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The complete primary structure of the major component of tuna pepsinogens was deter-
mined by conventional protein chemistry methods. It was composed of a prosegment of 37
residues and a pepsin moiety of 323 residues, having a relative molecular mass of 39,364.
The essential aspartyl residues in the active site and the three disulfide bonds common to
other pepsinogens were conserved; however, several unique substitutions and/or deletions
characteristic of tuna pepsinogen were found at various positions, especially in the
prosegment and subsite regions, as compared with the sequences of other pepsinogens,
which may affect the rate of activation of the zymogen, and/or the catalytic function and
substrate specificity of the enzyme. Tuna pepsinogen is the least acidic among pepsinogens.
The sequence identity between tuna pepsinogen and other pepsinogens ranged from 45 to
52%. A phylogenetic tree based on the primary structures suggested that tuna pepsinogen
diverged from the pepsinogen A and prochymosin groups in an early period of pepsinogen

evolution.
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Pepsinogens are found in the gastric mucosae of all classes
of vertebrates. They are typical aspartic proteinases with
two essential aspartic acid residues in the active site. They
are classified into three major groups, namely, pepsinogen
A and pepsinogen C (progastricsin) in adult animals, and
prochymosin in neonates, based on the differences in their
enzymatic and immunochemical properties (1, 2). The
primary structures are considerably different among these
three groups. So far, the complete primary structures of
porcine (3-6), chicken (7), and monkey (8) pepsinogens A,
monkey pepsinogen C (9), and bovine prochymosin (10)
have been determined by conventional protein sequencing.
The structures of human (11) and rabbit (12) pepsinogens
A, human (13, 14), rat (15, 16), guinea pig (17), and frog
(18) pepsinogens C, and chicken embryonic pepsinogen
(19) have been deduced from the results of base sequence
analysis of their genomic DNAs and/or cDNAs. All these
sequences except for those of chicken and frog represent
those of mammalian pepsinogens. Therefore, our knowl-
edge about the sequences of pepsinogens from non-mam-
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malian species i8 rather scarce, and it is desirable to
elucidate further those of non-mammalian pepsinogens to
shed light on the molecular evolution and structure/func-
tion relationships of pepsinogens. In this respect, fish
pepsinogens are drawing special attention since they are the
lowest animals that have gastric pepsinogens.

Previously, we reported the purification and characteri-
zation of three pepsinogens from tuna (North Pacific bluefin
tuna, Thunnus thynuus orientalis) (20). They are the
smallest pepsinogens so far known, and along with some
unique enzymatic properties, have NH,-terminal struc-
tures that are fairly different from those of other animal
pepsinogens. In the present paper, we report the complete
primary structure of the major tuna pepsinogen, and
discuss the relationship beween its structure and some
enzymatic properties and molecular evolution.

EXPERIMENTAL PROCEDURES

Materials—Pepsinogens were purified from North Paci-
fic bluefin tuna (7. thynuus orientalis) as described previ-
ously (20), the major zymogen, pepsinogen 2, being ex-
amined in the present study. Trypsin (tosyl-L-phenylala-
nylchloromethyl ketone-treated) was purchased from
Sigma Chem., a-chymotrypsin from Worthington Bio-
chem., thermolysin from Daiwa Kasei, lysylendopeptidase
from Wako Pure Chem., endoproteinase Asp-N from
Boehringer Mannheim, GmbH, and Staphylococcus aureus
V8 protease from Miles Laboratories. Cyanogen bromide
was purchased from Nacalai Tesque, and nitrophenylsul-
fenyl bromoskatole from Pierce. Gel filtration columns,
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Superose 12 (1.6 X 50 cm, preparative grade) and Superose
12 HR10/30, were obtained from Pharmacia LKB Biotech.,
and reverse-phase high performance liquid chromatogra-
phy (HPLC) columns, TSKgel ODS-120T (0.4 X 25 cm) and
C8 AG120 (4.6 X 250 mm), were from Tosoh, and Shiseido,
respectively. Reagents for amino acid analysis and manual
amino acid sequencing were obtained from Wako Pure
Chem. Other chemicals were of reagent grade and used
without further purification.

Peptide Nomenclature—Peptides are designated by three
letters and subsequent numbers. The peptides derived
from heat-denatured and reduced-carboxymethylated
samples of pepsinogen are designated by the first letters of
“H” and “R,” respectively. The second letters: B, Sk, T, C,
Th, Ly, V, and E, indicate peptides derived on treatment
with cyanogen bromide, BNPS-skatole, trypsin, «-chymo-
trypsin, thermolysin, lysyl-endopeptidase, S. aureus V8
protease, and endoproteinase Asp-N, respectively. The
third letters: S, Pa, and Pb, indicate peptides soluble in 10,
10-50, and 50-70% aqueous formic acid, respectively.
Insoluble peptides are indicated by the letter, P. Arabic
numerals following the three letters show the order of
elution on gel filtration and/or HPLC. Since additional
fragmentation was carried out for some peptides, the same
nomenclature was adopted for each subfragmented pep-
tide. Arabic numerals in parentheses indicate peptides
obtained in the same fraction, which were sequenced
directly as a mixture.

Fragmentation of Proteins and Purification of Peptides—
In the course of purification, the peptides were monitored
by measuring the absorbance at 280, 259, 230, or 215 nm,
or determined by the fluorometric method using fluores-
camine according to de Bernardo et al. (21) with leucine as
a standard. Unless otherwise specified, gel filtration was
performed on a Superose 12 HR10/30 column, and HPLC
on a TSKgel ODS-120T column. On HPLC, peptides were
eluted with a linear gradient of acetonitrile, from 0 to 50%,
in 0.1% trifluoroacetic acid at the flow rate of 0.4 ml/min,
unless otherwise specified.

Cyanogen bromide cleavage: Reduced and carboxymeth-
ylated pepsinogen (10 mg, 260 nmol), prepared essentially
according to Crestfield et al. (22), was treated at 37°C for
24 h in 0.8 ml of 70% formic acid containing 8.5 mg cyano-
gen bromide (an about 300-fold molar excess over protein).
The reaction mixture was diluted with distilled water and
then lyophilized. The lyophilized material was suspended in
6% formic acid. The soluble peptides (RBS) were purified
by gel filtration on a Superose 12 column (1.6X% 50 ¢m)
equilibrated with 6% formic acid (Fig. 1a) and subsequent
HPLC (Fig. 1, b and c). The insoluble peptides (RBP) were
purified by gel filtration on a Superose 12 column (1.6 X 50
cm) equilibrated with 0.2 M ammonium acetate buffer, pH
10 (Fig. 1d) and subsequent HPLC on a Shiseido C8 AG120
column eluted with a linear gradient of acetonitrile from 0
to 50% in the same buffer (Fig. 1, e and f). In addition,
HTPbl and HTPa-8 were subjected to cyanogen bromide
cleavage in a similar manner and the cleavage mixture of
each peptide was directly sequenced.

Tryptic digestion: Heat-denatured pepsinogen (7.9 mg,
200 nmol) was digested with 25 g (1 nmol) of trypsin in
2.0 ml of 0.05 M ammonium bicarbonate, pH 7.8, contain-
ing 0.01 M CaCl;, at 37°C for 14 h. The peptides were
separated into three fractions according to the solubility in
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a formic acid solution, namely HTS, HTPa, and HTPb. The
peptides in a quarter of the HTS fraction were purified by
HPLC (Fig. 1g). Purification of some peptides was achieved
by HPLC (Fig. 1h) after gel filtration using a quarter of the
HTS fraction. Peptides in half of the HTPa fraction were
purified by HPL.C (Fig. 1i) and subsequent gel filtration in
50% formic acid. HTPbl and HTPb2 were obtained on gel
filtration in 75% formic acid (Fig. 1j). They were subjected
to further cleavage as follows.

HTPbl (4 nmol) was cleaved with cyanogen bromide and
the resulting peptides were purified by gel filtration in 75%
formic acid. One major peptide, HTPb1-BP6, was obtained.

HTPb1 (5 nmol) was dissolved in 22 u1 of 70% acetic acid
containing 187 g (about 500 nmol) of nitrophenylsulfenyl
bromoskatole and then left for 42 h in the dark at room
temperature. The reaction was stopped by adding 200 ul of
distilled water. One major peptide, HTPb1-SkS5, was
obtained on gel filtration in 70% formic acid. HTPbl (10
nmol) was digested with 2 ug endoproteinase Asp-N in 50
1 of 0.1 M sodium phosphate buffer, pH 8.0, at 37°C for 20
h. One major peptide, HTPb1-EP2, was obtained on gel
filtration in 75% formic acid. This peptide was digested
with S. aureus V8 protease and then the mixture was
directly sequenced with an automatic sequencer.

HTPb2 (10 nmol) was digested with 3 ug (0.5 nmol) S.
aureus V8 protease in 30 1 0.1 M ammonium bicarbonate,
pH 7.8, containing 2 mM EDTA at 37°C for 20 h. The
reaction mixture was lyophilized and then directly se-
quenced with an automatic sequencer.

Chymotryptic digestion: Heat-denatured pepsinogen (4
mg, 100 nmol) was digested with 50 xg (about 2 nmol) of
a-chymotrypsin in 1 ml of 50 mM sodium phosphate
buffer, pH 6.5, at 37°C for 2 h. The digest was gel-filtered
on a Superose 12 column (1.6 x50 cm) in 5% acetic acid
(Fig. 1k). Four fractions, HCS1, HCS2, HCS3, and HCS4,
were pooled, and the peptides contained in each fraction
were purified by HPLC (Fig. 11).

Thermolysin digestion: Heat-denatured pepsinogen (4
mg, 100 nmol) was digested with 200 g (about 5.8 nmol)
of thermolysin in 2.0 ml of 0.1 M Tris-HCI buffer, pH 6.7,
containing 10 mM CaCl; at 37°C for 9 h. The peptides
soluble in 5% acetic acid (HThS) were purified by gel
filtration (Fig. 1m) and subsequent HPLC (Fig. 1n).

Lysylendopeptidase digestion: Heat-denatured pepsino-
gen (1.6 mg, 40 nmol) was digested with 60 xg (about 2
nmol) of lysylendopeptidase in 400 «1 of 0.1 M ammonium
bicarbonate, pH 8.2, at 37°C for 4 h. The resulting peptides
were fractionated according to their solubility in formic
acid. The peptides soluble in 10-50% formic acid (HLyP)
were gel-filtered in 50% formic acid. One major peptide,
HLyP14, was obtained.

Amino Acid Analysis—Samples for analysis were hydro-
lyzed with 100 ] of 6 N HCI containing 0.05% phenol at
110°C for 24 h in evacuated sealed tubes. The amino acids
were determined with a Hitachi model 835 amino acid
analyzer essentially according to Spackman et al. (23).

Amino Acid Sequence Determination—The amino acid
sequences were determined by a modification (24) of the
manual Edman degradation method (25) or by using an
automatic sequencer (Applied Biosystems Model 477A/
120A). On manual sequencing, the conversion of thiazo-
linone derivatives to thiohydantoin ones was carried out in
methanol/acetyl chloride (7 : 1, v/v) at 50°C for 15 min,
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TABLE I. Amino acid compositions of acid hydrolysates of peptides (residues/molecule). The values in parentheses are those obtained

on sequencing.

Amino acid RBS1-24 RBS2-2 RBS2-9 RBP2-5 RBP3-10 HTS-20 HTS.21 HTS-22 HTS-29 HTS-31
Lys 0.9 (1) 2.9 (4) 1.0 (1) 1.7 (2) 1.0 (1)

His 1.2 (1) 0.5(1) 0.8 (1)

Arg 0.5 (1) 0.7 (1)
Asx 4.9 (5) 11.1 (8) 3.8 (5) 1.8(2) 0.8 (1) 0.8(1) 1.0 (1)
Thr 4.9 (5) 2.5 (4) 2.4 (4) 1.0(1) 0.8(1)

Ser 1.6 (2) 11.2 (12) 5.5 (4) 8.4 (10) 1.7 (2) 1.6 (2)

Glx 1.4 (1) 10.0 (7) 4.8(2) 7.4 (8) 1.3(1) 2.2(2) 2.0(2) 1.1 (1) 1.1 (1)
Pro nd (1) 5.0 (5) nd (1) nd (2) nd (2) nd (1) nd (1)

Gly 2.3(2) 86(6) 50() 6.1(5) 1.0Q1) 1.0(Q1)
Ala 313 11Q) 385 22() 17(1) 08(Q) 1.2 (2)

Cys nd (2) nd (2)

Val 3.0 (3) 4.0 (6) 3.1(3) 6.1 (5) 0.9 (1)

Met nd (1) nd (1) nd (1) nd (1) nd (1) nd (1)

Ile 2.0(2) 2.7(3) 3.2 (5) 2.8 (4) 0.9 (1)

Leu 2.0(2) 3.8 (3) 2.8(1) 6.4 (4) 1.5 (1) 1.1 (1)
Tyr 0.9(1) 2.2 (4) 0.2 (1) nd (3) 0.8(2) 0.7 (1)
Phe 1.7 (2) 3.9 (4) 2.8(2) 2.0(2) 2.0 (2)

Trp (2) (2 1)
Position 117-141 114-116 9-82 196-232 142-195 28P-36P 57-67 58-67 317-323 20P-26P
Yield (%) 1 2 3 5 7 39 18 23 60 24
Amino acid HTS-32 HTS-40 HTS2-34 HTPa-5 HTPa-8 HTPa-9* HTPa-10 HTPb1 HTPb2
Lys 09 (1) 1.0 (1) 2.0 (1,0,0) 0.6 (1)
His 0.7(1) 0.8 (1) 0.8 (0,1,0) 1.0 (1)

Arg 1.0 (1) 0.3 (1) 0.9(1) 2.9 (0,1,1) 1.8 (2) 0.7 (1)

Asx 1.3(1) 4.0 (4) 1.0(1) 3.4 (3) 7.3 (8) 13.0 (3,8,2) 4.0 (3) 10.0 (10) 3.4 (3)
Thr 1.8(2) 25(8) 07(1) 1.3(Q1) 50(6) 6.9 (0,6,1) 2.3(2) 8.4(8)

Ser 2.1(2) 3.2(3) 1.4 (1) 4.1 (5) 4.6 (5) 8.2 (4,5,0) 1.9 (1) 13.8(16) 2.8(4)
Glx 3.0(2) 3.5 (3) 2.1(4) 2.6 (2) 6.0 (b) 13.2 (4,5,3) 7.2 (6) 15.0 (11) 3.6 (4)
Pro nd (1) nd (3) nd (1) nd (2) nd (1,2,0) nd (4) nd (1)
Gly 3.3 (4) 3.4 (3) 1.6 (2) 2.0(1) 4.2 (4) 11.5 (3,4,5) 6.5 (6) 13.1 (12) 3.7(3)
Ala 1.5(1) 08(2) 15(1)  5.3(6) 11.7 (3,6,0) 6.2(6) 273
Cys nd (2) nd (2) nd (0,2,0) nd (2)

Val 2.0 (2) 0.4 (1) 3.0(3) 3.94) 8.8(4,4,1) 1.9(1) 11.6(11) 3.1(4)
Met 0.1 (1) nd (1) 1.2 (2) nd (2,2,0) 0.2 (2) 1.2 (2)
Ile 1.1(1) 1.8(1) 1.0(2) 1.1(1) 2.8(3) 7.5(3,3,2) 3.1(3) 10.9 (10) 2.4 (3)
Leu 09(1) 211 06() 1.2(1) 1.2(1) 5.7(1,1,2) 20(2) 176(1 1.2(Q)
Tyr 1.1(1) 2.5 (3) 0.7 (2) 0.6 (1) 3.3 (4) 3.7 (1,4,0) 1.6 (2) 1.0 (3) 0.8(1)
Phe 2.2 (2) 0.7(1) 0.7 (1) 2.2(2) 5.6 (2,2,2) 3.0(3) 5.5 (4) 2.0(2)
Trp (1) (1) (1) (0,1,1) (1) (2)

Position 68-85 37P-30 305-323 31-566 228-284 86-117 228-284 285-304 285-316 118-227 86-117
Yield (%) 72 3 2 4 28 3 4 5 17 7 3
Amino acid HTPbl-BP6 HCS1-9° HCS1-12 HCS1-13 HCS81-15 HCS1-18 HCS1-20° HCS1-22° HThS3-13
Lys 2.6 (1,2) 0.9 (1,0) 1.0(1)
His nd (1) 0.9(1,1)

Arg nd (1) 0.7(1) 1.0(0,1)

Asx 3.7(2) 2.0 (0,2) 1.3 (1) 33(4) 1.4Q) 6.6 (4,1) 1.8 (1,0) 1.1(1)
Thr 2.2 (4) 1.0 (0,1) 1.5 (2) 1.4 (1) 5.2 (4,1) 3.0(0,2)

Ser 8.1 (10) 3.6 (0,4) 1.0(1) 1.6 (2) 1.2 (1) 1.0(1) 2.6 (2,0

Glx 5.2 (8) 5.4 (0,4) 2.1(2) 2.1(2) 2.5 (2) 7.8 (4,3) 1.6 (0,1) 1.2 (1)
Pro nd (2) nd (1,1) nd (1) nd (1) nd (1) nd (1,0) nd (0,1) nd (1)
Gly 9.9 (5) nd(1) 1.0(1) 13(Q1) 2.0(2) 7.0 (2,5) 3.0 (2,1) 0.9(1)
Ala 1.6 (1) 2.4 (1,1) 1.2 (1) 1.0(1) 1.4(1) 2.2 (2,0) 2.3 (2,0)

Cys nd (0,2) nd (1,0)

Val 5.0 (5) nd (1) 8.0 (3,0)

Met nd (1) nd (1,0) nd (1) nd (1,0)

Ile 1.7 (4) 2.0 (2) 1.0 (1) 1.4 (2) 2.4 (1,0 2.5(1,2)

Leu 3.4 (4) 1.3(1) 0.7 (1) 2.2 (0,1) 2.4(2,1)

Tyr nd (3) nd (1) 1.3(2)

Phe nd (2) 1.7 (1,2) 1.0 (1) 0.7(1) 2.0(1,1) nd (1,0) 0.7 (1)
Trp (2) (0,1) (1)
Position 142-195 P32-P37 47-66 222-230 104-112 2-17 308-320 236-261282-296 117-126177-185 66-72
Yield (%) 1 5 30 8 23 17 6 1 1 1 2 17

*A mixture containing three major peptides. "A mixture containing two major peptides. nd, not determined.

essentially according to Tarr (26), and phenylthiohydan-
toin derivatives of amino acids were identified by HPLC on
a Microsorb C18 (4 X 250 mm) column according to Tsuna-
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sawa et al. (27). Throughout this paper, residues are

numbered according to the numbering of porcine pep-

sinogen (1) and pepsin (3), except for the residues in Table
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Fig. 1. Fractionation of peptides derived from heat-denatured and reduwd-carboxymethylawd tuna pepsinogen 2 on enzymatic
and chemical cleavage. A minimum number of chromatgrams are shown. In chromatograms a, d, j, k, and m, the fractions under the bars were
pooled. For details, see under “EXPERIMENTAL PROCEDURES.” .
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I and Fig. 2, in which the numbering of tuna pepsinogen and
pepsin is used.

RESULTS

Figure 1 and Table I present a minimum amount of data on
the fractionation and amino acid compositions, respective-
ly, of peptides obtained from heat-denatured or reduced-
carboxymethylated tuna pepsinogen 2 on enzymatic and/or
chemical cleavage. From a tryptic digest of heat-denatured
pepsinogen, 18 major peptides were isolated and complete-
ly or partially sequenced. These peptides accounted almost
fully for the amino acid composition of the original protein
(20). Tryptic peptides HTPb1 (residues 118-227, Fig. 2)
and HTPa8 (residues 228-284, Fig. 2) were further frag-
mented by cyanogen bromide cleavage and/or by digestion
with endopeptidase Asp-N and V8 protease, and the frag-
ments were separated and sequenced. In addition, 29
chymotryptic peptides, 1 lysylendopeptidase peptide, and
27 thermolysin peptides derived from heat-denatured
pepsinogen, and 13 cyanogen bromide peptides from
RCM-pepsinogen were isolated and sequenced completely
or partially. The NH,-terminal 72-residue sequence had

651

been determined previously (20), which was confirmed in
the present study. In these analyses, the residues in the
pepsin sequence were identified twice or more times by
Edman degradation except for residues 186-195 and 214-
221 (Fig. 2), which were sequenced only once.

The peptides other than the trypsin series contained a
number of peptides overlapping the tryptic peptides, and
thus the tryptic peptides could be aligned unequivocally.
The locations of the disulfide bonds, Cys47-Cys52,
Cys207-Cys211, and Cys250-Cys283, were deduced from
the result that only three different cystine-containing
peptides, HTPa6(or 5}, HTPb1, and HTPa8, were isolated
from the tryptic digest of heat-denatured pepsinogen. The
positions of cystine residues in the second and third
peptides were deduced only from the amino acid composi-
tions and sequence homology with other pepsinogens, since
no phenylthiohydantoin derivative of an amino acid was
obtained for these positions. These results led to deduction
of the complete primary structure of tuna pepsinogen (Fig.
2). Tuna pepsinogen is composed of 360 amino acid resi-
dues, comprising a 37-residue propeptide and a 323-re-
sidue pepsin moiety with the three disulfide bonds. It has a
calculated molecular weight of 39,364 and the following
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1P 10P 20°P 30P 40P 44P 1 10
Tuna Pg 2 --FHKLRLIKGETAREELQERGLYEDYRKQYPYHPHARFYQDG---T----- ERMTNDA
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Fig. 4. Comparison of the amino acid sequences of the subsite regions of pepsins, cathepsins D and E, and renins. The subsite regions
in porcine pepsin (32) and the corresponding regions in others are compared. Dots indicate residues identical with those in tuna pepsin, and

dashes indicate deletions.

amino acid composition: Lys 10, His 5, Arg 8, Asp 17, Asn
17, Thr 24, Ser 38, Glu 10, Gln 32, Pro 16, Gly 36, Ala 21,
1/2Cys 6, Val 26, Met 9, Ile 24, Leu 19, Tyr 18, Phe 17, and
Trp 7. The sequence contains no potential N-glycosylation
site. Very recently the above sequence was confirmed by
the cloning and sequencing of a ¢cDNA coding for tuna
pepsinogen 2 (Tanji, M. et al., to be published).

DISCUSSION

The amino acid sequence of tuna pepsinogen is compared
with those of other typical pepsinogens and human proca-
thepsin D (28) in Fig. 3. Functionally important residues,
such as the two aspartic acid residues in the active site,
Asp32 and Asp215 (porcine pepsin numbering used here-
after), and Tyr 75 in the tyrosine flap, and the sequences
around them, and the three disulfide bonds are highly
conserved, as in other pepsinogens. However, there are
several interesting features, including unique substitutions
and deletions, in the tuna pepsinogen sequence as compared
with in other pepsinogens, especially in light of the known
three-dimensional structures of porcine pepsinogen (29-
31) and pepsin (32, 33). The total numbers of residues in
tuna pepsinogen (360 residues) and pepsin (323 residues)
are the smallest among the pepsinogens and pepsins so far
sequenced, others having 368-373 and 325-332 residues
per molecule, respectively. This is due to the deletions near
the NH,-terminus, and at positions 109 and 291-294 of the

Fig. 3. Comparison of the arhino acid sequences of tuna pep-
sinogen 2 with those of other pepsinogens and human cathepsin
D. The sequences are aligned s0 as to maximize the homology. The
amino acids are expressed in the single-letter code. The numbering is
that of porcine pepsinogen and pepsin (1, 3). The residues at least
common among higher vertebrate pepsinogens are shadowed, and also
shown below the sequences. The hyphens indicate deletions, and
asterisks indicate the active site aspartic acid residues. The vertical
lines show the boundaries between the propeptides and the pepsin
moieties. The subsite residues interacting with an ideal heptapeptide
in porcine pepsin (32) are denoted by circles. Pg, pepsinogen; Prochy,
prochymosin; D, cathepsin D.
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Tuna pepsinogen 2

Bovine prochymosin

Chicken pepsinogen A

26 0. Human pepsinogen A

3 4% Porcine pepsinogen A
97 Human pepsinogen C

108 Frog pepsinogen C

236

Human cathepsin D

Fig. 5. A phylogenetic tree of pepsinogens based on the amino
acid sequences. The tree was constructed using the sequence datain
Fig. 3 by the method of Fitch and Margoliash (54). Human cathepsin
D is also included for comparison. The value on each branch indicates
the reconstructed mutation distance. The standard deviation of these
values i8 1.7%.

pepsin moiety, as can be seen in Fig. 3. The region including
the COOH-terminal part of the prosegment linked to the
NH,-terminal part of pepsin is most flexible as well as
variable in the pepsinogen molecule (29-31), where cleav-
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age occurs eventually upon activation of pepsinogen to
pepsin (34). This cleavage of pepsinogens usually takes
place on the NH,-side of a residue 4 to 7 residues upstream
of the conserved Pro5, depending on the specificity of the
pepsin. Because of the deletion in this region, in tuna
pepsinogen the length of the peptide chain between the
conserved Lys36P and Pro5 residues is shortest among
pepsinogens; there are 6 residues between Lys36P and
Pro5, which may be the minimum number of residues
required for the flap conformation (29-31). Thus, the
cleavage upon activation occurs at the Phe37P-Tyr38P
bond adjacent to Lys36P in tuna pepsinogen (20). Lys36P
in the prosegment is highly conserved among pepsinogens,
and its amino group is thought to interact with the carboxyl
groups of Asp32 and Asp215 in the active site of the pepsin
moiety and thereby stabilize the zymogen molecule, as
shown in the case of porcine pepsinogen (29-31). The
cleavage of the peptide bond between the prosegment and
the pepsin moiety may occur generally through either an
intramolecular or intermolecular mechanism (35-39). The
close location in tuna pepsinogen of the scissile bond to
Lys36P, and hence to the catalytic groups, appears to
suggest the possibility that this bond in tuna pepsinogen
might be partially cleaved through an intramolecular
reaction at least in the initial stage of activation, and that
this might be correlated with the rapid rate of activation of
tuna pepsinogen (20). The deletions at position 109 and
positions 291-294 are unique to tuna pepsinogen, except
that prochymosin has a similar deletion in the latter region.

Among other side chain-side chain interactions between
the prosegment and the pepsin moiety, the ionic interaction
between Argl3P and Aspll, which are highly conserved
among pepsinogens, and are thought to be important for
stabilization of the conformation of the prosegment in this
region (29-31), appears to also be conserved in tuna
pepsinogen. On the other hand, however, Tyr37P and Tyr9,
which are also highly conserved among pepsinogens and
whose hydroxyl groups have been shown to be hydrogen-
bonded to the carboxyl groups of Asp215 and Asp32,
respectively, in porcine pepsinogen (29-31) are substituted
by Phe and Asp, respectively, in tuna pepsinogen. There-
fore, these hydrogen-bonding interactions are not possible,
and, moreover, the latter substitution would even intro-
duce repulsion between the carboxyl groups of Asp9 and
Asp32. The Tyr37P—Phe substitution is thought to weaken
the interaction between the prosegment and the pepsin
moiety in tuna pepsinogen. This may be one of the reasons
why tuna pepsinogen can be activated so rapidly.

It is also notable that, among the pepsinogens listed in
Fig. 3, the content of basic amino acid residues in the pepsin
moiety is higher than that in the prosegment in tuna
pepsinogen (prosegment : pepsin=10 : 13, residues/mole-
cule) as in chicken pepsinogen A (14 :18), bovine pro-
chymosin (9 : 20), and human cathepsin D (7 : 33), whereas
the contents are the reverse in the other four pepsinogens:
human pepsinogen A (13 : 4), porcine pepsinogen (13 : 4),
human pepsinogen C (12 : 4), and frog pepsinogen C (9 : 2).
Furthermore, the net charges of tuna pepsinogen and
pepsin are —1 and —6, respectively. These values are
rather close to those of chicken pepsinogen and pepsin A
(—4/—16), bovine prochymosin and chymosin (—3/— 10),
and human procathepsin and cathepsin D (+1/-—2),
whereas the other pepsinogens have much higher negative
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values: human pepsinogen and pepsin A (—20/—30),
porcine pepsinogen and pepsin A (—27/—38), human
pepsinogen and pepsin C (— 15/ —22), and frog pepsinogen
C (—8/—14). Thus, tuna pepsinogen and pepsin appear to
be least acidic among the pepsinogens and pepsins, and, in
this respect, are closest to human procathepsin D and
cathepsin D, respectively. The lower acidity of tuna pepsin
as well as chicken pepsin A and bovine chymosin may be
related with the higher pH optima, which are somewhat
closer to that of cathepsin D, of these enzymes (20, 40, 41),
as compared with those of mammalian pepsins A. These
characteristics may also be correlated with the function of
undeveloped gastric glands in lower vertebrates (42) and
mammalian neonates (43). Pepsinogen and pepsin are
absent in invertebrates, and are thought to have appeared
first in fish stomach, differentiation occurring in the diges-
tive tract in the course of evolution. Therefore, tuna pep-
sinogen may retain some of the characteristics of primitive
pepsinogens, which might have evolved from an ancestral
cathepsin D or cathepsin D-like tissue proteinase (44).

Figure 4 shows a comparison of the amino acid sequences
of the regions in pepsins, human (28) and porcine (45, 46)
cathepsins D, human (47) and guinea pig (17) cathepsins E,
and human (48) and mouse (49, 50) renins, corresponding
to the subsite regions of porcine pepsin (32). Most residues
are highly or well conserved among pepsins. However, tuna
pepsin has several unique substitutions. Among the S, * site
residues, residue 112 is Met in tuna pepsin, which is Leu or
Phe in other pepsins, and residue 117 is Ala in tuna pepsin,
which is Phe in all other pepsins. [ *Nomenclature according
to Schechter and Berger (51, 52).] Residue 287 in the S,
gite is Gly in tuna pepsin, which is a more bulky residue
(Gln, Glu, or Met) in other pepsins. Furthermore, residues
291 and 293 at the S’, site are apparently deleted in tuna
pepsin. It seems worth pointing out that the tetrapeptide
sequence of residues 110 to 113, including S, site residues
111 and 112, appears to be one of the most variable regions
among the subsite regions of pepsins, but is unique to each
group of pepsins and related aspartic proteinases (Fig. 4).
These differences should affect the nature of the active site,
such as catalytic activity, substrate specificity, and suscep-
tibility toward specific inhibitors of the enzyme. Indeed, as
compared with porcine and other mammalian pepsins A,
tuna pepsin has a higher pH optimum and appears to
exhibit higher specific activity toward hemoglobin (20). On
the other hand, it scarcely hydrolyzes N -acetyl-L-phenyl-
alanyl-L-diiodotyrosine, a good substrate for pepsin A (20).
Furthermore, it is less sensitive to diazoacetyl-D,L-norleu-
cine methyl ester and 1,2-epoxy-3-(p-nitrophenoxy)pro-
pane, specific pepsin inhibitors (20). In this connection, it is
interesting to note that the kinetic parameters of bovine
chymosin were reported to change markedly on replace-
ment of residues 111 and 112 in the S, site by site-directed
mutagenesis (53).

There are 109 conserved residues in the other pep-
sinogens shown in Fig. 3, whereas 17 of these residues are
different in tuna pepsinogen. The sequence identity was
calculated to be 52% with human and chicken pepsinogens
A, 51% with porcine pepsinogen A, 48% with bovine
prochymosin, 47% with frog pepsinogen C, 45% with
human pepsinogen C, and 36% with human procathepsin D.
It is interesting to note that tuna pepsinogen shows the
lowest identity with human procathepsin D, although fish
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pepsins apparently resemble cathepsin D more than
mammalian pepsins in certain properties (44). A phylo-
genetic tree of pepsinogens including tuna pepsinogen and
human procathepsin D has been constructed based on their
amino acid sequences, assuming minimum numbers of
nucleotide exchanges among the zymogens (Fig. 5). The
tree indicates that the pepsinogen and procathepsin D
groups separated first from their common ancestor, and
diverged to a greater extent from each other. It also
indicates that after separation from procathepsin D, the
pepsinogen C (progastricsin) group diverged from the rest
of the pepsinogen groups, and that then tuna pepsinogen,
prochymosin, and the pepsinogen A group diverged at
nearly the same time. This phylogenetic tree is very similar
to that constructed previously based on the NH,-terminal
sequences of the propeptides of pepsinogens and procathep-
sin D (20). Tuna pepsinogen, thus, does not appear to
belong to either the typical pepsinogen A or prochymosin
group although it seems to be closer to the prochymosin and
pepsinogen A group than to the pepsinogen C group. The
classification of pepsinogens into three major groups, i.e.,
pepsinogen A, pepsinogen C (progastricsin), and prochymo-
sin, has been established based on comparison of mam-
malian gastric aspartic proteinases (1), and therefore its
application to lower vertebrates such as fish may not always
be justified. To draw a more definite conclusion regarding
the structure/function and evolutionary relationships of
fish pepsinogens and pepsins, further studies are necessary,
including elucidation of the amino acid sequences of other
fish pepsinogens and of their three-dimensional structures.
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