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ARTICLE INFO ABSTRACT

Keywords: Metallo-carboxypeptidases are exopeptidases with diverse expression and function, found in all kingdoms of life
Mast cells ) from bacteria to mammals. One of them, the carboxypeptidase A3 (CPA3), has become an important component
Carboxypeptidase of the mammalian immune system by its expression in mast cells. Mast cells (MCs) are highly specialized sentinel
Granule proteases . . . . . . . .

Evolution cells, which store large amounts of bioactive mediators, including CPA3, in very abundant cytoplasmic granules.

Clinical studies have found an increased CPA3 expression in asthma but the physiological role as well as the
evolutionary origin of CPA3 remains largely unexplored. CPA3 belongs to the M14A subfamily of metallo-
carboxypeptidases, which among others also includes the digestive enzymes CPA1, CPA2, CPB1 and CPO. To
study the appearance of CPA3 during vertebrate evolution, we here performed bioinformatic analyses of ho-
mologous genes and gene loci from a broad panel of metazoan animals from invertebrates to mammals. The
phylogenetic analysis indicated that CPA3 appeared at the base of tetrapod evolution in a branch closer to CPB1
than to other CPAs. Indeed, CPA3 and CPB1 are also located in the same locus, on chromosome 3 in humans. The
presence of CPA3 only in tetrapods and not in fishes, suggested that CPA3 could have appeared by a gene
duplication from CPB1 during early tetrapod evolution. However, the apparent loss of CPA3 in several tetrapod
lineages, e.g. in birds and monotremes, indicates a complex evolution of the CPA3 gene. Interestingly, in the lack
of CPA3 in fishes, zebrafish MCs express instead CPAS5 for which the most closely related human carboxypep-
tidase is CPA1, which has a similar cleavage specificity as CPA3. Collectively, these findings clarify and add to
our understanding of the evolution of hematopoietic proteases expressed by mast cells.

1. Introduction

Mast cells (MCs) are hematopoietic cells primarily located at the
interphase between body and environment where they act as sentinel
cells of the innate immune system (Abraham and St John, 2010; Galli
et al., 2008; Galli and Tsai, 2010). The majority of the MCs originate
from the fetal yolk sac (Li et al., 2018; Gentek et al., 2018). However, in
adults, during inflammatory conditions MC precursors can migrate from
the bone marrow to various tissues and differentiate into mature MCs
(Metcalfe et al., 1997; Hallgren et al., 2007). MCs are densely packed
with cytoplasmic granules, which upon activation can fuse with the
plasma membrane and release a number of potent physiologically acting
substances including bioactive amines, proteoglycans and proteases

(Hellman and Thorpe, 2014; Pejler et al., 2007; Wernersson and Pejler,
2014). These proteases are the major protein component of the granule
and can account for up to 35% of the total protein of the cell (Schwartz
et al., 1987). The well-known serine proteases, tryptase and chymase,
are the dominating granule-stored proteases in human MCs. Human MCs
also express the serine protease cathepsin G, which is primarily found in
neutrophils. In addition to these three serine proteases, which all are
endopeptidases, MCs can also express high amounts of a
metallo-carboxypeptidase, the carboxypeptidase A3 (CPA3), which is an
exopeptidase. Together with chymase and cathepsin G, CPA3 is pri-
marily found in one of the major MC subpopulations, the connective
tissue MCs (Irani et al., 1991; Reynolds et al., 1989; Lutzelschwab et al.,
1997). However, expression of CPA3 mRNA in mucosal type MCs of
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human lungs have also been reported (Siddhuraj et al., 2021). Notably,
findings from several clinical studies have indicated a link between
asthma and lung expression of CPA3 which has increased the interest in
this less well-characterized MC protease (Dougherty et al., 2010; Balzar
et al., 2011; Fricker et al., 2019; Pejler, 2019). The mentioned serine
proteases of MCs (chymase, tryptase and cathepsin G), belong to the
large family of trypsin-related serine proteases. Members of this protease
family are involved in a wide variety of physiological processes
including, food digestion, blood clotting, angiotensin conversion and
immune regulation (Caughey, 2011; Pejler et al., 2010). The role and
evolution of these hematopoietic serine proteases have been studied
quite extensively (Hellman and Thorpe, 2014; Huang and Hellman,
1994; Gallwitz and Hellman, 2006; Gallwitz et al., 2006; Akula et al.,
2015; Hellman et al., 2017; Reimer et al., 2010). However, the evolution
of the carboxypeptidase (CP) that is specifically expressed by hemato-
poietic cells, the MC CPA3, has not been studied in detail. To close this
gap in our understanding of the evolution of hematopoietic granule
proteases, we here explored with particular focus, the appearance of
CPA3 during vertebrate evolution.

The MC expressed CPA3 is an exopeptidase that cleaves at the C-
terminal end of proteins or peptides by releasing single amino acids
(Natsuaki et al., 1992). CPA3 belongs to the M14 zinc-binding metal-
lo-carboxypeptidases (Skidgel and Erdos, 1998; Rawlings, 2020). Based
on structural similarity within the M14 family, four subfamilies have
been identified, 1) the A/B subfamily (M14A), 2) the N/E subfamily
(M14B), 3) the bacterial peptidoglycan hydrolyzing enzymes subfamily
(M14C) and 4) the complex cytosolic carboxypeptidases
CCPs/Nnal-like subfamily (M14D) (MEROPS (Kalinina et al., 2007),).
CPA3 belongs to the M14A subfamily which also includes the digestive
enzymes CPA1, CPA2, CPB1 and CPO, the regulatory plasma enzyme
CPB2 (also called thrombin-activatable fibrinolysis inhibitor, TAFI, or
CPU), and the less studied CPs with diverse expression and function
CPA4, CPAS5, and CPA6. The close M14B subfamily, including CPD, CPE,
CPM, CPN and CPZ, has been found to exhibit regulatory functions e.g.
processing of neuroendocrine peptides (Petrera et al., 2014; Sapio and
Fricker, 2014; Fernandez et al., 2010; Garcia-Pardo et al., 2020). The
cleavage preference of the different M14 CPs may differ quite substan-
tially. Their primary specificity, i.e., their preference for the residue in
the P1’ site, are either aliphatic, hydrophobic residues, basic residues or
acidic residues (Tanco et al., 2013, 2017). CPs are classified based on
their preference for C-terminal aromatic/hydrophobic residues
(A-type/CPA-like), basic residues (B-type/CPB-like) or acidic residues
(O-type/CPO-like). The M14 CPs are present in all kingdoms of life
including eubacteria, archaea, fungi, plants and metazoan animals
including mammals and also in viruses, with distinct representations.
CPs are, like the serine proteases, involved in a number of physiological
processes, like food digestion, cleavage of hormones and neuropeptides,
tubulin processing and immunity. Some studies have also shown the
involvement of CPs in disease, including epilepsy, febrile seizures,
enhanced fibrinolysis, reduced wound healing and increased inflam-
matory response to lipopolysaccharide (Sapio and Fricker, 2014; Ques-
ada et al., 2009). Moreover, we found that inhibition of CP activity
linked to members of the M14A subfamily could reduce symptoms in a
murine asthma model, suggesting a pathogenic role for these CPs in
asthma (Waern et al., 2021).

In this paper, we mainly focus on the evolution of the MC-specific
CPA3, which belongs to the M14A subfamily of CPs (Reynolds et al.,
1989). CPA3 performs important roles in degrading the endothelin-1, in
the protection against injected venom, cleavage of a few neuropeptides
and potentially also in regulating immunity (Piliponsky et al., 2008;
Schneider et al.,, 2007). The cleavage specificity of CPA3 has been
studied extensively, however, the full physiological role of CPA3 is far
from fully elucidated (Tanco et al., 2013; Pejler et al., 2009). To dig
deeper into such roles, and particularly on the potentially conserved
functions of CPA3 in immunity and tissue homeostasis we here used
bioinformatics and comparative genomics to trace the origin of the mast
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cell CPA3 during vertebrate evolution.
2. Results

2.1. Five gene loci harbor the nine M14A carboxypeptidases found in
vertebrates

Human and mouse M14A carboxypeptidase sequences were used as
query sequences to identify similar sequences in a large panel of verte-
brate genomes in the NCBI database using the TBLASTN algorithm. The
ensemble database was also later screened for related sequences to
obtain the best coverage of the various genomes included in this study.
Five different gene loci were identified, the CPB1-CPA3, the CPO, the
CPA6, CPA1-A2-A4-A5, and the CPB2 locus. The size of the genes and
the distances between genes were calculated and used to produce maps
drawn to scale of these chromosomal regions as presented in Figs. 1-3.
The large differences in gene sizes that can be found and that originate
from differences in intron sizes is exemplified in Fig. 4. Related CP se-
quences from a few selected non-vertebrate species were also used for
the phylogenetic analysis to give a better picture of the evolution of the
large family of M14 CPs.

2.2. The CPB1-CPA3 locus

The CPA3 gene is located on human chromosome 3 along with
pancreatic CPB1, a locus here referred to as the CPB1-CPA3 locus. At one
end this locus is bordered by AGRT1, the gene for the angiotensin II
receptor type 1, which is the best characterized Ang Il receptor (Fig. 1A).
At the other end the locus is bordered by GYG1 and HLTF (Fig. 1A). The
GYG1 gene is encoding glycogenin-1, an enzyme involved in glycogen
synthesis, and the HLTF gene is encoding Helicase-like transcription
factor, a double-stranded DNA translocase. In all studied mammals, we
found a similar pattern except for the platypus, which apparently has
lost the CPA3 gene. Reptiles and amphibians seem in general to have a
similar pattern as in mammals with both CPB1 and CPA3 (Fig. 1A).
However, in chicken, we only found CPB1 and no CPA3 indicating that
CPA3 secondarily have been lost in both monotremes and birds. The
NCBI database was also screened for the potential presence of CPA3 in
other bird species (52 species) and in the echidna, another monotreme,
but no signs of CPA3 was found in these species. In general, mammals
have only one copy of CPB1 and one of CPA3. However, in both the
green anole (a reptile) and the Western clawed frog (an amphibian) we
observed a duplication of the CPA3 gene (Fig. 1A). When studying the
corresponding locus in fishes, we only found the CPB1 but not the CPA3
gene in the species analyzed, gar and zebrafish. Similarly, CPB1 but not
CPA3 was found in the elephant shark and the lamprey, a jawless fish
(Fig. 1A). Six other shark species showed a similar situation as for the
elephant shark (data not shown).

2.3. The CPO locus

The CPO locus has a very similar overall organization in almost all
animal species analyzed with a single CPO gene and with the bordering
genes MDHI1B at one end and KLF7 at the other end. However, we could
observe a few differences to this pattern in a few species. A loss of the
CPO gene was found in both mice and platypus while three additional
gene copies of CPO was found in Western Clawed frogs. Interestingly,
these three new CPO copies in the Western Clawed frogs were all posi-
tioned outside one of the bordering genes, the MDH1B (Fig. 1B). CPO
could not be detected in any of the shark genomes analyzed or in the
lamprey (Fig. 1B).

2.4. The CPA1, -A2, -A4, -A5 locus

All of the other CPA genes, except CPA3 and CPAG6, are in the human
genome located in one locus on chromosome 7. This locus harbors the
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Fig. 1. The two loci for CPB1 and CPA3 and for CPO. The genes encoding carboxypeptidases are depicted in double-height to easily locate them in the maps. The
bordering genes are included to trace the origin of the locus and to also define changes that have occurred upstream or downstream of the locus. Gene names for the
carboxypeptidases, as given in the database. Panel A; shows the CPB1-CPA3 locus. The CPB1 genes are depicted in light blue and the CPA3 gene is a slightly darker
blue. The bordering genes are shown in different colors to easily distinguish them from each other and from the CPs. Panel B shows the CPO locus. The CPO gene is
depicted in Orange.
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Fig. 2. The two loci for CPA1, CPA2, CPA4 and CPAS5 and for CPB2. The genes encoding carboxypeptidases are depicted in double-height to easily locate them in
the maps. The bordering genes are included to trace the origin of the locus and to also define changes that have occurred upstream or downstream of the locus. Gene
names for the carboxypeptidases, as given in the database. Panel A shows the locus encoding the CPA cluster with the genes CPA1, CPA2, CPA4 and CPAS5. The CPA2
genes are depicted in red, the CPA4 in purple, the CPA5 in beige and the CPA1 in black. The bordering genes are depicted in different colors to easily distinguish them
from each other and from the CPs. Panel B; shows the CPB2 locus. The CPB2 gene is depicted in light green.
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Fig. 4. Exon intron structure of human CPA3, CPO, CPB1 and CPA6. This figure is included to show the marked difference in size of these genes and that the size
difference depends on difference in size of several of the introns and not on exon size differences. The exons are shown as vertical lines.

genes for CPA1, CPA2, CPA4 and CPAS5, and is bordered on one end by
SSMEM]1, a serine rich membrane protein of unknown function, and at
the other end by CEP41, a centrosomal and microtubule binding protein.
The topology of this locus is very similar in all the studied mammalian
species, except a loss of CPA2 gene in cow and sheep and a loss of CPA1
gene in the platypus. In the platypus we also find a duplication of CPAS5.
In the chicken and the green anole the locus organization is also very
similar, except for a loss of CPA4 gene in the chicken and a loss of both
A4 and A5 and a duplication of the CPAl gene in the green anole
(Fig. 2A). In both the chicken and the green anole one of the bordering
genes have changed, i.e., the SSMEM1 gene is replaced by TMEM29, a
protein of unknown function (Fig. 2A). In amphibians as represented by
the Western clawed frog we only find CPA1 and also a change at one end
of the neighboring genes indicating a major loss of genes in this locus
(Fig. 2A). Interestingly, here the SSMEM1 gene has been exchanged for
Smkrl, a small lysine rich protein expressed almost exclusively in
human testis (Fig. 2A). The same bordering gene, the Smkr1, is found in
the gar (Fig. 1B). In the zebrafish this bordering gene has been changed
to Smc1b, a chromosomal maintenance protein involved in meiosis and
mitosis (Fig. 2A). In both gar and zebrafish all the CPA genes of the
human locus are present and one of the neighboring genes, CEP41, is the
same as in the mammalian locus (Fig. 2A). However, the position of the
individual CP genes differs from the mammalian locus (Fig. 2A). At one
end of the locus we find CPA4 and CPA2 and on the other side of the
common bordering genes with mammals, the CEP41, we find CPA1 and
CPAS in the zebrafish. In the gar the names of the genes differ somewhat
and the CPA4 gene is lost (Fig. 2A). However, it is sometimes difficult to
define the exact closest homologue why one should be careful with
comparing genes only based on their given names, as they sometimes
not directly match the closest neighbor in a phylogenetic tree. Inter-
estingly, in the elephant shark there are two CPA1 like genes and the
bordering genes are the same as for the green anole and the chicken
(TMEM29 and CEP41), whereas in the lamprey there is only one CPA
gene in this locus and both bordering genes are different from all other
vertebrates analyzed (Fig. 2A).

2.5. The CPB2 locus

In most mammals, the CPB2 locus consists of a single CPB2 gene with
the neighboring genes SIAH3 at one end and LCP1 at the other end
(Fig. 2B). SIAH3 is a gene encoding an E3 ubiquitin protein ligase family
member and the LCP1 gene encodes Plastin-2, an actin binding protein.
The few differences observed to this pattern are in the bordering genes
and no additional copies and no loss of the CPB2 gene has been observed
in any of the species analyzed. In the gar and the opossum the

neighboring genes at one end of the locus has changed and in the green
anole and zebrafish the neighboring genes at both ends of the locus have
changed indicating active rearrangements in the region of the CPB2
gene. In the opossum, the neighboring gene LCP1 at one end has been
replaced with AOX2, the aldehyde oxidase 2, and in the gar, the
neighboring gene SIAH3 has been replaced by the zinc finger gene
ZC3H13. In the green anole, both bordering genes have been changed, at
one end the SIAH3 has been replaced by Slc23al and at the other end
LCP1 has been replaced by dnalc18 (Fig. 2B). The Slc23al gene encode
one of two sodium dependent vitamin transporters and the dnalc18 gene
encode the dynein light chain 1, an axonemal protein. In the zebrafish,
both bordering genes have been replaced, at one end with the same gene
as gar, the zinc finger protein ZC3H13, and at the other end by Spp2, the
secreted phosphoprotein 2. The elephant shark has also only one CPB2
gene and the bordering genes are the same as for the amphibians and all
mammals (Fig. 2B). In the lamprey both bordering genes are different
from all other species analyzed, with neuroserpin on one end and
ZEP21C-like on the other end (Fig. 2B).

2.6. The CPAG6 locus

A single CPA6 gene is present in the human genome with the
neighboring gene CSPP1 at one end and with PREX2 at the other end of
the locus (Fig. 3). The CSPP1 gene encodes a methionine rich storage
protein and PREX2 the phosphatidyl —3,4,5-triphosphate-dependent
Rac exchange factor 2. This locus is highly conserved and has an iden-
tical organization from cartilaginous fishes to mammals. However, size
differences can be observed, which originate from differences in the size
of introns and inter-gene regions (Figs. 3 and 4). It is primarily several of
the introns that have increased in size in human CPA6 when comparing
human CPA3, CPO and CPB1 with human CPAG6 (Fig. 4). In the lamprey
one of the bordering genes has been changed, the PREX2 has been
replaced by the gene PVCSQT4-like (Fig. 3).

2.7. Phylogenetic analysis

Phylogenetic analyses were performed with the amino acid se-
quences of 163 different M14A carboxypeptidases ranging from lace
coral, purple sea urchin, oyster, lamprey, sharks and amphibians, to
humans. The more distantly related M14B CPs, CPD and CPM, were used
as an outgroup to obtain a more robust tree. Only the amino acid se-
quences of the active CPs were used in this analysis to obtain the most
reliable estimate of sequence relatedness. All the protein sequences were
obtained from NCBI database and the fasta formatted sequences were
run using MAFFT. The aligned sequences were then used in different
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programs to run the phylogenetic analysis. All of the trees gave a very
similar pattern why we here show one of these trees, the MrBayes tree.

The CPD and CPM, belonging to the M14B clade of CPs together with
the well known CPE, CPN and CPZ, formed a reference and clear out-
group in these trees (Fig. 5) (Garcia-Pardo et al., 2020). All other CPs,
belonging to the M14A clade formed a big branch with several sub-
families (Fig. 5). Interestingly the CPO ends up in a small branch in
between the CPA3 and CPB1 indicating that they are very closely related
(Fig. 5). The CPA1, CPA2, CPA4 and CPA5 family members formed a
distinct subfamily and the CPA3, CPO and CPB1 formed another distinct
subfamily (Fig. 5). The CPA6 formed a clearly distinct subfamily be-
tween these two larger subfamilies and the CPB2 formed another small
branch outside of all of these other subfamilies, thereby being the most
distantly related members of this large family of M14A type CPs (Fig. 5).
From the phylogenetic analysis, both CPA3 and CPO were found to be
very closely related to CPB1, which indicates that both CPA3 and CPO
may have appeared by duplications of the CPB1 gene. However, the
position of CPO is then slightly problematic as it appears in between
CPA3 and CPB1 in the phylogenetic tree but is located in a completely
different chromosomal region. Interestingly also was the presence of a
lamprey CPB, marked by a red arrow in Fig. 5, that seems to be posi-
tioned at the base of the CPB1, CPA3 and CPO branch of the tree indi-
cating that it is representing an early ancestral form of this branch
leading to the separation into the now three members of this branch.
Fig. 5 is also available in an enlarged format in Supplementary Figs. S1
and S2.

3. Discussion

The phylogenetic analysis of the different mammalian carboxypep-
tidases clearly showed that the mast cell expressed CPA3 is more closely
related to CPB1 (and CPO) than to other A-type CPs (CPAs), including
the M14A carboxypeptidases CPA1, CPA2, CPA4, CPA5, and CPA6. We
found a close colocalization of CPA3 and CPB1 in the same locus in all
tetrapods and with the same bordering genes as in the basal ray finned
fish species, the gar, which only express CPB1 (Fig. 1A). These findings
strongly indicate that CPA3 is a result of a relatively recent, in evolu-
tionary terms, gene duplication of CPB1. However, as indicated above,
the evolutionary relationship between CPB1, CPA3 and CPO is then
somewhat elusive (Fig. 5). CPO ended up in between CPA3 and CPB1 in
the phylogenetic tree, demonstrating that CPO is very closely related in
primary sequence to both CPA3 and CPB1 (Fig. 5). CPA3 was found in all
mammals analyzed except for the platypus and was also found in both
reptiles and amphibians, but was absent in all fish species analyzed.
Interestingly, both green anole and the Western clawed frog have two
copies of CPA3. In contrast, birds, as represented by the chicken, have
lost the CPA3 gene, which is similar to what we found in the platypus
(Fig. 1A). The analysis of the gene loci encoding CPA3 and CPB1 in
Fig. 1A thereby indicates that CPA3 did appear at the base of the tet-
rapods possibly around 400 million years ago.

The mystery is then the appearance of CPO. Has an extra copy been
moved to another chromosomal region and in that case by what mech-
anism? CPO is present in both gar and zebrafish indicating that CPO did
appear much earlier than CPA3, which makes the tracing of their
evolutionary history even more problematic. These results indicate that
an early duplication of CPO or CPB1 did result in the transfer of the new
copy to a new chromosomal location and that a second duplication
during early tetrapod evolution resulted in CPA3. However, the high
sequence similarity between CPO and CPB1, and that all three are
almost equally related then contradict such a scenario. A second alter-
native, which is even more unlikely, is that CPA3 was lost in all fish
species similar to what we found in the platypus and in chicken. We are
therefore left with a mystery of how CPO, or possibly CPB1, has moved
to another chromosomal location. However, such a scenario is not
impossible as other similar examples can be found, e.g. in our recent
study on granzyme A/K genes in cichlids (Akula et al., 2015). We found
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that one of the multiple copies of granzymes A and K like genes present
in cichlids had moved to a completely different location in the middle of
another locus encoding hematopoietic serine proteases, and there is
surrounded by no other closely related granzyme A/K related members
(Akula et al., 2015). Similar to the situation for CPO the mechanism may
also here be difficult to trace.

CPA3 is in mammals tightly associated with MCs and basophils.
Interestingly, MCs in the zebrafish have also been found to express a
carboxypeptidase although CPA3 does not exist in fish (Fig. 1A). After
closer analysis of the fish MC carboxypeptidase it was found to be CPA5,
a relatively distantly related M14A CP encoded from another locus
(Fig. 2A) (Dobson et al., 2008). The zebrafish CPA5 shows the highest
homology with human CPA1 (64%) and only 38% identity with human
CPA3 (Dobson et al., 2008). The question therefore arises how the CPA5
lost its MC expression in tetrapods and instead CPA3 became the
dominant CP in tetrapod MCs. This is one of the intriguing questions
concerning the emergence of CPs as an important part of the MC pro-
tease repertoire from early vertebrates to humans. Interesting also is the
potential similarities and differences in cleavage specificity of fish CPA5
and tetrapod CPA3 and thereby their potential biological targets.

A comparison of the cleavage specificity and tissue expression of
CPA3 with that of the other members of the M14A subfamily could
reveal important evolutionary aspects. Relatively detailed studies have
been performed on the majority of the nine human M14A CPs (CPA1-6,
CPB1-2 and CPO). Human MC CPA3 prefers the aromatic amino acids
Phe and Tyr, but cleaves also after Leu but not after Trp and Ala (Nat-
suaki et al., 1992). A peptide library based study of mouse CPA3 has
shown that this enzyme prefers Leu, Phe, Tyr and Trp at P1’ position of a
substrate, which is the most important specificity determining site for
the carboxypeptidases, and Leu/Ile at the P1 site (Tanco et al., 2010). As
described in the introduction, CPA3 has a protective role by inactivating
harmful substances like toxins and endotoxins (Piliponsky et al., 2008;
Schneider et al., 2007). The closely related CPB1 is one of the pancreatic
CPs released into the intestinal lumen taking part in food digestion. In
marked contrast to CPA3, CPB1 does not cleave after aromatic amino
acids but instead after the basic amino acids Arg and Lys (Avilés et al.,
2013). Both CPA1 and CPA2 are pancreatic CPs with preference for
bulky aromatic amino acids (Barber and Fisher, 1972; Bukrinsky et al.,
1998; Gardell et al., 1988). Unlike the other digestive CPs, CPO is a
membrane bound brush border enzyme expressed by epithelial cells and
is specific for acidic amino acids such as Asp and Glu (Garcia-Guerrero
et al., 2018; Lyons and Fricker, 2011). The plasma carboxypeptidase
CPB2, also known as TAFI, function similar to the pancreatic CPB1,
which prefers lysine and arginine at the C-terminal region. However,
CPB2 circulates in plasma and regulates fibrinolysis by removing the
fibrin C-terminal residue (Claesen et al., 2021). The remaining M14A
members, the CPA4, 5 and 6, are all non-pancreatic A-type CPs with
diverse expression and relatively unknown physiological functions.
CPA4 is located in nucleoplasm and cytosol and is expressed e.g. in
esophagus and skin (human protein atlas) (Fricker and Gomis-Riith,
2013). Interestingly, human CPA5, which is highly expressed in testis,
primary in tubules, has a very similar specificity to CPA3 with prefer-
ence for aromatic amino acids and Leu (Fricker and Rawlings NDS,
2013). CPA6 is expressed in several tissues, including olfactory bulb and
other nerve tissues, and is present in the extracellular matrix, presum-
ably involved in neuropeptide cleavage (Claesen et al., 2021; Fricker
et al., 2013; Mao et al., 1999; Heylen et al., 2011).

When looking at the very diverse functions of the M14A CPs that are
closely related to the MC expressed CPA3, we can conclude that the
origin of the MC expressed CPs seems as a relatively complex evolu-
tionary journey. The two closest related CPs with respect to primary
sequence are CPB1 and CPO, which both are digestive enzymes. CPB1 is
secreted from the pancreas together with CPA1 and CPA2 whereas CPO
is a membrane bound brush border enzyme. Both of them also have
completely different primary specificities compared to CPA3. CPA3
seems to appear at the base of tetrapods around 400 million years ago



S. Akula et al. Developmental and Comparative Immunology 127 (2022) 104273

Human CI
O Platypus CPD

o_ss‘z.lmCP
Blgeau oy cPD
PD

Elephant shark
1 [ Zebrafish CPD

I_m

Human CPM

Oposs m CPl
e ?Pg'PM
Gregn Anole
Chicken 8
Zebrallsh CPM
Elephant shark CPM
W.Clawed Frog CPM

Gar CPB2
P Zebrafish CPB2 |1, man CPB:
Chlmganzee CPB2

(=1
éoase CcPB2
s HSheeEB§BZ2
ous;er:gP 2
abbt
Opo:

Elephan shark cpez Human CPA1
i Chimpanzee CPA1
sPogCEAT

.Clawed Frog CPA1
Gar CPA1Green Anole CPA1
ozt Platypus CPAS
R eDanzes CPAS
oss |llv1gusezeCF’A

! ° Rabbi CE C£55
5 Bovi §
I ﬁ.og,sgpa‘f; 3
g 2erCat JK
Gar
O L; 2
" R?a‘n?én%mz
; POCat CPAZ
- Horse CPA2
PA2

Opossum CPA2

5

Platypus CPA2
Chicken CPA2

8
PA%e CPA4
{1 CQNESh CoRa
Rabbit CPA4
R eead e
1
5 cygssugb%i’A4
eeeé}g le

4
ebrafish COAR -fish cPA2

foss
T
\——————— Elephant shark CPA1
] SaspEgy s oAl CPA1 to A5
Lamrey CPAT p|;rple sea urchin C

Pacific Oyster C| B
Lace coral CP|

(L,'S coral CPA2

man
mp§nzee CPAG

ovine égAG

o

Lampre

%ovme CPA3
Sheep CPA3
Horse CPA3
Rébblt CPA3
Rat CPA;

eep 8 %orse CPS
bb—CP% RO
P PO
Chicken CPO
W.Clawed Fro ggo
W_Clawed Frog PO

Huma
Chimpanzee CPB1
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whereas the closest homologue, CPO, is present in early ray finned fishes
with an origin 50-100 million years earlier. Interestingly, lamprey has a
gene that was positioned at the base of the CPB1/CPA3/CPO branch of
the evolutionary tree (Fig. 5). This indicates that an early ancestor of this
branch was present before the appearance of the jawed vertebrates and
that the three closely related members did appear by gene duplications
during early stages of the evolution of jawed vertebrates possibly at the
base of ray finned fishes. The later appearance of the CPA3 at the base of
tetrapods is then a major problem as indicated earlier. However, we see
no easy explanation to this evolutionary riddle at the moment. To this
mystery can then be added that zebrafish lack CPA3 but zebrafish MCs
do instead express fish CPA5. To our knowledge no detailed analysis of
the cleavage specificity of zebrafish CPA5 has been performed, but it
may have similar specificity as human CPA3 as the closest human ho-
mologue CPA1 has a similar specificity as human CPA3. The fact that
fish MCs also express a carboxypeptidase, similar to mammalian MCs,
indicates that carboxypeptidases have an important function in MC
biology. This also indicates a parallel convergent evolution in fish and
tetrapods where two initially independent genes have by convergent
evolution obtained similar biological functions. The origin of CPA3 and
CPO may remain a riddle. However, further analysis of the cleavage
specificity of zebrafish CPA5 and/or ample interactomics screening will
hopefully in a near future shed light on the conserved key targets for
these enzymes and shed new light into their role in MC biology.

4. Materials and methods
4.1. Gene loci

We used the National Centre for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/) and the Ensemble (http://www.ense
ml.or/index.html) databases for identifying the gene loci and the
particular genes for the different M14 carboxypeptidases. Human and
mouse M14 carboxypeptidases protein sequences were initially used as
query sequences in Translate Basic Local Alignment Search Tool
(TBLASTN) in the nucleotide collection (nr/nt) database. The identified
genes in fish, frogs, reptiles and birds were then used to screen for po-
tential additional homologous genes to complete the picture. The gene
loci were compiled from the resulting data, and the sizes of the genes,
including the distance between the neighboring genes, were calculated
and used to construct scale maps of the loci. The figures were created in
Adobe Illustrator (CC24.3). The Gene bank accession numbers used in
constructing the gene figures and the phylogenetic tree are listed in the
supporting information (S1).

4.2. Alignment and phylogenetic analyses

Alignments: The sequences of 163 selected M14 carboxypeptidases
were aligned in version 7 of MAFFT (https://malfft.cbrc.jp/alignment
/server//), using the BLOSUM62 as the scoring matrix and as an op-
tion G-INSI strategy for optimal results for sequences with global
alignment, with default parameters (Katoh et al., 2019). To check the
alignment conservation and confidence the GUIDANCE2 server (htt
p://guidance.tau.ac.il/ver2//) was used (Sela et al., 2015). To verify
the multiple sequence alignment from MAFFT, another alignment al-
gorithm (T-coffee) was used to verify that both alignments were similar.

Phylogenetic analyses: For all 163 proteases, the entire sequence of
the active form, not including the signal sequence and activation pep-
tide, was used in the multiple alignments. The phylogenetic analyses
were performed using a Bayesian approach as implemented in MrBayes
version 3.1.2. Markov Chain Monte Carlo (MCMC) analyses were used to
approximate the posterior probabilities of the trees. Analyses were run
using the MrBayes manual standard protocol (Ronquist and Huelsen-
beck, 2003). The phylogenetic trees were drawn in Figtree 1.4.4 (htt
p://tree.bio.ed.ac.uk/software/figtree/). The topologies of all
Bayesian phylogenetic trees were supported by posterior probabilities
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