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Abstract Cathelicidins are a group of myeloid antimicrobial
peptide precursors found in a variety of mammalian species.
Transcripts of this family show a highly conserved 5’ region
corresponding to the 5’ untranslated region, signal peptide and
propiece, and diverse 3’ regions encoding structurally varied C-
terminal sequences that correspond to mature antimicrobial
peptides after proteolytic release from the precursors. To
establish the size of the bovine gene family encoding these
proteins, A genomic clones were isolated by screening a bovine
library with a probe based on the conserved ¢DNA region of
bovine members. Restriction mapping, hybridization studies and
sequence analysis identified 11 distinct genes that based on the
intergenic distances of contiguous genes appear to be in close
physical proximity. Among these, a novel gene encoding the
precursor of a putative o-helical antimicrobial peptide was
recognized and sequenced. The novel gene appears to be
expressed in bovine bone marrow myeloid cells, spleen and testis.
© 1997 Federation of European Biochemical Societies.

Key words: Cathelicidin; Gene; Antimicrobial peptide

1. Introduction

A large number of cationic peptides are recognized to play
a role in animals as a first line of defense against pathogens
[1-3]. These peptides rapidly inactivate microbes by perturb-
ing microbial membranes. In mammals, antimicrobial pep-
tides are found in circulating phagocytes [4-6], where they
contribute to the killing of engulfed microorganisms, and in
epithelial surfaces, where they act as a local defense mecha-
nism that protects anatomical compartments from microbial
invasion [6-9]. Different mammalian species are equipped
with different sets of peptides showing broad spectra of anti-
microbial activity. The mammalian antimicrobial peptides fall
within one of two major groups: the cysteine-rich oo and
defensins [10,11], and the heterogeneous group of the catheli-
cidin-derived peptides [12]. Peptides belonging to the latter
group vary markedly in sequence and length, ranging from
12 to 79 amino acid residues, and include a-helical peptides
(e.g. human LL-37, rabbit CAP18), linear, proline- and argi-
nine-rich (e.g. bovine Bac7, pig PR-39), or tryptophan-rich
(bovine indolicidin) peptides, and peptides with one or two
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disulfide bonds (e.g. bovine dodecapeptide, pig protegrins).
They are processed from precursors (prepropeptides) that
are synthesized in myeloid bone marrow cells and have col-
lectively been designated cathelicidins. Typically, precursors
belonging to the cathelicidin family show an N-terminal pre-
prosequence of approximately 130 residues which is highly
conserved both intra- and inter-species (90-97% intraspecies
amino acid identity in pig, 75-87% in cow), and structurally
diverse C-terminal sequences corresponding to antimicrobial
peptides. The propeptides are stored in the secretory granules
of neutrophils, and the C-terminal antimicrobial peptides can
be released from the precursors by enzymatic removal of the
propiece at specific sites upon neutrophil stimulation [13-15].
Thus far, cathelicidins have only been found in mammals.
More than 20 congeners with molecular masses of 16-26 kDa
have been identified as deduced from myeloid cDNA in hu-
man, cow, pig, rabbit [12], sheep [16,17], mouse [18,19], and
guinea pig [20], and each congener has been named after the
antimicrobial domain. The number of different cathelicidins
varies substantially among species. Only one is expressed in
human, while several congeners have been identified in the
artiodactyl species analyzed. Among these, the complete
gene sequences of pig PR-39, protegrins and prophenin-2,
and that of the human FALL-39/hCAP18 are known [21-
25]. All these genes show a similar structural organization
with the coding sequence distributed over four exon regions.
In this study, we have defined the size of the cathelicidin
gene family in cattle by screening a bovine genomic library
with probes based on the conserved 5 cDNA sequence of
bovine congeners. Eleven cathelicidin genes were identified.
Among these is a novel gene encoding the precursor of an
a-helical antimicrobial peptide. This gene was found to be
expressed in bone marrow myeloid cells, spleen and testis.

2. Materials and methods

2.1. Genomic Southern blotting

Genomic DNA was prepared from bovine blood cells as described
[26]. Aliquots of 10 ug of DNA were digested with EcoRI, BamHI
and HindlIII restriction endonucleases (used singly or pairwise), and
transferred after gel electrophoresis onto nylon filters (Genescreen
plus, DuPont NEN Products, Boston, MA) that were hybridized over-
night at 65°C in 0.5 M NaH,PO,4, 1| mM EDTA, 5% SDS, pH 7.2,
100 pg/ml of denatured salmon sperm DNA. Filters were then washed
at room temperature with 40 mM NaH,PO,, 5% SDS, 1 mM EDTA,
pH 7.2 for 30 min, and at 65°C in 40 mM NaH,POy, 0.5% SDS, | mM
EDTA, pH 7.2 for 30-180 min (depending on the probe used).
32P-labeled hybridization probes were prepared by random primer
synthesis (Boehringer Mannheim, Germany). Hybridization probes
included an EcoRI fragment of 396 bp from the 5’ end of bovine
Bac7 ¢DNA (Cathl probe), and PCR-generated fragments corre-
sponding to the 3’ ends of the cDNAs of bovine Bac7, Bac5, dodec-
apeptide, BMAP-27, BMAP-28, indolicidin, and a DNA restriction
fragment of BMAP-34.
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2.2, Screening of genomic library and isolation of genomic clones

A bovine liver genomic library cloned into A DASH II phage (Stra-
tagene cloning system, Inc., La Jolla, CA) was screened by hybrid-
ization with the radiolabeled 5’ ¢cDNA of bovine Bac7 (Cathl probe)
[26]. Phage DNA from the positive plaques was purified as described
[27], digested with the restriction enzymes NofI, BamHI, EcoRI, Spel
and Hindlll, and analyzed by Southern blotting using 5’-*P-end-la-
beled oligonucleotide probes. The following probes were used: 5'-
CAAGAATTCGGAGACTGGGGACCATG-3' and 5-ACCGAAT-
TCAGTGTGACTTCAAGGA-3', from the conserved 5’ untranslated
region and proregion of cathelicidin ¢DNA sequences; the oligonu-
cleotides 5'-AGTGCTAACCTTGATGTT-3', 5'-CAGATTITCGTC-
CACCAA-3, 5'-CAGATCCAGTAGCTTGAGGC-%, 5-TCTGAA-
CAAATCAGACACTTA-3', 5-AATTGGGCCATACTTCTTCC-3',
5'-ACAGGATTCTTCCATGGGCT-3’, based on the 3’ cDNA ends
of bovine Bac7, BacS, dodecapeptide, indolicidin, BMAP-28 and
BMAP-27, respectively.

2.3. Gene cloning and sequencing, and sequence analysis

The sequence of BMAP-34 gene was obtained from three restriction
fragments of clone ACI10 including a 1.8 kbp Spel/HindIII, a 3.1 kbp
Hindlll/BamHI and a 3.1 kbp BamHI/Spel fragment. Genomic frag-
ments were subcloned into pBluescript KS+ vector (Stratagene). Se-
quential unidirectional deletions of the subcloned fragment were cre-
ated using an exonuclease III/S1 nuclease reagent kit (Pharmacia)
according to the protocol of the supplier. Sequencing was performed
on both strands using universal or sequence-specific primers, with
deazaguanosine and automated fluorescent DNA sequencing
(EMBL fluorescent DNA sequencer, Heidelberg, Germany) as previ-
ously described [28]. Nucleotide sequence assembly and analysis, and
polypeptide secondary structure prediction were conducted with the
software package of the Wisconsin Genetics Computer Group (GCG).
Database searches were performed using the BLAST network service
of the National Center for Biotechnology Information. Consensus
sites were identified by the Signal Scan Program using David Ghosh
transcriptional factor Database [29].

2.4, Reverse transcription-PCR and Northern analysis

Total RNA extraction from bovine tissues and reverse transcription
were performed as described [30,31]. PCR was performed in a 1605
Air Thermo Cycler (Idaho Technology, Idaho Falls, ID) for 30 cycles:
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15 s at 94°C, 15 s at 52-56°C, 30 s at 72°C. The reaction was carried
out in a total volume of 20 pl of PCR buffer (50 mM Tris-HCl, pH
8.3, 0.25 mg/ml BSA and 2 mM MgCly) containing 160 uM dNTPs,
1 pl of a 1/5 dilution of cDNA, 0.5 units of Taql polymerase (Perkin
Elmer-Roche Mol. Syst., Branchburg, NJ) and 10 pmol each of a
sense primer 5'-ACCGAATTCAGTGTGACTTCAAGGA-3', based
on a sequence contained in exon 2 of BMAP-34 gene, and an anti-
sense primer 5'-ACCTGATCCTAAGGACTTT-3’ complementary to
an exon 4 sequence. Amplified products were size fractionated in a 2%
agarose gel, visualized by ethidium bromide staining, blotted and
hybridized with a BMAP-34-specific probe. Northern analysis was
performed as described [31], by using the labeled oligonucleotide
probe 5’-ACCTGATCCTAAGGACTTT-3' complementary to the
3’ non-coding region of BMAP-34 gene.

3. Results and discussion

3.1. Characterization of the bovine cathelicidin gene family

On the basis of molecular cloning and sequence analysis of
cDNAs, we previously reported the mRNA sequences of mye-
loid cathelicidins in several mammalian species. These were
identified through a RT-PCR-based approach that exploits
the high conservation of the 5 mRNA region including the
5’ untranslated and the signal peptide and propiece coding
regions [12,16].

As an initial step toward the characterization of this gene
family in cattle, a Southern analysis of bovine genomic DNA
digested with various restriction endonucleases was per-
formed. The presence of genomic sequences related to cathe-
licidins was investigated by hybridizing blots with a 400 bp
EcoRI fragment, referred to here as Cathl probe, that covers
the conserved 5’ region of preproBac7 ¢DNA [32]. The band
pattern obtained indicates the presence of several cathelicidin-
related sequences (Fig. 1A). Known members of the family
were then recognized through their diverse 3’ regions, by hy-
bridizing blots with the 3’ ¢cDNA sequence of each bovine
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Fig. 1. A: Southern blot analysis of bovine genomic DNA digested with EcoRI (lane 1), BamHI (lane 2), EcoRl/BamHI (lane 3), and HindIIl
(lane 4). Blots were hybridized with the Cathl probe. B: Southern analysis of eight BamHI/Notl digested genomic clones. An oligonucleotide
probe from the conserved proregion of cathelicidin cDNA sequences was used. C: Schematic representation of the bovine cathelicidin genes.
The restriction maps of the A DNA clones and the contigs formed by partial overlapping of some of the fragments are shown. Genes (dark
gray) and pseudogenes (light gray) are represented by boxes indicating the direction of transcription.
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Fig. 2. A: Schematic representation of the BMAP-34 gene. Exons are symbolized by boxes: light gray, dark gray and black denote the coding
regions for the signal peptide, the proregion and the mature peptide. The 5 and 3’ untranslated regions are white. Unique restriction sites
present in the gene are indicated. The map is drawn to scale. B: Sequence of the BMAP-34 gene. The 5’ flanking, the exon 1, and the 5 re-
gions of intron 1 are included in the nucleotide sequence 1-645, while the sequence 1-1338 includes the remaining 3’ region of the gene, start-
ing from the 3’ region of intron 1. Non-coding sequences are in lowercase letters, the coding sequence is in uppercase letters. The deduced ami-
no acid sequence of the open reading frame is indicated in single letter code. The sequence putatively corresponding to the antimicrobial
peptide is underlined, the stop codon is indicated by an asterisk, the TATA-like box is in boldface, the polyadenylation signal is double under-

lined.

congener, i.e. Bac7 [32], Bac5 [28], indolicidin [31], dodecapep-
tide [33], BMAP-27 and BMAP-28 [34] (not shown). The re-
sults of this analysis are consistent with the presence in the
bovine genome of single copy genes for Bac7, Bac5, BMAP-27
and BMAP-28, and of at least two copy genes for dodecapep-
tide and indolicidin (not shown).

In an attempt to define the size of the bovine cathelicidin
gene family, and reveal the presence of novel members of this
family, approximately 1x 10 clones of a A DASH II bovine
genomic library were then screened with the Cathl probe.
DNA from 11 hybridization-positive clones was purified.
Each clone was double digested with Notl and BamHI and

Table 1
Putative regulatory elements found in the 5’ flanking region of the BMAP-34 gene
Factor or site name Consensus sequence Position (orientation)
NF-IL6 TGTNNGNAAGT —127 (+)
—196 (—)
NF-xB GGGAIGAIGNCITCCC —168 (—)
vIFN RE CAITGITGTANNCT —71 (+)
—140 (—)
—285 (+)
—344 (—)

Numbering gives the position of the first nucleotide with regard to the transcription start site. + and — indicate positive and negative DNA strands,

respectively.
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Fig. 3. A: Southern analysis of bovine genomic DNA, digested with EcoRI (lane 1), BamH]I (lane 2), EcoR1/BamHI (lane 3), and HindIII (lane
4) and hybridized with a DNA fragment corresponding to the exon 4 region of BMAP-34. B: RT-PCR analysis of tissue expression of BMAP-
34. A product of about 250 bp was amplified from the indicated bovine tissues using BMAP-34-specific primers (upper panel) and analyzed by

Southern blot analysis using a BMAP-34-specific probe (lower panel).

shown by Southern analysis to contain one or two cathelici-
din-related genes (shown in Fig. 1B for eight different clones).
These clones were mapped, and approximate positions of in-
dividual genes were obtained by Southern blotting using se-
quence-specific oligonucleotides derived from the 3’ ¢cDNAs
of the bovine congeners (Fig. 1C). The gene copy number
detected for each known congener was consistent with the
copy number indicated by Southern analysis of genomic
DNA. Three additional Cathl probe-positive sequences failed
to give any detectable hybridization signal with the 3’ cDNA
probes used, and were cloned and sequenced. Two of these,
namely Bac4 (GenBank/EBI Data Bank accession number
Y12730) and CATHLP, were presumed to be pseudogenes
by sequence analysis, whereas a sequence present in clone
ACI0 was found to correspond to a novel functional gene
and is described here in more detail. Bac7 and one copy
gene of dodecapeptide, corresponding to Dod I in Fig. 1C,
were also sequenced (GenBank/EBI Data Bank accession
numbers Y09471 and Y09472), and shown to share the typical
four exon, three intron structure of cathelicidins [21-25).

3.2. Gene structure and expression of the novel BMAP-34 gene

The genomic clone ACI10 was shown to contain a catheli-
cidin-related sequence that did not hybridize to any of the
bovine cathelicidin 3’ cDNAs, and was further analyzed for
the presence of a potential novel antimicrobial domain. The
region of interest was sequenced as described in Section 2,
revealing a novel member of this family. The gene was named
BMAP-34 (bovine myeloid antimicrobial peptide of 34 resi-
dues) by analogy with two other reported members of this
family [34], and its sequence is reported in Fig. 2B. BMAP-
34 is located approximately 2 kbp 3’ to the Dod II gene (Fig.
1C), spans about 1900 bp, and reproduces the four exon/three
intron organization of cathelicidin genes (Fig. 2A). The se-
quence indicates that BMAP-34 is a functional gene with a
TATA-like box. Several potential recognition sites for nuclear
factors involved in the transcription of immune-related mole-
cules are found in the 5’ flanking region (Table 1), and a
polyadenylation signal is located 52 bp from the putative
stop codon. A Southern analysis of bovine genomic DNA
using a PCR-generated fragment corresponding to the exon
4 region indicates that BMAP-34 is a single copy gene (Fig.
3A). Northern analysis of total RNA using a sequence-specific
oligonucleotide reveals a corresponding transcript of approx-
imately 0.7 kbp in bovine bone marrow cells (not shown). A

more widespread expression of this gene however is suggested
by RT-PCR analysis of various bovine tissues, as indicated by
the amplification of a BMAP-34 mRNA segment of the ex-
pected size also in spleen and testis but not in resting periph-
eral neutrophils, trachea, small intestine, liver, lymph nodes,
Peyer’s patches (Fig. 3B), kidney and heart (not shown).
The open reading frame (Fig. 2B) predicts a polypeptide of
165 amino acid residues, with a calculated mass of 18848 Da
and a pl of 9.6. The coding sequence for the signal peptide
and for most of the propiece is contained in exons 1-3. The
remaining four residues of the propiece and a novel C-termi-
nal sequence of 34 residues (underlined in Fig. 2B) are en-
coded in exon 4. The putative 34 residue antimicrobial do-
main is preceded by an alanyl residue. This appears to be a
processing site for the maturation of several cathelicidin-de-
rived antimicrobial peptides [12]. The novel sequence includes
12 positively and four negatively charged residues. A C-termi-
nal glycine suggests that the corresponding mature peptide
may be amidated at the C-terminus [12]. As indicated by
structure prediction analysis, a peptide with this sequence
may adopt an amphipathic o-helical conformation (Fig. 4)
which is shared by several other antimicrobial peptides and

Fig. 4. Helical wheel projection of BMAP-34. The representation
shows the amphipathic structure of the 34 C-terminal residues en-
coded in the exon 4 region of BMAP-34 gene. Charged residues are
in boldface and strongly hydrophobic residues are boxed. G1 and
G34 represent the amino- and carboxy-terminal glycine residues of
the sequence.
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Table 2

Percent sequence identity in bovine cathelicidin genes

Gene pair 5" Flanking Exonl Intron1 Exon2 Intron2 Exon3 Intron3 Exon 4

region - - - -

coding region  non-coding region

Bac7/Dod 1 80 88 66 80 71 71 69 <40 57

Bac7/BMAP-34 77 90 n.d.* 89 77 72 70 <40 70

Dod I/BMAP-34 83 86 n.d. 84 72 83 74 <40 72

Nucleotide homologies of pairwise comparisons within related regions of the genes are reported. For the calculation of the percent homology, gaps
were not taken into consideration. A 350 bp 5’ flanking region upstream of the ATG initiation codon is compared.
*Not determined, as the intron 1 region of BMAP-34 was only partially sequenced.

is thought to facilitate membrane interaction and disruption
[2]. Two other a-helical cathelicidin-derived peptides, named
BMAP-27 and BMAP-28, have been identified in cow [34].
However, their sequences share a low level of identity (less
than 30%) with that of the putative BMAP-34 peptide, and
in addition, the helical segment in both peptides is followed by
a highly hydrophobic C-terminal tail [34] that is absent in
BMAP-34. The sequence of BMAP-34 may thus be consid-
ered another example of the structural variety exhibited by
peptide members of this family within an animal species.
This is further pointed out in Table 2. Comparative analysis
of the genes indicates that the degree of identity of related
sequences in BMAP-34 and other bovine genes drops mark-
edly just in the segment encoding the mature peptide, which is
thus the primary target for diversification.

In conclusion, the results of this analysis indicate that (i) the
bovine cathelicidin gene family consists of at least 11 mem-
bers. Since this number is comparable with the cathelicidin-
positive signals detected in the Southern analysis of genomic
DNA, the genes identified likely comprise most of the cath-
elicidins present in the bovine genome; (ii) all these genes may
be in close physical proximity, as suggested by the identifica-
tion of three contigs formed by partially overlapping clones,
each carrying two or three genes within 2-10 kbp of each
other. A close proximity of these genes is also supported by
physical mapping, by means of fluorescence in situ hybridiza-
tion, suggesting clustering of clones ACI1, ACI2, ACI8, ACI10,
ACI123, ACI34, at a CATHL® locus on bovine chromosome
22q24 [35]. Finally, another important result of this analysis
is the identification of a novel member of this family that
appears to be expressed not only in bone marrow cells, but
also in other tissues and organs, and may thus represent an
important agent of the local host response to microbial infec-
tions.
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