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The urine of bank voles (Myodes glareolus) contains substantial quantities of a
small protein that is expressed at much higher levels in males than females,
and at higher levels in males in the breeding season. This protein was purified
and completely sequenced at the protein level by mass spectrometry. Leucine/
isoleucine ambiguity was completely resolved by metabolic labelling, monitor-
ing the incorporation of dietary deuterated leucine into specific sites in the
protein. The predicted mass of the sequenced protein was exactly consonant
with the mass of the protein measured in bank vole urine samples, correcting
for the formation of two disulfide bonds. The sequence of the protein revealed
that it was a lipocalin related to aphrodisin and other odorant-binding proteins
(OBPs), but differed from all OBPs previously described. The pattern of
secretion in urine used for scent marking by male bank voles, and the similarity
to other lipocalins used as chemical signals in rodents, suggest that this protein
plays a role in male sexual and / or competitive communication. We propose the
name glareosin for this novel protein to reflect the origin of the protein and to
emphasize the distinction from known OBPs.

1. Background

Olfactory communication is prevalent in rodents, where semiochemicals are
capable of transmitting information regarding identity, relatedness, territory,
health status and mating availability [1-5]. Chemosignalling is highly conserved,
with many species displaying scent marking behaviours that make use of urine,
faeces and glandular secretions to convey information. Members of the lipocalin
protein family are often involved in chemosignalling, and are found in several
rodent secretions and tissues where they serve this role, including nasal tissue,
saliva, urine, tears and vaginal discharge [6—9]. Murine rodents (Old World
rats and mice, sub-family Murinae) express a set of proteins known as major urin-
ary proteins (MUPs), which can be highly polymorphic, whereas hamsters and
voles (sub-families Cricetinae and Arvicolinae) seem to express chemosignalling
lipocalins more typical of the odorant-binding protein (OBP) family.

Urinary protein expression has been well characterized in the house mouse
(Mus musculus domesticus). The highly polymorphic MUPs, expressed by both
males and females, can communicate individual identity, kinship, dominance,
and potentially oestrus and health status [10-19]. Sexual dimorphism is pro-
nounced, with males typically expressing three- to fourfold more MUPs overall
than females, while some MUPs are expressed almost exclusively by males [6].

© 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.



Downloaded from https://royalsocietypublishing.org/ on 20 June 2024

MUPs mediate chemosignalling, either by direct detection
through vomeronasal 2 (V2R) receptors in the vomeronasal
organ [11] or by binding volatile components, promoting their
slow release over a prolonged period, and extend the lifespan
of the scent mark [13,20,21]. The protein complement of rat
urine also has a similarly polymorphic expression of homolo-
gous MUPs, but with much stronger sexual dimorphism [22,23].

Relatively little is yet known about the expression of
chemosignalling proteins in the vole family, but sexual
dimorphism in urinary protein expression has been observed
in the bank vole, Myodes glareolus, where protein levels are
much higher in males [24]. Bank voles live in small, mixed-
sex groups during the winter that break up in the breeding
season. While breeding females inhabit non-overlapping
home ranges close to the over-wintering site, males have
larger overlapping home ranges within hierarchical groups
that overlap several females [2526]. Males deposit urine
around their territories in numerous small scent marks, using
long brush-like hairs on the prepuce tip to streak out their
scent [27,28], contrasting with the excretion of urine in pools
by females [28,29]. Scent marking rates are particularly high
in new environments, while dominant males also mark subor-
dinate male burrow and nest areas continually. Females prefer
males that scent mark more frequently [30]. Three male-specific
OBPs have been identified in male bank vole urine that might
play a role in chemical signalling [31]. To understand the
expression and potential role of urinary proteins in bank vole
communication further, we examined the expression of urinary
proteins in wild-caught and captive-bred voles in the breeding
and non-breeding season. Here, we characterize a new urinary
protein in M. glareolus, distinct from those previously ident-
ified, that is expressed at high level only by males and only
in the breeding season. The complete protein sequence was
obtained primarily using in-solution protease digestion fol-
lowed by tandem mass spectrometry, distinguishing between
the otherwise isobaric amino acids leucine and isoleucine
using metabolic labelling. Homology modelling and structural
analysis reveal strong similarity to known OBPs, but this
protein is distinct from those previously described in bank
voles or in other species and is the most abundant urinary
protein expressed by male bank voles. Given the potentially
important investment by male bank voles in this particular
urinary protein during the breeding season, we propose the
name glareosin to distinguish this from other OBPs.

2. Material and methods
2.1. Sampling

Urine samples were collected from both wild-caught and
captive-bred M. glareolus voles derived from two different geo-
graphical areas of the UK (Wirral Peninsula in Merseyside,
approx. 53.288° N, —3.028° E, and Kielder Forest in Northum-
berland, approx. 55.208°N, —2.528°E). Urine was freely
expressed and collected from clean plastic cages prior to
measurement of protein and creatinine concentration.

2.2. In-gel proteolysis

Protein bands from SDS—-PAGE were digested with trypsin to
generate peptides suitable for further analysis by MALDI-ToF
mass spectrometry. Excised gel plugs (approx. 1 mm®) were

destained, then reduced and carbamidomethylated. Peptides
were recovered for mass spectrometric analysis.

2.3. Edman degradation

SDS—-PAGE gels before staining were electroblotted to poly-
vinylidene difluoride (PVDF) membranes for N-terminal
sequencing using an Applied Biosystems 476A gas-phase
sequencer (Applied Biosystems). After electroblotting, the
PVDF was stained with Coomassie blue to visualize protein
bands prior to excision and Edman degradation.

2.4, MALDI-ToF mass spectrometry

Analysis of peptides from in-gel digests was undertaken
using a MALDI-ToF reflectron mass spectrometer (Waters,
Manchester, UK) in positive ion mode. All aspects of data
acquisition, processing and machine management were
controlled through the MassLynx software suite (v. 4.0).

2.5. In-solution proteolysis

Aliquots of protein (10 pg) purified from cage deposits
by anion exchange chromatography were reduced, alkyla-
ted and digested with trypsin, endopeptidase GluC or
endopeptidase LysC.

2.6. Electrospray ionization mass spectrometry

Electrospray ionization mass spectrometry (ESI-MS) was used
in two modes: liquid chromatography—-mass spectrometry
(LC-MS) was used for intact mass analysis while tandem
mass spectrometry (MS/MS) was used for peptide sequence
analysis. All ESI-MS was undertaken on a Q-ToF Micro mass
spectrometer (Waters, Manchester, UK) in positive ion mode.
As an additional aid in the interpretation of tandem mass spec-
tra, peptides were isotopically labelled with '*0 by performing
proteolytic digestion in a 1:1 mixture of light (H,['°O]) and
heavy (H,[*®0]) water. Incorporation of a 1:1 mixture of
[**0] and [**0] atoms into the newly formed C-termini of pep-
tides prior to tandem mass spectrometry allowed y-ions to be
identified as a sequence of doublets of approximately equal
intensity, separated by 2Da. To confirm and complete
the sequence, we repeated the digestions and analysed the
samples on a high-resolution instrument with high mass accu-
racy and resolution for precursor and product ions. For this
stage, samples were analysed using a Ultimate 3000 nano
system (Dionex/Thermo Fisher Scientific, Hemel Hempstead,
UK) coupled with a QExactive mass spectrometer (Thermo
Fisher Scientific).

2.7. Use of labelled dietary leucine to discriminate
isoleucine from leucine

To discriminate between isobaric leucine and isoleucine
residues, we fed bank voles a diet containing stable isotope-
labelled leucine. Cage-deposited urine samples were collected
from four voles (day 0) before they were transferred to a new
cage with the [?Hs] leucine diet provided ad libitum. Urinary
proteins were reduced, alkylated and digested with trypsin
in solution, followed by LC-MS/MS analysis on the QExac-
tive-HF (Thermo Scientific) as described above. Leucine and
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isoleucine residues were then manually assigned from the raw
data and confirmed with MASCOT and PEAKS searches under
the same search conditions as below with triple labelling with
deuterium as an additional variable modification, against the
derived sequence of glareosin.

2.8. Protein sequence analysis

The final amino acid sequence was used in a BLAST search
[33] using default parameters for protein matches against
Rodenta. The 138 matches were reduced and processed as
follows. First, incomplete sequences, sequences substantially
larger than the core lipocalin size of approx. 160 amino
acids or those that only matched across part of the sequence
were eliminated. Some sequence entries were exact duplicates
and were reduced to single entries. Finally, because we
wished to compare the glareosin-secreted protein sequence,
signal peptides were removed, either guided by the feature
entry in the database entry or through the SignalP 4.1
server [34] (http://www.cbs.dtu.dk/services/SignalP/).
The reduced sequence set was aligned with MAFFT using
the high accuracy linsi algorithm [35] with JaLview [36] used
to display and manipulate sequence alignments.

2.9. Phylogenetic analysis

The evolutionary history was inferred by using the maximum-
likelihood method based on the JTT matrix-based model [37].
Bootstrapping analysis [38] using 500 replicates was carried
out. Branches corresponding to partitions reproduced in less
than 50% bootstrap replicates were collapsed. All positions
containing gaps and missing data were eliminated leaving a
total of 112 positions in the final dataset. Evolutionary analyses
were conducted in MEGA7 [39].

2.10. Homology modelling

The structure of mature glareosin, without its signal peptide,
was modelled using the RosettaCM protocol [40]. Ten models
were produced for each combination of templates and
alignments. Templates were identified from a non-redundant
library of PDB structures using the HHpred server [41], and
modelling was done with one, five or 10 templates assessing
the results quantitatively with Rosetta’s own energy function
and with the Prosa II [42], DOPE [43] and QMEAN [44]
protein structure quality metrics. Stereochemistry was assessed
with PROCHECK [45]. Structures were superimposed using
GESAMT [46]. Cavities were detected and measured
using the GHECOM [47] and Profunc [48] servers. PyMOL
(https://www.pymol.org/) was used to visualize and
manipulate structures and to produce structure figures.

3. Results and discussion

To assess seasonal and sex variation in urinary protein output,
urine samples were obtained from wild-caught bank voles
captured during the breeding and non-breeding season (to
correct for differences in urine dilution, protein output was
expressed as mg (mg creatinine) "'). These analyses confirmed
that urinary protein output was substantially higher in males,
but only during the breeding season (interaction between
season and sex, Fy »; = 5.19, p = 0.033; figure 1a). Male average

protein output increased over threefold, from 3.5 + 0.5 mg
protein (mg creatinine) ' during the non-breeding season
(uncorrected  urinary  protein  concentration  0.36 +
0.07 mg ml™') up to 11.2 + 1.2 mg protein (mg creatinine) '
in the breeding season (uncorrected urinary protein concen-
tration 1.76 + 0.27 mgml ™ '). As urinary creatinine levels
were not influenced by season or sex, these differences in urin-
ary protein output were entirely due to differences in the
concentration of protein excreted in urine. A preliminary
assessment of protein complexity in these samples by one-
dimensional (1D) SDS-PAGE revealed an intense band
between 14 and 21 kDa that was evident only in male samples
and only during the breeding season (figure 1b,c). We also
assessed protein output in urine samples from bank voles
bred in captivity and kept under breeding season lighting con-
ditions but without sexual experience. This confirmed a highly
significant sex difference in urine protein output (Fy 25 = 79.6,
p < 0.0001), with levels comparable to those seen in wild-
caught voles during the breeding season (figure 1a). Thus,
elevated protein output in males was not dependent on
sexual experience. This elevated protein output was evident
in male bladder urine, sampled when older voles were
culled (effect of sex, Fy110= 6.8, p=0.026). SDS-PAGE con-
firmed that the same intense band between 14 and 21 kDa
was present in male but not in female samples, in both
naturally deposited and bladder urine (data not shown).

Intact mass analysis has also been used to assess the hetero-
geneity of urinary proteins in both captive-bred [49-52] and
wild-caught mice [10,17,53,54], identifying small mass changes
caused by discrete amino acid substitutions in the protein
sequence. The intact mass profile of the M. glareolus urinary pro-
teins was analysed by ESI-MS (figure 1d). A single predominant
intact mass was measured in all samples at 16930 + 1 Da, and
there was no evidence of inter- or intra-individual heterogeneity
in the mass profile. The protein identified at a mass of 16 930 Da
in all M. glareolus urine samples was purified by anion exchange
chromatography. This ion exchange purified protein was recov-
ered and used for primary sequence analysis, as genomic or
transcriptomic data were lacking. The measured intact mass
differed from the predicted masses of the three urinary OBP pro-
teins reported in bank voles by Stopkova et al. [31], which,
allowing for the formation of two putative disulfide bonds,
together with loss of signal peptide predicted by signalP
[34], were OBP1 (D3VW62_MYOGA): 16643 Da, OBP2
(D3VW64_MYOGA): 16 837 Da and OBP3 (D3VW62_MYOGA):
16 749 Da, consistent with this being a novel protein.

After 1D SDS-PAGE and blotting to PVDF membrane,
the 16930 Da protein was partially sequenced by gas-phase
Edman degradation. Although less commonly used today,
Edman degradation permits precise positioning of the true
N-terminal sequence of the protein. The recovered sequence
HSEIDEKWVTVAIAADNVNK used in searching (BlastP)
[55] with standard search parameters aligned most strongly to
the N-terminal sequence of a prairie vole (Microtus ochrogaster)
aphrodisin-like protein 1 (best match: XP_005372052; 70% iden-
tity) and a bank vole (M. glareolus) OBP1 (best match,
D3VW62_MYOGA; 65% identity) as well as other members
of the lipocalin family. This match pointed to the potential
role of this urinary protein as a semiochemical lipocalin.
Although the N-terminal sequence overlapped with the first
structurally conserved GlyXxxTrp region of the lipocalin
family (GXW [56]), the highly conserved glycine residue of
the motif was absent. However, Glu (E) and Gly (G) elute in
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Figure 1. Analysis of bank vole urinary protein output. (a) For urine samples from adult male or female bank voles (see text), protein and creatinine concentrations
were determined and expressed as mg protein (mg creatinine) ' to correct for urine dilution. The protein complement was analysed by SDS—PAGE for (b) male and
(c) female voles (vertical bars separate discrete gels) and by (d) electrospray ionization mass spectrometry (male).

close proximity in Edman degradation, raising the possibility of
a mis-call at this position.

To gain further information about the 16 930 Da protein, a
peptide sequencing strategy based on mass spectrometry was
adopted. Two approaches were taken. First, Q-TOF tandem
mass spectrometry of peptides obtained by direct infusion
of proteolytic digests of the purified protein and secondly,
LC-MS/MS of the peptide mixture on a second instrument
that generated product ions at high mass accuracy and resol-
ution. The sequencing strategy was based on digestion with
endopeptidase
LysC and endopeptidase GluC) to generate overlapping pep-
tides that would cover as much of the primary sequence of

three different endopeptidases (trypsin,

the mature protein as possible, although unable to discrimi-
nate between the isobaric Leu/Ile pair, signified here by the
residue ‘J’. In some instances, interpretation of the fragment
ion mass spectra was assisted by labelling peptides using a
1:1 ratio of H3°0:H2O in the digestion reaction. Only the
y-series of ions, derived from the C-terminus of each peptide,
are isotopically labelled in this reaction, and the doublets thus
facilitated discrimination of the b- and y-ion series. Following
interpretation of the amino acid sequence from the fragmen-
ted peptide, the theoretical m/z value of the [M+H]" peptide
was calculated and reconciled with the ions observed by
MALDI-ToF. The complete sequence strategy is presented
in figure 2, and the relevant peptide mass spectra are
presented in the electronic supplementary material.

Edman degradation predicted an N-terminal tryptic
peptide (HSEIDEK) with a theoretical [M+H]" mass of
mfz = 857.4. No peptide was detected at [M+H]" 857.4 Da in
either MALDI-ToF MS analysis of trypsin or LysC peptides.
However, fragmentation of the tryptic peptide at [M-+2H]*"
mfz = 393.21 yielded the sequence HSEJDGK (figure 2, peptide
tl). This sequence included the highly conserved glycine

residue of the N-terminal lipocalin motif (GXW), aligned
with the ambiguous G/E call from the Edman sequencing
confirming a glycine residue at this position. The second tryptic
peptide within the Edman sequence was predicted as
[M+2HJ*", mfz=700.9; the sequence was determined as
WVTVAJAADNVNK (t2) from the b- and y-ion series using
80 labelling; this contained the tryptophan residue of the
GXW conserved motif. The N-terminal region was extended
by tandem MS of a miscleaved peptide [M+3H]*", m/z =
748.08 as WVTVAJAADNVNKJEEGGS]R (t3), also present at
[M-+H]" m/z = 2242.13 in MALDI-ToF MS analysis of tryptic
peptides. The sequence of the [M+H]*" 2242.13 tryptic pep-
tide was confirmed by the [M+2HJ*" 430.7 tryptic peptide
t4 JEEGGSJR).

Since a feature of OBP-like proteins is the presence of two
conserved disulfide bonds, the positions of cysteine residues
were identified by carbamidomethylation. MALDI-ToF
analysis of tryptic peptides from non-reduced preparations
identified two peptides at [M+H]" m/z=1137.51 and
mfz = 2131.04 that were shifted upon carbamidomethylation
to [M+H]" m/z =1253.56 and m/z = 2247.10, a Amass of
116 Da. The sequence of the reduced and alkylated peptide
[M+H]" m/z=125356, isolated on LC-MS as the
[M+2H]** m/z = 627.25 (T5), was EJTC*TEAC*NR, contain-
ing two modified cysteine residues. The Amass of 116 Da
following reduction and alkylation could not be explained
simply by the carbamidomethylation of the two cysteine
residues, which would generate a Amass of 114.032 Da (2 x
57.016 Da). The additional 2 Da difference is explained by
the reduction of a disulfide bond formed between the two
cysteine residues. Since the unmodified peptide [M+H]"
mfz =1137.51 is detected in oxidizing conditions, neither
cysteine residue could have formed a disulfide bond with a
second cysteine residue from a different region of the protein.
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Figure 2. Complete amino sequence of the novel bank vole urinary protein. The bank vole urinary protein was digested with multiple endopeptidases (t, trypsin; ¢,
endopeptidase LysG g, endopeptidase GluC) and sequenced de novo by tandem mass spectrometry. In addition, the Edman degradation data of the intact protein
allowed definition of the true N-terminus. The symbol *J' is used to highlight the ambiguity between leucine and isoleucine in all positions other than the N-
terminus, where Edman degradation was unambiguous. The positions of the disulfide bond are inferred by homology with similar proteins.

Furthermore, a high-resolution peptide T6 [M + 2H]*" m/z =
842.92 sequenced as JYJREJTCTEAC*NR. A tight disulfide
loop separated by three amino acids is also a feature of
other lipocalins and OBPs, including aphrodisin [57]; this
provided further presumptive evidence that this protein is
an aphrodisin-like lipocalin.

Using similar logic and further tandem MS, the entire
sequence of the protein was recovered. All high-resolution pep-
tide tandem mass spectra and sequence calls are provided in
the electronic supplementary material. The protein sequence
predicted a total length of 149 amino acids. The predicted aver-
age mass of the protein was 16 934 Da, which, when adjusted
to 16930 Da to allow for the loss of 4 Da through formation
of the disulfide bonds at C34—Cjyg (proved) and Cs5—Cj47 (sur-
mised, but consistent with homology modelling), correctly
predicted the intact mass measured for the urinary protein.

Mass spectrometry-based sequencing de novo cannot
distinguish between the isobaric amino acids leucine and iso-
leucine. To discriminate between this isobaric pair, voles
were fed a diet partially labelled (relative isotope abundance
of approx. 0.5) with [*Hj]leucine. Because the protein was
secreted in the urine, we surmised that the incorporation of
this essential amino acid would result in specific labelling of
leucine residues in the protein and in peptides derived there-
from. Both leucine and isoleucine are essential amino acids,
and there is no mammalian metabolic pathway whereby the
labelling centres in leucine could be transferred to isoleucine.
After digestion with trypsin or endopeptidase Glu-C, or a
double digest using both endopeptidases, partial labelling

meant that each peptide (of monoisotopic mass M) containing
a single leucine residue would be accompanied by a second
mass, 3 Da heavier, leading to an M, M+3 Da doublet in
both precursor and product ion spectra. Peptides containing
solely isoleucine residues would not show any labelling doub-
let. Finally, peptides containing more than one leucine/
isoleucine residue would require further analysis to locate the
position of the leucine residues. The strategy is illustrated in
figure 3, together with labelling profiles for several urinary
glareosin peptides.

All leucine/isoleucine ambiguities were evaluated manu-
ally and assigned from the raw data (figure 4). Tryptic
peptides containing a single ambiguous site (defined as J’;
HSEIDGK isobaric identity known from Edman degradation,
WVTVAJAADNVNK, EJTCTEACNR, TQGTTNVJYVYGK,
HGPJTPEQYEK, ENJQDVR, ACNRJLE, VTFYJK, FTJFANH
NVDR) were readily resolved from the precursor ion spectra.
For peptides that contained more than a single instance of
leucine or isoleucine, the strategy was more complicated.
Most simply, precursor ion spectra could disambiguate pep-
tides that contained two of the same residues (JWNJIPR), as
the mass shift was unambiguous (+6 Da, Leu/Leu; 0 Da,
Ile/Ile). For peptides that contained two Leu/Ile residues,
only one of which was labelled, the precursor ion mass
shift indicated the number but not the position of the leucine
and isoleucine residues. Positional resolution was achieved
by inspection of fragment ion spectra (electronic supple-
mentary material). Fragment ion spectra were examined
for+3 Da increases in the y- and b-ion series at each Leu/Ile
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Figure 3. Metabolic labelling strategy to discern leucine and isoleucine residues. (a) Bank voles were fed a diet containing [*H;] leucine at a relative isotope
distribution of 0.5. Incorporation of stable isotope-labelled leucine into peptides permits discrimination between leu and ile residues, either from precursor or product
ion mass spectra. (b) After 4 days of labelling, urinary proteins (three representative peptides are show here for four voles) were labelled to the same extent as the
dietary precursor and used for sequencing de novo.

product ion, clearly flagged as a doublet. This defined the pos-
ition of Leu and Ile for peptides JEEGGS]R, JYJRE and JVTFYJK
(electronic supplementary material). The remaining unassigned
Leu/Ile site was in the small tryptic peptide JEEFAK (t13;
[M-+H]*=736.3875 mj/z), which is identical to an equivalent
tryptic peptide derived from OBP2 and OBP3 [31]. To resolve
this issue, we assigned the residue identity using tryptic
missed cleavage peptides (this work: HGPLTPEQYEKJEEFAK
compared to the peptide GQPLTPEQYEKLEEFAK from
OBP2 and OBP3 (Uniprot D3VW63_MYOGA and
D3VW64_MYOGA), respectively). The first leucine residue
for the protein described here had already been confirmed
(see previously) and the precursor mass spectrum of the
missed cleavage peptide had a fragment ion distribution conso-
nant with one leucine residue and one isoleucine

residue, whereas the OBP peptide also present in LC-MS/
MS analysis displayed a fragment isotopic distribution consis-
tent with the presence of two heavy leucine residues (data
not shown).

We were thus able to derive the complete, unambiguous
sequence of the bank vole urinary protein, including the
identification of all leucine and isoleucine residues. The
entire sequence was used in a BLAST search against all
rodent sequences. The first major conclusion is that this abun-
dant protein in bank vole urine is novel, and has not been
reported previously. To distinguish this protein from other
bank vole urinary proteins [31], we therefore propose the
name ‘glareosin’ (derived from the species M. glareolus). The
glareosin sequence matched to several lipocalins, most
strongly to aphrodisins and OBPs, with weaker matches to
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Figure 4. Resolution of leucine and isoleucine by metabolic labelling. After dietary administration of [*H;] leucine, proteolysis and mass spectrometry of the bank
vole lipocalin, the assignment of leucine and isoleucine residues was completed. The figure indicates the residue assignment annotated with the precursor mass
spectrum of the appropriate peptide (double-headed arrows), generated from trypsin (black), endopeptidase GluC (red) or digests using both endopeptidases
(purple). The monoisotopic, unlabelled ion is marked with a black dot. Spectra that confirm the incorporation of a stable isotope-labelled leucine residue are
coloured red and the mass offset (3 Da, due to incorporation of labelled leucine) is indicated with a red arrow.

probasins (prostate expressed ‘outlier” lipocalins) and MUPs. A
phylogenetic tree (figure 5) defines the relationships between
these groups of lipocalins, specifically those from rodents,
and a full alignment is given in the electronic supplementary
material.

Of interest is the relationship between glareosin and the
OBPs (la, 1b, 2 and 3) that have previously been detected
in bank vole urine samples [31]. The four proteins share
over 60% sequence identity, and the presence of the lipocalin
GXW motif and the disposition of the two disulfide bonds
mean that all four proteins share a high level of structural
and possibly functional similarity. Yet glareosin was not dis-
covered or described as the predominant urinary protein in
the previous study [31], in which the two urinary proteins
detected on two-dimensional electrophoresis followed by
mass spectrometry were OBP2 and OBP3. Indeed, when we
perform a discovery proteomics analysis on a tryptic digest
of total urinary proteins, we also see good evidence for
these two proteins in bank vole urine (data not shown) but
at a much lower level than peptides derived from glareosin.
On a one-dimensional SDS-PAGE gel, glareosin is by far
the most strongly expressed protein, and at first glance it is
not obvious why this protein was not observed in the pre-
vious study. However, analysis of the sequence of glareosin
and the three OBPs reveals that the predicted isoelectric
point (pI) of OBPs 1-3 are 5.0, 4.8 and 4.8, respectively. By
contrast, the predicted pl of glareosin is 5.7. In the previous
study [31], the pl range of the two-dimensional gel system
used to visualize and identify urinary proteins was from
3.9 to 5.1. It is highly likely that glareosin was not resolved
by the first, isoelectric focusing dimension, would not have
entered the gel and thus could not have been detected.

The complete protein sequence derived by mass spec-
trometry, including disambiguation of leucine/isoleucine,
allowed us to submit the primary sequence to three-dimensional
structure prediction. Of predicted structures for glareosin, those
produced with a single alignment to aphrodisin [58—60] consist-
ently scored better than those produced with either the top five
or top 10 templates identified by HHpred. Aphrodisin is dis-
tinctly more closely related to glareosin (47% sequence
identity) than other templates (39% at most)—this reinforces
the observation that inclusion of more distantly related tem-
plates does not always benefit model quality when a closely
homologous structure is available. Models generated with the
initial HHpred alignment of glareosin with aphrodisin consist-
ently exhibited stereochemical problems near the C-terminus
where glareosin has a one-residue deletion compared to aphro-
disin. Examination of the aphrodisin structure suggested that
side chain interactions would be better retained with a one-
residue shift of the deletion position. Positioning the deletion
opposite Thryse (mature protein sequence) in the aphrodisin
template eliminated serious stereochemical issues and
produced better scoring models by validation metrics.

Unexpectedly, the final model set contained two distinct
conformations which scored equally well by all criteria. Each
conformation gives a normalized QMEAN Z-score of 0.44,
showing that the structures, by the six distinct component
scores considered, perform slightly better than the average
protein of a similar size. The two conformations differ in the
position of loop 5, connecting B-strands E and F (in the stan-
dard family nomenclature [56]). In the ‘closed” conformation,
the loop lies over the entry to the central binding pocket, as
is typically observed in crystal structures (figure 6a), while in
the ‘open’ conformation the entrance to the binding pocket is
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Figure 5. Phylogenetic tree of glareosin-related sequences. Bootstrapped maximum-likelihood phylogenetic tree calculated using MEGA7 as described in Material
and methods. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates were collapsed. With the exception of a manually curated set of
mouse MUPs based on the MGI database (http:/www.informatics.jax.org/searchtool/Search.do?query=mup*), proteins are labelled with UniProt identifiers. The

three 0BPs previously identified in bank voles [31] are highlighted.

unimpeded and the pocket connects directly with bulk solvent.
The validity of the two conformations is supported by the
ability of the Rosetta methodology to accurately sample
alternative, biologically relevant conformations: it has proved
capable of predicting a second allosteric state accurately,
given a crystal structure of the first [61]. Pathways of intercon-
version between these two conformational states could be
explored in the future by molecular dynamics simulations.
Interestingly, this loop bears a unique one-residue insertion
compared to all near relatives of known structure. Thus, it is
possible that glareosin has distinct ligand-binding properties
when compared to other semiochemical lipocalins whose crys-
tal structures, with cavity occupied or empty, show a strong
tendency towards closed structures (figure 6a).

The central, B-barrel enclosed cavity of glareosin has a similar
volume to aphrodisin; GHECOM [47] estimates them as 305 and
318 AS, respectively, while the volumes from Profunc are 357 and
377 A%, The cavity of the model structure of glareosin is more
elongated, hinting at possible differences in specificity of
bound ligands (figure 6c). For comparison, GHECOM predicts
a cavity of 324 A® and Profunc 410 A for the unoccupied MUP

(1104.PDB), and GHECOM 396 A% and Profunc 450 A® for a
cavity occupied MUP (1104.PDB). The glareosin cavity is thus
of lower volume than the MUP, but is still large enough to accom-
modate a broad range of low-molecular weight ligands. Ligands
of glareosin have yet to be identified.

It has previously been reported that the urinary protein
output of M. glareolus is sexually dimorphic and that males
exhibited obligate proteinuria in all sample types investigated
[24]. Males mark new territory in frequent small drops
without entirely emptying their bladder, compared with
females that deposit large pools of urine [27,28]. This sex-
specific behaviour is similar to that of the house mouse,
where the repeated marking of territory with small volumes
of urine is used to advertise competitive dominance [62,63].

Glareosin appears to be the major protein output in male
bank vole urine that is stimulated during the breeding season.
As a lipocalin with a clearly defined central cavity that could
be switchably accessible, combined with male-specific pro-
duction and a seasonal expression pattern, this points to a role
for glareosin as a major driver of chemical communication
between male and female bank voles. As we gain a better
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‘closed'

Figure 6. Predicted three-dimensional structure of glareosin. (a,b) The structure of glareosin was predicted by homology modelling. Two solutions (an ‘open’ and a
‘closed’ conformation) were predicted equally well. In (a), the two solutions are coloured blue to red from N- to C-terminus with all experimental structures of
lipocalins sharing at least 25% sequence identity with glareosin shown in grey. In (b), the loop differing in conformation is shown as green, and the rest of the
glareosin models as grey. (c) The cavity at the centre of the closed glareosin structure was analysed using the Profunc server [48] and compared with aphrodisin.

understanding of the use of lipocalins in chemical communi-
cation in rodents, an interesting bifurcation is increasingly
evident. Of rodents, Muridae (Old World mice, rats) have
evolved polymorphic families of MUPs that create considerable
potential for individual variation in proteins—they function as
pheromone-binding proteins but also as pheromones in their
own right. Currently, our knowledge is largely derived from
studies of house mice (M. musculus) and brown rats (Rattus nor-
vegicus). By contrast, Cricietinae (hamsters, voles) also elaborate
protein in their secretions, but evidence thus far suggests that
this is restricted to high levels of a single protein. Thus, roborov-
skin, from Phodopus roborovskii, is a single lipocalin produced in
the urine equally by both sexes [64]. The vaginal discharge of
the golden hamster, Mesocricetus auratus, contains abundant
levels of the lipocalin aphrodisin, which acts as a pheromone
(possibly in concert with a bound ligand) to stimulate copula-
tory behaviour by males [8,57,58,60,65]. Aphrodisin is a
female-specific lipocalin in vaginal secretions, whereas glareo-
sin is a male-specific protein restricted to the breeding season.
While none of these species invoke the same polymorphic vari-
ation as MUPs as the Muridae, it is probable that clear functions
in intraspecific communication will be found. Interestingly,
Bathyerginae (Fukomys, naked mole rat) also seem to express
urinary proteins that are more aphrodisin-like [66]. It is possible
that MUP-like sequences have evolved different roles to aphro-
disin/OBP-like proteins, and that in muroid rodents, a high
level of polymorphism may be a unique feature. Whereas
MUPs are readily identified and classified within the lipocalin
family, there is a need for clearer understanding of the
aphrodisin-like proteins. OBPs are expressed in nasal tissue in
awide range of species [67-72] and may facilitate the transport
of low-molecular-weight signalling molecules across the

mucosal membrane. However, OBPs are now being increas-
ingly reported in the urine of rodents, and it is likely that they
are also involved in the generation as well as the reception of
chemosignals. Further study of the role of lipocalins in chemical
communication seems likely to reveal a breadth of mechanisms
whereby information is conveyed between conspecifics.

Ethics. All procedures involved in this study were non-invasive.
Animal trapping, use and care were in accordance with EU directive
2010/63/EU, UK Home Office code of practice for the housing and
care of animals bred, supplied or used for scientific purposes, and
UK research funder’s guidelines on responsibility in the use of ani-
mals in bioscience research. The University of Liverpool Animal
Welfare Committee approved the work, but no specific licences
were required.

Data accessibility. Detailed methods are presented in the electronic
supplementary material. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE [32] partner repository with the dataset identifier
PXD006645 and 10.6019/PXD006645.

Authors” contributions. G.M.L., J.U., K.S.L., A.]., D.M.S. and M.].T. carried
out the experimental work and participated in data analysis. D.J.R.
conducted all molecular modelling. R.J.B. and J.L.H. conceived the
study, designed the study and coordinated the study. All authors
helped draft the manuscript and all authors gave final approval
for publication.

Competing interests. We declared that we have no competing interest.

Funding. This work was funded in part by BBSRC (BB/J002631/1 and
BB/M012557/1).

Acknowledgments. We are grateful to Dr Richard Humphries, Amanda
Davidson and the animal care staff at the Mammalian Behaviour
and Evolution Laboratory, and Dr Philip Brownridge at the Centre
for Proteome Research for excellent instrument care. J.U. is grateful
to the Biotechnology and Biological Sciences Research Council
(BBSRC) for provision of a PhD studentship.

Gel020 4 foig uadp  BioBugsiandiposielorost



Downloaded from https://royalsocietypublishing.org/ on 20 June 2024

References

Brown RE, Macdonald DW. 1985 Social odours in
mammals. Oxford, UK: Clarendon Press.

Gosling LM, Roberts SC. 2001 Scent-marking by
male mammals: cheat-proof signals to competitors
and mates. Adv. Study Behav. 30, 169-217.
(doi:10.1016/50065-3454(01)80007-3)

Hurst JL. 1993 The priming effects of urine substrate
marks on interactions between male house

mice, Mus musculus domesticus Schwarz &
Schwarz. Anim. Behav. 45, 55—61. (doi:10.1006/
anbe.1993.1007)

Hurst JL, Beynon RJ, Humphries RE, Malone N,
Nevison CM, Payne CE, Robertson DHL, Veggerby C.
2001 Information in scent signals of competitive
social status: the interface between behaviour and
chemistry. Chem. Signals Vertebr. 9, 43—52. (doi:10.
1007/978-1-4615-0671-3_6)

Petrulis A. 2013 Chemosignals, hormones and
mammalian reproduction. Horm. Behav. 68,
723-741. (d0i:10.1016/j.yhbeh.2013.03.011)

Hurst JL, Beynon RJ. 2013 Rodent urinary proteins:
genetic identity signals and pheromones. Chem.
Signals Vertebr. 12, 117-133. (d0i:10.1007/978-1-
4614-5927-9_9)

Lazar J, Greenwood DR, Rasmussen LE, Prestwich
GD. 2002 Molecular and functional characterization
of an odorant binding protein of the Asian
elephant, Elephas maximus: implications for the role
of lipocalins in mammalian olfaction. Biochemistry
41, 11786—11794. (doi:10.1021/hi0256734)
Singer AG, Macrides F, Clancy AN, Agosta WC. 1986
Purification and analysis of a proteinaceous
aphrodisiac pheromone from hamster vaginal
discharge. J. Biol. Chem. 261, 13 323-13 326.
Stopka P, Kuntovd B, Klempt P, Havrdovd L, Cemd
M, Stopkova R. 2016 On the saliva proteome of the
Eastern European house mouse (Mus musculus
musculus) focusing on sexual signalling and
immunity. Sci. Rep. 6, 32481. (doi:10.1038/
srep32481)

Beynon RJ, Veggerby C, Payne CE, Robertson DH,
Gaskell SJ, Humphries RE, Hurst JL. 2002
Polymorphism in major urinary proteins: molecular
heterogeneity in a wild mouse population.

J. Chem. Ecol. 28, 1429—1446. (d0i:10.1023/
A:1016252703836)

. Chamero P, Marton TF, Logan DW, Flanagan K, Cruz

JR, Saghatelian A, Cravatt BF, Stowers L. 2007
|dentification of protein pheromones that promote
aggressive behaviour. Nature 450, 899 —902.
(doi:10.1038/nature05997)

Cheetham SA, Thom MD, Jury F, Ollier WE, Beynon
RJ, Hurst JL. 2007 The genetic basis of individual-
recognition signals in the mouse. Curr. Biol. 17,
1771-1777. (doi:10.1016/j.cub.2007.10.007)
Garratt M, Stockley P, Armstrong SD, Beynon RJ,
Hurst JL. 2011 The scent of senescence: sexual
signalling and female preference in house mice.
J. Evol. Biol. 24, 2398—2409. (doi:10.1111/j.1420-
9101.2011.02367.x)

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Hurst JL, Payne CE, Nevison (M, Marie AD,
Humphries RE, Robertson DH, Cavaggioni A, Beynon
RJ. 2001 Individual recognition in mice mediated by
major urinary proteins. Nature 414, 631-634.
(doi:10.1038/414631a)

Lopes PC, Konig B. 2016 Choosing a healthy mate:
sexually attractive traits as reliable indicators of
current disease status in house mice. Anim.
Behav. 111, 119—-126. (doi:10.1016/j.anbehav.
2015.10.011)

Nelson AC, Cunningham (B, Ruff JS, Potts WK. 2015
Protein pheromone expression levels predict and
respond to the formation of social dominance
networks. J. Evol. Biol. 28, 1213-1224. (doi:10.
1111/jeb.12643)

Sheehan MJ, Lee V, Corbett-Detig R, Bi K, Beynon
RJ, Hurst JL, Nachman MW. 2016 Selection on
coding and regulatory variation maintains
individuality in major urinary protein scent marks in
wild mice. PLoS Genet. 12, €1005891. (doi:10.1371/
journal.pgen.1005891)

Stopka P, Janotova K, Heyrovsky D. 2007 The
advertisement role of major urinary proteins in
mice. Physiol. Behav. 91, 667 —670. (doi:10.1016/j.
physheh.2007.03.030)

Thom MD, Stockley P, Jury F, Ollier WE, Beynon RJ,
Hurst JL. 2008 The direct assessment of genetic
heterozygosity through scent in the mouse. Curr.
Biol. 18, 619-623. (doi:10.1016/j.cub.2008.03.056)
Beynon RJ, Hurst JL. 2004 Urinary proteins and the
modulation of chemical scents in mice and rats.
Peptides 25, 1553—1563. (doi:10.1016/j.peptides.
2003.12.025)

Hurst JL, Robertson DHL, Tolladay U, Beynon RJ.
1998 Proteins in urine scent marks of male house
mice extend the longevity of olfactory signals.
Anim. Behav. 55, 1289—1297. (doi:10.1006/anbe.
1997.0650)

Gomez-Baena G, Armstrong SD, Phelan MM, Hurst
JL, Beynon RJ. 2014 The major urinary protein
system in the rat. Biochem. Soc. Trans. 42,
886—892. (doi:10.1042/BST20140083)

Vandoren G, Mertens B, Heyns W, Van Baelen H,
Rombauts W, Verhoeven G. 1983 Different forms of
alpha 2u-globulin in male and female rat urine.
Eur. J. Biochem. 134, 175—-181. (doi:10.1111/j.
1432-1033.1983.th07548.x)

Kruczek M, Marchlewska-Koj A. 1985 Androgen-
dependent proteins in the urine of bank voles
(Clethrionomys  glareolus). J. Reprod. Fertil. 75,
189—-192. (doi:10.1530/jrf.0.0750189)

Bujalska G. 1990 Social system of the bank vole,
(lethrionomys glareolus. In Social systems and
population cycles in voles (eds RHD Tamarin, RS
Ostfield, SR Pugh, G Bujalska), pp. 155—167. Berlin,
Germany: Springer.

Mazurkiewicz M. 1981 Spatial organization of a
bank vole population in years of small or large
numbers. Acta Theriol. 26, 31—45. (doi:10.4098/AT.
arch.81-3)

2].

28.

29.

30.

3N

32.

33

34.

35.

36.

37.

38.

39.

40.

Christiansen E. 1980 Urinary marking in wild bank
voles, Clethrionomys glareolus in relation to season
and sexual status. Behav. Neural Biol. 28, 123—127.
(doi:10.1016/50163-1047(80)93258-6)

Johnson RP. 1975 Scent marking with urine in two
races of the bank vole (Clethrionomys glareolus).
Behaviour 55, 81-93. (doi:10.1163/
156853975X00425)

Verplancke G, LeBoulenge E. 2011 Differential
marking, investigation and motor activity in
presence of conspecific odours differing on their
population of origin in bank voles. Environ. Sci. 1,
57-69.

Kruczek M. 1997 Male rank and female choice in
the bank vole, Clethrionomys glareolus. Behav.
Processes 40, 171—-176. (doi:10.1016/50376-
6357(97)00785-7)

Stopkovd R, Zdrdhal Z, Ryba S, Sedo 0, Sandera M,
Stopka P. 2010 Novel OBP genes similar to hamster
Aphrodisin in the bank vole, Myodes glareolus. BMC
Genomics 11, 45. (doi:10.1186/1471-2164-11-45)
Vizcaino JA et al. 2016 2016 update of the PRIDE
database and its related tools. Nucleic Acids Res. 44,
11033. (doi:10.1093/nar/gkw880)

Altschul SF, Madden TL, Schdffer AA, Zhang J,
Zhang Z, Miller W, Lipman DJ. 1997 Gapped BLAST
and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25,
3389-3402. (doi:10.1093/nar/25.17.3389)
Petersen TN, Brunak S, von Heijne G, Nielsen H.
2011 SignalP 4.0: discriminating signal peptides
from transmembrane regions. Nat. Methods 8,
785—786. (doi:10.1038/nmeth.1701)

Katoh K, Standley DM. 2013 MAFFT multiple
sequence alignment software version 7:
improvements in performance and usability.

Mol. Biol. Evol. 30, 772—780. (doi:10.1093/
molbev/mst010)

Waterhouse AM, Procter JB, Martin DM, Clamp M,
Barton GJ. 2009 Jalview Version 2—a multiple
sequence alignment editor and analysis workbench.
Bioinformatics 25, 1189—1191. (doi:10.1093/
bioinformatics/btp033)

Jones DT, Taylor WR, Thornton JM. 1992 The rapid
generation of mutation data matrices from protein
sequences. Comput. Appl. Biosci. 8, 275-282.
(doi:10.1093/bioinformatics/8.3.275)

Felsenstein J. 1985 Confidence limits on
phylogenies: an approach using the bootstrap.
Evolution 39, 783—791. (doi:10.1111/}.1558-5646.
1985.th00420.x)

Kumar S, Stecher G, Tamura K. 2016 MEGA7:
molecular evolutionary genetics analysis version 7.0
for bigger datasets. Mol. Biol. Evol. 33, 1870—1874.
(doi:10.1093/molbev/msw054)

Song Y, DiMaio F, Wang RY, Kim D, Miles C,
Brunette T, Thompson J, Baker D. 2013 High-
resolution comparative modeling with RosettaCM.
Structure 21, 1735—1742. (doi:10.1016/j.5tr.2013.
08.005)

GELOLL L Joig uadp  baorbuiysigndfranos|edosrqosi E



Downloaded from https://royalsocietypublishing.org/ on 20 June 2024

41.

42.

43.

4,

45.

46.

47.

48.

49.

50.

51.

Soding J, Biegert A, Lupas AN. 2005 The HHpred
interactive server for protein homology detection
and structure prediction. Nucleic Acids Res. 33,
W244 - W248. (doi:10.1093/nar/gki408)

Sippl MJ. 1993 Recognition of errors in three-
dimensional structures of proteins. Proteins 17,
355-362. (doi:10.1002/prot.340170404)

Shen MY, Sali A. 2006 Statistical potential for
assessment and prediction of protein structures.
Protein Sci. 15, 2507 —2524. (d0i:10.1110/ps.
062416606)

Benkert P, Kiinzli M, Schwede T. 2009 QMEAN server
for protein model quality estimation. Nucleic Acids
Res. 37, W510—W514. (doi:10.1093/nar/gkp322)
Laskowski RA, MacArthur MW, Moss DS, Thornton
JM. 1993 PROCHECK: a program to check the
stereochemical quality of protein structures. J. Appl.
(ryst. 26, 283—291. (doi:10.1107/
50021889892009944)

Krissinel E. 2012 Enhanced fold recognition using
efficient short fragment clustering. J. Mol. Biochem.
1, 76-85.

Kawabata T. 2010 Detection of multiscale pockets
on protein surfaces using mathematical
morphology. Proteins 78, 1195—1211. (doi:10.
1002/prot.22639)

Laskowski RA, Watson JD, Thornton JM. 2005
ProFunc: a server for predicting protein function
from 3D structure. Nucleic Acids Res. 33,
W89—W93. (doi:10.1093/nar/gki414)

Evershed RP, Robertson DH, Beynon RJ, Green BN.
1993 Application of electrospray ionization mass
spectrometry with maximum-entropy analysis to
allelic “fingerprinting’ of major urinary proteins.
Rapid Commun. Mass Spectrom. 7, 882 —886.
(doi:10.1002/rcm.1290071005)

Robertson DH, Cox KA, Gaskell SJ, Evershed RP,
Beynon RJ. 1996 Molecular heterogeneity in the
major urinary proteins of the house mouse Mus
musculus. Biochem. J. 316, 265—272. (doi:10.1042/
bj3160265)

Mudge JM, Armstrong SD, McLaren K, Beynon RJ,
Hurst JL, Nicholson C, Robertson DH, Wilming LG,
Harrow JL. 2008 Dynamic instability of the major
urinary protein gene family revealed by genomic
and phenotypic comparisons between (57 and 129
strain mice. Genome Biol. 9, R91. (doi:10.1186/gb-
2008-9-5-r91)

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Beynon RJ et al. 2015 Mass spectrometry for
structural analysis and quantification of the major
urinary proteins of the house mouse. /nt. J. Mass
Spectrom. 391, 146—156. (doi:10.1016/j.ijms.2015.
07.026)

Robertson DH, Hurst JL, Bolgar MS, Gaskell SJ,
Beynon RJ. 1997 Molecular heterogeneity

of urinary proteins in wild house mouse
populations. Rapid Commun. Mass Spectrom.

11, 786—790. (doi:10.1002/(SICI)1097-0231
(19970422)11:7 <<786::AID-RCM876 >3.0.

0,2-8)

Hurst JL, Beynon RJ, Armstrong SD, Davidson AJ,
Roberts SA, Gémez-Baena G, Smadja (M, Ganem G.
2017 Molecular heterogeneity in major urinary
proteins of Mus musculus subspecies: potential
candidates involved in speciation. Sci. Rep. 7, 44992.
(doi:10.1038/srep44992)

Altschul SF, Gish W, Miller W, Myers EW, Lipman D).
1990 Basic local alignment search tool. J. Mol. Biol.
215, 403-410. (doi:10.1016/50022-2836(05)
80360-2)

Flower DR, North AC, Sansom CE. 2000 The lipocalin
protein family: structural and sequence overview.
Biochim. Biophys. Acta 1482, 9-24. (doi:10.1016/
S0167-4838(00)00148-5)

Vincent F, Lobel D, Brown K, Spinelli S, Grote P,
Breer H, Cambillau C, Tegoni M. 2001 Crystal
structure of aphrodisin, a sex pheromone from
female hamster. J. Mol. Biol. 305, 459—469.
(doi:10.1006/jmbi.2000.4241)

Henzel WJ, Rodriguez H, Singer AG, Stults JT,
Macrides F, Agosta WC, Niall H. 1988 The

primary structure of aphrodisin. J. Biol. Chem. 263,
16 68216 687.

Mégert HJ, Cieslak A, Alkan O, Liischer B, Kauffels
W, Forssmann WG. 1999 The golden hamster
aphrodisin gene. Structure, expression in parotid
glands of female animals, and comparison with a
similar murine gene. J. Biol. Chem. 274, 444—450.
(doi:10.1074/jbc.274.1.444)

Briand L, Huet J, Perez V, Lenoir G, Nespoulous C,
Boucher Y, Trotier D, Pernollet JC. 2000 Odorant and
pheromone binding by aphrodisin, a hamster
aphrodisiac protein. FEBS Lett. 476, 179—185.
(doi:10.1016/50014-5793(00)01719-1)

Kidd BA, Baker D, Thomas WE. 2009 Computation of
conformational coupling in allosteric proteins. PLoS

62.

63.

64.

65.

66.

67.

68.

69.

70.

.

72.

Comput. Biol. 5, €1000484. (doi:10.1371/journal.
pchi. 1000484)

Desjardins C, Maruniak JA, Bronson FH. 1973 Sodial rank
in house mice: differentiation revealed by ultraviolet
visualization of urinary marking pattems. Science 182,
939—941. (doi:10.1126/science.182.4115.939)

Hurst JL, Beynon RJ. 2004 Scent wars: the
chemobiology of competitive signalling in mice.
Bioessays 26, 1288—1298. (d0i:10.1002/bies.20147)
Turton MJ, Robertson DH, Smith JR, Hurst JL,
Beynon RJ. 2010 Roborovskin, a lipocalin in the
urine of the Roborovski hamster, Phodopus
roborovskii. Chem. Senses 35, 675—684. (doi:10.
1093/chemse/bjq060)

Briand L, Trotier D, Pernollet JC. 2004 Aphrodisin,
an aphrodisiac lipocalin secreted in hamster vaginal
secretions. Peptides 25, 1545—1552. (doi:10.1016/j.
peptides.2003.10.026)

Hagemeyer P, Begall S, Janotova K, Todrank J, Heth
G, Jedelsky PL, Burda H, Stopka P. 2011 Searching
for major urinary proteins (MUPs) as chemosignals
in urine of subterranean rodents. J. Chem. Ecol. 37,
687 —694. (doi:10.1007/510886-011-9971-y)

Briand L, Nespoulous C, Perez V, Rémy JJ, Huet JC,
Pernollet JC. 2000 Ligand-binding properties and
structural characterization of a novel rat odorant-
binding protein variant. Eur. J. Biochem. 267,
3079-3089. (doi:10.1046/j.1432-1033.2000.01340.x)
Garibotti M, Navarrini A, Pisanelli AM, Pelosi P. 1997
Three odorant-binding proteins from rabbit nasal
mucosa. Chem. Senses 22, 383—390. (doi:10.1093/
chemse/22.4.383)

Heydel JM et al. 2013 Odorant-binding proteins and
xenobiotic metabolizing enzymes: implications in
olfactory perireceptor events. Anat. Rec.296,
1333-1345. (doi:10.1002/ar.22735)

Lobel D, Strotmann J, Jacob M, Breer H. 2001
Identification of a third rat odorant-binding protein
(OBP3). Chem. Senses 26, 673—680. (doi:10.1093/
chemse/26.6.673)

Pes D, Pelosi P. 1995 Odorant-binding proteins of the
mouse. Comp. Biochem. Physiol. B Biochem. Mol. Biol.
112, 471—-479. (d0i:10.1016/0305-0491(95)00063-1)
Tegoni M, Pelosi P, Vincent F, Spinelli S, Campanacci
V, Grolli S, Romoni R, Cambillau C. 2000
Mammalian odorant binding proteins. Biochim.
Biophys. Acta 1482, 229—-240. (d0i:10.1016/50167-
4838(00)00167-9)

GELOLL L Joig uadp  baorbuiysigndfranos|edosrqosi



	Glareosin: a novel sexually dimorphic urinary lipocalin in the bank vole, Myodes glareolus
	Background
	Material and methods
	Sampling
	In-gel proteolysis
	Edman degradation
	MALDI-ToF mass spectrometry
	In-solution proteolysis
	Electrospray ionization mass spectrometry
	Use of labelled dietary leucine to discriminate isoleucine from leucine
	Protein sequence analysis
	Phylogenetic analysis
	Homology modelling

	Results and discussion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgments
	References


