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In Drosophila melanogaster mating triggers profound changes in the behaviour and
reproductive physiology of the female. Many of these post-mating effects are elicited by
sex peptide (SP), a 36-mer pheromone made in the male accessory gland and passed
to the female in the seminal fluid. The peptide comprises several structurally and
functionally distinct domains, one of which consists of five 4-hydroxyprolines and
induces a female immune response. The SP gene predicts an isoleucine (lle 14 )
sandwiched between two of the hydroxyprolines of the mature secreted peptide, but
the identity of this residue was not established by peptide sequencing and amino acid
analysis, presumably because of modification of the side chain. Here we have used
matrix-assisted laser desorption ionisation mass spectrometry together with Fourier-
transform ion cyclotron resonance mass spectrometry to show that lle 14 is modified
by oxidation of the side chain - a very unusual post-translational modification. Mass
spectrometric analysis of glands from different geographical populations of male D.
melanogaster show that SP with six hydroxylated side chains is the most common
form of the peptide, but that a sub-strain of Canton-S flies held at Leeds only has two
or three hydroxylated prolines and an unmodified lle 14 . The D. melanogaster
genome has remarkably nineteen putative hydroxylase genes that are exclusively
expressed in the male accessory gland, suggesting that the gland is a powerhouse of
protein oxidation. Strain variation in the pattern of sex peptide hydroxylation might be
explained by differences in the expression of individual hydroxylase genes.
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e Drosophila sex peptide of the male accessory gland controls female reproduction

e The 36-mer sex peptide is modified by oxidation of amino acid side chains

e Sex peptide has five functionally important hydroxyprolines and a rare
hydroxyisoleucine

e Fully hydroxylated sex peptide is not found in all Drosophila strains

¢ A remarkable number of hydroxylase genes are expressed only in the male

accessory gland
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Abstract

In Drosophila melanogaster mating triggers profound changes in the behaviour and
reproductive physiology of the female. Many of these post-mating effects are elicited by
sex peptide (SP), a 36-mer pheromone made in the male accessory gland and passed to
the female in the seminal fluid. The peptide comprises several structurally and
functionally distinct domains, one of which consists of five 4-hydroxyprolines and
induces a female immune response. The SP gene predicts an isoleucine (Ile'*) sandwiched
between two of the hydroxyprolines of the mature secreted peptide, but the identity of this
residue was not established by peptide sequencing and amino acid analysis, presumably
because of modification of the side chain. Here we have used matrix-assisted laser
desorption ionisation mass spectrometry together with Fourier-transform ion cyclotron
resonance mass spectrometry to show that Ile'* is modified by oxidation of the side chain
- a very unusual post-translational modification. Mass spectrometric analysis of glands
from different geographical populations of male D. melanogaster show that SP with six
hydroxylated side chains is the most common form of the peptide, but that a sub-strain of
Canton-S flies held at Leeds only has two or three hydroxylated prolines and an
unmodified Ile!*. The D. melanogaster genome has remarkably nineteen putative
hydroxylase genes that are exclusively expressed in the male accessory gland, suggesting
that the gland is a powerhouse of protein oxidation. Strain variation in the pattern of sex
peptide hydroxylation might be explained by differences in the expression of individual

hydroxylase genes.

Keywords: Sex peptide, Drosophila melanogaster, prolyl hydroxylase, 2-oxoglutarate-

dependent oxygenase, 4-hydroxyproline, hydroxyisoleucine

Abbreviations: SP, sex peptide; Hyp and P°H, 4-hydroxyproline; JH, juvenile hormone;
MAG, male accessory gland; MALDI-TOF, matrix-assisted laser desorption ionisation
mass spectrometry; SPITC, 4-sulfophenyl isothiocyanate; FT-ICR-MS, Fourier-transform

ion cyclotron resonance mass spectrometry; CID, collision induced dissociation.
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Introduction

There is increasing recognition of the importance of non-sperm components of male
seminal fluid for reproductive success across animal taxa (McGraw et al. 2015; Robertson
2007; Simmons and Fitzpatrick 2012). In addition to its role in providing a supportive milieu
for sperm well-being during transfer to the female, seminal fluid can trigger physiological
and behavioural responses in the female and affects even the health of offspring (Bromfield et
al. 2014; Evans et al. 2019). The plasma is composed of a wide range of chemicals including
lipids, carbohydrates, nucleic acids, peptides and proteins, like enzymes, chaperones and
structural proteins, most of which are made by accessory glands of the male reproductive
tract (Chen 1984; Druart and de Graaf 2018; Fu-Jun and Xiao-Fang 2012; Gillott 2003;
Poiani 2006). Knowledge of the physiological roles of the individual components is
important for understanding how seminal plasma affects fertility. However, this task is
hampered not only by the complexity of the chemical mixture, but also the possibility that the
quality and quantity of the components might change depending on environment and social

experience (Perry et al. 2013; Wigby et al. 2009).

Proteomic, transcriptomic and genetic approaches using the model insect Drosophila
melanogaster have made important contributions to our understanding of the role and
evolutionary significance of individual protein constituents of the seminal fluid in mating
plug formation, sperm storage and utilisation, egg-laying and in changing female behaviour
(Avila et al. 2011; Chapman 2008; Chen 1996; Sirot 2019; Sirot et al. 2015; Wolfner 1997).
The best known and by far the most studied Drosophila seminal fluid component is Sex
Peptide (SP), a 36-mer peptide with the amino acid sequence Trp-Glu-Trp-Pro-Trp-Asn-Arg-
Lys-Hyp-Thr-Lys-Phe-Hyp-Ile-Hyp-Ser-Hyp-Asn-Hyp-Arg-Asp-Lys-Trp-Cys-Arg-Leu-Asn-
Leu-Gly-Pro-Ala-Trp-Gly-Gly-Arg-Cys (Hyp = 4-hydroxyproline) that on transfer to the
female reproductive tract inhibits sexual receptivity for up to one week while stimulating
female germline proliferation and egg-laying (Kubli 2003; Kubli and Bopp 2012). SP induces
a plethora of additional responses in the post-mated female, including stimulation of juvenile
hormone (JH) synthesis (Fan et al. 1999; Moshitzky et al. 1996), increased appetite and
altered food choice (Carvalho et al. 2006; Ribeiro and Dickson 2010; Vargas et al. 2010;
Walker et al. 2015), elevated rate of excretion (Apger-McGlaughon and Wolfner 2013), loss

of day-time sleep (Isaac et al. 2010), enhanced female aggression (Bath et al. 2017), release
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of stored sperm (Avila et al. 2010), modulation of the innate immune system (Peng et al.

2005b) and enhancement of long-term memory (Scheunemann et al. 2019).

Sex peptide exhibits three structural and functional domains: first an N-terminal Trp-
rich anchor region, second a central part rich in hydroxyprolines and third a C-terminal
domain with an intramolecular disulphide. The N-terminal anchor region mediates the
attachment of the peptide to the sperm tail allowing SP to be sequestered in the female sperm
storage organs. Continuous proteolysis of a trypsin-like cleavage site enables the release of
the remaining peptide from the sperm storage organs and therefore sustain female responses
over a period of several days (Liu and Kubli 2003; Peng et al. 2005a). The Trp-rich anchor is
also required to stimulate the biosynthesis of juvenile hormone by the female corpora allata
(Kubli 2003). The central region of SP, comprising five hydroxyprolines (Hyp), is
responsible for eliciting an early increase in levels of anti-microbial peptide transcripts in
post-mated females (Domanitskaya et al. 2007). The C-terminal domain (SP?!-%%), activates
the neuronal G protein-coupled receptor responsible for initiating many of the behavioural
post-mating female responses (Kim et al. 2010; Poels et al. 2010; Yapici et al. 2008).
Surprisingly the SP-receptor (SPR) is also activated by members of the myoinhibiting peptide
(MIP) family with relatively little sequence homology to SP (Kim et al., 2010; Poels et al.,
2010). Although the SP can only be found in male drosophilids, the SPR is found in both
sexes of representatives from different insect orders. Its non-sex role across insects is
presumably as an evolutionary ‘ancient” MIP receptor which has been opportunistically
recruited for a newer role in reproduction within the Drosophila genus. The signalling region
of SP assembles a peptide ring structure formed by the thiol groups of two cysteines
separated by 11 amino acids. The formation of the intramolecular disulphide is essential for

SP receptor binding (Kim et al., 2010; Poels et al., 2010).

The structure of the D. melanogaster SP was deduced from sequencing of proteolytic
fragments as well as cloning and sequencing of the SP cDNA using an Oregon-R laboratory
strain and a natural population collected in Dillikon, Switzerland (Chen et al. 1988). The
residue at position 14 however was not identified either by peptide sequencing or amino acid
analysis, but the cDNA sequence predicted isoleucine at this position leading to the
suggestion of a very unusual post-translational modification of its side chain, such as
hydroxylation. We provide, for the first time, mass spectrometric evidence that the isoleucine
of SP is indeed hydroxylated. We believe this is the first report of an oxidative post-

translational modification of isoleucine in an animal peptide or protein. A survey of male
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accessory glands (MAGs) from diverse geographical sources indicates that SP with 6
hydroxylated residues is the naturally common form of the peptide. We do however show
that the number of hydroxylated residues is reduced to two and three in a sub-strain of the

standard laboratory wild-type Canton-S stock.
2. Materials and methods

2.1. Insects

D. melanogaster flies were maintained on oatmeal/molasses/agar medium at 25°C in a
12:12 light-dark cycle. A sub-strain of Canton-S (aka CS-Leeds) fly strain, originally from
the Department of Biology, University of York, U.K., was maintained in Leeds for over 10
years. Canton-S (CS) was from Bloomington Drosophila Stock Center (BDSC 64349). Other
BDSC stocks were Athens, Greece (BDSC 3876), Samarkand, Uzbekistan (BDSC 4270),
Sengawa Wildlife Reserve (Zimbabwe; BDSC 60741), Bermuda (BDSC 3840), Bogota,
Columbia (BDSC 3843), Koriba Dam, South Africa (BDSC 3853), New Orleans, Louisiana,
USA (BDSC 3860) and Berlin-K (BDSC 8520). Oregon-R (OR) stocks were obtained from
the Department of Genetics, University of Cambridge (U.K.). A strain collected from
Dahomey (Benin) was provided by Professor T. Chapman (University of East Anglia, U.K.).
Males of SP null mutants were generated as described previously (Bath et al. 2017) from
stocks provided by using flies provided by Dr S. Wigby (Department of Zoology, University
of Oxford, Oxford, U.K.).

2.2.  Peptides

Synthetic SP with five 4-hydroxyproline (P°") residues
WEWPWNRKPOHTKFPOHIPOHSPOHNPOHRDK WCRLNLGPAWGGRC was a gift from
Professor Young-Joon Kim, Department of Life Science, Gwangju Institute of Science and

Technology, Gwangju 500-712, Republic of Korea.
2.3 Preparation of MAG samples for mass spectrometry

Pairs of MAGs were dissected in Dulbecco’s Phosphate Buffered Saline (Sigma-
Aldrich Company Ltd., Gillingham, U.K.) from 3-8-day-old unmated males and placed either
individually or in groups of 5 pairs into 10 pl extraction buffer (87% methanol, 5% glacial
acetic acid). Tissue collections were sonicated in a water bath and subsequently centrifuged
for 20 minutes at 12,000 rpm and 4°C. Supernatants were transferred into clean vials and

stored at -20°C until required for analysis.



139 2.4.  Purification of SP from MAGs

140 MAGs from 250 males (Dahomey strain) that had been separated from females for at
141 least 3 days were dissected, transferred in 200 ul extraction buffer and processed as described
142 above. The supernatant was evaporated in a vacuum concentrator and diluted 20-fold with 0.1
143 % trifluoroacetic acid (TFA) for high performance liquid chromatography using a Beckman
144  System gold chromatography system (Beckman Coulter U.K. Ltd). The diluted sample was
145  loaded onto a Jupiter Cig 10um 300A reversed-phase column (250 x 2.1 mm i.d.;

146  Phenomenex, Macclesfield, U.K.). The column was eluted with a linear gradient of 5-60 %
147  acetonitrile/0.1% TFA over 55 min at a flow rate of 200 ul/min, and elution monitored at 214
148  nm. Fractions of 200 ul were collected and analysed by MALDI-TOF mass spectrometry to
149  establish the elution of SP. The HPLC fraction containing SP was concentrated by centrifugal

150  evaporation to remove acetonitrile and TFA.

151  2.5.  Reduction, alkylation, tryptic digestion, SPITC derivatisation and purification of
152 peptides

153 Peptides were subjected to cystine reduction by dithiothreitol (Sigma-Aldrich

154  Company Ltd.) and alkylation by iodoacetic acid (Sigma-Aldrich Company Ltd.) followed by
155  enzymatic digestion using trypsin (Sequencing Grade Modified Trypsin, Promega U.K. Ltd.,
156  Southampton, U.K.) as described by (Sturm and Predel 2015). For de novo sequencing,

157  peptides were sulfonated using 4-sulfophenyl isothiocyanate (Sigma-Aldrich Company Ltd.)
158 as described by (Sturm et al. 2016). The N-terminal sulfonation facilitates sequencing due to

159  the generation of abundant fragments of y-ion series.
160
161  2.6.  Matrix-assisted laser desorption ionisation mass spectrometry (MALDI- TOF MS)

162 Mass spectra were acquired in positive linear or reflector mode using either a Voyager
163  DE STR matrix-assisted laser desorption ionisation mass spectrometer (Applied Biosystems,
164  Warrington, UK) or a Bruker Ultraflex mass spectrometer (Bruker Daltonic GmbH, Bremen,
165  Germany). Samples were mixed with equal volumes of either a-Cyano-4-hydroxycinnamic
166  acid (10 mg/ml in 70% acetonitrile, 0.1% TFA) or 2,5-Dihydroxybenzoic acid (10 mg/ml in
167  20% acetonitrile, 1% formic acid) on the MALDI sample plate and allowed to air-dry.

168  External calibration was conducted using a calibration mixture containing des-Arg-

169  bradykinin, angiotensinl, Glu-fibrinopeptide B, and neurotensin (Applied Biosystems) or
170  angiotensin I, angiotensin II, substance P, bombesin, ACTH clip''’, ACTH clip'®*** and
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somatostatin 28 (Bruker Daltonics). Masses are shown as average masses [M+H]* for

analyses performed in linear mode and monoisotopic masses for analyses in reflector mode.
2.6.  Fourier Transform lon Cyclotron Resonance mass spectrometry (FT-ICR-MS)

FT-ICR-MS was performed using a solariXR FT-MS (Bruker Daltonics) witha 9.4 T
superconducting magnet. Peptide solutions were diluted 1 to 20 into 50% aqueous acetonitrile
containing 1% (v/v) formic acid before introduction by TriVersa NanoMate (Advion
BioSciences, Ithaca, NY) in positive-ion mode. The applied voltage was adjusted between
1.4-1.7 kV to achieve a stable ion current. A 120°C nitrogen dry gas was supplied at 1.3
L/min to aid desolvation. Instrument control and data acquisition used Compass 1.4 (Bruker
Daltonics). Spectra were generated by the accumulation of 20 scans with 0.2 s ion cooling
time and 0.5 s scan time with 400K data points recorded. Peptide precursors were manually
selected for isolation and subsequent fragmentation by collision induced dissociation in the
hexapole (Q-CID) with argon as the collision gas. Collision energies were optimized for each
peptide. Spectra were processed using DataAnalysis version 4.0 (Bruker Daltonics). Mass
deconvolution was performed using version 2.0 of the SNAP averaging algorithm (C 4.9384
90, N 1.3577 %, O 1.4773 %, S 0.0417 %, H 7.7583 %). Measured fragment ions were

manually compared to theoretical b- and y-ions considering charge states between 1+ and 5+.
3. Results

3.1.  The molecular ion of biological SP indicates the presence of six hydroxylated amino

acid residues

In an initial experiment we investigated the seminal fluid peptides of D. melanogaster
using the Dahomey strain which has been used extensively to investigate the role of SP in
manipulating female reproductive biology and behaviour (Bath et al. 2017; Chapman et al.
2003; Fricke et al. ; Sepil et al. 2019). Mass spectra of MAG extracts of Dahomey flies
revealed a dominant ion signal at m/z 4442.7 ((M+H]", average mass) (Fig. 1A). In support of
the identification of this ion signal we subjected extracts of MAGs from males homozygous
for a null allele of the SP gene to mass analysis (Fig. 1B). As expected, an ion signal
corresponding to SP could not be detected above background noise of the spectrum. The
molecular ion present in the Dahomey MAG extract indicated the presence of six
hydroxylations/oxidations based on the molecular mass deduced from the SP sequence

predicted from cDNA. Five of the hydroxylations can be assigned based on previously
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identified Hyp residues leaving one uncertain hydroxylation site which has been proposed

previously to be at Ile'* (Chen et al. 1988; Kubli 2003).
3.2.  Mass spectrometry of tryptic fragments of SP

To gain further structural information, SP was extracted from Dahomey MAGs and
purified by reversed phase HPLC. Both the biological form and synthetic SP that included
five 4-hydroxyprolines were subjected to reduction of the disulphide bond followed by
alkylation and tryptic digestion. A comparison of the mass spectra of the tryptic digests
showed that the ion signal at m/z 1559.1 attributed to SP®?° of the synthetic SP (Fig. 2A) had
shifted to m/z 1574.8, showing that the additional sixteen mass units of the biological peptide
resided in this tryptic fragment (Fig. 2B). Of the thirteen amino acids in this fragment, only
Ile'* had previously resisted identification by peptide sequencing of the SP from wild-type
strains of D. melanogaster (Chen et al. 1988). Our interpretation of the MS data is that the
isoleucine side chain of the natural SP is oxidised in addition to the five hydroxyproline

residues of SP32°,

Corroboration of the hydroxylated nature of the isoleucine was sought using FT-ICR-
MS coupled with a nano-electrospray ionisation source, a technique enabling conclusions of
the elemental composition by its high resolution and precision. Analysis of the Dahomey SP
with carbamidomethylated cysteines yielded an abundant ion at m/z 912.0466 with the charge
state 5+. This measurement equates to a neutral mass of 4555.1967 Da, which is in
accordance with a theoretical mass of 4556.2040 Da assuming a protonated and alkylated
peptide with six hydroxylated residues of the proposed sequence
WEWPWNRKPCHTKFPOH[OHPOHGPOHNPOHRDK WC*RLNLGPAWGGRC* (*,
carbamidomethylated Cys). To confirm the internal sequence and positions of
oxidation/hydroxylation, the precursor ion was isolated and fragmented by collision induced
dissociation (CID) producing the multiple-charge product ion spectrum in Fig. 3. Detected
product ions were in accordance to predicted b- and y-type fragment ions and exhibited
extensive internal sequence coverage (Table S1). The fragmentation pattern facilitated
unambiguous assignment for all positions of oxidation/hydroxylation to individual amino
acids, with the singular exception of oxidation at Pro'’. Crucially, localisation of
hydroxylation at Ile'* was possible through individual ion transitions of y22 and y»3, residing

in a continuous string of y-ion observations from y»o to y2s.
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3.3.  SP with 6 hydroxylated amino acids is a common structural form in different D.
melanogaster populations, but SP from a Canton-S sub-strain (CS-Leeds) has only either two

or three oxidised side chains.

MALDI-TOF MS analysis of SP extracted from MAGs of eight D. melanogaster populations
from different geographical regions (see Materials and methods for details) and from standard
laboratory wild-type colonies (Oregon-R and Canton-S) revealed dominant ion signals
corresponding to SP with six hydroxylations as found in Dahomey males. The exception was
the MAG spectrum from a Canton-S sub-strain (CS-Leeds) that had two prominent molecular
ions at m/z 4378.6 and m/z 4394.5 that could be assigned to SP possessing only two and three
hydroxylations. An ion signal corresponding to SP with six hydroxylations was absent from
these spectra (Fig. 4). This pattern was invariable in spectra of MAG extracts from CS-Leeds
flies taken at various times over a 7-year period. To identify which amino acid positions are
unmodified in the CS-Leeds SP, we analysed tryptic peptides which were N-terminally
sulfonated to facilitate sequencing. Fragment spectra obtained from SP'?? revealed that CS-
Leeds SP is lacking hydroxylation at Pro'?, Ile'* and Pro'® (Fig. 5). The fragments SP'”7 and
SP?%3% did not contain any hydroxylations, as expected. In this experiment we could not
determine the indicated third partial hydroxylation site since we could not detect ion signals

corresponding to a single hydroxylated fragment SP®!! or a triple hydroxylated SP'?-%,

4. Discussion

In the seminal paper of Chen et al. reporting the isolation and structural characterisation of D.
melanogaster SP, the cDNA sequence predicted the presence of isoleucine at position 14, but
the identity could not be confirmed by peptide sequencing and amino acid analysis,
suggesting that this residue is subject to post-translational modification (Chen et al. 1988).
The authors suggested that the isoleucine side chain might be hydroxylated as are the proline
residues either side of the isoleucine. We have now used mass spectrometry to confirm that
Ile' of SP is indeed hydroxylated, which brings the total number of amino acids that have
been post-translationally modified by oxidation to six. Our mass spectrometric screening of
MAGs from various locations indicates that the hydroxylation of all six sites is complete in
all but one investigated population. This suggests that the six-fold hydroxylated SP is the
most common structural form. In the CS-Leeds strain, however, mass spectra revealed

molecular ions corresponding to SP variants with a lower number of hydroxylation sites
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indicating the presence of only two and three hydroxyprolyl residues and the absence of an

hydroxyisoleucine.

What might be the structural and functional significance of the SP hydroxyisoleucine?
Structurally, the presence of the hydroxyl is expected to have profound implications due to
the introduction of a strongly electronegative oxygen atom, which can serve as a hydrogen
bond donor and acceptor, to the isoleucine hydrophobic side chain. The functional
significance of the unusual hydroxyisoleucine and our reporting of a strain difference in the
pattern of SP side chain oxidation is open to speculation. Two studies have shown that the
introduction of an N-glycosylation site or green fluorescent protein into the hydroxyproline
motif of SP inhibits the transient induction of anti-microbial peptides, indicating that this
middle region is responsible for a post-mating innate immune response in the female genital
tract (Domanitskaya et al. 2007; Tsuda et al. 2015). These observations have led to
speculation that the hydroxyl groups of the proline side chains in this region might mimic the
structure of bacterial cell wall peptidoglycans that elicit anti-microbial peptide synthesis in D.
melanogaster (Domanitskaya et al. 2007). At present we do not know whether CS-Leeds
males with a reduced number of hydroxyproline residues and a non-oxidised isoleucine can
also induce anti-microbial peptide expression in post-mated females. The fact that many of
the female post-mating responses can be attributed to the C-terminal domain that includes a
pair of tryptophan residues separated by eight amino acids, strongly suggests that any
variation in the number of hydroxylated amino acid side chains outside of this region is
unlikely to have a significant impact on SP receptor activation, however, we cannot dismiss
possible effects on the way that the SP molecule interacts with other proteins, such as the
protein network required for SP binding to sperm (Singh et al. 2018) and the protease
required for subsequent SP release from the tryptophan-rich anchor (SP') (Peng et al.

2005a).

The oxygenases responsible for protein hydroxylation mainly belong to the Fe** and
2-oxoglutarate-dependent family that couple the oxidative decarboxylation of 2-oxoglutarate
(20G) to the hydroxylation of a peptide co-substrate (Hausinger 2004; Loenarz and Schofield
2011; Markolovic et al. 2015). The hydroxylation of amino acid (proline, aspartic acid,
asparagine and lysine) side chains of proteins by 20G-oxygenases is not uncommon, but the
hydroxylation of isoleucine of proteins and peptides is extremely rare. It has been shown,
however, that the factor inhibiting hypoxia-inducible factor (FIH), a mammalian 20G-

oxygenase responsible for the hydroxylation of an asparagine in the transcriptional activation
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domain of hypoxia-inducible factor (HIF-1a) and an aspartic acid in a human ankyrin, can
hydroxylate peptidyl-isoleucine in a 20-mer ankyrin peptide substrate under standard in vitro
reaction conditions, albeit at a reduced rate compared to aspartic acid (Yang et al. 2013).
Furthermore 4-hydroxyisoleucine is found in some of the fungal Amanita cyclic peptide
toxins (Walton 2018) and has been isolated as a nonproteogenic amino acid with glucose-
dependent insulinotropic activity from seeds of the legume Trigonella foenum-graecum

(Zafar and Gao 2016).

The D. melanogaster genome contains 29 genes coding for putative proline-
hydroxylases (Flybase annotation; Marygold et al. 2016) and of these 19 are exclusively
expressed in the adult MAG (FlyAtlas2; Leader et al. 2018). These enzymes might have
different substrate specificities defined by the positional context of the amino acid in the
peptide. With the exception of CS-Leeds, we could not confirm any mass shifts of multiples
of 16 Da corresponding to SP. This indicates, that in general the modification of the target
sites (Pro’, Pro'?, Ile'*, Pro'3, Pro'’, Pro'?) is complete and that the hydroxylation of Pro* and
Pro’ is undetectable because of limited substrate specificity of the MAG oxidases. We
speculate that the absence of some hydroxylated residues in CS-Leeds SP compared to the SP
from other strains reflects the deficiency of one or more substrate-specific enzymes rather

than a general across-the-board reduction of hydroxylase activity.

Typically, the oxygenases responsible for protein hydroxylation require Fe** for
activity and 20G and O as obligatory co-substrates and are strongly inhibited by succinate
and fumarate (Islam et al. 2018). The catalytic mechanism is highly conserved and involves
the oxidative decarboxylation of 20G to succinate and the formation of a high valent ferryl
intermediate, which oxidises the protein substrate (Salminen et al. 2015). It follows that post-
translational modification pathways involving these enzymes have the potential to be
regulated by the availability of Oz and 20G, as well as other tricarboxylic acid cycle
intermediates, and Fe?* redox status of the MAG, resulting in changes to the composition and
structure of MAG products (Salminen et al. 2015). Such systems might serve as
environmental sensors and potential mechanisms for the male to respond to changes in
nutritional status and levels of oxidative stress by altering the structure and, possibly, the

physiological activity of seminal fluid proteins and peptides.
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Figure 1. MALDI-TOF mass spectra in linear mode of single male accessory glands by direct
tissue analysis. A. The spectrum from Dahomey males gave a prominent molecular ion at m/z

4442.7, corresponding to a fully hydroxylated SP. B. The ion at m/z 4442.7, was absent in the

A W NN e

spectrum from glands of SP null males (arrow). Note that the intensity is scaled to the most
abundant ion signal in the displayed mass range resulting in an apparently elevated

6  background due to the lack of abundant SP.

7  Figure 2. Comparison of a synthetic and the biological SP after reduction, alkylation and
8 tryptic digestion. Tryptic fragments differing between synthetic and biological SP are
9  highlighted in red and underlined. A. Structure of the synthetic SP with five 4-
10  hydroxyprolines and tryptic cleavage sites marked by vertical arrows. MALDI-TOF mass
11  spectra in reflector mode of tryptic peptides from: B. Synthetic SP and C. biological SP
12 extracted from Dahomey MAGs. The mass difference of ~16 Da indicates the presence of an

13 additional hydroxylation site of biological SP in fragment SP*%°,

14 Figure 3. FT-ICR-MS analysis of the Dahomey SP subjected to Cys alkylation. Product ion
15  spectrum resulting from CID fragmentation of isolated 5+ precursor at m/z 912.0466 assigned
16  to the peptidle WEWPWNRKPOHTKFPOH[OHPOHSPOHNPOHR DK WC*RLNLGPAWGGRC*.
17 *, alkylated Cys. A selection of diagnostic fragments is labelled in the spectrum and the

18  sequence coverage by all observed b- and y-type fragment ions is given in the schematic

19  representation in the inset. Charge states up to +5 were considered for matching. For further

20  details see Supplementary Table 1.

21 Figure 4. MALDI-TOF mass spectra in linear mode of extracted male accessory glands from
22 D. melanogaster of Dahomey strain (A) and CS-Leeds strain (B). The latter spectrum is

23 notable for the absence of SP with six hydroxylations (m/z 4442.5; 6x°") but the presence of
24 two prominent ion signals at m/z 4378.6 and 4394.5 indicating the occurrence of SP with two

25  and three hydroxylations respectively.

26
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Figure 5. MALDI-TOF MS fragment spectrum in reflector mode of the precursor ion at m/z
1271.4 representing the tryptic peptide SP'>? from in the CS-Leeds strain. Peptide fragments
were obtained from an alkylated, trypsin digested and SPITC derivatized extract of the male
accessory glands. SPITC derivatization results in a mass shift of +215 Da and enhances the y-
ion series during fragmentation. Note that in contrast to SP from Dahomey flies, Pro'3, Tle!*

and Pro' are not hydroxylated. Hyp, Hydroxyproline.

Supplementary Table 1. Table of theoretical b- (blue) and y-ions (red) for the peptide
WEWPWNRKPHTKFPOH[PHPOHSPOHNPOHRDK WC*RLNLGPAWGGRC*. Product ions
obtained from the fragmentation of 5+ precursor at m/z 912.0466 are highlighted (yellow). *,
alkylated Cys.
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