22, In this connection, it is interesting to mnote
that etic concepts for the classification of
alphabetic and syllabic systems have received
far more attention—and have proven far
more adequate—than those used to classify
simpler forms of writing. See, for example,
the classification of alphabetic systems by C.
F. Voegelin and F. M. Voegelin (6).
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Zymogens of Proteolytic Enzymes

These enzyme precursors, formerly thought to be inert
substances, have inherent proteolytic activity.

Beatrice Kassell and John Kay

The enzymes that digest proteins in
the alimentary canal are synthesized as
precursors called zymogens. These zy-
mogens are stored in granules () in
the synthesizing organ; for example,
pepsinogen in the lining of the stomach
and trypsinogen, chymotrypsinogen,
proelastase, and procarboxypeptidases
in the pancreas. Synthesis as precursors
and storage in granules protect the
tissues from self-destruction by their
own enzymes.

The ingestion of food causes secre-
tion of hydrochloric acid into the
stomach along with pepsinogen and
other components of the gastric juice.
On contact with acid, by a process
called autoactivation, pepsinogen is
converted to pepsin (2), which is the
enzyme responsible for gastric diges-
tion of proteins. Similarly, the exocrine
pancreas secretes its zymogens into the
duodenum, the first part of the intes-
tine, where the activation process begins
with the conversion of trypsinogen to
trypsin. This activation can be accom-
plished in two ways, either by the ac-
tion of enterokinase, an enzyme of the
intestinal wall (3), or by autoactivation.

Dr. Kassell is professor of biochemistry and
Dr. Kay is teaching-research associate in the
Department of Biochemistry, Medical College of
Wisconsin, Milwaukee 53233.
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Under physiological conditions, activa-
tion by enterokinase is probably the
predominant reaction (4) but in vitro,
trypsinogen undergoes autoactivation in
the absence of enterokinase (3).

Trypsin is a key enzyme important
for the conversion of other zymogens
to their active enzymes, for example,
chymotrypsinogens to chymotrypsins,
proelastase to elastase, and procarboxy-
peptidases to carboxypeptidases. These
enzymes, all acting at their own specific
sites in protein macromolecules, co-
operatively break down food proteins
to small peptides and amino acids.

The activation of pepsinogen and
trypsinogen in vitro are the two classi-
cal examples of autoactivation (2, 3).
Activation begins slowly, but as enzyme
is formed, it catalyzes further activa-
tion and a rapid acceleration takes
place. An S-shaped curve is obtained
for the appearance of enzymic activity,
as illustrated for trypsinogen in Fig. 1.
It has been assumed for many years
that activation is initiated by a small
amount of active enzyme present as a
contaminant. This does not explain how
the first molecule of pepsin or trypsin
was formed.

The process of conversion of the
zymogens to enzymes occurs by hy-
drolysis of a peptide linkage, usually

Sturtevant, and Sol Tax, who urged us not
to delay our investigation and took steps that
enabled us to begin. Our field research was
sponsored by the Center for the Study of
Man, Smithsonian Institution, Washington,
D.C.,, and the Doris Duke American Indian
Oral History Project, Arizona State Museum,
University of Arizona. Finally, we thank the
following scholars, whose comments on an
earlier draft of this paper were especially
helpful: Ellen Basso, Roy D’Andrade, Harold
Conklin, Regna Darnell, Bernard L. Fontana,
1. J. Gelb, Erving Goffman, McGuire Gibson,
Philip Greenfeld, Kenneth Hale, Harry Hoijer,
Dell Hymes, Morris Opler, Alfonso Ortiz,
Joel Sherzer, William Sturtevant, and Richard
Thompson.

accompanied by removal of a fragment
from the amino terminal of the pro-
tein chain, and thus involves proteolytic
action by the activating agent. The
formation of physiologically active
molecules by limited proteolysis has
been reviewed (5) and is not restricted
to formation of digestive enzymes or
to higher organisms. To cite a few ex-
amples, insulin is formed from a larger
protein called proinsulin (6); a series
of proteolytic reactions forms the en-

‘zymes that participate in blood clotting

(7); phospholipase A of porcine pan-
creas is formed from its zymogen by
the action of trypsin (8); the peptide
hormone, gastrin, is derived from a
larger molecule (9); and a streptococ-
cal proteinase is derived from a zymo-
gen (10, 11). Thus these zymogen to
enzyme conversions are part of a gen-
eral process by which macromolecules
are synthesized in precursor forms and
are converted by enzymic modification
to physiologically active substances.

In this article we discuss the recent
discovery that certain zymogens have
inherent enzymic activity so that in
some instances they are capable of ac-
tivating themselves. In this way, they
are capable of producing the elusive
first enzyme molecule. We consider the
evidence for this activity in some detail,
using as illustrations the zymogens of
different types of proteolytic enzymes:
acid proteases, serine proteases, a sulf-
hydryl enzyme, and a metalloenzyme.

Acid Proteases

The first suggestion that a zymogen
may have activation power of its own
was made by Foltmann (I2, 13) who
conducted studies with prorennin, the
precursor of the milk-clotting enzyme,
rennin (chymosin) of the calf stomach.
Above pH 5.3 prorennin is relatively
stable. Between pH 5 and pH 2, as the
pH is lowered the rate of activation is
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accelerated. Based on deviation of the
observed rate of autoactivation from
the predicted autocatalytic reaction
(Fig. 2) Foltmann suggested a new
hypothesis for the activation. He as-
sumed that the inactive prorennin mole-
cule is stabilized by the amino terminal
portion of the peptide chain, which is
later split off during the activation, and
that this portion of the molecule is
kept in place by electrostatic interac-
tion between positively and negatively
charged groups. When the pH is de-
creased, the carboxyl groups become
protonated, thereby weakening the elec-
trostatic forces. Under such conditions,
some of the prorennin molecules may
rearrange into an active conformation
and thus be capable, without having
undergone limited proteolysis them-
selves, of activating other prorennin
molecules. The lower the pH value, the
more the reaction deviates from the
curve of an autocatalytic reaction; at
pH 2, the rate of activation, in fact,
resembles a second order reaction.

Support for the idea of stabilization
of the zymogen by binding of the
amino terminal segment with another
portion of the molecule is provided by
the experiments of Wong et al. (14)
with the related zymogen from the
adult cow, pepsinogen. Two lysine resi-
dues of pepsinogen, one from the amino
terminal region and one from the
carboxyl terminal region, were cross-
linked chemically by reaction with gos-
sypol, a dialdehyde isolated from cotton
seeds. Thus, these two lysine residues
must lie close together in the pepsino-
gen molecule. The cross-linked pep-
sinogen could not be activated (15).

Pepsinogen is stable in neutral solu-
tion. Below pH 5 it is converted to
pepsin by cleavage of several peptides
from its amino terminal (I6); the rate
of conversion is dependent on pH.
Bustin et al. (11) were the first to
suggest the possibility that an active
species of pepsinogen might exist prior
to this proteolysis. Since activation oc-
curs only in acid solution and activity
can be measured only under the same
conditions, it is obviously difficult to
determine whether pepsinogen has in-
herent proteolytic activity and whether
pepsinogen or pepsin is present at any
moment. Special conditions to measure
the activity of pepsinogen without in-
terference by pepsin were devised by
Bustin and Conway-Jacobs (I7); we
have selected one of their experiments
as an illustration.

The basis of the experiment was the
presence of a large excess of a protein
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Fig. 1. Autocatalytic activation of tryp-
sinogen. The curve is calculated from the
equation for a simple autocatalytic reac-
tion; solid circles show the observed activ-
ity. [After Kunitz and Northrop (3)] [Per-
mission of the Rockefeller University
Press]

substrate in a solution containing only
a very low concentration of pepsinogen,
thus making it unlikely either that pep-
sinogen molecules would come into con-
tact with each other, or that a pepsin
molecule from a trace of contaminating
pepsin would come in contact with a
pepsinogen molecule. A partially di-
gested hemoglobin substrate was pres-
ent at a concentration of 12.5 milligrams
per milliliter while the pepsinogen con-
centration was only 8.4 micrograms per
milliliter. Digestion was measured by
formation of trichloroacetic acid—solu-
ble products, determined by their ab-
sorbance at 280 nanometers. Figure 3
shows that the amount of digestion of

of the prorennin
5 8 38 8 g8 3 8

ey
o

Rennin units per milliliter per A 575 nm

Time (hours)

Fig. 2 (left). Activation of prorennin at pH
4.7 and 25°C. The concentration of pro-
rennin was 0.95 mg/ml. The results show
the ratio of the milk-clotting activity in
rennin units per milliliter to the absorban-
cy of the prorennin solution at 278 nm;
broken line indicates the course of an
autocatalytic reaction. [From Foltmann
(12, 13)] [Permission of Academic Press]

the substrate by 8.4 pug of pepsinogen
per milliliter was approximately equal
to that produced by 2.1 ug of pepsin
per milliliter (curves A and B), where-
as 8.4 ug of pepsin per milliliter gave
a rate four times as high (curve D).
The rate was additive when pepsinogen
and pepsin were both added (separate-
ly) to the same substrate solution
(curve C); that is, the presence of
pepsin, under these conditions, did not
affect the rate at which pepsinogen
acted on the substrate. The authors
concluded that either the zymogen,
pepsinogen, is able to digest a protein
substrate, or it is able to convert itself
to pepsin in a monomolecular reaction.

Al-Janabi et al. (18) subsequently
deduced from kinetic measurements that
the type of reaction varies with the pH,
the reaction being predominantly intra-
molecular below pH 3, this confirming
Bustin and Conway-Jacob’s proposal,
but at pH 4 the reaction is predomi-
nantly intermolecular. Funatsu et al.
are also in favor of an intramolecular
mechanism, their evidence coming from
studies (19, 20) of activation in the
presence of a competitive inhibitor or
of a large excess of a synthetic sub-
strate. McPhie (21) has shown that
kinetic measurements and calculations
indicate that care must be exercised
before one decides whether the activa-
tion mechanism is mono- or bimolec-
ular.
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Fig. 3 (right). Digestion of partially di-

gested hemoglobin at pH 3.0 and 23°C by solutions of pepsin, pepsinogen, and a mix-
ture of both: curve A, 8.4 ug of pepsinogen per milliliter; curve B, 2.1 ug of pepsin
milliliter; curve D, 8.3 ug of pepsin per milliliter; curve C, mixture of 2.1 ug of pepsin
per milliliter plus 8.4 ug of pepsinogen per milliliter: squares, experimental results;
open circles, calculated from the sum of pepsinogen by itself and pepsin by itself. [From
Bustin and Conway-Jacobs (77)] [Permission of the American Society of Biological

Chemists]
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Fig. 4. Kinetics of the absorbance change
(AA/AAnmx) at 287.5 nm after the acidifi-
cation of a pepsinogen solution from 0.1M
sodium chloride, 2 mM tris, pH 7.5, by
the addition of sodium formate buffer to
a final concentration of 10 mM, pH 4.5.
Solid squares show the appearance of pep-
tic activity in the same solution. [From
McPhie (21)] [Permission of the American
Society of Biological Chemists]

The conformational change that oc-
curs when pepsinogen is exposed to
acid solution (19, 21, 22) led to the sug-
gestion that the transformation produces
an active species of pepsinogen which
then catalyzes cleavage of the peptides.
This is analogous to Foltmann’s hy-
pothesis for prorennin - activation.
McPhie (2I) demonstrated a parallel
change in spectral properties and ap-
pearance of activity (Fig. 4). He then
did a very rapid measurement of the
spectral change at pH 2.85, and neu-
tralized the solution within 2 minutes.
It is well known that activity appears
within this time (see Fig. 3); yet the
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Fig. 5. Difference spectra of pepsinogen
solutions. Curve A, 20 uM pepsinogen,
taken to pH 2.85 and reneutralized
within 2 minutes; reference, 20 uM pep-
sinogen, pH 7.5. Curve B, 20 uM pepsino-
gen, taken to pH 2.85 and reneutralized
after 75 minutes; reference, 20 uM pep-
sinogen, pH 7.5. [From McPhie (21)] {Per-
mission of the American Society of Bio-
logical Chemists]
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Table 1. Activation of trypsinogen in the pres-
ence and absence of soybean trypsin inhibitor.
At each concentration of zymogen, incubation
with or without inhibitor (molar ratio of
zymogen to inhibitor of 300:1) was con-
ducted at 32°C in 0.1M tris(hydroxymethyl)-
aminomethane (tris), pH 8.1, containing
0.05M Ca®*, Lag time is defined as the time
for the first appearance of detectable tryptic
activity, [From Kay and Kassell (27)] [Per-
mission of the American Society of Biological
Chemists]

Lag time (minutes)

Trypsinogen

(mg/ml) With Without
inhibitor inhibitor

7.15 30

2.0 45

1.0 200 90

04 950 600

0.1 6500 3600
zymogen was restored to a form

having the spectrum of native pepsino-
gen (Fig. 5). Thus, the appearance of
activity cannot at this stage involve a
chemical change such as cleavage of
peptides to form pepsin.

There is agreement among the vari-
ous groups studying prorennin and pep-
sinogen that active zymogens are
formed which somehow produce the
active enzymes. There is not agree-
ment, however, on whether this trans-
formation occurs in a monomolecular
or a bimolecular reaction. It appears
to us that, although the conformational
change is necessarily a monomolecular

Specific activity

Time (hours)

Fig. 6. Activation of chymotrypsinogen A
by acetyltrypsinogen. Acetyltrypsinogen
(5.5 mg) in 3.0 ml of 0.1M tris-HCI,
pH 8.1, containing 0.05M CaCl,, was in-
cubated with soybean inhibitor (19 pg).
After 5 minutes at 30°C, chymotrypsino-
gen (12 mg) was added, and incubation
was continued. Samples were removed for
detection of chymotryptic activity with
benzoyltyrosine ethyl ester as substrate.
Solid squares, acetyltrypsinogen previously
treated with DFP; open squares, acetyl-
trypsinogen not treated with DFP. [From
Kay and Kassell (27)] [Permission of the
American Society of Biological Chemists]

reaction, the second step of conversion
of the active zymogen to enzyme is
more likely to be bimolecular, that is,
an “active zymogen” molecule cleaving
a peptide bond in another zymogen
molecule. Under the conditions of the
pepsinogen experiment in which a large
excess of hemoglobin substrate was
present (Fig. 3), the second step would
not occur at all. If gradual conversion
to pepsin were taking place, the rate
of digestion of hemoglobin by pep-
sinogen (Fig. 3, curve A) would not be
linear and would not be one-fourth
of the rate that occurs with pepsin
(curve D). Instead the rate would be
exponential, approaching the rate of
digestion by pepsin. Considered in this
way, all of the data can be recon-
ciled.

“Serine” Proteases

Trypsin is an example of a large
class of enzymes with a reactive serine
at the catalytic site. Trypsin is most
active in the pH range 7 to 9. Calcium
ion increases the stability and the ac-
tivity of trypsin solutions and is a
necessary component for the complete
conversion of trypsinogen to trypsin
by autocatalytic activation (3).

The conversion of bovine trypsino-
gen into trypsin is effected by release of
a single peptide, Val-Asp-Asp-Asp-Asp-
Lys (23), from the amino terminal of
the zymogen (24), accompanied by a
conformational change (25). Trypsino-
gen is stable at pH 3, but when it is
dissolved in neutral or slightly alkaline
solution, conversion to trypsin occurs
(3). The rate of this activation in-
creases rapidly as the trypsin formed
begins to catalyze the activation reac-
tion (Fig. 1).

To determine whether trypsinogen
has inherent proteolytic activity that
enables it to activate itself, we designed
two kinds of experiments to exclude
the effect of possible contamination by
trypsin (26, 27).

In the first set of experiments, the
activation of trypsinogen was measured
in the presence of two kinds of inhibi-
tors: soybean trypsin inhibitor (3), a
protein inhibitor that binds trypsin with
an inhibition constant of 10—10M (28)
or diisopropyl fluorophosphate (DFP),
an inhibitor that reacts specifically and
irreversibly with the serine residue at
the active site of trypsin (29).

Both inhibitors, added in amounts
more than sufficient to inactivate any
trace of trypsin in the trypsinogen,
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Fig. 7. Hydrolysis of tosylarginine methyl
ester (TAME) by acetyltrypsinogen. Ace-
tyltrypsinogen (open and solid circles, 1
mg/ml; open and solid squares, 0.5 mg/
ml) in 0.05M tris-HCl, pH 8.1, contain-
ing 0.02M CaCl,, was incubated with
soybean inhibitor (16 and 8 ug, respec-
tively) for 5 minutes. TAME (0.3 ml of
a 0.01M solution in water) was then
added to bring the final volume to 3.0 ml.
The extinctions were measured at 247 nm
against a blank containing protein in one
side and TAME in the other side of a
divided cuvette. Solid circles and squares,
acetyltrypsinogen treated with DFP; open
circles and squares, not treated with DFP.
At the higher concentrations, the curves
are asymptotic as the hydrolysis ap-
proached completion (absorbance approxi-
mately 0.55). [From Kay and Kassell
(27)] [Permission of the American Society
of Biological Chemists]

extended the lag phase observed be-
fore detectable tryptic activity appeared,
but did not prevent the full activation
of the trypsinogen. The results with
soybean inhibitor, presented in Table 1,
show both the effect of trypsinogen
concentration on the initiation of auto-
activation and the delaying effect of
the inhibitor. These results suggested
that trypsinogen catalyzed its own ac-
tivation in a concentration-dependent
reaction, but the presence of a few
molecules of contaminating trypsin
could not be absolutely excluded.

In the second set of experiments we
utilized a system in which there would
be no possibility of the reaction prod-
uct accelerating the reaction, and in
which a trace of trypsin would not
invalidate the results. Acetyltrypsinogen
cannot be activated by trypsin (30)
because the £-amino group of the lysine
residue at the bond normally split dur-
ing activation is acetylated and is no
longer susceptible to tryptic digestion.
Acetyltrypsin, however, is fully active
(31). Acetyltrypsinogen was prepared
and a portion was kept for several days
under activating conditions. No activity
could be detected, and no increase in
activity was obtained on addition of
exogenous trypsin. Therefore, the ques-
tion that remained was whether or not
this trypsinogen derivative that could
not be activated to trypsin had inherent
activity.

Two methods were used to test for
activity of the acetyltrypsinogen: acti-
vation of chymotrypsinogen (a normal
function of trypsin) and hydrolysis of
a synthetic trypsin substrate. The ace-
tyltrypsinogen was able to activate
chymotrypsinogen A (open squares in
Fig. 6) and to hydrolyze tosylarginine
methyl ester, the trypsin substrate
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(open circles and open squares in Fig.
7). The rates were slow in both reac-
tions; chymotrypsinogen activation pro-
ceeded at about 1 percent per day, and
the hydrolysis of tosylarginine methyl
ester at approximately 10—5 the rate
with trypsin.

If the trypsinogen preparation con-
tained contaminating trypsin, this would
have been converted to acetyltrypsin
during the acetylation step. Treatment
of the acetyltrypsinogen with DFP
should then remove most, if not all,
of the acetyltrypsin, and a significant
difference should be seen in the rates
of reaction between DFP-treated and
untreated samples. Figures 6 and 7
show that there was no significant dif-
ference in the experiments with and
without DFP. Thus the activity of
acetyltrypsinogen was not due to con-
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Fig. 8. Activation of the zymogen (open
symbols) and proteolyzed zymogen (solid
symbols) of streptococcal proteinase by
various concentrations of mercaptoethanol
at pH 7. Protein concentration was about
50 wg/ml. Esterase activity was determined
with N-a-benzyloxycarbonyl-L-lysine hy-
drochloride p-nitrophenyl ester as sub-
strate. [From Bustin ef al. (11)] [Permis-
sion of the American Society of Biological
Chemists]

tamination by free enzyme, but was
due to an inherent activity of the zy-
mogen,

We can therefore conclude that
trypsinogen does have an inherent ca-
pacity to activate itself, albeit at a
very much slower rate than the activa-
tion catalyzed by trypsin or enteroki-
nase. This self-activation is probably an
intermolecular reaction, because the lag
time increased on decreasing the con-
centration of trypsinogen (Table 1).
This idea is given further support by
the activation of chymotrypsinogen and
the hydrolysis of tosylarginine methyl
ester by acetyltrypsinogen. These must
be intermolecular reactions.

The formation of “active” trypsino-
gen molecules can be envisaged in two
ways. First, a trypsinogen molecule may
undergo a structural alteration that pro-
duces an active species that can then
act on other “substrate” molecules of
trypsinogen. This is not improbable,
since it has already been shown (32)
by physical methods that trypsinogen
can undergo several reversible transi-
tions that have the effect of producing
a structure more like that of trypsin.
Second, a bimolecular interaction may
occur [analogous to that proposed for
ribonuclease (33)] in which two tryp-
sinogen molecules come together mo-
mentarily, perhaps with conformational
alterations, with one contributing the
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Fig. 9. Lack of effect of protein concen-
tration on the course of activation of
zymogen. After 15 minutes of incubation
at 25°C and pH 7, the incubation mix-
ture was made 72.5 mM in mercapto~
ethanol. Zymogen concentrations: open
triangles, 11 pug per milliliter; open
squares, 27 pg/ml; solid circles, 55 ug/
ml. Activity was determined as in Fig. 8.
[From Bustin et al. (11)] [Permission of
the American Society of Biological Chem-
ists]

1025



Fig. 10. Substrate concentration depen-
dence of the hydrolysis of hippuryl-pL-g-
phenyllactic acid by procarboxypeptidase
A (pCPA) and carboxypeptidase A
(CPA). [From Lacko and Neurath (41)]
[Permission of the American Chemical
Society]

imidazole group of the active histidine
and the other the hydroxyl group of the
active serine. This dimerization may
cause the formation, in an occasional
molecule, of a trypsin-like active site
that can then split off the activation pep-
tide from one or the other of these
molecules or from a third trypsinogen
molecule to form active trypsin. Di-
merization is a reasonable assumption,
since chymotrypsin forms dimers and
higher aggregates (34).

In these experiments with trypsino-
gen we were concerned with demon-
strating activity in this zymogen. More
recently, two quite different methods
have confirmed the existence of an ac-
tive site in the zymogens of “serine”
proteases.

By treating trypsinogen for several
hours with a high concentration of
radioactive DFP, Morgan et al. (35)
were able to incorporate the diisopropyl
phosphoryl group almost specifically
into the serine of the active site. The
rate of reaction was much less than
with trypsin (as we had found with
other reactions), the second order rate
constants being 0.041 and 300 liter
mole—! min—1 for trypsinogen and
trypsin, respectively. The alkylated zy-
mogen could not be activated. Chymo-
trypsinogen also reacted with DFP,
again at a much slower rate than
chymotrypsin. Thus, chemical modifi-
cation experiments with these zymogens
provide evidence that they contain an
inherent active site. :

Robillard and Shulman (36) used
nuclear magnetic resonance in their
studies of chymotrypsinogen. They
found a single resonance at very low
magnetic fields, which they assigned to
the hydrogen-bonded proton between
histidine-57 and aspartic acid-102. Both
of these amino acids are part of the
charge-relay system believed to partici-
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pate along with serine in the catalytic
activity of chymotrypsin (37). The im-
portant point is that this resonance was
present in both chymotrypsin and chy-
motrypsinogen, and is thus another
proof of a preformed active site in the
Zymogen,

A Suifhydryl Protease

Proteolytic enzymes that have a sulf-
hydryl group at the active site are com-
mon in nature, for example, the plant
protease, papain, some of the cathepsins
of mammalian tissues, and numerous
bacterial proteases. These enzymes are
reversibly inactivated by air oxidation
of the sulfhydryl group to the disulfide
state, and are reactivated by reducing
agents.

The first instance of the occurrence
of a zymogen of a bacterial sulfhydryl
protease was reported by Elliott (10).
An extracellular protease of group A
streptococci is formed from a zymogen
containing a single disulfide bond. This
is an unusual mixed disulfide derived
from a half-cystine residue and an un-
known volatile mercaptan (38). Like
the mammalian enzyme precursors, this
zymogen undergoes autoactivation in
which a portion of the protein is re-
moved by proteolysis. However, in this
case, activity appears only in the pres-
ence of a reducing agent and the active
enzyme has a free sulfhydryl group
(39). Thus, there are two steps in the
activation, proteolysis and reduction,
and the question of whether the re-
duced unproteolyzed zymogen had any
proteolytic activity arose (40).

Autodigestion, with release of pep-

Table 2. Comparison of the kinetic constants (K, Michaelis constant; K.,., catalytic constant)
of dogfish procarboxypeptidase A and carboxypeptidase A. [From Lacko and Neurath (41)]

[Permission of the American Chemical Society]

Hippuryl-pL-8- Benzyloxycarbonyl- N-acetyl glycyl-.
phenyllactic acid glycyl-L-phenylalanine L-phenyllactic acid
Enzyme
Km cat Km Kc:t Km Kcat
(mM) (sec™?) (mM) (sec™) (mM) (sec™)
Carboxypeptidase 0.02 635 0.21 14.7 0.44 86
Procarboxypeptidase 8 106 1.8 1.2 12 24
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tides from the zymogen, occurs rapidly
in concentrated solutions (approximate-
ly 2 mg per milliliter). Controlled hy-
drolysis with trypsin produces a pro-
teolyzed zymogen that becomes an
active enzyme when its disulfide bond
is reduced (39), so that a convenient
inactive form of the enzyme is avail-
able for testing. Bustin et al. (II)
compared the reduction of native zy-
mogen with this proteolyzed zymogen
in dilute solutions (20 to 50 ug/ml).
Figure 8 illustrates these experiments
and shows the rate of appearance of
activity with different concentrations of
reducing agent. The intact zymogen
was less susceptible to reduction, but at
the highest concentration of mercapto-
ethanol, after reduction for 75 minutes,
the native zymogen approached the
full activity of the proteolyzed reduced
zymogen.

There is evidence that proteolysis did
not occur in such dilute solution during
reduction. The rate of appearance of
activity was dependent only on the
concentration of mercaptoethanol (Fig.
8), not on the concentration of protein
(Fig. 9). Therefore, a bimolecular re-
action between a trace of reduced pro-
teolyzed zymogen and zymogen or be-
tween molecules of the reduced zymo-
gen was not the cause of the activation.
The elution profile following gel filtra-
tion of the reduced zymogen gave no
indication of peptides such as those
formed by autoactivation in concen-
trated solutions of zymogen. Most sig-
nificant is the fact that the amino acid
composition of the reduced active zy-
mogen was not different from the
starting material; no peptides had been
split off.

These experiments, together with sev-
eral others (I1), provide strong evi-
dence that this is another zymogen
that may be active without the removal
of activation peptides.

A Metalloenzyme

Carboxypeptidases are enzymes that
hydrolyze amino acids one at a time
from the carboxyl terminal of proteins
and peptides. They are metalloenzymes
and normally contain zinc at their ac-
tive sites. :

Procarboxypeptidase A from dogfis!
pancreas is converted to carboxypep-
tidase A by trypsin. Lacko and Neu-
rath (41) made the interesting observa-~
tion that the dogfish zymogen is 2 to
25 percent as active as the enzyme
when acting on peptide or ester sub-
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strates (Table 2), suggesting that a
true catalytic site is operational in the
zymogen. Increasing concentrations of
hippuryl-B-phenyllactic acid showed
strong substrate inhibition with the
enzyme, but not with the zymogen
(Fig. 10). Thus, at high substrate con-
centrations, the zymogen is more active
than the enzyme! With another sub-
strate, benzyloxycarbonylglycylphenyl-
alanine, the enzyme showed substrate
activation, while the zymogen again
showed no effect. The conclusion from
these experiments is that the enzyme
has a more efficient binding site for sub-
strates than the zymogen, rather than a
more effective catalytic site.

When cobalt was substituted for zinc
in bovine procarboxypeptidase A (42),
this zymogen was also more active than
the corresponding cobalt enzyme on
several substrates..

Conclusions

The idea that the precursors of pro-
teolytic enzymes have inherent activity
first appeared in print in 1966 (12).
Nevertheless, investigations of the zy-
mogens of all four types of proteolytic
enzymes were already, entirely inde-
pendently, planned or in progress in
several laboratories. All investigators
devised special techniques to ensure
that it was the zymogen and not the
enzyme that was responsible for the
activity, Evidence of inherent activity
was found for all the different kinds of
zymogens, but the rate of action, in
comparison to the enzyme, varied from
a barely detectable amount in the case
of trypsinogen to activity even greater
than the enzyme under certain condi-
tions for procarboxypeptidase A.

For zymogens that undergo autoac-
tivation to form their enzymes, such
as pepsinogen, prorennin, and trypsino-
gen, it is now clear that they can initiate
their own activation and are not de-
pendent on a trace of active enzyme as
was formerly thought to be the case.
Autoactivation, previously considered
to be a reaction in which the enzyme
produced more of itself, should now be
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redefined as a process initiated by the
enzyme precursor and then accelerated
by the active enzyme formed. The se-
quence of events is probably a confor-
mational change resulting in active zy-
mogen, followed by the proteolytic
action of this active zymogen on other
zymogen molecules, converting them to
enzyme.

The data discussed herein suggest
some interesting prospects for further
work. A highly active zymogen such
as dogfish procarboxypeptidase A, un-
like the enzyme in not being subject
to substrate inhibition, may be useful
for sequence work on proteins. Kinetic
comparisons of other zymogens with
their enzymes, following the studies on
procarboxypeptidase A, should provide
information about the relationships of
the binding sites to the catalytic sites.
For example, do the zymogens have
a broader specificity than their en-
zymes? Other systems, not yet investi-
gated from this point of view, may
also turn out to be self-starting, for
example, the blood-clotting cascade.
Perhaps the zymogens of some non-
proteolytic enzymes, such as prophos-
pholipase, also have inherent activity
on appropriate substrates.
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