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Acylation modifications, such as the succinylation of lysine,
are post-translational modifications and a powerful means of
regulating protein activity. Some acylations occur non-
enzymatically, driven by an increase in the concentration of
acyl group donors. Lysine succinylation has a profound effect
on the corresponding site within the protein, as it dramatically
changes the charge of the residue. In eukaryotes, it predomi-
nantly affects mitochondrial proteins because the donor of
succinate, succinyl-CoA, is primarily generated in the tricar-
boxylic acid cycle. Although numerous succinylated mito-
chondrial proteins have been identified in Saccharomyces
cerevisiae, a more detailed characterization of the yeast mito-
chondrial succinylome is still lacking. Here, we performed a
proteomic MS analysis of purified yeast mitochondria and
detected 314 succinylated mitochondrial proteins with 1763
novel succinylation sites. The mitochondrial nucleoid, a com-
plex of mitochondrial DNA and mitochondrial proteins, is one
of the structures whose protein components are affected by
succinylation. We found that Abf2p, the principal component
of mitochondrial nucleoids responsible for compacting mito-
chondrial DNA in S. cerevisiae, can be succinylated in vivo on
at least thirteen lysine residues. Abf2p succinylation in vitro
inhibits its DNA-binding activity and reduces its sensitivity to
digestion by the ATP-dependent ScLon protease. We conclude
that changes in the metabolic state of a cell resulting in an
increase in the concentration of tricarboxylic acid in-
termediates may affect mitochondrial functions.

Mitochondria are semiautonomous organelles that must be
flexible in their responses to changes in both extracellular and
intracellular conditions. Mitochondrial functions, from basal
metabolism to communication with other cellular compart-
ments, are regulated on several levels (1-3). One of the most
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dynamic ways to affect the activity of proteins and nucleic
acids is to add small chemical groups. For proteins, these
modifications occur mostly post-translationally and are called
post-translational modifications (PTMs).

The most studied PTM is phosphorylation catalyzed by
protein kinases (4). Although the number of protein kinases
localized to the yeast mitochondria does not seem to be high
(5-7), an analysis of the mitochondrial phosphoproteomes of
numerous eukaryotes, including the yeast Saccharomyces cer-
evisiae, revealed that mitochondrial proteins are relatively
frequently phosphorylated (6—12). In addition to phosphate,
many other chemical groups can be attached to the side chains
of amino acids. In mitochondria, the most frequent PTM is the
acylation (e.g, acetylation, propionylation, malonylation,
glutarylation, succinylation) of lysine residues (13). Acyl
groups are donated by the corresponding acyl-CoA, whose
concentration is particularly high in mitochondria (14, 15).
Moreover, the higher intramitochondrial pH favors the
deprotonation of the lysine epsilon amino group, thus
increasing its nucleophilicity and reactivity (13). Mitochondrial
acylation is mostly nonenzymatic and is driven by increases in
acyl-CoA concentration (16, 17).

The properties of the modified lysine are most dramatically
changed by its malonylation, glutarylation, and succinylation,
that is, acylations that change the charge of the affected
residue. Succinylation of lysine results in the formation of 6-N-
succinyl-1-lysine (Ksucc). Lysine succinylation was first shown
to affect the active site of the Escherichia coli homoserine
trans-succinylase (18); later, it became clear that succinylation
is a frequently occurring PTM in both prokaryotes and eu-
karyotes (19, 20). Succinylation is particularly interesting in
terms of mitochondrial regulation because the concentration
of succinyl-CoA within the mitochondria varies significantly
depending on the activity of the enzymes involved in the
tricarboxylic acid (TCA) cycle (13, 19).

The succinylation of mitochondrial proteins is not only
affected by natural physiological changes but can also be
changed by mutations that cause changes in cellular meta-
bolism. For example, the dominant mutations that occur in the
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Yeast mitochondrial succinylome

genes encoding the NADP-dependent isocitrate de-
hydrogenases in some types of cancers (21) yield enzymes with
altered substrate specificity, which catalyze the NADPH-
dependent formation of 2-hydroxyglutarate (2HG) rather
than the conversion of isocitrate to a-ketoglutarate (a-KG)
(22). The increased concentration of 2HG in the affected cells
leads to the inhibition of several key enzymes, including suc-
cinate dehydrogenase, which results in an increased concen-
tration of succinyl-CoA (23). Because the addition of glycine,
which channels conversion of 2HG into porphyrin, or the
overexpression of the desuccinylase SIRT5 slows down the
growth of tumor cells, it seems likely that succinylation plays a
role in tumorigenesis (23).

There are numerous studies describing the cellular succiny-
lome in a wide variety of prokaryotic and eukaryotic species (e.g.,
(19, 24-45)). In yeast, the pioneering analysis of Weinert et al.
(19) provided the first glimpse into the succinylome of
S. cerevisiae and showed that the succinylation of cellular pro-
teins is affected by the growth conditions and genetic back-
grounds that affect the concentration of succinyl-CoA. One of
their conclusions was that “succinylation on abundant proteins
occurs at a low level and that many succinylation sites remain
unidentified”. As mitochondria are thought to be lysine succi-
nylation hot spots, the proteins primarily affected by succiny-
lation can naturally be expected to be the mitochondrial ones.
However, with few exceptions (24, 43), most studies on
eukaryotic succinylomes were performed on whole-cell extracts.
This does provide a global picture of protein succinylation, but it
may fail to detect some of the less-abundant protein targets
specifically localized to distinct cellular compartments. To gain
better insight into the yeast mitochondrial succinylome, we
performed an MS analysis of proteins isolated from purified
S. cerevisiae mitochondria, and we enriched the proportions of
succinylated peptides by immunoprecipitating them with anti-
bodies raised against Ksucc. We detected 314 succinylated
mitochondrial proteins and identified 1763 novel succinylation
sites. In particular, we found that the majority of the protein
components of the mitochondrial nucleoid (mt-nucleoid),
which consists of the mitochondrial DNA (mtDNA) compacted
into a nucleoprotein structure, are succinylated in vivo. We also
demonstrated that the succinylation of Abf2p, the principal
component of the S. cerevisiae mt-nucleoid, inhibits its DNA-
binding activity and reduces its sensitivity to the action of the
mitochondrial ATP-dependent protease ScLon (Pim1p) in vitro.
Finally, we discuss how changes in the concentration of
succinyl-CoA can alter the compaction of mtDNA and thus
might affect the biogenesis of mitochondrial respiratory
complexes.

Results
Mitochondrial succinylome of S. cerevisiae

To carry out a comprehensive analysis of the S. cerevisiae
mitochondrial succinylome in cells grown on a non-
fermentable carbon source (glycerol + ethanol), we purified
their mitochondria and prepared mitoplasts lacking the outer
mitochondrial membrane and the proteins associated with the
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intermembrane space. To ensure that the sample to be
analyzed by MS would contain a detectable proportion of the
less-abundant succinylated proteins, we enriched the propor-
tion of succinylated peptides by immunoprecipitating them
with an anti-Ksucc antibody. To increase the number of
identified succinylation sites in the WT mitoplasts, we also
performed an anti-Ksucc immunoprecipitation (IP) experi-
ment using mitoplasts isolated from a IscIA strain. Disruption
of Lsclp, a succinyl-CoA ligase, leads to an approximate 3-fold
increase in overall protein succinylation (19), allowing a larger
set of modified peptides to be identified. The results of this
experiment served as a template for identifying minor modi-
fied peptides in the WT strain using MaxQuant’s ‘match-be-
tween-runs’ feature. Of 1436 identified protein groups
(Table S1, protein groups), 865 were categorized as mito-
chondrial proteins (Table S24), 314 of which were succiny-
lated on at least one lysine residue (Table S2B). The number of
different Ksucc sites within a single protein group ranged from
1 (91 protein groups) to 44 (the group containing aconitase
(Acol)) (Fig. 1, Table S2B). The identified Ksucc sites and the
respective protein groups have been compared with the suc-
cinylome identified by Weinert et al. (19) and acetylome
identified by Henriksen et al. (46), either globally or with
respect to mitochondrial localization (Fig. 2, Table S1F). Our
dataset contains 1763 novel Ksucc sites, 236 of which were
shown to be acetylated, as well (46).

Protein structural determinants of lysine succinylation

To date, no protein lysine succinyltransferase or desucci-
nylase has been found in yeast mitochondria, nor has any
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Figure 1. Number of Ksucc sites per protein. The succinylated mito-
chondrial proteins identified in this study were sorted according to the
number of Ksucc sites per protein group. Ksucc, 6-N-succinyl-L-lysine.
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Figure 2. Protein lysine acylation dataset comparison. Acyl-modified protein groups (A and B) or sites (C and D) identified in this study (mtKsuccO) were
compared with succinylome data of Weinert et al. (19) ((mt)KsuccW) and acetylome data of Henriksen et al. (46) ((mt)KacH). Comparison was general (A and
O) or of mitochondrial proteins groups/sites only (B and D). Positions of acylation sites were unaccounted for within the protein group overlap analyses.

Ksucc, 6-N-succinyl-L-lysine.

distinct sequence motif been identified. Indeed, as shown in
Figure S1, it seems that no such motif exists. Because yeast
mitochondrial succinylation is likely to proceed non-
enzymatically, with succinyl-CoA serving as the primary donor
of the succinyl group, the secondary structural context of the

modified residue might have an impact on the likelihood of
succinylation (17, 20, 47). To explore this hypothesis,
NetSurfP-2.0 (48) was used to predict the structural charac-
teristics of all succinylated (Ksucc) and nonsuccinylated lysines
(non-Ksucc) found in this study and these were compared

Table 1
Protein structural determinants of lysine succinylation
Value Value
Parameter Value non-Ksucc (n = 7044) Ksucc (n = 1908) Ksucc (mt) (n = 1331) p-value Ksucc p-value Ksucc (mt)

Surface accessibility (relative) 0.516076 0.524961 0.521774 2.27E-02 2.00E-01
Helix (q3) 0.445350 0.521543 0.507872 2.25E-11 2.95E-06
Sheet (q3) 0.114046 0.106577 0.117029 2.62E-01 7.07E-01
Coil (q3) 0.440603 0.371880 0.375099 1.63E-11 3.88E-08
310 helix (q8) 0.038865 0.035246 0.035238 1.56E-01 2.37E-01
a-helix (q8) 0.404213 0.485332 0.472161 1.90E-12 4.73E-07
mi-helix (g8) 0.003918 0.003664 0.003419 7.18E-01 5.73E-01
B-bridge (q8) 0.006241 0.006129 0.006593 8.32E-01 5.94E-01
Extended strand (q8) 0.107690 0.099686 0.109870 2.21E-01 7.80E-01
Bend (q8) 0.067766 0.070762 0.072459 4.00E-01 2.61E-01
H-bonded turn (g8) 0.099616 0.094841 0.097013 2.99E-01 6.38E-01
Coil (q8) 0.271690 0.204339 0.203246 9.54E-18 3.86E-14
¢ angle -78.512599 —77.455463 -77.554781 8.26E-02 1.87E-01
y angle 26.115213 17.358207 20.789474 6.22E-06 1.97E-02
Disorder 0.125166 0.059944 0.055479 1.18E-36 4.30E-33

NetSurfP-2.0 was used to predict a probability value (or angular value) for each lysine within all proteins with at least one Ksucc site identified in this study. The average values for
all lysines that were not found to be succinylated (value non-Ksucc) were compared with the average values for all lysines that were found to be succinylated (value Ksucc) and to all
lysines that were found to be succinylated in the mature forms of the proteins (i.e., without the MTS, which were predicted using TargetP-2.0 (value Ksucc (mt))). p-values are
listed. A significance threshold of p < 0.05 was used, and statistically significant categories are in bold. Surface accessibility was statistically significant in the “Ksucc” category only.
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(Table 1). Ksucc sites were found to be significantly more
abundant in a-helical regions, whereas their presence in coiled
and disordered regions was clearly lower. Reflecting this, the
average psi (y) angle for Ksucc sites also shows a slight
decrease (in the direction of the right-handed a-helix region of
the Ramachandran plot (49)) for succinylated residues. Acyl-
ation was previously predicted computationally to have the
potential to disrupt a-helices, with a consequent effect on
enzyme activity (17, 20). To account for possible biases in
these characteristics introduced by including the mitochon-
drial targeting sequences (MTSs), which are normally cleaved
upon protein import to mitochondria, the predictions, the
analyses, and the statistical tests were also performed using
only the Ksucc sites from the regions present in the cleaved
mature proteins (the MTSs were predicted by TargetP-2.0
(50)). Apart from the surface accessibility category, the dif-
ferences between the Ksucc and non-Ksucc characteristics
remained statistically significant. Surface exposure is an intu-
itive predictor of nonenzymatic modification (47), but our data
do not confirm its role in mitochondrial lysine succinylation.
The most pronounced difference between the Ksucc and non-
Ksucc residues was their presence in disordered regions: the
likelihood of finding a succinylated lysine was more than 2-fold
lower than finding a nonsuccinylated lysine (Table 1). Inter-
estingly, lysine N6-acetylation, unlike some other PTMs, was
not found to be correlated with sequence (dis)order (51).
Intrinsically disordered proteins and protein regions are
known to be involved in the regulation of many processes,
including protein—protein and protein—nucleic acid in-
teractions and in protein degradation (for a review, see (52)),
but the case for lysine succinylation remains open.

Gene ontology analysis of succinylated proteins

Gene ontology (GO) analysis of succinylated proteins using
the PANTHER classification system revealed that components
of some of the mitochondrial complexes exhibit >2-fold
enrichment. These include respiratory chain complexes
(2.13-fold), oxidoreductase complexes (2.26-fold), and mt-
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nucleoid (2.36-fold). The latter was chosen for a more
detailed analysis as (i) it contains a distinct set of well-defined
protein subunits (53), (ii) its iz vivo properties can be assessed
by a direct visualization by means of fluorescence microscopy,
(iii) its principal component, the DNA-binding protein Abf2,
contains multiple lysine residues that are potential targets of
succinylation, (iv) the effect of succinylation on biochemical
properties of Abf2p can be monitored by DNA-binding assays
in vitro, and (v) changes in DNA-binding properties of Abf2p
were shown to correlate with the state of mt-nucleoid.

The possibility that PTMs can play a role in regulation of
bacterial and mt-nucleoids has already been discussed else-
where (54, 55). To test the hypothesis that succinylation may
play a role in regulation of mt-nucleoids in S. cerevisiae, we
first checked whether a subset of the succinylated mitochon-
drial proteins is GO-enriched for a biological process, cellular
component, or molecular function linked to mtDNA meta-
bolism. A GO overrepresentation test for cellular component
using PANTHER did give a statistically significant result for
“mt-nucleoid” (raw p-value <0.001, FDR <0.01). However, our
experimental procedure (enrichment of Ksucc followed by
MS) is likely to be biased toward more abundant proteins, as
was demonstrated previously (19). Thus, it is not clear whether
this result arises because mt-nucleoid proteins are more
frequently succinylated or because the mt-nucleoid proteins
are among the most abundant ones in the mitochondria. The
proteins associated with the dominant mitochondrial pro-
cesses also suffer from the same problem (data not shown).
This problem might be alleviated by leaving out the Ksucc
enrichment step, but without this step, the succinylated pep-
tides are too scarce for reliable measurements.

To address this issue, we calculated the ratio between the
identified Ksucc sites divided by the total number of lysine
residues in each protein (Ksucc/K) and the median abundance
of each protein given in the meta-analysis by Ho et al. (56).
Ksucc/K of the mitochondrial proteins ranged from 1 (inhib-
itor of F;Fo-ATPase Inhl) to 0 (no Ksucc site detected). The
results for each protein with at least one Ksucc site are plotted
in Figure 3. Normalizing this number by the number of

50

40

30

20

Ksucc sites count

mmm Ksucc/K  ——Ksucc

Figure 3. Plot of Ksucc site abundance in succinylated proteins. The value of Ksucc site-per-lysine (Ksucc/K) is plotted for all succinylated mitochondrial
proteins identified in this study. The total number of Ksucc sites for each protein is displayed as well. Ksucc, 6-N-succinyl-L-lysine.
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molecules per cell should allow us to distinguish between
those proteins that were detected to be highly succinylated
because they are frequently succinylation targets and those
proteins that were detected to be highly succinylated simply
because they are present in great abundance. Of the mt-
nucleoid proteins, the subunits of a-KG dehydrogenase,
Kgd2p and Kgd1p, have the highest Ksucc/K to molecules-per-
cell ratio (see Fig. S2 for a scatter plot). With a moderate
molecules-per-cell count (6516 and 11221, respectively; the
median of the Ksucc proteins is 5911) (56) and a relatively high
number of lysines (43 and 70, respectively; the median of the
Ksucc proteins is 26), this observation is less likely to be biased.
In general, the average Ksucc/K to molecules-per-cell ratio of
the mt-nucleoid proteins is not higher than that of an average
mitochondrial succinyl-protein (Figs. S2 and S3). Importantly,
of the 24 annotated mt-nucleoid proteins, only 3 (Chalp,
Rpo41p, and Slslp) had no detectable Ksucc sites.

Effect of succinylation on mitochondrial HMG box protein
Abf2

The fact that most mt-nucleoid proteins are succinylated
prompted us to investigate the possible functional conse-
quences of this PTM on mt-nucleoid characteristics. Most of
the proteins known to associate with the mt-nucleoid are
bifunctional (53, 57), so assessing the effect of their succiny-
lation on mt-nucleoid-related functions is rather difficult. One
protein that is mainly dedicated to compacting the mtDNA
into the mt-nucleoid in S. cerevisiae is Abf2p, a mitochondrial
high-mobility group box (HMG box) containing protein
(mtHMG protein) that binds and bends mtDNA into higher-
order structures (54). The previous proteomic study (19)
identified a single succinylated lysine (K162) in Abf2p. We
found twelve additional succinylated lysines distributed along
the entire protein, but most of them occurred within its two
HMG boxes (Fig. 44). Specifically, as seen in Figure 4B, one of
the Ksucc residues is found in the N-helix and six are found in
each HMG box. It can also be seen that the second Ksucc in
each box is separated from the first by 12 residues, although
superimposing HMG box 2 on HMG box 1 does not show
them to be structurally equivalent. This superposition does
show that K80, K91, and K98 from HMG box 1 are structurally
equivalent, respectively, to K153, K164, and K171 from HMG
box 2. The succinylation sites are all found on the outer,
convex surface of Abf2p; with the possible exception of K162,
none are found on the concave, DNA-binding inner surface
(Fig. 4C). Five of these residues (K40, K63, K98, K105, and
K171) have in vitro-modified/—unmodified ratios of more
than 0.25 (Table S3) and are also known to be succinylated
in vivo; consequently, an Abf2p carrying Ksucc at these five
locations might plausibly be expected to exist in vivo. Calcu-
lating the electrostatic surface area shows that the replacement
of these five lysine residues with succinyllysine has a modest
effect on the electrostatic potential of the protein. As seen in
Figure 4, D and E, unsuccinylated Abf2p has a strongly posi-
tively charged surface, with an overall charge of +12 e, whereas
the replacement of these five residues reduces the positive
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charge on the surface to only +5 e and leaves the DNA-binding
cleft largely unchanged. If all 13 lysines were to be succiny-
lated, the overall surface charge would actually become
negative, -1 e. It should be noted here, however, that there is
presently no data showing that all 13 succinylations occur at
one time on a single molecule.

K162, the previously identified Abf2p succinylation target
(19), was also shown to interact with the DNA backbone (58),
being the only one of the succinylation targets to do so.
Although the remaining succinylated lysine residues do not
appear to directly interact with the DNA backbone, they are
close to some that do. In particular, K40 is close to K44 and
R45, R69 is close to the succinylated K75, W81 is next to K80,
K89 (not succinylated in the IP experiments) is close to K91
(which is), and 1150 and W154 flank K153. Overall, it appears
that succinylation of Abf2p is unlikely to prevent DNA binding
sterically but is likely to disfavor it electrostatically.

To test the effect of Abf2p succinylation on its DNA-
binding properties, we succinylated recombinant Abf2p
in vitro using succinyl-CoA as a succinyl group donor and
found that it inhibited the DNA-binding activity of the protein
in both a time- and concentration-dependent manner (Fig. 5,
A and B). The incomplete inhibition may be due to unequal
succinylation of the Abf2p molecules present in the reaction
mixture and/or affecting dissociation constant of Abf2p to the
dsDNA probe. The fact that the effect of succinylation on
DNA binding starts to be apparent at concentrations of
succinyl-CoA higher than 1 mM is in agreement with the
physiological concentrations of this acyl-CoA (14, 15). We also
found that the inhibition of Abf2p’s DNA-binding is not
caused simply by the mere presence of succinyl-CoA in the
reaction mixture but is due to the actual modification of the
protein (Fig. S4A). In addition, incubating Abf2p with DNA
before the succinylation reaction did not affect the inhibitory
effect of succinyl-CoA on its DNA-binding activity (Fig. S4B),
indicating that, at least in vitro, the binding of Abf2p to DNA
does not prevent its succinylation. The MS analysis of Abf2p
succinylated in vitro revealed that the majority of the lysines
are modified, including those identified in our immunopre-
cipitated samples (see the legend to Fig. 4A).

As Abf2p and its orthologs from several fungal pathogens
(including Gcflp of Candida albicans) were shown to have
several acetylated lysine residues (49, 59), we tested whether
acetylation also inhibits the DNA-binding activity of Abf2p. To
this end, we incubated purified Abf2p with 10 mM acetyl-CoA
or 10 mM acetylphosphate, which were shown to be acetyl
group donors in nonenzymatic reactions in vitro (60, 61). We
observed that, in contrast to succinyl-CoA, preincubation of
Abf2p with either acetyl-CoA or acetylphosphate did not result
in the inhibition of its DNA-binding activity in vitro (Fig. S5).

Next, we tried to assess the effect of the succinylation of
individual lysines on the DNA-binding activity of Abf2p. For
the K162 identified by Weinert et al. (19), we generated two
mutant versions. In the first version, K162 was substituted for
arginine (Abf2-K162R), an amino acid that cannot be succi-
nylated. The second version contained glutamate at this po-
sition (Abf2-K162E), which should mimic the succinylation of

J. Biol. Chem. (2021) 297(4) 101155 5
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Figure 4. An overview of a single monomer bound to DNA from the Abf2p complex structure and a model of its succinylated form. A, sequence of
Abf2p with highlighted structural regions based on the 3D structure of the protein (58). Lysines identified in a succinylated form in vivo in this study are in
green. K162 identified by Weinert et al. (19) is in blue. The lysine residues having in vitro modified/unmodified ratios of more than 0.25 are in bold (panel E).
MS analysis of Abf2p succinylated in vitro identified peptides containing Ksucc corresponding to all lysine residues except K27, K30, and K45. Lysine residues
marked with asterisks (*) were also shown to be acetylated in vivo (46). B, an overview of half the Abf2p-DNA complex. The lysines found to be succinylated
in this study are colored magenta, shown as sticks, and labeled. HMG box 1 is colored blue, HMG box 2 is green, the N-helix is yellow, and the N-flag is light
cyan. This same coloring is used in the next panel. C, the same complex and the same view as before but showing the solvent-accessible surface area. Not all
the succinylated lysines are visible. D, the solvent-accessible surface of Abf2p colored by electrostatic surface potential (the range is +5 kT/e). E, the solvent-
accessible surface of succinylated Abf2p colored by electrostatic surface potential (the same range as before). For the succinylated form, five residues were
selected that had the greatest ratio of modified to unmodified forms in vitro and that were also found to be succinylated in vivo. B, basic amino acid; HMG
box, high-mobility group box; MTS, mitochondrial targeting sequence.

this site. We found that the Abf2-K162E mutant exhibited
different DNA-binding properties than the WT: at lower
concentrations, its binding to the DNA probe was negligible,
and at higher concentrations, it produced a smear (Fig. 5C).
This indicates that the replacement of the positively charged
lysine with the negatively charged glutamate (mimicking a
negatively charged succinylated lysine) strongly affects the
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DNA-binding properties of the protein, which is consistent
with our hypothesis that Abf2p succinylation greatly disfavors
DNA-binding electrostatically. In contrast to Abf2-K162E, the
Abf2-K162R mutant bound DNA similarly to the WT protein
(Fig. 5C). However, when the Abf2-K162R protein was succi-
nylated in vitro, the extent of its DNA-binding inhibition was
similar to that of the WT (Fig. 5D), indicating that the
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Figure 5. Succinylation of Abf2p in vitro inhibits its DNA-binding activity. A, succinylation of Abf2p and TFAM in vitro inhibits their DNA-binding activity
in a concentration-dependent manner. Succinylation was performed at the indicated concentrations of succinyl-CoA (succ-CoA) for 3 h at 30 °C, and then,
the DNA-binding activity was assessed by EMSA using radioactively labeled ScATP9 as a probe. B, succinylation of Abf2p in vitro inhibits its DNA-binding
activity in a time-dependent manner. Succinylation was performed in the presence of 10 mM succ-CoA at 30 °C for the indicated time periods. C, sub-
stitution of K162E affects binding of Abf2p to DNA in vitro. D, Abf2-K162R mutant protein is as sensitive to succinylation as the WT Abf2p.

observed decrease in DNA-binding is most likely caused by the
succinylation of lysines in different positions within the pro-
tein. With the aim of identifying the combination of lysines
whose succinylation accounts for the inhibition of Abf2p
in vitro, we prepared a series of Abf2p mutants carrying
multiple K-to-R substitutions. However, the introduction of
these mutations into Abf2p invariably decreased its DNA-
binding activity, making it difficult to distinguish between
the inhibitory effect of succinylation and that of the K-to-R
substitution(s) of the corresponding mutants (Fig. S6) (62).
To test whether the effect of succinylation on the DNA-
binding activity in vitro is specific for S. cerevisiae Abf2p, or
universal for mtHMG proteins, we purified recombinant versions
of similar proteins from three additional yeast species, Candida
parapsilosis (CpGcflp) (63), C. albicans (CaGcflp) (64), and
Yarrowia lipolytica (YIMhb1p) (65). We observed that the effect
of succinylation on their DNA-binding activities varied (Fig. S7).
Whereas Abf2p and CpGcflp were significantly inhibited by
succinylation in the presence of 10 mM succinyl-CoA, the DNA
binding of CaGcflp and YIMhb1p was not substantially affected
(Fig. S7). Furthermore, we found that in vitro succinylation of
human mtHMG protein TFAM inhibits its DNA-binding activity
to a similar degree as in case of Abf2p (Fig. 5A). Three lysine
residues (K-95, K-190, and K-205) were found to be succinylated
on TFAM in Hela cells (19), indicating that lysine succinylation
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mediated by an increased level of succinyl-CoA may provide
another link between metabolism and mt-nucleoid maintenance
not only in S. cerevisiae but also in human cells. In contrast,
regulation of TFAM via fumarate-mediated succination of a
cysteine residue (66, 67) is not reflected by this means of regu-
lation in case of Abf2p that lacks cysteines (Fig. 44). All these data
illustrate that regulation of mtHMG proteins by PTMs exhibits
species-specific characteristics.

Based on the Abf2p—DNA complex shown in Figure 4,
succinylation decreases the charge of the structure, with most
of the effect occurring on the outer surface of the complex,
where it could disrupt the formation of higher oligomers. It
was previously demonstrated that Abf2p acts as a dimer (68).
Because succinylation mostly affects lysines located on the
surface of the molecule (Fig. 4), we tested whether it decreased
the ability of Abf2p to form dimers. Using size-exclusion
chromatography, we found that succinylated Abf2p did not
lose the ability to dimerize (Fig. S8).

Succinylated Abf2p is resistant to degradation by SclLon
protease in vitro

Previously, it was demonstrated that, when not bound to
mtDNA, Abf2p is degraded by the ATP-dependent protease
ScLon, which is another component of yeast mt-nucleoids (68).
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We tested the effect of succinylation on the sensitivity of
Abf2p to degradation by ScLon. We observed that Abf2p
succinylated in vitro was more resistant to ScLon-mediated
proteolysis than unmodified Abf2p (Fig. 6, A and B). Namely,
the treatment of Abf2p with ScLon protease resulted in about
60% reduction of the amount of the protein (black bars in
Fig. 6B), whereas succinylated Abf2p was mostly protected
from degradation by the protease (white bars). Moreover, the
addition of dsDNA, which protects unsuccinylated Abf2p from
ScLon-mediated proteolysis, did not affect the susceptibility of
the succinylated protein to degradation (Fig. 6, A and B).
Because succinylated Abf2p is predominantly in a DNA-free
form regardless of the presence of DNA, its resistance to
proteolysis must be due to the succinylation. Moreover, the
presence of dsDNA did not affect the protease activity of
ScLon toward f-casein (Fig. 6C).

Discussion

Since its discovery in 2004 (18), lysine succinylation was
found to affect a substantial part of the prokaryotic and

eukaryotic proteomes. Because it is driven by the intracellular
concentration of succinyl-CoA, it links metabolism to global
changes in the PTMs of cellular proteomes, including those of
cancer cells. The proteome of S. cerevisiae is not an exception,
and many of its members were shown to be succinylated (19).
The effects of succinylation were studied primarily on yeast
histones, as this PTM provides another set of epigenetic marks
regulating the chromatin state (69-71).

Mitochondria are the predominant sites of succinyl-CoA
production, which arises from the decarboxylation of a-KG
during the TCA cycle; it is therefore expected that mito-
chondrial proteins are highly prone to succinylation. However,
a study of the yeast mitochondrial succinylome based on a
proteomic analysis of purified mitochondria has been lacking.
To observe the effects of protein succinylation on respiring
mitochondria, we analyzed the succinylation state of proteins
extracted from yeast mitoplasts that were prepared from cells
grown on nonfermentable (glycerol + ethanol) carbon sources
rather than on the fermentable (glucose or galactose) ones
used by previous studies. As a result, we produced the first
comprehensive list of S. cerevisiae mitochondrial proteins
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Figure 6. Succinylated Abf2p is less sensitive to digestion by the ATP-dependent ScLon protease. Nonsuccinylated (Abf2p) or in vitro-succinylated
(succ-Abf2p) protein was incubated with purified ScLon in the presence or absence of a dsDNA probe. A, the course of an Abf2p ScLon-mediated digestion
in reaction mixtures containing 2 mM ATP and 10 mM MgCl, on Coomassie Brilliant Blue-stained gels. The reactions were terminated at the indicated times
and the samples loaded onto a 12% SDS-polyacrylamide gel. B, quantification of the digestion experiments shown in panel A. Band intensity evaluation of
undigested Abf2p (Abf2 (%)) was performed with ImageJ (v.1.53) (104) separately for each studied protein. The height of a given bar represents the mean
value, and the error bars show + one SD from at least three separate measurements. C, the course of B-casein digestion by ScLon. B-casein was incubated
with ScLon in the presence or absence of a dsDNA in a reaction mixture containing 2 mM ATP and 10 mM MgCl, for indicated times, and the proteins were

separated on a 12% SDS-polyacrylamide gel.
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modified by succinylation. We identified 314 mitochondrial
proteins containing 1914 succinylated sites, 92.1% of which
were not previously reported. From our data, it is not possible
to assess the stoichiometry of succinylation even in the case of
proteins containing a single Ksucc. Proteins with >2 Ksucc
sites may constitute a heterogeneous population consisting of
polypeptides carrying different combinations of Ksucc resi-
dues. As different patterns of succinylation (and PTMs
including phosphorylation and other acylations) can result in a
given protein having different biochemical properties, this may
contribute to a significant increase in the complexity of the
mitochondrial proteome.

Although we expanded the list of yeast succinylated mito-
chondrial proteins, it is likely that a substantial number of
succinylation sites remain unidentified. This might be due in
part to the low abundance of some proteins, whose succiny-
lation may be below detection limit of our procedure. The
succinylation pattern may also be influenced by the physio-
logical conditions of the cell population, leading to different
local concentrations of succinyl-CoA. Furthermore, the avail-
ability of potential acceptor lysine residues may differ because
of their interactions with other intramitochondrial compo-
nents (proteins, DNA, membrane), which may hinder their
accessibility to succinyl-CoA. One possibility for increasing the
overall level of succinylation is to boost the intracellular con-
centration of succinyl-CoA. To this end, we determined the
mitochondrial succinylome of a S. cerevisiae strain lacking the
a-subunit of the succinyl-CoA ligase Lsclp. It was shown
previously that a IscIA mutant exhibits about a 3-fold higher
level of succinylated proteins (19). Although succinylated
proteins were indeed enriched in the mitoplast extract ob-
tained from the Isc1IA mutant, the list of succinylated proteins
overlapped the WT mitochondrial succinylome to a large
extent (Table S1). Combined with the fact that the increase in
succinyl-CoA concentration in [scIA is achieved by non-
physiological means, we decided to focus on the dataset ob-
tained from the WT cells.

Based on our analysis, succinylation occurs predominantly
on lysine residues located in ordered and a-helical regions,
whereas lysines within coiled regions are less likely to be
affected. As expected for a nonenzymatic modification, lysines
exposed to the surface are slightly more prone to succinylation
(47). Indeed, when we mapped the succinylated lysines on the
3D structure of Abf2p, all of them (with the possible exception
of K162) were found on the outer surface of the protein (Fig. 4,
B-E, see also below). This illustrates that it is physical prox-
imity rather than a specific amino acid sequence motif that
makes particular lysines susceptible to succinylation, which
supports ongoing efforts to develop succinylation prediction
algorithms based on secondary structures and evolutionary
information rather than on simply trying to identify sequence
motifs (72).

Because the majority of the components of the mt-nucleoid
were succinylated, it is likely that this PTM plays a role in their
metabolism. To investigate the possible functional importance
of succinylation in the regulation of the mt-nucleoid, we
analyzed the effect of succinylation on the DNA-binding
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activity of Abf2p, known to mediate the bending and com-
pacting of mtDNA in S. cerevisiae (reviewed in (54)). Of the
twenty-five lysine residues present in the mature form of
Abf2p (lacking the MTS) (Fig. 4A), thirteen were succinylated
in vivo. This prompted us to investigate the effect of succi-
nylation on the DNA-binding activity of Abf2p in vitro. We
found that incubation of Abf2p with succinyl-CoA, but not
with acetyl-CoA or acetylphosphate, inhibited its binding to
the DNA probe in EMSA experiments (Figs. 5, A and B and S5)
and that this inhibition is due to the modification of the pro-
tein and not to the presence of succinyl-CoA in the reaction
mixture (Fig. S4). MS analysis revealed that all the succinylated
lysines identified by analyzing immunoprecipitated Abf2p are
also modified in vitro (Fig. 4A). To assess whether there are
any specific lysine residues whose succinylation affects DNA-
binding properties of Abf2p, we tested several mutant ver-
sions carrying lysine to arginine substitutions, which cannot be
succinylated. Almost all of these mutants exhibited decreased
DNA-binding activity in vitro, even without succinyl-CoA
treatment (62). This excluded the possibility of investigating
the effect of succinylation on individual lysine residues on the
ability of Abf2p to compact mt-nucleoids in vivo, as it would
be impossible to distinguish between the phenotypic effects of
the K-to-R substitutions themselves from the effects arising
from their lack of succinylation. On the other hand, the sub-
stitution of a single lysine (K162) with glutamate (mimicking
the negative charge of Ksucc) in the Abf2-K162E mutant
greatly affected its DNA-binding activity (Fig. 5C). This in-
dicates that the succinylation of only one or a very few lysines
can have a profound effect on binding of Abf2p to mtDNA.

In vitro succinylated Abf2p not only exhibits decreased
DNA-binding activity but also is more resistant to the ScLon
protease (Fig. 6). It has been shown that the initial cleavage
sites of human Lon protease are preferentially between hy-
drophobic amino acids located within highly charged envi-
ronments on the surface of the folded protein (73). Assuming
that ScLon cleaves its substrates in a similar manner, succinyl
groups on lysines found predominantly on the surface of the
Abf2p dimer might prevent ScLon from recognizing its char-
acteristic surface sites and thus inhibit the initiation of
proteolysis.

The mature form of Abf2p is a relatively basic protein
(predicted pI = 9.68) containing in total 33 lysines plus argi-
nines. Lysines are the prevalent (78.8%) basic residues in its
HMG boxes. This bias toward lysines is not a common feature
of all basic DNA-binding proteins, however. For example,
S. cerevisiae histones Hholp (H1), Htblp (H2B), and Htb2p
(H2B) exhibit this bias, but in Hhtlp (H3), Hht2p (H3), Htalp
(H2A), and Hta2p (H2A), the lysine-to-arginine ratio is
approximately 1. Similarly, there is no bias toward lysines in
E. coli nucleoid—associated proteins HU, IHF, H-NS, or FIS,
yet lysines constitute still at least 7% of total amino acid resi-
dues of these DNA-binding proteins. Perhaps, lysine-rich
DNA-binding proteins are more susceptible to modifications
such as succinylation, which may affect their DNA binding and
interactions with other proteins. Because a substantial fraction
of lysines is located on the surface of Abf2p, the addition of a
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succinyl group to a lysine residue would change the Abf2p
surface, thereby potentially affecting its interactions with other
mt-nucleoid proteins.

Because the in vitro succinylation of mtHMG proteins from
four different yeast species has different effects on their DNA-
binding activity (Fig. S7), this PTM is not universally adopted
as a means of regulating their activity. Even mtHMG proteins
from relatively closely related species (CaGcfl and CpGcfl)
differ in the effect that succinylation has on their DNA-binding
ability. Furthermore, the lysines identified as succinylated on
Abf2p in vivo are not conserved in species closely related
to S. cerevisiae (see Fig. S1 in (54)). Although it is impossible to
generalize based on this single example, it is conceivable that
this kind of species-specific regulation of a protein by succi-
nylation might be more common.

An increase in the activity of the TCA cycle results in
changes in the concentration of its intermediates, including
succinyl-CoA. For example, in E. coli, the concentrations of
succinyl-CoA range from 0.233 mM, when cells are grown on
glucose, to 1.44 mM, when cells are grown on glycerol (74).
S. cerevisiae is a Crabtree-positive yeast species that when
grown on glucose, first ferments the sugar to ethanol and then,
after a short metabolic adaptation called diauxic shift, enters a
respiratory phase of growth. This transition is accompanied by
several changes in mitochondrial function and structure and
reflected by reorganization of mitochondrial metabolism
including the activation of the TCA cycle (75). When we
inspected mt-nucleoids in cells taken from fermentative, dia-
uxic shift and respiratory phases of the growth, we observed
dramatic changes in both their number per cell and their
appearance (Fig. S9). Of note, the subunits of a-KG dehydro-
genase (Kgd1p and Kgd2p), the principal enzymes of the TCA
cycle, were shown to be components of the S. cerevisiae mt-
nucleoid (53, 57, 76), and thus, succinyl-CoA could be
generated in its close proximity, thereby promoting succiny-
lation of the mt-nucleoid-associated proteins. In fact, it was
shown that a-KG dehydrogenase may act as a catalyst of the
succinylation reaction (71, 77), so it may directly facilitate the
modification of those proteins in its vicinity, thus affecting
their biochemical properties. In the case of Abf2p, succinyla-
tion would decrease its ability to bind mtDNA and thus pro-
mote changes in mt-nucleoids observed during the diauxic
shift. Of note, succinylation of several nucleoid-associated
proteins was suggested to affect their DNA binding, struc-
tural integrity, or interaction with other proteins in E. coli (55),
indicating that this model might be also relevant for the
maintenance of the bacterial chromosome. Alternatively (or in
parallel), succinylation of components of the respiratory
complexes and/or the ATP synthase might result in their
altered activity that could counterbalance the overactive TCA
cycle during the respiratory growth phase. Future comparative
studies aimed at careful quantification of succinylome of cells
under defined metabolic states will shed more light on the
functional significance of this PTM for linking metabolism and
other mitochondrial (or cellular) functions.

By providing a comprehensive list of succinylated
S. cerevisiae mitochondrial proteins and functional analysis of
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one of its putative targets, our study represents a primer for
the systematic investigation of the functional importance of
succinylation in mitochondria-related activities.

Experimental procedures
Microbial strains

S. cerevisiae strain SCY325 (MATa«, ade2-1 his3-11,15 leu2-
3112 trpl-1 ura3-1 canl) (78) and its [sc1A derivative (MATa,
ade2-1 his3-11,15 leu2-3112 trpl-1 ura3-1 canl Isc1A:LEU2)
were used for the purification of mitoplasts. An IscIA strain
lacking the entire ORF for the a-subunit of succinyl-CoA
ligase Lsclp was derived from the SCY325 strain by one-step
recombinational deletion using an LEU2 cassette. The dele-
tion cassette was amplified from the genomic DNA of
S. cerevisiae strain GG595 (MATa/MATa HO/HO ura3/ura3
(provided by H. Yde Steensma, Leiden University, The
Netherlands)) by PCR using the LSC1_DC_LEU2_F and
LSC1_DC_LEU2_R primers (Table S4) and Phusion Hot Start
II DNA Polymerase (Thermo Fisher Scientific). Yeast cells
were transformed using the LiAc/PEG/ssDNA method
(79, 80), selected based on leucine prototrophy, and the
cassette insertion was verified by colony PCR using the
pLSC1_5_F and pLEU2_5_R (5’ region) and pLEU2_3_F and
pLSC1_3_R (3’ region) primers (Table S4). The ScATP9 probe
was amplified using a DNA template prepared from the
S. cerevisiae strain W303-1A (MATa, leu2-3112 trpl-1 canl-
100 ura3-1 ade2-1 his3-11,15), which was from the collec-
tion of the Departments of Genetics and Biochemistry,
Comenius University in Bratislava. For ScLon purification, the
strain pSEY ¢68-ScLON expressing the WT ScLon gene from
the GALI promoter of the centromere-based plasmid pSEYc68
was used (81). E. coli strains BL21 Star (F, ompT, hsdS, r m’,
gal, dem, rnel31(DE3)), Rosetta 2 (DE3) (F, ompT, hsdSg
rg m~, gal, dem (DE3), pRARE2 (Canm®™), and DHb5a (F,
¢80dlacZAMI1S, A(lacZYA-argF) U169 deoR, recAl, endAl,
hsdR17 (rk™, mk*), A, thi-1, gyrA96, relAl, ginV44, nupG) were
purchased from Life Technologies.

Mitoplast preparation

S. cerevisiae strain SCY325 was cultivated in YPGE medium
(yeast extract (1% (w/v)), Bacto Peptone (2% (w/v)), glycerol
(3% (v/v)), ethanol (2% (v/v))). Mitochondria were isolated as
described (82). Mitoplasts were prepared by the addition of
20 mM Hepes-KOH (pH 7.4) in a 10:1 volume ratio to the
mitochondrial pellet. The suspension was incubated on ice for
30 min, centrifuged at 12,000¢ at 4 °C, and washed twice with
ice-cold 0.6 M sorbitol buffer with 20 mM Hepes-KOH (pH
7.4). Freshly prepared mitoplasts were stored at —80 °C for
further use.

For diauxic shift experiment, the cells of the S. cerevisiae
strain SCY325 were inoculated at density of Aggo = 0.2 into
YPD medium (yeast extract (1% (w/v)), Bacto Peptone (2% (w/
v)), glucose (2% (w/v))). The growth was monitored by
measuring Agoo, and simultaneously, the glucose levels were
determined as described (83).
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Peptide preparation for Ksucc enrichment and MS analysis

Six milligrams of mitoplasts per WT and IscIA biological
triplicates were freeze-thawed; proteins were precipitated with
5 volumes of —20 °C acetone and sedimented (16,100g, 30 min,
4.°C). Pellets were washed 3 times and air-dried. Proteins were
dissolved in 6.4 M urea, reduced with 5 mM DTT, and alky-
lated with 40 mM chloroacetamide. After dilution in 3 vol-
umes of triethylammonium bicarbonate buffer, pH 8.0 (50 mM
final concentration), the proteins were trypsin-digested (1:20
w/w) overnight. The acidified (with 0.5% (v/v) TFA) and
oxidized (with 100 mM hydrogen peroxide) peptide solution
was clarified by centrifugation and purified on a reversed-
phase column (Supelclean LC-18 SPE; pre-washed with
acetonitrile (ACN) followed by 0.1% (v/v) TFA). TFA-washed
peptides (0.1%) were eluted from the matrix with TA70 (70%
(v/v) ACN, 0.03% (v/v) TEA). After pH adjustment using Tris-
HCI, pH 8, the eluate was divided, so that 5% of the sample
could be used for the MS analysis of the protein background
and 95% for Ksucc enrichment. The peptide aliquots were
vacuum dried.

Enrichment of Ksucc-containing peptides for MS analysis

Peptides were dissolved in the IP buffer (100 mM NaCl,
1 mM EDTA, 20 mM Tris-HCl, pH 8.0, 0.5% (v/v) NP-40) with
cOmplete Protease Inhibitor Cocktail (Roche), and the sus-
pension was cleared by centrifugation. Peptides were incu-
bated overnight at 6 °C with 30 pl of drained and PBS-washed
Pan anti-succinyllysine antibody agarose conjugated resin
(PTM Biolabs). The resin-bound peptides were washed using
the IP buffer with and without 0.5% (v/v) NP-40 and using
50 mM ammonium bicarbonate. Succinylated peptides were
eluted with 0.1% (v/v) TFA and vacuum-dried.

MS analyses

Peptide samples in biological triplicates, from both total WT
and IscIA mitoplast protein digests and their corresponding
Ksucc enrichments, were dissolved in 0.1% (v/v) TFA and 2%
(v/v) ACN. The samples were loaded onto a trap column
(PepMap100 C18, 300 pm x 5 mm, Dionex) and separated
with a C18 column (Acclaim PepMap C18, 75 um x 500 mm,
Dionex) on an UltiMate 3000 RSLCnano system (Dionex) in a
120-min gradient (3—43% B), curve 7, and a flow rate of 300 nl/
min. The two mobile phases used were (A) 0.1% (v/v) formic
acid and (B) 80% (v/v) ACN with 0.1% (v/v) formic acid. Eluted
peptides were sprayed directly into an Orbitrap Elite mass
spectrometer (Thermo Scientific), and spectral datasets were
collected in a data-dependent mode using the Topl5 strategy
to select precursor ions for higher-energy collisional dissoci-
ation fragmentation (84). Each of the samples was analyzed in
three technical replicates. The resulting datasets were pro-
cessed by MaxQuant, version 1.5.3.30 (85), using the built-in
Andromeda search engine with carbamidomethylation (C)
and oxidation (M) set as permanent modifications. For the
protein background, unmodified lysine and protein N-terminal
acetylation were set as variable modifications permitting 2
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missed tryptic cleavages. The variable search parameters for
the Ksucc-enriched samples were lysine succinylation and
protein N-terminal acetylation permitting four missed tryptic
cleavages. The search was performed against a S. cerevisiae
protein database downloaded on May 25, 2019, from https://
www.uniprot.org/ containing 6049 entries. Identified protein
groups, succinylation sites, and a summary of the analysis are
in Table SI.

Data analyses

Only MS/MS-identified protein groups belonging to the
high-confidence mitochondrial proteomes from Di Bartolo-
meo et al. (75), Morgenstern et al. (86), and Vogtle et al. (87)
were considered. The same datasets were also used to annotate
the localization of succinylated proteins by Weinert et al. (19)
and acetylated proteins by Henriksen et al. (46) for compara-
tive analysis. GOs were analyzed using either the PANTHER
Overrepresentation Test tool (binomial test) (88) or YeastMine
GO enrichment (Holm-Bonferroni correction) (89). The
mitochondrial proteins detected in this study served as the
reference. The medians for protein-per-cell abundances are
from (56). Systematic gene name annotations and amino acid
sequences were taken from the Saccharomyces Genome
Database (90). The Saccharomyces Genome Database list of
“mt-nucleoid” cellular component genes (GO:0042645) was
also used. The sequence logos of the regions adjacent to suc-
cinylated lysine sites (the sequence windows were imported
from MaxQuant) were analyzed using WebLogo 3.7.4 (91) and
Seq2Logo 2.0 (92). Protein structural features were predicted
using the MMseqs method of NetSurfP-2.0 (48). The differ-
ences between the predicted values of the properties of suc-
cinylated and nonsuccinylated lysines within succinylated
proteins were evaluated using two-tailed t-tests with unequal
variances (Microsoft Excel). MTSs were predicted by
TargetP-2.0 (50).

DNA manipulations

Oligonucleotides (Table S4) were synthesized by Micro-
synth AG. The plasmids pGEX-6P-2-ScABF2noMP, pGEX-
6P-2-YIMHB1noMP, and pGEX-6P-2-CpGCF1lnoMP are
described in (65, 93), and the plasmid pGEX-6P-2-
CaGCF1noMP in (64). Plasmid expression vectors carrying
substitutions within the ABF2 sequence were constructed by
inverse PCR using the corresponding pairs of 5-end phos-
phorylated primers and pGEX-6P-2-ScABF2noMP (for
Abf2_K162R, Abf2_K162E, and Abf2_K117,118R), pGEX-6P-
2-ScABF2noMP-K117,118R (for Abf2_K44,117,118R), and
pGEX-6P-2-ScABF2noMP-K162R (for Abf2_4K-4R) as tem-
plates (Table S4). After amplification by Phusion HF DNA
polymerase (Thermo Scientific), the PCR fragments were
ligated by T4 DNA ligase (Thermo Scientific) and transformed
into E. coli DH5a, and the plasmids were isolated using the
plasmid QIAprep Spin Miniprep kit from Qiagen. The
sequence of each construct was verified by Sanger DNA
sequencing in Microsynth AG.
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Effect of succinylation on the DNA-binding activity of yeast
mtHMG proteins assessed by EMSA

Recombinant Abf2p, its mutant variants, other yeast
mtHMG proteins, and human TFAM used for DNA-binding
assays were purified from extracts from E. coli BL21 Star
(DE3) cells transformed with the corresponding plasmid
construct as described (68, 93). Protein concentration was
determined using the Bradford assay (94), and the purity was
assessed by 12% SDS-PAGE (95). The 50-bp-long DNA sub-
strate derived from the S. cerevisiae atp9 gene was amplified by
PCR from the genomic DNA of S. cerevisiae strain W303-1A
using the DreamTaq DNA polymerase (Thermo Scientific)
and primers ScCATP9_15_D and ScATP9_50_R (Table S4); the
resulting dsDNA was 5’ end-labeled using T4 polynucleotide
kinase (Thermo Scientific) and [y**P]JATP (3000 Ci/mmol).
EMSA experiments using 260 nM of the tested DNA-binding
proteins (unless stated otherwise) were performed as described
(93). Succinylation in vitro was performed at 30 °C in the
presence of the indicated concentrations of succinyl-CoA
(Sigma-Aldrich).

Expression and purification of ScLon

For ScLon isolation and purification, the S. cerevisiae Alon
strain carrying the plasmid pSEY c68-ScLON (81) was grown
to the early stationary phase in yeast synthetic medium (0.67%
(w/v) yeast nitrogen base with ammonium sulfate) supple-
mented with 0.2% (w/v) glucose, 1.5% (w/v) galactose, 0.5% (w/
v) casamino acids (Difco), 0.002% (w/v) adenine, and 0.002%
(w/v) tryptophan. Mitochondria were isolated and purified as
described (82) and ScLon carrying a C-terminal 6x His tag was
purified as described previously (81). In brief, mitochondria
corresponding to 10 mg/ml of proteins were resuspended in
buffer A (20 mM Hepes-KOH, pH 8.0, 150 mM NaCl, 5 mM
MgCl,, 20% (v/v) glycerol) containing 1 mM ATP and 1.6 mg
of Lubrol/mg of mitochondrial protein. The lysate was
centrifuged at 200,000g at 4 °C for 10 min, and the supernatant
was applied to a Ni-NTA Agarose resin (Qiagen). The column
was washed with five column volumes of buffer A containing
40 mM imidazole, and bound protein was then stepwise eluted
with buffer A containing 0.1, 0.2, and 0.3 M imidazole. The
enzymatic activity of the purified ScLon was then determined
by B-casein degradation as described (68).

Sclon proteolytic assay

For proteolytic assays, recombinant S. cerevisiae Abf2p
lacking the MTS (first 26 amino acid residues) and carrying an
N-terminal His tag (6x His-GST) (96) was purified from E. coli
Rosetta 2 (DE3) as described previously (68). In brief, the cells
were resuspended in buffer B (50 mM ammonium acetate, pH
7.3, 1 M KCI, 10% (v/v) glycerol) with the addition of 0.1% (v/v)
Tween 20 and 0.2 mg/ml lysozyme followed by a short incu-
bation at room temperature (RT) and sonication on ice. The
cell lysate was centrifuged (30,000g, 30 min, 6 °C), and the
supernatant was loaded onto a Ni-Sepharose 6 Fast Flow
column (GE Healthcare). The eluted protein was incubated
overnight with PreScission protease (GE Healthcare)
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according to the manufacturer’s instructions and then applied
to a Glutathione Sepharose 4 Fast Flow column (GE Health-
care). Abf2p was eluted in the unbound fraction, diluted (2.5x)
with buffer B (without KCl), and loaded onto a Heparin
Sepharose 6 Fast Flow column (GE Healthcare). The bound
protein was eluted with a stepwise KCl gradient, concentrated,
and purified on a Superdex 75 10/300GL column (GE
Healthcare). Succinylated Abf2p for proteolytic assays was
prepared by incubating purified Abf2p with 10 mM succinyl-
CoA in 20 mM Tris HCI (pH 7.4), 50 mM NaCl, and 1 mM
EDTA for 2 h at RT. Free succinyl-CoA was removed by gel
filtration on a Superdex 75 10/300GL column (GE Healthcare)
equilibrated with buffer C (50 mM ammonium acetate (pH
7.3), 500 mM KCl, 5% (v/v) glycerol). The given amounts of
substrate proteins (Abf2p, succinylated Abf2p, casein) were
incubated in an ScLon reaction buffer (50 mM Tris HCI, pH
8.5, 10 mM MgCl,, 2 mM ATP). A 750-bp DNA fragment
(Kpnl/HindIll) from the pOPINM-XRCC6BP1 plasmid
construct (4 uM) was used as the dsDNA probe. Each reaction
was carried out at 30 °C for 30 min with aliquots withdrawn at
the indicated times. Reaction products were analyzed by SDS-
PAGE in 12% polyacrylamide gels and Coomassie Brilliant
Blue R250 staining.

Succinylated Abf2p modeling

The model of succinylated Abf2p was built by manually
combining the coordinates of the succinyl moiety of Ksucc
from a succinylated histone 3 peptide in complex with sirtuin-
5 (PDB ID: 3RIY) (97) with the side chains of those lysines
from the previously reported 2.18 A Abf2p structure (PDB ID:
5JHO) (58) that were found to be succinylated in our IP assays.
After torsion angle adjustments to remove steric clashes
introduced by these modifications, this structure’s geometry
was regularized by Refmac5 (98) using a geometry database
derived from the Ksucc of 3RIY. The resulting structure was
then minimized against the AMBER 14 forcefield (99) in
Chimera (100). The geometry of the resulting structure was
checked using MolProbity (101) and was found to be sufficient
for the purposes of this study. The electrostatic surface of both
succinylated and nonsuccinylated Abf2p was calculated using
PDB2PQR and APBS (102). Coordinate manipulation and
structure visualization were done using the PYMOL Molecular
Graphics System, version 2.3.0, Schrédinger, LLC.

Data availability

The MS proteomics data have been deposited in the Pro-
teomeXchange Consortium via the PRIDE (103) partner re-
pository with the dataset identifier PXD023604 (username:
reviewer_pxd023604@ebi.ac.uk; password: zMPT8wo0).
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