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Abstract. Five types of zymogens of pepsins, gastric di-
gestive proteinases, are known: pepsinogens A, B, and F,
progastricsin, and prochymosin. The amino acid and/or
nucleotide sequences of more than 50 pepsinogens other
than pepsinogen B have been determined to date. Phylo-
genetic analyses based on these sequences indicate that
progastricsin diverged first followed by prochymosin,
and that pepsinogens A and F are most closely related.
Tertiary structures, clarified by X-ray crystallography,
are commonly bilobal with a large active-site cleft be-
tween the lobes. Two aspartates in the center of the cleft,
Asp32 and Asp215, function as catalytic residues, and
thus pepsinogens are classified as aspartic proteinases.
Conversion of pepsinogens to pepsins proceeds auto-
catalytically at acidic pH by two different pathways, a
one-step pathway to release the intact activation segment
directly, and a stepwise pathway through a pseudo-
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pepsin(s). The active-site cleft is large enough to accom-
modate at least seven residues of a substrate, thus form-
ing S4 through S¢3 subsites. Hydrophobic and aromatic
amino acids are preferred at the P1 and P¢1 positions. In-
teractions at additional subsites are important in some
cases, for example with cleavage of k-casein by chy-
mosin. Two potent naturally occurring inhibitors are
known: pepstatin, a pentapeptide from Streptomyces, and
a unique proteinous inhibitor from Ascaris. Pepsinogen
genes comprise nine exons and may be multiple, espe-
cially for pepsinogen A. The latter and progastricsin pre-
dominate in adult animals, while pepsinogen F and
prochymosin are the main forms in the fetus/infant. The
switching of gene expression from fetal/infant to adult-
type pepsinogens during postnatal development is note-
worthy, being regulated by several factors, including
steroid hormones.
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Introduction

Pepsinogens are precursors of pepsins, gastric digestive
proteinases belonging to a family of aspartic proteinases.
They are synthesized in the gastric mucosa of vertebrates
and converted to pepsins in the acidic environment of
gastric juice. Pepsinogens and pepsins have a long history
[reviewed in refs. 1, 2]. Indeed, the term ‘pepsin’ was
given to a specific ferment in gastric juice in 1836 by
Theodor Schwann. Since pepsins have high proteolytic
activity, and of sufficient amounts can be isolated by sim-

ple techniques such as ammonium sulfate fractionation
because levels of pepsinogens in gastric mucosa and
pepsins in gastric juice are high [3], they have been stud-
ied extensively from early in the 20th century. Thus a
great deal is known about their enzymology and protein
chemistry, including their mode of action, and primary
and tertiary structures associated with function [4, 5].
Pepsinogens and pepsins have also been studied from bi-
ological and medical aspects as good models of secretory
proteins [6, 7], and suitable molecular markers of gastric
cell development [8] and gastric disease [7, 9]. To date,
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several types of pepsin family enzymes are known to be
present in the stomach. Since the term ‘pepsinogen’ and
its active form ‘pepsin’ are historical names, to use them
as generic names for zymogens and their active forms, re-
spectively, is appropriate. In this review, recent progress
is summarized, focusing especially on structure, function,
molecular evolution, and development. Studies from
other aspects including clinical, medical, and industrial
implications have appeared in other reviews [7, 9, 10].

Multiplicity of pepsinogens

Nomenclature
There are five groups of pepsinogens: pepsinogens A, B,
and F, progastricsin, and prochymosin, whose primary
structures differ significantly (table1). They are precur-
sors of pepsins A, B, and F, gastricsin, and chymosin, re-
spectively, given EC numbers by the IUBMB of EC
3.4.23.1 to 3.4.23.4, except for pepsin F, without one.
Isozymogens are frequent for each type of zymogen, es-

pecially pepsinogen A. For example, there are five, four,
and six pepsinogen A isozymogens in humans [11], the
Japanese monkey (fig. 1A) [12], and the rabbit (fig. 1B)
[13], respectively. Numbers have been shown to be ex-
tremely large in apes, e.g. 9 and 18 in the gibbon and
orangutan, respectively [14], and these isozymogens are
thought to be the products of different genes [15, 16], al-
though some of them are generated by post-translational
modifications such as phosphorylation [17] and glycosy-
lation [18, 19]. With progastricsin and prochymosin, al-
though phosphorylation, glycosylation, and amino acid
mutations have been found occasionally, there is no evi-
dence for multiple genes [20, 21]. Arabic numbers are
recommended to distinguish isozymogens in each group,
like pepsinogens A-1 and A-2, according to their elec-
trophoretic mobility to the anode. Exceptionally, a tradi-
tional isozymogen nomenclature is used for bovine
prochymosin, that is prochymosins A, B, and C [21].
Identification of the type of pepsinogen is convincing
when information about primary structures is available.
Analyses of amino acid composition and enzymatic prop-

Table 1. Classification of pepsinogens.

Group Active form EC number  Other namesa

pepsinogen A [3, 27] pepsin A 3.4.23.1 pepsinogen, pepsinogen I b [11], pepsinogens 1–5 (for human isozymogens [11]

pepsinogen B [27] pepsin B 3.4.23.2

progastricsin [139] gastricsin 3.4.23.3 pepsinogen C [27], pepsinogen II b [11], pepsinogens 6 and 7 (for 
human isozymogens) [11]

prochymosin [99] chymosin 3.4.23.4 prorennin c [99], prochymosins A, B, and C (for bovine isozymogens) [21]

pepsinogen F [37] pepsin F pregnancy-associated glycoprotein [109]

a Other nomenclatures still in use are given. Nomenclatures used tentatively in some literature including those numbered mainly based on
chromatographic and electrophoretic behaviors are not listed.
b Used mainly in clinical and medical studies.
c Old name. The name ‘rennin’ appears rarely today in some fungal milk-clotting aspartic proteinases like Mucor rennin.

Figure 1. Multiplicity of pepsinogens of the gastric mucosa of the adult Japanese monkey (A) [12], rabbit (B) [37], and guinea pig (C) [33],
analyzed by DEAE-Sephacel chromatography at pH 7. Extracts from 1.4, 3.5, and 4.5 g of the fundic part of the stomach, respectively, were
applied. Elution was carried out with a linear gradient of NaCl from 0 to 0.5 M. The potential pepsin activity of pepsinogen of each frac-
tion is shown, assayed by the hemoglobin digestion method [26]. , pepsinogen A; �, progastricsin; �, procathepsin E.



erties, and application of immunochemical methods [2,
22] are also useful for specification. There are problems,
however, with non-mammalian vertebrate pepsinogens
such as those in fish which appeared much earlier in evo-
lution, resulting in significant diversity in their structures
and enzyme properties [23].
In the early days of pepsinogen studies, various nomen-
clatures were applied [2], for example, featuring roman
numerals as for pepsinogens I and II, like arabic numer-
als mainly based on the order of chromatographic elution
or electrophoretic mobility. Some of these nomenclatures
are still in use, especially for human cases (table 1). In hu-
mans, five pepsinogen A and two progastricsin isozymo-
gens have been detected in gastric mucosa, and these
molecular species have been named pepsinogens 1
through 7 [11]. The classification into pepsinogen groups
I and II, based on immunological properties, although
these correspond to pepsinogen A and progastricsin, re-
spectively, is also widely applied in clinical studies, due
to its convenience [24]. In this review, the IUBMB
nomenclature is employed.

Expression differences and tissue distribution
Pepsinogens are generally purified from gastric mucosa
by combinations of anion exchange chromatography and
gel filtration (fig. 1) [2]. Separation of isozymogens
whose structures are similar can be achieved by high-per-
formance liquid chromatography on an anion exchange
resin [25]. The potential pepsin activity of a pepsinogen
is determined by conventional hemoglobin digestion
methods [26], but since prochymosin and pepsinogen B
are less active against this substrate, other methods such
as the milk-clotting assay may be necessary [21, 27].
Some chromogenic peptide substrates are also useful for
assaying pepsin activity [28]. Pepsinogen A and pro-
gastricsin are mainly expressed in adult vertebrates, al-
though their relative levels differ greatly between animals
(fig.1). Both types of pepsinogen are found in primates
[12], insectivores [29], and even-toed ungulates [27, 30],
although type A pepsinogens predominate in most of
these mammals. In the rabbit [13] and carnivores such as
the dog [31], pepsinogens A are nearly exclusive compo-
nents, and progastricsins have not been isolated from
these mammals. However, since a cDNA for progastricsin
mRNA has been obtained from rabbit gastric mucosa,
small amounts might be present [31]. In contrast, in ro-
dents such as the rat [32] and guinea pig [33], there are
only progastricsins. Since no pepsinogen A has been de-
tected or isolated from rodents to date, the pepsinogen A
gene might have been inactivated. However, expression
of a significant amount of procathepsin E in gastric mu-
cosa is known [34] and this is an aspartic proteinase close
to pepsinogens [35], so that it could compensate for the
lack of pepsinogen A. Prochymosin [36] and pepsinogen

F [37] are pepsinogens specific for fetal/infant stages, as
described in detail below. Pepsinogen B has been isolated
only from pig [27, 38]. Although it may be more widely
distributed in vertebrates, it has not been studied exten-
sively, probably because it is difficult to detect by routine
assay procedures [27].
The total pepsinogen levels in gastric mucosa vary in
adult mammals, presumably correlating with food habits.
Values appear to be higher in herbivorous mammals in-
cluding monkeys [12] and rabbit [13] than in omnivores
and carnivores [30, 32, 33]. This may mean that mammals
ingesting low-protein or herbaceous foods need more
pepsinogens, probably to digest food proteins efficiently.
The lowest levels are, however, found in ruminants such
as goat [30]. Although ruminants are typical herbivores,
their true stomach (abomasum) is adapted for digestion
of high-protein foods, i.e., microorganisms raised in the
rumen.
The tissue distribution of pepsinogens is primarily re-
stricted to the stomach, pepsinogen A and prochymosin
being typical. Progatricsin, however, is also found in
some other tissues, including the intestine, lung, seminal
vesicles, pancreas, and prostate, as clarified mainly for
the human case [39, 40]. High expression of progastricsin
in the esophagus is known in the frog [22]. These findings
suggest that progastricsin still retains some characteris-
tics of an ancestral housekeeping tissue proteinase. Small
amounts of gastric pepsinogens are also known to be se-
creted into serum, and the determination of serum
pepsinogen levels is advantageous for diagnosis of stom-
ach diseases [7, 9, 24, 41]. Although not present in nor-
mal tissues, pepsinogen A and progastricsin have been
found in some human malignancies [41–43].

Primary structures

Complete primary structures have been determined for
more than 50 pepsinogens to date. Typical results are
given in fig. 2. Tang et al. [17] first reported the complete
amino acid sequence of porcine pepsin A in 1973. Sub-
sequently, the sequence of bovine prochymosin was de-
termined by Foltmann et al. [44] and later that of monkey
progastricsin was described by Kageyama and Takahashi
[45]. These three sequences, and those of chicken [46]
and monkey pepsinogens A [47] were obtained with tech-
niques of protein chemistry. Amino acid sequences de-
duced from the nucleotide sequences of cDNAs or ge-
nomic DNAs identify three regions: the signal peptide
(prepeptide), the activation segment (propeptide), and the
active enzyme moiety (pepsin moiety), in that order. The
number of amino acids is 15, 44, and 326, respectively,
for porcine pepsinogen A. The prepeptide is highly hy-
drophobic, as is commonly observed for secretory pro-
teins, and is removed during pepsinogen synthesis. Na-
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Figure 2. Comparison of the primary structures of typical mammalian pepsinogens A and F, progastricsins (abbreviated as C), and prochy-
mosins (abbreviated as Y). The sequences are deduced from cDNA or genomic DNA sequences of human pepsinogen A [112] and pro-
gastricsin [113], common marmoset pepsinogens [92], pig pepsinogen A [49], rat pepsinogens [96], rabbit pepsinogen F [37], and bovine
prochymosin [116]. Dots indicate that nucleotides are identical to the human sequence. Deleted residues are shown by bars. The number-
ing system for porcine pepsin A is applied [17]. The residues in the signal peptide are indicated by negative numbers, and those in the ac-
tivation segment are characterized by the suffix p. These residues are shaded in light red and green, respectively. Two catalytic-site aspar-
tates are shown in filled boxes. The filled and open red ellipses under the aligned sequences indicate the positions of residues consisting
of S4 through S1 subsites, and S¢1 through S¢3 subsites, respectively, of porcine pepsin A, that contact with residues of an ideal heptapeptide
substrate [55].
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tive pepsinogen thus consists of the activation segment
and the pepsin moiety. The activation segment contains
relatively high amounts of basic residues (9 Lys, 2 Arg,
and 2 His in the case of porcine pepsinogen A) relative to
acidic residues (1 Asp and 1 Glu), giving this segment a
basic character. In contrast, the pepsin moiety is charac-
teristically highly acidic in nature having many more
acidic than basic residues (28 Asp and 13 Glu compared
to 2 Arg, 1 Lys, and 1 His). Because the carboxyls of the
pepsin moiety are negatively charged at neutral pH, the
positive charge of lysine and arginine of the activation
segment is essential to compensate for the carboxyl
charge and thus stabilize the pepsinogen molecule [48].
Catalytic-site residues are Asp32 and Asp215 (numbering
for porcine pepsin A), and residues around these aspar-
tates are well conserved among different types of pepsino-
gen. Replacement of these aspartates by other residues, as
found in the Asp32Ala mutant, inactivates the enzyme
[49]. Apart from the sequence similarity around these two
aspartates, many topologically equivalent residues are
present in the N- and C-terminal halves. Tang et al. [50]
suggested that the similarity between the two lobes is a
consequence of gene duplication and fusion.
Post-translational modifications such as phosphorylation
and glycosylation are occasionally found. For example,

Ser68 of porcine [17] and monkey pepsinogens A [47] is
phosphorylated. N-glycosylation has been shown to occur
at Asn26 and Asn68 of Japanese monkey pepsinogen A-4
[18] and chicken pepsinogen A [46], respectively. The gly-
cosylation site might be generated by chance as a result of
mutation, since, although potential N-glycosylation sites
can be found in some other pepsinogen molecules, the
sites are not uniform [31]. Since post-translational modi-
fications generate a variety of pepsinogen species with
more or less different catalytic properties [19], the result-
ing heterogeneity might be advantageous for effective di-
gestion of the various food proteins in the stomach.

Tertiary structure

Three-dimensional structures have been determined for
porcine pepsinogen A [51, 52] and pepsin A [53–56], hu-
man pepsinogen A [57] and progastricsin [58], and
bovine chymosin [59, 60]. Canadian, British and Russian
groups leaded by James, Blundell, and Andreeva, respec-
tively, contributed significantly to these structural analy-
ses. X-ray crystallographic data revealed the tertiary
structures of the active enzyme moieties of these zymo-
gens to be very similar and common to those of other en-

Figure 3. Stereoview of the tertiary structure of porcine pepsin A, obtained from the three-dimensional structure database at the National
Center for Biotechnology Information (MMDB Id: 3198, PDB Id: 4PEP; deposited by Andreeva et al. in 1989). The picture was generated
using RASMOL ver. 2.5. Residues are shown with wireframes, distinguished by red, green, and blue for non-polar hydrophobic, polar but
uncharged, and charged residues, respectively. Catalytic-site Asp32 and Asp215 are colored black. Enzyme residues in contact with residues
of an ideal heptapeptide substrate (see fig. 2) [55], Asp32, Asp215, N-terminal Ile1, and C-terminal Ala326 are shown with thick wireframes. 



zymes belonging to the aspartic proteinase family (fig.
3). Pepsins consist largely of b sheets and the fold of the
protein is stabilized by a large number of hydrogen bonds.
Pepsins and other aspartic proteinases share a bilobal
symmetry, and, in the case of porcine pepsin A, residues
1–175 form the N-terminal lobe while residues 176 to
326 constitute the C-terminal lobe [54]. As noted above,
aspartic proteinases are suggested to have evolved by
gene duplication and fusion of an ancestral protein of the
size of one lobe of pepsin [50]. Recombinant half-sized
N- and C-terminal fragments of porcine pepsin A have
been shown to generate active homodimers, mimicking
hypothetical ancestral pepsin molecules [61]. To date,
however, such an ancestral-type half-sized aspartic pro-
teinase has not been found in living organisms. Excep-
tionally, the occurrence of a half-sized aspartic proteinase
acting as a dimer is known in retroviruses such as the hu-
man immunodeficiency virus [62]. Although there is a
hypothesis that retroviral proteinases might be fossils of
an ancestral dimeric aspartic proteinase [63], the pro-
teinase in question has been suggested to have evolved
from a cellular gene by deletion events [64]. Twofold
symmetry in each lobe of pepsins and other aspartic pro-
teinases including retroviral proteinases is known [54]
and the presence of such intradomain symmetry and re-
peating sequences of the structural units suggests the pos-
sibility that the pepsin structure evolved by double dupli-
cation of a gene encoding a quarter-size pepsin molecule.
However, alternatively, the intradomain symmetry could
be the consequence of a requirement to form a compact
domain during the chain-folding process [62].
An extended substrate-binding cleft is located between
the two lobes, containing two catalytic-site aspartates,
Asp32 and Asp215. The cleft is sufficiently long to ac-
commodate seven residues in a substrate, constituting S4

through S¢3 subsites (fig. 3) [53–56] and pepsins prefer-
entially cleave peptide bonds between large hydrophobic
or aromatic amino acids [5]. This preference can be ex-
plained by the hydrophobic character of the S1 and S¢1
subsites of the enzyme. The S1 subsite in particular has
been shown to be a primary determinant of substrate
specificity [65]. As clarified for porcine pepsin A, the S1

subsite features a flexible loop, Leu71–Gly82, com-
monly known as a flap, formed by several hydrophobic
residues in the neighborhood of the catalytic Asp32 and
residues in the flap, including Ile30, Tyr75, Thr77, and
Phe111. The S¢1 subsite is formed by residues Tyr189,
Ile213, Val291, Thr293, Leu298, and Ile300, and is more
exposed (fig. 3) [53–56]. With accommodation in the ac-
tive-site cleft, a number of hydrogen bonds, such as those
from hydroxyl groups of Tyr75 and Thr77, to substrate
residues are essential for proper alignment for catalysis
[53–56]. The role of some of these bonds has been ana-
lyzed by site-directed mutagenesis, such as Thr77Val, and
lowered catalytic efficiency was observed [66]. Interac-

tions of pepsins with large peptides or proteins may also
occur at the edge or outside the cleft, and for these cases,
more substrate-binding pockets such as S8 through S5

subsites are anticipated [67]. Some residues, such as
Lys319, far from the cleft, have been shown to be in-
volved in catalysis by sustaining the flexibility of the en-
zyme [68].  Since the overall tertiary structures, including
the active-site cleft, of a pepsin family are very similar,
the differences in catalytic activities between pepsin
types must result from subtle variation in their structures.

Zymogen activation

Pepsinogen is converted to pepsin under acidic conditions
with release of the NH2-terminal activation segments.
This process is so-called ‘activation’ [reviewed in refs.
69, 70]. In zymogen molecules at neutral pH, the nascent
binding cleft of the enzyme is occupied by the activation
peptide segment at the N-terminal part of the pepsin mol-
ecule [51, 52]. Electrostatic, hydrogen-bonding, and hy-
drophobic interactions between these peptides and the
pepsin moiety, including the interactions of the Tyr37p
(the suffix ‘p’ is used for the residues in the activation
segment), Lys36p, Tyr9 triad with the two catalytic aspar-
tates, may be critical for stabilizing the pepsinogen struc-
ture. In acidic media, most carboxyls of pepsinogen are
protonated resulting in the weakening of electrostatic in-
teractions, and large conformational changes occur in the
activation segment plus the first 13 residues of the pepsin
moiety [51, 52, 55]. Spectroscopic studies have shown
that there are conformational changes within 5–100 ms
of activation [71, 72]. The active site is then exposed and
the pepsinogen molecule cleaves off its own activation
segment autocatalytically.
There are two major cleavage sites on the activation seg-
ments of various pepsinogens as summarized in figure 4
[69]. One is the connecting peptide bond between the ac-
tivation segment and the pepsin moiety, and the other is
the bond in the middle of the activation segment. These
two major bonds might be positioned near the active site
after conformational changes [51, 52]. Either or both P1

and P¢1 residues of these bonds are hydrophobic and aro-
matic amino acids, which are preferred by pepsins.
Cleavage of the former bond generates the active pepsin
molecule directly [73, 74], and of the latter results in
pseudopepsin, an intermediate form between pepsinogen
and pepsin [74–78]. Further cleavage is then necessary to
generate the active pepsin. The bond connecting the acti-
vation segment and pepsin moiety is cleaved nearly ex-
clusively in monkey pepsinogen A-1, resulting in one-
step generation of pepsin A-1 [73]. On the other hand, the
bond in the middle of the activation segment is cleaved
first in most mammalian progastricsins, resulting in step-
wise generation of gastricsin through pseudogastricsin
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[77, 79]. With some pepsinogens such as porcine [74] and
human [80] pepsinogens A, the two major sites are
cleaved at very similar rates, resulting in the simul-
taneous occurrence of one-step and stepwise activation
pathways. The positions of the two major cleavage sites
are not uniform between pepsinogens (fig. 4). The
pseudopepsin-generating site is located in the region of
the 16th ~ 26th residues [13, 76, 78, 80], and the slight
variation in cleavage sites between pepsinogens A might
be due to differences in the primary structures in this re-
gion and the subsite specificity of pepsins A. Since the
occurrence of a basic residue at the P3 position has been
shown to exclude the possibility of cleavage of poten-

tially very susceptible bonds such as Leu-Leu and Phe-
Leu [65], Arg/Lys at the 14th and 24th residues might
hinder cleavage of the 16th-17th and 25th-26th bonds, re-
spectively [81], so that the different distribution of basic
residues might result in generation of different-sized
pseudopepsins. Although a unique example, the genera-
tion of a pseudopepsin by Leu30p-Ala31p cleavage has
been observed for rabbit pepsinogen A (isozymogen II-1)
[13]. This might be due to the replacement of Pro by Leu
at the 30th position, since Pro at the P1 position, in con-
trast to Leu, is disliked by pepsin A [65].
Apart from two different activation pathways, two differ-
ent cleavage reactions are possible for activation: in-

Figure 4. The primary cleavage sites upon activation of various pepsinogens are summarized based on the results of pepsinogens A from
human [80, 87], monkey [12, 73, 83], pig [74, 76], cattle [142], bear [69], house musk shrew [29], rabbit [13], and chicken [81]; cattle
pepsinogen B [38]; progastricsins from human [77], monkey [12, 83], pig [143], house musk shrew [29], and frog [22]; cattle prochymosin
[78]; and tuna pepsinogens [144]. The residues in the activation segment are numbered according to the porcine pepsinogen A sequence
and characterized by the suffix p. Residues in filled boxes are conserved in these sequences. The major and minor cleavage sites are indi-
cated by an arrow head and an arrow, respectively. The blue and green colors show that cleavage occurs mainly by intramolecular and in-
termolecular reactions, respectively, whereas red signifies that their roles have not been clarified. The designations in parentheses are the
nomenclatures of the pepsinogen A isozymogens in the original reports. Tuna pepsinogens cannot be classified into known types because
their protein sequences have only been partially determined.
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tramolecular (unimolecular) and intermolecular [82]. Es-
timating their respective contributions under different
conditions is rather difficult but earlier kinetic studies
showed that activation occurs intramolecularly below pH
3, and predominantly intermolecularly at a weakly acidic
pH like pH 4 [82]. Activation of immobilized pepsinogen
is thought to be suitable to clarify intramolecular reac-
tions. With Sepharose-bound porcine pepsinogen A,
cleavage has been shown to generate pseudopepsin A [75,
76], while pepsin A is generated with immobilized mon-
key pepsinogen A [83]. The involvement of intramole-
cular reactions might also be estimated in terms of ex-
cess substrate since intermolecular reactions between
pepsinogens or between pepsinogen and pepsin may be
hindered under this condition [84–86]. With monkey and
porcine pepsinogen A, the results were essentially the
same as with activation of Sepharose-bound zymogens.
Only pseudogastricsin was generated from monkey pro-
gastricsin suggesting mediation by intramolecular reac-
tions. In contrast, intermolecular activation of pepsinogen
A could be observed in the presence of pepstatin. Since
the latter rapidly binds to the active site of pepsinogen A
that is exposed after conformational change in acidic
medium, intramolecular activation cannot proceed
[73–75]. Pepstatin-bound pepsinogen A, however, can be
attacked intermolecularly by pepstatin-unbound enzyme.
With human pepsinogen A, although two pseudopepsins
are generated by cleavage of the Leu22p-Lys23p and
Asp24p-Phe25p bonds in the absence of pepstatin, ulti-
mate cleavage of the Asp24p-Phe25p bond was observed
in its presence, showing that this is due to intermolecular
reactions [80, 87].  On the other hand, the Leu22p-Lys23p
bond appears to be cleaved intramolecularly. 

Proteolytic specificity

Pepsins are endopeptidases and maximally active at
acidic pH. They attack native proteins such as hemoglo-
bin and albumin maximally around pH 2. The denatura-

tion of substrate proteins at low pH has been shown to
contribute to their efficient hydrolysis [88] and the en-
zyme has been shown to act on various synthetic pep-
tides similarly at acidic pH, although the optimum varies
widely from pH 2 to 5 depending on substrate [5, 89].
Pepsins are obviously adapted to the gastric digestive en-
vironment, which is extremely acidic due to HCl se-
creted from parietal cells of the gastric mucosa. At low
pH, most carboxyls of pepsin must be protonated and
thus electrostatic repulsion of charged carboxyls is
avoided, resulting in a stable conformation and high en-
zymatic activity [48, 55]. Pepsin hydrolyzes peptide
bonds by a general base-assisted nucleophilic mecha-
nism [4]. Asp215 may serve as a general base, abstract-
ing a proton from a water molecule bound between
Asp32 and Asp215, since one carboxyl group of these
catalytic-site aspartates, held in close proximity in the
tertiary structure, would be negatively charged at low pH
[55]. Activities of various pepsins against typical protein
and peptide substrates and their cleavage specificities 
for the oxidized B chain of insulin are summarized in
table 2 and figure 5, respectively.  
Pepsin A specifically cleaves peptide bonds involving
various amino acids, especially hydrophobic and aro-
matic forms. Earlier work with synthetic peptides showed
that the most favorable combinations of dipeptides are
Phe-Trp, Phe-Tyr, and Phe-Phe, as summarized by Fruton
[5]. An NH2-terminal three-residue and COOH-terminal
two-residue extension of the dipeptide greatly enhances
the efficiency of the hydrolysis, suggesting that interac-
tions between hexapeptide and pepsin occur at some dis-
tance from the catalytic site [90]. Powers et al. [65] have
analyzed hydrolysis of peptide bonds in 177 proteins by
porcine pepsin A (fig. 6). As was the case with synthetic
peptides, the majority of the peptide bonds with high
cleavage probabilities have aromatic or hydrophobic
amino acids as both P1 and P¢1 residues. The S1 subsite of
pepsin is thought to be the primary determinant of speci-
ficity, since the cleavage probability is much higher here
than at any other site. Significant differences in probabil-

Table 2. Activity against typical substrates and affinity of inhibitors a.

Enzyme Hydrolytic activity (%)b Milk clotting  Ki (nM)d

activity (%)c

Hemoglobin APDT ZY-L          Pepstatin Ascaris inhibitor

Porcine pepsin A     55–59   70   < 8  25–66    0.05–1    0.1–2.6
Porcine pepsin B     1–3   100 0.4–1       
Human gastricsin    100   0   100 43     100      26
Bovine chymosin     7–14   6         100 70    > 700  

a The variation in some values is due to differences within the literature. Data not available for blank areas.
b Hemoglobin-digestive activity [21, 38, 139], and hydrolytic activities against N-acetyl-L-phenylalanyl-L-diiodotyrosine (APDT) [19, 27,
93] and carbobenzoxyl-L-tyrosyl- L-leucine (ZY-L) [93] were determined at pH 2.0. The highest value in each column is taken as 100%.
c Assay at pH 6.3 [21, 139]. The value of porcine pepsin B is estimated from a ‘casenogram’ assay [141]. The highest value is taken as
100%.
d Ki values for pepstatin [103, 140] and Ascaris inhibitor [106, 140] were determined at pH 3–4.
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the pig, cow, sheep, cat, and rat (table 2) [21, 95, 96]. Ex-
ceptionally, New World monkey chymosins have compa-
rable proteolytic activity with pepsin A and are maxi-
mally active at pH 2.5 [92]. The roles of some residues in
the catalytic activity of chymosin have been estimated by
site-directed mutagenesis of the bovine enzyme. A posi-
tively charged residue uniquely found in bovine chy-
mosin, Lys220, might have a facilitating effect on prote-
olytic activity at higher pH since a shift of the optimal pH
from 4 to 3.5 was found with the Lys220Leu mutant [97].
A reverse shift to pH 4.4 was evident with the Asp303Ala
mutant, suggesting that a negative charge at this position
allows maintenance of the correct geometry of the active-
site aspartates [98]. The S¢1 subsite of chymosin differs
from those of pepsin A and gastricsin, with some dele-
tions in the large loop of residues 289–297 in the C-ter-
minal region (fig. 2). Although these deletions make the
S¢1 pocket more open in chymosin than in pepsin A and
gastricsin, a significant effect on catalytic activity has not
been specified [59, 60].
Of note is that chymosin has the highest milk-clotting ac-
tivity among the pepsin family enzymes (table 2) [21, 99].
This characteristic is in line with the predominant ex-
pression in milk-feeding infants. Bovine chymosin
cleaves the Phe105-Met106 bond of k-casein of bovine
milk, resulting in clotting [100]. A negatively charged re-
gion near the edge of the active-site cleft, consisting of
Glu244, Asp246, Asp248, and Asp250, is involved in this
specific cleavage [67], and Asp246 and Asp248 are com-
mon to all chymosins except for the chicken enzyme, be-
ing replaced by non-charged residues in pepsins A and
gastricsins (fig. 2). The negatively charged region in the
putative S8~S4 subsites has electrostatic interactions with
the positively charged His-Pro cluster of k-casein, which
is close to the scissile bond, increasing the efficiency of
hydrolysis. Addition of a negative charge to this region by
a Gly243Asp mutation increased the catalytic activity
against a synthetic k-casein peptide [101]. Species speci-
ficity in milk-clotting activity has been established [21,
95]. Although bovine chymosin has similar activity
against bovine and porcine milk, porcine chymosin has
higher milk-clotting activity against porcine milk [102].
Such species specificity is expected for other chymosins
since the primary structure of k-casein is highly variable
between mammals, for example between bovine and rat

ity were obtained at the P4 through P¢3 positions, indicat-
ing that pepsin A has a seven-subsite binding site. This
size is in agreement with that expected from the hydroly-
sis of synthetic peptides [90], and was confirmed by the
tertiary structural analysis of pepsin A [53–56]. Some
chromogenic peptides such as Lys-Pro-Ala-Glu-Phe-
Phe(4-NO2)-Arg-Leu based on the above prediction have
been demonstrated to be good substrates for pepsin A and
related enzymes [28, 91]. With the advent of solid-phase
synthesis, the predicted preference of Pro at the P4 posi-
tion and negative effects of basic amino acids such as Arg
and Lys at the P3 position have also been verified by a se-
ries of synthetic peptide substrates [91].
Like pepsin A, gastricsin has high proteolytic activity at
acidic pH. In several mammalian species, it is known to
be maximally active around pH 3 against hemoglobin, a
slightly higher pH value than that observed for pepsin A,
and its specific activity is about twofold higher [29, 30,
92]. This proteolytic specificity has not been studied as
extensively as that of pepsin A, but comparison of human
pepsin A and gastricsin showed that although the latter
has generally similar substrate specificity, it prefers Tyr at
the P1 position and thus cleaves Tyr-X bonds preferen-
tially (fig. 5) [93].
Chymosin also has maximum proteolytic activity around
pH 4 with similar specificity to pepsin A (fig. 5) [94]. The
activity, however, is usually weaker in mammals such as

Figure 5. Cleavage sites of oxidized insulin B chain by three different types of pepsin at pH 2. Although the cleavage sites are those of
porcine pepsin A [145], gastricsin [146], and bovine chymosin [36], similar results have been obtained with other mammalian pepsins [29,
30, 147]. The primary ( ) and secondary ( ) and other minor (≠) cleavage sites have been determined in monkey enzymes [92]. In the
case of chymosin, the secondary site is not shown because the cleavage of the bonds other than Leu15-Tyr16 was very slow. 

Figure 6. Amino acid residues preferred at P4 through P¢3 positions,
as clarified by Powers et al. [65] analyzing cleavage of 177 proteins
or peptides by porcine pepsin A reported in various publications.
Amino acid residues with cleavage probabilities larger than the
mean are shown, the size of the letters being proportional to the
probability. Phe at the P1 position showed the highest cleavage prob-
ability of 0.51. The value of Thr of P¢2 position is 0.18. While the
lowest among the listed amino acids, it is slightly higher than the
mean value of 0.148.
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k-caseins (GenBank/EMBL/DDBJ accession numbers
M36641 and K02598, respectively).
Information about the specificity of pepsin B is much less
extensive than for the three enzymes described above, ex-
cept that pepsin B is very active against a Phe-Tyr dipep-
tide (table 2) [27, 38].  The specificity of pepsin F is not
known.

Pepsin inhibitors

Some naturally occurring inhibitors are known, in addi-
tion to synthetic inhibitors such as substrate analogues.
The most potent is pepstatin, isolated from Streptomyces
species, which contains two residues of a novel amino
acid, statine, and strongly inhibits pepsin A with a Ki
value of 4.6 ¥ 10–11 M [103]. The inhibitor binds to an ex-
tended conformation in the active-site cleft, and the first
statyl hydroxyl oxygen interacts strongly with the cat-
alytic aspartate via hydrogen bonding to the essential car-
boxyl groups [4]. Due to the extremely high affinity of
pepstatin, the activity of pepsin A is inhibited completely
in the presence of equimolar amounts. Pepstatin is effec-
tive against aspartic proteinases in general, although its
affinity differs between enzymes. Gastricsin and chy-
mosin are less susceptible, and about 100- and 10-fold
molar excesses, respectively, are needed for complete in-
hibition (table 2) [92]. The different susceptibilities be-
tween mammalian pepsins are convenient to specify their
typing [29, 30, 92], while the different susceptibilities of
non-mammalian pepsins such as frog pepsin A and
gastricsin are not clear [104].
Ascaris, a parasitic nematode, is also known to secrete a
149-residue proteinous inhibitor with high affinity for
pepsin A (Ki values of 10 –10 ~ 10–11 M) [105].  cDNAs for
this Ascaris inhibitor and homologous proteins from
other nematodes including Onchocerca and Brugia have
been cloned [106]. Although the intracellular aspartic
proteinase cathepsin E is also inhibited efficiently, the ef-
fect of the Ascaris inhibitor is rather specific for pepsin A
and action against gastricsin is over 100-fold weaker. In-
hibition of chymosin and other aspartic proteinases is
minimal (table 2) [106]. The wide distribution of similar

inhibitors in nematodes is in agreement with a role in pro-
tecting the worms against gastric digestion. The Ascaris
inhibitor-pepsin A complex has been clarified by X-ray
studies [107]. The high affinity is mainly due to the hy-
drogen-bonding interactions between the b strand of N-
terminal residues 4–8 of the inhibitor and the active-site
flap (residues 70–74) of pepsin A. The N-terminal Gln1-
Phe-Leu tripeptide residues of the inhibitor occupy the
S¢1 ~ S¢3 subsites of the active-site cleft resulting in inhibi-
tion of enzyme activity. The low affinity for gastricsin
and chymosin might be due to the slightly different struc-
tures of the active site flap of these proteinases. Since an-
other potent proteinous inhibitor has been isolated from
roots of Anchusa strigosa, with a Ki value of 2¥10 –8 M
against pepsin A [108], plants might be sources of new
pepsin inhibitors.

Molecular evolution

The different types of pepsinogen are thought to have
evolved from a common ancestral aspartic proteinase and
a phylogenetic tree based on the nucleotide sequences
clearly shows the existence of four clusters, i.e., pepsino-
gens A and F, progastricsins, and prochymosins (fig. 7A).
Progastricsin appears to have diverged first followed by
prochymosin, and pepsinogens A and F are most closely
related. The grouping of flounder pepsinogens is unre-
solved but they seem to be different from progastricsin,
and might be close to a common ancestor of prochy-
mosin, and pepsinogens A and F. Separation of the latter
three forms likely occurred in tetrapod animals. Since the
occurrence of progastricsin in trout is established, there
might be at least two types of pepsinogen in ancestral
fish. Pepsinogen A isozymogens in human [15, 16], mon-
key [12], and rabbit [37], and bovine prochymosin isozy-
mogens [21] are very close, suggesting that gene duplica-
tion events may have occurred independently two or more
times in the genes for these pepsinogens. Pepsinogen B is
not included in the phylogenetic tree because its structure
has only been partly clarified in the NH2-terminal 67-
residue amino acid sequence [38]. From comparisons
with known NH2-terminal amino acid sequences, it is

Figure 7. Molecular evolution of pepsinogens. (A) A phylogenetic tree based on the nucleotide sequences of the entire protein-encoding
regions, i.e., those encoding signal peptides, activation segments, and pepsin moieties. The sequences are cited from the cDNA or genomic
DNA sequences and the accession numbers of GenBank/EMBL/DDBJ databases are given in parentheses. A, F, C, Y, and PAG stand for
pepsinogens A and F, progastricsin, prochymosin, and pregnancy-associated glycoprotein, respectively. Numbers or letters in brackets show
nomenclatures in the original reports. A and B in the brackets of cattle prochymosin represent prochymosin isozymogens A and B,
respectively. Sequences that have not been deposited in databases are cited from references, including those for human pepsinogen A16.6
[15] and turtle pepsinogen A [148]. The sequences for some rabbit pepsinogens are unpublished ones from our laboratory. The tree 
was constructed by the neighbor-joining method of the program ClustalW with corrected distances. Rabbit procathepsin E was used as 
an outgroup. The branch lengths are proportional to the evolutionary distances, given as the average numbers of substitutions per site.
The scale is shown in the upper part of the figure. The numbers beside nodes represent the bootstrap values, as percentages, obtained for
1,000 replicates. (B) A neighbor-joining phylogenetic tree based on the amino acid sequences of the activation segment and N-terminal 23
residues of the pepsin moiety.
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probable that pepsinogen B diverged from progastricsin
and evolved as an independent group (fig. 7B).
The relationship between pepsinogen F and pregnancy-
associated glycoprotein (PAG) deserves mention.
Pepsinogen F was found first by Kageyama et al. [37] as
an infant-specific pepsinogen in rabbit stomach and later
in rat stomach [96]. Pregnancy-associated glycoprotein
was found in placenta of artiodactyles and perisso-
dactyles such as cattle and horse [109]. The phylogenet-
ic tree shows that both belong to the same cluster, so 
that pepsinogen F might have evolved for expression in
placenta of cattle and horse due to the physiological re-
quirements of these animals, presumably serving as a
carrier protein during pregnancy [110]. PAG in rumi-
nants constitutes a large family of recently duplicated
genes like the pepsinogen A family in primates and the
rabbit [111].
The phylogeny of pepsinogens is considered to be useful
for estimating that of vertebrates, especially mammals
[31]. Progastricsin might be the most suitable molecular
marker for this purpose, since multiplication of its genes
has not been found, and thus vertebrate progastricsins
might be products of orthologous genes.
What is the evolutionary origin of pepsinogens? To date,
the genomic or cDNA structures of many aspartic pro-
teinases have been clarified, although for some genes,
whether the encoded proteins are functional is uncertain.
A typical phylogenetic tree constructed based on the nu-
cleotide sequences of active enzyme moieties shows that
several major divergences occurred in the past in animal
aspartic proteinases (fig. 8). Vertebrate forms including

pepsins belong to the same cluster. Since cathepsin E is
an intracellular aspartic proteinase distributed in various
tissues, and some of its enzymatic properties such as
maximal activity at low pH are similar to those of pepsins
[35], pepsin (pepsinogen) may be derived from a cathep-
sin-E-like intracellular proteinase.  Although the time of
divergence is unclear, it might have occurred in inverte-
brates like arthropods. If an invertebrate proteinase close
to such an ancestral pepsin (pepsinogen) exists, however,
it remains to be detected. Although some invertebrate or
plant aspartic proteinases are occasionally named with
the suffix ‘pepsin’, like strongyloidespepsin and endo-
thiapepsin, they are clearly very distant from vertebrate
pepsins.

Genes and expressional regulation

Complete gene structures have been clarified for eight
pepsinogens including human pepsinogen A [112], pro-
gastricsin [113] and prochymosin (pseudogene) [114], rat
progastricsin [115], bovine prochymosin [116], and
chicken pepsinogen A [117], progastricsin [117], and
prochymosin [118]. Each consists of nine exons sepa-
rated by eight introns. Takahashi [119] has reported that
the positions of the introns which interrupt the coding se-
quence of the preproprotein are conserved among
pepsinogens, and are similar to those for other mam-
malian aspartic proteinases, including cathepsins D and
E, and renin, again suggesting evolution from a common
ancestral gene. The occurrence of multiple genes has

Figure 8. Molecular evolution of animal aspartic proteinases. The neighbor-joining phylogenetic tree was constructed based on the nu-
cleotide sequences of the pepsin moieties of pepsinogens and the active moieties of other animal aspartic proteinases. The number of ex-
ons is indicated in parentheses for proteinases for which genomic structures have been clarified. Other notations of the figure are as for
fig. 7. The cluster of pepsins is shaded.
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been found in the human genome [15] and four pepsino-
gen A genes, ranging in size from 12.0 to 16.6 kb are
arranged in a head-to-tail orientation in the centromeric
region of chromosome 11 [16].  Three of these genes are
thought to encode pepsinogens 3, 4, and 5 (human
pepsinogen A nomenclature). Since at least five human
pepsinogen A isozymogens are known, the occurrence of
other A genes is conceivable. Genomic fragments derived
from several different pepsinogen A genes have also been
obtained from a cattle genomic library [120]. In the pro-
gastricsin case, the occurrence of multigenes is not
known. The human progastricsin gene is located on chro-
mosome 6 and there is only a single copy in the human
genome project sequence data. Two protein bands de-
tected by electrophoresis might be products of different
alleles of this single gene locus [20].
Since the pepsinogen family is strongly expressed for di-
gestion purposes, the regulatory mechanisms might be
amenable to elucidation. Several potential sequences spe-
cific for binding of transcriptional factors have been found
in the 5¢-flanking region of pepsinogen genes and a TATA
box is common to all but the chicken progastricsin gene.
Although sequences specific for transcriptional factors
such as AP-2, HIS4, and MSP are occasionally found, their
involvement remains to be clarified [119]. In the chicken
prochymosin gene, GATA-and Sox-binding sequences
have been found in the 5¢-flanking region and shown to be
essential for stomach-specific expression, with binding of
cGATA-5 protein causing upregulation [121].
The 5¢-flanking region of the gene for porcine pepsinogen
A has been isolated, and the essential region for promotor
activity identified [122]. Several sites from –246 to +21
act synergistically in transcriptional regulation of the
gene. The promotor is active in isolated porcine chief
cells but not in other cell lines, consistent with the fact
that pepsinogen A is synthesized only in chief cells of the
gastric mucosa. The similar 5¢-flanking sequence of the
human pepsinogen A gene, however, showed quite low
activity in cultured porcine chief cells, suggesting
species-specific regulation.  Regulatory protein(s) have
yet to be isolated to explain the cell specificity.
The extent of DNA methylation may be involved in regu-
lating the expression of pepsinogen genes, since they are
less methylated in the stomach than in other tissues [123,
124]. Pepsinogen is synthesized in gastric chief cells,
with abundant rough endoplasmic reticulum, which are
thought to have differentiated from undifferentiated mu-
cous neck cells in the middle of the gastric glands. Ac-
tions of hormones such as glucocorticoids, and growth
factors such as hepatocyte growth factor [125], and inter-
action with mesenchyme have been shown to be neces-
sary for the differentiation of chief cells [126]. Glucocor-
ticoids also induce the expression of pepsinogen genes,
thus acting as important regulators of both function and
differentiation of chief cells [127]. Direct actions of the

hormones are unknown, but glucocorticoids may act in-
directly on pepsinogen genes via other factors, as sug-
gested by the fact that mesenchyme is necessary for en-
zyme induction [128].

Development

Change in expression from fetal/infant
to adult-type pepsinogens
The occurrence of multiple pepsinogen types is corre-
lated with development. Pepsinogen A and progastricsin
predominate in adult animals, and prochymosin and
pepsinogen F are expressed mainly in the fetus and infant.
The developmental change of pepsinogen expression in
mammals has been studied extensively by Foltmann, An-
drén, and their colleagues [21, 129]. The levels of bovine
prochymosin are appreciable in undifferentiated chief
and mucous neck cells at about the 70-day-old fetal stage
(full term is about 280 days) [130]. Its level reaches a
maximum in the newborn, 5 to 10-fold higher than that of
pepsinogen A, then decreases gradually during postnatal
development and finally becoming negligible in adults
(fig. 9). Fetal synthesis of pepsinogen A and progastricsin
begins at about 140 and 180 days, respectively, and in-
creases so that their summed level is nearly the same as
that of prochymosin around weaning, 6~10 weeks after
birth, before reaching a maximum in adult cattle [131].
The results show that the expressional switching from
prochymosin to pepsinogen A and progastricsin occurs
around weaning although milk-fed calves at older ages,
such as 3 months, retain significant synthesizing poten-
tial for prochymosin [132]. Hormone-like factor(s) in-
cluded in the milk might be involved in stimulation of
prolonged gene expression.
Switching of pepsinogen gene expression during devel-
opment has also been demonstrated in other vertebrates,
especially in mammals. In the pig [102] and rat [96],
prochymosin is produced in the fetal stage and decreases
gradually after birth, being replaced by pepsinogens A
and/or progastricsin. Although the occurrence of prochy-
mosin has not been demonstrated in rabbit, another fe-
tal/infant-specific pepsinogen, the form F, is transcribed
predominantly in infants with replacement by pepsino-
gens A in adults [37]. Expressional change pursued by
Northern analysis in rat stomach showed similar switch-
ing around weaning (fig. 10) while in the chicken and
quail it occurs in embryos before hatching [133]. Chicken
prochymosin is thus expressed strongly in the proven-
triculus of chicken embryo, showing a peak at day 15, and
is replaced by pepsinogen A and progastricsin prior to
hatching. Various factors including hormones such as
glucocoticoids and thyroxin, hormone-related sub-
stances, and transcriptional factors might play roles [123,
127, 128]. Of interest in this context is that while fetal/in-



CMLS, Cell. Mol. Life Sci. Vol. 59, 2002 Review Article 301

fant pepsinogens are distributed widely in mammals and
birds, they have not been found in other vertebrates in-
cluding reptiles, amphibia, and fish [134].
Stage-specific pepsinogens presumably have physiologi-
cal significance. Foltmann [2, 12] has discussed the con-
tributions of prochymosin in fetus and infant. The active
form, chymosin, is thought to be essential for the effec-
tive digestion of milk proteins such as k-casein, as men-
tioned already in the section on proteolytic specificity.
Chymosin in the avian embryo might be involved partly
in the digestion of yolk proteins. It has also been shown
to be a prerequisite for transfer of immunity in mammals.
Since the colostrum is rich in related substances required
by the newborn, the low proteolytic activity of chymosin
might be thought of as an adaptation allowing effective
adsorption of these substances by the gastrointestinal
tract. The transfer of maternal antibodies to the newborn
is known to occur entirely after birth via the colostrum in
artiodactyls such as cattle and pig, and mainly after birth

Figure 9. Postnatal change in levels of gastric prochymosin, pepsinogen A, and progastricsin in the cow (A) [21, 129], pig (B) [102], 
rat (C) [96, 127], and Japanese monkey (D) [12]. N, W, and Ad, newborn, around weaning, and adult, respectively; �, prochymosin; 

, pepsinogen A; �, progastricsin. The numbers 1 through 4 for Japanese monkey indicate pepsinogens A-1 through A-4, respectively.
Data for the level of bovine progastricsin are not available but may be less than 10% of the total in the adult [19]. In the rat, pepsinogen A
is not detectable throughout development, presumably due to inactivation of the gene. 

Figure 10. Cange in expression from fetal/infant to adult-type
pepsinogens in rat gastric mucosa during postnatal development,
analyzed by Northern blot hybridization [96]. After electrophoresis
of total RNA, the blotted membrane was hybridized with cDNAs
for rat prochymosin (A), pepsinogen F (B), and progastricsin (C).
The major mRNA for each zymogen has a length of around 1.8 kb.
The 3.0-kb band and the large-molecular-mass band for progastric-
sin mRNA are thought to be transcripts in the process of splicing,
containing introns as found in monkey pepsinogen A [12].   



in rodents [135]. Since maternal antibodies are known to
be transferred to the chicken embryo in the yolk, the oc-
currence of prochymosin in these animals is consistent
with the ‘immune transfer’ hypothesis.

Expressional change in primates
Primates, including human and monkeys, are unique with
respect to their milk composition, with characteristically
low levels of proteins and high lactose compared with
other mammals [136]. Transfer of immunity in primates
from mother to newborn occurs mainly before birth
through the placenta which might make prochymosin less
essential [135]. Indeed, the prochymosin gene is inacti-
vated by mutation in humans [114] and the enzyme is not
demonstrable in the stomach of newborn Japanese mon-
keys [12] or humans [137]. The level of gastric pepsino-
gens in Japanese monkey is in fact much lower in the in-
fant than in the adult, presumably due to the absence of
prochymosin (fig. 9). However, the results in New World
monkeys are confusing since they have prochymosin and,
moreover, express it throughout postnatal development,
resulting in the co-existence of three types of pepsino-
gens, i.e., prochymosin, pepsinogen A, and progastricsin,
in the adult [92]. The active prochymosin gene may have
been present in ancestral primates and is retained in New
World monkeys, but inactivated in human beings and Old
World monkeys. Since New World monkeys eat a variety
of foods, including plants and insects, chymosin might be
required for the effective digestion of various food pro-
teins. The high proteolytic activity of New World monkey
chymosin supports this hypothesis.
There are several pepsinogen A isozymogens in humans
[11, 15, 16] and the Japanese monkey [12], whose ex-
pression during postnatal development has been shown 
to proceed sequentially. Of the four pepsinogen A isozy-
mogens in the Japanese monkey, A-3 is expressed pre-
dominantly in the fetal/infant stage, A-2 mainly at the 4-
month stage, and A-1 and A-4 are found in the juvenile
and adult stages. This change is not due to simple switch-
ing of gene expression from pepsinogen A-3 through A-2
to A-1/A-4, since the specific activity of each pepsinogen
increased with development [12]. Proteolytic enzymes
are needed in higher amounts with exposure to various
food proteins at later stages and similar alteration in the
expression of genes for type A pepsinogens is evident in
humans [138]. From chromatographic or electrophoretic
analyses, it is also expected to occur in other vertebrates
including rabbit [37] and chicken [133].

Perspectives

Pepsinogens and pepsins have diverged significantly in
vertebrates, resulting in species specificity, developmen-

tal-stage specificity, and substrate specificity, indicating
adaptation for a variety of gastric functions. Although
typical pepsinogens such as porcine pepsinogen A and
bovine prochymosin have been extensively analyzed,
pepsinogen diversity and multiplicity still remain to be
clarified from molecular and cellular aspects. Further in-
vestigations of the structure, function, and expressional
regulation of forms such as pepsinogens B and F are nec-
essary for comprehensive understanding of gastric diges-
tive proteinases.
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