bioRxiv preprint doi: https://doi.org/10.1101/101949; this version posted January 22, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Proteogenomics of adenosine-to-inosine RNA editing in fruit fly

Ksenia G. Kuznetsova®, Irina Y. llina’, Alexey L. Chernobrovkin?, Svetlana E. Novikova',
Tatyana E. Farafonova', Dmitry S. Karpov®, Mark V. lvanov*®, Olga E. Voronko', Ekaterina V.
llgisonis’, Anna A. Kliuchnikova', Victor G. Zgoda V*, Roman A. Zubarev?, Mikhail V.

Gorshkov*®, Sergei A. Moshkovskii*®”
! Institute of Biomedical Chemistry, Moscow, Russia
K arolinska Institutet, Stockholm, Sweden

*Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow,

Russia

*Institute of Energy Problems of Chemical Physics, Russian Academy of Sciences,

Moscow, Russia

>Moscow Institute of Physics and Technology (State University), Dolgoprudny, Moscow

Region, Russa
®Pirogov Russian National Research Medical University (RNRMU), Moscow, Russia.

* Corresponding authors: smosh@mail.ru; kuznetsova.ks@gmail.com

Running title: Proteogenomics of A-to-1 RNA editing in fruit fly


https://doi.org/10.1101/101949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/101949; this version posted January 22, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Summary

Adenosine-to-inosine RNA editing is one of the most common types of RNA editing, a
posttranscriptional modification made by special enzymes. We present a proteomic study on this
phenomenon for Drosophila melanogaster. Tree deep proteome data sets for Canton-Sfruit fly line
were used in the study: two taken from public repository and the third one obtained here for the
isolated brains. A customized protein sequence database was generated using results of genome-
wide adenosine-to-inosine RNA studies in fruit fly and applied for identifying the edited
proteins. The total number of 56 edited proteins was found in all data sets, 7 of them being
shared between the whole insect, head and brain proteomes. Two edited sites in syntaxin 1A
(Syxla) and complexin (cpx) belonging to a presynaptic vesicle fusion complex were selected for
validation by targeted analysis. The results obtained for two selected peptides using Multiple
Reaction Monitoring have shown remarkably constant ratios of unedited-to-edited protein
variants in flies raised under different ambient temperatures of 10, 20 and 30°C. Specificaly,
these ratios were 34.5:1 and 2.1:1 for Syxla and cpx, respectively. The work demonstrates the
feasibility to identify the RNA editing event at the proteome level using shotgun proteomics and

customized edited protein database.


https://doi.org/10.1101/101949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/101949; this version posted January 22, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Abbreviations

BCA — bicinchoninic acid

TEABC - triethylammonium bicarbonate

IAM —iodoacetamide

rpm — rounds per minute

HCD — higher-energy collisional dissociation

VAI —Variant Annotation Integrator

RADAR - rigorously annotated database of A-to-1 RNA editing

ADAR — adenosine deaminase, RNA specific.

FDR —false discovery rate

PSM — peptide spectrum match

Fmoc - 9-fluorenyl methyloxy carbonyl

OtBu - tert-butyl

DMF — dimethylformamide

HCTU - O-(1H-6-Chloro-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium

hexafluorophosphate

TMP - 2,4,6-Trimethylpyridine

TIS— Triisopropylsilane
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QqQ —triple quadruplole

CV —coefficient of variance

SNP — single nucleotide polymorphism

SNARE — SNAP (Soluble NSF Attachment Protein) REceptor

GO — gene onthology

MRM — multiple reaction monitoring

CE —collision energy
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I ntroduction

RNA editing is atype of posttranscriptional modification made by specific enzymes. Being
first described to happen in mitochondrial RNASs of kinetoplastid protozoa (1), it was then
observed for various organisms and different kinds of RNA (2). RNA editing includes nucleoctide
insertion or deletion, aswell as deamination of cytosine and adenosine bases. Cytosine gets
transformed into uridine by cytidine deaminase (CDA) (3), and adenosine is converted to inosine
by adenosine deaminases acting on RNA (ADARS) (4, 5). While the former is described mostly
for plant cells (6, 7), although it occurs also during apolipoprotein B synthesis (3), the latter is

common for neural and glandular tissues of many invertebrate and vertebrate species (8).

Messenger RNA editing is the most interesting kind of RNA editing for proteomics asit
may affect the structure of proteins. At the same time, specifically adenosine to inosine (A-to-1)
editing provides the interest to neurobiology, because, reportedly, this type of modificationis
believed to have a function of rapid fine neuron tuning(9).Protein products of RNA editing can
exist in organisms in both variants. The ratio of these variants may possess a functional

significance (10, 11).

To date, the phenomenon of RNA editing was studied mostlyat the transcriptome level that
included a number of works on Drosophila melanogaster (12). Y et, the workflows for
identification and characterization of the RNA editing products have not been developed. The
only study on the RNA editing at the proteome level was focused characterization of all types of

proteoforms for the rat liver (13). However, liver is not reported as a tissue of functional A-to-I
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RNA editing (14), and twenty events of RNA editing identified for rat proteome were simply

listed without further discussion (13).

With the introduction of proteogenomic approach as use of customized nucleic acid
databases for specific samples (15), the workflow for proteomic investigation of the products of
RNA editing became pretty clear. First, a customized proteomic database is made, based on
known ‘editome’ of the organism under study (16). As the editome includes extra variants of the
edited mRNA sequences, this database contains both unedited and edited peptide variants. Then,
the shotgun proteomic spectra are searched against this database. Finally, information about the
edited peptides is extracted from the search results and optionally validated to exclude false

discoveries (17).

Generally speaking, the term ‘ proteogenomics’ is not accurate of suing the transcript
sequence databases for the peptide search. However, in the field, use of customized

transcriptomes for cancer variant identification was considered in scope of thisterm (18).

A-to-I RNA editing at the transcriptome level has been studied comprehensively for D.
melanogaster by Hoopengardner et al. using comparative genomic approaches (19). In the other
study by Rodriguez et al., the author used nascent RNA sequencing (20). Comparing wild type
and the adar mutant flies they have shown the critical role the ADAR is playing in RNA editing.
A method of cDNA to genomic DNA comparison was used to find RNA editing sites by

Stapleton et a. (21).

Recently, a genome-wide analysis of A-to-1 RNA editing sites was performed, and an
editome of Drosophila was thoroughly characterized (22). The analysis revealed 3581 high-

confidence editing sites in the whole body of afruit fly. The authors used a single-molecule
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sequencing method with the introduction of the so-called ‘three-letter’ alignment procedure to
avoid misreading of the A-to-G substitution sites for wild type and adar-deficient flies. This
allowed increasing the accuracy of the database containing the A-to-I RNA editing sites and
provided the most complete editome of D. melanogaster. This editome was further used for
generating the customized protein database in thiswork. The summary of the results of previous
efforts to study the D. melanogaster editome and the evolutional analysis of the function of A-to-

| editing in seven Drosophila species was also provided last year by Yu et a. (23).

It also has been shown that A-to-1 editing happens as a response to environmental changes
such as temperature (12), which makes great sense in terms of the purpose of editing versus
genomic recoding evolutionally. The authors have described 54 A-to-1 editing sites, some of
which are demonstrating significant differences in edited-to-unedited transcript ratiosin the flies

raised at 10, 20, and 30°C. Thelist of sites consists of various genesincluding adar itself.

From previous works with successful use of customized databases to identify protein-
coding genome variants (24), we deduced that ssimilar customized databases may be designed
protein coding RNA editome. In this proof-of-principle study, we used afruit fly with well
characterized A-to-1 RNA editing (22). The main purpose of the study was identifying the RNA
editing events in the proteome followed by validation of selected edited peptides by targeted
mass spectrometry. To our knowledge, thisisafirst attempt to characterize RNA editing in
Drosophila at the proteome level. Tandem mass spectrometry data were taken from recent
shotgun proteomics studies (25, 26) available at ProteomeXchange

(http://www.proteomexchange.org/) (27). These results contain data for proteome of

Drosophila’s whole bodies (25) and whole heads (26). The other data set for Drosophila’ s brain

proteome was obtained here using high-resolution mass spectrometry.
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Experimental Procedures

Experimental design and statistical rationale

The shotgun proteomic analysis was performed using 1 sample consisted of 200 isolated
fruit fly brains combined. The number of technical replicates in the shotgun experiment was 3.
For the targeted proteomic experiment 4 samples had been prepared. The first one was used for
preliminary MRM experiment and had been derived from flies of different age. The other 3
consisted of 80 brains each and had been made of flies raised in 10, 20 and 30°C. During the
MRM experiment 5 technical replicates have been done. The details of each experiment are
provided below. One sample consisting of 100 brains was used for the genomic sequencing
experiment. The summarizing table of al the Drosophila samples used in thiswork is provided

in Supplemental file 1.

The data from 3 proteomes were used for the RNA editing sites search. One proteome was
obtained experimentally here and the other two were taken from (25) and (26). A thorough

schematic explanation of the whole workflow performed is givenin Figure 1.

During the shotgun data analysis the peptide identification was held at a 1% false
discovery rate as described in details in the corresponding section. In the MRM experiment, the
Exact Fisher Test has been performed for the edited-to-unedited peptide ratio changes
estimation. For the overall protein expression changes, the ANOV A test has been used. These

results are described in the “MRM analysis results section”.
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Drosophila melanogaster culture

Live samples of Drosophila melanogaster Canton S line were kindly provided by Dr.
Natalia Romanova from Moscow State University, Department of Biology. The flies were kept
on Formula 5-24 instant Drosophila medium (Carolina Biological supply Company, USA) in 50
ml disposable plastic test tubes (Orange Scientific, Belgium). Theinitial temperature for the fly
culture was 25°C. The flies had been transferred to a new tube as they reached the adult stage.
For general samplesthat were used for shotgun proteome analysis, aswell as for theinitial

targeted analysis, 200 flies were selected from the culture regardless of their age.

Different experimental procedure was used to study variants produced in response to the
temperature changes. The workflow was similar to the one used in previous studies (12) with
some modifications according to local laboratory practices. A few flies were put into a new test
tube with fresh medium at 25°C and kept there for 24 hoursto let the parent flies lay eggs. The
parent flies were, then, removed from the test tubes. The test tubes with eggs were kept at 25°C
until the first population of fly imago hatched from pupae. As the young flies hatched they were
immediately transferred to a new test tube and placed to thermostats set at 10°C, 20°C, and 30°C.

The flies were kept at the set temperature for 72 hours and then snap frozen at -80°C.

Brain dissection

Frozen flies were kept on icein a Petri dish during the whole procedure. Each fly was
taken out, and the body was rapidly removed by a needle. The head was placed into 0.01 M PBS
at pH 7.4 (recovered from tablets, Sigma-Aldrich, USA), and the head capsule was tore apart by

two forceps under visual control through a stereo microscope (Nikon SMZ645, Japan) with 10x1
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magnification. The extracted brains were collected into the same PBS, and then centrifuged at
6000 g for 15 minutes (Centrifuge 5415R; Eppendorf, Germany). The buffer solution was removed
and the brain pellet was frozen at -80°C for the future sample preparation. The photo of the

dissected brain was taken with DCM510 Microscope CMOS Camera (Scope Tek, China).

Protein extraction, trypsin digestion, total protein and peptide concentration

measur ement

Brain pellet containing 200 brains was resuspended in 100 L lysis solution containing 0.1
% (w/v) Protease MAX Surfactant (Promega, USA), 50 mM ammonium bicarbonate, and 10%
(v/v) acetonitrile (ACN). The cell lysate was stirred for 60 min at 550 rpm at room temperature.
The mixture was then subjected to sonication by Bandelin Sonopuls HD2070 ultrasonic
homogenizer (Bandelin Electronic, Germany) at 30% amplitude using short pulses for 5 min.
The supernatant was collected after centrifugation at 15,700 g for 10 min at 20°C (Centrifuge
5415R; Eppendorf, Germany). Total protein concentration was measured using bicinchoninic
acid assay (BCA Kit; Sigma-Aldrich, USA).

Two pL of 500 mM dithiothreitol (DTT) in 50 mM triethylammonium bicarbonate
(TEABC) buffer were added to the samplesto the final DTT concentration of 10 mM followed
by incubation for 20 min at 56°C. Thereafter, 2 uL of 500 mM iodoacetamide (IAM) in 50 mM
TEABC were added to the sample to the final IAM concentration of 10 mM. The mixture was
incubated in the darkness at room temperature for 30 min.

Thetotal resultant protein content was digested with trypsin (Trypsin Gold; Promega,

USA). The enzyme was added at the ratio of 1:40 (w/w) to the total protein content and the
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mixture was incubated overnight at 37°C. Enzymatic digestion was terminated by addition of
acetic acid (5% w/v).

After the reaction was stopped, the sample was stirred (500 rpm) for 30 min at 45°C
followed by centrifugation at 15,7009 for 10 min at 20°C (Centrifuge 5415R; Eppendorf,
Germany). The supernatant was then added to the filter unit (10 kDa; Millipore, USA) and
centrifuged at 13,400g for 20 min at 20°C in the same centrifuge. After that, 100 pL of 50%
formic acid were added to the filter unit and the sample was centrifuged at 13,400 g for 20 min at
20°C. The final peptide concentration was measured using Peptide Assay (Thermo Fisher
Scientific, USA) on a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). Sample
was dried up using a vacuum concentrator (Eppendorf, Germany) at 45°C. Dried peptides were

stored at -80°C until the LC-MSMS analysis.

Shotgun proteomic analysis

Chromatographic separation of peptides was achieved using homemade C18 column, 25
cm (Silica Tip 360um OD, 75um 1D, New Objective, USA) connected to an UltimateTM 3000
RSL Cnano chromatography system (Thermo Fisher Scientific, USA). Peptides were eluted at
300 nL/min flow rate for 240 min at alinear gradient from 2% to 26% ACN in 0.1% formic acid.
Eluted peptides were ionized with electrospray ionization and analyzed on Orbitrap QExactive
Plus mass spectrometer (Thermo Fisher Scientific, USA). The survey M 'S spectrum was acquired

at the resolution of 60,000 in the range of m/z 200-2000.

MS/MS data for 20 most intense precursor ions, having charge state of 2 and higher, were

obtained using higher-energy collisional dissociation (HCD) at a resolution of 15,000. Dynamic
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exclusion of up to 500 precursors for 60 seconds was used to avoid repeated analysis of the same

peptides.

Proteomic data obtained in this work were deposited in the public repository

ProteomeX change (http://www.proteomexchange.org/) (27) under the accession number

PXD004949.

Customized database gener ation

Fly genomic coordinates of RNA editing sites mapped to exons were obtained from
RADAR (1328 sites) (28) and genome-wide studies performed by St Laurent et al. (22). We used
two lists of RNA editing sites from previous works (22). Thefirst one, named TIER1, contains
645 exonic non-synonymous high-confident editing sites with high validation rate of >70%. The
second list, named TIER2, contains 7986 less confident sites with expected validation rate of
9%. Genomic coordinates obtained from these sources were converted to the coordinates of the
recent Drosophila genome assembly Dm6 using FlyBase (http://flybase.org/). Changesin protein
sequences induced by RNA editing were annotated for all three lists (RADAR, TIER1, and
TIER2) using Variant Annotation Integrator (VAI) (http://genome.ucsc.edu/cgi-bin/hgVai). The
input was prepared using Python script developed in-house (Supplemental file 2). The VAI
output was used to create VAI protein databases containing original and edited fly proteins using
another Python script (Supplemental file 3). These protein databases were used to generate the
edited protein databases for MaxQuant and X! Tandem searches using another in-gouse
devel oped Python script (Supplemental file 4). The databases were named RADAR, TIER1, and

TIER2 and can be found in Supplemental file 5, 6 and 7, respectively.
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MaxQuant and X! Tandem sear ch parameters.

Peptide identification for all data sets except the one published by Aradska et al. (26) were
performed using MaxQuant 1.5.4.1 (29) with Andromeda as a search engine as well as with
Xltandem, version 2012.10.01.1 (30). Multi-parameter algorithm M Pscore (31) was used for
post-search validation. The data from Aradska et al. were processed using X!tandem only dueto
the lack of RAW files on ProteomeXchange. All searches were performed against customized
databases described in the previous section. MaxQuant’s analyses included an initial search with
a precursor mass tolerance of 20 ppm, the results of which were used for mass recalibration. In
the main searches, precursor and the fragment mass tolerances were set to 4.5 ppm and 20 ppm,
respectively. The search included variable modifications, such as methionine oxidation and N-
terminal acetylation, as well as carbamidomethylation of cysteine as a fixed modification. The
minimal peptide length was set to seven amino acids and up to 1 missed cleavages were allowed.

Xltandem searches were performed using5 ppm and 0.01 Da mass tolerances set for
precursor and fragment ions, respectively. Up to 1 missed cleavage was allowed.
Carbamidomethylation of cysteine was used as fixed modification. Methionine oxidation and
deamidation of glutamine and asparagines were used as variable modifications. The false
discovery rate (FDR) was set to 1%. The group-specific FDR method, which provides separate
FDR for the variant peptides as described elsewhere (24), was employed. A target-decoy
approach was used to calculate FDR according to the following equation (31) FDR = (number of

variant decoy PSMs+1)/number of variant target PSMs.

Variant peptides extraction
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In order to analyze the MaxQuant output results, peptide database was generated using
built in-house Python script (Supplemental file 8). The script takes the protein database of wild-
type fly proteins combined with the database of common protein contaminants (Supplemental
file 9) and the VAI protein database as the FASTA database for the search. Pyteomics library
was used to devel op data processing tools including generation of tryptic peptidesin silico. (32).
Theoretical peptides considered for the analysis were up to 60 amino acidsin length and no more
than one missed cleavage was allowed. A list of variant peptides generated in silico for edited
proteins was separated from the unedited peptides of the corresponding original protein. These
peptides formed alist of editing-specific variant peptides. At the next step, the list of the
unedited peptides was cleaned from the variant peptides to build the editing-specific unedited
peptides. Both lists corresponded to the coordinate of the genomic substitution, which leads to
changes in the protein sequence. Thus, both lists of peptides characterize the same substitution in
the coding sequence of a given protein and allow quantifying the ratio of edited protein to the

original protein for agiven sample.

Peptide standard synthesis

Peptides were synthesized by solid phase method using amino acid derivatives with 9-
fluorenyl methyloxy carbonyl (Fmoc) protected o-amino groups (Novabiochem). The procedure
was performed as described elsewhere (33). Stable isotope-containing leucine (Fmoc-Leu-OH-
3C¢,°N, Cambridge Isotope Laboratories) was applied for labeling 11-membered peptides from
cpx protein (NQMETQVNEL"K and NQIETQVNEL"K). A resin with attached stable isotope-

labeled lysine (L-Lys (Boc) (**Ce, 99%; °N,, 99%) 2-Cl-Trt, Cambridge Isotope Laboratories)
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was used for synthess of two 20-membered peptides of Syx1A protein
(IEYHVEHAMDYVQTATQDTK"and IEYHVEHAVDYVQTATQDTK"). Further steps of

synthesis were also preceded as described (33).

For quality synthesis control an easy LC-MS analysis was held using a chromatographic
Agilent ChemStation 1200 series connected to an Agilent - 1100 series LC/MSD Trap XCT
Ultra mass spectrometer (Agilent, USA). Since our peptides contained methionines, the quality
control also included manual inspection of the MS and MSM S spectra for possible presence of

the peaks produced by oxidized compounds. No such peaks were found in our case.

Concentrations of synthesized peptides were determined using conventional amino acid

analysis with their orthophtalic derivatives according to standard amino acid samples.

Multiple Reaction M onitoring experiments

Each sample was analyzed using Dionex UltiMate 3000 RSLC nano System Series
(Thermo Fisher Scientific, USA) connected to atriple quadrupole mass spectrometer TSQ
Vantage (Thermo Fisher Scientific, USA) in five technical replicates. Generally, 1ul of each
sample containing 2ug of total native peptides and 100 fmol of each standard peptide was loaded
on a precolumn, Zorbax 300SB-C18 (5 um, 5 x 0.3 mm) (Agilent Technologies, USA) and
washed with 5% acetonitrile for 5 min at aflow rate of 10 pl/min before separation on the
analytical column. Peptides were separated using RP-HPLC column, Zorbax 300SB-C18 (3.5

um, 150mm x 75 pum) (Agilent Technologies, USA) using alinear gradient from 95% solvent A
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(0.1% formic acid) and 5 % solvent B (80% acetonitrile, 0.1% formic acid) to 60% solvent A and

40% solvent B over 25 minutes at a flow rate of 0.4ul/minute.

MRM analysis was performed using QqQ TSQ Vantage (Thermo Scientific, USA)
equipped with a nano-electrospray ion source. A set of transitions used for the analysisis shown
in Supplemental file 10. Capillary voltage was 2100 V, isolation window was set to 0.7 Dafor
the first and the third quadrupole, and the cycle time was 3 s. Fragmentation of precursor ions
was performed at 1.0 mTorr using collision energies calculated by Skyline 3.1 software
(MacCoss Lab Software, USA)

(https://skyline.ms/project/home/software/ Skyline/begin.view)software (Supplemental file 10).
Quantitative analysis of MRM data was also performed using Skyline 3.1 software.
Quantification data were obtained from the "total ratio" numbers calculated by Skyline -
weighted mean of the transition ratios, where the weight is the area of the internal standard. 5
transitions were used for each peptide including the isotopically labeled standard peptide.
Isotopically labeled peptide counterparts were added at the concentration of 1 mg/ml. Each
MRM experiment was repeated in 5 technical runs. The results were inspected using Skyline
software to compare chromatographic profiles of endogenous peptide and stable-isotope labeled

peptide. CV of trangtion intensity did not exceed 30% in technical runs.

All the MRM spectra can be downloaded from Passel

(http://www.peptideatlas.org/passal/) (34) under the accession number PASS00946.

Genomic sequencing
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The DNA was extracted from 100 Drosophila heads (sample #6 in Supplemental file 1)

using the standard phenol-chloroform method described elsewhere (35).

The polymorphic sites of seven D. melanogaster genes (M244V in Syx1A, K398R in Atx2,
Y 390C in Atpalpha, R489G in CG4587, 1125M in cpx, K137E in EndoA and Q1700R in apha-
Spec) were genotyped using Sanger sequencing on Applied Biosystems 3500xL genetic analyzer

and SeqScape® software (Thermo Fisher Scientific, USA).

Initial PCRs were performed in a 251yl volume containing 50 ng genomic DNA
template, 10x PCR buffer, 0.511U of HS Tag DNA Polymerase, 0.2 'mM dNTPs (all from
Evrogen, Russia), and 80 pmol of each primer. The PCR cycling conditions were the same for all
SNPs and were as follows: 95°C for 5 minutes followed by 35 cycles of 94°C for 15 seconds, 59
°C for 20 seconds, 72°C for 20 seconds and final elongation at 72°C for 6 minutes. Primers were
designed using Perl Primer free software (http://perlprimer.sourceforge.net/) and primer’s
sequences were as follows: Syx1AFor 5-ATATAGATCGGGTCTGGATGAG-3 and
Syx1ARev 5 -GGATACAGCGTCAACTGGA-3', Atx2For 5-GGACGCGATCGTGACA-3
andAtx2Rev 5'-GTAGGAGTATTGACTCGGCAT-3', Atpal phaFor-5’-
AGAACTGTCTGGTGAAGAATCT-3 andAtpalphaRev 5 -CAGAGCCAGTTCCATGCA-3',
CG4587For 5 -GTCGATGTACTGGTTGGCA-3 and CG4587Rev 5'-
TCGTTCAGATCAACGATTACGA-3, cpxFor 5'-ACATAACAGTTACAGCTACAGTAGA-
3 and cpxRev 5'-GCTATGTTATCAGTATTACACGTGT-3', EndoAFor 5'-
GCGGTCAAGGGCATCT-3 and EndoARev 5 -GGAGCGATTCACCGAACT-3', apha-
SpecFor 5 -AGATCGCGACCATAGTCGT-3' and alpha-SpecRev 5'-

CACCTATATCGCTGCTGTCA-3'. The same primers were used for sequencing.


https://doi.org/10.1101/101949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/101949; this version posted January 22, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

PCR products were then cleaned up by incubation with the mix of 1U of Exol and 1U of
SAP (both enzymes from Thermo Fisher Scientific, USA) at 37°C for 30 minutes, followed by
80°C for 15 minutes. The sequencing reactions with following EDTA/ethanol purification were
carried out usng BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific,

USA) according to manufacturer’s instructions.

Results
Search for RNA editing sitesin deep Drosophila proteome

Tandem mass spectrometry data were taken from recent shotgun proteomics studies (25,
26) available at ProteomeXchange. These results contain data for proteome of Drosophila’s
whole bodies (25) and whole heads (26). The other data set for Drosophila’s brain proteome was
obtained here using high-resolution mass spectrometry. Note also that the proteome
characterized by Aradska et al. (26) contains only membrane proteins as they were intentionally
extracted during the sample preparation. In total, three data sets, representing proteomes of the

whole body, the head, and the brain of Drosophila were available for the analysis in this study

As noted above, the search for the RNA editing sites was performed using the
proteogenomics approach (36). Following this approach the standard fruit fly proteome FASTA
database was extended with addition of the edited protein variants found from the transcriptomic
data. Three FASTA files containing protein databases with edited sequences derived from
transcriptome sequencing results (22) and FlyBase were generated as described in Method
section and named TIER1, TIER2, and RADAR. These FASTA files were used in two

combinations separately: a stricter TIER1+RADAR and its expanded version
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TIER1+TIER2+RADAR (Supplemental file 5 and 6). Figure 1 shows schematically the
workflow used in thiswork. The edited peptide identifications are listed in Tablel. The genomic
coordinates, unedited sequences and UniProt IDs of the peptides are listed in Supplemental file

11.

In all the data studied, 56 peptides corresponding to the RNA editing events were
identified. These peptides represent 54 proteins, 2 proteins were represented by two edited
peptides each. Note that according to transcriptomic data, a protein can carry several editing sites
(22). However, because a mass-spectrometry provides partial protein sequence coverage only,

some of the editing events for a protein are missing in the shotgun proteomics data.

All the edited peptides found in thiswork and listed in Table 1 can be divided into five
groups based on the confidence level. Group | contains 7peptides found in all three data sets.
Group Il contains 7 peptides found in two data sets. Group |11 contains 7 peptides found in one
data set by both search engines. Group IV consists of the peptides found in one data set by one
search engine only and contains 11 peptides. Finally, the last group V consists of one peptide
found in one data set by one search engine against one database. As expected, this group of 24

peptides includes fal se-positive identifications.

Genotyping of genomic DNA sites corresponding to found RNA editing events

The polymorphic sites of seven selected Drosophila genes (M244V in Syx1A, K398R in
Atx2, Y390C in Atpalpha, R489G in CG4587, 1125M in cpx, K137E inEndoA and Q1700R

inalpha-Spec) were genotyped, and no traces of genetically encoded A-to-G substitutions were
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found. This fact confirms the assumption that the substitutions have happened post

transcriptionally and the found peptides are the products of RNA editing.

Functional features of edited proteins

To bare light on the purpose of RNA editing, all the peptides found to undergo RNA
editing (all the peptides from Table 1) were analyzed with the system of functional protein
interactions(STRING, version 10.0 http://string-db.org/). Figure 2 shows the STRING analysis
results. There are three groups of proteins with highly confident interactions. These groups were

selected and named by manual biocuration based on Gene Ontology biological process analysis.

First (“synapse signaling” in the Fig. 3) group contains the following proteins. syntaxin
(Syx1A), synaptotagmin (Sytl), complexin (cpx), adaptin (AP-2 alpha), endophilin A (endoA),
stoned protein B (SnB), cal cium-dependent secretion activator (Cadps), nervous wreck (nwk),
and Ataxin-2 (Atx-2). These proteins play a key role in synaptic transmission. Particularly,
syntaxin isacomponent of a SNARE complex that provides fusion of synaptic vesicles with the
presynaptic membrane (37). Synaptotagmin and stoned protein B also interact and playsarolein
synaptic vesicle endocytosis (38). Complexin is described as binding the SNARE proteins and,
thus, acting on synaptic transmission as well (39). Adaptins play arolein a process of synaptic
vesicle recycling (40). Endophilin (endoA), nervous wreck (nwk), and thickveins (tkv) are acting
in the process of vesicle endocytosis in neuromuscular junction (41-44). Calcium-dependent
secretion activator (Cadps) and frequenin (Frql) are Ca**-dependent factors of vesicle

endocytosis (45, 46). The synapse signaling group contains 4 peptides from confidence Group |,
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i. e. the most confidently identified edited peptides, and 3 peptides from confidence Group Il

described above.

The second group (“cytoskeleton” in the Fig. 3) of proteins consists of non-muscular
myosin (zip), apha-Spectrin (alpha-Spec), titin (dls), Dynein (Dhc64C), polychaetois (pyd),
paramyosin (Prm), and the products of Zasp52, Unc-89and CG11148 gens. All proteins from this
group are either components of cytoskeleton or interact with them and take apart in cell

transport processes. This group includes only one peptide from confidence Group I.

Thethird clearly associated group (“RNA helicase activity” shown in Fig. 3) consists of
the protein named probable ATP-dependent RNA helicase pitchoune (pit), ribosome biogenesis
protein WDR12 homolog (CG6724), a product of the gene CG10077, andATP-dependent RNA
helicase p62 (Rm62). All these proteins act on RNA. RNA helicase p62 isinvolved in RNA
interference (47). The pitchhoune gene of probable RNA helicaseis reportedly required for cell
growth and proliferation. It is believed to play arole in ribosome genesis and, thus, affect the

protein synthesis (48).

There is also one protein not assigned to any of the three groups, yet found being edited in
all tree data sets. The product of the gene CG4587 is a protein engaged in Ca®*- dependent
nociception response (49). This protein shares about 30% identity with itsimportant paral og,
straitjacket (stj), which is another Ca®*-dependent channel, also involved in nociception (50).
Straitjacket isnot in our list of the proteins corresponding to the RNA editing event, but it was
found in the fruit fly proteome and identified by search enginesin our data. Theoretically, tj
may correspond to the editing event, because its transcript is edited and the protein was in our

customized database (supplemental files 5 and 6). The fact that stj did not listed anong the
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identified edited proteins can be explained by its underrepresention in the spectra compared to
CG4587. The head and brain proteomes are of the most interest in terms of the expression of the
Ca”*-dependent channels. In the brain proteome, the relative intensity of stj calculated by
MaxQuant search engineis 34.7 times lower compared with CG4587. Label-free quantification
(LFQ) obtained for X!tandem search results has shown the following results for CG4587/stj LFQ
ratios: 12.4, 4.7, and 6.6 for SIN (51), NSAF (52), and emPAI (53) LFQ algorithms,
respectively. For the whole head proteome the CG4587/4tj ratios were 5.4, 4.4, and 8.5 for these
LFQ algorithms, respectively. Therefore, even though straitjacket is an important and well
characterized protein of nervous tissue, its paralog, CG4587 gene product has significantly
higher abundance in the proteomes of isolated brain as well as the whole head. According to our

observations, it aso undergoes RNA editing that warrants further studies.

We have used GOirilla (http://cbl-gorilla.cs.technion.ac.il/) (54) to check the Gene

Ontology (GO) (55) biological process enrichment of the proteins undergoing editing against the
whole database of potentially edited proteins based on transcriptomic data. One of the most
enriched processesis synaptic signaling (GO:0099536, g-value 6.95-10%°, which is a P-value
corrected for multiple testing, for more details see Supplemental file 12), which isin good
agreement with the STRING pathway analysis results. The complete Gorilla output data

corresponding to biological processes are shown in Supplemental file 12.

Peptide selection for targeted analysis

After shotgun analysis of afruit fly editome on proteomic level atargeted analysis of the

most interesting sites was held as a reasonable continuation of the study. The main purpose of
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this analysis was validation of the shotgun proteomic results. Because temperature was reported
as one of the environmental factors affecting RNA editing (12, 56), the quantitative study on the
changesin the RNA editing pattern with temperature was performed in thiswork. The peptides
of syntaxin (Syx1A) and complexin (cpx) were selected for MRM analysisin samples from flies
raised at different temperature environment for the following reasons: first, these peptides were
edited in all analyzed data sets. Secondly, these proteins act together with the SNARE complex
and have a strong functional link between each other (37). Thirdly, the complexin (cpx) was
reported in the transcriptome studies as undergoing RNA editing which depends on the
temperature (12). For the above reasons, the conditions, in which the flieswere raised in this
work, were exactly the same as in previous transcriptome studies. Also, we have veryfied that

these two edited sites had no nucleotide substitutions at the genome level as described above.

Resultsof MRM analysis

Currently, there are three tier of assays for targeted M 'S analyses, as described by Carr et al.
(58), and we defined present study as Tier 2 one. In our work, first, we study modified peptides
in non-human samples using MRM method. Also, it isnot aclinical research, but it uses heavy
isotope labeled synthetic internal standards that, did not undergo purification. Despite the lack of
purification step, the standard peptides were analyzed using LC-MS prior to the MRM analysis

that isalso required for Tier 2 experiments according to (57).

Four samples were prepared for MRM analysis as shown in Supplemental file 1 and

described in the “ Experiment design and statistical rationale” section.


https://doi.org/10.1101/101949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/101949; this version posted January 22, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

After the trypsin digestion step, the total peptide concentration was measures for the
samples (see Supplemental file 1) followed by MRM measurements for selected peptides.
Precursor ions and transitions for monitoring were selected manually using Skyline. The
information about the spiked-in labeled synthetic peptides and the targeted peptidesis provided
in the Supplemental file 10 including nVz of precursors, m/z of monitored fragment ions,

collision energy (CE), and atype of fragment ions.

The selected peptides were [IEYHVEHAMDYVQTATQDTK and its edited variant
IEYHVEHAVDYVQTATQDTK from syntaxin 1A (Syx1A, Uniprot ID Q24547, sequence
positions 122-132), aswell as NQIETQVNELK and its edited variation NQMETQVNELK from
complexin (cpx, Uniprot ID Q8IPM8, sequence positions 382-398). The results of concentration

measurements for these peptides are shown in Table2.

Temperatur e effect on editing

The diagrams representing the relationship between the edited and unedited peptide
concentrations in the samples are shown in Figure 3. Even though the ratio of edited to unedited
peptide variant concentrations does not change with the temperature, the Exact Fisher Test was
performed to statistically confirm this visual assumption. The test has confirmed that there are no
statistically significant changes in the ratio with the temperature. This observation contradicts to
the transcriptome behavior, which demonstrated a dight increase in editing rate for cpx at 20°C,

and its decrease at 30°C (12).

Although, an eye-catching difference in overall expression had to be statistically tested as

well and resulted in some interesting observation. Temperature dependency of the expression of
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the selected peptides was estimated with the use of ANOV A test counting P-value <0.01 asa
significant result. The total concentration of Syx1A depended significantly on the temperature
(ANOVA P-value 6.766e®) (Fig. 2). Particularly it stays equal at 10 and 30°C, but drops at 20°C
by 2 nmol/g of total protein. At the same time, cpx also shows temperature dependency
(ANOVA P-value 1.215¢ %), but its concentration is equal at 20 and 30°C, but is lower at 10°C

by the about 3.5 nmol/g.

Discussion

Shotgun proteomics after taking on board high-resolution mass-spectrometry gained a
success in identification and quantification of proteins as gene products, so called, master
proteins. Today, LC-MS/MS analysis using high-resolution mass spectrometry provides deep
proteome covering about 50% of human genome from a single sample (58, 59). Thisratio is even
higher in model organisms, which may be characterized by more open genomes with higher
numbers of expressed proteins (60). Correspondingly, a next aim of proteomicsisto catalogue

proteoforms of each protein, i.e. multiple protein species originated from one gene (61, 62).

A magjor field in proteoform profiling is posttranslational modification of proteins, whichis
out of scope of the present study and has its own approaches and limitations. Nucleic acid
alterations coding amino acid replacements are included in the emerging field of proteogenomics
(15). Among such nucleic acid changes, DNA sequence variants and alternative splicing are
most studied types of recoding events (36). Many works describe profiling of proteoforms using
customized nucleic acid data on DNA mutations (63, 64) and alternative splicing (36, 65). We

hypothesized here that the same approach with construction of customized databases for the
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search in shotgun proteome would be useful to identify ADAR-mediated RNA editing eventsin
proteins. The workflow was implemented on RNA-editome data of Drosophila melanogaster
(22, 28) accompanied by proteomes of whole body (25), head (26) and brain of this insect

(Figure 1).

Shotgun proteomics data search regardless of data acquisition method conventionally uses
consensus genomic database of organism under analysis. In proteogenomics, specific customized
sequences may be added to this database. In case of single amino acid substitution, they may be
easily mocked by chemical modification of peptides (66). That is why for better validation of
ADAR edited hits we used two search engines, where it was possible. Moreover, using
X1Tandem with in-home post-search algorithm (67), we also calculated group-specific FDR for

edited peptides (24).

In this study, we performed searches of three fruit fly proteome data sets against three
RNA editome databases. These searches have resulted in identification of 56 edited sites, 21 of
them being validated by identification in at least two data sets and/or by two search engines.
Also, the study included validation of two edited sites along with its unedited counterparts using
MRM assay. The results of this study have shown that shotgun proteomics can be used for
identification of RNA editing sites in proteins employing a workflow similar to the one applied
previously for identifying genetically encoded single amino acid polymorphisms at the proteome

level (36).

The other problem considered in this work was revealing the biological meaning of
observed RNA editing events. First, the ADAR enzymes affect directly the RNA function (68). It

means that some amino acid coding events of editing may carry no sense, representing
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trandlational noise or having ailmost no effect on the protein structure. However, at least several
examples of RNA editing important on the protein level are known, such as Q/R substitution in
mammalian glutamate receptor subunits (69). Further quantitative and functional studies will

elucidate arole of each edited site found.

As described above, the edited proteins may be classified into three functional groups (Fig.
3). Of them, RNA helicase activity was predicted for the group of four proteins. Interestingly, the
ADAR activity itself contributes to the structure of double-stranded RNA (70). A putative
modulation of function of RNA helicases represents an additional mechanism controlling

dsRNAs.

Two other groups of proteins where edited sites are identified include interactors of
SNARE complex (“synapse signaling” group) and the protein components of cytoskeleton. As
shown in Fig. 3, some members of these functional groups may also interact with each other.
Indeed, SNARE proteins provide an ensemble for calcium-dependent fusion of synaptic vesicles
to release neurotransmitters (71). Components of SNARE are expectedly attached to the
elements of plasma membrane interna lining, such as the non-muscular myosin zip (Fig. 3,
String protein interaction database). Our data further support the evidence that ADAR-mediated

RNA editing extensively regulates the synaptic release and reuptake (19).

In order to validate findings of edited sites from shotgun proteome analysis, we performed
guantitative measurements using targeted M S approach for tryptic peptides from two proteins of
synaptic SNARE complex, which contained edited sites. These two proteins, Syx1A and cpx, are
reportedly interacting physically during performance of the complex which provides synaptic

vesicle fusion with plasma membrane to rel ease content of vesicles into synaptic cleft (39). Upon
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validation of edited sites, it was tempting to measure the level of editing and its variation with
the environmental changes, such as the temperature. Previous transcriptome studies reported that

thelevel of ADAR-mediated RNA editing was temperature dependent (12).

Three temperature points were used for fruit fly raising as described in the transcriptome
study (12), two of them representing extreme condition for fruit fly propagation. For two sites of
editing, in Syx1A and cpx proteins, no temperature dependence of the RNA editing level was
observed. Overall expression of both proteins as measured by our peptide-based assays was
changed with temperature, although not dramatically. Interestingly enough that the level of
editing in the exemplary site of Syx1A protein was low in comparison with unedited form for all
samples under study. However, the biological significance of this siteisnot obvious. In contrast,
[1e384M et editing in complexin occurred for one third of these proteins with remarkably constant
ratio from sample-to-sample (Fig. 2). From this data, a role of cpx RNA editing at the protein

level may be hypothesized for functioning of presynaptic part in fruit fly brain.

Conclusion

RNA editing mediated by the ADAR enzymes is a widespread posttranscriptional
maodification shown to be important in many pluricellular organisms from worms to human. This
type of editing converts adenosine residue of RNA to inosine, thus, changing the amino acid
code if the conversions happens in a coding region. Using the customized protein database
generated from RNA sequencing data and containing proteins corresponding to the ADAR-
mediated RNA editome, we found 56 edited sitesin the proteins for three proteomic data sets.

Two of these proteins, which belong to components of the SNARE presynaptic complex, were
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validated and quantified using targeted M S assay. Contrary to the expectations, the
measurements of the ratio between edited and unedited sequences of these two sites have shown
no dependency on fly growth temperature. This ratio was remarkably constant for all samples
studied and was low in syntaxin 1A protein (2-5%), but much higher in complexin (about 30%).
Such ahigh and constant level of editing, at least, in the latter species, indicates its importance

for the protein functioning.
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Table 1. Edited peptides found in Xing, Zhang et al., 2013, in Aradska et a., 2015 and in the own shotgun data by MaxQuant (MQ) and

Xltandem (XT) against two databases: RADAR+TIER1 and RADAR+TIER1+TIER2. The top 2 peptides highlighted were selected for

the MRM experiment. The top 7 highlighted peptides were found edited in all tree datasets, the top 14 were found in two out of tree

datasets. The 24 palely highlighted peptides are the ones found in only one dataset by only one search engine.
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Table 2. Concentrations (C, nmol/g of total protein) of the selected peptides measured by MRM and their standard deviations
(st.d.) in 4 samples (samples #2-#5 for MRM analysis, for all the samples see supplementary file 1 table 1) raised in different
temperatures. sample #2 — preliminary analysis, raised in 25°C with the age undefined; samples #3-#5 raised for 72 hoursin 10, 20 and
30°C. For each peptide one isotopically labeled standard peptide with 5 transitions was used. Each MRM experiment was repeated in 5

technical runs. CV of transition intensity did not exceed 30% in technical runs.

Sample#2, 25°C, | Sample #3, 10°C, 72 | Sample#4, 20°C, Sample #5, 30°C,
age undefined h 72h 72h §
Peptide C, nmol/g st.d. C, nmol/g st.d. C,nmol/g | st.d. | C, nmol/g st.d. 3
S
Syx1A, unedited o
IEYHVEHAMDYVQTATQDTK 1428 | 091 13.48 | 0.38 1152 | 0.23 1356 | 0.23 %
Syx1A, edited 2
IEYHVEHAVDYVQTATQDTK 076 | 0.05 040 | 0.01 0.31| 0.01 042 | 0.01 3
cpx, unedited 8
NQIETQVNELK 1243 | 021 750 | 0.15 10.43 | 0.19 10.68 | 0.35 ®
cpx, edited
NQMETQVNELK 473 | 0.30 346 | 011 475 | 022 534 | 0.29
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Figure 1. The workflow performed in the work. Three datasets obtained from proteomes of the
whole body, the head and the brain of Drosophila melanogaster have been analyzed. Two of
them had been taken elsewhere via ProteomeX change, the third one was obtained
experimentally. The data were processed with MaxQuant and X'!tandem against two customized
databases. Two peptides, Syx1A and cpx, were selected for MRM analysis and for this purpose

samples of fliesraised in three different temperatures had been made made.

Figure 2. Diagrams showing the relationship of the concentrations (nmol/g of total protein) of
edited and unedited forms of the selected peptides Syx1A and cpx in the samples, raised for 72

hoursin 10, 20 and 30°C (samples #3-5).

Figure 3. Interacting proteins according to STRING among the proteins found to undergo RNA
editing. The proteins with their gene names are united in the groups according to their functions.
The highlighted by double circles proteins are the ones belonging to Group 1, i.e. identified in all
3 datasets. The asterix and circles mark the ones belonging to Group 2, i.e. identified in 2 out of

3 datasets.
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