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effect on the body weight stimulating effect of 
the androgen (Table 11). The maximum 
daily nitrogen retention and total nitrogen 
retained also were not significantly changed 
(P <O.OS). Furthermore, an increase in the 
dose of the androgen (Table 11) also did not 
produce any greater anabolic effects a t  either 
the 30 or 50% levels of protein intake. 

Discussion. Once an adequate protein in- 
take is provided a further increase in the pro- 
tein intake of the rat by the replacement of 
part of the carbohydrate of the diet by an 
isocaloric amount of protein (casein) does 
not enhance the over all protein anabolic ac- 
tivity of testosterone propionate. Stimulation 
by androgen of the retention of nitrogen or 
growth processes apparently is regulated by 

inherent properties of the various cells. 
Summary. The protein anabolic activity 

of testosterone propionate in adult male cas- 
trated rats was not altered by increasing the 
protein content of the diet from 18 to 25 and 
43 % by replacement of carbohydrate. 
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New Inhibitors of Enzymatic  Prote,olysis.*t (19278) 
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Earlier reports from this laboratory( 1 ,2)  
described the inhibition of pepsin, trypsin, 
papain, and cathepsins by several carbonyl 
group reagents. Since then, additional in- 
hibitors of proteolytic processes have been 
found. The new inhibitors (guanidine, ar- 
ginine, ethylenediamine, lysine, and others) 
show #certain structural similarities to the com- 
pounds tested before, but they are not car- 
bony1 group reagents. 

Most of the new inhibitors were effective 
only when egg-white served as substrate and 
would not have !been discovered if the current 
preference for synthetic substrates had been 
strictly adhered to. The observation that 
certain inhibitors of the proteolysis of natural 
substrates fail to interfere with the enzymatic 
hydrolysis of synthetic substrates, demon- 
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strates that results obtained with well-defined 
synthetic systems are not necessarily applica- 
ble to more complex and more natural systems. 

A .  Experiments with egg-white as substrate, 
The results of these experiments are listed in 
Table 6. Tests with a few aldehyde reagents 
and with pyrophosphate were carried out 
simultaneously for purposes of comparison. 
The substrate was prepared as described be- 
fore( 1) and the progress of hydrolysis was 
followed photoelectrically( 1). 

B. Experiments with casein as substrate. 
(a )  Substrate for tests with pepsin-same as 
described before( 1). ( b )  Subsfrate for tes ts  
with trypsin and chymotrypsin-a mixture of 
2 g casein and 200 ml phosphate buffer 
(AZ,/l5; pH 8.30) was heated in boiling water 
for 15 minutes. After cooling, 20% NaOH 
was added dropwise until pH 8.4 was reached. 
(c) Incubation mixtures-to 4 ml substrate 
was added 1 ml water or 1 ml inhibitor solu- 
tion, which had been adjusted to the pH of 
the incubation mixture with HC1 or NaOH. 
The mixture was kept at  37°C for 10 minutes. 
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TAGLE I. Effect of Inhibitors ci i i  T.:iiz,~-ni:~tic. H;-droIpsis of Egg-White. 

,----(+ inliibition after 30 iiiiii a t  23O-7 
Iiiliibit or Molr / l  E'q'siii Trppsiii Chymotrypsin 

Tetraca rhosyiiiethyl 
e t 1171 eiie di N 111 in 0 

Aniline 

Each iiihibitioii test was 1~crforiiiecl together n-ith a test i n  : ~ h s c i i c ~  of iiiliibitor a t  the same 
pH (1.4-1.5 was the raiige fur p e p i n ,  7 . 2 - 7 . i  for  ti.?-psiii, aiid 8.1-8.2 for clipiotq-psiii).  The 
results from 6 readings each a t  3 iiiiii interrals were p1ottt.d as  pairs of time-liydrolpsis curves. 
The degree of iiiliihitiuii W I S  tlieii calculated f r o m  the inverse tinic-activity relationship. This 
method of evaluatioii T Y ~ S  lxtstd 011 t h e  fincliiig that tlie tiiiirs rcqi1irc.d t o  reach a given degree 
of hylrolysis ve re  iiirrrscly proportional to the ai~iouiits of riizj.1iie present. Enzyme concen- 
tratioiis (per 100 1111 iiicubatioii mixture) were:  c y s t .  pepsin -33  mg, cryst. trypsin 9' mg, and 
cryst. cliymotrypsiii 3.6 mg. The trppsiii coiiteiit of  the  c r p t .  trppsiii preparation (Armour) 
11-as found to be about 40% l q  m-eiglit (protein nitiog.cn ~lcteiiiiiiiation aiid nieasurement of 
ultraviolet absorption). 

One ml enzyme solution (containing respec- 
tively 0.008-0.036 mg cryst. pepsin, or 1 mg 
cryst. trypsin, or 0.4 mg cryst. chymotrypsin), 
which had also been warmed to 37"C, was 
then added. The p H  of the incubation mis- 
tures was 1.61-1.63 (pepsin), and 8.1-8.4 
(trypsin. chymotrypsin) . ( d )  .Mcasurenzcizt 
of hydrolysis and calczilation of degree of 
inhibition. -4fter 30 minutes incubation a t  
37'C, 10 ml 0.3 S trichloroacetic acid were 
added to each tube. ,After 10 minutes stand- 
ing, the mixtures were filtered, and 1 ml por- 
tions of each filtrate were pipetted into col- 
orimeter tubes containing 10 ml 0.3 S SzOH 
and 4 ml water. Three rnl diluted (1:3) 
phenol reagent(3) were then added and the 
intensities of the resulting blue colors were 
measured using a Lumetron Colorimeter 
3Iodel 402-E and filter 660. The degree of 
inhibition (expressed as 76 decrease in tyro- 
sine containing, trichloroacetic acid soluble 

fragments) was calculated from the extinction 
measurements obtained in parallel experi- 
ments with and without inhibitors. Prelim- 
inary tests, made to ascertain that the inhibit- 
ors alone did not react with phenol reagent: 
removed hydrazine, hydroxylamine, o-phenyl- 
enediamine, phenylhydrazine, and Versene 
(tetrasodium salt of N,S,S',S'-tetracarboxy- 
methylethylenediamine) from consideration in 
this procedure. The inhibition of the peptic 
hydrolysis of casein by hydrazine had been 
determined previously ( 1 ) with the aid of ul- 
traviolet absorption measurements in protein- 
free filtrates. The same technic was now 
used to determine the effect of hydroxylamine 
and of bisulfite on the peptic hydrolysis of this 
substrate. (e) Results with pepsin.  Previous 
data showed( 1) that the peptic hydrolysis of 
casein was inhibited by hydrazine, but that 
higher concentrations of this inhibitor were 
needed for this substrate than for egg-white 
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to  give the same degree of inhibition. A sinii- 
lar observation was now made with guanidine 
as inhibitor. I n  presence of a guanidine con- 
centration of 0.1 Molefliter there was ob- 
served a 20% inhibition of the peptic hydroly- 
sis of casein. The same concentration of 
guanidine inhibited the peptic hydrolysis of 
egg-white about 60% (Table I) ,  Hydroxyl- 
amine (0.02 M )  inhibited the hydrolysis of 
casein 32%, as compared to 26% after 30 
minutes incubation time, when egg-white was 
used as substrate. Sodium bisulfite (0.002 
M )  inhibited 1276,  whereas 8% inhibition 
were observed with egg-white as substrate. 
(f) Results wi th  trypsin and chymotrypsin. 
In  contrast to the observations with egg- 
white as substrate, no inhibition was caused 
by arginine (0.04 M )  , ethylenediamine (0.10 
M ) ,  guanidine (0.10 M ) ,  lysine (0.10 Ad), 
and sulfanilic acid (0.10 M )  . Sodium pyro- 
phosphate (0.018 &I) produced a slight but 
reproducible inhibition of about 8% of tryp- 
sin as well as of chymotrypsin. 

C .  Experiments wi th  synthetic substrates. 
{ a )  Pepsin and carbo benzoxy-L-glut am yl-L- 
tyrosine. It had been reported previously( 1) 
that hydrazine (0.009 M )  inhibited the effect 
of cryst. pepsin (7.3 mg/ml incubation mix- 
ture) on this substrate by 23%. Since then, 
the suggestion has been made that a cathepsin, 
contained in pepsin preparations, rather than 
pepsin itself might be inhibited by this agent 
(4). The experiments were therefore re- 
peated using two different fresh preparations 
of cryst. pepsin. In  6 experiments, with the 
same enzyme and inhibitor concentrations as 
stated above, the inhibition varied from 04% 
(average 2.2%) and cannot be considered 
significant. Guanidine (0.1 M )  under other- 
wise identical conditions, inhibited slightly 
(9-14%). ( 6 )  Trypsin and benzoyl-l-argi- 
nineamide. The incubation mixtures were 
prepared by adding 0.5 ml trypsin solution 
(20 mg cryst. trypsin dissolved freshly for 
each test in 5 ml water) to a mixture of 1 ml 
substrate solution (containing 0.05 millimole 
benzoyl-L-arginineamide in MI15 phosphate 
buffer, pH 7.86) and 0.5 ml inhibitor solution 
or water. The progress of hydrolysis at  37°C 
was followed with the Grassmann and Heyde 
procedure (5). In  experiments with lysine 

TABLE I T .  Inhibition of Tryptic Hydrolysis of 
Ren~o~Ia~.giilinearnide by Guanidine, Lysine, and 

Arginine. 

yo inhibition after 
f 7 

Inhibitor Mole/l p H  30min 60min 2hr 

Gmnidine .06 7.48 23 15 23 
.10 7.45 47 42 41 
.I5 7.40 5t5 55 54 
2 0  7.42 60 58 56 
. l o  7.57 19 18 19 

I 4 15 - Lpine  
hrgiiiiiie .04 7.52 

and Versene interference by these substances 
with the observation of a sharp endpoint 
necessitated the use of an aeration method, 
similar to that described by Greenstein and 
Leuthardt (6) ,  for the determination of the 
splitting of the substrate. In this method, 
the ammonia liberated by the action of tr-yp- 
sin was trapped in boric acid and measured 
by titration with HC1. 

First order reaction constants were calcu- 
lated from the hydrolysis data and used to 
determine the degree of inhibition. The “con- 
stant” found after 2 hours incubation time 
was markedly lower than the corresponding 
values after 30 minutes and 1 hour, due to the 
inhibitory effect of benzoylarginine. The value 
for the “constant” at  a given incubation time 
was, however, quite reproducible in numerous 
experiments with and without inhibitors. 

The following substances did not inhibit the 
tryptic hydrolysis of benzoylarginineamide: 
hydrazine (0.10 M )  , phenylhydrazine (0.01 7 
M )  , hydroxylamine (0.02 5 M )  , creatine 
(0.025 &I), and Versene (0.03,O M )  . Inhibi- 
tion was observed in presence of guanidine, 
lysine, and arginine as shown in Table 11. 

D. Search for stable inhibitor-enzyme com- 
plexes. ( a )  Recrystallization experiments. 
Several samples of cryst. pepsin were recrys- 
tallized from either 25% alcohol or from 25% 
alcohol containing various concentrations of 
hydrazine (0.02-0.16 M )  . The time-hydrol- 
ysis curves obtained with the resulting prod- 
ucts and casein as substrate were identical, 
indicating that the crystalline material was 
unchanged pepsin. ( b )  Dialysis experiments. 
Mixtures of enzymes (pepsin or trypsin) and 
inhibitors (hydrazine, guanidine, ethylenedia- 
mine) were dialyzed at  pH 2.5-3.0 and sam- 
ples were tested periodically against egg-white 
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as substrate. -4fter 23-41 hours dialysis the 
mixtures. which had contained inhibitors at  
the beginning of the test, showed full activity, 
identical with that of enzyme solutions dial- 
>-zed at  the same pH and 4’C in absence of 
inhibitors. 

Discussion. I t  was found that, in addition 
to carbonyl group reagents, other compounds, 
which are structurally related to these re- 
agents, interfere with enzymatic proteolysis. 
The diamines hydrazine. ethylenediamine, 
o-phenylenediamine, and Versene. for exam- 
ple, were found to inhibit egg-white hydrol- 
ysis. The effectiveness of Versene illustrates 
that free amino groups are not essential for 
inhibitory activity. 

Since semicarbazide inhibited pepsin and 
trypsin ( 1 ) , other carbamic acid derivatives 
were tested. L-rea (0.10 M )  was ineffective, 
but guanidine, and its derivatives creatine and 
arginine surpassed semicarbazide in inhibitory 
activity. Thiourea (0.10 11) showed no ac- 
tivity, but diethyldithiocarbamate (0.02 34) 
interfered markedly with the peptic and tryp- 
tic hydrolysis of egg-white. 

-4s the effectiveness of the inhibitors de- 
scribed in this report depends quite obviously 
on the nature of the substrate used, one is in- 
clined to assume that not the enzyme but the 
substrate seems to be influenced by the in- 
hibitors in such a manner that it becomes more 
resistant to enzymatic attack. It has been 
shown by a number of investigators that the 
chemical manipulation of various proteins, 
such as benzoylation ( 7 ) ,  reduction by sodium 
in liquid ammonia(8), or heating with glu- 
cose (9) resulted in resistance toward hydrol- 
ysis by one or several proteolytic enzymes. 
It is possible that some of the inhibitors de- 
scribed in this report act through a similar 
mechanism, which amounts, essentially, to the 
change of proteolysis facilitating side chains 
into less effective derivatives, such as addition 
products. 

Summary. (1) The hydrolysis of egg-white 
by pepsin, trypsin, and chymotrypsin was in- 

hibited by aniline, arginine, creatine, diethyl- 
dithiocarbamate, ethylenediamine, guanidine, 
lysine, o-phenylenediamine, pyrophosphate, 
sulfanilic acid, and a variety of carbonyl 
group reagents. The hydrolysis of this sub- 
strate by trypsin and chymotrypsin was also 
inhibited by X :S ,S’,N’- te tracarboxymethyl- 
ethylenediamine. ( 2 )  The peptic hydrolysis 
of casein was inhibited by guanidine, and by 
several carbonyl group reagents. The hydrol- 
ysis of casein by trypsin and chymotrypsin 
was not inhibited by arginine, ethylenedia- 
mine, guanidine, lysine, and sulfanilic acid. 
(3  ) The hydrolysis of carbobenzoxy-l-gluta- 
myl-L-tyrosine by pepsin was not iafluenced 
by hydrazine, but was slightly (9-14%) in- 
hibited by guanidine. The effect of trypsin 
on benzoyl-L-arginineamide was inhibited by 
arginine, guanidine, and lysine, but not by 
creatine, hydrazine, hydroxylamine, phenyl- 
hydrazine, and Versene. (4) Dialysis and re- 
crystallization experiments with enzyme- 
inhibitor mixtures led to the recovery of fully 
active enzymes. The experimental evidence 
suggests that not the enzymes but the sub- 
strates are influenced by the inhibitors listed 
above: in such a manner Ithat they become 
more resistant to enzymatic attack. 
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