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A B S T R A C T

Amphibians display a toxic secretion that works as chemical defenses against predators and/or microorganisms
that is stored in specialized glands located in the tegument. For some animals, such glands have accumulated in
specific regions of the body and formed prominent structures known as macroglands. The Bufonidae family
displays conspicuous macroglands in a post-orbital position, termed parotoids, which secretions are known to be
extremely viscous and rich in alkaloids and steroids. Few proteins have been described in this material, though.
Mainly, because of the difficulties to handle such biological matrix. In this context, we have performed a pro-
teomic study on the parotoid macrogland secretion of the Asian bufonid Duttaphrynus melanostictus. By em-
ploying the Ion-Exchange (IEx)-batch chromatography (anionic, cationic and both) we obtained six fractions -
bound and unbound – that were submitted to an in solution-trypsin digestion followed by LC-MS/MS. Proteins
related to: antioxidant activity, binding processes (carbohydrate/lipid/protein), energy metabolism, hydrolases,
lipid metabolism and membrane traffic were identified. Moreover, IEx was able to preserve the biological ac-
tivity of the retrieved proteins (peptidasic). The current study increases the knowledge on the proteins present in
the bufonids parotoid macrogland secretion, providing a better understanding of the physiological role played by
such molecules.
Significance: The current approach allowed a detailed proteomic analysis of the several proteins synthesized in
the D. melanostictus parotoid macrogland (Bufonidae) that are secreted into the skins, but embedded within a
complex viscous biological matrix. Moreover, our results aim to increase the knowledge on the biological role
played by such proteins at the skin.

1. Introduction

The Amphibian integument participates in important physiological
processes, such as the ionic and osmotic balances, thermoregulation
and defense/protection [1–3]. In the skin, there are specialized glands
termed granular (or venom) glands that store a high diversity of bio-
molecules like alkaloids, peptides, proteins and steroids [3–5]. Once
released, the gland's secretion acts as a chemical defense against pre-
dators or pathogens [5–8].

Bufonids (Anura: Bufonidae) possess conspicuous protuberances in
a post-orbital position termed parotoid macroglands [9,10]. This
structure is formed by the grouping of several granular glands and
stores a huge quantity and diversity of molecules including alkaloids
and steroids [10–12], as well as proteins [10,13,14]. Rash et al. [15]

showed the presence of peptides in Rhinella marina parotoid macrog-
land secretion; however, in very low abundance. These authors have
suggested that these peptides are derived from housekeeping protein
cleavages, i.e., cellular debris, and are not major biological active pep-
tides.

Once released, the bufonids parotoid macrogland secretion becomes
difficult to handle. This matrix is viscous and, partially, water insoluble
[13,16,17], characteristics that impairs – in part - its biochemical
characterization studies. Sample preparation steps, on the other hand,
like centrifugation, filtration, liquid-liquid extraction or solubilization
in organic solvents have allowed studying the alkaloids and steroids
contents of this material [11,12,18].

Researchers, though, have assessed different methodological ap-
proaches to study the proteins in the bufonid parotoid macrogland
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secretion. For example, through an 8KDa cut-off filter dialysis of the R.
schneideri parotoid macrogland secretion, Sousa-Filho et al. [19] ob-
tained 104 proteins by proteomic analysis. Theses authors described
several structural proteins; however, this material exhibited no pro-
teolytic activity. In another study, Kowalski et al. [20] identified 13
proteins after obtaining a methanolic extract of Bufo bufo parotoid
macrogland secretion.

Recently, our group proposed a new methodological approach to
study the proteins from the bufonids parotoid macrogland secretion
[21]. We successfully retrieved soluble protein fractions from the Asian
common toad Duttaphrynus melanostictus. These protein fractions were
then proteomically characterized, and a total of forty-two proteins
could be identified, as well as 153 peptides were de novo sequenced
[22].

In this context, we have now performed a thorough proteomic
analysis of the D. melanostictus parotoid macrogland secretion by ex-
panding the IEx sample preparation steps, aiming to retrieve the largest
possible diversity of proteins present in the secretion. Furthermore, by
analyzing our results, we could correlate the annotated biological roles
of the identified proteins with the anuran chemical defense/physiology
context.

2. Material and methods

2.1. Reagents

All employed reagents were purchased from Sigma Co. (St. Louis,
MO, USA). QAE-Sephadex A-25 and SP-Sephadex C-25 were from
Pharmacia Fine Chemicals AB Uppsala, Sweden. pH test strip (pH-Fix
0–14) was purchased from Macherey-Nagel, Germany.

2.2. Skin secretion collection

D. melanostictus parotoid macrogland secretion was kindly provided
by Venom Supplies Pty ltd., Australia. Anurans from Bali, Indonesia,
were collected and the secretion was obtained by squeezing D. mela-
nostictus parotoid macrogland. All collected secretion was pooled and
lyophilized.

2.3. Ion exchange (IEx) batch chromatography

2.3.1. Anionic exchange
Anionic Exchange (AE) sample preparation was conducted ac-

cording to Mariano et al. [21], employing 102mg of D. melanostictus
parotoid macrogland secretion. Briefly, after the sample-resin incuba-
tion step, the anionic salt-displaced fraction (A-SDF) and anionic acid-
displaced fraction (A-ADF) could be obtained. Then, we lyophilized the
anionic unbound fraction (A-UBF) and submitted it to a Cationic Ex-
change (CE) sample preparation (below).

2.3.2. Cationic exchange
Based on the protocol developed by Mariano et al. [21] for AE, we

proposed a new protocol for Cationic Exchange (CE), as follows. For
this batch chromatography, two starting materials were employed: the
crude D. melanostictus parotoid macrogland secretion (101.2 mg) and
the A-UBF (obtained according to the procedure described in 2.3.1).

- Step 1 - Resin preparation: we resuspended 0.5 g of SP-Sephadex
C-25 resin in 12.5mL of 50mM acetic acid (pH 4) and kept the tube, on
stand at room temperature, for 18 h. The tube was centrifuged - 500 xg,
for 5min - and the supernatant was discarded. After that, we added
12.5 mL of 50mM acetic acid (pH 4), homogenized for 30min, using a
tube homogenizer, at room temperature, centrifuged i (500 xg, 5 min)
and the supernatant was discarded. We repeated this last step twice.

- Step 2 - Sample preparation: We resuspended D. melanostictus
lyophilized parotoid macrogland secretion in 20mL of 50mM acetic
acid (pH 4). We kept the material under constant agitation, followed by

sonication, until most of the sample was ‘soluble’.
- Step 3 - Unbound Fraction: We transferred the parotoid mac-

rogland secretion to the tube containing the cationic resin and kept it
under constant homogenization for 1 h, at room temperature. After
that, the tube was centrifuged (500 xg, for 5min), the supernatant was
removed and termed ‘cationic unbound fraction’ (C-UBF). We repeated
this process twice, and all supernatants were polled.

- Step 4 – Salt fraction: Following the removal of C-UBF, we added
to the tube 50mM acetic acid, containing 2M NaCl (pH 4). This step
was conducted as described in step 3: homogenization (1 h), cen-
trifugation (500 xg, for 5min) and supernatant collection. Supernatants
were pooled and termed ‘cationic salt-displaced fraction’ (C-SDF).

- Step 5 – Basic fraction: Finally, we added ~50mM ammonium
acetate (pH ~ 7.5–8, as estimated by a pH test strip after ammonium
bicarbonate addition to the acetic acid solution). The procedure twice:
homogenization (1 h), centrifugation (500×g, during 5min) and su-
pernatant collection. Supernatants were pooled and termed ‘cationic
basic-displaced fraction’ (C-BDF).

The fractions collected after submiting A-UBF to CE were termed:
‘anionic-cationic unbound fraction’ (AC-UBF), ‘anionic-cationic salt-
displaced fraction’ (AC-SDF) and ‘anionic-cationic basic-displaced
fraction’ (AC-BDF).

In order to remove insoluble particles, all fractions were mechani-
cally filtered (0.22 μm syringe filters) prior to lyophilization.

2.4. Desalting

Both anionic (A-SDF, A-ADF) and cationic (C-SDF, C-BDF, AC-SDF,
AC-BDF) fractions were desalted by using a HiPrep 26/10 desalting
column (GE Healthcare) coupled to an AKTA avant 25 preparative
system (GE Healthcare). We resuspended each fraction in 5mL, 25mM
Tris (pH 8.5) and loaded them, individually, into the system. The
column was eluted with 25mM Tris buffer (pH 8.5), at a constant flow
rate of 10mL.min−1 and monitored by an UV detector (at 220 and
280 nm) and conductivity. The protein peaks for each sample were
collected. After that, all samples were lyophilized.

2.5. Proteomic analysis

2.5.1. In solution digestion
A-SDF, A-ADF, C-SDF, C-BDF, AC-SDF and AC-BDF aliquots were

dried. After that, we resuspended each sample in 8M urea (in 100mM
Tris-HCL, pH 8.5) and Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) (dissolved in water) (20mM final concentration). The mixtures
were kept for 1 h at room temperature. Next, we added iodoacetamide
(IAA) (dissolved in water) (10mM final concentration) and reacted for
1 h, at room temperature, protected from light. Next, we added 100mM
Tris-HCl (pH 8.5), to dilute urea to ≤2M, and 10 μL trypsin
(10 ng.μL−1 in 100mM Tris-HCl, pH 8.5). Digestion was carried out for
18 h, at 30 °C. Finally, we stopped the enzymatic reaction by adding
50% ACN / 5% TFA. All samples were dried. Prior to mass spectrometer
analyzes, each sample was desalted and the peptides were concentrated
by ZipTip® C-18 pipette tips (Millipore). We repeated the ZipTip® C-18
step twice for each sample and pooled them. Samples were dried.

2.5.2. Mass spectrometry (MS) analysis
We resuspended each sample in 5 μL 0.1% formic acid. One μL was

automatically injected in a 15 cm×50 μm Acclaim PepMap™ C-18
column (Thermo Scientific) by a nano chromatography EASY-nLC 1200
system (Thermo Scientific) coupled to an Q Exactive Plus mass spec-
trometer (Thermo Scientific).

Peptides were eluted at 300 nL.min−1, during 100min and using a
linear gradient of 4–40% B (mobile phase A: 0.1% formic acid (FA)
(1:999, v/v); mobile phase B: 0.1% FA in 80% acetonitrile (1800:19, v/
v/v)). Spray voltage was set at 2.5 kV. The mass spectrometer was
operated in data dependent mode, in which one full MS scan was
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acquired in the m/z range of 300–1500 followed by MS/MS acquisition
using high energy collision dissociation (HCD) of the ten most intense
ions from the MS scan. MS and MS/MS spectra were acquired in the
Orbitrap analyzer at 70,000 and 17,500 resolution (at 200m/z), re-
spectively. The maximum injection time and AGC target were set to
25ms and 3×106 for full MS, and 40ms and 105 for MS/MS. The
minimum signal threshold to trigger fragmentation event, isolation
window and normalized collision energy (NCE) were set to, respec-
tively, 2.5× 104 cps, 1.4m/z and 28. We applied a dynamic peak ex-
clusion to avoid selecting the same m/z for the next 30 s.

2.5.3. Data processing
RAW files were directly loaded in the software Peaks Studio V7.0

(BSI, Canada). We processed the data for proteomic identification ac-
cording to the following parameters: MS and MS/MS error mass were
10 ppm and 0.01 Da, respectively; methionine oxidation and carbami-
domethylation as variable and fixed modification, respectively; trypsin
as cleavage enzyme; maximum missed cleavages (3), maximum vari-
able PTMs per peptide (3) and non-specific cleavage (both); the false
discovery rate was adjusted to ≤0.5%; only proteins with score≥ 30
and containing at least 1 unique peptide were considered in this study.
We analyzed all data against an Amphibia protein database (167,530
entries) compiled on Sep/17 and built by retrieving all UniProt entries
associated with this taxon.

2.5.4. Data analysis
We performed two independent experiments for each fraction: A-

SDF, C-SDF, C-BDF, AC-SDF and AC-BDF. However, for A-ADF, due to
unknown methodological issues, the duplicate is missing.

Proteomic data were analyzed according to the following rationale:
I) proteins identified in both experiments; II) proteins identified only in
one experiment displaying, however, unequivocal identification and/or
relevant biological role. These criteria were based on the absence or
presence of the same “UniProtKB accession number” and “UniProtKB
entry name” for each protein in both experiments. We only kept in the
study proteins containing at least one unique peptide in common in
spite similar “UniProtKB entry name” or different “UniProtKB entry
name” for it may suggest the presence of isoforms.

Moreover, we only listed one protein for each “protein group”
(proteins identified by a common set of peptides - Peaks software
classification). The others protein present in the group were considered
redundant and removed from the study.

For the ‘uncharacterized protein’ annotations, a basic local align-
ment search tool (BLAST) was performed, limiting the search to
Amphibia class (taxid: 8292). The highest score alignment for each
protein was chosen as the probable correct annotation.

2.6. Hydrolase activity

We performed a zymography adapted from Heussen and Dowdle

(1980) [23], using casein (2mg.mL−1) as substrate. Casein were in-
corporated in a 12% resolving gel with a 4% stacking gel without the
substrate. An aliquot of each sample was lyophilized and resuspended
in non-reducing sample buffer (0.0625M Tris (pH 6.8), 10% glycerol,
2% SDS and 0.02% bromophenol blue) and loaded in the gel. After
electrophoresis, the SDS was removed by washing the gel twice, for
20min, in 2.5% Triton X-100. Subsequently, the gel was incubated in
20mM Tris, 0.5 mM calcium chloride (pH 7.4), at 37C, during 16 h.
Besides that, the gel was stained in a solution of acetic acid/methanol/
water (10/45/45, v/v/v) containing 0.125% Coomassie Brilliant Blue
R-250. The gel was destained in a solution of acetic acid/ethanol/water
(10/43.5/46.5, v/v/v). Crotalus viridis viridis (10 ng) venom was used as
positive control.

3. Results and discussion

3.1. D. melanostictus IEx-batch chromatography

Since our aim was to perform a broad proteomic analysis of the
macrogland protein content, and not to separate/purify proteins from
D. melanostictus parotoid macrogland secretion, our previously de-
scribed methodology [21] was employed, with variations, namely: we
adapted the methodology to use a cationic resin in the batch sample
preparation.

According to our sample processing approach, we generated the
following fractions (Table 1).

After proper batch sample preparation via IEx, we identified several
proteins:

3.1.1. Anionic batch exchange
55 proteins were identified in A-SDF (Table 2). Other 129 proteins

were identified only in one of the duplicates (Supplemental material 1).
Regarding the A-ADF sample, 90 proteins were identified (Table 3);
however, this sample lacks its duplicate.

3.1.2. Cationic batch exchange
For C-SDF and C-BDF samples, a total of 44 and 50 proteins were

identified, respectively (Tables 4–5). Another 139 (C-SDF) and 109 (C-
BDF) proteins were only identified in one of the experiments (Supple-
mental material 2–3).

3.1.3. Anionic-Cationic batch exchange
AC-SDF and AC-BDF fractions showed the lowest protein identifi-

cation: 23 and 11 proteins, respectively (Tables 6–7); these numbers
increase if we look at proteins identified in only one experiment: 58 and
30 proteins in AC-SDF and AC-BDF, respectively (Supplemental mate-
rial 4–5).

These results reveal that some proteins do elute in A-UBF. Eighteen
proteins present in AC-SDF and AC-BDF could not be identified in A-
SDF sample processing approach (Table 2 vs Tables 6–7) (since A-ADF

Table 1
Summary of the experimental approaches, results and tables obtained after IEx-batch sample processing of D. melanostictus parotoid macrogland secretion.

Batch chromatography fraction Sample code Related table Number of identified
proteinsa

Related graphical
analysis

Related supplemental
material

Number of identified
proteinsb

Salt displaced anion exchange A - SDF 2 55 Fig. 1 A, B 1 129
Acid displaced anion exchange A - ADF 3 90c Fig. 1C, D – –
Salt displaced cation exchange C– SDF 4 43 Fig. 2A, B 2 139
Basic displaced cation exchange C – BDF 5 50 Fig. 2C, D 3 109
Salt displaced anion - cation

exchange
AC- SDF 6 23 Fig. 3A, B 4 58

Basic displaced anion - cation
exchange

AC – BDF 7 11 Fig. 3C, D 5 30

a Proteins identified in two independent experiments.
b Proteins identified only in one of the independent experiment (mental material).
c Data obtained from a single experiment.
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do not present an experimental duplicate, we avoided comparison to
AC-BDF). Besides, 17 proteins (11 in AC-SDF and 6 in AC-BDF) were not
present in C-SDF (Table 4 vs Table 6) and C-BDF (Table 5 vs Table 7).
We identified 13 proteins after subsequent anionic and cationic batch
processing (Tables 6–7, identified by an asterisk).

The anionic batch processing successfully retrieves several proteins
itself, as expected once the method was mainly developed to remove
the positively charged alkaloids from the secretion [21] that impair
proper proteomic processing. Nevertheless, performing the cationic
batch IEx as well increased the protein identification rate.

3.2. D. melanostictus overall proteome distribution

Figs. 1–3 present the molecular function of all identified proteins in
A-SDF, A-ADF, C-SDF, C-BDF, AC-SDF and AC-BDF (criterion: group I,
according to section 2.5.4) based on the Gene Ontology (GO) Project
[24]. Proteins were classified, mostly, in three categories: antioxidant
activity (inhibition of reactions through dioxygen (O2) or peroxides),
binding (the selective, non-covalent, often stoichiometric, interaction of
a molecule with one or more specific sites on another molecule) and
catalytic activity (catalysis of a biochemical reaction at physiological
temperatures).

3.3. Proteome analysis

Bufonids present granular glands grouped in the post-orbital region
termed parotoid macroglands. This macroglands resembles a honey-
comb structure, composed by several alveoli disposed side by side
[9,25]. Each alveolus corresponds to one granular gland, which in-
ternally contain a syncytial secretory unit devoid of lumen and rich in
granules disposed in a central position [9,10,25]. Delfino et al. [26]
showed that all granular glands studied had “a single row of nuclei that
occupies the most peripheral cytoplasm of the secretory syncytium,
encircled by peculiar smooth muscle (myoepithelial) cells. The per-
ipheral cytoplasm contains the biosynthesis machinery: Rough En-
doplasmic Reticulum (Rer) and Golgi stacks. This layer of organelles
encircles the intracytoplasmic secretory product, which as a rule con-
sists of granules.” Due to the syncytial nature of granular gland, it
would be expected the ‘contamination’ of certain housekeeping proteins
in the secretion, such as actin, tropomyosin, myosin and cytokeratin, for
example.

Regardless of sample processing, at least three protein classes were
always present in our analyses: i) Antioxidant activity; ii) Binding and;
iii) Catalytic activity.

We discuss below their possible biological roles.

3.3.1. Antioxidant activity
The Anuran skin displays a poorly cornified integument, a feature

that allows the involvement of the skin in different physiological pro-
cess [1,2]. Consequently, this organ is more susceptible to external pro-
oxidant agents [27] that promote the production of free radicals and
reactive oxygen species (ROS). The same ROS can be formed in-
tracellularly during physiological processes [27].

ROS are capable to induce DNA damage and oxidize lipids and
proteins [27,28]. Schuch et al. [29] observed that UV radiation was
genotoxic in Hypsiboas pulchellus, inducing malformations and reducing
tadpole survival.

Peptides showing antioxidant activity have already been identified
in anuran skin secretion [30–32]. Besides, proteins related to the an-
tioxidant system were identified in R. schneideri parotoid macrogland
secretion [19] and in Dermatonotus muelleri skin secretion [33].

Here we identified 5 proteins related to antioxidant system after IEx
batch chromatography: catalase, glutathione peroxidase 3, peroxir-
edoxin 6, superoxide dismutase and thioredoxin like 1. These anti-
oxidant enzymes may protect the animal against ROS damage gener-
ated endo- and exogenously.Ta
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3.3.2. Binding
We identified sixty-two binding proteins belonging to 15 different

binding processes. Binding proteins might bind to several molecules
(e.g., proteins, ions, fatty acids, lipids, etc.) and play important role in
amphibian skin secretion.

3.3.2.1. Fatty-acyl-CoA binding. We found at least 2 acyl-coenzyme A
binding proteins (ACBP) (also termed diazepam binding inhibitors,
MGC116485 protein or Dbia protein) in D. melanostictus parotoid
macrogland secretion, regardless of the batch processing. These
proteins were already identified in D. melanostictus [22] and B.
gargarizans [34] parotoid macrogland secretion.

ACBPs are 10 kDa cytosolic proteins, which bind with high affinity
and specificity to medium and long-chain fatty acyl-CoA esters (C14 -
C22) [35,36]. These soluble proteins can exert an important house-
keeping role in lipid metabolism: I) protecting acyl-CoA esters from
hydrolysis; II) extracting acyl-CoA esters from membranes; III) deli-
vering acyl-CoA esters to phospholipid, glycerolipid and cholesterol
ester and ceramide synthesis, to β-oxidation or fatty acid elongation
[35]. Furthermore, proteolytically cleavage of ACBP can generate
bioactive peptides capable of inhibiting diazepam binding to the GABA
receptor [35,36].

3.3.2.2. Protein binding. Inside the granular glands, we found several
granules localized in a central position of the gland. These granules
vary in size and shape and exert a fundamental role: store a higher
diversity of biological molecules [26,37,38]. Understanding the orign,
organization and traffic of granules inside the gland would be very
important and it is likely that several proteins could be involved in the
process, such as:

3.3.2.2.1. Annexins. A conserved family of Ca2+/lipid-binding
proteins. This group has been implicated in the regulation of diverse
cellular and physiological process, such as endo- and exocytosis,
membrane/cytoskeleton interactions, membrane trafficking and
scaffolding and vesicle organization [39–41]. Besides that, annexins
can i) inhibit cytosolic phospholipase A2 [42], ii) interact with
cathepsin B allowing selective degradation of extracellular matrix
proteins and also, iii) block phosphatidylserine on the cell surface,
which impact infectivity of Toxoplasma and Leishmania parasites
[42,43].

3.3.2.2.2. Toll-interacting protein (Tollip). This protein presents 3
distinct domains: I) Tom1-binding domain (TBD): this domain is
involved in protein sorting through Myb protein (TOM1), clathrin
and ubiquitin interaction; II) Conserved 2 domain (C2): It binds to
phospholipids in both a calcium-dependent and -independent manner,
making possible Tollip localization with cellular membranes, such as
cell membrane, endosome and lysosome; III) CUE domain: this domain
is a ubiquitin-binding module, which interacts to ubiquitinated
proteins. Furthermore, this domain is involved in protein sorting
[44–48].

3.3.2.2.3. Histones. These nuclear proteins are normally associated
to proper chromosome packing [49]. Histones can also exhibit
antimicrobial activity: a) Seo et al. [50] isolated 3 antimicrobial
histones H2B from Crassostrea virginica (American oyster); b) Jodoin
& Hincke [51] described a novel antimicrobial property for histone H5
from chicken; c) Park et al. [52] described a potent antimicrobial
peptide termed parasin I in Parasilurus asotus (wounded catfish) mucus;
d) Buforin I (another histone H2A-derived antimicrobial peptide) was
isolated from the stomach tissues of Bufo gargarizans [53].

3.3.2.3. Carbohydrate binding. Galectins are a conserved family of
lectins that possess a carbohydrate recognition domain (CRD)
responsible for β-galactoside binding. Gal-1 can also bind to proteins,
such as actin, glycosaminoglycans or mucin [40,54]. They are involved
in apoptosis, cell cycle and cell division and in the control of pre-mRNA
splicing [55]. Furthermore, these innate immune proteins can bind toTa
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and agglutinate bacteria, and even more to kill bacteria directly, being
not necessary the activation of other factors [55,56]. Galectins have
already been identified in R. schneideri parotoid macrogland secretion
[19].

3.3.2.4. Endoplasmic reticulum signal peptide binding. We identified a
protein termed novel protein similar to srp14. The signal recognition
particle (SRP) is a ribonucleoprotein complex involved in targeting
secretory proteins to the endoplasmic reticulum (ER) membrane in
eukaryotes. During protein synthesis in the ribosome, SRP can
recognize a signal sequence present in the nascent chain and in
associations with other proteins, the nascent chain is target to ER [57].

3.3.2.5. Organic cyclic compound binding. Amphibians are constantly
exposed to ultraviolet radiation (UV), which can cause protein
denaturation, even though DNA damage [27–29]. We identified two
proteins involved in i) protection against UV radiation damage and ii)
protein recycling.

3.3.2.5.1. Heat shock proteins (HSPs). Under environmental or
physiological stresses, synthetized HSPs interact with denatured
proteins and help them to i) refold and reassemble, turning back their
active forms, and ii) avoid protein aggregation. Once this system repairs
fail, HSP70, for example, can interact with co-chaperone HSP40 and
facilitate damaged protein degradation through the ubiquitin-
proteasome pathway [58]. HSPs can also help to fold newly
synthesized peptides or assemble protein complexes and assist in
membrane translocation of organellar and secretory proteins [59,60].

3.3.2.5.2. RAD23 homolog B, nucleotide excision repair protein. This
protein has four domains: i) one Rad4-binding domain, ii) one N-
terminal ubiquitin-like (UbL) domain and iii) two ubiquitin-associated
domains (UBA). The first one forms a complex with others Rad proteins
and participates in the nucleotide excision repair induced by UV
radiation damage on DNA. Furthermore, UBA domains can bind to
mono- and polyubiquitylated proteins and direct them to proteasome
degradation through interaction between UbL domain and Rpn1
subunit of 19S proteasome. Rad23 is released after to resist against
proteasome degradation [61].

3.3.2.6. Ion binding. Calmodulin is a Ca+2 binding protein that
regulates some pathophysiological roles, such as apoptosis,
inflammation and smooth muscle contraction. This regulation occurs
via calcium-dependent modulation of different enzyme activities
(phosphatases and protein kinases) or signaling proteins (channels
and structural proteins and membrane receptors) [62]. Due to these
activities, calmodulin participates in the immune response [63].
Cavalcante et al. [33] identified calmodulin-binding motifs in the
venomic analysis of D. muelleri skin secretion.

3.3.3. Catalytic activity
Libério et al. [64] described the presence of peptidases (dipeptidyl

peptidases (DPPs) and metallopeptidases) in Leptodactylus labyrinthicus
skin secretion. According to the authors, these enzymes may be in-
volved in tegument homeostasis and in peptide processing. Recently,
Souza et al. [65] identified and characterized a phospholipase A2 en-
zyme from the anuran skin secretion Pithecopus azureus.

Cavalcante et al. [33] reported the presence of both metallo and
serine-peptidases in D. muelleri skin secretion, at the biochemical and
proteomic level. These authors commented that in D. muelleri, an am-
phibian that does not secrete peptides in its skin secretion, the heal-
thiness of the skin ought to be ensured by other molecular groups.

Here, we describe not only the presence of peptidases (including
proteasome subunits), but also the presence of kinases, reductases and
peroxidases among others. All enzymes involved in the redox balance
were discussed in section 3.3.1.

3.3.3.1. Hydrolase activityTa
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3.3.3.1.1. Proteasome (EC 3.4.25.1). Proteasomes are the second
most abundant cellular protein complexes (up to 5% of the total
proteins) and a key protease responsible for the ubiquitin-dependent
protein degradation [66]. The proteasome holoenzyme is composed by
a proteolytic core particle (CP or 20S proteasome) and a regulatory
particle (RP, 19S proteasome). The configuration RP–CP is referred as
26S proteasome [67]. This complex plays crucial roles in cellular
processes, such as gene expression, regulation of cell cycle
progression, transcription and the quality control of newly
synthesized proteins [66,67]. Cellular protein degradation occurs via
ubiquitin-proteasome system in eukaryotic cells. Initially, proteins were
marked by the addiction of a ubiquitin chain molecule. Then, they are
degraded by 26S proteasome in the cytoplasm or nucleus. Other
proteins may be involved in this process, such as ubiquitins,
chaperones, HSP and RAD23 [66,67].

3.3.3.1.2. Fumarylacetoacetate hydrolase domain-containing protein 2
(FAH2). Fumarylacetoacetate hydrolase (FAH), a member of FAH

superfamily, participates during the degradation pathway of tyrosine
and phenylalanine in mammals. Located in the cytosol, FAH catalyzes
the hydrolysis of 4-fumarylacetoacetate into acetoacetate and fumarate,
both products metabolized in biosynthetic or energetic pathways. There
is little information about FAH2 protein on the literature [68].

3.3.3.1.3. Cathepsins. This protease group comprises different
catalytic enzymes involved in protein turnover within the lysosome
[69].

The aspartic endopeptidase cathepsin D (EC 3.4.23.5) is synthetized
at rough endoplasmatic reticulum as a proenzyme. Once its signal
peptide is removed, this protein is target to intracellular vesicular
structures (lysosomes, endosomes, phagosomes), where it become ac-
tive after specific cleavages [70]. Beyond to protein turnover, cathepsin
D is related to i) activation and degradation of polypeptide hormones
chemokines, growth factors and their receptors, like FGF [71] and en-
dotastin [72]: ii) activation of enzymatic precursors, such as cathepsin
B [73] and cathepsin L [74] and iii) degradation of cytoskeletal proteins

Fig. 1. A–D Proteins were classified according to GO Project. All proteins identified in both A-SDF and A-ADF fractions were classified according to its (A; C)
molecular function and (B; D) molecular function sub-categories, respectively.
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[70,75].
The cysteine exopeptidase cathepsin X (or Z) (EC 3.4.18.1) is ex-

pressed in immune system cells in humans, such as monocytes, mac-
rophages and dendritic cells. This suggests the involvement of this en-
zyme in immune response regulation and phagocytosis [76]. Cathepsin
X is activated by transprocessing by cathepsin L or S. This process in-
volves the cleavage of cathepsin X in a residue situated at the junction
of prodomain and the mature domain [77].

We identified cathepsins D and X in our study (Tables 2, 4–5), as
well as cathepsins B, C, L and V (supplemental material 2).

3.3.3.1.4. Glycosidases. Alpha-galactosidase (EC 3.2.1.22) catalyzes
the removal of a terminal α-galactose residue from polysaccharides,
glycolipids, and glycopeptides in the lysosomes [78]. Beta-
hexosaminidase (E.C. 3.2.1.52), another lysosomal enzyme, catalyze

the hydrolysis of terminal non-reducing N-acetyl-d-hexosamine
residues in N-acetyl-β-d-hexosaminide [79].

3.3.3.1.5. Inositol-1-monophosphatase (EC 3.1.3.25). This is a key
enzyme in the inositol recycling. It catalyzes the dephosphorylation of
inositol monophosphates to produce free inositol [80]. Free inositol can
be used to synthesize phosphoinositides, which interact with other
proteins and participate in diverse cellular process, such as cytoskeleton
remodeling, membrane traffic and ion channel regulation [81].

3.3.3.1.6. A disintegrin and metalloproteinase with thrombospondin
motifs 15-like (ADAMTS-15) (EC: 3.4.24.-). The ADAMTS family
comprises 19 secreted proteases in humans, involved in cleavage of
extracellular matrix (ECM) proteoglycans, collagen matrix assembly
and vascular hemostasis. This protein family has a compound domain
structures that consist of: pro-region; metalloproteinase and disintegrin-

Fig. 1. (continued)
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like domains; a central thrombospondin type I repeat (TSR); a cysteine-
rich stretch; and a spacer region, followed by a variable number of TSRs
and additional modules, which vary according to the family member
[82]. ADAMTS15 belongs to the aggrecanase and proteoglycanase
clades, hydrolases capable to cleave hyaluronan-binding chondroitin
sulfate proteoglycan (CSPG) extracellular proteins, including aggrecan,
brevican, neurocan and versican [82]. Besides, through its TSR domain,

ADAMTS15 can be involved in the generation of cryptic anti-angiogenic
peptides [83].

Regarding the toxin role of the peptidases, there has been a Toxins
(ISSN 2072–6651) issue dealing specifically with the subject. In that
volume, authors describe peptidases triggering pro-inflammatory re-
sponses [84], pro-coagulant activities [85] and insecticide enzymes
[86], among others.

Fig. 2. A–D Proteins were classified according to GO Project. All proteins identified in both C-SDF and C-BDF fraction were classified according to its (A; C) molecular
function and (B; D) molecular function sub-categories, respectively.
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Normally, anurans display a passive defense against predators. The
augmentation of the low molecular-mass chemical weaponry by toxic
peptidases would enhance the defense strategies. Moreover, since no
classical bioactive peptide has ever been described for bufonids, in-
cluding the present work, such peptidases might be responsible for in
situ cryptides generation [87], in response to given aggressions.

Fish cryptides were described as being toxic molecules [88]. Snakes
also present cryptides in their venom [89]. Both classes are phylogen-
etically related to Amphibia class. Our data show the presence of some
peptidase and proteins (histones, ACBP) already described as possible
source of bioactive peptides. Besides, cathepsins B, D and L can cleave
proteins and generate biological active peptides/proteins [71,72,90].
However, this hypothesis must be further studied.

Table 8 summarizes others proteins classified as “catalytic activity”
in our study.

3.3.4. Others proteins
Here, we present all proteins classified based on molecular function,

according to GO Project. However, some of them do not possess any
classification, so far, as presented in Table 8. Furthermore, we would
like to highlight two proteins: TRPM8 channel-associated factor
homolog (recently identified in B. gargarizans [34] and charged multi-
vesicular body protein 4b.

3.3.4.1. TRPM8 channel-associated factor homolog. TRPM8 is a
homotetrameric, nonselective cation channel that is active by cold or
by compounds inducing cooling sensation [91]. Gkika et al. [92]
identified two proteins called TRP channel–associated factors (1 and
2) (TCAFs) in healthy mouse prostates that binds to TRPM8 and
promote its trafficking to the cell surface. TCAF 1 show a higher
similarity with TRPM8 channel-associated factor homolog from

Fig. 2. (continued)
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Nanorana parkeri (query coverage: 99%, identity 45%, E-value 0).
TRPM8 channel-associated factor has a peptidase M60 domain (Pfam
13,402), which contains a zinc metallopeptidase motif (HEXXHX(8,28)
E) and exhibit mucinase activity [93]. Tapader et al. [94] studied the
protein YghJ, a cell surface associated and secreted lipoprotein
containing a peptidase M60 domain from Escherichia coli. The authors
showed that YghJ cause extensive hemorrhage in mouse ileum,
attributing to the metalloprotease domain the hemorrhagic damage
observed.

3.3.4.2. Charged multivesicular body protein 4b. This protein is a
probable core component of the endosomal sorting required for
transport complex III (ESCRT-III). This complex is involved in
multivesicular bodies (MVBs) formation and sorting of endosomal
cargo proteins into MVBs. It is believed that the complex ESCRT-III
mediates the necessary vesicle extrusion and/or membrane fission

activities, possibly in conjunction with other proteins (Uniprot
function - Q9H444).

3.4. Hydrolase activity

Fig. 4 shows the biological activity retrieval assay of all fractions by
zymography. It is possible to observe the presence of a prominent hy-
drolase activity in A-SDF and C-SDF (Fig. 4, line 1 and 2, respectively).
Besides that, AC-SDF and C-BDF fractions showed a discrete biological
activity at higher molecular mass (Fig. 4, line 3 and 4, respectively).
These results reinforce our proteomic data. Furthermore, it is in
agreement with the biological activity results observed by Mariano
et al. [21] in D. melanostictus parotoid macrogland secretion. Moreover,
both anionic and cationic batch sample preparation were efficient to
retrieve proteins retaining their biological activities.

Fig. 3. A–D Proteins were classified according to GO Project. All proteins identified in both AC-SDF and AC-BDF fractions were classified according to its (A; C)
molecular function and (B; D) molecular function sub-categories, respectively.
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4. Conclusion

Sample preparation is crucial to any biological study. Recently, we
described an IEx batch sample preparation [21], in which soluble
proteins were retrieved from a viscous matrix (D. melanostictus parotoid
macrogland secretion). In the present work, by using the batch meth-
odology (anionic ion exchange) in association to a new batch sample
preparation variation (cationic ion exchange), we successfully identi-
fied several proteins not yet described in bufonids parotoid macrogland
secretion.

Independently of the batch methodology (anionic or cationic IEx),
both were efficient to retrieve proteins from a viscous matrix as well as
maintaining the assayed biological activity (peptidasic). Besides that,

cationic batch processing in A-UB retrieved some proteins retained in
the unbounded fraction, which certainly contributed to the overall
proteomic interpretation.

Here, we report proteins related to energy metabolism, homeostasis,
lipid metabolism, lipid/protein binding and membrane trafficking. All
these housekeeping proteins surely contribute to the gland homeostasis.
Moreover, the bufonid parotoid gland in syncytial, i.e., upon mechan-
ical compression not only the venom, but also all the cellular contents –
including organelles - are expelled. Any 1D SDS-PAGE analysis reveals
the presence of many proteins in the venom, but the question regarding
their role in the secretion remained unknown, mainly because the
physicochemical characteristic of the venom impaired proper pro-
teomic analyses. The present work performed a thorough analysis of the

Fig. 3. (continued)
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IEX-extracted proteins aiming to classify (and not quantify) them, by
employing a broad GO keyword grouping.

Although no evident toxic protein was identified, it is important to
mention that bufonids secretions are rich in alkaloids and steroids to
which many toxic effects have already been associated. As a con-
sequence, some of the identified proteins could be linked to these mo-
lecules' synthesis/transport and their presence in the venom could a
consequence of a devoted cellular apparatus that has evolved in these
glands for the benefit of the synthesis and storage of the low molecular
mass molecules that, ultimately, would be the actual venom.

In conclusion, this work may increase the knowledge about am-
phibian granular gland/parotoid macrogland secretion, a major gland
involved in the anuran chemical defense.
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