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Abstract Fourteen different pepsinogen-A cDNAs and
one pepsinogen-C cDNA have been cloned from gastric
mucosa of the orangutan, Pongo pygmaeus. Encoded
pepsinogens A were classified into two groups, i.e., types
Al and A2, which are different in acidic character. The
occurrence of 9 and 5 alleles of A1 and A2 genes (at least 5
and 3 loci), respectively was anticipated. Respective
orthologous genes are present in the chimpanzee genome
although their copy numbers are much smaller than those
of the orangutan genes. Only Al genes are present in the
human probably due to the loss of the A2 gene. Molecular
phylogenetic analyses showed that Al and A2 genes
diverged before the speciation of great hominoids. Further
reduplications of respective genes occurred several times in
the orangutan lineage, with much higher frequencies than
those occurred in the chimpanzee and human lineages. The
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rates of non-synonymous substitutions were higher than
those of synonymous ones in the lineage of A2 genes,
implying the contribution of the positive selection on the
encoded enzymes. Several sites of pepsin moieties were
indeed found to be under positive selection, and most of
them locate on the surface of the molecule, being involved
in the conformational flexibility. Deduced from the known
genomic structures of pepsinogen-A genes of primates and
other mammals, the duplication/loss were frequent during
their evolution. The extreme multiplication in the orangu-
tan might be advantageous for digestion of herbaceous
foods due to the increase in the level of enzymes in
stomach and the diversification of enzyme specificity.

Keywords Pepsinogen - Hominoid - Gene duplication -
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Introduction

Pepsinogens are zymogens of pepsins, the aspartic pro-
teinases in vertebrates. They are synthesized and secreted
from gastric mucosa. They can be activated into pepsins
autocatalytically at acidic pH in the stomach, by releasing
the activation segment from the N-terminal part. Pepsins
work as the first digesting enzymes for proteins under the
acidic condition in the stomach. To date, five major types
are known in mammals, namely, pepsinogens A, B, C, F
and Y (Foltmann 1981; Kageyama 2002). They are evolved
from a common ancestral intracellular aspartic proteinase
like cathepsin E, through several gene duplication events
(Carginale et al. 2004; Borrelli et al. 2006). Pepsinogen A
is the major zymogen in adults of most mammals, and
pepsinogens B and C are minor ones although they have
important roles in carnivores and rodents, respectively
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(Narita et al. 2001; Suchodolski et al. 2002; Narita et al.
2002; Feng et al. 2008). Pepsinogens F and Y (prochy-
mosins) function in the newborn and infant mainly for
digesting milk proteins (Kageyama et al. 1990; Foltmann
1992). The occurrence of multiple forms is known in
respective zymogens, especially in pepsinogen A in some
mammalian species. The multiplicity is known to be
extreme in primates. Six and five types of pepsinogen A
have been purified from gastric mucosa of the human
(Samloff 1971) and Japanese monkey (Kageyama and
Takahashi 1976), respectively. The number of multiple
isoforms is extreme in the orangutan, 14 forms being
identified in orangutan gastric mucosal extract (Narita et al.
2000). This number is the largest hitherto known. Since the
multiplicity of pepsinogen A has not been evidenced in
New World monkeys (Kageyama 2000), the genes for
pepsinogen A are thought to have duplicated several times
in the catarrhine lineage after separation from platyrrhines.
Gene duplications in hominoids are the most recent evo-
lutionary events and thus are among the most important to
the evolution of the human and great apes (Fortna et al.
2004; Dumas et al. 2007).

Pepsinogens work at the first stage of protein digestion
of foods in stomach, and therefore food habits of animals
might affect significantly the expression and evolution of
pepsinogens. Primates are known to be largely plant-eating
species although animal foods are occasionally taken
(Harding 1981). Small-sized monkeys like the common
marmoset are known to eat frequently animal foods like
insects. Great apes including the gorilla, orangutan, and
chimpanzee prefer fruits along with bark, leaves, flowers,
and a variety of insects (Galdikas 1988). Although, since
environments might also affect significantly on the variety
of foods taken, it may be difficult to define their food habits
simply, they are frugivorous in most cases, being typical in
the orangutan. Chimpanzees frequently eat mammalian
meat, thus occasionally being the most omnivorous like
humans (Finch and Stanford 2004). Plant-eating species are
thought to need high amount of pepsins to digest effec-
tively food proteins since non-protein materials such as
cellulose are rich in plant foods. Indeed, the level of pep-
sinogen in gastric mucosa has been shown to be much
higher in plant-eating species than those in omnivorous and
carnivorous species (Kageyama 2002; Narita and Kagey-
ama 2003) (Supplementary Fig. 1). The increase of the
number of pepsinogen genes might have occurred in the
lineage of plant-eating species, and gene duplication might
work as the major forces for such processes. Since the
genes for digestive enzymes such as amylase have shown
to increase their copy numbers to adapt starch digestion in
foods (Perry et al. 2007), adaptive/positively selected
evolution might occur in pepsinogen genes due to the diet
shifts of great apes and the human.
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Fig. 1 The amino acid alignments of orangutan pepsinogens A (a) »

and C (b) with other primate pepsinogens. The amino acid sequences
were deduced from cDNA sequences determined in this study. The
dots represent the amino acid identity of the reference human
pepsinogens A (A) and C(B). Human pepsinogen A is the product of
12.0 kb gene (Evers et al. 1989). Porcine pepsin A numbering is used.
The sites of insertions and deletions are shown with i and d,
respectively, in the numbering line. Deleted residues are indicated
with dashes. The regions of the signal peptide and the activation
segment are shown by deep and faint shading, respectively. Two
catalytic aspartic acids are shown in the filled boxes. The GenBank/
EMBL/DDBJ accession numbers of orangutan pepsinogens A and C
are as follows. Pepsinogens A-13; AB458307, A-19;AB458306, A-41;
AB458314, A-71:AB458313, A-17:AB458310, A-28:AB458309,
A-59:AB458308, A-36:AB458311, A-50:AB458312, A-14:AB45
8304, A-15:AB458303, A-35:AB458305, A-43:AB458302, and A-75:
AB458301. Pepsinogen C:AB458315

In the present study, molecular cloning of cDNAs for
orangutan pepsinogens A and C was carried out, and 14
pepsinogen-A cDNAs and a single pepsinogen-C cDNA
were isolated. Pepsinogen-A cDNAs are classified into two
types, one being close to human counterparts and the other
being specific for the ape lineage. Molecular evolutional
analyses showed these two genes separated before specia-
tion of apes, and the A2 gene might be lost in the human.
The high multiplicity of pepsinogen-A genes in the
orangutan is thought to be correlated with the food habit.
The arrangement of pepsinogen genes in the genome of the
apes and human, along with other mammalian reference
species, was discussed, with special reference the dupli-
cation and loss of the pepsinogen genes in the orangutan
lineage.

Materials and Methods
Materials

The mRNaid kit was purchased from BIO 101, Inc (Vista,
CA), the SuperScript™ Choice System for cDNA-syn-
thesis kit from Life Technologies, Inc. (Grand island, NY),
AZapll DNA and in vitro packaging kit (Gigapack III Gold
Packaging Extract) from Stratagene Cloning Systems (La
Jolla, CA), and Thermo Sequenase™™ cycle sequencing kit
from Amersham (Cleveland, OH). All other chemicals
were of reagent or analytical grade.

Specimens

A stomach of orangutan (Pongo pygmaeus abelii) was
obtained from an individual (10 years-old male) died from
pneumonia at the Primate Research Institute Kyoto Uni-
versity. The tissue was dissected immediately after death.
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Molecular Cloning of Pepsinogen-A cDNAs
and Nucleotide Sequence Determination

Total RNA was extracted and purified from gastric mucosa
by the guanidium thiocyanate/cesium chloride centrifuga-
tion method (Chirgwin et al. 1979). Poly(A)-RNA was
purified using the mRNaid kit. Double-stranded cDNA was
prepared by the procedure of Gubler and Hoffman (1983)
using the SuperScriptTM Choice System. The cDNAs were
ligated into the EcoR I site of AZapll. Pepsinogen cDNAs
were screened by plaque hybridization with *?P-labeled
synthetic 45-base oligonucleotide as a probe. The sequence
of the oligonucleotide probe was 5'-GCA GTA GAC TGA
GGG CAC CCA CAG GTT GGA GCC GGT GTC AAA,
which is complementary to the sequence that encodes the
active-site region of one of the human pepsinogen-A iso-
zymogens (Kageyama et al. 1990). The active-site
sequence is highly conserved among pepsinogen subtypes
and the probe has been successfully used to clone various
types of pepsinogens (Kageyama et al. 1990; Narita et al.
1997; Kageyama 2000; Narita et el. 2002). Recombinant
AZAP 1I clones that hybridized with both 45-base oligo-
nucleotide were selected. The cDNA inserts of the
hybridizing phages were subcloned and the whole nucle-
otide sequences were determined using the Thermo Se-
quenase ™ cycle sequencing kit and DNA sequencer model
LIC-4200S-1 from LI-COR Inc. (Lincoln, NE).

Sequence Data

The cDNA sequences of orangutan pepsinogens A and C
were determined in this study. They were deposited in the
GenBank/DDBJ/EMBL nucleotide sequence databases, and
the accession numbers are given in the legend of Fig. 1. The
cDNA sequences for pepsinogens A of the human (Homo
sapiens) including those from a 12.0-kb gene (HPA-1)
[J00279-J00287], and 15.0-kb [M26025] and 16.0-kb genes
[M26032], Japanese monkey (Macaca fuscata) including
pepsinogen A-1 (nucleotide JIM196) [X59752], A-2/3
(IM72) [X59755], and A-4 (JM201) [X59753], rhesus
monkey (Macaca mulatta) [M20788], and common mar-
moset (Callithrix jacchus) [AB038384], pig (Sus scrofa)
[J04601], house musk shrew (Suncus murinus) [AB047243],
bat (Rhinolophus perdicus) [AB047245], and dog (Canis
Sfamiliaris) [AB047246], and for pepsinogens C of the
human [J04443], Japanese monkey (JM642)[X59754],
common marmoset [ABO038385], cattle (Bos taurus)
[XM_592361], rabbit (Oryctolagus cuniculus) [AB047250],
and house musk shrew [AB047247] were obtained from the
GenBank/DDBJ/EMBL nucleotide sequence databases and
used in the molecular evolutional analyses. The genomic
data of pepsinogens A for the human [NC_000011.8],
chimpanzee (Pan troglodytes)[NC_006478], rhesus
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monkey [NC_007878.1], and dog [NC_006600.2] were
obtained from the NCBI database. Although the sequences
of the regions including pepsinogen-A genes have deter-
mined completely/nearly completely in the human and dog,
they were determined partly in the chimpanzee and rhesus
monkey.

Molecular Evolutional Analysis

The nucleotide sequences and deduced amino-acid
sequences of pepsinogen-A cDNAs isolated in the present
study were aligned together with those reported from other
primates with the aid of DNASIS™-Mac ver.3.0. Phylo-
genetic trees were constructed by the neighbor-joining (NJ)
method of ClustalW (Saitou and Nei 1987), the maximum
parsimony (MP) method of PAUP 4.0 (Swofford 1998),
and the maximum likelihood (ML) method of PUZZLE 5.2
(Strimmer and von Haeseler 1996). The sequence diver-
gence was calculated among all pairwise comparisons
following the Kimura 2-parameter model (Kimura 1980)
for NJ, the HKY85 model (Hasegawa et al. 1985) for MP,
and the SH (Schoniger and von Haeseler 1994) model for
ML. Robustness of each node in the phylogenetic tree was
assessed by bootstrap values (%), based on 1000 resam-
pling (for NJ and MP), and quartet puzzling support values
(%) based on 1000 quartet puzzling steps (for ML). Sta-
tistical test were carried out using the Kishino—Hasegawa
test (Kishino and Hasegawa 1989) for MP and ML analy-
ses, with the aid of PAUP 4.0 and PUZZLE 5.2. The rates
of synonymous and non-synonymous nucleotide substitu-
tions between primate lineages were compared using the
relative-rate test program, RRTree (Robinson-Rechavi and
Huchon 2000). The likelihood ratio tests of these substi-
tutions for detecting positive selection were carried out
according to Yang (1998) by the PAML program (Yang
2007).

Molecular Modeling

Tertiary structural model of orangutan pepsins were con-
structed with the program Modeller (Sali and Blundell
1993), using crystal structures of the complex between
human pepsin A and a synthetic phosphonate inhibitor
[PDB ID: 1QRP] and porcine pepsin A [PDB ID: 4CMS].

Results
Multiplicities for Orangutan Pepsinogens A and C

One hundred pepsinogen cDNA clones were randomly
chosen from an orangutan gastric mucosal cDNA library.
Since the oligonucleotide probe used in this study has a
potential to hybridize various types of pepsinogens due to
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conservativeness of the active-site nucleotide sequence,
different types of pepsinogen cDNAs were anticipated to
be chosen. Among 100 clones isolated, 95 clones were
found to be pepsinogen-A clones and the rest 5 to be
pepsinogen-C clones. The ratio of numbers of type-A and
C clones is well consistent with that of the relative levels of
pepsinogens in the orangutan stomach reported previously,
in which pepsinogen A and pepsinogen C constituted 97,
and 3%, respectively (Narita et al. 2000). Although no
sequence heterogeneity was found in pepsinogen-C clones,
14 different nucleotide sequences were identified in pep-
sinogen-A clones (Supplementary Fig. 2). The pepsinogen-
A clones were clearly separated into two groups. In
respective groups, the sequences were very similar. The
nucleotide substitutions of these two groups are thought to
be the results of point mutations, showing little possibility

Fig. 2 Bootstrap values of a NJ
phylogenetic tree of catarrhine ML
pepsinogens A inferred from MP
their cDNA sequences. The tree

topology is that of the NJ tree

of conversions between them. The deduced amino-acid
sequences of these clones are given in Fig. 1. It is also clear
that pepsinogens A were classified into two groups, one
showing quite similar amino-acid sequences with that of
human pepsinogen A and the other showing less similari-
ties. The pepsin moieties of former types are highly acidic,
containing 21 Asp and 14 Glu, but only 3 Arg and 1 His,
and no Lys (isoelectric point = 3.16), for examples, in the
case of A-13. While, the latter group members are less
acidic, containing 20 Asp, 12 Glu, 2 Arg, 5 Lys, and 2 His
(isoelectric point = 3.63), for example, in the case of A-
14. These two types of pepsinogens are tentatively termed
as pepsinogens Al and A2, respectively. The difference in
the number of Lys was thought to be essential to distin-
guish orangutan pepsinogens, being also called as low-
lysine and high-lysine pepsinogens, respectively, in our
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previous article (Narita et al. 2000). However, since the
content of Lys is so variable between pepsins of other
mammals, the terminology depending on the Lys content
might not be appropriate. Among 14 pepsinogen-A clones,
9 and 5 clones were those of pepsinogens Al and A2,
respectively. Between Al clones, A-13, A-19 and A-41,
and A-17, A-28 and A-71 have the same amino acid
sequences, respectively. The nucleotide sequences in the
former 3 clones can be distinguished by 2 synonymous
substitutions, while the latter 3 clones by 4 synonymous
substitutions. As a result, 5 different types of Al protein
were identified. Between A2 clones, non-synonymous
substitutions are frequent and, therefore, different A2
clones encoded different proteins. Totally, 10 different
pepsinogen-A proteins were identified in the 100 cDNA
clones chosen randomly. These results suggest that the
occurrence of multiple genes for pepsinogens Al and A2.
Most of substitutions among them are point mutations and
spread over the exons. No alternative splicing has been so
far reported for pepsinogen genes (Evers et al. 1989). It
might be also the case of orangutan pepsinogen-A genes.
When we assume different alleles encode different pepsi-
nogens, the occurrence of 9 and 5 alleles for pepsinogen Al
and A2 (thus, at least, 5 and 3 loci), respectively, is
anticipated.

Phylogenetic Analyses of Primate Pepsinogens

We constructed the molecular evolutional tree of primate
pepsinogens A based on their nucleotide sequences by NJ,
ML, and MP methods. With any methods, the mono-
phylies of orangutan pepsinogens Al and A2 were clear
with high bootstrap values. The trees constructed with
three different methods showed that ape Al and A2 genes
diverged in the early period of ape evolution before the
separation of each species (Fig. 2, Tree 1 of Table 1).
Alternative tree topologies showing Al and A2 genes

diverged nearly simultaneously at the time of ape speci-
ation (Tree 2) and orangutan pepsinogens Al diverged
first among ape pepsinogens, followed by the divergence
of A2 genes (Tree 3) were, however, not significantly
different from the Tree-1 topology with the ML and MP
analyses (Table 1). Another tree showing that the orang-
utan, chimpanzee, and human diverged simultaneously,
and Al and A2 genes evolved independently in each
species (Tree 4), the topology was denied with the MP
method. Remaining alternative trees, showing that Al and
A2 genes separated independently in each species (Tree
5), and ape pepsinogen genes separated simultaneously
(Tree 6) was denied strongly with both MP and ML
methods. These results indicate that, although the diver-
gence time of Al and A2 genes is not dissolved com-
pletely, it is most probable that they diverged before the
time of the orangutan divergence from an ancestral ape.
Contrary to pepsinogen A, only one species of pepsin-
ogen-C cDNA was identified in an orangutan gastric cDNA
library. This suggests the occurrence of a single gene for
pepsinogen C. To date, the occurrence of the multiple
genes for pepsinogen C has not evidenced (Kageyama
2002). Indeed, there are a single gene in the genomes of the
human and chimpanzee. Phylogenetic trees of pepsinogens
C of 5 primate species were constructed with the NJ, ML,
and MP methods. They gave the same topologies, showing
that, between apes, the orangutan diverged first, and the
human and chimpanzee are closest relatives (Fig. 3).

Differences in the Nucleotide Substitution in Primate
Lineages, and Test for Positive Selection

It was found that the branch lengths of pepsinogen-A trees
constructed with the NJ and ML methods are largely dif-
ferent between pepsinogen-A taxa. Therefore, we com-
pared nucleotide substitution rates at synonymous and non-
synonymous sites between taxa (Table 2). The results

Table 1 Comparison of the log likelihood in ML analyses and number of steps in MP analyses for user-specified trees

Tree AlnL. AL

1. (((Homo Al, Pan Al), Pongo Al), (Pan A2, Pongo A2)) ML MP

2. ((Homo Al, Pan Al), Pongo Al, (Pan A2, Pongo A2)) 4.07 £ 4.05 3+1.73
3. (((Homo Al, Pan Al), (Pan A2, Pongo A2)), Pongo Al) 2.17 £ 5.10 1+223
4. ((Homo Al, Pan Al, Pongo Al), (Pan A2, Pongo A2)) 7.96 + 6.00 7 £ 2.65*%
5. ((Homo Al, (Pan Al, Pan A2)), (Pongo Al, Pongo A2)) 36.96 + 17.82%* 15 £ 5.73%
6. (Homo Al, Pan Al, Pongo Al, Pan A2, Pongo A2) 57.25 &+ 16.42* 25 £+ 5.52*%

Comparison was carried out with the PUZZLE (Strimmer and von Haeseler 1996) and PAUP (Swofford 1998) programs. The maximum-
likelihood and most-parsimonious trees are indicated as ML and MP, respectively. The differences in the log likelihood between ML and
alternative trees and the differences in the number of steps between MP and alternative trees are shown with their SEs (after+). An asterisk
indicates that the tree is significantly worse at P = 0.05 than the respective best trees with the Kishino—Hasegawa test (Kishino and Hasegawa

1989)
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Fig. 3 Bootstrap values of the consensus phylogenetic tree of
primate pepsinogens C

showed clearly that the rates at the non-synonymous site of
the orangutan/chimpanzee A2 genes were significantly
larger than those of Al genes in any combinations. To
know the excess of non-synonymous substitutions over
synonymous ones in ape pepsinogens, the likelihood ratio
test was carried out with the PAML program with 14
selected nucleotide sequences (Fig. 4). This small data set
represents the four major clusters of Fig. 2, namely, (Homo

Table 2 Relative rate tests between primate pepsinogens A

& Pan Pg Al), (Pongo Pg Al), (Pan & Pongo Pg A2), and
(Macaca Pg A). The log likelihood values of one-ratio and
branch (free-ratio) models were —2612.77 and —2591.20,
respectively. The difference was significant (0.01 <
P < 0.05), indicating that dN/dS ratios are indeed different
between lineages, where dN and dS are defined as the
number of non-synonymous substitutions per non-synony-
mous site and that of synonymous substitutions per syn-
onymous site, respectively. It was found that the dN/dS
ratio only along the branch to the A2-gene lineage was 2.1,
while values were less than one in other branches (Fig. 4).
However, since the log likelihood value is —2608.13 when
set the dN/dS ratio along the branch to 1.0, the difference
was not significant (0.05 < P < 0.1), showing that positive
selection along the branch was not supported. It is probable
that non-synonymous substitutions are more frequent along
the branch than along other branches.

High numbers of amino-acid substitutions were esti-
mated to have occurred in the branch to A2 gene lineage
with the PAML program, being consistent with the high
dN/dS ratios of the branches. Apart from the lineage-
specific positive selection, models of variable dN/dS
ratios among sites were tested for the presence of site-
specific positive selection with the same 14 selected
nucleotide sequences. Site model using M3 (discrete)

Taxa compared® AdS® P value AdN°® P value
Homo Al-Pan Al 0.0029 £ 0.0090 0.7499 0.0024 £ 0.0024 0.3209
Homo Al-Pan A2 0.0000 £+ 0.0124 0.9948 —0.0102 £ 0.0050 0.0436*
Homo Al-Pongo Al —0.0312 £ 0.0168 0.0639 0.0027 £ 0.0027 0.3275
Homo Al-Pongo A2 —0.0083 £ 0.0163 0.6099 —0.0132 £ 0.0054 0.0143*
Homo Al-Macaca A —0.0331 £ 0.0217 0.1270 0.0029 £ 0.0051 0.5672
Pan Al-Pan A2 —0.0028 £ 0.0111 0.7970 —0.0127 £ 0.0052 0.0148*
Pan Al-Pongo Al —0.0342 £ 0.0157 0.0295* 0.0002 £ 0.0023 0.9123
Pan Al-Pongo A2 —0.0112 £ 0.0150 0.4552 —0.0157 £ 0.0057 0.0059*
Pan Al-Macaca A —0.0361 £ 0.0210 0.0855 0.0004 £ 0.0051 0.9259
Pongo Al-Pan A2 0.0313 £+ 0.0170 0.0663 —0.0129 +£ 0.0056 0.0219*
Pongo Al-Pongo A2 0.0229 £+ 0.0173 0.1857 —0.0159 +£ 0.0059 0.0073*
Pongo Al-Macaca A —0.0019 +£ 0.0235 0.9349 0.0002 £ 0.0049 0.9649
Pan A2—-Pongo A2 —0.0083 £ 0.0133 0.5278 —0.0030 £ 0.0037 0.4235
Pan A2-Macaca A —0.0332 £ 0.0212 0.1167 0.0131 £ 0.0057 0.0213*
Pongo A2-Macaca A —0.0248 £ 0.0201 0.2180 0.0161 £ 0.0061 0.0082*

The relative-rate test was used to assess the heterogeneity of numbers of substitutions per site, which were estimated from the Kimura two-
parameter method (Kimura 1980). The program RRTree (Robinson-Rechavi and Huchon 2000) was used. In hominoids, two types of pepsi-

nogens A are distinguished with Al and A2

# Mammalian pepsinogens including those of rabbit [M59237], pig [J04601], dog [AB047246], bat [AB047245], and shrew [AB047224] were

used as outgroups

® Difference in the number of synonymous substitutions per synonymous sites

¢ Difference in the number of non-synonymous substitutions per non-synonymous sites

* Indicate that the rate of substitutions is significantly different between two taxa compared. Each value is highlighted with bold
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Fig. 4 Estimated amino-acid 0.01 _
substitutions along the branches, L30V
T : : K160Q
and 11ke11hqod ratio tests applled vaor F 12.0 Homo Pg A
to the pepsinogen-A evolution S36pR _I
with the PAML program (Yang f;)}ﬁ- 16.6 _
2007.). A subset of 14 45 Pan Pg Al
pepsinogens A was chosen. An Vi2M _
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accepted phylogenetic t.ree was 2pM Q39E [ A1
based on the NJ analysis. E?QIT T74A
: : ‘e o P R20pH
Evi)éutlonary dlrsttar;ctehlstglven Eﬁgpa S365R A-59 Pongo Pg Al
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dS value over one, and gigg L32pF T203A} 5.2 n A2
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T2831
D26N N52D Q90K E202K IM201
130V Q65R SI110F A203T -
S46Y S66A Y114F E208K
TSIM G69K G144R V269L
Fig. 5 Stereoview of the K65 K65

tertiary structures of a orangutan
pepsinogen A2 (A-43).
Catalytic aspartic acids (D32
and D215) are shown with thick
black wireframes, active-site
residues with thin green
wireframes, and the residues
under positive selection with
thick red wireframes. Except
these residues, only backbone
atoms are given with gray.
Residue numbers of positively
selected residues and active-site
Asps are given with porcine
pepsin A numbering. (Color
figure online)

T203
K202

(Yang 2007) was applied to the analysis. Resulting log
likelihood and average dN/dS values were —2563.37 and
0.2417, respectively. Fourteen sites of the pepsin moiety
were found to be under positive selection (P < 0.05)
using the native empirical Bayes approach, including
residue numbers 1, 12, 17, 30, 51, 55, 65, 69, 90, 114,
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160, 202, 203, and 269. These sites are highlighted in
the tertiary structure of typical orangutan pepsin A2
constructed by molecular modeling (Fig. 5). Four Lys
residues unique to pepsins A2 were under positive
selection, localizing on the surface of the molecule distal
from the active site.
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Genomic Structure of Ape Pepsinogens

In primates, the complete genome structure has been
clarified in the human, and the analyses continue in other
primates including the chimpanzee and rhesus monkey. In
these species, the genomic structures around pepsinogen-A
gene are rather well clarified. In the human, 3 pepsinogen-
A genes localize in chromosome 11, repeated in tandem in
the range of about 50 kb length (Fig. 6). The 5'- and 3'-
neighbor genes are vacuolar protein sorting 37 homolog C
(VPS37C), and von Willebrand factor C and EGF domains
(VWCE). Such arrangement is common in the chimpanzee
and rhesus monkey. In the rhesus monkey, the occurrence
of an inactivated pepsinogen-F gene is obvious in the 5'-
upstream of pepsinogen-A gene cluster, although such a
gene was lost in the human and chimpanzee genomes.
Respective active genes for pepsinogens A and F are typ-
ically found in the dog genome. The genome structures
between VPS37C and VWCE of these 4 mammals were
compared with Harr plot analyses (Supplementary Fig.3).
High homologies of pepsinogen-A genes were obvious
(data not shown). Alu repeats were found very frequently
in primate genomes, especially abundantly in the 5’
upstream of the pepsinogen-A gene cluster. In mammals
other than these 4 species, although it is common that
pepsinogen-A and F genes localize between VPS37C and
VWCE genes, the loss of A gene in the mouse genome
[NC_000085.5] and several multiplications of F gene in the
cattle genome [NC_007330.3] is obvious, suggesting the
occurrence of dynamic duplications/losses of pepsinogen
genes in this region between mammals.

0
L | | |

Discussion
Lineage-Specific Gene Duplication

The occurrence of multiple genes for pepsinogen A in the
orangutan was noteworthy, in contrast with a single gene
for pepsinogen C. The level of pepsinogens A in gastric
mucosa of the orangutan has been shown to be much higher
than that of pepsinogen C (Narita et al. 2000), reflecting the
difference in the number of genes. We here discuss the
multiplicity of pepsinogen-A genes and their evolutionary
background, since the repeated duplication in the orangutan
lineage is quite unique. Orangutan pepsinogen-A genes
were separated into two monophyletic genes, i.e., Al and
A2 genes. Respective orthologous genes are also found in
the chimpanzee genome [NC_006478], while, in the
human genome, only the A1l genes are present with the loss
of the A2 gene [NC_000011.8] (Zelle et al. 1988; Evers
et al. 1989). Phylogenetic analyses showed the divergence
of the A1 and A2 genes occurred before speciation of great
hominoids. In respective Al and A2 clades, the divergence
order of hominoids was (orangutan, (chimpanzee, human)),
which is consistent with that reported with the analyses of
various genes (Miyamoto et al. 1988; Goodman et al. 1994,
1998; O’hUigin et al. 2002; Steiper and Young 2006).
Multiple copy numbers of Al and A2 genes in the orang-
utan are thought to be generated by several-times gene-
duplication events. The duplication frequency was much
higher than those in human and chimpanzee, where only
once or twice duplications have been anticipated (Zelle
et al. 1988; Evers et al. 1989).

. VPS37C F A VWCE
Canis — 3 —
F A A A
1 = . . e il —
Al A2 A2
Pan — m—--—ll————

Homo —

Pongo (Predicted) Al Al Al

Al Al A2 A2 A2

=1 —— e -

Fig. 6 Arrangement of pepsinogen-A genes in mammalian chromo-
somes. A and F stand for genes for pepsinogens A and F, respectively.
In hominoids, A genes have diverged to Al and A2 genes, the latter
being shaded with blue. A2 genes are probably lost in the human. The
numbers of these two genes in the orangutan are estimated based on
the numbers of cDNAs isolated, being much larger than those of
human and chimpanzee orthologues. Pepsinogen-F gene, the closest

relative to pepsinogen-A gene (Kageyama 2002) is thought to be
active in the dog, but inactive in the rhesus monkey, and lost in the
chimpanzee and human. VPS37C and VWCE stand for vacuolar
protein sorting 37 homolog C, and von Willebrand factor C and EGF
domains, respectively, which locates in the nearest neighborhoods of
pepsinogen-A genes in mammals. (Color figure online)
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Site-Specific Positive Selection

Non-synonymous substitutions in the lineage of A2 genes
were found to be frequent, giving the dN/dS ratio of 2.1
(Fig. 4). The value is markedly high given an average dN/
dS ratio for genes of primates of 0.21 (Yang and Nielsen
1998). Although the value did not show the significant
positive selection with likelihood ratio test, it strongly
implies the contribution of positive selection. Indeed,
positive selection acting on parts of the proteins was evi-
dent, highlighting several positively selected sites. The
positively selected sites included 4 Lys residues unique to
pepsins A2 that locate around the surface of the molecule
distal from the active site. Since a distal Lys has been
shown to affect enzymatic activity through the change in
conformational flexibility in porcine pepsin A (Cottrell
et al. 1995), similar modification of catalytic activities is
anticipated in orangutan pepsins A2.

Physiological Significance of Pepsinogen Multiplicity

The multiplicity of pepsinogens A might be advantageous
for food digestion in stomach. The occurrence of multiple
forms of pepsinogens A has been reported in various
mammals. Although the occurrence of multiple genes is the
primary cause of multiplicity of pepsinogens as clarified in
the human (Samloff 1971), Japanese monkey (Kageyama
and Takahashi 1976), and rabbit (Kageyama and Takahashi
1984), post-translational modifications such as phosphor-
ylation or glycosylation are also involved (Tang et al.
1973; Kageyama and Takahashi 1977). The expression of
multiple genes might contribute to the increase in the
pepsinogen level in stomach, which is favorable for gastric
digestion. Indeed, the level of orangutan pepsinogens in
stomach is highest between mammals (Narita and Kagey-
ama 2003) (Supplementary Fig.1). Contrarily, pepsinogen
genes have shown to be lost in platypus, a prototherian
mammal, which has lost functional stomach during evo-
lution (Ordonez et al. 2008). It is shown that different
forms might have different hydrolytic specificities against
substrate proteins/peptides (Foltmann 1981; Kageyama
2002). Human pepsin A isoforms have been shown to be
generated from respective pepsinogens by different acti-
vation processes and give different pH-dependent activities
(Athauda et al. 1989). Amino-acid substitutions of human
pepsin A have changed its proteolytic specificity signifi-
cantly (Kageyama 2004, 2006). From these instances,
various proteins encoded by the multiple genes might have
different specificities, being advantageous to the effective
digestion. When we analyze the relationship between
pepsinogen multiplicity and food habit between mammals,
it is easy to say that the occurrence of multiple pepsinogens
A are very frequent in herbivorous mammals including the

@ Springer

orangutan (Narita et al. 2000), Macaca monkeys (Kagey-
ama and Takahashi 1976), and rabbit (Kageyama and Ta-
kahashi 1984; Kageyama et al. 1990). The level decreases
in omnivorous and carnivorous mammals (Narita et al.
2002; Kageyama 2002; Narita and Kageyama 2003)
(Supplementary Fig. 1). High amounts of and a variety of
pepsinogens might be needed in herbivorous mammals,
since plants occasionally contain some substances that
inhibit pepsin activity (Bankowska et al. 1998; Christeller
et al. 1998). The orangutan is known to be herbivorous,
eating leaf, fruit and bark frequently that are rich in non-
digestive cellulose and plant fibers, the high level of gastric
pepsins might be necessary for the digestion of food pro-
teins efficiently (Galdikas 1988). Among great hominoids,
the chimpanzee and human are better to be classified as the
most omnivorous (Finch and Stanford 2004), thus possibly
demanding less amount of gastric digestive enzymes.

Gene Duplication and Loss During Hominoid
Evolution

The multiplicity of pepsinogen-A genes in the orangutan is
thought to be the results of lineage-specific gene duplica-
tions. To date, lineage-specific increase/decrease in the
copy number of various genes have been analyzed by
cDNA array-based comparative genomic hybridization
(Frazer et al. 2003; Fortna et al. 2004; Dumas et al. 2007).
Human-lineage specific genes accounting for 84—134 genes
increased their copy numbers significantly. These genes
included those involved in brain function and endurance
running, which have developed significantly in the human
lineage (Dumas et al. 2007). In the orangutan, carbonic
anhydrase genes amplified suggesting the affect on the
physiology of the orangutan (Dumas et al. 2007).
Regarding the food habit, the increase in the copy numbers
of genes such as FLJ22004 and amylase genes have been
reported in the gorilla (Fortna et al. 2004) and human
(Perry et al. 2007), respectively, suggesting that dietary
shifts affect the copy numbers of genes for digestive
enzymes. The copy number of the salivary amylase gene
(AMY1) has been shown to be correlated positively with
the salivary amylase protein level (Perry et al. 2007). When
compared genome structures of pepsinogens A genes for
various mammals, the duplication and loss of genes were
found to be frequent. Pepsinogen-A gene(s) and its closest
relative pepsinogen-F gene(s) locate between VPS37C and
VWCE genes commonly in mammalian chromosomes
(Fig. 6). Although the primate ancestral genome structure
might be close to the dog genome [NC_006600.2], it
changed significantly during primate evolution with the
repeated duplications of the A gene and the loss of the F
gene. In primates, the separation of the A gene to the Al
and A2 genes in hominoids, and the extreme multiplicity of
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Al and A2 genes in the orangutan is noteworthy. These
change in gene numbers of pepsinogens A might show that
the genomic structures of genes regarding food digestion
have changed very rapidly in primates, adapting to the
diversity of food habit.

Conclusions

Before great-hominoid speciation, a major duplication of
pepsinogen-A genes occurred to generate Al and A2
genes. Each gene reduplicated further several times in the
lineage of the orangutan. Site-specific positive selection
was found to occur only in the A2 genes at the sites of
surface molecules of encoded pepsins, potentially affecting
enzyme flexibility. The multiple pepsinogen-A genes might
be advantageous to the effective food digestion in stomach
of the orangutan.
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