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Abstract

Populations of the Tarahumara frog Rana tarahumarae have decreased markedly in recent years in the northern part of their
range. Infection by the chytrid fungus Batrachochytrium dendrobatidis has been implicated in these declines. To determine whether
antimicrobial peptides in the skin provide protection against this pathogen, norepinephrine-stimulated skin secretions were tested
for their ability to inhibit growth of B. dendrobatidis in vitro. After concentration, crude mixtures of skin peptides inhibited the
growth of the chytrid in a concentration-dependent manner. Proteomic analysis led to the identification and characterization of
three peptides belonging to the brevinin-1 family of antimicrobial peptides and three belonging to the ranatuerin-2 family. The two
most abundant peptides, ranatuerin-2TRa (GIMDSIKGAAKEIAGHLLDNLKCKITGC) and brevinin-1TRa (FLPVIA-
GIAANVLPKLFCKLTKRC), were active against B. dendrobatidis (MIC of 50 uM for ranatuerin-2TRa and 12.5 uM for brevinin-
ITRa against zoospores). These data clearly show that antimicrobial peptides in the skin secretions of the Tarahumara frog are
active against B. dendrobatidis and should provide some protection against infection. Therefore, the observed susceptibility of these
frogs to this pathogen in the wild may be due to the effects of additional environmental factors that impair this innate defense

mechanism, leading to the observed population declines. © 2002 Elsevier Science (USA). All rights reserved.
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Although mostly a Mexican species, the historical
range of Tarahumara frogs (Rana tarahumarae) once
extended northward to a few isolated populations in the
Madrean Sky Islands of extreme southern Arizona [1].
Although these Arizona populations were isolated, Ta-
rahumara frogs were locally abundant in their preferred
habitat of deep perennial plunge pools in bedrock can-
yons [2]. This changed dramatically beginning in the
mid-1970s. Populations in the Atascosa—Pajarito—
Tumacacori mountain complex near Nogales and in the
Santa Rita Mountains southeast of Tucson declined
severely by the late 1970s. In 1983, the last confirmed
report of a Tarahumara frog in Arizona was a dead
female found in Big Casa Blanca Canyon of the Santa
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Ritas [3,4]. The extirpation of the Tarahumara frog
from Arizona, coupled with the decline of other Arizona
native ranids, including the sympatric Chiricahua leop-
ard frog (Rana chiricahuensis) and the lowland leopard
frog (Rana yavapaiensis), is a matter of concern for both
amphibian researchers and government agencies that
monitor and manage wildlife populations. Cadmium
deposited from smelting operations was initially pro-
posed as a possible cause of declines [3]. Heavy metal
toxicity can disturb water and ion balance and, in
combination with stress, can cause electrolyte imbal-
ances severe enough to induce seizures, neuromuscular
dysfunction, and death. These symptoms matched those
of ill animals collected in the field. No other convincing
theory for the decline of Tarahumara frogs emerged
until the recent linkage of amphibian declines in Aus-
tralia and Central America with chytrid fungus infec-
tions ([5-7], reviewed in [8,9]). The physical symptoms
described by Hale and Jarchow in 1988 are also con-
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sistent with chytridiomycosis [9]. Hale and the Tarahu-
mara Frog Conservation Team [10,11] reexamined
specimens from dead or moribund individuals collected
in 1982 and 1985 from several sites in Sonora, Mexico.
These specimens all showed chytrid infections; however,
other apparently healthy individuals with mild chytrid
infections were also found. Thus, B. dendrobatidis is
likely to be involved in recent declines of the Ta-
rahumara frogs, but additional factors may determine
survival.

B. dendrobatidis infects and replicates in the kerati-
nized epithelium of the skin. Fungal cells encyst, en-
large, form a zoosporangium, and fragment to produce
flagellated zoospores. The zoospores are released from
discharge papillae and may infect other areas of the skin
of the same host or may infect a new host [5-7]. The
initial infection involves only the keratinized epithelium
and local cell-mediated immune responses do not seem
to develop [7].

It has been proposed that the synthesis of polypep-
tides with a broad spectrum of antimicrobial activity in
the granular glands present in the skin of anurans (frogs
and toads) is an important feature of the defense strat-
egy of these vertebrates (reviewed in [12-14]). Skin se-
cretions generally contain multiple antimicrobial
peptides with distinct spectra of activity, and it has been
suggested that this molecular diversity is important in
protecting the animal from invasion by a wide array of
different microorganisms [15]. The peptides range in size
from 12 to 46 amino acid residues, and while there is no
consensus amino acid sequence that defines antimicro-
bial activity, they are generally cationic, hydrophobic,
and adopt an amphipathic a-helical conformation upon
binding to the cell membrane (reviewed in [12-14,16]).
Their precise mechanism of action remains unclear, but
the antimicrobial peptides are believed to bind to
charged residues on target cells and produce cell death
by disruption of the cell membrane into peptide-coated
vesicles in a manner similar to that of a detergent
(reviewed in [14,17-19]).

Numerous studies (reviewed in [12,13]) have demon-
strated that peptides isolated from frog skin are active,
with varying degrees of potency, against a wide range of
laboratory strains of Gram-negative and Gram-positive
bacteria and against certain yeasts. Previously, we have
shown that they are also active against several am-
phibian pathogens including B. dendrobatidis [20-22].
Here, we show that such peptides isolated from the
Tarahumara frog can inhibit growth of the pathogenic
chytrid in vitro, and thus, they would seem to be capable
of providing the organism with protection against in-
fection. This suggests that environmental factors, such
as toxic chemicals or cold temperatures, may inhibit this
innate defense mechanism, allowing a mild controlled
infection to become lethal.

Materials and methods

Animals. Rana tarahumarae were collected as an egg mass in
Mexico by S. Hale. J. Rorabaugh of the US Fish and Wildlife Service
raised the eggs to tadpoles and transferred some to Arizona State
University. These animals were raised to maturity at Arizona State
University and two frogs were transferred to the Rollins-Smith labo-
ratory for peptide collection.

Collection of skin secretions. A single individual of R. tarahumarae
(23.3g) was injected bilaterally with 2nmoles/gram body weight of
[£]-norepinephrine hydrochloride in a volume of 0.23 ml via the dorsal
lymph sac. Immediately following injection, the frog was placed in
100 ml collection buffer (25 mM NaCl and 25 mM ammonium acetate,
pH 7.0) [23] and skin secretions were allowed to accumulate in the
buffer for a period of 15 min. Following release of skin secretions, the
frog was removed and the buffer was acidified by addition of 1.0ml
trifluoroacetic acid (TFA). The skin secretions were partially purified
by passage over a C-18 Sep-Pak cartridge (Waters Corporation, Mil-
ford, MA) as previously described [24,25]. Protein concentration was
determined using the Micro BCA Assay (Pierce, Rockford, IL) fol-
lowing manufacturer’s instructions, except that bradykinin
(RPPGFSPFR) (Sigma Chemical, St. Louis, MO) was used to estab-
lish a standard curve [26]. A sample of the crude peptides was adjusted
to pH 6.6 and tested for anti-chytrid growth inhibitory activity. Fol-
lowing a rest interval of 21 days, skin secretions were collected a sec-
ond time following the same procedure. The acidified skin secretions
and the partially purified material were transferred to the Conlon
laboratory for further purification of the peptides.

Purification of the antimicrobial peptides. After partial purification
on Sep-Pak cartridges as previously described [24,25], the skin secre-
tions from the two stimulations were pooled, centrifuged (12,000g for
3 min) and injected onto a (25 x 1 cm) Vydac 218TP510 C-18 reversed-
phase HPLC column (Separations Group, Hesperia, CA, USA)
equilibrated with 0.1% (v/v) TFA/water. The concentration of aceto-
nitrile in the eluting solvent was raised to 21% (v/v) over 10 min and to
63% (v/v) over 60 min using linear gradients at a flow rate of 2 ml/min.
Absorbance was monitored at 214 nm and fractions (1 min) were col-
lected. Aliquots (10 ul) of fractions with retention times between 48
and 62 min were analyzed by electrospray mass spectrometry using a
Perkin—Elmer Sciex API 150EX single quadrupole instrument. The
accuracy of mass determinations was 0.02%. Individual peptides were
purified to near homogeneity (as assessed by peak symmetry and mass
spectrometry) by sequential rechromatography on (25 x 1cm) Vydac
214TP510 (C-4) and (25 x 1cm) Vydac 219TP510 (phenyl) columns.
The concentration of acetonitrile in the eluting solvent was raised from
24% to 56% over 40 min and the flow rate was 2 ml/min.

Structural characterization. The primary structures of the peptides
were determined by automated Edman degradation using an Applied
Biosystems model 491 Procise sequenator. Amino acid compositions
were determined by precolumn derivatization with 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate using a Waters AccQ Tag system
with fluorescence detection and separation of the amino acid deriva-
tives by reversed-phase HPLC. Hydrolysis in 5.7M HCI (24h at
110°C) of approximately 1 nmol peptide was carried out.

Growth inhibition assay. B. dendrobatidis (isolate 197) [6] was ob-
tained from Joyce Longcore and maintained in culture as described
previously [21,22]. Mature cells or zoospores were plated with or
without peptides as described previously [21,22]. Briefly, 5 x 10* ma-
ture cells or 5 x 10° zoospores in a volume of 50 ul were plated in
replicates of five in a 96-well flat-bottomed microtiter plate (Costar
3596, Corning, Corning, NY, USA) with or without addition of 50 pl
serial dilutions of peptides in broth. The plates were covered, wrapped
in plastic wrap to limit moisture loss, and incubated on a laboratory
bench at 23°C. To determine maximal growth (positive control for
growth), some wells received 50 pl broth without peptide. To determine
the value for maximal inhibition (negative control for growth), some
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wells (on a separate plate) received 50 ul broth containing 0.4% para-
formaldehyde (PF) [21,22]. Growth at 1-5 days (23 °C) was measured
as increased optical density at 492 nm (ODyy,) with an ELISA plate
reader. For growth inhibition assays using zoospores, the incubation
period was extended up to seven days. Minimal inhibitory concen-
tration (MIC) is defined as the lowest concentration at which no
growth was detectable. That is, the ODgy, was not significantly greater
than that observed for negative control wells containing PF.

Results
Purification of the peptides

The elution profile on a Vydac C-18 semipreparative
column of the combined skin secretions and washings,
after partial purification on Sep-Pak cartridges, is shown
in Fig. 1. Analysis by electrospray mass spectrometry
demonstrated that the fractions denoted by zone A
contained a major component of mass 2898 (subse-
quently shown to be ranatuerin-2TRa). The fractions
denoted by zone B contained a major component of mass
2614 (subsequently shown to be brevinin-1TRa). The
fractions denoted by zone C were heterogeneous and
contained peptides with masses 2884 (ranatuerin-2TRb),
2950 (ranatuerin-2TRc), 2591 (brevinin-1TRb), and
2581 (brevinin-1TRc). Ranatuerin-2TRa (Fig. 2A) and
brevinin-1TRa (Fig. 2B) were purified to near homoge-
neity by rechromatography on a Vydac C-4 semipre-
parative column. As shown in Fig. 2C, partial separation
of ranatuerin-2TRb, ranatuerin-2TRc, brevinin-1TRDb,
and brevinin-1TRc was achieved on the Vydac C-4 col-
umn and the peptides were purified to apparent homo-
geneity by a final chromatography on a semipreparative
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Fig. 1. Reversed-phase HPLC on a semipreparative Vydac C-18 col-
umn of the skin secretions of the Tarahumara frog, after partial pu-
rification on Sep-Pak cartridges. The dashed line shows the
concentration of acetonitrile in the eluting solvent. The fractions de-
noted by bar A contained ranatuerin-2TRa, by bar B contained
brevinin-1TRa, and by bar C contained ranatuerin-2TRb, ranatuerin-
2TRc, brevinin-1TRb, and brevinin-1TRc.

Vydac phenyl column. The final yields of the purified
peptides were: ranatuerin-2TRa 138 nmol, ranatuerin-
2TRb 25 nmol, ranatuerin-2TRc¢ 9 nmol, brevinin-1TRa
110 nmol, brevinin-1TRb 27 nmol, and brevinin-1TRc
13 nmol.

Structural characterization

The primary structures of the purified peptides were
determined without ambiguity by automated Edman
degradation and their amino acid sequences are shown
in Fig. 3. In all cases, the proposed amino acid sequences
were confirmed by amino acid composition analysis and
electrospray mass spectrometry. The presence of a cys-
teine bridge in all peptides was also confirmed by elec-
trospray mass spectrometry.

Activity against B. dendrobatidis

From a single NE-induction of a single frog, ap-
proximately 5.8 mg peptides were recovered after Sep-
Pak concentration. The mixture of peptides inhibited
growth at all concentrations above 29 pg/ml and mini-
mal inhibitory concentration (MIC) was about 57 pg/ml
(Fig. 4). Purified brevinin-1TRa inhibited growth of
mature chytrids at concentrations above 12.5uM with
an MIC of 100 uM (Fig. 5A) and ranatuerin-2TRa in-
hibited growth of mature cells at concentrations above
50uM (Fig. 5B). Both peptides were more effective
against purified zoospores. Brevinin-1TRa inhibited
growth of zoospores at concentrations above 6.25 M
with an MIC of 12.5 uM (Fig. 5C) and ranatuerin-2TRa
inhibited growth of zoospores at concentrations above
12.5uM with an MIC of 50 uM (Fig. 5D).

Discussion

The present study examined the activity of antimi-
crobial peptides from the Tarahumara frog against the
chytrid fungus that has been associated with population
declines in Australia, Central America, the Western US,
and Europe [5-7,27]. Our work illustrates the power of
reversed-phase HPLC coupled with electrospray mass
spectrometry for the separation and identification of
peptide components in a complex mixture. The appli-
cation of these techniques to analysis of the skin secre-
tions of the Tarahumara frog led to the characterization
of six new peptides belonging to the previously described
ranatuerin-2 and brevinin-1 families, first isolated from
extracts of the skins of R. catesbeiana [24] and Rana
brevipoda porsa [28], respectively.

Frogs from the genus Rana constitute a diverse group
with an estimated 250 species worldwide, distributed in
all continents, except Antarctica [29]. At this time, skin
secretions and/or skin extracts have been analyzed for 10
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Fig. 2. Purification on a semipreparative Vydac C-4 column of (A) ranatuerin- 2TRa (peak 1), (B) brevinin-1TRa (peak 2), and (C) ranatuerin-2TRc
(peak 3), ranatuerin-2TRb (peak 4), brevinin-1TRb (peak 5), and brevinin-1TRc¢ (peak 6). The arrows show where peak collection began and ended.

Brevinin-1TRa FLPVIAGIAANVLPKLFCKLTKRC
Brevinin-1TRb FLPFIASMAAKLVPKLVCAITKKC
Brevinin-1TRc FLPVLAGIAANVLPTLICKLTRRC
Brevinin-1 FLPVLAGIAAKVVPALFCKITKKC

Ranatuerin-2TRa GIMDSIKGAAKEIAGHLLDNLKCKITGC
Ranatuerin-2TRb GILDTLKNVAKNVAAGLLDNIKCKITGC
Ranatuerin-2TRc  GIFDTIKNVAKNMAAGLLDNIKCKITGC

Ranatuerin-2 ~GLFLDTLKGAAKDVAGKLEGLKCKITGCKLP
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Fig. 4. Growth inhibition of B. dendrobatidis mature cells at 4 days of

culture by skin secretions of R. tarahumarae partially purified and

Fig. 3. A comparison of the primary structures of the peptides isolated
from R. tarahumarae with ranatuerin-2 first isolated from the skin of
the American bullfrog R. catesbeiana and brevinin-1 first isolated from
the skin of the Asian frog R. brevipoda porsa. Only those amino acids
that are shaded have been conserved among the peptides of each
family.

concentrated by passage over a C-18 Sep-Pak cartridge. Each data
point represents the means + standard error (SE) of five or more rep-
licate wells. If no error bar is shown, the SE was less than the diameter
of the symbol. *Significantly less growth than positive controls (one-
tailed Student’s 7 test, p < 0.005). MIC is the lowest concentration at
which no growth was detected.
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Fig. 5. Growth inhibition of B. dendrobatidis mature cells at 4 days of culture by (A) brevinin-1TRa and (B) ranatuerin-2TRa. Growth inhibition of
B. dendrobatidis zoospores at 7 days of culture by (C) brevinin-1TRa and (D) ranatuerin-2TRa. Each data point represents the means + SE of five or
more replicate wells. If no error bar is shown, the SE was less than the diameter of the symbol. *Significantly less growth than positive controls (one-
tailed Student’s ¢ test, p < 0.005). MIC is the lowest concentration at which no growth was detected.

species of North American frogs of the genus Rana
[24,25,30-35]. As shown in Fig. 6, peptides belonging to
10 different families (brevinin-1, ranalexin, ranatuerin-1,
ranatuerin-2, esulentin-1, esculentin-2, temporin, palu-
strin-1, palustrin-2, and palustrin-3) have been identified
and the distribution and multiplicity of the molecular
forms are quite species-specific. The degree of diversity
ranges from a single peptide in the case of the wood
frog, R. sylvatica [30] to 22 peptides in the case of the
pickerel frog, R. palustris [31]. Peptides of the brevinin-1
and ranatuerin-2 families appear to have the widest
distribution in those species of North American ranids
examined to date. It is probable that the multiple
members of each peptide family have arisen from suc-
cessive duplications of an ancestral gene. If this hy-
pothesis is correct, the data in Fig. 3 demonstrate that
the peptides of the brevinin-1 and ranatuerin-2 families
have undergone a very rapid rate of evolution. Only 9
out of 24 amino acid residues in the brevinin-1 peptides
and 10 out of 28 residues in the ranatuerin-2 peptides
have been conserved but the cationicity and potential to
form an a-helix [36] have been preserved.

Previous studies [24,25,30,31,33] have shown that
peptides of the brevinin-1 family isolated from the skins
of North American frogs show broad spectrum antimi-
crobial activity against Gram-positive bacteria such as
Staphylococcus aureus, Gram-negative bacteria such as
Escherichia coli, and against the yeast Candida albicans.
MIC values against the three microorganisms are gen-
erally in the range 1-20 uM. Peptides belonging to the

ranatuerin-2 family have low antimicrobial potencies
against S. aureus and C. albicans (MIC >100uM) but
are more active against E. coli (MIC in the range 2—
50 uM) [24,25,34,35]. Recent work has also shown that
ranatuerin-2P, originally isolated from R. pipiens skin
[25], will also inactivate frog virus 3, a potentially
pathogenic virus infecting anurans [20].

Prior to this study, we hypothesized that species that
are susceptible to chytridiomycosis might have relatively
poor repertoires of antimicrobial peptides effective
against B. dendrobatidis. However, it is clear that
R. tarahumarae, a species that has declined in the pres-
ence of chytridiomycosis within susceptible populations,
has a set of skin peptides that are highly effective as a

Reference

R. tarahumarae Brevinin-1 (3), Ranatuerin-2 (3) This study
R. catesbeiana Brevinin-1 (1), Ranalexin (1) Ranatuerin-1(1),

Ranatuerin-2 (3), Temporin (5) [24]
R. grylio Ranatuerin-1 (2), Ranatuerin-2 (1), Ranalexin (1), Temporin (4) 35)
R. clamitans Ranaruerin-1 (1), Ranatuerin-2 (2), Ranalexin (2), Temporin (5) [34]
R. lweiveniris Brevinin-1 (1), Esculentin-2 (1), Ranaterin-2 (2), Temporin (3) 25)
R. pipiens Brevinin-1 (4), Esculentin-2 (1), Ranatuerin-2 (1), Temporin (1) 25]
R. berlandieri Brevinin-1 (6), Esculentin-2 (1), Ranatuerin-2 (1) [25]
R. sphenocephala Brevinin-1 (3) 33]
R. sylvatica Brevinin-1(1) 30]
R. palustris Brevinin-1 (3), Esculentin-1 (2), Esculentin-2 (1), Ranatuerin-2 (6)

Temporin (1), Palustrin-1 (4), Palustrin-2 (3), Palustrin-3 (2) (31]

Fig. 6. Distribution of the molecular forms of the antimicrobial pep-
tides isolated from the skins of North American ranid frogs. The value
in parentheses is the number of peptides belonging to a particular
family that are synthesized in that species.
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crude mixture at a concentration as low as about 57 pg/
ml (Fig. 4). Two of the purified skin peptides were ef-
fective against zoospores at 12.5uM (brevinin-1TRa)
and 50 uM (ranatuerin-2TRa) (Fig. 5). Thus, it would
seem that R tarahumarae has a good antimicrobial
peptide defense system in place. Why then do Tarahu-
mara frogs appear to be highly susceptible to chytridi-
omycosis?

There are a number of possible explanations for the
apparent susceptibility to chytridiomycosis in the pres-
ence of active skin peptides. First, it is unclear in any
species how much of each peptide is present on the skin
of a resting frog. In the presence of agents that stimulate
the sympathetic nervous system, large amounts can be
secreted. As much as 50mg can be collected from a
single individual [37, and M. Zasloff, unpublished ob-
servation]. From one individual of R. tarahumarae and
using a single relatively mild norepinephrine stimula-
tion, we collected approximately 5.8 mg peptides for this
study. However, resting frogs may have a much more
limited amount of antimicrobial peptides available to
prevent infection by a swimming zoospore. Peptides that
are secreted and would be present in a terrestrial envi-
ronment may be rapidly washed away in an aquatic
environment.

A second possible explanation is that under normal
conditions, antimicrobial peptide defenses do limit mild
infections, but external factors may inhibit production
or release. Possible factors that may interfere with an-
timicrobial peptide production are stress that elevates
glucocorticoids [38] and cold temperatures [30]. Other
factors that have not yet been studied for their effects on
antimicrobial peptide production and release are pesti-
cides, ultraviolet irradiation, and heavy metals. Each of
these factors has been linked to amphibian declines
[3,39-41]. Hale et al. [12] suggested that environmental
stressors, such as cold winters or heavy metal intoxica-
tion, may have exacerbated the effects of normally mild
chytrid infections, leading to the extirpation of the most
northern populations of Tarahumara frogs. To suc-
cessfully return this species to Arizona, it is clear that
further work is needed to understand the possible in-
volvement of environmental factors and chytridiomy-
cosis in Tarahumara frog declines in Arizona and
northern Sonora.
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