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qUMMARY 

I Treatment  of bovine trypsin (EC 3 4 4 4) with a 2o-fold molar excess of 3-&azo- 
qumohne fluoroborate at pH 8 yielded an azo-derlvatlve which possessed intensified 
activities toward Na-benzoylarglnme p-nl troamhde (2 5 times) and methyl  Na-p- 
toluenesulfonyl-L-arglnmate (I 6 times) at low substrate concentrations, whereas no 
apparent  difference in the activity toward ethyl Na-benzoyl-L-arglnlnate was noted 

2 Steady-state kmetm studies revealed that  increases in catalytic rate constants 
were primarily responsible for the Intensified activities Substrate activation phenom- 
ena on these methyl  ester and nltroamhde substrates were ~tlll preserved after the 
modification 

3 Spectral and amino acid analyses indicated that  the azo-couphng occurred 
exclusively at three lysyl residues of trypsin Protection of the active site with fi- 
naphthamldlne exerted no effect on this unusual modification reaction 

4 Sucemylatlon of the enzyme with a 7oo-fold molar excess of succmlc anh ; -  
dnde m half-saturated sodlmn acetate gave an active and stable enzyme derivative, 
m which eleven residues of lysme were acylated The specific modification of the un- 
acylated three lysyl residues in this succmyltrypsm was achieved by 3-dlazoqumohne 
under the same conditions as those for native enzyme The resulting azo-succmyl- 
trypsin, devoid of any free a-amino groups, also had the intensified activity toward 
Na-benzoyl-DL-argmme p-mtroamhde  

Abbreviations BAPA, Na-benzoylarglnme p-nltroamhde, TAME, methyl Na-p-tolu - 
enesulfonvl-L-argmmate, BAEE, ethTyl Na-benzoyl-L-argmmate, DQ, 3-dlazoqmnohne fluoro- 
borate, QA-, (qulnohn-3-yl)azo, TNBS sodmm 2,4,6-trmltrobenzenesulfonate, Z-, benzyloxv- 
carbonyl, Boo-, tert-butyloxycarbonyl, DNP-, 2,4-dmltrophenvl 

* This work was presented in part before the 7th International Congress of Blochemlstr~, 
~kug 1967, Tokyo 

** Present address Shlonogi Research Laboratory, Shlonogl and Co, L t d ,  Fukushlma-ku, 
Osaka Japan 

*** Inqumes should be addressed to th~s faculty 
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INTRODUCTION 

In the course of the comparat ive s tudy of chemical modlficatmn of chymotryp-  
sm (EC 3 4 4 5) and trypsin (EC 3 4 4 4) with a series of aromatic dlazonlum com- 
pounds, unusual effects of 3-dlazoqulnohne on the activities of both of these proteo- 
lytlc enzymes were observed ~ Regardless of the types of substrates employed, namely 
with ethyl N-aeetvl-L-tyrosmate or with N-benzovl-L-tyrosme p-nltroanlhde, the en- 
zyme activity decreased almost to the equal level when chymotrypsln was treated with 
a- or fl-dlazonaphthalene fluoroborate On the other hand, t reatment  of chymotrypsln 
with 3-dlazoqulnohne fluoroborate (DQ) resulted in a slgmficant lobs of its act ivi ty 
with N-benzoyl-L-tvrosine p-mtroanlhde compared with a slight loss of its activity 
with ethyl N-acetyl-L-t 5 roslnate In addition, it has been found that  trypsin treated 
with DQ was 2 5 times as active as native trypsin wltli the specific nitroanlhde sub- 
strate, Na-benzoyl-DL-arglnine p-mtroanihde (DL-BAPA) 

In the present study, chemical and klnetleal lnvestagatlons of this 3-dlazo- 
qmnohne-modified trypsin were pursued 

EXPERIMENTAL PROCEDURE 

Materzals 
Bovine trypsin was purchased from Worthington Biochemical Corp Lot T R L  

6261 DQ and/3-dlazonaphthalene were prepared from 3-aminoqumohne and from 
fl-naphthylammne, which were the products of Tokyo Kasel Industries, L t d ,  Tokyo, 
according to the procedure of RoE 2 The reagents were stored at 4 ° in their crystalline 
state L-BAPA a, DL-BAPA, methyl  Na-p-toluenesulfonyl-L-argInanate (TAME) and 
ethyl Na-benzoyl-L-arglnlnate (BAEE) were products of the Foundation for Promotion 
of Protein Research m the Inst i tute for Protein Research, Osaka University L-BAPA 
was further purified, a 1% solution of L-BAPA was made in slightly warmed water, 
then the remaining insoluble materials were removed by filtration and the clear 
filtrate was freeze-dried Casein (Hammarsten) was a product of E Merck and was 
used after purification by the method of NORMAN 4 fl-NaphtlIamldme was a gift from 
Dr K Tanizawa Na-Acetyl-L-hIstIdlne was purchased from Cyclo Chemical Corp and 
N-acetyl-DL-tyrosine was a gift from Mr T Takaml  of Almomoto Co 

Other chemicals were of reagent grade unless otherwise specified 

Determznat,on of act, vzty toward B A P A  
The Initial s teady-state rates of h!cdrolyses ot DL-BAPA were assessed by 

Method I I  of ERLANGER et al s with slight modifications The reaction conditions are 
given in the legend of Table I For the hydrolysis of L-BAPA, increase in absorbance 
at 41o nm was traced continuously with a Hitachi 356 recording spectrophotometer 
in a manner similar to that  of Method I by  ERLANGER et al ~ The reaction conditions 
are given in the legend of Fig 2 

Determination of esterolytzc act~wty 
These assavs were performed by  potentIometrlc t i trat ion employing a Radio- 

meter  Model TTTIC automatic t i t rator  and a SBR2C tl tr lgraph using o o2 M, o o5 5I 
or o I M NaOH as t i trant,  depending upon the experimental  conditions For routine 
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T A B L F  I 

STEADXz-ST~TE KINETIC PAR~.METkR% ~CCORDING TO THE A.SSUMED ~IICHAELIS--~II~NTEN EQUA- 
TION, FOR THE HYDROLYSES OF DL-B~XI'A CATALYZED BY TRYPSIN AND ITS DERIVATIYES ~.T 25 
IN 5 ° m M  T n s - H C 1  BUFFER ( p H  8 2) CONTAINING 20 m M  CaCI 2 AND I ° o  DIMETHYLSULFONIDE 

T h e  in i t i a l  c o n c e n t r a t i o n  ot D L - B A P A  w a s  f r o m  o 49 to  I 96 m M  F o r  t h e  c a l c u l a t i o n s  oI heat 
a lues ,  t h e  e n z y m e  c o n c e n t r a t i o n s  m mo la r l t~  , ae re  o b t a i n e d  f r o m  t h e  a b s o r b a n c e  a t  28o n m  for  

n a t i v e  t r , c p s m  a n d  b y  t h e  m e t h o d  oi LO~ RY el al 9 fo r  o t h e r  t r y p s i n  d e r i v a t i v e s  N o r t n a h t y  t l-  
t r a t l o n s  ~ e r e  also p e r f o r m e d  i n d e p e n d e n t l y  (~ee EXPERIMENTAL PROCEDURE) 

Enzym~ Km (m3i  ~ S E ) h~.t (sec-1 ± S E )  

Tr , , p s l n*  i 34 ~_ o 15 i oo 4 o 06 
I 52 ~ o o8 o 848 _L o 02 

QA-t r~ ,ps ln*  I oo & o 19 2 52 ]: o 22 
I 16  ~ o I ~  2 18 ~_ o i 6  

Succmyl t r '~ ,ps ln  o 955 4 o o8o i 57 j_ o oo 
Q A - s u c c m v l t r v p s l n  o 499 ± o 055 2 07 J_ o 07 

* "1 w o  s e p a r a t e  e x p e r i m e n t s  

assays IO mM BAEE was employed as substrate in io mM Tns-HC1 buffer (pH 8 o) 
containing o I M KC1 and 20 mM CaC12 at 25 ° In kmetm studies, where reaction 
mixtures m large quantltms were treated, mtrogen was passed over the surface of 
the solutmns to exclude CO, 

Analys,s of k,net, c data 
Calculations of all the kinetic parameters uere performed on a FACOM 230-60 

digital computer in the Hokkaldo University Computing Center The program of 
~V[ARQUARDT'S 6 method, whmh was kindly offered by I B M, Japan, was used for the 
analyses ot substrate actlvatmn phenomena after mo&ficatmns by Mr H Nakata 
of this laborator? to the form apphcable to the FACOM 230-60 

Determ~natzon of caseznolflzc achv#y 
The method of KUNITZ 7 was used The reaction conditions are given m the 

legend of ]hg 6 

]zstzmatzon of enzyn~e con,entratzon 
For native trypsin, eoncentratmn in molarlty wa~ obtained from the absorbance 

at 280 nm u~mg an optical factor of o 65 mg ml -~ A 1, and a molecular weight of 
23 800 (ref 8) and wa~ verified by amino acid analysis For other trypsin derivatives, 
molar coneentratmns were obtained by the method of LOWRY et al 9 using a standard 
curve made with native trypsin and were also verified by amino acid analyses Solu- 
tmns of tDpsln and (qumohn-3-yl)azo (QA-)tr}psln were made up in I mM HC1, 
kept at 4 ° and used within a week Succlnyltrypsm and QA-succmyltrypsm solutmns 
were made up m appropriate buffers The operational normahtv of a solution of 
trypsin and of QA-trypsm was, respectively, 52% and 54% of the molarlty based on 
weight, when determined by active-site tltratmn using p-nltrophenyl Na-Z-L-lvsmate 
~hlch ~as ~ntheslzed according to B E N D E R  e~ al ~o 

Preparation of QA-trypsln 
A 4 °/~M solutzon of commercial bovine trypsm m 5o mM Tns-HC1 buffer (pH 
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8 2) conta in ing  20 mM CaC12 was p laced  in an ice ba th  A 2o-fold molar  excess of  DQ 
in cold me thano l  was a d d e d  wi th  gent le  s t i r r ing  (final me thano l  concen t ra t ion  was 
2°0) Af te r  s t and ing  for 30 m m  at  4 ° the  reac t ion  was t e r m i n a t e d  b y  lowering the p H  
to abou t  2 wi th  3 M HC1 The p rec ip i t a t ion  formed dur ing  the  reac t ion  was dissolved 
on acidif icat ion The  solut ion was freed f rom excess reagent  and  by -p roduc t s  by  gel- 
f i l t ra t ion th rough  a column of  Sephadex  G-25 wi th  IO mM HC1 conta in ing  o 5 M KC1 
as e luant  a t  4 ° The pro te in  f ract ions were pooled,  d ia lyzed  exhaus t ive ly  aga ins t  I mM 
HC1 at  4 ° and  freeze-dried 

Preparation of succznyltryps~n 
A 5°,/0 solut ion of t ryps in  in h a l f - s a t u r a t e d  sodium ace ta t e  con ta in ing  20 mM 

CaCL was p laced  in an ice b a t h  A 7oo-fold molar  excess of pu lver ized  succmlc anhy-  
dr ide  was a d d e d  po r t i on -~ l se  Af te r  s t i r r ing for I 5 h at  4 ° the  solut ion was filtered, 
d la lvzed  aga ins t  d is t i l led  wa te r  a t  4 ° and  f reeze-dr ied  

Preparat,on of QA-succznyltrypszn 
The procedure  was the  same as t ha t  for Q A - t r y p s m  except  for the  following 

modif ica t ions  which were necessary because of  the  low so lubi l i ty  of  the  succ lny la ted  
t ryps in  In acidic med ia  the  reac t ion  was t e r m i n a t e d  b y  add ing  sodium azlde in a 
Ioo-fo ld  molar  excess over  DQ and  the gel f i l t ra t ion was carr ied  out  wi th  50 mM 
Trls-HC1 buffer (pH 8 9) as e luant ,  followed b y  dia lys is  aga ins t  d is t i l led  wa te r  a t  4 ~ 

Estzmatzon of free amzno groups 
The number  of  free amino groups  remain ing  af ter  succmvla t lon  was de t e rmined  

b y  the  reac t ion  of  the  modif ied p ro te in  wi th  sodium 2,4,6-trmxtrobenzene sulfonate  
(TNBS) n To I ml of  p ro te in  solut ion in o I M bora te -HC1 buffer (pH 8 8) was a d d e d  
I ml  of  4% NaHCO 3 con ta lmng  15% B n  I 35 Af te r  s t and ing  for IO mln at  24 °, the  
solut ion was m i x e d  wi th  I lnl  ot o 1% TNBS This  mix tu re  was a l lowed to reac t  a t  4 o~ 
for I h In the  d a r k ,  then  I ml  of I M HC1 was a d d e d  The  absorbance  of the  resul t ing 
solut ion at  34 ° n m  was read  agains t  a b l ank  p repa red  b y  t r ea t ing  I ml  of  the  above-  
men t ioned  buffer i n s t ead  of the  p ro te in  solut ion by  the same procedure  Brl] 35 was 
a d d e d  as an effective d e n a t u r a n t  to insure the  comple te  t r l n l t ropheny la t lon  of  protein,  
to minimize  i ts  autolys is  dur ing  the reac t ion  and  to p reven t  i ts p rec ip i ta t ion  on 
aod l f i ca t ion  

Amino acid analys, s 
This was per formed  on a Beckman  Splnco Model MS or on a H i t ach i  K L A - 3 B  

a u t o m a t i c  amino acid  ana lyzer  according to the  p rocedure  of  SPACKMAN et al 12 
Pro te in  samples  were h y d r o l y z e d  with  redist t l led,  cons t an t  boi l ing HC1 in evacua t ed  
sealed tubes  a t  IIO°for 22 h T r y p t o p h a n  con ten t  was de t e rmined  wi th  a lkal ine  
hyd ro lyza t e s  ob t a ined  wi th  4 M Ba(OH)2 at  I iO ° for 19 h 

A n alyszs of syntheszzed azo-compound 
The e lementa l  ana lyses  were per formed  a t  the  Shlonogi  Research  L a b o r a t o r y  

and  also a t  this  d e p a r t m e n t  The  molecular  weight  measu remen t s  b y  a Mechrolab Inc  
Model 3 o l A  v a p o r  pressure  os lnometer  with 95% me thano l  as solvent  were per formed 
a t  the  above-ment ioned  l abo ra to ry  
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Synlheszs of azo-am~no aczd 
N*-(Qu,nohn-3-yl)azo-n-caprozc acid DQ (486 rag, 2 mmoles) m 6 ml of cold 

methanol was added slowly over a period of 30 mm to a solution cooled at o ° of e- 
amlno-n-caproic acid (117 rag, i mmole) in 15 ml of2o mM carbonate-bicarbonate buffer 
(pH Io 5) The mixture was stirred at 4 ° for I h The pH of the medium was kept 
between io 5 and I I  2 throughout the reaction with i M NaOH Then the pH was 
adjusted to about 2 with HC1 The acidified mixture was extracted with five 2o-ml 
portions of ethyl acetate and the combined organic phases were washed with 20 ml of 
H20, concentrated to small volume, and extracted with 2 2o-ml portions of 5°'0 
Na2COa The aqueous phases were acidified to pH 2 with HC1 and re-extracted with 
three 2o-ml portions oi ethyl acetate The organic layer~ were dried over Na2SO 4 and 
evaporated to dryness, yield 97 mg (34%) The brownish residue was dissolved in hot 
methanol, treated with charcoal and crvstalhzed The compound had m p 17o-19 °o 
(decomp) (Found C, 62 99, H, 6 15, N, 19 86%, tool w t ,  288 C15HlsO2N 4 requlre~ 
C, 62 93, H, 6 30, N, 19 58°/0, tool w t ,  286 14) 

Ne-(Qmnohn-3-yl)azo-Na-Z-L-lys,ne This compound was prepared from Na-Z - 

L-lysme, which had been obtained by treating Na-2-NE-Boc-L-lyslne ~a with excess 
anhydrous HC1 m dry ethyl acetate at room temperature for 60 rain, by the same 
procedure as described above The compound had m p 80-9 °° (decomp) (Found - 
C, 6316, H, 520,  N, 1596% ,tool w t , 4 4  ° C2aH~O4N 5 requIres C, 63 45, H, 5 75, 
N, 16o9% ,tool w t , 4 3 5 4 9 )  

° o N-Acetyl-(qmnohn-?-yldazo-DL-tyros~ne DQ (243 mg, i mmole) In 3 ml of cold 
methanol x~as added slowly over a period of 30 rain to a solution cooled at o ° of 
N-acetyl-DL-tyrosine (223 rag, I mmole) in 12 ml of IO mM borate buffer (pH 9 o) The 
mixture was stirred at 4 ° for I h The pH of the medium was kept between 9 o and 9 2 
with I M NaOH throughout the reaction Then the pH was adjusted to about 2 with 
HC1 The resulting precipitate was collected by filtration and washed with c old water 
The yellow, compound was dissolved in water by raising the pH to 9 and precipitated 
by acidification, yield lO5 mg (280 o) After crystallization from ethanol the compound 
had m p 28o-29 o° (decomp) (Found C, 62 95, H, 4 82, N, 14 57% Ca0H_~O4N ~ 
requires C, 63 49, H, 4 76, N, 14 81°o ) 

R E S U L T q  

Reaction con&tzons 

The reaction conditions for the azo-couphng of trypsin were selected to obtain 
a preparation whmh possessed the most enhanced activity toward DL-BAPA The pH 
dependence of the enhancement is shown in Fig I As generally expected in azo- 
coupling, the reaction proceeded more rapidly in an alkahne medmm than in an acidic 
medium Although the enhancement reached a maximum after a 3o-mIn reaction 
with a 2o-fold molar excess of DQ at pH 8 9, the esterolytlc activity was decreased to 
37°0 by a 3o-mln reaction with a 4o-fold molar excess of DQ at pH 8 9 The reaction 
at pH 8 2, however, resulted in no significant loss of the esterolytlc activity, main- 
taming the activity toward DL-BAPA at a high level Therefore the conditions de- 
scribed in EXPERIMENTAL PROCEDURE were selected as milder and more specific ones 
The concentration dependence of the reaction was also noticed, the enhancement ob- 
served was maximal in an enzyme concentration range between 20 and 40/uM 
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250 .•• pH 8 9  

p H 8 2  

E 200 

v 150  

N ~ p H 6 3  
IOC 

I ~ ~'='===" - - : :22 : - -  pH S 2 
50 

L I I 
I0  20 

Mo~es D0 added per mole trypsin 

Fig I Effect of DQ on the act ivi ty of t ryps in  Enzyme,  20 #M :n 5 ° mM Trls-HCl buffer, (pH 
7 3, 8 2 or 8 9) containing 2o mM CaC1 v or 5 ° mM phospha te  buffer (pH 6 3), was allowed to react  
wi th  DQ dissolved m methanol  (final 2 0 ,  by  vol ) a t  4 ° for :o m m  Suitably diluted ahquo t s  
were assayed wlth DL-BAPA, o 49 mM (sohd hnes) and wt th  B ~ E E ,  1o mM (broken hnes) The 
act lv: ty is g~ven relat:ve to a control tha t  contained no DQ 

Hydrolysm of p-n#roaml, de 
Since the BAPA preparation used hitherto is a racemate and contains the D- 

Isomer which behaves as a competitive inhibitor 5, the kinetics for the hydrolysis of 
the substrate cannot be analyzed simply by the Mlchaehs-Menten equation For 
comparison, however, the equation was assumed to be applicable to the hydrolysis 
of the racemate, and the steady-state kinetic parameters keat and Kra were calculated 
from the Initial rate data by means of the statistical method of WILKINSON 14 The 
results are listed in Table I The difference in the catalytic rate constant is marked 
The overall catalytic rate constant of QA-trypsln and of succlnylated trypsin was 
about twice that of unmodified trypsin The changes of Km were Insufficient to explain 
the intensified activities, except for that  of QA-succinyltrypsln The apparent pH 
optimum of QA-trypsln-catalyzed hydrolysis of the substrate was identical with that 
of unmodified trypsin (, e pH 8 2) 

In order to examine the effect of the D-isomer on the enhancement of activity, 
as well as to examine whether the substrate activation phenomenon recently reported 
by NAKATA AND IsulI  i5 with this substrate is still preserved after the modification or 
not, the kinetics of trypsin- and of QA-trypsln-catalyzed reactions were investigated 
by using the L-BAPA preparation over a wide range of substrate concentration As 
represented In Fig 2 In the form of an EADIE le plot, the enhancement of activity in 
the modified trypsin was observed again with this optically homogeneous substrate 
I t  was further noticed that the plots did not afford straight lines, indicating that the 
enzymatic processes catalyzed by both trypsin and QA-trypsln deviated from the 
simple Mlchaehs-Menten equation In the substrate concentration range higher than 
I mM With the lmtlal rate data obtained in the lower substrate concentration range, 
the values of keat and Km shown in Table I I  were calculated as described above The 
Increase In QA-trypsln of keai, the overall catalytic rate constant, is marked 

I t  is still ambiguous :5 whether the mechanism of the substrate activation, Indi- 
cated by the deviation at high substrate concentration, is the same as that assumed 
for the similar phenomenon observed in the trypsm-catalyzed hydrolysis of TAME 
expressed by Eqn I accordmg to TROWBRIDGE et al :7 However, the proprletv of the 
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Fig z Ladm plots for the trypsin- (L )  and QA-trypsm- (O) catMyzed hydrolvse~ oi L -BAPA 
at 25 ° m 50 mM Tns-HCI  buffer, (pH 8 2) contammg 2o mM CaCI~ and x°o dlmethyl formamide 
(spectro grade, Nakaral  Chemicals) The Initial substrate  concentrat ion was from o z46 to 9 84 
mM The broken straight  hnes were drawn according to the rumple Mmhaehs-Menten equation 
with the values indicated in Table II  for Km and ke~t uhmh  were calculated from the  data  at  the 
substrate  concentratmns lo~er than I mM by the weighted and non-hnear  regresmon method of 
WILKINSON 1~, and the sohd cur ,  es according to Eqn i w~th the values in Table I I I  for the four 
parameters  whmh were calculated from the all a~ allable data  by  the method of MARQUARDT 6 

e q u a t i o n  to  t h e  e x p e r i m e n t a l  d a t a  s h o w n  in  F ig  2 was  e x a m i n e d  b y  c o m p u t e r  

ana lys ls6A 5 B y  t h e  m e t h o d  o f  MARQUARDT for  t h e  l e a s t - s q u a r e s  e s t l m a U o n  of  

v k,F~]/h', + k~LS]-'/A'~A~' 
-- (Eqn I) 

kr.s~ES 1 ~- k6L[%L 1 
w h e r e  k8 -- , k~ -- /~s~s 

[ES] + EsL] 

EL5] + [SE] ESESl 

n o n - h n e a r  p a r a m e t e r s ,  t h e  v a l u e s  of  t h e  four  p a r a m e t e r s  in  E q n  I were  d i r e c t l y  

o b t a i n e d  as  s u m m a r i z e d  m T a b l e  I I I  B y  u s i n g  t h e s e  "~alues, k ~ s  was  also cal-  

c u l a t e d  (ksE ~ a ~  a s s u m e d  to  b e  zero) A m o n g  t h e  e s t i m a t e d  va lues ,  mcrea~es  in 
Q A - t r y p s m  of  ks a n d  ks,, n a m e l y  3 6 t i m e s  a n d  2 o t i m e s  r e s p e c t i v e l y  o f  t h a t  o f  n a t i v e  

t r y p s i n ,  a re  m a l k e d  B u t  t h e  r a t i o  in  Q A - t r y p s l n  o f  k s E s  t o  kEs, w h i c h  m a y  b e  ca l l ed  

t h e  a c t i v a t i o n  r a t i o ,  is s m a l l e r  t h a n  t h a t  o f  n a t i v e  t r y p s i n  T h e  s m a l l e r  a c t i v a t i o n  

r a t i o  m a y  i m p l y  t h a t  t h e  p r o d u c t - f o r m a t m n  p roces s  f r o m  t h e  a c t i v a t e d  t e r n a r y  

c o m p l e x  S E S  is n o t  as a c c e l e r a t e d  b y  t h e  c h e m i c a l  m o d l f i c a t m n  as  t h a t  f r o m  t h e  u s u a l  

b i n a r y  c o m p l e x  E S  

Hydrolyszs of ester 
T h e  s u b s t r a t e - a c t l v a t l o n  s t u d y  w i t h  t h e  m e t h y l  e s t e r  s u b ~ t r a t e  T A M E  was  also 
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T A B L E  I I  

S T E A D Y - S T A T E  K I N E T I C  P A R ~ . M E T E R S ,  A C C O R D I N G  T O  T H E  M I C H ~ . E L I S - - M E N T E N  E Q U A T I O N ,  I O R  

T H E  T R Y P S I N -  ~ N D  T H E  Q A - T R S P S I N - C ~ T & L Y Z E D  H Y D R O L $  S E S  O F  L - B A P ~  A N D  T A M E  

For  the  e x p e r i m e n t a l  condi t ions ,  see the  legend~ oi FIq~ 2 and 

5ubstrate Enzyme Ixm ( m 3 I  ~ 3 E ) \cat (~Lc -1 ± q E ) 

L-BAI ) \ l r ) p s m  o 823 -~ o 083 I 35 ~ o 07 
QA-t ryp~m o 719 :r o o 3 9  3 73 ~=- o i i  

E n : y m c  Ix,,, ( a p p  ) ( M  × ] o  6 k~ot (s~* -I ± ~ E ) 
± SE) 

T A M E  Tryps in  8 87 ± I 29 71 2 ± 4 8 
( ) ~ - t r y p ~ m  8 99 ~2 I 78 lO 7 ~ io  

carried out in connection with the study of the difference in the rate determining step 
of the enzymatic  process Fig 3 shows the dependence of the initial ve locmes  of 
trypsin- and QA-trypsm-catalyzed hydrol 5 ses of TAME upon the substrate concen- 
tration at pH 8 o for the entire substrate concentration range studied Enhancement 
of activity by the chemical modification was observed in the lower substrate concen- 
tration range (e g i 6 times at I mM), whmh was explained in terms of keat as shown 

4 0 0  

3 0 0  

'tJ 
2oc 

o 

IOC 

j 
/ 

oA,r  ,0 . yo /  
. . . . . . . . . . . .  

**/" S .............. 
~ i , i t i 6 5 4 3 2 I 

-log [S]o 

3 0 0  

200 

10(3 

: _ ~ £ ° ~ :  ~ ln  . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  o- . . . . . .  
Trypsin 

210 410 6() ' 8~) 
v/([S]o [E]o)(seC I M IxlO 3) 

Fig  3 The s u b s t r a t e - c o n c e n t r a t l o n  dependence  of the  in i t i a l  ve loci t ies  for the  t ryps in -  (C)) and  
the  QA- t ryps ln -  (O) ca t a lyzed  hydro lyses  of T A M E  a t  25 ° in  4 ° mM KC1 (pH 8 o) c o n t a i n i n g  IO 
mM CaC12 The in i t i a l  s u b s t r a t e  concen t r a t i on  "~as from io /*M to o i M The b roken  cur~ es were 
d r a w n  accord ing  to  the  s imple  M l c h a e h s - M e n t e n  equa t ion  w i t h  the  va lues  i nd i ca t ed  in  Table  I I  
for Km(app ) and  keat which  were ca l cu la t ed  f rom the  d a t a  a t  the  s u b s t r a t e  concen t ra t ions  l o ~ e r  
t h a n  i mM, and  the  solid cu rves  accord ing  to  E q n  I w i t h  the  va lues  in Table  I I I  for the  four para-  
mete rs  which  were ca lcu la t ed  f rom all  the  ava i l ab l e  d a t a  by  the  m e t h o d  of I ~ I A R Q U A R D T  6 

Fig  4 E a d i e  p lo t s  for the  t ryps in -  ((D) a nd  the  QA- t ryps ln -  (O) c a t a l y z e d  hydro lyses  of T A M E  
B r o k e n  l ines and  solid cur~es  were d rawn  m the  same w a y s  as those  m Fig  2 

B~mhlm B w p h y s  Hcta, 250 (I07 t) 372 ~80 
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2C • ~ • 
o ~o 

• • 

0 0 

0 | I I I ] 
5 4 3 2 I 

-log [S]o 

06 

05 

04 

03 

02 

Ol 

i i i i 
,o ~o ~o ,'o ~ ~ 

Fg Enzyme 

Fig  5 The  s u b s t r a t e - c o n c e n t r a t l o n  dependence  of  t he  ini t ial  velocit ies for the  t ryps in -  (O)  and  
the  QA- t ryps ln -  (O) ca ta lyzed  hyd ro l y se s  o f  B A E E  E x p e r i m e n t a l  condi t ions  were t he  same  as 
used  for t he  d e t e r m i n a t i o n  of  t h e  ac t i v i t y  t oward  T A M E  

Fig  6 A compar i son  of  t he  case inolyt lc  ac t iv i ty  be tween  t r yps in  (©) a n d  QA- t ryps ln  (O) a t  
37 ° in o I M p h o s p h a t e  buffer  (pH 7 6) T he  s u b s t r a t e  concen t r a t i on  ~ a s  o 5% (w/v) 

i tO0 

5o 

pH 3 3 - C o  2+ pH 8 2 -Co  2÷ 
i m i r 

o ~ ,b ,£ 2o 
Hours 

~ lOC 

J 
> ,  

o 
i 

,'o ,5 20 
H o u r s  

I 0 0  

~5o 

# 

pH 3 3 -I- Co 2+ 
! i i 

> 50 

pH 8 2+Ca 2+ 
i i i 

xm•.L...• 
~ Q o. 

o ~ ,b ,~ 20 o ~ ,b ,~ 20 
Hours Hours 

Fig 7 S t a b l h t y  of  t r y p s i n  and  i ts  de r iva t ives  The  loss of  e n z y m e  ac t iv i ty  du r ing  t he  i ncuba t i on  
of  o 05% solut ions  o f  t r y p s i n  a n d  i ts  de r iva t ives  in s o d i u m  verona l  (36 m M ) - s o d i u m  ace t a t e  (36 
mM)-HC1 buffer  con ta in ing  20 m M  CaC12 or not,  a t  25 °, was followed by  de t e rmin ing  t he  ac t l~ i tv  
of  a h q u o t s  t a k e n  a t  t i med  in t e rva l s  wi th  DL-BAPA as s u b s t r a t e  Q, t r y p s i n ,  × Q A - t r y p s l n ,  
~ ,  s u c c i n y l t r v p s m ,  Q,  Q A - s u c c l n y l t r y p s m  

Bzochzm Bzophys Acta, 25 ° (1971) 372-389 
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in Table  I I  Only  a s l ight  change of  a c t i v i t y  was de tec ted ,  however ,  in the  high sub- 
s t r a t e  concen t ra t ion  range  where  the  subs t r a t e  a c t i va t i on  was obse rved  The  c o m p u t e r  
ana lys is  carr ied  out  in the  same w a y  as for L -BAPA revea led  the  increase In QA- 
t ryps in  of  ks to I 5 t imes  of  t h a t  of  unmodi f ied  t ryps in  and  also the  decrease of  the  
ac t iva t ion  ra t io  as was the  case of  L -BAPA (Table III) Eadle  p lo ts  shown in F ig  4 
cover on ly  pa r t  of  the  subs t r a t e  concen t ra t ion  range  s tud ied  

On the  con t ra ry ,  no a p p a r e n t  change of  a c t i v i t y  was observed  in the  hydro lys i s  
of B A E E  (Fig 5), whose s t ruc tu re  differed f rom T A M E  in the  subs t l t uen t  on amino 
funct ion and  differed from B A P A  in t h a t  on ca rboxy l  funct ion The  effect of an a- 
amlno -p ro t ec tmg  group in syn the t i c  subs t ra tes  on t r y p s m - c a t a l v z e d  hydro lyses  has 
been discussed in some artlcleslS, 19 

Hydrolysis of case,n 
As shown m F ig  6, no difference in casemoly t lc  a c t i v i t y  was observed af ter  the  

chemical  modif ica t ion  

Stabd,ty of modified tryps,n 
Whi le  i t  is well  known t h a t  t ryps in  easi ly  undergoes  inac t iva t ion  due to  auto-  

04 

03 

02 

S 
~Oo 
Lr) 
"6 
8 

08 

I~) 20 30 

(a) Hydrolyzate of 

oo~ 

(b) Hydrolyzate of 
QA-Trypsin 

H3 A rg 

Na-Z-N ~- (qulr~ln 3 yl]c¢o lyslne 

Effluent (rnl) 

06 

<~ 

02 

i 

300 400 
Wavelength [nm) 
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30 

20 

"o_ 
x 

FI~ 8 Iden t i f i ca t ion  of Ne-QA-lyslne by  ion-exchange  c h r o m a t o g r a p h y  (a) Acid h v d r o l y z a t e  
of Na-Z-N*-QA-L-Iyslne (b) Acid h y d r o l y z a t e  of QA- t ryps ln  C h r o m a t o g r a m s  were ob t a ined  on 
a shor t  co lumn of A m b e r h t e  IR-I2O (o 9 cm × 8 cm) e lu ted  b y  the  s t a n d a r d  m e t h o d  of SPACK- 
MAN et al 12 A cont ro l  e x p e r i m e n t  showed t h a t  the  a m m o n i a  p e a k  was der ived  from the  d i lu t ion  
buffer 

Fag 9 Difference s p e c t r u m  of Q A - t r y p s m  versus unmodi f i ed  t r yps , n  In  the  sample  cuve t t e  of a 
Cary  14 s p e c t r o p h o t o m e t e r  the  so lu t ion  of  Q A - t r y p s m  in o i M N a O H  was  placed and  in  the  
reference cuve t t e ,  the  so lu t ion  of  t r y p s i n ,  the  reference so lu t ion  was d i lu t ed  g r a d u a l l y  w i t h  o i M 
N a O H  un t i l  t he  s p e c t r u m  gave  a good a g r e e m e n t  w i t h  t h a t  of  N*-QA-Na-Z-L- lys lne  The p ro te in  
concen t r a t i ons  of  the  so lu t ions  in the  c u v e t t e s  were  de t e rmined  t he rea f t e r  b y  the  m e t h o d  of 
LOWRY et al * 

B*och,m B*ophys Acta,  25 ° (1971) 372-380 
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lvsls at neutral pH, succinyl-trypsm was highly stable as previously reported 2° As 
Fig 7 shows, howexer, QA-trypsin was not stablhzed by the azo-eouphng and was 
also susceptible to the protective effect of Ca 2+ against autolysis At pH 3 3, only- a 
shght inactivation ~as observed with QA-trypsm 
Kznds and mtmbers of modified residues 

Amino acid analyses of 22-h acid hydrol 5 zates indicated that QA-trypsln lost 
about three lys?l residues upon the modification (Table IV) The content of tyrosyl, 
hIstld 31 and tryptophanyl residues, which are generally expected to be azo-coupled, 
remained unchanged The loss of the three lysyl residues was also observed with the 
I2-, 17- and 45-h acid hydrolyzates GUNDLACH et al 22 reported that azo-denvatlves 
oi amino acids did not regenerate their parent aimno acids on acid hydrolysis, and the 
findings allowed direct estimation of the number of azo-groups introduced onto a 
protein from the comparison of amino acid compositions This was confirmed An the 
present stud 5 by using the acid hydrolyzate of Na-Z-Ne-QA-lyslne as a model com- 
pound As shox~n in Fig 8a, no peak corresponding to lyslne was detected but a new 
peak appeared after the ammonia peak instead The same peak was observed as a 
shoulder lust ahead of the arglnme peak in a chromatogram of the hydrolyzate of 
QA-trypsIn (Fig 8b) The peak was also observed with the alkahne hydrolyzates of 
both QA-trypsln and Na-Z-Ne-QA-lyslne, and with the latter compound after the 
specific remox al of the benzyloxycarbonyl group with HBr in acetic acid Neither 
acid hydrolyzate of Ne-QA-ammo-n-caprolc acid* nor that of N-acetyl-QA-t~roslne 
gax e any' peak in the chromatograms co,, erIng the usual amino acids 

Fig 9 shows the difference spectrum of QA-trypsm versus unmodified tr3 psm 
in o I M NaOH The spectrum agreed well with that of Na-Z-N*-QA-lyslne and of 
N*-QA-amlno-ll-caproIc acid Calculation of the number of the azo-lysme residues in 
the QA-trypsln by using the molar absorptivity of the former compound at 322 nm 
(Table V) gave the value of 3 o, which was compatible with that obtained by amino 

1 &BLL \ 

S P E C T R A L  P R O P E R T I E S  OF AZO A M I N O  A C I D S  IN O I M N a O H  

W~axelengths ol m a x i m a l  a b s o r p t m n  (Zmax) and  mola r  ex t r ac t ion  coefficients (e) 

Dt*tvattv, ~max (rim) e (AI  - i  cm -1) 

1\' a-QA-l\ ~-Z-L-I'~ sine 308 3 ooo 
322 2 5oo 

,\ *-Q A-ammo-n-caprolc  acid* 308 2 600 
3 2 2  2 2 0 0  

Na-Acet51-QA-DL-tyroslne 335 1O ooo 
495 12 4oo 

N ~- ~ce ty l -QA-L-h lsnd lne  445 17 2oo** 

" Absorp t ion  spec t rum of N~-QA-ammo-n-capro lc  acid was iden t ica l  w i th  t h a t  of N*-QA- 
Na-Z-L- lvsme excep t  for the  ~alue  of the  mola r  ex t inc t ion  coefficient which  did no t  change  a t  al l  
a f te r  the  t r e a t m e n t  of acid hTydrolvms 

*" For  the  ca lcula t ion ,  lOO% pur l t}  and  comple te  reac t ion  of DQ were assumed  

* The RF va lue  in  t h in - l aye r  c h r o m a t o g r a p h y  of th i s  c o m p o u n d  on s lhca  gel w i th  the  sol- 
v e n t  ~ystem of c h l o r o f o r m - m e t h a n o l - a c e t m  acid (90 io  i, bv  vol ) did not  change  a t  al l  a f te r  
the  t r e a t m e n t  of acid h-vdrolvsls 

B,och~m B w p h v s  Acta, 250 (1971) 372-389 
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Fig IO Absorp t ion  spec t ra  o f  azo a m i n o  acids  in o i M N a O H  The  so lu t ion  of  Na -ace ty l -QA - 
h l s t ld lne  was  ob ta ined  by  t r e a t i ng  o 5 m M  DQ in io  m M  bora te  buffer  (pH 9 5) wi th  a 2o-fold 
mola r  excess  o f  N a - a c e t y l h l s t l d m e  for 3 5 h a t  4 ° to give the  m a x l m u n  absorp t ion ,  and  t he  so- 
lu t ion  was  su i t ab ly  d i lu ted  w i t h  o I M N a O H  for t he  s p e c t r u m  m e a s u r e m e n t  --  - - - - ,  N -ace ty l -  
m o n o - Q A - t y r o s m e ,  o 054 m M ,  - -  ---, Na -ace t y l -monoh l s t l dme ,  o o44 raM, - - - - ,  N*-mono-  
QA-Na-Z- lysme ,  o lO 5 m M  

acid analysis Hence, the enhancement of activity observed can be ascribed solely to 
the modification at three lysyl residues 

Succmyltrypsm was found to be acylated m 75% of its amino groups as deter- 
mined by the TNBS method, by comparing the color value at 34 ° nm with that of 
unmodified trypsin This suggests that  about I I  out of 14 e-amino groups of lysyl 
remdues m trypsin are succmylated, since the a-amino group of N-terminal lsoleucyl 
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Fig I I  Abso rp t ion  spec t r a  o f  Q A - s u c c m y l t r y p s m  a n d  t he  ~ -d l azonaph tha l ene -mod l f i ed  t r yps in  
in o i M N a O H  The  left  o rd ina te  is for Q A - s u c c m y l t r y p s m ,  and  the  r igh t  o rd ina te  for fi-dlazo- 
naph tha l ene -mod i f i e d  t r yps i n  The  pro te in  concen t r a t i on  of  the  l a t t e r  was  no t  de t e rmined  
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residue has been reported not to be reactive to an acylatlng reagent such as acetic 
anhydrlde2~,- 

The specific modification of the remalmng three lysyl residues in succlnyltrypsm 
could be performed by DQ under the same conditions as used in the direct azo- 
couphng reaction of native trypsin (Table IV, QA-succinyltrypsln), but was accom- 
panied by a slight loss of t} rosyl residues Spectrophotometrlc Investigation ~hou ed 
incorporation of o 55 mole of azoqumolyl groups to tyrosyl residues per mole of ~ucci- 
nyltrypsln (Fig I I )  The characteristic absorption bands near 31o nm due to QA- 
17 s} 1 residues were not obser~ ed with this trypsin derivative, hindered 1Lx the large 
absorption of azo-tyrosyl residues 

Table IV also gives the amino acid composition of a trypsin derlvatlx e prepared 
r 

by,the reaction with DQ under the same conditions except for the presen(e ot b mM 
offl-naphthamxdine, a powerful competitive inhibitor 24,25 The enzyme derivative had 
tile same enhanced activity tow ard oL-BAPA at a fixed substrate concentration (z c 
o 5 raM) 

Treatment  of trypsin with a 2o-foldmolarexcess of fl-dlazonaphthalene fluoro- 
borate, which had a close slmIlant~ to the molecular structure with DQ, under the 
same conditions as used for the preparation of QA-trvpsm, did not modify lysyl 
residues Amino acid analysis of the resulted trypsin derivative indicated that  azo- 
coupling occurred at about one tyrosyl residue In Vlg I I ,  the absorption spectrum 
of the derivative is shown I t  resembles tha t  of N-acetyl-QA-tyroslne The activity 
of this azo-derlvatlve toward DL-BAPA was slightly decreased (78% at the substrate 
concentration of o 5 mM) 

DISCUS%ION 

Aromatic dlazonlum compounds are known to couple readily with tyrosyl and 
hlstld} 1 residues of proteins, HORINISHI el al 26 described dmzonlum-iH-tet iazole a~ 
a useful reagent for the determmatlon of the reactivity of hlstldyl residues Thus, aro- 
matic dlazonlum compounds have been widely employed for the modification of 
enz)me proteins, to study the s t ructure-act ivi ty  relationstnp2-°, 0-7, and for specific 
labelhng of antibody active-sites 2s 

I t  is shown by the present experiments that  with a 2o-fold molar excess of 3- 
diazoquinohne azo-couphng occurred exclusively at three lysyl residues of trypsin, 
contrary to the expectation that  the couphng would occur preferentially at tyrosyl 
and/or hlstIdvl residues The finding that  after I I  of 14 l}syl residues has been 
succInvlated the remaining three lysyl residues were readily modified ~i th  DQ 
strongly suggests that  these two types of lysyl residues are distinguishable from each 
other by their susceptibihty to succinylatlon and DQ azo-couphng 

The possiblhty that  e-amino groups of proteins would react with dlazonium 
compounds in one to two stolchiometry yielding pentazdlene derivatives 29 has been 

" In  separate exper iments  (b I s m I  AND C YuI, unpubhshed) ,  the succlnylatlon of eleven 
ly~vl residues was confirmed by dml t rophenyla t lon  of the t ryps in  derivative m 5 M guanldme HC1 
at p H  8 followed by the quantl tat l~ e determinat ion of the regenerated ly~lne and e-DNP-lyslne 
in the acid h~drolyzate of the DNP-pro te in  with an amino acid analyzer The fact tha t  the N- 
terminal  lsoleucyl residue remained unacyla ted  m the same t ryps in  derlvatl~ e was also checked 
b¥ Stark 's  cyanate  method  The enzvmatm propert ies  of  the sUCclnylated t ryps in  will ~oon be 
described elsewhere f rom this labora tory  

Bwchzm B w p h y s  Acla 25o (I07 l) :;72-380 
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pointed out by  several authors s°-33 The results of the elemental analyses of the two 
model QA-ammo compounds prepared in the present study, however, agreed well 
with the trlazene (I,3-dlsubstltuted) derivatives 34 Molecular weight measurements 
by a vapor pressure osmometer  gave values of 44 ° and 288 for Na-Z-N*-QA-lyslne and 
N*-QA-amlno-n-caprolc acid respectively, also suggesting the existence of a single 
QA-group in both of the compounds This was confirmed with the latter compound by 
means of mass spectrometry (m/e 284) and NMR (one to one existence of qulnohne 
nucleus and caproyl moiety)* (M KANAZAWA, unpublished) I t  may  be worth noting 
that  the reactions of bovine insulin and hen egg white lysozyme with DQ resulted also 
in the preferential loss of some lysyl residues in both proteins (M KANAZAWA, u n -  

pubhshed), Implying an unusual property of this dlazonlum compound 
The enhancement of activity toward BAPA and TAME due to the DQ modifica- 

tion is now known to be explainable primarily in terms of keat, the rate constant of a 
rate-limiting step in the sequential process of trypsin catalysis I t  may  be emphasized 
that  the enhancement may  possibly occur in both of the malor two steps in the cata- 
lytic reaction because the rate-limiting step corresponds to the acylatlon for BAPA 
and to the deacylatlon for TAME I t  should be also pointed out that  activity enhance- 
ment by  modification was observed only In the substrates which showed the pro- 
nounced substrate activation No enhancement was detected in the activities toward 
BAEE and Na-benzoyl-L-arglnme ammde (by prehmlnary experiments), both of which 
had been reported not to exhibit the apparent  substrate-actlvatlon phenomenon 35,36 
There might be some common mechanism between the phenomena of the activity 
enhancement due to the DQ modification and the substrate activation TRENHOLM 
et al 37,38 have reported that  the acetylatlon of trypsin with N-acetyhmldazole induces 
the increased catalvtlc rate constant toward TAME only at high substrate concentra- 
tions where the substrate activation phenomenon is distinct This forms a striking 
contrast to the present findings which Indicated that  the actlvltv enhancement occurs 
mainly at the low concentrations of TAME and of BAPA as mdlcated by the smaller 
value of the activation ratio 

The chemical modifications of tyrosyl residues of several proteolytlc enzymes 
have been reported to intensify their activities toward synthetic substrates As to zinc 
metalloproteases, the enhanced activities of both acetylated and succmylated carboxy- 
peptldase A 39,4°, and also of both nitrated and lodmated neutral subtflopeptldase 
amvlosaccharttlcus are reported 4~ Acetylatlon of pepsin also caused enhancement ot 
its activity a2 Acetylatlon of trypsin is known to induce Its intensified activity toward 
DL-BAPA or TAME as summarized in the paper by  HOUSTON AND WALSH 43 These 
intensified activities are almost in every case ascribed to the modification of the reac- 
tive tyrosyl residues, as concluded from the facts that  the intensified activities are 
reversed to the original level by the t reatment  with hydroxylamme and from other 
chemical evidence This may  form another contrast to the present findlngb, which 
indicated that  the ac t lwty  enhancement is brought about by the exclusive azo- 
coupling at three lysyl residues 

I t  is known that  commercial trypsin preparations are mixtures of a-, /5- and 
other enzymatic species of different activities 44,45, and also contain inactive species 

" The molecu la r  formulae  of the  two  mono Q A - a m m o  compounds  ha~ e not  ye t  been es tab-  
hshed  The s t ruc tu r e  s t u d y  is no,~ m progress  a t  th i s  l a b o r a t o r y  

B*ochlm I4lophys Acta, 250 (t97 I) ~72-~80 
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For precise understanding of details further investigations using a fully-actlve trypsin 
preparation consisting of a single molecular species may be needed 
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