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ARTICLE INFO ABSTRACT

VDACs three isoforms (VDAC1, VDAC2, VDAC3) are integral proteins of the outer mitochondrial membrane
whose primary function is to permit the communication and exchange of molecules related to the mitochondrial
functions. We have recently reported about the peculiar over-oxidation of VDAC3 cysteines. In this work we have
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M?wc:‘mgrﬁa . . extended our analysis, performed by tryptic and chymotryptic proteolysis and UHPLC/High Resolution ESI-MS/

rcl)t;c ondria quality contro MS, to the other two isoforms VDAC1 and VDAC2 from rat liver mitochondria, and we have been able to find

" . also in these proteins over-oxidation of cysteines. Further PTM of cysteines as succination has been found, while
ydroxyapatite

the presence of selenocysteine was not detected. Unfortunately, a short sequence stretch containing one ge-
netically encoded cysteine was not covered both in VDAC2 and in VDACS3, raising the suspect that more, un-
known modifications of these proteins exist. Interestingly, cysteine over-oxidation appears to be an exclusive
feature of VDACs, since it is not present in other transmembrane mitochondrial proteins eluted by hydro-
xyapatite. The assignment of a functional role to these modifications of VDACs will be a further step towards the
full understanding of the roles of these proteins in the cell.

1. Introduction proposed within the cell. Indeed, along with their common involvement

in cellular bioenergetics maintenance, VDAC1 and VDAC2 have been

In the outer mitochondrial membrane of all eukaryotes, VDACs
(Voltage Dependent Anion Selective Channel) are the main responsible
for the cross-talk between the organelle and the rest of the cell [1, 2]. As
aqueous channels, VDACs mediate the transport of ions and metabolites
across the OMM. In addition, the interactions of VDACs with several
cytoplasmic proteins like hexokinase [3] tubulin [4, 5], dynein [6],
actin [7], synuclein [8], mutated forms of SOD1 [9], pro-apopototic and
antiapoptotic factors [10, 111, highlight a crucial function of VDAC in
several biological processes ranging from mitochondrial bioenergetics
to apoptosis. In mammals, the presence of three isoforms (VDAC1-
VDAC2-VDAC3) with a relatively high sequence similarity and struc-
tural homology, contrasts with the different roles that have been

proposed to have opposite functions in programmed cell death (pro-
apoptotic the first one [2, 10, 12] and anti-apoptotic the second one
[13]), while recent evidences suggest VDAC3 as a player in ROS me-
tabolism control [14, 15].

The three-dimensional structure obtained by NMR and X-ray crys-
tallography techniques [16-18] revealed VDACI as a transmembrane -
barrel containing an a-helix N-terminal segment that, according to the
protein arrangement within the membrane [19], protrudes towards the
cytosol. Interestingly, the high sequence similarity with the other two
isoforms suggests the existence of a common structural pattern in the
pore organization, as confirmed by the crystallographic structure re-
solved for VDAC2 from zebrafish [20] and the in silico prediction of
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human VDACS structure [15].

It is widely reported that in its native environment, VDAC exhibits
several post-translational modifications such as phosphorylation [21],
acetylation [22], tyrosine nitration [23] whose role in protein activity
has been only partially clarified. For instance, VDAC1 phosphorylation
has been associated to the modulation of channel gating properties
[24], prevention of cell death [25], sensitization to apoptosis [26, 27]
and/or various physiopathological conditions [28]. However, in-
formation regarding the modifications of sulfur-containing amino acids
is rather limited. It is known, for example, that S-nitrosylation of VDAC
modulates sperm function [29] and correlates with enhanced calcium-
induced mitochondrial swelling and cytochrome c release [30]. Given
the emerging role of redox signaling in numerous cellular processes
[31] we focused on unraveling the modifications of VDAC's cysteine
and methionine residues under physiological conditions. Through the
combination of the UHPLC/High Resolution ESI MS/MS with the “in-
solution” digestion of VDACs purified from rat liver mitochondria, we
recently succeeded in defining a complete and detailed profile of oxi-
dations of VDAC3 cysteines and methionines [32], discovering that
cysteines may reside in a wide range of oxidation states. In this work,
we thus report for the first time an accurate survey of the oxidative
states of sulfur containing amino acids of VDAC1 and VDAC2 isolated
from rat liver mitochondria. As for VDAC3, we found cysteines over-
oxidized to sulfonic acid also in VDAC1 and VDAC2. A comparison with
highly hydrophobic mitochondrial proteins eluted from hydroxyapatite
shows that this modification happens specifically in VDAC isoforms. To
complete the survey of the most common cysteine modifications, also
the presence of succination (i.e. the addition of fumarate to reduced
cysteines) and selenocysteine was examined in the three isoforms
VDAC1-3. Possible consequence or a rationale of such VDAC mod-
ifications in the cell context is discussed.

2. Materials and methods
2.1. Chemicals

All chemicals were of the highest purity commercially available and
were used without further purification. Ammonium bicarbonate,
TrisHCI, Triton X-100, Sucrose, EDTA, HEPES, formic acid (FA), phe-
nylmethylsulfonyl fluoride (PMSF), dithiothreitol (DTT), iodoaceta-
mide (IAA) and chymotrypsin were obtained from Sigma-Aldrich
(Milan, Italy). Modified porcine trypsin was purchased from Promega
(Madison, WI, USA). Water and acetonitrile (OPTIMA® LC/MS grade)
for LC/MS analyses were provided from Fisher Scientific (Milan, Italy).

2.2. Isolation of intact rat liver mitochondria and proteins reduction and
alkylation

Rat liver mitochondria were prepared as already reported [33, 34].
Briefly, 5 livers of male Sprague-Dawley rats weighing 300-500 g
(Envigo) were resuspended into buffer A (0.25M sucrose, 10 mM
HEPES, 0.1 mM EDTA, 0.15puM PMSF, pH7.0) in ratio (v/w) 3:1 and
homogenized with a glass Potter-Elvehjem pestle. Homogenate was
diluted 1:1 (v/v) in buffer A and centrifuged for 5min at 1000 x g at
4°C. After repeating this step on the pellet obtained in the first
homogenization, the supernatants were reunited and subjected to dif-
ferential centrifugations. Final mitochondria-enriched fraction was re-
suspended in buffer B (sucrose 0.25 M, HEPES 10 mM, 0.15 uM PMSF)
and total yield was determined by micro-Lowry method. Reduction/
alkylation was carried on before VDACs purification in order to avoid
any possible artifacts due to air exposure. 70 mg of intact mitochondria
were incubated for 3h at 4 °C in Tris-HCl 10 mM (pH 8.3) containing
0.7 mmol of DTT, which corresponds to an excess in the order of 50:1
(mol/mol) over the estimated thiol groups. The temperature was kept at
4°C in order to avoid possible reduction of methionine sulfoxide to
methione by methionine sulfoxide reductase. After centrifugation for
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30 min at 10,000 x g at 4 °C, alkylation was performed by addition of
iodoacetamide at the 2:1 M ratio over DTT for 1 h in the dark at 25 °C.
Mixture was centrifuged for 30 min at 10,000 x g at 4 °C and the pellet
was stored at —80 °C until further use.

2.3. Preparation of VDAC1 and VDAC2 enriched fractions from rat liver
mitochondria

VDACI and VDAC2 were purified from rat liver mitochondria as in
[32]. 70 mg of reduced and alkylated intact mitochondria were lysed in
buffer A (10 mM TrisHCl, 1 mM EDTA, 3% Triton X-100, pH7.0) in
ratio 5:1 (mitochondria mg/buffer volume) [33] for 30 min on ice and
centrifuged at 17,400 X g for 30 min at 4 °C. The supernatant containing
mitochondrial proteins was subsequently divided onto 12 glass Econo-
column 2.5 X 30 cm (Biorad), each packed with 0.6 g of dry hydro-
xyapatite (Bio-Gel HTP, Biorad). Columns were eluted with 5mL of
buffer A at 4°C and fractions from each column were collected and
precipitated with 9 volumes of cold acetone at —20 °C.

2.4. In-solution digestion of the hydroxyapatite eluate

Pellets from the hydroxyapatite eluate was purified from non-pro-
tein contaminating molecules with the PlusOne 2-D Clean-Up kit (GE
Healthcare Life Sciences, Milan, Italy) according to the manufacturer's
recommendations. The desalted protein pellet obtained was suspended
in 100 pL of 50 mM ammonium bicarbonate (pH 8.3) and incubated at
4 °C for 15 min. After, 100 pL of 0.2% RapiGest SF (Waters, Milan, Italy)
in 50 mM ammonium bicarbonate were added and the sample was put
at 4 °C for 30 min. Protein amount, determined using fluorometer assay
kit, resulted 1 pg (Invitrogen Qubit™ Protein Assay kit, ThermoFisher
Scientific, Milan, Italy). The reduction was carried out by adding 2.6 ug
of DTT dissolved in the same buffer for 3h in the dark at 25°C.
Subsequently, alkylation was performed by addition of iodoacetamide
at the same molar ratio over total thiol groups and the reaction allowed
to proceed for 1h in the dark at 25 °C. Finally, reduced and alkylated
proteins were subjected to digestion using modified porcine trypsin or
chymotrypsin in ammonium bicarbonate (pH 8.3) at an enzyme-sub-
strate ratio of 1:50 and 1:25, respectively, at 37 °C for 4 h. The protein
digests were then dried under vacuum, dissolved in 20 pL of 5% FA and
analyzed by nano UHPLC/High Resolution ESI-MS/MS.

2.5. Liquid chromatography and tandem mass spectrometry (LC-MS/MS)
analysis

Mass spectrometry data were acquired on an Orbitrap Fusion
Tribrid (Q-OT-qIT) mass spectrometer (ThermoFisher Scientific,
Bremen, Germany) equipped with a ThermoFisher Scientific Dionex
UltiMate 3000 RSLCnano system (Sunnyvale, CA).

Samples obtained by in-solution digestion were reconstituted in
20uL of 5% FA aqueous solution and 1uL was loaded onto an
Acclaim®Nano Trap C18 column (100 pm i.d. X 2cm, 5um particle
size, 100A). After washing the trapping column with solvent A
(H,0 + 0.1% FA) for 3min at a flow rate of 7 uL/min, the peptides
were eluted from the trapping column onto a PepMap® RSLC C18 EASY-
Spray, 75um X 50 cm, 2 pm, 100 A column and were separated by
elution at a flow rate of 0.250 puL/min, at 40 °C, with a linear gradient of
solvent B in A from 5% to 20% in 32 min, followed by 20% to 40% in
30 min, and 40% to 60% in 20 min.

Eluted peptides were ionized by a nanospray (Easy-spray ion source,
Thermo Scientific) using a spray voltage of 1.7 kV and introduced into
the mass spectrometer through a heated ion transfer tube (275 °C).
Survey scans of peptide precursors in the m/z range 400-1600 were
performed at resolution of 120,000 (@ 200 m/z) with a AGC target for
Orbitrap survey of 4.0 x 10° and a maximum injection time of 50 ms.
Tandem MS was performed by isolation at 1.6 Th with the quadrupole,
and high energy collisional dissociation (HCD) was performed in the
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2 AcAVPPTYADLGKSARDVFTKGYGFGLIKLDLRTKSENGLEFTS SGSANTETTKVNGSLETKYRWTEYGLT 70 Fig. 1. Sequence coverage map of rVDACI obtained by
tryptic digestion. Solid lines indicate unique tryptic pep-
tides originated by missed-cleaveges, used to cover se-

71 FTEKWNTDNTLGTEITVEDQLARGLKLTFDSSFSPNTGKKNAKIKTGYKREHINLGC2’DVDFDIAGPSIRG 140  quences shared by isoforms. Sequences shared by iso-
forms are reported in bold. The oxidized cysteine residues
are highlighted in yellow and the oxidized methionine

141 ALVLGYEGWLAGY(QMM®NFETSKSRVTQSNFAVGYKTDEFQLHTNVNDGTEFGGS I YQKVNKKLETAVNLAW 210 residues are highlighted in green. The N-terminal acety-
lated alanine is shown in red.

211 TAGNSNTREGIAAKYOVDPDAC?32FSAKVNNSSLIGLGYTQTLKPGIKL TLSALLDGKNVNAGGHKLGLGLE 280

281 FOA 283

Ion Routing Multipole (IRM), using a normalized collision energy of 35
and rapid scan MS analysis in the ion trap. Only those precursors with
charge state 1-4 and an intensity above the threshold of 510% were
sampled for MS?. The dynamic exclusion duration was set to 60 s with a
10 ppm tolerance around the selected precursor and its isotopes.
Monoisotopic precursor selection was turned on. AGC target and
maximum injection time (ms) for MS/MS spectra were 1.0 X 10* and
100, respectively. The instrument was run in top speed mode with
3scycles, meaning the instrument would continuously perform MS>
events until the list of non-excluded precursors diminishes to zero or
3s, whichever is shorter. MS/MS spectral quality was enhanced en-
abling the parallelizable time option (i.e. by using all parallelizable
time during full scan detection for MS/MS precursor injection and de-
tection).

Mass spectrometer calibration was performed using the Pierce® LTQ
Velos ESI Positive Ion Calibration Solution (Thermo Fisher Scientific).
MS data acquisition was performed using the Xcalibur v. 3.0.63 software
(Thermo Fisher Scientific).

2.6. Database search

LC-MS/MS data were processed by Proteome Discoverer v. 1.4.1.14
(Thermo Scientific) and PEAKS software (v. 8.5, Bioinformatics
Solutions Inc., Waterloo, ON Canada). Data were searched against the
SwissProt database (release July 2016, containing 550,552 entries)
using the MASCOT algorithm (Matrix Science, London, UK, version
2.5.1). The search was performed against rattus sequences database
(7961 sequences). Full tryptic or chymotrypsin peptides with a max-
imum of 3 missed cleavage sites were subjected to bioinformatic search.
Cysteine carboxyamidomethylation was set as fixed modification,
whereas acetylation of protein N-terminal, trioxidation and succination
of cysteine, presence of selenocysteine, oxidation of methionine, and
transformation of N-terminal glutamine and N-terminal glutamic acid
residue in the pyroglutamic acid form were included as variable mod-
ifications. The precursor mass tolerance threshold was 10 ppm and the
max fragment mass error was set to 0.6 Da. Peptide spectral matches
(PSM) were validated using Target Decoy PSM Validator node based on
g-values at a 1% FDR.

Identification of the other transmembrane mitochondrial proteins
eluted by hydroxyapatite was obtained using Proteome Discoverer v.
1.4.1.14 software with the following filters: Mascot significance
threshold 0.05; peptide confidence: high; peptide score: > 20. A protein
was considered identified with minimum of two peptides.

3. Results
3.1. Mass spectrometric analysis of VDAC1 from rat liver mitochondria

In this work, the primary structure of VDAC1 from Rattus norvegicus
(rVDAC1) has been investigated by tryptic and proteinase K digestion,
and MALDI and ESI-MS/MS mass spectrometric analysis [35]. When
combining the coverage obtained in all the experiments, a total
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coverage of 99% (279 of 282 amino acids) was achieved. The N-term-
inal methionine was never found, indicating that it is removed during
protein maturation. The protein tract not covered in this analysis in-
cluded the sequence Gly®*-Lys®®.

To exclude the possibility that any unspecific and undesired oxi-
dation could happen during the purification protocol, we added DTT to
the buffer used to suspend the mitochondria and in the purification
steps, as described in the Experimental Section. In-solution tryptic di-
gestion of the hydroxyapatite (HTP) eluate of Triton X-100 and mass
spectrometry analysis was then performed. Note that in this experiment
every protein present in the HTP eluate was digested, producing a very
complex peptide mixture. rVDAC1 peptides found in the analysis of
mitochondria lysate incubated with DTT are reported in Supplementary
Table 1.

UHPLC/High Resolution ESI-MS/MS of the tryptic digest allowed
the coverage of 100% of the rVDAC1 sequence (Fig. 1 and Supple-
mentary Table 1), thus chymotryptic digestion was not required. Al-
though some predicted tryptic peptides of the rVDAC1 sequence are
shared by two or three isoforms, unequivocal sequence coverage was
obtained by the detection of unique peptides originated by missed-
cleavages. The sequences of these unique peptides are underlined in
Fig. 1.

The results also confirmed that the N-terminal Met, reported in the
SwissProt database sequence (Acc. N. Q9Z2L0), is absent in the mature
protein and that the N-terminal Ala is almost totally present in the
acetylated form (Supplementary Fig. 1, Supplementary Table 1, frag-
ments 2 and 3).

Data analysis was particularly focused on the investigation of the
oxidation state of Met and Cys residues. The sequence of rat VDAC1
comprises one methionine in position 155, and two cysteines in position
127 and 232. It should be noted that the numeration adopted in the
discussion starts from Met', which, actually, has been found to be ab-
sent.

Among the peptides identified, besides the fragment containing
Met!'>® in the normal form (Supplementary Table 1, fragment 26), a
peptide with this residue in the form of methionine sulfoxide was also
detected (Supplementary Table 2, fragment 3).

The full scan and fragment ion mass spectrum of the molecular ion
of the peptide G**°ALVLGYEGWLAGYQMNFETSK'®! with Met'>® as
methionine sulfoxide are reported in Supplementary Fig. 2. The MS/MS
spectrum presents the characteristic neutral loss of 64 Da corresponding
to the ejection of methanesulfenic acid from the side chain of MetO
[36].

Although from these data a precise determination of the amount of
methionine and methionine sulfoxide respectively present in the di-
gestion mixture cannot be obtained, a rough estimation of their relative
abundance can be derived from the comparison of the absolute in-
tensities of the multiply charged molecular ions of the respective pep-
tides. These calculations for the doubly charged molecular ion of the
fragment G'*°-K'¢1, detected in the tryptic digest, indicate a ratio of
65:1 MetO/Met (Table 1).

Analysis of the mass spectral data oriented to the determination of
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Comparison of the absolute intensities of molecular ions of selected sulfur containing tryptic peptides found in the analysis of rVDAC1 reduced with DTT, car-
boxyamidomethylated and digested in-solution. The ratio reported was determined from a single experiment.

Peptide Position in the sequence Measured monoisotopic m/z Absolute intensity Ratio Ox/Red
EHINLGCDVDFDIAGPSIR 121-139 1059.9929 (+2) 1.1010° 0.12
EHINLGCDVDFDIAGPSIR 710.0099 (+3) 9.1010°

EHINLGCDVDFDIAGPSIR 121-139 1050.9885 (+2) 1.62:10° 0.26
EHINLGCDVDFDIAGPSIR 1055.5061 (+2) 6.1910°

GALVLGYEGWLAGYQMNFETSK 140-161 1225.5898 (+2) 1.07107 65
GALVLGYEGWLAGYQMNFETSK 1217.5914 (+2) 1.64-10°

YQVDPDACFSAK 225-236 696.2938 (+2) 4.1810° 0.1
YQVDPDACFSAK 700.8118 (+2) 4.0610°

M: methionine sulfoxide; C: cysteine carboxyamidomethylated; C: cysteine oxidized to sulfonic acid. E: pyroglutamic acid form.

oxidation state of cysteines showed that for both the cysteines 127 and
232, besides the peptides containing these residues carbox-
yamidomethylated (Supplementary Table 1, fragments 23, 24, 25, 33,
and 34), peptides with these amino acids in the form of sulfonic acid
were also identified (Fig. 2, Supplementary Table 2, fragments 1, 2 and
4.

Again, a rough estimation of the relative abundance of the cysteines
oxidized to sulfonic acid with respect to the Cys in the carbox-
yamidomethylated form can be derived from the ratio of the absolute
intensities of the multiply charged molecular ions of the corresponding
peptides. From these comparisons (Table 1), a ratio Cys-oxidized-to-
sulfonic-acid/Cys-carboxyamidomethylated ranging from about 0.1:1
to 0.26:1 is observed. In the evaluation of these results, it should be
considered that the oxidation of cysteine to cysteine sulfonic acid in-
troduces a strong negative charge in the peptide, thus hampering the
formation of positive ions. However, even taking into account these
considerations, the data in Table 1 suggest that a sizeable amount of
cysteines is oxidized to sulfonic acid.

3.2. Mass spectrometric analysis of VDAC2 from rat liver mitochondria

3.2.1. Tryptic digestion

As for rVDACI, also the sequence of VDAC2 from Rattus norvegicus
(rVDAC?2) has been characterized by tryptic and proteinase K digestion,
and MALDI and ESI-MS/MS mass spectrometric analysis [35] reaching
a total coverage of 89,5% (263 of 294 amino acids). The N-terminal
methionine was found to be removed in the mature protein and the
region Gly'*%-Thr'®® was not covered.

In our work, the analysis of tryptic digest of the hydroxyapatite
eluate of Triton X-100 solubilized rat liver mitochondria analyzed by
UHPLC/High Resolution ESI-MS/MS allowed to identify 84.35% of the
protein (248 of 294 amino acids) (Fig. 3 and Supplementary Table 3).

Although some predicted tryptic peptides of the rVDAC2 sequence
are shared by two or three isoforms, unequivocal sequence coverage
was obtained by the detection of unique peptides originated by missed-
cleavages.

Also in rVDAC2, the N-terminal methionine, reported in the
SwissProt database sequence (Acc. N. P81155), was found to be absent
and the Ala® resulted present in the acetylated form (Supplementary
Table 3, fragment 1 and Supplementary Fig. 3).

In the r'VDAC2 there are one methionine in position 167, and eleven
cysteines in position 4, 5, 9, 14, 48, 77, 104, 134, 139, 211, and 228.
The oxidation state of the Met residue could not be determined in the
analysis of the tryptic digest because the peptide containing the Met
residue was not found. Instead, the partial oxidation of Cys48 (Table 2
and Fig. 4), Cys”’, Cys'®4, Cys?!!, and Cys*?® (Supplementary Table 4,
fragments 1-6 and Supplementary Figs. 4-6) to sulfonic acid, and the
presence of the cysteines 4, 5, 9, and 14 exclusively in the carbox-
yamidomethylated form was detected (Supplementary Table 3, frag-
ment 1, and Supplementary Fig. 3).

The relative abundance of the peptides containing the cysteines
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oxidized to sulfonic acid in comparison with peptides containing
“normal” cysteines (i.e. carboxyamidomethylated cysteines), was esti-
mated from the ratio of the absolute intensities of the respective mul-
tiply charged molecular ions. Table 2 shows that the cysteines 48 and
77 are oxidized to sulfonic acid in considerable amount, whereas cy-
steines 104, 211 and 228 oxidized to sulfonic acid are present only in
trace amount.

Peptides including Cys'3* and Cys'®° resulted undetectable, so it
was not possible to evaluate their oxidation state.

4

3.2.2. Chymotryptic digestion

To increase the sequence coverage, chymotryptic digestion of
rVDAC2 was also performed. When combining the results obtained in
the tryptic and chymotryptic digestions, the coverage of the sequence of
rVDAC2 was extended to 96, 26% (283 out of 294 amino acids) (Fig. 3
and Supplementary Tables 3, 5). Although some predicted chimotryptic
peptides of the rVDAC2 sequence are shared by two or three isoforms,
unequivocal sequence coverage was obtained by the detection of un-
ique peptides originated by missed-cleavages, except for the sequence
GYEGWLAGY, which was not possible to cover by unique peptides
(shown in bold in Fig. 3).

The region still not covered corresponds to the sequence Glu
Phe!*®, a part of the stretch not determined in a previous work [35]
(Fig. 5). In the chymotryptic digest, Met'®” was identified either as
normal methionine (Supplementary Table 5, fragments 12 and 13) and
as methionine sulfoxide (Supplementary Table 6, fragments 1 and 2 and
Supplementary Fig. 7). Because the peptide LAGYQM is shared by all
the three isoforms, a rough estimation of the Ox/Red Ratio can be de-
rived from the comparison of the absolute intensities of the multiply
charged molecular ions of the peptide QMTFDSAKSKL, which is unique
of the rVDAC2 sequence. As shown in Table 3, the two forms appear
present in approximately equal amounts. Instead, cysteines oxidized to
sulfonic acid were undetectable. (See Fig. 5.)

133,

3.3. Presence of selenocysteines and identification of succination in VDAC
isoforms

Mass spectral data were also analyzed in order to detect the pre-
sence of selenocysteines and the occurence of cysteine succination.
Selenocysteines were not observed in all the rVDAC isoforms.
Succinated cysteines were not found in rVDACI1, whereas in rVDAC2
only Cys48 was identified as succinated in very low amount
(Supplementary Table 7 and Supplementary Fig. 8) (Table 4). In
rVDACS3 three cysteines (8, 36 and 229) were succinated (Supplemen-
tary Table 8 and Supplementary Fig. 9), with two of them (36 and 229)
in very low amounts (Table 5).

3.4. No other protein carrying over-oxidized cysteine was identified in
mitochondrial HTP eluates

Many works have outlined the power of HTP as a chromatographic
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Fig. 2. Top: MS/MS spectrum of the doubly charged molecular ion at m/z 1059.9929 (calculated 1059.9919) of the VDACI tryptic peptide from Rattus norvegicus
containing cysteine residue 127 in the form of sulfonic acid. Bottom: MS/MS spectrum of the doubly charged molecular ion at m/z 696.2938 (calculated 696.2938) of
the VDAC1 tryptic peptide from Rattus norvegicus containing cysteine residue 232 in the form of sulfonic acid. The insets show the full scan mass spectrum of
molecular ions. Fragment ions originated from the neutral loss of H,O are indicated by an asterisk. Fragment ions originated from the neutral loss of NH3 are

indicated by two asterisks.

matrix able to selectively allow the purification of integral membrane
proteins. This was also proved true for VDACs [33, 34]. Consequently,
the HTP eluate from Triton X-100 solubilized rat liver mitochondria has
been the starting material for the preparations used in this work. The
HTP eluate (or pass-through, since the analyzed proteins are only those
not retained by the chromatography) results enriched in VDAC iso-
forms, but many other proteins are also present. The power of the deep
Mass Spectrometric analysis reported us a list of other proteins, iden-
tified by the concordance between the peptide masses and the se-
quences in the databases (Table 6). We were interested to know whe-
ther other mitochondrial membrane proteins carried similar over-
oxidations as those found in VDAC3 [32]. Although in some of the
proteins reported in Table 6 (shown in bold) tryptic peptides containing
cysteines residues were identified, no evidence of over-oxidized cy-
steines was found. This is a strong indication that the cysteine over-
oxidation in the inter-membrane space is peculiar of VDACs. Instead,
several of the proteins reported Table 6 present methionines in the
oxidized form.

Among the other proteins found in the HTP pass-through, and not
being transmembrane proteins, only the mitochondrial matrix protein
thiosulfate sulfur-transferase (UniProtKB - P24329), the mitochondrial
import factor for the cytosolic 5S rRNA, was reported to be oxidized
from our analysis, outlining how rare and peculiar is this modification.

4. Discussion

Using the same techniques that allowed the deep characterization of
human and rat VDAC3 [32], we succeeded in obtaining a good se-
quence coverage of VDAC1 and VDAC2 from rat liver mitochondria,
together with the accurate determination of the oxidative states of their
cysteine and methionine residues. The association of the “in-solution”
digestion of the eluates obtained from hydroxyapatite chromatography
with the high-resolution mass spectrometry has indeed permitted to
overcome the remarkable difficulties associated with the analysis of
membrane proteins. In particular, it is worth to note that the digestion
in solution of the HTP eluate allowed bypassing the SDS-electrophoresis
step with its potential dangers of unwanted oxidations. Unfortunately,
even though the techniques applied are the most updated available, it is
striking that a short amino acid stretch in the sequences of both VDAC2
and VDAC3 could not be identified, leaving a small leak in the sequence
coverage of the two proteins (Fig. 5). Interestingly these two short
stretches do contain a cysteine and are located in a very close position
with respect to the whole sequences. Although it is possible that pep-
tides present in the digested mixture may remain undetected in the
mass spectrometric analysis, it is tempting to speculate that parts of

sequences not matched by the mass spectral data hide sequence mod-
ifications, presently unknown but possibly of structural and functional
importance.

4.1. VDAC1 and VDAC2 show evidence of oxidized sulfur-containing
amino acids

A particularly intriguing result was the identification, also in VDAC
isoforms 1 and 2, of oxidized methionines and of cysteine residues over-
oxidized up to sulfonic acid, an irreversible state, at least in the cell, of
the sulfur-containing amino acid. These modifications, affecting cy-
steines 127 and 232 in rVDACI, and 48, 77, 104, 211, and 228 in
rVDAC2, respectively, are however, present in relatively smaller
amount than in rVDAC3, previously characterized [32]. There are in-
teresting differences among the cysteine oxidation patterns affecting
the VDAC isoforms.

In the case of VDAC1 the only two cysteine residues in the se-
quences are not either close one another nor in a highly hydrophilic
environment (see the 3D structure of the protein in Fig. 6). However, in
the physiological state, a consistent amount of cysteines in VDAC1 is
present in the reduced form or can be involved in disulfide bridges
formation, which, if present, must be necessarily intermolecular in
nature, owing to the position of the two cysteines in the protein. VDAC1
sulfur residues do not play any special function in the protein pore-
forming activity.

VDAC?2 is particularly rich of cysteines. In the rat there is the highest
number of cysteines, 11 against 9 in human and mouse. In the critical
N-terminal sequence, or very close to it, there is an abundance of 4
cysteines very much clustered. It is very indicative that these cysteines,
in our analysis, did not show any presence of oxidization, i.e. they were
found as carboxymethylated residues: in chemical terms this means that
these cysteines are in a reversible oxidation state, i.e. they can oscillate
between a reduced and a mild oxidized state, like in the case of disulfide
bridge formation. In the remaining sequence four cysteine containing
peptides were detected and they were found both over-oxidized and
reduced. A rough estimation of the ratio between the two peptides was
attempted, with the aim to get at least a broad indication of the amount
of cysteines found in any oxidized or reduced state. From this survey
(see Table 2) Cys 48 and Cys 77 were present in an approximately 1:10
ratio oxidized/reduced, while Cys 104 and Cys 211/228, both on the
same peptide, had a rough ratio of 1:100 oxidized/reduced, i.e. the
reduced state is more an exception than a rule. Cys 134 and Cys 139 are
on a sequence stretch that was not detected, and it thus presently im-
possible to state their oxidation state (discussed above).

In front of these results, in rat VDAC3 we found that four cysteines

Fig. 3. Sequence coverage map of rVDAC2 obtained by

2 70
enzymatic digestions. Solid lines indicate the coverage
obtained with tryptic peptides; dotted lines the coverage
71 ETKYKWC’EYGLTFTEKWNTDNTLGTEIATEDOIC*¥0GLKLTFDTTFSPNTGKKSGKIKSAYKRECY#INLGC!3D 140 obtained with chymotryp?c peptld'es. The sequen?e
------------------------------------------------------------ stretch not covered by unique peptides is reported in
bold. The carboxyamidomethylated cysteine residues are
gl highlighted in gray; the oxidized cysteine residues are
141  VDFDFAGPAIHGSAVFGYEGWLAGYQM!!TFDSAKSKLTRSNFAVGYRTGDFOLHTNVNNGTEFGGSIYQ 210 o . o .
-------------------------------------- ==s highlighted in yellow and the oxidized methionine re-
sidues are highlighted in green. The N-terminal acety-
lated alanine is shown in red.
211 280
281  NAGGHKLGLALELEA 295
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Table 2

BBA - Bioenergetics 1859 (2018) 806-816

Comparison of the absolute intensities of molecular ions of selected sulfur containing tryptic peptides found in the analysis of rVDAC2 reduced with DTT, car-
boxyamidomethylated and digested in-solution. The ratio reported was determined from a single experiment.

Peptide Position in the sequence Measured monoisotopic m/z Absolute intensity Ratio Ox/Red
TKSCSGVEFSTSGSSNTDTGK 45-65 1064.4547 (+2) 5.01-10* 0.08
TKSCSGVEFSTSGSSNTDTGK 712.9837 (+3) 6.0310°

SCSGVEFSTSGSSNTDTGK 47-65 949.8823 (+2) 1.0910° 0.41
SCSGVEFSTSGSSNTDTGK 954.4005 (+2) 2.67-10°

YKWCEYGLTFTEK 74-86 858.3899 (+2) 7.9810* 0.75
YKWCEYGLTFTEK 862.9038 (+2) 1.06:10°

WCEYGLTFTEK 76-86 712.8052 (+2) 1.22:10° 0.030
WCEYGLTFTEK 717.3243 (+2) 4.0510°

WNTDNTLGTEIAIEDQICQGLK 87-108 1255.5902 (+2) 9.9810* 0.007
WNTDNTLGTEIAIEDQICQGLK 1260.1088 (+2) 1.36:107

VCEDFDTSVNLAWTSGTNCTR 210-230 1207.9841 (+2) 3.1610* 0.008
VCEDFDTSVNLAWTSGTNCTR 1217.0264 (+2) 3.90-10°

C: cysteine carboxyamidomethylated; C: cysteine oxidized to sulfonic acid.

upon six detected (Cys 36, 65, 165, and 229) are oxidized to sulfonic
acid in a considerable amount [32] and Cys 2 and Cys 8 were not
heavily oxidized, showing instead carboxyamidation and thus the
possibility of a reduced and mildly oxidizable state as a disulfide bridge
[15]. Cys 122 could not be detected because the corresponding peptide
was not identified.

4.2. In mitochondria, cysteine over-oxidation is a specific feature of VDACs

The observation that over-oxidation, mainly in VDAC2 and VDACS3,
only affects certain cysteines, ensures the absence of artifacts.
Oxidation of thiols to sulfonic acid is not attributable to a simple oxi-
dation by air, but, chemically, arises from exposure to strong oxidizing
agents such as halogens, hydrogen peroxide, and nitric acid [37]. The
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presence of oxidative modifications in VDACs could be explained by
their localization within the cell, since they are exposed to the inter-
membrane space (IMS) [15], a cellular compartment where oxidative
protein folding occurs [38-40]. Anyhow, despite the existence of a
dedicated machinery for the introduction of disulfide bonds, many
proteins and protein domains of the IMS contain reduced cysteine re-
sidues, probably due to special reductases (i.e. the thioredoxin and the
glutaredoxin systems [41-43]). This would primarily explain the car-
boxyamidomethylated cysteines in VDAC2 and VDAC3 N-terminal re-
gions, likely involved in disulfide bridge formation. What is surprising
is the fact that only another mitochondrial protein, found in the HTP
eluate, has been identified as sulfonated. It is the mitochondrial matrix
protein thiosulfate sulfur-transferase (UniProtKB - P24329) that acts as
a mitochondrial import factor for the cytosolic 5S rRNA, involved in the
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Fig. 4. MS/MS spectrum of the doubly charged molecular ion at m/z 1064.4547 (calculated 1064.4530) of the VDAC2 tryptic peptide from Rattus norvegicus
containing cysteine residue 48 in the form of sulfonic acid. The inset shows the full scan mass spectrum of molecular ion. Fragment ions originated from the neutral
loss of H,O are indicated by an asterisk. Fragment ions originated from the neutral loss of NH; are indicated by two asterisks.
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oxidized to sulfonic acid in yellow. In green the methionine residues identified as oxidized; solid lines indicate cysteines identified as succinated. In red the sequences

not covered by the mass spectrometric analysis.

Table 3

Comparison of the absolute intensities of molecular ions of a selected sulfur
containing chymotryptic peptide found in the analysis of r'VDAC2 reduced with
DTT, carboxyamidomethylated and digested in-solution.

Peptide Position in Measured Absolute Ratio
the sequence monoisotopic m/z intensity Ox/Red

QMTFDSAKSKL 166-176 627.8057 (+2) 7.91-10* 3.2

QMTFDSAKSKL 619.8083 (+2) 2.46:10*

M: methionine sulfoxide; Q: pyroglutamic acid form.

Table 4

Comparison of the absolute intensities of molecular ions of succinated peptides
found in the analysis of r'VDAC2 reduced with DTT, carboxyamidomethylated
and digested in-solution.

Peptide Position Measured Absolute  Ratio
in the monoisotopic intensity Succinat/
sequence m/z Norm
TKSCSGVEFSTSGSSNTDTGK ~ 45-65 732.6460 2.38:10*  0.039
(+3)
TKSCSGVEFSTSGSSNTDTGK 712.9837 6.03-10°
+3)

C: cysteine succinated.

formation of iron-sulfur complexes, cyanide detoxification or mod-
ification of sulfur-containing enzyme and possess a weak mercapto-
pyruvate sulfurtransferase (MST) activity. This finding defines the sul-
fonation of cysteine residues as a non-random event that affects specific

Table 5

components and not the entire universe of IMS-exposed mitochondrial
proteins. Beside reports that claim the negative effects of such over-
oxidations (i.e. the sulfonic acid modification of mammalian Cu, Zn-
SOD has been speculated to play an important role in diseases like fa-
milial amyotrophic lateral sclerosis [44]), others seem to say otherwise.
Lim, J. et al. have indeed shown that sulfonation of a specific residue of
Peroxiredoxin activates a “super-chaperone” activity that may be in-
duced during oxidative stress [45].

Moreover, Poderoso and coworkers have demonstrated that the
redox state modulates the mitochondrial interaction of MAPKs to
MAPKKs by oxidation of conserved cysteine domains of MAPKs to
sulfinic and sulfonic acids [46]. Is it therefore possible that the oxida-
tive modification of cysteine residues is the basis of a fine regulation of
VDAC pore-forming activity? Considering the different Cys-oxidized-to-
sulfonic-acid/Cys-carboxyamidomethylated ratios of the three iso-
forms, it is tempting to speculate that the redox state “modulates” the
specific activity of each isoform according to the cellular needs. In this
regard, we have previously demonstrated that the removal of selected
cysteine residues in VDAC3 completely overturned channel activity,
providing electrophysiological features similar to those of VDAC1 [15].
Likewise, Sodeoka and co-workers have reported that VDAC3 gating is
activated by suppression of specific disulfide bonds within the pore
[47].

4.3. The number of cysteine residues in VDAC isoforms increases during
evolution: a possible explanation

The number of cysteine residues in VDAC raises from the unicellular
eukaryotes (S. cerevisiae VDAC isoforms 1 and 2 have only two such

Comparison of the absolute intensities of molecular ions of succinated peptides found in the analysis of r'VDAC3 reduced with DTT, carboxyamidomethylated and

digested in-solution.

Peptide Position in the sequence Measured monoisotopic m/z Absolute intensity Ratio succinat/norm
*CSTPTYCDLGK 2-12 701.7790 (2+) 4.76:10° 0.29

CSTPTYCDLGK 672.2840 (2+) 1.6310°
TKSCSGVEFSTSGHAYTDTGK 33-53 760.3315 (3+) 8.0910* 0.049
TKSCSGVEFSTSGHAYTDTGK 740.6678 (3+) 1.65:10°
YRLDCR 225-230 417.2109 (2+) 6.59-10* 0.049
YRLDCR 441.7159 (2+) 1.34-10°

* C: N-terminal acetylated; C: cysteine carboxyamidomethylated; C: cysteine succinated.
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Table 6

List of the mitochondrial membrane proteins present in the hydroxyapatite (HTP) eluate of Triton X-100 lysate that were identified by UHPLC/ESI-MS/MS. In the
table the full name, the percentage of sequence coverage, the number of isoforms identified for each protein, the number of unique peptides, the total number of
peptides, the molecular weight in KDa and the calculated isoelectric point are reported. Proteins identified by peptides containing cysteines are reported in bold.

Accession number  Description Coverage  Proteins  Unique peptides  Peptides =~ MW [kDa] Calc. pI
Q9Z2L0 Voltage-dependent anion-selective channel protein 1 95.41 1 32 33 30.7 8.54
P81155 Voltage-dependent anion-selective channel protein 2 64.41 1 14 17 31.7 7.49
P35171 Cytochrome c oxidase subunit 7A2 62.65 1 4 4 9.3 10.27
P62078 Mitochondrial import inner membrane translocase subunit Tim8 B 50.60 1 4 4 9.3 5.12
Q9R1Z0 Voltage-dependent anion-selective channel protein 3 45.23 1 8 10 30.8 8.70
Q9JJW3 Up-regulated during skeletal muscle growth protein 5 44.83 1 3 3 6.4 9.83
P26772 10kDa heat shock protein 43.14 1 4 4 10,9 8,92
P11951 Cytochrome c oxidase subunit 6C-2 36.84 1 3 3 8.4 10.07
P00173 Cytochrome b5 31.34 1 3 3 15.3 4.98
Q9WVJ4 Synaptojanin-2-binding protein 26.90 1 4 4 15.8 6.80
P62898 Cytochrome ¢ 22.86 1 3 3 11.6 9.58
Q9WVA1 Mitochondrial import inner membrane translocase subunit Tim8 A  22.68 1 2 2 11.0 5.16
P15999 ATP synthase subunit alpha 22.42 1 9 9 59.7 9.19
P13437 3-ketoacyl-CoA thiolase 20.15 1 4 4 41.8 7.94
P08011 Microsomal glutathione S-transferase 1 18.71 1 3 3 17.5 9.61
P35434 ATP synthase subunit delta 17.26 1 3 3 17.6 5.24
088498 Bcl-2-like protein 11 12.76 1 2 2 22.0 6.54
P10719 ATP synthase subunit beta 10.78 1 4 4 56.3 5.34
P63039 60 kDa heat shock protein 8.73 1 4 4 60.9 6.18
Q66H15 Regulator of microtubule dynamics protein 3 7.86 1 3 3 52.3 5.02
P97521 Mitochondrial carnitine/acylcarnitine carrier protein 6.31 1 2 2 331 9.48
Q09073 ADP/ATP translocase 2 5.70 1 2 2 329 9.73
P22791 Hydroxymethylglutaryl-CoA synthase 5.31 1 3 3 56.9 8.68
Q5BJQO Atypical kinase ADCK3 4.31 1 2 2 72.2 6.46
P07756 Carbamoyl-phosphate synthase [ammonia] 3.53 1 4 4 164.5 6.77
Q64428 Trifunctional enzyme subunit alpha 3.28 1 2 2 82.6 9.06
residues) through less evolved animals (zebrafish has only one cysteine because a cysteine is oxidized doesn't necessarily mean it plays a
in the sequence of VDAC2) to mammalians, where there is the largest functional role. Sulfonic acid (RSO3H) definitely represents a special
number of cysteines. issue. Due to resonance in the conjugate base, it can stabilize its ne-
The functional relevance of cysteine oxidation remains untested in gative charge and is comparable in strength to sulfuric acid. There are
all but a few case: as with other posttranslational modifications, just no known enzymes that can reverse this form back to any of the
rVDAC1 rVDAC2

Cys 228

Fig. 6. Side and top views of rat VDAC1 and rat VDAC2 where the cysteine positions have been indicated. The structures are predicted by homology modelling, using
mVDAC1 structure (pdb: 3EMN) as a template.
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previous sulfur oxidative states (sulfenic and sulfinic forms) and it is
suggested to play a role in either inhibiting proteins or targeting them
for degradation [48]. In particular, the sulfonic acid group would act as
a marker for ubiquitin-dependent protein degradation when formed on
an N-terminal cysteine residue, such as in GTPase-activating proteins
(the so-called “N-end rule pathway”) [49]. In light of this, it is im-
portant to point out that in VDAC3, the N-terminal cysteine residue Cys
2 has always been found reduced, together with the nearby Cys 8 [32].
The same with regard to the N-terminal cysteines of the isoform 2
(residues Cys 4, 5, 9 and 14), always identified in the carbox-
yamidomethylated form. The over-oxidation to sulfonic acid observed,
to varying degrees, for all the remaining residues of VDAC2 and VDAC3
and for the Cys 127 and 232 of VDACI, should therefore assume a to-
tally different meaning and have a presumable regulatory function.

4.4. Cysteine succination in VDAC

In this work it is also reported the identification of succinated cy-
steines in VDAC2 and VDACS3, but not in VDAC1. Succination is an ir-
reversible post-translational modification that occurs when fumarate
reacts with cysteine residues to generate S-(2-succino)-cysteine (2SC).
Increased protein succination arises from elevated fumarate con-
centrations as a result of Krebs cycle inhibition, as observed in some
mitochondrial diseases [50], cancer (with fumarate hydratase (FH)-
deficiency) [51] and diabetes [52]. Interestingly, in the brainstem of a
mouse model of Leigh syndrome, MS/MS analysis identified VDAC1
and VDAC2 as specific targets of succination: in particular, Cys77 and
Cys48 were identified as endogenous sites of succination in VDAC2.
Authors speculated that cysteine succination of VDAC decreases ATP
synthesis in mitochondria, further worsening the already compromised
mitochondrial function [50].

5. Conclusions

Our results demonstrate that the mitochondrial rVDAC1 and
rVDAC2, in physiological state, contain methionines oxidized to me-
thionine sulfoxide. Furthermore, cysteines 127 and 232 in rVDACI, and
48, 77, 104, 211, and 228 in rVDAC2, respectively, are oxidized to
sulfonic acid in relatively small amount respect to rVDAC3. The pecu-
liar behavior of Met and Cys residues of VDACs may be related with the
location of this proteins in a strongly oxidizing environment and may be
connected with the regulation of the activity of these trans-membrane
pore proteins. The structural features elucidated by the present work
may be helpful for a better understanding of the functional role of
VDACs 1 and 2.
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