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Abstract Serine proteases constitute the major protein
granule content of cells of several hematopoietic cell
lineages. A subgroup of these proteases, including the mast
cell chymases, neutrophil cathepsin G, and T cell
granzymes B to F and N, are in all investigated mammals
encoded in one locus, the chymase locus. It is interesting to
note that this locus has diversified greatly during the last
95 Myr of mammalian evolution. This divergence is
exemplified by the presence of Mcpt8-related genes and
multiple β-chymases in the mouse and rat, which lack
direct counterparts in primates and in seven functional
granzyme genes in the mouse where the human locus has
only two. To study the expansion of the locus during rodent
evolution and to better understand the evolutionary origin
of β-chymases and the Mcpt8-family, we have performed a
detailed analysis of the chymase locus of four mammalian
species, i.e., human, dog, mouse, and rat. As a result, we
report here a second chymase-like gene in dog, Cma2,
which clusters with β-chymases in phylogenetic analyses.
This finding supports a duplication of the common ancestor
for α- and β-chymases before the major radiation of
placental mammals, and a loss of the ancestral β-chymase
gene sometime during primate evolution. Moreover, we
show that in the rat, the Mcpt8-family diversified relatively
recently together with sequences related to the β-chymase
Mcpt2. Eight novel genes were identified in the duplication
region, four of which are predicted to be functional.
Duplications of rat granzyme B- and C-like sequences
occurred seemingly independently within a similar time
frame, but did not give rise to functional genes. Due to the
duplications in rat and deletions in the carnivore/primate
lineage, the rat chymase locus is approximately 15 and 9
times larger than its counterparts in dog and human,

respectively. These findings illustrate the importance of
gene duplications in conferring rapid changes in mamma-
lian genomes.
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Abbreviations aa: amino acid . indels: insertions and/or
deletions . Myr: million years . MC: mast cell . MMC:
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mast cell protease (protein) . Mcpt: mast cell protease
(protein) . Mcpt: mast cell protease (gene) . M/R8-family:
mouse/rat Mcpt8-family . R8-family: rat Mcpt8-family .
M1/R2-family: mouse Mcpt1-/rat Mcpt2-family .
R2-family: rat Mcpt2-family

Introduction

Proteases are central effector molecules in a large number of
biological processes, such as food digestion, blood coa-
gulation, complement activation, fertilization, tissue
remodeling, and immunity (Neurath 1986). The importance
of proteolysis in human biology is reflected by the fact that
more than 2% of all human genes are either proteases or
protease inhibitors (Puente 2005). It is interesting to note
that the degradomes of rodents are even more complex. Out
of the approximately 626 proteases in rat (Rattus
norvegicus), 102 lack a direct counterpart in the human
(Homo sapiens) genome. On the other hand, only 37 of the
561 human proteases lack a direct counterpart in the rat.
This quantitative difference is mainly due to the expansion
of specific protease subfamilies in the rat. Notably, most of
these protease subfamilies are involved in reproductive and
immunological functions (Gibbs et al. 2004; Puente and
Lopez-Otin 2004).

A locus that was significantly expanded both in the
mouse and rat genome is the mast cell chymase locus,
which also represents the largest protease gene cluster in
the rat (Puente and Lopez-Otin 2004). Thanks to the
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assembly of the complete dog genome (CanFam 1.0, July
2004, in Ensembl), the entire locus can now be compared
between four mammalian species, i.e., mouse, rat, human,
and dog. Besides mast cell chymases, the chymase locus
harbors the genes of a heterogenic group of hematopoietic
serine proteases (Caughey et al. 1993; Gurish et al. 1993),
including the mast cell/basophil proteases of the mouse/rat
mast cell protease-8 family (M/R8-family), neutrophil
cathepsin G (Ctsg), and T cell granzymes B to F and N
(Gzmb to f and n).

By phylogenetic analyses, the mast cell chymases fall
into two groups, termed α- and β-chymases (Caughey et al.
2000; Chandrasekharan et al. 1996; Huang and Hellman
1994). It is interesting to note that the genomes of rodents,
dogs, and primates seem to contain only one α-chymase
gene. For example, of the multiple mast cell chymase genes
that were described in mouse (Mus musculus) and rat, only
mouse mast cell protease (mMCP)-5 and rat mast cell
protease (rMCP)-5 are phylogenetically classified as α-
chymases. In primates, a single mast cell chymase was
described, and this is classified as an α-chymase (Caughey
et al. 2000; Huang et al. 1991; Ide et al. 1995; Lützelschwab
et al. 1997). However, these phylogenetic homologs are not
always functional equivalents. For example, primate α-
chymases have chymotrypsin-like substrate specificity
(Hoit et al. 1995; Takai et al. 1997; Wintroub et al. 1984),

whereas mMCP-5 and rMCP-5 have elastase-like specific-
ity (Karlson et al. 2003; Solivan et al. 2002).

The β-chymases, on the other hand, often have several
family members. Up till now, they were described in
rodents only. In mouse, four β-chymases were identified,
i.e., mMCP-1, -2, -4, and -9 (Huang et al. 1991; Hunt et al.
1997; Newlands et al. 1987; Serafin et al. 1990; Trong et al.
1989). Similarly, five β-chymases were described in the
rat, i.e., rMCP-1 to -4 and rat vascular chymase (VCh), a
serine protease expressed in mast cell lines and vascular
smooth muscle cells (Benfey et al. 1987; Guo et al. 2001;
Ide et al. 1995; Kido et al. 1986; Le Trong et al. 1987;
Lützelschwab et al. 1997). It was suggested that the
presence of ancestors for both α- and β-chymase genes is
ancient and that β genes were lost at some point during
primate evolution (Caughey et al. 2000; Huang and
Hellman 1994). As no β-chymase was described in any
non-rodent species, it is however unclear at which point
during the mammalian evolution this loss has occurred.

Moreover, it is also unclear what evolutionary events have
given rise to theM/R8-family. We have previously identified
one member of this family with basophil-specific expression
in the mouse, mMCP-8 (Lützelschwab et al. 1998;
Poorafshar et al. 2000), and three family members in the
rat, rMCP-8 to -10, which are all expressed in mucosal mast
cells (MMC) (Lützelschwab et al. 1997). However,

Fig. 1 Schematic comparison of the chymase locus in human, dog,
mouse and rat. a Chromosomal localization of the chymase locus in
human, dog, mouse and rat. Arrowheads indicate the position of the
chymase locus on the ideograms. Grey bars next to the respective
ideograms linked by black lines indicate regions of conserved
synteny. b Comparative analysis of the genetic organization of the
human, dog, mouse and rat chymase locus. Bars indicate gene
positions; arrows indicate transcriptional orientation. Intervals

between genes are drawn to scale. Numbers signify distance
between genes in kb. Solid lines connect orthologues present in
all four species. Dashed lines connect orthologues present in several,
but not all four shown species. Transcripts have been described for
all denoted genes except for dog Cma2. The total dimension of the
chymase locus is approximately 73 kb in dog, 129 kb in human,
324 kb in mouse and 1.1 Mb in rat
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members of this family were not described in any other
species.

In addition, the number of Gzm genes differs between
mammalian species, ranging from two in human (Gzm b
and h) to eight in mouse (Gzmb, c, d, e, f, g, l, and n;
reviewed in Grossman et al. 2003). Of these eight genes in
the mouse, only Gzml appears to be a pseudogene.

The presence of the M/R8-family genes and multiple β-
chymase and granzyme genes in rodents indicates a
massive lineage-specific expansion of the chymase locus.
In contrast, only a single Ctsg gene is found in the chymase
locus of all investigated mammals. This gene always

appears to be located near the center of the chymase locus
(Fig. 1).

We wanted to understand what evolutionary mecha-
nisms have created these diverse protease repertoires in
mammals and how the genetic differences translate into
cellular function. Therefore, as a first step, we conducted an
extensive bioinformatic analysis of the chymase loci of
mouse, rat, dog, and human. Subsequently, a complete
picture of the proteases encoded in the respective chymase
loci can help us to analyze functional homologies and to
understand the role these proteases play in the immune
systems of different mammals.

Fig. 2 Phylogenetic analyses of all known and novel sequences in
the chymase locus in human, dog, mouse, and rat. Numbers
represent bootstrap values out of 1,000 trees. The prefixes h, d, r,
and m refer to sequences from human, dog, rat, and mouse,
respectively. Sequences without reported protein expression are
shaded. For “d sim. CtsG” and “r CtsG,” protein fragments were

reported. (corr.) Corrected. a Phylogenetic tree based on neighbor
joining analysis of exon sequences corresponding to mature
proteins. Numbers Ia through IIb signify nodes utilized for the
calculation of evolutionary distances (Materials and methods).
b Phylogenetic tree based on neighbor-joining analysis of mature
protein sequences
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Materials and methods

Chromosomal localization

The chromosomes harboring the chymase locus were
identified by nucleotide–nucleotide basic local alignment
search tool (BLAST) searches in the Ensembl and National
Center for Biotechnology Information (NCBI) databases
with the sequences listed below. The chromosomal local-
ization of the chymase locus in human, dog, mouse, and rat
was determined by analyzing the respective chromosomes
in Ensembl (http://www.ensembl.org).

Mapping the chymase locus in human, mouse, rat,
and dog

The chymase locus in human (H. sapiens), mouse (M.
musculus), and rat (R. norvegicus) was mapped using the
following mRNA sequences from the NCBI database:
H. sapiens CMA1 (NM_001836), CTSG (NM_001911),
GZMH (NM_033423), and GZMB (NM_004131); M.
musculus Mcpt5 (NM_010780), Mcpt9 (NM_010782),
Mcpt1 (NM_008570), Mcpt2 (NM_008571), Mcpt4
(NM_010779),Mcpt8 (NM_008572), cathepsin-G (X78544),
Gzme (NM_010373), Gzmd (NM_010372), Gzmg
(NM_010375), Gzmn (NM_153052), Gzmf (NM_010374),
Gzmc (NM_010371), and Gzmb (NM_013542); and R.
norvegicus Cma1 (NM_013092), RMCP-4 (U67907),
RMCP-3 (U67888), VCH (AF063851), RMCP-8 (U67911),
RMCP-10 (partial cds; U67913), RMCP-9 (partial cds;
U67912), Mcpt2 (NM_172044), RMCP-1 (U67915),
Ctsg_predicted(XM_214205),LOC290259(XM_214196),
Rnkp7 (NM_153466), LOC290262 (XM_224224), Gzmc
(NM_134332), and Gzmb (NM_138517). The chymase
locus of the dog (Canis familiaris) was mapped using the
following sequences from the Ensembl database: EN
SCAFT00000019746 (Cma1), GENSCAN00000053517
(Cma2), ENSCAFT00000019749 (sim. Ctsg), ENSCA
FT00000019767 (sim. Gzmh), and ENSCAFT000000
19785 (sim. Gzmb). The dog sequences were named
according to the orthologs suggested by Ensembl, taking
into account their positions in the phylogenetic analyses
shown in Fig. 2.

Using the above sequences, we carried out BLASTN
searches in the respective genomes (NCBI and Ensembl,
May 2005). Our BLASTN searches in the rat genome
yielded the novel sequences Mcpt2-rs1, Mcpt2-rs2a,
Mcpt2-rs2b, Mcpt2-rs2c, Mcpt8-rs1, Mcpt8-rs2, Mcpt8-
rs3,Mcpt8-rs4,Gzmc-rs1, Gzmc-rs2, and Gzmc-rs3. These
sequences were named according to the rules of the Rat
Genome and Nomenclature Committee (http://rgnc.gen.gu.
se). Moreover, several incomplete sequences with similar-
ity to previously known genes were identified in the rat
chymase locus. These incomplete sequences were not
given names, but are included in Fig. 4.

Exon–intron boundaries of novel genes were determined
in comparison with the canonical sequence for GT-AG
introns (Breathnach and Chambon 1981; Burset et al.
2000) and by sequence similarity with previously known
related genes.

Phylogenetic analyses

The nucleotide sequences were compared, translated
into amino acid (aa) sequences and analyzed with the
DNASTAR software (DNASTAR, Madison, USA). Re-
trieved exon sequences from previously known genes were
translated into aa sequences and checked for identity with
the following respective NCBI entries: human (H. sapiens)
P23946 (Cma1), P08311 (Ctsg), NP_219491 (Gzmh), and
NP_004122 (Gzmb); dog (C. familiaris) P21842 (Cma1);
mouse (M. musculus) P21844 (Mcpt5), P11034 (Mcpt1),
O35164 (Mcpt9), P15119 (Mcpt2), P21812 (Mcpt4),
P43430 (Mcpt8), CAA55290 (Ctsg), P08884 (Gzme),
P11033 (Gzmd), P13366 (Gzmg), BAB68562 (Gzmn),
P08883 (Gzmf), P08882 (Gzmc), and NP_038570 (Gzmb);
and rat (R. norvegicus) NP_037224 (Mcpt5), AAB48260
(Mcpt4), XP_214189 (Mcpt3), AAC16657 (VCh),
AAB48264 (Mcpt8), Q06606 (Mcpt10), AAB48265 (in-
complete, Mcpt9), P00770 (Mcpt2), AAB48268 (Mcpt1),
AAB05241 (Nkpt7), NP_599159 (Gzmc), and NP_612526
(Gzmb).

For dog XP_547751 (Gzmh), the aa encoded by the
predicted exon 1 differ from our analysis, but the mature
proteins are identical. Rat XP_214205 (Ctsg) contains an
additional 26 aa compared to our analysis, and XP_224224,
the predicted protein to LOC290262, is 17 aa shorter than
our prediction.

For phylogenetic analyses, sequences of immature
proteins, mature proteins, or the nucleotide sequences
corresponding to them, respectively, were used with similar
results. In cases where NCBI entries of hypothetical
proteins differed from our analysis, or where no NCBI
entries were available, aa sequences translated from the
predicted exons were used. Where necessary, frameshift or
stop mutations were corrected to obtain sensible protein
sequences for phylogenetic analysis. Phylogenetic analyses
were performed with CLUSTALX (Thompson et al. 1997)
as described previously (Vernersson et al. 2004) and with
PHYLIP version 3.5c (Felsenstein 1989), yielding similar
results. Neighbor-joining and parsimony analyses pro-
duced essentially identical topologies. Data shown were
obtained with sequences of mature proteins or the
corresponding nucleotide sequences using CLUSTALX
and neighbor-joining.

The following mRNA and protein sequences provided
an outgroup:H. sapiensβ-tryptase (M37488, NP_003285),
R. norvegicus RMCP-6 (U67909, P50343), and R.
norvegicus RMCP-7 (U67910, P27435).
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Cladograms were depicted using TreeView Version
1.6.6 (2000, Roderic D. M. Page) or njplot (Manolo
Gouy, Lyon).

Sequence analysis of the R2/R8 duplication region

The R2/R8 duplication region was analyzed by overlapping
pairwise alignments and Nucleic Acid Dot Plots (http://
arbl.cvmbs.colostate.edu/molkit/dnadot). (AC)N repeats,
(CAA)N repeats, and parts of L1_RN were identified using
the Censor server repeat screening (http://www.girinst.org/
Censor/) (Jurka et al. 1996).

Calculation of dN/dS values

As a measurement of evolutionary pressure, the portion of
nonsynonymous vs synonymous base pair substitutions
within the R2- and R8-family, respectively, was calculated
using PAML software (http://abacus.gene.ucl.ac.uk/soft
ware/paml.html) (Yang 1997). Results shown are based on
dN±SE and dS±SE values obtained by the method of
Yang et al. (2000). The final values for dN/dS±SE were
calculated inMicrosoft Excel 10 forMac Service Release 1.

Calculation of evolutionary distance

Evolutionary distances were calculated for the M/R8 and
M1/R2 gene families separately. Reference values of
percent nucleotide substitutions that were accumulated
after the time of the mouse–rat split were obtained by
calculating the pairwise percent nucleotide substitutions
between all family members in rat and their respective
ortholog in mouse, and by determining the average (Fig. 2,
nodes Ia and Ib). The divergence time between the mouse
and rat was assumed to be 18±6 Myr (Gibbs et al. 2004).
We compared exon nucleotide sequences and intron
nucleotide sequences separately. For exon nucleotide
comparisons, only presumably functional genes were
considered. For all comparisons, insertions and deletions
(indels) comprising several nucleotides were counted as
one substitution. Pairwise comparisons were then also
performed for rat sequences only, both within the R8- and
R2-family (Fig. 2, nodes IIa and IIb, respectively), and for
theMcpt2-rs2-subfamily (Fig. 2, node IIIa). Only sequence
pairs crossing the respective node were considered. In
addition, the parts of the truncated sequences s2a, s2b, s2c,
and s2d that are homologous to exons and introns of the
complete members of the R2-family were compared to the
corresponding parts of mMcpt1 and to each other. Due to
the truncations, this subgroup is not included in the
phylogenetic analyses described above. However, nucleo-
tide sequence similarity suggests that s2a branched out
before the divergence of s2b, s2c, and s2d, and we
therefore only considered pairs of the latter three with s2a
in our analysis.

For all subfamilies, the respective average of percent
substitutions between the rat paralogs was divided with the
corresponding mouse–rat reference value. The average of
all ratios within a group was calculated and the significance
of differences between intron and exon comparisons was
tested with Student’s t test.

Results

Comparative analysis of the chymase locus in human,
dog, mouse, and rat

The chymase locus is situated on chromosomes 14q11.2, 8,
14C1/2, and 15 p12/13 in human, dog, mouse, and rat,
respectively (Fig. 1a). Conserved synteny spanning over
large regions is found pairwise between human/dog and
mouse/rat. However, only a small region, containing the
chymase locus, displays conserved synteny between all
four species. Thus, large-scale chromosomal rearrange-
ments have occurred in the course of speciation, which
result in different chromosomal surroundings for the
chymase locus in rodents vs primates and carnivores.

The chymase locus itself has also undergone major
changes during mammalian evolution, both in size and
absolute number of functional genes. For example, this
locus is approximately 15 times larger in rat (1.1 Mb) than
in dog (73 kb) (Fig. 1b), and the number of functional
genes is only 4 in human and at least 14 in mouse.
However, a common feature for all four species is that the
α-chymase (Cma1 orMcpt5) gene borders the locus on one
flank and the Gzmb gene on the other flank. All four
genomes also contain a single Ctsg gene near the middle of
the locus.

The four genes in the human chymase locus are Cma1,
Ctsg, and two granzyme genes Gzmb and Gzmh (Figs. 1b
and 2). All these genes have the same transcriptional

Fig. 3 Alignment of substrate-binding regions in α- and β-
chymases. The aa sequences in the substrate-binding regions of all
known α- and β-chymases in human, dog, mouse and rat are
aligned to the deduced aa sequence of d Cma2. Horizontal dark grey
bars on top mark previously reported substrate-binding regions. The
catalytic S195 is shaded in orange. Numbers correspond to
chymotrypsin numbering. Position 210, which is distinctive for
the considered α- and β-chymases, and the common residues in the
substrate-binding regions of mMCP-4, rMCP-1 and d Cma2 (P) are
shaded in light grey. (P): predicted
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orientation (Fig. 1b). The region between Cma1/Mcpt5 and
Ctsg will in the following be referred to as “Mcpt region,”
and the region between Ctsg and Gzmb as “Gzm region”
(see Figs. 1b and 2).

The structure of the dog chymase locus is almost
identical to human, except for the presence of an additional
gene in the Mcpt region (Caughey 2005), the Cma2 gene.
This novel gene, which lies in the same orientation as the
other genes in the locus, clusters with β-chymases in
phylogenetic analyses of exon nucleotides, but with α-
chymases when considering protein sequences (Fig. 2).
Both statements hold true with neighbor-joining and
parsimony methods. The dog Cma2 gene is the most β-
chymase-like gene so far described in a non-rodent species.
However, a deletion of a single base pair in codon 139 has
lead to a frame shift and a premature stop in the reading
frame. This has most likely inactivated the gene and
transformed it into a pseudogene. However, the deduced
(corrected) dog Cma2 protein has a substrate-binding
region (Perona and Craik 1995) with greatest similarity to
that of the β-chymases mMCP-4 and rMCP-1 (Fig. 3),
which indicates that it had a β-chymase like function
before it was transformed into a pseudogene.

In mouse and rat, multiple β-chymases were described.
In the mouse, the genes for the four known β-chymases
mMCP-1, mMCP-2, mMCP-4, and mMCP-9 are all

situated in the Mcpt region (Fig. 1b) (Huang et al. 1991;
Hunt et al. 1997; Newlands et al. 1987; Serafin et al. 1990;
Trong et al. 1989). Based on nucleotide and protein
sequence similarity analyses (data not shown), these
closely related sequences are most likely the product of
multiple gene duplication events. Two of the genes, Mcpt1
andMcpt2, lie in opposite orientation to all other sequences
in the locus, indicating that a gene inversion has taken
place. The mouse chymase locus also contains an
additional gene, Mcpt8. Mcpt8 is a member of a more
cathepsin G-related/granzyme-related gene family, the M/
R8-family, which so far was identified in rodents only
(Lützelschwab et al. 1997, 1998). To date, its evolutionary
origin remains elusive.

The Gzm region in the mouse chymase locus has also
undergone several duplication events, leading to the
presence of multiple functional granzyme genes, i.e.,
Gzme, Gzmd, Gzmg, Gzmn, Gzmf, Gzmc, and the pseudo-
gene Gzml (reviewed in Grossman et al. 2003). Thus, the
murine chymase locus has most likely gained in size
mainly by duplication of ancestral β-chymase and
granzyme genes.

Similarly, the rat chymase locus also appears to have
undergone gene duplication and inversion events, which
have lead to a massive increase in its size. As for the
mouse, several β-chymases were described, i.e., rMCP-1,

Fig. 4 Detailed genetic structure and possible duplication units in
the rat chymase locus. Genes with previously reported protein
expression are assigned with bold; novel sequences with plain text.
Highlighted names signify novel sequences with predicted protein
expression. Dashed boxes represent probable pseudogenes. Se-
quences shown in the same color are >85% identical. Black arrows

show gene orientation. Distances between genes are drawn to scale.
Numbers denote distances in kilobase. Tables below the maps show
which exons were identified at the respective location on the map.
+ denotes the presence of a full-length exon, (+) the presence of part
of an exon. Colored arrows below the tables indicate possible units
in duplication events
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-2, -3, -4, and rat VCh (Benfey et al. 1987; Guo et al. 2001;
Ide et al. 1995; Kido et al. 1986; Le Trong et al. 1987;
Lützelschwab et al. 1997). All of these β-chymase genes,
except Mcpt1, lie in opposite orientation to the genes that
have orthologs in human and dog, i.e., Mcpt5/Cma1, Ctsg,
and Gzmb. Moreover, the M/R8-family also has under-
gone an expansion in the rat. Three expressed family
members were identified previously, i.e., Mcpt8, -9, and
-10 (Lützelschwab et al. 1997). The Gzm region is also
greatly expanded in the rat chymase locus. However, in
addition to Gzmb, only two functional genes, Nkpt7 and
Gzmc, are reported from this region.

Although the rat chymase locus is more than three times
larger than its mouse counterpart, it harbors approximately
the same number of reported functional genes (13 in the rat
vs 14 in the mouse). To understand how the rat chymase
locus has gained its size and to possibly identify novel
genes, we have performed a detailed analysis of this locus.

Detailed genetic structure and organization of the rat
chymase locus

The rat genome was screened by BLASTN searches with
all previously annotated and predicted gene sequences

Table 1 Percent nucleotide se-
quence identity based on exon
sequences in the following rat
protease families: a Gzmb/c-
family, b R2-family including
Mcpt1, and c R8-family
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within the rat chymase locus (as extracted from GenBank
by February 2005) (Fig. 4). Novel sequences with highest
similarity to the chymase genes were found within the
Mcpt region only, whereas those with higher similarity to
Nkpt7, Gzmb, or Gzmc were confined to the Gzm region.
Phylogenetic analysis also places the known and novel
sequences into well-defined groups within the borders of
the Mcpt- and Gzm region, respectively (Fig. 2). Thus, no
duplication events involving genes from both regions seem
to have occurred. Instead, these regions seem to have
expanded independently. Moreover, sequences with high-
est similarity to Mcpt3 or -4 (Fig. 4, green) were found
exclusively in a 130-kb region near Cma1/Mcpt5.
Similarly, in the Gzm region, sequences with highest
similarity to Nkpt7 (brown) were found only within the
80-kb region neighboring Ctsg.

Most of the recovered sequences are not functional
genes because they lack at least one exon. The least
complete, with only one or two remaining exons (out of
five exons for the complete genes), were novel Cma1/
Mcpt5 and Nkpt7-related sequences. In the entire Gzm
region, only three of the novel Gzmc-related sequences
contained all five exons (Gzmc-rs1, -rs2, and -rs3).
However, all three novel sequences contain two to three
indels and/or point mutations and thereby encode prema-
turely terminating proteins. None of the predicted proteins
contains all three aa of the catalytic triad [His57 (H57),
Asp102, and Ser195 (S195)]. Thus, the main part of the
Gzm region consists of apparently nonproductive duplica-
tions. The three novel granzyme-related sequences share
approx. 95% nucleotide sequence identity with Gzmc
(Table 1a), suggesting a quite recent duplication. Several
blocks of Gzmc- and Gzmb-related sequences are found in
the Gzm region, indicating that duplications probably
occurred in units enclosing both a Gzmc-related and a
Gzmb-related ancestor (Fig. 4).

In the rat Mcpt region, there are numerous sequences
with similarity to Mcpt8 or to Mcpt2 (Fig. 2). For both
families, we report four novel sequences containing all five
exons (Mcpt2-rs1, -rs2a, -rs2b, -rs2c and Mcpt8-rs1, -rs2,
-rs3, -rs4). Phylogenetic analysis (Fig. 2 and Table 1b)
suggests that the rat sequences in the M1/R2-family have
evolved in two rounds of duplication. The first duplications
gave rise to the ancestors of VCh, Mcpt2, and the novel
Mcpt2-rs1, which to date share between 86.9 and 89.1%
nucleotide sequence identity. Around the same time, the
ancestor ofMcpt2-rs2a, -rs2b, and -rs2c also seems to have
appeared as a separate gene. However, the descendants in
this subgroup are ∼97% identical, and the Mcpt2-rs2-
subfamily therefore probably did not expand until quite
recently.

In addition, the Mcpt2-rs2 subgroup also includes a set
of four novel sequences, which all lack exon 1 and part of
intron 1, here called s2a (for shortMcpt2-related), s2b, s2c,
and s2d (Fig. 4). These truncated sequences are >94%
identical to each other and to the other members of the
Mcpt2-rs2 subgroup (Table 1b) and therefore probably
have been part of the more recent expansion of the
Mcpt2-rs2-subfamily.

The members of the Mcpt2-rs2 subgroup and the
truncated s2a, s2b, s2c, and s2d share a similar degree of
identity as the Mcpt8-related sequences (Table 1), and they
are situated in the chymase locus interleaved with them
(Fig. 4). This suggests that this part of the locus has
evolved by duplication of units including a member of each
family.

To test this hypothesis, we calculated the evolutionary
distance of each family relative to the divergence of mouse
and rat (Materials and methods), which took place
approximately 18 Myr ago. Indeed, the R8-family, R2a/b/
c-subfamily, and s2a/b/c/d-subfamily seem to have
diverged approximately at the same time, 4 to 5 Myr ago,
when considering percent nucleotide substitutions in
introns. It is interesting to note that a significantly higher
percentage of substitutions is however found in the R8-
family exons, indicating that these genes are under positive
evolutionary pressure. The same is observed for the
sequences of the presumed functional members of the
R2-family (rVch, rMcpt2, rMcpt2-rs2a, and rMcpt2-rs2c;
data not shown).

Evolution of the R2/R8 duplication region in the rat

The high degree of nucleotide sequence identity in exon
regions between members of the R8- and Mcpt2-rs2-
family, respectively, has hampered the analysis of their
evolutionary relations. To overcome this problem, we also
including introns and intergenic regions within the entire
∼250-kb region in the analysis (data not shown, but see
Fig. 4, R2/R8 duplication region). TheMcpt1 gene does not
seem to have taken part in the more recent evolution of this
region and is therefore not included in this analysis.

The entire locus is mainly composed of sequences with
homology to Mcpt2 (Mcpt2, Mcpt2-rs2a, -rs2b, -rs2c, and
the truncated sequences s2a, s2b, s2c, and s2d) or Mcpt8
(Mcpt8, -9, -10, Mcpt8-rs1, -rs2, -rs3, and -rs4; Fig. 4).
These sequences are interspersed with different parts of the
rat-specific repeat L1_RN (>92% nucleotide sequence
identity). Although the L1_RN repeat itself was subject to
duplications, inversions, and new insertions in this region,
it is not clear whether this was a driving force in the
duplication process. Numerous other repeats, including L1
elements, are also found in the human and dog chymase
locus (data not shown). However, the presence of these
repeats has not resulted in a comparable expansion of these
chymase loci. Throughout the region, several sequences
with high similarity (>85% nucleotide sequence identity) to
exon 5 of Cma1/Mcpt5 were also identified (Fig. 4). Even
noncoding parts in the R2/R8 duplication region are highly
homologous to each other (>80% identity). Only a part in
the 3′-flanking region of s2d consists of sequences not
found elsewhere in the locus.

The sequence similarity of allMcpt2-like genes stretches
over an ∼8-kb region 5′ of the ATG (5′-flanking region),
and all of these genes, except Mcpt2, also share a similar
∼11-kb 3′-flanking region. TheMcpt8-like genes have only
a short 5′-flanking region (<1 kb) in common, but all
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except Mcpt8-rs2 and Mcpt9 share a somewhat longer 3′-
flanking region (∼ 3 kb). The s2-like sequences, like the
complete Mcpt2-like genes, have a rather long (∼ 8.5 kb)
3′-flanking region in common. The flanking regions of
both gene families are modified by insertions, deletions,
and replacements involving the rat-specific repeat L1_RN
(data not shown).

These extended sequence similarities and the almost
complete absence of nonalignable sequence within the
region, confirm the hypothesis that members of the R2- and
R8-family evolved via duplications of a common ancestral
unit, probably of the form Mcpt2→Mcpt8→s2.

Analysis of the rMCP-2- and rMCP-8-family
at the protein level

Analysis of the coding regions of the novel members of the
rMCP-2-family reveals that Mcpt2-rs1 probably is a
pseudogene. The open reading frame terminates prema-
turely after aa position 68 (Fig. 5a), i.e., shortly after the

first of the three aa forming the catalytic triad, H57. The
open reading frame of Mcpt2-rs2b also terminates prema-
turely at aa position 190 and thereby lacks the third of the
catalytic residues, S195. However, the other members of
this subfamily, Mcpt2-rs2a and -rs2c, are most likely
functional genes. The deduced protein sequences contain
all three aa of the catalytic triad (H57, D102, and S195) and
all six conserved cysteine residues common to this family.
The assumption that Mcpt2-rs2a and -2c are functional
genes whereas Mcpt2-rs2b is a pseudogene is further
supported by the finding that the former seem to be exposed
to conservative evolutionary pressure (dN/dS<1), whereas
the latter is not (Table 2a). Note that in the substrate-binding
region of Mcpt2-rs2a and -rs2c (Perona and Craik 1995),
two substitutions replace positively charged or neutral aa
with negatively charged aa (E192 and E220), which might
confer distinct substrate specificity.

Regarding the M/R8-family, the deduced aa sequences
for Mcpt8-rs1 and Mcpt8-rs4 (Fig. 5b) indicate functional
proteins. Both sequences encode the three aa of the
catalytic triad and all six conserved cysteines. Although

The sequences are presented in the order they branch out in the phylogenetic tree shown in Fig. 2a. Values <0.9 after addition of |SD| are
shaded in dark gray and values >1.1 after subtraction of |SD| in light gray
P predicted and corr. corrected

Table 2 a dN/dS values for sequences of the rat Mcpt1/2 family and b dN/dS values for sequences of the R8-family and mMCP-8
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Mcpt8-rs4 is evolving at a high evolutionary rate
(Table 2b), the substrate-binding region for the deduced
Mcpt8-rs4 protein is almost identical to rMCP-10 and
rMCP-8, possibly indicating redundant substrate specific-
ities. In contrast to both of these potentially functional
Mcpt8-related sequences, Mcpt8-rs2 is most likely a
pseudogene, as the open reading frame terminates after
aa position 62. The predicted Mcpt8-rs3 protein seems to
be a full-length protein, but contains a mutation of H57 to
Q. Thus, this hypothetical protein most likely has no serine
protease activity.

Discussion

The recently completed genome sequences of rat and dog
have provided us with the possibility to compare the entire
chymase locus in four different placental mammals: mouse
rat, dog, and human.

The main conclusion from this analysis is that the mast
cell chymase locus has diversified greatly, not only after the
divergence of the last common ancestor of primates,
carnivores, and rodents, but also during recent rodent
evolution. Species-specific serial gene duplications have
generated large differences in actual number of both
functional and nonfunctional genes.

For example, multiple mast cell chymase genes in the rat
and T cell granzyme genes in the mouse have evolved
during the past 18 Myr, whereas no such development is
observed in dog or human. The functional consequences of
these new genes for the rodent immune system remain to be
elucidated. However, the big numeral difference in
chymase locus genes between rodents and primates, and
the probable involvement of these genes in rodent-specific
biology, imply that care should be taken when drawing
parallels between rodent and human mast cell biology.

These results also exemplify the high plasticity of
mammalian genomes and how big differences can appear
in relatively short evolutionary time frames. For example,
the chymase loci of human and dog are located on
chromosomes with largely conserved synteny and display
relatively few differences with almost the same numbers of
active genes. In contrast, the region of conserved synteny
between dog or human and rodents is limited to the
chymase locus and its closer surroundings, showing that
large-scale chromosomal rearrangements have occurred

during speciation (Fig. 1a). The rodent chymase locus was
also very actively evolving with large numbers of new
genes, including gene subfamilies not found in primates,
such as the β-chymases and the M/R8-family.

One of the major questions concerning the chymase
locus was the origin of these new enzymes. Have they
expanded in rodents from ancient ancestor genes present
early in mammalian evolution, or did they originate in the
rodent lineage after the separation from the other major
lineages of placental mammals?

An important clue to this problem was the identification
of a second chymase gene in dog (Caughey 2005), here
termed Cma2. Phylogenetic analyses of exon nucleotide
sequences group Cma2 with the β-chymases, making it
likely that the common ancestor for α- and β-chymases
was duplicated before the separation of carnivores from
primates and rodents approximately 95 Myr ago (Springer
et al. 2003). The lack of β-chymases in primates thereby
appears to be due to the deletion of one of the copies in the
primate lineage at a later time point (Caughey et al. 2000).

The dog Cma2 gene seems, however, to contain a
deletion resulting in a premature stop codon. Therefore,
this gene probably does not give rise to a functional
protein. As the inactivation of the gene is due to a single
deletion, it may have occurred very recently, maybe even
after the domestication of the dog from wild gray wolves
(C. lupus) at least 15,000 years ago (Savolainen et al. 2002;
Vila et al. 1997). Hence, a functional Cma2 gene may be
present in the gray wolf or even in other dog breeds,
questions that are currently under investigation.

No member of the M/R8-family has so far been
identified in a non-rodent species, which makes the origin
of this family even more problematic. In addition, the
number of family members and their tissue distribution
varies remarkably. Only a singleMcpt8 gene is found in the
mouse and there are seven members in the rat (Fig. 4). The
mouse Mcpt8 gene is expressed specifically in basophils
(Lützelschwab et al. 1998; Poorafshar et al. 2000), whereas
the three previously characterized family members in the
rat are all expressed in MMC (Lützelschwab et al. 1997).
Two of the four novel R8-family sequences,Mcpt8-rs1 and
-rs4, may also be functional, but no information is yet
available concerning their expression pattern. As to protein
function, neither the cleavage specificity nor any other
function is yet known for any member of the M/R8-family.
We show, however, that the R8-family genes are subject to
a selective pressure in favor of their diversification. Such
differences in the coding region between the family
members indicate a functional significance for these new
members.

Regarding proteolytic activity, it was suggested (Karlson
2003) that the substrate-binding cleft of rMCP-8, -9, and
-10, similar to the situation in human α-tryptase (Huang et
al. 1999; Marquardt et al. 2002), may be sterically blocked
by the large arginine in position 216. It is interesting to note
that one of the novel genes, Mcpt8-rs1, encodes the much
smaller aa, cysteine in position 216, and thus might be
proteolytically more active than the other family members.
Mcpt8-rs3, on the other hand, encodes a mutation in one of

3Fig. 5 Alignments of known and predicted aa sequences. Numbers
on top of the alignments correspond to chymotrypsin numbering.
Horizontal grey bars on top mark substrate-binding regions. The
catalytic residues H57, D102 and S195 are shaded in orange.
Cysteine residues are shaded in blue, and deleterious mutations in
red. Dashed lines correspond to exon borders. Solid lines mark the
start of mature proteins. (P): predicted, corr.: corrected. a Alignment
of known and predicted aa sequences belonging to the rMCP-1/2
family and their homologues in mouse, mMCP-4 and mMCP-1.
Arrows mark residues 192 and 220 in the substrate-binding region
and H210, which is common to β-chymases. b Alignment of known
and predicted aa sequences belonging to the R8-family and their
homologue in mouse, mMCP-8. The arrow marks Q210, which is
common to α-chymases and the M/R8-family
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the aa of the catalytic triad, H57Q. Mcpt8-rs3 is therefore
probably not a functional protease. However, it may exert a
different function, as was shown, e.g., for azurocidin, a
member of the serine protease family without proteolytic
activity, but with antibacterial and antifungal effect
(Campanelli et al. 1990; Morgan et al. 1991).

The remaining novel sequences characterized here
include both complete and truncated Mcpt2-like genes.
These genes are all situated in the rat chymase locus
interspersed with the R8-family genes (Fig. 4). We show
that the two gene families have most likely coevolved by
duplications of a unit containing a member of each family.
Four of the novelMcpt2-like sequences are complete in the
sense that they contain all five exons. Two of the genes,
Mcpt2-rs2a and -rs2c, are most likely functional. In these
genes, two substitutions replace positively charged or
neutral aa within the substrate-binding region with
negatively charged ones (E192 and E220), which might
confer a substrate-specificity distinctive from that of other
Mcpt2-family members to the encoded proteins. It is also
interesting to note that the predicted Mcpt2-rs2a and -2c
display a low net charge of −0.6 and −0.9 at pH 7,
respectively (Fig. 5). This is in contrast to most mast cell
proteases (except tryptases), which at pH 7, have a net
positive charge. The chymases expressed in mouse and rat
connective tissue mast cells, rMCP-1 and mMCP-4, have
an especially high positive net charge of 17.2 and 16.1,
respectively, which facilitates their storage in mast cell
granules in tight complex with the negatively charged
heparin (Humphries et al. 1999; Pejler and Maccarana
1994). Due to their low net charge, Mcpt2-rs2a and -2c can
probably not be efficiently involved in this type of charge-
dependent storage. This indicates that these novel proteins
may have an expression pattern differing from the mast cell
proteases. It is interesting to note that rat vascular chymase,
the only protein encoded in the chymase locus known to be
expressed in a nonhematopoietic cell type, vascular smooth
muscle cells, also has a low net charge of 1.4 at pH 7. We
are currently investigating the expression pattern and
possible function of these novel genes. However, no such
data is available yet.

It is interesting to note that the second important group
of mast cell protease genes, the tryptase genes, also resides
in a region that has evolved by gene duplication and
pseudogenization. In contrast to the chymase locus, the
major diversification of the tryptase locus, however, seems
to have occurred before the separation of rodents from
primates, resulting in similar gene numbers in mouse, rat,
and human (14, 16, and 14, respectively) (Wong et al.
2004). During approximately 95Myr after the separation of
rodents from primates (Springer et al. 2003), five genes in
the tryptase locus that are functional in mouse and rat have
become pseudogenes in human. Moreover, this locus has
diversified extensively to encode transmembrane and
soluble tryptic enzymes that are also expressed in various
tissues and developmental stages (Wong et al. 2004).
Possibly, the chymase locus in rodents, with many of the
enzymes still having very similar structure, may be

evolving toward a comparable degree of functional and
structural diversification.

A comparison of the chymase locus in mouse and rat also
illustrates how different the result of multiple rounds of gene
duplications in relatively closely related species can be. In
both species, duplications in the Mcpt and Gzm regions
apparently occurred independently and in several rounds. In
the Gzm region, these duplications resulted in seven
functional granzyme genes in the mouse and only three in
the rat. It is interesting to note that although this region
contains less than half the number of functional genes in the
rat, it is three times larger in the rat than in the mouse. This
remarkably different outcome is explained by the fact that
the expansion of the rat locus primarily involved duplica-
tions of partial genes, an aspect clearly demonstrating the
random nature of gene duplication events.

In the Mcpt region, a duplication of a unit containing
both a Mcpt2- and a Mcpt8-related sequence occurred in
the rat, but not in the mouse, and created the basis for the
major rat-specific expansion of these gene families. This
relatively recent expansion massively increased the number
of Mcpt2-related genes in the rat from three to six, and the
number of Mcpt8-related genes from one to seven. Several
of these novel genes also appear to be functional, and both
gene families are apparently under selective pressure
favoring their diversification.

Our findings illustrate the role of gene duplications as a
very important factor in the evolution of genomes. Gene
duplications may be of especially high importance in the
process of speciation where duplications of genes with
functions in immunity, smell, and taste may provide
selective advantages in a novel environment. This concept
is further supported by data from the natural killer cell gene
complex (Baumgartner et al. 1996; Hao and Nei 2004;
Nylenna et al. 2005), the vomeronasal pheromone receptor
gene repertoire (Grus et al. 2005), and the bitter taste
receptor genes (Shi et al. 2003) where numerous species-
specific duplications and deletions were observed. The
high evolutionary activity in the rodent chymase locus may
reflect the encounter of new parasites and other pathogens
when rodents established their ecological niches. In other
words, species-specific duplication events and the function
of the surviving genes may give us a clue about important
bioecological changes in the course of speciation.
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