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Abstract

Kallikrein gene families have been identified previously in genomes of the human, the mouse, and the rat, and individual kallikrein-like genes
have been found in many more species. This study presents the in silico identification of kallikrein gene families in the recently sequenced
genomes of four additional mammalian species, the chimpanzee, the dog, the pig, and the opossum. Phylogenies were constructed with gene
sequences from all seven mammalian families, using Bayesian analysis, which clarified the evolutionary relationships between these genes.
Individual gene sequences, as well as concatenated constructs of multiple sequences, were used. Fifteen kallikrein genes were located in the
chimpanzee (Pan troglodytes) genome, while only 14 were identified in the canine (Canis familiaris) genome as no orthologue to human KLK3
was found. Thirteen genes were identified from the pig (Sus scrofa) genome, which lacked homologues to KLK2 and KLK3, and 11 genes,
orthologous to human KLK5 through KLK15, were found in the opossum (Monodelphis domestica) genome. No kallikrein genes were identified
from the available genome sequences of the chicken (Gallus gallus) or African clawed frog (Xenopus tropicalis). Within the family of kallikreins
several subfamilies were suggested by phylogenetic analysis. One consisted of KLK4, KLKS5, and KLK14, another of KLK9, KLK11, and KLK15;
a third of KLK10 and KLK12; a fourth of KLK6 and KLK13; and finally one of KLKS and the classical kallikreins (KLK/, KLK2, and KLK3).

© 2006 Elsevier Inc. All rights reserved.
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Kallikrein genes are trypsin- or chymotrypsin-like serine
peptidase genes that exist as large multigene families [1]. To
date, families from three separate species have been found and
characterized, the human (Homo sapiens), mouse (Mus
musculus) [2], and rat (Rattus norvegicus) [3,4], and individual
genes have been found in the mastomys (a large African rodent)
[5], cynomolgus monkey [6], rhesus monkey [7], dog [8],
guinea pig [9], macaque, orang-utan, chimpanzee, gorilla [10],
and cat [11], as well as in the horse, cow, and pig [4]. Kallikrein
proteins were originally identified in the 1930s by Werle and
colleagues, who found high levels in pancreatic isolates [12].
Initially there were thought to be two kallikrein genes: plasma
kallikrein and tissue kallikrein [13]. During the 1980s, two
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additional members of the tissue kallikrein family were
identified: KLK2, dubbed human glandular kallikrein 2, and
KLK3, or prostate-specific antigen (PSA) [14—-16]. Together
these three genes, KLK/-3, have been dubbed the “classical
kallikreins.” In recent years, further work has expanded the
number of tissue kallikreins in the human genome to 15 [17]
and mapped them to a contiguous cluster spanning 400 kb on
human chromosome 19q13.4 [18]. The human kallikrein locus
is flanked by two non-kallikrein genes: the testicular acid
phosphatase gene (ACPT) and the sialic acid-binding immu-
noglobulin-type lectin type 9 (SIGLECY) gene. Under the
current nomenclature, human kallikrein genes are designated by
the symbol “KLK,” while human kallikrein proteins are
designated by the symbol “hK” [19]. The term “tissue
kallikrein” has also ceased to refer specifically to an enzyme
with the ability to cleave a kininogen and release a kinin.
Instead, it is now used to refer to any one of a family of gene
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products that share a highly conserved gene and protein
structure as well as a significant degree of amino acid sequence
identity. Indeed, many of these genes encode proteins with no
appreciable kininogenase activity whatsoever, and the true in
vivo functions of these proteins remain largely unelucidated.
To date, all kallikrein families found share the common trait
that all their member genes are present in a single locus, as a
contiguous cluster. In addition, all kallikrein genes found share
four additional conserved features. All the genes have five
coding exons encoding a putative serine peptidase. The codons
encoding the catalytic triad residues are located at conserved
positions; the histidine codon is near the end of coding exon 2,
the aspartic acid codon is in the middle of coding exon 3, the
catalytic serine codon is at the beginning of coding exon 5.
Finally, intron phases (the point in a codon at which the intron is
inserted) are fully conserved, at I-1I-1-0. These five conserved
characteristics, genomic organization, number of exons, exon
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size, intron phase, and encoding a putative peptidase, have been
set out as defining features of kallikrein genes [19]. An
overview of the human kallikrein genes can be found in Fig. 1.

Numerous studies have suggested that human kallikreins
may be useful as cancer biomarkers, particularly for hormone-
dependent malignancies, such as ovarian, prostate, testicular,
and breast carcinomas [20—23].

Phylogenetic analysis is a powerful tool for addressing many
different evolutionary questions. Parsimony and maximum
likelihood (ML) methods are the most established means of
generating phylogenies (for a review, see [24]). Unfortunately,
these methods are often time-consuming and grow in complex-
ity at an exponential pace as more sequences are added to an
analysis [25]. Bayesian methods are a more recent development
in phylogenetic inference [26—30] and are closely related to ML
methods. Bayesian methods are considerably faster than ML
methods (up to 80%), especially for large datasets with more
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Fig. 1. Human and chimpanzee kallikrein genes. Human genes are indicated by the prefix (HUMAN), chimpanzee genes by (PANTR). Numbers indicate length in base
pairs. Blue boxes indicate coding sequence. Green and orange boxes indicate untranslated exons/regions. The H, D, and S above the genes indicate the positions of the
three catalytic residues in all genes. Roman numerals above introns indicate intron phase. Triangles indicate start and stop codons. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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complex models [31], and seem to give essentially the same
results [32]. Few studies have been done to date on the
evolution of the known kallikrein families. Two previous
studies have been published [4,33], which have partially
resolved some of the relationships between genes, but have
left many questions unanswered, and focused on the large
number of classical kallikrein paralogues that exist in the rodent
lineages, which were not included in this study.

With the recent increase in whole-genome sequencing pro-
jects, large quantities of sequence data have become available
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from multiple organisms. In this study, in silico gene identifica-
tion methods were used to identify putative kallikrein homo-
logues from publicly accessible databases. After manual
annotation, Bayesian analysis methods were used to generate a
phylogeny comprising the new kallikrein sequences alongside
sequences from previously known families. In addition, gene
sequences were concatenated together to create “supergenes”,
which were then used to create phylogenies. It was hoped that
these concatenated sequences would help to resolve any areas of
low resolution in the basal regions of the phylogeny. While this
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Fig. 2. Dog, pig, and opossum kallikrein genes. Dog genes are indicated by the prefix (CANFA), pig genes by (PIG), and opossum genes by (MONDO). Numbers
indicate length in base pairs. Blue boxes indicate coding sequence. Green and orange boxes indicate untranslated exons/regions. The H, D, and S above the genes
indicate the positions of the three catalytic residues in all genes. Roman numerals above introns indicate intron phase. Introns of indeterminate length due to genomic
gaps are indicated by triple question marks. Unknown or indeterminate exon length is indicated by a single question mark. Triangles indicate start and stop codons.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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approach was devised independently in this case, it has been
explored in the past [34]. These analyses were done to elucidate
the evolution of the kallikrein gene family further and to confirm
the identification of the new sequences identified.

Results
New kallikrein genes

Due to their strong identity with the human genes, the
chimpanzee kallikreins are presented alongside their human
orthologues in Fig. 1. Putative genes from the remaining three
species in this study are presented together in Fig. 2. These
arrangements were made to facilitate comparison between
orthologous genes. Full listings of the genomic coordinates of
all putative genes identified in this study are available as
supplementary material, as are GenBank accession numbers for
all previously characterized genes used.

A diagrammatic summary of the three known kallikrein
families, along with the putative homologues identified in this
study, can be found in Fig. 3.

Pan troglodytes

The chimpanzee genome was found to contain 15 kallikrein
genes, in the same genomic arrangement and orientation as the
human family. The genes were located in a contiguous cluster
on chimpanzee chromosome 19 (of the National Center for
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Fig. 3. Summary of known and new kallikrein families. Genes are indicated as
arrows and have been arranged so as to indicate homology of vertical neighbors.
Gray arrows indicate classical kallikreins, white arrows new kallikreins. Black
arrows indicate pseudogenes, which, where named, are also given the suffix
“-ps”. The multiple paralogues of K/k!/ present in the rodent lineages have been
shown as insets below the rest of their families. Loci are drawn in approximate
scale only.

Biotechnology Information (NCBI) assembly) or chromosome
20 (of the University of California at Santa Cruz (UCSC)
assembly). Some genes were not fully covered by the available
genomic sequence, but all of the chimpanzee genes whose
sequence was fully available showed conservation of the basic
characteristics of kallikrein genes, as described above. Within
the coding region, the chimpanzee genes are identical to the
human genes in terms of exon sizes. The untranslated exons in
the majority of cases also appear to be of the same size. The
major differences between human and chimpanzee kallikreins
are in the intron sizes, although due to gaps in the genomic
assembly, many chimpanzee introns are of indeterminate size.

Canis familiaris

The dog genome was found to contain 14 kallikrein genes,
all located in a contiguous cluster on canine chromosome 1. An
orthologue to each human gene could be identified, with the
exception of KLK2 and KLK3, which in the dog are represented
by a single gene, canine arginine esterase [8], more recently
dubbed Canis familiaris kallikrein 2, as it shares enzymatic
specificity with human KLK2, but not PSA. It is represented in
this study as (CANFA)KLK?2. The genes of the canine kallikrein
family each appear to encode a functioning kallikrein-like gene.
Significant differences exist in the intron sizes between the dog
genes and the families of other species, as well as in the sizes
and presence of untranslated exons found.

Sus scrofa

From the available data, the pig genome (Swine Genome
Sequencing Project) was found to contain at least 13 kallikrein
genes. The genes appear to be orthologues of human kallikreins
1 and 4 through 15. These genes did appear in a contiguous
cluster, but their chromosomal location in the porcine genome
was unknown. The pig genes found all possess the conserved
characteristics associated with kallikrein genes. As with the
other families, intron size was quite variable, as were the length
and number of untranslated exons found.

Monodelphis domestica

The opossum genome (Broad Institute, Cambridge, MA,
USA) scaffolds were found to contain 11 complete and partial
kallikrein genes, which appear to be orthologues of human
kallikreins 5 through 15. The genes found were present as
contiguous clusters on three genomic scaffolds (12316, 4456,
and 12183), which had no chromosomal localization in the
monodelphine genome. Those genes and fragments that have
been found all follow the same pattern as kallikrein genes from
other species, with genes arranged in clusters, encoding serine
peptidases with exons of similar size. For only the (MONDO)
KLKI15 gene could all five coding exons be identified. The
first coding exon of the remaining genes was not found; thus for
the remaining genes only four or fewer coding exons could be
identified. For those introns that could be identified, the intron
phase pattern of the kallikrein genes (I-1I-1-0) appeared to be
conserved. The shorter length of the second exon of (MONDO)
KLKS5, compared to other species, is caused by the extra bases
being contained within the signal peptide, which is poorly
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Fig. 4. Phylogenetic tree of individual kallikrein genes generated by Bayesian inference. Tree is constructed as a phylogram, with trypsin genes used as outgroup.
Numbers behind nodes indicate support values for those nodes, up to a maximum of 1.00. The scale bar at the bottom right indicates a length of 0.1 nucleotide
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conserved. No untranslated exons could be identified for any of
the opossum genes.

Gallus gallus

Searches of the available chicken genome (International
Chicken Genome Consortium) assembly using kallikrein gene
and protein sequences yielded no hits that were more related to
kallikreins than to other serine proteases and thus were not
suitable for use in this analysis.

Xenopus tropicalis

The frog genome (DOE Joint Genome Institute) assemblies
at UC Santa Cruz and NCBI were searched with kallikrein gene
and protein sequences, as was the NCBI trace archive. Several
contiguous clusters of serine peptidase genes were found, but
when these groups were included in phylogenetic analyses, they
were found not to be closely related to kallikreins.

Phylogenetic analysis

Two phylogenetic trees were generated in this study, one
using individual kallikrein genes (Fig. 4), the other using
concatenated gene sequences (Fig. 5). Both trees were largely
congruent, but differed in the placement of two members of the
kallikrein family, KLK6 and KLK7. In the individual gene tree,
KLK?7 was placed between KLKS and the classical kallikreins,
whereas in the concatenated tree it was located between KLK4/5
and KLKI14. KLK6 arose from the most basal node in the
individual gene tree and clustered with KLK/3 as a sister group
to the KLK10/KLK12 group in the concatenated tree. Other than
these two genes, however, the two trees are essentially identical.
Both trees confidently grouped KLK9 with KLK11 and KLK15
basal to them. Both trees also placed KLK4 with KLK5 and
KLK14 basal to them. KLK10 was grouped with KLK/2, and
KLK13 with them, and KLKS8 was grouped with the classical
KLKs. Support values in the individual gene tree were weak

at certain nodes, but overall the tree was well supported. The
tree made from concatenated genes had stronger support
throughout, with only two nodes having support values of
less than 0.83.

Discussion

Previous work on kallikrein families, along with rapidly
expanding availability of genomic sequence data, has enabled
us to examine the kallikrein content of multiple new genomes.
Here we have identified, described, and conducted a phyloge-
netic analysis of 53 new kallikrein genes in four families.
Coupled with previous data, this brings the number of known
kallikrein families to 7 and the number of genes to an excess of
100. These genes can aid in our understanding of the evolution
of the kallikrein family and could serve to develop model
systems for studying gene functions in the future. Kallikreins
have a known and established importance in the field of cancer
diagnosis and prognosis, but further work is necessary to
describe their physiological roles in a nonpathologic setting.
The putative kallikrein families identified during this investiga-
tion seem to conform closely to previously established knowl-
edge about these genes. All families had at most one copy of the
KLK4—-KLK15 genes, with the greatest variability of duplica-
tions visible among the classical kallikreins, although none of
the new families identified demonstrated anywhere near the
number of duplications that have occurred in the rodent
lineages. All the genes found encoded functional serine
peptidase catalytic motifs, making it unlikely any of them had
become pseudogenes, and all the established features used to
define kallikrein genes were observed in the newly located
genes.

The identification of kallikrein genes in a marsupial species
is exciting, as it indicates that these genes are of very ancient
origin and will likely be found as families in most, if not all,
mammalian species. Various estimates place the marsupial—
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Fig. 5. Phylogenetic tree of concatenated kallikrein genes. Support at nodes is indicated by numbers beside them. Concatenated trypsin sequences were used as the
outgroup. The scale bar at the bottom left indicates a length of 0.1 nucleotide substitution per site.
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placental divergence at between 125 and 175 million years ago,
and most of the duplications in the kallikrein family seem to
have occurred before this. The exception to this seems to be the
KLK4/KLKS duplication, which is not present in the mono-
delphine genome. Whether the duplication occurred after the
marsupial lineage diverged or the (MONDO)KLK4 gene was
deleted cannot be determined from the phylogeny produced.
Due to variable rates of substitution between kallikrein genes,
and the possibility that (MONDO)KLKS may have evolved
toward the same function as the other KLK5 genes, no accurate
chronology of the KLK4/KLK5 duplication can be established.
Evidence to address this question could come from the genome
of the tamar wallaby (Macropus eugenii), which is currently
being sequenced and will be the second marsupial genome
available. That the kallikrein genes have survived with
significant similarity in terms of sequence, organization, and
number from this time also suggests that they fulfill important
roles in normal cellular and physiological function. What also
remains unknown is whether the marsupial lineage contains a
homologue of KLK/ or any classical kallikreins.

The additional sequence data obtained have enabled
construction of a more detailed phylogeny of the kallikrein
family than was previously available. That KLK4 and KLKS5 are
direct duplicates is a result supported by previous work, and the
absence of KLK4 in the opossum lends further support to this
conclusion. In addition, KLK4 seems to be one of the more
rapidly evolving genes among the kallikreins, which suggests
that it could be a more recent duplication still evolving toward a
unique and specific function. The other relationship confirmed
from previous work is the placement of KLK9 and KLKI1I as
sister taxa. That and the placement of KLK /0 and KLK12 in our
tree could suggest that a tandem duplication event took place,
copying both genes at the same time. The tree made from
individual genes seemed to indicate that KLK6 was the member
of the family that diverged earliest, but according to the
concatenated tree it was the group of KLKI5, KLK9, and
KLKI1I, with KLKI5 basal to the other two. The other
disagreement between the two trees regards the placement of
the KLK7 gene, which was alternately placed between KLKS
and the classical KLKs or as a sister taxon to KLK/3. Analysis
of the concatenation method carried out by Gadagkar et al. [34]
found that while concatenating sequences into supergene
constructs in general yielded more accurate results, it also had
the effect of exacerbating certain systematic biases. While the
concatenated tree in this case was better supported than the
individual gene tree, it has served to raise doubts about the
proper placement of KLK6 and KLK7.

The data collected in this investigation strongly indicate that
kallikrein families exist in a large number of mammalian
species. The phylogenetic trees generated here have served to
clarify significantly the evolutionary history of the kallikrein
family from what was known before. The discovery of credible
and seemingly well-conserved homologues in the genome of
the opossum, over 125 million years divergent from all other
species in this study, is significant. Had kallikreins been found
in either of the nonmammalian species examined, it would have
shed much more light on the history of this gene family, but

further work will be needed to discover whether such genes
exist. Interestingly, the available sequences do seem to indicate
that the “classical kallikreins” are so merely because of their
early discovery and that they in fact may be the most recent
arrivals to the kallikrein family.

Materials and methods
Nomenclature

Due to the large number of genes found during this study, and the apparently
widespread presence of kallikrein gene families in mammalian species, the
preexisting nomenclature for kallikrein genes and proteins would have been
insufficient. A new systematic nomenclature has been proposed by Lundwall et
al. [35], which has been used here. In this system, use of the symbol “hK” or
ones like it for proteins has been deprecated. Kallikrein genes are indicated as
“KLK” and proteins as “KLK”. Where ambiguity would exist as to the species
involved, the Swiss-Prot code is used (http://www.expasy.ch/cgi-bin/speclist) as
a prefix in parentheses. Thus, under the new system, the human kallikrein 4 gene
would be denoted (HUMAN)KLK4, and the canine kallikrein 6 protein as
(CANFA)KLK®6. The other symbols used here are (PANTR) for the chimpanzee,
(PIG) for the pig, and (MONDO) for the opossum. When gene symbols are used
here without a species prefix, they refer to all the homologues of that gene used
in this analysis as a group.

Identification of putative kallikrein homologues

The genomic sequences of the dog (version 1.0; Broad Institute), pig
(GenBank contig AC149292), chimpanzee (Chimpanzee Sequencing Con-
sortium, December 2003, build 1.1), opossum (BROAD 0.5; Broad
Institute), chicken (GalGal 2; Genome Sequencing Center, Washington
University School of Medicine at St. Louis, MO, USA), and frog (XenTrol;
DOE Joint Genome Institute) were mined for kallikreins using a variety of
computational tools. Significant use was made of the UCSC genome
browser and BLAT alignment tool [36], as well as the BLAST and
tBLASTn programs [37] and the Spidey mRNA-to-genomic alignment tool
[38] from the NCBI Web site. Sequences from the previously identified
kallikrein families in the human, rat, and mouse were used as probes. In
brief, the available genomic data from each species (deposited in either the
NCBI database or the UCSC genome browser) was searched with gene or
protein sequences for various kallikreins, and any segments appearing to
contain multiple hits were removed and searched in more detail using
BLAST, tBLASTn, or Spidey and then manually annotated to identify
splice sites as correctly as possible. The sequences of human ACPT and
SIGLEC9 were also used to aid in identifying possible kallikrein-containing
regions. Once putative gene sequences were identified and annotated, they
were aligned with known kallikrein sequences, and phylogenetic trees were
generated to see if the sequences sorted themselves with the known
kallikreins or in their own subtree. Sequences that sorted in their own
subtree were rejected from the analysis.

Gap-filling of new sequences

Due to the state of some of the genomic sequences used, there were at
times gaps in some of the putative genes located. In such cases, efforts
were made to fill these gaps so the sequences could be used in the
phylogenetic analysis. Sequences were drawn from BAC clone, EST, and
trace archive data, when it was available. In the case of two chimpanzee
genes, (PANTR)KLK/ and (PANTR)KLK6, human DNA sequence was
used, as it was assumed that it would not differ significantly from the
missing chimpanzee sequence.

Sequence alignment and phylogenetic analysis

Multiple sequence alignment of identified gene sequences was performed
with ClustalW 1.6 [39], using trypsin sequences from all seven species as
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outgroups. To maintain the codon alignment, the sequences were translated and
the proteins aligned, using the Gonnet protein weight matrix [40], a gap-opening
penalty of 10, and a gap extension penalty of 0.1 for pair-wise alignment and 0.2
for multiple alignment. The resulting alignment was examined and corrected if it
was deemed the program had made any small errors in aligning homologous
residues. Next, any positions that contained gaps in more than 10% of the
sequences or were excessively variable (more than 12 different amino acids
between the various sequences) were removed from the alignment. The final
result of this was an alignment of 98 sequences with 597 positions per sequence.
The edited sequences were then used to construct the concatenated gene
constructs, with species being arranged in the order human—chimpanzee—rat—
mouse—dog—pig. Thus, in the concatenated alignments, no cross-species
comparisons were made. The concatenated alignment was of 14 sequences,
including outgroups, and had 3582 positions per sequence. Due to the lower
number of available opossum sequences, they were not included in the
concatenated constructs. In addition, as the KLK2 and KLK3 genes were not
present in all the species used, those genes were not included in the concatenated
gene constructs.

The final alignments were then used to construct phylogenetic trees by
Bayesian analysis methods. To choose a model of evolution, and decide
which additional parameters to use, the alignments were analyzed using
ModelTest 3.7 [41] and PAUP* 4.0b10 [42]. Following this, MrBayes 3.1.1
[27] was used to generate phylogenies for each alignment. For both align-
ments, the six-parameter General Time Reversible Model [43] was employed,
with +y-distributed rates across sites and a proportion of sites allowed to be
invariant. Two concurrent MCMC runs of 2,000,000 generations were used,
each employing four progressively heated chains, with a temperature value of
0.2.
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