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Reactions attending the conversion of precursors of proteolytic enzymes
to the active form are distinguished by several features of unusual interest:
(a) they are enzyme-catalyzed; (b) they are irreversible; (¢) they involve
the opening of a limited number of peptide bonds; (d) they provide an
experimental system for the study of the final steps in formation of a
biologically specific protein and of the relation of chemical structure to
biological activity of proteins (3).

In recent studies in this laboratory (4), including the present work,
several intermediates formed during the activation of chymotrypsinogen
have been recognized by a combination of methods. These have included
electrophoresis, end-group analysis, enzymatic activity, peptide analysis,
and sedimentation. As a result of the present experimental study, which
dealt in particular with the nature of the peptide released during the rapid
activation of chymotrypsinogen, it has been possible to identify the nature
of the limited number of peptide bonds hydrolyzed during the activation
process.

EXPERIMENTAL
Materials

Chymotrypsinogen was prepared (5) from freshly frozen beef pancreas
glands.! One of the preparations employed was recrystallized six times
with ammonium sulfate, whereas the other was recrystallized seven times
with ammonium sulfate and twice with ethanol (6).

a-Chymotrypsin was a twice crystallized preparation, made as previously
described (5).

Trypsin was a twice crystallized sample, containing approximately 50 per

* Presented in part before the Forty-sixth annual meeting of the American So-
ciety of Biological Chemists at San Francisco, California, April 11-15, 1955 (1). A
preliminary report has been published (2).

!t We are indebted to The Wilson Laboratories, Chicago, Illinois, for a crude pro-
tein precipitate, obtained from freshly collected beef pancreas glands, which served
as starting material for the isolation of chymotrypsinogen and a-chymotrypsin.
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cent magnesium sulfate, obtained from the Worthington Biochemical Sales
Company, Freehold, New Jersey. Prior to use, the protein was dialyzed
against 0.001 ~ HCI and lyophilized.

B-Phenylpropionic acid (reagent grade) was obtained from the Eastman
Kodak Company, Rochester, New York.

Ion exchange resins (Dowex 50 and XE-64) were obtained from The
Dow Chemical Company and from Rohm and Haas.

DNP? derivatives of twenty-two amino acids were prepared by Mr. H.
L. Pan according to published methods.

Methods

Moving boundary electrophoresis was carried out in the Spinco, model H,
electrophoresis apparatus. Sodium acetate buffer, ionic strength 0.1, pH
497 (at 25°), was used. For adequate resolution of the components,
electrophoresis for extended periods of time, up to 24 hours, was necessary;
electrolytic compensation (7) was employed to maintain the boundaries
within view at all times during the electrophoretic experiment. In order
to minimize proteolytic changes during the electrophoretic analysis, DFP
was added to the activation mixtures to convert the active enzymes into
the inactive diisopropylphosphory! derivatives.

Paper electrophoresis was carried out with an apparatus similar to that
described by Durrum (8); strips of Whatman No. 1 filter paper, 1.5 inches
wide, were used.

Chymotrypsin activity was determined under conditions similar to those
described in recent publications (9) with acetyl-L-tyrosine ethyl ester as
substrate.

Activation—The composition of rapid activation mixtures was as follows:
chymotrypsinogen 40 mg. per ml., trypsin 1.2 mg. per ml., sodium phos-
phate buffer, pH 7.8, 0.05 M. Activation was carried out at 0°. In cer-
tain cases the activation mixtures also contained 0.1 M sodium B-phenyl
propionate. Prior to activation, chymotrypsinogen was dialyzed for 30
hours against 0.001 ¥ HCI in order to remove all traces of peptides or
amino acids. The solutions were then passed slowly through a column
containing Dowex 50 ion exchange resin, X4, 20 to 50 mesh, in the hydro-

gen form.
Protein concentrations were determined spectrophotometrically; ex-
tinction coefficients were Eig = 20.6 for chymotrypsinogen (10) and

EX% = 14.4 for trypsin (11).

2 The following abbreviations are used: DNP, dinitrophenyl; DFP, diisopropyl
phosphofluoridate; TCA, trichloroacetic acid.
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Results
Preliminary Identification of Activation Peptide

Rapid activation mixtures were prepared, and activation was terminated
by addition to a suspension of Dowex 50 ion exchange resin, X4, 20 to
50 mesh, in the hydrogen cycle (12). Material adsorbed on the resin was
eluted with 8 N ammonium hydroxide and subjected to two-dimensional
paper chromatography on Whatman No. 1 filter paper, with butanol-
acetic acid-water (4:1:5) as solvent in one dimension and 2-butanone-tert-
butanol-diethylamine-water (40:40:4:10) (13) in the second dimension.
After development with ninhydrin in butanol and collidine (14), a pale
yellow spot appeared which, upon steaming for 5 to 10 minutes, became
purple. Several very faint purple spots also appeared, probably denoting
the presence of minor amounts of other peptides arising from non-specific,
secondary proteolytic degradations. The Er value of the major peptide
was in both solvent systems intermediate between those of arginine and
lysine.

Amino Acid Analysis of Peptide Fraction of Activation Mixtures

In order to relate the appearance of a peptide to the activation process
proper, it was necessary to demonstrate that the constituent amino acid
residues of the peptide bear stoichiometric relationships to the amount of
chymotrypsin formed. Experiments were, therefore, carried out to deter-
mine which amino acids were present in stoichiometric amounts in an acid
hydrolysate of the peptide fraction. Such an analysis includes the con-
stituents of all peptides, ninhydrin-positive or negative, and the results
are independent of secondary degradations of the primary peptide prod-
ucts. The method thus places an upper limit to the size and composition
of the peptide being determined.

In a typical experiment, a rapid activation mixture (65 minutes of
activation at 0°) was treated with a 50-fold molar excess of 1 m DFP in
isopropanol for 30 minutes and then added to an equal volume of 20 per
cent TCA at 0°. After centrifugation, the supernatant fluid was decanted
and the precipitate washed with cold 10 per cent TCA. The combined
supernatant solutions were then extracted five times with ethyl ether and
evaporated to dryness. After 24 hours of hydrolysis in 5.7 N HCI at
110° in sealed tubes, amino acid analysis was carried out by the procedure
of Moore and Stein (15). A small amount of all amino acids known to be
present in chymotrypsinogen (3) was found, but only two amino acids
were present in quantities approximately equivalent to the amount of
5-chymotrypsin formed. These were serine and arginine. A similar
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amino acid pattern was obtained when analysis was carried out on the
peptides isolated from the activation mixture by the use of Dowex 50 ion
exchange resin; however, only approximately 60 per cent of the theoretical
vield of serine and arginine was obtained in this case.

Puyrification of Peptide on XE-64 Resin

In view of the success attending the use of XE-64 resin for the separa-
tion of basic peptides and proteins (16, 17), this resin was employed for
the purification and quantitative estimation of the activation peptide.

The columns (0.9 X 15 em.) were prepared according to the procedure
of Hirs et al. (17). The method of gradient elution was used, by feeding
0.3 M citrate buffer, pH 5.3, into a 50 ml. mixing chamber containing the
same buffer in 0.01 M concentration. Magnetic stirring was employed
throughout the operation. In some experiments a 0.2 or 0.3 M buffer
was applied directly to the column. The detergent BRIJ35 was added to
all buffers prior to use (15). 1 ml. samples were collected in a fraction
collector, and aliquots of the fractions were analyzed quantitatively with
the ninhydrin reagent of Moore and Stein (18).

An activation mixture was prepared identical to that described in the
preceding section dealing with the amino acid analysis. The supernatant
solutions resulting from TCA precipitation were extracted five times with
ethyl ether and then adjusted to pH 5.3 prior to application to the column.
Fig. 1 is a typical chromatogram of peptides derived from the activa-
tion of 20 umoles of chymotrypsinogen. The first major peak appearing
was found to consist of a mixture of acidic and neutral peptides which
were subsequently resolved on a Dowex 50 column, X2, 200 to 400 mesh,
in the sodium eycle (11, 15). The lower chromatogram of Fig. 1 repre-
sents the resolution of the fraction collected in tubes 4 to 12 from the
experiment represented by the upper chromatogram. It is clear that
none of the acidic or neutral peptides occurs in amounts comparable to
the peak representing the activation peptide (see below). It is likely
that these peptides are the products of secondary degradation of the pro-
tein components present in the activation mixture.

The second major peak appearing on the XE-64 chromatogram was
found to consist primarily of ammonia. This was ascertained by experi-
ments in which the ninhydrin color of aliquots was determined before and
after removal of ammonia by evacuation of samples treated with sodium
hydroxide (19). Approximately 75 per cent of the material under this
peak was lost by this treatment. It is likely that the ammonia was intro-
duced during experimentation, since much less ammonia was seen in the
chromatograms when the entire activation mixture was applied directly
to the column (precipitation with TCA omitted).
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The major peak appearing with an effluent volume of 50 to 60 ml.
represents the peptide liberated during activation. It appears at the
same effluent volume as free arginine. The true color yield of the pep-
tide was determined on a molar basis by relating the differences in optical
density of aliquots of various tubes within the peptide peak to the corre-
sponding differences in the amount of Kjeldahl nitrogen. Assuming the
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Fic. 1. Chromatogram of peptide fraction derived from the activation of 20
umoles of chymotrypsinogen. In the upper chromatogram, XIi-64 ion exchange
resin was used, and in the lower chromatogram Dowex 50, X2, 200 to 400 mesh. The
lower chromatogram represents the resolution of the fraction collected from aliquots
of tubes 4 to 12 of the upper chromatogram. Since aliquots were taken, volume
corrections were applied so as to render the ordinate values of the two chromato-
grams strictly comparable. The ninhydrin color value used for all components was
that determined for the major peptide.

peptide to be serylarginine, the usual ninhydrin procedure yielded an
optical density of 2.36 for a solution containing 1 umole of peptide in a
final volume of 8 ml. This corresponds to a color value of 0.91 on a molar
basis relative to leucine.

Identification of Peplide

Paper chromatograms of an acid hydrolysate of the purified peptide
(24 hours hydrolysis in 5.7 N HCI in sealed tubes) revealed only two
ninhydrin-positive spots corresponding in Rr values (butanol-acetic acid-
water) and color to serine and arginine. A quantitative analysis of the



532 ACTIVATION OF CHYMOTRYPSINOGEN

acid hydrolysate on XE-64 columns, as previously described, yielded ap-
proximately 1 mole of each, serine and arginine, per mole of peptide.

Following periodate oxidation, the peptide gave a positive Nessler test
for ammonia, thus indicating that serine occupied the N-terminal position
in the dipeptide. The presence of arginine was confirmed by a positive
Sakaguchi test in the intact peptide. In view of the destruction of trypto-
phan during acid hydrolysis, it was important to note that the unhydro-
lyzed peptide gave a negative test for tryptophan (20).

UNKNOWN DAP:SER
 DNP-SER_ ONP-ARG_
UNKOWN DNP-SER ONP-ARG

F1G. 2. Artist’s representation of a paper chromatogram of an acid hydrolysate
of DNP peptide (see the text). The solvent was tert-amyl alcohol saturated with
0.05 u phthalate buffer, pH 6.5. The papers were sprayed with phthalate buffer
prior to use.

When the peptide was allowed to react with 2,4-dinitrofluorobenzene
and subsequently hydrolyzed, only one ether-soluble DNP amino acid was
found on paper chromatograms, namely DNP-serine. The results are
shown in the chromatogram represented by Fig. 2. The aqueous layer was
colorless, indicating the absence of DNP-arginine. 1t is evident, therefore,
that the dipeptide has the structure serylarginine.

Paper Electrophoresis

In accordance with its basic properties, the purified peptide was found
to migrate in paper electrophoresis toward the anode. In these and the
following experiments, a sodium acetate buffer, pH 5.0, 0.1 ionic strength,
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was employed. Following spraying with ninhydrin reagent, the peptide
appeared as a faintly yellow spot which could be readily visualized by its
fluorescence under an ultraviolet lamp. The purified peptide appeared
homogeneous.

In the experiments described below, the peptide fraction was isolated
from the activation mixtures by the resin method, and an amount approxi-
mately equivalent to 0.15 pmole of chymotrypsin formed was placed on the
paper strip.  When this method was applied to a rapid activation mixture
in which approximately 90 per cent conversion to 8-chymotrypsin had oc-
curred, a major spot, corresponding to the peptide, was observed in addi-
tion to a minor, ninhydrin-positive, spot which remained near the point
of application. However, when rapid activation was carried out in the
presence of 8-phenyl propionate and DFP was added in excess after approxi-
mately 90 per cent conversion to w-chymotrypsin had occurred, the spot
corresponding to the dipeptide was entirely absent and only a very faint
spot near the point of application could be seen. It was of interest to note
that the spot corresponding to the dipeptide could also be found in the pep-
tide fraction obtained after slow activation of chymotrypsinogen (24 hours
at 0°, chymotrypsinogen-trypsin ratio 5000:1); there did appear, however,
in addition, several other ninhydrin-positive basic, neutral, and acidic pep-
tides. The release of the dipeptide appears to correlate with the large
shift in mobility of the protein constituents occurring during activation
(see below).

Quantilative Studies of Activalion Process

It has been found in this work that the intermediate products arising
during the rapid activation of chymotrypsinogen could be distinguished
from one another by prolonged moving boundary electrophoresis in an ace-
tate buffer of pH 4.97, ionic strength 0.1. With the aid of these findings
it has been possible to describe the kinetics of the formation and disap-
pearance of the protein components during activation and to relate to these
the amounts of peptide formed. In these experiments rapid activation
mixtures were prepared in the usual manner, and, at predetermined time
intervals, aliquots were removed and pipetted into a 50-fold molar excess
of a 1 M solution of DFP in isopropanol. After 30 minutes, the solutions
were adjusted to pH 5 and dialyzed against large volumes of acetate buffer,
pH 4.97. Al of these operations were carried out in the cold room (0—4°).

Representative electrophoretic diagrams are presented in Fig. 3. The
electrophoretic pattern of chymotrypsinogen (not shown) indicated that
the protein was at least 97 per cent homogeneous. It will be noted that
during activation the boundary corresponding to chymotrypsinogen was
replaced by components of decreasing electrophoretic mobility. The mo-
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bility difference between chymotrypsinogen and the first activation prod-
uct, r-chymotrypsin, is so small that it could not be observed after 3 hours
of electrophoresis (4), but it became clearly evident after prolonged elec-
trophoresis. w-Chymotrypsin has been obtained in nearly pure form, as
judged by electrophoresis, when activation was carried out in the presence
of B-phenyl propionate, as previously described (4). Much larger mobility

ACTIVATION TIME ELECTROPHORESIS
TIME
3.3 min. 1300 min.

6.0 min. h I 1262 min.
20 min. _L; 1389 min.

55 min. 1017 min,

90 min. 1723 min,
CHTG. w- 8-

Fic. 3. Electrophoretic diagrams (ascending) of activation mixtures. The time
of activation is given on the left and the time of electrophoresis on the right-hand
margin. The patterns have been aligned horizontally to facilitate comparison of
the three components marked at the bottom of the figure. Sodium acetate buffer,
pH 4.97, ionic strength 0.1, was used. The potential gradient was 5.8 volts em.™".
The ascending mobilities (1075 sq. em., volt™!, see.”!) of the components were as fol-
lows: chymotrypsinogen 3.8, w-chymotrypsin 3.6s, 5-chymotrypsin 3.2;.

changes occur as r-chymotrypsin is converted to the é form. The patterns
in Fig. 3 have been aligned in a horizontal direction to facilitate comparison
of the three components; 7.e., chymotrypsinogen, =-, and é-chymotrypsin.
1t is evident that after 90 minutes of activation, under the conditions em-
ployed herein, at least 90 per cent of the protein had an electrophoretic
mobility characteristic of é-chymotrypsin. The relative concentrations
of the components corresponding in electrophoretic mobility to chymo-
trypsinogen, -, and é-chymotrypsin are plotted in Fig. 4 against the time
of activation. Relative component distribution was calculated from the
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Rayleigh interference fringes (21) which were recorded simultaneously
with their derivative patterns on the photographic plates.?

@ 8-CHT

:,E, 60 © PEPTIDE
g & T~CHT
Q 40 e CHTG

1 I ) 1 1 1 I L) T
10 20 30 40 S0 60 70 80 90
Minutes of Activation

F1a. 4. Distribution of protein and peptide components of activation mixtures
as a function of the time of activation. The relative distribution of the protein
components was calculated from the electrophoretic patterns, the total protein con-
centration being taken as 100 per cent (see the text). The amount of the peptide is
the ratio, in per cent, of micromoles of peptide to the micromoles of chymotrypsino-
gen (mol. wt. 23,000) initially present.

1001 cymoTRYPSIN

7501 PEPTIDE
500+

.250

OPTICAL DENSITY (570mu)

10 20 30
EFFLUENT MILLILITERS

Fic. 5. Chromatogram of a DFP-inactivated activation mixture applied directly
to an XE-64 column and eluted with 0.3 M sodium citrate buffer.

Activity measurements on similar activation mixtures indicated that
the per cent of maximally attainable esterase activity corresponded approxi-

3 It is recognized that these calculations yielded only approximate values, since
no corrections were applied to account for deviations from “‘ideal conditions” (22).
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mately to the amount of chymotrypsinogen disappearing. Furthermore,
when an activation mixture retaining approximately 40 per cent chymo-
trypsinogen (similar to the 6.0 minute pattern in Fig. 3) was freed of ex-
cess DFP by dialysis against 0.001 ¥~ HCI and then activated under the
usual conditions, 30 per cent of maximal activity could be obtained.

Also shown in Fig. 4 are the amounts of peptide liberated during acti-
vation. These followed closely the curve describing the rate of appearance
of é-chymotrypsin. The data were obtained in the following manner.

Samples of the DFP-inactivated activation mixtures were adjusted to
pH 5.3 and applied directly to the XE-64 column. Elution was carried
out with 0.2 or 0.3 M sodium citratebuffer, pH 5.3; a representative chroma-
togram obtained by elution with 0.3 M buffer is shown in Fig. 5. It is
clear that the elution of the protein components precedes that of the pep-
tide material. Even sharper separation occurred when elution was car-
ried out with 0.2 M citrate buffer or when gradient elution was applied.
The concentration of the peptide was calculated in terms of the previously
determined color value of the peptide.

DISCUSSION

The present experimental data show conclusively that during the rapid
activation of chymotrypsinogen a peptide is liberated, having the structure
serylarginine. Since the concentration of the peptide follows closely the
time curve describing the appearance of §-chymotrypsin, it is apparent
that it must have arisen during the conversion of w-chymotrypsin to the
8 form. This conclusion is also in accord with the much larger differences
in electrophoretic mobility between = and -chymotrypsins, compared to
the difference between chymotrypsinogen and w-chymotrypsin. Indeed
direct experimentation failed to provide any evidence for the release of a
peptide during the conversion of chymotrypsinogen to 7-chymotrypsin.

On the basis of these findings and others previously reported (4, 23-25),
it now appears possible to identify the amino acid sequence in chymotryp-
sinogen which is primarily involved in the activation process. The follow-
ing considerations summarize the pertinent points of evidence: (1) w-chy-
motrypsin differs from chymotrypsinogen in possessing an N-terminal
isoleucyl-valine sequence, both proteins being devoid of a C-terminal group
reactive toward carboxypeptidase; (2) the conversion of - to §-chymotryp-
sin yields a C-terminal leucine group, no new N-terminal group, and the
dipeptide serylarginine; (3) the action of a-chymotrypsin on chymotryp-
sinogen yields neither enzymatic activity nor the dipeptide,* suggesting
that serylarginine is not a C-terminal sequence in chymotrypsinogen.

If we omit from consideration factors arising from the presence of the

4 Unpublished experiments.
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N-terminal half cystine group found in chymotrypsinogen (26) and con-
sider, in addition to the data already presented, the specificity requirements
of the activating enzymes (25), it seems most likely that the amino acid
sequence involved in the activation process is as shown in Fig. 6. Accord-
ing to this scheme, the arginyl-ioleucine bond would be opened in the tryp-
sin-catalyzed formation of x-chymotrypsin; the subsequent chymotrypsin-
catalyzed conversion of 7- to §-chymotrypsin would involve the hydrolysis
of the leucyl-serine bond, giving rise to the dipeptide, and a protein having
a C-terminal leucine group and an N-terminal isoleucyl-valine sequence.
When the present results are viewed together with those previously re-
ported for the activation of trypsinogen (11), it becomes abundantly clear
that the splitting of a single bond suffices to produce enzymatic activity.
The liberation of a peptide is not an obligatory event, and all active forms

CHYMOTRYPSINOGEN ¢ L LEU — SER — ARG -?- ISO — VAL J
TR.
T- CHYMOTRYPSIN ¢ L LEU * SER — ARG 1SQ — VAL J
CHT
v

8- CHYMOTRYPSIN ¢ L LEU ISO — VAL J

-+
PEPTIDE : SER - ARG

Fic. 6. Proposed sequence of reactions in the rapid activation of chymotryp-
sinogen.

of these two proteolytic enzymes have the same N-terminal dipeptide se-
quence of isoleucyl-valine (4, 27).

The question remains as to how the opening of a single peptide bond is
related to the appearance of enzymatic activity.® While an answer to this
question lies mainly in the realm of speculation, the following considera-
tions are advanced to indicate the direction of future investigation of this
problem. Cleavage of a strategically located peptide bond may simply
unmask a preexisting structural region of the enzyme molecule which is
associated with catalytic activity. Such unmasking would involve a cer-
tain degree of reorientation in the protein molecule. Alternatively, an

8 The question may, in fact, be raised whether the opening of a peptide bond is a
necessary or an incidental accompaniment of activation. All that can be said is
that it is the only chemical event known to occur. While the well known denatur-
ing effect of proteolytic enzymes could conceivably produce an intramolecular re-
arrangement of the substrate molecule, the high degree of specificity of the activating
enzymes renders it extremely unlikely that activation can occur without peptide
bond hydrolysis.
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enzymatically active site may be created by molecular rearrangement. Ei-
ther of these physical changes may lead to significant differences in the
x-ray diffraction pattern of the zymogen and of the active enzymes. From
a chemical point of view it may be suggested that the difference in reactive
groups between zymogen and active enzyme is responsible for activation.
The only common feature which distinguishes the active enzymes from the
zymogen is the N-terminal isoleucyl-valine sequence. Hence, it would be
of interest to determine whether chemical modification or removal of com-
ponents of this sequence might lead to the abolition of enzymatic activity.

Our thanks are due to Miss Elaine Cohen and Miss Anne Cederquist for
performing the amino acid analysis and to Mr. Roger D. Wade for his as-
sistance in electrophoretic measurements.
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SUMMARY

In the course of the rapid activation of chymotrypsinogen a single pep-
tide is liberated which has been isolated and identified as serylarginine.
The appearance of this peptide is exclusively associated with the conver-
sion of w-chymotrypsin to the 6 form. The present findings, together with
those previously reported, have been interpreted to indicate that the split-
ting of a single peptide bond between arginine and isoleucine, in the se-
quence leucyl-seryl-arginyl-isoleucyl-valine, suffices to produce enzymatic
activity when chymotrypsinogen is converted to w-chymotrypsin. The
subsequent chymotrypsin-catalyzed reaction involves the liberation of the
dipeptide from the C-terminal portion of w-chymotrypsin.
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