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The soluble members of the three-ﬁnger protein superfamily all share a
relatively simple ‘three-ﬁnger’ structure, yet perform radically different
functions. Plethodontid modulating factor (PMF), a pheromone protein
produced by the lungless salamander, Plethodon shermani, is a new and
unusual member of this group. It affects female receptivity when delivered
to the female’s nares during courtship. As with other plethodontid pheromone genes, PMF is hyperexpressed in a specialized male mental (chin)
gland. Unlike other plethodontid pheromone genes, however, PMF is also
expressed at low levels in the skin, liver, intestine and kidneys of both
sexes. The PMF sequences obtained from all tissue types were highly variable, with 103 unique haplotypes identiﬁed which averaged 35% sequence
dissimilarity (range 1–60%) at the protein level. Despite this variation,
however, all PMF sequences contained a conserved  20-amino-acid secretion signal sequence and a pattern of eight cysteines that is also found in
cytotoxins and short neurotoxins from snake venoms, as well as xenoxins
from Xenopus. Although they share a common cysteine pattern, PMF isoforms differ from other three-ﬁnger proteins in: (a) amino-acid composition
outside of the conserved motif; (b) length of the three distinguishing
‘ﬁngers’; (c) net charge at neutral pH. Whereas most three-ﬁnger proteins
have a net positive charge at pH 7.0, PMF has a high net negative charge
at neutral pH (pI range of most PMFs 3.5–4.0). Sequence comparisons suggest that PMF belongs to a distinct multigene subfamily within the threeﬁnger protein superfamily.

The proteins in the three-ﬁnger protein superfamily are
highly variable but all share a relatively simple structure termed a ‘three-ﬁnger’ fold. This three-dimensional structure consists of three adjacent ‘ﬁnger-like’
loops extending from a small, hydrophobic core that is
cross-linked by a common disulﬁde bond bridging pattern (see review [1]). The three-ﬁnger proteins (TFPs)

are widespread, and both soluble and membranebound members have been described in detail (refer to
[1–3] for original references).
TFPs have very diverse functions and exhibit an
extraordinary degree of tissue and taxon speciﬁcity [4].
This functional diversity is well illustrated within families of TFPs, such as the family of three-ﬁnger toxins

Abbreviations
ISH, in situ hybridization; nAChR, nicotinic acetylcholine receptor; PMF, plethodontid modulating factor; PRF, plethodontid receptivity factor;
TFP, three-finger protein; VNO, vomeronasal organ.
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found in elapid and colubrine snakes [5–7]. Representative three-ﬁnger toxins from these snake venoms
include long-chain and short-chain neurotoxins, fasciculins, cardiotoxins and muscarinic toxins [5]. Whereas
a-neurotoxins bind selectively to the nicotinic acetylcholine receptor (nAChR) to block neuromuscular
transmission [8], fasciculins work to inhibit acetylcholinesterases [9], and muscarinic toxins interact with muscarinic acetylcholine receptors [10]. Cardiotoxins act in
a very different manner in that they cause lysis of
erythrocytes and lymphocytes, trigger contraction of
cardiac muscle, and inhibit certain enzymes [11].
Consideration of the nontoxin proteins in the TFP
superfamily further highlights the great functional plasticity of the three-ﬁnger fold [3]. Some soluble TFPs in
this group, for example, are potent neuromodulators
for epidermal homeostasis (e.g. SLURP-1 [12]). Other
TFPs activate Ca2+ channels in epithelial cells (e.g.
xenoxin [13]), or enhance sperm motility by inhibiting
Ca2+ transport into spermatozoa (e.g. SVS-VII ⁄ caltrin
[14]). The membrane-bound members of the TFP superfamily protect cells from the membrane attack complex (e.g. CD59 [15]), play a vital role in T-lymphocyte
activation (e.g. Ly-6 [16]) and early development (e.g.
TSA-1 [17]), underlie a variety of pathological processes such as metastasis, inﬂammation and tumor invasion (e.g. uPAR; a receptor consisting of three distinct
TFP-like domains [18]), or act as modulators for
nAChRs in the brain (e.g. Lynx1 [19]). From protection against destruction of cells, to roles in reproduction, development, disease, and immune response, the
TFP superfamily illustrates remarkable conservation of
an ancient protein scaffold that has evolved to use different combinations of amino acids to generate a wide
variety of functions.
Our observation that the pheromone protein plethodontid modulating factor (PMF) is a TFP extends the
known functional diversity of the TFP superfamily.
The PMF protein is a major constituent of the courtship pheromone that is secreted from the chin (mental)
glands of sexually active male salamanders of the family Plethodontidae. The pheromone blend also includes
plethodontid receptivity factor (PRF), a protein that is
structurally related to interleukin-6-type cytokines [20]
and sodefrin precursor-like factor, a phospholipase A2
inhibitor-like protein [21]. During the courtship of certain species of salamander, such as the red-legged salamander, Plethodon shermani, the male dabs his mental
gland across the female’s nares in a ‘slapping’ motion
[22]. This slapping behavior results in pheromone
delivery to the female’s vomeronasal organ (VNO)
and subsequent activation of VNO receptor neurons
[23–25]. VNO neurons then project to a region of the
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accessory olfactory bulb known to initiate reproductive
responses in vertebrates [26,27]. Behavioral bioassays
reveal that PMF modulates the female’s response to
male courtship behavior [28].
Previous biochemical analyses reported PMF (previously named Pj-7 and Pj-10) to be a 7-kDa protein
present in extracts of the male mental gland in a 2 : 1
ratio with PRF [29,30]. This 2 : 1 (PMF ⁄ PRF) ratio
was consistent for gland extracts prepared in different
years [29]. HPLC suggested the existence of multiple
PMF isoforms, four of which were partially characterized (unpublished data) through amino-acid sequencing
of 20–30 N-terminal residues and preliminary cloning
experiments [30]. In this article, we focus on a single
population of the red-legged salamander, P. shermani,
with the aims of: (a) further analyzing the biochemical
characteristics of PMF; (b) determining the sites of
expression of PMF; (c) characterizing the range of
PMF variation that is expressed in a single population;
(d) evaluating sequence similarities and differences
between PMF and other related, well-known TFPs. In
a later report, we plan to examine PMF sequence differences in salamander species that are closely and distantly related to P. shermani. That report will also
include a detailed discussion of PMF’s evolution.

Results
PMF is a hypervariable multigene family
expressed in several salamander tissues
Comparisons of randomly sequenced P. shermani mental gland cDNA clones with N-terminal sequences
from puriﬁed PMF isoforms identiﬁed multiple unique
PMF clones (supplementary Fig. S1). Tissues from sexually active male and female P. shermani, as well as
from the homogenized whole bodies of juvenile salamanders, were then surveyed for the presence of PMF
transcripts (Table 1). PMF sequences were isolated
from male mental glands and from the skin, liver,
intestine and kidneys of adult salamanders of both
sexes. PMF sequences were not detected in the heart,
tail tip or female chin skin of adults, nor were they isolated from the bodies of juvenile salamanders.
Sequencing of 248 PMF clones yielded 103 unique
haplotypes (Table 1). PMF nucleotide sequence length
varied from 231 to 258 bp (77–86 amino acids, which
includes a 19-amino-acid secretion signal) with 161
polymorphic sites. Standard translation of these nucleotide sequences resulted in 81 unique amino-acid
sequences that all shared a highly conserved signal
sequence (residues )1 to )19) and a set of mature
PMF sequences that was extremely diverse in terms of
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Table 1. RT-PCR results for PMF nucleotide sequence and amino-acid sequence dissimilarity in various P. shermani male and female tissues. VT, Skin surrounding the vent; DT, skin from the dorsal tail-base region. Note: The totals for unique haplotypes and unique translations
cannot be determined by addition because, in some instances, identical PMF sequences were isolated from both sexes.

Tissue sample
Male
All
VT
DT
Mental gland
Intestine
Kidney
Liver
Female
All
VT
DT
Intestine
Kidney
Liver
Total

No. of
animals

Clones
sequenced

3
3
3
3
1
1
1

162
29
28
79
8
8
10

5
4
4
1
1
1
8

86
30
30
8
10
8
248

Unique
haplotypes

Nucleotide sequence
dissimilarity (%)

Unique
translations

Amino acid sequence
dissimilarity (%)

65
16
14
35
5
2
2

18.7
19.6
21.1
17.3
23.7
0.4
0.4

±
±
±
±
±
±
±

1.7
1.8
2.1
1.7
2.8
0.4
0.4

54
15
13
27
5
1
2

38.3
41.4
40.6
36.7
45.6
n⁄a
1.2

±
±
±
±
±

44
11
23
1
10
3
103

15.9
15.5
11.7
n⁄a
21.6
19.6
17.8

± 1.7
± 1.6
± 1.5

37
8
19
1
8
3
81

30.3
32.1
23.2
n⁄a
36.5
37.0
34.6

± 4.4
± 5.1
± 3.5

residue composition and deletion ⁄ insertion patterns
(Fig. 1; supplementary Fig. S1). Deletions of various
length were present in 36% of the sequences at positions 14, 16–18, 28, 43–48, and ⁄ or 53–54 (see Fig. 1
using PMF male intestine as the reference). A threeamino-acid insertion was present at the N-terminus of
one sequence and a single residue insertion was found

± 2.1
± 2.4
± 1.8

5.1
4.9
5.8
5.1
6.3

± 1.2

± 5.1
± 6.0
± 5.1

immediately following the asparagine at the C-terminus in 3% of the sequences (supplementary Fig. S1).
The latter is also a common characteristic of TFPs.
Sequence dissimilarity across all PMF sequences was
 18% and 35% at the nucleotide and protein levels,
respectively (Table 1). Substitutions were concentrated
on ﬁrst and second bases of the codons, resulting in a

Fig. 1. Representative amino-acid sequences of PMF and related TFPs. The dots represent amino-acid residues that are identical with the
consensus sequence, whereas dashes represent gaps in the sequences. Residues strictly conserved within the TFP family are given against
a black background. Highly conserved residues within PMF (> 95%) are given against a green background, and residues conserved across
90% of the PMF sequences are in yellow. Functionally important amino-acid residues are highlighted in blue, and those highlighted in red
represent amino acids that are structurally important (Cys residues excluded) [2,31–37]. VT, Skin from around the vent; DT, skin from the
dorsal tail-base region. The secretion signal is shown against a grey background on the consensus sequence. The CD59 and snake longchain neurotoxins have been truncated at the site equivalent to the soluble TFP ⁄ PMF stop codon. GenBank accession numbers for these
sequences are as follows: P. shermani PMF male intestine (DQ882329); PMF male skin (DT) (DQ882308); PMF male mental gland
(DQ882251); PMF female skin (VT) (DQ882331); PMF female kidney (DQ882367); PMF female liver (DQ882377); xenoxin, Xenopus laevis
(CAA51225); cardiotoxin, Naja atra (CAA90964); erabutoxin, Laticauda semifasciata (CAA35770); muscarinic toxin, Dendroaspis angusticeps
(1801365 A); long neurotoxin (a-cobrotoxin), Naja kaouthia (AAY63884); k-6 bungarotoxin, Bungarus multicinctus (CAB46659); weak toxin,
Bungarus candidus (AAL30059); seminal protein caltrin, Mus musculus (NP_064660); Ly6c, Homo sapiens (NP_079537); leucocyte protein,
Eptatretus stoutii (AAD47892); Lynx1, Mus musculus (Q9WVC2); SLURP-1, Homo sapiens (P55000); CD59 antigen, Homo sapiens
(NP_976074); uPAR subunit three, Homo sapiens (Q03405).
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large number of amino-acid (nonsynomymous) changes (Table 1). Only 24 of 70 shared amino-acid residues were highly conserved (> 95%) across the 81
unique sequences. Fourteen of these 24 conserved residues were located in the secretion signal peptide
(Fig. 1). The other 10 conserved residues included a
leucine at the ﬁrst amino-acid position, an asparagine
at the C-terminus, and eight cysteines, which probably
provide protein conformational stability via the formation of disulﬁde bridges. Residues Leu6, Gly8, Lys25,
Glu30 and Asp54 (Fig. 1, consensus) were conserved
across 90% of the PMF sequences and may play
important structural and ⁄ or functional roles. The
remaining 41 shared amino-acid positions ( 60% of
the protein) were highly variable. Many of these nonconserved positions had at least six different aminoacid changes, including substitutions with functionally
different side chains. Position 41 (Fig. 1; consensus)
had 11 different amino-acid substitutions and was the
most variable site on the protein.
Multiple tissue types in adult P. shermani express a
similar set of highly variable PMF transcripts.
Sequencing of 40 clones from a single RT-PCR on
mental gland tissue extracts from one male resulted
in 26 unique PMF nucleotide sequences, suggesting
that at least 13 PMF genes are expressed in the
gland. Average PMF nucleotide dissimilarity for this
individual gland was 20.5% (± 2.5%), with  37%
(± 5%) dissimilarity at the protein level. The mental
gland was more extensively sampled than other tissue
types, but PMF sequence variation was also high in
most other adult tissues (see Table 1). Although relatively few haplotypes were detected in some tissues
(e.g. liver), a regression analysis indicates that 94% of
the among-tissue variation in the number of unique
haplotypes was a function of sampling effort (data
not shown). There was no evidence of tissue or gender speciﬁcity for PMF haplotypes. In fact, 14 PMF
haplotypes isolated from male mental gland tissue
were also detected in the skin of both sexes. Furthermore, PMF sequence variation was as great within
tissues as it was between tissues in most cases (data
not shown).
Mental gland cDNA library results indicate that
we have not captured all of the variation in PMF
Approximately 300 clones were randomly sequenced
from a cDNA mental gland library constructed from
10 P. shermani males from a single population. Of
these, 120 clones encoded ORFs in the PMF family.
Forty-two different nucleotide sequences were represented in these 120 clones. Average nucleotide dissimi-
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larity among these library PMF sequences was 37%
(± 3.2%), with  65% protein sequence dissimilarity
among them. Many sequences from this library were
also detected using RT-PCR methods, but nearly 8%
of the sequences were not. The ongoing detection of
novel and highly variable PMF sequences indicates
that we have not yet captured all of the variation in
this protein family.
PMF is hyperexpressed in the male mental gland
On the basis of in situ hybridization (ISH) procedures
and the use of a PMF antisense riboprobe, PMF is
highly expressed only within the mental gland of male
P. shermani. Labeling was distributed throughout the
gland and was lightest in the center of the tissue,
with intensity increasing to its most intense along the
outer reaches just inside the dermis (stratum spongiosum; Fig. 2). Labeling also occurred in the cells of
the dermis immediately adjacent to highly labeled
glands, but with much less intensity (Fig. 2). Tissues
probed with the sense strand of the PMF sequences
were devoid of any labeling above background in all
tissue samples.
Distinct PMF ISH labeling was not observed in sections of adult skin that were isolated from the dorsal
tail-base region or from around the vent, possible sites
of pheromone production and release. Furthermore,
frontal sections traversing the entire length of the body
of juveniles showed no observable PMF ISH labeling
in any juvenile tissue. These results combined with our
RT-PCR ﬁndings suggest that PMF is present in the
skin of adult salamanders but is expressed at very low
levels. In contrast, ISH results suggest that PMF is
highly expressed in the male’s mental gland.
PMF shares structural features with the TFP
superfamily
Several proteins related to PMF were identiﬁed in
blastx searches on GenBank. These related proteins
included the XLURP-1 (AAK52825) and xenoxin
(CAA51225) proteins from Xenopus laevis, the CD59
antigen (AAP36795) and SLURP-1 (AAT01436) genes
of Homo sapiens, weak toxins (AAL30060, AAL30059)
and a neurotoxin (CAA72941) from elapid snakes
(Bungarus spp.), and an undescribed protein from
Caenorhabditis elegans (NP_508284). Overall PMF
amino-acid identity with these proteins is low, ranging
from 27% to 30%. However, these proteins all belong
to the TFP superfamily, which is characterized by
the presence of a cysteine-rich domain. This domain
contains 8–10 cysteine residues with highly conserved
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Fig. 2. PMF ISH labeling in the mental gland of an adult male P. shermani using a PMF-specific 35S-labeled riboprobe. Top, low-magnification
(40·) photomicrographs of the mental gland incubated with either the sense probe (negative control; left) or the antisense probe (right). Bottom, high resolution (200·) of the mental gland indicating regional specificity of PMF ISH labeling.

spacing and a characteristic C-C-X-X-X-X-C-N at
the C-terminus. The 8-Cys domain is also present in
PMF (Fig. 1). For members of the TFP superfamily
for which structures have been determined, the
8-Cys domain forms disulﬁde bridges at Cys3-Cys21,
Cys14-Cys34, Cys38-Cys50 and Cys51-Cys56 (Fig. 1;
consensus) and results in a characteristic TFP fold [3].
A protein alignment of PMF with members of this superfamily (Fig. 1) reveals considerable amino-acid
diversity tightly bracketed by this conserved scaffold
of cysteine residues.
The raptor threading program [38] was used to predict the folding structure of PMF using the primary
sequence as input. raptor threading results consistently matched PMF with members of the TFP superfamily. Structural templates for PMF, with their
associated E-values and PDB accession numbers, included the snake toxins, c-bungarotoxin (1.32 E)02;
1MR6) and candotoxin (1.48 E)02; 1JGK) from Bungarus, as well as the complement regulatory protein
(CD59) from Homo sapiens (1.13 E)01; 1CDQ). An
important structural difference between these proteins
and PMF is that the three template proteins all have a
ﬁfth disulﬁde bridge at the tip of loop I that is not present in PMF. The molecular dynamics algorithms of
the Insight II modelling software used cardiotoxin V
as a reference to calculate a ‘threaded’ theoretical
structure for PMF. Figure 3 shows the PMF structure
superimposed over the crystal structure for cardiotoxin V. In this example, both proteins have four distinct disulﬁde bridges. Although PMF is predicted to
be primarily a b-sheet structure and to have the classic
three-ﬁnger fold, the substantial sequence and charge
2304

Fig. 3. Theoretical structural model of PMF (GenBank accession
No. ABI48573) from the mental gland of the terrestrial salamander
(P. shermani) superimposed over the crystal structure for cardiotoxin V from Taiwan cobra (Naja naja atra) venom. The known crystal structure of cardiotoxin V (chain A) was determined by [39]
(ID No. 1KXI in the Protein Data Bank at http://www.rcsb.org) and
is a member of the snake venom cytotoxin functional class of
TFPs. Disulfide bonds are depicted in tan.

differences suggest that deﬁnitive structural analyses
will be required in future studies to conﬁrm the computational models.
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In addition to the evolutionary conservation of eight
cysteine residues, there are two important features of
PMF that are shared with other members of the TFP superfamily: (a) a secretion signal peptide that is cleaved
two residues before the ﬁrst cysteine; (b) a signature
sequence of C-C-X-X-[D]-X-C-N at the C-terminus
(Fig. 1). Four residues (Leu6, Gly8, Lys25 and Glu30)
present in 90% of PMF sequences correspond to
the predicted tips of loop I and loop II, regions that
are important for binding muscular nAChRs in
a-neurotoxins (long and short chain) and neuronal
nAChRs in j-bungarotoxin (Fig. 1; consensus).
A comparison of PMF protein sequence with other
TFPs highlights several additional features of PMF
that may have functional implications. One key difference is predicted loop length. Compared with most
TFPs, loop I of PMF is predicted to be shorter by 3–7
residues, loop II is estimated to be shorter by 4–8 residues, and, although loop III is the least conserved
region in terms of both sequence composition and
length, this loop appears to be longer than most TFPs
by  7 residues (Fig. 1). Similarly to cardiotoxins and
short neurotoxins, PMF also lacks the ﬁfth disulﬁde
bridge that forms in loop I of CD59 and nonconventional (weak) toxins, or in loop II in many of the longchain neurotoxins. The N-linked glycosylation site
(N-X-S ⁄ T) found in loop I of membrane-bound TFPs,
such as CD59, is absent from PMF. In addition, PMF
lacks the C-terminal tail of some snake toxins and the
glycosylphosphatidylinositol anchor of the membranebound TFP members. Lastly, most TFPs are basic
whereas PMF is very acidic (Fig. 4A; supplementary
Table S1). Approximately 85% of the PMF sequences
have a predicted pI of 3.5–4.0, with 10.5% having pIs
above 4.0 and 4.5% having pIs less than 3.5 (Fig. 4B).
In contrast, pIs of snake venom TFPs range from 7.5
to 9.0, and CD59 pIs range between 5.0 and 7.8.

Discussion
A new, hypervariable class of TFPs
When analyzed with structural modeling software, the
proteins encoded by PMF predict structural features
that are consistent with the three-ﬁnger conformation
characteristic of proteins belonging to the TFP superfamily. Members of this group include snake venom
toxins (three-ﬁnger toxin), as well as a whole host of
nontoxin TFPs isolated from birds, ﬁshes, amphibians
and mammals. These proteins are members of the
same superfamily, yet exhibit extraordinary functional
diversity and target speciﬁcities (refer to [40] for original references). Despite these functional differences,
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Fig. 4. (A) Net charge of TFPs at neutral pH. PMF sequences are
depicted with black circles whereas white squares represent xenoxin, xlurp, slurp, rat spleen and urinary proteins, mouse seminal,
ly6 and lynx proteins, human prostrate antigen, snake toxins, pig
PIP protein and CD59. (B) Distribution of PMF amino-acid
sequences based on derived pIs. For both (A) and (B), the known
(from amino-acid sequencing of PMF) or predicted signal peptide
(19 amino acids) was removed from PMF sequences before computation. See supplementary Table S1 for PMF data.

the individual members of the superfamily are generally found in single-copy number and exhibit low
diversity [1,41,42]. The only signiﬁcant exception to
this picture is the family of snake neurotoxins and
related toxin components, which are highly expressed
in venom glands and exhibit broad sequence and
functional diversity [6]. PMF represents a second class
of TFPs that displays extraordinary sequence variation at both the nucleotide and amino-acid levels
(average 18% and 35% sequence dissimilarity,
respectively).
PMF and all members of the TFP superfamily
share several important properties: (a) a characteristic
hydrophobic secretion signal peptide which is cleaved
two residues before the ﬁrst cysteine; (b) eight similarly spaced cysteine residues; (c) a signature sequence
C-C-X-X-[D]-X-C-N at the C-terminus. The eight cysteine residues form a pattern of disulﬁde bridges that
results in a fold resembling three ﬁngers extending

FEBS Journal 274 (2007) 2300–2310 ª 2007 The Authors Journal compilation ª 2007 FEBS

2305

Hypervariable salamander pheromone

C. A. Palmer et al.

from a compact globular core (Fig. 3). The conserved
asparagine at the end of the signature sequence plays
an important role in the stabilization of TFPs, as its
side chain penetrates into the core of the protein
where it participates in hydrogen bonding [31]. Asp54
is maintained across 90% of the PMF sequences and
is present in most other TFPs. The Asp negative side
chain probably stabilizes the conformation of the
protein by forming a weak chemical bond with the
N-terminus or C-terminus of the molecule [40]. The
considerable sequence variation of PMF makes it
difﬁcult to predict which other residues might be
structurally and functionally important. Mutagenesis
studies of related TFPs suggest that most chemical
modiﬁcations of amino acids across these proteins
result in a reduction but not a complete loss of function, suggesting that several sites participate in receptor binding [32,40]. However, four amino-acid
residues, predicted to lie at the tips of loops I and II,
are conserved across 90% of the PMF sequences.
Because conserved residues at the tips of the loops
are vital for receptor binding in many snake toxins
(refer to [40] for original references), we propose that
future efforts to elucidate the structure ⁄ function relationships of PMF should initially focus on these relatively well-conserved residues.
PMF sequences differ substantially from other
TFPs
Distinct differences in amino-acid sequence, predicted
structural features and biological function suggest that
PMF comprises a distinct multigene subfamily within
the TFP superfamily. The three-ﬁnger fold characteristic of members of the superfamily constitutes a stable
structure that is capable of interacting with a broad
range of targets. The functional multiplicity of this relatively simple protein structure is acquired via differences in overall length, orientation and ﬂexibility of
the loops, as well as differences in amino-acid side
chains and their spatial distributions [1,42,43]. Not
only is amino-acid sequence identity between PMF
and snake venom toxins low (25–30%), the predicted
loops I and (especially) II of PMF are signiﬁcantly
shorter than the loops of snake venom toxins (Fig. 1).
Although loop III is the most variable portion of the
PMF molecule in terms of length and amino-acid composition, it is predicted to be longer than three-ﬁnger
toxins by seven residues (Fig. 1).
Comparisons of PMF with nontoxin TFPs indicates
that loop I in PMF is substantially shorter, and that it
lacks the extra disulﬁde bond that is present in loop I
of most nontoxin TFPs (Fig. 1) [32]. In addition, all
2306

nontoxin, membrane-bound TFPs contain a sequence
encoding a glycosylphosphatidylinositol anchor near
the C-terminus, as well as an N-linked glycosylation
site. PMF is secreted and, similarly to other soluble
TFPs, lacks both of these features. Overall, PMF differs signiﬁcantly from all other members of the TFP
superfamily in terms of the predicted overall net
charge at neutral pH. PMF has few basic residues and
an abundance of asparagine and glutamate residues,
resulting in a high net negative charge at neutral pH
(pI range of most PMFs 3.5–4.0). Whereas PMF is
very negatively charged at physiological pH, other
TFPs tend to be positively charged.
A pheromone function for the TFP family
PMF is one of two major components of a proteinaceous courtship pheromone produced by the mental
gland of male P. shermani [29]. In preliminary studies
of the whole extract obtained from male mental
glands, four members of this 7-kDa family of protein
isoforms were partially puriﬁed and subjected to
N-terminal amino-acid sequencing, permitting initial
cloning efforts (unpublished data) that formed the
basis for this investigation. Our RT-PCR survey and
in situ labeling studies indicate that, although PMF is
only highly expressed in the male gland, it is also present in the skin surrounding the vent and from the
dorsal tail-base regions, as well as in the liver, intestine and kidney of salamanders of both sexes. Expression outside of the male gland is unusual for
salamander pheromone genes [21,44]. Although PMF
expression is widespread, labeling of PMF mRNA
using ISH revealed a dramatic difference in the level
of PMF transcript between the mental gland and the
skin tissue from different areas of the adult male
P. shermani. Extremely intense PMF ISH labeling was
observed throughout most of the mental gland,
whereas, in stark contrast, no PMF labeling was
observed in the skin tissue. Attempts to resolve PMF
labeling by extending (doubling) the exposure time of
the tissue to the radiolabeled probe also failed to
resolve the PMF ISH labeling in the skin. PMF
mRNA is apparently strongly expressed in the male
mental gland but at very low levels in the male and
female skin. Additional evidence of overexpression in
the gland comes from the results of the cDNA library, in which 40% of the randomly sequenced clones
encoded PMF. Thus, unlike other plethodontid
pheromone genes, PMF is expressed in a variety of
tissues in both sexes. Similarly to other plethodontid
pheromone genes, however, it is hyperexpressed in the
male’s mental gland [44].
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The mode of action of PMF is not known
At present, the molecular basis of PMF function
remains obscure. PMF substantially decreases sexual
receptivity of female salamanders when it is experimentally delivered as a single, puriﬁed component [28]. The
ability of PMF to alter female behavior during courtship
is a unique function for TFPs. The application of PMF
to the female’s nares produces a signiﬁcant response by
vomeronasal neurons [25]. When PMF is delivered in
combination with the second major pheromone component, PRF, female sexual receptivity is enhanced [45].
PRF also elicits a VNO response [24], indicating that
pheromone detection in these salamanders occurs
through the accessory olfactory system, a neural pathway known to initiate reproductive responses in other
vertebrates (see review [26]). The diversity of PMF variants coupled with the multiple modes of action of TFPs
suggests that PMF may have multiple endogenous targets. Regardless of mode of action, pheromone activity
is a new function for the TFP family.

Experimental procedures
Animal and tissue collection
Plethodon shermani were collected during the breeding season (August) from a single locality in Macon County, NC,
USA (3510¢ 48¢-N; 08333¢ 38¢-W) and transported to Oregon State University. After a 2-week acclimation period in
the laboratory, male ⁄ female pairs were placed in courtship
arenas and left undisturbed for a period of 12 h. Pairs that
successfully mated during these courtship trials were included in this study. Tissues were excised from anesthetized
animals [44] and stored individually at )80 C. Tissue samples from adult animals included: liver, kidney, heart, tail
tip, intestine, mental (chin) glands from males, skin from
the chins of females, skin from the dorsal tail-base (DT)
region and from around the vent of the cloaca (VT) of both
sexes. In addition, the undissected bodies of two juvenile
P. shermani (0.5–0.6 cm snout-to-vent length) were homogenized and individually stored. All procedures were performed under the guidelines of the Public Health Service
Policy on Humane Care and Use of Laboratory Animals
[45a] and approved by the Oregon State University Animal
Care and Use Committee.

DNA sequencing
Two different approaches were used to generate two sets of
PMF sequences: (a) a cDNA library; (b) RT-PCR using
speciﬁc primers. The cDNA library was constructed from
the mental glands of 10 male P. shermani, and 300 clones
were randomly sequenced [44]. A primer pair (P7NF,
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5¢-CACCTGGAATCCAGAATGA-3¢; P7NR, 5¢-AAGAG
TGTGTGACTAGTTGCAGA-3¢) was designed from the
conserved untranslated regions of PMF sequences taken
from the cDNA library. RT-PCR was then performed on
individual tissues as follows: total RNA was extracted from
the tissues and reverse-transcribed into ﬁrst-strand cDNA
as described by Palmer et al. [44]. A 50-lL PCR was prepared with 1 lL cDNA, 2.5 U Taq polymerase, 5 lL
10 · buffer, 0.2 mm each dNTP, 2.5 mm MgCl2, and
100 pmol of each primer. Ampliﬁcation was carried out
using initial denaturation at 95 C for 3 min, 40 cycles of
denaturation at 95 C for 1 min, primer annealing at 51 C
for 45 s, an extension at 72 C for 1 min, and one ﬁnal
extension at 72 C for 10 min. Ampliﬁed PCR products
were puriﬁed from agarose gels, cloned, and sequenced in
both directions as described by Watts et al. [46].

Sequence analyses
Database searches were performed using both the blast
and fasta algorithms of the GenBank database. PMF
protein structure predictions were performed using Rapid
Protein Threading by Operation Research Technique
(raptor, version 3.0 [38]) and the Insight II homology
modeling program, modeler (Accelrys Software, Inc.,
San Diego, CA, USA; http://www.accelrys.com/products/
insight/). The bioedit sequence alignment editor was used
for sequence alignments and editing [47]. Nucleotide
sequences were translated to amino-acid sequences and then
aligned using the clustal w algorithm. Minor adjustments
were made manually before back-translation.
Nucleotide-by-nucleotide and protein distance estimation
methods in the mega2 computer package (version 2.1 [48])
were used to estimate average nucleotide sequence dissimilarity (Tamura-Nei method) and average amino-acid sequence
dissimilarity (with Poisson correction). Standard errors were
determined using 500 bootstrap replicates. Protein isoelectric
properties were determined computationally using the
editseq program from DNAStar Inc. (Madison WI, USA).

In situ hybridization
A 255-bp cRNA probe was synthesized from the full-length
ORF of P. shermani (PsherPMF24; accession number
DQ882274). A large-scale PMF plasmid preparation was
performed by alkaline lysis [49,50]. The plasmid was linearized with either SpeI or NotI restriction enzymes and used
as a template for in vitro transcription using T7 or T3 polymerases to produce sense and antisense probes, respectively.
Probes were extracted with phenol ⁄ chloroform (pH 5.2) followed by ethanol precipitation in the presence of 0.4 m
NaCl. The probes were then resuspended in 0.1% SDS and
stored at )80 C.
Three adult animals were anesthetized as described
above, and mental gland and skin tissue (VT and DT) were
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removed, embedded in Histoprep Frozen Tissue Embedding
Medium (Fisher Scientiﬁc, Pittsburgh, PA, USA), and
stored at )80 C until sectioned. Tissue was sectioned at a
20 lm thickness at )20 C on a cryostat. Two whole juvenile salamanders were sliced in frontal sections. All tissue
was thaw-mounted on Superfrost Plus positive-charged
microscope slides (Shandon, Inc., Pittsburgh, PA, USA),
and stored at )80 C. ISH followed the methods of Zoeller
et al. [51]. Tissue was ﬁxed in 4% paraformaldehyde, rinsed
in 1 · NaCl ⁄ Pi, and followed with acetylation in 0.45%
NaCl containing 0.1 m triethanolamine hydrochloride
(pH 8.0) and 0.25% acetic anhydride, then rinsed
[1 · standard saline citrate (NaCl ⁄ Cit)]. The tissue was then
dehydrated with ethanol, delipidated in chloroform, and
partially rehydrated in ethanol. After being dried, the tissue
was covered in hybridization solution (50% deionized formamide, 0.1% sodium pyrophosphate, 10% dextran sulfate,
2 · NaCl ⁄ Cit, 25 lgÆmL)1 tRNA, 1 · Denhardt’s solution,
and 200 mm dithiothreitol) containing the labeled probe
and incubated for 20 h at 52 C.
After incubation, the tissue was washed (1· NaCl ⁄ Cit),
incubated in 2 · NaCl ⁄ Cit ⁄ 50% deionized formamide
(52 C), and rinsed (2 · NaCl ⁄ Cit). The tissue was then
incubated in RNase wash buffer (0.5 m NaCl, 0.01 m
Tris ⁄ HCl, 1 mm EDTA; pH 8.0) at 37 C, then Rnase A
(Sigma, St Louis, MO, USA; 100 lgÆmL)1 in RNase
wash buffer) at 37 C, rinsed (2· NaCl ⁄ Cit), incubated
(2 · NaCl ⁄ Cit ⁄ 50% deionized formamide; 52 C), washed
(1 · NaCl ⁄ Cit), and ethanol (70%) dehydrated. Slides
were dipped in Kodak NTB-2 emulsion ﬁlm (Rochester,
NY, USA) at 42 C, dried, and exposed for 5 days at
4 C. After exposure, tissue was developed and counterstained (0.1% methyl green), washed (tap water), and
dehydrated in ethanol (50%) before being cover-slipped
in Permount Histological Mounting Medium (Fisher
Scientiﬁc).

Acknowledgements
We are grateful to B. Barker, M. Baugh, L. Dyal,
A. Picard and M. Westphal for their help in the laboratory and ⁄ or in the ﬁeld. We also thank R. Gray and
K. Bowen for their assistance with preparing the composite model (Fig. 3), B. Taylor for digital imaging,
as well as B. Munro and T. Li for raptor server
assistance. This research was supported by an NSF
Predoctoral Fellowship to CAP and by NSF grants
IBN-0110666 to LDH and 0416834 to RCF.

References
1 Tsetlin V (1999) Snake venom alpha-neurotoxins and
other ‘three-ﬁnger’ proteins. Eur J Biochem 264,
281–286.

2308

2 Kini RM (2002) Molecular moulds with multiple missions: functional sites in three-ﬁnger toxins. Clin Exp
Pharmacol Physiol 29 (9), 815–822.
3 Nirthanan S, Gopalakrishnakone P, Gwee MCE, Khoo
HE & Kini RM (2003) Non-conventional toxins from
Elapid venoms. Toxicon 41, 397–407.
4 Alape-Giron A, Persson B, Cederlund E, Flores-diaz M,
Gutierrez JM, Thelestam M, Bergman T & Jornvall H
(1999) Elapid venom toxins: multiple recruitments of
ancient scaffolds. Eur J Biochem 259, 225–234.
5 Fry BG, Wuster W, Kini RM, Brusic V, Khan A,
Venkataraman D & Rooney AP (2003) Molecular evolution of elapid snake venom three ﬁnger toxins. J Mol
Evol 57, 110–129.
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