a t c d  f r om t h e  g r e e n  tur b i d  

s u p e r na t a n t b y  a d d i t i o n o f amm o n ium s u l p ha t o  to 50 % s a turat i o n 

( � : 3  g / 1  s u p e r n a t a n t )  a t  r o o �  t e m p b r a t u = o o v e r  a p e r i od o 

2 - 3  h r s . Th e m i x t u r e  w a s  th a n  s t i r · e d  f o r a n o t he r  h o �� t o  

o n s u r e  e q u i l i b r a t i o n a n d  c o n t r i ; ug e d a t  l 3 , 0 0 0  x g f o  • 3 0  m i n 

P z•o c i p i t a t e d  e n z y m e  w a s  a u s p o n d c d  � n  ap p ro x inw. -::: o � y  
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1 0 0  m l  l 0
- 3

M d i s o d i u m  EDTA , l 0
- 3

M s o d i u m  t e t r a th i o n a t E>  n n d 

d i a l y s o d f o r  2 4  h r  a ga i n a t  2 x 5 l i t r E> o f  t h o  s a m e  s o l u t i o n .  

Th e d i a l y s e d  s u o p e n s i dn wa s th a n  c e n t r i f u � o d  a t  3 4 , 0 0 0  x g 

f o r 3 0  m i n a t  0°C t o  r e m o v e  ma t e r i a l  t hn t h a d  n o t  r c d i s � o l v o d , 

a l t hough t h e  s o l u t i o n  r e m a i n e d  t u r b i d . 

/ .--
Sup o rn a t u u t . ' f r o m  t h e p = o v i o ua s t e p  wa a t h e n  l oa d . ct  a t  

r o o m  t o � p o ra t u r o  o n  � DE/\E - c o l l u l o s e  c o l u m n  C BI O-RAD CE� 
D h i gh c a p a c i t y ) 2 4  mm x 2 5  c m , w h i c h  h a d  b o on e q u i l i b r a t e d  

w i t h 0 . 2  M p h o s � h a t e  b u f f e r  pH 6 . 8 ,  a nd th o c o l u m n w n s  ol u t e d  
t 

w i t h t h i o  b u f f e r  a t  G 0 - 8 0  m l / h �  u n t i l  n o  f u r t h e r p r o t e i n �a s 

. e l u t o cl . An L . K . B .  Uv i c o r d  I I  m o n i t o r  wa s u s e d t o  f o l l ov t h e 

e l u t i o n  o f  p r o t e i n .  Th e c o l um n  wa s th e n  d e v e l o p e d w i t h  

0 . 5 M p h o � p h a t o  b u f f o r g p H  6 . 8  and 2 0  � 1  f r a c t i o n s  w e r e  

c o l l e c t e d . I n a c t i v e  p r o t 8 ! n  waa e l u t e d  f r om t h e  c o l u m n i n  

a _ p a r t l y  r e s o l v e d  m u l t i p l e p e a k  f o r  the f i � s t  6 0 0 - 6 0 0  m l , a nd 

t h i s  w a s  f o l l o w e d  b y  a c t i n i d i n , wh i c h el u t e d  a s  a s i n g l e  bro a d  

p e a k  a b o u t  8 0 0 - 1 0 0 0 m l . E n z y m e f r o m  t h i s  p r e p a r a t i o n  w a s  a 

c l e a r  s o l u t i o n , wh i c h  c o u l d  b e  c o n c e n t r a t e d  b y  p r e c i p i t a t i o n  

b y  a m m o n i u m  s u l f a t e , u l t ra f i l t r a t i o n , o r  o v e n  d r y i n g  i n  a 

r o t a ry evap o r a t o r . Th e f i r s t  o f  t h e s e  was u s u a l l y u s e d , a n d  

t h e e n z y m e  was m a d o up i n  o u f f i c i e n t  b uf f e r  ( pH 6 . 0 p ho s p h a t e 

6 . 1 M )  t o  g i v e  a c o n c e n t ra t i o n  o f  2 - 5  m .:;/:; 1  ( a b o u t  1 0- 4;.r ) . 
� h i s  s o l u t i o n  h a d  a n  a b s o r b 3 n c e o f  5 - 1 0  A a n d  w � s  a c o n v e n i e n t 

s t o c k  s o l u t i o n .  

H i g h  r e s o l u t i o n i o n e x c h an �e c h ro m a to ; ra p h y  wa s c a r r i e d  
o u t  u s i n �  a D � A Z c e l l u l o s e  c o l u m n 1 5 0 c n  x 1 . 5 c m . T h i s  c o l u m n 

w a s  e qu i l i b r a t e d  wi t h  0 . 5 � p h o s p h a t e  bu f f e r ,  p H  6 . 8 , a n d  2 0  n l  

c t o c lc e n 2 yr.1 e s o l u t i o n ,  c o n t a i n i n <;  a b o u t 5 0  m ;  o f  c ru d e  e n z yL:: e ,  

W1 s 1 o ::t d e d o n t h e  c o l u :n n . t h e  c o l u m n 11 a s t h e  n d e v e 1 o p e d u s i n  ..; 

0 . 5 :•i p H  6 . 8 I 
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phospha t e  buf f e r , 2 0  m l  f r a c t i o n s  be i ng c ol l e c t e d . Bec aus e 

o f  the grea t l en gt h o f  the c o l umn re l at i v e t o  i t s  d i am e t e r , 

there wa s c o n s id e ra b l e  re s i s t a n c e  t o  fl o w , s o  i t  was pump e d  

a t  3 0  p . s . i . g i v i ng a f l ow rate o f  approx ima t e l y  2 5  ml/hr . 

i i )  S tand ard Reac�1o n Cond i tions us ed f or As saY o f  En zyme 

d uring Prena ra t ionL a nd f o r  Measurement of Var i ou s  Ef f e c t s  

o n  Enzyme a c t i v�ty u s i ng Pur i f i e d  E n zym e . 

Ac t iv i t y  w a s  d e t e rm i n ed us ing  Z- l y s - p�P . Th e  es t e r  

i s  hyd rol ys ed  t o  g i ve Z - l y s , and a m ixture o f  E- n i t ro-

phenol and the �- n i t r ophenolate  ion whi ch are  i n e qu i l i b r i um 

( pK
a 

= 6 . 95) . The �- n i t rophenol has a max imum a b s o rbanc e a t  

3 2 0  nm , wh i l e  th e B- n i t rophe nol ate ion  s h ows a n  a b s o rbance  

p eak a t  400 nm . A co nv en i e nt me t hod of  d e t e rm i n i n g t o t a l  

�- n i t ro p h e n o l  and E - n i trophe nolate  i s  to m eas ur e  t h e  a b s o r banc e 

at  3 4 7 . 5  nm , a t  wh i c h  p o i nt bo th s p e c ie s have an ext i n c t ion 

coef f i c ient £, 1 cm 

3 4 7 . 5  nm 

- 1 
= 5400 M , and the t o ta l c onc en tra t i on 

of p rodu c t  can  be  f ound r e gard l es s  o f  pH . 

0 
Hyd rol y s i s  of  the subs t ra t a  was f o l l owed at 2 5  C in  1 cm 

qua r t z  c e l l s  on a P e rk 1 n - E l m e r  P . E . 4 0 2  dou b l e  beam sp ectro -

pho t om e t e r  a t  3 4 7 . 5  nm , and a bs o rban c e  was r e c o rd e d  on a 

Sm i ths Servo s c r i be re c o rd er at  0 - 0 . 7 5 A ful l  s c al e  d e f l e c t io n  

- 1  and usual l y  1 2  c m  m i n  ch a r t s p eed  a l t h ou gh t h e  l atter  was 

va r i e d  to su i t  the rea c t i on ra t e .  

Reage n t s : a )  S t o c k  sub s t ra t e  so l u t i o n : App rox imat el y 

6 m g of Z-lys -pNP HCl ( Cyc l o Chem i ca l )  was d is s o l v ed i n  5 ml 

d e i o n i sed d i s t i l l ed wat e r  wi th hea t in g . The c o mme rc ia l 

p r o d u c t  i s  o f ten o n l y  a bout 80$ pur e , d u e  t o  s om e  h yd r o l y s i •  

f rom a tmosphe r i c  mo i s ture . Tbe ac tual c o nc e nt ra t i on o f  th e · 
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2 u b s t ru t o  wa s d e t e r m i n e d  f r o m  th e t o t a l  a b s o � b a n c o  c h a ng e  

d u r i n g  a r e a c t i o n . Th e s u b s t r a t a  s o l u t i o n w a s  ma d o  up 

f r e s h  d a i l y  a n d  k e p t  r e f r i ge ra t e d  wh e n  n o t 1 "  u s e b e c a u s e 

Z - l y s - pNP i n  a q u e ous s o l u t i o n i s  s l o w l y h y d r o l y s e d . C o n c e n ­

t ra t i o n  i s  n o m i n a l l y  3 rn M . 

b )  Ac t i v a t o r  s o l u t i o n : 0 . 1  M d i th i o e r y t h r i t o l  ( S i cm � ) 

w a s  m a d e  b y  d i s s o l v i n g  1 6 . 3  rn g  o f  d i t h i o t h r e i t o l  i n  1 c l  

d e i o n i s e d d i s t i l l e d  wa t o r .  Th i s  w a s  k e p t  t i gh t l y  c u pp o d  

t o m i n i� i s e  a i r  o x i da t i o n . ( T h i s g i ve s a g r e a t e r  t h a n  2 - fo l d  
e x c e s s  � v e r  t h e  m i n i m u m  f o u n d  t o  r e 3 t o r e  fu l l  e n z ym e a c t i v i t y . ) 

c )  Bu f f e r  s o l u t i o n : 0 . 1  M pH 6 . 0  p h o s p h a t e  b u f f e r  wa s 

m a d e  u p  a c c o rd i n g  t o  s ta n d a rd me t h od s . 

Me t h o d : l O O  f/ 1 o f  s u b G t ra t e  s o l u t i o n w as a d d e d  t o  

2 . 8 5  m l  o f  b u f f e r  i n  t h e  s p e c t ro p h o t o m e t e r  c e l l ,  a n d  

s p o n t a n e o u s  h y d r o l y s i s  wa s f o l l ow e d  f o r  1 0 - 2 0  s e c . Du r i n g  

t h i s  t i m e  5 0  � 1  o f  e n z y me s o l u t i o n  was m ix e d  wi t h  50  �1 
o f  a c t i v a t o r s o l u t i on o n  a s p o t t i n g p l a t e . A s u i ta b l e  

a l i q u o t  o f  t h i s  s o l u t i o n ( u s ua l l y  5 0  �1 ) was  th e n a d d e d  

t o  t h e  rea c t i on m i x t u re w i t h o u t  s t o p p i ng th e re c o rd e r , a nd 

t h e  r e a c t i o n f o l l ow e d  to c o mp l e t i o n . E n zyme w a s  mos t 

c o nv e n i e n t l y a d d e d  t o  th e r e act i o n m i x t u r e b y  p i p e t t i n g  

i t  o n t o  t h e  e n d o f  a s m a l l s t i r r i n g  ro d ,  w h i c h  w a s  t h e n  u s e d  

t o  s t i r  t h e  r ea c t i o n m i x t u r e . 

Fo r a s s a y s  o f  e n z y m e  a c t ivi ty d u r i n g  p r ep a ra t i o n s  the 

e n z y m e  c p n c e n t ra t i o n wa s c a l c u l a t e d  a s s um i n g  t h e i n i t i a l  

s l o p e t o  b e  e qu a l  t o  V max S i nc e V = k 
t

l E I , i f  k 
t max e a  - - o e a  

i s  2 9  s e c
- 1  a n d  G1 c m  

3 4 7 . 5 
= 5 4 0 0  M

- 1  
t h e n L E I , = s l o p e o !  - 0 

- 1  . - 6  - 1  l i n e  CA s e c ) x 6 . 4  x 1 0  M .  Th e v a l u e  of 2 9  s e c  f o r  

k i s  o b ta i n e d  i n  s e c t i on I l  3 1 ) . 
c a t  



Op t imal e n zyme c o n c entra t io n  f o r  th is type of as say  was 
. 

- 8  about 5 x 10 M i n  t h e  reac t i o n  mixtur e .  

1 1 1 )  Mol e c u l ar We ight D e t erm i n a t i o n 

Th e mol e c ul a r  weigh t  of t h e  en zyme wa s d e t e rmi n ed 

us ing the h i gh s p e ed e qu i l i b r i um ( o r men is c us d ep l e t io n ) 

me thod ( Ch e rv enka, 19 6 9 ) .  Ex p e r i m en t s  w e r e  c a r r ie d out i n  

a Be ckman S p i n c o Mod e l  E ul tracen t r i fu g e  w i t h  i n t e r f e re n c e 

o p t i c s . Two d i l u t e  s o lut ions of en zyme ( app r ox ima t e l y . 0 . 2 

a n d 0 . 4  mg/m l ) were p la c ed in a t r ip le s ec t o r  c e l l  and 

c e n t r i fuged at 2 0 , 0 00 r . p . m .  a t 2 3 . 3 °C .  

iv) Am i n o  Ac i d  Analys i s  

3 4  

Ac t i n i d i n  was re - c h roma t og raphed o n  a h i gh re s olut i on 

c o l umn b e f o r e  b e i n g  u s e d  for am i n o  ac i d  anal y s is ( s ee s ec t i on 

I I  2 � ) . Th e e n zy m e was  reac t ivated  by ad d i ng d i th i oery-

th r i t o l  ( 1 &  mg/ml ) and d ial y s ing aga in s t  d i s t i l l ed wa t e r  f o r 

2 4  h ou r s . Samp l es c o nta i n ing 2 - 3  mg  of en zyme w e r e  ma d e  up 

i n  6N HCl in Carius tubes and f ro zen . The tubes were 

eva cuat e d  w i t h  the s amp l e s  f ro zen , and s ea l ed un d e r va c uum . 

Dup l i ca t e  s ampl e s  were t h e n  h e a t e d  at 110°C for  2 4  and 72 

hours . F o l l ow i n g  t h e  hydrol y s is , s amp l e s  were d r i ed o n  a 

r o t a r y  evap o ra t or . The d r i ed s am p l e s  we re d i s s o l ve d i n  2 m l  

d e i o n i s ed d i s t i l l e d  wat e r  a n d  a ga i n d r i ed . Th i s  p roc e s s  wa s 

repeated thr e e  t imes to ensure removal of a l l  HCl . The 

samp l e s  were th e n  taken up i n  2 50 fi l of  d e i o n i s e d  d is t i l le d  

wa t e r , and 50 )-il al i qu o t s  we r e  analys ed o n  a Be c kman S p i n c o 

1 2 0  C am i n o  a c i d  a n al y s e r .  
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Tryp t o p h a n  was d e t e rm i ned f rom the U .V .  spe c t ru m  o f  a 

s o l u t i on  o f  a c t i n i d i n  ( ap p rox 1 mg/ml ) d i s s ol v e d  i n  0 . 1  N 

NaOH ac c ord i n g  t o  the method of Ben c ze and Schm id ( 19 57 ) . 

v) Speei f i citY Studies 

a) Sp ec i f i c i t y  for th e a m i n o  ac i d  s id e  ch a in ( S 1 s i t e ) : 

Th e  hyd ro l y s i s of  a s e r ie s  o f  �- n i t rophenyl  e s t e r s  o f  N-

c a r b o b en zoxy amino  a c i d s  was s tud ied to d is c ov er the pr e f e r en c e  

f o r  t he : S
1 s i t e  i n  ac t i n i d i n . S inc e m o s t  o f  t h e s u bs t ra t e s  

t es ted a r e  n o t  very wa ter solu b le it  was nec es s a r y  t o  u s e  

2 0 %  acoto n i t r i l e  i n  t h e  reac t io n  m ix tur e ( th e re f ore d i l u t i ng 

- 4  
t h e  buf f e r  to  o . o s M) . Each subs t ra t e  was mad e u p  5 x 10  M 

i n  a c e t o n i t r i l e ,  0 . 5  ml  o f  t h i s  s o lu t i o n  be in g a d d e d  to 

1 . 9 5  ml of pH 6 . 0  phos p ha t e  buf f e r  ( 0 . 1  M) . Hyd ro l y s i s of 

0 
t h e  subs t r a t a  wa s f o l l owed to c omp let i on a t  3 4 7 . 5  nm , 2 5  C 

a s d e s c r i b e d  i n  S ec t i o n  I I  2 i i ) . 

b )  Spec i f i c i t y f o r  t h e  N sub s t i tuent  o n  the am i n o  ac i d  ad j ac e n t  

t o  t h e  ac t ive s i t e  ( 82 s i t e ) : I n  order to d e t erm i ne 82 s i t e 

s p e c i f i c i t y , a s e r ies o f  arg i n i n e d er ivat i ve s  was u s e d . 

Th e s e  m o l e cu l e s  comp e te f o r  the ac t ive  s i t e  and w il l  

c omp e t i t ive l y  i nh i b i t  th e hyd ro l y s i s  o f  Z- l ys - pNP . Rea c t i o n  

of k nown quan t i t i e s of e nzyme w i th Z - l y e - pNP were carr i ed 

o u t  a s  d e s c r i bed in Sect ion I I  2 1 1 ) , but with va r i ous c o n c e n-

t ra t i ons o f  each i nh i b i t o r  d is s o lv e d  in th e bu f f e r  p r i o r  to 

reac t io n .  Conc e n t ra t ion s  of inh i b i to r  ran g ed f rom 20 mM t o  

1 0 0  mM. 

vi ) Hyd rolys is o f  Al kyl Es t e r  Sub s t ra t e s  

Hyd ro l y s i s  o f  e thyl and me thyl e s te r s  i s  n o t  read i l y  

f o l l owed s p e c t rophotome t r ical l y , al though th i s  m e thod has b e e n  
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u s e d  i n  a ·  f ew c a s e s  { e . g . Bend e 1· an d Bru b a c he r ,  1 96 6 ) .  I t  

wa s f ound c o nv e n i e n t  t o  f o l l o w t he r eac t i o n  o n  a re c o rd i n g  

pH s t a t . A Rad i om e t e r  TTTl C  pH - s t a t  was u s e d , w i t h w SBUl 

s y r i n ge t i t ra t o r  c o nnec t e d  to an SBR2 t it r i g ra p h . The r ea c t i o n  

was c a r r i e d  o u t  i n  a j ac ke t ed 5 m l  c e l l a t  2 5 ° C . N i � r og e n  

gas , wh i c h  h a d  b e en b u b bled th r ou gh KOH s o l u t i o n  a nd wa t e r  

( t o remove a n y  C02 and w e t  the ga s ) , wa s p a s s e d  t h rough t he 

r e a c t i o n  m ix t ur e  t o  el im i na t e  C02 a t  a bout 5 m l / s e cond . The 

pH wa s m ea s u r ed b y  m i n i a tu r e  Ra d i ome t e r  c a l omel a nd gl a s s  

e l e c t r o d e s . 

En zyme was p r e p a r e d  f o r  pH s t a t  exp e r ime nt s by a d d i t i o n  of 

d i th i o e r y t b r i t o l  t o  0 . 1  M, and d i a l y s i s  a g a i n s t  f o ur c h a ng e s 

o f  5 l i t r e s  d i s t i l l e d Vta t e r  ov e r 4 8  hou r s . 

In a t y p i c a l  e x p e r i m e n t , t h e  e nd p o in t  o n  t he pH- s ta t  was 

s e t  at pH a . o ,  and tho t i t r i g ra p h  wa s s e t  up w i th t he 3 0  r . p . m .  

mo t o r  d r i v in g  t he p e n  and bure t t e  wi th the g e a r  b o x  a r rang e d  

f o r  max i mum s p e e d . Th e 4 r . p . m .  m o t o r  was u s ed t o  d r iv e  the 
- 1  

c ha rt a t  a rate of 2 c m  m i n  • The s y r i n ge b ur e t t e  wa s f i l l e d  

w i th f re s h l y  p r e p a r e d  0 . 0 1 M NaOH { v o l ume t r i c  s t a nd a r d  0 . 1 M 

NaOH was d i l u t e d  1 0 - f o l d ) .  Th e r eac t i o n  c e l l  w a s  f i l l ed w i t h 

1 ml 0 . 1 M NaC l  i n  C02 f r e e  d i s t i l l e d  wa t e r , an d t h e  r e qu i r e d  

amo u n t  o f  su b s t ra t a  s o l u t i o n  ( 0 . 4  M N �- B e n z o y l  a r g i n i n e  e t h y l  

e s t e r  o r  N �- c a r b o b e n zoxy l y s i n e m e t h y l  e s t e r  i n  C02 f r e e  

d i s t i l l ed wat e r )  was a d d e d . S u f f i c i e n t  C02 f ree d i s t i l l ed 

wa t e r  was t h e n  a d d ed t o  make up a v o l ume o f  3 . 5 ml , a nd th e 

pH was ad j u s t ed t o  6 . 0  b y  s ma l l  add i t i o n s  o f  0 . 1  M NaOH o r  

HCl . Whe n t h e  p H  had s ta b i l i s ed th e p rop o r t ional b and o n  

t h e  t i t r a t o r  wa s s e t  t o  z e ro , t h e cha r t  r e c or d e r  was s ta r t e d , 



3 7  

and the t i trat o r  a c t ivated . E n zyme s ol u t i o n  ( 0 . 5  ml , app rox . 

- 5  1 0  M >  was t h e n  added t o  the r ea c t i on c e l l , and the  reac t i on 

f o l l owed for a t  l ea s t  h a l f  the s cale  o n  the t i t r i graph 

( c or re s p ond i n g  to a c hange i n  s u bs t ra t a  c on c e nt ra t ion o f  

o . a  mM) . 

Conc entrat ions of s ub s t ra t a  were f rom 1 0  mM t o  50 mM fo r 

N�- c a rboben zoxy l y s ine methyl  e s t e r , and f rom 3 0  mM to 

2 0 0  mM f o r  N �- ben zoyl a r g i n ine e th y l  e s t er . 

v i i )  I na c t i vat ion and I nh i b i t i on of Ac t i n i� i n  Ca t a lys ed 

Hyd r o lxs i s  o f  Z- lys -pNP 

The a c t i n i d i n  c atalys e d  h yd ro l ys is o f  Z - l ys - pNP was 

0 c a r r i e d  out a t  pH 6 . 0 , 2 5  C as d e s c r i bed i n  S e c t i o n  I I  2 i i )  

but i n  the p r e s ence of var i ou s  inh i b i t or s  and ac t ivator s 

a s  f o l l ows : 

a )  Sod ium t e t ra t h i o na t e : Ad d i t i o n  o f  1 mM s od i um t e t ra-

t h i ona t e  t o  t h e  en zyme s o luti o n  r emoved al l e n zymic a c t ivi t y .  

Ful l  ac t iv i t y  was res t o red b y  ad d i t ion o f  a 10 - f o l d  exc e s s  

over t h e  t e t ra t h ionate c o n c e n t ra t ion o f  d i th i o e ry th r i t o l , 

d i th i othre i t o l , o r  mercap t o e thanol . Us e of th i s reagen t was 

a d op t e d  in th e method o f - prepara t ion o f  the e n zyme ( Se c t ion I l  

2 i ) ) .  

b )  Mercur i c  ions : Ac t in id i n  s o l u t ion was reac t i va t ed wit h 

d i th ioerythri t o l  a nd d ia l y s ed t o  remove exc e s s d i t h io e r y-

t h r i t o l . Ad d i t i o n  of 1 ml of 0 . 2  M HgCl 2 t o  l al of e n zyme 

a o l u t ion caus ed c omp l e t e  l o s s o f  a c t i v i t y . The s o lu t i o n  was 

then d ia l y s ed a ga i n s t d i s t i l led wat e r  for 72  hr to r emov e 
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m e rcury . D i t h i oery th r i t o l  ( 0 . 1  M )  and d is o d i um E .D . T . A .  

( 0 . 0 1  M )  w e r e  then a d d ed t o  t h e  e n zyme s o l u t i on i n  a n  a t t em p t  

t o  r es to re a c t iv i t y . 

c )  I od oa c e t a t e  and i od oa c e tamid e :  Bo t h  the s e  reagent s 

rap i d l y  a nd i rreve r s i b l y  i na c t iva t e  a c t i ni d i n .  The rea c t i on 

w i t h  i od oa c e ta t e  wa s o tud i ed i n  more d e t a i l s i nc e i o d o -

a c e ta t e - a lk y l a t e s  c y s t e i n e , f or m i ng c a r b oxy m e th y l  cys t e i n e _, 

wh i c h  can b e  mea s ur e d  b y  the am i no a c id ana l y s e r .  

Ac t i n i d i n  was reac t iva t ed b y  d i th i oe r y t h r i t o l  an d � i a l y s ed 

aga i ns t 2 x 5 l i t r e  d e i o n i s ed d is t i l l e d  wat e r fo r 2 4  h r . To 

2 ml o f  e n zyme s o l u t i on , 0 . 2 2 ml o f  1 M pH 8 . 0  Tri s -HCl bu f f e r  

w a s  add ed , f o l l owed by 2 5ra o f  a s o l ut ion 0 . 1  M i n  d i th i o­

e r y t h r i t o l  a n d  0 . 1  M i n  d is o d i um EDTA . Th i s  l a t t e r  s ma l l  

amount o f  d i th i o e ry th r i t o l  was a d d e d  t o  e n s u r e tha t  none  o f  

t h e  enzyme was ox i d i s ed by a ir d u r i ng the reac t i o n , b u t  was 

o n l y  p re s e n t  in a low c o n c e n t ra t i o n  s o  tha t it w ou l d  n o t  

c ompete wi th th e e nzyme f o r  th e i nh i b i t or .  The e n z yme 

s o l u t i o n  was as sa y e d  t o  d et e r m i ne th e o r i g in al a c t i vi t y , a nd 

- 2  5 0� o f a s o l u t i o n  of  5 x 10 M i od o a c e t i c  a c i d  in d i s t i l l ed 

0 
wat e r  wa s ad d ed t o  the enzyme s o l u t i o n  a t  2 5  C .  Al i quo t s  

w e r e  w i th d rawn and i mme d i at e l y a s s a y e d  a t  3 ,  5 ,  7 ,  1 0 , 1 5 ,  

2 0 , 3 1 , 4 0  and 5 0  m in u t e s  a f t e r  th e s ta r t  o f  th e r eac t io n . 

d )  N- e th y l  ma l e i i m i d a : 2 ml o f  e n z yme s o l u t io n  was 

rea c t i va t e d , and ex c e s s d i th i oe r y t h r i t o l  removed by d ia l y s i n g  

f o r  2 4  h r  a ga in s t  2 x 5 l i t r� d i s t i l led  wat e r o  The s o l u t i o n  

was then as saye d t o  d e t er m i n e  e n z yme c on c ent rat i on , a nd th en 

- 3  add ed t o  a 1 0  M s o l u t i o n  o f  N -e t h y l  mal e i im i d e  i n  0 . 1  M 

pH 7 . 0 p h os p ha t e  buf f e r .  The c hange i n  o p t ic a l  d ens i ty a t  
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3 0 5  n m  was f o l l owed o n  t h e  P . E . 4 0 2  d ou b l e  beam s p ec tro­

p h o t ome t e r , u s i n g  a reagent b l a nk w i th a s am p l e  o f  d ial y s i s 

buf f e r  ins t e ad of  e n zyme s o l u t i o n  i n  t h e  r e f e r e nc e c el l . · 

e )  Hyd rox y l am i n e : W h e n  d o ac y l a t ion is rate l im i t i n g  i n  

a n  e n z yme c a t a l y s ed h yd ro l y s i s , t h e  r a t e  o f  reac t io n  c an 

o f t e n  be enha n c e d  b y  the  a d d i t i o n  o f  a l t e r na t i ve nuo l eo p h i l e s  

s uch as am i n e s  or a l c oh o l s  ( F i nk a n d  Bend e r , 1 9 6 9 ) . The s e  

m o l e cu l e s  c ompe t e  w i t h  wat e r  i n  t h e i r  a t ta c k  on th e a c y l  

e n zyme l i nka g e , and a s  a resul t am i d e s  and e s t e r s  a r e  f orme d . 

When ac t 1 n 1 d i n  w a s  as s a y e d  w i th Z- l ys - pNP i n  th e p r e s enc e 

o f  O . lM hyd roxylam i ne hyd roch l o r i d e  ( pH 6 . 0 , 0 . 1  M phos pha t e  

b u f f e r )  a l l  a c t i v i t y  was l os t .  Subs e que nt exp e r i ments 

revealed  tha t h y d r o x y l am i ne in  c onc ent rat ions as  l ow as 3 mM 

t o t a l l y  a n d  i r rev e r s ibl y inac t i vated th e e n z yme . No exp lana­

t i o n  f o r  th i s  unexp e c ted behav iou r has o � c ur red . 

f )  L- t r y p t op h a nam i d e :  Th i s  s ub s ta nc e  was t h e  mos t e f f e c t ­

i v e  a l t e rna t iv e  nuc l o op h i l e  f o r  d ea c yl a t io n  i n  p a p a i n  ca tal y s e d  

h yd r o l y s e s  o f  �-N i t roph e n yl N-a c e t yl  t ry p t ophana t e  ( F i n k  

and Bend e r , 1969) . Th e ac t i n i d i n  cata l ys ed hyd r o l y s i s  of 

Z - l y s -pNP wa s c a r r i ed out i n  t he p r e s enc e of L- t ry p to p han­

a m i d e  c o n c e n t r a t i o n s  of up t o  0 . 1  M,  at pH a . o  a nd 7 . 4 .  

g )  S i mp l e  a l c oh o l s : Methanol  a nd e t ha n o l  w e r e  als o f o u n d  

t o  b e  good  nuc l eo p h i l e s  f o r  �nha n c emen t of  d ea c y l a t ion t o r  

p apa in c a ta l y s ed hyd ro l ys es . Th e r e f o re th e rat e  o f  ac t i n i d i n  

c a ta l y s e d  h y d r o l y s i s  o f  Z-l ys - p NP a t  p H  6 . 0  was measured i n  

t h e  p r e s enc e o f  5 ,  1 0 , 2 0  a nd 3 0  p erc ent by vo l ume o f  each 

o f  t h es e a l c oho l s . 
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h )  Ac e t o n i t r i l e : A s  th e p r e s ence  o f  a l c oh o l s  inh i b i ted 

ac t i n i d in c a ta l y s ed hyd r ol ys i s  of  Z- l ys - pNP , it was  d ec i d e d  

t o  s tu d y  the e f f e c t  of  an i n e r t  o rgan i c  s o l ven t .  The 

reac t ion rat e  was mea sured in the pres e nc e of 3 . 3 , 10 a nd 

16 . 7% ac eton i t r i l e  a t  pH 6 . 0 .  

v i i i )  D e ta i l ed Kine t i c s  o f  Actini�in Ca talys ed Hyd ro lys i s  

o f  Z- lys -pNP 

Z- l y s - pNP was the  b e s t s ubs t ra t e  f ound f or 

a c t i ni d i n , and  i t  was d ec i de d  t o  e xam i n e t h e  h y d r o l y s is 

o f  th i s  s ub s t ra t e  in d e t a i l , e s p e c i al l y  s i n c e  i t  was f rom 

a s t ud y of the hyd r o l y s i s  o f  th i s  s ub s t ra t e  b y  p ap a i n  and 

f i c i n , an ex t ra s t ep in t he c a ta l y t i c  mec han ism wa s d ed u c o d  

(Ho l l away a n d  Hardman , 1 9 7 3 ) . 

a )  S tead y s ta t e  k in e t i c s : The p o s s i b i l i t y  o f  p roduc t 

i nh i b i t i on wa s t e s t e d  fo r b y  c a r r y ing o ut a normal a c t i n id i n  

c a ta l y s ed h y d ro l y s is of  Z- l y s -pNP . When th e react ion had 

gone t o  c omp l e t i on , the  s pe c t r op h o t ome t e r  was re- z e roed and 

ano th e r  100�1 o f  s u b s t ra t a  s o l u t i on wa s  added . Th e r a t e  of 

h y d r ol y s i s  f or the s ec on d  al i quot  of s ub s t ra t e  wa s id en ti c a l  

w i t h i n  exp e r i mental e r r o r  t o  th at f o r  th e f i r s t  a l i quot , 

i n d i ca t i ng an a b s e n c e  o f  d e te c ta b l e  p r oduc t i nh i b i t ion a t  

-4  p roduc t c onc ent ra t ions of 10  M .  Sub s e quent a ttemp ts to 

d i s c ov e r  K1 f o r  Z l y s ine at p H  e . o  u s ing a me tho d i d e nt i cal 

t o  that d es c r i be d  f or a rg i nine  d e r ivat iv es i n  S e c t i on 1 1 

2 v) b, ind ica ted tha t th e value for  th i s  c on s t a nt is a t  

l ea s t  0 . 1  M .  Th i s  i •  much grea t e r  tha n  t he 1
.
0 - •  M c o n c en-

t rat ion produced in the s tand a rd hydro l y� s  exp e r iment , a nd 
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i t  i s  a s s umed t h a t  s i gn i f i c a n t  p r od uc t  i n h i b i t i on d oe s  no t 

o c c u r  und e r  any o f  t h e  c ond i t i on s  u s e d  f or ac t 1 n i di n catal y s ed 

h y d ro l y s i s  o f  Z- l y s - pNP . 

S t ead y s ta t e  p a ram e t e r s  were d et e rmined a t  pH 6 . 0 f rom 

t r i p l i c a t e  expe ri m e n t s  c a r r i e d  o ut a c c ordi ng to t h e  me th od 

d e s c r i b ed i n  S e c t i o n 1 1  2 i i ) ,  t h e  reac t io n b e in g  f ol l owed 

t o  c omp l e t i o n .  Ab s o r ba n c e s  we r e read of f the c h a r t  p ape r 

a t  r e gu l a r  t im e  i n t e rv a l s f o r the f i rs t 8 5- 9 0% of the 

r e ac t i on , and the f i na l  a b s o rban c e  was a l s o  r e c orded . The s e  

data were a n a l y s e d  on an I BM 113 0  c omp u t e r  u s i n g t h e  c h o rd s  

m e t h o d  ( Bend e r  e t  a l . ,  1 9 6 4 a ) t o  ob ta i n  reac t io n  ve l o c ity 

a t  e a c h  s u b s t ra t e  c o n c ent ra t i o n  and an Ead ie p l o t  (Ead ie , 

1 9 42 ) t o  wh i c h a l i n e  i s  f i t t e d  b y  the me thod of l ea s t 

s qua r e s . K and V a re d e t e rm i ned f rom t he s l op e  and 
m max 

i n t e rc ep t res pec t i vel y , a nd a c o rr el a t ion c o e f f i c ient , and 

s t a n d a r d  d e v i a t i o n s  f o r  K a nd V a r e  al s o  c a l c u l at e d  
m max 

( Youd e n , 1 9 51) . The e qu a t i o n f o r  the Ead ie p l o t  i s : 

V = V max 

Th i s  p l o t  giv e s mo re a c c u r a t e  val u e s  than the t rad i t-

i o na l  Li n ew e a v e r  Bu rk p l o t  ( D owd and Riggs , 196 5 ) . The 

c omp u t e r  p r o gramm e is g i v e n  in App end ix 1 .  

No t e  on c h ord s me th od : I f  p rodu c t  i n h i b i t ion d oe s  n ot 

o c c ur i n  a r e ac t i o n , the n th e r a t e  of reac t io n  a t  an y t im e  

d u r i ng t h a t  r ea c t i o n  w i l l  b e  t h e  s ame as t h e  i n i t ial rat e  

o f  rea c t i on f o r  the p a r t i c u l a r  s u bs tra t a c on c en t ra t i o n  a t  

t h a t  t im e . I d eal l y , the r e f o re , i f  p o i n t s  a re take n al o n g  

a reac t i on c u rve , t h e  subs t ra t e  c onc e nt ra t i o n  d e t e rmi ned , 
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and a tangent d rawn to  the l i ne at tha t  p o int , then the 

rate  o f  reac t i on for that sub s t rate  c oncent rat io n  c an be 

obtained from the s l op e  of the  tan gent ial l i ne . In  p rac t ic e  

i t  i s  f ound that i f  a suffi c i en t l y  large num ber o f  p o int s 

i s  read off the reac t i on cu rv e , a chord d rawn thro ugh th e 

p o i n t s  befo re and aft e r  th e one  a t  wh i c h  substrata  con-

c entra t ion is  be ing d e te rm ined , w i l l  app rox imate a tang e nt 

a t  tha t  p o i n t  w i th reasonabl e ac cu racy . Since  the abs orb-

ing  spec ies  i s  a p rodu c t  of  the reac t ion , t he s u b s t rate  
-

c oncentra t i on a t  p oi nt n, L S I , - n 

- -L s_;n = 

A � - A n 
c l....o 

is  g iven by 

where A �  is  the f i na l  absorbanc e, € is  the ext inc t ion 

c oeffic i ent and A i s  the abs o rbance  a t  p o i nt n , an d  the n 
rat e , V , is  app rox imated by 

n 

V n = 
L-S_/

n-1  - L-S_/
n+l 

2 dt 

whe re a t is  th e  t im e  i n t e rval btt tween p o int s . Thu s  fo r 

p expe r imental  p o i nts , p - 2  values  of the rate  a t  known 

subs t rata  conc entrat ions are d e t e rm ined . I n  prac t i c e  i t  

was f ound that 12- 1 5  p o in t s  were suffi c i ent f o r  the me thod 

to work wel l . Mos t  sat isfact o ry resul t s  were o b ta in ed wh en 

the i n i t i a l  subs trate c oncentrat ion was about 3 x K • m 

The pH de pend e nc e o f  the s t ea d y s ta t e  parame ters for 

the reac t io n  up to pH 7 . 4  was s tud ied us i ng th e me th od s  

jus t d e s c r i b ed , but bu f f ers of d i f f eren t pH . Ace tate  buf f e rs 

(Q 1 M ) were us ed f rom pH 3 . 5  t o  pH 5 . 5 ,  and 0 . 1 M p h os p hate buf f e r s  
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w e r e  us ed f r om p H  5 . 8  t o  pH \1 . 4 .  At pH 6 . 0  a nd a b ov e i t 

was n e c e s s a r y  t o  a l l ow f o r  a l k a l i ne h yd ro l y s is of th e 

s u b s t ra ta . Th i s was p ro v i d e d  f o r  i n  t h e  c omp u t e r  p ro gramm e , 

and p s eud o f i rs t ord e r  r a t e  c on s tan t f o r  hyd ro l y s is o f  

s u b s t r a t a  b y  e a c h  buf f e r  was d e t e rm i ne d and u s e d  i n  the 

c a l c ul a t i o n  o f  s t eady s ta t e  param e t e r s . 

S i n c e  a l k a l i n e  hy d ro lys i s b e c omes v e r y  rap id at pH 7 . 8  

and a b o v e , th e r e a c t i o n was o b s e rved o n  a s t op p ed- f l ow 

s p e c t r opho t ome t e r . The i ns t rume nt q s e d  wa s a D u r rum D - 1 1 0  

s p e c t r o p ho t om e t e r  w i t h  a b s o rbanc e output o n  a H e wl e t t -

Pa c k ard 1 4 1 B  s t o r a g e  os c i l l o s c op e .  I n  the s e  e x p e r ime nt s 

reac t iva t ed e n zy m e  was m ad e  up i n  0 . 2  M Tri s -HCl b u f f e rs , 

- 6  abou t  2 x 1 0 M .  Th i s s o l u t i o n  w a s  u s e d  in one s yr i n ge o f  

th e s t o p p e d  f l ow a pp ara t u s , a nd a 2 x 10
- 4

M s o l u t i o n o f  

Z- l y s - pNP i n  wa t e r  wa s us ed i n  th e o the r sy r i ng e .  The 

a b s o r b a n c e  o f  the r e a c t i o n  m i x t u r e  at 3 4 7 . S  nm was r e c o rd e d  

o n  a ve r t i c al s c a l e of  0 - 1 . 6A ,  f o r  5 o r 1 0  s e co nd s , a nd th e 

o s c i l l o s c op �  was s u bse q u e n t l y  t r i g ge red a ga i n to g iv e  a 

f in a l  a b s o rb a n c e va l ue . The exp eriment was r e p eated unt i l  

t h r e e  c o n s e c u t i v e  t ra c e s o n  th e os c i l l o s c o p e  w e r e  s up e r-

im p o s e d , a nd t h e  tra c e  was th en p h o t ographe d , th r e e  s u c h  

p h o t o graphs b e in g  o b t a i n e d f o r  e a c h  pH . I n  ord e r  to a l l ow  

f o r  a l k a l ine hyd r o l y s i s , t h e exp e r i ment wa s repeated a t  e a c h  

pH us i ng buf f e r  w i thout e nzyme . Pho to g rap h s  w e re s u b s e quen tl y  

e n l a r g ed a nd t r a c ed o n t o  grap h  pape r f rom whi ch p o int s were 

read . F i r s t  o rd e r· ra t e c o n s t a nt s  f o r al kal i ne ( a nd bu f f e r  

c a ta l y s ed ) h y d r ol y s is were o b ta i ne d f ro m  t h e  s l opes of 

s em i l o g a r i  thm i c  p l o t s  o f  A 00 - A v s  t i 11e . D a t a  fo r t h e  D 
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e n zyme catal y s ed r e a c t i o n s  we r e  t h e n  a na l y s e d b y  th e C h o rd s 

method-Ead ie  p l o t c omp ut e r  p r o gr amme descri bed a b o v e , u s i ng 

th e  d e r iv e d  f i r s t  o rd e r  ra t e  c o n s t a n t s  f o r  alkal ine hydrol y s i s  

i n  t h e  p ro g r amme t o  a l l ow f or n o n - e n z y m i c  h y d r o l y s i s . 

b )  Pre - s t e a d y  s t a t e  k i n e t i c s : The a c t i n id i n c a t a l ys ed 

h y d r o l y s i s o f  Z- l y s - pNP was examine d  in  t he s to p pe d  f l ow 

appara tus d e s c r i b ed a b o v e  a t  40 0 nm i n  a n  a t t emp t to s e e 

a b u r s t .  Ac t i n i d i n  ( 2 x l0- 5M) in  pH 7 . 0 , 0 . 2 M p h os p ha t e  

b u f f e r  w a s  us ed i n  o n e  s y r i nge , a nd a 4 x l 0- 4
M a q u e o u s  

s o l u t ion o f  Z - l y s -pNP wa s u s e d  i n  the o t he r .  

c )  Non-s t e ad y s ta t e  k in e t ic s : When e n z y me i s  i n  e x c e s s 

o f  v u b s t r at e , a s i ngl e tur nov e r ( n on- s t ead y s t at e ) rea c t io n 

i s  o b s e rved . 

F o r  t he s e  ex p e r iment s reac t i v a t e d  en zyme w a s  d ia l ys ed 

a ga i ns t  exc e s s 0 . 2 M pH 7 . 0  p h o s p ha t e  bu f f e r , a nd s o l ut i o n s  

ra n g i n g  f rom 50 to  800 � M en zyme in buf f e r  were u s ed in 

one s y r i n ge o f  t h e  s t op p ed -f l ow a p p a ra tus . The o t he r  s y r i n ge 

c onta ined an a qu e ou s  s o l u t i o n  o f  Z- l y s -p NP, nominal l y  10  j-tM. 

Reac t i o ns w e r e  f o l l owed a t  400 n m ,  u s ua l l y  f o i t h e  f i r s t  

50  ms , and a f t e r  th e r e a c t i o n  had f i n i s hed , the o s c i l l o s c op e  

wa s a ga in trigg e r e d  to o bta in t h e  f inal a b s o rbanc e . 
. 

Os c i l l o s c o p e  t r a c e s  were re c o rd ed a s  d es c ri b e d  a b ov e .  The 

ex p e r im e n t  was rep eated , f o l l ow ing a bs o r ban c e a t  320 nm . 

The pH d e p e nd e n c e  o f  t h e  n o n  s t ead y s t a t e  b ehav i o u r  of 

the r ea c t io n  wa s s tud i ed u s ing the me t h od d e s c r i b e d  a bo v e , 

w i t h  e n zyme e q u i l i b rat e d  w i t h  0 . 2 M a c e t a t e  buf f e r s  of pH 

4 . 0 ,  4 . 5 ,  5 . 0  and 5 . 5 ,  0 . 2  M p h o s p h a t e  buf f e rs a t  pH 6 . 0 ,  

6 , 5  and 7 . 0 , and 0 . 2 M Tri s -HCl bu f f e r pH 7 . 9 .  Th e 
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absorbance change was f o l l owed a t  320  nm b e l ow pH 7 . 0  

and 4 0 0  nm for pH 7 . 0  a n d  7 . 9 .  

d )  Deut e r i um i s o t op e  e f f e cts : I f  a pro ton t rans f e r  

i s  r a t e  l im i t i n g  i n  a s t e p  o f  an enzym e  c a tal y s ed reac t io n , 

t h e n  a la r g e i s o t o p e  e f f e c t  s h o u l d  b e  ob s erved . 

Ac t i n id i n  s o l u t i o n  was r e a c t ivated and f re e ze - d r ied . 

Th e d ry e n z yme was redis solv•d i n  D2 0 and f reeze-dried 

again . Ph o s p hate  buf f e r , pH 7 . 0 , was ma d e  up u s ing D2 0 ,  

a n d  t h e  d r i e d  enzyme was d i s solved  i n  this . Sub s t ra t e  

- 3  < Z - l ys - pNP) ( 3  x 10 M) wa s made up i n  D2 o al s o . St eady 

s ta t e  parame t e r s  were obtained a c c or d i ng to th e me tho d s 

u s e d  for t h e  exp e riment i n  H2 0 ,  d e s c r i bed  i n  Se c t ion 1 1  2 

v i i i )  a .  

i>t )  Comput e r S i,m,lll a t i o n  o f  Ac t i n id i n Ca talys ed Hyd rolys i s  

o f  Z - lye -pNP 

S ince the d er i va tion o f  ra te  e q ua t ions i n  app end ix 

2 i nvolve s app rox imat i o n , i t  was d e c ided  to t e s t  t h e  d e ri ved 

m icros cop i c  ra t e  c ons t a nt s  by c ompu t e r  s imula t i o n • . The 

rea c t i o n  wa s mod e l l ed u s i ng the p ro gramme d e s c r i b e d  i n  

app e n d ix 1 ,  w i th an ex t e nd ed p re c i s i o n  C S  M P  package on 

the I BM 113 0 c ompu t e r .  

·._ . · I 
...• 
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RE,ULTS AND D I S CUSS I ON 

En z y m e  f ro m  a t y p i c a l  p r e p a ra t io n  h a d  a k t ( t u r n o v e r  e a  . . - 1  . 
n u m be r )  o f  2 2 - 2 5  s o c  ( s p e c i f i c  a c t i v i t y  a b o u t  5 0 ) und e r  

s ta n dard n o s a y  c o n d 1 t i o n o  f o r  Z - l y s - p NP , a n d  b e ha v e d  a s  � 

o i ng l o  h o n o c e n e c u s  p r o t o i u , p r o d u c i n g  a s i n g l e  a y mm� t r i c a l  

p o a k  o n  u l t r a c e n t r i f u ga t i o n , a n d  g i v i n g a s i n g l e f a s t  

m o v i n g  b o � d  o n  d i s c  g e l  e l o c t r op h q r e s i s  a t  p H  8 . 9  (D a v i s , 

1 9 6 4 ) . Y i o l d s  f r o �  a t y p i c a l  p r e p a ra t i o n  a r e  g i v e n  i n  

'l'n b 1 e  I I .  

I n  s p i t o o f  t h e  ap p a re nt h o m o g e n e i t y  o f  th i s  p r o p a ra t i o n , · 

t h e  f r ac t i o n s  f r o 1;; t h t1 C <.l l unm c o n t a i n i n g  t he h i g h e s t  p l·o t c i n  

c o n c e n t r n t i o us d i d  n o t  n e c e s s a r i l y  s h o w  t h e  h i gh e s t  en z y me 

a c t iv i t y  i n d i c a t 1 n �  t ha t  s o m a  i na c t i v e  p r o t e i n w a s  e l u t i ng 

j u s t  b e f o r e t b o  a c t i v e  e n z y m e , · a nd · n o t res o l v i n g  pr o p e r l y  

TABLE I I  

S t o p  

I n i t i al Ex t 1· a c  t 

A!i�D1 o n 1 um 
S �.; l f a t e  p p t . 

C c>nc e n  t r a  t c d  
c o l um n  e l ua t e  

To t a l  
V o l u m e  

( u: l ) 

1 3 :>0 

1 4 0 

56  

% * P r o t e i n 
Ac t i v i t y  @ 

( m g ) 

l O O  

7 4  

56 

Ex p r � G s o d  a s  p e r c e n t a g e  o f  a c t i vi t y  i n  

· i n i t i a l  e x t r a � t .  

@ C a l c u l a t e d  u s i ne- e ��� = 

( i1l c Do w a 1 1  1 9 7 0 ) • 

2 .  1 2 l - 1  g 

S p e c i f i c  
Ac ti v i t y 

52 
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f rom i t .  Cons e q u e n t l y  the p repa rat i o n  wa� rechromatographed 

on a c ol um n of h i gh e r  re s ol v i ng powe r .  

Pro t e i n  s tarted t o  e l u t e  f rom t he c ol umn a f t e r  about 

2 0 0  ml , and two p ea k &  of p ro t ei n w e re pa r t i a l l y  r e s ol v ed , 

onl y the  s l ower mov i ng of thes e  b e i n g  a c t i ve a f ter  treatmen t  

w i th d i th i oerythritol  ( F i g . 1) . Th e latter  ha lf of t h e  

s e c ond p eak d i s p lay ed an al m o s t  c o n s t a nt s p e c i f i c  ac t iv it y  

o f  6 7  f or Z- l y s -pNP a t  pH a . o ,  c o r re s p o n d in g t o  a k t of ea  
-1 

2 9  s e c  for  a m ol e c u l a r  w e i g h t  o f  26 , 0 0 0 . Th i s  p repara t i on 

p ro b a b l y  c on ta i ns n ea r l y  10 0% ac t iv e ac t in i d i n . 

Be c aus e the i na c t ive p ea k  f rom th is p r e p a ra t i o n  i s s o  

s im i l a r  t o the t e trath i onate d e r i vat iv e of a c t i ve e n zyme , 

b e i n g  inseparable  on d is c  gel e l e c t rophor e s is o r  ul tra-

c en t r i fu ga t i o n , the  p ro te i n is pro b abl y a n  i na c t ive 

d erivat ive of the e n zyme i t s e l f , p o s s i b l y  one in wh i c h  th e 

a c t iv e  c y s t e ine h a s  b e c ome oxid i s ed t o  c y s t e i c ac id by  

exp o s u r e  t o  a i r : 

fo; 
E n z  - SH > En z - S03

-

Th i s  w i l l  be is o e l ec t r ic w i th the E n z  - S - S - S03
-

d e r iva t iv e  i n  the p re p a ra t i on , a nd have a n  a lm o s t  i d e n t i cal  

mol ecular  we i ght . Th e sl ight d i f f e r en c e in  i o n  exch ang e 

c hr oma t o graph i c  behaviour  wo uld t hen be due to th e E n z  

n e ga t ive charge b e i ng buried  in t h e  ac t ive s i te , unl ike 

s o -
3 

the charge on the E n z - S - S - 803 - wh ich i s  on a l o ng s i d e  

cha i n . The l a t t e r  group wi l l  make a gre a t e r  c o n t r ibuti on t o  



F ig. 1 A c t iv i ty and Pr o t e in C on c en t r a t i o n  P r o f i l e s  

f o r  Elu t i on o f  A c t in id in f' r om H igh R e s ol u t i on 

I on Exch ange C h r oma t ography C o lurrm . 

C o l u m n  d i m e n s i o n s : 1 5 0 c m  x 1 . 5  c m  

S am p l e s i z e ' fo r a s s ay : o f  a c t i v i t y : 

F r a c t i o n  s i z e : 2 0  m l .  

I 

2 5  f l . 

------ - -

0 · ?.-----�----------�------� 

0 · 6 1 5  

0 · 5  

1 0  

---' 

0 w � 
[_...;· 
)> 0 0 · 4  

(X) w 
N j'-, 

-<:( CO 
0 · 3  lf) 

(D 
n 

0 ·2 I 
5 ---' 

0 ·1 

0 0�--�--�--��--�---L--� 
1 0  2 0 3 0 

f rac t i o n  no. * 

I 

* 2 0 0  m l  o f  e l u a t e  w a s  c o l l e c t e d  i n . bu l k  

b e f o r e  f r a c t i o n s  we r e  s t a r t e d .  

4 8  

D o t s : P r o t e in c onc en t r a t i on ( ab s o rb anc e @ 280 nm. ) 
C ir c l e s :  A c t iv i ty ( hyd r o ly s i s  of Z lys pNp . ) 
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the n e ga t i v e  c ha r ge on the s u r f a c e  o f  the prot e i n .  The 

p ro t e i n  w i th th e h i ghe r ne ga t ive c harge on the s u r fa c e  wi l l  

b e  retarded more  b y  the p os i t ive g roups on t he DEAE c e l l u l o s e .  

S ince  the inert  p rote in  showed no a c t i v i t y  t owards any of  

the carboben zoxy am ino a c i d -�- n i t rophenyl e s t e rs used  in  

s pe c i f ic i ty s tud i e s  after  treatment wi th d i th i o erythr i t o l , 

i t  was c o n s i d e r e d  unne c e s sar y to remove i t  f o r  k inetic  

s t ud ie s . Th e s e p arat e d a c t ive  enzyme was u s e d  for  am i n o  

ac id anal y s i s . 

i i )  Mol ecular  We igh t D e t e r,m i na t i o n  

Both s olut ions gave l inear plots  of log  C Y  - Y ) v s  r o 
r2 (F i g . 2 ) w i th s lope s  of 1 . 14 and 1 . 1 9 .  From thes e s l op e s  

a n d  a p a r t i a l  s p e c i f ic vol ume o f  0 . 720 ,  a mo l e c ul a r  we i ght 

of 2 6 , 000  ± 500  d a l tons was cal c u l at ed . Th e p a r ti a l  

spec i f ic vo l ume was c a l c u l a t e d  f rom  t h e  am i n o  a c i d  comp os i t io n  

repo rted in  S ec t i o n 1 1  3 1 1 1 )  a c c ording to  Cohn  and Eds a l l  

( 1 9 43 ) . Th e va l ue is in  g o o d a greemen t w i t h  a value o f  

0 . 70 ± 0 . 0 5  determ ined by  we ighing s ol u t i ons c ontaun ng known 

amounts of  enzyme . Parti a l s pec i f i c  volumes of f i c i n  and 

p ap a i n  are  0 . 72 5 ( Engl und et  al . , 1 968 ) and 0 . 72 4 (Smith 

a nd K im me l , 1 9 5 4 )  respec t iv e l y , s o  the value o f  0 . 720 

o b ta i ned f o r  ac t in id i n  i s  fa i r l y  typica l .  

The m o l e c ul a r  weight of approx imatel y 2 6 , 0 0 0  da ltone i s  

c omparabl e  to  that  of  the ma in  fra c t ion  o f  f i c i n  ( 2 5 , 500 ± 

7 5 0 , Engl und et  al . ,  196 8 ) , a l though l a rger  tha n  tha t of 
-- -

p apa in  ( 2 1 , 000 , ��mtth and Kimme l 1 1 9 54 ) . Highe r  molecular  

we i ghts have bee n repo  ted for  s tem bromel a i n  ( 33 1 000 , 

Murachi , 1 96 4 ) , and chymopap a i n  A and B ( 36 , 40 0  and 3 4 , 50 0  
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2 

F ig. 2 Pl o t s  f o r  D e t e rmina t i on of the Mo l e cu�u 

We ight of Ac t in id in. 

2 0 , 0 0 0  r . p . m . , 2 3 . 3
°

C ,  0 . 0 1 M p ho s p h a t e  b u f f e r  

p H  6 . 8 ,  0 . 1 M  N a C l . 

1 50  5 1  52 

C i r c l e s : 0 . 4  m g/ml en zym e 
Do t s : 0 . 2 mg/� 1 e n z ym e  

Fo r a fu l l  e xp l a n � t i o n  o f  t h i s  m e t b� d  re f e r C h e r v e nk a  

( 1 9 69 ) .  
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respect ivel y (Kunimi ts u  and Yas unobu , 1 9 70 ) . 

The m o l e c u l a r  we ight 1•epo rted h ere is  in  d i s agreeme nt 

w i t h  tha t  of McD ow�:;. l l  ( 1 9 7 0 )  who publ i shed val ues  of 1 5 , 4 0 0  

and  1 2 , 8 0 0  f o r  the two  comp onents of his  crys tal l ine 

p reparation .  The s v  va l ues were d etermi ned us ing the ra te  

o f  elut i on f rom a c: a l i b rated Sephadex gel  f i l t ra t i on 

c o l umn . McDowa l l  has s ubs e quen t l y  c ommun icated  to us tha t 

h i s  publ i shed mol eoular we ight s are erroneous , a nd that 

a c t in i d i n  d i s p lays  anomal ous behav iour on  Sephadex co lumns . 

1 1 1 )  Amino  Ac i cl Ana lys is 

The amount of  each amino ac id was cal culated f rom 

t h e  p eak area and � omparis on w i th s tandard samp le s . Val ue s 

f o r  s e rine  and thr eonine  were obtained  by  extrap olat ion  of  

values  f rom 24  hou r and  72 hour  hyd ro l ysate&  back to  'zero 

t ime . For apolar  res idue&  the value s f o r  th e 7 2  hour 

hydrolysate  were u s ed , wh i l e  for a l l  o ther  am ino  acids , th e 

mean val u e  f o r  a l l  d etermina t i on &  was u s ed . The U .V .  

s p e c t rum in  alkal i ne s olut ion  sh owed a tyros 1 ne : tryptophan  

ra t io of  1 • 8 2 : 1 .  Al l amino ac ids  were  f i rst  c a l culated as  

number  of res idues per  1 0 0  res idues , and a molecular  we i gh t  

for  th is compos i t ion was calculated . The numbers  of a l l  

amino  ac ids  were al l t hen  mul t i p l ied by  a n app rop ria te f a c t o r  

to  bring t h e  molecular  w e i ght t o  2 6 , 0 0 0 , a nd t h en take n  to 

the neare s t  who l e  numbe r .  The s e r e s u l t s are g i v e n  i n  Ta bl e 

I l l  and a re c ompared with  tho s e  of McDowa l l  f o r  actinidin  

( p e rs onal c ommun icat ion ) ,  and als o with  p u b l i s h e d  v a l u e s  f or 

p a pa i n , f i c i n , s t em brom e l a i n  and green f rui t b rome l a 1 n .  
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TABLE I l l  

�m i n o  Ac i d  Compo s i t i o n  o f  A c t 1 n 1 d 1 n  Compa red wi t h  

* 
Tha t  of Othe r P l a n t  Th i o l  Pro t ea s e s  

Ly s i n e 

H i s t id ine 

Arg i ni n e  

Aspa r t i c  Ac id 

Th r e o n i ne 

S e r i n e  

G l utam i c  Ac i d  

Prol i ne 

Gl y c i ne 

Ala n ine 

C y s t e i n e  

Val i ne 

Me t h i o n i n e  

I s o l euc i n e  

Leu c i n e  

Ty r o s ine 

Ph e n y l a l a n i n e  

Try p top han 

* 

Ac t i n i d i n  
a b 

6 6 

1 1 

5 5 

3 1  3 0  

2 0  1 9  

1 3  1 1 

2 3  2 3  

9 7 

3 2  2 9  

1 6  1 6  

5 

1 8  1 7  

2 2 

1 7  1 8  

9 8 

1 5  1 4  

6 5 

8 5 

c d e 
Pap a i n  F i c i n S t em 

B.rome l a i n  

1 0  5 2 0  

2 1 1 

12 10  1 0  

1 9  1 7  2 7  

8 1 8  1 2  

1 3  1 4  2 4  

2 0  2 5  2 0  

1 0  1 1  1 3  

2 8  2 8  2 9  

1 4  2 0  3 0  

7 8 1 1 

1 8  1 8  1 9  

0 5 4 

1 2  7 2 0  

1 1  1 5  9 

1 9  1 5  1 9  

4 5 9 

5 6 8 

a l l  va l u e s  tak en t o  nea re s t  wh o l e  num b e r  

f 
Fru i t  

Bromel a in 

8 

1 

9 

3 0  

1 4  

32  

2 3  

1 2  

3 3  

2 4  

1 0  

2 0  

6 

1 6  

1 0  

2 2  

8 

6 

a )  Th i s  w o r k . b )  M . A . McDowa l 1 r p e r s o na l  c ommun icat i o n .  

c )  Glazer and Smith ( 1 9 7 1 ) .  d )  Englund e t  al . ( 1 9 6 8 ) . 

e )  Mura c h i  ( 1 9 6 4 ) . f )  Ota e t  a l . ( 1 9 6 4 ) . 
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There is an obv i ous homo l ogy in  c ompos i t ion between the 

t h i o l  prot e i ns , and when the widely  varied s ources  are 

cons idered , i t  s e ems l ikely  tha t this is as a resu lt  of 

c onvergent evolut ion , i . e . the comp os i t ion is a ref l e c t i o n  

o f  suita b i l i t y  f or func t ion rathe r than a c ommon o r i gi n .  

iv )  Specif i c ity Stud i es 

a )  Pl o t s  of abs orbance aga ins t t ime for  a c t i n id i n 

catal y s ed hydro l y s i s  of all  the carbo benzoxy amino ac id 

£-n i t rophenyl esters  st ud ied were exponen t ial , ind icat ing 

that und er  cond i t i ons us ed the i n i t ial  subs t rata  c oncentra-

t i ons we re al l l ower th an K • The s e  rea c t i ons are p s eudo  . m 
f i r s t  order  s ince  water i s  p res ent in  excess  and th e  total  

concentrat ion  of  en zyme in  s ol u t i o n  i s  constant . Ps eud o 

f i r s t  orde r  ra te c onstan ts  were obta i ne d  f rom the  sl ope s  

of  p l o t s  of  Log (A oo - At ) 

can be  s h own t o  b e  e qua l to 

agains t t ime . 
k L-E I c a t  - o . 

K m 

Th i s  rate cons tant 

Ra te  c onstants  

were therefore  d iv ided by  the  en zyme c oncentra t ion  to  get  
k � 

K f or each  subs trate . S ince  the bes t s ubs trates  have 
m 

l ow Km values and h igh kcat  value s , they show h i gh  values 
k f o r � · Res ults  are given  in  Table IV . 

K m 

The marked p ref erence of act inid in  fo r a bas i c  s id e  

chain  i s  c ons i s tent with s im i l a r  obs erva t i ons on papain  

catalysed  hyd rol y s es of am ides  ( Glazer  and Smith , 1 9 7 1 ) . 

b )  S�e comp e t i t ive  inhi b i t o rs ha ve the ef f ec t  of 

rai s i ng K • it was aga in f ound nec�ssary to  use  the • 



TABLE IV . 

Po e u d o S e c o n d  Ord e r  R n t e  Co n s t a n t s  f o r  Ac t i n i d i n  

,Cn t a ly s e d  Hy,Q.ro ll's in of Va r i o u s  No.<:-Ca r b o b c n z o xy 

. Am i n o Ac i d  p- N i t r oph e nyl E a t e r s . 

Am i n o  Ac i d  

Ly s i ne 

Tr yp t op ha n  

Ala n i n e  

Ty t· o s  i n e  

Lo u c i n a  

Gl y c i n e  

- 4  k t - 1  - 1  1 0  x _£JL ( s e c  M ) K m 

1 1 . 9  * 

1. -1 

1 . 3  

o . a  

0 . 6  

0 . 2  

The r e a c t io n a  .we re c a r r i e d  o u t  i n  p H  6 . 0 p h o s p h a t e  

b u f f'e r  ( v . 1 H ) , c o n t a i n i n g  2 0/� a c e to n i t r i l e .  

Su b s t r a t a  c o nc e n t r a t i o n  wa s i n i t i al l y  0 . 1 m M  i n  al l 

c a s e s ,  a n d  e n z ym e  c o n c e n t r a t i o n w a s  0 . 1 p M . 
* T h e  d e c r e a s e i n  v a l u e  fo r l y s i n e  r e l a t i v e  t o  t h a t  

_im p l i c i t  i n  T a b l e V I I I  r e p r e s e n t s m a i n l y  a n  e f f e c t  

o f  t h e  o r g an i c  so l v e n t o n  K • 
m 

5 4  
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oxp o n e n t i � l  reac t i o n  c u rve  t o  d e r i ve a p s eudo s e c o nd ord er  

rate  c o n s tan t . Th i s c on s tant is  al so more  r e l iabl e t h a n  

e ep a ra t e l y  d e r ived va lues of k
c a t  and Km . Th i s  ra t e  con s t an t  

k c a t  , and t h e  e f f e c t  of  a c omp e t i t iv e  inh i b i t o r 
}{ 

:L s e qual t o  

m 

i s  to  ra i s e  K by a f a c tor of m 1 whe r e  LI_/ i s  

·t h e  concent rat i o n  o f  i nh i b i t or a n d  K1 i s  t he d i s s o c ia t ion  

c o n s tant for  the i nh i b i t o r . Th erofore fo r th e i n h i b i t e d  

k -c a t  k 
rea c t i o n  k

l 
= 

C I J 
• A p l o t  o f  .....2 v s  L I_! 

K ( 1  + ) k l m K
i 

k 
L-I_I 0 

w i l l  b e  l i near accord i n g  t o : = K
I 

+ 1 , wh e r e  k k
l 

0 

i s  the s e c o nd ord e r  rate cons t a nt f o r  th e n ormal reac t i on , and 

k 1 i s  t h e  ra t e  c o n s tant f o r  t h e  i nh i b i t ed r ead t io n .  Pl o t s  o f  

t h i s t y p e  wore c o n s truc ted  and K1 ob t a i n e d  f rom t he s l opes . 

The s e  values are recor d ed in Ta bl e V ,  and p l o t s  f o r  the three 

inhi b i t or s  ar9 s h own i n  F i g . 3 .  From the s e  r e s ul t s  i t  

TABLE V .  

D i s s o c i a t i o n  Cons tants  f o r  Compe t i t i ve I nh i b i tors 

Of Ac t i n i d i n  Ca ta l y s ed Hyd ro l y s i s  of Z-Ly s - pNP 

I nh i b i t o r  

Ace t y l  Arg i n i ne 

Ben z o y l  Arg i n i ne 

Ben z o y l  Arg i n ine  

Ethyl Es t e r  

1 1 0 

24 

40 
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. I 

4 

3 

2 

. 1 

F ig. 3 �ffe c t of C ompe t i t ive Inh ib i t o r s  on 

A c t in id in C a ta ly sed H yd r olys i s  o f  

Z lys pNp , pH  6 � 0 ,  2 5° C .  
!ST = 0 . 1 m f-1 
!El = 0 • 0 5 .  f fl1 

20 

/ / -

60 . 8 0  

[ IJ (mM )  
Op en c i rc le s :  N-«-Benz oyl-L-A rg

.
in ine 

C r o s se s :  N�-Benz oyl-L-A rgin ine E thyl E s te r  

D o t s :  N�A c e tyl-L-A rg i n ine E thyl E s te r  

100 

0 6  

. • '  



a p p e a r s  tha t the im p ro ve me n t  i n  b i nd ing a t  the a c t i v e s it e  

f rom an ac e t y l  am ino ac id t o  a ben zoyl am i n o  a c i d i s  o n l y 

a b o u t  f iv e  f o l d . Th i s  p r e f e r e nc e for a n  aroma t i c  group i n  

t h e  s2 b i nd i n g  s i t e i s  muc h l es s  marke d  i n  a o t i n id i n  t ha n  

i t  i s  f o r  pap a i n .  I n  t h e  l a t t e r  c as e  K f o r  h yd ro l y s is o f  m 

the n i t r o p h e n y l  e s t e r  of ac e t y l  g l yc ine  i s  1 0 0  t ime s  t h a t  

f o r  th e s am e e s t e r  o f  b e n zo y l  g l yc ine { Lowe , 1 9 70 ) . Th e 

h i gh e r  K 1 f o r  th e  e t h y l  e s t e r , c ompa red wi th th a t  o f  

b e n zo y l  a r g i n i n e , may i nd i c a t e  th e pre s e n c e  o f  a c a t i o n i c  

5 7  

g r o u p  a t  t h e  ac t ive s i t e , a tt ra c t i ng t h e  nega t ivel y cha r ge d  

c a r box y la t e  group . The p re s e n c e  o f  a c a t i on i c  g r oup i n  

t h e  a c t i v e  s i t e of p ap a i n has b e e n su g g e s t e d  t o  e xp l a i n  

t h e  obs erva t i o n  that  hal o a c i d s  are mor e reac t i v e  than t h e i r  

am i d e s  t owa rd t h e  e s s en t i al t h i o l  g roup at neu t ra l  pH 

{ Ch a i ken and S m i t h , 1 9 6 9 ; Wal l e n f e l s  and E i s e l e , 1 9 6 8 ) .  

v )  S impl e E s t e r  Su��trates 

Lineweav e r  Burk p l o t s  w e r e  c on s t ruc t ed f rom i n i t ia l  

ra t e s  o f  h y d ro l y s is a t  a s e r ie s  o f  s u b s t r a t a  c o n c e nt r a t i o n s  

f o r  both  N�- b e n z o y l - L-arg i n i ne e thyl e s t e r a nd N�- c arbo-

b e nzoxy - L- l y s i n e  me t h y l  e s t e r .  The s e  a r e  s hown in  F i g .  4 ,  

and k 
t 

and K val u e s  d e r i v ed f rom th e s e p l o t s  a r e  g iven ea m 
i n  Tabl e V I . N�- b e n z o y l - L-arg i n i n e  e t h y l  e s t e r  i s  w i d e l y  

u s ed a s  a s u b s t r a t a  f o r  p l a n t  th i o l  p r o teas e s , a n d  s t ead y 

s ta te p a ram e t e rs f or a c t i n i d i n  c a t al y s ed h y d ro l y s i s o f  t h is 

s u b s t ra t a  are c ompa red w i t h  c o rr e s pond ing val ue s f or o the r 

t h i o l  p r o t ea s e s  in Ta b l e  V I I .  The param e t e rs f o r hy d ro l y s i s 

o f  N�- benzoyl  a r g i n i n e  e th yl e s t e r  d i f f e r  f r om t h o se of 

McDowa l l .  Th i s  could be due to e i th er t h e  d i f f e re nc e  in 



F ig. 4 L inewe a-ver-Burk Pl o t s  for Ao t in id in C a t aly sed Hyd r o ly s i s  of A l kyl E s t e r s .  

2 0  

1 6 

1 a·t 1 ,  1 2  . V 
(M�� ec) 

0 20 40 60 

0 . 1  M phosphate buffer pH 6 . 0 , 2 5°C 

D o t s :  N�-B e n z oyl-L-Arg inine E thyl E st e r  

C i rc l e s :  N-�-C arb ob enz oxy-L-Ly s ine 
Me thyl E s t e r  

Enzyme c onc e n t ra t i on :  2 . 2 2 uJv: f o r l y s ine 

3 .  2 5  uM f o r  a rg i n in, 

80 100 
1 I s (tvf 1 ) 

c:.n 
CO 



TABLE VI 

S teady S ta t e  Pa ram e t e r s  f o r Ao t i n i d in Cata lys ed Hyd r olys is 

of E s t e r  Subs trates  at pH 6 ,Q 

E s t e r  

N�- b en zo y 1 -arg i n i n e - e th y l  

K ( mM> m 

* 
6 1  ( 89 )  

Noc- c arbobenzox y - l y s 1ne-m e t h y 1  20 

- 1  
k t ( s e c  ) 

ea  

4 

6 . 1  

* 
( 2 . 6 )  

* 
Values i n  parenthes es a re th o s e  rec o rd ed a t  pH 5 . 6 

( McDowa1 1 1  1 9 70 ) . 

TABLE VI I 

S t eady S ta t e  Pa rame t e r s  fo r Hyd r o l ys i s  of  N�-Benzoyl ­

Argi n�ne -Ethy1 Es t e r by Va r i ous Pl a n t  Th i o l  Prot ea s e s  

Enzyme K ( mM) - 1  k t ( s e o ) m e a  

Ac t in id in  6 1  4 

Pap a i n  
* 

1 . 8 9 1 2  

F i c i n  
* 

2 5  1 . 4 

Brome l a in 
* 

1 70 0 . 5  

* 
Data f r om Barman ( 1 96 9 ) . 

59 
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pH b e tween the two s e t s  of exp e r imen t s , o r  t h e  d i f f ere nt 

p re p a ra t i o n s  o f  a c t i n i d i n . The la t t e r  ex p l a na t i o n s e e ms m o re 

l i k e l y , s i nc e McD owal l ' s  prep a rat i o n  o f  a c t i n i d i n  i s  qu i te d i f -

f e re n t  f rom t h a t  r e p o r t e d  here , and c o n ta in s a t  l eas t two 

d i f f e r e nt p ro t e i ns . The res u l t s  s h own i n  Ta bl e V I I  sh ow 

that ac t i n i d i n  is a f a i r l y  typ i c al p l ant th i ol p ro tea s e  i n  

i t s  a c t iv i t y t oward s N�- b enzoy l - a r g i n i ne- e th y l  e s t e r .  

v i ) Ac t i v a t or s  and I nh i b i t o r s  of Ac t i n id i n  

a )  Sod i um t e t ra th i o na t e : The i na c t i v a t i o n  of 

a c t i ni d i n  by th i s  reagent , w i th s u b s e q ue nt regen e ra t i on of 

ac t i v i t y  by th i o l  re duc i n g  age nt s , i s  t y p i c al of a th i Q l  

p r o t eas e ( e . g . Englund e t  al . ,  1 9 6 8 ) . 

b )  Me rc u r i c  i ons : Ac t i n i d i n , l ike f i c i n  a nd papai n ,  

i s  i na c t iva t ed b y  m e r c u r i c  i ons . Papa i n  whi ch has been 

i n a c t ivated i n  th is  w a y  c a n  b e  rea c t iva t ed us i n g t h i o l  

reduc i n g  agents  a n d  EDTA (Arnon and Shap i ra , 1 9 6 9 ) . At t emp t s  

t o  r ea c t i va t e  ac t i n i d i n  i n  t h is f a s h i o n , howeve r ,  were en t i r e l y  

w i t h o u t  s uc c e s s .  

c )  Reac t i on w i th i o d oa c e ta te : Lo s s  of a c t iv i t y  was 

p s eu d o  f i r s t  o rd e r  i n  e n zyme c o n c e nt rati o n  b e c aus e i odo -

a c e ta t e  was p r e s e n t  i n  e x c e s s .  From a p l ot o f  l o g  ( ac t iv i t y ) 

a ga i n s t t ime , a p s eud o f i rs t  o rd e r rate  co n s tant of 2 . 8 6 x 
- 2  - l  

1 0  m i n  w a s  ob t a i ne d . S i n c e  the c o n c en t rat i o n  o f  

. 4  
i od o a c e t a t e  i n  the r ea c t i on m i x t u re was 1 . 18 x 1 0  -M , t he 

s e c o nd o r d e r  ra t e  c o ns tant f o r  t h e  r ea c t i on i s  2 . 42 x 

02M- l  - 1  M- 1  
1 m i n  o r  approx ima t e l y  4 -1 

s ec • 



6 1  

Samp l e s  o f  t h e  i nac t ivated  e n zyme were h yd r o l ys ed f or 

2 4 hou r s  in 6 N  HCl , and an amino ac i d  anal y s i s  was carr i e d  

out  a c c ord i n g  t o  t h e  m e t hod d e s c r i bed i n  S e c ti on I I  2 iv ) .  

R e s u l t s  o f  t h i s  a na l y s i s  showed t h e  p r e s e n c e  o f  one  res i d ue 

o f  c a r b oxymethyl c y s t e in e  p er p ro t e i n  mo l e cu l e .  I n  th e 

a bove exp e r imen t  th e s u l fhyd r y l  c on c e n t ra t i o n  f rom d i t h i o -

e ry th r i t o l  i s  h i g h e r  than the conc en t ra t i on o f  e n zyme o r  

t h e  c o n c e n t ra t i on of  i od oa c et a t e . The ref ore th e a c t ive 

c y s t e i n e  s id e  c ha i n i n  t h e  e n zyme m o l e c ule reac t s  p r e f e r-

e n t i a l l y  w i t h  i o d o a c e t at e . Th i s  i s  c o ns i s t e nt w i th a 

s im i l a r r e s u l t r e p o rted by McD owa l l  ( 1 9 7 0 ) , and ind ic a t e s  

t h a t  t h e  ac t iv e  s i t e  t h i o l  g roup i s  v e r y  reac t iv e . I t  i s  

p o s s i b l e  tha t i o d oa c e ta t e  c ould a l k y l a t e  o ther th i ol group s 

i n  the en zyme i n  the a b s e n c e  of d i th i o e r y th r i t o l . 

d )  N- e t h y l  mal e i imi d e : An a b s o r banc e c hange  of 

0 . 2 6A was o b s e rved f or N- e th y l  mal e i i m i d e  reac t i on with the 

e n zyme . Th i s  c or r e s p ond s to a t h i o l  c o n c en t ra t i o n  o f  4 . 1 7 x 

- 4  
1 0  · M  ( R i o rdan a nd Val l e e , 1 9 6 7 ) .  S i nc e th e en zyme c on c en-

- 5  t ra t i o n  i n  the  reac t i on m i x tu r e  was 9 . 2 x 1 0  M ,  this  

c o rr e s p ond s t o  4 . 5 f re e  sul fhyd ryl groups per  en zyme 

m o l e c u l e .  Am i n o  ac i d  a n a l y s i s  i nd i c a t e s  a t o t al of 5 

c y s t e i n e  and  hal f c y s t i n e  r e s i d u e s  in  the e n zyme m o l e c u l e , 

and i t  i s  p o s s i bl e  that , und e r  th e reduc ing c o nd i ti ons  u s e d  

i n  p repara t i o n  o f  the e n z yme f or th i s  expe r i me n t , a n y  

d i s ul f i d e  b r i d ges  p re s e n t  in t h e  na t i v e  en zyme w e r e  r e d uc e d .  

The p r od u c t  o f  the reac t i on of a c t i n i d i n  w ith N-e t h y l  

mal e i im i d e  i s  ina c t ive t owa rd s  Z - l ys -pNP . 
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f )  L-Tr y p t o p hana m i d e : Und o r reac t i o n  co n d i t i o ns us e d , 

L- t r y p t o p hanam i d e  c aus e d  n o  e nha n c em en � o f  ra t e of ac t i n i d i n  

c a t a l y s e d h y d r o l y s i s o f  Z - l y s - pNP. 

g )  Eth a n o l a nd m e t h a n o l : I t  was f o und t ha t m e th an o l 

had l i t t l e e f f e c t  o n  t h e  · h y d ro l y s i s  o f  Z- l y s - pNP c a t a l ys e d  

b y  a c t 1 n i d i n , a t  c o n c e n t ra t i on s  up t o  2 0% b y  volum e . At 3 0 %  

b y  v o l um e , howe v e r , th e a l c oh o l  had a s l i g ht i n hi b i to ry 

e f f e c t  o n  t h e r e a c t i on , p os s i bl y  du o t o  p e r t u r ba t i on o f  t h e  

s o l v a t i o n  o f  t h e  e n zyme m o l e c u l e .  Etha n o l  b eh a v e d  a s  an 

i n h i b i t o r  wi t h  a K 1  v a l u e  o f  ap p ro x im a t e l y 3 . 6 !1  ( a bo u t  20% 
b y  vo l u m e ) . T h e  K 1  v a l u e i s  e s t i m a t e d  f ro m  p s e u d o  s e c o n d o r d e r  

r a t e  c o n s t an t s ,  b � t B a d i e  p l o t s  o f  t h e  p a r t  o f  t h e  r e a c t i o n a t  

h i �h su b s t r a t e a. i n d i c a t e d  t h a t  t h e  m a i n  e f f e c t w a s  o n  K , 
m 

i . e . t h e  m a i n  i nh i b i t i o n  i s  c o m p e t i t i v e . S e e  F i g .  4 a . 

h ) A c e to n i t r i l e :  Ac e t o n i t r i l e a l s o  b e h a v e d a s  a n  i n h i b­

i t o r  fo r t h e  ac t i n i d i n c a t a l y s e d  hy d ro l y s i s o f  Z- l y s - p N P ,  w i t h  

a K 1  o f  a p p ro x im a t e l y  1 . 9 M  c al c u l a t e d  f ro m  p s e u d o  s e c o n d  o r d e r 

r a t e  c o n s t an t s .  A s a i n  E a d i e  p l o t s  o f . t h e  p a r t  o f  t h e  r e ac t i o n 

a t  h i gh s u b s t r a t a  c o n c e n t ra t i o n s  i n d i c a t e d  t h a t  t h e  m a i n  e f f e c t 

w a: s  o n  K • S e e F i g .  4 a .  m 
i )  Ge n e r a l  d i s cu s s i o n : The i na c t i va t i o n exp e r i m en t s 

i n  t h i s s u b s e c t io n  c l ea rl y i nd i c a t e  the im p or ta nc e f or 

e n z y m i c  a c t i v i t y  o f  a s i ng l e  v e ry r ea c t iv e  th i o l  g r oup , the 

s i d o  c h a i n  o f  a c y s t e i n e  r e s id ue . Be c au s e  of  t h i s , a nd th e 

o t h e r  s im i l a r i t i e s  b e twe e n a c t i n i d i n , p ap a i n  a nd f i c i n  

f o und i n  p r e v i o u s  exp e r im ent s ,  i t  i s  reas onable t o  supp os e 

t h a t t h e  a c t i n i d i n c a t a l y s ed h y d ro l y s is o f  e s t e rs i nvo l v e s 

f o rma t i o n  and b r ea kd o wn o f  a n  a c y l t h i o e s t e r  of t h e  r ea c t i v e 

t h i o l group . I n  t he ca s e of a c t i n id i n  c a t a l ys e d  hyd r o l y s is 

o f  Z- l y a - pNP , i t  m i ght b e  ex p e c t e d  that the ra t e  o f  t h e  

a c y l a t i o n re a c t i o n  wou l d  b e  c o n s id e ra bl y fa s t e r  than 

d ea c y l a t i o n b e c a u s e  the a- n i t ro p h e n o l a t e  i o n  18 a pa r t i cu l a r l y  

g o o d  l eav ing group , an d al s o  i n  p a pa i n  an d f i c i n  c a ta l ys e d  



3 . 0  

2 . 5 

Fir;. 4a I n h i b i t io n o f  Ac t i n i d i n  C a t al y s e d  
Hyd ro l y s i s  o f  Z l y s -p NP , . p H  6 . 0 ,  2 5° c .  

I:El= O .  0 5  u M ,  [SJ 0.,. o .  1 m l'>1 .  

--- - -

62 o 

/ 

1 . 0 
0 5 1 0 1 -5  2 0  

Pe r c e n t a g e  ( by vo l um e )  o f  o rg a n i c  so l ve n t .  

+ = re a c t io n  i n  t h e  p re s e n c e  o f  ac e to n i t r i l e 

X • r e a c t io n  i n  the  p re s e nc e o f  e t hano l  

K rra s m f o u n d to  b e 5 0 :t,2 0 p.l1 in t h e  p re s e  n c e o f 1 6 • 7 ;' 

a c e t o n i t ri l e ,  a n d  8 0±.3 0  pH i n  . t h e  p r e s e nc e  o f  20� 
e t hano l ,  i nd i c a t i n g  c o m p e t i t i ve i n h i b i t io n . 
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e s t e r  h y d r o l y s e s , d ea c y l a t i o n  i s  u s ua l l y  ra t e  l i m i t i ng , 

e v e n  f o r  e s t e r s  w i t h  p o o r  l e av i ng group s . ·  I f  t h i s  were t h e 

c a s e . howev e r , i t  wou l d  b e  exp e c t e d  t h a t  nuc l e o p h i l e s  would 

i n c rea s e  k t • No enhan c e men t of d ea c y l a t i on was o bs e rv�d . e a  
i n  t h e  p r e s e n c e  o f  me th a n o l  o r  e t h a no l , h o weve r , a nd e v en 

wh e n  L- t r y p t op hanam i d e was ad d ed , n o  i n c r ea s e i n  k c a t  was 

obs e rv e d . Th e s e  r e s u l t s  i nd i c a t e  tha t d e a c y l a t i o n is n o t  

r a t e  l im i t in g f o r  t h i s  r e a c t i o n .  The a p p a r e nt c omp e t i t i v e  

i n h i b i t i o n  o f  t h e  a c t i n i d i n  c a t a l y s e d  h yd ro l y s is o f  Z - l y s -

pNP b y  e tha n o l  a nd a c e t o n i t r i l e  may b e  du e t o  b i ndi n g  of t h e  

i nh i b i t o r  a t  t h e  ac t ive s i t e .  F i nk a nd Bend e r  ( 1 9 6 9 ) rep o r t  

a d i s s o c i a t i on c o n s tant o f  3 . 0M f o r  e t han o l  an d p a pa i n  

· Wh i c h  c om p a r e s  we l l  w i t h  the K1 o f  3 . 6 M f o u nd f o r  e tha n o l  

a n d  a c t i n i d i n .  The i nh i b i t i o n  o f  e n z ym e  a c t i v i t y  b y  aceto-

n i t r i l e  ma y al s o  i nd i c a t e  b i n d i n g  a t  t he a c t i v e  s i te .  An 

a l t e r na t i v e  exp l a na t i on j n  b o t h  c a s e s  i s  t ha t  th e o rga n i c  

s o l v e n t  i s  d i s rup t i n g  t h e  s o l va t i o n  o f  t he e n zyme b y  wa t e r 

m o l e c ul e s . Th i s  c o u l d  have an a d v e r s e  ef f e c t  o n  the g r o u p s  

r e s p o n s i b l e  f o r  b i nd i ng , o r  c au s e  a n  ove ral l c ha n ge in 

c o nf o rm a t i o n  o f  t h e  e n zyme . Th e l a t t e r  exp l a n a t i o n  o f  

t h e s e  r e s u l t s  i s . h o wev e r , c o ns id e red u n l i k e l y  t o  b e  c o rr e c t 

i n  v i ew o f  the r e s u l t s  o f  F i nk a n d  Bend e r  ( 19 6 9 ) . 

v i i )  D e ta i l e d K i n e t  1:.£ s  o f  Hyd r o lys is of Z-·lys -pNP 

a )  S t e a d y  s ta t e  k i n et i c s : The v a l u e s  of K and m 

k t f o r  t h e  ac t i n i d i n c a t a l y s e d  h y d r ol y s i s  o f  Z- l y s - pNP e a  
a t  pH 6 . 0 a re g i v e n  i n  Ta b l e  VI I I , toge the r wi th c o rr e s p o n d -

ing val u e s  for p ap a i n- and f ic i n-ca tal y s ed hydrolys is o f  



TABLE V I I I  

Ste ady Sta,te Pa rame t e r s for  th e H_yd ro 1y s i a..21 

Z- 1ys -pNP Ca ta lys ed by Y�r i ous Pro teas e s  

Proteas e Km �M) -1 pH k t ( s ec  ) ea  

Papa in 1 1 . 71 ± 0 . 1 5 44 . 5 ± 1 . 8  6 . 2 

Fic i n2 2 . 7  + 0 . 2 32 . 4  ± 0 . 5  6 . e  

Ac t inid in 22  ± 2 29 ± 2 6 . 0 

1 Bender and Brubache r , 1 9 6 6 . 

2 Hollaway and Hardman , 1 9 73 . 

the same subs trat e . The turnover  numb er , k t '  f o r t he ea  

6 4  

reac t ion i s  rema rkably  c onstant , i n  sp it e  o f  a va r i anc e of  

mo re than ten- f old in  K va lue s . m 

The pH d ependence  of k t and K i s  summar is ed i n  ea m 
Tab l e  IX , and pH p rof i l e s  of k and K are shown in  eat  m 

Figs . 5 and 6 r e s p e c t iv e l y . The pH depend ence data f or 

K f i t  a curv e  cal c ulated for  a min imum K of  22  uM a nd m m ; ---

two ionis ing  group s o f  pK 3 . 7 � ± 0 . 1  and 8 . 1  ± 0 . 1 , a 
shown in  F i g .  6 .  Thes e  va lue s a re c ompa rable  wi th pK ' s  a 

k 
o f  4 . 30 and s . o  f o und � o r  cat  for  the papai n  catalys ed 

K m 
hyd rolys is  o f  Z- l y s - pNP (Bend er and Brubache r , 1 9 66 ) . 



TABLE IX . 

pH D epc n d � nc0 o f  S t e a dy S ta t e  Pa ramo t o r s  f o r  

Ac t 1p1d i n  Ca ta lys e d  H�d r o lys i a  o f  Z- lys pNP 

pH 

66 . 7  :t 3 . 8  

4 . 0 

2 6 . 1  ± 3 . 0  

.5 . 0  

2 1 . 2 ± 2 . 2 

6 . 0  2 2 . 3  ± 2 . 6  

2 4 . 0  ± 3 . 5  

7 . 0  2 7 . 6  ± 1 . 2 

8 . 2 4 5 . 5 ± 3 . 1  

- 1  k t ( s e c  ) e a  

2 3 . 1  'f 0 . 8  

2 3 . 8  ± 1 . 2 

2 6 . 3  :t 0 . 9  

2 6 . 3  ± o . 9  

* 
2 9  

2 8 . 0  ± 1 . 4 

-

3 7 . 0  ± 0 . 7  

8 1 . 2 ± 1 0  

1 7 3  ± 2 2  

Ex p e rim e n t al c o nd i t i o n �  are  g i v e n  i n  m e tho d s  s e c t io n  

vi i i )  a .  

* P re vio u s l y c al cu l a t e d  ( p . 47 ) . T bi s value  w a s  u s e �  as  

a r e f e re n c e to s t �n d a r d i �� the  c o nc e n t ra t i o n  o f  ac t i ve 

e n zym e u s e d  a t  o t he r pH  valu e s .  

6 5  



20 0 '"" 

5 0  

0 3 

·F ig. 5 pH Prof i l e  f'or kc a t for Ac t in i d in 
C a t aly sed Hyd roly s i s  of Z lys pNp . 

------ -
I 

I / .- . 

4 -5  6 7 
pH · 

.. 
. , 

6 6  

I 

/ 



1 0 0  -

8 0 
K m 

(fJM ) . 

6 0 

4 0  

2 0  

,----- . / 

� - -

J� ig. 6 �� Profile  for K for A c t in id in m 
. C a talysed Hydrolys i s  of Z �ys pNp. 

0 [sl0 = · 1 00 pM,  1= 0 . 1 ,  2 5  c .  
T h e  so i� d l i n e  i s  t h e  t h e d r e t i c al c u rv e  fo r . 

t wo io n i s i n g  g ro u p s  o f  p K  valu e s  3 . 7 5  and 8 . 1 a 
a n d  Km ( m i n )= 2 2fM•  

6 7  . 

f 
I I i 

1 0
�--��--�----_.----�----------� 8 9 3 4 5 · 6 

p H . 
7 



The pH p ro f i l e  f o r  k 
t ' wh i ch i s  s hown i n  F i g .  5 ,  i s  e a  

p ec u l i a r .  The s l i g h t  d ownwa rd t r e nd a t  l ow pH i s  n o t  sha rp 

enough t o  r e p r e s ent  the i on i s a t i o n  o f  a n  ac t ive g r oup , a nd 

i s  more  l ik e l y  to b e  a c o n f o rma t i ona l e f f e c t  due  t o  p r o tona-

t i o n  o f  group s rem o t e  f rom the a c t ive s i te .  The i nc reas e 

of  k a t  h i gh pH i nd i cates  th e e f f e c t  of  a group i on i s i n g  o a t  
a t  pH 8 . 1  ± 0 . 1 . Th i s  marked inc rea s e  in rat e  is n o t  

und e r s tood , b u t  is  c o ns id ered to s how a c h a ng e  o f  m e c ha n i sm 

of  h y d r ol y s i s  by  the  e nzyme . Th i s  w i l l  be  f u r the r exp l a in e d  

la t e r  i n  th i s  s e c t i on . 

I n  v i ew o f  othe r s im i l a r i t i e s  wi th f i c in and p a pa i n  

catal y s ed r ea c t i o n s , i t  i s  l i k e l y  tha t  ac t in i d i n  a l s o  h a s  a n  

a c t ive t h i o l  group i n  c l o s e  a s s o c i a t i o n  w i th a n  imida zols 

6 8  

r i n g  o f  a h i s t id i n e  mol ecule ( e . g . Lucas and W i l l iams , 1 9 6 9 ) .  

Th e h i gh e r  pK wou l d  b e  du e t o  l os s  of  a p r o t o n  f r om t he a 

t h i o l  group ( pK o f  th i o l  group of c ys t e i n e  is 8 . 3 3 ) ,  w h i l e  a 

t h e  l ower pK woul d be due t o  p r o tona t ! o n  o f  the i m i d a z o l e  a 

s id e  cha i n  o f  a h is t id i ne r e s idue . The norm a l  pK fo r a a 

h i s t id ine  i m i da z o l e  r i ng is 6 . 0 , but i n  the th i o l  p r o t ea s e s  

the s e  p K  ' s  a r e  g e n e ra l l y  c o ns id e rabl y l ow e re d , i n  th e c a s e 
a 

o f  papa i n  p o s s i b l y  b y  i n t e rac t i o n  w i t h  a t r y p t o p ha n  s i de 

cha i n  ( Pol ga r , 1 9 7 3 ) . 

b )  Pre -s t ea d y  s ta t e  k i ne t i c s : No bur s t  was o b s e rvabl e , 

eve n  a t  the h i ghes t time r e s o lu t i o n  ( 2  ms - 2 2  ms a f te r  f l ow 

had s to p p ed ) .  S i nc e the p roduc t b e i ng obs e rv e d  wa s t he 

l eav i ng group i n  a c y l a t i o n , i t  c a n  be d ed u c e d  tha t  ei th e r  a 

bur s t  d o e s  n o t  o c c u r  b e caus e ac y l a t i on i s  t he ra t e  l im i t i n g  

s te p , o r  a · burs t  o c c u rs s o  rap id l y  tha t i t  i s  c omp l ete 



w i t h i n  t h e  d o ad t im e  o f  the i n o t rumen t ( 2  ms ) .  Th e l a t t e r  

a r g ume n t  wou l d  imp l y  t h a t  t h e  r a t e  o f  t h e  a c y l a t i on s t ep 
-1  f i s  grea t e r  t h a n  3 0 0  s e c  • Unf o r tuna t e l y the b a s e l i n e  o 

t h o  i n s t rum e n t  was. no t � uf t i o i e nt l y  s ta b l e  to d is t i ngu is� 

b e tw e e n  the s e  p o s s i b i l i t ie s  by c ompa r i ng t he o b s e rved t ot al 

a b s o rbance c ha n g e  w i t h  a p r ed i c t e d  a b s o rbanc e c �an g e . U nd e r  

t h e  c o n d i t io n s u s e d  t he t o t a l  o b s e rv e d abso r b anc e c h an�e  

wo u l d  b e  �� p ro x im a t e l y  5% l e a s  t h an t h e  p r e d i c t e d  c h a n g e  
if a bu r s t had  o c cu rr e d . 'r h e  p re d i c t e d  value  was o b t a i n e d 

' f ro m t h e  t o t a l  a b so rbanc e c h an g e  o b s e rv e d whe n  t h e  e n zym e 

so lu t io n  was  d i l u t e d. 20  fo l d .  T h e  t im e  d e l ay_ b e t we e n t h e  t wo 

e x p e r im e n t s w a s  � bo u t  5 m i n du ring  wh i c h  t h e  ins t rum e n t  

d r i f t e d  by a s  m u c h  a s  5� o f . t he s c a l e  u n d e r o b s e rvat io n .  

6 9  

Tho reac t i o n  was f o l l owed a t  40 0 nm , the a b s or banc e max imum ( 
f o r  t h e  n-n i t r o p h e n o l a t e  i o n . Th i s  wav e l ength g i v e s  max imum 

s e ns i t iv i t y , s i nc e  th e pK f o r  �- n i t r ophenol is about 7 . 0 , 
. a 

and t h e  i o n i s�d f o rm has a much h i ghe r abs o �ban c e . 

- c )  N�n- s t ead y s ta t e  k i n e t ios t A t y p ic al p h o t o g ra p h  of 

a n  o s c i l l o s c o p e  t r a c �  i s  s h own· in  F ig . 7 .  Tho r e a c � i on i s · 

f i r a t  o b s e rv e d  a t  t h e  l o we s t p o i n t  o n  the  t rac e , a nd a r ap i d  
..----· - ­

i n c rea s e  i n  a b s �r b a n c e t o  about ,s o �  of t h e  t o t a l  a bs o r b a nc e 

c hange i s  f o l l owed b y  a s l ow i n c r e a s e  to 1 0 0 % . Th e i n i t i a l  

rap i d  i nc reas e r e p r e s e n t s  a burs t of  s ome k i nd , i a n d  i n  r d o r  

t o  d e t e rm i n e 'th e s i ze o f  t h i s . burs t i t  i s  n e c e s s a r y  t o  
\. _.1 

d e t e rm i n e  t he i d i t i a l  s ub s t ra t a  c on c e nt ra t ion . A gradual 

i n c reas e in  t he i n i ti al a b s o rbanc e of the reac t i o n  m ix ture 
. 

3 
was o b s e rv e d  d u r i n g  a • e r ie s o f  r u ns ( i . e . o n e  2 c m  d r ive 

s y r i nge f u l l o!  eac h reac tant ) .  Th i s  i n c r ea s e , u p  to O . O lA ,  

wa s ac c omp an i ed by a c orr•s p o nd i n g  d e c r e a s e  i n  t ho amp l i tud e 

of  t h e  obs e rv ed r e ac t i o n .  Becau s e  o f  t h e  h i gh e n zyme o o n c e n -

t r a t i on s  a nd l.ow s u b s t rata c o n c e n t r a t i o n  u s e d , a s �al l a mount  

o f  reac t i o n  m ix ture e n t e r i ng the  aubs t rato a y r i �ge c ould  

o � � t a 1 n  out f i c i en t  e n zyme to p ro d u� e  a s l ow breakd ow n  of 

subs trat a .  The obs erved i nc reas e of a b s or banc e would 



F ig. 7 O sc i l l o sc ope �race for Ac t in id in C a t alysed 

Hyd r o ly s i s  of Z lys pN p w i th Enzyme in Exc e s s . 

The pho t ogr aph shows three trac e s  sup e r impo sed . 

The exper imen tal l ine b e g ins a t  the l owe s t  p o int on 

the trac e , and shows the r ap id bur s t  for the f i r s t  

1 5  ms . , f ol l owed by the b e ginning o f  the s l ow pha s e . 

Enzyme ab ou t 1 0-4M , Sub s tr a t e  5x 1 0-6M . 

Ve r t ic a l  s c ale 0 . 01 A per d iv i s ion 

H or i z on tal scale 5 ms . pe r d iv i s i on .  

Wa v e l e n g t h  400 n m . 

T r a c e s  r e c o r d e d  at 3 20 nm a r e  o f  i d e n t i c a l fo rm i f  

t h e  v e r t i c al s c al e i s  e x p an d e d  t o  a p p ro xim a t e l y  

0 . 006  A p e r  d i v i s i o n t o  al l o w fo r t h e  s iD al l e r  

e x t i n c t i o n c o e f f i c i e n t . 
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requ i re l e s s  than O . O l j4 1 o f  reac t i on m ix t u r e  t o  e n t e r th e 

subs t ra t a  s y r ing e  d u r i n g  a s e r i e s  o f  reac t i o n s . Thi s  c o u l d  

o c c ur e i th e r  by back d i f f u s i o n  o r  a s  a re s u l t o f  a r e f l e c t e d 

s h o ck wave f rom t h e  s t o p p a g e  o f  f l ow .  

7 1 

I n  o r d e r  t o  c o r r e c t  f o r  t h i s  g r adua l d e c r e a s e  i n  s u bs t r a t e  

c on c en t r a t i o n , a reac t i o n  w a s  c a r r i e d  out b e f o re a nd a f t e r  

every  [E] > [SJ exper iment , us irig  a l ow e n z y m e  c o n c e nt ra t i o n  

( 5  x l 0 - 7M> on  a l o n g e r  t im e . s c a l e  < ! - 1 s ee ) . Th e 

o s c i l l o s c op e  t ra c e  o f  th e s e  e x p e r i ment s was ex p o.nent i a l a nd 

t h e  s u b s t ra t a  conc entrat ion c o u ld b e  d e termine d f r om t he 

amp l i t u d e  of th e t o t a l  a b s o rbanc e change . Th e mean o f  

· £sJ v a l u e s  d e t ermine d  b e f o re and a f te r e a c h  [E]> [S] e x p e r i men t 0 

was take n a s  t h e  v a l u e  a p p l i c a b l e t o  tha t e xp e r i m e n t , a nd 

t h e  v a r i a n c e b e t w e e n  th e d etermined �s_7 val u e s i s  i nd ic a ted 0 
b y  the e r r o r  b a r s  in  F i g .  9 .  The s e  e r r o r  b a r s  a r e  c a l c u l a t ed 

f o r max imum and m i n imum v a l ue s  of � S� fo r e a c h  n o n - s t e a d y  0 
s ta t e  exper ime nt . 

Th e b i p b a s i c  nature o f  the n o n  s t e a d y  s t a t e  r e a c t i o n  i s  

n o t  c omp a t i bl e  w i t h  a th r e e  s t e p  r e ac t i o n : 

E + S 

I n  t h i s  c a s e  i f  k2 were r a t e  l im i t ing , t he a b s o r banc e 

change w o u l d  b e  m o nophas i c  wi t h  a ra t e  c o n s t a n t  o f  a bout 

30 s e c - l ( m u c h  s l ow e r  t h a n  th e  ra t e  ob s e rv e d  fo r t h e  rap id 

pha s e ) . Al t e r n a t i v e l y  if k3 were r a t e  l im i t i ng , t h e  r ea c t i o n  

wou l d  p ro c e e d  rap i d l y to c omp l e t i o n  i n  a monoph a s ic r e ac t i o n 

g o v e r n e d  by k2 • 



The reac t io n  c a n  be exp l a in e d  by t h e  mec ha n i s m of 

Ho l l awa y and Hardman ( 1 9 7 3 ) , bu t a s i mp l i f i ed v e r &o n  of 

th i s suf f i c e s  to exp l a i n  the s e  r e s u l t s : 

E + S 

The k3 and k 4 s t ep s  a r e  regarded as i rreve r s i bl e  a s  

k_ 3  and k_ 4  w i l l b e  s ec o nd o rd e r  rate c o ns t a n t s  a n d  the 

c o n c ent ra t ion of both r ea c t a nt s in each c a s e  is small'• 

Th i s  i s  subs t a n t iated b y  the f a c t  that no p rodu� t i nh i b i t i on 

o c cu r s , even a t  p roduc t c onc e nt rat ions  mora tha n  2 0- f o l d  

h i gh e r  than tho s e  o c c u r ri ng i n  the s e  exp eriment s .  The 

expe r imental r e s u l t s  c a n  be i n t e rp re t e d  i n  t e rms o f  th i s  

mechan i sm a s  f o l l ows : The rap id p ha s e  o f  t h e  reac t io n  

c ons i s ts o f  s ub s t ra t e  b i nd i n g  ( wh i c h  s houl d b e  d i f fu s i o n  

c o n t ro l l e d  and hen c e  v e ry ra p id ) and s e t t i ng u p  a n  e q u i l -

i br ium b e twe e n  t h e  e nzyme s u bs t ra t e  comp lex a n d  t h e  a c y l  

e n zyme w i th b ound �- n i t r ophen o l , EP1 P2 , v ia th e k2 and k _ 2 

s t ep s . The s ub s e quent s l ow pha s e  of the reac t i o n  s h ows 

the removal o f  EP1P2 b y  k3 , the ra t e  l im i t i ng s t ep , p ro d u c ­

i ng P1 • The amp l i tu d e  of  th e r ap id a b s o rbanc e cha ng e  was 

e s t imated by ex t rap ol a t i o n  of t h e  s l ow p ha s e of t he r ea c t i o n  

t o  z� ro t ime . The s l ow p has e wa s s uf f i c i en tl y  s l ow to g iv e  

a n  a p p roxima t e l y  l i ne a r  rate o n  the t im e  s c a l e s  u s e d . The 

s i ze of  the b ur s t exp r es s ed a s  a f ra c t ion K
b of  t he t o t a l  

abs o rb a n c e  c h a n g e  i s  p l o t t ed a ga i n s t  e n zyme c o n c e n t r a t i o n  

i n  F i g . a .  K
b i n c rea s e s  with i n c reas i n g  en zyme c on c e nt ra­

t i o n  to a max imum o f  a bout o . s .  Th i s  beha v i o ur ia comp a ra b l e  

w i th that o bs e rved f o r  f ic i n  a nd papa i n  c a ta l y s ed hyd r o l y s e s  

7 2  
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F ig. 8 D e pend ence of Kb on Enzyme C once n tr a t i on .  
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2 00 



o f  Z- l y s - pNP ( H o l l away and Hardman , 1 9 7 3 )  i n  w h i c h  th e 

magn i tud e o f  the s l ow pha s e  was s h own t o  d e c r ea s e  with 

i n c rea s i n g  e n zyme c on c e n t rat io n .  Th i s  b ehav i our can b e  

i n t e rp re te d  i n  t e rms of  t h e  a b ov e  mech a n i sm i n  two way s : 

a )  The rap id pha s e  of the r ea c t ion c o ns i s t s  o f  c onver ­

s i o n  o f  a l l  the  s ubs t r a t a  to EP1 P2 , i n  wh i c h  th e bound P1 

(�- n i t r o p h e n o l a t e  i o n )  has an ex t i nct ion c o ef f i c i en t 8 0� 
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of that i n  f r e e  s o l u t i on , and the k_2 rate  w i l l be ne g l i g i bl e . 

I n  t h i s  c a s e  the s l ow s t e p  w i l l  repre s en t  t he change i n  

a b s o rban c e  o f  t h e  E- n i t r opheno la t e  ion u p o n  re l ea s e  f rom 

the e nzyme . 

b )  I f  the ex t i nc t ion c o e f f i c i e n t  of th e bound n i t r e ­

p h e n o l a t e  i o n  i n  EP1P2 i s  the s ame a s  tha t  fo r th e f re e  i o n , 

t h e n  a n  e qu i l i b r ium mus t occur a bout t h e  k2 s t ep s o  tha t 

onl y 8 0 %  of t h e  subs t ra t a  is  i n  the EP1 P2 s ta t e . The s l ow 

s t ep w i l l  then rep r e s ent the f ormat ion of m o r e  EP1 P2 f r om 

ES as EP1 P2 i s  r emoved by the k3 s tep . Conve rsi o n  of EP1P2 

t o  EP2 and P1 w i l l  of c ours e g i ve n o  c hange i n  abs o rbanc e .  

The f orm e r  exp l a na t i on i s  c o n s i d e r e d  unl i k e l y , as n o ne 

o f  t he p o s s i b l e  exp l anat i ons fo r a chang e i n  a b s o r banc e 

b e tween b ound P1 and f re e  P1 c o n s id ered b e l ow , a re l ike l y . 

The b i nd i n g  o f  P1 t o  the e n zyme cannot b e  c oval e n t  

b e caus e i f  c oval e n t l y  bound t h e  �- n i t rophenol  wou l d  ha v e  the 

s ame a bs orbance as i t  has i n  th e s u bs t ra t a . The s u b s t a n t ia l  

cha n g e  i n  abs o rba nc e a t  400 n m  d ur i ng t he r ap i d  p h a s e  o f  

r ea c t io n  i nd i c a t e s  th a t a l a r g e  amoun t o f  �-n i t iop heno la t e  

i on i a  r e l ea s ed . 



Th e p o s s i b i l i t y  of � om e  k i n d o f  i o n i c  i n t e r ac t i on o f  P 
1 

w i t h  t h e · e n zy me wa s c o n s i d e r e d . S i nc e th e R- n i t r o p h e n o l a t e  

i o n  i s  i n  e qu i l i b r i um w i t h  �- n i t r o p he n o l  i t s e lf , t h e  

p o s s i b i l i t y ex i s t s  tha t  b e c a us e of s om e . i o n ic e f f e c t  o r 

m i c r o e n v i ronme n t a l pH d i f f e r e nc e i n  the e n z y m o  a ctive s i t e ,  
t h e  e qu i l i b r ium o f  i o n i s a t i on i n  the a c t iv e s i t e  m a y  b e  

d i f f e r e n t  f r om tha t i n  s o l u t i o n , a nd th e s l ow p h a s e of the 

a b s o r b a n c e  c h a n g e  c ou i d  b e  d u e  to i o n i s a t i on of �- n i t r o ­

p h e n o l  u p o n  re l eas e i n t o  s o l u t i o n . Th i s  p o s s i b i l i t y was 

rul e d  out by r e p ea t i n g  th e e x p e r i m e n t  at 3 2 0  nm , t he 

a b s o rp t io n  max imum f o r �- n i t r o p h e n o l  i t s e l f . E x p e r im e n t al 
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c o n d i t io n s  a r e  d e s c r i b e d  o n  p . 4 4 . Th e  p ro g r e s s  c u r v e  fo r the  

r e a c t io n  was  o f  a fo rm i d e n t i c al t o  t h a t o b t a i n e d  at  400nm 

( c f . Fig 7 ) ,  i f  t h e  ve r t i c a l a x i s  wa s e xp a n d e d  to al l o w fo r 

t h e  d e c r e a s e d  a b so rbanc e c ha nge a t  3 20 nm . Th i s  i n d i c a t e s  t h a t  
t h e  io n i s a t i o n  e qu i l i b r ium b e t we e n �- n i t ro ph e no l a n d  the  �-

n i t ro p h e n o l a t e  i o n  i s  t h e  s ame i n  EP
1

P
2 

a s  i t  i s  i n  s o l u t i o n .  

From th i s  o b s e rva t i on i t  c a n  b e  o e e n  th a t  the s l o w p ha s e is 

n o t  due to i o n i s a t ion of R- n i t r op h e n o l  a f t e r  r e l e a s e  f ro m 

the e n z ym e , and i o n i c  i n t e ra c t io n  b e tw e e n  P
1 

and t he en zyme 

i s  u n l i k e l y . 

Th e p o s s i b i l i t y  a l s o  ex i s t s  t h a t  a ch a n g e i n  a b s o r p t i v i ty 

o f  P
1 

may r e s ul t f r om a l e s s  p o l a r  e nv i r o nme n t  i n  t h e  ac t i v e  

s i t e  o f  the e n z y m e . Th i s  is c o n a id e r e a · u n l i k e l y  b e c aus e a 

l e s s  p o l a r  e nv i ro nme n t  i n  the e n zyme wo u l d  a l t e r  th e i o n i s a ­

t i o n  e q u i l i b r ium o f  �- n i t ro p h e n o l  i n  EP
1

P
2

, whi c h  wa s sh own 

n o t  to be t h e  c a s e . Fu r the rmo r e , ex p e r i me n t s  in whi c h  t h e  

p o l a r i t y  o f  a s o � u t i on o f  �- n i t r o p h e n o l  a t  p H  7 was p e r t u r bed 

by a d d i t i o n  of up t o  50' m e t h a n o l ,  e t h a n o l  and a c e tone , 

s h o wed tha t d ec rea s e i n  the p o l a r i t y  caus ed a s h i f t  o f  �max 
of l es s t h a n  2 nm ( wh i c h  wo u l d ·  r e s u l t in a d ec r ea e e ot 



a b s o r ba n c e  o f  about  2 � ) , and th e e f fec t o f  d e c r easi n g 

p ol a r i t y  o f  t h e  s o l u t ion was t o  sl i ght l y  i n c re a s e  the 

a b s o r banc y .  The r e f ore a bound f or m  of P 1  i s  unl ik e l y  to 

have a l owe r a b s o rbanc e than t he s ame mol ecu l e in so lu t i on .  

I f  i t  i s  a s s umed tha t  th e a b s o r b t i v i t y  of P1 i s  t he 

s am e  i n  EP1 P2 a s  i t  i s  i n  f re e  s ol u t i on , e quat i o n s  can b e  

d e r iv ed t o  exp l a i n  the o b s erved no n s t ead y  s ta t e  behav i our 

i n  t e rms of  t h e  a bove mechan � s m . The d er i va t i o n  o f  t h e s e  

e qua t i o n s  i s  g iv e n  i n  Ap p e n d i x  2 .  

The s i ze of t h e  burs t , K
b , i s  g i v e n  b y  

1 

- - - - ( l )  
+ 

Th e val u e  o f  Kb a t  v e r y  h i gh L-E_/0 w i l l  b e  l es s  t h a n  

1 i f  k �  i s  a s i g n i f i c a nt f ra c t i o n  of k2 • E qu a t i on ( l )  

can b e  r e a r ra ng e d  t o  g i v e  e qu a t i o n  ( 2 )  wh i c h  pr e d i c t s  tha t 

a p l o t  o f  l a ga i n s t 1 

K
b £ ��E=-=7-0 

1 
K

b 

1 

= 
l 

+ 

L E_!o 

w i l l  be  l i n e a r : 

1 - - - - ( 2 ) 
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i s  p l o t t e d  a ga i n s t i n  Fig . 9 ;  onl y r e s ul t s  

a t  h i gh /-E_/0 were u s e d  s i nc e t he s e  gave the sh a rp e s t 

d i f f e re n t i a t i o n  between th e b ur s t  and s l ow pha s e , t hus 
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all owing a more  acc ura t e  d e t e rm i nat ion ot burs t s i ze .  The 

bes t f i t s t ra i gh t  l ine was o b ta i ne d  us ing an unwe i ght ed 

l ea s t  s quare s method  and gave an intercep t  on t he y ax is  
k o f  1 . 22  ± 0 . 0 4 , g i v i ng a � 
k2 

s l op e  of  1 . 50 ± 0 . 3  x l0 - 5M.  

d e r i v e d  i n  App end ix 2 i s : 

k 
k2k3 

= kc.(. - - - - -c a t  k2 + 

Us i ng the val ue o f  k cat  at  pH 

val ue of 0 . 22  ± o . o 4 , and a 

The expres s i on fo r k t e a  

( 3 )  

7 . 0  in  Table  IX, a va lue for  

' 

k3 o f  3 6  - 1 ± 2 cal cula ted . Us i ng th e g i v e n values  sec  wa s 

f or the s lope  and intercept  of  the l ine i n  F i g . 9 ,  the  val ue 

of K can be  obta ined : 
s 

K = s 
s l ope 

intercep t  -1 

whe re K = 8 3  ± 40 f<M. s 

- --- ( 4 )  

Th e p s eud o  f i r s t  order  rate  c o n s tant f o r  the rap id  pha s e  

o f  reac t io n , k� , was obtaine d  a t  var i ous e nzyme c onc entra­

t i ons b y  ex trapola t in g  the s l ow p ha s e  of  reac ti on  to  zero 

t ime and p l o t t i ng the l ogar i thm  of th e d i f f e re nc e  between 

7 8  

the  mea sured and  ext rap olated  a b s o rban c e  a ga i ns t  t ime  ( Bend e r  

e t  al . ,  1 9 6 7 ) . The va lue fo r k� i n  te rms of  m i c ros c op ic 

rate c ons tants  i s  d e r ived i n  t he Append ix : 

= k ' 
oL - - - - ( 5 ) 



7 9  

Values  f or k2 were  cal c u l a t ed f o r  s ix ex per iment s a t  

d i f f erent enzyme conc entrat i ons , and a val ue o f  4 0 0  ± 7 0  

was o b ta i ned . The s tanda.rd d ev iat i on gi v e n  ta ke s i n t o  

- 1  s e c  

a c c ount  t h e  variat ion betwee n the s ix expe r iment al determ i n-

a t i ons  of  k2 , but  make s no a l l owanc e f o �  the  e rror  in  va l u e s  

o f  K and  k2 used  i n  solv ing equa t ion  ( 5 ) .  Co ns equentl y s 

the  t rue  error  for  k2 may be h i ghe r , up to  3 3% .  

o b ta ined f rom the va l u e s  of k2 and k3 , and t he ra t io 

Be cause  o f  the u n c e r ta i n t ie s  i nvolved i n  a l l  the s e  

parame ters , the unc erta inty o f  k_2 i s  very  large . Co ns e quent l y  

the val ues  of  k2 and k_2 are merel y ind i ca t i ons of  th e i r  

ma gnitud e s , not  a c c u ra t e  rate c ons tant s .  Al l  va lue s of 

ra te cons tant s obtained  are g iven  in  Table X .  

Three ma i n  f a c t o rs c au s e  imp re c i s ion  i n  exp e r iment a l  

r e s ul ts : 

( 1 )  The l ow s u b s t ra t a  con c ent ration  us ed pr oduc es  a 

t o tal  a b s o rbance  change of  l e s s than 0 . 1 .  

( 2 ) Bac k g round absor banc e du e to th e en zyme , ev en at  

4 0 0  nm , i s  cons idera b l e  at  h i gh L-E 7 . - 0 

( 3 )  At the  h i ghe s t  enzyme c oncent rat ions the r ap id 

phas e of  the rea c t i o n  i s  almo s t  c omp l e t e  w i t h i n  the 2 ms  

d ead t ime of  the apparatus , wh i l e  at  l ower concentrati ons 

the  two p has e s  of rea c t ion  a re not  cl earl y s ep arat ed . I n  

t h e  l a t t e r  ca s e ,  the amount of EP1 P2 removed v ia the k 3  

s tep ( represented  b y  the inte gra l term in the d eriva t i on 

i n  Ap pend ix 2 ) wil l be  s ignif i cant . 



K m 

JlM 

TABLE X .  K i ne t i c  Pa ram e t e r s  f o r  the Ac t i n 1 d i n -Ca ta 1ys ed 

Ind i v i d ua l  rate a n d  e qu i l i b r ium c on s t a n t s  a re d e f i ne d  i n  

t e rm s  o f  mech a n i s m  ( 3 ) .  Al l p a ram e t e r s  w e r e  d e t e r m i n e d  a s  

d e s c r i be d  i n  t h e  t ex t . 

k 
c a t  

- 1  
s e c  

K 8 

pM 

k 2 

- 1  
s e c 

k , 
- �  

- 1 
s e c  

k3 

- 1  
s e c  

2 5 ± 2 2 9 ± 1 8 3  :t 40 4 0 0  ± 7 0  5 3  :t 4 0  3 6 ± l 

CO 
0 



d )  Ef f e c t  o f  pH on Non -Stead y S tate Kine t i cs : The 

p rogress  curve  f o r  the non -s t eady s tate  rea c t ion  was 

b i p has ic  f rom pH 5 . 0  to 7 . 9 ,  but at pH 4 . 0  the reac t io n  
- 1  was monophas i c  with  a ra te c ons tant of  a bo ut 2 0 s e c  • 

Th i s  sugges t s  that at  pH 4 . 0  k2 and k 3 are  of s im i la r  

magn itude , wh ich  would c orrespond t o  a pKa in  k2 o f  

a b o u t  5 .  The l ow ex t i nct ion coef f ic i ent of £- n i t ro pheno l  

at  320 nm , p l us the h i gh abs orbance o f  enzyme at  t h i s  

wav e l ength , made d e t e rminat ion  o f  k2 at  ac id ic  pH 

imp os s i b le . The ac y lat i on of f i c i n  by E-n i t r ophenyl  

h ipp urate d e p e nd s  on an ion i s ing  group of  pK 5 . 7 8 a 
(Holl away et  al . ,  1 9 7 1 ) , sugge s t ing an i o n i s a t i o n  i n  this 

range i s  reas onab l e  for the c orres pond ing  s t ep of t h e  

ac t in id in  catalys ed h yd r o l ys i s  of  Z - l y s - pNP. 

8 1  

e )  I sotope  e f f e c t s  o n  the reac t i o n : F o r  s t eady s tate 

parameters  i s otope  ef f ec t s  were 

= 1 . 8  

Th e ef f e c t  f or k t i s  not  suf f i c i ent l y  lar ge t o  e a  
i nd i cate a rat e  l i m i t i ng proton trans f e r , however  the 

i s o to p e  ef f ec t f o r  K may be  s i g n i f i cant . m 

Non- s tead y s tate  exp eriments  carried  out i n  D20 ( pD 7 . 0 )  

gave bipha s i c  react ion curves s im i la r  t o  thos e ob ta ined in  

H20.  Rate  parameters  c ould not be  d eterm ine d as t here  was 

only  suff ic i ent d eutera ted enzyme for  two exp e r iments , 

however  no d i f f e renc es  were apparent between the D20 and 

H20 reac t io n  p rogress  curves . Cons equen t l y  a t  n o  s tage of 

the reac t i on i s  there any c onvinc ing  ev idenc e for an 

o b s e rvable  p roton  trans f e r s tep . 
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f )  Gene ral d is cus s ion : The d etailed  k inet ic s o f  t he 

ac t i nid i n  catal y s ed hyd ro l y s i s  of  Z- l y s -pNP have been wor k ed 

out , and the rea c t ion  c onta ins  a ra te  l i m i t i n g  s tep  ( k 3 ) 

whioh i s ne i the r acylation  or d eacylat i on .  Th i s  s tep als o 

shows no  s i gn i f icant  d euter ium i s otope  e f f e c t . The k3 
s tep o bv i ous l y  controls  the release  of P1 f rom the EP1P2 
comp l ex , and t he rema i n i ng que s t ion  to  be  a n s w e r e d  i s  th e 

nature of  the  b ind ing  of  P1 i n  EP1P2 • Relea s e  of  P1 is  

l ikely  to  be  due to  a n  i s ome r i s a t i on of  th e a c y l  enzyme . 

The nature of  the b i nd ing of P1 i n  the EP1P2 c omp lex i s  

n o t  known , b u t  p os s i b i l i t ie s  o f  i on i c b i nd i n g  ha ve  been 

e l im i nated . The mos t o bv i ous  exp la na t i on for t he obs e rved 

behav i our i s  that th e P1 i s  phys i ca l l y  t rapped in  th e ac tiv e 

s i te , and i s  released  b y  a chang e i n  conf o rma t i o n  of  th e 

e n z y m e . Al t e rnat i vely  the k3 s t ep may represent a s l ow 

d i f f us i o n  o f  P1 f r o m  the a c y l  e n zyme . I n  t h i s  cas e th e 

h i gh k t above pH s . o would b e  exp lained  b y  repul s io n  o f  ea 
the R-n i trophenolate  i o n  b y  the ne gat ivel y charged c y s t e ine  

s id e  cha i n .  However there i s  no  o bv ious reason wh y R­
- 1  n i t rophenol rel eas e should be  a s  l ow a s  36 s ec when  

rates of  d i f fus i o n  of  l i g and s away from en z ymes are  

n o rma l l y  m u c h  m o r e  r a p i d . 

The rate of  d eacylat ion , k4 , ha s not  y et b een  c on s id ered . 

Becaus e i t  oc curs a f t e r  the rate  l i m i t i n g  s te p , k4 cannot 

be  d e termined . I f  k4 were not  v e ry rap id , however , ( at 

l ea s t  5 x k3 ) then i t  woul d infl uenc e kcat according t o :  
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The value  of  k t ' however , rema i ned  unal te red w i th in ea  
expe rimental error  when nuc leoph i l es were added  to increase  

the ra t e  of k 4 • Conse quent l y  the  rate  cons tant for  th is 
-1 s tep mus t  be  at  l eas t lOO sec and i s  probably  cons id e r-

ably  highe r .  

vi i i )  Computer  S imu l a t ion  of Non-St eady S t a t e  Expe rime n t s  

The c urve  s imula t ed b y  the c ompu t e r  p rogram i s  

s hown in  F i g . 1 0  superimp osed  on  an expe riment al reac t i on 

curve . An exac t f i t i s  not  obtai ned , but th i s  was hard l y  

exp e c t ed i n  v iew o f  the exp er iment a l  e rror i nvolved  in  th e 

method . The general agreemen t be tween the c ompu t er pred i c ted 

a nd o b s e rved reac .t i  on p rogre s s  c u rve is  re as  ona bl y g o od , 

c o n f i rming  the val id i ty of  approx ima t i ons made i n  Ap p e nd i x  

2 .  
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The ra te of a reac t i on at  a given  tempe rature  i s  d epend ent 

on the concentra t ion of reactant s and the reac t ion rate  

c ons tant ,  k • The ra te c ons tant for  a reac tion  is gov erned 
r 

by  t wo fac to rs , the ene rgy of a c t iva t i on f or the reac t io n , 
+ + .6-E , and the entrop y  of a c t i va t ion � S , a c c or d i ng t o  

t h e  equa t ion : 

k r = exp �s+ 
R 

exp 

p rovid ed that  th• volume of the reac t i on remains  cons tan t 

( k  i s  the Bol t zman constan t , T i s  the  a b s olute  temp era tur e ,  

h i s  Planck ' s  c ons tan t , and R i s  the gas c ons tant ) .  

Ca tal y s is of a reac t i on i nc reas es  the rate c ons tan t f or 

the rea c t ion . Th is  can be brought about in two ways , e ither  

b y  a l l owing a more favourabl e entropy  of ac t ivat i on or  b y  

l owering the energy o f  a c t i va t i on . In  solut io n  ca tal ys is , 

the e f f e c t  of the ca tal y s t  i s  usual l y  t o  lower  t he ene rgy 

of  act ivat ion , o f t e n  by p rov id i ng an alt ernat ive  reac t ion 

pathwa y .  Usual l y , however , the  entropy of ac t ivat ion  becomes  

l es s  favoura ble  becaus e an add iti onal s p ec i e s , the catal y s t , 

i s  a l s o  i nvolved  i n  th e rea c t i o n .  Enzymes , however , are 

able to  catal y s e  react ions b y  l owerin g  the  e ne rgy of  

a c t ivat ion , but  may , a t  the same t ime , e ithe r ma intain  the 

entropy  of a c t i va t i on at the same level  as tha t  fo r the 

uncatal y s ed reac t ion , o r  pos s ib l y  even mahe i t  more favou r-

a bl e .  The e f f ec t  of var i ous en zymes on  the ac t ivat ion 

energy for breakd own of the i r  s u b s t rates  ia s h own i n  
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Ta b l e  XI . The means  by  wh ich  e n zyme s are _ able t o  cata ly s e  

reac t i ons so  e f f e c t i vel y has been  a t o p i c  o f  a c t ive d i s cus s i on 

over  the last  d e c ad e .  Va r i ous f a c tors  have b e e n  sugges ted 

wh i c h  may contri bu te  t o  the catal y t ic a c t i o n  of t he enzyme . 

Th e most  impor tant of  thes e w i l l  b o  d is cus s ed , wi th res p ec t  

t o  the i r  r elevance to catal y s is  i n  p rot eol y t ic e n zymes . 

TABLE X I . 

Ac t ivat i on Energi e s  From Un,cata l_ys ed and 

En zyme Catalys�d Reac t i ons  

Data are f rom Wh i t e  et  a l . ,  ( 1 9 6 8 ) . 

Sub s t rata  Enzyme 

H2 02 cata la s e  

c a s e i n  tryp s i n  

sucros e i nvertase  

/3 -methyl  }?- gluc os idase  

gluc os id e  

E
t 

0 
- 1  ( kJ mol ) 

7 5  

8 7  

1 0 7  

1 3 7  

E
:t: 

en zym i c  
- 1  ( kJ m o l  ) 

� 8  

5 0  

< 4 2  

5 1  
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1 )  E n t ropy E f f e c t s  

Prox im i t y  and Or ienta t ion : The rate  of  reac t i on 

between two mol e cul es  can be  enhan c ed if  t he y  are bound 

wi th  the i r  r ea c t ing  groups in  c l o s e  p rox i m i t y  as  is th e 

case  in  many e nzyme c a t a l y s e d  rea c t ions . Th is  ef f e c t  occurs  

becaus e the reac t ion be tween  the  two mol ecul e s  in  s o l ut i on 

i s  a b imolecular  reac t i on , but  the reac t i on between  two 

mol ecules  bound c l o s e  to each  o th e r  is unimolecula r . I f  

each  reac t ing  g roup i s  the s i ze  o f  a wa ter  molecul e ,  the n 

the  enhanc ement  of reac t i on rat e  du e to  th e chang e  i n  o rd e r  

of  react ion i s  5 5M .  s i nc e each mol ecule  o f  reac tan t  c a n  b e  

r e ga rd e d  as  b e i ng i n  a s o lut ion  o f  the rea c t i ng group of 

the othe r mo l e cu l e .  Kos h land ( 1 9 6 2 ) re f in e d  this  argument 

to  calculate  the theor e t ical  rat e  enhanc em ent  by an e n zyme 

i f  the  reac t iv e  group of  each  subs trata  is the s i ze of a 

wat e r  molecul e , and each reac t i v e  group has 1 2  neares t  

ne i ghbours . For  two subs tra t e s  A a nd B b ound t o  an en zyme , 

E ,  the rat io  of  the en zyme cata l ys ed ra t e  to the bimolecula r 

rate  V e ' 
v 

is  given  b y : 
0 

L E_l 5 5 · 5 
= 

From th i �  equa t i on it  c a n  be  seen  that t he rat e  enhanc emen t 

w i l l  be  small  unl es s th e e nzyme concentra t i o n  is h i gh and 

the concentrat i ons of A and B a r e  v ery l ow .  Th is  i s  not 

usua l l y  the c a s e  in en zyme c a ta l ys ed react i ons , e s p e c i a l l y  

· fo r  hydrola s e s  t o r  whi c h  one of  the  r e a c t a n t s ,  wat e r , is 

p r e s e n t  at a conc entra t i on of  5 5 . 5  M .  



I f  the a rgument is  extended  to  inc lud e  pa r t i c ip a t i on o f  

cata l y t i c  group s , and or i e nta t i onal c o ns t ra i n t s  are  a l s o  

p la c e d  o n  t h e  reactan t s  ( i . e . they wi l l  onl y react  o v e r  a 

smal l  pa rt  of the  surface  of the r eac t ing g roup ) then  th e 

rate enhanc eme nt  c a n  be  imp roved . 1 I f  only  _ o f  th e to tal 
Q 

s o l i d  angl e o f  each reac t ing  o r  ca tal y t i c  group w i l l  

p roduc e reac t i on , and three catal y t ic groups  R ,  S a nd  T ,  

o n  the  enzyme part i c ipate  i n  the rate l im i ti n g  s tep , th en 

the  rate  enhanc ement becomes  ( Kosh land , 1 9 6 2 ) : 

V 
...J! 
V 0 

I n  th is  way very  h i gh reac t i on rat e s  co uld  b e  exp l ai ne d  

by  p rox imity  and o r i en ta t ion  f a c t or s  b u t  the s i tuati o n  

rep r es ented  i n  the a b ov e e quat i on i s  unreal i s t i c  bec�use  

enzyme  cata l y s ed rea c t i ons oc cur v ia a numb e r  o f  s t eps wit h 

the  s ubs t ra t e s  and catal y t i c  group s part ic ipat ing in  

d i f f erent  s t e p s  of  the  reac t i on , a nd o n l y  one of  t h e s e  

s teps , the s l owes t ,  i s  a ppa rent in  th e c a ta l y t i c  rate  

cons tant . Al s o  the e qu a t i o n  d oe s  n o t  a c c ount for  th e ro le 

o f  the c atal y t i c group i ts el f  i n  the rea c t i o n .  The Q 

t a c t o r  f o r  o r i en ta t i o n o f  reac t i ng groups of  subs t rates  

was brought  i n to p rom inence  in  the  " or b i ta l  s tee r in g" mod e l  

o f  St orm and Koshland ( 1 9 70 ) .  By c ompar i ng th e r a t e  of 

lactonisat ion  of norbornane d e r iva t ives with the rate  of  

no rmal e s t e r i f icat ion , it  wa s sh own tha t rat e  enhanc eme n t s  

o f  1 0 4 f o l d  c ould  b •  obtained  i f  b o th reac t ing  groups a re 

h e l d  c l o s e  t o gether in a favoura b l e  or i en t a tion . Th is was 

8 8  
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interpre ted to  show a Q factor o f  10 0  f or each reac t ing 

group , and the relatively  sma l l  a rea of the s urface  of t he 

reac t ing group wh i ch produces  r ea c t i on i s  a tt r ibuted to a 

prec i s e  a l i gnment of  mol ecula r o rb i tals  dur ing reac t ion  -

hence  the term " orbi tal steeri ng" . This  an gular  pref eren c e  

f or reac t i on was f a r  greater  tha n  p rev i ou s l y  es t ima ted , a nd 

the  requi rement of narrow angles  of approa ch was c r it i c is ed 

becaus e of inc ompa t i b i l i t y  w i t h  known data b y  Brui c e  e t  al . 

( 1 9 7 1 )  and Page and J encks ( 1 9 7 1 ) . I n  the l a t t e r  pap e r  

evid enc e was p re s ented  that the t rans l a t i o nal and ove ra l l  

r o ta t i onal entropy  of  the  rea c t i ng mo lecules  is  important 

and that a l o s s  of  en t ropy in  going  f rom a s econd  order  

reac t i o n  t o  a f i r s t  ord er  rea c t i on may acc ount f or e f f e c t ive  
8 8 c oncentra t ions  of a reac tant of  10 M i . e . a 10  f o l d  rate  

i nc rea se  above the 1 M s tand a rd s tate  f o r  a b imol ecula r ra te 

constant . I t  i s  therefore  p o s tula ted  th at en zym e s  carry  

out a la rge f ra c t ion  of thei r extraor d i nary  rat e  a c c el e ra-

t ions b y  v i r tue of  the i r  a b il i ty to  ut i l i s e  subs trate bin d i ng 

f orces  to act  as  an " entropy trap " . 

The orb i ta l  s t e e r ing mod el  was s ub s e q u e nt l y  s u p p o r t ed b y  

quantum mecha n i cal  cal c u l ati ons f o r  angular  p r e f e renc e 

b e tween orbitals  of reac t ing  groups (Daf f o rn and Koshland , 

1 9 7 l a , 1 9 7 l b )  and b y f urthe r exp erimen tal s tud i es o n  

l ac t onisat ion ( S to rm and Koshland , 1 9 72a , b ) . The calcula-

t i ons o f  Daf fo rn and Koshland ( 1 9 7 la ) have , however ,  been 

re- interp reted  b y  Page ( 1 9 7 2 ) to sh ow that trans la t io na l  

· entropy  i s  o f  mo re imp ortance to  reac t i o n  than preci s e  

o r i e n t a t i o n  o f  reac tant s . The mod el of  r e a c t i o n  b e twe e n  
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two reac tants  i s  furthe r compl icated  b y  t he e f f ec t s  of 

solva t i on .  From a c ons idera t i on of the e f f e c t  of s olva t ion  
- 4  of  a m i sal i gned t rans i t ion  s ta t e  a fac t or of 2 - 7  x 1 0  

for  a l i gnment of two  reac t ing group s was  calcula ted  

(Hoare , 1 9 72 ) . 

Al though th e mod e l  of  entrop ic requ i rement s  for  reac t i o n  

i s  far  f rom c l ea r , i t  i s  �en eral l y  agreed tha t an entrop ic  

fac tor  of at  l ea s t  1 0-4  occurs  for  the r eac t i on b e twee n  two 

reac t in g  groups , and an en zyme , by bind ing reac tant s i n  

entrop ica l l y  favourable cond i t i ons , can  enhanc e a b imolecula r  
4 reac t ion 1 0  fold . 

Storm and Koshland ( 1 9 70 )  p os tula t e  tha t th is fac t or of  
4 

1 0  m i gh t  a l s o  be  app l ied  for ea c h  catal y t i c  gro up i nv olved  

i n  the  reac t i on . The danger  of  this  ex ten s i o n  of t he th e ory 

i s  that i t  d o es not take into  a c c ount th e func t i on of the  

c atal yt ic  group i n  the f i r s t  p la c e , and thus a group p l ay i ng 
4 only  a minor  part  in  the r eac t i on m ight have a 1 0  f old 

enhancement fac tor  as c r i bed to  i t  al though i t  may be c apable 

of  enhanc ing the react ion ra te o nl y  10 f old even under the 

mos t favourabl e entrop i c  cond i t ions . Also  th is  argume n t  

imp l i e s  that  a l l  reac tant s and catalyt ic groups a r e  involv e d  

i n  t h e  f o rmat i o n  of  one  t rans i t ion  s tate . This  i s  s e ld om the 

cas e , as  one of the reactan t s  i n  an  en zyme cata l ysed r eac t i on 

u s ual l y  f orms a c ova l en t  intermed iate  w i th t he en zyme , and 

the other reactant then r eac t s  with th e coval en t  intermed i a t e . 

Theref ore onl y thos e groups  cata l y s i ng the rate  l im i t i ng s tep  

o f  the  reac t io n , will  enhance the  ove rall  rate  of  reac t i on .  

. .. ... 
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i i )  Effec t s  Lowe r i ng the Energy o f  Ac t ivat i o n  

a )  Format ion  of  a c oval ent intermed ia te : Cova le n t  

i n t e rmed iates  a re formed be tween one o f  t h e  reactants  and 

the enzyme on the rea c t ion  pathway of  many en zyme cata l ys ed  

reac t ions  ( Bell  and  Kosh land , 1 9 7 1 ) , but the fac t that  th ey  

are  f o rmed d oe s  not  ne c e s sa r i l y  imp l y  that t he f orma t io n  

of  a coval en t  intermed iate caus es enhanc eme nt o f  t h e  r eac t ion 

rate  by i tsel f .  For  c ova lent  intermed ia te format ion t o  

enhance the r eac t io n  rate , the group wh i c h  forms t he c ovalent  

i n t e rmed i ate  mus t be a better  a t tack ing �up tha n the second 

sub s t ra t a , and a l s o  a better  l e av i n g  group tha n that whi ch  

it  replaces  i n  the f ir s t  subs t rat a .  Thus  f o r  a hyd rol y t i c  

en zyme the a c t ive group mus t  be  a better  nuc l eophi l e  t ha n  

wa te r ,  but i t  mus t  b e  a be t t e r  leav ing group than t ha t  

d is p laced f rom the subs t rata  in  the f o rmati on  of the inter-

med iate . A max imum ra te enhancement of  10 - f old  du e to 

c oval ent  intermed iate  f orma t i on has been p o s tula ted (Koshl and 

and Nee t , 1 9 6 8 ) . 

b )  Ac id- bas e catalys i s : The mo st  obv i ous ind i ca t or s  of  

a c i d  bas e catal y s i s  are  th e s igmoid  and be l l - shap ed pH 

dep endenc ies  o f  k t f o r  en zyme catalys ed reac t i ons . The ea 
shap e s  of  the s e  curve s can be  anal ysed i nto  thos e f or th e 

ion i s a t ion  of  an a c i d i c  or  bas i c  group . Furthe r e v i d enc e  

f o r  general  bas e catal y s i s  has beeD ob tai ne d  f ro m  deuterium 

i s o t op e  e f f e c t s , f o r  example  i n  the deac y l a t i o n  s t e p  f o r  

�- chymo t ryp s i n  cata l ys ed hydrol y s e s  ( Bend �r  et  al . , 1 9 6 2 ) .  

A s i gn i f icant d eute r ium i s o top e e f f ec t  f o r  a neut ral  

hyd rol y t i c  rea c t i o n  ind icates  tha t  the ra te l im i t in g  s te p  
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i nvolves  a proton t rans f e r  i . e . abstract ion o f  a p roto n  f rom 

the a ttac k ing  water molecule  by  a general bas e .  For most  

proteo l y t i c  enzymes s tud i ed in d eta il , an  im id a zole  s i de 

cha in  of a h i st id ine ha s been imp l ic ated i n  d aa o y la t ion , 

ac t ing as  a gene ral ba s e  catal ys t ( I nward an d Jencks , 1 9 6 5 ) . 

From s tud i es o f  general  bas e  cata l y s is o f  hydrolys i s  of 

model  compound s i t  has been e s t imated tha t  general a c i d -

bas e cataly s i s  i s  unl ike l y  to  enhanc e reac t ion rates  more  

than ten-fold  ( Luk ton et al . ,  1 9 6 6 ; Kir s ch and Jenc k s , 1 9 6 4 ) . 

c )  I o n  pai r e f f e c ts : I �n p a i rs may stab i l is e  trans i t jon  

states  i n  enzyme catal ys ed reac t i ons : this  effect  i s  known 

t o  be  i mp o r t a n t  i n  low  d i elec t r ic s o lvents , but i n  an  

ion i s ing  solvent such  as  wa ter  is l ikel y to  be  of  l i tt l e  

s i gn i f icanc e .  I f  a hyd rophob ic env i ronment ex i s t ed i n  the 

a c t ive s i te th en the s e  ef fects  c o u l d be imp o rtant , o f f sett i ng 

the unfavoura b l e  ef f e c t  of a n  u n s o l va t e d , c h a r g e d  tran s i t ion· 

s tat e .  

1 1 i ) Fa c t o rs wh i c h  Af f e c t  Bo t h  En t ropy a nd Energy o f  

· Ac t i va t i o n  

a )  Rac k and  s trAin e f fe c t s : Thes e  ef fects  aris e 

as a resul t o f  d is tort i on o f  th e subs trata a bout t he bond to  

be  broken , e i ther  due to the b ind ing of  the subs trata in  th e 

act ive s i t e  of the e nzyme ( s train  th eory ) , o r  a s  a resul t of  

a c onf o rmat i onal change i n  the  e nzyme subsequ e nt to  sub s t rata  

b ind i ng , i n  the rack  theory . The s t ra i n  on  the s ubs trate  i n  

e i ther  c a s e  i s  rel ieved on �oi ng t o  the trans i t ion  s tate . 

The only  good evi d ence  f o r  th is type  of cont r i buti on  
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t oward enhanc ement of  reac t i on rate , i s  i n  th e case  of 

l y s o zyme , in  wh ich  X- ray  s tud i es have shown tha t up on b ind i ng 

o f  the subs t rat a , the p y rano s e  r i ng of the hex o s e  s u bun i t  

nex t t o  the b ond to  b e  b roken i s  d i s torted  in to a half ch a i r  

c onf o rmat ion . 
2 Th i s  favours sp h y b r id i sat ion  of t h e  carbo n 

next to  the bond to  be  broken . Th is  type  of  hybrid isat ion  

would be  exp e c t ed to occur  i n  the t rans i t ion  s ta te .  Rec ent  

s tud ies  (Secemski  et al . , 1 9 7 2 ) on the  b i nd i ng of  a su bs t ra t a  

ana l o gue wh i c h  a l read y has th e half chai r c on f o rmation  and 
2 sp hybrid i s ed ca rbon atom of the  pred ic ted trans i t i on s ta t e , 

3 ind i cate  tha t  a max imum c ont r i bu t i o n  of 6 x 1 0  could  b e  

made to  catal y s is  b y  s t rain  e f f e c t s . I n  t he c a s e  o f  p ro teo -

l y t i c  en zyme s there is no ev i d ence  for rac k  or  s t rai n ef f e c t s  

i n  t h e  catal y t ic mechan i s m .  

b )  Solvent  e f f ects : The s u rface  o f  the ac t ive s i t e  

o f  a n  enzyme m i ght  b e  suf f i c i e n t l y  hyd ropho b ic t o  g i ve th e 

same e f f ec t  a s  ca rrying  out the rea c t i o n  i n  a so lut ion  of  

low  d ie l e c t r i c  c ons tant . I n the cas e  of hyd rol y t i c  reac t i ons 

th i s  ef f e c t  would l ower  the react ion rate  b ecaus e c harged 

tran s i t ion  s tates  c ould  not be s ta b i l i s ed by s o lva t i o n  w it h  

p ol a r  mol ecule s ,  and th us the ene rgy requ ired t o  reach the 

t rans i t ion  s tate  would be  h i ghe r .  Pro teas e s , h ow ev er , genera l l y  

tend to  have a n  a c t ive s i t e  wh ich  c on t a i ns a numb e r  of 

i o n i s ed s id e  cha ins , and is re la t ively  exp o s ed to s ol u t ion , 

s o  s o l vent  e f f e c t s  are  unl ikely  t o  be  o f  s i gni f i cance . 

c )  Micros c op ic  env i ronment e f f e c t : When a sub s tra t a  i s  

bound i n  a n  enzyme a c t ive  s i te , si d4 c ha i ns i n  t he ac t ive 
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s i te c a n  c reate  e s p ec ia l l y  p ol ar o r  n o n  pola r , o r  ac i d i c  o r  

ba s i c m ic ro-envi ronments  around pa rt icul ar p a r t s  o f  th e 

s u b s t rat a .  The s e  m i c ro - e nv i ronment a l  e f f e c t s  c ould con t r i bute  

s i gn i f i cant l y  to  e n zym i c  catal y s is . I n  the c a s e  o f  0( - chymo-

t r yp s i n  the us e o f  the reporter  group 2 - bromo-ac etam id e 4 -

n i t rophenol  showed that th ere  i s  a mic ro -env i r onment as s oc ia ted  

wi th the  act ive s i te h i s t id i ne s id e  ch a in , t ha t  i s  more pola r 

than wat e r  (Hi l l e  and Kos hland , 1 9 6 7 ) . The c ontr i b u t i on of 

t h i s  e f f ec t  to the cata l y s is of e s ter  hydrol y s i s  b y  � - c h y m o ­

t r yp s i n i s  unknown , but  is p robabl y not la rge s i n c e  th e 

h y d ro l ys i s  of e s t e r s  is not  very  s e ns i ti v e  to t he d i el e c t r i c  

cons tant  o f  t h e  s o lut ion ( Kosh land and Nee t , 1 9 6 8 ) .  

iv ) Aopl 1ca t i£n of  Known Enhanc ement  Ef f e c t s  to  � - Chxm�­

t ryps ip 

S in c e �-chymotryp s i n  i s  th e b e s t  unde rs t o od p ro t e o­

l y t i c  e n zyme , a s  exp l a i ned i n  Sec t ion I ,  i t  i s  th e l o gi cal 

cho i c e  of  en zyme to u s e  as a model to  d i s c ov e r  th e relat ive  

impor tance  of  the  phy s ico- ch em i c a l  c ata l y t ic ef f e c t s  j u s t  

d e s c r i bed . The f i r s t  a t t emp t t o  ra t iona l i s e  th e r a t e  of 

chymo tryptic  amide  h y d r o l y s i s  in terms of vari ous catalytic  

e f f e c ts was made  by  Bend e r  et  al . ,  ( 1 9 6 4 b ) . I n  a p r e v i ous  

pape r  ( Bend er  and Ke zdy , 196 4 ) i t  was shown t ha t  f or am i d e  

hydrol y s i s  t h e  deac y l a t i on s tep  i s  t h e  m i c r o s c op ic rev e r s e  

o f  t h e  acyla t i on s te p but with wat e r  i n s t ead of  an  amine  

at tack ing  the  a c y l  e n zyme . Cons equentl y ef f ec t s  wh i c h  enhanc e 

t h e  rate  of deacylat 1 o n  will  al s o  enhanc e t he ra t e  of acylati on , 

. and a rat iona l i s at ion of the ra te  of d eacylat ion wo uld . 

suf f i c e  to  exp l a i n  the cata l y t ic mechan ism . The the rmo-
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d y namic  a c t iva t i on parame t e r s  f o r  deac y l at ion  of a s e r i e s  o f  

ac e tyl  chym o t ryp s i ns were d e t e rmi ned and the k i n eti c spec i f i -

c i t y  was exp l a i ned in  terms of th e entropy  o f  a c t ivat i on f o r  

d ea c y l a t i o n  ( s ee Table  X I II ) .  A s  a resul t of  th i s  work , the 

d i f f erenc e i n  rate between alkal ine a nd chymo tryp t i c  amide  

hydrol ys i s  was  exp l a i n ed for  a s pe c i f ic sub s tra t a , N-a c e t y l -

L- tryp tophanam i d e , i n  te rms of  f iv e  factor s  as  s hown i n  

Tab l e  I .  The s e  fact ors can  be exam ine d i n  more  d eta il  i n  

the l ight o f  th e p re c ed i ng d i s c us s ion : 

a )  Conve rs i o n  t o  i n t e rmol ecular  base  cata l y s ed rea c t i on 
- e  invo l v i n g  im idazo l e : 1 . 6 x 10 fold . lM imida zol e was 

shown to  be  as  e f f e c ti v e  as  1 . 6  x l0- 6M al k a l i  fo r cata l y s i s  

o f  h yd rol ys i s  of  haloa c e tate  e s t e rs (Jencks and Ca rrul io , 

1 9 6 1 ) .  Th is  f a c t or me rely  s hows tha t imidazole is not  

near l y  as  good a ba s e  as  th e hyd roxid e ion . Th i s  i s  har d l y  

s urp r i s i n g , b u t  the  hyd r oxid e ion i s  only  p res ent  i n  v e r y  

l o w  concentra t i ons  a t  b io l o gi c al  p H  and cons e quent l y  wo ul d 

make veri  l i t tl e  c ontr i bu t i o n  t o  t he rate  o� a h y d r ol y t i c  

reac t io n  i n  v iv o .  Imid a zole , howeve r , is p r as e nt i n  the 

bas i c  form a t  relatively  h i gh c onc ent rat ions  a t  neutral  pH 

and theref ore  c ould  act  qui te ef f e c t ive l y  a s  a bas e  cata l y s t  

i n  an  en zyme . 

b )  Convers ion  to  intramolecular  bas e catal ys ed react ion : 10  M.  

Th i s  fac t or imp l i es that t he c onc ent rat ion of imidazole  in 

the enzyme ac t ive  s i te  is  about 1 0  M .  If the en t ro p i c  

e f f ec ts d iscus s ed i n  pa r t  1 )  o f  t h i s chap t e r  are  c ons id e red , 

then the rat e  enhanceme n t  c ould we l l  be 1 0 5 M .  Th i s  fact or 
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converts  the  p s eudo s econd order  rate  c ons tant to  a ps eud o 

f i r s t  o rder  rate , wh i c h  i s  the  form  requ ired  to  exp l a i n  

t h e  enzyme cata l y s ed rea c t i on .  

c )  Change i n  ra t e  d e t e rmining s tep - 1 0 0  f old : Th is 

fa c t o r  is due to a coval ent intermed ia te ef f e c t  wh i c h  a ris e s  

because  the s e r i n e  hyd r oxyl  g roup is  a b e t t e r  nuc l e op h i l e  

than wa ter , and a b e t t e r  le av ing group than ammonia . The 

factor  of 100  i s  bas ed on the obs e rvat ion tha t  al c oholys is 

of carboxyl ic  ac id  d e r iva t iv e s  is about 1 0 0 - f old fas ter  than 

hydro l ys i s  ( Bend e r  et a l . , 1 9 6 4 b ) . 

d )  3 Freez ing of subs trate  en tr op y  - 10 f o ld ; From the 

relat ive  rates  of  d eacylat ion i t  can be s een tha t  the 

N- acetyl - tryp tophanyl d e r iva t ive  is d eacylated 1000 t imes 

fas t e r  than the acetyl  d e r i va t i v e , and tha t  th is  i s  du e to 

a m o re f avourab l e  entropy  of a c t iva t ion .  I would prefer  
5 to  r e interp r e t  this  t e rm as  pa rt  of the pos tula ted 1 0  M 

fac t o r  f o r  b ) . The s p e c i f i� acyl  group wi l l  be  r i g i d l y  

bound w i th a favourable  orienta t i on f o r  general  ba se  catalys i s 

o f  dea c ylat ion  by  the im ida zo l e  group s o  tha t th e ef f e c t ive  

molari t y  of  imidazole  w i th respe c t  to the e s t e r  b ond wou l d  

be  about 10 5 M.  The non - spec i f i c  acyl  group , h o wever ,  wi l l  

not  be  r i gid ly  bound , and the ef f ec t ive concent rat ion of 

imida zo l e  w i th r e s pe c t  to the e s t er bond i n  this c a s e  c ou l d  

eas i l y  be  1 0 0 0 - f o l d  lowe r .  

e )  General  acid  catal y s is b y  imida zole 1 0 0- f old : I t  was 

d e c ided  to  exami n e  the e f f e c t  of im id a zole catal y s i s  on  

deac ylati on i n  more deta il  i n  ord e r  to  d i s c over  more abo u t  
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the impor tan c e  of general ba s e  oata l y s is  by  imidazo l e  i n  

� -chymot ryps i n  cata l y s ed h y d ro l y s es . 

The hydro l y s is of  � tQ -d iac e t y l s erinamid e has  been used  

as  a mod e l  for  th e deac ylat ion  o f  � -chymotryp s in (And e rs o n  

e t  al . ,  1 9 6 1 ) , and h a s  been sh own to  b e  bas e catal ysed  b y  

im idazol e .  I t  was there fore  dec i ded t o  adopt  th is mod el  

f o r  deac y l a t i o n  and s tudy the general bas e cata l ysi s i n  

more d e ta il i n  o rd e r  t o  evaluate th e t rue imp or tanc e o f  

general bas e  catal y s i s  in  oe - chymotryp s i n  cata l y s i s of  e s t er 

and ami d e  hydrolys is . 

2 .  EXPER IMENTAL 

i )  PreparAtio n of  N , O-D i a c e tyl s e r i nam i d e  

N , O-d iac etyl s e r i ne me t h y l  e s ter  was pr epa red b y  

ref lux ing s e r i n e  me t h y l  es ter  ( 1 5  g )  i n  lOO  ml  benzene with 

a c e t yl chl o r id e  ( 1 8 ml ) . Roth s t e i n  ( 1 9 4 9 ) r e p o rt e d  compl e te 

reac t ion i n  two hours , but i t  was found that s i x  hours 

reflux i n g  was requ i red  before  the s o l ut ion cl eared , i nd i c a t -

ing  c omp l e t e  reac t io n .  A furthe r 5 ml of  acetyl  chlo r id e 

wa s then added a n d  the reflux ing continued f o r  a f ur the r 

3 0  m i n .  The res u l t i ng mixture  was vacuum d i s t i l l ed at 

ea 10 mm Hg and the f ra c t i o n  f rom 1 5 5  to 1 7 5°C c o l lected  

( approx imat e l y  1 6  g of c l ear s y rup ) . 

· N ,Q-d iacety l s e ri namid e was then p repared by  d is sol v ing 

the d iacetyl  s er ine methyl e s ter  ( 1 6 g )  in  1 0 0  ml d r y  

methanol i n  a 2 50 m l  round bottomed f!ask . Th i s  was c oo l ed 
0 . 

t o  0 C i n  ice  and d ry ammonia was bubble d into  t he c ol d  

s o l ut ion f o r  5 m in . The f l a s k  was th en s t o p p e red and le f t  
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s ta nd i n g  a t  room temp erature for two dayo . Removal of  

s o l v e n t  f rom this mixture gave a y e l l ow- brown s y ru p  ( 10 g )  

wh i c h  ma s s  s p e c t ral anal y s i s  s howed t o  c o nt a i n  a mi xtur e 

o f  N-a c e t y l  s e r i nam i d e  and N ,Q- d i a c e t yl s e r i nam i de . 5 g of 

t h i s  mixture wa s d i s s ol ve d  in 1 0 0  ml p y r i d i ne and 4 . 7  al 

o f  a c e t ic anhyd r i d e  was a d d ed d r opw i s e  (And e r s o n  e t  al . ,  

1 9 6 1 ) .  The s o l u t i o n  was s t i rred f o r  2 hours a t  r o om 

temp e ra t ure and the s ol v e nt then removed b y  evap o r a t i o n  

und e r  r e d u c e d p r e s sure . The r e s i d ue wa s d is s ol ve d  i n  9 5� 

e th a n o l  a nd c ry s tal l i s ed . The c ry s ta l l i n e  p r o du c t was twi c e  

r e c r y s ta1 l is ed f rom 9 5% ethano l , and a f te r  d r y i n g  under 

0 vacuum a y i e l d  o f  1 . 4  g ,  m . p .  1 5 7 - 1 6 0 C( unco rre c t ed ) was 

o b ta i ne d . The s truc tu r e  was c o n f i rme d by m a s s  s p e c t ra l  

anal y s i s . 

i i )  Hyd r o lys i s  o f  N ,O-D ia c e tyl s e r i nam i d e  

l m i d a z o l e -HCl buf fe r s  p H  7 . 0 7  : • 0 0 5  w e r e  mad e up 

u s i n g  1 M, 0 . 5  M a nd 0 . 2 5 M i m id a zo l e . Sod i um c h l o r id e  was 

a d d e d  to t h e  d i l u t e  buf f e r s  to ma i n t a i n  an i o n i c  s t re ng th o f  

0 . 46 M.  N , O- d iac e t y l s er inamid e w a s  d i s s o lv e d  i n  e a c h  bu f f er 

( 1 . 8  mg/ml ) , and t h e  t im e  c o ur s e  o f  e s t e r  h y d ro l ys i s  was 

f o l l owed a t  1 0 0 , 9 0 1 8 0  and 7 1 °C i n  an o i l  bath us i ng f i v e  

0 . 5  m l  al i qu o t s  o f  e a c h  buf f e r  i n  s ea le d  tu b e s  a t  e a c h  

t emp erature . Tub e s  were  remo ved f rom t h e  reac t i o n  bath a t  

regu l a r  t ime i n te rva l s  and s t ored i n  a ref r i ge ra tor . 

i i i )  Ana lys i s  o f  Sampl es 

The e s t e r  c o n t e n t  of  each s amp l e  was d e· t e rm i ne d  

us i n g  a mod i f i ca t i on of the f e r r i c  hyd r ox am i c a c id me thod 



(Hes  t r i n  ,. 1 9 4 9 ) . The f o l l ow i ng r ea g e nt s were us ed : 

A 3 . 5  M NaOH 

B 4 M NH2 0H-HC1 

To 0 . 2 m l  o f  s ampl e ,  0 . 6 ml of a s o l ut i o n  f re s h l y  m a d e  

b y  m ix i n g  2 p a r t s  o f  A w i t h  1 p a r t  of B wa s a dd e d . Af t e r  

t h e  m ix ture ha d s t ood f o r  1 0  m i n u t e s  1 . 6 m l  of C wa s add ed 

and t h e  m ix ture v i gorous l y  a g i ta t e d . The a bs o r ba nc e  of 

t h e  samp l e  was then read at 540 nm i n  a 1 c m  c e l l  u s i n g  a 

Un i c am S P  5 0 0  s p e c t r op h o tome t e r . 

3 .  RESULTS 

The p s eud o f i r s t  ord e r  ra t e  c on s tan t f o r th e h y d ro l y s i s  

o f  _!:! , 0- d ia c e t y l s e ri nam id e  ( k
1

) f o r  each buf f e r  c o nc e nt ra t i-on 

a t  e a c h  t empe ra ture was f ound f rom t h e  s l ope o f  a p l ot o f  

log ( e s te r  c on c entrat i o n )  aga ins t ti me . The s e  rate  c o n s t a n t s . 

a r e  p l o t t ed as  a func t ion o f  im i da zo l e  c onc ent rat io n  i n  F i g .  

1 1 . F r om th e s l o p e  o f  th e l i n e  i n  F i g .  1 1  fo r e a c h  

temp e ra tur e , a p s eu d o  s ec o nd o rd e r  rate c o n s tan t ( k2 ) f o r  th e 

r ea c t i o n  was c a l cu l ated . S i n c e  th e rea c t i on i s  c at al ys e d  

b y _ t h e  bas i c  f o rm o f  i m i d a zo l e  o nl y , t h e  p s eu d o  s e c ond o r d e r  

ra t e  c o nc ent ra t i ons h a d  to b e  c o rr e c t e d  t o  a l l ow f or th e 

fa c t  that a t  pH 7 . 0 7 o n l y  5 4% of the im i da zo l e  is i n  the 

ba s i c  f o rm . Val ues  o f  r a te c ons t a nt s  a re g i ven i n  Table X I I .  

u � :-·  '.RY 
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F ig. 1 1  D epend en c e  of R a te of Hydr oly s i s  of 

N , O ,D i ac e tyl S e r inamide on Imid a z o l e  

C onc en t ra t i on .  

0 -- -------L----... ----1 

. '· 
' 

0 0.5 
[Imidazole] ( M )  

Open c i rc l e s :  373 K 

D o t s :  36 3 K 
C r o s se s :  353 K 
X s :  344 K 

1 . 0  

1 0 0  



TABLE X I I  

Ki net i c  Pa rame ters  f o r  th e Hyd rolys i a  

o f  N,O-d iacetyi s e r i nam ide  

T 10 3 X kl 
- 1  ( m in ) 3 10 X k2 

(K)  0 . 2 5 M 0 . 5  M . 1 . 0  M (M- 1min- 1 ) 

imida zo l e  im i da zole  imidazole  

3 73 3 . 3 5 5 . 5 9 . 9  1 5 . 8  

3 6 3  2 . 26 3 . 4 5 . 8 8 . 7  

3 53 0 . 96 1 . 6 2 2 . 88 4 . 8 

3 44 0 . 79 1 . 3 3  2 . 30 3 . 1"-

10 1 

3 10  X kH 0 2 

( m i n-1
> · 

1 . 20 

1 . 03 

0 . 3 5 

0 . 3 5 

1 
From th e s e  data an Ar rhen iu s p l o t  was d ra�n ( l og k2 vs  T ) 

and a bes t f i t s tra i gh t  l ine wa s calcula ted us i ng the me thod 

of  l ea s t  s quares . From  the s l ope  and i ntercep t o f  t h i s  l i ne , 

values  of  56 kJ - 1 mol f or the ene rgy of  ac t ivat ion  an d 

- 1 6 4  J K- 1 mol- l f o r  th e entropy of  ac t ivat ion  were 

cal culated (F ig . 12 ) .  

4 .  D ISCUSSI ON 

i )  Im idazole  Ca ta lys is  of  Es t er  Hyd rolys is 

The p s eudo f i rs t orde r  rate cons tant f or the imidazole  

cata l y s ed hydrol y s i s  o f  � , 0-d iacetyl s e rinamide  ( l  M imidazo l e )  

i s  a b o u t  1 3- f old  h i gh e r  t h an tha t f o r  the reac t ion  in  the 



-1 . 6  

- 2.0 

- 2 . 4  

F ig. t 2  Arrhen ius Plo t  for Imidazole Ca talysed 

Hyd rolys i s  of N , O ,D i ace tyl S e r inamid e .  

1 0 2  
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absence  o f  im i d a zol e .  Thi s  l a t t e r  rate  i s  du e t o  hyd rol ys is 

o f  the  e s t e r  by  wat er  ra the r than by hyd rox i d e  ion  s in c e  i t  

d o e s  not  vary  be tween pH  7 . 1  and 8 . 1  (And erson  et  a l . ,  1 9 6 1 ) .  

The reac t i on mechanism f o r  neut ral e s t e r  hyd rol y s i s  i nvolves  

a t tack of  a water  molecul e o n  the  carbonyl  carbon  atom of  

the  es ter  to  f o rm a tetrahed ral i ntermed iate , wh i ch th en 

breaks down to e l im inate the al c ohol ic  group ( Brui c e  and 

Benkovi c , 1 9 6 6 ) . Th i s  reac t ion , however , i s  b imol e c ul a r  

w i th resp e c t  to  water , becaus e a s econd wat er molecule  a c t s  

as  a gene ral  bas e  cata l y s t  f o r  t h e  reac t ion ( Jencks , 1 969 ; 

Brui c e  and Benkov i c , 1 96 6 ) and the rea c t io n  co ns equentl y has 

a h i gh entrop y  of  ac t i va t io n . Th i s  reac t i on p redom inates  

over the  una i d ed attack o f  a water mol ecule  o n  the e s t e r , 

because  of the h igh c oncent rat ion  of  water p res e nt , and i n  

the presence  o f  sma l l  amounts o f  a l c oh ol o r  acetone , o r  i n  

concentrated sal t s olut ions , the rate o f  hydrol y s is dec reases  

marked l y . I n  o rd e r  to e s t imate the  t ot a l  catal y t i c  ef f e c t  
� 

of  general bas e catalys is by imidazole , it  is nec es sary to 

c ompare the una i d ed a ttack by  water  with the  im idazole  

cata l y s ed at tack on  the ester  group . S i nc e  th e una id ed  

attac k of  water  on the ester  is s l ower than t he water  

catal ysed  reac t ion , i t  f o l l ows that the  rat e  enhanc ement due  

to im ida zo l e  cata l y s is  w i l l  b e  greater  than 1 3 - f o l d  at  

3 50 K .  The i m idazole  catalys ed reac t io n ,  howeve r ,  wou l d  be  

exp e c ted  to  invo lve  a termo l ecular  interac t i on t o  form the 

t rans i t ion  s tate , and c ons e quent l y  r e qu ireg  a l o s s  of 

entropy  for the wa ter-es ter int era c t ion , and a f u rthe r  l o s s  

o f  e nt ropy f o r  t h e  intera c t i o n  of  imida zo l e  with the o th er 



1 0 4  

reac tants , l ead ing to a very  unfavourable entrop y  o f  

a c t iva t i o n .  Bec au s e  o f  th i s , a large part  of the catal y t i c  

e f f ec t  o f  im idazole  due t o  l ower ing o f  energy  o f  a c t i va t i o n  

o f  t h e  rea c t i o n  would b e  o f f s e t . 

The e n t r opy  o f  ac t ivat i on f o r  t he attack  o f  water  o n  

N , O-d ia c e tyl s e r i nam id e cannot  be  measured  s in c e  the  wa ter  

catal y s ed reac t io n  predomina tes , s o  the  ana l og y  between 

neutral  and alkal i ne hyd rolis is  of  e s t e rs is used . Bo th 

t h e s e  rea c t i ons  have  s im i l ar mechanisms ( lngo ld , 1 9 5 3 ) , 

invo l v i ng a t t ack  of  a l one p a i r  o f  e l e c trons of an oxygen  

a t om on  the c a rbon  a tom of a n  unp r o t onated carbonyl  group ; 

and the attac k i ng s p e c i e s  are  s i m i la r .  The r e f o re the 

e n t r op y  of  a c t i va t ion  f or al ka l i ne  hyd r ol y s i s  of  es t e rs s h ould  

prov i d e  a reas ona b l e  es t ima t e o f  the  ent rop y of ac ti v a t i o n  

f o r  neut ral hydro l y s is . The entrop ies  o f  ac t iv a t i o n  f o r  

a l k a l ine  hydro l y s is  o f  ethyl  a nd is obutyl  a c etate  are  
_ ,  - 1  -1 1 3  J K � mol  (Mors e and Tarbe l l , 1 9 52 ) . Th i s  value 

would c o rresp ond t o  the entrop y  of  a c t i va t ion  fo r a t t a c k  

of  1 M wat e r  o n  t h e  e s t e r .  For  hyd rol y s is i n  aqueous 

s olut i on , the c oncent ra t i on is  5 5  M and the en t r op y  is 
- 1 - 1  the r e f o r e  reduced  t o  - 8 0  J K m o l  ( 5 5 M i s  e qu ivale nt 

. - 1  - 1  t o  3 3  J K mol  ) .  

Th is  f i gure  represent s  a wo r k ing es t imat e for the entropy  

of  ac t ivat i o n  f o r  unaid ed nuc l e op h i l ic a t tack  by  water  o n  

i s obutyl  a c e ta t e  and ethyl a c e ta t e .  S i nc e  th e ent ropy  of  

a c t ivat i o n  i s  the  same for  both  th e s e  e s t ers  it is reas ona bl e 

t o  as sume that  i t  w i l l  be s im i l a r  fo r the h y d ro l y s is o f  
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any other  e s t er of  genera l  f o rmula R - CH2 - 0 - Ac pro v id ed 

that R d oes  no t  s terical l y  h i nd e r  th e a t tack of wat e r  on 

the e s t e r  g roup . The entropy  of  a c t i vat ion for  nuc l e op h i l i c  

attack of  wat e r  o n  � .Q-d iace ty l s er inam id e i s  th e ref ore 
. - 1  - 1  taken as  b e i ng app rox imatel y 8 0  J K m o l  i n  a queous 

s olut i o n . When th is f i gur e i s  c ompared wit h the  va lue of 

- 16 4  J K- 1  mol-l f o r  th e im idazole  catal ys ed reac t i o n ,  i t  

c a n  be  e s t i ma t ed tha t  a n  add� t i o na l  ent ropy of  acti vat i on 

J K- 1  - 1  f th of - 8 4  . mol  is  requi r ed f o r  the  interac t ion  o e 

im idazole  molecule  w i t h  the reac tan t s . Th i s  add i t i onal 

entropy  requ i rement would cau s e  a d ec rea s e  i n  rate  of 

4 X 1 0
- 5  f ol d . Th is  f i gure is co ns i s t ent with the 10

4 fo l d  

enhancement p o s tulated fo r increa s e  i n  r eac t io n  r ate  wh en 

two reac t i ng groups are bound in  t he c o rrec t ori entati on 

( S to rm and Ko sh land , 1 9 70 ) . Howev er thi s  enhanc eme n t  

when app l i ed to  cata l y t i c  groups i n  an en zyme , i s  due  t o  

t h e  e f f ec t  o f  th e c atal y t i c g roup on  t h e  ene rgy o f  ac t ivat ion  

for  the reac t i on , and  in  f ree so lut i o n  a l arge part  of  th i s  

c ontr ibut i o n  ( a  fac tor  of  about 10 4 f o ld ) i s  l o s t  d u e  t o  

the add i t iona l  entro p i c  requ i reme nts  for  reac t io n .  I f  the 

reac tan t s  were bound , f or examp le  in an enzyme a c t ive  s i te , 

s o  that the unfavoura bl e ent rop i c  ef f e c t d i d  not oc cur , a n  

e f f e c t ive c onc ent rat i on o f  im idazo l e  o f  2 . 5  x 10 4 M woul d 

be  obta ined . 

S ince  the enhancement i n  rat e  at  3 50 K i s  a t  l east  

1 3- fold , in  s p i te of  the  unfavou rabl e e ntropy  facto r ,  t he 

e f f e c t  due to  l owering  o f  the  energy of  ac t iva t ion  mus t be  
. 

5 at least  3 x 10 fol d .  Th is  impl ies  a dec rea s e  i n  energy 
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- 1  o f  a c t ivat i o n  o f  3 7  k J mol  • At 3 0 0  K,  a mo re reas onabl e 

t emp e ra t u r e  f o r  b i o l o g i ca l  re a c t i o n s , the r a t e  e nhan c eme n t  

· t  6 
f rom t h i s  l o we r i ng o f  6. E would b e  i n c r ea s ed to 3 x 10 

f o l d . 

-1 
From the val ue of 56 k J m o l  f o r  th e e n e r g y  o f  

a c t i va t io n  o f  the i m i da zol e c a ta l y s e d  h y d ro l ys i s  o f  N , O-

d i a c e.t y l s e r inamid e , i t  is p o s s i bl e  t o p r ed ic t a m i n imum 

- 1  
val u e  o f  9 3  k J m o l  f o r  t h e  a c t ivat i o n  en e rgy o f  u na id ed 

wat e r  a t t a c k . 

i i )  Compa r i s o n  .;v i th oC. -ch_ym o t ryps i n  

The exp e r i m e n tal and d e r i v ed a c t iva t io n  parame t ers 

for hyd r o l ys is of  N , O- d iac e t y l s e r i nam i d e  and fo r a c y l  

d e r iv a t i v e s  of  o<: - c h ymo t r yp s i n  c a n  n o w  b e  c ompa re d  ( Ta b l e  

:t: X I I I > . The v a l u e s  f o r 6 E  i n d i ca t e  t ha t  t h e  grea t e r  

p a r t  of  t h e  l o we r i n g  o f  a c t i va t i on e n e r g y  f o r  h yd ro l y s is 

o f  t h e  a c yl e nzyme c ou l d  be ac c ount e d  f o r  b y  g e ne ral bas e  

c a ta l y s i s b y  t h e  im i d a zo l e  � oup o f  h i s t i d i ne 5 7 . The r e  is 

good e v i d enc e tha t the d ea c y l a t ion s t ep is gene ral bas e 

c a t a l ys ed ( Be n d e r  and Ke zd y , 1 9 6 4 ; I nward and J en c ks , 1 9 6 5 ) . 

Th is c a ta l y s i s  c o u l d  be even grea t e r  t ha n  t h a t  p r ed i c t ed 

f or n o rma l g e ne ral bas e c a ta l y s i s  by i m i d a z o le i n  th e c a s e 

o f  t h e  im ida z o l e  g r o up of h i s t id i ne 5 7  s in c e  th is g roup ha s 

i nc r e a s e d  bas i c i t y  f rom i n t e ra c t io n  w i t h  the fi- ca r box y l a t e  

g r oup o f  a s p a r t a t e  1 0 2  ( Bl ow e t  a l . ,  1 9 6 9 ) al th ough th i s  

e f f e c t  may n o t  b e  v e r y  la rge < F e r s h t  and S p e r l i n g , 1 9 7 3 ) . 

F o r  d eac y l a t i on o f  a c e t y l  ch ymo t r yp s i n  t he en tropy of  

a c t i va t i on i s  c ompa r a b l e  wi th tha t f o r  th e 1 • 1 d a z o l e c a ta l ys ed 

e s t e r  h y d ro l y s is . Howev e r  f o r  d ea c y l a t i on o f  the N-a c e t y l -

t r y p tophanyl  c h y m o t r y p s i n t h e  e n t ro p y  of  a c t i va t i o n  i a  
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TABLE X I I I  

Ac t i va t i o n  Parame ter s f or th e Hyd ro lysis of N,O­

d ia c e tyl s e r inam id e  a nd A cyl Der iva tives  of 0( - chymo tryps i n  

Val ues were  d e t e rm ined a s  d es c ri bed i n  the text . 

Ester  

li .Q-d iacety l s e r inam ide  
( uncatalys ed )  

N , O- d iacetyl s e rinam i d e  
( im idazol e catal y s ed ) 

* 
Ac e tyl- chymo t ryp s in 

N-ac e t y l t y ro s y l - chymotryp s in 

E 

( kJ mol - 1 ) 

9 5  

56 

40 

* 
43 

* 
N-ac etyl tryp tophanyl -chymotryp s i n 50 

* 
d ata f rom Bend er  e t  al . ( 1 9 6 4 b )  

s 

- e o  

-1 6 4  

- 1 50 

- 56  

- 8 3  
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c ompa ra b l e  w i th tha t  es t imated f o r wa t e r  a t tack  on the 

e s t e r , and f o r  d eac y l a t ion o f  N- a c e t y l t y ros y l  c h ym o t ryp s in 

the  e n t ro p y  o f  a c t ive t i o n  i s  even l owe r .  Th e s e  ent rop y  

values  ref l ec t  th e f a c t  that  s p e c i f ic s u b s t ra t e s  a r e  

r i g i d l y  b ound in a s u i ta b l e  p o s i t i on a nd o r i e n ta t i on f o r 

a t t a c k  b y  wat e r , c a t a l y s ed b y  the i m i d a z o l e  r i ng  wh i c h  

i s  a l s o  r i g i d l y  h e l d  in p os i t i on (Fe r s h t  and Spe r l in g � 

1 9 73 ) .  

Th e v e r y  l ow en tro p y  of a c t iva t i on f o r  d ea c y la t i o n  o f  

N-a c e t y l t y ro s y l  c h ymot ryp s i n  m a y  a l s o  ind i c a t e  R ome b i nd ing 

and o r i en tat i o n  of  a wa t e r  m o l ec u l e . Th i s  i s  th e t y p e  o f  

rate e nhanc ement b y  o r i en tat i on o f  s u bs tra t e s  p ropos ed 

by Ko s h l and (Storm a nd Koshlan d ,  1 9 70 ) . Th e o r i enta t i on 

o f  a wa t e r  m o l e c u l e  c ou l d  b e  in p a rt d ue to int e rac t ion 

w i th th e ba s i c h i s t i d i ne 5 7  s id e  c h a i n. 

The 0( - c hymotryp s in cata l ys e d  hyd r o l y s is of N - a c e t y l ­

t r yp t o p hanam i d e  can n o w  be r e i n t e rp re ted u s i n g  th e m e th od 

o f  Bender e t  a l .  ( 1 96 4a )  as s hown i n  Ta b l e  X IV ( c f Ta b l e  1 ) . 

Th e va l u e s  of  fac t or s  1 and 3 a re th o s e  us e d  b y  Ben d e r  s i n c e  

t h e  j us t i f i c a t ion o f  th e s e  i s  qu i t e  reas o na b l e , an d f a c t or s  

2 and 4 have b e e n  c om b ined a c c or d i ng to  res u l t s d is cus s ed 

in t h i s  s ec t i on .  Th e c o n t r i but i on f rom ac i d  c a t a l y s i s  by 
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TABLE X IV 

Kine t i c Fa c t o r s  Respons i b l e  f o r  the D i f f e re n c e  be tween 

t h e  Hyd rox i d e  I o n  a n d  oe -Chymotryps i n  Ca ta lys ed 

Hyd ro lys e s  o f  N-Ac e tyl Trypt ophanam i d e  

Ra t e  cons tant  of  h y d r o x i d e  i on c a ta l y s is 

1 )  Conve r s i o n  to i n t e rmo l ec u la r gen e ral 

b a s e cata l y s ed r ea c t i o n  invo l v i n g  

im i d a zo l e  ( 1 . 6  x 10 - 6
) 

· 2 ) Conv e r s i o n  t o  an i n tramol e c u l a r  bas e 

catal y s e d  reac t i o n  i nvo l v i n g  im i da zo l e  

and a c o rrec t l y  bound ac y l  group 

( 2 . 5  X 10 4 M) 

3 )  Cova l e nt i n t e rm e d i a t e  e f f e c t  ( 10
2

) 

4 )  Gene ra l a c i d  c a t al y s i s  b y  i m i d a zo l e  

( 1 0
2

? )  

Exp e r imental  ra t e  c o n s tant 

* 

- 1 0  - 1  - 1  
4 . 8  x 1 0  M s e c 

0 . 1 2 

0 . 0 4 4  

- 1  s e c  

- 1 
s e c  

Th i s  f i gure repres ent s the ra te due o n l y  t o  gen er&l 

- ba s e  c a ta l y s is by im ida zo l e . 
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i m i d a z o l e  i s  g i ven the  va l ue a s c r i bed t o  i t  b y  Ben d e r , bu t 

t h e r e  i s  s ome d ou b t  about t h e  t rue con t r i bu t i o n o f  a c id 

c a ta l y s i s t o  th i s  r ea c t i o n . Al s o  no a c c ount ha s b e e n  

mad e f o r  the  p o s s i b l e  e f f e c t  due t o  b i nd i ng o f  a wa t e r  

m o l e c u l e  ( co nv e r s i o n  o f  t h e  p s eudo f ir s t  o r d e r  rat e  to a 

- 1  - 1  t ru e  f i r s t  ord e r  ra t e ) . From t he d if f e r en c e  of 2 4  J K mo l 

b e tween t h e  e nt r op y of a c t i va t i o n  for  d ea c y l a t i on o f  N- ac e t y l -

t y r o s y l  c hymo t r yp s i n  an d the e s t ima t ed val u e  f o r  wa t e r  

a t ta c k  o n  a n  e s t e r , a f a c t or o f  u p  t o  2 0 c ould b e  p os tu l -

a t ed f o r  th i s  e f f ec t .  

The ma i n  c on c l u s ion to be d rawn f r om th i s  r e - i n t e r p r e t -

a t i o n  of t h e  f a c t o r s  con t r i bu t i n g to t he c a tal y t i c mec han i s m  

of  cC- c h y mo t r yp s i n , i s  t h a t  fo r th e s pe c i f i c s u b s t r a t e s , t h e  

c o nt r i bu t io n  of  gen e ra l  ba s e  c a tal y s i s  is f a r  g r e a t e r  than 

ha s  p rev ious l y  b ee n  a s s umed . 



SECTION IV 

CONCLUS ION 
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1 .  PROPERTIES OF ACTINID IN 

Ac t i n id i n  i s  a f a ir l y t yp i ca l  p lant p r o t e a s e  whe n  

c ompared w i th papa i n , f i c i n and brome 1 a i n . Pe rhaps th e 

mos t u n u s ual f ea tu r e  o f  t h e  en zyme is tha t  it  ha s a l ow 

i s o e l e c t r i c  p o i n t  ( a bout 3 . 1 , McDowa l l , 1 9 70 )  wh i l e  papa i n  

and f i c i n have h i gh i so e l e c t r i c  · p o i n t s  o f  8 . 7 5 ( Sm i th and 

Kimmel , 1 9 54 )  and 9 . 0  ( Cohen , 1 9 58 )  r e s p e c t ivel y .  Fru i t  

b romel a i n , howeve r , al s o  has an a c i d ic i s o e l e c t r io po i n t . 

The s im i l a r i t i e s  i n  m o l e c u l a r  we i ght and am ino a c id 

c omp o s i t i o n  o f  t h e  p l a nt t h �o l  p r o teas e s  a r e  qu i t e  i n t e r e s t ­

i ng . Bec aus e o f  t h e  taxo nom i o a l  d i vers it y of  the s ou rc e s  

o f  t he s e  e n zyme s it  i s u n l i k e l y  t ha t  th ey ha v e  a c ommo n  

g e ne t i c  o r i g i n . Cons e q u en t l y  t h e s e  s im i la r i t i e s  mu s t  

r e p r e s e n t  evolut i onary c onv e r g en c e  a n d  c ommon f e a t u re s  

mus t  r e f l e c t  r e qu i reme nts  f o r  a c t i v i t y . 

Th e  e v i d e n c e  f o r  one a c t ive  th i ol group i n  t he a c t i n id i n  

mo l ec u l e  is  q u i t e  c onv i n c i n g , a nd the k in e t i c s  o f  a c t i n i d i n  

c a t a l y s ed hyd r o l y s is o f  Z- l y s-pNP a r e  c o n s i s t e nt w i th t h os e 

o f  pap a in and f i c in c atal ys e d  hyd rol y s is of t h e same subs t ra t a . 

The d e ta i l ed k i n e t i c s  of t h e  ac t i n i d i n  c a t a l ys ed h y d ro l y s i s  

o f  Z- l y s - pNP show th e  f i rs t  d i r e c t  e v i d e nc e f o r  t h e  f or ma t i on 

o f  a n  ac yl e n zyme w i t h  a bound l e av in g  g roup < EP1 P2 c o mp l ex ) , 

the b reakd own of  wh i c h  i s  ra t e  l im i t in g . S u ch an i n t e rmed ia t e  

had b e e n  i nd i re c t l y  d emons t ra t ed i n  f i c i n  a nd pap a in 

c a ta l ys ed hyd r o l y s e s  of Z- l ys - pNP , bu t t he rap i d  pha s e  o f  

t h e  reac t io n  was t o o  fa s t  to b e  d i r e c t l y ob s e rv e d . 



2 . PHYS ICO-CHEMICAL FACTORS IN ACTINID IN CATALYSED 

HYDROLYS IS OF Z- l y s -pNP 

The s ign i f icance  of general bas e  c a tal y s is ha s been  

c l early  d emons trated in  the case  of  c< - c hym otryp s i n  

cata l y s ed h y d ro l y s e s . I n  v i ew of  the f a c t  th at  pap a i n , 

f ic i n  and bromel a i n  a l s o  hav e i m idazo l e  group s i n  a 

s u i table  p o s i t ion  to  cata l y s e  reac t i ons of the a c t ive 

t h i o l  group , it  i s  l i k e l y  that th i s  is  a l s o  t he c a s e  f or 

a c t i n i d in . The ac id ic  l imb o f  the pH prof i l e  for  K i s  m 
p robably  due  to a h i s t id ine s id �  cha i n  wi t h  a d ownward 

s h i f ted pK as is th e c a s e  f o r  papa i n , a nd the g roup i n  a 
ac t i n id i n  c o ntrol l i ng the  ac y la t i on s t ep w i t h  a pK of  

a bout 5 i s  probab l y  the same h i s t i d i ne s id e  c ha in .  The 

change i n  pK of t h i s  group d u r i n g  reac t ion  is c ompa ra ble 
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w i th th e beha v i our obs e rved in  the f i c i n ca tal ys ed hyd ro l y -

s is o f  �- n i t rophenyl  h i ppura t e  ( Hol l awa y e t  a l . , 1 9 7 1 ) . 

I t  i s  of i nt e res t to examine the  i nd ividua l  ra t e  cons tan t s  

f o r  t h e  a c t i n i d i n  cata l ys ed hydrol y s i s  o f  Z - l ys - pNP .  

i )  The a c y la t i on rate c o ns tant  o f  4 0 0  s ec - 1 
i s  n o t  

s urp r i s ingly  l a rge , s i nce  ex c e s s  f ree  c ys t e ine  wi l l  a t tack  
- 1 

the subs t ra t a  w i t h  a n  a c y l a t i o n  ra te c onstant of  0 . 5 8 M 

- 1  s e c  a t  pH 6 . 0 .  The observed k2 the r e f o re c o rrespond s to  

an  e f f ec t ive  SH c oncentrat ion  o f  7 0 0  M ,  wh i ch c an read i l y 

be  a c c ounted fo r by  e i ther o r b i tal s teering  or  f re e z ing  of  

t rans l a t i ona l entrop y .  The r e l a t i v e  s i zes  of  k2 and k_2 

P!e s umab l y  r e f l e c t  the f ree ene rgy change f o r  the a c y la t i o n  

s t ep , wh i c h  f avours EP1P2 b y  about  5 kJ mol -l . 
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i i )  Th e caus e o r  f u n c t i o n  o f  the k 3 s t ep i s  u nknown . 

I t  i s  l ik e l y to  rep r e s e nt an i somerisa t i on , p os s i b l y  a c hang e 

i n  c o n f o rmat i o n , o f  the a c y l  e n zyme . Whe ther  th i s  c hang e  

i s  r e l evant t o  the ca tal y s i s  i s  unknown , but a c onf orma-

t i o na l  c hange ha s been  p os t u la t e d  i n  the ac y l at ion  s tep · of 

pap a i n  c a t a l y s ed h y d rol y s es o f  am i d e s  ( Lowe and Yut havo n g , 

1 9 7l a ) , and the  k 3 s tep  m i gh t  repr e s e nt a r e lax at io n o f  

t h i s  c ha nge in conformat ion . 

i i i )  The ra te  of  deac y l�t i o n  cannot  be  mea s ur ed 

d i r e c t l y  s i n c e  i t  oc c u rs af ter  th e rat e l imit ing s t ep . A 
_ ,  l owe r l im i t  o f  1 0 0  s e c  - ha s , however , been  p la ced  upon i t . 

Th i s  s t e p  is l ik e l y  to b e  gen eral  bas e  ca talysed by a 

h i s t i d ine s i d e  c ha i n  i f  the mechan ism  i s  th e same as  that 

f ound f o r  pap a i n  c atal ys ed  hyd rol y s es . 



Comp u t e r  Pro g rams Used in  th i s  S tud y : . 

1 )  Program f o r  d e r iva t i o n  of s tead y  s ta t e p a rame t e r s  

u s i n g  Ch ord s m e t h od a n d  Ea d ie p l ot , 
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P A G E  2 

X K M = - l • * S L O P E  
----:-w·R I T  E I 3 ' 1 8 l  X K M , Y I N  T 

GO T O 1 

---- ----- - - ---- -

--5 00-CA L L E X I T
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S UB R OU T I N E S R L S ( X , Y , N , S L OP E , Y I N T )  

U S E S  L E A S T SQU A � E S  M E T HO D  T O  F I N D 

D I M E N S I ON X ( 1 00 ) , Y ( 1 00 ) 

S U M X = O . 

S U M Y = O .  

S U M X Y = O  • · 

1 1 5  

S L O P E  A N D  I N T E R C E P T  ON Y A X I S  

_ _ - --·- · --- - - SS QX = 0 .  

1 0  

c 

2 0  

2 2  

S S Q Y = O . 
D O  1 0  J = 1 , N 

S U M X = S U r-1 X + X ( J )  
S U M Y = SU M Y +Y ( J )  

S U M X Y = SU M X Y + X ( J l * Y ( J )  

S S  O X = S S Q X +X ( J l * X ( J )  

S S Q Y = S S Q Y +Y ( J ) * Y ( J )  
Z N =N 

X B A R = S U M  X I Z r� 
Y B AR = SU M Y  / Z N  

S L O P E = ( SU M X Y - Z N *X B AR * Y B A R l / ( S S Q X - Z N * X R A R * X B A R )  

Y I N T = Y B A R  - S L 0 p,:; ,.,. X B A R  
T H I S  I S  B A S E D  O N  Y O U O E N - S T A T I S T I C A L M E T H O D S F O R  C H E M I S T S  P 4 2 - 3  

S I G P X 2= S S Q X - ( ( S U M X * S U M X ) / Z N ) 

S I G P Y 2 = S S O Y - ( ( S U M Y * S U MY ) / Z N )  
S I G P X Y = S U M X Y - ( ( S U MX * S U M Y ) / Z N l  

C O R R S Q = A B S F ( ( S L O P E * S L OP E* S I G P X 2 ) / S I G P Y 2 ) 

C O RR = SQ R T F ( C O R R SO ) 

P R I N T  20 , S L O P E , Y I N T , C 0R R  
F O RM AT ( / 1 5 X , 8 H S L O P E  = , E 1 2 . 4 , 3 X , 7 HY I N T  = , E 1 2 . 5 , 4 X , 2 6 H C O R R E� A T I O� 

1 C O E F F I C I E N T  = , F 8 . 6 ) 

V A R Y = A B S F ( S I G P Y 2 - S I G PX Y * S I G P X Y / S I G P X 2 ) / ( Z N- 2 . )  

V A R  SL = V A R Y  / S I G P X 2  

S D S L = S Q R T F ( V A R S L ) 

S D Y I NT = S O R T F ( V A R Y * S S O X / ( S I G P X 2 * ZN ) ) 
P R I N T  2 2 , SO S L , S DY I N T  

F O R M AT ( / 1 5 X , 3 0 H S T A N D A R D  D E V I A T I ON O F  S L O P E = , E l 2 . 4 , 5 X , 3 6 H S T AN D A� 

1 D EV I A T I O N  O F  Y I NT ER C E P T = , E 1 2 . 4 )  
R E T U R N  

E ND 
------- -- ---- •• ---- - _ _. __ ___ --·--·-·-- -··-- -··-·--•·� ----- -· - _ __ _  r _ _  _ 
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i i )  CSMP s imul a t i o n  p r o gram . 

The f l ow c h a r t  f or t h i s  pr o gram i s  g i v en 

i n  F i g .  1 3 . 

CONTINUOUS SYSTEM MODELI NG PROGRAM 
A D I GITAL ANALOG S IMULATOR PROGRAM Fffi THE I BM 1 1 30 

CONF IGURATI ON SPECIFICATI ON 

OUTPUT NAME BLOCK TYPE INPUT 1 INPUT 2 INPUT 3 
ES 1 I 3 3  1 1 1 2 

EP1 P2 2 I 12 1 3  1 8  
EP2 3 I 1 3  1 4  0 
E 4 I 1 4  1 1  1 5  
s 5 I 1 1 1 5  0 
P1 6 I 1 3  0 0 
K- 1 1 1 G 1 0 0 · 
K2 1 2 G 1 0 0 
K3 1 3 G 2 0 0 
K4 1 4  G 3 0 0 
K1 1 5  G 2 1 0 0 
EXTN P1 16 G 6 0 0 
EXTN EP1P2 1 7  G 2 0 0 
K-2 1 8  G 2 0 0 

( E ) ( S )  2 1  X 5 4 0 
ABSORB 3 1  + 1 6  1 7  0 

I N I T IAL COND I T I ONS AND PARAMETERS 

I C/PAR NAME BLOCK I C/PAR1 PAR2 PAR3 
ES 1 o . o o o o  - 1 . 0 0 0 0  - 1 . 00 0 0  
EP1 P2 2 o . o o o o  - 1 . 0 0 0 0  - 1 . 0 0 0 0  
EP2 3 o . o o o o  - 1 . 0 0 0 0  o . o o o o  
E 4 0 . 0 0 0 1  1 . 0 0 0 0  - 1 . 0 0 0 0  
s 5 0 . 0 0 0 0 0 3  - 1 . 0 0 0 0  o . o o o o  
Pl 6 o . o o o o  o . o o o o o . o o o o  
K- 1 1 1  40 0 0 . 0  
K2 1 2 4 0 0 . 0  
K3 1 3  3 6 . 0  
K4 1 4 4 0 0 . 0  
K1 1 5 5 0 0 0 0 0 0 0 . 0  
EXTN Pl 1 6  1 0 000 . 0  
EXTN EP1P2 1 7  1 0 0 0 0 . 0  
K-2 1 8  53 . 00 

./ 



)I ) 1 3 3 
+ 

3 1  
O U T P UT f---1 + 

Fig. 1 3  Schema tic D iagram o f  S imula t i on Program. 
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APPENDIX 2 

Derivat ion of k i ne t i�rame ters  for  

Ac t i n i d i n  c a t a lys ed hyd ro lys is of Z- lys -pNP 

ES 

I f  k3 < k4 , i . e .  d ea c y l a t i o n  is rap id , th en this  s ch eme 

can be reduced  t o : 

E + S ES 

For  th i s s c h e me the f o l l owing  exp re s s i o n  for  k t c a n  b e  ea  

d e r i v ed ( c f D ixon  a nd We bb , 1 9 6 4 )  

k cat  = 

Repl ac ing  k_2 + k3 by kO(. , th is  b ecomes 

k cat  = ( 3 )  

Provided  that b i nd ing is rap id  

L E_/ 



At any t ime a f t e r  reac t i on c ommenc e s  the s u m  o f  the 

concentra t ions  o f  various s p e c i e s  is  e qu al to  th e 

i n i t ial  subs t �a t e  c oncent ra t i on • 

• 
• • 

The net  ra t e  of f ormat ion  o f  EP1P2 is  g i ven by : 

= 

= 

k2 (�S_70 - L EP1P2_/ - L Pl_/) -

1 + K
8/L

_
E_/ 

where ko( = k_2 + k3 

• 
• • d L-EP1P2_/ = k2L

_
S_7aL_E_7 

d t  K + LEJ s 

k� L EP1P2_/ 

L E_l 

1 1 9  

- k2E;:P1_; 

K + E s 

S ince  P1 i s  f ormed f rom EP1P2 and no t  removed , the 

c oncentra t i on a t  t ime t is gi ven  b y : 



L 1!-1 = 

• 
• • 

- -k2L E_/ 

Ks+L
_E_! 

• 

I f  k3 i s  sma l l  c om p a r e d  to k2 ( i . e �  k3 is rate-

12 0 

( 6 )  

d e t ermining ) and t i s  smal l ( dur ing the  rap id  phas e ) , 

there  w i l l  b e  l i t t l e  p roduct ion  of P1 and t he inte gral 

t erm in equa t i o n  ( 6 )  w i l l  b e c om e  ins ignif icant • 

• 
• t.;· • 

d t  K + L
-

E I s - 0 

Thi s  is o f  the f orm d�EP1P27 = a - b L-EP1P2_7 
d t  

( 7 )  

S in c e  L EP1 P2_! = o when t = o ,  integrat i o n  giv es : 

a 
b 



When t i s  la rge and th e rap id pha s e  almost  c omp le te , 

the  exponent ial term will  tend to zero . The ref o re , 

L-EP1P2_1 w i l l  t e nd to  a and th e abs or banc e charge 
b 

i n  the  burs t , B ,  wil l be  given  by : 

= k2L-SJ0L
_

E_l0 £EP1 P2 
K + L-E I 8 - 0 

k2L E_lo + 

K + 1-E I 8 - - 0 

The total  a b s orbanc e  charge i s  equal to L-S_I 0 € Pl 

• 
• • 

Kb 
= 

k 
1 + 

0(. 

k2 

= 

1 
( 1 )  

+ 
ko<.Ks 
k21-E_70 

12 1 



Th i s  equa t i o n  can be  rear rang e d t o  g i v e : 

1 l 
= 

L E_/0  
• 

k K o(.. s + + 1 ( 2 ) 

The f i rs t  or d e r  rate c ons tant f o r t h e  rap i d  phase , 

k� , w i l l  be  e qu a l  to b .  

i . e . = 

K + L E_l s 

( 5 ) 

1 2 2  
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