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ABSTRACT

Amphibians secrete a complex array of molecules that shape their interactions with coinhabiting mi-
croorganisms and macroscopic predators. Glycans are a rapidly evolving and complex class of bio-
molecules implicated in intrinsic and extrinsic recognition events. Despite the numerous studies aiming
at the biochemical characterization of anuran skin secretions, little is known about protein-linked oli-
gosaccharides, their synthesis pathways, and their homing secreted glycoproteins. In the present report,
LC-MS/MS was used to investigate the diversity of N- and O-linked oligosaccharides in the skin secretion
of two South American frogs, Pithecopus azureus and Boana raniceps. Additionally, the enzymes
responsible for glycan synthesis pathways were evaluated based on their skin tissue transcriptome. Our
analyses allowed the annotation of various N- and O-glycan structures commonly found in vertebrate
proteins. Paucimannosidic glycans were abundant in the skin secretion of both amphibians; however,
hybrid and complex N-glycan structures were detected only in B. raniceps. A good correlation between
the structures discovered in glycomic analyses and transcripts encoding enzymes necessary for their
synthesis was obtained. Some transcripts such as those of MAN1A2, FUT8, and ST6GALNAC were found
solely in B. raniceps. Finally, secreted N- and O- linked glycoproteins were predicted from the tran-
scriptomic data, indicating that proteases and protease inhibitors are putative sources of the glycans
described herein. Overall, our results show the presence of oligosaccharides in amphibians skin secre-
tions and suggest that their diversity is species-specific, paving the way for novel perspectives involving

amphibian evolution and ecology.
© 2022 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

of pharmacologically active molecules [1,2]. Since these early days,
ongoing efforts in the biochemical and biophysical characterization

The pioneering studies of Dr. Vittorio Erspamer provided
invaluable information on the skin secretions of amphibians, which
rendered these a prominent position among vertebrates as sources
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of frog skin secretions resulted in expanding collections of bioactive
amines, alkaloids, steroids, peptides, and proteins with myriad
biological activities [3,4]. At first thought to have endogenous
physiological regulatory roles [5], the occurrence of these secreted
molecules in the amphibian integument was increasingly associ-
ated with the ecological relations they hold with their environment
and with other organisms [2]. The current paradigm states that
some of these molecules constitute chemical tools that help to
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shape their interaction with macroscopic organisms, e.g., predators,
and with the ever-present microscopic commensal and pathogenic
microbiota, conferring selective advantage over amphibians with
impaired antimicrobial defenses.

Despite the growing knowledge on the chemical composition of
frog skin secretions accumulated throughout the years, little is
known about the protein-linked glycans that decorate secreted
glycoconjugates and the vast number of glycosyltransferases and
glycosidases that catalyze their synthesis. Indeed, studies on the
diversity of glycan species in amphibians are mostly related to O-
linked glycans from egg jelly proteins, which are thought to
modulate the specificity of gamete recognition and parasitism
[6—8]. These are primarily derived from mucin-type glycoproteins
that are synthesized by specific regions in the oviduct [9]. Also, a
mucin from the mucus barrier of Xenopus laevis tadpoles has been
described [10]. The characterization of protein-linked glycans in
skin secretion of adult specimens constitutes relevant knowledge in
evolutionary and ecological perspectives, with still other implica-
tions in biochemistry and immunology. N- and O-glycosylation
pathways have been studied in Archaea, Bacteria and Eukarya
[11—13]. Among the latter, characteristic N-glycosylation patterns
have been described for plants, yeasts, slime molds, insects, and
vertebrates [12,14]. Amphibians are thought to be the first truly
terrestrial vertebrates, undergoing the transition between the
aquatic and terrestrial environments, and little is known about the
diversity of glycans secreted as conjugates in their skin and the
impact this transition may have imparted in this class of molecules.
From an ecological point of view, protein-linked glycans are of
utmost relevance to intrinsic (e.g. cell-cell recognition) and
extrinsic recognition events, like host-pathogen interactions [12].
Given the continuous contact amphibians have with water ponds,
soil, and plant litter, their skin is populated by a diverse array of
microorganisms, like bacteria, archaea, fungi, viruses and pro-
tozoans [15]. Nevertheless, multiple studies have demonstrated
that the resident microbiota differs significantly from the envi-
ronment, indicating that the amphibian skin is a selective microbial
niche [16,17], where commensal bacteria may display still other
putative roles, such as hindering the colonization of opportunistic
microorganisms [18]. Similarly to the human gut [19], glycans in
amphibian skin are thought to contribute in the discrimination of
symbiotic/commensal microbes and pathogens, comprising, along
with other molecules (e.g. antimicrobial peptides), and mecha-
nisms (e.g. skin sloughing [20]), a system for the control of the
commensal microbiota [21]. However, little is known about the N-
and O- glycans secreted by amphibians in the form of
glycoconjugates.

The present study aims to investigate the diversity of N- and O-
linked glycans in the skin secretions of Pithecopus azureus and
Boana raniceps, two anurans from the Brazilian fauna, using a mass
spectrometry-based glycomics approach. In addition, it intends to
identify the enzymes involved in N- and O-glycan biosynthesis
pathways by analyzing anuran skin transcriptomes. Moreover,
secreted glycoproteins are predicted, thus identifying the putative
protein sources of these glycans. It is our understanding that the
present study yields knowledge about a poorly studied class of
biological molecules in amphibian skin secretions, N- and O-gly-
cans, and considers their putative relevance to the biology of
amphibians.

2. Material and methods
2.1. Biological samples

Pithecopus azureus and Boana raniceps were manually captured
in Niquelandia and Flores - Goias, respectively. All procedures
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involving animals were authorized by competent organs: Instituto
Chico Mendes de Conservacao da Biodiversidade (17851—1 and
31066—1) and legal Ethics Committee on Animal Use (UnBDOC n°
29077/2009 and 119267/2011). The crude extracts from amphib-
ians were obtained by electric stimulation, (two stimuli of 30 s
each). Frogs were washed with cold Milli-Q water and secretions
were collected in tubes of 50 mL kept on ice. Samples were
immediately frozen and lyophilized.

2.2. Isolation of N-linked oligosaccharides

The freeze dried skin secretions of P. azureus and B. raniceps
were submitted to N-glycan extraction procedures using a previ-
ously described methodology [22]. Briefly, 10 mg of the dry skin
secretions were dissolved in 240 pL of 0.6 M Tris containing 6 M
guanidine chloride and left under agitation for 90 min at 45 °C.
Then, proteins were reduced by adding 44 uM DTT (final concen-
tration) and incubating the samples for 4 h at 45 °C. Protein
alkylation was then performed at room temperature, in the dark,
for 17 h, using 131 mM iodoacetamide. Alkylated protein samples
were later transferred to size-exclusion Centricon filters with 10-
kDa cut-off and added with 200 puL of 50 mM ammonium carbon-
ate solution, followed by centrifugation for 14 min at 14,000 rpm.
The buffer exchange procedure using ammonium carbonate and
centrifugation was repeated three times, resulting in a final volume
of approximately 22 pL. Then, 214 pL of 50 mM ammonium car-
bonate containing 14 pg trypsin were added to samples, which
were incubated under agitation (400 rpm) for 24 h at 37 °C. After
protein digestion, enzymes were inactivated by heat (10 min at
100 °C) and samples were freeze dried. These were later dissolved
in 200 pL of 50 mM carbonate containing 15 mU of PNGase F,
incubated at 37 °C for 15 h and freeze-dried. Samples were dis-
solved with 200 pL of 5% (v/v) acetic acid and purified using Sep-
Pak C18 cartridges. Free N-glycans were eluted from cartridges
using 3 mL of 5% acetic acid, and subsequently freeze dried and
stored at - 20 °C until further use.

2.3. Isolation of O-linked oligosaccharides

O-glycans were isolated as previously described [22]. Briefly,
10 mg of the dried skin secretion of both frogs were individually
dissolved with 200 L of a fresh solution constituted of 4 M NaBH4
and 200 mM NaOH. This constitutes a B-elimination procedure,
which was performed without prior N-glycan release. Samples
were incubated at 45 °C for 8 h and the reactions were stopped by
adding acetic acid. Released O-linked oligosaccharides were puri-
fied using a Dowex resin (50 x 8, H", 50—100) packed in a Pasteur
pipet, eluting with 4 mL of 5% acetic acid. Samples were freeze
dried and the borate salts were removed by repeated addition of
500 pL methanol with 5% acetic acid and evaporation using a
stream of argon gas, a procedure that was repeated five times.
Samples were freeze dried and stored at —20 °C until further use.

2.4. Permethylation of N- and O-linked oligosaccharides

Freeze dried samples were dissolved in 500 pL DMSO saturated
with 25 mg of freshly added NaOH. Aliquots (300) pL of iodo-
methane were added to the solution followed by atmosphere
replacement using argon and sonication for 90 min. The per-
methylation reaction was stopped by adding 1 mL of 5% acid acetic
in an ice bath. Permethylated N-glycans were extracted using
600 uL of chloroform twice, washed nine times with water, and
dried under a stream of argon. For their purification, samples were
dissolved in methanol, applied to a Sep-Pak C18 column (previously
equilibrated with water) and washed with 10% (v/v) acetonitrile.
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Permethylated N-glycans and O-glycans were eluted with 80%
acetonitrile, and then collected and freeze dried.

2.5. Mass spectrometry acquisition and analysis (LC-MS)

Dried samples were dissolved in 40 pL methanol containing
10 mM sodium acetate. Analyses were performed by injecting 6 pL
of each sample in an ekspert ultralLC 100 (Sciex, Framingham,MS,
USA), equipped with a Kinetex (2.6 p, C18, 100 A, 50 x 2.1 mm)
column, coupled to a TripleTOF 5600+ mass spectrometer. Chro-
matography was performed at a flow rate of 0.4 mL/min. Column
was kept at 40 °C. Mass spectrometer operated in the positive and
high-resolution mode. The mass ranges of acquisitions were at m/z
800—2000 for N-glycans and m/z 200—2000 for O-glycans. Other
acquiring parameters were: curtain gas = 15; number of
cycles = 217; polarity = positive; period cycle time = 525 ms;
pulser  frequency 13.569 kHz and accumulation
time = 500.00 ms. Mass spectrometer was calibrated using APCI
positive calibration solution before acquisitions. MS/MS spectra
were obtained using the Information Dependent Acquisition (IDA)
mode. lons from charge state 1 to 4 were selected for fragmentation
using dynamic collision energy mode.

MS data were converted to mzXML format using MSConvert
(ProteoWizard 3.0). Fragmentation spectra (MS/MS) were auto-
matically annotated using GRITS Toolbox 1.2 software according to
the following parameters: 5.0 ppm of accuracy MS; 50 ppm of ac-
curacy MSn; 5.0% of fragment intensity cut-off; perMe derivatiza-
tion type; free reducing end for N-glycans and reduced end for O-
glycans; maximum of 3 cleavages; maximum of 1 cross ring
cleavages; glycosidic cleavages of B, Y, C and Z series; cross ring
cleavages of A and X series; maximum of 4 charges as Sodium
adducts. GRITS was programmed to annotate either N- or O-glycan
ions from their corresponding LC-MS/MS data. The annotated
spectra were revised using GlycoWorkbench 2.1 build 146 software.
Additionally, some spectra whose precursor ion mass matched
accurately to N-glycans that were not annotated by GRITS Toolbox
were analyzed and annotated using GlycoWorkbench software.
Data in this publication was produced and reported in accordance
with the guidelines laid out by the MIRAGE (minimal information
required for a glycomics experiment) initiative [23]. Raw data and
annotations were submitted to GlycoPost database (ID
GPST000217) [24]. The symbol nomenclature for glycans was used
in their representation throughout the manuscript [25].

2.6. RNA extraction and RNA-seq library preparation

Specimens of P. azureus and B. raniceps (n = 8 for each species)
were euthanized by intracranial injection of lidocaine [26]. The skin
tissues were dissected and immediately frozen using liquid N,.
Total RNA was extracted using Trizol reagent (Invitrogen) and
treated with DNAse-I. The integrity analysis and quantification of
total RNA were performed in a Bioanalyzer (2100, RNA Nano 6000
Agilent). The 1st strand cDNA synthesis was performed using 1 pg
total RNA and the SMARTer™ PCR cDNA Synthesis Kit (Clontech).
After double-stranded DNA synthesis, the DNA (~5 nug) was nebu-
lized to a mean fragment size of 650 bp, ligated to an adapter using
standard procedures and then sequenced using GS-FLX Titanium
(Beckman Coulter Genomics SA, Grenoble, France). All sequencing
procedures (excepted RNA extraction) were performed by 454 Life
Science/Roche Company (EUA).

2.7. Processing of RNA-seq reads

454 raw data were pre-processed using the mirabait to remove
contaminants (non-coding RNA) and adapter. Assembly of the
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reading sequences were performed with the MIRA software v.
3.4.1.1 [27] with the predefined parameters recommended for EST
data obtained for Roche 454 equipment (-job = est, again, accurate,
454). The option (-GE: not = 10) was used to specify the number of
threads that should be used for steps that can use multiple cores.
The minimum score for alignment was set at 75 (-AL: mrs = 75) and
the minimum size of the reading sequences at 100 base pairs (-AS:
mrl = 100). Blast searches were performed online using standard
algorithm parameters of Standard Nucleotide BLAST (BLASTN) from
https://blast.ncbi.nlm.nih.gov.

2.8. Prediction of N-linked and O-linked glycosylation profile for the
skin transcriptome

All glycosylation predictions were conducted over the poten-
tially secreted batch of proteins sequences. Putative secreted pro-
tein was predicted using the SignalP 4.1 Server [28] (http://www.
cbs.dtu.dk/services/SignalP4.1/). N-glycosylated proteins from
P. azureus and B. raniceps skin secretions were predicted using the
NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/),
which is based in artificial neural networks that examine the
sequence context of Asn-Xaa-Ser/Thr sequons. Sequences having
N-glycosylation potential >0.75 were considered as cut-off value
[29]. The identified predicted N-glycosylated proteins are listed in
the Supplementary Materials 5 and 7. The NetOGlyc 3.1 server
(www.cbs.dtu.dk/services/NetOGlyc/) was used to identify the O-
glycosylation sequons from P. azureus and B. raniceps skin secre-
tions, upon a neural network-based prediction of mucin type Gal-
NAc O-glycosylation sites. The G-score is the score from the best
general predictor; the I-score is the score from the best isolated site
predictor. Gscore greater than 0.5 indicates a residue predicted as
glycosylated, the reliability of the prediction being proportional to
the score. For threonine amino acid residues, an additional score is
used [30]. The identified predicted O-glycosylated proteins are
listed in the Supplementary Materials 6 and 8. PANTHER Classifi-
cation System [31] was used to analyze predicted N- and O-linked
glycoproteins from both amphibians according to molecular func-
tion using sequence IDs.

3. Results

3.1. N-linked oligosaccharides from P. azureus and B. raniceps skin
secretions

Proteins from the skin secretions of P. azureus and B. raniceps
were subjected to reduction and alkylation, followed by trypsin
hydrolysis and the PNGase F-mediated release of protein N-linked
glycans. The free N-glycans resulting from these procedures were
derivatized using iodomethane and purified by SPE. Samples were
later submitted to LC-MS/MS analyses using a reverse phase Cig
column coupled to a mass spectrometer operating in positive mode.
Mainly singly (M + Na]*), doubly ([M + 2Na]**) and triply
(IM + 3Nal>*) charged sodium adduct ions were identified in the
MS spectra of samples, and these were fragmented for putative
structural annotation. Following the automated interpretation and
manual inspection of MS and MS/MS spectra, seven ions compat-
ible with N-linked oligosaccharides were identified in the skin
secretion of P. azureus, whereas thirteen ions were identified in
B. raniceps. These ions presented lower than 5 ppm mass error in
relation to the theoretical masses of their corresponding N-glycans,
and their fragmentation spectra were compatible with the pro-
posed structures. To illustrate the glycan annotation pipeline
adopted in the present study, the extracted ion chromatograms
(XICs), and the MS and MS/MS spectra of HexNAc,Hexs (precursor
ion [M + Na]* = 1171.5857 Da), and HexNAc,Hex,Fuc; (precursor
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ion [M + Na]™ = 1141.5729 Da), are provided in Fig. 1A—F. Neutral
losses of Hex and HexNAc residues were observed in the MS/MS
spectrum of [M 4 Na]* = 1171.5857 Da (Fig. 1C), and a characteristic
ion, m/z 474.2268, typical of core-fucosylated structures, was found
in the fragmentation spectrum of [M + Na]® = 1141.5729 Da
(Fig. 1F). While HexNAc,Hex,Fucy was putatively identified as F(6)
M2, a core-fucosylated paucimannosidic glycan, the fragmentation
spectrum of HexNAc;Hexs indicated the paucimannosidic glycan
M3. The MS/MS spectra of all the N-glycans identified herein are
provided as Supplementary Material 1. The putative N-glycan
structures obtained from the skin secretion of P. azureus and
B. raniceps, their theoretical and experimental masses, and their
charge states, are listed in Table 1.

Extracted ion chromatograms were obtained for the N-glycans
putatively identified in the skin secretion of P. azureus (Fig. 2A) and
B. raniceps (Fig. 2B). More than one retention time was frequently
observed for individual ions along the chromatographic run, as
expected for non-reduced permethylated N-glycans due to the a-
and B-anomers generated after PNGase-F mediated hydrolytic
release, as previously reported [32]. Qualitative and quantitative
differences in the composition of samples were also made
apparent. N-glycans in the P. azureus skin secretion were either
paucimannosidic, such as M1, M2, and M3, or oligomannosidic,
ranging from five to seven mannose residues attached to the chi-
tobiose core (Fig. 2A). In addition, M4, was also detected. M3 was
the most abundant N-glycan in the P. azureus extract, with a peak
area equivalent to 45 + 18% of all the oligosaccharide compositions
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(Supplementary Table 1). On the other hand, B. raniceps showed a
greater diversity of N-glycan structures in its skin extract, including
paucimannosidic, mannose-rich, hybrid and complex N-linked ol-
igosaccharides (Fig. 2B). N-glycans presenting the LacdiNAc (Gal-
NAc[B — 4]GIcNAc) motif were annotated. Three of these structures
had the LacdiNAc motif linked to a NeuAc residue in one antenna
and presented one, two or three mannose residues in the other.
Three other N-glycans presented a fucosylated LacdiNAc motif,
similarly to oligosaccharides obtained from the chicken eggshell
protein ovocleidin-116 [33]. Like P. azureus, the paucimannosidic
glycan M3 was the most abundant structure in the sample, with
relative area equivalent to 15 + 7% of all N-glycans ions. Also, core-
fucosylated structures, such as F(6)M2, were identified (Fig. 1B).
Complex N-glycans constituted, jointly, roughly 39% of all glycans
found in the skin secretion of B. raniceps. Some of the structures
annotated in the present work were compatible with N-glycan
compositions detected along the embryogenesis of Xenopus laevis,
and these were identified in Table 1 [34].

3.2. O-linked oligosaccharides from P. azureus and B. raniceps skin
secretion

O-linked oligosaccharides were released from glycoproteins in
the skin secretion of P. azureus and B. raniceps by reductive B-
elimination, being later purified, derivatized, analyzed by LC-MS/
MS, and submitted to automatic annotation and manual verifica-
tion. Singly and doubly charged sodium adducts ([M + Na]™ and
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Fig. 1. LC-MS/MS analysis of N-linked oligosaccharides isolated from amphibian skin secretions. A) Total ion chromatogram (TIC) obtained from permethylated N-glycans isolated
from P azureus skin secretion (dotted line) showing the extracted ion chromatogram (XIC), in green, for the ion [M+Na]® = 1171.5857 Da. B) Mass spectrum for
[M+Na]* = 1171.5857 Da. C) Annotated MS/MS spectrum for the precursor ion [M+Na]* = 1171.5857 Da with putative structures represented on top of their corresponding ions. D)
TIC obtained from permethylated N-glycans isolated from B. raniceps skin secretion (dotted line) showing the XIC, in orange, for the ion [M + Na]* = 1141.5729 Da. E) Mass spectrum
for [M + Na]* = 1141.5729 Da. F) Annotated MS/MS spectrum for precursor ion [M + Na]* = 1141.5729 Da, compatible with the paucimannosidic structure F(6)M2. Legend: m N-

acetyl glucosamine (GlcNAc), ® Mannose (Man), « Fucose (Fuc).
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Table 1
Structures, accurate masses, and charge state of N-linked oligosaccharide identified from skin secretion of P. azureus and B. raniceps by LC-MS/MS.

Species Proposed structure, theoretical mass and composition/Oxford nomenclature®  m/z & m/z" Charge Error (ppm) Reference”
P. azureus S_“_' 763.3858 763.3835 1 3.01

miz: 763.3835 [MONO perMe Na 0 freeEnd]

Hex1HexNAc2/M1
P. azureus/B. raniceps oo 967.4831 967.4833 1 0.21 G22000 [34]

m/z: 967 4833 [MONO perMe Na,0 freeEnd]

Hex2HexNAc2/M2

B. raniceps T_._. 1141.5729 1141.5725 1 0.35 G22100 [34]

m/z; 1141.5725 [MONO perMe Na,0 freeEnd]

Hex2HexNAc2Fuc1/F(6)M2

P. azureus/B. raniceps : 1171.5857 1171.5831 1 2.22 G23000 [34]

m/z: 1171.5831 [MONO perMe Na,0 freeEnd)]

Hex3HexNAc2/M3

P. azureus : ’ 699.3341 699.336 2 2.72 G24000 [34]

m/z: 1375.6828 [MONO perMe Na 0 freeEnd]

Hex4HexNAc2/M4
P. azureus/B. raniceps 801.3869  801.3859 2 1.25 G25000 [34]

m/z: 1579.7826 [MONO perMe Na 0 freeEnd)]

Hex5HexNAc2/M5
P. azureus/B. raniceps 903.4376  903.4358 2 1.99 G26000 [34]

_.

m/z: 1783.8824 [MONO perMe Na,0 freeEnd)

Hex6HexNAc2/M6
P. azureus/B. raniceps 1005.4907 10054857 2 497 G27000 [34]

—.xQ

m/z: 1987.9821 [MONO perMe Na,0 freeEnd]

Hex7HexNAc2/M7
B. raniceps 1022.9988 1022.9993 2 0.49

m/z: 2023.0094 [MONO perMe Na 0 freeEnd]

Hex3HexNAc4NeuAc1/A1GalNAc1S1
B. raniceps 11185521 11185516 2 0.45

m/z: 2214.1139 [MONO perMe Na,0 freeEnd]

Hex4HexNAc4Fuc2/F2A2G1
B. raniceps 1118.5521 11185516 2 0.45

m/z: 2214.1139 [MONO perMe Na,0 freeEnd]

Hex4HexNAc4Fuc2/F2M4A1GalNAc1
(continued on next page)
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Table 1 (continued )
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Species Proposed structure, theoretical mass and composition/Oxford nomenclature®  m/z & m/z" Charge Error (ppm) Reference”
B. raniceps % 1125.0535 1125.0492 2 3.82
m/z: 2227.1091 [MONO perMe Na,0 freeEnd]
Hex4HexNAc4NeuAc1/M4A1GalNAc1S1
B. raniceps é 1133.5621 1133.5568 2 4.68 G45100 [34]
m/z: 2244.1245 [MONO perMe Na,0 freeEnd]
Hex5HexNAc4Fuc1/M5F1A1GalNAc1
B. raniceps : E 1139.068 1139.0648 2 2.81
Hex3HexNAc5Fuc2/F2A2GalNAc1
B. raniceps 8257283 8257291 3 0.97 G45010 [34]

i

m/z: 2431 2089 [MONO perMe Na,0 freeEnd]

Hex5HexNAc4NeuAc1/M5A1GalNAc1S1

Ex _ experimental; T = theoretical.
Legend: M N-acetyl glucosamine (GIcNAc),

N-acetyl galactosamine (GalNAc) ® Mannose (Man),

Galactose (Gal), « Fucose (Fuc), ¢ Sialic acid (NeuAc).

2 [MONO, perMe, Na, 0, freeEnd] means [mono charged, permethylated, sodium adducts, non-neutral exchanges, free end structure].
b G codes means the glycan compositions from the specific reference, represented by assigning the number of monosaccharides and substituents in order: HexNAc; Hex;

Fuc; NeuAc; and phosphate.

[M + 2Na]**) were the predominant ionic species in the samples.
The XICs for the ions [M + Na]™ = 895.4661 Da and 895.4628 Da,
found in the P. azureus and B. raniceps samples, are shown in Fig. 3A
and D, respectively, as exemplifications of the O-glycan identifica-
tion procedures. The corresponding MS and MS/MS spectra are also
provided (Fig. 3B—C, E-F). Although the same ion was found in both
amphibians, differential product ions (e.g. m/z 298.1612, 620.2866
for P. azureus and my/z 284.1463 and 659.3336 for B. raniceps) indi-
cate that despite the same glycan composition, HexNAciHex.
NeuAc;, the sialic acid is differentially connected in the O-glycan
isolated for each species (Fig. 3C and F). All annotated MS/MS
spectra can be found in Supplementary Material 2, while a list of O-
glycan compositions and putative structures, their theoretical,
experimental masses and charge states, is available in Table 2.
The XICs for the O-glycans annotated in the skin secretions of
both amphibian species were obtained (Fig. 4). The diversity of O-
linked glycans from the skin secretion of B. raniceps was greater
than that of P. azureus, which is consistent with what was observed
for N-glycans. Some putative O-glycan structures were compatible
with those characterized from the egg jelly proteins of other
amphibian species, as referenced in Table 2 [6,8,35]. Overall, eight
O-glycans were annotated in the P. azureus skin extract, while
seventeen were found in the corresponding sample from B. raniceps
(Fig. 4A and B). The skin secretion of P. azureus seemed to be
constituted mainly by core 1 (or core 8) glycans and derivatives,
whereas the skin secretion of B. raniceps presented derivatives of
the cores 1, 2 and 3, and/or their compositional isomers. Again, O-
glycans from B. raniceps were structurally more complex than those
from P. azureus. The HexNAciHex Fuc; glycan (putatively the H
Type-3 Antigen) and HexNAciHex;NeuAc; (putatively the Sialyl
Core 1) were the most abundant O-glycans in P. azureus and
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B. raniceps, respectively, accounting for nearly 28% and 23% of all O-
glycan species identified in these anurans (Supplementary Table 2).

3.3. Non-conjugated mono-, di-, tri- and oligosaccharides in the
skin secretion of P. azureus and B. raniceps

To investigate whether non-conjugated mono-, di-, tri- and/or
oligosaccharides can be found in the skin secretion of the studied
amphibians, a polar fraction of the crude skin extract was obtained
and submitted to LC-MS/MS analyses. Again, sodium adducts were
the predominant ionic species in MS spectra; however, under-
ivatized monosaccharides produced low intensity ions, and few
product ion spectra could be reliably obtained. Nevertheless, ions
corresponding to several underivatized glycans species were pu-
tatively detected in the MS mode, and their XICs can be found in
Fig. 5. Two of these ions produced reliable MS/MS spectra. The ion
[M + Na]* = 203.0523 Da, compatible with an hexose ([M +
Nalfr = 203.0526, error = 1.5 ppm), was the predominant non-
conjugated saccharide detected in the skin secretion of P. azureus.
Based on the literature, the relative intensities of the ions at m/z
143.0405 and 185.5090 are compatible with mannose, although
these are only indicative [36,37]. On the other hand, the ion [M +
Na]* = 365.1058 Da was the predominant saccharide in the skin
secretion of B. raniceps, and it was putatively identified as Hex;
(IM+Nalgh; = 365.1054, error = 1.1 ppm).

3.4. Reconstruction of the P. azureus and B. raniceps N- and O-
glycan biosynthesis pathways according to skin tissue
transcriptomics data

The dorsal skin tissue of studied amphibians was dissected,
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Fig. 2. Extracted ion chromatograms (XICs) obtained by LC-MS acquisitions of permethylated N-glycans isolated from A) P. azureus and B) B. raniceps. Putative structures identified

by MS/MS spectra are represented above their corresponding XIC areas. Legend: W N-acetyl glucosamine (GIcNAc),

Galactose (Gal), « Fucose (Fuc), ¢ Sialic acid (NeuAc).

pulverized and submitted to mRNA isolation and 454-sequencing
procedures. A total of 664,506 and 627,137 reads with an average
length of 376 and 397 bp were obtained for P. azureus and
B. raniceps, respectively. After processing, assemblage of the
reading sequences and sequence annotation, transcripts encoding
enzymes known to catalyze N- and O-glycan synthesis in verte-
brates were investigated and compiled (Tables 3 and 4). All se-
quences are available at Supplementary Materials 3 (P. azureus) and
4 (B. raniceps).

The putative N-glycan biosynthesis pathways were recon-
structed based on both the glycomics and transcriptomics data
(Fig. 6). Overall, there was a conspicuous correlation between gly-
comics and transcriptomics data, as transcripts for the enzymes
necessary for the synthesis of N-glycan structures found in the
corresponding amphibians were identified. Although the N-glycans
synthesis pathways for P. azureus and B. raniceps were apparently
conserved, as expected, some differences were observed. The pre-
cursor encoding the enzyme MAN1A2, responsible for the catalysis
of a key step in the synthesis of hybrid and complex N-linked oli-
gosaccharides, was not detected in P. azureus transcripts (Fig. 6).
This should obstruct the processing of oligomannosidic N-glycan
structures in the Golgi apparatus. Similarly, transcripts for FUTS, a
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gene encoding for an enzyme that catalyzes the fucosylation of the
chitobiose core, were not found. This is consistent with the glyco-
mics data, since only non-fucosylated paucimannosidic and
mannose rich N-linked oligosaccharides were identified in proteins
from the skin secretion of P. azureus. Another key observation is
that the transcript for the enzyme B4GALNT4, necessary for the
synthesis of the LacdiNAc motif, was found exclusively in the
B. raniceps skin secretion, once again, consistent with the glycomic
analyses.

Interestingly, transcripts for the enzyme Beta-hexosaminidase
subunit beta (HexB) were abundantly found in the skin secretion
of both amphibians. This enzyme is responsible for the synthesis of
paucimannosidic glycans in the so-called GnT-I dependent pathway
in mammals [38]. This agrees with the presence of paucimanno-
sidic glycans, such as M2F and M3, found in high percentages in the
skin secretion of B. raniceps. Transcripts for the «-mannosidase
MAN2B2, responsible for the trimming of the M3 paucimannosidic
precursor and generation of M2 and M1, were also found in both
amphibian species.

Transcripts encoding enzymes in the O-glycan synthesis path-
ways were also found and used, along with the putative O-glycan
structures determined by LC-MS/MS analyses, to model pathways
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Fig. 3. LC-MS/MS analysis of O-linked oligosaccharides isolated from amphibian skin secretions. A) Total ion chromatogram (TIC) obtained from permethylated O-glycans isolated
from P. azureus skin secretion (dotted line) showing the extracted ion chromatogram (XIC) (green line) for the ion [M + Na]™ = 895.4661 Da. B) Mass spectrum for [M +
Na]* = 895.4661 Da. C) Annotated MS/MS spectrum for the precursor ion [M + Na]* = 895.4661 Da with putative structures on top of their corresponding ions, revealing the Sialyl-
T antigen. D) TIC obtained from permethylated O-glycans isolated from B. raniceps skin secretion (dashed line) showing the XIC (orange line) for the ion [M + Na]* = 895.4628 Da. E)
Mass spectrum for [M + Na]" = 895.4628 Da. F) Annotated MS/MS spectrum for the precursor ion [M + Na]* = 895.4628 Da, compatible with the Sialyl Core 1 O-glycan. Red dashed

box indicates structures related to daughter ions differentiating Sialyl-T antigen and Sialyl Core 1 O-glycan. Legend:

acid (NeuAc).

in P. azureus and B. raniceps (Fig. 7). Inherent limitations in glycan
structure assignment by mass spectrometry and the higher vari-
ability of O-glycan structures makes this a more challenging effort
than that for N-glycans, and only glycans whose compositions
matched with previously described molecules in egg jelly proteins
were considered. However, once more, transcriptomic findings
seemed to corroborate with glycomics data. Transcripts encoding
GCNT1, ST6GALNAC1-2 and A4GNT were found exclusively in the
B. raniceps transcriptome, which is consistent with the putative
core 2 and 3 structures found for this amphibian in LC-MS/MS
analyses (Fig. 7). Furthermore, the transcript encoding the hy-
droxylase that catalyzes the conversion of cytidine monophosphate
(CMP)-NeuAc into CMP-NeuGc was found exclusively in the
B. raniceps transcriptome, corroborating the structures NeuGc core
1 and NeuGc extended core determined by LC-MS/MS (Table 2).

3.5. Prediction of secreted N- and O- glycoproteins in the skin of
P. azureus and B. raniceps from transcriptomic data

To identify putatively secreted glycoproteins in the skin secre-
tion of P. azureus and B. raniceps, mRNA transcripts were translated
in silico and submitted to an algorithm for the identification of
eukaryotic signal peptide sequences. Subsequently, matching se-
quences were scanned for potential N- and O-glycosylation sites
using NetNGlyc 1.0 and NetOGlyc 4.0. Once identified, these tran-
scripts were submitted to BLAST searches. Transcripts encoding
proteins with putative signal peptide sequences, N- and/or O-
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glycosylation sequons, and with identity to previously annotated
proteins were compiled (Supplementary Materials 5 to 8).

Using this approach, thirty-eight transcripts were identified as
putatively secreted glycoproteins containing potential N-glycosyl-
ation sites in P. azureus (Supplementary Table 3), whereas eighty-
four transcripts were identified in B. raniceps (Supplementary
Table 4). The PANTHER Classification System [31] was used to
group predicted N- and O-linked glycoproteins from both am-
phibians according to their molecular function (Fig. 8). A total of
forty-five and twenty-four predicted N-linked glycoproteins from
P. azureus and B. raniceps were respectively ranked in four molec-
ular functions, where glycoproteins with binding functions repre-
sented the most abundant class (Fig. 8A): binding (organic cyclic
compound binding, heterocyclic compound binding, small mole-
cule binding, carbohydrate derivative binding, ion binding and
protein binding), molecular function regulator (transcription
regulator activity), catalytic activity (oxidoreductase activity, cata-
lytic activity acting on DNA and hydrolase activity) and transporter
activity (transmembrane transporter activity). Several transcripts
corresponding to enzymes and enzyme inhibitors were found,
indicating that these constitute a significant fraction of the secreted
glycoproteins in both amphibians. P. azureus and B. raniceps pre-
sented in common eight transcripts with similarity to N-glycosy-
lated secreted proteins (or their orthologous sequences in different
species). These include the enzymes beta-hexosaminidase and
dipeptidyl peptidase 1 (cathepsin C), the serine-protease inhibitor
ovostatin, and other proteins implicated in cellular adhesion and
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Table 2
Structures, accurate masses, and charge state of O-linked oligosaccharide identified from skin secretion of P. azureus and B. raniceps by LC-MS.
Species Proposed structure, theoretical mass and composition/common  m/z & m/z" Charge Error Reference
name?® (ppm)
P. azureus/B. 9/ \:‘ O 534.2867 534.2885 1 34 FN 1I-2; VII-6 [7,35]
raniceps
miz: 534 2885 [MONO perMe Na,0 redEnd)
HexNAc1Hex1/TF antigen
P. azureus/B. L 708.3802 7083777 1 35 FN II-3; VII-6; N-3; 3 and/or 4
raniceps D i [7,9,35,61]
miz: 708.3777 [MONO perMe,Na,0 redEnd]
HexNAc1Hex1Fucl/H Antigen Type-3
P. azureus/B. 5 T1-0-0O 7383862 7383883 1 2.8 6[61]
raniceps
m/z: 738.3883 [MONO perMe Na,0 redEnd]
HexNAc1Hex2/Extended Core 1 T Antigen
B. raniceps m_o_‘:‘ 7794120 779.4148 1 0.3 100-2; N-4 [9,62]
m/z: 779.4148 [MONO perMe Na,0 redEnd]
HexNAc2Hex1/Extended Core 1 T Antigen
P. azureus w 7794164 779.4148 1 0.3 VI-3 [35]
m/z: 779 4148 [MONO perMe Na 0 redEnd]
HexNAc2Hex1/Extended Core 3
P. azureus W 895.4661 895.4621 1 4.5 V-1 [35]
m/z: 895.4621 [MONO perMe Na,0,redEnd]
HexNAc1Hex1NeuAc1/Sialyl-T Antigen
B. raniceps 2 895.4628 895.4621 1 0.8 IV-3; V-5; 100-6B; 200 II-5 [6,35]
m/z: 895 4621 [MONO perMe Na,0 redEnd]
HexNAc1Hex1NeuAc1/Sialyl Core 1
P. azureus/B. L 9124738 9124775 1 4.1 C[63]
raniceps ; D i :
m/z: 912.4775 [MONO perMe Na,0 redEnd]
HexNAc1Hex2Fuc1/B Antigen Type-3
B. raniceps g 925.47 9254727 1 29 200-1I-5 (22)
m/z: 925 4727 [MONO perMe Na,0 redEnd]
HexNAc1Hex1NeuGc1/NeuGc Core 1
B. raniceps E 953.5017 953.5040 1 24 A7B - HSO5 (9)
m/z: 953.5040 [MONO perMe Na 0 redEnd]
HexNAc2Hex1Fuc1/Fucosylated Core 2
P. azureus é_D_._O_O 983.5146 983.5151 1 0.5 Extended VI-3 (25)
m/z: 983 5146 [MONO perMe Na 0 redEnd]
HexNAc2Hex2/Extended Core 1 T Antigen
B. raniceps g)_‘:KC.>_. 1024.5453 1024.5411 1 4.1 A7A - HSO3 (9)
m/z: 1024.5411 [MONO perMe Na,0 redEnd)]
HexNAc3Hex1/Extended Core 2
P. azureus 1024.5410 1024.5411 1 0.1 Extended VI-3 (25)

%

m/z: 1024.5411 [MONO perMe Na,0 redEnd]

HexNAc3Hex1/Extended Core 1 T Antigen
(continued on next page)

27



E.A. Barbosa, G.S.C. Alves, M.M.A. Coura et al.

Table 2 (continued )

Biochimie 197 (2022) 19—-37

Species Proposed structure, theoretical mass and composition/common  my/z & myz" Charge Error Reference
name* (ppm)

B. raniceps 1069.5540 1069.5514 1 24 NFI-11; 100-6A [6]
m/z. 1069 5514 [MONO perMe Na 0 redEnd]
HexNAc1Hex1Fuc1NeuAc1/Fucosylated Sialyl Core 1 T Antigen

B. raniceps é 1099.5596 1099.5619 1 2.1 Fucosylated 200-1I-5 (22)
m/z: 1099.5619 [MONO perMe Na 0 redEnd]
HexNAc1Hex1Fuc1NeuGc1/NeuGe Extended Core 1 T Antigen

B. raniceps Q_D_ﬁ 1127.5917 1127.5932 1 13 Fucosylated 6 (56)
miz: 1127.5932 [MONO perMe Na 0 redEnd]
HexNAc2Hex1Fuc2/Extended Core 3

B. raniceps 2 } 1157.6094 1157.6038 1 4.8 Possibly 9A [64]
m/z: 1157.6038 [MONO perMe Na,0 redEnd]
HexNAc2Hex2Fuc1 Extended Core 2

B. raniceps ; 1198.6293 1198.6303 1 0.8 N-II-8b (8)
m/z: 1198.6303 [MONO perMe Na 0 redEnd]
HexNAc3Hex1Fucl/Extended Core 2

B. raniceps E 668.8352 668.8335 2 2.5 12A (56)
m/z: 1314.6777 [MONO perMe Na,0 redEnd]
HexNAc2Hex1Fuc1NeuAc1/Extended Sialyl Core 3

B. raniceps é 668.8352 668.8335 2 2.5 Fucosylated A-12A (9)
m/z: 1314.6777 [MONO perme Na,0 redEnd]
HexNAc2Hex1Fuc1NeuAc1/Extended Sialyl Core 1 T Antigen

B. raniceps 697.8519 697.8544 2 3.6 NFI-5A (6)

ot

mfz: 1372.7195 [MONO perMe Na,0 redEnd]

HexNAc3Hex1Fuc2/Extended Core 2

T — Theoretical; ¥ = experimental.
Legend: [J N-acetyl hexosamine (HexNAc), m N-acetyl glucosamine (GlcNAc),
acid (NeuAc), - N-glycolylneuraminic acid (Neu5Gc).

N-acetyl galactosamine (GalNAc), ® Mannose (Man),

Galactose (Gal), « Fucose (Fuc), ¢ Sialic

2 [MONO, perMe, Na, 0, freeEnd] means [mono charged, permethylated, sodium adducts, non-neutral exchanges, reducing-end structure].

cell-cell interactions, such as the CD44 antigen (HCAM - homing
cell adhesion molecule) and the SPARC protein (osteonectin).
Interestingly, phospholipase A2, previously described in the skin
secretion of P. azureus [39], and demonstrated by mass spectrom-
etry to contain two N-glycosylation sites occupied by mannose-rich
and paucimannose glycans, was also identified in the currently
adopted workflow.

In addition, thirty-five transcripts of putatively secreted proteins
containing potential O-glycosylation sites were identified in
P. azureus (Supplementary Table 5), while forty-three transcripts
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were identified in B. raniceps (Supplementary Table 4). The
PANTHER algorithm identified twenty-three and forty-five pre-
dicted O-linked glycoproteins from P. azureus and B. raniceps,
respectively (Fig. 8B). Again, most glycoproteins were classified
with binding functions. Five transcripts were found in common
between the two species, some of them previously identified as
also containing potential N-glycosylation sites. Transcripts with
identity to the enzyme matrix metalloproteinase-14, involved in
the remodeling of the extracellular matrix in humans and other
vertebrates [40,41], were identified as putatively secreted O-linked
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Fig. 4. Extracted ion chromatograms obtained by LC-MS acquisitions of permethylated O-glycans isolated from A) P. azureus and B) B. raniceps. Putative structures identified by MS/

MS spectra are represented above their corresponding XIC areas. Legend: @ N-acetyl glucosamine (GIcNAc),
N-glycolylneuraminic acid (Neu5Gc), 00 N-acetyl hexosamine (HexNAc).

<« Fucose (Fuc), ¢ Sialic acid (NeuAc),

glycoproteins in both amphibians. Interestingly, some transcripts in
the skin secretion of P. azureus and B. raniceps investigated using
the present workflow seemed to have non-eukaryotic origin, like a
conserved Plasmodium protein of unknown function from Plas-
modium malariae and an envelope protein of the endogenous
Rhinella marina retrovirus.

A second analysis was performed to identify whether transcripts
encoding proteins that are characteristic of azurophilic granules in
neutrophils could be found. In humans, these proteins are the most
relevant source of paucimannosidic glycans in infected lung
epithelia [32], and therefore, by analogy, constitute probable
sources of these molecules in the amphibian epithelia. Indeed, it
was found that both amphibians presented transcripts with high
identity to the enzymes eosinophil peroxidase and myeloperox-
idase (MPO) from other anuran species (Supplementary Material
9). These two enzymes share 68% identity in humans and could not
be reliably differentiated in the present analysis. In addition, a
transcript with ~75% identity to the CD63 antigen from Rana tem-
poraria, also a marker for azurophilic neutrophil granules, was
identified in P. azureus. These data indicate the presence of tran-
scripts for proteins from azurophilic granules of neutrophils and
establish them as a putative source of paucimannosidic glycans.

29

N-acetyl galactosamine (GalNAc), ® Mannose (Man), ~ Galactose (Gal),

4. Discussion

The present work presents a first look at the N- and O-linked
glycans extracted from glycoconjugates secreted by two amphibian
species, their corresponding enzyme synthesis pathways and
glycoprotein products, integrating glycomics and transcriptomics
data. The annotation of glycan species was performed by mass
spectrometry and putative structures were determined by MS/MS
fragmentation spectra. It is important to highlight that while other
tools, such as nuclear magnetic resonance and high-performance
liquid chromatography, might provide more detailed information
on the structure of these molecules, mass spectrometry is unri-
valled in sensitivity, which is relevant in the present case due to low
sample availability.

The most abundant N-glycans in the skin secretion of P. azureus
and B. raniceps were paucimannosidic structures, such as M2, M2F
and M3, structures that were previously detected along the early
development of X. laevis eggs [34]. Paucimannosidic glycans are
truncated o- or B-mannosyl-terminating structures linked to
asparagine residues in proteins [38]. These have been widely re-
ported in eukaryotes, like plants, animals, and protists, with the
exception of fungi, which produce oligo- and poly-a-mannosylated
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Fig. 5. Extracted ion chromatograms obtained from LC-MS acquisitions of free saccharides present in the polar fraction of the skin secretion of A) P. azureus and B) B. raniceps
annotated MS/MS spectra of C) [M + Na]* = 203.0512 Da and D) [M + Na]* = 365.1042 Da corresponding to Hex and Hex, structures, respectively. The experiment cannot

differentiate hexose isomers (mannose, glucose and galactose).

glycoproteins [38]. Their role in vertebrates is still under debate, as
these have been associated with both normal physiological condi-
tions and pathological states [38]. Indeed, in anurans, pauci-
mannosidic glycans might be found in secreted proteins as a
consequence of the high rate of cell turnover in the epithelial tissue,
similarly to observations regarding the presence of these N-glycan
structures in proteins from human buccal epithelial cells (BECs)
[42]. In parallel, paucimannosidic glycans might be implicated in
the normal or augmented immune response to the ever-present
skin commensal and pathogenic bacteria. In humans, it is increas-
ingly clear that the expression of paucimannosidic proteins (gly-
coproteins containing paucimannosidic glycans) is context-
dependent, being linked to processes related to inflammation and
infection, cellular differentiation and uncontrolled cell growth
[32,38]. It has been demonstrated that proteins in pathogen-
infected human lungs contain a high proportion of paucimanno-
sidic glycans as glycoepitopes, while these are negligible in
pathogen-free sputum [32]. In amphibians, it is believed that the
infiltration of innate immune cells, like neutrophils, corresponds to
an early event upon pathogen detection in the anuran skin [43].
Transcripts for neutrophil azurophilic granule protein markers like
MPO (or EPX) and CD63 antigen were found in P. azureus and/or
B. raniceps skin extracts, reinforcing that neutrophil proteins might
contribute with these structures. However, any parallel between
the occurrence and role of paucimannosidic glycans in infected
human airways and in anuran skin is, at present, premature. Given
that the amphibian skin has a resident commensal microbiota, it is
likely that neutrophil products have a role in the maintenance of
the tissue homeostasis, acting in consonance with several other
mechanisms to control the quality and quantity of the microor-
ganisms over the skin surface, similarly to their role the human gut
[44]. Novel experiments aiming to quantify paucimannosidic gly-
cans and canonical inflammatory markers in amphibians chal-
lenged with pathogenic bacteria or fungal species, like
Batrachochytrium dendrobatidis, may shed light on the putative
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relation between these glycans species, their harboring proteins,
and in the innate immune response of the amphibian skin.
Besides paucimannosidic glycans, M4 and oligomannosidic
structures were detected in the P. azureus skin secretion, while
various hybrid and complex, but less abundant, N-glycans were
identified in the B. raniceps sample. In B. raniceps, N-glycans with
LacdiNAc antennae were found. Although the LacdiNAc motif is
more commonly encountered in invertebrates, there are numerous
reports of their occurrence in vertebrates, including the develop-
mental process of X. laevis [34,45]. The higher diversity of N-glycan
structures in the skin secretion of B. raniceps was accompanied by
higher diversity in O-glycan structures for this amphibian. This has
prompted us to hypothesize that these observations are a conse-
quence of a higher diversity of secreted glycoproteins in B. raniceps
skin. According to our predictions of secreted glycoproteins con-
taining N- and O-linked oligosaccharides from the skin tran-
scriptome of both anurans, this is true, a proposition that needs to
be further verified experimentally. Indeed, it is important to
emphasize that the incompleteness of the signal peptide sequences
in some transcripts and incompatibilities regarding as to whether
these are targeted for glandular secretion or for skin tissue extra-
cellular matrix, might limit extrapolations concerning the actual
presence of these protein products in skin secretions. Therefore,
experimental validation of secreted glycoproteins in these anurans
is important and should be performed in future studies. Predicted
secreted glycoproteins from the skin transcriptome data in
P. azureus and B. raniceps varied, and little overlap between them
was observed. This is expected, since the peptide contents of the
secretions of these two anurans are largely unrelated [46—49].
Overall, predicted N- and O-glycosylated secreted proteins were
mostly serine proteases and serine protease inhibitors, two classes
of proteins extensively described in frog skin secretions [50]. Other
molecules related to the immune response and reproductive
functions, like the immunoglobulin ] chain, cathepsin C, and the
zona pellucida sperm-binding protein 4-like, were also identified,
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Table 3

Annotated enzymes from P. azureus and B. raniceps transcriptome catalyzing N-glycan synthesis.

Gene Enzyme description % Coverage®  Length” Nr. reads®  Bit Score! Identities (%)°  Sequence ID

Pa® Br" Pa Br Pa Br Pa® Br" Pa Br Pa Br
OST dolichyl-diphosphooligosaccharide-protein glycosyltransferase 653 852 500 652 70 36 252 841 81 90 XM_030187390.1 XM_040423492.1
MOGS Mannosyl-oligosaccharide glucosidase 100 242 240 581 2 5 135 310 77 86 XM_026055988.1 F6U900_XENTR
GANAB glucosidase II alpha subunit 134 618 590 2721 8 72 682 3116 88 88 XM_040409011.1 XM_040409011.1
MAN1B1 Endoplasmic reticulum mannosyl-oligosaccharide 1,2-alpha-mannosidase 169 86 579 294 2 1 257 324 83 87 NM_001093998.1 XM_040405984.1
MAN1A2 mannosyl-oligosaccharide 1,2-alpha-mannosidase - 120 - 362 - 5 - 508 — 92 - XM_040422787.1
MGAT1 mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase 227 251 449 496 2 7 573 625 90 89 XM_040413474.1 XM_040413474.1
MAN2A2 mannosidase, alpha, class 2A, member 2 112 286 494 1261 1 18 676 1701 91 91 XM_040414114.1 XM_040414114.1
MGAT2 mannosyl (alpha-1,6-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase 4.7 139 91 272 1 4 135 374 93 92 XM_040411773.1 XM_040411773.1
B4GALT2 Beta-1,4-galactosyltransferase 2 6.2 — 530 — 9 — 440 — 82 — XR_003858936.1 —
B4GALT3 UDP-Gal:betaGIcNAc beta 1,4- galactosyltransferase 3 379 626 563 930 2 20 529 887 84 88 XM_040327187.1 XM_040421681.1
B4GALNT4 N-acetyl-beta-glucosaminyl-glycoprotein 4-beta-N-acetylgalactosaminyltransferase 1 — 108 — 495 - 2 - 660 — 91 - XM_040410317.1
ST6GALNAC  Alpha-N-acetylgalactosaminide alpha-2,6-sialyltransferase — 6.4 — 153 - 1 — 135 — 83 — XM_031894018.1
ST6GALNAC2 Alpha-N-acetylgalactosaminide alpha-2,6-sialyltransferase 2 - 197 - 466 — 2 - 141 - 83 - XM_031894018.1
ST6GAL1 Beta-galactoside alpha-2,6-sialyltransferase 1 278 298 541 582 2 7 483 534 85 84 XM_040427853.1 XM_040427853.1
ST3GAL1 CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase 1 16.0 — 474  — 1 — 549 — 88 — XM_040432183.1 -—
ST3GAL2 CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase 2 — 4.2 — 180 — 2 — 289 — 91 - XP_018112085.1
ST3GAL3 CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase 3 160 — 311 — 2 - 235 — 93 — XM_040407855.1 —
FUT5 4-galactosyl-N-acetylglucosaminide 3-alpha-L-fucosyltransferase 151 - 161 - 1 - 176 — 86 - XM_040408899.1 —
FUT8 alpha (1,6) fucosyltransferase — 207 - 542 — 6 — 571 — 20 — XM_040411704.1
FUT4 Alpha-(1,3)-fucosyltransferase 4 - 105 — 289 - 3 - 228 — 91 - XM_040426324.1
MGAT4 Alpha-1,3-mannosyl-glycoprotein 4-beta-N-acetylglucosaminyltransferase 216 183 687 584 3 2 538 852 93 93 XM_040425105.1 XM_040425105.1
HexB Beta-hexosaminidase subunit beta 67.4 920 1418 1936 37 88 1133 1519 81 85 XM_040421446.1 XM_040421446.1
MANBA Beta-mannosidase - 34 - 687 — 5 - 647 — 88 - XM_040418222.1
MAN2B2 Alpha-mannosidase 119 317 350 932 2 5 243 743 90 89 XR_005776409.1 XR_005776409.1
2 Percentage of coverage obtained for a given sequence encoding an enzyme.
b length of the contig obtained (number of nucleotides).
; number of the reads in each contig.

e

score that indicate the statistical significance of the alignment.
percentage of identity of the contig compared to the best matching sequence in database.

f identifier of the best sequence matching to the contig.

& P. azureus.
N B raniceps.
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Table 4

Annotated enzymes from P. azureus and B. raniceps transcriptome catalyzing O-glycan synthesis.

Gene Enzyme description % Coverage® Length” Nr. reads® Bit Score? Identities (%)° Sequence ID'
Pa® Br" Pa Br Pa Br Pa Br Pa Br Pa Br

GALNT6 polypeptide N-acetylgalactosaminyltransferase 4-like 19.7 38.0 410 784 5 508 994 89 90 XM_040434107.1 XM_040425911.1

GALNT7 polypeptide N-acetylgalactosaminyltransferase 7 - 12.6 - 660 - 10 - 876 - 91 - XM_040418669.1

C1GALT1 glycoprotein-N-acetylgalactosamine 3-beta- 47.8 37.2 611 476 9 316 603 91 89 XM_040425773.1 XM_040422417.1
galactosyltransferase 1-like

B3GNT2 UDP-GIcNAc:betaGal beta-1,3-N- 304 — 492 — 6 — 584 — 90 — XM_040430149.1 -
acetylglucosaminyltransferase 2

B3GNT3 UDP-GIcNAc:betaGal beta-1,3-N- - 48.2 - 905 - 15 - 883 - 84 - XM_040417462.1
acetylglucosaminyltransferase 3

B3GNT7 UDP-GIcNAc:betaGal beta-1,3-N- - 41.8 - 838 - 13 - 804 - 84 - XM_040429297.1
acetylglucosaminyltransferase 7

GCNT1 beta-1,3-galactosyl-O-glycosyl-glycoprotein beta-1,6- — 47.7 — 581 - 8 - 640 — 87 - XM_040413844.1
N-acetylglucosaminyltransferase 3-like

B3GALT2 beta-1,3-galactosyltransferase 2 10.9 9.5 457 401 3 5 526 485 73 67 NP_001006126.1 AOA1L8GGL5_XENLA

B3GALT6 Beta-1,3-galactosyltransferase 6 — 6.7 — 170 - 2 - 106 — 85 - XM_040437146.1

B4GALT2 Beta-1,4-galactosyltransferase 2 6.2 - 530 - 9 - 440 - 82 - XR_003858936.1 -

B4GALT3 UDP-Gal:betaGIcNAc beta 1,4- galactosyltransferase, — 421 — 930 — 20 — 887 — 88 — XM_040421681.1
polypeptide 3

ST6GALNAC Alpha-N-acetylgalactosaminide alpha-2,6- — 6.4 — 153 — 1 - 135 — 83 — XM_031894018.1
sialyltransferase

ST6GALNAC2 Alpha-N-acetylgalactosaminide alpha-2,6- — 19.6 — 466 — 2 — 141 — 83 — XM_031894018.1
sialyltransferase 2

A4AGNT Alpha-1,4-N-acetylglucosaminyltransferase — 29.41 - 383 - 20 - 499 - 72 - AOA2G9RHS2_LITCT

B4AGALNT3 N-acetyl-beta-glucosaminyl-glycoprotein 4-beta-N- 26.3 — 1269 — 5 — 446 — 86 — XM_040436438.1 —
acetylgalactosaminyltransferase 3

B4GALNT4 N-acetyl-beta-glucosaminyl-glycoprotein 4-beta-N- - 10.8 - 495 - 2 - 660 - 91 - XM_040410317.1
acetylgalactosaminyltransferase 4

FUT2 galactoside 2-1-fucosyltransferase 721 29.8 1025 424 12 14 1035 219 88 76 XM_040433826.1 XM_040327536.1

FUT4 Alpha-(1,3)-fucosyltransferase 4 - 10.5 - 289 - - 228 - 91 - XM_040426324.1

FUT5 4-galactosyl-N-acetylglucosaminide 3-alpha-L- 15.1 - 161 - 1 - 176 - 86 - XM_040408899.1 -
fucosyltransferase

POMT1 Protein O-mannosyl-transferase 1 6.9 27.9 173 699 1 5 214 808 79 88 XP_012823681.1 XM_040405143.1

POMGNT1 Protein O-linked-mannose beta-1,2-N- 17.9 55.9 341 1065 2 3 363 479 88 88 XM_040407020.1 XM_040407018.1
acetylglucosaminyltransferase 1

ST6GAL1 Beta-galactoside alpha-2,6-sialyltransferase 1 27.7 29.8 541 582 2 7 483 534 85 84 XM_040427853.1 XM_040427853.1

ST3GAL2 CMP-N-acetylneuraminate-beta-galactosamide-alpha- - 4.2 - 180 - 2 - 289 - 91 - NP_001084518.1
2,3-sialyltransferase 2

ST3GAL3 CMP-N-acetylneuraminate-beta-1,4-galactoside alpha- 16.0 - 312 - 2 - 235 - 93 — XM_040407855.1 -
2,3-sialyltransferase

CMAH N-acetylneuraminic acid hydroxylase-like - 17 - 358 - 3 - 363 - 87 - XM_018556294.1

2 Percentage of coverage obtained for a given sequence encoding an enzyme.
b length of the contig obtained (number of nucleotides).

c
d

number of the reads in each contig.
score that indicate the statistical significance of the alignment.

¢ percentage of identity of the contig compared to the best matching sequence in database.
f identifier of the best sequence matching to the contig.
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Fig. 6. Putative N-glycosylation biosynthetic pathways for the amphibians P. azureus and B. raniceps based on the glycomics and transcriptomics data. The genes encoding enzymes
are indicated in blue if transcripts were found in both amphibians, green, if transcripts were found exclusively in P. azureus, and orange if transcripts were found exclusively in
B. raniceps skin secretion. Squares confining N-glycan structures indicate whether these structures were found in the glycomics investigations. A continuous line square indicates
putative N-glycan structures found on the skin secretion of P. azureus (green), B. raniceps (orange) or both frogs (blue). Dotted line squares indicate N-glycan structures that were not
found on skin secretions but may have been partially hydrolysed for the generation of “trimmed N-glycans”, these detected in LC-MS/MS experiments. The same color pattern

introduced above is used. Legend: B N-acetyl glucosamine (GIcNAc),

Sialic acid (NeuAc).
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Fig. 8. Gene ontology molecular function of predicted A) N- and B) O-linked glycoproteins from the P. azureus and B. raniceps transcriptome, respectively. Note that subfamilies of

molecular function were used.

as well as proteins that interact with extracellular matrix compo-
nents, such as dystroglycan and the matrix metallopeptidase 2.
Interestingly, p-hexosaminidase, a protein associated with the
generation of paucimannosidic glycans in nematodes, plants and
insects [51], was discovered in the transcriptome analyses of both
anurans. It is difficult to establish biological roles for glycans in such
a vast array of proteins with varied biological functions. Indeed,
they might be related to a wide spectrum of biological activities
depending on their housing proteins, such as structural effects, as
well as involvement in intrinsic and extrinsic recognition events
[52].

One interesting question is whether the hydrolysis of mature
glycan species contributes to the diversity of N- and O-glycans
found in proteins from the skin secretion of the studied anurans.
Although the meaning of these findings remain uncertain, non-
conjugated saccharides were found in the skin extract of
P. azureus and B. raniceps, and transcripts from bacterial, fungal,
protozoal, and viral sources were putatively annotated serendipi-
tously in their skin transcriptomes. This suggests that endo- and
exo-glycosidases of bacterial and protozoal origins are candidates
in the hydrolysis of complex glycan structures [53]. Mucin glycan-
metabolizing gene clusters are abundant in prevalent
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commensals and rare in pathogens in the human gut [54] and it is
thus possible that protein-linked glycans have a similar role in the
amphibian skin, favoring the commensal microorganisms over the
pathogenic. In addition, lysosomal glycosidases, which would be
responsible for endogenous glycan hydrolysis, were not found
despite extensive searches in the skin transcriptome of both an-
urans. Further experiments need to be performed to verify whether
glycosidase activity can be found in the skin secretion of amphib-
ians and to determine possible bacterial and/or protozoal origin.

The putative biosynthetic pathways of N- and O-linked oligo-
saccharides in the skin of P. azureus and B. raniceps were consistent
with those determined for other chordates [55]. The most distinc-
tive feature between the N-glycan synthesis pathway of these two
amphibians is that no transcripts for the enzyme MAN1A2 were
found in the skin of P. azureus. This indicates that the M8 (Mang)
glycan arising from the endoplasmic reticulum cannot be processed
any further in the Golgi complex, making unfeasible the synthesis
of complex structures in the skin, an observation confirmed by
glycomics data. The primary consequence of this finding is that
paucimannosidic glycans cannot be generated via the GnT-I
dependent pathway, indicating that an independent route or
even alternative pathways are the most probable sources for these
N-glycans in the skin secretion of P. azureus [38]. A different sce-
nario is observed for B. raniceps. This amphibian is capable of
synthesizing GIcNAcsMans, enabling the GnT-I truncation pathway
as well as the GnT-I independent pathway for the synthesis of
paucimannosidic structures. The expression of the enzymes GnT-I
and GnT-II in the skin tissue of X. laevis was previously demon-
strated [56,57], suggesting that the lack of such transcripts in
P. azureus warrants further investigation. O-glycosylation pathways
were also partially distinct between studied amphibians since
some transcripts were only found in B. raniceps. For example,
transcripts for STEGALNAC and ST6GALNAC2 were found exclu-
sively in the B. raniceps skin. Although genomic data need to be
acquired to verify the absence of these genes, it is not unprecedent
that related organisms harbor differences in the protein-linked
glycan content. P. azureus is from the Phyllomedusidae family
while B. raniceps is from the Hylidae family, and therefore, these
clades have been probably evolving independently since the
Paleogene period [58]. Particularities in their niches, especially in
the interactions these amphibians undertake with microorganisms,
such as bacteria, viruses, fungi and protozoa, are likely candidates
for the observed differences in N- and O-glycan contents between
P. azureus and B. raniceps. Indeed, the evasion of infectious agents is
considered the most probable evolutionary force for humans not
expressing N-glycolylneuraminic acid (Neu5Gc), while other non-
hominid primates and mammals do [59]. Novel studies on the
protein-linked glycans of other anurans will provide further data on
the overall diversity of glycans in amphibian skin secretions in
relation to their phylogeny and provide more clues to their putative
relations with the microbiota within their niches.

5. Conclusion

The present work reports the N- and O-glycan products and
associated pathways in the skin secretion of P. azurea and
B. raniceps. Also, it describes putatively N- and O-glycosylated
protein products in the secretion of these anurans. Although a large
amount of data is presented, this is an exploratory work; therefore,
further investigations will be necessary to reveal the actual
ecological and evolutionary roles performed by N- and O-linked
oligosaccharides in the skin secretion of amphibians. Experiments
aiming to evaluate changes in the abundance and diversity of
protein-linked oligosaccharides in the amphibian skin secretions in
response to an external stimulus (like microorganisms) should
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serve as a first approach. Finally, the results presented herein
corroborate previous studies that suggest that the amphibian skin
is a model for the study of the human gut and its interaction with
the resident microbiota [15]. N- and O- protein linked glycans and
their putative degradation by enzymes produced by the resident
microbiota might constitute yet another level of similarity between
these two systems, and their description might be invaluable as a
model for the understanding of the tripartite relationships between
host, microbiome, and pathogens [60] that are commonly observed
in nature.
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