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a b s t r a c t

The skin secretion of the North American pickerel frog (Rana palustris) has long been known

to have pronounced noxious/toxic properties and to be highly effective in defence against

predators and against other sympatric amphibians. As it consists largely of a complex

mixture of peptides, it has been subjected to systematic peptidomic study but there has been

little focus on molecular cloning of peptide-encoding cDNAs and by deduction, the biosyn-

thetic precursors that they encode. Here, we demonstrate that the cDNAs encoding the five

major structural families of antimicrobial peptides can be elucidated by a single step

‘‘shotgun’’ cloning approach using a cDNA library constructed from the source material

of the peptidomic studies—the defensive skin secretion itself. Using a degenerate primer

pool designed to a highly conserved nucleic acid sequence 50 to the initiation codon of

known antimicrobial peptide precursor transcripts, we amplified cDNA sequences repre-

senting five major classes of antimicrobial peptides, such as esculentins, brevinins, rana-

tuerins, palustrins and temporins. Bioinformatic comparisons of precursor open-reading

frames and nucleic acid sequences revealed high degrees of structural similarities between

analogous peptides of R. palustris and the Chinese bamboo odorous frog, Rana versabilis. This

approach thus constitutes a robust technique that can be used either alone or ideally, in

parallel with peptidomic analysis of skin secretion, to rapidly extract primary structural

information on amphibian skin secretion peptides and their biosynthetic precursors.
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1. Introduction

Among anuran amphibians, the genus Rana is arguably the

most diverse taxon and consequently the subject of numerous

revisions by systematists. With a wide global distribution on

all continents, excepting Antarctica, and with an estimated

250 species worldwide, including at least 36 species in North
§ The nucleotide sequences of clones encoding brevinin-1PLb, bre
palustrin-1c from the skin secretion of the North American pickerel
Sequence Database under the accession codes AM745087 through AM
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America, this taxon represents a logical focus for bioactive

peptide discovery and structural/functional characterization

with subsequent assessment of such data sets for a range of

biological/biomedical applications [5,7–9].

Many studies have focused on their skin secretion peptides,

which possess antimicrobial activity, in the quest for novel

agents with broad-spectrum activity against human or animal
vinin-1PLc, esculentin-2Pla, ranatuerin-2Pla, temporin-1Pla and
frog, Rana palustris, have been deposited in the EMBL Nucleotide
45092.
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pathogens that have either been resistant to conventional

antibiotics or have developed resistance to such [4,6,10,13].

Many antimicrobial peptide families, defined by their

exhibition of common primary structural features, are named

after the species of origin of prototypes. These include the

brevinins (Rana brevipoda porsa), esculentins (Rana esculenta

complex), temporins (Rana temporaria) and palustrins (Rana

palustris) [5]. There is no prescribed terminology to describe

these peptides, and indeed peptides from different species

that are clearly structurally related have been given different

names. The system proposed by Simmaco et al. [13] and

utilized extensively by Conlon et al. [5], uses the peptide family

name followed by a single or double letter code derived from

the species name in capitals and a letter in normal case

indicating the isoform—so brevinin-1PLa would represent

isoform a of brevinin-1 from Rana palustris. This system

appears to provide much information on the peptide with little

inherent confusion.

Ranid frog antimicrobial peptides may be grouped into at

least eight major and discrete structurally related families that

comprises: (1) brevinin-1 first isolated from R. brevipoda porsa,

(2) brevinin-2 likewise originally from R. brevipoda porsa, (3)

ranalexin from Rana catesbeiana tadpoles, (4/5) ranatuerins 1

and 2 from adult R. catesbeiana, (6/7) esculentins 1 and 2 from R.

esculenta and (8) temporins from R. temporaria [5]. In addition to

these, other structural variants with apparently more

restricted distribution within the taxon and that do not

logically fit into major families, have been described—

nigrocins from Rana nigromaculata [11], tigerinins from Rana

tigerina [12], palustrins from R. palustris [1] and amurins from

Rana amurensis [15], for example.

Generally, representative members of several families

occur in the secretion of a single species leading researchers

to speculate that there may either be a high degree of

interaction between peptides in effecting bactericidal effects

or that each may possess a different spectrum of activity

against a broad range of specific microorganisms, in effect a

type of natural combination therapy in a single secretion [4–

6,8–10,15].

The North American pickerel frog,R. palustris, is found over

a wide range within the eastern part of the continent and has

long been known to possess a particularly noxious if not toxic

skin secretion such that it is an excellent deterrent against

predator attack and indeed has potent amphibicidal proper-

ties [1]. Several peptidomic studies that have been performed

on the skin secretion of this species have revealed a high

degree of component complexity with multiple antimicrobial

peptides, bradykinin-related peptides and others that are of

novel primary structures, many without known pharmaco-

logical functions [1,2]. Although a considerable body of

information exists on peptide primary structures in the skin

secretion of this species, there is little available information

of peptide precursor structures derived from cloned cDNAs.

Of interest was the recent finding of canonical R. palustris

palustrins in the defensive skin secretion of the Chinese

Bamboo Odorous frog (Rana (Odorrana) versabilis). These

peptides were identified in skin secretions using a peptidomic

approach and their primary structures confirmed by cloning

cDNAs for their biosynthetic precursors [3]. In the present

study, molecular cloning of the cDNAs encoding the
biosynthetic precursors of the major classes of antimicrobial

peptides inR. palustris skin secretion has permitted additional

evaluation of the degree of conservation of nucleic acids

when compared to R. versabilis structural homologs, over

entire open-reading frames, for the first time.
2. Materials and methods

2.1. Collection of skin secretion

Four young, wild R. palustris frogs were maintained in terraria

at 24 8C with 12 h light:12 h darkness cycle and were fed on

crickets. The skin secretions were obtained from the frogs by

gentle electrical stimulation (4 ms pulse width, 50 Hz, 5 V),

using platinum electrodes rubbed over the moistened dorsal

skin surface for 10 s. Secretions were then washed off into a

glass beaker, using deionised water. The resultant secretions

were lyophilized in a Hetosicc 2�5 freeze-dryer (Heto, UK).

Approximately 50 mg dry weight of skin secretion was

obtained by this method.

2.2. ‘‘Shotgun’’ cloning of skin secretion peptide cDNAs

Polyadenylated mRNA was isolated from 5 mg of lyophilized

skin secretion dissolved in stabilization buffer, using magnetic

oligo-dT beads as described by the manufacturer (Dynal

Biotech, UK), and was subsequently reverse-transcribed. The

cDNA was subjected to 30-RACE procedures to obtain full-

length prepropeptide nucleic acid sequence data using a

SMART-RACE kit (Clontech UK) essentially as described by the

manufacturer. Briefly, the 30-RACE reactions employed a NUP

primer (supplied with the kit) and a degenerate sense primer

(S1; 50-GAWYYAYYHRAGCCYAAADATGTTCA-30) that was

designed to a highly conserved domain of the 50-untranslated

region of previously characterized antimicrobial peptide

cDNAs from Rana species (Fig. 1) [14–16]. The PCR cycling

procedure was as follows—initial denaturation step: 60 s at

94 8C; 35 cycles: denaturation 30 s at 94 8C, primer annealing

for 30 s at 61 8C; extension for 180 s at 72 8C. PCR products were

gel-purified, cloned using a pGEM-T vector system (Promega

Corporation) and sequenced using an ABI 3100 automated

sequencer.

2.3. Identification and structural analysis of putative
cDNA-encoded antimicrobial peptides

Five milligrams of lyophilized skin secretion were dissolved in

1 ml of 0.05% aqueous trifluoroacetic acid that was clarified of

microparticulates by centrifugation. The clear supernatant

was decanted and directly pumped onto a reverse phase HPLC

column and subjected to LC/MS using a gradient formed from

0.05/99.5 (v/v) TFA/water to 0.05/19.95/80.0 (v/v/v) TFA/water/

acetonitrile in 240 min at a flow rate of 1 ml/min. A Thermo-

quest gradient reversed phase HPLC system, fitted with an

analytical column (C-5), and interfaced with a Thermoquest

LCQTM DECA electrospray ion-trap mass spectrometer, was

employed. The effluent from the chromatographic column

was flow-split with approximately 10% entering the mass

spectrometer source and 90% directed towards a fraction



Fig. 1 – Design of degenerate sense primer S1. Nucleic acid

sequences of appropriate regions (50 to signal peptide) of

antimicrobial skin peptide precursor cDNAs are aligned.

Accession numbers for complete transcripts are given in

parentheses.

Fig. 2 – Translated open-reading frames and nucleic acid

sequences of cloned cDNAs encoding biosynthetic

precursors of skin antimicrobial peptides from the pickerel

frog, R. palustris. Putative signal peptides are double-
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collector. Dead volume between column and fraction collector

was minimal (20 ml). The molecular masses of polypeptides in

each chromatographic fraction were further analysed using

matrix-assisted laser desorption/ionization, time-of-flight

mass spectrometry (MALDI–TOF MS) on a linear time-of-flight

Voyager DE mass spectrometer (Perseptive Biosystems, MA,

USA) in positive detection mode using alpha-cyano-4-hydro-

xycinnamic acid as the matrix. Internal mass calibration of the

instrument with known standards established the accuracy of

mass determination as �0.1%. The peptides with masses

coincident with those predicted from cloned cDNAs were each

subjected to primary structural analysis by MS/MS fragmenta-

tion sequencing using an LCQTMDECA system (Thermoquest

Inc., San Jose, CA, USA).
underlined, mature peptides are single underlined and

stop codons are indicated by asterisks.

3. Results

Six different prepropeptide cDNAs were cloned from the skin

library and each encoded a single copy of a known Rana

antimicrobial peptide homolog (sequencing of 250 clones,

each sequence represented at least 10 times) (Figs. 2 and 3A).

Open-reading frames consisted of between 62 through 78

amino acid residues. A BLAST search in the EMBL Nucleotide

Sequence Database revealed that all cloned antimicrobial

peptide precursors exhibited high degrees of structural

similarity to other reported antimicrobial peptide precursors

from other ranid frogs. In Fig. 4, the top four hits for each are

given. Apart from the ranatuerin, other antimicrobial peptide

precursors from R. palustris have high degrees of amino acid

sequence similarity (95–99%, see Fig. 3B) to the peptides from

the Chinese bamboo odorous frog, R. versabilis, reported

previously [3]. Following the prediction of the molecular

masses of the six antimicrobial peptides from the cloned
precursors and compensation for post-translational modifica-

tion (single disulfide bridge formation in the C-terminal

loop = �2 amu, or a C-terminal amide rather than carboxyl

group = �1 amu), each mature peptide was identified in

respective skin secretion HPLC fractions and primary struc-

tures were confirmed. Most striking is the 100% primary

structural identity between temporin-1, brevinin-1 and palus-

trin-1c mature peptides in each species. In fact, within the

primary structure of the entire respective precursor open-

reading frames, there are just single amino acid substitutions

within the signal peptides of temporins and palustrins and

just two, again within the signal peptides, of respective

brevinins. The esculentin-2 precursors from both species

exhibit five amino acid differences—two within the signal

peptide and three within the mature peptide. All three

substitutions within the mature peptide region – L/I position



Fig. 3 – (A) Alignment and domain topology of biosynthetic precursors encoding R. palustris skin antimicrobial peptides. (1)

Putative signal peptide. (2) Acidic residue-rich spacer peptide. (3) Propeptide convertase processing site. (4) Mature

antimicrobial peptide domain. Asterisks indicate fully conserved amino acid residues that are located predominantly

within the putative signal peptide domain. (B) Alignments of biosynthetic precursors of pickerel frog (R. palustris) skin

antimicrobial peptides (PL) with homologs from the skin secretion of the Chinese bamboo odorous frog, R. versabilis (VE).

Note the complete identity between mature temporin, brevinin-1 and palustrin-1c in each species and the high degree of

conservation within the full precursors.

Fig. 4 – Percentage identities of R. palustris skin

antimicrobial peptide preproprotein nucleic acid

sequences with those present in the NCBI database. The

top four hits are given in each case.
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14, A/G position 18 and M/L position 21 – are conservative. The

precursors encoding the ranatuerin-2 homologs from both

species exhibited the greatest number of substituted sites – 12

in all – four within the signal peptide, two within the acidic

spacer peptide and six within the mature peptide. The acidic

spacer regions of each antimicrobial peptide precursor are

compared in Fig. 5. Although not as highly conserved as the

signal peptides, it is interesting to note the high degree of

amino acid sequence similarity between these regions of

brevinin/temporin precursors and esculentin/palustrin pre-

cursors, respectively. The corresponding region of the rana-

tuerin precursor is quite different to these.
4. Discussion

Amphibian skin gland secretions are a rich source of

antimicrobial peptides and a sufficient database of structures

from many species now exists on-line, permitting several

groups of researchers to perform bioinformatic analyses on

the use of such structures as taxonomic clues [5,14]. Inferences

made from these datasets are often compelling in that they

produce phylogenetic trees that are, for the most part, quite

consistent with those inferred from other measures of species

relatedness that would be consider of classical usage such as

digit and skeletal structure, tadpole morphometrics and



Fig. 5 – Comparison of acidic spacer peptide domains of

brevinins/temporin and esculentin/palustrin, respectively.

Conserved residues are indicated by asterisks.
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selected DNA sequences of conserved ‘‘housekeeping’’ pro-

teins [5]. However, these results are often dependent on many

factors such as population sampling (especially important for

species with large geographical distributions), the range of

species employed and the exact segments of skin peptide

precursors that are subjected to analysis. For instance, the

primary structures of antimicrobial peptide precursor signal

peptides and indeed some of those of non-antimicrobial skin

peptides, are highly conserved between many anuran families

causing researchers to speculate that they have had a

common ancestry [14]. These data might also reflect a

common and fundamental function of various regions in

precursor processing pathways within granular gland cells.

Thus the degrees of conservation of the various regions of the

biosynthetic precursors may be reflective of the mediation of

essential intracellular processing/transport/transit events

rather than function of the mature bioactive peptide.

Here, we describe the primary structures of biosynthetic

precursors of five different classes of skin antimicrobial

peptides from the pickerel frog, R. palustris, deduced from

cDNAs cloned from a skin secretion-derived library. The open-

reading frames of these cDNAs are compared with those that

produced the highest similarity scores in on-line database

interrogations. Interestingly, the closest homologs were all,

with the exception of the ranatuerin, from the Chinese

Bamboo Odorous frog, Rana (Odorrana) versabilis (Fig. 4) [3].

This high degree of primary structural similarity was also

reflected at the level of nucleic acid sequence. Thus, the North

American pickerel frog and the Chinese bamboo odorous frog,

at least with respect to their skin antimicrobial peptides,

appear to be more closely related to one another than to other

ranid species that occupy similar geographical distributions.

As has been alluded to previously, the high degree of

primary structural conservation of the skin antimicrobial

peptide precursors cloned in the present study, is most evident

within the signal peptide domains, moderate within the acidic

spacer peptides and least within the matured antimicrobial

peptide coding domains. The conservation of signal peptides

has been noted and discussed previously with respect to

functional relevance [5,14], but reference to Fig. 5, in which we

have compared acidic spacer peptides, reveals an interesting

finding. Brevinin/temporin acidic spacer peptides are highly

conserved and esculentin/palustrin peptides even more so.

The analogous ranatuerin peptide is different from both of

these groups. These data may imply a close relationship

between these two sets of precursors and perhaps that one has

been derived from the other within each respective group.
The application of the simple robust molecular cloning

technique described here has rapidly elucidated the nucleic

acid sequences and derived primary structures of five classes

of antimicrobial peptides from the skin secretion of the North

American pickerel frog, R. palustris. Comparison of the primary

structures of acidic spacer peptides within biosynthetic

precursors, has revealed a close relationship between brevi-

nins/temporins and esculentins/palustrins, respectively. The

homologous domain of the ranatuerin biosynthetic precursor

was quite different to that found in both of these groups and

indeed, ranatuerins have been shown to be among the least

conserved skin antimicrobial peptides of ranid frogs [5,14].

Thus, much data of fundamental interest can be generated

from amphibian skin secretory peptidomes without sacrifice

of or injury to the donor specimens.
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