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INTRODUCTION 

Attempts t o descr ibe and d e f i n e cy-chymotrypsin s p e c i f i c i t y 

have been numerous (1-3). S t e r i c , p o l a r and hydrophobic cons ide r a ­

t i o n s among members o f a homologous se r ies o f subs t ra tes are 

g e n e r a l l y s i m i l a r . T h e r e f o r e , s tud ies o f Q'-chymotrypsln s p e c i f i c i t y 

f o r members o f a homologous se r i e s o f subs t ra tes p rov ide u s e f u l 

i n f o r m a t i o n concerning t h e mechanism o f s p e c i f i c i t y (5-7)• 

I n t h i s s tudy t h e h y d r o l y s i s o f p - n i t r o p h e n y l e s t e r s o f 

5 - n - a l k y l - 2 f u r o i c acids was ca t a lyzed by cy-chymotrypsin. These 

subs t ra tes were chosen f o r s eve ra l reasons. The f u r a n mo ie ty i s a 

r e l a t i v e l y sma l l aromatic r i n g and should b i n d s t r o n g l y t o t h e 

a c t i v e s i t e o f a--chymotrypsin. Secondly, a l k y l s u b s t i t u t i o n s were 

made at the 5 p o s i t i o n i n order t o minimize s t e r i c c o n s i d e r a t i o n s 

and m a i n t a i n t h e p o s i t i o n o f t h e c a r b o x y l group r e l a t i v e t o t h e 

aromatic group cons tan t . T h i r d l y , a c y l a t l o n and d e a c y l a t i o n c o u l d 

be mon i to red s p e c t r o p h o t o m e t r i c a l l y because b o t h p - n i t r o p h e n o l and 

the f u r o i c acids are chrcmophores. The f u r o i c ac ids have low molar 

e x t i n c t i o n c o e f f i c i e n t s above 300 ny w h i l e p - n i t r o p h e n o l absorbs 

s t r o n g l y i n t h e r e g i o n 300 t o 'l-00 ny. Thus a c y l a t i o n and. d e a c y l a t i o n 

can be moni tored separa te ly w i t h o u t i n t e r f e r e n c e . D i r e c t s p e c t r o -

photomet r ic obse rva t ion o f t h e d e a c y l a t i o n r e a c t i o n f a c i l i t a t e s 

c a l c u l a t i o n o f p r e c i s e and accurate r a t e constants w i t h o u t t h e 
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d i f f i c u l t i e s and approximat ions inhe ren t i n steady s t a t e 

M i c h a e l i s Menten k i n e t i c s (2) . F i n a l l y , t he a c y l p o r t i o n o f t h e 

subs t ra tes con ta ins no o ther f u n c t i o n a l groups except f o r t h e 

c a r b o x y l group. This e l i m i n a t e s p o l a r and charged group i n t e r a c t i o n s 

w i t h t h e enzyme. 

Enzymatic c a t a l y s i s and s p e c i f i c i t y was measured by comparing 

d e a c y l a t i o n r a t e constants and a c t i v a t i o n parameters w i t h a l k a l i n e 

s a p o n i f i c a t i o n r a t e constants and a c t i v a t i o n parameters . A l k a l i n e 

s a p o n i f i c a t i o n r e a c t i o n s were chosen as a r e fe rence s ince t h e r e are 

s i m i l a r i t i e s t o the enzymatic r e a c t i o n (2,8). 

The r e s u l t s o f t h i s i n v e s t i g a t i o n r e v e a l s i m i l a r i t i e s t o 

o ther i n v e s t i g a t i o n s which are discussed w i t h respec t t o t h e o r i e s 

o f enzymatic s p e c i f i c i t y . Klapper ' s development and e l u c i d a t i o n o f 

t h e " l o c k and k e y " model appears t o be e s p e c i a l l y a p p l i c a b l e t o 

r e l a t i v e s p e c i f i c i t y o f a -chymot ryps in f o r homologous subs t ra t e s 

(9) . 



MATERIALS AND METHODS 

A. Reagents 

Q'-chymotrypsln was purchased f r o m Wor th ing ton Biochemica l 

Company ( L o t CDS 2CA) and was used w i t h o u t f u r t h e r p u r i f i c a t i o n . 

Stock s o l u t i o n s were prepared by d i s s o l v i n g 103 mg o f enzyme i n 

10 ml o f water a d j u s t e d t o pH 5«0 w i t h HCI. The c o n c e n t r a t i o n was 

es t imated u s i n g a molar e x t i n c t i o n c o e f f i c i e n t o f 5-0 x 10 4 a t 

280 ny (10). Stock enzyme s o l u t i o n s were s t o r ed at 5 0C. 

• 2-Furoic a c i d was purchased f r o m Eastman and r e c r y s t a l l i z e d 

f r o m benzene. 5-Methylfuran-2-aldehyde (Lo t 95999)3 2 - e t h y l f u r a n 

(Lo t 836O-A), 2 - n - p r o p y l f u r a n ( L o t .5359 AT) . 2 - n - b u t y l f u r a n and 

2-amylfuran were purchased f r o m K and K L a b o r a t o r i e s , I n c . 

l - ( 3 - D i m e t h y l - a m i n o p r o p y l ) - 3 - e t h y l c a r b o d i i m i d e h y d r o c h l o r i d e ( L o t 

100537) was purchased f r o m A l d r i c h Chemical Company. A c e t o n i t r i l e 

was d i s t i l l e d once and s to r ed over molecular s i eves . p - N i t r o p h e n o l 

was r e c r y s t a l l i z e d f r o m 95/̂  e thano l b e f o r e use. Water was double 

d i s t i l l e d b e f o r e u s i n g . 

The f o l l o w i n g commercia l ly a v a i l a b l e reagent grade chemicals 

were used: benzene, e t h y l e the r , anhydrous e t h y l e the r , 95'/" 

e t h a n o l , concentra ted h y d r o c h l o r i c a c i d , carbon t e t r a c h l o r i d e , 

sodium carbonate, N,N-dimethylformamide, sodium h y d r o x i d e , anhydrous 

magnesium s u l f a t e , pe t ro leum e ther (B .P . 6 5 - I I O ) , sodium phosphate 



( d i b a s i c ) , phosphorous o x y c h l o r i d e (PCClg), s i l v e r oxide (AgoO), 

t e t r a r a e t h y l s i l a n e , and sodium b o r a t e . 

B. Synthesis o f Substrates 

2 - n - A l k y l f u r a n s were f o r m y l a t e d t o y i e l d r ; - n - a l k y l f u r a n - P . -

aldehydes by the genera l procedure o f T r a y n e l i s ( l l ) . F o r t y 

m i l l i m o l e s o f phosphorous o x y c h l o r i d e and N,N-dimethylformamide 

were mixed at 5 C and s t i r r e d f o r twenty minutes . Twenty m i l l i m o l e s 

o f t h e 2 - n - a l k y l f u r a n was t h e n added over a twen ty minute p e r i o d . 

The r e a c t i o n mix tu re was s t i r r e d a t 5°^ f o r two hours and t h e n f o r two 

hours at room temperature . The r e a c t i o n m i x t u r e was t hen poured 

onto 70 ml o f i c e and n e u t r a l i z e d w i t h sodium carbonate . A I rown 

o i l separated f r o m the aqueous l a y e r upon s tanding o v e r n i g h t . The 

o i l was separated f r o m the aqueous l a y e r w i t h the a i d o f e the r , and 

t h e aqueous l a y e r was e x t r a c t e d w i t h f i v e 50 Wl p o r t i o n s o f e the r . 

The e x t r a c t s were combined and the e ther was evaporated under 

reduced pressure l e a v i n g a brown o i l . The o i l was used w i t h o u t 

f u r t h e r p u r i f i c a t i o n . 

5 -n -Alky l fu ran-2-a ldehydes were ox id i zed t o t h e i r cor responding 

ac ids by the f o l l o w i n g procedure . Twenty m i l l i m o l e s o f 5 - m e t h y l f u r a n -

2-aldehyde or the o i l f rom t h e f o r m y l a t i o n r e a c t i o n was added t o a 

m i x t u r e o f s i x t y m i l l i m o l e s o f s i l v e r oxide i n 250 ml o f a 55̂  

aqueous sodium hydroxide s o l u t i o n . The r e a c t i o n m i x t u r e was s t i r r e d 

v i g o r o u s l y f o r 60 t o 70 hours a t room tempera ture . The r e a c t i o n 

m i x t u r e was f i l t e r e d and the f i l t r a t e evaporated under reduced 

pressure t o 60$ o f t h e o r i g i n a l volume. The acids were 



p r e c i p i t a t e d by the slow a d d i t i o n o f concent ra ted h y d r o c h l o r i c 

a c i d t o t h e r a p i d l y s t i r r e d f i l t r a t e at 5 0C. The p r e c i p i t a t e 

was f i l t e r e d o f f , d r i e d and r e c r y s t a l l i z e d f r o m pe t ro leum e the r 

(B .P . 65-110). Y i e l d s were 50-60^ o v e r a l l f o r t h e two s teps . The 

acids were i d e n t i f i e d and c h a r a c t e r i z e d by t h e i r m e l t i n g p o i n t s , 

U.V. and NMR spect ra g i v e n i n Table 1. 

p - N i t r o p h e n y l es ters o f t h e 5 - n - a l k y l - 2 - f u r o i c ac ids were 

synthes ized by the f o l l o w i n g procedure. E i g h t m i l l i n o l e s o f t h e 

a c i d and nine m i l l i m o l e s o f p - n i t r o p h e n o l were d i s s o l v e d i n 50 m l 

o f anhydrous e the r . S ix t een m i l l i m o l e s o f l - ( -3 -d lmethy lamino-

p r o p y l ) - 5 - e t h y l c a r b o d i i m i d e h y d r o c h l o r i d e was added t o t h e 

s o l u t i o n and the m i x t u r e was s t i r r e d o v e r n i g h t . The e ther s o l u t i o n 

was f i l t e r e d , washed repea ted ly w i t h 0.05M phosphate b u f f e r pH 7-0, 

d r i e d over anhydrous magnesium s u l f a t e and evaporated under reduced 

pressure . The s o l i d res idue was r e c r y s t a l l i z e d f r o m 95^ e t h a n o l . 

Emphasis was p laced on p u r i t y and y i e l d s were o n l y 20-30%. 

The p - n i t r o p h e n y l e s te r s were i d e n t i f i e d and c h a r a c t e r i z e d by 

t h e i r e lementa l analyses, m e l t i n g p o i n t s and U.V. spec t r a . The data 

i s l i s t e d i n Table 2. Microanalyses were performed by G a l b r a i t h 

Lab . , I n c . , K n o x v i l l e , Tenn. I n a d d i t i o n , the p u r i t y o f each es te r 

was c a l c u l a t e d f r o m the change i n o p t i c a l d e n s i t y a t J)h( ny upon 

base h y d r o l y s i s (e =5-7 x 103 c m ^ m o l e - 1 l i t e r , 250C f o r p - n i t r o ­

p h e n o l ) . The es ters were found t o be 95-100/B pu re . Stock 

subs t ra te s o l u t i o n s were made by d i s s o l v i n g 20 t o 50 micromoles o f 

t h e e s t e r i n 10 m l o f a c e t o n i t r i l e . 
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C. Equipment and B u f f e r s 

M e l t i n g p o i n t s are uncor rec ted and were per formed on a Thomas 

Hoover C a p i l l a r y M e l t i n g Po in t Apparatus. U.V. spec t ra o f t h e 

f u r o i c ac ids , t h e i r p - n i t r o p h e n y l es ters and t h e d i f f e r e n c e spec t r a 

were performed on a Unieam SPSOGA spectrophotometer equipped w i t h 

a model 2095 Forma constant temperature ba th and thermos ta ted c e l l 

b l o c k . The U.V. spec t ra o f the f u r o i c acids and t h e i r p - n i t r o p h e n y l 

es te rs were measured at 270C i n 0.1M phosphate b u f f e r a t pH T>0 

c o n t a i n i n g 0.5^ v / v or l e ss a c e t o n i t r i l e . W.M.R. spec t ra were 

measured at room temperature i n carbon t e t r a c h l o r i d e c o n t a i n i n g a 

s m a l l amount o f t e t r a m e t h y l s i l a n e as the r e f e r e n c e . N.M.R. spec t ra 

were performed on a Var i an A-bO spectrometer . 

Phosphate, carbonate and bo ra t e b u f f e r s were t i t r a t e d w i t h 

sodium hydroxide or h y d r o c h l o r i c a c i d s o l u t i o n s t o t h e d e s i r e d pH. 

The pH at each temperature was determined on a Model 12 Corning pH 

meter w i t h Model 'l09'i-L15 Thomas e l e c t r o d e . Coleman (pH 7-00, 250C) 

and Sargent-Welch (pH 10.00, 250C) s tandard b u f f e r s were used as 

r e f e r e n c e s . 

A l l k i n e t i c measurements were made on a Cary l6 spec t rophoto­

meter equipped w i t h a model 1626 Cary recorder i n t e r f a c e , a Non­

l i n e a r Systems ser ies SOOO d i g i t a l v o l t m e t e r and a Model EU-205-11 

Heath s t r i p cha r t r eco rde r . Voltages cou ld be read s imul taneous ly 

f r o m the d i g i t a l vo l tme te r and char t r eco rde r . The accuracy o f t h e 

cha r t recorder was determined by c a l c u l a t i n g r a t e constants f r o m 

data t aken f r o m the v o l t m e t e r and cha r t r eco rde r . The accuracy o f 
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t h e cha r t recorder was + 0.5^. 

Enzymatic and nonenzymatic r e a c t i o n s were c a r r i e d out i n 

r e c t a n g u l a r quar tz c e l l s w i t h 1.0 or 5.0 cm pa th l e n g t h . C e l l s 

were thermostatbed by means o f an aluminum c e l l b l o c k and a Model 

2095 Eorma constant temperature b a t h . The f l o w r a t e t h r o u g h t h e 

c e l l b l o c k was h-OO m l / m i n . The temperature was measured us ing 

Cenco -100C t o 60OC thermometer hav ing d i v i s i o n s o f 0.2OC. 

Rate cons tants , Vm's, Km's, pKa 's , AH/ and AS/ were c a l c u l a t e d 

u s i n g a Nova 1220 Data General computer. 

D. Enzymatic K i n e t i c s 

The accepted sequence f o r Q'-chymotrypsln c a t a l y z e d h y d r o l y s i s 

o f es te rs i s as f o l l o w s : 

kT 1 k 2 k g 

E + S • ^ ES • ES' - > E 4 Po 
k 

- i + 
P i 

where E, S, ES, ES' , P i and P 2 correspond t o the f r e e enzyme, t h e 

s u b s t r a t e , t h e Michae l i s complex, t h e acyl-enzyme, t h e a l c o h o l and 

the a c i d r e s p e c t i v e l y (2) . I f P 2 i s a chromophoric a c i d and 

kp » ka, t hen i t should be p o s s i b l e t o measure the r a t e o f 

d e a c y l a t i o n s p e c t r o p h o t o m e t r i c a l l y . This i s t h e case w i t h p - n i t r o ­

phenyl es te rs o f 5 - n - a l k y l - 2 - f u r o i c ac id s . 

A c y l a t i o n o f Q'-chymotrypsln can be moni to red as t h e re lease o f 

p - n i t r o p h e n o l ( P i ) and the increase i n o p t i c a l d e n s i t y a t 5̂ -7 ny or 

kOO ny. Under c o n d i t i o n s where (E) > ( s ) a c y l a t i o n i s complete upon 
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m i x i n g enzyme w i t h subs t r a t e . The d e a c y l a t i o n r a t e constant (ks ) 

can be c a l c u l a t e d f r o m the r a t e o f appearance o f Tp, disappearance 

o f ES' o r f r o m the concer ted process . The ex ten t o f d e a c y l a t i o n 

was measured s p e c t r o p h o t o m e t r i c a l l y a t 2̂ 5 ny where t h e molar e x t i n c ­

t i o n c o e f f i c i e n t o f the enzyme I s r e l a t i v e l y s m a l l and the molar 

e x t i n c t i o n c o e f f i c i e n t o f the f u r o i c a c i d i s r e l a t i v e l y l a r g e . This 

method i s s i m i l a r t o t h a t o f Bender e t a l . (16,17) who measured the 

r a t e o f d e a c y l a t i o n o f t r ans -c innamoy l -chymot ryps in a t 250 ny and 

Inward and Jencks ( l8) who measured t h e r a t e o f d e a c y l a t i o n o f 

2 - f u r o y l - c h y m o t r y p s i n a t 2.65 ny. 

The d e a c y l a t i o n o f 5 - n - a l k y l - 2 - f u r o y l - c h y m o t r y p s i n was 

moni to red by t h e f o l l o w i n g procedure. Enzyme s o l u t i o n s were 

prepared by the a d d i t i o n o f the app rop r i a t e amount o f enzyme s tock 

s o l u t i o n t o 17-0 ml o f b u f f e r i n t h e t h e r m o s t a t t e d 5.0 cm pa th 

l e n g t h c e l l , such t h a t t h e f i n a l c o n c e n t r a t i o n o f enzyme was 5-0 |j,M. 

The s o l u t i o n was s t i r r e d t h o r o u g h l y u s ing a g lass r o d and was 

a l lowed t o reach t he rma l e q u i l i b r i u m . This r e q u i r e d t e n minutes or 

l o n g e r . Subst ra te s tock s o l u t i o n was then added by means o f a 

Hami l ton s y r i n g e , and t h e s o l u t i o n was s t i r r e d . Subs t ra te concen­

t r a t i o n s were O .S? t o 6.1 (iM depending on t h e exper iment . The 

a c y l a t i o n r e a c t i o n was moni tored at 3̂ -7 ny u n t i l no f u r t h e r change 

i n o p t i c a l d e n s i t y was observed. The d e a c y l a t i o n r e a c t i o n was t hen 

moni to red a t 2'l-5 ny- O p t i c a l d e n s i t y changes measured at 2,4-5 were 

0.01 t o 0.1 absorbance u n i t s depending on the subs t r a t e used, i t s 

c o n c e n t r a t i o n and the extent o f d e a c y l a t i o n b e f o r e measurements 
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were made. The o p t i c a l d e n s i t y o f t h e enzyme s o l u t i o n was 0.5 

absorbance u n i t s under these c o n d i t i o n s . A i r was used as a 

r e fe rence s ince no s i g n i f i c a n t change i n the o p t i c a l d e n s i t y a t 

2̂ -5 nv of i h e enzyme s o l u t i o n was seen over t h e t i m e i n t e r v a l 

r e q u i r e d t o measure the d e a c y l a t i o n r e a c t i o n . The tempera ture o f 

the r e a c t i o n s o l u t i o n was meastired b e f o r e and a f t e r each k i n e t i c 

run and t h e average was t aken as the t r u e v a l u e . The a d d i t i o n o f 

enzyme s tock s o l u t i o n or subs t ra te s tock s o l u t i o n d i d not a f f e c t 

t h e pH o f the b u f f e r s used. 

The data cons i s t ed o f unweighted v o l t a g e and t i m e sets which 

were computer f i t by n o n - l i n e a r r e g r e s s i o n t o the f i r s t order r a t e 

equa t ion ( l ) , u s i ng t h e method descr ibed by B e v i n g t o n (19)*' 

A = A - A A e " k 3 t (1) 
"t CO 

where A^ i s t h e v o l t a g e at any t ime d u r i n g the course o f t h e 

r e a c t i o n , A^ i s t h e v o l t a g e a t i n f i n i t e t ime and AA i s t h e q u a n t i t y 

A - A . F i r s t order processes do not depend on t h e absolute 
CO t=0 

values o f A , , bu t o n l y on t h e percent change o f A, w i t h t i m e . 

Twenty t o s i x t y data sets were used f o r each k i n e t i c r u n and 

r e a c t i o n s were moni to red w e l l i n t o t h e t h i r d h a l f - l i f e or l o n g e r . 

The computer ou tput cons i s t ed o f A^. AA, k ^ , t h e i r r e s p e c t i v e 

s tandard d e v i a t i o n s and the r e s i d u a l f o r each da ta set so t h a t any 

t r ends i n t h e data cou ld e a s i l y be seen. 
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Steady s t a t e r e a c t i o n s were performed by t h e f o l l o w i n g 

procedure. Enzyme s o l u t i o n s were prepared by t h e a d d i t i o n o f the 

app rop r i a t e amount o f enzyme s tock s o l u t i o n t o 17'-0 ml o f b u f f e r i n 

a thermostatted 5«0 cm pa th l e n g t h c e l l , such t h a t t h e f i n a l concen­

t r a t i o n o f enzyme was 0.50 t o 1.0 p,M. The s o l u t i o n was s t i r r e d 

t h o r o u g h l y us ing a g lass s t i r r i n g r o d and a l lowed t o reach t h e r m a l 

e q u i l i b r i u m . This r e q u i r e d t e n minutes or l onge r . Subs t ra te stock 

s o l u t i o n was then added by means o f a Hamil ton s y r i n g e , such t h a t t h e 

f i n a l c o n c e n t r a t i o n was 1.0 t o 30 |j,M. The r e a c t i o n s o l u t i o n v/as 

s t i r r e d . The steady s t a t e r a t e was moni to red at 3̂ -T ny where t h e molar 

e x t i n c t i o n c o e f f i c i e n t o f p - n i t r o p h e n o l i s 5.7 x 103 cm~ 1 mole _ ; ' l i t e r 

a t 25 C. Spent aneous h y d r o l y s i s r a tes were s u b t r a c t e d f r o m the 

enzymatic r a t e s . 

The data cons i s t ed o f unweighted subs t ra te c o n c e n t r a t i o n s and 

i n i t i a l v e l o c i t i e s i n moles 1 "''min 1 . The Michae l i s -Menten equa t ion 

was computer f i t by n o n - l i n e a r r eg ress ion , u s ing t h e method desc r ibed 

by Bev ing ton y i e l d i n g V and K / \ and t h e i r s tandard d e v i a t i o n s ( l O ) -
0 m in( app) v 

The d e a c y l a t i o n r a t e constant was ob ta ined by d i v i d i n g "V^ by the 

enzyme c o n c e n t r a t i o n . 

The t i t r a t i o n o f the f r e e enzyme was performed by t h e gene ra l 

method o u t l i n e d by Caplow and Jencks (8) . The c o n c e n t r a t i o n o f f r e e 

enzyme can be determined by measurement o f the b u r s t o f p - n i t r o p h e n o l 

or t h e steady s t a t e r a t e o f re lease o f p - n i t r o p h e n o l f o l l o w i n g the 

b u r s t as l ong as t h e c o n c e n t r a t i o n o f the t i t r a n t i s g r e a t e r than t h a t 
o f t h o enzyme and much g rea t e r than t h a t o f i t s K / \ . The amount " a m{app) 
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o f f r e e enzyme present at any t ime w i l l be p r o p o r t i o n a l t o the 

magnitude o f the b u r s t and the steady s t a t e r a t e o f r e l e a s e o f 

p - n i t r o p h e n o l . The amount o f f r e e enzyme present a t any t ime can be 

used as a measure o f t h e extent o f d e a c y l a t i o n . 

The acyl-enzyme was prepared i n a thermostatted beaker by t h e 

a d d i t i o n o f subs t ra te s tock s o l u t i o n , such t h a t t h e f i n a l c o n c e n t r a t i o n 

was J.O m,M, t o a ') .0 p.M enzyme s o l u t i o n . A l i q u o t s o f t h e acyl-enzyme 

s o l u t i o n were t i t r a t e d w i t h 20 \iM p - n i t r o p h e n y l 2 - f u r o a t e d u r i n g the 

course o f the r e a c t i o n . The b u r s t was moni to red at hOO ny twen ty 

seconds a f t e r m i x i n g o f t h e t i t r a n t and the steady s t a t e r a t e was 

t h e n measured. 

Rate constants f o r t h e d e a c y l a t i o n o f L ; -me thy l and 5 - e t h y l - 2 -

f u r o y l - c h y m o t r y p s i n were c a l c u l a t e d f r o m b u r s t o p t i c a l d e n s i t y and 

t i m e data or steady s t a t e r a t e and t ime data . The data was computer 

f i t t o the f i r s t order r a t e equa t ion ( l ) . 

The apparent p K a ' s o f the d e a c y l a t i o n r e a c t i o n were determined 

by c a l c u l a t i n g ka ' s over a range o f 1.0 t o 2.3 pH u n i t s . Data sets 

cons i s t ed o f pH's and weighted k ^ ' s . Data sets were computer f i t 

by n o n - l i n e a r r eg r e s s ion t o equa t ion (2) , u s i n g t h e method desc r ibed 

by Beving ton (19) "• 

K 
kg = k ' g (2 ) 

K a + ( H ) 

where kg i s the d e a c y l a t i o n r a t e constant a t any pH, K i s t h e 

apparent a c i d d i s s o c i a t i o n constant governing t h e d e a c y l a t i o n r a t e 



and k ' 3 i s the pH independent d e a c y l a t i o n r a t e cons tan t . The ou tpu t 

cons i s t ed o f k ' 3 , t he apparent pK and t h e i r s tandard d e v i a t i o n s . 

The apparent p K a at any temperature was e s t ima ted f r o m hand 

drawn p l o t s o f pK vs — and k a ' s were c o r r e c t e d t o k ' s ' s a t each 
a T 

temperature us ing equa t ion 2, when phosphate b u f f e r s pH S . h - - 8.6 

were employed. Rate constants were considered as pl l independent when 

carbonate b u f f e r s at pH 10.0 were employed. 

The s tandard d e v i a t i o n s o f the pH independent r a t e cons tan ts 

were determined by equat ion (5): 

cr. 
a 

(3) 

where a ' i s t he s tandard d e v i a t i o n o f the pH independent r a t e 

constant and a i s the s tandard d e v i a t i o n o f the r a t e constant 

measured at a g i v e n pH and tempera ture . 

E. S a p o n i f i c a t i o n K i n e t i c s 

A l k a l i n e s a p o n i f i c a t i o n r a t e s were measured i n 10 m i l l i m o l a r 

b o r a t e b u f f e r pH 10.SO, measured at 250C. The r e a c t i o n was mon i to red 

by r e c o r d i n g the increase i n o p t i c a l dens i t y at hoo rm. Since 

a l k a l i n e s a p o n i f i c a t i o n i s a l so a pseudo f i r s t order r e a c t i o n t h e 

r a t e constants were c a l c u l a t e d u s ing equat ion ( l ) . The v a l i d i t y o f 

t h i s method was checked by measuring the a l k a l i n e s a p o n i f i c a t i o n r a t e 

constants o f p - n i t r o p h e n y l 2 - f u r o a t e i n 10 and JO mM b o r a t e b u f f e r and 

i n u n b u f f e r e d sodium hydrox ide s o l u t i o n s as a f u n c t i o n o f t h e pH o f 

the b u f f e r s and s o l u t i o n s . 
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F. D i f f e r e n c e Spectra 

D i f f e r e n c e spec t ra were measured i n 1.0 dm pa th l e n g t h c e l l s . 

Subst ra te s tock s o l u t i o n s were added t o o b t a i n a f i n a l c o n c e n t r a t i o n 

o f 30 p,M t o an equal c o n c e n t r a t i o n o f enzyme s o l u t i o n . The U.V-

spec t ra were scanned f r o m 230 t o 315 ny p e r i o d i c a l l y th roughou t t h e 

course o f the r e a c t i o n . The d i f f e r e n c e spec t ra were c a l c u l a t e d by 

s u b t r a c t i n g the i n t e rmed ia t e spectrum or the f i n a l spectrum ( t a k e n 

a f t e r 6 h a l f l i v e s ) f r o m the i n i t i a l spectrum. 

^ - C a l c u l a t i o n o f A c t i v a t i o n Parameters 

The en tha lpy and ent ropy o f a c t i v a t i o n f o r enzymatic and non­

enzymatic r e a c t i o n s were c a l c u l a t e d f r o m a l e a s t squares computer f i t 

o f equa t ion '1. u s ing a method desc r ibed by Deming (20)'. 

k . 3 = KT e - A l / / R T + AS^/R ( ) | ) 

h 

where h i s P lanck ' s cons tan t , K i s t h e Boltzmann cons tan t , k ' 3 i s t h e 

pH independent enzymatic r a t e constant or the s a p o n i f i c a t i o n r a t e 

cons tan t , K i s the gas constant and T i s the abso lu te t empera ture . 

The data cons i s t ed o f weighted temperatures and weighted k ' a ' s . 

E r r o r s i n the temperature were determined by measuring the tempera ture 

f l u c t u a t i o n s o f the s o l u t i o n i n the r e a c t i o n c e l l . The computer o u t ­

p u t cons i s t ed o f AH^, AS , t h e i r s tandard d e v i a t i o n s and r e s i d u a l s f o r 

b o t h t h e r a t e constants and tempera tures . Since AH: and AS f o r t h e 

a l k a l i n e s a p o n i f i c a t i o n r e s u l t s were compared on a r e l a t i v e b a s i s , no 

c o r r e c t i o n was made f o r t h e heat o f i o n i z a t i o n o f b o r a t e b u f f e r . 



RESULTS AND DISCUSSION 

A. V a l i d i t y o l ' t h e Rate Constants 

I n order t o t e s t t he v a l i d i t y o f t h e r a t e cons tants c a l c u l a t e d 

f r o m measurements at 2̂ 5 mij d e a c y l a t i o n r a t e constants were 

c a l c u l a t e d by t h r e e a d d i t i o n a l methods: M i c h a e l i s Menten k i n e t i c s , 

t i t r a t i o n o f the f r e e enzyme w i t h p - n i t r o p h e n y l 2 - f u r o a t e by t h e 

measurement o f the magnitude o f the b u r s t o f p - n i t r o p h e n o l ( b u r s t 

p l o t ) and by measurement o f t h e steady s t a t e r a t e o f re lease o f 

p - n i t r o p h e n o l f o l l o w i n g the b u r s t (s teady s t a t e p l o t ) . T i t r a t i o n s o f 

t h e f r e e enzyme were performed w i t h t i t r a n t concen t r a t i ons o f 20 M-M, 

w e l l above t h a t o f the enzyme (5.0 LLM) and t h e K . v o f t h e t i t r a n t 
miapp) 

(0.69 |JLM) . 

The r a t e constants c a l c u l a t e d by t h e f o u r methods are i n good 

agreement as shown i n Table 5. The d e a c y l a t i o n r a t e cons tan t f u r o y l -

chymotryps in at 25 C c a l c u l a t e d f r o m measurements a t 2̂ 5 ny i s i n good 

agreement w i t h Inward and Jencks r a t e constant c a l c u l a t e d f r o m 

measurements at 265 rm (18). This would be expected i f o p t i c a l 

d e n s i t y measurements t r u l y represent t h e ex ten t o f d e a c y l a t i o n . I t 

i s assumed t h a t no change i n t h e apparent pK f o r t h e d e a c y l a t i o n 
a 

r a t e constant occurred under t h e v a r i e d c o n d i t i o n s . 

The pseudo f i r s t order d e a c y l a t i o n r a t e constant should be 

independent o f moderate subs t ra te and product concen t r a t i ons p r o v i d e d 

t h a t p - n i t r o p h e n o l i s not competing w i t h water as t h e a c y l group 
1^ 
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acceptor ( l 8 ) . I n t h i s respect moderate concen t r a t i ons o f p roduc ts 
would not be expected t o a l t e r the observed d e a c y l a t i o n r a t e 
cons tan t , i f pseudo f i r s t order dissappearance o f ES' and pseudo f i r s t 
order appearance o f P 2 i s t h e o n l y process measured at 2h'} ny. I n 
order t o t e s t these assumptions the d e a c y l a t i o n r a t e constant o f 
2 - f u r o y l - c h y m o t r y p s i n was determined a t va r ious i n i t i a l c o n c e n t r a l i o n s 
o f subs t r a t e and p roduc t s . The r eac t i ons were performed a t low pH t o 
minimize t h e absorbance o f p - n i t r o p h e n o l a t 2,+5 ny- S l i g h t upward 
t r ends i n the r a t e constants are seen w i t h i n c r e a s i n g subs t r a t e and 
p - n i t r o p h e n o l c o n c e n t r a t i o n i n Table ^A. I t seems u n l i k e l y t h a t t h i s 
e f f e c t i s due t o p - n i t r o p h e n o l a c t i v a t i o n . The c o n c e n t r a t i o n o f 
p - n i t r o p h e n o l where t h e t r e n d i n the r a t e constants i s observed i s 
about an order o f magnitude g rea t e r t h a n the c o n c e n t r a t i o n o f 
subs t r a t e where the t r e n d i s observed. T h e r e f o r e , t he upward t r e n d i n 
the r a t e constants i s not dependent upon the c o n c e n t r a t i o n o f p - n i t r o ­
phenol . D i f f e r e n c e s i n the r a t e constants are most l i k e l y caused by 
the sma l l o p t i c a l d e n s i t y changes when low subs t r a t e concen t r a t i ons 
were used and the l a r g e background o p t i c a l d e n s i t y at 2̂ 5 ny when h i g h 
product concen t ra t ions were used. Averages o f t h e r a t e constants are 
ve ry c l o s e , i n d i c a t i n g t h a t t h e r e i s no r e a l change. 

Under the c o n d i t i o n s (E) > ( s ) , t he excess or unacy la t ed enzyme 

c o u l d a t t a c k the acy l - chymot ryps in producing a n i cked or p a r t i a l l y 

d iges t ed acy l - chymot ryps in which has a markedly d i f f e r e n t a c t i v i t y 

w i t h respect t o t h e n a t i v e a c y l - c h y m o t r y p s i n . I t i s reasonable t o 

expect t h a t t h i s process would, occur most r a p i d l y at h i g h temperature 
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and pH. T h e r e f o r e , the e f f e c t o f the enzyme c o n c e n t r a t i o n on the r a t e 

constant o f t h e d e a c y l a t i o n o f 5 - e t h y l - 2 - f u r o y l chymot ryps in at 

U3.80C and pH 8.6o was s t ud i ed . Wo s i g n i f i c a n t e f f e c t on t h e r a t e 

constant was observed as shown i n Table ^ - B . Since t h e h ighes t 

enzyme c o n c e n t r a t i o n used was t h r e e t imes t h a t o f t h e subs t r a t e 

c o n c e n t r a t i o n , i t i s reasonable t o argue t h a t t h i s p s e u d o - a u t o l y t i c 

process i s i n s i g n i f i c a n t over the p e r i o d o f t ime r e q u i r e d t o measure 

t h e d e a c y l a t i o n r e a c t i o n . 

I t i s w e l l known t h a t d e a c y l a t i o n r a t e cons tants are independent 

or n e a r l y independent o f smal l concen t ra t ions o f a c e t o n i t r i l e and 

changes i n the i o n i c s t r e n g t h (22,23)• D e a c y l a t i o n r a t e constants o f 

2- f u r o y l - c h y m o t r y p s i n were c a l c u l a t e d f rom measurements a t 2̂+3 rry u s ing 

v a r i e d a c e t o n i t r i l e concen t ra t ions and i o n i c s t r e n g t h s . Rate constants 

were determined at pH's c lose t o the apparent pK^ o f t h e d e a c y l a t i o n 

r e a c t i o n i n order t o de tec t any s e n s i t i v i t y t o a c e t o n i t r i l e concen­

t r a t i o n or i o n i c s t r e n g t h . Ro e f f e c t was seen over a t e n f o l d range 

o f i o n i c s t reng ths or up t o O.TOfo ( v / v ) a c e t o n i t r i l e as seen i n 

Table 5-

The d i f f e r e n c e spec t ra o f 2 - f u r o y l - c h y m o t r y p s i n vs . chymotryps in 

p l u s 2 - f u r o i c a c i d , S - e t h y l - 2 - f u r o y l chymotryps in vs. chymotryps in p lus 

3- e t h y l - 2 - f u r o i c a c i d and the in t e rmed ia t e d i f f e r e n c e spec t ra t aken 

d u r i n g t h e d e a c y l a t i o n o f 5 - e t h y l - 2 - f u r o y l - c h y m o t r y p s i n are shown i n 

F igures 1 and 2. Since t h e pK o f these f u r o i c ac ids i s i n the range 
cl 

o f 5*0 t o k.0, t he d i f f e r e n c e spec t ra , measured at pH 7.00 or pH 8.20. 

are o f the comple te ly i o n i z e d a c i d s . The d i f f e r e n c e spec t r a o f 
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5 - e t h y l - 2 - f u r o y l - c h y m o t r y p s i n t aken d u r i n g the d e a c y l a t i o n show a 
t r u e i s o s b e s t i c p o i n t (F igure 2-B) which i n d i c a t e s t h a t o n l y two 
I n t e r c o n v e r t i b l e species are present , namely t h e a c y l a t e d and f r e e 
enzyme. The d i f f e r e n c e spectrum o f 2 - f u r o y l - c h y m o t r y p s i n versus 
chymotryps in and 2 - f u r o i c a c i d i s t h e r e f o r e c o n s i s t e n t w i t h t h e f a c t 
t h a t t h e same pseudo f i r s t order r a t e constant, i s o b t a i n e d when 
c a l c u l a t e d f r o m measurements at 2'+5 and 265 as shown i n Table 3. 
B. The Temperature Dependence o f the Apparent pKa o f the D e a c y l a t i o n 

React ion 

The c a l c u l a t i o n o f p r ec i se and accurate pH independent r a t e 

constants r equ i r e s t h a t the pK o f the d e a c y l a t i o n r e a c t i o n be known 

at each tempera ture . From the r e s u l t s g iven i n Table 6, subs t ra tes 

o f t h i s homologous se r i e s do not have t h e same pK ' s . Dupaix e t a l . 
c l 

observed the same behavior w i t h a v a r i e t y o f homologous se r i e s ( 3 ) . 

The apparent pK o f the d e a c y l a t i o n r e a c t i o n o f 2 - f u r o y l - c h y m o t r y p s i n a 

and the pH independent r a t e constant at 250C are 6.95 and 0 .101 min 1 

- i 

r e s p e c t i v e l y which i s i n good agreement w i t h J.l and 0 . 1 1 min 

obta ined by Inward and Jencks ( 1 8 ) . The heat o f i o n i z a t i o n o f the 

c a t a l y t i c a l l y impor tan t group i s a lso dependent on the na tu re o f the 

subs t ra te as shown i n F igure 3- The AH o f i o n i z a t i o n f o r t h e m e t h y l , 

e t h y l and n - p r o p y l s u b s t i t u t e d subst ra tes i s 1.1 k c a l / m o l e about t w i c e 

t h a t o f the H and n - b u t y l s u b s t i t u t e d subs t ra tes which are 5 and 6 

kca l /mole r e s p e c t i v e l y . The AH o f i o n i z a t i o n o f a c e t y l - c h y m o t r y p s i n 

was determined by F i f e and M i l s t i e n t o be 7 k c a l / m o l e and t h a t f o r 

t h e chymot ryp t i c h y d r o l y s i s o f N - a c e t y l - t r y p t o p h a n e t h y l es te r was 

determined by Cunningham and Brown t o be 11 k c a l / m o l e {jf2h). The 



values presented here are w i t h i n t h a t range. The heat o f i o n i z a t i o n 

o f imidazo le and the imidazo le n i t r o g e n o f L - h i s t i d i n e are 8.8 and 

7.1 kca l /mole r e s p e c t i v e l y i n aqueous s o l u t i o n (25). 

Some n o n - l i n e a r i t y i s i n d i c a t e d i n the p l o t s shown i n F i g u r e 3 

w i t h respect t o the me thy l and e t h y l s u b s t i t u t e d s u b s t r a t e s . A 

s t r a i g h t l i n e was drawn i n the p l o t s as an approx ima t ion t h a t w i l l 

i n t r o d u c e on ly ve ry min ima l e r r o r i n the c a l c u l a t i o n o f pH independent 

d e a c y l a t i o n r a t e cons tan t s . 

C. A c t i v a t i o n Parameters f o r t h e Deacy la t ion o f 5 - N - A l k y l - 2 - F u r o y l -

Chymotrypsin 

D e a c y l a t i o n r a t e constants o f 5 - n - a l k y l - 2 - f u r o y l - c h y m o t r y p s i n s 

were measured over a temperature range o f 10 t o h r ) 0 C . as shown i n 

Table 7- The r a t e constants were measured at pH S.'i t o 8.6 i n order 

t o minimize c o r r e c t i o n s t o pH independent va lues . The p l o t s o f I n 

— vs = f o r t h e n - p r o p y l , e t h y l and u n s u b s t i t u t e d subs t ra t e s were 
T 1 

not l i n e a r , bu t showed a break i n c o n t i n u i t y o c c u r r i n g between 20 and 

30OC. The most s t r i k i n g example i s t h e n - p r o p y l s u b s t i t u t e d s u b s t r a t e , 

which i s shown i n F igure h. The p l o t s o f the o ther subs t ra tes 

appeared l i n e a r , however, t h i s may be due t o t h e l i m i t e d low tempera­

t u r e range s t u d i e d . The n - b u t y l s u b s t i t u t e d s u b s t r a t e i s shown as 

an example i n F igu re ' ) . I n order t o separate the two tempera ture 

reg ions o f the p l o t s and minimize any s u b t l e d e v i a t i o n s f r o m l i n e a r i t y , 

r a t e constants which were measured at temperatures g r e a t e r t h a n 28 

t o _50OC were used t o c a l c u l a t e a c t i v a t i o n parameters f o r t h e h i g h 

temperature r eg ion and those r a t e constants measured at lower 

temperature were used t o c a l c u l a t e a c t i v a t i o n parameters i n t h e low 



temperature r e g i o n . 29 

D i s c o n t i n u i t y i n Arrhenius p l o t s o f chymotryps in c a t a l y z e d 

r eac t i ons have heen observed b e f o r e . Breaks i n t h e Arrhenius 

p l o t s o f the chymotryps in c a t a l y z e d h y d r o l y s i s o f N - b e n z o y l - d - and 

- 1 - a l a n i n e me thy l es ters were observed by Kaplan and L a i d l e r (26). 

The breaks occurred at 2 [30C. A break i n the Ar rhen ius p l o t f o r t h e 

chymotryps in ca t a lyzed h y d r o l y s i s o f N - a c e t y l - l - t r y r o s i n e e t h y l 

e s t e r was observed by G l i c k (27). I n pure water t h e break occu r red 

a t 250C w i t h an a c t i v a t i o n en tha lpy o f 8 and lh kca l /mole i n t h e low 

and h i g h temperature regions r e s p e c t i v e l y . A c lose examina t ion o f 

t h e data presented by Bender et a l . i n the Arrhenius p l o t o f the 

d e a c y l a t i o n r a t e constant o f t r ans - c innamoy l - chymot ryps in r evea l s 

a b reak o c c u r r i n g at approx imate ly 250C (28). I t i s a l so w o r t h w h i l e 

n o t i n g t h a t the a c t i v a t i o n en tha lpy f o r t h e d e a c y l a t i o n o f t r a n s -

c innamoyl-chymotryps in a t temperatures equal t o or l e ss t han 25 C i s 

lower t h a n t h e a c t i v a t i o n en tha lpy at h ighe r tempera tures . These 

r e s u l t s are cons i s t en t w i t h our c a l c u l a t e d a c t i v a t i o n parameters as 

shown i n Table 8 and the n o n l i n e a r i t y o f the p l o t s o f the apparent 

pK o f the d e a c y l a t i o n r e a c t i o n versus — f o r the m e t h y l , e t h y l and a 1 

u n s u b s t i t u t e d subs t r a t e s . 

Breaks i n l i n e a r i t y i n Arrhenius p l o t s c o u l d be i n t e r p r e t e d 

as a change i n the r a t e l i m i t i n g s tep or the ex i s t ence o f two 

c a t a l y t i c a l l y a c t i v e forms o f t h e acyl-enzyme which are i n r a p i d 

e q u i l i b r i u m . Changes i n the acyl-enzyme s t r u c t u r e which would a l t e r 

t h e a c t i v i t y might be accompanied by changes i n the U.V. spectrum 
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o f t h e acyl-enzyme. Dur ing t h e d e a c y l a t i o n the two forms o f t h e 

acyl-enzyme would not show a t r u e i s o s b e s t i c p o i n t i n t h e U.V. 

spectrum. However a t r u e i s o s b e s t i c p o i n t was seen d u r i n g the 

d e a c y l a t i o n o f 5 - e t h y l - 2 - f u r o y l - c h y m o t r y p s i n a t 27 C where concen­

t r a t i o n s o f b o t h forms o f the acyl-enzyme should be s i g n i f i c a n t . 

This suggests t h a t the d i s c o n t i n u i t y t h a t i s observed i s due t o a 

change i n the r a t e l i m i t i n g s tep , bu t does not r u l e out the p o s s i b i l i t y 

o f two c a t a l y t i c a l l y a c t i v e forms w i t h very s i m i l a r U.V. spec t r a . 

A c t i v a t i o n en tha lp ies i n t h e h i g h temperature r e g i o n t r e n d 

upwards as the d e a c y l a t i o n r a t e s constants inc rease . The no tab le 

excep t ion i s the a.myl s u b s t i t u t e d subs t ra te which shows an increase 

i n a c t i v a t i o n enthalpy compensated f o r by an increase i n the a c t i v a t i o n 

en t ropy . 

The d e a c y l a t i o n r a t e constants o f 2 - f u r o y l - c h y m o t r y p s i n were 

measured at s eve ra l d i f f e r e n t temperatures at pH 10.0. The r a t e 

constants a t t h i s h i g h pH were t r e a t e d as pll independent va lues . 

B i n d i n g o f i n h i b i t o r s and subs t ra tes t o chymotryps in cause p r o t o n 

uptake at h i g h pH, w i t h an apparent pK f o r t h i s process o f 8.8 

(29,30). I n a d d i t i o n l a r g e changes i n the l a t t i c e parameters o f 

c r y s t a l l i n e a -chymotryps in a t or above pH 9-0 have been observed 

(31) • This would suggest t h a t t h e r e i s another conformer o f Q'-

chymotryps ln a t or above pH 9- The e f f e c t o f the process o f p r o t o n 

uptake and the apparent change i n confo rma t ion on t h e d e a c y l a t i o n 

r a t e constant o f 2 - f u r o y l - c h y m o t r y p s i n was t e s t e d . Rate cons tants 
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measured at p l l 10.0 are compared t o those c a l c u l a t e d u s ing equat ions 

2 and k. The r e s u l t s g iven i n Table 9 show t h a t t h e r e i s no e f f e c t 

on the r a t e constants or t h e a c t i v a t i o n parameters . Th i s i s 

c o n s i s t e n t w i t h Bender et a l . , who showed t h a t the d e a c y l a t i o n r a t e 

constant o f t r ans -c innamoyl -chymot ryps in was v i r t u a l l y u n a f f e c t e d 

over a l i b e r a l range o f a l k a l i n e pH's ( l ? ) -

D. The I n t r i n s i c R e a c t i v i t y o f the Substrates 

The i n t r i n s i c r e a c t i v i t y o f t h e subs t ra tes was measured by t h e 

r a t e o f a l k a l i n e s a p o n i f i c a t i o n and the a c t i v a t i o n parameters f o r 

t h e s a p o n i f i c a t i o n r e a c t i o n . L i n e a r f r e e energy r e l a t i o n s h i p f o r 

t h e d e a c y l a t i o n o f para and meta s u b s t i t u t e d benzoyl -chymot ryps ins 

(p = 2 . l ) were found t o be ve ry s i m i l a r t o the l i n e a r f r e e energy 

r e l a t i o n s h i p f o r the a l k a l i n e s a p o n i f i c a t i o n (p =2.0k) o f meta and 

para s u b s t i t u t e d p - n i t r o p h e n y l benzoates ( 8 ) . Th i s would i n d i c a t e 

a s i m i l a r i t y i n mechanism. Since hydroxide i o n i s s m a l l , s t e r i c 

cons ide ra t i ons should be min imized , and d i f f e r e n c e s i n r a t e s should 

r e f l e c t p r i m a r i l y i n d u c t i v e e f f e c t s . 

The a l k a l i n e s a p o n i f i c a t i o n r e a c t i o n s were per formed i n 10 mM 

b o r a t e b u f f e r a t pH 10,50 (25 0 C). The r a t e cons tants f o r t h e a l k a l i n e 

s a p o n i f i c a t i o n o f p - n i t r o p h e n y l 2 - f u r o a t e were found t o be dependent 

upon t h e pH o f the s o l u t i o n . The p l o t o f l o g k ^ vs pH was found t o 

be l i n e a r w i t h b u f f e r e d and u n b u f f e r e d s o l u t i o n s as shown i n 

F igu re 6. The average second order r a t e constant f o r t h e s a p o n i f i ­

c a t i o n o f p - n i t r o p h e n y l 2 - f u r o a t e was k.jk xlO'^m "'min 1 at 250C 
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• p - l - 1 
which compares f a v o r a b l y w i t h 4 .9 X 10 m min determined by 

M a r s h a l l e t a l . ( 21 ) . The a l k a l i n e s a p o n i f i c a t i o n r a t e s were 

measured at seven temperatures f o r each s u b s t r a t e , as shown i n 

Table 10. The pH was not c o r r e c t e d f o r t empera ture , s ince a c t i v a t i o n 

parameters would be compared on a r e l a t i v e b a s i s . I n i t i a l e s t e r 

concen t ra t ions were 1.0 \iM which i s w e l l below the b u f f e r concen­

t r a t i o n and the c o n c e n t r a t i o n o f hydroxide i o n s . 

The a c t i v a t i o n parameters f o r t h e a l k a l i n e s a p o n i f i c a t i o n 

r e a c t i o n are g iven i n Table 10. The en tha lpy o f a c t i v a t i o n f o r II 

s u b s t i t u t e d es te r appears t o be somewhat lower t h a n t h e o thers i n 

the s e r i e s . Since t h i s es te r does not have an e l e c t r o n dona t ing 

group a t the 5 p o s i t i o n i t s s a p o n i f i c a t i o n r a t e cons tan ts are 

approximate ly t h r e e t imes h igher t h a n the o thers i n t h e s e r i e s . 

E. Cor rec ted A c t i v a t i o n Parameters 

A c t i v a t i o n parameters f o r t h e a l k a l i n e s a p o n i f i c a t i o n r e a c t i o n 

were sub t r ac t ed f r o m the a c t i v a t i o n parameters f o r t h e enzymatic 

h y d r o l y s i s f o r each subs t ra te t o y i e l d c o r r e c t e d a c t i v a t i o n en tha lp i e s 

and e n t r o p i e s , shown i n Table 1 1 . I h i s i s e q u i v a l e n t t o d i v i d i n g 

the enzymatic r a t e constant by the s a p o n i f i c a t i o n r a t e constant a t 

each temperature s t ud i ed and thus n o r m a l i z i n g t h e r e a c t i v i t y o f each 

s u b s t r a t e . 

Using arguments presented by Klapper we have good j u s t i f i c a t i o n 

f o r u s ing co r r ec t ed a c t i v a t i o n parameters as a measure o f enzymatic 

a c t i v i t y or s p e c i f i c i t y (9)- Any chemical r e a c t i o n may be a r b i t r a r i l y 
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d i v i d e d i n t o t h ree s teps: v a p o r i z a t i o n o f the r e f e rence s t a t e 

molecule f r o m the r e fe rence phase, t r a n s f o r m a t i o n o f the r e f e r e n c e 

s t a t e molecule t o the t r a n s i t i o n s t a t e molecule i n t h e gas phase 

and condensat ion o f the t r a n s i t i o n s t a t e molecule i n t o t h e r e f e r e n c e 

phase. dsing t h i s p a t h i t i s t h e r e f o r e p o s c i b l e t o d i v i d e t h e t o t a l 

f r e e energy o f a c t i v a t i o n i n t o two p a r t s accord ing t o equa t ion ( 5 ) : 

AG^ = Mit . + AG^ , ( r ) ) i n t med v 

where AG r i s the t o t a l f r e e energy o f a c t i v a t i o n , AG' i s t h e 

i n t r i n s i c f r e e energy o f a c t i v a t i o n which i s r e q u i r e d t o t r a n s f o r m 

the r e fe rence s t a t e molecule t o the t r a n s i t i o n s t a t e molecule i n the 

gas phase and AG^ , i s the medium dependent f r e e energy o f a c t i v a t i o n r med 

which i s dependent upon the f r e e energies o f v a p o r i z a t i o n o f t h e 

r e fe rence s t a t e and t r a n s i t i o n s t a t e molecules . AG' depends on ly 

on t h e nature o f the r e a c t i o n and the r e a c t i n g molecu le . For a 

r e a c t i o n o c c u r r i n g i n b u l k water and at an enzyme's a c t i v e s i t e t h e 

q u a n t i t y AAG^ represents the d i f f e r e n c e i n the medium dependent f r e e 

energies o f a c t i v a t i o n according t o equa t ion ( 6 ) : 

AAG^ = AG^ \ - AG^ ^ = AG^ ,(enz) - Ac/ A^Q) (6) (enz) (H 2 0) med med -

AAG^ i s t h e r e f o r e a measure o f c a t a l y t i c a c t i v i t y and enzymatic 

s p e c i f i c i t y when d i f f e r e n t r e a c t i n g molecules are compared, p r o v i d e d 

t h a t t h e same or equ iva len t mechanisms f u n c t i o n i n b o t h b u l k water 

and at an enzyme's a c t i v e s i t e . 
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The c o r r e c t e d a c t i v a t i o n en tha lp ies at h i g h tempera ture f o r 

t h e H, m e t h y l , e t h y l and n - p r o p y l s u b s t i t u t e d subs t ra t e s t r e n d 

upwards, wh i l e t h e c o r r e c t e d en t rop ies va ry i n concer t w i t h the 

values o f the d e a c y l a t i o n r a t e cons tants . The n - b u t y l s u b s t i t u t e d 

subs t ra te shows a decrease i n t h e c o r r e c t e d a c t i v a t i o n en tha lpy and 

an increase i n t h e absolute value o f the c o r r e c t e d a c t i v a t i o n 

en t ropy , which, i s cons i s t en t w i t h i t s lower r a t e cons t an t . However, 

t h e amyl s u b s t i t u t e d subs t ra te shows an increase i n t h e c o r r e c t e d 

a c t i v a t i o n en tha lpy compensated by a decrease i n t h e abso lu te va lue 

o f t he co r r ec t ed a c t i v a t i o n e n t r o p i e s . I n t h i s r e s p e c t , t he amyl 

s u b s t i t u t e d subs t ra te seems t o be i n c o n s i s t e n t w i t h t h e r e s t . One 

exp l ana t i on f o r t h i s r e s u l t would be t h a t t h i s subs t r a t e i s non-

p r o d u c t i v e l y bound, r e q u i r i n g t h a t the a c y l group proceed an 

e n t h a l p i c a l l y un favorab le process b e f o r e d e a c y l a t i n g . The f a c t t h a t 

t h i s i s t he l a r g e s t subs t ra te lends credence t o t h i s e x p l a n a t i o n . 

The dramatic l o w e r i n g o f the c o r r e c t e d a c t i v a t i o n en tha lpy 

f o r t h e n - p r o p y l s u b s t i t u t e d subs t ra te a t low tempera ture remains 

an enigma. I n the low temperature r e g i o n e n t h a l p i c c o n t r o l o f the 

d e a c y l a t i o n r e a c t i o n appears t o be dominant, i n c o n t r a s t t o e n t r o p i c 

c o n t r o l i n the h i g h temperature r e g i o n . 



CONCLUSIONS 

F o l l o w i n g the model proposed by Klapper i n which t h e r e a c t i n g 

molecule i s t r e a t e d as a hard sphere, the enzyme's a c t i v e s i t e i s 

t r e a t e d as a r i g i d s p h e r i c a l c a v i t y , and water i s t r e a t e d as a ha rd 

sphere l i q u i d , i t can be shown t h a t enzymatic s p e c i f i c i t y can be 

c o n t r o l e d by the volume o f the r e a c t i n g molecule , Klapper d e r i v e d 

t h e c o r r e c t e d ent ropy o f a c t i v a t i o n as a f u n c t i o n o f b o t h t h e volume 

o f t h e s p h e r i c a l c a v i t y and t h e volume o f t h e r e a c t i n g molecu le , f o r 

t h e case where the r e a c t i n g molecule would f i t i n t o t h e c a v i t y . I n 

t h e o r y t h e volumes o f r e a c t i n g molecules would determine t h e 

s p e c i f i c i t y f o r a p a r t i c u l a r enzyme, p rov ided no change i n r e a c t i o n 

mechanism occurred . The s p e c i f i c i t y f o r d i f f e r e n t subs t r a t e s would 

be r e f l e c t e d i n changes i n the c o r r e c t e d en t rop ies o f a c t i v a t i o n f o r 

molecules which have volumes smal le r than the volume o f the a c t i v e 

s i t e . Molecules w i t h volumes g rea t e r than t h a t o f t h e a c t i v e s i t e 

would e i t h e r be n o n - p r o d u c t i v e l y bound or excluded f r o m t h e a c t i v e 

s i t e and thus have low s p e c i f i c i t i e s ( o ) -

This model c l o s e l y resembles the " l o c k and key" model proposed, 

by F i she r , w i t h two except ions (32). F i r s t , K l a p p e r ' s model a l lows 

f o r l a rge changes i n enzymatic s p e c i f i c i t y f o r subs t ra tes t h a t do 

f i t i n t o the a c t i v e s i t e . Secondly, these changes i n enzymatic 

s p e c i f i c i t y w i l l depend upon the volume o f the s u b s t r a t e and w i l l be 

25 
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r e f l e c t e d i n changes i n the c o r r e c t e d en t rop ie s o f a c t i v a t i o n . I t 

must be emphasized t h a t the above concepts serve o n l y as a model f o r 

enzymatic s p e c i f i c i t y and are not meant t o mimic r e a l i t y . I t i s 

obvious t h a t an enzyme's a c t i v e s i t e and a subs t r a t e may not be 

s p h e r i c a l i n shape.. The re fo re , i t i s reasonable t h a t t h e shape o f a 

subs t ra te cou ld exclude i t f rom the a c t i v e s i t e even i f i t s volume 

was less t han t h a t o f the a c t i v e s i t e ' s . However shape c o n s i d e r a t i o n s 

can be minimized by us ing on ly s t r u c t u r a l l y s i m i l a r o r homologous 

subs t ra tes w i t h unbranched. a l k y l cha ins . I n t h i s respec t r e l a t i v e 

s p e c i f i c i t i e s among members o f a homologous s e r i e s o f subs t r a t e s 

p rov ide more u s e f u l and unencumbered data . 

I n genera l the c o r r e c t e d en t rop ies o f a c t i v a t i o n , i n t h e h i g h 

temperature r e g i o n shown i n Table 1 1 , c o r r e l a t e b e t t e r w i t h t h e 

c o r r e c t e d f r e e energies o f a c t i v a t i o n t han do t h e c o r r e c t e d 

en tha lp i e s o f a c t i v a t i o n . The excep t ion i s t h e 5-amyl s u b s t i t u t e d 

s u b s t r a t e . 

I m p l i c i t i n Klapper ' s model i s the c o n c l u s i o n t h a t t h e r e l a t i v e 

s p e c i f i c i t y o f an enzyme f o r s t r u c t u r a l l y s i m i l a r subs t ra tes should 

be a f u n c t i o n o f the volume o f the s u b s t r a t e , as a l r eady mentioned. 

Maximum or minimum s p e c i f i c i t i o s should correspond t o a p a r t i c u l a r 

subs t r a t e volume when comparing t h e enzymatic r a t e s f o r a homologous 

s e r i e s o f subs t r a t e s . I n F igure 7 t h e c o r r e c t e d a c y l - c h y m o t r y p s i n 

d e a c y l a t i o n r a t e constants are p l o t t e d versus t h e volume o f t h e a c y l 

p o r t i o n o f f o u r homologous se r ies o f p - n i t r o p h e n y l e s t e r s . I n a l l 

f o u r se r ies a maximum co r r ec t ed d e a c y l a t i o n r a t e constant occurs a t 
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an a c y l volume o f 150 t o l6o I 3 . Th is o b s e r v a t i o n i n d i c a t e s 
t h a t a -chymot ryps in i s s e n s i t i v e t o the volume o f t h e s u b s t r a t e . 
The apparent d i f f e r e n c e s i n volume r e q u i r e d f o r maximum s p e c i f i c i t y 
may on ly r e f l e c t i nhe ren t d i f f i c u l t i e s i n c a l c u l a t i n g volumes o f 
sma l l molecules and comparing volumes o f a l i p h a t i c , a romat ic and 
h e t e r o c y c l i c aromatic subs t ra tes (53)• 

I n v o k i n g a r i g i d a c t i v e s i t e i s i n sharp c o n t r a s t t o t h e 

induced f i t t h e o r y proposed by Koshland t o e x p l a i n d i f f e r e n c e s i n 

s p e c i f i c i t y o f chymotryps in f o r n - a l k y l es ters ( 5 ^ ) - I n the induced 

f i t t h e o r y , the shape of t h e subs t ra te as w e l l as the r e l a t i v e 

p o s i t i o n s o f hydrophobic , p o l a r and charged groups are c r i t i c a l t o 

enhanced or depressed s p e c i f i c i t y (3^j35) ' I n t h e f o u r homologous 

s e r i e s shown i n F igure 7, the shapes o f the subs t r a t e s are not 

s i m i l a r nor i s the p o s i t i o n o f t h e c a r b o x y l moie ty r e l a t i v e t o t h e 

aromatic moie ty . This suggests t h a t K lappe r ' s model i s b e t t e r 

equipped t o e x p l a i n these r e l a t i v e s p e c i f i c i t i e s t h a n i s t h e induced 

f i t model. 

The s e n s i t i v i t y o f chymotrypsin t o the volume o f t h e subs t r a t e 

i s obv ious ly not l i m i t e d t o volume changes i n t h e a c y l group. 

Inward and Jencks demonstrated t h a t when water was r ep l aced w i t h 

amines or a l c o h o l s , amino lys i s and a l c o h o l y s i s o f 2 - f u r o y l - c h y m o -

t r y p s i n was observed (.1.8). Using a v a r i e t y n f amines t hey showed 

t h a t t h e r a t e o f amino lys i s was n e a r l y independent o f t h e pK o f the 
Si 

amine except f o r sma l l p r imary amines. Marked d i f f e r e n c e s i n r a t e s 
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o f amino lys i s were seen w i t h such s t r u c t u r a l l y s i m i l a r amines as 

ammonia and methylamine, hyd roxy l - and methoxyamine, hydraz ine and 

methy lhydraz ine . This suggests t h a t the r a t e o f amino lys i s o f 

2 - f u r o y l - c h y m o t r y p s i n i s s e n s i t i v e t o the volume o f t h e a c y l 

acceptor . This conc lu s ion i s cons i s t en t w i t h t h e a c y l group acceptor 

occupying volume i n t h e a c t i v e s i t e and thus i n f l u e n c i n g the 

r e a c t i v i t y . 

Bender et a l . has proposed some o f the e s s e n t i a l f e a t u r e s o f 

K lappe r ' s model (28). Bender demonstrated t h a t t h e f r e e z i n g o f 

r o t a t i o n o f bonds caused by a r i g i d a c t i v e s i t e c o u l d cause the 

observed d i f f e r e n c e s i n t h e ra tes o f d e a c y l a t i o n o f a c e t y l - , t r a n s -

c innamoyl , N - a c e t y l - L - t r y p t o p h a n y l - and N - a c e t y l - L - t y r o s y l - c h y m o ­

t r y p s i n s . The ent ropy o f a c t i v a t i o n was shown t o be t h e c o n t r o l i n g 

f a c t o r i n d e a c y l a t i o n . This i s cons i s t en t w i t h K l a p p e r ' s model . I n 

gene ra l as the subs t ra te volume increases , more bonds can be f r o z e n . 

The p o s s i b i l i t y o f f r e e z i n g or r e s t r i c t i n g bond r o t a t i o n increases 

as the volume o f the subs t ra te approaches the volume o f t h e a c t i v e 

s i t e . 

The r e s u l t s and conclusions presented here should serve t o 

s t i m u l a t e a r e i n v e s t i g a t i o n o f the " l o c k and k e y " model o f enzymatic 

s p e c i f i c i t y e s p e c i a l l y w i t h regard t o Klapper ' s r ecen t work. 
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TABLE 1 

PHYSICAL PROPERTIES OF 5-N-ALKYL-2-FUROIC ACIDS3" 

5 - n - a l k y l M p m a x < N.M.R. s p l i t t i n g , 6(ppm) 
S u b s t i t u t i o n ' * Number o f pro tons 

CHa- 107 - 109 255 S i n g l e t , 2.h, 5.1 

Doublet, 7»1, l -O 
( L i t . 107-108.5)b Double t , 6 .1 , 1.0 

CH3CH0- 92 - 9^ 256 T r i p l e t , 1.5, 5.0 

( L i t . 93 - 9k)C n ^ S T 1 ^ ' i ^ ^ n 1 , 9 

• Doub le t , n . l , 1.0 
Doub le t , 7-1, 1.0 

C H 3 - ( C H 2 ) 2 - 62 - 6h 257 T r i p l e t , 1.0, 2.8 
,d M u l t i p l e t , 1.1-1.9, ( L i t . 65 - 63. T r i p l e t , 2.7, 1-9 

Doublet ' , 6 .1 , 1.0 
Doub le t , 7-2. 1.0 

C H 3 - ( C H P ) 3 - 71 - 73 257 T r i p l e t , O.O. 5.0 
M u l t i p l e t , 1.1-1.9. h.k 
T r i p l e t , 2.7, 2.0 
Double t , 6 .1 , 0.9 
Doub le t , 7-2, 1.1 

C H 3 - ( C H 2 ) 4 - 59 - 6 l 257 T r i p l e t , 0.9, 3.0 
M u l t i p l e t , 1.1-1.9, 6.2 
T r i p l e t , 2.7, 2.1 
Double t , 6 .1 , 1.0 
Double t , f . l . 1,0 

Measurements were performed as described i n the t e x t . 

Obtained from Runde et a l . (12). 
C 0 b t a i n e d from R e i c h s t e i n et a l . (13), 

^Obtained from N o v i t s k i i et a l . ( l ^ ) . 
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TABLE 2 

PHYSICAL PROPERTIES OE p-NITROPHENYL 5-W-ALKYL-2-FUROATES 

5 - n - a l k y l 
s u b s t i t u t i o n M.P. \ 

max. JoE 7«N 

H-

CH^ 

CH3CH2-

162 - i6h 2'jo 
( L i t . I6U-I65) 

113 - 115 282 

2 83 

Calc. 
Found 

Calc . 
Found 

Calc . 
Found 

GuHtQsN 
56.66 3.03 
56.75 3.0.5 

C xalfeQsN 

58.30 3.67 
58.35 3.70 

59.56 k.k'') 
y j - \ i 

6.01 
5.86 

5.07 
5.U9 

5.36 
5-33 

CIfe-(CH; •PJ 2' 65 - 67 233 Calc. 
Found 

Cj . ; .Mj . .a.R 

61.09 
61.08 

'4.76 
^.80 

5.09 
5.^9 

CH3(CH 2 )3- 62 - 6̂4-

CHa-( CH2)4- 79 - 81 

8̂7 

287 

Calc. 
Found 

Calc. 
Found 

ClS Hir; Or; N 

62.28 5.;.j3 
61.97 5.2.5 

CieHiTOsN 

6.5.36 5.65 
6 3 . l l .9^ 

1̂ .8̂  
5.26 

^.62 
5.12 

Measiu:ements were performed as descr ibed i n the t e x t . 

^Obtained f rom Bender e t a l . (15). 



TABLE 3 

THE COMPARISON OF THE DEACYLATION RATE CONSTANTS OF 5-N-ALKYL-2-FUEOYL-CHYMOTRYPSINS 

CALCULATED FROM MICHAELIS-MENTEN KINETICS. TITRATION METHODS AND MEASUREMENTS AT 2̂ 5 ^ 

5 -n -aLky l 
s u b s t i t u t i o n PH 

V f x l ^ m i n " 1 

M 
(Eo) 

M( app) 
|i.M 

Bturst p l o t 
S 

x 10 3 mln~ 1 

.S . p l o t 1 3 

2̂ 5 nn 

H 7.00 52 + 3 O.69 + 0.33 5 6 . I + l.k 
H 7.3 66c 
H 7.80 81.7 d 

H 8.2 10̂ - + 5.6 e 

H 8.20 99.^ + 1.8 
CH3- 7.11 S.h + 0.5 < 0.5 6.25 + 0.06 

7.3^ 9.63 + 0.6? 10 • 5+1.3 8.35 + 0.15 
CH3CHCD— 7.11 12 + 0.7 < 0.5 12.1 + O . l 
CH3CH2- 7.3^ 21.6 + 0.62 17 .8 + !+.3 17.2 + 0.7^ 

r eac t ions were performed i n '3.2 molar phosphate b u f f e r . u = 0.5 and 1.0% ( v / v ) or l e s s 
a c e t o n i t r i l e . Michae l i s Menten k i n e t i c s aid k i n e t i c s measured by t i t r a t i o n methods were performed 
as descr ibed i n t h e t e x t . K i n e t i c s c a l c u l a t e d f r o m measurements a t 2̂ 5 iry con ta ined 5.0 and ^.0(j,M 
i n i t i a l enzyme and subs t ra te concen t ra t ions r e s p e c t i v e l y , and were performed as descr ibed i n the 

t e x t . E r ro r s are expressed as + one s tandard d e v i a t i o n . Rate constants were measured at 250C. 

Steady s t a t e t i t r a t i o n p l o t . 

'Obtained f r o m M a r s h a l l et a l . (21). 

41113 value was c a l c u l a t e d f r o m k , 3 and i t s apparent pKa at 250C g iven i n Table 6, 
u s ing equa t ion (2) . 

'Ca lcu la ted f r o m values ob ta ined f r o m Inward and Jencks (18). The r a t e constants were 
c a l c u l a t e d f r o m measurements at 265 rra. 
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TABLE ^A 
THE EFFECT OF SUBSTRATE AND PRODUCT CONCENTRATION ON THE 

DEACYLATION RATE CONSTANT OF 2-FUROYL-CHYMOTRYPSIN AT pH 6.20 AND 250C 

^ M p - N i t r o p h e n o l 2-Furoic a c i d kg x 10"' m i n - 1 

P.M M-M 

0.87 0.0 0.0 11.6 + 0.58 
2.6 0.0 0.0 12.3 + 0.79 
3-5 0.0 0.0 13.8 + 0.58 
6.1 0.0 0.0 13.6 + 0.15 

Average 12.3 + 1 

2.0 9-2 0.0 11.It- + 0.3 
2.0 13 0.0 12.2 + 0.33 
2.0 0.0 13.7 + 0.33 
2.0 65 0.0 13.5 +0.11-3 
2.0 87 0.0 15.6 + 0J1-5 

Average 12.9 + 1 

2.0 0.0 3.9 12 Jl- + 0.19 
2.0 0.0 7.8 13.5 +0.28 
2.0 0.0 16 13.6 + 0.17 
2.0 0.0 27 12.6 + 0.18 

Average 13.0 + 0. 

Reactions were performed i n 0.2 molar phosphate, u = OJl-, 
0 . 1 ^ ( v / v ) or l e ss a c e t o n i t r i l e . D e a c y l a t i o n r a t e constants 
were c a l c u l a t e d f r o m measurements a t 2̂ -5 ity as desc r ibed i n t h e 
t e x t ; ( E ) O «* 5-0 micromolar . E r r o r s i n the r a t e constants and 
averages represent + one s tandard d e v i a t i o n . 



TABLE 

THE EFFECT OF CHYMOTRYPSIN CONCENTRATION ON THE 

DEACYLATION RATE CONSTANT OF 5-ETHYL-2-FUROYL-CHYMOTRYPSIN 

( E ) 0 ka x I O 3 

. h.2 206 + 2-9 

l.k 210 + 3.8 

12 217 + 9-8 

Deacylat ion rate constants were c a l c u l a t e d 
from measurements at 2̂ 5 mi as described I n 
the t e x ± : ( s ) o = ^-.0 micromolar, 'l-3.80C, 
0.2 molar phosphate buf fer pH 8.60, u = 0.6 
and 0.08^ ( v / v ) a c e t o n i t r i l e . E r r o r s 
represent + one standard deviat ion. 
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T A B L E 5 

T H E E F F E C T OF I O N I C STRENGTH AND A C E T O N I T R I L E CONCENTRATION ON T H E 

D E A C Y L A T I O N R A T E CONSTANI O F 2 - F U R O Y L - C H Y M O T R Y P S I N AT 25 0C 

pH Phosphate 
Concen t ra t ion 

I o n i c 
S t reng th '/o(Y/v) CH3CN 

0 -1 
ka x 10- min 

M 

7.00 0.05 0.09 0.10 55-3 + 1.3 

7.00 0.5 ' 0.9 0.10 57.0 + l.h 

7.53 0.02 0.06 0.10 78.3 + o.kh 

7-53 0.2 0.6 0.10 78.1 + 0.7 

6.90 0.2 0.5 0.0 ^7.5 + 1.^ 

6.90 0.2 0.5 0.10 vr. 8 + 1.8 

6.90 0.2 0.5 0.70 h'i. 9 + 0.9 

Deacy l a t i on r a t e constants were c a l c u l a t e d f r o m measurements 
a t 2̂ 5 ny as descr ibed i n the t e x t ; ( E ) 0 = ' . 0 mic romola r ; ( s ) 0 = 
h-.O micromolar . E r r o r s i n the r a t e constants represen t + one 
s tandard d e v i a t i o n . 
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TABLE 6 

THE EFFECT OF TEMPERATURE ON THE APPARENT pKa OF THE DEACYLATION 
REACTION OF 5 -N-ALKYL-2-FUR0YL-CHYM0TRYPSINS 

S—n —£i1k"v1 TpTirn 
subst i tut ion 0 C pH k a x 10 3min~ 1 k ' x l 0 3 m i n 1 

3 
p K a 

H 25.0 a. i n 93.6 + 2.8 101 + 2.,t- 6.95 
8.20 99.^ + 1.8 + .07 
7.90 92.5 + l A 
7.59 79.6 + 1.3 
7.35 69.9 + 2.1 
7.00 56.1 + \.h 
6.20 12.8 + 0.9 

51.J*. %M 16!+ + 3.5 17'+ + 3 6.87 
3. oil- 172 + 1+.7 + .06 
f .^5 15 D + 1 . + 
7.08 110 + ?.\ 
6 .82 76.6 + 1.9 
6.38 14-2.9 + 0.^2 

39.2 3.1̂ 5 359 + 10 366 + 7 6.80 
7.95 357 + 12 + .08 
7.^9 301 + IS 

7.12 2l|-2 + 5 

6.87 196 + 3 
6.33 93.6 + 2.1 

CH3- 25.0 8. In l'i-.9 1 0.23 15 + 0.2B 7.27 
8.20 15.If + 0.1U + .05 

7.91 12.5 +0 .11 
7.60 11.1 + 0.2 
7.3^ 8.35 + 0.15 

7.11 6.25 + 0.06 
6.77 3.76 + 0J10 
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5 - n - a l k y l Temp, 
subs t i tu t ion C 

CH3- 31.1'-

39-2 

ClfeCHs- 25.0 

31A 

39-2 

pH 0 - i 
ka x 10Jmin 

k x 10-'min~ 
3 

P K a 

QM 2I+.8 + 0.7 26.2 + 0.1+7 6.97 
8.03 2h.h + 0.33 + .05 

7.h5 19.0 + 0.1+ 
7.08 1I+.9 + 0.3^ 
6.82 11.1+ + 0.29 
6.1+2. 5.67 + 0.13 
8A5 55 .I + 0.75 58.6 + 1.9 6.88 

7.95 55.1 + 0.8 + .07 
7.^9 50.2 + 0.66 
7-11 3!+.9 1 0.55 
6.87 28.J+ + 0.38 

6.61 21.1 + 0.38 
8.1+1 31.0 + 0.'+2 32.6 + 0.86 7.33 
8.20 29.2 + 0.22 + .06 

7-91 2I+.1+ + 0.2^ 
7.60 21.6 + 0.16 

7.35 17.2 + 0.7^ 
7.11 12.1 + 0.1 
6.1+1+ I+.25 1 0.13 
8.V+ 56.1 + 0.6 59.5 + 0.98 7.11 
8.03 5I+.3 + 0.8 + .05 

7-^5 ^3.7 + 1.3 
7.08 28.5 + 0.1+8 
6.82 19.7 + 0.2'+ 
6.1+2 10.2 + 0.19 
8.1+5 I2h + 5 131 + h.8 7.02 

7.96 123 +1 .8 + .07 

7.^9 95.8 + 1.3 
7.11 68.5 + l 
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5 - n - a l k y l Temp T T , - i ' , . -3 
V , . T T I J O^,-^ pH k a x l O - m m k xlO-'min pK subs t i tu t ion C s a 

C%CH2 39.2 

C I b ( C H 2 ) 2 - 25.0 

33.8 

CHb(CH2)3- 25-0 

37.8 

C H Q ( C H O ) 4 - ^2.7 

6.87 5 M + 0.7 
6.6o 57.3 + 0.7 
8.1+8 62.0 + h.Q 

8.11 55.9 + 2.1 
7.82 50.2 + 1.1 
7.61+ 1+5-9 + 0.1+8 

7.35 + 0.91 
6.9^ 21+.6 + 0.17 

6.71 17.8 + 0.11+ 
6.5^ 11.2 + 0.26 
8.36 l6h +3-h 

8.02 158 + 2 
7-71 155 : I 1.8 
7-35 132 : h 1.2 
6.99 91+.1+ + 0.9 
6.67 73-0 + 0.7 
8.1+0 20.1 + 1 

8.17 21,0 + 0.86 
7.95 18.9 + 1.2 
7.M+ 1I+.6 + 0. 
7.03 12.5, + 0.81 
8.36 70.7 + 1.5 
3.01 68.5 + 0.53 
7.71 62.1+ + 0.6I+ 
7.36 56.8 + 0.5 
6.99 '+5.8 + 0.59 
6.67 50.8 + 0.33 
8.1+1 1+0.7 + l . U 

8.01+ 1+1.5 + 0,59 

59-2 + 1.7 7.09 
+ .06 

169 +5-9 6.82 
+ .08 

21.1 + 0.72 6.96 
+ .09 

1+2.2 + 0.75 6.80 
+ .08 
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5 - n - a l k y l 
subs t i tu t ion 

Temp. pH k3 x 103inin - i k x l 0 3 m i n - i 

CHa ( C H g ^ - 1+2.7 7.78 
7.58 
7.11 
8.55 
7.82 
7A5 

38.0 + 1.3 
33-8 + 0.82 
29.5 +0 .9 

1+8.8 75.5 + 3.1 
76.9 + 2.1+ 
60.5 1 3 - 1 
51.7 + 1.6 

79.2 + 1+ 6.75 
+ .10 

7.02 

Rate constants were ca l cu la ted from measurements at 2l+5 ny as 

described i n the t ex t ; (E)o = 5-0 micromolar, ( s ) 0 = 1+.0 micromolar, 

0.2 molar phosphate, \i = 0.1+-0.6, 0.1^ (v /v) or l e s s a c e t o n i t r i l e . 

E r r o r s i n the rate constants and pKa's represent + one standard 

deviat ion. 
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TABLE 7 
THE TEMPERATURE DEPENDENCE OF THE DEACYLATION RATE CONSTANT OF 

5 -N-ALKYL-2-FUROYL-CHYMOTRYPSINS 

s u b s t i t u t i o n 

H 

CHs-

T O pH ks x L T m i n k x lO^min 

Low temnerature r e g i o n 

12.^ + o.h 8.60 28.3 + 0.'+7 29.3 ± 0.1+9 
15.8 + o.h 8.60 1+0.7 + 0.61+ 1+2 +0.66 
20.0 + 0.3 8J1.1 61+.9 + 1.9 68.1+ + 2 
25.0 + 0.2 101 + 2.1+ 
28.2 + 0.2 8M 132 + 2.6 136 + 2.7 

High temperature r e g i o n 

31. U + 0.3 Uh ± 3 
3h.6 + 0.3 231 + 6 236 + 6 . 1 
39.2 + o.h 366 + 7 
ho.7 + o.h 8.1+1+ 1+09 + 21+ 1+18 + 26 
U3.3 + o.h 8.1+5 h95 + 17 501+ + 17 

U6.7 + o.h 8A7 691 + 20 703 + 20 
Low temperature r e g i o n 

20.0 + 0.3 8J+2 8.90 + 0.11 9.60 + 0.12 
25.0 + 0.2 15.1+ + O.28 

High temperature r e g i o n 

28.2 + 0.2 8.1+7 19.2 + 0.1 20.0 + 0.11 
51.U + 0.3 26.2 + 0.1+7 
3l|-.6 + 0.3 8.1+7 36.5 + 0.3k 37.5 1 0.35 
39.2 4 o.h 58.6 + 1.9 
hG.l + o.h 8.1+6 107 + 1.7 109 + 1.7 
kQ.h + o.h 8.60 130 + 1.7 131 + 1.7 
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hi 

5 - n - a l k y l 
s u b s t i t u t i o n T 0C pH ko x i e r 

CH3( CHg) 2-

Low temperature r e g i o n 

High temperature r e g i o n 

k ' a x 10-

ClfeCHe- 15.. 8 

20.t) 

+ 0,h 8.U3 12.1 + 0.27 13.9 + 0.3 ClfeCHe- 15.. 8 

20.t) + 0.3 8. U2 10.7 + 0.22 20. 7 + 0.2h 

25.0 + 0.2 32.6 + 0.86 

28.2 + 0.2 8J+7 h2.5 + 0.6 hh.S + 0.63 

28.2 + 0.2 8.U7 U2.5 +0 .6 M i . 8 + 0.63 

5 l .U + 0.3 59.5 + 0.98 

3'+. 6 + 0.3 8.U7 80.0 + 1 83.0 +_ l 

39-2 + o.U 131 + U.S 

U0.7 + o.U 8.UU 150 + 1,7 15U + 1 . 8 

U3..3 + o.U 8.U6 198 + 2 . 1 202 + 2 . 1 

Low temperature r e g i o n 
0 

17-7 + ^.27 10.0 + o.U 8. CO 16.6 + 0.23 
0 

17-7 + ^.27 
12.9 + o.U 8.60 22.U + o.Us 23.7 + O.UO 

13.2. + o.U 8.60 27. + 0 . 2 28.U + 0.21 

18 .1 + 0.3 8.60 31.7 + 0.3U 3 3 - 1 + 0.35 

19.9 + 0.3 8.60 37.9 + O.Ul 39.U + 0.U5 

22.5 + 0.3 S.U8 U2.1 + 1.5 UU +1.6 

23.0 + 0.2 59.2 + 1.7 
High temperature r e g i o n 

30.7 + 0.2 8.5U 95.8 t- 5.2 98.1 +5-3 

5U.3 + 0.3 8.U2 137 + l .U 1U1 + l .U 

33.8 + 0.3 169 + 5.9 
58.O + o.U 8.30 203 + 1 . 9 207 + 1 - 9 

U0.8 + o.U S.U8 283 + l 288 + l 

h3.h + o.U 8.U9 35U + 6 338 + 6 .1 

U8.1 + o.U 8.60 621 + 9.1 627 + 9 . 2 



Table J ( cont inued) 

5 - n - a l k y l 
s u b s t i t u t i o n T 0C pH ka x 10 3 k ' ^ x 10 3 

Low temperatuTe r e g i o n 

8.1+8 12,3 + 0.39 
Low temperatuTe r e g i o n 

8.1+8 12,3 + 0.39 1 ? 8 + n )L 

25.0 + n ? + 0 7? 

29.T + n 0 
\J • tZ. 

8.50 27-0 + 1.1 ' J_ « _L 

High temperature r e g i o n 

>2, f 0.5 8.1+9 1+1+.1+ + 1.3 1+5.1+ + 1.5 
i l l 1 _i. 8.1+3 53-3 1 1-6 56.7 + 1.6 
p ( .0 4* 0 U 71.9 + 1.2 

390 + 0.U 8.1+8 81.7 + 2.'+ 83.1 + 2.5 
^9 . O + 0 U 8.1+8 129 + 1.3 131 : L 1-5 
)i ^ n 
4 D . 9 

+ 8.I+9 173 + l(-.8 175 + U.9 

nu ( PUT ^ 50.0 + n 0 8.52 9.71 + 0.52 9-93 1 0.33 
52.8 + n 1 8.50 ll+ + 0.37 11+.3 + 0.38 
35.6 + n 1 u . 9 8.I+9 . 16.8 + 0.31 17.2 + 0.52 
38.0 + O.U 8.52 23.2 + 0.9 23.7 + 0.91 
U0.5 + u • f 8.55 30.9 + O.32 31.5 + 0.53 
U2.7 + O.U 1+3.2 + 0.7r> 
U3.5 + oJ+ 8.60 I+5.3 + 0.1+5 1+5.9 + 0.1+6 

W.T + 0.1+ 8.60 1+7.0 + 0.57 1)7.6 + 0.58 
)i8.6 + 0.1+ 8.60 78.U + 1 79.5 + .1 
U8.8 + 0.1+ 79.2 + 1+ 

The r a t e constants were c a l c u l a t e d as descr ibed i n t h e t e x t 
and Table 6. E r r o r s represent + one s tandard d e v i a t i o n u n i t . 



TABLE 8 

THE ACTIVATION PARAMETERS FOR THE DEACYLATION OF 

5 -N-ALKYL-2-FUROYL-CHYMOTRYPSINS 

U5 

5 - n - a l k y l 
subs t i tu t ion AH kcal/mole -AS e .u . 

High temperature region 

H- 16.92 + 0.2'+ l l+.6l + 0.77 
CHb- 17-22+ + 0.21+ 17.27 + 0.81 
CHsCHp- 18.21 + O.3I+ 12.1+7 + 1.11 
CH3 ( CH2) g" 19.81+ + 0.68 6.10 + 2.18 
CHgiCEp 3- 17.1+2 + 0.71 15.89 + 2.28 
CH 3 (CH 2 )4 - 20.89 + 0.51 7.00 + 1.61+ 

Low temperature region 

H- 15-79 + 0.52 18.25 + 1- 73 
CH'̂ CHo- 15-78 + 0.28 20.52 + 0.91+ 

CH3 ( ) 2" 12.19 + 0 .6 l 31. Ji7 + 2.09 

E r r o r represents + one standard deviat ion . 
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TABLE 9 

THE TEMPERATURE DEPEKDENCE OF THE DEACYLATION RATE 

CONSTANT OF 2-FUROYL-CHYMOTRYPSIN AT pH 10.0, 

AND THE ACTIVATION PARAMETERSa 

T 0 C 
o -1 

ka x 10 mm 

b 
k'a x 103 min 

Low temperature region 

16.3 + o.h h2.2 + 2.2 hk. 9 
21.1 + 0 81.6 + 1.7 71.3 
2h.8 + 0.2 105 + h.2 101 
29-0 + 0.2 139 +6 .2 lk9 

High temperature region 

35-0 + 0.3 280 + 6.k 2'l-7 
39.2 + o.h 387 + 13 363 

Act ivat ion parameters i n the low temperature region 

A H ^ A S ^ 

I6.3 + 1.8 16.5 + 6.1 

^ h e rate constants were ca lcu la ted from measurements at 
2̂ 5 nvi as described i n the text ; 0.2 M carbonate b u f f e r , 
u, = O.h, 0.1% (v /v ) a c e t o n i t r i l e , ( E ) O = 5.0 ^M, (s)o = 
h.O p.M. E r r o r s represent + one standard deviat ion u n i t . 

^The rate constants were ca lcu lated from values measured 
at low pH's using equations 2 and k. 



TABLE 10 

THE TEMPERATURE DEPEKDENCE OF THE ALKALINE SAPONIFICATION 

RATE CONSTANTS OF p-NITROPHENYL S-N-ALKYL-2-FUR0ATES 

5 - n - a l k y l 
subst i tut ion T 0 C On 

AH 
kcal/mole 

-AS e n 

H O R II + 0.2 oil /A 1 1.2 19.06 6.35 
31.0 -t- 0.3 33o + 2.9 4 O.28 40,92 
36.0 + 0.3 3U9 4 U.2 
39. U + o.U TU6 + 7.2 
k2.0 + o.U 9U3 + 8.2 

'+3 • 1 + O.U 1130 4 8.1 
k6.l + o.U 1U90 4 16 

CH3- 23.0 + 0.2 3U.2 4 1 19.32 7.05 
2o. '4- + 0.2 7U.1 4 0.3 4 0.51 41.03 
36.O + 0.3 179 4 l . U 

39-U + o.U 251 + 1.3 
k2.0 + o.U 323 1 2.U 

k3.1 + o.U 373 1 2.7 
k6.i + o.U U8U + 3.7 

C H3 C Hp ~ 21.k + 0.3 33.5 4 0.3 19.35 7.63 
23 .-0 + 0.2 50.U 4 O.U 4 0.29 +0.9U 
28.'+ 4 0.2 77.3 4 o.UU 
36.0_ + 0.3 173 + 1 

59 A 4 o.U 2U7 4 2.U 
U2.d 4- o.U 308 4 2.8 
'+3.1 4 o.U 365 4 U . l 

CI f e (GH 2 ) a - 25.0 + 0.2 US. 7 4 0.25 19.59 7.01 
28A + 0.2 68.8 4 0.39 _+ 0.22 + 0.73 
31.8 + 0.3 10U 4 0.37 
36.0 + 0.3 156 4 0.9 



Table 10 (continued) 
k6 

^ r " : ^ 1 T 0 C k n M x i o 3

 v ^ e > u > 

subs t i tu t ion OH kcal/mole 

01̂ 3(0112)2" 

C H 3 ( C H 2 ) 3 -

C H 3 ( C H a ) 4 -

39-h + o.h 237 + 2.3 
h2.0 + o.h 300 + 3.3 
ij-5.1 + o.h 333 + 2 
TO.l + 0 ii 0.4 4-51 + 3.4 

25.0 + 0,2 h6.h + 0.32 19.23 8.2k 
28.U + 0.2 69.6 + 0.39 + 0.31 +1.01 
31o8 + 0.3 101. +0 .6 
36.0 + 0.3 160 +1 .6 
39-U + o.h 211 +1.3 
U2.0 O.h 280 + 2 
M . l + o.h 3h2 + h.k 
U6.1 + o.h hi6 + k.3 

23.0 + 0.2 kh.3 + o.h'} 1 9 . 3 1 8 . O'I 

28.)+ + 0.2 6h.S +0 .2 + 0.22 +o.jh 
31.8 + 0.3 92.8 + O.33 
36.0 + 0.3 151 + 1.1 
39.'+ + o.h 210 + 2.1 
U3.1 + o.h 290 + 3 
k6.l + o.h hl8 + 5 

The react ions were performed i n 10 mi l l imolar borate buf fer 
at pH 10.50 as described i n the t e x t . E r r o r s represent + one 
standard deviat ion. 
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TABLE 11 

THE CORRECTED ACTIVATION PARAMETERS FOR THE DEACYLATION 

OF 5-N-ALKYL-2-FUR0YL-CHYMOTRYPSINS 

5 - n - a l k y l 
subst i tut ion 

AAH 
kcal/mole -AAS e .u . 

High temperature region 

H- -2 . l ' i + 0.37 8.28 + 1,20 

CH3- -2.26 + 0.39 10.22 + 1.32 

CHsCHp- -1.1'i + 0.'i5 h.Sh + 1A6 

CH3(CH 2)2- 0.25 + 0.72 -0.91 ± 2.2d 

01̂ 3 (CHp) 3 — -1.81 + O.78 7.63 + 2.50 

CH3( CH2)4- I .56 + O.36 -i.oh + 1.81 

Low temperature region 

H- -3.27 +0.39 11.90 + 1.99 

CHgCHp- -3.57 + O.IiO 12.89 + 1,3'i 

-j.hG + 0.63 2h.h6 + 2.22 

E r r o r s represent + one standard devi at ion. 



Figu re 1. The D i f f e r e n c e Spectrum o f 2 -Furoy l -Chymot ryps in 

Versus Chymotrypsin Plus 2 -Furo ic A c i d . 

The d i f f e r e n c e spectrum was measured as desc r ibed i n t h e t e x t ; 

(E)o =30 micromolar , ( s )o = 30 micromolar , 0.2 molar phosphate 

b u f f e r , pH = 7-00, |j, =0 .5 , 0.8% ( v / v ) a c e t o n i t r i l e and 23 0 C. 
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Figure 2-A. The Dif ference Spectrum of 5 - E t h y l - 2 - F u r o y l -

Chymotrypsin Versus Chymotrypsin Plus 

5 ~Ethyl -2 -Furoic Acid 

The d i f ference spectrum was measured as described i n the 

text ; {e)o-30 micromolar, (S)o = 30 micromolar, 0.2 molar 

phosphate b u f f e r , pH = 8.20, \i = 0.6, 0.3^ ( v / v ) a c e t o n i t r i l e 

and 27 0C. 

Figure 2-B. The Dif ference Spectra of 5 - E t h y l - 2 - F u r o y l -

Chymotrypsin Versus Chymotrypsin Plus 

5 -Ethy l -2 -Furo iC Acid During the Deacylat ion 

Reaction 

The d i f ference spectra were measured at var ious times during 

the deacylation react ion . Conditions are the same as i n 

Figure 2-A. 
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F i g u r e 5. The Temperature Dependence o f t h e Apparent pKa o f t h e 

Deacy la t i on React ion o f 5 - N - A l k y l - 2 - F u r o y l Chymotrypsins 

The apparent pKa i s p l o t t e d vs. — . CH3, CR-jCH-j, e t c . 

i n d i c a t e the 5 - n - a l k y l s u b s t i t u t i o n . Cond i t ions are desc r ibed i n 

Table 6. 
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Figure k. The Temperature Dependence of the pH Independent Rate 

Constants for the Deacylation of 5 -n -Propy l -P -Furoy l -

Chymotrypsin 

The I n of ^ i s p lot ted versus — according to equation h. 

Conditions are the same as those i n Tahle 7. 
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Figure 5• The Temperature Dependence of the pH Independent 

Rate Constants for the Deacylation of 5 -N-Buty l -2 -

Furoyl-Chymotrypsin 

k ' M 1 
The I n of - ~ . ± s p lot ted versus ^ according to equation h. 

Conditions are the same as those i n Table J. 
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Figure 6. The pH Dependence of the Alkal ine Sapon i f i ca t ion Rate 

Constant of p-Witrophenyl 2-Furoate 

The log of the a l k a l i n e saponi f icat ion ra te constant of 

p-nitrophenyl 2-furoate p lot ted versus the pH. Rate constants were 

measured at 25 0C. Open c i r c l e s represent rate constants measured 

i n 10 mi l l imolar borate b u f f e r . Open squares represent ra te 

constants measured i n unbuffered sodium hydroxide so lu t ion . The 

open t r i a n g l e represents the rate constant measured i n 50 m i l l i ­

molar borate buf fer . The i n i t i a l concentration of p-ni trophenyl 

2-furoate was 1 ^M. 
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Figure 7. The Dependence o f t h e Cor rec ted D e a c y l a t i o n Rate 

Constant and' t h e R e l a t i v e Cor rec ted D e a c y l a t i o n Rate 

Constant on the Volume o f t h e Subs t r a t e . 

Volumes are i n l 3 and represent t h e volume o f t h e a c y l 

moie ty (E-CO a - ) o f the subs t ra te R-CO2-0-WOp. Volumes were 

c a l c u l a t e d f r o m data ob ta ined f rom Edward (53) • Rate cons tants 

were measured at 230C. 

A: Closed c i r c l e s and s o l i d l i n e s represent t h e s e r i e s 

0 ^ . 
H ~ ( C H 2 ) — c -o—({ yym? 

n = 1,2,3,^,5,6,7,8 

where k - ^ / k ^ f o r p - n i t r o p h e n y l aceta te i s t a k e n as t h e r e f e r e n c e : 

pH 7'8. Values were ob ta ined f r o m M a r s h a l l and Akgun (6) . 

Open c i r c l e s and dashed l i n e s represent the s e r i e s : 

H - ( C H 2 ) -

n = 1,2,3,'+,5 

where k ' s / k - . . f o r p - n i t r o p h e n y l f u r c a t e i s t a k e n as a r e f e r e n c e . 

The r a t e constant f o r the d e a c y l a t i o n o f 3 - a m y l - 2 - f u r o y l - c h y m o t r y p s i n 

6 i 



at 25 C was obtained by extrapolat ion using equation k. 

Conditions are described i n Table 6. 

B: Closed c i r c l e s and s o l i d l i n e s represent the s e r i e s : 

n = 1 , 2 , 5 ^ 

and open c i r c l e s and dashed l i n e s represent the s e r i e s : 

n = 1,2,3 

I n both ser i e s the pH independent rate constants are corrected f o r 

inductive and s t e r i c e f f ec t s using the T a f t equation; the values 

were obtained from Dupaix et a l . (3) . 
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