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The adduction of fumaric acid to the sulfhydryl group of certain cysteine (Cys) residues in proteins via aMichael-
like reaction leads to the formation of S-(2-succino)cysteine (2SC) sites. Although its role remains to be fully un-
derstood, this post-translational Cys modification (protein succination) has been implicated in the pathogenesis
of diabetes/obesity and fumarate hydratase-related diseases. In this study, theoretical approaches to address
sequence- and 3D-structure-based features possibly underlying the specificity of protein succination have
been applied to perform the first analysis of the available data on the succinate proteome. A total of 182 succinated
proteins, 205 modifiable, and 1750 non-modifiable sites have been examined. The rate of 2SC sites per protein
ranged from 1 to 3, and the overall relative abundance of modifiable sites was 10.8%. Modifiable and non-
modifiable sites were not distinguishable when the hydrophobicity of the Cys-flaking peptides, the acid dissoci-
ation constant value of the sulfhydryl groups, and the secondary structure of the Cys-containing segments were
compared. By contrast, significant differences were determined when the accessibility of the sulphur atoms and
the amino acid composition of the Cys-flaking peptideswere analysed. Based on thesefindings, a sequence-based
score function has been evaluated as a descriptor for Cys residues. In conclusion, our results indicate that modi-
fiable and non-modifiable sites form heterogeneous subsets when features often discussed to describe Cys reac-
tivity are examined. However, they also suggest that some differences exist, which may constitute the baseline
for further investigations aimed at the development of predictive methods for 2SC sites in proteins.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The post-translational modification (PTM) of proteins is a major
mechanism for eukaryotic cells to regulate their complex physiological
processes [1,2]. Moreover, the adduction of reactive compounds to pro-
teins is a pivotal triggering event in chemical toxicity [3,4]. So far, more
than 400 PTM types have been described, and a significant fraction of
proteins is thought to be affected by PTMs [5,6]. However, the role of
some types of modification remains to be fully understood.

The sulfhydryl group in the side chain of cysteine (Cys) residues
in proteins is subject to several PTM types, including sulphenation,
sulphination, nitrosylation, sulfhydration, glutathionylation, and
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adduction to endogenous and exogenous electrophiles [7–9]. The ad-
duction of fumaric acid (FA) to the free sulfhydryl group of certain Cys
residues in proteins via a Michael-like reaction leads to the formation
of S-(2-succino)cysteine (2SC) sites. Originally detected in plasma pro-
teins [10], including albumin, this post-translational Cys modification
type (referred as protein succination) has been described in models of
diabetes/obesity, fumarate hydratase (FH)-related diseases, and Leigh
syndrome. Increased levels of succinated proteins have been found in
murine 3T3-L1 adipocytes cultured in high glucose medium (30 mM,
compared with a physiological level of 5 mM), as well as in tissues
from streptozotocin-treated rats, db/db (leptin receptor deficient),
ob/ob (leptin deficient), and diet-induced obese mice [11–14]. It has
been proposed that nutrient excess results in elevated ATP:ADP,
NADH:NAD+, and mitochondrial membrane potential, and that the in-
creased NADH:NAD+ inhibits oxidative phosphorylation, leading to a
persistent accumulation of mitochondrial intermediates including FA,
which, in turn, causes protein succination [15]. A pronounced accumu-
lation of succinated proteins even results from the loss of FH activity
[16–20]. FH catalyses the reversible conversion of FA to malic acid
in the tricarboxylic acid cycle. Importantly, germline loss-of-function
mutations in FH are known to predispose affected individuals to
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multiple cutaneous and uterine leiomyomas, as well as to Hereditary
Leiomyomatosis and Renal Cell Cancer (HLRCC) [21]. Protein
succination has been implicated in the FH-related carcinogenesis
[22–24], albeit its exact role remains to be fully elucidated [25–27].
Finally, increased protein succination has also been described in the
brainstem of Ndufs4 knockout mice (a model of Leigh syndrome) [28],
thus indicating a potential role for this PTM type in the pathogenesis
of this mitochondrial disorder. Collectively, these findings indicate the
potential relevance of protein succination and suggest that a better
understanding of its role could be achieved by a more comprehensive
investigation of the succinate proteome.

Many 2SC sites have been identified in previous studies [29–31].
However, given the abundance of Cys residues in proteomes [32], it
is reasonable that a large proportion of succinated proteins and 2SC
sites still remains to be identified. Experimental identification of
modified sites is typically a labour-intensive and expensive approach.
Computational prediction of these sites could be a convenient
and high-throughput strategy to generate helpful information for
subsequent experimental verification. Methods for computationally
predicting redox-active Cys residues with specific modifications have
already been proposed [8,33–37]. However, to date no method has
been developed to predict 2SC sites in proteins, and the succinate
proteome has never been studied in order to evaluate the specificity of
the protein succination.

Therefore, toward the long-term goal of developing computational
methods to predict 2SC sites in proteins, in this study several theoretical
approaches to address sequence- and 3D-structure-based features that
may lie behind the specificity of protein succination have been applied
to analyse the available data (published or extracted from other open
sources) on the succinate proteome.
2. Material and methods

2.1. Protein data collection

Data sets of proteins containing 2SC sites at established locations
were built by collecting data from published reports. The suite tool Da-
tabase for Annotation, Visualization and Integrated Discovery (DAVID;
version 6.7, http://david.abcc.ncifcrf.gov/) was used to analyse different
annotations (e.g., for cellular component, biological process, molecular
function). The sequence of the succinated proteins were retrieved
from the UniProt resource (http://www.uniprot.org/). Available 3D-
protein structureswere retrieved from the Protein Data Bank repository
(http://www.rcsb.org/pdb/home/home.do), and visualized in VegaZZ
(http://nova.disfarm.unimi.it/cms/index.php?Software_projects:
VEGA_ZZ; version 3.0.3).
2.2. Analysis of 2SC sites

Data sets of succinated proteins were tested for parameters often
discussed in regard to post-translational Cys modifications. From the
sets of protein sequences, all fragments having a Cys residue in the cen-
tral position were extracted. Each sequence fragment represents a pep-
tide of x amino acids upstream and downstream of the Cys residue and
length= 1+ 2x amino acids, as described in previous studies on other
PTMtypes [35–40]. Each fragmentwas assigned to a set according to the
type of Cys residue: modifiable Cys (MC) or non-modifiable Cys (NMC).

The hydrophobicity of the Cys-flanking peptides was analysed
using an in-house Python (https://www.python.org/, version 3.4) pro-
gramme, implementing the standard Kyte–Doolittle scale [41] and
adopting x = 6 amino acids, as previously described [38,39].

The acid dissociation constant (pKa) of the free sulfhydryl group in
the side chain of Cys residues were calculated as described by Marino
and Gladyshev [39] with the PropKa implementation in VegaZZ.
The solvent accessibility area of the sulphur atom in the side chain of
Cys residueswasdeterminedwith theweb tool DSSP (http://swift.cmbi.
ru.nl/gv/dssp/), by default settings.

2.3. Positional frequency matrices and transitional matrices

The amino acid composition of the Cys-flanking fragments was
determined and examined. In particular, Cys-centred peptides were
staked and aligned (Cys in the central position was the unique con-
straint). Then, MC and NMC sets were pre-processed to exclude redun-
dant fragments (fragments with identical amino acid sequence appear
once). Finally, Positional Frequency Matrices (PFMMC and PFMNMC)
were generated (see supplemental material Table S1, and Table S2).
PFMMC and PFMNMC are 22 × (1 + 2x) matrices, where 22 denotes the
20 natural amino acids in proteins, plus X (any unknown amino acid),
and O (empty positions due to the proximity of the central Cys residue
to either theN- or C-terminal), while 1+ 2x amino acids is the window
size. The matrix entries, PFMMCij and PFMNMCij, report the relative fre-
quency of the amino acid i in the position j, computed considering all
segments in theMCorNMC subset.MatCompare [42]was used to quan-
tify the similarity between PFMMC and PFMNMC. The amino acid compo-
sition of the Cys-flanking peptides were also used to generate two
transition matrices, TMMC and TMNMC, that model the probabilities of
finding a given amino acid at a certain position depending on the
nearest previous amino acid in the sequence according to a simple
first-order stationary Markov chain model. TMMC and TMNMC are
three-dimensional arrays 22 × 22 × 2x, where 22 is the number of res-
idues (as previously defined), and 2x is the number of positions. More-
over, the first position of the protein segments was associated with a
frequency vector. To verify the similarity between the TMs a specific
statistical test was used to find out possible significant differences
between couples of corresponding estimated transition probabilities
(see below).

2.4. A sequence-based computational descriptor for cysteine residues

The PFM matrices were used to scan fragment sequences using the
sliding-window approach. An absolute score associated with each
sequencewas computed, by adding the corresponding frequency values
in the PFM considered. In particular, for each sequence two scores were
computed:

Score MC ¼
X−1

j¼−x
PFMMCij

þ
Xx

j¼1
PFMMCij

; ð1Þ

Score NMC ¼
X−1

j¼−x
PFMNMCij þ

Xx

j¼1
PFMNMCij

; ð2Þ

where the index i corresponds to the specific amino acid found in the
j-th position of the sequence. Then, a ‘Succination Degree’ (SD) was
defined as:

SD ¼ Score MC
Score NMC

: ð3Þ

The TM matrices, with their corresponding frequency vectors, were
also used to compute score values using Eqs. (1) and (2) instantiated
on TMMC and TMNMC matrices. SD values were then computed using
Eq. (3), but substituting Score_MC and Score_NMC with such new
scores.

To evaluate the ability of the PFM-based and TM-based SD to de-
scribe modifiable and non-modifiable sites, first the two sets of frag-
ments were randomly split (SD values were normally distributed;
data not shown) into training and test subsets, consisting in 20% and
80%of the total number of fragments, respectively. Fragments belonging
to the test subset were then examined by drawing Receiver Operator
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Characteristics curves using GraphPad Prism 5 (http://www.graphpad.
com/).

3. Results

3.1. Overview of the reference data sets of proteins containing 2SC sites

Sets of proteins containing 2SC sites at established locations have
been described in three reports: (i) 94 proteins in embryonic fibroblasts
and renal cysts from FH-deficient mice have been reported by Ternette
et al. [29], called set A; (ii) 28 proteins in 30mMglucose-treatedmurine
adipocytes have been described byMerkley et al. [30], namely set B; and
(iii) 60 proteins in FH-mutant tumour and two HLRCC-derived cancer
cell lines (UOK262 and NCC-FH-1) have been reported by Yang et al.
[31], called set C.

To determine the biological meaning behind these sets of pro-
teins, the annotations for each modified protein were analysed,
after a pre-processing step to exclude redundancy due to the
presence of orthologues. A wide distribution was determined
when Gene Ontology (GO) annotation terms for cellular compo-
nents were examined (Table S3). Mitochondria-associated terms
(i.e., GO:0005739 ~ mitochondrion, GO:0044429 ~ mitochondrial part,
GO:0031966 ~ mitochondrial membrane) were commonly detected in
the three data sets, indicating that reported succinated proteins are pre-
dominately mitochondrial. However, proteins with exclusively cytosol-
or nucleus-related annotations were also represented (Table S3).

Protein succination is not limited to proteins of a specific biological
process or molecular function (Table S4 and Table S5). Indeed, for
example, enzymes involved in carbohydrate, amino acid, nucleobase/
nucleoside/nucleotide and fatty acid metabolism, RNA processing,
proteins synthesis, iron, zinc, and copper ion homeostasis, cytoskeleton
organization were also represented in the three sets of proteins.

Protein domains often dictate cellular localization and function.
When the InterPro annotation terms for protein domains were exam-
ined, most proteins were not captured. However, some annotation
terms were overrepresented, and two (IPR000504: RNA recognition
motif, RNP-1, and IPR012677: Nucleotide-binding, α-β plait) were sig-
nificantly enriched (Table S6). Collectively, these data indicate that
protein succination is not limited to proteins of a specific biological
function or structure.

The mean frequency of Cys residues in proteins of the set A, B, and C
were 2.1 ± 0.2%, 4.7 ± 1.6%, and 2.0 ± 0.1%, respectively (Fig. 1A). Due
to their high Cys content, cornifin-A, metallothionein-1, and -2 were
Fig. 1.Overview of protein datasets. Occurrence frequency of Cys residues (A), and of 2SC
sites per protein (B) was determined for each protein. In addition, outliners (P b 0.01,
Grubb's test for outliers) are highlighted.
classified as outliers (P b 0.01; Grubb's test). The rate of 2SC sites per
protein ranged from 1 to 3, withmore than 80% of proteins having a sin-
gle 2SC site (Fig. 1B). The rate of modified Cys residues was 10.9%, 3.7%,
and 11.2%, respectively. However, having a single 2SC site and 523 Cys
residues, zonadhesin markedly contributes to the low abundance of
2SC sites in the set B; excluding this protein from the analysis, the rate
of 2SC sites in the set B and the overall relative abundance of modifiable
sites rise to 9.6% and 10.8%, respectively.

Collectively, these findings indicate that, despite the heterogeneity
in almost all annotations examined, which is consistent with the idea
that succination is a non-specific PTM type, only certain Cys residues
can react with FA to form 2SC sites, thus suggesting the existence of
features of Cys residues that govern the specificity of this PTM type.

3.2. Analysis of the 2SC site features

A new protein data set consisting of 178 proteins defined as the
union among the three published sets of proteins was studied (Fig. 2).
The original MC and NMC sets included 205 and 1750 fragments,
respectively. After exclusion of redundant fragments, they include 190
and 1524 fragments, respectively.

3.2.1. Hydrophobicity of the Cys-flaking peptides
Peptides flanking Cys residues were first studied for the hydropho-

bicity, as defined by the Kyte–Doolittle scale, where positive values cor-
respond to a hydrophobic and negative to a hydrophilic environment
[41]. As shown in Fig. 3, computed values were normally distributed
and, compared to the NMC residues, the average hydrophobicity of
the MC residues was slightly, albeit significantly, lower (0.058 ± 0.015
and −0.165 ± 0.041, respectively; P b 0.001, Z-test). The large overlap
between the two sets of sites indicates that hydrophobicity computed
by the Kyte–Doolittle scale could not be a reliable parameter to distin-
guish MC from NMC residues.

3.2.2. Amino acid composition of the Cys-flanking peptides
From a descriptive analysis, several differences were highlighted

when the composition of the Cys-flanking peptides were compared
(Fig. 4). For example, residues with bulky side chains (e.g., valine,
phenylalanine, and leucine) were underrepresented, while residues
with polar chains (e.g., serine, and threonine) were overrepresented.
MatCompare was used to compute the Kullback–Leibler divergence be-
tween the PFMMC and PFMNMC. No statistically significant divergence
Fig. 2. The succinate proteome. After a preprocessing task to exclude proteins with either
ambiguous location or unusual abundance of the 2SC sites (albumin from set A,
triosephosphate isomerase and zonadhesin from set B, cytochrome c-type heme lyase
from set C), sets A (93 proteins), B (26 proteins), and C (59 proteins) were compared
andmerged to generate set D (178 proteins). The Venn diagram displays the composition
of set D. Intersections indicate the presence of proteins shared (identical or orthologues)
by the three original sets (A∩ B=5proteins; A∩ C=22proteins; A∩ B∩ C=2proteins).

http://www.graphpad.com
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Fig. 3.Hydrophobicity of the Cys-flanking peptides. After a preprocessing task to exclude re-
dundancy, Kyte–Doolittle values (x=6positions)were computed formodifiable (n=190)
and non-modifiable (n = 1524) Cys residues in data set D. Data were normalized and
analysed by a Gaussian fitting. Their distributions are shown both as row data (bars) and
after fitting (lines).

Table 1
P-values computed using the Kullback–Leibler divergence
between the PFMMC and PFMNMC.

Position P-value

−12 0.932
−11 0.653
−10 0.250
−9 0.173
−8 0.733
−7 0.303
−6 0.190
−5 0.083
−4 0.013
−3 0.019
−2 0.096
−1 NA
0 NA
1 0.021
2 0.550
3 0.037
4 0.385
5 0.049
6 0.665
7 0.469
8 0.807
9 0.264
10 0.035
11 0.407
12 0.600
NA = not applicable

214 G. Miglio et al. / Biochimica et Biophysica Acta 1864 (2016) 211–218
was determined when the whole matrices were compared. However,
significant divergences were determined when distinct P-values were
computed for each single position (Table 1).

Furthermore, to verify the similarity among the transition matrices
TMMC and TMNMC, binomial tests were performed to find out possible
differences between any two corresponding estimated transition prob-
abilities. The positionswhere differences have been detected at a signif-
icance level less than 0.1 together with the two amino acids involved in
the transition from the given site to the next are shown in Table 2.

Together these findings indicate that the amino acid composition of
the Cys-flanking peptides could be a reliable parameter to distinguish
MC from NMC residues.
Fig. 4. Occurrence frequency of the amino acids in peptides flanking Cys sites. For each amino a
centred on a Cys residue (location 0, not shown). Results of the hierarchical clustering are sho
3.2.3. Secondary structures
The environment surrounding Cys residues in proteins, either with

established crystal or NMR structures, or that could be modelled by
standard homology modelling approaches using Swiss Model server,
was examined. Given the limited number of available 3D-structures,
in order to maximize the chance to discover any significant differences,
the analysis was focused on subsets of hydrophilic and hydrophobic Cys
residues, and representative results have been shown in Table 3. Among
the 20 Cys residues described, 12 (five MC and seven NMC) were in a
α-helices, 1 in a β-strand (one NMC), and 7 (five MC and two NMC)
in a segment with no secondary structure assigned. These data suggest
cid (row), each column corresponds to a location within a window size of 25 amino acids
wn by dendrograms.



Table 2
Positions where significant differences in the transition matrices have been detected.

TM Position Amino acids P-value

MC −2 G/S 0.082
1 C/S 0.006

NMC 1 C/F 0.002
1 C/R 0.007

10 P/G 0.063
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that MC have no propensity for a specific secondary structure indicating
that this feature could not allow to classify MC and NMC.

3.2.4. Accessibility of the sulphur atoms
Compared to theNMC residues, themean value of the solvent acces-

sibility of the sulphur atom was significantly higher for the examined
MC residues (0.3 ± 0.2 and 8.6 ± 2.9 Å2, respectively; P b 0.01, t-test;
Table 3), indicating that the accessibility of the sulphur atom could
play a role in determining the susceptibility of a Cys residue to the
succination, and could be considered for predictive purpose. Neverthe-
less, although some enrichment in highly exposed sulphur atoms was
determined for the MC, some of them were predicted to be buried
(i.e., with exposure value ≤1.0 Å2), and not accessible to a 1.4 Å-probe
(to mimic the water molecule).

3.2.5. Acid dissociation constant of the thiol functional groups
Thiolate anions are known to bemuchmore reactive towardMichael

reactions than their protonate counterparts. The acid dissociation con-
stant (pKa) of the sulfhydryl functional group correlates with the reac-
tivity of the Cys residue, with lowered pKa indicating an activated Cys.
Thereby, the pKa values of the selected Cys residues were computed
with the empirical predictor PropKa. The average pKa was 8.4 ± 0.5,
and comparable values were found for MC and NMC (8.3 ± 0.5 and
8.5 ± 0.8, respectively; Table 3). In addition, although uncommon low
pKa values were determined for some Cys residues, they were in both
subsets, suggesting that the pKa value could not allow classification of
Cys residues with regard to their susceptibility to succination.
Table 3
Structural features of a subset of representative modifiable and nonmodifiable Cys residues.

Site Protein

Peroxiredoxin-1
Heterogeneous nuclear ribonucleoprotein L

Hydrophilic Calbindin
Destrin
Aconitate hydratase, mitochondrial

Modifiable
Glyceraldehyde-3-phosphate dehydrogenase
Aconitate hydratase, mitochondrial

Hydrophobic Protein DJ-1
Creatine kinase U-type, mitochondrial
NFU1 iron–sulphur cluster scaffold homologue,
mitochondrial
Carbonyl reductase [NADPH] 3
Creatine kinase U-type, mitochondrial

Hydrophilic Nuclear cap-binding protein subunit 1
Creatine kinase U-type, mitochondrial
S-methyl-5′-thioadenosine phosphorylase

Nonmodifiable
Enoyl-CoA delta isomerase 1, mitochondrial
Alcohol dehydrogenase 1

Hydrophobic Cytoplasmic dynein 1 heavy chain 1
Aconitate hydratase, mitochondrial
Thioredoxin-dependent peroxide reductase, mitochondrial

NA = no secondary structure was assigned.
3.3. Performance of the succination degree as descriptor of modifiable and
non-modifiable sites

As significant differenceswere determinedwhen the composition of
the Cys-flanking peptides where examined, a sequence-based descrip-
tor of Cys residues is here proposed (seeMethod). A better performance
as descriptor of modifiable and non-modifiable sites has been obtained
considering the SD (x=12 amino acids) computed using the PFMs (Fig.
5A) compared to TMs (Fig. 5B), as indicated by the area under the ROC
curve values that were 0.854 ± 0.015 for PFMs and 0.596 ± 0.052 for
TMs. These results indicate that the PFMs have a descriptive power
higher than the TMs, suggesting that the type of residues and their
position are critical for a good description but each position is not
directly dependent on the previous one.

Then, to evaluate the effect of the window size on the performance
of the PFM-based SD, ten sets of fragments (five MC and five NMC)
were generated by adopting increasing window sizes (x = 3, 6, 9, 12,
and 15 amino acids, respectively) and analysed as previously described.
As shown in Fig. 5C and Table S6, a window size-dependent increase in
the value of all measurements employed was obtained, thus indicating
that a better performance of the PFM-based SD as a descriptor on
modifiable and non-modifiable sites was achieved by employing larger
window sizes.

4. Discussion

Identification of succinated proteins with their 2SC sites is essential
for deciphering the molecular mechanism and role of protein
succination. In this study, we have compiled a list of proteins known
to contain 2SC sites at established locations, and we have analysed the
succinate proteome in order to identify features related to the specificity
of protein succination.

The adduction of FA to Cys is currently retained to proceed by a
spontaneous nucleophilic attack of the thiolate form of the sulfhydryl
group of certain Cys residues [30,43]. Our findings indicate that discrete
features at or near the functional site govern its specificity. For example,
mitochondrial proteins have been commonly found in the published
sets of succinated proteins, thus suggesting the hypothesis that the
Uniprot ID Cys residue
(position)

Model
(PDB code)

Secondary
structure

Solvent
accessibility
(Å2)

pKa

P35700 173 2z9s NA 0.0 9.6
Q8R081 469 3tyt NA 12.5 5.8
P12658 187 2f33 α-Helix 17.3 6.7
Q9R0P5 23 1ak6 NA 4.5 9.5
Q99KI0 451 7acn α-Helix 0.2 10.6

P16858 150 1u8f α-Helix 8.0 5.4
Q99KI0 448 7acn NA 0.0 8.6
Q99LX0 106 1q2u NA 5.4 10.1
P30275 317 1qk1 α-Helix 9.1 7.3
Q9QZ23 213 1veh α-Helix 28.5 9.0

Q8K354 150 2hrb α-Helix 0.0 9.9
P30275 397 1qk1 α-Helix 1.1 9.5
Q3UYV9 456 3fey α-Helix 0.0 11.4
P30275 180 1qk1 NA 1.5 7.6
Q9CQ65 145 3ozc α-Helix 0.6 5.5

P42125 148 1xx4 α-Helix 0.0 10.6
P00329 287 1u3w NA 0.0 9.4
Q9JHU4 3323 3j1t α-Helix 0.0 4.1
Q99KI0 205 7acn β-Strand 0.0 11.8
P20108 109 1zye α-Helix 0.2 5.9



Fig. 5. ROC curves for different succination degrees. (A) ROC curve obtained employing the succination degree defined in Eq. (3); the score functions defined in Eqs. (1) and (2) were
instantiated with the PFM entries. (B) ROC curve obtained when the succination degree was computed employing the score functions instantiated with the TM entries. (C) Effect of
the window size on the area under the ROC curve. Succination degree was computed employing the score functions instantiated with the PFM entries and increasing the x values.
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mitochondrial environment could favour this post-translational
Cys modification. The thiolate form of a sulfhydryl group is thought to
be much more nucleophilic than its protonated counterpart, and is
much more readily alkylated by electrophiles [7,44,45]. Given a
Cys-sulfhydryl group with a common pKa = 9, at the equilibrium the
percentage of the thiolate form is about 2% at a pH 7.2 (i.e., cytosol).
However, the percentage is about 10-fold higher at a pH 8.3
(i.e., mitochondrial matrix). A less activating environmental pH
may explain the lower abundance of succinated proteins, relative
to mitochondria, found in different subcellular compartments.
Moreover, FA concentrations in different subcellular compartments
(e.g., mitochondria vs cytosol) could also differentially affect protein
succination. Accurate determination of FA in different subcellular com-
partments is technically difficult. However, indirect evidence allows to
postulate that FA could persistently accumulate into mitochondria, as
a consequence of either persistent nutrient excess or FH-deficiency
(see the Introduction section). As protein succination has been related
to the intracellular accumulation of FA, our data on the relative abun-
dance of mitochondrial proteins in the succinate proteome support
this paradigm.

The localmicroenvironment surrounding the sulfhydryl group could
also explain the specific modifications of intrinsically reactive Cys resi-
dues [8]. For example, Cyshuman_152/mouse_150 in the active site of
glyceraldehyde-3-phosphate dehydrogenase has been repeatedly
reported as a 2SC site [29–31]. The low pKa value (5.4) of the sulfhydryl
group of these residues could explain their atypical reactivity toward
succination. However, our results indicate that the pKa value alone
could not distinguish MC from NMC. It is reasonable that additional
features, which are known to influence the reactivity of Cys residues to-
ward electrophiles (e.g., binding to metals, helix macrodipole) [8] could
underlie the specificity of protein succination.

The 2SC sites so far identified form a heterogeneous set. Some fea-
tures discussed in the literature to explain the reactivity of Cys residues
toward electrophiles often could not allow a distinction between MC
and NMC, and therefore could not be used for predictive purpose. In
contrast, we found that solvent accessibility of the sulphur atom and
the amino acid composition of the Cys-flanking peptide could be more
useful. In particular, compared with the NMC residues, a higher solvent
accessibility of the sulphur atomwas found for theMC sites. Thisfinding
indicates that the steric hindrance could play a role in determining this
modification type. A nucleophilic attack on theβ-position of the carbon-
yl conjugated double bond in FA is the crucial step of aMichael reaction.
It is reasonable that exposed, rather than buried, Cys residues could be
more easily modified by electrophiles, including FA. Conformational
changes due to the mobility (i.e., flexibility and local unfolding) of the
structure may be considered to explain the low solvent accessibility of
the sulphur atom of certain MC computed from static data, as well as
unexpected pKa values [46]. Nevertheless, as the estimation of the
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sulphur accessibility requires 3D-structural information, which is not
always available, this feature has limited usefulness. In contrast, the
amino acid composition of the Cys-flanking peptides could be employed
to perform a fast screening on a proteome-wide scale. Our analysis re-
veals the absence of a consensus sequence motif around the 2SC sites.
This finding is consistent with results previously reported on other
types of post-translational Cys modification including, for instance,
nitrosylation [36,38,39], and oxidation to sulfenic acid [47]. However,
significant differences at distinct positions were determined when
both PFMs and TMs were compared. Interestingly, most of these differ-
ences involve amino acids in close proximity to the Cys site in the
central position, thus suggesting a possible role for these amino acids
in governing the succination reaction. Furthermore, the differences in
the Cys-flanking peptide allow us to propose a new descriptor of Cys
residues. Our findings on the performance of this descriptor not only
confirm the hypothesis that protein succination is not a random modi-
fication, but also they indicate that features related to the sequence
of the Cys-flanking peptides could provide useful data to describe and
perhaps predict 2SC sites.

With regard to the long-term goal of developingmethods to predict
2SC sites in proteins, our results indicate some important drawbacks.
The number of succinated proteins with their 2SC sites so far identified,
togetherwith the heterogeneity of these sites aremajor limits to the de-
velopment of reliable predictivemethods. Future studies focused on the
identification of additional succinated proteins could compensate these
drawbacks. Furthermore, although the prediction/identification of 2SC
is a crucial step in the effort of deciphering the pathophysiological role
of protein succination, functional data should be also collected in future
studies. Indeed, to date only in few cases the effects of protein
succination have been established [12,13,29,48]. Functional data could
not only give an insight into the role of protein succination as a new
thiol-switch mechanism [49,50], but also reveal unknown functional
sites to regulate protein function, and functional protein systems [4]
targeted by FA. Finally, post-translational Cys modification resulting
from the adduction of FA could be mimicked by FA related compounds.
They include maleate, the FA's geometric isomer, and dimethyl fuma-
rate, a cell permeable FA derivative, and a drug used to treat patients
with psoriasis or relapsing-remitting multiple sclerosis. So far, no at-
tempt has been made to determine whether the relative reactivity of
FA vsmaleatewouldmake a difference,while the adduction of dimethyl
fumarate to proteins has been scantily investigated [51]. Future studies
could shed light on these topics, and our results could be of interest to
elucidate the mode of action of these effective, albeit enigmatic com-
pounds [52].
5. Conclusions

To the best of our knowledge this is the first computational analysis
of the succinated proteome. Our results indicate that a relative small pro-
portion of Cys in proteins is modified by FA. In addition, they highlight
distinct features related to Cys reactivitywhichmay be considered in fu-
ture investigations aimed at the development of computational
methods to predict 2SC sites in proteins and the deciphering of the
role of protein succination.
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