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STRUCTURE AND FUNCTION OF PORCINE PEPSIN
CHAPTER |
INTRODUCTION

Many important discoveries have been made in the study of the

~ structure and function of enzymes in the last two decades. As a result, we
have reached a point of understanding that, for at least a few enzymes, the
detailed mechanism of catalysis can be attributed to the functional groups in
the three-dimensional model of the enzymes. There is a group of pancreatic
proteolytic enzymes such as trypsin, chymotrypsin, elastase, carboxypeptidase
A which has been well studied. These investigations have contributed
significantly to our understanding of the structure-function relationship in
enzymes. The experiences resulting from such studies have shown that infor-
mation from several major areas of investigation are necessary. First, the
primary structure provides a rational chemical frame work of the enzyme
molecule. Second, a three dimensional model resulting from crystallographic
studies gives the topological relationships of the functional groups. Third,
chemical modifications are instrumental in locating the active sites. And
finally, kinetic and other studies suggest a possible mechanism which can
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pinpoint the roles of the functional groups. Each of these studies contribute
to the detailed mechanisms of enzymic catalysis.

However a group of acidic proteases from the stomach has not been
well studied. There are several reasons for such deficiency: First, pure
acidic proteases are not readily available. The problem of purity of porcine
pepsin was a serious problem and was not solved until quite recently (i),
gastricsin was isolated only about ten years ago (2), and the best method of
preparation of rennin yields a product which still contains two components (3).
Second, porcine pepsin has a molecular weight of 34,000, consists of 32! amino
acid residues and is larger than the pancreatic proteolytic enzymes. [t also
contains a large number of acidic residues which usually moke sequence study
difficult. Third, since acidic proteases are labile in neutral and alkaline
solution, there are considerable restrictions on application of available methods
for their structure-function studies.

In spite of these facts, acidic proteases present a challenging pro-
blem. We have developed an interest specifically for this problem as it
relates to the structure and function of porcine pepsin for several reasons.
First, most proteolytic enzymes whose structure and function have been examined
have neutral or slightly alkaline pH. Included among this group of enzymes
are chymotrypsin, trypsin, elostase, subtilisin, carboxypeptidase A and papain.
Pepsin on the other hand, has an optimum ot pH 2 which suggests a very
different mechanism in its catalytic action from that of alkaline proteases. It

would be interesting to understand the relationship between structure and



3

function in an acidic protease. Second. just as the pancreatic proteases,
chymotrypsin, trypsin and elastase, are structurally homologous, two gastic
enzymes, pepsin and gastricsin, were also found to be homologous in their
sequences (4). They are also found to be homologous to rennin, a milk
clotting enzyme (4, 5). The study of the structure and function of pepsin
would be an extension of such a comparison. More specifically, the structure
of porcine pepsin is particularly interesting. Most kinetic studies in acidic
proteases have been carried out in porcine pepsin. The sequences around 4
methionine and 6 half-cystine residues in porcine pepsin are known (5). These
sequences provide the overlaps for ordering fragments from specific chemical
and enzymic cleavages at these residues, thus encouraging the study of the
complete structure of the pepsin molecule. Additionally, o specific, substrate~
like pepsin inhibitor, |, 2-epoxy=3=(p=nitrophenoxy) propane (cbbreviated as EPNP),
which reacts at the active site of pepsin, has been discovered recently (6). This
provided an opportunity for the study of the active site structure of pepsin. The
goal of ihis disseriaiional research was to elucidaie the partial structure of
porcine pepsin, by specifically taking advantage of the facts mentioned above.

A great deal of ground work on the structure of pepsin had been done.
Porcine pepsin and its precursor pepsinogen had been analyzed for amino acid
composition by several investigators. The most recent data are in Table 1 (I).
The total number of amino acid residues per molecule in pepsinogen and pepsin
are about 362 and 320. respectively. Porcine pepsin ond its precursor, porcine

pepsinogen each consists of a single peptide chain containing 3 disulfide bridges.
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Table |

a
Amino Acid Compositions of Porcine Pepsinogen and Porcine Pepsin

Amino Acid Porcine Pepsinogen Porcine Pepsin
Lysine i0 i
Histidine , 3 !
Arginine 4 2
Aspartic Acid 44 40
Threonine 26 25
Serine 46 43
Glutamic Acid 28 26
Proline 19 16
Glycine 35 34
Alanine 19 16
Half Cystine 6 6
Valine 23 20
Methionine 4 4
Isoleucine 25 23
Leucine 33 28
Tyrosine 17 16
Phenylalanine I15 i4
Tryptophan (5) (5
Total 362 320
Amide 27 27

® From Rajagopalan et ol . (1 ).
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Their amino~terminal amino acid residues are isoleucine and leucine respec-
tively and the carboxyl terminal amino acid residue is alanine in both proteins
(7). 1t is well established that pepsin is produced by removal of a peptide
portion from the amino-terminal sequence of pepsinogen. The difference between
the omino acid composition of pepsinogen and pepsin (4l residues) is relatively
high in their content of basic amino acids (9 Lys + 2 His + 2 Arg). The
sequence of this 4] amino acid residue peptide which was removed on activation
of the zymogen was elucidated by Ong and Perlmann (8). However., in a
recent paper by Stepanov et al (9), the peptide sequence of Ong and Perimann
was shown to be incomplete. According to the survey made by Keil in 1970
(10), the data already published on the primary structure of pepsin contained
about 63% of its residues in known sequences. Amino acid sequences around
three disulfide bridges and four methionine residues of porcine pepsin had been
determined by Tang and Hartley using diagonal electrophoretic methods (5).

The number of tryptophan residues was not certain, and was reported to be four
(). five (12), and six (13). No tryptophan residues appeared to be removed
from pepsinogen upon its activation (8). Amino acid sequences around 4
tryptophan residues had been determined by Dopheide and Jones (lI). There is
one phosphoserine residue in porcine pepsin. The amino acid sequence around
this phosphoserine was revealed by several investigators (5, 14, 15). The
sequence of a peptide containing 9 residues from the amino terminus of porcine
pepsin was elucidated by Tang (16). The sequence of a 37 amino acid fragment

which occupies the carboxyl terminal position of porcine pepsin, and is produced
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upon cleavage of pepsin with cyanogen bromide was determined by Kostka et
al (I7). Earlier work had established the sequence of shorter fragments (27
residues) of the carboxyl-terminal sequence -of pepsin (I8). Two arginines and
the single lysine of the entire porcine pepsin moiecuie are located in the carboxyl-
terminal 20 amino acid unit.

The approach we took for the elucidation of the primary structure
of porcine pepsin was as follows. Porcine pepsin was reduced with dithiothreitol
in the presence of 6 M guanidine-hydrochloride, and S-aminoethylated with
ethyleneimine. These reactions convert 6 cysteines into 6 aminoethylcysteine
residues which are susceptible to tryptic digest (19). After dialysis ond lyophi-
lization, the reduced and aminoethylated pepsin was subjected to cyanogen
bromide cleavage in 70% formic acid. The fragments were separated by column
chromatography with Sephadex G-75. Five pecks were obtained. The peptides
in each peak were further purified by DEAE-Sephadex A~25. The purified
fragments were subjected to amino acid and terminal amino acid onalyses. The
complete sequences of the porcine pepsin will be assembled from the sequences
of the fragments, using the sequences around 4 methionines provided by Tang

and Hartley (5). A 44 amino acid residve peptide fragment was obtained, and . .

the structure of this fragment was determined in this work. This sequence is
the continuation of the known carboxyl-terminal sequence of 37 amino acid
residues. Therefore, a 8l residue sequence at the carboxyl terminal end of the
enzyme has been ascertained from this current work.

As to the catalytic function of porcine pepsin, it is important fo

..... [
R
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understand the nature of catalytic groups. The pH optimum for peptic cleavage
of acetyl dipeptides is near pH 2.0. The activity of pepsin depends on the
ionization of two groups on the enzyme, one having an cppﬁrent pKa of 1.0
and the other of 4.7 (20,21). Possible candidates for these two groups are the
carboxyl groups and the imidazole group of the histidyl residue. Photocxidation
of histidine does not affect the activity of the enzyme (22). Therefore carboxyl
groups are probably involved in peptic catalysis. In order to identify the active
carboxyl groups of pepsin, several specific inhibitors have been found for pepsin.
In 1965, diphenyldiazomethane was found to inactivate pepsin (23). Since
then, a number of diazo compounds have been reported to inactivate pepsin
(24,25), such as diazoacetyl~DL-norleucine methyl ester and diazoacetyl-L-
phenylalanine methyl ester. It is clear that all diazo inactivators esterify a
unique aspartyl residue which is contained in the sequence: lle-Val-Asp-Thr-
Gly-Thr-Ser-Leu (25,28). Due to the fact that these diazo compounds can
completely inhibit peptic activity, this reactive aspartyl residue is likely to
be involved in enzymic catalysis. Partial inactivation of pepsin can be achieved
by means of p-bromophenacy! bromide, which also esterifies the carboxyl group
of a different aspartic acid residue (26). This aspartic acid residue probebly
is not directly involved in peptic catalysis, as only partial inactivation resuited
from the reaction. Several subsirate-like epoxides were found to act as
inactivators of pepsin (6). The most potent umc;ng these, |,2~epoxy-3-(p~-
nitrophenoxy) propane, caused the specific and irreversible inactivation of all

enzymic activity. During this process, 2 molecules of epoxide were covalently



bound to each molecule of enzyme. This study also demonstrated that one of

the two reactive sites was located in the active center of pepsin. Two carboxyl
groups of the enzyme were proposed to be esterified each by one hydroxy! group
of the glycol formed from the epoxide. Both of the sites reactive to |,2-
epoxy-3-(p=-nitrophenoxy) propane differed from the carboxy! group known to react
with previously reported inactivators, diazoacetyl-DL~norleucine methyl ester

(24) and p-bromophenacylbromide (26). Thus the structure of the epoxide-reactive
site had not been studied previously. Therefore, studies were undertaken in

this work to identify the epoxide reactive residues in pepsin, to determine the
amino_ccid sequence near the modified residues, and to elucidate the chemical
linkages involved in the modification. Our results showed that one-of the
epoxide-modified residues is an aspartic acid esterified on the B-carboxyl group.
The other modified residue, however, is a methionyl residue which is located

38 residues from the COOH terminus of the molecule. These current results

have recently been reported in the Journal of Biclogical Chemistry (27).




CHAPTER il

MATERIALS AND METHODS

Materials

Proteolytic Enzymes

Porcine pepsin (2 x crystalline 2800 u/mg lot PMIBA), & -chymo-
trypsin (3 x crystalline), papain and diisopropylfluorophosphate-treated
carboxypeptidase A were purchased from Worthington Corp. Crystalline
pepsin obtained from Pentex was also used. Thermolysin was obtained from
Calbiochem. Pronase, ficin and trypsin (I x crystalline, DCC treated, type
XI1) were purchased from Sigma. Subtilisin was a product of Novo Terapeutisk
Laboratorium, Copenhagen, Denmark. Aminopeptidase M was obtained from

GMBH Chemische FABRIK.

|, 2-Epoxy-3-(p-nitrophenoxy) Propane
[,2-epoxy-3-(p-nitrophenoxy) propane (EPNP) was obtained from

Eastman Kodak Co.

Dansyl Chloride
5-Dimethyl amino-l-naphthalene sulfony! chloride (dansyl chloride)
was obtained from K and K Laboratories, Inc., Plainview, New York.

9
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Ninhydrin
Ninhydrin was obtained from Pierce Chemical Company, Rockford,

" Hlinois.

Phenylisothiocyanate
Phenylisothiocyanate was obtained from Fisher Scientific Company,

Fair Lawn, New Jersey, and was distilled before use.

Ethyleneimine
Ethyleneimine was obtained from K and K Laboratories, Inc., and

was distilled over barium oxide before use.

Dithiothreitol

Dithiothreitol was purchased from Calbiochem.

Cyanogen Bromide

Cyanogen bromide was obtained from Eastman Kodak Co.

Other chemicals were of the highest purity, available from commercial

sources and were used without further purification.




Methods

Preparation of EPNP-Pepsin
EPNP-pepsin modified at 30° was prepared a's described by Tang (6).
The enzyme concentration was 4 mg/ml in 0.1 M acetic acid. Excess EPNP
powder was added to create o suspension in the incuba.rioﬁ solution which was
stirred constantly for 48 hours. The incubation mixture was then filtered,

adjusted to pH 5.0 with NH OH solution, dialyzed at 4° ogainst several

4
changes of water, and lyophilized. The product had about 90% inactivation
and about 2 residues of EPNP were incorporated per molecule of inactivated

enzyme. The inactivation was carried out in a similar manner ot 10°, except

that 120 hours of incubation was requried (29).

Proteolytic Digestion of EPNP-Pepsin

a) Peptic digest: Lyophilized EPNP-pepsin (200 mg) was suspended
in 25 m!| of water. To this solution, concentrated formic acid was added drop
by drop until the pH reached 2.0. Crystalline pepsin (20 mg) was added to
this insoluble EPNP-pepsin suspension, which was kept at 37° for 72 hr with
rigorous stirring. A small amount of trubidity aoppeared during the acidifi-
cation, but it usually disappeared in the first few hours of incubation. The
digested mixture was directly opplied to o Sephadex G-25 column for peptide
separation.

b) of ~-Chymotrypsin digest: Lyophilized EPNP-pepsin (300 mg) from

)
the 30 modification reaction was digested by 15 mg of the enzyme in 15 ml



[ U

12
of 0.2 M N-ethylmorpholine acetate buffer, pH 8.0, for 2 hr at 37°. When

EPNP from the 10° modification reaction was used, twice the amount of
starting material and digestion volume was used. At the end of incubation, |
ml of glacial acetic acid was added and the digest wos directly applied to a
Sephadex column for peptide separation.

c) Thermolysin and subtilisin digest: The conditions for digestion
by these two enzymes were identical to those in the o(-chymotr)"ptic digestion,
except that in the case of thermolysin, CaCly (0.00f M) was added.

d) Ficin digest: The conditions were identical to those in the -
chymotryptic digestion except that the pH of the buffer was 7.0, the incubation
time was 6 hr, and the solution contained 6% mercaptoethanol.

e) Papain digest: The conditions were identical to those in the
X -chymotryptic digestion except that 0.2 M pyridine-acetate buffer, pH 6,
containing 6% mercaptoethanol was used. Incubation time was 5 hr.

f) Trypsin digest: The conditions were identical to the X~chymotryptic
digestion, except the incubation time was 5 hr.

g) Aminopeptidase M digest: The conditions were identical to -
chymotryptic digestion except the enzyme to substrate ratio was 1:3, and

incubation time was 24 hr.

Gel Filtration on Sephadex Columns
a) Separation of EPNP-peptides: A 3 x 150 ecm column of Sephadex

G-25 was equilibrated and eluted with 0.0l M acetic acid. Fractions of 10~ml




I3
eluents were collected. The optical density of the fractions at 280 and 3I5
nm was determined spectrophotometrically.

b) Separation of proteotytic digests of CB5: The separation was
performed the same as that for the EPNP-peptides except the tryptic peptides
were eluted with 0.0l M NH,OH, but only the optical density at 280 nm was
determined.

c) Fractionation of cyanogen bromide fragments: The mixture
containing approximately 800 mg of cyanogen bromide fragments from reduced
and aminoethylated pepsin was dissolved in 50 ml of 0. M ammonium acetate
pH 9.0, (a few drops of concentrated ammonium hydroxide was helpful) and
applied directly to a 4 x 200 em column of Sephadex G-75, which had been
equilibrated with 0.1 M ammonium acetate pH 9.0. The eluting buffer con-
sisted of 0.1 M ammonium acetate pH 9.0. The optical density of the effluent

fractions was read at 280 nm spectrophotometrically.

High-Voltage Paper Electrophoresis
a) EPNP-peptides: The apparatus and conditions for high-voltage
paper electrophoresis were the same as previously described (4). In the two-
dimensional peptide mapping, the peptide sample was applied as a spot .on
Whatman No. | paper. The first~dimensional electrophoresis was performed
at pH 3.5 for | hr at approximately 60v/cm. After drying, the paper strip
was stitched onto a full sheet of Whatman No. | paper and the direction of

the second-dimensional electrophoresis was performed at right angles to the
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first, at pH 2.0 for 45 min, using the same voltage. In the preparative
purification of peptides, peptide fractions (obtained from 200 mg of epoxide-
modified pepsin in the Sephadex G-25 column chromatography) were applied
as bands on Whatman 3 MM paper. The two-dimensional electrophoresis wuas
performed os just described, except that the time ollowed for migration was
increased 50% to achieve better separation. The peptide bands were located
by dipping a guide strip of the paper into a solution of cadmium-ninhydrin
reagent (30). Whenever necessary, high-voltage electrophoresis was also
performed at pH 6.0 for some of the peptides.

b) Peptides from CB5: In the preliminary peptide separation, the
first dimensional electrophoresis was carried out at pH 2.0 for 30 min af o
voltage of 60v/cm. The second-dimensional electrophoresis was performed
at pH 3.5 for | hr at a voltage of 60v/cm. In this short duration two-
dimensional electrophoresis, no peptides moved out of the paper. In the
preparative purification of peptides, the two-dimensional electrophoresis was
performed as just described, except that the time allowed for migration was
increased 50% to 100% to achieve better separation. When necessary,
peptides were also purified with pH 6.0 electrophoresis.

Mobilities of peptides after high-voltage electrophoresis were
determined relative to aspartic acid at pH 6.0 or to serine at pH 2, so

that calculation of the number of acidic groups could be made (3I).

Identification of EPNP-Peptides on Paper
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The positions of the EPNP-peptides on dried filter paper could be
directly visuclized ofter high-voltage electrophoresis and before staining with
cadmium-ninhydrin reagent. This was done by holding the paper against an
ultraviolet lamp. The EPNP-peptide spets or bands appeared as dark-brown
shades. However, this procedure was dependable only in the cbsence of
nearby fluorescent peptides. When confirmation was deemed necessary, the
content of EPNP was quantitatively determined by measuring the optical

density of the purified peptide at 315 nm.

Determination of EPNP in Peptides
The EPNP content of all peptides was quantitated spectrophotometrically
(6). The optical density of an EPNP-~peptide solution was determined at 315
nm. A molar extinction coefficient of 11,000 for EPNP was used in the cal-

culation.

Removal of EPNP from EPNP-Peptides
The purified EPNP-peptides were incubated in | N NH,OH at 45°
for 12 hr. When the resulting mixtures were subjected to high-voltage
electrophoresis, the further purified peptides were not visible as dark-brown
spots on the filter paper when observed under ultraviolet light. Nor did these

further purified peptides display dbsorption at 315 nm.

Amino Acid Compositions

The amino acid analyses were performed by the method of Spackman
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(32) in a Spinco 120 B analyzer. Peptides were hydrolyzed in 5.7 N HCi
for 18 hr at 108" in evacuated tubes. For the samples containing homoserine,
the dried HCl-hydrolysate was dissolved in 100 4l of 2 M NH4OH and incu-
bated at 37° for 3 hr. After each sample was dried under reduced pressure
in a desiccator, the amino acid analysis was performed. For the analysis of
homoserine, the first buffer used in the amino acid analyzer had a pH value

of 3.10 instead of the normal 3.28. Homoserine emerged before glutamic

acid,

Amino ~Terminal Residue Determination
The NHz-ferminul residues of the purified peptides were determined
after reaction with dansyl chloride according to the method of Gray and

Hartley (33). The dansyl amino acids were identified by thin~layer chromato-

graphy on polyamide sheeis (34).

Carboxyl-Terminal Residue Determination

A diisopropyifluorophosphate-ireated carboxypepiidase A suspension
was washed and dissolved according to the method of Ambler (35). Digestion
of peptides was carried out for 5 hr at 37° in 0.2 M N-ethylmorpholine
acetate buffer, pH 8.0. The incubation mixtures were analyzed for free
amino acids in an amino acid analyzer.

Hydrazinolysis was carried out under conditions essenfi;:lly the same
as those described by Fraenkel-Conrat and Tsung (36). The amount of COOH-

terminal residue remaining after hydrazinolysis was measured with an amino




17

acid analyzer.

Edman Degradation
Dansyl-Edman degradation was accomplished according to the

method of Gray (37).

Lithium Borohydride Reduction

The reduction of peptides by LiBH, was carried out according to

4
the method of Wilcox (38). The peptide (0.02 4« moles) was suspended in 0.2
ml of freshly distilled anhydrous tetrahydrofuran in a small test tube to which
2 mg of repurified LiBH 4 Wos added. The material in the tube was frozen in
a .dry ice bath, evacuated with a vacuum pump, and sealed over a flame.
The sample was h;;;e;i‘rh\;u 65 oven for 6 hr. After the tube was opened,

the contents were dried in a vacuum desiccator over concentrated HZSO 4 and

hydrolyzed with HCl for amino acid analysis.
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RESULTS

Part I: Amino Acid Sequence Around the
Epoxide-reactive Residues in Pepsin

Purification of EPNP-Peptides (from EPNP-Pepsin Reccted at 30°)

The chromatographic pattern of EPNP-peptides from a peptic digest
on a column of Sephadex G=25 is shown in Fig. |. The front pedk oppeared
at 400 ml of the eluent, thus occupying approximately the same elution
position as pepsin. It was assumed that the materials contained in this peak
were large-molecular weight polypeptides resulting from incomplete digestion
of EPNP-pepsin. This was confirmed by a prelimina.ry experiment using high-
voltage electrophoresis at pH 2. The material from this peck had very slow
.mobility. Moreover, marked "tailing" of the peptide spots occurred. con-
sequently, no further attempt was made to purify the peptides from this peak.
The last peak in the chromatogram (Fig. |) was EPNP-OH, which was
identified by thin-layer chromatography on polyamide sheets (6). Two EPNP-
peptide peaks, Py and Py, were found at 700 and 900 ml in the effluent,
respectively. The fractions under these two peaks were pooled, evaporated

I8
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Fig. | - Chromatographic patterns of peptides from peptic digest
EPNP-pepsin inactivated at 30°(A) and af 10°(B) on a column of Sephadex
G-25. The solid line represents optical density ot 280 nm and the broken
line represents optical density ot 315 nm.
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to dryness in a rotating evaporator, and further purified by two~dimensional
paper electrophoresis. The electrophoretic patterns of these pooled fractions
are shown in Fig. 2. The EPNP-peptides, P| and P,, were clearly separated
from the other peptides. A minor pedk, P3, couid not be observed on the
paper and was not purified. The preparative electrophoretic separations were
performed and the peptides P| and Py were recovered from the paper by
elution,

Purification of EPNP-peptides from other enzymic digests proceeded
similarly. The chromatographic separation of the subtilisin digest of EPNP-
pepsin is shown in Fig. 3A. The peptides in the fractions under the 315 nm
cbsorption peaks S|, S5, Spp, and S3 were further purified in high-voltage
electrophoresis from which EPNP-peptides S|, Sy, and S3, were obtained.
Fraction Sy, gave rise fo an EPNP-peptide, Sqp, the sequence of which was
revealed, in further studies to be identical to that of So. This peptide
probably resulted from the cross-contamination by peak So, however. Pedk
SoA may have contained a number of other EPNP-peptides in small quantities.
Data from the peptide Sop experiments are thus not discussed in the paragraphs
below.

The chromatographic pattern of the papain digest of EPNP-pepsin on
a column of Sephadex G-25 is shown in Fig. 4A., Three EPNP-peptide peaks,
Pa), Pay ond Pay appeared. The peptides giving rise to these peaks were
purified on high-voltage electrophoresis.

The chromatographic separation of ficin digest of EPNP-pepsin
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Fig. 2 - Two~dimensional high-voltage electrophoretic pattern of
peptides recovered under peck Py in Fig. | (left), and pedk P2 in Fig. |
(right). The first dimension was obtained at pH 3.5 and the second
dimension at pH 2.0. The positions of peptide P; and Py were observed
as dark brown spots against ultraviolet light. The peptides were then
revealed using cadmium-ninhydrin reagent.
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produced three EPNP-peptide pedks, Fi, Fg and F3 (Fig. 5A). Peptides Fo
and Fq were purified from high-voltage electrophoresis. Further purification
of material recovered from the fractions under peak Fj, however, failed to
produce an EPNP-peptide. Since this peak emerged ecrly in the chromato-
graphy, it probably represented a number of {arge EPNP-containing peptides
resulting from incomplete digestion of EPNP-pepsin.

The thermolysin digest of EPNP-pepsin produced several EPNP-
peptide peaks, Thy, Thy, and Thy on Sephadex column chromatography (Fig.
6A). The relatively large peck of EPNP~OH probably resulted from the
hydrolysis of the EPNP groups from pepsin by the esterase activity of thermo-
lysin. Peptides Th; and Thy were purified from the material recovered from
the fractions under the peck. Peak Thy, however, contained large molecular-
weight material. Attempts to purify EPNP-peptide from this peak were un-
successful .

o{~Chymotryptic digests of EPNP-pepsin produced only one pedk,
Cy (Fig. 7). An EPNP-peptide C| was obtained on high-voltage electro-
phoresis. The electrophoretic mobility and characteristics of the purified

peptides are listed in Table 2.

Amino Acid Sequences of EPNP-Peptides

The amino acid compositions and other characteristics of the purified
EPNP-peptides are shown in Table2. Further studies on the sequence of these

peptides revealed that each possessed one of two unique sequences, and the
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SUBTILISIN 08

3¢° REACTED
12 £pNP-PEPSIN

Fig. 3 - Chromatographic pafferns of peptides from subtilisin
digest of EPNP-pepsin inactivated at 30° (A) and at 10° (8) on a
column of Sephadex G-25. The solid line represents optical density
at 280 nm and the broken line represents optical density at 315 nm,
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Fig. 4 - Chromatographic patterns of gepﬁdes from papain digest of
EPNP-pepsin inactivated at 30°(A) and at 10°(B) on a column of Sephadex
G-25. The solid line represents optical density at 280 nm and the broken
line represents optical density at 315 nm. -
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Fig. 6 ~ Chromatographic patterns of peptides from thermolysin
digest of EPNP-pepsin inactivated ot 30°(A) and af lOo(B) on a column
of Sephadex G-25. The solid line represents optical density at 280 nm
and the broken line represents optical density at 3|5 nm.
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Fig. 7 - Chromatographic patterns of peptides from o~chymotryptic
digest of 30°-reacted EPNP-pepsin. The solid line represents optical density
at 280 nm and the broken line represents the optical density at 315 nm.
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Tase g
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No. pH 20 [pH a0 pHLS Nx::‘y:'nn "u':* R:'o“v'%-;:oia Amino Acid Compositions Sequence Determingtion'
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sequence data can be categorized accordingly (Fig. 8). For convenience of
comparison, peptides that arise from the same sequence will be discussed

together hereafter.

EPNP-Peptide Sequence | and the Presence of EPNP Alkylated Methionine

Peptide Pjcontained | residue of EPNP and about 10 amino acid
residues. The mobility of P| on high-voltage electrophoresis ot pH 2.0, how-~
ever, indicated that this peptide contained 2 positive charges. This was
surprising, since peptide P| contained no basic amino acid. Therefore, the
possibility was considered that EPNP might have alkylated a methionyl residue
in this peptide, which had then become a sulfonium salt, thus providing an
additional positive charge. It is known that the sulfonium salt of methionine
can be partially converted to homoserine during hydrolysis in 6 N HCl (39).
An analysis for homoserine in peptide P| revealed about 0.15 residue after acid
hydrolysis. Therefore, the presence of an EPNP-alkylated methionyl residue
in Py was considered likely.

The dansyl-Edman procedure showed the third and fifth residues to
be valine. Since peptide Py contained only one valine, the third residue or
fifth residue possibly represented alkylated methionine and the observed dansyl-
valine may have come from contamination by another peptide. Consequently,
peptide P wos incubated in | N NH4OH to remove EPNP from the peptide.
When the resulting sample was subjected to high~voltage electrophoresis at pH

2.0, 2 new peptides were obtained. Peptide P|A} hod a slower mobility and
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Fig. 8 - Sequences of EPNP-peptides from pepsin. The double-
headed arrows indicate the part of the sequence covered by a given
peptide. The perfix on the peptide number indicates the enzyme digest,
where P=pepsin, Po=papain, S=subtilisin, F=ficin, N=pronase, Th=thermolysin,
and C=y(~chymotrypsin.
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peptide PjAj a slightly faster mobility than P;. Neither peptide contained
EPNP. The amino acid compositions of the peptides were identical except
that P{A| now contained 0.6 residue of methionine.

When the peptide PjA; was oxidized with performic acid, the
resulting peptide, PjA|O, showed 0.6 residue of methionine sulfone (Table 2).
The sequence of the first three residues of peptide P|A|O, using the dansy!-
Edman procedure, was established to be %-gz-h_/\_e_t)Oz-. This confirmed
the previous assumption that the third residue might prove to be methionine.
The chemical reactions involved, including those discussed below, are sum-
marized in Fig. 9.

Peptide PjA, contained two positive charges on high-voltage elec-
trophoresis at pH 2.0. Therefore, the methionyl residue in this peptide must
still have been a sulfonium salt. Because the incubation of peptide Py in
I N NH4OH produced a bright yellow color in solution, we suspected that
the phenoxy bond in EPNP was hydrolyzed to produce p-nitrophenol (Fig. 9).
This was confirmed by the identification of p-nitrophenol, using thin-layer
chromatography on a polyamide sheet and an authentic sample as the standard
(solvents: benzene: glacial acetic acid, 9:I, and n-heptane: n-butanol: glacial
acetic acid, 3:l:l). No EPNP-OH was observed in this thin-layer chromato-
graphy, It seemed likely, therefore, that peptide PjA2 contained a methionyl
residue in the form of the sulfonium salt of |,2-dihydroxy-propane (Fig. 9).
This was confirmed by the amino acid analysis of peptide PjAy which contdned

0.3 residue of homoserine (Table 2). The formation of homoserine from the
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sulfonium salts of methionine is known to occur in the cyanogen bromide
treatment of methionyl residues (40) and also in methionine alkylated by
iodoacetamide (39,41). The lower yield of homoserine in peptide P| was
probably due to the large alkylating group (EPNP) which hindered the cycli-
zation of homoserine lactone. Additional confirmation of the position of the
EPNP group in peptide P; was obtained by measuring optical density at 3i5 nm
after each step in the Edman degradation. As indicated in Fig. 10, the
removal of methionine from the peptide caused a large drop in optical density
(OD) at 315 nm, in contrast to other Edman degradation steps, which produced
only small changes.

Peptide P| was digested for 10 hr with subtilisin (substrate: enzyme=
20:1) and subjected to high-voltage electrophoresis at pH 2.0. Two peptides
were obtained. Peptide PS| contained 9 residues from the amino terminus of
P;. The dansyl-Edman procedure revealed the sequence of the first 5 residues
to be identical to that of P The carboxyl-terminal residue was serine.
P|S2 was a dipeptide, Gly-Glu. Peptide P| was digested for 6 hr with
pronase (substrate: enzyme=20:1). Separation of the digestion mixture in high-
voltage electrophoresis ot pH 2.0 resulted in 4 peptides. Peptide P|N| con-
tained 7 residues from the amino terminus of Pj. The dansyl-Edman procedure
yielded 6 residues: %—%—(@A_ﬂ)—ﬂ-\_{g}l-ﬁg—. The carboxy!-terminal
residue was threonine. Peptide P|N2 was S_E;-S_gr-gll-(_.‘v_l_\):. Peptide P{Ng3
was §3;~9I_¥-§l¥, and P|N4 was free serine.

The information described above was sufficient to construct the
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sequence of P| to be Glu-Gly-Met(EPNP)~Asp-Val-Pro-Thr-Ser-Ser-Gly-Glu
(see Table 2). The amino-terminal glutamic acid was assigned from the
electrophoretic mobility. After removal of the amino-terminal residue of
peptide P|, the resulting peptide had a negative charge on paper electro-
phoresis at pH 6.0 (Table 2). The aspartyl residue was cssigned as the fourth
residue based on two findings. First, peptide P; contained 2 negative charges
on high~voltage electrophoresis at pH 6.0. After one-step Edman degradation,
the peptide PIE, contained | net negative charge. The results are consistent
with both glutamic acids and ospartic acid occurring in the acidic form since
the modified methionyl residue contains a positive charge. Second, peptide
PIN| was neutral on high-voltage electrophoresis at pH 6.0 ofter removal of
glutamic acid from the amino terminus in Edman degradation. Since the
sulfonium salt of methionine contains a positive charge, again the aspartyl
residue must have been in acid form.

Peptide C; was apparently related to Py. The amino acid com-
position showed that it contained leucine in addition to the amino acids in
Pl. The amino~-terminal sequence was Glu-Gly- and the carboxyl-terminal
residue wos leucine. Logically, then, the sequence of C; must be Glu-Gly-
Met(EPNP)-Asp-Val-Pro-Thr-Ser-Ser~Gly~Glu-Leu.

Peptide Th| had the same amino acid composition as P|Nj but it
contained an odditional phenylalanine and was related to peptide PNj. The
dansyl-Edman procedure showed the three amino-terminal residues to be Phe-

§|_|>J-§_I_)_')—. The carboxyl-terminal residue was threonine. Therefore, the
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sequence of peptide Th; had to be P'he-GIU-Gly-Met(EPNP)-Asp-VuI-Pro-
Thr.
From the sequences of the peptides described above, a unique
sequence | can be constructed: Phe-Glu-Gly-Met(EPNP)-Asp-Val=-Pro~Thr-

Ser-Ser-Gly-Glu-Leu (see the summary of Fig. 8).

EPNP-Peptide Sequence Il

Peptide Py contained 6 amino acid residues and | EPNP group.
The dansyl procedure revealed the amino-terminal residue to be aspartic acid.
The carboxyl-terminal amino acid was asparagine with a minor contaminant of
serine; these were released by carboxypeptidase A and were identified as dansyl
derivatives. The following evidence made it apparent that the modifying EPNP
group was located on the amino-terminal aspartyl residue: a) Removal of the
amino-terminal residue by Edman degradation reduced the original optical
density of EPNP at 3|5 nm by about 60%. b) The peptide, which resulted
from one-step Edman degradation and was purified using high-voltage electro-
phoresis at pH 2.0, contained no EPNP. ¢) When EPNP was removed from peptide
P9, the resulting peptide changed color on filter paper after ninhydrin-cadmium
treatment from ifs original brownish red (P9) to red, indicating a change of
side chain in the amino~-terminal residue.

The first residue of peptide Py could be only partially removed by
Edman degradation, probably because of a large modifying group. This peptide

was therefore incubated in | M NH4OH to remove EPNP (see Chemical Linkage,
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below) and repurified by high-voltage electrophoresis at pH 2. This peptide
was then subjected to the Edman procedure to remove the amino-termincl
aspartyl-residue (but the yield still below 50%). The resulting peptide, PoEy,
after repurification by high-voltage electrophoresis ot pH 2.0, had an amino
acid composition of Asp; gThry oSer; gGlyg o. The dansyl~Edman procedure
revealed the sequence of PyEy to be: m—%-_s_e;-ﬁ-éig. The asparagine
was ogain identified as a dansyl derivative after removal of 4 residues of PoE|.
Since peptide PoE| showed a minor NHy-terminal glycine in addition to threonine,
the amino acid composition was determined after removal of the NHo-terminal
residue by Edman degradation. The results show'e;c.x composition of Asp; g
Thrg 9Sery gGly|.|. The disappearance of 0.8 residue of threonine confirmed
that it was located at the NH,-terminus of PoEj. In order to confirm the
results of Edman degradation, a partial hydrolysis of peptide Py was carried
out (in 5.7 N HCI ot 100° for 25 min). Two peptides were purified in high-
voltage electrophoresis ot pH 3.5 and 2.0. Peptide PyH; contained 4 residues
(Table 2) and amino-terminal ospartic acid. This peptide corresponded to _A_s;;-
Thr-Gly-Ser. The dipeptide PoHy was found to be E&-gl_g by dansyl-Edman
procedures. The sequence of Py was thus Asp(EPNP)-Thr-Gly-Ser-Ser-Asn.

Peptides Paj, F2, and So were apparently identical tripeptides.
The sequence of these peptides was determined by the dansyl-Edman procedure
to be: lle-Val-Asp(EPNP). Since the carboxyl-terminal ospartic acid was
the only residue capable of reacting with EPNP, we concluded that the EPNP

had modified this aspartic acid. This conclusion was supported by the fact
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that these peptides were neutral in high-voltage electrophoresis at pH 6.0.
Peptide Sq contained | mole of aspartic acid for each mole of EPNP. Thus
it had to be EPNP-modified free aspartic acid.

Two additional peptides, Thy and Pag, were recovered from minor
peaks in chromatography (Figs. 4A, and 6A). The dansyl-Edman procedure
showed to have the same sequence Val-lle-Phe~Asp(EPNP).

In the above sequences, the EPNP-aspartyl residue was found either
at the NHy- or COOH-terminus of the peptides (Fig. 8). These two types of
EPNP-aspartyl peptides were mutually exclusive in all the digests used. We
previously found that only two sites on pepsin reacted with EPNP(6), one of
which (as demonstrated above) was a methionine residue. Therefore, these two
types of EPNP-aspartyl peptides must have belonged to the same continuing
sequence. In attempts to obtain an overlapping sequence, other proteolytic
digestions of EPNP-pepsin were carried out (with elastase, streptococcal
proteinase, and pronase). These experiments were unsuccessful, however,
partly because the EPNP-peptides appeared to fose their EPNP group during incu-
bation--apparently due to the esterase activity of the proteases. Short-duration,
partial hydrolysis of EPNP-pepsin with various proteases also failed to yield
an overlapping peptide. However, evidence supporting the overlapping EPNP-
aspartyl sequences was obtained from the quantification of the EPNP peptides
recovered from [0%°-reacted EPNP-pepsin. These results are presented in the

following section.
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Overlap of EPNP-Aspartyl Peptides in Sequence Il

in a separate study (29), it wos found that when pepsin was inacti-

vated by EPNP at 4° or 10°, for up to 50 hr, the ratio in moles of EPNP
incorporation to each mole of inactivated pepsin molecule approached a value
of 1.2, This observation endabled us to quantify the recovery of EPNP-
aspartyl peptides from 10%-reacted EPNP-pepsin. The digests of 10°-reacted
EPNP-pepsin (having a ratio of EPNP/molecule inactive pepsin=1.40) which
had been incubated with pepsin, subtilisin, papain, or thermolysin were sub-
jected to column chromatography on Sephadex G=25. The chromatographic
patterns are shown in parts B of Figs. 1, 3, 4, and 6. In general, the
chromatographic patterns from 10%-reacted EPNP-pepsin contained fewer minor
peaks. The absence of peaks Spp and Sq in Fig. 3, and that of peak Pag
in Fig. 4, was most noticeable. Since most of these peptides represented
a minor sequence Val-ile-Phe-Asp(EPNP), this sequence must have been deiived
from a minor, nonspecific reaction of EPNP with a site at 30°. This reaction
did not occur at i0°. Therefore, this minor sequence must not have over-
lapped with peptide P2.

In the thermolysin digest of 10°-reacted EPNP-pepsin (Fig. 6B).
Peak Th‘ represented an EPNP-methionyl peptide (see Fig. 8). The other peak
was EPNP-OH. This indicated that the ;:sparfyl-bonded EPNP had completely
hydrolyzed to EPNP-OH., The total amount of EPNP in both pecks was
quantified by using the total optical density at 315 nm; this showed a Thy

to EPNP-OH ratio of 0.4 to 1.0. In this chromatogram, 76% of the original
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EPNP in pepsin was recovered. Since the thermolysin digest did not produce
insoluble material, a nearly uniform loss of EPNP from all peaks during
chromatography could be assumed. This indicated that of the 1.4 residues of
EPNP in 10°-reacted EPNP-pepsin, 0.4 residue had reacted with the methionyl
sequence | and |.0 residue had reacted with an aspartyl residue. Quentita-
tive estimation of recovery in the chromatogram of subtilisin digest confirmed
this (Fig. 3B). The recovery of S|, an EPNP-methionyl peptide, was 0.45
residue. The combined recovery of the EPNP-cspartyl peptide (0.45 residue)
and EPNP-OH (0.4! residue) was 0.86 residue~-again suggesting an initial
0.4 residue of EPNP-methionine and | residue of EPNP-aspartic acid in the
starting EPNP-pepsin. The amounts of recovery of peptide Pap, So, and Py
are listed in Table 3. Assuming a uniform loss of EPNP, the recovery of the
He-Val-Asp(EPNP) sequence in Pag and So was 1.0 and 0.5l residues, res-
pectively. The actual recovery of So was 0.55 residue, since in this chroma-
tography almost all of the original EPNP was recovered. It should be noted
that the EPNP-aspartyl peptides spontaneousiy hydrolyzed to EPNP-OH and
peptides in the subtilisin digest due to alkaline conditions and also possibly
to the esterase activity of the enzyme. Therefore, the value of 0.5l residue
for S, should be a minimum, since no correction for hydrolysis loss was applied.
The papain digest produced considerable amounts of insoluble material which
accounted for only 0.3 residues of peptide P02 which was actually recovered.
In this case, it is uncertain whether uniform loss in the various fractions was

applicable. Therefore, the value of | residue based on ratio may not be




41

Table 3

Recovery of EPNP-Aspartyl Peptides from 10°-Reacted
Pepsin in Column Chromatography (Sephadex G-~25)

. No. of Residues No. of ResiEues
Peptide Sequence Recovered 9 by Ratio
Sy lle-Val-Asp(EPNP) 0.55 0.5l
Pay lle- Val-Asp(EPNP) 0.30 (1.00)f
Py® Asp(EPNP)-Thr-Gly~-Ser-Ser-Asn  0.88 1.08

a. Number of residues recovered was calculated based on the moles of
peptide recovered from | mole of EPNP-aspartic acid in the starting
EPNP-pepsin.

b.  Number of residues by ratio =(amount of an EPNP-peptide recovered x

1.4)/ total amount of EPNP-containing material recovered. This calcu-

lation gives the number of residues of an EPNP-peptide assumming that

the total recovered EPNP material corresponds to |.4 residues initially
in pepsin.

Calculated from the chromatogram shown in Fig. 3B.

Calculated from the chromatogram shown in Fig. 4B.

Calculated from the chromatogram shown in Fig. IB.

Papain digest produced insoluble material. This figure may not be relicble.

-0 a0
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justifiable. The actual recovery of Py was 0.88 residue; this represented
1.08 residue if uniform loss waos assumed. It is apparent that any addition of
the number of residues of NH,-terminal EPNP-asparty! peptide to the number
of residues of COOH=-terminal EPNP-aspartyl peptide produces a value exceeding
I.  For example, 0.55 residue of 5, plus 0.88 residue of P, would equal 1.43
residue of EPNP-aspartyl peptide. The values of this sum ranged from 1.18
(Pay + P2 in actual recovered residue) to 1.59 (S, + Py in residve by ratio).
Since the content of EPNP-aspartic acid was only | residue in EPNP-pepsin,
these two sequences must have belonged to the same EPNP-asportyl sequence.

Therefore, sequence Il is: Ile-Val-Asp(EPNP)-Thr-Gly-Ser-Ser-Asn.

Chemical Linkage of Aspartyl Residue and EPNP

Since the linkage of EPNP to the B-carboxyl group of aspartyl
residue in Sequence || was expected to be an ester bond, the electrophoretic
‘mobility of peptide P, at pH 6.0 was compared before and after the removal
of EPNP in | M NHAOH. Fig. Il shows that peptide Py was essentially
neutral at pH 6.0. After EPNP was removed, the peptide migrated toward
the anode with a mobility corresponding to the gaining of | negative charge.
Similar experiments were carried out for peptides with COOH-terminal EPNP-
aspartic acid (Th2 and Poz). The mobility change on high-voltage electro-
.phoresis at pH 6.0 is listed in Table 2. Additionally, after the incubation

of peptide P, in I M NH 4OH to remove EPNP, the incubation mixture was

subjected to thin-layer chromatography on polyamide layers (6). EPNP-OH




Fig. Il - Mobility of EPNP-peptides P| and P, in high-voltage
electrophoresis at pH 6.0 before and dfter treatment with alkaline solution.
The peptides were dissolved in | M NH4OH and incubated at 45° for 12 hr
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was found, and no p-nitrophenol which is seen in case of peptide P; was
observed.

To further test the hypothesis of the ester linkage, peptide Py was
reduced with LiBH, according to the method of Wilcox (38). in this method,
which is specific for an ester linkage, the B-carboxyl ester of an aspartyl
residue is reduced to homoserine. The amino acid composition of reduced
P2 showed a loss of 0.50 residue of aspartic acid and a gain of 0.33 residue
of homoserine. When peptide P, was incubated in | M NH OH to remove
EPNP before being subjected to the reduction by LiBH,, no homoserine was
found in the resulting peptide. Both of the above experimenis indicated that
EPNP waos linked to the B-carboxyl group of aspartyl residue in Sequence Il

by means of an ester bond.
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Part 2: Amino Acid Sequence of A Cyanogen
Bromide Fragment-CBS

Reduction and Aminoethylation of Pepsin

The procedure used was a modified form of that described by Slobin
and Singer (42). To a 2% solution of porcine pepsin (I gm. in 50 mi solution)
in 6 M guanidine hydrochloride-2 M Tris-0.01 M EDTA, pH 8.2, dithiothreitol
was added so that the resulting solution 0.1 M. After flushing with nitrogen
gas, the flask was closed with a rubber stopper and stirred for 3 hr at 37°.
One milliliter of ethyleneimine (redistilled over BaO) was then added, and the
flask was flushed with nitrogen gas. This process was repeated after 30 min.
After stirring for 30 more minutes, the content of the flask was dialyzed
against distilled water (thoroughly bubbled with nitrogen gas) for 36 hr with
several changes of water, then lyophilized. The pH of the reaction mixture
after the first ethyleneimine addition was 8.6 and after the second addition
was 8.8. Amino acid analysis of the modified pepsin gave 5.8 residues of
aminoethylcysteine (based on lysyl content of ). The color value of amino-
ethylcysteine in the amino acid analysis was assumed to be 91% of that for
lysine (43). The residual cystine in the modified protein was negligible in

the amino acid analysis.

Cyanogen Bromide Cleavage of Aminoethylated Pepsin

The procedure used was that described by Steers et al (44). A %

solution of modified protein was prepared by solubilizing the lyophilized
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aminoethylated pepsin in 90% formic acid and then diluting this solution to
70% formic acid with distilled water. A 50-fold molar excess of CNBr over
methionine residues was used and reaction proceeded at room temperature for
16-20 hr. After cyanogen bromide cleavage, the reaction mixture was diluted
approximately 10-fold with distilled water and lyophilized to complete dryness.
The methionine content of the sample as shown in the amino acid analysis was

less than 5% after 10 hr of reaction.

Gel Filtration of CNBr Fragments

The lyophilized powder of CNBr treated sample was fractionated in
a gel filtration column. The chromatogram of cyanogen bromide fragments on
Sephadex G-75 column was shown in Fig. 12, The successive peaks were
designated as CBl, CB2, CB3, CB4 and CB5, respectively. The fraction
contained under each peak was pooled and lyophilized separately. The reco-
veries of these cyanogen bromide fragments from Sephadex G-75 column were
shown in Table 4. The peck, CB5, which emerged alone late in the chroma-
tography, suggested that this is a relatively smaller and pure fraction. Work

was thus undertaken to further purify this fraction and study its sequence.

Purification of CB5

About 350 mg of lyophilized CB5, which was obtained from Sephadex
G-75 column chromatography, was dissolved in 15 ml of 0.05 M Tris buffer -
pH 8.0 and opplied directly to a 2 x 60 ¢cm column of DEAE-Sephadex A-25,

equilibrated with the same buffer. - The chromatogram of CB5 on DEAE-
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Fig. 12 - Chromatogram of cyanogen bromide fragments of
800 mg of aminoethylated porcine pepsin on Sephadex G-75.
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Table 4

Recoveries of Cyanogen Bromide Fragments of 800 mg of
Aminoethylated Porcine Pepsin from Sephadex G-75 Column

Cyanogen Bromide Recoveries (percentage
Fragments Yield (mg) of total put on column)

CBl 75 9.4

CB2 325 40.6

CB3 85 10.6

CB4 60 7.5

CB5 105 13.1

Total 650 8.2
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Sephadex A-25 shown in Fig. 13, contains two slightly overlapping pedks.
The fraction contained under each peck was pooled, lyophilized, desalted
~on a 3 x 150 cm column of Sephadex G-25, and then lyophilized again.
210 mg of peptide was recovered from the first peck and 70 mg from the
second peak. It is obvious that the first peak represents the major products
of the CB5 fraction. Therefore, only this fraction was studied during further
structure determination. Amino-terminal analysis of the purified CB5 (from
the first peak) showed valine as NHo-terminus. An additional fluorescent
spot which moved very close to the phenylalanine position on the polyamide
layer and which was assumed to be due to unhydrolyzed DNS-val dipeptide.
COOH-terminal analysis of purified CB5 with carboxypeptidase A (35) showed
homoserine os the COOH-terminus, with trace amounts of glycine, glutamic _
acid, phenylalanine, serine and threonine. The penultimate amino-terminal
residue of purified CB5 determined by the dansyl-Edman method was isoleucine.
Amino acid compostion of purified CB5 was shown in Table 5. From the com-

position, the size of CB5 was calculated to be about 40 residues.

Isolation of Peptides from Proteolytic Digest of CBS

In order to elucidate the amino acid sequence of CB5, 60 mg of
purified CB5 in 6 ml buffer were digested separately with trypsin, thermolysin,
o{-chymotrypsin and papain. The mixtures were acidified by adding | mi
glacial acetic acid, and applied to a 3 x 150 cm column of Sephadex G-25

which was equilibrated and eluted with 0.0l M acetic acid. In tryptic digest,
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Fig. I3 ~ Chromatographic patterns of crude CB5 on a column of DEAE-Sephadex A-25,
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Table 5

Amino Acid Analysis of Purified CBS “

. .. b No. of Nearest Found in
Amino Acid Residues Integer Peptide ©
Aminoethylcysteine [.20 | 2
Aspartic Acid 6.17 6 6
Threonine 2.14 2 2
Serine 7.55 8 8
Homoserine 0.74 | |
Glutamic Acid 3.25 3 3
Proline ' 2.20 2 3
Glycine 2.88 3 3
Alanine 1.07 | {
Valine 2.26 2 3
Isoleucine 3.60 4 5
Leucine 2.86 3 3
Tyrosine 1.90 2 2
Phenylalanine .98 - 2 2
NH4 (2)
Total 40 44

Acid hydrolysis was conducted with 5.7 N HCl , 108° for 20 hr.
b Serine residue was corrected for 15% loss during acid hydrolysis.

€ Actuadl amino acid composition determined in sequence studies.
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the mixture was applied to the same column directly and eluted with 0.01 M
ammonium hydroxide. The chromatograms of frypsin, thermolysin,{-chymotrypsin
and papain digests of CB5 were shown in Figs. 14, 15, 16, and |7 respectively.
From each chromatogram, 0.2 ml of sample was taken from each tube which had
UV absorption. The samples were dried first in a vacuum desiccator, redis-
solved in a small volume of water, applied to Whatman No. | paper and sub-
jected to separation in high voltage electrophoresis at pH 2.0. Fig. 18 shows
an example of such an electrophoretic pattern of a tryptic digest. The peptide
bands revealed the distribution of peptides in these fubes from which the pooling
of tubes were planned. With this type of preliminary information, the fractions
from each digest were subdivided into three to four parts; each part was pooled
and dried in rotary evaporator. Further peptide separation on high voltage
electrophoresis was then performed ot pH 2 and where necessary, subsequently
at pH 3.5 and 6.0 in order to obtain pure peptides. The peptides which were
obtained were listed in Table 6. The omino acid composition as well as se-

quence determination were also listed.

Amino Acid Sequence Determination

a) Tryptic digest:
Sequence of peptide T;: Amino acid analysis (Table 5) showed that peptide
T| contained 4 residues. The results of dansyl~Edman analysis and hydrazino-
lysis revealed the sequence to be Val-lle=Ser-Cys(Ae).
Sequence of peptide To: Amino acid analysis (Table 5) showed that peptide

To contained Il residues. From dansyl-Edman procedures, the first 4 residues
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Fig. 14 - Chromatographic patterns of peptides from tryptic
digest of CB5 on a column of Sephadex G-25. Each fraction
contained 10 mi.
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Fig. 15 - Chromatographic patterns of peptides from thermolysin
digest of CB5 on a column of Sephadex G-25. Each fraction contained
10 ml. |
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Fig. 16 - Chromatographic patterns of peptides fromy~
chymotryptic digest of CB5 on a column of Sephadex G-25.
each fraction contained 10 ml.
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Fig. 17 - Chromatographic patterns of peptides from papain
digest of CB5 on a column of Sephadex G~25. Each fraction
contained 10 ml.
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Fig. 18 - Electrophoretic patterns of tryptic digested peptides at pH 2.0,
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Table 6

Summary of Electrophoretic Mobility, Amino Acid Composition and Sequence Determination of Peptides from CBS

Mobility ©

Cd-NinlNo. of

Peptide '
pNo. iFH 2-0lpH 5.0 color [Residues Amino Acid Composiﬂonsb Sequence Determination €
Ty 1.20 }+0.28 red 4 Sery_ 3Val| glleg 9Cys(Ae)g. 5 V_c)l-l_l_)e-i,er ~Cys(Ac)
H)
To 0.38 |-0.44 | brown I Aspy_sSer3_3Pro; Valg 4lle Ser-Ser-tle- Xs ~Ser-Leu-Pro-Asp-
—>red .0 . 1.7 A G 4 _.g
Leuy (Phe lle~Val-Phe
1.I77€1.0 — & &
T3 0.32 |-0.22 | yel 14 Aspg oThry _Ser, Gluy 5Pro Thr-tle=Asp=-Gly-Val=GlIn=Tyr-Pro~
2 ed .9'"™0.7°%2.07"0.7""1.8 = =X
Glyo.BAlco.SVclhollel.|Leu| | Leu—Ser-Pro—Ser-—éﬁ:—M
BAR:
T3Thi 0.46 | -0.32 yeld 8 Aspy Thrg gGluy oProj |Glyy o E;—l?-é;p-(}|y~Vc|-G|n-Tyr—Pro
> re
Valg glleg,gTrro.7
Tathisy| 0-65 | -0.47 Yeld 5 ASPI.OThr0.9G|Y|,0V°'|.0”e0.8 Ib;-ﬂf—éﬂ:-(_i_l;/—\ﬁz?ﬁ
—re
Tathis2] 0.75 | N | red 3 Gluy_gPro,Tyrg. o Glp-Tyg-Pig

(3,3
0



Table 6- Cénﬁnued .

- M b.'. a - .’J
Peptide edhliy/ Cd-Ni No: of Amino Acid Composiﬁonsb Sequence Determination ©
No. _lpH 2.0#H 6.0] color |Residues
T3Th2 0.62 N red ) Serp oProy |Alay gleug oTyrg g L_e_l)r-S_c_e)r— '.’Lf,’"s_ii"é'_"'{_”'
T3Th3 0.76 N red 4 Serg 2Proj gleuj g Leu-—Ser-—I_’_r_;:—S;e;
T3Thd 0.93 N red 2 A'“I.OTY"I,O ﬂg-%
T4 0.75 |-0.48 | red 8 Asp2 55erg gGluy glley glevy g le)—Lg-%—éif-é_s;-Asp-Ser-
CYS(Ae)o. 5 ;(Ae)
T4E3HI 1.65 |+0.51 | brown 2 Ser; ACys(Ae) Ser-Cys(Ae)
—sred 1.0 0.5 =
Ts 0.53 |-0.31 { yel 7 Thro’SSerLoGlul.oGly' 8Phe0 9 Thy-Ser-Gly-Phe-Glu-Gly-Hse
—red : ’ - = 7 7 &
Hseo 8
Thy 0.55 {+0.23 | red 6 Sery aValy Ollel . OCys(Ae)O. 5 Y_gl)—_llg—Sg—Cys(Ae)—Ser-%_e_r
Thy 0.54 | -0.60 | red ) Aspy oSerg gProj olley glevy o E”ﬁf’ﬁﬂ*ﬁ%"’.’;"’f‘iﬁ

09



Table 6-Continued.

i Mobility® -N;
Peptide 24 Cd-Nin No: d of Amino Acid Compositions b Sequence Determination ©
No. lpH 2_0|p|.| 6.0| color {Residues
Thogj - -0.69 | red '5 Asp-Ser-Leu-Pro-Asp
Thog2 - -0.39 | brown 4 Ser-Leu-Pro-Asp
-~>red
Thg 0.64 N red 4 Thry (Valg olleg. 8Phe| 0 ie)-\/_a)l-lillf-mr
Thy 0.48 }-0.30 | red 7 Aspy oGly| OProo. 9G|y| K le;A_iP—C_E_l_y-\_{gJ-g_l;n-T_y’r-&g
Vel olley oTyro. 6
Thyg2 - N yel 5 Gly-Val-Gln-Tyr-Pro
Thg 0.76 N red 4 Serj 9Pro| iLeu; g Ley-Se[-Pro-Seg
Thy 0.97 N red 2 Alol ] oTyro_ 9 él_g-m
Th7 0.77 | -0.43 | red " Aspg OTh"o, 8Serl ) 7G|u| . OG ly) 2 ie’- ﬂ—%ln—/i\_s’p—éi?"AsP-Ser—
ley_qLeuy, oCys(Aelg 5 Cys(Ae)-Thr-ger-gly
Thg 0.66 |-0.43 | red 4 GIUI.OG'Y|,2PheO,9HseO.8 &g—%-ﬂy~ﬂ§

19



Table 6-Continued

: Mobility @ <N
Peptide 24 cd :\lml:! °: d of Amino Acid Compositions b Sequence Determination ©
No. [pH 2.0[pH 6.0 color [Resicues
Thgg2 - N yel 2 Gly-Hse
C 0.66 |[-0.17 | red 15 Aspy ety 3Prog 9v°|l.6”e2,6 \Q’I-H -S_e;-Cys(Ae)-Ser-Ser-Ile-
Leuj qPhey .0Cys(Ae)g 5 Asp-Ser- Leu-Pro-Asp-Ll_e- \égl-lie
Co 0.41 |-0.2i —);el | 9 Asp| Thrg oGlug oPro; ,Glyg g 'lll;'—ie;&g-Gly—Vol-Gln-Tyr-
re
Val| ollel .okey;. oTyro.7 Pro-Leu
Cs 0.50 N brown 5. Ser|.9A|oL0Pro| ] ITY'I.O S__)r-P_r_g-S_E)r—é_l_g—Il;
—red
Cy 0.74 | -0.36| red 12 Aspy 8Thr0, goery, 7Glyy 0% 0 I_LQ)-L_%J-(_B_!;:-,_A__\S_g-Asp-Asp-Ser-
Hey gleyy. OPheO. gCrs(Ae)y 5 Cys(Ae)-Thr-Ser-G Iy-zh_e
Cs 0.77- | -0.56 | red 3 Glul_oGlyLoHseo.7 Cil_;:-(}_lx-l:gs
Pay 0.72 |-0.50 bror:v: 4 Aspy OSerz. oIlel 0 S_e_;—S_e;—i;/isg

29



Table 6-Continued.

a
Peptide Mobility Cd-NinlNo. of . o P s e ¢
No. b 2.0EH 5.0| color [Residues Amino Acid Compositions Sequence Determination
Pay 0.52 {-0.30] red 6 Asp .oPro;., yValg. 7||eo.7Leu| 0 Lig-Pro—A_sf-ll_e;V_g)I-lil';E
Phe0.9
Pa 0.54 | -0.36 |yel 6 Asp, ~Thrn -Gl Glyny +Val Thy-lle~Asp-Gly-Va}-Gln
3 Y P 720, 9%0.7 . 2
~)red 1.0770.77770 .1 —g—léé_
llego
Pay 0.75 N red 3 Proj Leuj. oTyro. 9 T_y;-l_’_r_g—l:_e_g
Pag .0.55 N :or:vdn 7 | Sery {Proy .9A|a| . okevi 0.6 T_y;-glg-l._eg-igg-gg-g-é_lg
P 0.6l N red 4 Gluy pllen oleupy oTyr, Tyr-lle-Leu~Gln
% 1.0"'€0.91€%0.97770.7 22 ==
Pa, 0.90 |-0.66 | red 7 Aspg oThrg sSery oCrslAe)g 5 &g-A_sg—Asp-Ser-Cys(Ae)-Thr-?_t_e_r
Pag 0.40 | -0.60 | red I Asp2 .6Thry gSer; 7Gluy glleg 7 'L)i;-ig-l_f;-c;v_lg-ﬁg—ASp-Asp-
Levg 7Tyr0. 6_Cys(Ae)0‘ 5 Ser-Cys(Ae)—Thr-i:_a_r
Pag 0.66 | -0.48 | red 4 G‘"I.Othl,oPheLoHseo,? fk-g_')l‘)-q‘ -H_sg

a.

Electrophoretic mobilities are relative to serine (=1.0) ot pH 2.0 and to aspartic acid at pH 6.0. (N)=~

(Continued on next page)
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Table 6 - Continued - Legend

indicates the peptides which are considered neutral in electrophoresis at pH 6.0.

The amino acid analyses are molar ratios. Serine was corrected for 15% of loss during the hydrolysis.
Hse and Cys(Ae) are the abbreviations for homoserine and aminoethylcysteine, respectively.

Sequences determined by the dansyl-Edman procedure are indicated as arrows toward the right(—)under
Amino acids released by carboxypeptidase A are indicated os arrows toward the left (¢«

the residues.
The residues determined by hydrazinolysis are indicated by arrows containing the

under the residues.

letter H (¢).
H

¥9
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from the NHz-rerminus were Ser-Ser-lle~Asp-. From a short time carboxy-
peptidase A digestion, 3 residues from COOH-terminus were ile~Val-Phe.
The sequence of the other 4 residues was not determined in this peptide
but it wos revealed by a thermolysin peptide (see thermolysin digest
below).

Sequence of peptide Tq: Peptide Tg contained 14 residves. From dansyl-
Edman procedures, the first 3 residues from the NHy-terminus were found
to be Thr-lle~-Asp. Carboxypeptidase A digestion revealed the 2 residues
from the COOH-terminus to be Ala-Tyr. A digest of peptide Tg with
thermolysin and further purification by paper electrophoresis at pH 2.0,
gave peptides Tathis T3Th2' T3Th3' and T3Th4' Tathis which contained
8 residues as shown in Table 6, was further digested with subtilisin. After
purification with paper electrophoresis at pH 2.0, fwo peptides, Tarhis|
and Tarh|s2 were obtained. The amino acid sequences of the peptides
were determined to be Tqqp(g): Thr-lle-Asp-Gly-Val and Tqqigp: Gln-
Tyr=Pro. Peptide T3rhis| had one negative charge as demonstrated by
poper electrophoresis at pH 6.0; thus the acidic form was assigned to Asp.
TaThis2 was neutral by pH 6.0 paper electrophoresis, thus amide was ossigned
to Gln. The sequence of Tathi” based on the above information, was
established to be Thr-lle~Asp-Gly-Val=GIn~Tyr~Pro. By the combination
of dansyl-Edman ond carboxypeptidase A digestion, sequences of peptide
T3Th2, TaTh3 ond T3Th 4 Were determined os listed in Table 6. From this

information, the sequence of Tq was thus established to be Thr-1le~Asp-
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Gly-Val=-Gln=Tyr-Pro-Leu-Ser-Pro~Ser-Ala-Tyr,
Sequence of peptide T,: The sequence of peptide T4 was revealed from
dansyl-Edman analysis and hydrazinolysis to be lle-Leu-Gln-Asp-Asp(Asp,
Ser)-Cys(Ae). Direct evidence of glutamine in this sequences was pro-
vided in a peptide from a papain digest which will be described below.
The mobility of T4 on high-voltage electrophoresis at pH 6.0, indicated
that this peptide contained 2 negative charges. This meant all the three
aspartyl residues were in the acidic forms. This finding was further
supported by the amino acid analysis of a digest of T4 with aminopeptidase
M which showed the aspartyl residues to be in the acidic forms. After
removal of the first three residues from the NHo-terminus of T4 by Edman
degradation, partial acid hydrolysis was performed (5.7 N HCI, 100°,
I5 min.). A dipeptide, Ser-Cys(Ae) was obtained. The aminoethylcysteine
was identified c;s dansyl derivative without HCl hydrolysis, after the removal
of serine from this dipeptide. Thus the sequence of T4 was assigned showed
in Table 6. |
Sequence of peptide T5: Peptide T5 contained 7 residues, apparently derived
from the COOH-terminus of CB5. The sequence of T5 was determined to be
Thr-Ser~Gly-Phe-Glu~Gly~Hse. A% pH 6.0, paper electrophoresis indicated
T5 had one negative charge; thus the acidic form was assigned to Glu.
Thermolysin digest:
Sequence of peptide Th;: Peptide Th| contained 6 residues. From dansyl-

Edman procedures and carboxypeptidase A digestion, this peptide was
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determined to be Val-lle-Ser-Cys(Ae)-Ser-Ser.
Sequence of peptide Th2: Peptide Th, contained 6 residues. The
sequence was shown to be lle-Asp-Ser-Leu-Pro-Asp. Th, showed 2
negative charges by paper electrophoresis at pH 6.0. After removal of
the second residue, Asp, only one negative charge remained as was shown
in Table 6 (ThZEl)' Thus both aspartyl residues were assigned to be in
the acidic forms.
Sequence of peptide Thq: Peptide Thy is a tetrapeptide with the sequence
of lle~Val-Phe-Thr.
Sequence of peptide Thy: By using dansyl-Edman procedure; the sequence
of peptide Thy was established to be lle-Asp-Gly-Val-Gln-Tyr-Pro. It
contained one negative charge as shown by paper electrophoresis at pH 6.0,
After two steps of Edman degradation, this peptide became neutral in
mobility at pH 6.0 electrophoresis. Therefore acid form was ossigned to
the aspartyl residue, while the amide form was assigned to the glutamine.
Sequence of peptide Thg: This is a tetrapeptide with the sequence of
Leu-Ser-Pro-Ser.
Sequence of peptide Thy: Thy is a dipeptide Ala-Tyr.
Sequence of peptide Th-: This peptide contained 10 residues. The partial
sequence was determined to be lle-Leu-Gln-Asp-(Asp, Asp, Ser, Cys(Ae))-
Thr-Ser-Gly. The identity of three residues from COOH-=-terminus were
revealed by carboxypeptidase A digestion at pH 5.7 (45). However, it

was clear that this peptide is related to peptide T4 whose sequence was
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_known. Therefore, the determination of complete sequence of peptide
Thy was not pursued.
c) oK~Chymotryptic digest:

Sequence of peptide C: C| contained 15 residues. From dansyl-Edman
analysis and carboxypeptidase A digestion, it was obvious that this peptide
was derived from NHoy~terminus of CB5 and would provide the overlap for
Ty and To. Therefore, only the partial sequence of this peptide was
established as shown in Table 6.

Sequence of peptide C,: Peptide C, contained 9 residues. The partial
sequence of this peptide (Table 6) revealed that it is related to peptide
Tq which had been sequenced.

Sequence of peptide C3: The sequence of peptide Cy was found to be
Ser-Pro-Ser-Ala~Tyr.

Sequence of peptide Cq: From partial sequence determination (Table 6),
this peptide was obviously an extention of that of Th,. The complete
amino acid sequence was therefore not determined.

Sequence of peptide Cg: This is a tripeptide with the sequence of Glu-
Gly-Hse.

d) Papain digest:

Sequence of peptide Po;: This is a tetrapeptide with the sequence of Ser-

Ser~lle-Asp.

-

Sequence of peptide Pay: By using the dansyl-Edman procedure, the

sequence of peptide Pay was established to be Leu-Pro-Asp-lle-Val-Phe.
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_known. Therefore, the determination of complete sequence of peptide

Th7 was not pursued.

oKL=Chymotryptic digest:

Sequence of peptide Cj: Cj contained 15 residues. From dansyl-Edman
analysis and carboxypeptidase A digestion, it was obvious that this peptide
was derived from NHo~terminus of CBS and would provide the overlap for
T} and Ty. Therefore, only the partial sequence of this peptide was
established as shown in Table 6.

Sequence of peptide Cy: Peptide C, contained 9 residues. The partial
sequence of this peptide (Table 6) revealed that it is related to peptide
Ty which had been sequenced.

Sequence of peptide Ca: The sequence of peptide C4 was found to be
Ser-Pro-Ser-Ala-Tyr.

Sequence of peptide C4: From partial sequence determination (Table 6),
this peptide was obviously an extention of that of Th,. The complete
amino acid sequence was therefore not determined.

Sequence of peptide Cg: This is a tripeptide with the sequence of Glu-
Gly-Hse.

Papain digest:

Sequence of peptide Po: This is o tetrapeptide with the sequence of Ser-
Ser-lle-Asp.

Sequence of peptide Pay: By using the dansyl-Edman procedure, the

sequence of peptide Pay was established to be Leu-Pro-Asp-ile-Val-Phe.
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Sequence of peptide Paq: From dansyl-Edman procedures and carboxy=-
peptidase A digestion, this peptide was determined to be Thr-lle-Asp-
Gly-Val-Gln.
Sequence of peptide Pay: This is a tripeptide with the sequence of Tyr-
Pro-Leu.
Sequence of peptide Pc:5: This sequence is obviously a part of sequence
of Tq. Its partial sequence was determined as shown in Table 6.
Sequence of peptide Pag: This is a tetropeptide with the sequence of
Tyr-lle~-Leu=Gln. It remained at the origin during electrophoresis at
pH 6.0; thus the amide form was assigned to Gin.
Sequence of peptide Pa-: This peptide contained 7 residues. It was a
part of the sequence of peptide Thy. It contained two negative charges
at pH 6.0 electrophoresis, thus acid form for all three aspartyl residues
was assigned.
~ Sequence of peptide Pag: This p.épfide contained |0 residues. It provided
the overlap for Pag and Pa7. Therefore, only the partial sequence of
this peptide was established as shown in Table 6.
Sequence of peptide Pag: This peptide is exactly the some as peptide Thg.

Its sequence was determined to be Phe~-Glu~Gly-Hse.

Amino Acid Sequence of CBS

From the amino acid sequence of the peptides described above,

the complete sequence of 44 residues was assembled as shown in Fig. 19.



Q) (5) (10) (15) (20) (25)
Val-lle-Ser-Cys(Ae)-Ser-Ser-lle-Asp-Ser-Leu-Pro-Asp-lle-Val-Phe-Thr-lle-Asp~-Gly-Val-GIn-Tyr-Pro-Leu-Ser-
€= Tjmmmmm——- >é--- Ty——=—==—- i St B e L

Lmmmmmm e T3Thi=========-- » &=Tatho~
€-==T3ThISl======> &<-T37h152> ¢-T3Th3-~
&-- Thy D e Tho- -3 &~--Thq D frmmm e Thy===m=———- > &==~Thg=-~
< - --C e masntma b b L Lt > & - ==Cpmmmmmmmnne D> £
€ Paj=-==>  é=~=---—- Pag===m=m==> &e=====-Pag-==m===-=s P &==Payg=-~->
L Pag-
(30) (35) (40) (44)
Pro-Ser-Ala-Tyr-lle-Leu-Gin-Asp-Asp-Asp-Ser~Cys(Ae)-Thr-Ser-Gly-Phe-Glu~-Gly-Hse
- D Tg=——mmmmmmmmm=> fmmmmmmmem e Tgm=mmmmmmm>
------------- > €T4E3HI-->
----- > €T3Tha>
----- > &-Thg=-> & cmmememmemeThymm e SN, [ S
L O > & e ———— Cy=m=mmmmmmmmmmmmeeee > &=-C5-—->
$oommm Pag=-=> &==-m== ~Pag=ememm e > G Pag=~~-- >
-------- }\L --_--—POB--—-----------------§

Keys of digests: T: Tryptic digest, Th: Thermolysin digest, C:e{-Chymotryptic digest, Pa: Papain digest,

S: Subtilisin digest, H: Partial acid hydrolysis.

Fig. 19 - Amino Acid Sequence of CBS
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CHAPTER IV
DISCUSSION

EPNP reacts with pepsin at room temperature (or 30°) at a methiony!
residue and an aspartyl residue in the following sequences:

Sequence |: Phe-Glu-Gly-Met-Asp-Val=Pro-Thr-Ser-Ser-Gly-Glu-

Leu

Sequence lI: lle-Val-Asp-Thr-Gly-Ser-Ser-Asn

The modification of methionine is due to alkylation by EPNP while
the modification of aspartic acid is accomplished by the esterification of a
P-carboxyl group. In acidic solutions, the protonated intermediate of an
epoxide are well known to react with various nucleophiles (46). The thioether
of methionine and the P-carboxylafe of aspartic acid apparently serve as
nucleophiles near the EPNP binding sites of the enzyme, and thus are reactive
with EPNP.

The methionine sequence given cbove ogrees with the known
sequence of a methionine peptide: Met-Asp-Val=-Pro-Thr-Ser (5). It also
agrees with the NH,-terminal sequence of a cyanogen bromide fragment (17)
which presumably was derived from the same methionyl sequence. Therefore,

71
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the modified methionine is located 38 residues from the carboxyl terminus of
the enzyme (17). However, this current sequence does not agree with the
overlap sequence of this methionine (5). The left side of this methionine
sequence was previously thought to be Tyr-Gly-Tyr-Gly-Ser-Met. However,
the correspoinding sequence found in this study is Fhe~Glu-Gly-Met. The
reason for the discrepancy is not entirely clear. A critical evaluation of
data from the previous work of Tang and Hartley (5) showed that the overlap
was based on one peptide, the sequence of which was not completely established.
Thus, their evidence was relatively weaker than that of the present study in
which the sequences of several methionine peptides were fully determined.
Therefore, we suggest that the methionine overlap shown in Sequence | is the
correct one.

Although an overlapping peptide for EPNP-aspartyl residue was not
found, evidence for the overlap appears sufficient from quantitative estimation
of recoveries. Two peptides with the sequence lle~Val-Asp(EPNP) and Asp
(EPNP)-Thr-Gly-Ser-Ser-Asn were obtained separately in yields of 0.55 and
0.88 residues from | residue of EPNP-aspartic acid in pepsin molecule. Also,
in the various digest of EPNP-pepsin, an EPNP-aspartyl residue was found
either at the NHy-terminus or the COOH-terminus of the peptides. In no
case, were these two types of peptides found in the same digest, as one would
expect if two EPNP-aspartyl sites were present in modified pepsin. A search
of the literature indicated that this EPNP-aspartyl sequence has not been pre-

viously reported. Therefore, the location of this site in the primary structure
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of the enzyme remains uncertain,

It is interesting that a striking homology exists between the EPNP-
reactive aspartyl sequence (Sequence ll) and the previously known active-
center aspartyl which is reactive to diazo inactivators (25,28).

The EPNP-reactive aspartyl sequence is lle-Val-Asp-Thr-Gly-Ser-
Ser-Asn.

The diozo-reactive aspartyl sequence is lle-Val-Asp-Thr-Gly-Thr-
Ser-Leu. Since only 2 among 8 residues differed, we evaluated the possi-
bility that they might indeed be the same sequence. This seemed unlikely,
however, as discussed below:

The Possibility of Differences due to a Sequencing Mistake

We obtained peptide P (sequence: Asp(EPNP)-Thr-Gly-Ser-Ser-
Asn) from 20 different preparations, and its composition was always the some.
In no case were 2 threonine residues or | leucine residue found. Previous
data on the diazo-reactive aspartyl sequence studies also appeared to be
convincing. Bayliss et al. (25) isolated a tripeptide Thr-Gly-Thr from par-
tial acid hydrolysis of a diazo-reactive peptide, which agreed with the
content of 2 threonine residues in the diazo-reactive sequence. The position
of leucine was reported by Fry et al. (28) in an octapeptide containing |
residue of leucine. After one-step Edman degradation, the content of leucine
remained essentially unchanged. Carboxypeptidase A released | residue of

leucine from the octapeptide. Thus, a sequencing error appeared improbable.
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The Possibility of Differences due to Different Pepsins

Previous studies have shown that diazoacetyl-DL-norleucine methyl
ester and EPNP completely inactivated the same pepsin preparation, resulting
in a stoichiometry of modification of | in the former case and 2 in the latter
(6). This excludes the possibility that the two types of inactivators each

react specifically with one fype of pepsin.

The Possibility of Differences due to Genetic Variants of Pepsin

We have used 4 different batches of pepsin from Worthington and
2 batches from Pentex. In no case, was an EPNP-peptide with a diozo-reactive
aspartyl sequence found. Moreover, the diazo-reactive sequence reported by
Bayliss et al. (25) and Fry et al., (28) who used pepsin from different sources
(Koch-Light Labs. Ltd., Colnbrook, Buckinghamshire, and Mann Research Lab.,
N. Y.), agreed in their results. Additionally, a large number of laboratories
have engaged in determination of the partial sequence of pepsin. Keil (10)
reviewed most of these results; he reported that about |5 separate studies were
done on the sequence near the carboxyl-terminal region. A number of separate
studies also performed on the phosphoserinylland cystyl sequences. To the best
of our knowledge, no genetic variants in porcine pepsin have been reported.
The involvement of the completely different genetic varients appeared to be
unlikely.

On the other hand, a previous study (6) indicated that EPNP-modified

pepsin still reacts with | residue of diazoacetyl-DL-norleucine methyl ester. The




75

reversed order of reaction also prodL‘:ced the same stoichiometry of incorpo-
ration of the two inactivators. These results suggested that pepsin contains
two different ospartyl sites which each react specifically with either EPNP or
diazo inactivators. In a separate study (29), it was found that the pKa of
the EPNP-reactive carboxyl group (2.85) was distinctly lower than that of

the diazo-reactive carboxyl group (4.7). These findings support the conclusion
that the differences in the two sequences are genuine and that both are
present in pepsin.

The EPNP-reactive aspartyl sequence apparently differs from that
of the p~bromophenacyl bromide reactive site found by Erlanger et al. (26),
which is in a peptide composed of Glyy, Asp|, Ser, Gluj. This confirms
the previous findings which showed that all three inactivators react at dif-
ferent sites in the pepsin molecule.

The modification of the P-carboXyl group of the aspartyl residue
apparently produces an ester linkage to one of the hydroxy groups of EPNP-
OH, as ascertained from the following evidence: a) the lability of EPNP-
aspartyl peptides in basic solution; b) the removal of EPNP from EPNP-
aspartyl peptides, resulting in a gain of a negative charge; and c) the
specific reduction of the P-curboxyl ester of the aspartyl residue to homoserine.

A minor sequence Val-lle-Phe-Asp(EPNP) resulted from modification
at higher temperatures (20°-30°). The absence of this peptide in the EPNP-
pepsin modified at 10° confirms data from a separate study (29); i.e., EPNP

modification is more specific at a lower reaction temperature.
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After careful examination of the electrophoretic mobility data in
Table 2, an unusual pKa of the EPNP reactive aspartyl residue was found.
It is known that the charge and molecular weight of peptides can be related
to their electrophoretic mobilities. Based on Stoke's law, Offord demon-
strated the interrelationships of relative mobility, charge, and mass of peptides
during electrophoresis (31): a) Relative mobility of a peptide is proportional
to the charge which the peptide contains when the mass of the peptide is
constant; b) The logarithm of the relative mobility is inversely proportional to
the logarithm of the mass of the peptide when the charge which the peptide
contains is constant. He collected a number of peptides and plotted the
logarithm of the relative eletrophoretic mobility at pH 2.0 and pH 6.5
against the logarithm of the molecular weight. Straight lines were obtained
and each represented a given number of charges. The pKa of the P—carboxyl
group in proteins ranges from 3.0 to 4.7 (47). If the pKa's of the carboxyl
groups in peptide Py, after the removal of the EPNP group, (peptide Pp-EPNP),
were normal in pH 2.0, this peptide should contain only one positive charge
from the NHy-terminal amino group. With a molecular weight of 579 it
should have a relative mobility to serine equal to 0.71. However, the actual
observed value was 0.36. This means that partial ionization of the carboxyl
groups of P»,~EPNP occurred during the electrophoresis at pH 2.0. Based on
Offord's first generalization, the percentage of ionization of carboxyl groups
in peptide Po~EPNP can be calculated to give a value of 50% ionization of

a carboxyl group. In order to determine which carboxyl group had an abnor-
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mally low pKa, Edman degruduﬁon'procedure was performed fo remove the
NHy-terminal Asp and the mobility in pH 2.0 was again determined. The
relative mobility was found to be 0.67, while the theoretical value was 0.80.
The percentage of ionizaﬁoh of the COOH-terminal carboxyl group, now the
only carboxyl group remaining is 16% based on the above calculation. If
the removal of the first NHy-terminal aspartyl residue does not affect the
ionization of the COOH-terminal asparaginyl residue, then the percentage of
ionization of the p-carboxyl group of the NH,-terminal aspartyl residue is
35%. Using this information ond the Henderson-Hasselbolch equation, o pKa of
2.27 was found for the P-carboxyl group of the aspartyl residue in peptide
P>-EPNP. In order to know whether the NHo-terminal amino group induced
the lowering of the pKa on the P-carboxyl of the NHy-terminal aspartyl
residue, Po-EPNP was dansylated, then subjected to electrophoresis at pH 2.0
on a flat plate apparatus to determinethe mobility. This information was
calculated in the same manner as described above and a value of 50% ioni-
zation of carboxyl groups was also found. The inducing effect of the amino
group appeared fo be unlikely. Since this epoxide reactive aspartyl residue
has to be charged in the enzyme molecule when it reacts with EPNP, a low
pKa is expected for this residue. It seems possible that a low pKa of this |
P-carboxyl group might have been a unique result of the sequence of this
peptide, which may produce a specific interaction of side chains in the peptide.
For example, hydroxyl groups of threonine or serines might form a hydrogen

bond to the P-carboxyl group, thus lowering the pKa of the asparfyl residue.

It is not clear, however that the low pKa of the aspartyl residue



78

of this peptide has the same cause as the low pKa of this group on the
native enzyme, which has been determined to be 2.85 (29). More informa-
tion is needed to reach a firm conclusion on this.

The active site of pepsin was suggested to contain two functional
groups, one of which has a slightly high pKa of about 4.7 and another one
has an abnormal pKa of 1.0 (20,21). A mechanism for pepsin action was
proposed by Knowles (22) in which a tetrahedral intermediate was formed’by
an acid-nucleophilic catalysis, (the carboxyl group with a pKa of 1.0, serving
as the nucleophile, that with a pKa of 4.7, as the acid). Amino-enzyme was
postulated to be formed from this tetrahedral intermediate. Using this hypo-
thetical amino-enzyme, the hydrolysis and transpeptidation, which pepsin
catalyzes, can be explained. In the recent epoxide inactivator studies con-
ducted by Hartsuck and Tang (29), the EPNP-reactive aspartyl residue, in
the Sequence Il of this current work, was shown to be in the active site of
pepsin, and its B-carboxyl group had a low pKa which would be at least
partially charged during peptic digestion. They proposed o new mechanism
for peptic catalysis. In this proposal, the epoxide-reactive aspartic acid
in the active site was considered to be a nucleophile, while the diazo-
reactive aspartic acid served as a proton donor to the amide nitrogen of the
substrate. They also postulated that the lower pKa of the epoxide reactive
carboxyl could be due to the hydrogen bonding of another near-by, protonated,
carboxyl group. The involvement of an arginyl side chain, in polarization

of the carbony! group of the substrate, was also suggested. This was further
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supported by the recent finding that the biacetyl modification of arginyl
residve, twelfth residue from the COOH-terminus, caused a loss of 85% of
peptic activity. In addition, this arginine was thought to be located near
the active center of the enzyme (48). Formation of an amino-enzyme inter-
mediate would not be expected from this mechanism. Transpeptidation
catalyzed by pepsin can be explained in the following way. There is a
strong interaction with the side chain on the imino side of the scissile bond,
so that this product remains in the active center, and is available for sub-
sequent transfer. Although the final mechanism of catalysis of pepsin must
wait for other information (i.e., X-ray crystallographic studies), the invol-
vement of the aspartyl side chain in Sequence Il, determined in this study,
appeared to be certain (6).

The Sequence | near the EPNP-alkylated methionine, aé:tua“y
provided the overlap for CB5 and the carboxyl terminal sequence of 38
residues previously completed (I7). Thus the sequence of CB5 is located in
residue numbers 24| to 284 of porcine pepsin. This gives a combined amino
acid sequence of 8l residues (residue number 24| to 321) in the COOH-

terminal end of porcine pepsin, as shown in Fig. 20. It is obvious that

neither of the active center sequences is present in this portion of the molecule.

The role of this structure in pepsin function must wait for further studies.



24\ 245 250 255 260
-Vol-lIe-Ser-Crs-Ser-Ser-l|e--Asp-Ser- Leu-Pro-Asp~ile-Val-Phe-~Thr-lle-Asp-Gly=-Val-Gin=-Tyr-Pro-Leu-

265 ST 270 775 280 285
Ser-Pro-Ser-Ala-Tyr-lle-Leu-GIn-Asp-Asp~Asp-Ser~Cys-Thr-Ser-Gly-Phe-Glu~-Gly-Met-Asp~Val~Pro-

290 295 300 305 3i0
Thr=Ser~Ser-Gly-Glu-Leu-Trp-lle-Leu-Gly~Asp-Val-Phe-lle-Arg-GlIn-Tyr-Tyr-Thr~Val-Phe-Asp-Arg-Ala~

) 315 320 32i
Asn~-Asn-Lys=Val-Gly-Leu-Ala-Pro-Val-Ala-COOH

Fig. 20 - Carboxyl Terminal Sequence of Porcine Pepsin (Residue 24l - 321)
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CHAPTER V
SUMMARY

The amino acid sequences around two sites reactive with the speci-
fic pepsin inactivator, |,2-epoxy-3-(p-nitrophenoxy) propane (EPNP), were
determined to be:

Sequence |: Phe-Glu-Gly-Met(EPNP)-Asp-Val=Pro~Thr-Ser-Ser-

Gly-Glu-Leu.

Sequence |l: lle=Val-Asp(EPNP)-Thr-Gly~Ser-Ser-Asn.

EPNP-pepsin was digested separately by proteases and EPNP-peptides
were purified by Sephadex column chromatography and high-voltage electro-
phoresis. When the sequences of the peptides were determined, they fell into
one of the two groups shown above--Sequence | or Sequence Il. The modifi-

cation of methionine in Sequence | represented an alkylation by EPNP to form

).
3

a sulfonium salt. This methionine residue is located 38 residues from the

carboxyl terminus of pepsin. The modification of the p-carboxyl group of the
aspartyl residue in Sequence Il was an esterification reaction. The location of
this ospartyl residue in the primary structure of pepsin is uncertain, Extensive

homology exists between EPNP-aspartyl Sequence 1l and the previously reported

8l
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diazo-reactive aspartyl sequence; however we believe them to be unique. The
" sequence confirmed data from a previous study (Tang, J. 1971 J. Biol. Chem.
246:4510) which indicated that EPNP reacts with two main sites of pepsin and
that these sites differ from those reactive with diazo and p-bromophenacyl

bromide inactivators of pepsin.

Porcine pepsin was reduced, S-aminoethylated, and then subjected
to cyanogen bromide cleavage. Reaction mixture was separc;f_e: on a column of
Sephadex-G=-75. Five peaks were obtained. One of the cyanogen bromide
fragments, CB5 was digested separately by proteases and the resulting peptides
were purified by Sephadex column chromatography and high voltage electro-
phoresis. The sequence of CB5 was determined to be: Val-lle-Ser-Cys-Ser~
Ser-lle-Asp=-Ser-Leu~Pro~Asp-lle~Val~Phe-Thr-lle~Asp~Gly-Val-GIn=Tyr~Pro-~
Leu-Ser-Pro~Ser-Ala-Tyr~lle-Leu~Gin~Asp~Asp-Asp~Ser-Cys~Thr=Ser~Gly~Phe-
Glu-Gly-Met. The carboxyl-terminal methionine of this fragment is the 38th

residue from the carboxyl-terminus of porcine pepsin.,
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