Opinion

Did cathelicidins, a family of
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Cystatins, the cysteine protease inhibitors, and the
cathelin-like domain (CLD) of the antimicrobial cathelicidins are classified into the same superfamily because
of their overall structural similarity. However, their evolutionary relationship has remained obscure owing to
low sequence similarity. Structural similarity of two
proteins often provides evidence for divergent evolution; however, structural convergence can not be completely ruled out in this case. Conserved gene structure
and related function provide new evidence in favor of a
common ancestral origin for cystatins and CLDs. On the
basis of two observations, the C-terminal location of the
cathelicidin antimicrobial domain and evolutionary gain
of one 30 intron, I propose a gradual evolution model to
explain how the AMD evolved from the ancestral cystatin scaffold.
Cathelicidins, a family of multifunctional host-defense
peptides, link innate and adaptive immunity
Cathelicidins are a family of vertebrate-specific immune
molecules that are found in mammals, chickens and salmonids [1,2]. Recently, two cathelicidin-like genes have
also been characterized in the primitive Atlantic hagfish
Myxine glutinosa, indicating that the origin of this class of
immune molecules occurred before the emergence of
vertebrates [3]. Cathelicidins exhibit unique bipartite features that are identified by their substantial heterogenic Cterminal antimicrobial domain (AMD) of 12–100 residues,
which is linked to an evolutionarily conserved N-terminal
cathelin-like domain (CLD) of 99–114 residues [1]. Such
heterogeneity is reflected by their structural diversity,
which includes all three major folding types of antimicrobial peptides: that is, linear peptides free of cysteines with
an a-helical and amphipathic structure; cysteine-containing peptides, often with a flat b-sheet structure; and peptides unusually rich in certain amino acids such as proline,
arginine and tryptophan [4]. Remarkable diversity in the
AMD is a consequence of gene duplication followed by
subsequent rapid divergence in Laurasiatheria [1,4,5].
By contrast, the majority of Euarchontoglires have only
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a single cathelicidin gene that encodes an a-helical cationic
peptide with a typical amphipathic structure [5].
The cathelicidin gene is translated as a precursor in the
cytoplasmic granules of neutrophils with a signal peptide
removed during translation to yield the proform, including
the CLD and the AMD [4]. The proform is further processed
to make the functionally active AMD (i.e. host-defense
peptide, HDP) upon microbial infection. The cathelicidin-derived HDPs constitute one essential, multifunctional component of innate immunity through direct
microbicidal activity and neutralizing endotoxins, in
addition to synergy with the inflammatory mediator interleukin-1 to augment immune responses by multiple pathways [6]. Moreover, some HDPs can recruit neutrophils,
monocytes and T cells to sites of microbial invasion by
interacting with the FPRL1 (formyl peptide receptor-like
1) receptor [7]. Cathelicidins, therefore, have a role in
immune modulation and mediation of inflammation, and
link innate and adaptive immunity.
Although key roles of cathelicidins in host defense have
been firmly established, how these immune molecules
originated has remained largely obscure. Given that the
highly conserved CLD linking to the hypervariable Cterminal AMD is reminiscent of antibody-encoding genes
in the vertebrate immune system, it is particularly interesting to trace the early origin of the CLD and its possible
role in cathelicidin evolution.
Here, I review recent structural, functional and genomic
data of the cathelicidin CLDs that have enabled me to
establish an evolutionary relationship between CLDs and
cystatin, the naturally occurring cysteine protease inhibitor. Gain of the 30 intron in the duplicated copy of an
ancestral cystatin could be a key evolutionary event that
led to the emergence of the cathelicidins. Antimicrobial
cathelicidins are becoming recognized as important
players in modulating adaptive immunity, and so their
emergence from a cystatin ancestor gives us a glimpse of
the evolution and origin of the adaptive immune system.
CLDs have a similar structure to cystatins
Amino acid sequence comparison of 34 CLDs and 61 cystatins from an array of vertebrates (fishes, chickens, frogs,
pigs, cattle, horses, dogs, mice, rhesus monkeys and
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humans) [3,5,8,10,11] over a long evolutionary span (450
million years) [9] identified nine conserved sites (Figure 1
and Supplementary Figure S1, online). They are 8A, 12A,
17N, 54T, 56C, 67C, 69F, 78C and 95C [numbered according to porcine CLD of protegrin-3 (PG-3)], of which four
cysteines are involved in the formation of two conserved
disulfide bridges (Figure 1). In addition to these highly
conserved sites, 22 sites have also been found to show
conservation of amino acid properties. Remarkably, a signature motif of cathelicidins (Fx[M/L/I/V]xETxCx10CxF)
extracted from hagfish [5] and vertebrates can be found
in equivalent positions in the cystatin family, described as
[A/V/L/M]x[M/L/I/F/V]xxTxCx7–14CxF. This similarity also
extends to signal peptides, from which a signature pattern
was detected as Wxhhhhhh (where h is hydrophobic amino
acid). Despite low sequence identity, the three-dimensional
structures of these two families display a global similarity
that is characterized by having the same major secondary
structural elements in the same spatial arrangement and
the same topological connections (Figure 1). All the experimental structures of cystatins [e.g. human cystatin C
(PDB entry 1G96), chicken cystatin (1CEW) and human
cystatin B (1STF)] [12–14] and PG-3 CLD (1N5H) [15] can
be described as a helix cradled by a five-stranded b-sheet
together with an appending domain. Among all the sites
with identical residues or conserved replacements, 28 were
found to be located in the secondary structure elements
(Figure 1b). Superimposition of the chicken cystatin and
the porcine CLD structures has identified a root-meansquare deviation of 1.014 Å between the backbone atoms of
their 44 residues that primarily concentrate on the secondary-structure elements with some structural differences in L1 and L2 loops, and the appending domain
[15]. Considering the disulfide bridge pattern, molecular
size, cellular location, and sequence and structural similarity, CLDs are more closely related to type-2 (the cystatins) and type-3 (the kininogens) secreted cystatins than
type 1 (the stefins), the archetype of the cystatin molecules
with cytosolic expression [16].
Human CLD as a cysteine protease inhibitor
As natural inhibitors of cysteine proteases (e.g. cathepsin
L), cystatins work by binding to sites on either side of the
protease active center to prevent the interaction of the
protease with its substrates [17]. Although they share a
common structural fold, CLDs lack similar functional
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motifs of cystatins that are involved in a direct interaction
with the cysteine protease in their equivalent region. The
functional motifs of cystatins are composed of three regions
that include Gln-Xaa-Val-Xaa-Gly motif in the first binding
loop, Pro-Trp in the second binding loop and a glycine at
the extremity of the N-terminal region [18]. Evolutionarily,
these functional motifs are conserved in the cystatin superfamily (Supplementary Figure S1, online). The absence of
these motifs in CLDs suggests that these proteins could
lack cysteine protease inhibitory activity. However, it was
reported recently that human hCAP-18 CLD can inhibit
the activity of cathepsin L [19], as cystatins do, indicating
that the fold itself is important in functional performance
as a protease inhibitor. Furthermore, recent work highlighted a key functional role of the second binding loop in
CLDs, and its adaptive amino acid changes driven by
natural selection could lead to the emergence of an unexpected activating effect on cathepsin L in PG-3 CLD
[20,21]. These observations indicate that these two protein
families could adopt a similar strategy to bind cathepsin L
and that the functional diversification (inhibition versus
activation) can be interpreted by adaptive amino acid
changes in the functional regions.
Gene structure: new evidence for a common origin
It is known that some immune-molecule superfamilies (e.g.
four helical cytokines) often have conserved gene structure
(location and phase of introns) among evolutionarily
related families within a superfamily [22]. Because structural similarity and functional relatedness support an
evolutionary relationship between cystatins and cathelicidins, it would be expected that their gene structures are
also similar. Previous studies have shown that exon–intron
organization of cathelicidin genes is highly conserved and
includes three phase-0 introns (an intron between two
codons) locating at identical positions [23]: the first two
introns disrupt the appending domain and L2 loop,
respectively, and both avoid secondary-structure elements
(a-helices and b-strands) (Figure 1b), a feature of most
extracellular domain genes involved in immune response
[22]. Using the Spidey tool (http://www.ncbi.nlm.nih.gov/
IEB/Research/Ostell/Spidey/), an mRNA-to-genomic alignment program, it was found that genes of the cystatins and
three tandem repeated cystatin-like domains of kininogens
[e.g. human kininogen (AAB59551)] contain two conserved
phase-0 introns (I01 and I02), whereas the cytosolic stefins

Figure 1. A comparison of cathelicidins and cystatins at multiple levels. (a) Superimposition of the structures of chicken cystatin (PDB entry 1CEW) (green) and pig
protegrin-3 CLD (PDB entry 1N5H) (red). Two disulfide bridges are represented by ball and stick models and highlighted in yellow. (b) Gene-structure conservation
recognized by three-dimensional structure-guided protein sequence alignment. Identical residues are in bold type and shadowed in cyan. Conservation of amino acid
properties is distinguished by different colored shadows (green, hydrophobic; yellow, small; blue, negatively charged; red, positively charged). Disulfide bridge pattern
(SS1 and SS2) and secondary structure region are calculated from their structural coordinates. The arrows and cylinders represent b-strands (S) and a-helices (H),
respectively. L1 and L2 indicate loops 1 and 2. I01, I02 and I03 represent the phase-0 introns 1, 2 and 3, respectively. Signal peptides are shadowed in gray, in which six
hydrophobic sites following the conserved tryptophan are boxed. Cath: cathelicidin. Cyst: cystatin. Antimicrobial domains are in bold, in which extra glycines in the C
termini for amidation are underlined twice. ‘?’ indicates the intron information not available at present. Sequence origins: HsCath (NP_004336), MmulCath (NP_001028681),
MmCath (CAA64078), CfCath (NP_001003359), EcCath (XP_001495199), SsCath (P32196), BtCath (NP_777256), GgCath (AAZ65841), OmCath (AAR13365), HsCyst
(NP_001891), MmulCyst (XP_001096737), MmCyst (XP_923248), CfCyst (XP_542677), EcCyst (XP_001488769), SsCyst (NP_001038067), BtCyst (NP_001071543), GgCyst
(NP_990831), and DrCyst (NP_001026843). (c) Mapping of gene structures in the context of a phylogeny of vertebrates from which cathelicidins and cystatins are selected.
Divergence times (millions of years ago) are derived from Ref. [9]. Hs, Homo sapiens (human); Mmul, Macaca mulatta (rhesus monkey); Mm, Mus musculus (mouse); Cf,
Canis familiaris (dog); Ec, Equus caballus (horse); Bt, Bos taurus (cattle); Ss, Sus scrofa (pig); Gg, Gallus gallus (chicken); Xl, Xenopus laevis (African clawed frog); Om,
Oncorhynchus mykiss (rainbow trout); and Dr, Danio rerio (zebrafish). ‘?’ indicates the intron information not available at present. (d) Phylogenetic analysis of
representatives of cystatins and cathelicidins. The neighbor-joining method implemented in MEGA 3.1 (http://www.megasoftware.net/) was selected to obtain tree
topologies based on the aligned amino acid sequences (for sequence information, see Supplementary Figure S1, online). Xt: Xenopus tropicalis (Western clawed frog). Bar
shows total amino acid distance. I, II and III indicate three distinct clades and numbers represent bootstrap values supporting these clades. The arrow labels the position of
ancient gene duplication.
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possess a different gene structure in which the introns split
the secondary structure elements of proteins [e.g. human
stefin B (NM_000100)]. In addition to these two conserved
introns, some duplicated paralogous cystatin genes possess
one additional intron, locating either in the N terminus
(phase 1) or in the 50 UTR (untranslated region) (Supplementary Figure S1, online). Phylogenetically, the 50 -UTR
intron seems to be restricted to mammals, whereas the
phase-1 intron should be the same ancient as the two
phase-0 introns. To detect whether the two phase-0 introns
of cystatins correspond to those of cathelicidins, a structure-based sequence alignment was employed in the
absence of sequence identity. As expected, such an alignment, containing sequences from distantly related
vertebrates, reveals that the two introns have identical
locations in cystatins and CLDs. This finding, combined
with structural and functional data, provides evidence that
supports the hypothesis that they both originated from a
common ancestor. Compared with the cystatins, cathelicidins added a phase-0 intron (I03) in their 30 portion during
evolution, and its location is near the region corresponding
to the stop codon of cystatins (Figure 1 and Supplementary
Figure S1, online).
A possible molecular mechanism for cathelicidin origin
The presence of both cystatin and cathelicidin in each
species of vertebrate indicates that ancient gene duplications occurred in their common ancestor (Figure 1c).
This is strengthened further by phylogenetic analysis of
their amino acid sequences, in which a neighbor-joining
tree (Figure 1d) clearly divided CLDs and cystatins into
three distinct clades (two cystatin clades and one CLD
clade). An overview of the tree indicates that all of the
clades are almost equally distant from the center of the
tree, the position of their common ancestor. This ‘star
phylogeny’ hints that CLDs and cystatins might be evolving at a similar rate. Interestingly, clade III (which is
composed of CLDs) and clade II (which is composed of
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cystatins) both have more similar gene structures, in which
the 50 -UTR or phase-1 intron is excluded (Figure 1d). This
finding indicates a close evolutionary relationship between
clades II and III. Widespread distribution of cystatins
throughout the animal kingdom [12–14,24] relative to
the restricted distribution of cathelicidins to vertebrates
[1,2] indicates that the cystatin represents the primitive
ancestor and its duplicated copy (perhaps clade II-like)
developed into the first cathelicidin. However, one key
question is: ‘How did the AMD of cathelicidins emerge
during evolution?’ To answer this, two basic factors should
be taken into account: the location of AMDs in the C
terminus of the cathelicidin and the evolutionary gain of
the intron I03. On the basis of the first factor, a simple
explanation for the generation of the AMD is a point
mutation that destroyed the stop codon and led to an
extension of the open reading frame to the next in-frame
stop codon in what was previously a 30 UTR. In this case,
the extended C terminus was finally utilized to evolve the
AMD. However, C-terminal extension before functionalization has been shown to be deleterious owing to observed
pathological effects [25] and should be selected against
during evolution. How, then, could such a potential effect
be tolerated? The answer could lie in the intron I03, the
second factor.
The location of I03 to the 30 portion of the cathelicidin
genes indicates that it might be acquired by a reversetranscription mechanism previously proposed by Sverdlov
et al. [26], in which duplication of a portion of the 30 gene
during reverse transcription is followed by homologous
recombination and subsequent rapid sequence divergence
in the copy that becomes I03. The insertion of I03 near the
stop codon of a duplicated ancestral cystatin (Figure 1 and
Supplementary Figure S1, online) provides the possibility
of gradual removal of this codon by a point mutation driven
by selection on splicing signals (Figure 2). In this case, a
transition state of the cystatin gene containing I03 might
exist for a long time, which would enable the exon 4 (E4)

Figure 2. A proposed molecular mechanism for the origin of cathelicidin from cystatin. E and I: exon and intron, respectively. Boxes represent open reading frames. Stop:
stop codon. ‘or’ indicates two possible insertion positions of I03, which is represented by a blue line.
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sequence to increase functionality, including the evolution
of a protease-cleavage site to release the extended C-terminal AMD [1]. As evolution proceeds, E4 might be fixed as
an encoding region of the functional AMD after the removal
of the initial stop codon. This gradual evolution process has
been proposed previously to account for the deleterious
insertion of an exon in the middle of the coding region of a
gene [27].
Given that one portion of the 30 UTR of an ancestral
cystatin was finally fixed as an encoding region of the
functional AMD, one obvious corollary of this process is that
the 30 UTR of cystatins should be homologous to the ‘evolved
AMD’. To identify any evolutionary signal that could show a
relationship between cystatin 30 UTRs and cathelicidin
AMDs, systemic comparisons of encoding regions of cathelicidin AMDs and cyatatin 30 UTRs were performed by using
the MUSCLE program [28], which only detected some weak
similarity signals between them. A result derived from
human cathelicidin and one of its paralogous cystatins is
shown in Supplementary Figure S2 (online) as an example.
The absence of detectable similarity is not especially surprising because of the remarkable variability of AMDs
between and within species [5]. Moreover, aligning the 30
UTRs of a set of paralogous cystatins from a vertebrate
species is also difficult because of extensive base substitutions and indels. To reconstruct a reliable evolutionary
history of the fourth exon, new bioinformatics tools need to
be developed to detect weak sequence similarity. In the
meantime, the isolation of cystatin genes from hagfish, a
sister taxon to vertebrates, will also help to trace the early
origin of cathelicidins.
Among diverse cathelicidin-derived HDPs, a-helical peptides are the only type conserved across the vertebrate
lineage [1], which indicates that this type of HDP first
emerged in the early evolution of cathelicidins. Instead of
sequence conservation, amphipathic design is a key determinant of antibacterial activity of this class of HDPs [29],
and so de novo evolution of an HDP molecule with the
amphipathic architecture can be easily fulfilled. Indeed,
synthetic antimicrobial peptides with the a-helical conformation have been created on the basis of a set of unique
grammar rules [30]. Furthermore, the opossum cathelicidins provide additional evidence, in which the E4 seems to
have the intrinsic capacity to undergo extensive diversification and form relatively different sequences [31], the
majority possibly adopting the a-helical conformation based
on secondary structure prediction (http://www.expasy.org/).
Alternatively, the gain of the AMD could be a consequence of exon shuffling in which a pre-existing AMD
was used as an autonomous module to join to the C
terminus of the ancestral cystatin through I03-mediated
unequal crossing-over events. In this case, the autonomous
module must insert upstream of the stop codon. Arthropod
and mollusk defensins have been considered as the first
example of this type of exon shuffling [32,33]. Recently, this
mechanism has also been proposed to explain the diversity
of AMDs within paralogous cathelicidin genes of some
laurasiatheria [23,34]. However, diverse AMDs accompanied by conserved 30 UTRs among these paralogous
genes [5] clearly exclude such exon shuffling. Instead,
sequence remodeling in the AMD coding region by rapid
358
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point mutations combined with indels could be a more
plausible explanation. In addition, although exon shuffling
has been considered as a major evolutionary force of
protein diversity of multicellular organisms, such events
require the insertion of a protein module flanked by symmetrical introns into a pre-existing intron of the same
phase [35]. Remarkably, the hypothesized shuffling event
that generated the gene structure of cathelicidin does not
obey this documented rule; an extensive search and comparison of mRNA and genomic sequences of cathelicidins
ranging from fishes to humans failed to identify an intron
on their 30 UTRs (Supplementary Figure S1, online), which
thus excludes the possibility of AMD as a protomodule of
exon shuffling. Supported by these observations, it is
reasonable to infer that the origin of cathelicidins by exon
shuffling is less likely.
The evolutionary significance of cathelicidin origin
Given that cathelicidins have arisen after the divergence of
craniates (vertebrates and hagfish) from more primitive
chordates [3], what was the benefit to the ancestor organisms to evolve an AMD onto a cystatin gene? The evolutionary process of new exon origin possibly provides some clues.
Previous studies have indicated that only a minority of
exonized sequences derived from noncoding regions would
eventually be fixed and acquire function after being evolutionarily ‘tested’ without deleterious consequences to the
organism [27]. This is a gradual process and requires mitigating selection pressure against these new exons through
their preferential locations in UTRs to leave the proteins
intact and, later, these exons will become incorporated into
protein-coding regions after functionalization [27,36]. Coming back to the case of the fourth exon corresponding to the 30
UTR of an ancestral cystatin, its evolutionary success to
become a coding exon could depend on selection derived from
the function of cystatins. Although cystatins exhibit roles in
both innate and adaptive immunity, before the emergence of
adaptive immunity, a crucial defensive role of cystatins was
to inhibit bacterial proteases and eliminate infection [37]. It
is assumed that specific pathogen-driven functionalization
of the fourth exon to form a new type of antimicrobial peptide
with a different mode of action to cystatins should represent
a defensive advantage. In this case, cooperative interaction
(synergy) under an identical expression-regulation pattern
to commonly target pathogens can occur. Obviously, the
pore-forming a-helical AMD encoded by the fourth exon
can disrupt the bacterial membrane [38] and help to facilitate the entry of the N-terminal protease-inhibitory domain
into bacterial cells and inhibition of their proteases.
Concluding remarks and future perspectives
Regardless of the molecular mechanism of cathelicidin origin, comprehensive evidence confirms that its CLD was
derived from a duplicated ancestral cystatin. There is a
growing realization that the cathelicidin-derived HDPs
have key roles in bridging between innate and adaptive
immunity. Although the adaptive immunity system (AIS)
appeared after the jawless and jawed craniates split [39], the
primitive jawless hagfish M. glutinosa [3], which probably
lacks the AIS, has cathelicidins. This indicates that these
prototype cathelicidins, which emerged from cystatins 500
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million years ago, could have been crucial components of
innate immunity involved in direct antimicrobial action and
that they seem to have acquired a second, AIS-associated
function after vertebrates appeared.
Establishment of an evolutionary link between cathelicidins and cystatins has implications for the understanding of functional evolution of the cathelicidin family,
especially the possible roles of CLDs in the evolution of
AIS-associated function of the C-terminal HDPs. In
addition, given that cystatins carry diverse immunomodulatory functions [40,41], is it a similar case in CLDs? Which
immune-related effects can we see from the extensive
mutations of CLDs corresponding to the functional motifs
of cystatins?
Studies have shown that some signal-pathway components involved in innate immunity are highly conserved between invertebrates and vertebrates [42,43].
However, it seems that their effectors that are involved
in innate immunity, such as antimicrobial peptides, are
subject to discontinuous evolution [44]. Obviously,
vertebrates evolved a set of their own AMP (antimicrobial peptide) system (e.g. defensins and cathelicidins)
[45], which are probably generated de novo from noncoding DNA predecessors after divergence from invertebrates to deal with new, specific pathogens. This work
provides an example of how an intron could mediate a
gradual evolutionary process to generate an AMP from an
existing scaffold of an immune molecule. However, to support this opinion, it would be necessary to combine both
CLDs and AMDs to test for the synergistic effect of the two
domains. With more and more vertebrate genomes completed, and new bioinformatics tools available, it is expected
that a new evolutionary scenario of the origin of this immune
molecule will be uncovered, which will undoubtedly speed
up the progress of evolutionary immunology.
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