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BBA 63228 

Inhibition of the trypsin-catalyzed activation of chymotrypsinogen by N-acetyl- 
L-3,5-dibromotyrosine 

Chymotrypsinogen readily forms a stoichiometric equilibrium complex with 
reversible chymotrypsin (EC 3.4-4.5) inhibitorsl-4. The great similarity of all the 
binding characteristics suggested that  the binding sites are identical in chymo- 
trypsinogen and chymotrypsinl,  4. Thus, at least part  of the active center of chymo- 
trypsin is preformed in the zymogen molecule. In the trypsin (EC 3.4.4.4)-catalyzed 
activation of chymotrypsinogen an N-terminal isoleueine is formed which has been 
shown to control through its ionization the activity of chymotrypsin 5. The localization 
of this isoleucine residue with respect to the binding site of chymotrypsinogen and 
hence the active center of chymotrypsin, is of primary importance in the elucidation 
of the mechanism of the control process. Studying the activation of the zymogen in 
the presence of inhibitors combining with its binding site is one possible tool for the 
determination of the relative position of the catalytically important  isoleucine residue. 
I f  the latter is in close proximity to the binding site then the binding of an inhibitor 
to this site certainly would inhibit the activation of the zymogen. If, on the contrary, 
the isoleucine is widely separated from the binding site, then the binding of an in- 
hibitor to the zymogen would only have a small secondary effect on its activation. 

In order to decide between these two possibilities, we determined the influence 
of N-acetyl-L-3,5-dibromotyrosine on the trypsin-catalyzed activation of chymo- 
trypsinogen. This particular inhibitor was chosen for the reason that  its binding 
characteristics to the zymogen are accurately known 1. The dissociation constant of 
the inhibitor-zymogen complex, as measured by equilibrium dialysis at pH 5 has a 
value of 0.83" IO -z M at 5 ° and 0.985 • IO -z M at 20 °. 

I f  the activation process would occur at close proximity to the binding site and 
the zymogen-inhibitor complex would be totally unable to react with trypsin, then 
the activation reaction should be described by  the following kinetic scheme: 

+ I Ks kcat 
CMg'[  ~ Chtg + Try ~-  Try 'Chtg >Try + Cht 

K,  

where Chtg, I, Try and Cht designate chymotrypsinogen, N-acetyl-L-3,5-dibromotyro- 
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sine, trypsin and chymotrypsin, respectively. Then with [Try] <<[Chtg] and [Try] <<[I] 
the rate equation is 

d Chtg koa~ Tryo Chtg 

dt -- Chtg + K.(± + [I]/K~) 

Since the reaction is first order to at least 9o% of completion even at Chtg = I-  1 o - 3 M ,  

Ks must be much greater than Chtg(ref. 6). Then the experimental first order rate con- 

kcat Tryo keat Tryo 
stant is ke,~ and in the absence of the inhibitor kexpo - - -  

Ks(x + [I]/K~) Ks 

I 
Then //, (Equation I ) .  

kexpo/kexp -- I: 

We measured the rate of the trypsin-catalyzed activation of chymotrypsinogen in 
presence of various amounts of N-acetyl-L-3,5-dibromotyrosine by determining the 
amount of chymotrypsin formed at various time intervals in the reaction mixture. 
The rate assays were carried out spectrophotometrically at 3o0 m/, and pH 7, at 25 °, 
using methyl N-acetyl-L-tryptophanate as substrate, after dilution of the reaction 
mixture 7. From the data first order rate constants have been calculated which are 
reported in Table I together with the values of K, calculated on the basis of Equation 
I. The inhibitor constant determined in this manner is independent within experi- 
mental error of the inhibitor concentration, indicating that the data are at least 
compatible with Equation i. 

T A B L E  I 

T H E  T R Y P S I N - C A T A L Y Z E D  A C T I V A T I O N  OF C H Y M O T R Y P S I N O G E N  (Chtg) IN  P R E S E N C E  OF N - A C E T Y L -  

L - 3 , 5 - D I B R O M O T Y R O S I N E  ( I )  

The zymogen  was a c t i v a t e d  a t  25 °, p H  5 (0.2 M acet ic  a c i d - s o d i u m  ace t a t e  buffer w i th  KC1), 
ionic s t r e n g t h  o.187 M; using W o r t h i n g t o n  twice crysta l l ized,  lyophi l ized bovine  t ryps in ,  Lo t  
TRL6263 and  W o r t h i n g t o n  c h r o m a t o g r a p h i c a l l y  homogenous  bovine  chymot ryps inogen ,  Lo t  
CGC763A, Tryo = 1. 3 • lO -5 M; Chtg -- 8.  lO -5 M. p-Nitrophenyl-Na-benzyloxycarbonyl-L-lysinate 
was hydro lyzed  under  iden t ica l  condi t ions,  w i t h  [Tryo] -- 1.9'  lO -7 M; [So] = 8.6. lO -5 IV[ and  
1.6 % acetoni t r i le .  

[ I ] .  zo* k**~, • zo 5 kexm/[Tryo] K , .  zo 2 (keadKm) • zo -5 
( M )  (sec -1) ( M  -1. sec -1 ( M )  ( M  -1. sec -1 for p-nitro- 

for Chtg) phenyl-Na-benzyloxy - 
carbonyl-L-lysinate ) 

- -  47.9 36.8 - -  7.5 
1.57 21.8 16.7 1.31 9.5 
3.13 I 1.5 8.86 o.99 9.o 
4.7 ° 8. 4 6.46 I.OO 8.5 

We find an average Ki ~- I . I .  lO -2 M, while from the equilibrium dialysis data 1 
we calculate for 25 ° Kt ~ 1.o4" lO -2 M, in excellent agreement. Under identical con- 
ditions the second-order rate constant (kcadKm) of the trypsin-catalyzed hydrolysis 
of p-nitrophenyl-N~-benzyloxycarbonyl-L-lysinate, as determined spectroscopically s 
is independent of the inhibitor concentration within experimental error (Table I). 
Similarly, lO -2 M N-acetyl-L-3,5-dibromotyrosine had no observable effect on the 
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trypsin-catalyzed hydrolysis of N~-benzoyl-L-arginine ethyl ester at pH 5, 25 °. Thus 
N-acetyl-L-3,5-dibromotyrosine is not a trypsin inhibitor under these conditions. 

On the basis of the rate assay measurements and using the kinetic constants 
determined previously 7, one can calculate the amount of chymotrypsin produced at 
the end of the reaction (5 to 6 half-lives). In all it was 9 5 i 2 %  of the amount calcu- 
lated from the dry weight of the zymogen used. Therefore, the total amount of enzyme 
produced in the reaction is independent of the inhibitor concentration. 

Our data thus show that the formation of the inhibitor-zymogen complex 
competitively inhibits the activation of the zymogen. 

The process of formation of active chymotrypsin from the zymogen consists 
of the hydrolysis of one single peptide bond, namely that Arg-I5-Ile-I6 bond of the 
single-chain zymogen molecule9,1°. Competitive inhibition of the zymogen activation 
then means that  the inhibitor prevents the formation of the appropriate complex 
between the active site of trypsin and the Arg-I 5 of the zymogen. The hypothesis that 
the inhibition would prevent the binding of the zymogen to a "secondary binding site" 
of trypsin seems unlikely, since chymotrypsinogen is readily activated by other en- 
zymes also, e.g., by subtilisinn, 12. Equally unlikely is the possibility that the presence 
of the inhibitor would prevent a conformational change of the zymogen, since the 
inhibitor used is a virtual substrate of chymotrypsin and it would rather stabilize 
the conformation of the active enzyme. 

The most likely interpretation of our results, therefore, is that the inhibitor 
shields the Arg-I5 by direct contact and thus exerts its action by steric hindrance. 
Therefore, since the binding site of the zymogen is identical to the binding site of the 
active chymotrypsin 4, the Arg-i5-Ile-i6 bond of the zymogen molecule must be part 
of the region from which the active center of chymotrypsin is formed. 

I t  is then quite probable that  Ile-i6 is one of the constituents of the active center 
of chymotrypsin and that  it controls the activity of the enzyme by a mechanism re- 
quiting direct contact between the substrate and the isoleucine side-chain, e.g., by 
competitively inhibiting the binding of the substrate, instead of an "action at dis- 
tance", e.g., by conformational changes. 
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A constitutive aldolase for 4-hydroxy-2-ketoglutarate in soil bacteria 

4-Hydroxy-2-ketoglutarate (HKG), a product of mammalian enzymes l-s, has 
also been isolated from higher plants 4& H K G  aldolase, which catalyzes the reversible 
formation of H K G  from glyoxylate and pyruvate,  has been purified from rat liver s-s 
but has not been described in plants or bacteria; H K G  formation in Acetobacter 
extracts, however, has recently been reported 9 as an enzymic product of glyoxylate 
and oxaloacetate. This communication reports the partial purification of a constitu- 
tive enzyme from soil bacteria which catalyzes reversible cleavage of HKG to glyoxy- 
late and pyruvate.  From NaBH 4 inactivation studies, the bacterial aldolase may bind 
both glyoxylate and pyruvate  as Schiff base ligands. The enzyme also appears to 
catalyze a non-stereospecific cleavage of HKG. In these unusual respects it resembles 
the highly purified mammalian enzyme s . 

DL-HKG was made chemically by the method of Ru~Fo et al. z°, using IO 
mmoles each of sodium glyoxylate and oxaloacetic acid. After incubation (3 h, 37°), 
the reaction mixture was acidified to pH 4.0 (formic acid) and stirred 30 min to remove 
CO 2 and to complete decomposition of residual oxaloacetate. H K G  was isolated by 
Dowex i formate chromatography (2 cm × 4 ° cm column), essentially as described 
earlier 2 except that  the formic acid gradient was made with a 2oo-ml mixing chamber 
(initially 3.8 M formic acid) and a reservoir of 7 M formic acid. Residual glyoxylate 
appeared at about ioo ml, pyruvate  at about 280 hal, and H K G  at about 37 ° ml. 
HKG-containing eluates were concentrated to dryness several times from added water 
in a rotary evaporator (4 o°) to remove formic acid. The yield of I}L-HKG averaged 
75%, and neutralization required 2.00 to 2.16 equivalents of NaOH, relative to the 
assay with glutamic dehydrogenase zl (EC 1.4.1.2). Time of exposure to acid was 
minimized to avoid decomposition (see below). 

Certain properties of HKG were noted in addition to those already described 2,s. 
Although neutralized solutions of H K G  are stable for at least several months in the 
cold zl, acid solutions were unstable. In one trial, a solution of H K G  initially at 86 mM 
and pH 2.6 (formic acid eluate) showed first-order decomposition (glutamate dehydro- 
genase assay) at 37 °, with a half-life of about 9.5 days. Appreciable decomposition 
also occurred in acid solutions stored at --15 °. The decomposition products were not 
identified; however, they appeared to be acid (relatively constant titration value 
during decomposition), and unreactive with 2,4-dinitrophenylhydrazine. In experi- 
ments with [5-z4C~HKG, synthesized enzymically n from pyruvate  and [I-14C]glyoxy - 

Abbreviat ion:  HKG,  4-hydroxy-2-ketoglutarate.  
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