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Abstract- Much evidence supports the proposal that a soluble protease from liver and muscle is a 
major agent for insulin destruction m those organs. In the present study a considerable number of 
low molecular weight compounds have been examined for their ability to inhibit the destruction of 
the hormone by the enzyme from rat liver. These in&de amino acid derivatives. small polypeptides. 
indole and quinotine derivatives. and a diverse group of dyes and dye derivatives. in addition a com- 
parative study was made of the potency of a number of the compounds to inhibit both the insulin 
protease and chymctrypsin. A partially purified preparation of the insulin protease was analyzed by 
electrophoretic separation on polyacrylamide gels and the acti+itv shown to be due to essentially 
a single enzyme. This preparation appeared to destroy insulin at Initial rates which were linear by 
either of two methods. The first, which measured the rate of loss of immunoassayable insulin, was 
twice as fast as the second, which measured the rate of appearance of radioactive trichloroacetic-acid- 
soluble peptides from “‘1 labelled insulin. The latter method was chosen to investigate the mode 
of inhibition using enzyme kinetic methods of three of the most potent of the inhibitory compounds. 
The nonapept~de, bradykinin, demonstrated a mixed competitive-non~om~titive pattern of inhibition 
as also possibly did another inhibitor qu~no~~ne-~.thjo~. The compound ~,~-dj~hloroindopbenol had 
a pattern of uncompetitive inhibition. 

A number of investj~ators have shown that the integ- 
rity of the insulin molecule is rapidly destroyed by 
enzymes present in a variet? of tissues from the 
rat [l-4]. From evidence obtamed using the rat dia- 
phragm it has been proposed that this inactivation 
of the hormone by proteolysis is carried out by a 
soluble enzyme after its entry into the cytoplasm of 
the cell [5]. Recent reports using isolated liver cells 
have provided evidence which may support this pos- 
tulate [h, 7). The soluble enzyme responsible for this 
cleavage has been partially purified from both muscle 
[S] and liver [9] and shown to be a protease which 
degrades insulin much more rapidfy than proinsu~~n, 
Roth liver perfusiotl [IO] and in rim studies [I I] have 
demonstrated that insulin disappears from the circu- 
lation much faster than proinsu~~n. These latter obser- 
vations further support the above postulate and argue 
for the importance of the enzyme in the removal of 
insulin from the circulation. 

Another enzyme of somewhat similar properties 
has been described in liver plasma ~lembranes [12]. 
It is probable from ~uant~tatj~e measurements of the 
degrad~~t~ol~ of ~hysiolo~~c~tl concentrations of insu- 
lin [93. however. that the latter activity is of negligible 
importance. 

Polypeptide inhibitors of the soluble enzyme have 
been described in human plasma [IXj. Their presence 
suggests pllysiologi~a~ control of the insulin protease 
which may enter the blood in small amounts nor- 
maily from ceiis that are being repfaced and whose 

-_ .I --____- 
* AhhrfI,iclrictrr.s: DCIP (2,6 Dichlorophenol indophenol), 

I-BCK ii-butyloxy carbonyl-radic31). CBZ (carhnbenroxy- 
radical). DTT ~dithjothr~itol). 

action is blocked by the inhibitors. If the activity of 
the enzyme within the intact cell could be inhibited 
by low molecular weight compounds (if permeable 
to the cell membrane) then the possibility exists that 
circulating insulin levels could thereby be controlled. 
In the present study a number of such compounds 
have been investigated together with the enzyme kin- 
etic pattern of inhibition produced by those which 
arc active at the lowest con~entrati~~ns, ‘In addition 
certain other properties of the enzyme have been in- 
vestigated shedding some further light upon its mode 
of action. 

(“‘If Iodo~ns~~I~n. containing t mole of iodine or 
less per mole of insulin, was obtained from Cam- 
bridge Nuclear Corporation. Billerica, MA. 

Insulin (24-X Ujmg), the amino acid and dipeptide 
derivatives, quinine, chtoroquine, RClP*. indole and 
its derivatives, diphenyl amine-4-su~fonate, bovine 
serum albumin (fraction VI. djth~otllre~tol and crystal- 
line chymo?rypsjn were obtained from the Sigma 
Chemical Co.. St. Louis, MO, U.S.A. Quinoline-2- 
thin1 and 4-hydroxyquinoline-2-carboxylic acid were 
obtained from the Aldrich Chemical Co., Milwaukee. 
WI. U.S.A. 

Immutloassay of insulin was carried out by the 
method of Morgan and Lazarow [I45 as modi- 
fied 1151. 

EJIZJ;I?I~ ~t.sscc~~ )n@J~nd. The assay was carrted out 
in a similar fashion to the method previously de- 
scribed t8.93 as follows: Tbe incubation mixture con- 
tained the enzyme. 0.i M Tris-HCt or other specified 
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butler (whose pH IS 7.5 at 37 ). 5 mM FDTA (pH 

7.5) 0.3”,, bovine serum albumin. approximately 0.1 

nM (“‘I) iodotnsulin together with. where noted. the 

compounds used as inhibitors in ;I total volume of 

1 ml. After an appropriate period of incubation. 

usually IO mtn. the reaction was stopped bj the addi- 

tion of 1.5 ml of 10”,, trichloroacetic acid. After ccntri- 

fitgation the supcrnatant was decanted nit0 anothet 

test tube and counted separately from the precipitate 

as previously described [X. Y] in a Packard Auto- 

gamma spectrometer. In the enlymc kinetic studies 

the quantities of enzyme used were adjusted after a 

preliminary experiment to give amounts of dcgrada- 

tion less than 10 per cent of the total substrate 

present. 

EII:~WW prq~trr~rrirvt. The cnzymc used for qualitat- 

ive assay of inhibition was the crude. dialyzed 

100.000 g supernatant from li\er homogenate [Y]. Fo; 

the study of the mode of inhibition of the most inhtbi- 

tory compounds. the enzyme was furthct- purified 

7-fold by adsorption and elution from calcium phos- 

phate gel as previously described [Y], 

Po/!,trc~r~/trtititlc, (/f,/ c,/rc,trop/tc”c~Sis (!I r/w ~‘11;~‘1111’ 
pwpmrriort. Polyacrylamide gel clectrophorcsis at pH 

8.Y was carried out according to the method outlined 

in the brochure “Research Disc Electrophorcsis In- 

structions”. 1969 (Canalco Co.. Rockville. MD) except 

for the following: electrophorcsis \+as performed at 

3 for 4 hr after a pre-run of -I hr in the prcscncc 

of 1 mM dithiothrcitol \\ bile the system II;IS con- 

stantly purged with nttrogcn to prevent dithtothrcttol 

oxidation. No satnplc or stacking gel was 11wc1 as 

0.2 ml of calcium phosphate gel purified enlyme in 

W,, sucrose was carefully layered directly on t~~p 01 

the running gel. After completion of a run the gels 

were extruded from each of the tubes and placed in 

capped tubes overnight at 4 In the morning one 

gel from the run was frozen on a block of dry ice 

or with liquid nitrogen. The gel has sliced with an 

array of razor blades with a uniform spacing bctwcen 

blades of 0.9 mm. Each slice MU placed in 0.0 ml 01 

solution containing 3 mg bm~ne serum albutntn. 5 

{tmoles EDTA and 100 pmoles of Tris-buffer. pH 7.X 

(at 23 ). The reaction was initiated b) the additton 

of 0.1 ml of approximately I nM “‘1 (iodotnsulini 

and terminated 45 min Iater by (he additton 01’ I.5 ml 

of lo”,, trichloroaccttc acid. Processing of the Wllplcs 

thereafter was the same as tn the assay method dc- 

scribed aboLe. Solutions containtng dtthiothrcitot 

were analyzed for SH content ustng the n~ctlloti 01' 

Stadtman 1161. evccpt that tt hii\ ncccss;ir\ 10 cl- 

(t-apotnre a plot of the logarithm of the A,,,,,.rcatltngb 

to zero time bccausc I’-h~dro~~mercurihenzo~t~c 

apparently catalyzes (hc o\tdation of (tic’ compound 

KI,:sl I 1’5 

S’trrrq~ of’ irthihi~or-s. A number of amtno aced and 

dipeptide dcri\ati\cs (all of the L.-cc,n!igLtt-~tttori). 

tested for their abiltty to tnhibtt tnsulin dcgradatton. 
were without efTect upon en/ymc acti\ ity at ;I coticzti- 

(ration of I tnM. Included were alanyllysinc. ahn~l- 

glutamate, ~tlanyttryptophan. :L’-benzoylnrginilic~ L-r- 

BOC-aspartic acid bcnryl ester. .Y-acetylphcnql- 

alanine ethyl ester. :V-CBZ phenylalanine-p-nlttr(~- 

phenyl ester. N-CBZ-glycylphenylalanlne amtdc and 

,l;-acetyltryptophan. Though the data are not &on II 

the compounds ,“l’-;tcetyltryptophanamide and alanine 

henry1 ester wet-c slightly Inhibitory at the same coti- 

centration. 10 and 5 per cent respectively. whereas the 

naturally occurring nonapeptidc. bradykinin. mark- 

edly inhibited enzyme activity even at low concen- 

tration (73.5 per cent inhibition at ;I concentration 

of 0.16 mM). 

It was reported much carltcr [ I ] that tr)p~ophatl 

and se\cral other tndole dcri\ativcs inhibited the 

degradation of tnsultn in crude tivcr homogenates. 

Those obscriations ha\e now been extend& using 

the dialyzed I00.000 y supernatanl solutton from li\cr 

homogenates. Compounds tested were trlptophan. 

,Y-acetyltryptoph3n. tqptophot. itidolc-i-Itcetamldc. 

indote-?-acetate. indote-2-carbouytate and indole. 01 

these only indole. tryptophol and tndole-i-acetamtde 

were inhibitor) at LI conccntrntion of I mM (30. I2 

and IO per cent inhtbition rcspectt\,ely). The lattet 

compounds were more inhibitory ;I[ ;I conccntrattott 

of IO mM (3X. l4 and 30 per cent inhibitton. rcspcct- 

ivelyl with indole-2-carbox~late being the next rnoht 

important inhibitor at this conccntratton (19 px cctlt 

inhibition). 

The results obtatned \+tth indole and its dcrivatt\cs 

suggcstcd the testing of quinoline and several of it\ 

derivatives. As shown in Table I quinoltnc. itself. N;I~; 

not significantly inhibitory. but a number of its dc- 

rivatiies were. c)uintnc. chloroquinc. and 3-hydra\)- 

quinoline-~-carbosylatr uere of about equal cf?‘ecttve- 

ness. Qttinoline-3-thiol produced the maximum inht- 

X. Me;hyt red- t I 0 
I). Methylene blue I : 
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Table 2. ERect of various inhibitors on the proteolysis of insulin by chymotrypsin and insulin 
protease 

Percent inhibition 

Compound 

Tryptophan 

Indole 

Quinine 

Methyl orange 
Methyl red 
DCIP 

Concentration 

1mM 
20 mM 

1mM 
2.5 mM 
IO mM 

ImM 
2.5 mM 

1mM 
1mM 
1mM 

Chymotrypsin 

8 
40 
46 
64 

0 
15 
20 
18 
0 

Insulin protease 

0 
30 
30 

38 

19 
15 
19 
45 

bition of protease activity since it reduced this activity 
by 36 per cent. 

The effectiveness of the indole and quinoline de- 
rivatives suggested enzymic sensitivity to aromatic 
compounds containing nitrogen. This possibility 
prompted the investigation of DCIP and several azo 
dyes as potential inhibitors as shown in Table 1. All 
of the dyes tested were partially effective, but DCIP 
possessed the highest degree of potency. The com- 
pound diphenylamine-4-sulfonate, which is related in 
structure to the latter dye, was of borderline effective- 
ness as an inhibitor even at a concentration five times 
that of the indophenol dye. 

Ejjiict of inhibitors upon chymotrypsin. The possibi- 
lity exists that the inhibition by the compounds tested 

--T 
I T 

might not be specific for the insulin protease from 
the liver. Therefore, the effect of a number of the com- 
pounds upon chymotrypsin was also tested. The 
results of these experiments are shown in Table 2. 
The corresponding inhibition of insulin protease 
taken partially from the text and Table 1 are pres- 
ented for comparison. Tryptophan and indole pos- 
sessed greater inhibitory capacity against chymotryp- 
sin than against the insulin protease, whereas in the 
case of DCIP this effectiveness was very much 
reversed. 

Polyacrylamide gel electrophoretic analysis of degra- 
dative act&it): in the enzyme prepuration. The mode 
of inhibition by selected inhibitors was next examined 
using an enzyme preparation from rat liver partially 

7 

5 IO 6 20 7.5 30 31 40 45 80 

SLICE NUMBER 

Fig. 1. Electrophoretic separation of enzymic activity on polyacrylamide gel. Calcium phosphate gel 
purified enzyme was utilized in the study. Ordinate values have had subtracted from them the average 
value of the blank (5.13”“) obtained from control gel slices run under identical conditions, but to 
which no enzyme had been added. The lines just above and below the ordinate origin represent a 
measure of the error in the determination of the base line and are two standard deviation units 
on each side of it. The apparent activity on gel slice 9 is not reproducible and being present on 

only one slice is considered artifactual. 
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Fig. 4. Effect of DCIP upon enzyme activity. (0) No 
DRIP; (A) + (Xl.7 mM DCIP; (0) + 0.35 mM DCIP. 
Units of S and L’ are the same as m Fig. 3. See Methods 

for assay. 

I I 1 

above indicate a pattern similar to that obtained for 
bradykinin. The K, from the slopes of the two inhi- 
bited lines yields a value of 0.88 +_ 0.07 mM. Deter- 
mination of this constant from the intercept values 
is 1.16 + 0.10 mM. The two values are not signlfi- 
cantly different from each other, and therefore, the 
mechanism can equally well be interpreted in terms 
of non-competitive inhibition. 

The K, for insulin as measured by the data of Figs 
3-S is 0.13 +_ 0.02 HIM. 

In a previous study [9] it was shown that the two 
compounds. I-butyl-3 (p-tolylsulfonylurea (tolbuta- 
mide) and I-phenylethylbiguanide (phenformin) were 

Fig. 5. Effect of Qulnollne-2-thiol upon enzyme actlbity. 
(0) No quinollne-I?-thiol; (0) + 0.2 mM quinolinethml: 
(A) + 0.4 mM quinolinethlol. Units of S and r are the 

same as in Fig. 3. See Methods for assay. 

inhibitors of the insulin protease of rat liver. In the 
present study a much larger group of compounds 
have been tested in a search for ones which are effec- 
tive at lo_wer concentrations. Of the amino acid and 
dipeptide derivatives none were inhibitory except 
those containing tryptophan, the latter effect having 
been reported much earlier [I]. The nonapeptide 
bradykinin. however, was quite potent even though 
there is no tryptophan in the molecule. Other deriva- 
tives of indole related to tryptophan but possessing 
no charge were effective at concentrations of I mM 
where tryptophan is not inhibitory. This may suggest 
an interaction with hydrophobic regions of the mol- 
ecule. Addition of one more carbon atom to the in- 
dole ring containing nitrogen to form quinoline. how- 
ever. nearly abolishes activity whereas addition of 
other functional groups to the quinoline nucleus 
enhances inhibitory potency especially in the case of 
quinoline-2-thiol. The a’zo dyes tested also were some- 
what effective but a stronger inhibitor is the redox 
dye DCIP. 

Recent studies with proteinase inhibitors from the 
snail, Helir pomuria [I771 have suggested the insulin 
protease possesses a strength of interaction with in- 
hibitors more similar to chymotrypsin than tryp- 
sin 1181. The comparison of a number of inhibitors 
tested herein against both enzymes also indicates 
some similarity to chymotrypsin. The two enzymes 
are distinctly different. however, with respect to DCIP 
which inhibits only the insulin protease and benzyl- 
sulfonylfluoride which inhibits only chymotryp- 
sin 18. 191. A third essential ditrerence is of course that 
the insulin protease is inactivated by the sulfhydryl 
reagents. N:-ethylmaleimide and p-hydroxy-mercuri- 
benzoatc [8.93. whereas chymotrypsin is not. 

The data of Fig. I indicate that the hydrolytic reac- 
tion is probably carried out by a single enzyme. The 
results presented in Fig. 2 demonstrating a difference 
in the rate of the enzymic reaction by the two differ- 
ent methods of assay are diticult to interpret 
mechanistically. Recent results [ZO] have demon- 
strated dispersion. recovery losses and diminution of 
specific activity in individual fractions upon ion 
exchange chromatographic separation of the enzyme. 
Restoration of the total and specific activity occurred 
upon recombining the active fractions strongly sug- 
gesting the presence of dissociable subunits in the 
enzyme. The latter aspect of enzyme structure may 
be related in some manner to the obscrkcd rate differ- 
ences presented in Fig. I. 

The results of Fig. 3 utilizing the nonapeptide. 
bradykinin. as an inhibitor gave an unusual pattern 
of inhibition similar to that obtained earlier with 
phenylethylbiguanide [9]. This pattern ’ has been 
termed mixed competitive and noncompetiti\re inhibi- 
tion [?I]. A similar interpretation may also be applic- 
able to the data of Fig. 5 for quinoline-7-thiol but 
the data is not conclusive. 

Using DCIP a pattern of inhibition characteristic 
of uncompetitive inhibition was obtained. In deriving 
the equation for this mechanism it must be assumed 
that the inhibitor can combine only with the enzyme- 
substrate complex or perhaps with an enzyme-pro- 
duct complex derived from it [Xl, Its meaning on 
a molecular level iii the present case is. howecer. ~iti- 

clear. 
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Thus, the studies presented offer some newer results IO. 
shedding additional light upon the enzyme’s mode of 
action and suggesting possible inhibitory compounds I I. 
of potential usefulness in controlling the enzyme’s ac- 
tivity in oiro. 
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