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SUMMARY

1 Treatment of bovine trypsin (EC 3 4 4 4) with a 2o-fold molar excess of 3-diazo-
quinoline fluoroborate at pH 8 yielded an azo-derivative which possessed intensified
activities toward N@-benzoylarginine p-nutroanihde (2 5 times) and methyl Neo-p-
toluenesulfonyl-L-arginmate (I 6 times) at low substrate concentrations, whereas no
apparent difference n the activity toward ethyl Ne-benzoyl-L-argininate was noted

2 Steady-state kinetic studies revealed that increases in catalytic rate constants
were primarily responsible for the intensified activities Substrate activation phenom-
ena on these methyl ester and nitroanilide substrates were still preserved after the
modification

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

4 Succiylation of the enzyme with a 700-fold molar excess of succinic anhy-
dride in half-saturated sodium acetate gave an active and stable enzyme denvative,
in which eleven residues of lysine were acylated The specific modification of the un-
acylated three lysyl residues in this succinyltrypsin was achieved by 3-diazoquinoline
under the same conditions as those for native enzyme The resulting azo-succinyl-
trypsin, devoid of any free s-amino groups, also had the intensified activity toward
Nea-benzoyl-DL-arginine p-nitroamhide

Abbreviations BAPA, N¢-benzoylargimme p-nitroanihde, TAME, methyl N¢-p-tolu-
enesulfonyl-L-arginmate, BAEE, ethyl N@-benzoyl-L-argiminate, DQ, 3-diazoquinohine fluoro-
borate, QA-, (quinolin-3-yljazo, TNBS sodium 2,4,6-trinitrobenzenesulfonate, Z-, benzyloxy-
carbonyl, Boc-, tert -butyloxycarbonyl, DNP-, 2,4-dimtrophenyl

* This work was presented 1n part before the 7th International Congress of Biochemistry,
Aug 1967, Tokyo

** Present address Shionogi Research Laboratory, Shionogi and Co , Ltd , Fukushima-ku,
Osaka Japan
*** Inquuries should be addressed to this faculty
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MODIFICATION OF TRYPSIN BY 3-DIAZOQUINOLINE 373
INTRODUCTION

In the course of the comparative study of chemical modification of chymotryp-
sin (EC 3 4 4 5) and trypsin (EC 3 4 4 4) with a series of aromatic diazomum com-
pounds, unusual effects of 3-diazoquinoline on the activities of both of these proteo-
lytic enzymes were observed! Regardless of the types of substrates employed, namely
with ethyl N-acetyl-L-tyrosinate or with N-benzovl-L-tyrosine p-nitroanihde, the en-
zyme activity decreased almost to the equallevel when chymotrypsin was treated with
a- or f-diazonaphthalene fluoroborate On the other hand, treatment of chymotrypsin
with 3-diazoquinoline fluoroborate (DQ) resulted 1n a sigmificant loss of 1ts activity
with N-benzoyl-L-tvrosine p-nitroanilide compared with a shght loss of 1ts activity
with ethyl N-acetyl-L-tyrosinate In addition, 1t has been found that trypsin treated
with DQ was 2 5 times as active as native trypsin with the specific mtroanilide sub-
strate, Ne-benzoyl-DL-argimine p-nitroanihide (DL-BAPA)

In the present study, chemical and kinetical investigations of this 3-chazo-
quinolme-modified trypsin were pursued

EXPERIMENTAL PROCEDURE

Materials

Bovine trypsin was purchased from Worthington Biochemical Corp Lot TRL
6261 DQ and f-diazonaphthalene were prepared from 3-aminoquinoline and from
B-naphthylamime, which were the products of Tokyo Kaser Industrnes, Ltd , Tokyo,
according to the procedure of RoE? The reagents were stored at 4° 1n their crystalline
state L-BAPA3, pL-BAPA, methyl Ne-p-toluenesulfonyl-L-argininate (TAME) and
ethyl Ne-benzoyl-L-argininate (BAEE) were products of the IFoundation for Promotion
of Protemn Research i the Institute for Protein Research, Osaka University L-BAPA
was further purified, a 1%, solution of L-BAPA was made in shghtly warmed water,
then the remaining insoluble matenals were removed by filtration and the clear
filirate was freeze-dried Casein (Hammarsten) was a product of E Merck and was
used after purification by the method of NorMaN? f-Naphthamidine was a gift from
Dr K Tanizawa N¢-Acetyl-L-histidine was purchased from Cyclo Chemical Corp and
N-acetyl-DL-tyrosine was a gift from Mr T Takami of Ajinomoto Co

Other chemicals were of reagent grade unless otherwise specified

Determanation of activity toward BAPA

The 1mtial steady-state rates of hydrolyses of DL-BAPA were assessed by
Method I1 of ERLANGER ¢t 4 5 with slight modifications The reaction conditions are
given 1n the legend of Table I For the hydrolysis of L-BAPA, increase mn absorbance
at 410 nm was traced continuously with a Hitachi 356 recording spectrophotometer
1 a manner similar to that of Method I by ERLANGER e¢f a/ ® The reaction conditions
are given 1n the legend of Fig 2

Deternanation of esterolytic activity

These assays were performed by potentiometric titration employmng a Radio-
meter Model TTT1C automatic titrator and a SBR2C titrigraph using 0 0z M, 0 05 M
or 0 I M NaOH as titrant, depending upon the experimental conditions For routie
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374 M KANAZAWA ¢f al

TABLE I

STEADY-STATE KINETIC PARAMETkRS ACCORDING TO THE ASSUMED MICHAELIS-MENTEN EQUA-
TION, FOR THE HYDROLYSES OF DL-BAD’PA CATALYZED BY TRYPSIN AND ITS DERIVATIVES AT 25
IN 50 mM Tris—-HCl suFFER (pH 8 2) conTAINING 20 mM CaCl, AND 1°, DIMETHYLSULFOXIDE

The 1nitial concentration ot pL-BAPA was from 0 49 to 1 96 mM For the calculations ot keat
values, the enzyme concentrations 1n molarity were obtained from the absorbance at 280 nm for
native trypsin and by the method ot LowRy ¢f al ® for other trypsin derivatives Normality t1-
trations were also performed independentlv (see EXPERIMENTAL PROCEDURE)

Ensym Ky (mM £ SLE ) hkege (sec £ SL)
Trypsmn* 134 + 015 100 + 006

152 L oo0b 0848 0023
QA-tryvpsin* 100 + 019 252 {022

116 + 013 218 4+ o016
Succnyltrypsin 0955 + 0080 157 fLoob
QA-succinyltrvpsin 0499 4 0055 207 + ooy

* Two separate experiments

assayvs 10 mM BAEE was employed as substrate in 10 mM Tris-HCI butfer (pH 8 o)
containing 0 1 M KCl and zo mM CaCl, at 25° In kinetic studies, where reaction
mixtures in large quantities were treated, nitrogen was passed over the surface of
the solutions to exclude CO,

Analysis of kinetic data

Calculations of all the kinetic parameters were performed on a FACOM 230-60
digital computer in the Hokkaido University Computing Center The program of
MARQUARDT’s® method, which was kindly offered by I B M, Japan, was used for the
analyses of substrate activation phenomena after modifications by Mr H Nakata
of this laboratory to the form applicable to the FACOM 230-60

Determanation of casernolytic activity
The method of Kunitz? was used The reaction conditions are given in the
legend of Fig 6

Estimation of enayme concentration

For native trypsin, concentration in molarity was obtained from the absorbance
at 280 nm usmg an optical factor of 0 65 mg ml-! A-1, and a molecular weight of
23 800 (ref 8) and was verified by amino acid analysis For other trypsin derivatives,
molar concentrations were obtained by the method of LowRY ¢t al ® using a standard
curve made with native trypsin and were also verified by amino acid analyses Solu-
tions of trypsin and (quinohn-3-yljazo (QA-)trypsin were made up in 1 mM HC],
kept at 4° and used within a week Succmyltrypsin and QA-succinyltrypsin solutions
were made up 1n appropriate buffers The operational normality of a solution of
trypsin and of QA-trypsin was, respectively, 52%, and 549, of the molarity based on
weight, when determined by active-site titration using p-nitrophenyl Na-Z-1-lvsinate
which was synthesized according to BENDER ¢f al 10

Preparation of QA-trypsin
A 40 uM solution of commercial bovine trypsin i 50 mM Tris—HCI buffer (pH
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MODIFICATION OF TRYPSIN BY 3-DIAZOQUINOLINE 375

8 2) containing 20 mM CaCl, was placed mn an 1ce bath A 20-fold molar excess of DQ
in cold methanol was added with gentle stirring (final methanol concentration was
29%,) After standing for 30 min at 4° the reaction was terminated by lowering the pH
to about 2 with 3 M HCl The precipitation formed during the reaction was dissolved
on acidification The solution was freed from excess reagent and by-products by gel-
filtration through a column of Sephadex G-25 with 10 mM HCI containing 0 5 M KCl
aseluant at 4° The protein fractions were pooled, dialyzed exhaustively against 1 mM
HCI at 4° and freeze-dried

Preparation of succinvitrypsin

A 5%, solution of trypsin in half-saturated sodium acetate contaiming 2o mM
CaCl, was placed m an 1ce bath A 700-fold molar excess of pulverized succinic anhy-
dride was added portion-wise After stirring for 1 5h at 4° the solution was filtered,
dialyzed against distilled water at 4° and freeze-dried

Preparation of QA-succinyltrypsin

The procedure was the same as that for QA-trypsin except for the following
modifications which were necessary because of the low solubility of the succinylated
trypsin 1n acidic media the reaction was terminated by adding sodium azide 1n a
100-fold molar excess over DQ and the gel filtration was carnied out with 50 mM
Tris—HCI buffer (pH 8 g) as eluant, followed by dialysis against distilled water at 4°

Estimation of free amno groups

The number of free amino groups remaining after succinylation was determined
by the reaction of the modified protem with sodium 2,4,6-trinitrobenzene sulfonate
(TNBS)! To 1 ml of protemn solution in 0 1 M borate~HCI buffer (pH 8 8) was added
1 m!l of 49, NaHCO, containing 15%, Brij 35 After standing for 10 min at 24°, the
solution was mixed with 1 ml ot 0 19, TNBS This mixture was allowed to react at .40°
for T hn the dark, then 1 ml of 1 M HCl was added The absorbance of the resulting
solution at 340 nm was read against a blank prepared by treating 1 ml of the above-
mentioned buffer instead of the protein solution by the same procedure Brij 35 was
added as an effective denaturant to insure the complete trimtrophenylation of proten,
to minimize 1ts autolysis during the reaction and to prevent its precipitation on
acidification

Amno acrd analysis

This was performed on a Beckman Spinco Model MS or on a Hitach1 KLA-3B
automatic amino acid analyzer according to the procedure of SPACKMAN ef af '2
Protein samples were hydrolyzed with redistilled, constant boiling HCI 1n evacuated
sealed tubes at 110°for 22 h Tryptophan content was determined with alkaline
hydrolyzates obtained with 4 M Ba(OH), at 110° for 19 h

Analysis of synthesized azo-compound

The elemental analyses were performed at the Shionogi Research Laboratory
and also at this department The molecular weight measurements by a Mechrolab Inc
Model 301A vapor pressure osmometer with 959, methanol as solvent were performed
at the above-mentioned laboratory
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Synthesis of azo-amino acid

Ne-(Quanolin-3-yl)azo-n-caproic acid DQ (486 mg, 2 mmoles) 1n 6 ml of cold
methanol was added slowly over a period of 30 min to a solution cooled at 0° of &-
amino-u-caproicacid (117 mg, 1 mmole) in 15 ml of 20 mM carbonate-bicarbonate buffer
(pH 1035) The mixture was stirred at 4° for 1 h The pH of the medium was kept
between 10 5 and 11 2 throughout the reaction with 1 M NaOH Then the pH was
adjusted to about 2 with HC1 The acidified mixture was extracted with five 20-ml
portions of ethyl acetate and the combined organic phases were washed with 2o ml of
H,0, concentrated to small volume, and extracted with 2 20-ml portions of 59,
Na,CO; The aqueous phases were acidified to pH 2 with HCl and re-extracted with
three 20-ml portions of ethyl acetate The organic layers were dried over Na,SO, and
evaporated to dryness, yield g7 mg (34%4) The brownish residue was dissolved 1n hot
methanol, treated with charcoal and crystallized The compound had m p 170-190°
{decomp ) (Found C, 6299, H, 6 15, N, 19 86%,, mol wt, 288 C,;H,;,0O,N, requires
C, 6293, H, 630, N, 19 58%,, mol wt, 286 14)

Ne-(Quinolin-3-yl)azo-No-Z-1L-lysine This compound was prepared trom N¢-Z-
L-lysine, which had been obtamed by treating N¢-2-Ne-Boc-L-lysine!® with excess
anhydrous HCl 1n dry ethyl acetate at room temperature for 60 min, by the same
procedure as described above The compound had m p 8o-90° (decomp ) (Found -
C, 6316, H, 520, N, 15 g6°%, mol wt, 440 C,;H,,O,N; requires C, 63 45, H, 5 75,
N, 16 09%,, mol wt, 435 49)

% N-Acetyl-(quinolin-3-yl Jazo-DL-tyrosine DQ (243 mg, T mmole) 1n 3 ml of cold
methanol was added slowly over a period of 30 min to a solution cooled at 0° of
N-acetyl-DL-tyrosine (223 mg, T mmole) in 12 ml of 10 mM borate buffer (pH g 0) The
muixture was stirred at 4° for 1 h The pH of the medium was kept between g o and g 2
with 1 M NaOH throughout the reaction Then the pH was adjusted to about 2 with
HCl1 The resulting precipitate was collected by filtration and washed with cold water
The yellow compound was dissolved in water by raisig the pH to g and precipitated
by acidification, yield 105 mg (289;) After crystallization from ethanol the compound
had m p 280-290° (decomp ) (Found C, 6295, H, 482, N, 1457% C,,HssO,N;
requires C, 63 49, H, 4 76, N, 14 819, )

RESULTS

Reaction conditions

The reaction conditions for the azo-coupling of trypsin were selected to obtain
a preparation which possessed the most enhanced activity toward pL-BAPA The pH
dependence of the enhancement 1s shown 1n Fig 1 As generally expected 1n azo-
coupling, the reaction proceeded more rapidly 1n an alkaline medium than in an acidic
medium Although the enhancement reached a maximum after a 30-min reaction
with a 2o-fold molar excess of DQ at pH 8 9, the esterolytic activity was decreased to
37°, by a 30-min reaction with a 40-fold molar excess of DQ at pH 8 9 The reaction
at pH 8 2, however, resulted 1n no significant loss of the esterolytic activity, main-
taining the activity toward pL-BAPA at a high level Therefore the conditions de-
scribed 1n 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 1n an enzyme concentration range between 20 and 40 uM

Brochim Biophys Acta, 250 (1971) 372—389



MODIFICATION OF TRYPSIN BY 3-DIAZOQUINOLINE 377

250

200

o
o)

% Relative activity

100

50+ b

Moles  DQ added per mole trypsin

Fig 1 Effect of DQ on the activity of trypsin Enzyme, 20 uM 1 50 mM Tris—HCl buffer, (pH
7 3, 8 2 or 8 g) containing 20 mM CaCl,, or 50 mM phosphate buffer (pH 6 3), was allowed to react
with DQ dissolved i methanol (final 2%, by vol) at 4° for 10 min Suitably diluted aliquots
were assayed with pL-BAPA, o 49 mM (solid lines) and with BAEE, 10 mM (broken lines) The
activity 1s given relative to a control that contained no DQ

Hydrolysis of p-mibroambhide

Since the BAPA preparation used hitherto i1s a racemate and contains the p-
1somer which behaves as a competitive inhibitor®, the kinetics for the hydrolysis of
the substrate cannot be analyzed simply by the Michaelis-Menten equation For
comparison, however, the equation was assumed to be applicable to the hydrolysis
of the racemate, and the steady-state kinetic parameters &eat and K, were calculated
from the mmitial rate data by means of the statistical method of WiLkinsoN The
results are hsted in Table I The difference in the catalytic rate constant is marked
The overall catalytic rate constant of QA-trypsin and of succinylated trypsin was
about twice that of unmodified trypsin The changes of K, were insufficient to explain
the intensified activities, except for that of QA-succinyltrypsin The apparent pH
optimum of QA-trypsin-catalyzed hydrolysis of the substrate was identical with that
of unmodified trypsin (1 ¢ pH 8 2)

In order to examine the effect of the p-1somer on the enhancement of activity,
as well as to examine whether the substrate activation phenomenon recently reported
by NAKATA AND IsHII!® with this substrate 1s still preserved after the modification or
not, the kinetics of trypsin- and of QA-trypsin-catalyzed reactions were investigated
by using the L-BAPA preparation over a wide range of substrate concentration As
represented 1n Fig 2 in the form of an EADIE!® plot, the enhancement of activity mn
the modified trypsin was observed again with this optically homogeneous substrate
It was further noticed that the plots did not afford straight lines, indicating that the
enzymatic processes catalyzed by both trypsin and QA-trypsin deviated from the
simple Michaelis—Menten equation 1n the substrate concentration range higher than
1 mM With the initial rate data obtained in the lower substrate concentration range,
the values of keat and Ky, shown 1n Table 1T were calculated as described above The
increase 1n QA-trypsin of &cai, the overall catalytic rate constant, 1s marked

1t 1s st1ll ambiguous!® whether the mechanism of the substrate activation, indi-
cated by the deviation at high substrate concentration, 1s the same as that assumed
for the similar phenomenon observed 1n the trypsin-catalyzed hydrolysis of TAME
expressed by Eqn 1 according to TROWBRIDGE ¢f al 17 However, the propriety of the
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Ing 2 Eadie plots for the trypsin- () and QA-trypsin- (@) catalyzed hydrolyses of L-BAPA

at 25° 1n 50 mM Tris—HCI buffer, (pH 8 2) containing 20 mM CaCl, and 19, dimethylformamide
(spectro grade, Nakarai Chemicals) The initial substrate concentration was from o 246 to 9 84
mM The broken straight lines were drawn according to the simple Michaeclis-Menten equation
with the values indicated in Table II for K, and &cat which were calculated from the data at the
substrate concentrations lower than 1 mM by the weighted and non-linear regression method of
WiILkINsoN', and the solid curves according to Eqn 1 with the values in Table III for the four

parameters which were calculated from the all available data by the method of MARQUARDT®

equation to the experimental data shown i I'ig 2 was examined by computer
analysis®4% By the method of MARQUARDT for the least-squares estimation of
v RIS]IR, + ke SIPHRS

[El, 1+ [S)/h, -+ [S]A K, (Ean 1)

 kus[ES] + ksp[SE]

I ks = , Ry = A
wilere [ES] + [SE] 1 SES
v — [E] [S] o (IES] + 1SE)) (5]
C[ES]H[SE] T T [SES]

non-hnear parameters, the values of the four parameters 1n Iiqn 1 were directly
obtained as summarized in Table II1 By using these values, kgs was also cal-
culated (ksr was assumed to be zero) Among the estimated values, increases n
QA-trypsin of ks and kg, namely 3 ¢ times and 2 o times respectively of that of native
trypsin, are matked But the ratio in QA-trypsin of 2sgs to kgs, which may be called
the activation ratio, 1s smaller than that of native trypsin The smaller activation
ratio may 1mply that the product-formation process from the activated ternary
complex SES 1s not as accelerated by the chemical modification as that from the usual
binaryv complex ES

Hydrolysis of ester
The substrate-activation study with the methyl ester substrate TAME was also

Biochim Biophys Actu, 250 (1971) 372-389



MODIFICATION OF TRYPSIN BY 3-DIAZOQUINOLINE 379

TABLE 11
STEADY-STATE KINETIC PARAMETERS, ACCORDING TO THE MICHAELIS-MENTEN EQUATION, IOR
THE TRYPSIN- AND THE QA-TRYPSIN-CATALYZED HYDROLYSES OF L-BAPA anp TAMIE

For the experimental conditions, sec the legends ot Figs 2 and 3

Substrate  Enzynu Ry (mM 4 SE) keat (sec™r 4+ S )
L-BAPA  Irypsin 0823 + 0083 135 4+ 007
QA-trypsin - 0 719 & 0039 373 L or1r
Enzyme K app ) (M ¥ 10%  keqr (sec™ + SL)
+SE)
TAME Trypsin 887 4129 712 + 48
QA-trypsin 899 4 178 107 + 10

carried out 1n connection with the study of the difference 1n the rate determining step
of the enzymatic process Fig 3 shows the dependence of the imitial velocities of
trypsin- and QA-trypsim-catalyzed hydrolyses 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 (¢ g 1 6 times at 1 mM), which was explained 1n terms of keat as shown

400t - ak
2
-]
ul
i \
300} 1 300”}
2 !
it
& 200p
—
Ly
>
100}
L)
T SN
ob=f L 4 L 5 ! o 20 o %0 80

-log [Sko V/([So[Elo)(sec™ M 'xI0 3}

Fig 3 The substrate-concentration dependence of the mnitial velocities for the trypsin- (O) and
the QA-trypsin- (@) catalyzed hydrolyses of TAME at 25° 1n 40 mM KCl (pH 8 o) containing 10
mM CaCl, The initial substrate concentration was from 1o uM to o 1 M The broken curves were
drawn according to the simple Michaelis—Menten equation with the values indicated in Table T1
for Kmapp ) and kegt which were calculated from the data at the substrate concentrations lower
than 1 mM, and the solid curves according to Eqn 1 with the values in Table ITI for the four para-
meters which were calculated from all the available data by the method of MARQUARDT®

Fig 4 Eadze plots for the trypsin- (Q) and the QA-trypsin- (@) catalyzed hydrolyses of TAME
Broken lines and solid curves were drawn in the same ways as those in Fig 2
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Fig 5 The substrate-concentration dependence of the tnitial velocities for the trypsin- (Q) and
the QA-trypsin- (@) catalyzed hydrolyses of BAEE Experimental conditions were the same as
used for the determination of the activity toward TAME

Fig 6 A comparison of the casemolytic activity between trypsin (O) and QA-trypsin (@) at
37° 1n o 1 M phosphate buffer (pH 7 6) The substrate concentration was o 5%, (w/v)
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(o} 5 10 15 20 0] 5 10 15 20
Hours Hours

Fig 7 Stability of trypsin and its derivatives The loss of enzyme activity during the incubation
of 0 059, solutions of trypsin and 1ts derivatives 1n sodium veronal (36 mM)-sodium acetate (36
mM)-HCl buffer contaiming zo mM CaCl, or not, at 25°, was followed by determining the activity
of aliquots taken at timed intervals with pL-BAPA as substrate @, trypsin, X QA-trypsin,
A\, succinyltrypsin, O, QA-succinyltrypsin
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MODIFICATION OF TRYPSIN BY 3-DIAZOQUINOLINE 383

in Table II Only a shght change of activity was detected, however, 1n the high sub-
strate concentration range where the substrate activation was observed The computer
analysis carried out in the same way as for L-BAPA revealed the increase in QA-
trypsin of &5 to 1 5 times of that of unmodified trypsin and also the decrease of the
activation ratio as was the case of L-BAPA (Table II11) Eadie plots shown in Fig 4
cover only part of the substrate concentration range studied

On the contrary, no apparent change of activity was observed in the hydrolysis
of BAEE (Fig 5), whose structure differed from TAME 1n the substituent on amino
function and differed from BAPA 1n that on carboxyl function The effect of an a-
amino-protecting group 1n synthetic substrates on trypsin-catalyzed hvdrolyses has
been discussed 1n some articles!®:1®

Hydrolysis of casewn
As shown 1n Fig 6, no difference 1n caseinolytic activity was observed after the
chemical modification

Stability of modufied trypsin
While 1t 1s well known that trypsin easily undergoes inactivation due to auto-
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Fig 8 Identification of Ne-QA-lysine by ion-exchange chromatography (a) Acid hydrolyzate
of Ne-Z-N&-QA-L-lysine (b) Acid hydrolyzate of QA-trypsin Chromatograms were obtained on
a short column of Amberlite IR-120 (0 9 cm X 8 cm) eluted by the standard method of Spack-
MAN et al 1* A control experiment showed that the ammomnia peak was derived from the dilution
buffer

Fig 9 Difference spectrum of QA-trypsin versus unmodified trypsin In the sample cuvette of a
Cary 14 spectrophotometer the solution of QA-trypsin in o 1 M NaOH was placed and 1n the
reference cuvette, the solution of trypsin, the reference solution was diluted gradually with o 1 M
NaOH until the spectrum gave a good agreement with that of N&-QA-N@-Z-L-lysine The protein
concentrations of the solutions in the cuvettes were determined thereafter by the method of
Lowry et al ®
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lvsis at neutral pH, succinyl-trypsin was highly stable as previously reported? As
Fig 7 shows, however, QA-trypsin was not stabilized by the azo-coupling and was
also susceptible to the protective effect of Ca?+ agamst autolysis At pH 3 3, only a
shight inactivation was observed with QA-trypsin
Kands and numbers of modified vesidues

Amino acid analyses of 22-h acid hydroly zates indicated that QA-trypsin lost
about three lysvl residues upon the modification (Table 1V) The content of tyrosyl,
histids 1 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
12-, 17- and 45-h acid hydrolyzates GUNDLACH et al 22 reported that azo-derivatives
ot amino acids did not regenerate their parent amino acids on acid hydrolysis, and the
findings allowed direct estimation of the number of azo-groups introduced onto a
proten from the comparison of amino acid compositions This was confirmed 1n the
present study by using the acid hydrolyzate of Ne-Z-Ne-QA-lysine as a model com-
pound As shown in Iig 8a, no peak corresponding to lysine was detected but a new
peak appeared after the ammonia peak instead The same peak was observed as a
shoulder just ahead of the arginine peak 1n a chromatogram of the hydrolyvzate of
QA-trypsin (Fig 8b) The peak was also observed with the alkaline hydrolyzates of
both QA-trypsin and Ne-Z-Né&-QA-lysine, and with the latter compound after the
specific removal of the benzyloxycarbonyl group with HBr 1n acetic acid Neither
acid hydrolyzate of Ne-QA-amino-n-caproic acid” nor that of N-acetyl-QA-tyrosine
gave any peak 1n the chromatograms covering the usual amimo acids

I1g ¢ shows the difference spectrum of QA-trvpsin versus unmodified trypsin
m o1 M NaOH The spectrum agreed well with that of Ne-Z-Ne-QA-lysine and of
Ne-QA-amino-n-caproic acid Calculation of the number of the azo-lysine residues i
the QA-trypsin by using the molar absorptivity of the former compound at 322 nm
(Table V) gave the value of 3 0, whuich was compatible with that obtained by amino

TABLL M

SPECTRAL PROPERTIES OF AZO AMINO ACIDS IN 0 I M NaOH

Wanvelengths ot maximal absorption (Amaz) and molar extinction coefficients (¢)

Deywvative Amaz (win)  g(M1 cm1)
NO-QA-Ne-Z-L-lysine 308 3 000

322 2 500
N eQA-amino-n-caproic actd” 308 2 600

322 2 200
Na-Acetyl-QA-DL-tyrosine 335 16 000

195 12 400
Na-Acetyl-QA-L-histidine 445 17 200**

* Absorption spectrum of Né-QA-amino-z-caproic acid was 1dentical with that of Ne-QA-
Na-Z-L-lysine except for the value of the molar extinction coefficient which did not change at all
after the treatment of acid hydrolvsis

** For the calculation, 100%; purity and complete reaction of DQ were assumed

* The Rp value 1n thin-layer chromatography of this compound on silica gel with the sol-
vent system of chloroform—methanol-acetic acid (go 10 1, bv vol ) did not change at all after
the treatment of acid hydrolysis
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Fig 10 Absorption spectra of azo amino acids 1n o 1 M NaOH The solution of N@-acetyl-QA-
histidine was obtained by treating o 5 mM DQ 1in 10 mM borate buffer (pH ¢ 5) with a 20-fold
molar excess of N2-acetylhistidine for 3 5 h at 4° to give the maximun absorption, and the so-
lution was suitably diluted with o 1 M NaOH for the spectrum measurement — — —, N-acetyl-
mono-QA-tyrosme, o o054 mM, — —, N¢@acetyl-monohistidine, o 044 mM, ———, Né-mono-
QA-Na-Z-lysine, o t05 mM

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

Succmyltrypsin was found to be acylated 1n 759%, of 1ts amino groups as deter-
mined by the TNBS method, by comparing the color value at 340 nm with that of
unmodified trypsin This suggests that about 1T out of 14 ¢-amino groups of lysyl
residues 1n trypsin are succinylated, since the a-amino group of N-terminal 1soleucyl

4
<406
31\ 1
\ H04
L \ T
QQ 2 \\ 1
‘; \ A-Diazonaphthalene-modified trypsin

Wavelength (nm)

Fig 11 Absorption spectra of QA-succinyltrypsin and the §-diazonaphthalene-modified trypsin
m o1 M NaOH The left ordinate 1s for QA-succinyltrypsin, and the rnight ordinate for f-diazo-
naphthalene-modified trypsin The protein concentration of the latter was not determined
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residue has been reported not to be reactive to an acylating reagent such as acetic
anhydnde?.”

The specific modification of the remaining three lysyl residues in succinyltrypsin
could be performed by DQ under the same conditions as used in the direct azo-
coupling reaction of native trypsin (Table IV, QA-succinyltrypsin), but was accom-
panied by a shght loss of tyrosyl residues Spectrophotometric investigation showed
mcorporation of o 55 mole of azoquinolyl groups to tyrosyl residues per mole of succi-
nyltrypsin (F1ig 11) The characteristic absorption bands near 310 nm due to QA-
ly syl residues were not observed with this trypsin derivative, hindered by the large
absorption of azo-tyrosyl residues

Table IV also gives the amino acid composition of a trypsin derivative prepared
by;the reaction with DQ under the same conditions except for the presence ot 6 mM
of f-naphthamidine, a powerful competitive inhibitor®+2% The enzyme derivative had
the same enhanced activity toward DL-BAPA at a fixed substrate concentration (i ¢
0 5 mM)

Treatment of trypsin with a zo-fold molarexcess of ff-diazonaphthalene fluoro-
borate, which had a close similarity to the molecular structure with DQ, under the
same conditions as used for the preparation of QA-trypsin, did not modify lysyl
residues Amino acid analysis of the resulted trypsin derivative indicated that azo-
coupling occurred at about one tyrosyl residue In Fig 11, the absorption spectrum
of the dertvative 1s shown It resembles that of NV-acetyl-QA-tvrosine The activity
of this azo-derivative toward DL-BAPA was shightly decreased (789, at the substrate
concentration of o 5 mM)

DISCUSSION

Aromatic diazonium compounds are known to couple readily with tyrosyl and
histidy1 residues of proteins, HORINISHI ¢f al *® described diazonium-1H-tetiazole as
a useful reagent for the determination of the reactivity of histidyl residues Thus, aro-
matic diazonum compounds have been widely employed for the modification of
enzyme proteins, to study the structure-activity relationship?*2?, and for specific
labelling of antibody active-sites?8

It 15 shown by the present experiments that with a 20-fold molar excess of 3-
diazoquinoline azo-coupling occurred exclusively at three lysyl residues of trypsin,
contrary to the expectation that the coupling would occur preferentially at tyrosyl
and/or histidyl residues The finding that after 11 of 14 lysyl residues has been
succinylated the remaimning three lysyl residues were readily modified with DQ
strongly suggests that these two types of lysyl residues are distinguishable from each
other by their susceptibility to succinylation and DQ azo-coupling

The possibility that e-amino groups of protemns would react with diazonium
compounds 1n one to two stoichiometry yielding pentazdiene derivatives? has been

* In separate experiments (5 Isuil aND C Yur, unpublished), the succinylation of eleven
lysyl residues was confirmed by dinmitrophenylation of the trypsin derivative in 5 M guamidine HC1
at pH 8 followed by the quantitative determination of the regenerated lysine and ¢-DNP-lysine
in the acid hydrolyzate of the DNP-protein with an amino acid analyzer The fact that the N-
terminal 1soleucyl residue remained unacylated in the same trypsin derivatne was also checked
by Stark’s cyanate method The enzymatic properties of the succinylated trypsin will soon be
described elsewhere from this laboratory
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pointed out by several authors®-32 The results of the elemental analyses of the two
model QA-ammo compounds prepared in the present study, however, agreed well
with the triazene (1,3-disubstituted) derivatives* Molecular weight measurements
by a vapor pressure osmometer gave values of 440 and 288 for Na-Z-N¢-QA-lysine and
Ne&-QA-amino-n-caproic acid respectively, also suggesting the existence of a single
QA-group 1n 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 quinoline
nucleus and caproyl molety)” (M Kanazawa, unpublished) It 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 1in both proteins (M KaNAzAwaA, un-
published), implying an unusual property of this diazomum compound

The enhancement of activity toward BAPA and TAME due to the DQ modifica-
tion 1s now known to be explainable primarily in terms of k¢4, the rate constant of a
rate-limiting step 1n the sequential process of trypsin catalysis It may be emphasized
that the enhancement may possibly occur in both of the major two steps in the cata-
lytic reaction because the rate-limiting step corresponds to the acylation for BAPA
and to the deacylation for TAME It 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 1n the activities toward
BAEE and N¢-benzoyl-L-arginine amide (by preliminary experiments), both of which
had been reported not to exhibit the apparent substrate-activation phenomenon3®.3¢
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 3938 have reported that the acetylation of trypsin with N-acetylhimidazole induces
the increased catalytic rate constant toward TAME only at high substrate concentra-
tions where the substrate activation phenomenon 1s distinct This forms a striking
contrast to the present findings which indicated that the activity enhancement occurs
mainly at the low concentrations of TAME and of BAPA as indicated by the smaller
value of the activation ratio

The chemical modifications of tyrosyl residues of several proteolytic enzymes
have been reported tointensify their activities toward synthetic substrates As to zinc
metalloproteases, the enhanced activities of both acetylated and succinylated carboxy-
peptidase A3%%0 and also of both nitrated and 1odinated neutral subtilopeptidase
amylosacchariticus are reported!! Acetylation of pepsin also caused enhancement ot
1ts activity?? Acetylation of trypsin 1s known to induce its intensified activity toward
DL-BAPA or TAME as summarized 1n the paper by HousToN AND WaLsH#3 These
intensified activities are almost 1n every case ascribed to the modification of the reac-
tive tyrosvl residues, as concluded from the facts that the intensified activities are
reversed to the original level by the treatment with hydroxylamine and from other
chemical evidence This may form another contrast to the present findings, which
indicated that the activity enhancement is brought about by the exclusive azo-
coupling at three lysyl residues

It 1s known that commercial trypsin preparations are mixtures of a-, f- and
other enzymatic species of different activities?®*5, and also contain mactive species

* The molecular formulae of the two mono QA-amino compounds have not yet been estab-
lished The structure study 1s now 1n progress at this laboratory
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For precise understanding of details further investigations using a fully-active trypsin
preparation consisting of a single molecular species may be needed
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