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Positive selection in cathelicidin host defense peptides:
adaptation to exogenous pathogens or endogenous

receptors?

S Zhu and B Gao

The cause of adaptive protein evolution includes internal (for example, co-evolution of ligand-receptor pairs) and external (for
example, adaptation to different ecological niches) mechanisms. Host defense peptides (HDPs) are a class of vertebrate-specific
cationic antimicrobial peptides evolving under positive selection. Besides their antibiotic activity, HDPs also exert an effect on
multiple host immune cells, thus providing an ideal model to study selective agents driving their evolution. On the basis of a
combination of computational and experimental approaches, we studied the evolution of LL-37-type HDPs in mammals, the
mature peptide of cathelicidin CAP18 (herein termed CAP18-MP) and investigated the driving force behind the evolution. Using
codon-substitution maximum likelihood models, we analyzed CAP18-MPs in 40 species belonging to nine mammalian Orders
and identified four positively selected sites (PSSs) that all are located on two terminal unordered regions of CAP18-MPs. Grafting
the two positively selected regions of human or whale CAP18-MP to the a-helical scaffold of a rabbit homolog (substituting its
corresponding parts) led to no alterations in antibacterial activity, spectrum and action mode. Likewise, further deletion of the
two terminal regions did not alter its functional features. Evolutionary conservation analysis of mammalian FPR2, a receptor
known to interact with the C-terminal positively selected region of LL-37, revealed high evolutionary variability in its ligand-
binding extracellular loop domains, matching sequence diversity of the unordered regions in CAP18-MPs. This is the first report
describing that the signature of positive selection of cathelicidins is not associated with their direct bactericidal activity, but
rather with the evolutionary variability of their endogenous receptors.

Heredity (2017) 118, 453-465; doi:10.1038/hdy.2016.117; published online 7 December 2016

INTRODUCTION

Positive (Darwinian) selection promotes the fixation and spread
of advantageous mutations in proteins throughout a population.
Such selection can be detected by comparing the ratio of non-
synonymous (dN) to synonymous (dS) substitutions in protein-
coding loci. If the altered amino acids are selectively advantageous
(that is, under positive selection), they will be fixed at a higher rate
and the dN/dS-ratio (w)) will be larger than one (Hill and Hastie,
1987; Hughes and Nei, 1988). On the basis of this criterion, a large
number of protein-coding genes involved in diverse biological
processes (for example, immunity, defense, reproduction and
digestion and so on) have been recognized to evolve under positive
selection (Yang, 2006). Among them, immune-related genes have
been a main research focus because of their key roles in fighting
against evolving pathogens. A paradigm in this aspect is the major
histocompatibility complex (MHC), a set of cell surface proteins
essential for binding pathogen-derived oligopeptides (antigens)
and helping the adaptive immune system to recognize these foreign
molecules in vertebrates (Hughes and Nei, 1988; Potts and
Wakeland, 1990). During the host-pathogen co-evolutionary
history, the antigen binding region of the MHC has undergone

strong positive selection in response to the evolving pathogen-
peptide diversity (Ejsmond and Radwan, 2015).

In addition to MHC, a series of multifunctional host defense
peptides (HDPs) constitutes another model to study the evolution of
the immune system. HDPs belong to a class of distinct antimicrobial
peptides (AMPs) that are extensively distributed in vertebrates
(Mansour et al., 2014). In comparison with non-vertebrate AMPs
that primarily function as peptide antibiotics, HDPs have evolved
immune modulatory functions via interacting with related receptors to
boost the adaptive immune response (Mansour et al, 2014). In
mammals, HDPs are generally grouped into two major families:
p-structured defensins with three disulfide bonds, including a-, - and
0-subfamilies (Schneider et al, 2005); and cathelicidins with highly
variable folding types, ranging from linear o-helical peptides to
disulfide bond-containing B-hairpins, and single residue-rich unstruc-
tured peptides (Zhu, 2008a).

Early efforts in identifying positive selection signatures of HDPs
mainly concentrated on - and f-defensins. In 2003, Morrison et al.
(2003) firstly found evidence for signal sequence conservation but
mature peptide divergence within subgroups of the murine p-defensin
gene positive

family. Subsequently, selection following gene
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duplication or speciation was widely identified in p-defensins from
primates (Boniotto et al, 2003; Semple et al, 2003, 2005, 2006a;
Radhakrishnan et al, 2005), bovines (Luenser and Ludwig, 2005),
rodents (Semple et al., 2006b); caprine and ovine (Luenser et al., 2005)
and chickens (Lynn et al., 2004; Higgs et al, 2007). Evidence for
positive selection in mammalian a-defensins was also reported in 2004
(Lynn et al., 2004; Patil et al., 2004). Positive selection in cathelicidins
was found in primate CAP18-MPs (see below; Zelezetsky et al,
2006) and the pro-region cathelin-like domain (CLD) in mammals
(Zhu, 2008b)

In spite of the remarkable progress in recognizing signatures of positive
selection during HDP evolution, a full understanding of their adaptive
evolution cannot be achieved without considering the selective agents (the
cause of evolution) responsible for such selection. External (for example,
adaptation to different ecological niches) and internal (for example, co-
evolution between receptor and ligand pairs) mechanisms have been
considered as two major forces driving the evolution of proteins
(MacColl, 2011; Morgan et al, 2012). To investigate the driving force
in the evolution of cathelicidins, we analyzed the mature peptide of
CAP18 (herein termed CAP18-MP). CAP18 (the abbreviation of cationic
antimicrobial protein of 18 kD), originally isolated from rabbit granulo-
cytes, belongs to a subfamily of peptides whose members have a mature C
terminus of ~37 amino acids obtained by proteolytic cleavage (Larrick
et al., 1993; Hirata et al., 1994). As the prototype of this subfamily, human
LL-37 is among the most thoroughly studied CAP18-MP-type HDPs. It is
an amphipathic o-helical peptide of 37 amino acids derived from the
C-terminal end of the human CAP18 (Wang, 2008; Wang et al., 2014). As
a multifunctional HDP of the innate immunity, LL-37 not only exhibits
antibiotic activity via damaging bacterial membrane and/or DNA
components but also immune-modulating properties that trigger intra-
cellular signaling events via interacting with a diversity of receptors in host
immune cells, such as membrane receptors—formyl peptide receptor 2
(FPR2), a member of the FPR family of G-protein-coupled receptors
involved in host defense and inflammation, and P2X7, a member of
the P2X family of ATP-gated cation channels (Xhindoli et al, 2016); and
the intracellular receptor glyceraldehyde-3-phosphate = dehydrogenase
(GAPDH; Mookherjee et al., 2009).

Apart from LL-37 in humans and the firstly characterized homolog
from rabbits (called CAP18;p4_142; Larrick et al., 1993), CAP18-MPs
have also been found and functionally characterized in other several
mammalian species, such as rhesus monkey (RL-37), mouse
(mCRAMP), rat (rCRAMP) and domestic cat (feCath; Travis et al.,
2000; Leonard et al., 2011; Xhindoli et al., 2014). Although present as a
single copy in mammalian genomes, functional diversification related
to immune modulation has occurred among orthologues of CAP18-
MPs. For example, human LL-37 potentiates the P2X7 activation
(Elssner et al., 2004), but its ortholog in mice (mCRAMP) impairs
murine P2X7 activation (Seil et al, 2010). In addition, LL-37 and
mCRAMP both are agonists for FPR2, however, it is the former other
than the latter can stimulate signaling by RNA through a FPR2-
dependent pathway (Singh ef al., 2013).

The CAP18-MP-type HDPs are a suitable model for resolving the
relative importance of exogenous pathogens and endogenous receptors
in driving HDP evolution because they function through different
subdomains that target bacteria and receptors on host immune cells,
respectively (Figure 1). For example, previous mutational assays have
shown that the N and C termini of LL-37 are dispensable for its
antibacterial activity but indispensable for its immunomodulatory
activity (Gupta et al, 2015), suggesting a distinctive location of
functional regions associated with these two immune properties. Its
middle helical region is essentially responsible for antibacterial activity
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Figure 1 The target's diversity of LL-37 and proposed driving forces.
(@) Membrane disruption and DNA binding mediating bacterial killing by LL-37;
(b) Immune regulatory function of LL-37 on host immune cells via interacting
with  membrane receptors P2X7 and FPR2 and the intracellular receptor
(glyceraldehydes 3-phosphate dehydrogenase, GAPDH) and DNA; (c) External or
internal driving force for positive selection of CAP18-MP in mammals. PDB
entries of the structures: 2K60 (LL-37); 2LNL (human CXCR1, the template for
modeling human FPR2 structure); 4DWO (zebrafish P2X4, the template for
modeling human P2X7 structure); 1ZNQ (human GAPDH).

and the unordered C termini were found to interact with the receptor
FPR2. Previously, an evolutionary analysis of the CAP18-MP-coding
region implicated that 71% of codons were being subject to positive
selection (Zelezetsky et al, 2006). However, this analysis was only
limited to 21 highly similar primate sequences that might have skewed
its implication. In this work, we have examined the evolution of the
genes at the human cathelicidin locus and the orthologous loci in
other mammals. The objectives were (i) to find positively selected sites
(PSSs) in mammalian CAP18-MPs, (ii) to identify their evolutionary
significance, and (iii) to test the driving forces of HDP evolution
imposed by exogenous pathogens and endogenous receptors on the
host immune cells, respectively (Figure 1). Our work highlights new
PSSs occurring in mammals and suggests for the first time that
signatures of positive selection in CAP18-MP is not associated with
their direct bactericidal function. Instead, the evolutionary diversity of
the receptors may be a major driving force for their evolution.

MATERIALS AND METHODS

Gene discovery, sequence alignment and phylogenetic tree
construction

The amino acid sequence of human CAP18 (hCAP18) comprising a signal
peptide, a CLD and the C-terminal mature LL-37 (Zhu, 2008b), was used as



query to search for the whole-genome shotgun contigs (wgs) database
by TBLASTN (http://blast.ncbi.nlm.nih.gov/Blast.cgi; Feb 3, 2015). Sequence
alignment was carried out by ClustalX program (http://www.clustal.org).
Phylogenetic trees were constructed on the basis of amino acid sequences by
the neighbor-joining (NJ) algorithm, a distance-based method implemented in
MEGAG6 (http://www.megasoftware.net), with the Poisson substitution model
and Gamma Distributed rates among sites. Gaps are treated by pairwise
deletion. The multiple sequence alignment of CAP18 are provided in
Supplementary Figure S1 as Supplementary Information.

Structural analysis

3D models reported here were built by comparative modeling (Ginalski, 2006).
Except CAP18-MP(FV)(2-31), all the others were obtained by using human
LL-37 (pdb entry 2K60) as template at the Swiss-Model server (http://www.
expasy.ch/swissmod/SWISS-MODEL.html). For modeling the structure of
human FPR2, we chose human chemokine receptor CXCR1 (pdb entry
2LNL), a G-protein-coupled receptor (GPCR; Park et al., 2012), as template,
which had a detectable sequence similarity to the target sequence. For all the
models, initial backbone fitting and energy minimization steps were performed
with the DeepView program (http://spdbv.vital-it.ch/) and further refined via
submission to the Swiss-Model server. The model of CAP18-MP(FV; 2-31)
was built based on the solution structure of the active domain of rabbit
CAP18106-137 (pdb entry 1LYP) at the @TOME 2 server (http://atome.cbs.
cnrs.fr/AT2B/meta.html).

Positive selection analysis

Positive selection is recognized when the non-synonymous to synonymous
substitution rate ratio (m = dN/dS) is more than 1. To estimate ® values among
sites of mammalian CAP18-MP, we employed the CODEML program of the
PAML software package (http://abacus.gene.ucl.ac.uk/software/paml.html) to
analyze the data. Two pairs of codon-based likelihood models (M1a/M2a and
M7/M8) were used to make two likelihood ratio tests (LRTSs), in which the null
models (Mla and M7) do not allow sites with w> 1 whereas their alternative
models (M2a and M8) assume the existence of such sites (w>1). Upon
detection of positively selected signals, the calculation of posterior probabilities
of @ classes for each site was completed using the Naive Empirical Bayes (NEB)
and the Bays Empirical Bayes (BEB) analyses. Sites with a high probability
(>99%) of coming from the class with w>1 are likely to be under positive
selection and were selected for experimental design.

Evolutionary conservation analysis

ConSurf, a bioinformatics tool for estimating the evolutionary conservation of
amino positions in a protein molecule based on the phylogenetic relations
among homologous sequences (Glaser et al., 2003), was used to analyze the
FPR2 family. By using human FPR2 as query, we retrieved a total of 32
orthologs in mammals, all present as a sing copy (Supplementary Figure S2). A
multiple sequence alignment and human FPR2 structure were used as input
files for ConSurf analysis (http://consurf.tau.ac.il). The method used here was
maximum likelihood (ML) with the JTT substitution model of amino acids.

Chemical synthesis and circular dichroism analysis

Peptides used here all were chemically synthesized by ChinaPeptides Co., Ltd.
(Shanghai). Circular dichroism (CD) spectra of peptides were recorded on a
Chirascan Plus spectropolarimeter (UK) at a protein concentration of
0.1 mgml~! dissolved in different solvents, including water, 50% trifluor-
oethanol (TFE) or phosphate-buffered saline (PBS, 135 mm NaCl, 4.7 mm KCl,
10 mm Na2HPO4, 2 mm NaH2PO4, pH 7.4). Spectra were measured at 20 °C
from 260 to 185 nm with a quartz cell of 1.0 mm thickness. Data were collected
at Inm intervals with a scan rate of 60 nm/min. Data are expressed as mean
residue molar ellipticity ([0]), calculated as follows: [0] =6 x (0.1 x MRW)/
(L% C), where 0 is the ellipticity (in millidegrees), C is the concentration (in
mgml~1), L is the path-length (in cm), and MRW is the mean residue weight
(in Da).

Receptor-driven evolution of host defense peptides
S Zhu and B Gao

Antibacterial assays

Antibacterial activity of peptides was assayed by the inhibition zone method
(Hultmark, 1998). In brief, bacteria were incubated at 37 °C in LB medium
(10 g tryptone, 5 g yeast extract, and 9 g NaCl in 1 litre of water) until the
OD600 reached 0.5. 10 pl of bacterial culture were mixed in 6 ml of LB
medium containing 0.8% agar and poured into Peri dishes of 9.0 cm diameter.
Wells with a diameter of 2 mm were punched into the medium, filled with 2 pl
of sample each well. For each peptide, three to five different doses by 2-fold
dilution were used. After bacteria were incubated at 37 °C overnight, inhibition
zones were measured and used to calculate lethal concentration (Cp), a
concentration just sufficient to inhibit bacterial growth (Hultmark, 1998; Gao
and Zhu, 2010). C; values are calculated from a plot of d? against log n, where
d is the diameter (in cm) and n is the amount of sample applied in the well (in
nmol). The plot is linear and thus C; can be calculated from the slope (k) and
the intercept (m) of this plot. The formula used here is Cj =2.93/ak10™,
where a is the thickness of the bacterial plate and C; is in mm. This is a
quantitative description of the qualitative inhibition zone assay since the days of
Alexander Fleming and in most cases the calculated C; are comparable to the
directly measured minimal inhibitory concentrations (MIC) via broth micro-
dilution assay (Hultmark, 1998). Sources of bacteria used in this study are listed
in Supplementary Table S3.

Membrane permeability assay

To assess the permeation ability of peptides on bacterial membrane, 5 x 10° B.
megaterium or Micrococcus luteus cells in 500 pl of PBS were mixed with 1 pum
propidium iodide (PI) for 5min in the dark. After peptide was added, the
increase in fluorescence was measured using an F-4500 FL spectrophotometer
(Hitachi High- Technology Company). Once the basal fluorescence reached a
constant value, peptides were added. Changes in fluorescence arbitrary were
monitored (dexc=>525nm; dems=>595nm) and plotted as arbitrary units.
Meucin-18 and vancomycin were used positive and negative controls,
respectively (Zhu et al, 2012).

Scanning electron microscope

Salmonella typhimurium ATCC 14028 cells at exponential growth phase were
treated with peptides at 10xCp at 37°C for 90 min. After centrifugation,
bacterial pellets were fixed with 2.5% glutaraldehyde for 1h, followed by
washing three times with PBS. Dehydration was carried out with a series of
graded ethanol solution. Cells were then dried using BAL-TEC CPDO030 critical
point dryer before being mounted on carbon tape, sputtered with platinum
coating (BAL-TEC SCDO005). Images were visualized in FEI QUANTA 200.
Images were visualized in a Tecnai Spirit 120 KV microscope.

Hemolysis and serum stability

Hemolytic activity of peptides against fresh mouse erythrocytes was assayed
according to the standard method (Gao et al, 2009). Melittin, a classical
cytolytic peptide from bee venom (Raghuraman and Chattopadhyay, 2007),
was used as control. To assess serum stability, peptides were incubated in water
and fresh mouse serum for 0, 4, 24 and 44 h at 37 °C. Residual activities were
measured by the inhibition zone assay with M. luteus.

RESULTS

Sequence and structural features of CAP18-MPs

Our database search retrieved a total of 43 homologs of human
CAP18, which are all distributed in mammalian species, including
nine Orders (Primates, Rodentia, Lagomorpha, Carnivora, Sirenia,
Insectivora, Chiroptera, Cingulata, and Scandentia). Their precursor
organization comprises three parts, including an N-terminal signal
peptide, an evolutionarily conserved cathelin-like domain (CLD)
followed by a C-terminal CAP18-MP (Supplementary Figure SI).
Except Chinchilla lanigera (Rodentia) that contains two duplicated
CAP18 genes, others consist of a single copy. A phylogenetic tree based
on the amino acid sequences of CAP18-MP is presented in Figure 2,
according to which most members are clustered within their own
Orders (Figure 2). Multiple sequence alignment revealed that these
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Figure 2 A Neighbor-Joining tree of the CAP18-MP subfamily from mammals. Branches in different colors represent different Orders of mammals (names on
the left of the tree). The bootstrap values (50%) based on 1000 replications are indicated at each node. The scale bar represents amino acid substitutions of

0.10 per site.

CAP18-MPs share 27-94% sequence similarity to LL-37 (Figure 3).
They are composed of 3641 amino acids with net positive charges of
2-12. All members, including those with low sequence similarity to
LL-37, contain a conserved amphipathic architecture spanning resi-
dues 12 to 28 (Figure 3), as identified by their helical wheel projections
(Figure 4). Grand average of hydropathicity (GRAVY) values of all
these peptides were negative (ranging from —0.29 to — 1.41; Figure 3),
indicating their overall hydrophilicity (Kyte and Doolittle, 1982).
Comparative modeling suggests that all these peptides have capacity to
form a long a-helical segment, ranging from residues 2-31, with their
N and C termini in an unordered conformation (data not shown).

Positive selection in the unordered region of CAP18-MPs

Codon-based likelihood models that allow selection to vary across sites
are a powerful statistical tool for detecting amino acid sites under
positive selection. To identify positively selected sites (PSSs) in
mammalian CAP18-MP-coding region, we employed two classical
pairs of models (M1la and M2a; M7 and M8; Yang, 2006) to construct
likelihood ratio tests (LRTs). The ML estimates (MLEs) under MO
predicts that all amino acid sites have a o of 1.09, indicative of neutral
selection. However, MO fits the data worse than all other models (log
likelihood values: —2119.85 vs —2105.98 to —2080.36; Table 1),
suggesting the presence of heterogeneous selective pressure among
sites. The MLEs under M2a and M8 both identified identical
proportion (13%) of PSSs with @ values of 3.80-3.98 (Table 1). The
LRT statistics are 50.84 for the comparison between Mla and M2a,
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and 49.42 for M7 and M8, both much greater than critical values from
a y? distribution with degree of freedom=2 (P<0.001), indicating
statistical significance for the presence of PSSs. M2a and M8 both
identified four PSSs with P (posterior probabilities) >0.99 under the
Bayes Empirical Bayes (BEB) and Naive Empirical Bayes (NEB)
methods, which were L', V32, T3> and $*(numbered according to
LL-37; Figure 3), showing some differences from the previous study
based on a small data set from the primate lineage (Zelezetsky et al.,
2006), with only two identical PSSs (L' and V32). Mapping of the PSSs
onto the LL-37 structure in sodium dodecyl sulfate micelles (Wang,
2008) revealed that they all are located on two unstructured terminal
regions: L! at the N terminus (named NDR), and V32, T3%, and $%7 at
the C terminus (named CDR), without a PSS on the middle a-helical
region (MHR; Figure 3). For the structure of LL-37 in dodecylpho-
sphocholine micelles (Porcelli et al, 2008), the result is the same
(data not show). When LL-37 was in complex with other micelles,
such as lipopolysaccharides (LPS) and dioctanoylphosphatidylglycerol
(D8PG), these regions are still disordered and mobile (Wang, 2008), in
favor of structural location of the PSSs. The presence of PSSs in the
mature peptide domain of mammalian cathelicidins is contrary to avian
homologs that overall lack PSSs in the domain and their PSSs are mostly
located within the signal peptide and the CLD (Cheng et al., 2015).

Molecular design of CAP18-MP(FV) mutants
Given that accumulated evidence of coming from the structure—
activity relationship studies has indicated that the a-helix of LL-37 is



its main antibacterial element (Wang, 2008), and the truncation of five
amino acids from the C terminus of rabbit homolog (Larrick et al,
1993) did not impair its antibacterial activity, the discovery of the PSSs
location onto the unstructured regions is unexpected. Because the
nature of PSSs has implicated their functional significance in many
protein families evolving under positive selection, and some constitute
hot-spots of protein-protein interaction (Zhu et al., 2016), the absence
of PSSs in the antibacterial region of CAP18-MPs raises a possibility
that this class of HDPs might be not driven by mammalian pathogens.
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If confirmed, this might challenge the prevailing opinion that the co-
evolution between hosts and pathogens serves as a force driving the
evolution of HDPs.

To test the above hypothesis, we used a chimeric approach to
evaluate the antibacterial significance of PSSs in CAP18-MPs. This
method has been successfully used in identification of a PSS-rich 13-aa
‘patch’ as retroviral restriction element of TRIM5a in primates
(Sawyer et al., 2005). CAP18-MP(FV), a polymorphic variant of rabbit
CAP18-MP (CAP18106-142; Travis et al., 2000) with two naturally

Human LL-37
[pdb entry 2K60]

LL-37(Homo sapiens [Primates])
Pan paniscus [Primates]

Pan troglodytes [Primates]

Gorilla gorilla [Primates]

Pongo pygmaeus [Primates]
Pongo abelii [Primates]
Nomascus leucogenys [Primates]
Nomascus concolor [Primates]
Hylobates moloch [Primates]
Presbytis cristata [Primates]
Presbytis obscura [Primates]
Macaca fascicularis [Primates]
Macaca mulatta [Primates]

Papio papio [Primates]
Cercopithecus aethiops [Primates]
Papio anubis [Primates]

Saguinus oedipus [Primates]
Ateles fusciceps [Primates]
Cebus capucinus [Primates]
Saimiri boliviensis [Primates]
Callithrix jacchus [Primates]
Otolemur gamettii [Primates]
“Octodon degus [Rodentia]

Mus musculus [Rodentia]

S. tridecemlineatus [Rodentia]
Mesocricetus auratus [Rodentia]
Rattus norvegicus [Rodentia]
Cricetulus griseus [Rodentia]
Chinchilla lanigera-1 [Rodentia]
Chinchilla lanigera-2 [Rodentia]
“Heterocephalus glaber [Rodentia]
Microtus ochrogaster [Rodentia]
CAP18-MP(FV)(O. cuniculus [Lagomorpha])
Canis lupus [Carnivora]

Felis catus [Carnivora]

Odobenus rosmarus [Carnivora]
Ailuropoda melanoleuca [Carnivora]
Trichechus manatus [Sirenia]
Tursiops truncatus [Cetacea]
Dasypus novemcinctus [Xenarthra]
Condylura cristata [Insectivoral]
Tupaia chinensis [Scandentia)
Myotis brandtii [Chiroptera]

1 10 20 30 40 Size NC GRAVY S(%)
LLGDFFRKSKHKIGKEFKRIVORIKDFLENLVPRTES---- 37 +6 -0.72 100
LLGDFFRKSKHKIGKEFKRIVQRIKDFLRNLVPRTES---- 37 +6 -0.72 100
LLGDFFRKSKHKIGKEFKRIVQRIKDFLRNLVPRTES---- 37 +6 -0.72 100
LLGDFFRKAKHKIGKESKRIVQRIKDFLENLVPRTES---- 37 +6 -0.75 94
LLGDFFRKARHKIGEEFKRIVQRIKDFLENLVPRTES---- 37 +4 -0.66 91
LLGDFFREARHKIGEEFKRIVQRIKDFLENLVPRTES---- 37 +2 -0.65 89
LLGNFFRKARHKIGKEFKRIVQRIKDFL(HLVPRTEA---- 37 +6 -0.57 83
LPGNFFRKARHKIGKEFKRIVQRIKDFLJHLVPRTEA---- 37 +6 -0.71 81
SLGNFFRKARKKIGEEFKRIVQRIKDFLJHLIPRTEA---- 37 +6 -0.68 72
RLGNFFRKAKHKIGRGLKKIGQKIKDFWGNLVPRTES---- 37 +8 -0.89 70
RLGNFFRKAKKKIGRGLKKIGQKIKDFLGNLVPRTES---- 37 +10 -0.78 70
RLGNFFRKVKHKIGGGLKKVGOKIKDFLENLVPRTAS---- 37 +8 -0.45 67
RLGNFFRKVKHKIGGGLKKVGQKIKDFLGNLVPRTAS---- 37 +8 -0.45 67
RLGNFFRKVKHKIGGGLKKVGOKIKDFLENLVPRTAS---- 37 +8 -0.45 67
RLGKFFRKVKKKIGGGLKKIGQKIKDFLGNLVPRTAS---- 37 +11 -0.47 67
RLGNFFRKVKKKIGGGLKKVGQKIKDFLGNLVPRTAS---- 37 +10 -0.47 64
RLGGILRKAGHKIGGGLKKIGOKIKDFFGKLAPRTES---- 37 +7 -0.51 56
QLGDVLOKAGHKIVRGLKNIGORIKDFFGKLTPRTES---- 37 +4 -0.60 56
RLGGFLOKARHKIARGFKKIGQKINDFLJKLAPRTEA---- 37 +7 -0.61 54
RLGSILQKAGHKIGGGLKKIGOKIKDFFGKLAPRTEA---- 37 +6 -0.42 51
RLGDILOKARHKIEGGLKKLVQKIKDFFGKFAPRTES---- 37 +5 -0.68 51
RLGGFLRRGVHEFGRKLENIGRKIKEFFQNLAPRMES---- 37 +4 -0.75 43
GLGKLLRKVV(KLKEKFKKISQKIKDFIYNLKPRSE—-——— 36 +9 -0.77 48
RLAGLLRKGGHKIGEKLKKIGQKIKNFFJKLVPQPEQ---- 37 +6 -0.79 45
RLGGLLOKGGHKIGEKLENIGRKIKDFF(JGLVPRLRS---- 37 +4 -0.57 45
RIAELLRKGGLKIGENFKKIGQKIKDFFJKTAPQAES---- 37 +5 -0.70 43
RLAGLLRKGGHKFGEKLRKIGQKIKDFF(QKLAPEIEQ---- 37 +5 -0.75 40
QIAGLLQOKGGLKIGEKLKKIGQKIEDIFQKIVPKAES---- 37 +4 -0.29 35
WLRRLLOKGGUKLGEKFEQFGQRIKDFF(SRKPGSEQEK-- 39 +5 -1.41 33
KRGGFWRKVGRKLGKGIRKIGKTIKSQLGKERPRLQYRYQF 41 +15 -1.10 31
GLSKFFRKARKKLGKGLOKIKNVLRKYLHRPQYAYA—--——- 36 +12 -0.84 27
RIAGLLRRGGIKIGEKIQKLGQKIRDFFJKITPEVEK---- 37 +6 -0.57 27
GLRKRLRKFRNKIKEKLKKIGQKIQGFVHKLAPRIDY---- 37 +12 -1.11 37
RLKELITTGGUKIGEKIRRIGORIKDFFKYNLQPREEKS--- 38 +6 -1.14 44
QLGELIQQGGQKIVEKIQKIGQRIRDFFNLRPRQEA---- 37 +3 -0.82 40
QLRDLIRRGGJKIAEKFQRIGEQINDIFRNLQAKEES---- 37 +2 -1.04 40
RLRNLIEKAGQONIRGKIQGIGRRIKDILKENLQPRPQV---- 37 +8 -0.83 35
NLGRLIRKGGHKIGKKIERVGQRIKEFFHKLAPTTES---- 37 +5 -0.83 54
RLGDFLRRGGHKTGKKIERIGQRIKDFFQIFHQPSKQS---- 37 +6 -0.97 51
GLIDRFREGARKIGEKLKRFKDIVLDFIRNLSPRTEP---- 37 +4 -0.69 48
KVGDFLKRGGUKIGEKIEKIGKRIKDFF(NLKPREEA---- 37 +5 -1.08 45
KLTGLLRRGGHKLAEKFEKIGQKIKNFFRKLLPETES---- 37 +5 -0.78 43
NLGERIKNAKKKVWEKIKSFGRRIKDFFRKBSPEVEP---- 37 +7 -1.24 35

[Amphipathic helical region]

Figure 3 Multiple sequence alignment of the CAP18-MP family from mammals. Cationic and anionic amino acids are shown in blue and red,
respectively, and sites identified to be under positive selection are shadowed in yellow. The NMR structure of human LL-37 (Wang, 2008) is used to
map PSSs and define secondary structure element regions, which comprises three distinct parts: NDR (amino-terminal disordered region, residue 1),
MHR (middle a-helical region, residues 2-31) and CDR (carboxyl-terminal disordered region, residues 32-37), in which regions forming a conserved
amphipathic architecture is boxed in green. NC, net charge; GRAVY, grand average of hydropathicity, which was calculated by ProtParam as the sum
of hydropathy values of all the amino acids, divided by the number of residues in the sequence (http://web.expasy.org/protparam/); S(%), sequence

similarity percentage.
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mutated sites at 27 and 28 (from Leu-Leu to Phe-Val; GenBank No.
NM_001082305; Figure 5a), was chosen as a scaffold to graft the PSS-
containing unordered regions of whale (Tursiops truncatus) or human
(Homo sapiens) homolog, including sites 1 and 32 to 37 (Figure 5a).
Engineered chimeric peptides were termed CAP18-MP(FV)-TtNC and
CAP18-MP(FV)-HsNC (Tt and Hs, the first letters of genus and
species names; and NC, N and C termini). Meantime, these two
regions in CAP18-MP(FV; G! and ?APRTDY?’) were also deleted and
the mutant was named CAP18-MP(FV)(2-31; Figure 5a). Structural
models of these peptides constructed by comparative modeling from
templates of experimental structures (see Materials and Methods
section) are shown in Figure 5b.

Structural features of CAP18(FV) and its mutants

Synthetic CAP18-MP(FV), CAP18-MP(FV)-HsNC, CAP18-MP(EV)-
TtNC and CAP18-MP(FV)(2-31) had experimental molecular weights
(MWs) of 4453.2 Da, 4474.5 Da, 4503.6 Da and 3692.1 Da, perfectly
matching their calculated MWs of 4453.4 Da, 4475.5 Da, 4504.5 Da
and 3692.6 Da, respectively (Figure 5). Circular dichroism (CD)
spectral analysis indicated that CAP18-MP(FV) and its mutants

LL-37

C. griseus

behave similarly in water and saline buffer (PBS). In these two
solvents, they remained a random coil structure, as identified by very
low ellipticity above 210nm and negative bands near 198 nm.
However, in 50% trifluoroethanol (TFE), a solvent that mimics a
membrane environment, these four peptides had negative bands at
222 and 208 nm, and a positive band at 193 nm. These characteristic
spectral signatures indicated that they adopted a predominant
a-helical structure (Figure 6). In addition, we found that the
[0]22%/[0]%%8 ratios were <1 for all the peptides in 50% TFE,
suggesting a monomeric helical form, different from LL-37 that exists
as an aggregative helical state in both saline buffer and in the presence
of membrane components (Morgera et al., 2009). Structural features
of these peptides elucidated from their CD data are highly similar to
those of the murine CAP18-MP (mCRAMP; Gallo et al., 1997; Yu
et al., 2002).

Functional features of CAP18(FV) and its mutants

To compare whether there is activity differential among CAP18-MP
(FV) and its mutants, we used a wide range of bacterial strains to assay
their sensitivity to the peptides, including both Gram-positive and

C. lanigera-1

Figure 4 Helical wheel projections of LL-37 and its orthologs. These images were generated at the server http://rzlab.ucr.edu/scripts/wheel/wheel.cgi, in which
hydrophilic, hydrophobic, negatively charged, and positively charged residues are presented as circles, diamonds, triangles, and pentagons, respectively. The
most hydrophobic residue is shown in green, and the amount of green is decreasing proportionally to the hydrophobicity. The most hydrophilic (uncharged)
residues are coded red, and the amount of red is decreasing proportionally to the hydrophilicity. Charged residues are shown in light blue. These images
illustrate a typical amphipathic architecture in residues 12-29 of the representative CAP18-MPs.
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Gram-negative bacteria (Supplementary Table S3). The LB agar-plates  selected regions led to no significant alterations in activity and
used here contain a physiologically-relevant salt component (154 mm  antibacterial spectrum. Similar to CAP18-MP(FV), the mutants
NaCl). As shown in Table 2, deletion or substitution of the positively ~ exhibited activity on an array of Gram-positive bacteria, including

Table 1 Maximum likelihood estimates of parameters and sites inferred to be under positive selection in the CAP18/LL-37 family

Model S p / K Estimates of parameters PSSs
MO (one-ratio) 16.74 1 -2119.85 2.86 w=1.09 None
M1la (Nearly Neutral) 17.37 2 —2105.98 2.70 po=0.27 (p;=0.73) Not allowed
M2a (Positive Selection) 18.54 4 —-2080.56 2.91 w0=0.35 (w1=1) 1L**, 4D*, 32V**, 35T** 37S**
po=0.07 (p; =0.80)
=0.13
wp=0.14 (w1=1)
wy=3.98
M7 (beta) 17.18 2 -12105.07 2.67 p=0.79, ¢=0.23 Not allowed
M8 (beta&w>1) 18.42 4 —2080.36 2.89 p=0.56, g=0.09 1L**, 4D*, 32V**, 35T** 37S**
po=0.87 (py=0.13)
ws=3.80

Abbreviations: «, transition/transversion rate ratio; /, log likelihood; p, number of parameters in the w distribution; S represents tree length.

Twice the log likelihood difference (2Al) between null models (M1a and M7) and their alternative models (M2a and M8): M1a/M2a=50.84 ()(2 significant value: P<0.001); M7/M8=49.42
(P<0.001). PSSs identified by the Bayes Empirical Bayes (BEB) and Naive Empirical Bayes (NEB) methods under M2a and M8 with P (posterior probabilities) >0.99 are indicated by **.
Residues are numbered according to human LL-37. @ values in M2a and M8 as indicators of positive selection are boldfaced.

a Size MW (Calc.) MW (Exp.) Tr
(AA)  (Da) (Da) (min)

LL-37 GDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 37 4493.3 - -

Tursiops truncatus [LGDFLRRGGEKTGKKIERIGQRIKDFFGIFQPSKQS 37 4295.0 - -

CAP18-MP(CAP184¢6. 142) LRKRLRKFRNKIKEKLKKIGQKIQGLLPKIAPRTDY 37 4433.5

CAP18-MP(FV) GLRKRLRKFRNKIKEKLKKIGQKIQGFVPKI[APRTDY 37 4453.4 4453.2 26.1

CAP18-MP(FV)-HsNC LILRKRLRKFRNKIKEKLKKIGQKIQGFVPKI[VPRTES 37 4475.5 4474.5 255

CAP18-MP(FV)-TINC R[LRKRLRKFRNKIKEKLKKIGQKIQGFVPKIQPSKQS 37 4504.5 4503.6 241

CAP18-MP(FV)(2-31) LRKRLRKFRNKIKEKLKKIGQKIQGFVPKL 30 3692.6 3692.1 25.0

b Deletion of G' and 32APRTDY®

[ v
CAP18-MP(FV)-HsNC CAP18-MP(FV) CAP18-MP(FV)-TtNC CAP18-MP(FV)(2-31)
- % -

Substitution
R

% .

Figure 5 Molecular design of chimeric and truncated CAP18-MP. (a) Sequence alignment of CAP18-MP and related peptides. Regions under positive
selection are boxed and shown in different colors, blue for human LL-37, green for the whale T. truncatus LL-37 and red for rabbit CAP18-MP(FV). PSSs are
shadowed in yellow. Two chimeric mutants possess a MHR of CAP18-MP(FV) but non-identical NDR and CDR, one from human and another from whale. The
truncated peptide CAP18- MP(FV)(2-31) was designed to remove the NDR and CDR. Experimental molecular weights determined by MALDI-TOF and

retention times at the C18 column of CAP18(FV) and its mutants are shown here; (b). Structural models illustrating the design strategy where substitution
and deletion were involved. Color codes are the same to a. Arrows indicate residues under positive selection.
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Micrococcus luteus, Bacillus (B. megaterium and B. subtilis, rather
than B. cereus); Streptomyces (S. griseus and S. scabiei); Streptococcus
(S. mutans, S. salivarius and S. sanguinis). For Staphylococcus, these four
peptides displayed activity dependent on different species or isolates.
For example, they were active on methicillin-resistant coagulase
negative Staphylococci (MRCNS), penicillin-resistant S. epidermidis
(PRSE), S. warneri and a series of clinic isolates of S. aureus, but no
activity on other isolates, such as S. aureus strains (CGMCC 1.89, J685,
J698, J700, J706, J708, and J710), penicillin-sensitive Staphylococcus
epidermidis (PSSE) P1111 and penicillin-resistant Staphylococcus aureus
(MRSA) P1386 (Table 2). Relative to Gram-positive bacteria, CAP18-
MP(FV) and its mutants exhibited a wider spectrum of activity

towards a variety of Gram-negative bacteria, including Alcaligenes
faecalis, Xanthomonas oryzae pv. oryzae, Stenotrophomonas maltophilia,
Pseudomonas solanacearum, and multiple isolates from Escherichia coli,
Pseudomonas aeruginosa and Salmonella. In this assay, the only one
Gram-negative bacterium resistant to all these peptides was Serratia
marcescens ATCC 14041 (Table 3).

Membrane permeability assay and scanning electron microscopy
were used to investigate the action modes of CAP18-MP(FV) and its
mutants. Similar to LL-37 (Burton and Steel, 2009), these peptides all
exhibited similar membrane-disruptive capacity on bacterial cells, as
identified by rapid increase in fluorescence when they were added to
B. megaterium cells preincubated with PI, a nucleic acid binding dye,
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Figure 6 Circular dichroism spectra of CAP18-MP(FV) and its mutants. Three solvents were used: H,0, 50% TFE and PBS, and peptide concentrations used
were 0.1 mg mlI~L. The spectra in the far UV were obtained as described in Methods. The a-helical concentration of peptides was calculated according to the
CDSSTR method implemented in the DICHROWEB online server for protein secondary structure analyses from CD data (http://dichroweb.cryst.bbk.ac.uk).
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indicating that immediate membrane damage occurred, leading to
DNA release (Figure 7). The strain Micrococcus luteus gave a similar
result while its fluorescence was slightly lower than B. megaterium
(data not shown). Electron microscopic observation revealed mor-
phological changes and cell aggregation in Salmonella enterica treated
by the peptides, likely due to the membrane damage leading to the
release of cellular contents (Figure 8).

In addition to the similarities in antibacterial activity and action
mode, these peptides all were not toxic on mouse blood cells even at
25 um (Figure 9a), a concentration that exceeded several-folds of their
lethal doses to bacteria. After incubated in mouse serum for only 4 hr,
these peptides significantly reduced their antibacterial activity, how-
ever, incubation in water even up to 44 h resulted in no significant loss
of activity (Figure 9b), suggesting their sensitivity on serum proteases.
This observation also hints that accelerated substitutions in the
unordered regions does not confer the peptide’s stability.

Evolutionary variability of LL-37 receptors

It is known that LL-37 regulates the adaptive immune response via
binding to different receptors on host immune cells, such as P2X7,
MrgX2 (Mas-related gene X2, a novel G-protein-coupled receptor
in human mast cells), and FPR2 that belongs to a class of Gi
protein-coupled receptors (Xhindoli et al., 2016). Analyses of the
evolutionary conservation of these receptors in mammals might
help provide clues on driving forces of the evolution of CAP18-
MPs in a cooperative co-evolutionary manner. In particular, the
finding that a selective antagonist (WRW4) for FPR2 signaling that
directly binds to the formyl peptide binding pocket is capable of
blocking the LL-37 functions (Verjans et al, 2016) provides

Table 2 Lethal concentrations (C;, pm) of CAP18(FV) and its mutants
against Gram-positive bacteria

CAP18 CAP18(FvV) CAPI8(FV)- CAPI8(FV)-

(FV) (2-31) HsNC TtNC
BC CGMCC 1.1846 NA NA NA NA
BM CGMCC 1.0459 1.40 1.46 1.64 1.92
BS CGMCC 1.2428 1.10 1.45 1.80 2.36
ML CGMCC 1.0290 0.94 0.90 1.18 1.50
SA CGMCC 1.89 NA NA NA NA
SA (J685,J698,J700 J706, NA NA NA NA
J708,]710)
PSSE P1111 NA NA NA NA
MRCNS P1369 1.57 1.44 1.48 2.09
MRSA P1374 1.20 1.46 2.08 2.13
MRSA P1381 1.73 1.46 1.85 2.17
PRSA P1383 1.19 1.35 1.74 2.29
PRSE P1386 NA NA NA NA
PRSE P1389 1.00 1.15 1.30 1.87
SW ATCC 1.2824 1.38 0.78 1.00 2.17
SG NBRC 13350 6.36 8.84 5.68 ND
SSCA CGMCC 4.1765 1.84 3.10 8.93 8.66
SM ATCC 1.2499 1.67 0.73 2.02 4.97
SSAL ATCC 1.2498 2.25 2.66 2.79 4.13
SSAN ATCC 1.2497 1.16 1.75 2.81 3.83

Abbreviations: BC, Bacillus cereus; BM, Bacillus megaterium; BS, Bacillus subtilis; ML,
Micrococcus luteus; MRCNS, Methicillin-resistant coagulase negative Staphylococci; MRSA,
Methicillin-resistant Staphylococcus aureus; PRSA, Penicillin-resistant Staphylococcus aureus;
PRSE, Penicillin-resistant Staphylococcus epidermidis; PSSE, Penicillin- sensitive
Staphylococcus epidermidis; SA, Staphylococcus aureus; SG, Streptomyces griseus; SM,
Streptococcus mutans; SSCA, Streptomyces scabiei; SSAL, Streptococcus salivarius; SSAN,
Streptococcus sanguinis; SW, Staphylococcus warneri. NA means ‘no activity’, as identified by
no inhibition zone observed at 0.8 nmol peptide each well. ND means ‘activity not determined’.
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Table 3 Lethal concentrations (C;, um) of CAP18(FV) and its mutants
against Gram-negative bacteria

CAP18 CAPI18(FV) CAPIS(FV)- CAP18(FV)-

(FV) (2-31) HsNC TtNC
AF CGMCC 1.1837 1.80 1.92 2.31 2.65
EC ATCC 25922 1.46 1.63 2.07 2.75
EC DH5«a 1.60 1.46 2.21 2.51
EC JM109 1.52 1.50 2.11 3.00
EC TOP10 1.62 1.33 1.93 2.85
EC Am. J16¢ 1.67 1.01 1.84 2.89
EC Am. J23a 1.44 1.33 1.95 2.89
EC CIP. J14b 2.19 1.77 2.67 2.17
EC D. G2b 2.19 1.33 3.49 3.85
EC D. J45b 2.19 1.41 2.67 5.23
SMAR ATCC 14041 NA NA NA NA
PA 01 1.40 2.10 1.95 3.00
PA 14 2.04 2.67 3.22 3.75
PA FRD1 3.03 3.33 2.96 4.46
PA 374 1.79 4.42 4.77 3.89
PA 11082603 2.19 2.66 2.89 5.77
PA 11082616 291 3.54 1.47 7.20
PA 11092304 3.13 3.54 2.67 5.23
PA 11092618 291 2.66 1.84 4.34
PA DH 2.19 1.77 2.89 4.34
PA QT1 291 2.66 2.89 4.34
PS 1.46 2.19 1.78 2.31
SE ATCC 14028 1.21 1.47 2.65 1.08
SM DZ. 3G 1.94 2.92 3.70 2.17
SM WFH. 9N 1.67 1.41 1.95 2.05
SM WFM. 5N 1.67 3.54 2.67 2.17
SM zQ. 17N 1.67 3.54 1.95 2.89
SM ZQ. 18X 1.67 3.54 2.89 2.89
SM zQ. 21X 1.94 2.36 2.89 2.89
SMAL CGMCC 1.1788 3.93 2.99 3.21 10.67
Xanthomonas oryzae pv. 5.67 4.86 2.98 10.19

oryzae

Abbreviations: AF, Alcaligenes faecalis; EC, Escherichia coli; PA, Pseudomonas aeruginosa; PS,
Pseudomonas solanacearum; SE, Salmonella enterica; SM, Salmonella; SMAL,
Stenotrophomonas maltophilia, SMAR, Serratia marcescens. NA means 'no activity', as
identified by no inhibition zone observed at 0.8 nmol peptide each well.

120 7 r=5xc,mevonts
= 5x C,CAP18-MP(FV)
5x C, CAP18-MP(FV)-HsNC ”
100 q = 5x C, CAP18-MP(FV)-TINC "
5x C, CAP18-MP(FV)(2-31)
== 10x C, Vancomycin
— 80 1
=)
<
©
2
o 601
17}
o
S
=
% 404
20 - \
0
0 100 200 300 400
Time (s)

Figure 7 Effect of peptides on the membrane integrity of B. megaterium
cells. In each run, peptides at 5-fold C, were added when the basal
fluorescence remained constant 100 s. Vancomycin and meucin-18 were
used as negative and positive control, respectively.
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Figure 8 Scanning electron microscopy (SEM) observation of the effects of peptides on sensitive bacteria. The Gram-negative Salmonella enterica ATCC
14028 was selected as a representative. 10x CL peptide doses were used to treat the bacteria for 90 min at 37 °C. Arrows indicate cells with a visible

morphological change.

evidence for direct interaction between LL-37 and FPR2. Among
these receptors, FPR2 is also the only one identified to bind to the
C-terminal, PSS-rich region of LL-37 (Singh et al., 2014). We
therefore put our focus on this receptor. To investigate putative
co-evolution between CAP18-MP and FPR2, simple Mantel test
implemented in the zt software (Bonnet and Van de Peer, 2002)
was used to compare their distance matrices, from which their
evolutionary trees were constructed (Supplementary Figure S3).
This analysis gave a significant correlation of 0.54 (P=0.0002) and
thus provided a support for their co- evolutionary relationship. To
observe structural location of evolutionarily conserved and variable
sites, we firstly modeled the three-dimensional (3D) models of
human FPR2 (Figure 10a). It is a typical GPCR containing seven
transmembrane helices (TM1-TM7) associated with three extra-
cellular loops (L1-L3). Then we used ConSurf to define the
conserved and variable sites in the 3D structure. As shown in
Figure 10b, the extracellular loop regions of FPR2 show high

Heredity

evolutionary variability, in contrast to the helices that are overall
conserved (Figure 10b). It was found that both terminal regions of
LL-37 are required for wild-type level of interaction with RNA to
activate TLR3 signaling through FPR2 (Singh et al., 2014), in line
with our opinion that these positively selected regions are involved
in immune regulation via interacting with the receptors.

Previous studies have defined peptide ligand-binding domains of
the formyl peptide receptor family of receptors, which include
extracellular loops and their adjacent transmembrane domains
(Quehenberger et al., 1993). Our work suggests that the extracellular
loop regions could also constitute a putative binding site for LL-37 via
its C terminus, namely PSSs of CAP18-MPs binding to the evolutio-
narily variable regions of FPR2s, a reflection of their co-evolution. This
also provides a reasonable explanation for the previous proposal
that sequence difference between human and murine FPR2 proteins
might affect the ability to interact with LL-37 and mCRAMP (Singh
et al., 2013).
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Figure 9 Hemolysis and serum stability. (a) Hemolysis of CAP18-MP(FV) and its mutants on mouse blood cells. Melittin was used as positive control; (b)
Serum stability of CAP18-MP(FV) and its mutants. For comparison, HoO stability of the peptides was also evaluated in parallel. Data are expressed as
mean +s.d. (n=3). Student’s unpaired ttest was used to compare means between the group treated with the serum or H,O and the group without

treatment. **P<0.005; ***P<0.001.

DISCUSSION
The finding that the PSSs of mammalian CAP18-MPs are located onto
two unordered termini of their structures is remarkable because these
regions are dispensable for their antibacterial activity. We found that
deletion of the unordered and PSS-rich N- and C-terminal regions in
rabbit CAP18-MP led to no significant changes in antibacterial
spectrum, potency and action mode against multiple Gram- positive
and Gram-negative bacteria. Further exchanges of these regions
resulted in similar results. These observations suggest that accelerated
substitutions in the structurally unordered regions might not be driven
by their pathogens, in line with the opinion that the antimicrobial
properties of cathelicidins in mammals may not be the main function
because they enhance host defense against infection primarily through
modulatory mechanisms in vivo (Beaumont et al., 2014).

This appears to be different from the defensin-type HDPs. For
example, modification of chicken p-defensin-8 at PSSs can enhance
specific antimicrobial activity, suggesting that positive selection at

particular sites might be implicated in directing the antimicrobial
response against specific pathogens (Higgs et al., 2007). In addition,
evolutionary analyses of a primate 3-defensin gene cluster suggest that
the evolutionary forces driving the proliferation and diversification of
the primate p- defensins may be related to reproductive specialization
and/or the host-parasite co-evolutionary process (Radhakrishnan et al.,
2005). A similar conclusion was also made with regard to the
evolution of P-defensin 2 in primates potentially driven, at least in
part, by different environmental pressures so as to modulate anti-
microbial activity (Antcheva et al., 2004). For mammalian o-defensins,
it is proposed that their positive selection is a response to potentially
infectious challenges by fast-evolving microbes (Lynn et al., 2004).
In our opinion, the differences in 3D structures and action modes
between CAP18-MPs and defensins could explain their differential
driving forces. It is known that the defensins kill bacteria by binding to
lipid II via residues in a relatively rigid scaffold to inhibit cell wall
synthesis (Oppedijk et al, 2016), and thus small variations might lead
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Figure 10 Evolutionary conservation of the FPR2 family in mammals.
(@) The cartoon model of human FPR2 structure (residues 16 - 321,
Supplementary Figure S2). The structure is displayed by PYMOL (http://www.
pymol.org/). Seven transmembrane helices and three extracellular loops are
shown; (b) The ConSurf result showing the evolutionarily variable
extracellular region, displayed as cyan sphere and circled in dotted line. The
multiple sequence alignment for conservation analysis is provided in
Supplementary Figure S2.

to a large antibacterial activity alteration, as observed in a fungal
defensin (Wu et al., 2016). In this case, functional divergence driven
by pathogens occurs more easily. On the contrary, CAP18-MPs kill
bacteria via a membrane-disruptive mechanism, in which mutations
leading to functional changes should occur rarely because an
amphiphilic a-helical structure accommodating more sequence muta-
tions can retain bactericidal activity. In other words, positive selection
could exert minor impact on the antibacterial function of this class of
a-helical peptides. It is also worth mentioning that previous study
based on a small data set from primates identified several PSSs in the
a-helical region and elucidated a correlation between structural
variations and antimicrobial activity (Zelezetsky et al., 2006). However,
when a larger data set that extends to mammals was used, the PSSs
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located in the helical region disappeared, suggesting that at a large
genetic scale, positive selection primarily acts on the unstructured
receptor-binding regions.

Alternatively, based on the role of the positively selected regions in
interacting with host cell receptors, we proposed that positive selection
of CAP18-MPs might be driven by their receptors’ evolutionary
variability (Figure 10b), as previously observed in scorpion toxins
affecting sodium channels. In this example, toxins bind to the highly
variable channel receptor sites via their hot PSSs (Zhang et al., 2015;
Zhu et al., 2016). Our proposal is further strengthened by functional
characterization of the C terminus of LL-37 in interacting with FPR2
(Singh et al., 2014). Apart from FPR2, P2X7 might also act as a driving
force for the evolution of CAP18-MPs because similar evolutionary
conservation is also observed in this receptor family, in which the
transmembrane and the cytoplasmic domains are highly conserved,
while the highest divergence occurred in the extracellular loops
involved in ligand binding (Wiley et al, 2011). However, to draw a
decisive conclusion, it is necessary to determine the structure of the
complex between the CAP18-MP and its receptor.
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