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Introduction

Protein posttranslational modifications (PTMs) represent covalent modifications of
amino acid residue subsequent to protein biosynthesis. PTMs are components of the
mature protein and mainly positioned on the side chains of the amino acids or on the C- or
N-terminus of the protein. Introduction of additional groups into the proteins increases the
diversity and functionality and overcomes proteome complexity specified by the genome.
PTMs are very important factors in regulation of protein function in living cells including
change of enzymatic activity, subcellular localization, protein stability, interactions with
other proteins and DNA binding efficiency. A variety of different PTMs are discovered and
the number is still going up with development of analytical techniques. Some of them
include phosphorylation of Ser and Thr, acylation of Lys, glycosylation of Arg and
lipidation of Cys. Hydrolysis of peptide bonds, establishing of disulfide bonds or peptidyl-

prolyl-cis/trans isomerisation are also phenomena covered with the term of PTMs.

Lysine acetylation

Lysine acetylation is one of the most common PTMs found on cellular proteins. The

acetyl group is positioned at £-amino group of the lysine residue (Figure 1).

0
: £
NH NH
R R
%Ni %N
H ™R H o R
O O
L-lysine N-(€)-acetyl-L-lysine

Figure 1. Chemical structure of free L-lysine and its N-(€)-acetylated form.

Lysine acetylation was discovered and described for the first time fifty years ago on

histones (Allfrey et al., 1964; Phillips, 1963). Shortly after that, protein lysine acetylation



was discovered also on nonhistone proteins (L’'Hernault and Rosenbaum, 1983). Until
now, protein lysine acetylation represents one of the most abundant PMT from bacteria to
humans (Kim and Yang, 2011). Lysine acetylation is a reversible PTM. Three types of

enzymes are responsible for the fluctuation in the acetylation state of the cellular proteins.

Lysine acetyltransferases (KATs) are enzymes catalyzing the transfer of an acetyl-
group from the cosubstrate Ac-CoA to the €-amino group of the target lysine residue.
Based on the sequence and structural differences these enzymes are divided into five
subfamilies: HAT1, Gen5/PCAF, MYST, P300/CBP and Rtt109 (Yuan and Marmorstein,
2013). Until now, about 30 human enzymes showing histone acetyltransferase activity
have been identified (Glozak et al., 2005). Many of the histone acetyltransferases show
significant ability to acetylate a wide range of non-histone proteins (Gu and Roeder,
1997).

Acetyl group is removed from the lysine residues by lysine deacetylases (KDACS).
There are 18 different KDACs in humans (Shirakawa et al., 2013) subdivided into four

classes (Table 1).

KDACs classes |, Il and IV utilize Zn** as a cofactor. Although many of those
enzymes are described to have a variety of substrates beyond histones, these enzymes
still retained the traditional name histone deacetylase (HDACs). Class Il lysine
deacetylases are named sirtuins, because of the first identified Yeast Sir2 homolog (Silent
mating-type information regulation 2) (Shore et al., 1984). Sirtuins use NAD" as a

cosubstrate.

One of the first roles of protein acetylation was described shortly after histone
acetylation was discovered. Early studies suggested that abundant histone acetylation
could affect gene expression (Allfrey, 1966; Vidali et al., 1968). The introduction of the
acetyl group into the proteins neutralizes positive charge on the €-amino group of the
lysine residue, resulting in a significant impact on a protein activity, protein-protein
interaction, protein-DNA interaction, protein subcellular localization and protein stability
(Glozak et al., 2005).

Gu and Roeder clearly demonstrated that acetylation at the C-terminal domain of p53
dramatically stimulates its DNA binding activity (Gu and Roeder, 1997). Additionally, Ito et
al. showed that MDM2 can promote HDAC1 mediated deacetylation of p53, which leads



to its degradation, suggesting that acetylation promotes p53 stability and plays a crucial
role in its function (Ito et al.,, 2002). It has been reported that HDAC3 mediated
deacetylation of NF-kB promotes its binding to IkBa, demonstrating how acetylation can
prevent protein-protein interaction (Chen et al., 2001). Wang and colleagues showed that
CBP/p300 acetylated STAT3 at K685, resulting in its translocation from cytoplasm to
nucleus and increasing its sequence specific DNA binding (Wang et al., 2005).

Table 1. Classification of KDACs enzymes.

Class Isoform Yeast homolog Cofactor Subcellular localization
HDAC1 zn* nucleus

| HDAC2 zn* nucleus
HDAC3 Rpd3 zn* nucleus/cytosol
HDACS8 zn* nucleus/cytosol
HDAC4 zn* nucleus/cytosol

lla HDAC5 zn* nucleus/cytosol
HDAC7 HDA1 zn* nucleus/cytosol
HDAC9 zn* nucleus/cytosol

lb HDAC6 HDA2 zn** nucleus/cytosol
HDAC10 zn* nucleus/cytosol
SIRT1 NAD" nucleus/cytosol
SIRT2 NAD" cytosol
SIRT3 NAD* mitochondria

1l SIRT4 Sir2 NAD" mitochondria
SIRT5 NAD" mitochondria
SIRT6 NAD" nucleus
SIRT7 NAD" nucleus

v HDAC11 Rpd3/HDA1 zn* nucleus

Protein lysine acetylation in mitochondria

Large scales proteomics surveys have demonstrated that lysine acetylation is
enriched in mitochondria (Choudhary et al., 2009; Kim et al., 2006; Zhao et al., 2010).
Notably, mitochondrial protein acetylation exhibits a high degree of conservation between
flies, worms, zebrafish, mice and humans (Weinert et al., 2011). These studies suggest a
critical role of protein lysine acetylation in a wide range of key mitochondrial functions
including fuel oxidation, energy generation, waste disposal, and detoxification of reactive
oxygen species. Hebert et al. identified 3285 acetylation sites from 2193 mitochondrial

proteins (Hebert et al., 2013). The authors claim that 65 % of all mitochondrial proteins

3



have at least one acetylation site. Almost every enzyme in the glycolysis,
gluconeogenesis, tricarbonic acid cycle, urea cycle, fatty acid metabolism has been found
to be acetylated in human liver (Zhao et al., 2010). Interestingly, carbamoyl phosphate
synthase 1 (CPS1) was found to be acetylated at 52 lysines in mouse liver (Weinert et al.,
2013). These data are not surprising, because CPS1 is an abundant protein in the liver
and has a relatively large molecular weight. Interestingly, the vast majority of metabolic
enzymes are inactivated in the acetylated form. Acetylation at K642 inhibits mitochondrial
acetyl-CoA synthetase 2 (Schwer et al., 2006). Hyperacetylation also negatively regulates
activity of ornitine transcarbamoylase, an enzyme involved in the urea cycle (Hallows et
al., 2011). Recently, MS study revealed that long-chain acyl-coenzyme A dehydrogenase
is negatively regulated by acetylation at K42 (Hirschey et al., 2010). Hyperacetylation
inhibits Complex | of the electron transport chain, showing its implication in the energy
metabolism (Ahn et al., 2008). Despite these, a wide range of other enzymes involved in
key mitochondrial functions are found to be inhibited by acetylation like isocitrate
dehydrogenase, enzyme involved in the redox metabolism (Yu et al., 2012); superoxide
dismutase 2, a major mitochondrial antioxidant enzyme (Qiu et al., 2010); 3-hydroxy-3-
methylglutaryl CoA synthase 2 (HMGCS2) a mitochondrial enzyme involved in ketone
body synthesis (Shimazu et al., 2010) and malate dehydrogenase, an enzyme of the TCA
cycle (Schlicker et al., 2008). Interestingly, for all these enzymes hyperacetylation has
been observed after knock out of SIRT3, a prominent mitochondrial lysine deacetylase
(Lombard et al., 2007). Re-expression of SIRT3 could recover the function of a wide range

of mitochondrial metabolic enzymes (Hirschey et al., 2010).

It is important to note that, although less prevalent, acetylation can also activate
enzyme activity. Acetylation at K301, K307 and K314 significantly increases enzymatic
activity of malate dehydrohenase 2 during adipocyte differentiation (Kim et al., 2013).
Recently, Fernandes et al. have demonstrated that acetylation at multiple lysine residues
increases aconitase activity in heart mitochondria. Additional investigation has shown that
K144 is mainly responsible for aconitase activation and that SIRT3 successfully reverses

acetylation at multiple lysines including K144 (Fernandes et al., 2015).

Mitochondrial protein hyperacetylation has been linked to the pathophysiology of
different disorders, such as diabetes through acetylation of enzymes implicated in the
regulation of oxidation, reactive oxygen species production and insulin resistance in

skeletal muscle (Jing et al., 2011). SIRT3 expression is induced in human breast cancer,



which correlates well with up-regulation of HIF1a target genes indicating that lysine
acetylation plays a crucial role in cancer (Finley et al., 2011a). Additionally, mitochondrial
protein acetylation is implicated in metabolic syndrome (Hirschey et al., 2011), cardiac
hypertrophy (Hafner et al., 2010) and other mitochondrial disorders such as Friedreich’s
Ataxia (Wagner et al., 2012).

Induction of mitochondrial protein hyperacetylation

It is well known that acetylation of metabolic enzymes depends strongly on

extracellular nutrient availability (Zhao et al., 2010).

Hyperacetylation of mitochondrial proteins in mouse liver has been reported during
calorie restriction (CR) (Hebert et al., 2013). CR is a dietary regimen characterized by
lowering in nutrient input up to 50 %, without lowering in essential nutrients. CR extends
life span of different organisms including yeast, mice or monkeys (Colman et al., 2009;
Mattison et al., 2012; Weindruch et al., 1986). Molecular mechanism of CRs effected life
span remains elusive. It is believed that in yeast sirtuins play a crucial role in CR mediated
extension of life span (Lin et al., 2000). Mitochondrial hyperacetylation observed during
obesity and high fat diet was mainly caused by downregulation of SIRT3 (Alrob et al.,
2014). Recently, Fritz et al. have reported that chronic alcohol consumption induces
increase in acetylation of 91 mitochondrial proteins targeting mainly fatty acid metabolism
(Fritz et al., 2012).

Mitochondrial lysine deacetylases

Mitochondria represent harbor for three of seven sirtuin isoforms (SIRT3, SIRT4 and
SIRT5) which represent the main mitochondrial lysine deacetylases (Gertz and
Steegborn, 2016). There are a limited number of evidences that nuclear encoded lysine
deacetylase HDACY7 is located in the mitochondrial inter-membrane space of prostate
epithelial cells (Bakin and Jung, 2004). However, presence of HDACY7 in the lumen of

mitochondrial matrix has been poorly described and additional investigations are required.

SIRT3 is the only mitochondrial lysine deacetylase and appears to be a primary
regulator of mitochondrial protein acetylation (Lombard et al., 2007). SIRT3 is a widely
expressed sirtuin isoform with increased presence in mitochondria-rich tissues such as
liver, heart and skeletal muscle (Onyango et al., 2002). Expression level is highly

regulated by changing nutrient availability, especially by fasting, high-fat diet and CR



(Hirschey et al., 2010; Jing et al., 2011; Schwer et al., 2009). SIRT3 is implicated in a
variety of diseases primarily in obesity and metabolic syndrome (Hirschey et al., 2011).
SIRT3 mediates insulin signaling in skeletal muscle (Jing et al.,, 2011) and regulates
mouse pancreatic B-cell function (Caton et al., 2013) demonstrating its crucial role in
diabetes mellitus type 2. Strong evidence has been provided which describes involvement
of SIRT3 in cardiovascular, heart diseases (Grillon et al., 2012; Sack, 2011) and cancer
(Liu et al., 2014). Until now, a variety of SIRT3 protein targets are described. Some of
them are listed in Table 2. SIRT3 is responsible for regulation of wide range of
mitochondrial proteins especially enzymes related to energy metabolism.

Table 2. List of SIRT3 protein substrates.

SIRT3 Protein Substrate Cellular Function Reference

(Hallows et al., 2006;

Acetyl-CoA Synthetase 2 (ACS2) Acetate Metabolism Schwer et al., 2006)

Amino Acids Catabolism,

Glutamate Dehydrogenase (GDH) (Schlicker et al., 2008)

TCA Cycle
NADH Dehydrogenase 1a Subcomplex
9 (NDUFA) OXPHOS (Ahn et al., 2008)
3-Hydroxy-3-Methylglutaryl CoA . .
Synthase 2 (HMGCS2) Ketone Body Formation (Shimazu et al., 2010)
Long-Chain Acyl CoA Dehydrogenase Fatty Acid Oxydation (Hirschey et al., 2010)
(LCAD)
Isocitrate Dehydrogenase 2 (IDH2) TCA Cycle (Someya et al., 2010)
. . (Qiu et al., 2010; Tao et
Superoxide Dismutase 2 (MnSOD) ROS al., 2010)
Ornitine Transcarbamoylase (OTC) Urea Cycle (Hallows et al., 2011)
Cvelophilin D Mitochondrial Permeability (Hafner et al., 2010;
yelop Transition Pore Shulga et al., 2010)
Succinate Dehydrogenase Complex, .
Subunit A (SdhA) OXPHOS, TCA Cycle (Finley et al., 2011b)
Aldehyde Dehydrogenase 2 (ADH2) Ethanol Metabolism (Xue et al., 2012)

SIRT4 displays a very weak lysine deacetylase activity. Recently, the first
deacetylation substrate was described. SIRT4 deacetylates malonyl CoA decarboxylase
at lysine K471 and represses its activity, which in turn leads to promote lipogenesis
(Laurent et al., 2013). Most prominent action of SIRT4 is ADP-ribosylation. SIRT4 uses
NAD" to ADP-ribosylate and downregulate GDH activity resulting in decreased insulin
secretion in pancreatic B-cells in response to increased level of amino acids (Haigis et al.,

2006). Insulin-producing B-cells show increased insulin production in response to the



glucose level when SIRT4 is depleted (Ahuja et al.,, 2007). Mathias et al. recently
discovered a SIRT4 delipoylase and debiotinylase activity (Mathias et al., 2014). The
authors clearly demonstrated that SIRT4 physically interacts with pyruvate
dehydrogenase complex and removes lipoamide cofactor from the E2 component
dihydrolipoyllysine acetyltransferase (DLAT), decreasing its activity in vivo in mouse liver.
SIRT4 represent a tumor-suppressor protein which connects mitochondrial glutamine
metabolism with carcinogenesis (Zhu et al., 2014). These findings strongly confirm SIRT4
implication in key mitochondrial metabolic pathways. Taking together, almost negligible
SIRT4 deacetylase activity lead to conclusion that the enzyme is highly specific for the
acyl residues other than acetyl which are still remain to be discovered or it may require
additional ligands and/or cofactors for its successful action as lysine deacetylase.

SIRT5 is a known sirtuin enzyme primarily localized in mitochondria (Pirinen et al.,
2012; Zhong and Mostoslavsky, 2011). SIRT5 is found in the mitochondrial
intermembrane space (IMS) (Schlicker et al., 2008) and also in the cytoplasm (Matsushita
et al., 2011; Park et al., 2013). It shows weak but not insignificant deacetylase activity.
SIRTS5 has a role in the regulation of ammonia metabolism by deacetylating and activating
CPS1, the first enzyme in the urea cycle (Nakagawa et al., 2009). SIRT5 transgenic mice
show significant decrease in CPS1 acetylation, with upregulation of urea production in the
liver hepatocytes (Ogura et al., 2010). SIRT5 knockout mice show no significant
abnormalities in the metabolism under the basal conditions (Yu et al., 2013), but during
high protein diet hyperamonemia was observed (Nakagawa et al., 2009). The newest
published data described SIRT5 as lysine desuccinylase, demalonylase and deglutarylase
(Du et al., 2011; Roessler et al., 2014; Tan et al., 2014; Weinert et al., 2013).

The three mitochondrial sirtuin isoforms seem to be highly specific for different acyl
moieties attached to the side chains of lysines of mitochondrial proteins. Together,
mitochondrial sirtuins are able to deal with the most demanding challenges which come
with diversity of acyl modifications within the mitochondrial proteome. Very recently, it was
shown that SIRT3, SIRT4 and SIRT5 successfully remove even long acyl-chain moieties
from the lysine residues including myristoyl-, dodecanoyl-, decanoyl-, and octanoyl-

moieties, widening the spectrum of its activity (Feldman et al., 2013).



Mitochondrial lysine acetyltransferase

Conventional lysine acetyltransferase localized in the mitochondrial matrix remain
unknown until now, making the phenomenon of mitochondrial protein acetylation even
more complicated. Only few attempts were made to identify a mitochondrial protein which
is able to transfer the acetyl group from Ac-CoA to lysine residues. GCN5L1 (General
Control of Amino Acid synthesis 5 - like 1) is the first acetyltransferase proposed to have
significant effects on protein lysine acetylation in mitochondria (Scott et al., 2012). It is
clearly demonstrated that the enzyme is localized in the mitochondrial matrix and in the
mitochondrial inter-membrane space. Authors further showed that knockdown of GCN5L1
results in disruption of mitochondrial protein acetylation homeostasis, but they did not
provide evidences whether such change in acetylation state results from direct action of
GCN5L1 enzyme. Additionally, it was shown that histone H3 is successfully acetylated by
GCN5L1-enriched mitochondrial fraction. Here it is not clear why mitochondrial enriched
fraction is used instead of recombinant GCN5L1 protein. Evidences in the form of peptide
substrates in vitro are absent and kinetic parameters were not determined. All together, it
is clear that there is reasonable suspicion about the role of GCN5L1 protein in the global

mitochondrial protein acetylation. However, additional investigation will be required.

Recently, it has been shown that the known mitochondrial metabolic enzyme ACAT1
(acetyl-CoA acetyltransferase 1) successfully operates as lysine acetyltransferase (Fan et
al., 2014). ACAT1 is a well described enzyme involved in ketone bodies production during
low glucose diet (Haapalainen et al.,, 2007; Kano et al., 1991). Here, Fan et al.
demonstrated that ACAT1 successfully acetylates and inhibits PDHA1 at lysine K321 and
PDP1 at lysine K202. PDHAL is a subunit of the pyruvate dehydrogenase complex (PDC)
highly regulated (inhibited) by phosphorylation at S232, S293 and S300, whereas PDP1
represents a specific phosphatase which dephoshorylates PDHAL and restores its activity
(Roche et al., 2001). The acetylation reaction was confirmed in vitro using recombinant
ACAT1, PDHA1 and PDP1 protein. Nevertheless, information about peptide substrates

and kinetic parameters were not provided.

Proposed mechanisms of mitochondrial protein acetylation

Mitochondrial protein acetylation combines two extreme opposites. On the one hand
mitochondria are cellular compartments with highest abundance of acetylated proteins

and on the other hand lacking enzymes responsible for such modifications. A relative



large diversity between acetyltransferase sequences makes identification of novel
mitochondrial acetyltransferases even more challenging (Yuan and Marmorstein, 2013).
Considering already known facts, there are few proposed ways to explain how
mitochondrial proteins undergo acetylation, summarized in Figure 2 (Ghanta et al., 2013).
Based on the current knowledge, each of the proposed mechanisms appears failed in
attempt to fully explain mitochondrial protein acetylation. The first proposed mechanism is
not able to explain the obvious dynamics in mitochondrial protein acetylation in response
to nutrient availability (Zhao et al., 2010). We cannot completely exclude the second and
the third mechanism. The second mechanism is currently unlikely. In the human genome
there are 71 acetyltransferase encoded genes and many of them are well characterized
(Fan et al.,, 2014). There is some evidence about the existence of mitochondrially
localized proteins which even does not contain mitochondrial targeting sequence at all
(Joiner et al.,, 2012; Sastri et al., 2013). The third mechanism could be promising in
particular because of the fact that new enzymes as potential candidates for the
mitochondrial acetyltransferases have been discovered recently. GCN5L1 has been the
first enzyme proposed to be responsible for the mitochondrial protein acetylation (Scott et
al., 2012).

Knockdown of GCN5L1 results in hypoacetylation of mitochondrial proteins indeed,
but is such phenotype result of direct action of GCN5L1 enzyme still remains
guestionable. Moreover, the fact that this enzyme is not found in yeast reduced its
evolutionary importance as a global and widespread protein acetyltransferase. It is more
prominent that an already known metabolic enzyme could possess the ability to transfer
an acetyl group from the Ac-CoA to the lysine residue of the targeted protein. ACAT1 was
recently discovered to be an efficient lysine acetyltransferase harbored in the
mitochondrial matrix (Fan et al., 2014). In addition to its already known and well described
role in the ketone bodies synthesis ACAT1 acetylates the PDHA1 subunit of the large

PDH complex and PDP1 phosphatase; both are mitochondrial enzymes.
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non- enzymatlc
enzymatic

Figure 2. Proposed mechanisms of mitochondrial protein acetylation. Mitochondrial proteins are
acetylated in the cytoplasm by known nucleocytosolic acetyltransferases prior to its translocation to
mitochondria or mitochondrial proteins might shuttle between mitochondrial matrix and cytoplasm
where they can be acetylated (1); mitochondrial protein are acetylated by known nucleocytosolic
acetyltransferase wich are able to enter in the mitochondrial matrix (2); mitochondrial proteins are
acetylated by mitochondrial residential protein which have lysine acetyltransferase function (3);
mitochondrial protein are acetylated non-enzymatically (4).

The fourth and the most prominent mechanism is that mitochondrial proteins are
acetylated chemically without the need of any enzyme. The idea of chemical acetylation of
proteins is 60 years old now. Ac-CoA represents a highly reactive compound with the
capability to acetylate proteins in vitro without presence of enzymes or other catalytic
compounds (Baddiley et al., 1952). Almost twenty years after such findings Paik et al.
have demonstrated that Ac-CoA acetylates histones non-enzymatically (Paik et al., 1970)
and that the introduced acetyl-group is most likely located at the N-E-amino groups of
lysine residues. Furthermore, non-enzymatic mechanisms for other intracellular lysine
modifications by endogenous metabolites, such as glycation and carbamylation are
already recognized (Verbrugge et al., 2015; Wautier and Schmidt, 2004). Proteine lysine

residues can also react with glycolitic intermediate 1,3-bisphosphoglycerate to form 3-
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phosphoglyceryl lysine derivatives (Moellering and Cravatt, 2013). Conditions of the
mitochondrial matrix (pH value, availability of Ac-CoA) represent a favoring contribution to

the non-enzymatic mechanism of mitochondrial protein acetylation.

At the beginning of this study, very little was known about the nature of the non-
enzymatic protein acetylation. Several other groups in parallel investigated such
phenomena and their published results also strongly support the idea which explains
protein acetylation in mitochondria as product of hon-enzymatic reaction driven by basic
pH value and relatively high Ac-CoA concentration (Baeza et al., 2015; Kuo and Andrews,
2013; Wagner and Payne, 2013).

Physiological conditions of mitochondrial matrix

Mitochondria are cellular organelles and represent a place where nutrients are
degraded for the purpose of energy production. The mitochondrion consists of two
membranes with an intermembrane space inbetween (Figure 3). Area of the inner
membrane is about five times larger than outer, organized in a cristae, a specific structure
which enlarges innermembrane area enhancing its ability to produce ATP. The inner
membrane successfully maintains the small molecule transport. In particular, water
molecules are controlled through special transporters so-called aquaporines, ensuring
osmotic balance between mitochondrion and cytosol. The inner mitochondrial membrane

enclosed space is filled with mitochondrial matrix.

Mitochondrial matrix is a dense, viscous, gel-like fluid containing enzymes and small
molecules involved in different metabolic processes. About 65 % of all mitochondrial
proteins are located in the matrix, as well as mitochondrial DNA and mitochondrial
ribosomes. Majority of the proteins are nuclearly encoded and posttranslationary

translocated to the mitochondrion.

Several physiological differences between mitochondria and cytoplasm are very
important and might point out that mitochondrial protein acetylation could occur non-
enzymatically. One of the most important differences is the mitochondrial matrix pH value

and Ac-CoA concentration.
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Figure 3. Schematic illustration of animal mitochondrion. Figure is free available at
https://commons.wikimedia.org/wiki/File:Animal _mitochondrion _diagram _en.svg

It was noted earlier that the €-amino group of lysine residues is highly ionizable with a
pK, value of 10.5. At physiological pH, usually referred to 7.4 (Zager et al., 1993), the
amino group is in its protonated form and thus not available for acetylation by Ac-CoA.
With basic pH values concentration of deprotonated amino groups increase leading to

chemical acetylation (Figure 4).

The mitochondrial matrix pH value was found to be slightly basic in comparison to the
pH value of the cytoplasm and can rise up to 8.2 (Llopis et al., 1998; Santo-Domingo and
Demaurex, 2012; Shen et al., 2013). In eukaryotic mitochondria energy-rich ATP can be
produced using the metabolites generated in the TCA cycle, fatty acid oxidation or amino

acid oxidation.

When nutrients are available in a large quantity, their degradation raises the mitochondrial
pool of Ac-CoA up to a concentration in the millimolar range (Garland et al., 1965;
Hansford and Johnson, 1975). Ac-CoA is mainly utilized for energy production through its
oxidation in the TCA cycle. During the running of the TCA cycle, ETC pumps protons in
the mitochondrial intermembrane space to ensure proton gradient (protonmotive force)
which is necessary for operation of ATP synthase and production of ATP.
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Figure 4. Chemical lysine acetylation mechanism - schematic illustration. Proposed mechanism is
based on the GCN5 acetyltransferase mechanism (Roth et al.,, 2001; Yuan and Marmorstein,
2013), which used general base catalysis to deprotonate €-amino group of the lysine in the initial
phase of the reaction. In the enzyme-free reaction, at the basic pH value, OH™ group acts as a base
and deprotonates lysine amino group which is now able to attack the thioester carbonyl moiety of
the Ac-CoA. After rearrangement free CoA is released thereby forming the acetylated lysine.

During such process mitochondrial intermembrane space is maximally acidified
remaining mitochondrial matrix consequentially alkalized (Figure 5). Such conditions
which are found especially in the mitochondrial matrix (high concentration of Ac-CoA and

high pH values) represent an ideal environment for the non-enzymatic protein acetylation.
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Figure 5. Schematic illustration of the energy production metabolism in mitochondria. Figure is free
available at https://en.wikipedia.org/wiki/File:Mitochondrial_electron_transport_chain%E2%80%94Etc4.svg

Coenzyme A and its acyl-thioester derivatives

Coenzyme A (CoA) is a cosubstrate used by many enzymes involved in acyl-group
transfer reactions. Around 4 % of proteins in the human genome are using CoA as a
cosubstrate in different metabolic reactions (Daugherty et al., 2002). It was discovered
seventy years ago by Fritz Lipmann (Lipmann, 1945) for which he received the Nobel
prize in medicine 1953. In the beginning of the fifties of the last century, shortly after its
discovery the structure of CoA was successfully determined (Baddiley, 1955; Baddiley et
al., 1953). CoA shows a relatively complex structure, but its functionality is limited mostly

to a reactive thiol group (Figure 6).
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Figure 6. The structure of CoA. CoA is synthesized in all living organisms over a series of
reactions shown in Figure 7. The complex synthetic pathway was first clarified in bacteria (Brown,
1959), and later in mammals (Abiko, 1967) and other microorganisms (Nishimura et al., 1983;
Shimizu et al., 1973).
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Figure 7. The biosynthesis of CoA. The synthetic pathway starts from pantothenic acid (1) (vitamin
B5) which is phosphorylated by the enzyme pantothenate kinase (PanK) vyielding 4’-
phosphopantotenat (2). In the next step, reaction of condensation of 4’-phosphopantotenate with L-
cysteine catalyzed by the enzyme phophopantotenoylcysteine synthetase (PPCS) gives as a
product 4’-phospho-N-pantotenoylcysteine (3), which further undergoes decarboxylation by
phosphopantothenoylcysteine decarboxylase (PPC-DC) forming 4’-phosphopantetheine (4).
Dephospho-CoA (5) is synthesized by coupling a-phosphate of ATP to 4’-phosphopantetheine by
the enzyme 4’-phosphopantetheine adenylyl transferase (PPAT). Finally, 3’-hydroxyl group of
dephospho-CoA is phosphorylated by dephospho-CoA kinase (DPCK) and CoA (6) is released.

Acetyl-CoA

Ac-CoA is the most common acyl-CoA thioester present in all living organisms. It
occupies a central position in mitochondrial energy metabolism. The end product of

glycolysis, pyruvate, enters the TCA cycle in the form of Ac-CoA (Theodoulou et al.,
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2014). Additionally, B-oxidation of fatty acids as well as catabolism of amino acids
represent remarkable sources of mitochondrial Ac-CoA (Houten and Wanders, 2010; Shi
and Tu, 2015). Moreover, Ac-CoA can be directly synthesized through the action of acetyl-
CoA synthetase (Schwer et al., 2006) (Figure 8). Beyond its role in energy metabolism Ac-
CoA is involved in a variety of anabolic processes including synthesis of fatty acids,
cholesterol, ketone bodies or the neurotransmitter acetylcholine (Espenshade and
Hughes, 2007; Fukao et al., 2004; Taylor and Brown, 1999; Tehlivets et al., 2007). It has
been recognized as an allosteric regulator of enzyme activity (Jitrapakdee et al., 2008).
Ac-CoA serves as acetyl-group donor in the reaction utilized by KATs enzymes
acetylating a variety of histone and non-histone proteins (Choudhary et al., 2014). Thanks
to its chemical reactivity it has been proposed to have a high potential to acetylate
proteins through a non-enzymatic mechanism (Wagner and Payne, 2013).
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Figure 8. lllustration of possible sources of Ac-CoA in the living organisms. Ac-CoA is mainly
derived from glucose, but also from fatty acid and amino acid catabolism. Glucose is transformed
via the glycolytic pathway into two pyruvate, which are then translocated into the mitochondrion
and transformed to Ac-CoA through pyruvate decarboxylase complex (PDC). After lypolysis
cytosolic long chain fatty acids are recruited to the mitochondrial matrix for 3-oxidation, where the
long chains undergo a series of shortenings until Ac-CoA is produced as the end product. Amino
acids, especially Ala, Gly, Thr, Cys, Ser and Trp can be degraded to pyruvate, where lle, Leu, Trp,
Lys, Phe and Tyr can be degraded to Ac-CoA. Additionally, less abundant but not less important, is
the direct synthesis of Ac-CoA by acetyl-CoA synthetase (ACS) which uses free CoA and acetate
to form Ac-CoA.
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Acetylation of CoA gives a highly reactive compound (Figure 9). There are some
enzymes which can catalyse the formation of Ac-CoA, including Ac-CoA synthetase,
phosphotransacetylase, ATP citrate lyase and thiolase (Mishra and Drueckhammer,
2000). Enzymatic reaction of Ac-CoA mainly involves reaction of acetyl-group transfer to a

variety of molecules including transfer to N-€-amino group of lysine residues.

electrophilic carbon

i

Figure 9. Reactivity of Ac-CoA. Partially positively charged carbon in the carbonyl group is
electrophilic and thus reactive making the acetyl-group a good leaving group. A thioester bond is
characterized by relatively high negative standard free energy of hydrolysis (AGO:-31.8 kJ/mol)
(Thauer et al., 1977).

Ac-CoA is a widespread metabolite present in different cellular compartments.
Although Ac-CoA is ubiquitously distributed within the cell it is a membrane impermeable
molecule and thus its mitochondrial pool is strictly regulated. When the mitochondrial
concentration of Ac-CoA is increased significantly during the nutrition overloading TCA
cycle is running with its full capacity thus the rest of the Ac-CoA can be exported to the
cytosol and used as a precursor for fatty acid synthesis. Export of Ac-CoA into the cytosol
occurs mainly indirect in form of citrate (Figure 10). Such mechanism keeps mitochondrial
concentration of Ac-CoA regulated. It has been observed that mitochondrial concentration
of Ac-CoA varies and depends on the metabolic state of the cell (Garland et al., 1965).
Mitochondria as the main place for production of Ac-CoA could show concentrations of
Ac-CoA in the millimolar range, which is up to tenfold higher in comparison to its cytosolic
fraction (Santo-Domingo and Demaurex, 2012). As key determinants for protein
acetylation the mitochondrial Ac-CoA concentration together with pH value remains a

crucial factor of non-enzymatic protein acetylation.
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Figure 10. Ac-CoA mitochondrial — cytosolic shuttle. Mitochondrial citrate synthase (CS) catalyses
reaction of Ac-CoA and oxaloacetate to form citrate as a component of the TCA cycle. Citrate can
be translocated to the cytosol through the citrate transporter. In the cytosol, citrate is cleaved by
ATP citrate lyase (ACL) releasing Ac-CoA and oxaloacetate. Oxaloacetate is further converted to
malate by cytosolic malate dehydrogenase (MDH) and malate further transformed to pyruvate by
malic enzyme (ME). Malate and pyruvate are translocated back into the mitochondrial matrix
through specific transporters where they could reenter the cycle again. PC — pyruvate carboxylase.

Acyl-CoA thioesters and PTMs of proteins in mitochondria

Based on sirtuins activity it is obvious that mitochondrial protein posttranslational
modifications considerably extend acetylation (Figure 11). Indeed, lysine succinylation and
malonylation was discovered as an abundant PTM in mitochondria (Peng et al., 2011;
Zhang et al., 2011). Moreover, Tan et al. described lysine glutarylation as a new PTM
regulated by mitochondrial SIRT5 (Tan et al., 2014). Short-chain lysine acylation such as
lysine propionylation and butyrylation are PTMs initially described on the histones (Chen
et al., 2007; Cheng et al., 2009). Later it was demonstrated that lysine butyrylation and
propionylation are significantly increased PTMs after knockdown of mitochondrial
enzymes like short-chain specific acyl-CoA dehydrogenase (SCAD) and propionyl-CoA
carboxylase (PCC), primary as a consequence of resulting increase in concentration of

corresponding butyryl- and Prop-CoA thioesters (Pougovkina et al., 2014). Interestingly, it
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appears that SIRT6 and other mitochondrial sirtuins are able to remove long-chain acyl
moieties from lysine residues (Feldman et al., 2013). These findings open the possibility
that such modifications indeed exist as PTMs on the proteins. Except myristoylation,
other long-chain acyl PTMs are not discovered so far in vivo (Stevenson et al., 1992,
1993).
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Figure 11. Known acyl-lysine posttranslational modifications found in mitochondrial proteome.

It is assumed that all above lysine PTMs are derived from corresponding acyl-CoA
thioesters, but enzymes which are responsible for such modifications are still remain
elusive. Very limited evidence is provided demonstrating that classical lysine
acetyltransferases, such as p300, are able to utilize CoA thioesters different from Ac-CoA,
such as But- and Prop-CoA to acylate histone and non-histone proteins (Chen et al.,
2007; Cheng et al., 2009). Additionally, Tan et al. demonstrated that p300 efficiently
succinylates and glutarylates peptides derived from histone H4 using Succ-CoA and Glut-
CoA, respectively (Tan et al., 2014). Recently it was proposed that well known metabolic
enzyme a-ketoglutarate dehydrogenase complex is involved in the succinylation of
mitochondrial proteins (Gibson et al., 2015). Nevertheless, it seems more than likely that

p300 and other conventional lysine acetyltransferase are not mitochondrial residential
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proteins. Therefore, it is increasingly believed that most of mitochondrial acyl-lysine
modifications are a result of non-enzymatic action of corresponding acyl-CoA thioesters.
Such hypothesis is strongly supported by findings that most of the identified protein
acylations overlap with each other in mitochondrial proteome (Weinert et al., 2013). It is
already known that mitochondrial content of Ac-CoA reach millimolar level and that Succ-
CoA show approximately ten times lower mitochondrial concentration in comparison to its
acetyl thioester (Garland et al., 1965; Hansford and Johnson, 1975; Santo-Domingo and
Demaurex, 2012). Because of their similarities, determination of intracellular acyl-CoAs
content as key factors for protein acylation remains challenging for decades. Recently it
appeared that Succ-CoA is a relatively abundant intracellular CoA thioester, in particular
in the tissues with high mitochondrial content such as heart and muscle (Sadhukhan et al.,
2016). Ac-CoA is most abundant in hepatic tissue, which also shows remarkable content
of propionyl- and But-CoA.
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Aim of the thesis

Aim of this work was to understand how proteins undergo posttranslational
acetylation in the mitochondria. Mitochondrial proteins show highest level of acetylation in
comparison to other cellular compartments but enzymes responsible for the transfer of
acetyl groups from Ac-CoA to the lysine residues remain unknown. Few enzymes such as
GCN5L1 and ACAT1 were proposed as candidates for mitochondrial lysine
acetyltransferases, but their role in such phenomenon is questionable. It was already
speculated that Ac-CoA, an energy rich and highly reactive thioester, is able to modify
proteins spontaneously in vitro. Absence of KATs, together with unique physiological
environment in the mitochondrial matrix (high Ac-CoA concentration and basic pH value)
lead to the hypothesis that acetylation of mitochondrial proteins occurs spontaneously
independen of any enzyme activity.

This thesis was designed in two directions with a similar goal: finding reliable
explanations for enriched protein acetylation in mitochondria. In the first part of the work
the goal was to provide significant evidences supporting the hypothesis that Ac-CoA is
able to modify peptides and proteins in vitro under conditions found in mitochondrial
matrix. Initially, development of an assay allowing to follow non-enzymatic acetylation was
required. In order to determine kinetic and thermodynamic parameters of the non-
enzymatic reaction, it was necessary to design a short model peptide. Based on the
gained data we focused to answer following questions. Is lysine acetylation by Ac-CoA a
spontaneous process? What are additional factors involved in modulation of spontaneous
acetylation of N-E€-amino group of the lysine residues by Ac-CoA? Taking in consideration
that a variety of other reactive CoA thioesters are prevalent in the mitochondrial matrix
their reactivity against model peptide was compared. Further investigations have led to
protein substrates where we were faced with additional questions. What are the factors
determining which lysine on the protein’s surface is going to be acylated? Are sirtuins able
to revert non-enzymatic lysine acylation? What are the key players in determination of

acylation landscape of the mitochondrial proteome?

In parallel, we have developed a strategy in order to identify mitochondrial enzymes

with a potential and so far unknown lysine acetyltransferase activity.
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Materials and Methods

All chemicals used in this study are supplied from Sigma-Aldrich unless stated

otherwise.

Chemical synthesis

Synthesis of CPS1 peptide and CPS1 peptide derivatives
CPS1 peptide (Bz-GVLKEYGV-NH,) was synthesized using standard solid-phase

peptide synthesis protocol. Fmoc protected amino acid derivatives (Merck, Darmstadt,
Germany) were used. Rink amide MBHA resin (Iris Biotech, Marktredwitz, Germany) was
first treated with DMF (Merck, Darmstadt, Germany) at RT for 10 min. The Fmoc
protecting group was removed with 20 % (v/v) piperidine (Perkin Elmer, USA) in DMF for
15 min. After removal of the Fmoc protecting group resin was washed (5 x 5 min) with
DMF. Prolongation of the peptide was done by treating the resin with 4 eq of the
corresponding amino acid, 4 equivalent of PyBOP (Merck, Darmstadt, Germany) and 8 eq
of DIPEA (Roth, Karlsruhe, Germany) in DMF at RT for 45 min. The N-terminus of the
peptide was modified using 4 eq of benzoic acid anhydride and 8 eq of DIPEA in DMF at
RT for 45 min. After washing with DCM (Promochem, Wesel, Germany) (5 x 3 min),
peptide was cleaved from the resin and side-chains of amino acids were deprotected by
TFA (Roth, Karlsruhe, Germany) (97% v/v) at room temperature for 150 min. Crude
peptide solution was treated with cold diethylether. Precitipated peptide was filtered and
dried. CPS1 peptide was purified by preparative HPLC and final product purity and identity
was confirmed by analytical HPLC and MALDI-TOF-MS (Figure Al).

N-methyl-CPS1 peptide derivative has an additional methyl group at the lysine side
chain nitrogen. It was synthesized and purified using the same procedure like CPS1
peptide but using Fmoc-Lys-(Me, Boc)-OH (Merck, Hohenbrunn, Germany) as a building
block. Crude N-methyl-CPS1 peptide was purified by preparative HPLC and molecular
mass of final product was confirmed by MALDI-TOF-MS (Figure A2).

Synthesis of TNFa peptide derivatives
The peptide Ac-EALPKK(X)Y(NO,)GG-NH, (X=modification on lysine residue) was

synthesized by standard manual solid-phase-peptide synthesis using Fmoc-protected

amino acid derivatives. Rink amide MBHA resin was treated with DMF at RT for 10 min.
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The Fmoc-protecting group was removed with 20 % piperidine in DMF (2 x10 min). After
washing with DMF (5 x 5 min) the resin was incubated with 4 eq of amino acid derivative,
4 eq HBTU (Biosolve, France) and 8 eq of DIPEA in DMF at RT (60 min). The N-terminus
was modified with 4 eq acetic anhydride and 8 eq DIPEA in DCM (60 min). Nosyl-group
was cleaved using 5 eq DBU (Merck) and 5 eq thiophenol in DMF (2 x 90 min).
Afterwards the resin was washed with DMF.

Free lysine side chain was modified on-resin with HBTU (4 eq), DIPEA (8 eq) in
DCM/DMF mixure (1:1) and 6-Fmoc-amino-caproic acid and N-Boc-anthranilic acid
(Bachem) (TNFa peptide 3 and 4). For TNFa peptide 1 free lysine residue was acylated
with 11-azidoundecanoic acid as described previously (Gubbens et al., 2009). The resin
was treated with a solution of triphenylphosphine (5 eq) in THF/H,O (95:5) for several
days (small portions of resin were taken for the test cleavage and MS-analysis). After
washing N-Boc-anthranilic acid was coupled by the standard method. TNFa peptide 2 and
5 were prepared like TNFa peptide 1 with Dma (substrate 2) or 2-amino-5-nitrobenzoic
acid (substrate 5) instead of N-Boc-anthranilic acid as described previously (Loving and
Imperiali, 2008). Purity and identity of peptides was confirmed by analytical HPLC and MS
(Figures A3, A4, A5, A6 and A7). Peptides 1, 2 and 5 were synthesized by Sabine
Schuster and peptides 3 and 4 by Dr. Marat Meleshin.

Synthesis and purification of acyl-CoA derivatives
Benz-CoA, But-CoA, Glut-CoA and Prop-CoA were synthesized with a modified

procedure described previously (Mieyal et al., 1974). Reactions of CoA trilithium salt
(Boehringer, Mannheim, Germany) with 3 eq of either benzoyl-chloride or butyryl-chloride
or propionyl-chloride or glutaric-anhydride were carried out in aqueous solution at pH 7.0
— 8.0 (with periodic addition of 2N NaOH at 4°C). The reaction was monitored by
analytical HPLC, and usually finished within 10—-30 min. The pH value of the solution was
adjusted to pH 3.0 by adding concentrated HCI, and the thioester product was purified by
preparative HPLC. Linear gradient from 5 — 70 % of solvent B (ACN) in 60 min was used.
Purity and identity of the compounds was confirmed by analytical HPLC and MALDI-TOF-
MS (Figure A8, A9, A10 and All).

Synthesis and purification of acetyl-adenylate (Ac-AMP)

Ac-AMP was synthesized as described previously (Ramponi et al., 1975) with minor

changes. 1 mmol of 5-AMP was dissolved in 5 ml of 50 % (v/v) pyridine. 1 ml of NaOH

24



(M) was added and reaction was kept on ice for 5 min. After that, 1 ml of acetic
anhydride was added slowly with stirring. Reaction mixture was extracted three times with
cold ether. Aqueous solution was precipitated with cold acetone. Precipitate was dissolved
in a small amount of water and precipitated with cold acetone once again. The product

was left to dry overnight.

Preparative HPLC

For purification of peptides a Merck-Hitachi High Speed LC system, consisting of a L-
6200 Intelligent pump, L-4200 UV-Vis detector (Darmstadt, Germany) and a Merck Hibar
LiChrosorb RP-8 column (250-25 mm, 7 ym) were used. For HPLC separation water
(solvent A) and ACN (Promochem, Wesel, Germany) (solvent B) were used; both
containing 0.1 % (v/v) TFA. A linear gradient from 20 — 50 % of solvent B in 60 min was
used if not stated differently. Flow rate was 8 ml/min. Fractions were manually collected
with detection at 260 nm. Residual ACN was removed using a rotary vacuum evaporator
(Laborota 4000, Heidolph Instruments, Schwabach, Germany) and sample was frozen
using liquid nitrogen and lyophilized using a freeze dryer (Christ Alpha 2-4, Germany).

Analytical HPLC

To analyze the amount of acylated peptide in the samples a RP-HPLC system 1100
(Agilent Technologies, USA) consisting of a gradient pump (G1312A), an autosampler
(G1329A), and a UV-detector (G1315A) was used with a Poroshell 120 EC-C18 column
(3.0 x 75 mm, Agilent Technologies). A linear gradient was applied with water (solvent A)
and ACN (solvent B), both containing TFA (0.1%): 5 % B (0 min), 5 — 70 % B (0—7 min),
100 % B (7.0-7.6 min), 5 % B (7.6-10.0 min); flow rate was 0.6 ml / min. Benzoylated
peptide derivatives were detected at 260 nm. Integrated peak areas were used for
guantification. Calibration linearity, reproducibility, and stability of the peptide and acyl-

CoA compounds were determined (Figures Al12).

Expression and purification of the enzymes

Expression and purification of human SIRT2

Human SIRT2 was expressed and purified as described previously (Moniot et al.,
2013). Briefly, a gene encoding human Sirt2 (34—356) was cloned into pGEX-4T3 (GE

Healthcare, Little Chalfont, United Kingdom) using BamH1 and Xhol restriction enzymes.
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Sirt2 was expressed in E. coli at 25°C. After 24 h cells were harvested resuspended in 50
mM Tris-HCI buffer pH 8.0, 500 mM NaCl, and disrupted using a microfluidizer
(Microfluidic, Newton, USA). Cell debris was removed by centrifugation and the SIRT2
was purified using GST-Buster QF glutathione resin (Amocol, Teltow, Germany). After
intensive washing with 50 mM Tris-HCI pH 8.0, 500 mM NacCl, SIRT2 was eluted with 20
mM reduced glutathione. GST-tag was removed by incubation with thrombin (GE
Healthcare) for 48 h at 4°C. After gel filtration on Sephadex-200 (GE healthcare) pure
SIRT2 was concentrated and stored at -20°C. Enzyme was expressed and purified in the
group of Prof. Dr. Clemens Steegborn, University of Bayreuth, Bayreuth, Germany.

Expression and purification of human SIRT3 and SIRT5
Human SIRT3 (residues 118-399) and SIRT5 (residues 34-302) were expressed as

described by Gertz et al. (Gertz et al., 2012). Briefly, the coding sequences were cloned
into pVFT3S (Korean patent: 10-0690230) and pET151/d-TOPO (Invitrogen, Carlsbad,
USA), respectively, and expressed in E. coli Rosetta2 (DE3) cells (Merck, Darmstadt,
Germany), thereby resulting in proteins with an N-terminal His-tag (SIRT5) or His-
thioredoxin tag (SIRT3). After induction of protein expression with isopropyl-B-D-
thiogalactopyranoside (IPTG) (0.5 mM), cells were grown overnight at 15°C (SIRT3) or
20°C (SIRT5) and disrupted with a Micorofluidizer (Microfluidic, Newton, USA). After
removal of cell debris by centrifugation (35000 g, 30 min), the supernatant was
supplemented with imidazole (10 mM) and incubated with Talon resin (Clontech, Mountain
View, USA) for 1 h at 4°C. The resin was washed with ten volumes of Tris-HCI (50 mM pH
7.8) containing NaCl (500 mM), and ten volumes of Tris-HCI (50 mM, pH 7.8) containing
NaCl (200 mM) and imidazole (5 mM). Recombinant protein was eluted in Tris-HCI (50
mM, pH 7.8) containing NaCl (200 mM) and imidazole (250 mM), and then subjected to
gel filtration on a Superose 12 column (GE Healthcare) in Tris-HCI (20 mM, pH 7.8)
containing NaCl (150 mM). SIRT3 was expressed and purified in the group of Prof. Dr.
Clemens Steegborn, University of Bayreuth, Bayreuth, Germany and SIRT5 by Theresa

Nowak.

Expression and purification of human SIRT4
To obtain the expression plasmid of human (His)6-SUMO-Sirt4 (29-314), the

respective DNA fragment was PCR-amplified using gene-specific primers from the

plasmid pET101-Sirt4, which carries the Sirt4 gene, and cloned into the Bsal, Xbal sites of
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pE-SUMO yielding the plasmid pE-SUMO-Sirt4 (29—-314). The protein was overexpressed
in E. coli BL21 (DE3) cells at 18 °C. The purification of the protein was performed using
affinity chromatography on Ni-NTA resin in 10 mM Tris-HCI, pH 7.5, 0.5 M NaCl. The
matrix-bound (His)6-SUMO-Sirt4 (29-314) was eluted by imidazole in the buffer and
further purified by gel filtration in 10 mM HEPES, pH 7.8, 150 mM KCI, 1.5 mM MgCl,, and
stored at — 20 °C for use. Enzyme was expressed and purified in the group of Dr. Cordelia
Schiene-Fischer.

Expression and purification of human CypA

Human cyclophilin A (CypA) was expressed as described by Fanghanel et al.
(Fanghénel and Fischer, 2002). Briefly, CypA (full length) was cloned into pQE70
(Qiagen) and expressed in E. coli M15 cells (Qiagen). The protein was consecutively
purified by ion exchange chromatography on Fractogel EMD DEAE-650(M), Fractogel
TSK AF-Blue, and Fractogel SO3-650(M) (Merck Millipore). Enzyme was expressed and

purified in the group of Dr. Cordelia Schiene-Fischer.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were separated using SDS-PAGE as described previously (Laemmli,
1970) with minor madifications using SE250 electrophoresis system (Hoefer Scientific
Instruments, San Francisco, USA). Stacking gel was 5 % acrylamide/bis-acrylamide
(37.5:1) (Roth, Karlsruhe, Germany) and resolving gel was 12 % acrylamide/bis-
acrylamide. APS (Roth, Karlsruhe, Germany) was used for initiating of gel polymerization.
Protein samples were mixed with SDS-PAGE sample loading buffer (5X) and boiled in a
thermo-mixer for 5 min at 95°C. Samples were loaded on the gel using a glass
micropipette and separated at 60-100 mA (Electrophoresis power supply, EPS200,
Pharmacia Biotech) using PAGE running buffer until the bromophenol blue line reached
the bottom of the gel. Electrophoresis system was cooled using cold water. Gels were
further processed to gel staining, MS or transfered to a nitrocellulose membrane. Gels
were stained in Gel staining solution for 30 min and destained in Gel destaining solution
until the background blue color disappeared with periodical replacement of destaining

solution.
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5 % Acrylamide/bis-acrylamide (37.5:1)
126 mM Tris-HCI pH 6.8

SDS-PAGE Stacking gel (5%) 0.1 % (w/v) SDS (AppliChem, Germany)
0.01 % (v/v) TEMED
0.1 % (w/v) APS

12 % Acrylamide/bis-acrylamide (37.5:1)
375 mM Tris-HCI pH 8.8
SDS-PAGE Resolving gel (12%) 0.1 % (w/v) SDS
0.01 % (v/v) TEMED
0.1 % (wiv) APS

25 mM Tris, 192 mM glycine (Merck),
SDS-PAGE Running buffer 0.1% (m/v) SDS,
pH 8.3

250 mM Tris-HCI pH 6.8
SDS-PAGE sample loading buffer 10 % (m/v) SDS, 30 % (v/v) Glycerol (Merck)
(5X) 5 % (v/v) B-Mercaptoethanol (Roth),

0.02 % (w/v) Bromphenol blue (Serva)

0.25 % (w/v) Coommassie brilliant blue G-250
(AppliChem, Germany)
30 % (v/v) Methanol

6 % Acetic acid

Gel staining solution (water)

30 % (v/v) Methanol

Gel destaining solution (water) 10 % Acetic acid

Native-PAGE

Native-PAGE uses a similar experimental procedure like classical SDS-PAGE.
Samples were prepared in a sample loading buffer containing no SDS, no -
mercaptoethanol or heat treatment, under so called non-denaturing conditions. Gels and
running buffer also contains no SDS. System temperature was kept below 20°C. Gels

were stained using the standard Coomassie brilliant blue staining procedure.

Dot-blot assay

The reaction mixture (2 pl) was spotted onto a nitrocellulose membrane (Sartorius,
Gottingen, Germany) and allowed to dry at RT. The membrane was blocked with 5 %
(w/iv) BSA (AppliChem, Darmstadt, Germany) in TBS-T (Tris base Roth, Karlsruhe,
Germany; Tween-20 AppliChem, Darmstadt, Germany) for 2 h at RT, followed by
incubation with mouse anti-acetylated-lysine antibody (1:1000 in BSA/TBS-T; Cell
Signaling) for 1 h at RT. After washing with TBS-T (3 x 5 min), the membrane was
incubated with a horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody
(1:20000 in TBS-T; Promega) for 1 h at RT. After final washing (2 x 15 min with TBS-T
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and 1 x 5 min with TBS) spots were visualized by colorimetric detection with 4-chloro-1-

naphthol (4CN). Quantification was performed with ImageJ (http://rsb.info.nih.gov/ij<).

20 mM Tris-HCI
TBSpH7.5 150 mM NaCl
TBS-T 0.05 % (v/v) Tween-20 in TBS
BSA/TBS-T 0.1 % (m/w) BSA in TBS-T

4CN Colorimetric detection for Dot- and Western blot assays

Color was developed as described previously (Hawkes et al., 1982). Briefly, we
immersed the membrane in HRP color development solution. Proteins became visible as
purple bands or dots within 30 min. Color development was stopped by immersing the

membrane in dd H,O (2 x 10 min). Membrane was allowed to dry before scanning.

Solution A (freshly prepared prior usage
and protected from light): 30 mg of 4CN in
HRP color development solutions 10 ml of methanol.

Solution A : Solution B (1:1 mixture) Solution B (freshly prepared prior to use): 6
pl of ice cold 30 % (viv) H,O, (Merck,
Darmstadt, Germany) in 10 ml TBS.

Western-blot

Proteins separated by SDS-PAGE were transferred on a nitrocellulose membrane
(Sartorius, Goéttingen, Germany) using the semi-dry transfer apparatus Fast-blot B32
(Biometra, Gotingen, Germany) according to the manufacturer’s protocols. The success of
the transfer was checked by staining the proteins with Ponceau S solution. After
successful transfer, the membrane was incubated in blocking solution for 2 h at RT,
followed by immunobloting with mouse anti-acetyl lysine antibody (1:1000; Cell Signaling)
for 1h at RT. After washing (3 x 10 min) with TBS-T secondary HRP-conjugated goat anti-
mouse antibody (1:10000, Promega) was applied for 1h at RT. After the final washing (3 x
10 min with TBS-T and 1 x 10 min with TBS) immunoreactive proteins were detected
using the 4CN colorimetric procedure. Densitometric analysis was performed using

ImageJ software.
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25 mM Tris-base
Transfer buffer pH 8.3 150 mM Glycine
10 % (v/v) Methanol

0.1 % (w/v) Ponceau S

Ponceau S - protein staining solution (water solution) 0.5 % (v/v) Acetic acid

Blocking solution 5% BSA in TBS-T

Determination of protein concentration

UV-Vis spectra were recorded using Specord M500 spectrophotometer (Zeiss,
Germany) and also spectra of corresponding buffers as a reference. Protein concentration
was calculated through equation 1 (Beer-Lambert law) using absorbance at 280 nm and
the known molar absorption coefficient (€) for certain protein. This method was exclusively

used for pure protein samples.
(Equation 1) A=¢excx*l

A: absorption
&: molar absorption coefficient (M*cm™)
c: concentration (M)

l: cell path length (cm)

Mass spectrometry (MS)

Sample preparation and MALDI-TOF/TOF MS
Samples were desalted using ZipTip C 18 pipette tips (Merck Millipore) and subjected

to mass measurements. Peptides: 1 pl of a solution of 2,5-dihydroxy-benzoic acid in
methanol (70 mg/ml) was mixed with 1 pl sample and 1 pl of the mixture was deposited
onto a stainless steel target. Proteins: 1 pl of a solution of sinapinic acid in 30:70 (v/v)
ACN, containing 0.1 % (v/v) TFA in water was mixed with 1 pl sample and 1 pl of the

mixture was deposited onto a stainless steel target.

The peptide mass fingerprint spectra were recorded on an Ultraflex-1l TOF/TOF mass
spectrometer (Bruker Daltonic, Bremen, Germany) equipped with a MALDI source,

nitrogen laser, LIFT cell for fragment ion post acceleration and gridless ion reflector. The
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software Flex Control 3.0, Flex Analysis 3.0 and Biotools 3.0 were used to operate the
instrument and analyze the data. For external calibration a peptide or protein calibration

mixture (Bruker Daltonics, Bremen, Germany) was used.

In-gel trypsin digestion

The protein bands were cut out of the gels, incubated 45 min at 50°C with 10 mM
dithiothreitol in 100 mM ammonium bicarbonate. After removing the solution the protein
bands were incubated with 55 mM iodoacetamide in 100 mM ammonium bicarbonate for
45 min in the dark to modify cysteine residues. The solution was removed and the gel
pieces were washed three times with water, twice with 100 mM ammonium bicarbonate
and finally with 200 mM ammonium bicarbonate in 50 % ACN. The gel pieces were dried
under a gentle stream of nitrogen, suspended in 20 pl 50 mM ammonium bicarbonate

buffer (pH 8.0) and digested with trypsin overnight at 37°C.

Nano-UPLC

Peptides were extracted from the gel pieces and injected into a nanoACQUITY UPLC
system (Waters) equipped with a binary solvent manager, sample manager and heating
and trapping module. Samples (2 pl) were injected by the “microliter pickup” mode and
desalted on-line through a symmetry C18 pre-column (180 pm x 20 mm). The peptides
were separated on a BEH 130 C18 analytical RP column (100 pm x 100 mm, 1.7 um,
Waters) by using a typical UPLC gradient 3.0 - 33.0 % ACN over 15 min. The mobile
phases were water (0.1 % formic acid) and ACN (0.1 % formic acid). The column was
connected to a SYNAPT G2 HDMS - mass spectrometer (Waters).

ESI-QTOF-MS/MS-Analysis
The SYNAPT G2 HDMS is a hybrid quadrupole tandem time-of-flight (Q-TOF) mass

spectrometer, equipped with Tri-wave ion guides that trap and separate ions by ion
mobility (Waters). The data were acquired in LC/MSE or LC/HDMSE mode (an unbiased
mobility assisted TOF acquisition method) switching between low and elevated energy on
alternate scans. Subsequent correlation of precursor and product ions can then be
achieved using both retention and drift time alignment. BiopharmalLynx (1.3.2, Waters)
was used to analyze the obtained MS data. Searches were conducted with
GlobalSERVER™ using a species specific database to which sequence information of

BSA and other contaminating species were appended.
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Capillary electrophoresis (CE)

Samples were subjected to CE in a Bio-Focus 3000 CE system (Bio-Rad, Hercules,
CA). The separation was carried out on an uncoated silica capillary column (50 cm x 50
um; Bio-Rad) at 25°C and with an applied voltage of 12 kV. The capillary was washed
with NaOH (0.1N) for 30 s followed by sodium phosphate buffer (100 mM, pH 6.5) for 90 s
under high injection pressure (100 psi). Then, samples were injected with 5 psi (34.5 kPa).
The retained protein was eluted in sodium phosphate buffer (100 mM, pH 6.5), and
detected by UV detector at 200 nm. All buffer solutions were filtered before usage.

Continuous fluorescence assay for measuring sirtuin activity

The fluorescence measurements were performed on a Hitachi F-4500 fluorescence
spectrophotometer (Tokyo, Japan) at Agx = 473 nm and Ag,, = 535 nm, slit Ex = 10 nm, slit
Em = 10 nm, PMT = 950 V for TNFa peptide 2. Each reaction mixture contained 20 mM
Tris-HCI pH 7.8, 150 mM NaCl, 5 mM MgCl,, 0.5 mM NAD" and various peptide
concentrations (0.5-30 yM) and was preincubated for 5 minutes at 37 °C. The reaction

was started by adding human SIRT4 (1 uM) and followed for 5-10 minutes.

Product formation was monitored by increase of relative fluorescence. This signal
was converted into product concentration via a calibration curve. The slope of the linear
regression of product formation against time yielded the reaction velocity rates in pM/s. Ky
and k. were obtained by non-linear regression according to Michaelis-Menten. All
measurements were done at least in duplicates. For determination of reaction velocity
rates in yM/s calibration lines were necessary. Therefore a reaction mixture was prepared
containing assay-buffer, 2 yM SIRT2, 500 uM NAD" and 100 uM of TNFa peptide 2 was
incubated overnight at 37 °C. The reaction mixture was analyzed with HPLC, to control if
the entire peptide substrate was turned to product. Additionally the mixture was diluted
(0.1-25 yM) and measured with a Hitachi F-4500 fluorescence spectrophotometer at the

same conditions as described above (Figure A13B).

The microtiter plate fluorescence measurements were performed on a Tecan Infinite
M200 microplate reader (Maennedorf, Switzerland) at Agx = 320 nm and Ag,, = 420 nm.
The reactions (total volume 100 ul) were measured in black low-binding 96- well microtiter
plates (Greiner Bio-One International). Assay-buffer, 500 yM NAD* and 2—100 yM TNFa

peptide 1 were pre-incubated at 37 °C for 5 min. The reaction was started by adding
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SIRT4 (1 yM) and recorded over 60 min. The signals were converted into product
concentration via a calibration curve and the resulting data were evaluated as described
above (Figure A13A).

Fluorescence spectroscopy

Protein fluorescence was measured using a Hitachi Fluorescence spectrophotometer
model F-4500. Spectra were recorded at 37°C, in 200 mM Tris-HCI buffer pH 8.0 using 1
ml quartz cuvette in a range from 300-400 nm, with excitation at 280 nm. The slit for

excitation and emission light was 10 nm.

Circular dichroism spectroscopy (CD)

CD spectra were recorded using an Aviv Biomedical Circular Dichroism
Spectrometer, Model 420. The spectra were measured with quartz cuvettes at 25°C in a
20 mM sodium phosphate buffer, pH 7.3. Data were collected as averages of 5 repetitive
scans. Spectrophotometric determination of protein concentration was estimated using
absorption at 280 nm and molar absorption coefficient for CypA €=8400 M™*cm™ as
described previously in this section. The mean molecular ellipticity © was calculated using

equation 2 and is expressed in deg*cm?dmol™ units.

(Equation 2) MRW — —c*d*NA

[©]mrw : Molecular ellipticity (deg*cm?*dmol™)
O: ellipticity (deg)

Mr: molecular weight (Da)

c: protein concentration (mg/ml)

d: path length (cm)

Na: number of amino acids

Peptide microarray

All microarray experiments were done using a hybridization station (HS400, TECAN)
in a semi-automated mode. Acetylome peptide microarrays were used (Rauh et al., 2013).

All steps were performed at 25°C with an exception for the enzyme incubation step which
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was carried out at 30°C or 37°C. All buffers were filtered before usage. First, peptide
microarrays were washed (TBS-T 2 x 2 min and TBS 1 x 2 min) followed by blocking step
(1 h with Roti-Block solution, (Roth, Karlsruhe, Germany)). Subsequently,
acetyltransferase was applied in corresponding buffer for 2 hours. After washings (TBS-T
5 x 2 min and TBS 1 x 2 min), an optimized mixture of primary antibodies (Rauh et al.,
2013) was applied for 1 h followed by washing with TBS-T 5 x 2 min and TBS 1 x 2 min.
Then, a mixture of secondary fluorescence labeled antibodies (Rauh et al., 2013) was
applied for 30 min. Finally microarrays were washed (TBS-T 5 x 2 min, TBS 1 x 2 min and
dd H,O 2 x 2 min) and dried using a stream of nitrogen gas. Peptide microarrays were
scanned using a GenPix 4000B scanner (Molecular devices) at 635 nm (red channel) and
532 nm (green channel). Images were analyzed using GenePix Pro 7.0 software
(Molecular devices).

Primary antibodies mixture (1:2000 in TBS-T)

Mouse anti-Ac-Lys Abcam
Mouse anti-Ac-Lys Cell Signaling
Rabbit anti-Ac-Lys Cell Signaling

Secondary fluorescence labeled antibodies mixture (1:5000 in TBS-T)

Goat-anti-mouse IgG (H+L) DyLight 649 Conjugated 1 mi/ml Thermo Scientific

Goat-anti-rabbit IgG (H+L) DyLight 649 Conjugated 1 ml/mi Pierce
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Results

Non-enzymatic lysine acetylation of model peptide using Ac-
CoA

In order to investigate whether a lysine residue within a peptide undergoes non-
enzymatic acetylation in presence of Ac-CoA we used Bz-G°*VLKEYGV*'-NH, as
model peptide, which was discovered in a peptide microarray based approach (Rauh et
al., 2013) to be an efficient substrate for several sirtuins in the acetylated form, and was
demonstrated to be an extraordinary good SIRT5 substrate in its succinylated and
glutarylated form (Roessler et al.,, 2014). The peptide is derived from CPS1, a
mitochondrial enzyme involved in the first step of the urea cycle, catalysing formation of
carbamoyl phosphate from NH,", ATP and bicarbonate (Jackson et al., 1986). Schwer et
al. showed that K527 is hyperacetylated during the CR and implicated in CPS1 regulation
(Schwer et al., 2009). Other studies revealed succinylation of K527 (Weinert et al., 2013),
which could be removed by SIRT5, consistent with role of SIRT5 in urea cycle regulation
(Du et al.,, 2011; Nakagawa et al., 2009; Roessler et al., 2014). To measure non-
enzymatic acetylation, we treated the CPS1 peptide with 4 mM of Ac-CoA at 37°C and pH
8.0, which reflects the conditions in the mitochondrial matrix (Garland et al., 1965;
Hansford and Johnson, 1975; Santo-Domingo and Demaurex, 2012). For detection and
guantification of non-enzymatic acetylation of the lysine residue we developed a HPLC
based assay. Separation of the reaction mixture using a RP-column showed the
appearance of an additional peak (260 nm) at tg=5.22 min, thus indicating the formation of
a modified CPS1 peptide derivative over time (Figure 12A). Additional analysis of HPLC
fractions by nano-UPLC-coupled MS identified the newly emerged peak as acetylated
CPS1 peptide (Figure 12B). Because not just lysine residues are able to be modified
chemically (for example phenolic hydroxyl group of the tyrosine residue also represent
potential site of modification) further analysis was required. Peptide fragmentation
analysis by tandem MS proved that only the N-E-lysine residue was modified by

acetylation (Figure 12C).

In this study all acetylation reactions have been done in a Tris-HCI buffer system. Tris

itself contains a primary, but sterically hindered amino group, and can potentially effect
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acetylation reaction. In order to test this possibility, we performed acetylation reaction in

different buffer systems and found no significant difference between them (Figure A14).
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Figure 12. Non-enzymatic lysine acetylation of Bz-GVLKEYGV-NH, (CPS1 peptide). A) Lysine
acetylation of the CPS1 peptide was investigated by HPLC (detection, 260 nm). CPS1 peptide (200
uM) was incubated with 4 mM Ac-CoA for 0 (—), 1 (-=-*), 2 (—), or 4 (— ---) days at 37°C and pH
8.0. The reaction mixture was separated by RP-HPLC on a Poroshell 120 EC-C18 column. The
appearance of an additional peak at 5.22 min indicates the formation of acetylated CPS1 peptide.
B) Identification of the reaction product by nano-UPLC-coupled MS. The mass spectrum displays a
peptide with m/z 1009.5, which corresponds to acetylated CPS1 peptide. C) Determination of the
acetylation site by nano UPLC-MS/MS analysis. Fragmentation ions observed in the tandem mass
spectrum confirmed that the CPS1 peptide is acetylated at the N-E-position of the lysine residue.
Figure is adapted from Simic et al. 2015 with permission (Simic et al., 2015).
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Kinetic and thermodynamic parameters of non-enzymatic

lysine acetylation

In order to determine kinetic parameters it was necessary to quantify the amount of
acetylated product. A discontinuous HPLC based assay was used. At certain time points
reaction was stopped by adding TFA (1 % (v/v) final concentration) and then processed
further to HPLC separation. TFA reduces the pH value of the reaction solution, ensuring
that N-E-amino group of the lysine residue is completely protonated, thus no longer being
a substrate for the acetylation reaction. After separation of the CPS1 peptide and its
acetylated form, chromatogram was integrated and areas under the peaks were used for
calculation of the percentage of acetylated product using equation:

Ap*100 (%)
Equation 3 P =
(Equation 3) (%) Ap+As
With:

Pey): Percentage of product
Ap: Area under product peak

As: Area under substrate peak

With known starting concentration of the substrate, we can easily calculate the

concentration of the product at any time point using equation:

| __ Proyy*[So]
(Equation 4) [P] - 100(%)
With:

[P]: Concentration of the product
Pws): Percentage of product

[So]: Starting concentration of the peptide substrate
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One of the first goals was the determination of the reaction order and reaction rate
constant for the non-enzymatic lysine acetylation. Reaction mixture containing 200 uM of
CPS1 peptide, 4 mM of Ac-CoA in 200 mM Tris-HCI pH 8.0 was incubated at 37°C. At
certain time points the reaction was stopped using TFA and the reaction mixture was
analyzed with HPLC to obtain concentration of acetylated product. The concentration of
acetylated product was plotted as a function of time. Time-dependence of peptide
acetylation displayed a kinetic behavior following a pseudo-first-order reaction with
apparent rate constant (Kap,) of 6.1 + 1.7 * 107 s* (Figure 13A). Starting concentration of
Ac-CoA was 20 time higher than for the peptide. For the first few hours nearly linear
formation of acetylated product could be detected. Over time, because of spontaneous
hydrolysis, concentration of Ac-CoA decreased and course undergoes hyperbolic function.
For that purpose, we investigated the stability of different acyl-CoAs in the buffer solution.
Ac-CoA and Succ-CoA display a half-life of 18.2 and 3.8 h respectively (Figure A15). All
measurements were done within time intervals less then half-life of the corresponding
thioester, where its concentration is still high enough to ensure pseudo-first order

behavior.

Measurements of peptide acetylation in the presence of different concentrations of
Ac-CoA revealed a linear dependence of product formation on Ac-CoA concentration. The
slope of the plot of kap, against Ac-CoA concentration gives a bimolecular rate constant (k)
of 1.52 + 0.42 * 10™"° uM™*s™ (Figure 13B).

38



A) 12 B) 12
10 10 1
= _
2 8 DR
— ~
- P~
»n 8 o 6
o ¥
Q 2
2 4 &4
2 2|
0 : . ‘ . : 0 . : : :
0 20 40 60 80 100 0 2 4 6 8
t/h [Ac-CoA] / mM
C) 13 D) -5.6
- [ ]
14 | 5.8
6.0
-15 —
2 2 5.2 .
x -16 X 64
= o
- o
47 S =66
6.8
-18 -7.0
19 ‘ . . . 72 L : : : :
0.0032 00033 00034 00035  0.0036 7.0 7.5 8.0 8.5 9.0
1TIK! pH

Figure 13. Determination of kinetic and thermodynamic parameters of non-enzymatic lysine
acetylation by Ac-CoA. A) Time-dependent acetylation of the CPS1 peptide, determined by HPLC
(detection at 260 nm). The plot shows pseudo-first-order kinetics with a rate constant of 6.1 + 1.7 *
107 s™. B) Ac-CoA concentration dependence. Peptide acetylation rate shows a linear dependence
on Ac-CoA concentration. The slope of the plot gives a bimolecular rate constant of 1.52 + 0.42 *
10" uM™*s™. C) Temperature-dependent acetylation. The plot of natural logarithm of the pseudo-
first-order rate constants (In k) versus 1/T is linear, thus indicating that the temperature
dependence obeys the Arrhenius law. The calculated activation energy (E,) was 74.8 + 2.8 kJ*
mol™. D) pH dependence of CPS1 peptide acetylation. The plot log(kapp) @s a function of pH has
linear dependence. Error bars represent SD (n=2). Figure is adapted from Simic et al. 2015 with
permission (Simic et al., 2015).

With intension to investigate temperature dependency of the non-enzymatic
acetylation we determined reaction rate constants at different temperatures (5, 15, 25 and

37°C). Our findings revealed that temperature dependence follows the Arrhenius law:

39



(Equation 5) k=A=xeRT
With:

k: rate constant of the chemical reaction

A: pre-exponential factor

E.: activation energy

R: universal gas constant (R=8.314 J*K**mol™)

T: absolute temperature (in Kelvins)

Taking the natural logarithm of Arrhenius’ equation yields:

(Equation 6) In(k) =In(4A) — % * %
With rearrangement:

. _Ea 1
(Equation 7) In(k) = T + In(4)

Plotting the logarithm of the rate constant (k) versus the inverse temperature (1/T)
shows a linear course (Figure 13C), with a slope of —E./R. Knowing the value for the
universal gas constant R it is possible to calculate the activation energy for the non-

enzymatic acetylation reaction to be E,=74.8 + 2.8 kJ*mol™.

Non-enzymatic lysine acetylation strongly depends on the pH value of the solution
(Figure 13D). The pK, value of the N-E-amino group of the lysine side chain is around
10.5 (Nolting et al., 2007). At pH values far below the pK, of the lysine side chain, N-E-
amino group exist almost exclusively in the protonated, thus not reactive form. Increasing
pH accelerates non-enzymatic acetylation by increasing the concentration of reactive (de-

protonated) form of the peptide.
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Non-enzymatic acylation of CPS1 peptide by different acyl-

CoA thioesters

Recently, large-scale MS studies that identified succinylation, glutarylation and
malonylation of the N-E-amino group of the lysine residue were enriched in the
mitochondrial protein fraction (Du et al., 2011; Peng et al., 2011; Sadhukhan et al., 2016;
Tan et al., 2014; Zhang et al., 2011). In addition, butyrylation and propionylation, have
been recently identified in liver mitochondria (Pougovkina et al., 2014). Nevertheless,
enzymes responsible for such modifications in mitochondria remain unknown. All of these
modifications are most likely derived non-enzymatically from their corresponding acyl-CoA
thioesters. During metabolic flow, many reactive acyl-CoA thioesters are also formed.
Some of them are acyl-CoA involved as intermediates in ketone bodies synthesis pathway
in mitochondria, like HMG-CoA, and AcAc-CoA. To test our hypothesis, CPS1 peptide
was incubated with different acyl-CoA thioesters in Tris-HCI buffer pH 8.0 at 37°C (Figure
14). The highest acylation rate was observed with Succ-CoA (Figure A16), which was
about 150 times more efficiently in acylating CPS1 model peptide in comparison to Ac-
CoA. Notably, proteomic studies have identified in vivo succinylation at K527 of CPS1 in
different tissues (Weinert et al., 2013). Glut-CoA (Figure Al7) exhibited about sixfold
higher acylation than Ac-CoA, whereas Prop-CoA (Figure A18) and But-CoA (Figure A19)
displayed three and five times lower acylation rates than Ac-CoA, respectively. Benz-CoA
and AcAc-CoA did not react under the conditions used. Interestingly, HMG-CoA (Figure
A20) showed the ability to modify lysine residues of model peptide with an acylation rate
constant about threefold higher than for Ac-CoA. Based on this discovery, HMG-lysine

could be an interesting candidate for a novel lysine posttranslational modification.
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Figure 14. Comparison of non-enzymatic CPS1 peptide acylation by different thioesters. CPS1
peptide (200 uM) was incubated with various concentrations of the different acyl-CoA thioesters in
200 mM Tris-HCI buffer pH 8.0 at 37°C over time. Product formation was determined by HPLC. To
obtain bimolecular rate constants for the different thioesters, the slope of the plot of the pseudo-
first-order acylation rates versus acyl-CoA concentration was calculated by linear regression. Data
represent average + SD (n=3).

Modulation of non-enzymatic lysine acetylation

Small molecules

Non-enzymatic lysine acetylation is a slow process compared to histone lysine
acetyltransferase p300 catalysed acetylation of a histone-derived peptide (k.5=0.26 + 0.01
s') (Thompson et al., 2004). Here we checked whether 4-(dimethylamino)-pyridine
(DMAP), could effect non-enzymatic acetylation. DMAP has been widely used as an
efficient acylating catalyst in the chemical synthesis. Indeed, we found that DMAP
improved non-enzymatic acetylation in a concentration dependent manner (Figure 15).
Next, we examined whether metabolites, cofactors or other small molecules, which are

present in mitochondrial matrix in a relatively high concentration, accelerate the non-
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enzymatic acetylation. We have tested NAM, NAD", NADH, NADP*, NADPH, ATP, L-
carnitine, mercaptopyruvate, pyridoxal phosphate, thiamin pyrophosphate, ribose-5-
phosphate, metabolites of L-tryptophan degradation pathway (like kynurenic acid, picolinic
acid and quinolinic acid). None of these compounds shows significant effects on non-

enzymatic acylation, even if some of them share similar structure with DMAP.
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Figure 15. DMAP accelerates Ac-CoA-mediated non-enzymatic acetylation of the CPS1 peptide in
a concentration dependent manner. Reaction was carried out in 200 mM Tris-HCI buffer pH 8.0 at
37°C for 24 h with 200 uM CPS1 peptide and 4 mM Ac-CoA in the presence of 0 — 8 mM DMAP.
Product formation was analyzed by RP-HPLC and calculated rate constants were plotted against
the DMAP concentrations. Figure is adapted from Simic et al. 2015 with permission (Simic et al.,
2015).

Water content and ionic strength

It has been shown that mitochondrial matrix space is filled with more viscous material
compared to the cytosol. Water content in the cytosol is 3.8 pl/mg of the protein, and in
the mitochondrial matrix it is just 0.8 pl/mg of the protein (Soboll et al., 1979). Next we
wanted to test, whether water content or ion strength effect non-enzymatic acetylation. We

reduced water content in the reaction mixture by introducing DMSO (Merck, Darmstadt,
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Germany) in the system. Surprisingly, non-enzymatic acetylation was slower in DMSO,

than in aqueous solution (Figure 16).
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Figure 16. Non-enzymatic acetylation of CPS1 peptide by Ac-CoA in the reaction system with
reduced water content. Three different reactions were set up. The first one was carried out in 100
% (v/v) DMSO, the second in the mixture 50 % (v/v) DMSO in water and the third one in water. All
reactions mixtures contained 200 uM CPS1 peptide, 4 mM Ac-CoA, and 1 % (v/v) DIPEA. After
incubation at 37°C for 60 min, reaction mixtures were subjected to HPLC analysis. Data represents
average = SD (n = 3).

We performed acetylation reaction at different salt concentrations and found that salt
concentration effects acetylation yield in a concentration dependent manner (Figure 17).
Sodium chloride shows slightly increased acetylation rate constant, but 1M magnesium

sulfate increases the rate constant about two-fold.
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Figure 17. Non-enzymatic acetylation of CPS1 peptide by Ac-CoA in the presence of different salt
concentrations. Three reactions were carried out in 200 mM Tris-HCI buffer pH 8.0 at 37°C. All
reaction mixtures contain 200 uM CPS1 peptide, 4 mM Ac-CoA and different concentration of NaCl
and MgSO,. After different times reactions were stopped and analysed by HPLC.

The methylation of N-E-amino group of lysine residue

Protein methylation is a reversible posttranslational modification predominantly found
on lysine and arginine residues (Aletta et al., 1998; Ambler and Rees, 1959; Comb et al.,
1966). It was originally discribed on histone proteins to have a role in regulation of
chromatin structure and gene transcription (Lee et al., 2005; Murray, 1964). The
respective enzymes regulating the methylation state (methyltransferases and
demethylases/protein arginine deimidases) have been described to be involved in various
diseases (Cloos et al., 2008; Greer and Shi, 2012). Recent studies identified lysine
methylation as widespread lysine modification beyond histones (Guo et al., 2014). Lysine
N-E-amino group can be modified with one (monomethylated lysine, Kmel), two
(dimethylated lysine, Kme2) or three (three methylated lysine, Kme3) methyl groups. We
were interested to see whether lysine methylation could have any influence on lysine non-

enzymatic acetylation. Therefore, we used N-methylated CPS1 peptide derivative and
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incubated it with Ac-CoA under the same conditions. It was obvious that lysine N-E-

methylation completely prevents non-enzymatic acetylation mediated by Ac-CoA (Figure
18). Additionally, N-E-methylated CPS1 peptide was incubated with Succ-CoA under the

same conditions. Surprisingly, methylated CPS1 peptide easily undergoes non-enzymatic

succinylation (Figure 19).
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Figure 18. Methylation of the e-amino group of lysines residues prevents non-enzymatic
acetylation by Ac-CoA. A) CPS1 peptide and C) the methylated form of the CPS1 peptide were
incubated in 200 mM Tris-HCI pH 8.0 at 37°C for 24 h and subjected to RP-HPLC analysis. B)
When CPS1 peptide was incubated in the presence of 4 mM Ac-CoA, formation of acetylated
CPS1 peptide can be observed. D) However, in the case of the methylated form of CPS1 peptide
no acetylated product can be detected in the HPLC chromatogram.
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Figure 19. Methylation of the g-amino group of lysines residues is not able to prevent non-
enzymatic succinylation by Succ-CoA. A) MeCPS1 peptide. B) Methylated form of the CPS1
peptide was incubated in 200 mM Tris-HCI buffer pH 8.0 in the presence of 4 mM Succ-CoA at
37°C for 24 h and then subjected to RP-HPLC analysis. When CPS1 peptide was incubated in the
presence of 4 mM Succ-CoA, formation of succinylated MeCPS1 peptide can be observed. C)
SuccMeCPS1 peak was collected and subjected to MALDI-TOF MS analysis where its identity was
confirmed.

Non-enzymatic acetylation of CypA

Next, we chose CypA, the prototypic member of the cyclophilin family of peptidyl
prolyl cis/trans isomerases, as a model protein for non enzymatic acetylation by acyl-
thioesters. CypA is a ubiquitously expressed protein with key roles in protein folding,

intracellular trafficking, immunity and viral infection (Handschumacher et al., 1984;
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Howard et al., 2003; Nigro et al., 2013; Yurchenko et al., 2002). It shares 76.5 % identity
in the sequence with its exclusevily mitochondrial analogue cyclophilin D (Figure A21).
CypA is a highly posttranslational modified protein including phosphorylation and
acetylation. Recent studies have revealed that eleven of the fourteen lysine residues of
the protein can be acetylated in cells (Table Al). Acetylation of CypA at K82 and K125
inhibits its enzymatic activity, alters its binding capacity to the immunosuppressive drug
cyclosporine A, blocks its interaction with the HIV capsid protein, and moreover, prevents
its extracellular secretion (Lammers et al., 2010; Soe et al., 2014).

To investigate whether CypA can be acetylated non-enzymatically, the protein was
treated with Ac-CoA for various times. Dot-blot analysis showed time-dependent
acetylation of CypA (Figure 20A). Analysis of the reaction mixture by MALDI-TOF MS
revealed that incubation with Ac-CoA predominantly resulted in monoacetylated and
diacetylated forms of CypA (Figure 20B). However, higher acetylated species of CypA
(e.g., tri and tetra acetylated) were also observed. In order to identify the lysine residues
modified by Ac-CoA, the reaction mixture was subjected to PAGE (Figure A22), CypA
bands were cutted out and subjected to tryptic digestion and LC-MS/MS analysis (Figure
21). Tryptic peptides found are listed in the tables (Table A2 and A3). MS data revealed
that K155 was the main acetylation site on CypA (Figure 22). More than half of all
acetylation signal intensities were from lysine K155. Significant acetylation was also
detected for K28, K82 and K125, whereas other residues were only slightly modified. This
shows that sequence, microenvironment and accessibility of lysine residues on the protein
surface might influence acetylation efficiency. However, it should be noted that label-free
MS can lead to misinterpretation of relative peptide abundance under -certain
circumstances, such as 1) differences in the ionization efficiency and/or detectability of the
peptides, 2) variations in biochemical sample preparation of acylated peptides, for
example, tryptic digestion and reductive alkylation, and 3) certain peptide structure can
become trapped in the LC column, among others. Because of low reproducibiliy we did
not take in consideration the two shortest tryptic peptides NGKTSK and TSKK
corresponding to sites K151 and K154, respectively.
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Figure 20. Non-enzymatic lysine acetylation of the protein substrate CypA. A) Protein (10 uM) was
treated with 4 mM Ac-CoA in 200 mM Tris-HCI buffer pH 8.0 for 2, 4, 8, 24, or 48 h at 37°C. The
reaction mixture was spotted onto a nitrocellulose membrane. Acetylation of retained CypA was
determined by immunodetection with anti-acetylated-lysine antibody. Densitometric analysis of the
dot blot was performed in ImageJ. Error bars represent SD (n=2). B) MALDI-TOF MS analysis of
the acetylation reaction mixture after 24 h reveals that CypA is predominantly mono- and
diacetylated, although, tri- and tetraacetylated protein are also present. Figure is adapted from
Simic et al. 2015 with permission (Simic et al., 2015).
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Figure 21. Schematic illustration of protein digestion with trypsine and LC-MS/MS analysis of
tryptic peptides. Trypsine is able to cut the peptide bound after K and R with an exception when
they are followed by proline. Trypsine is not able to cleave peptide bound subsequent to acylated
lysine residues. In such case longer tryptic peptides are generated which are indicative for the

modification on the respective lysine residue.
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Figure 22. Analysis of the lysine acetylation pattern of CypA. CypA is hon-enzymatically acetylated
at different lysine residues. CypA (10 uM) was acetylated with 4 mM Ac-CoA for 24 h at 37°C in
200 mM Tris-HCI buffer pH 8.0 or 7.8. The reaction mixture was subjected to tryptic digestion and
LC-MS/MS analysis. The relative intensities of mass peaks reveal that CypA can be non-
enzymatically acetylated at twelve of the fourteen CypA lysine residues. K155 is the predominant
acetylation site. Data are average + SD (n=3). Figure is adapted from Simic et al. 2015 with
permission (Simic et al., 2015).

Acetylation of all lysine residues at pH 7.8 was remarkably lower relative to that at pH
8.0, and acetylation was almost completely restricted to K155. This underlines the

importance of the elevated pH in the mitochondrial matrix for acetylation patterns.

In order to test whether the mitochondrial deacetylases SIRT3 and SIRT5 can
recognize acetylated CypA as a substrate we performed western blot analysis with an anti
acetylated-lysine antibody. The antibody revealed a single band at 18 kDa if CypA was
treated with Ac-CoA (Figure 23A). In the presence of the sirtuin cosubstrate NAD", SIRT3
reduced within 4 h the acetylation level of CypA by about 80 %. In the absence of NAD",
SIRT3 had no effect on CypA acetylation level. In contrast, SIRT5 removed about 30% of
CypA acetylation after 4 h. Native PAGE analysis of the reaction mixtures confirmed the
western blot results (Figure 23B) and revealed SIRT3 as an effective deacetylase as well.
This experiment also provided evidence that acetylation of CypA significantly alters the
surface charge of the protein showing that nonacylated CypA does not migrate in native
PAGE whereas acetylated CypA does. CypA is a small 18 kDa protein and therefore it
was easily separated from the acetylated forms using RP-HPLC (Figure A23). These data

confirm our findings that CypA is modified mainly at a single lysine residue.
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Figure 23. Deacetylation of acetylated CypA by mitochondrial sirtuins. A) Western blot analysis.
CypA (10 uM) was incubated with 4 mM Ac-CoA in 200 mM Tris-HCI buffer pH 8.0 for 24 h at
37°C. Incubation was continued for additional 4 h in the presence/absence of 1 mM NAD" and
either 0.5 pM SIRT3 (lanes 3 and 4) or 0.5 uM SIRT5 (lanes 5 and 6). Aliquots were separated by
SDS-PAGE followed by immunoblotting with antiacetylated-lysine antibody. Densitometric analysis
of the Western blot by ImageJ software shows that SIRT3 efficiently deacetylates CypA (lane 3),
whereas SIRT5 has only a slight effect (lane 5). In the absence of NAD", neither SIRT3 nor SIRT5
deacetylate CypA (lanes 4 and 6). Controls: non-acetylated CypA (lane 1), and acetylated CypA
not treated by sirtuin (lane 2). B) Analysis of deacetylation by native gel electrophoresis.
Deacetylation reaction mixtures were separated by non-denaturing PAGE followed by Coomassie
Blue staining. As only the acetylated form of CypA migrates in the gel, no CypA is detected for non-
acetylated CypA (lane 1) or for CypA deacetylated by SIRT3 with NAD+ (lane 3). Figure is adapted
from Simic et al. 2015 with permission (Simic et al., 2015).
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Non-enzymatic succinylation of CypA

Next, we were interested if other acyl-CoA thioesters can also introduce modifications
on lysine residues of CypA. Therefor, we incubated CypA with Succ-CoA under the same
conditions as applied for Ac-CoA acetylation. CE and MS analysis revealed that
succinylation of CypA lysine residues exceeded that of acetylation (Figures 24 and 25).
The number of lysine residues modified by succinylation and their relative abundances
were higher than for acetylation. This is consistent with the fact that modification of the
CPS1 peptide by Succ-CoA was about 150 times faster than by Ac-CoA (Figure 14). In
the case of CypA acetylation by Ac-CoA, twelve lysine residues were modified, whereas
succinylation was observed for all fourteen lysine residues. Data for the two smallest
tryptic peptides NGK(Succ)TSK and TSK(Succ)K (Table A4) representing succinylation at
K151 and K154 respectively, were not reproducible so not considered for data analysis.

The patterns differed between acetylation and succinylation: CypA acetylation took
place mainly at K155, whereas succinylation was observed at K28 and K82 to a high
extent (Figure 24). Succinylation of the principal acetylation site K155 was marginal. The
application of lower Succ-CoA concentrations also showed that Succ-CoA prefers other
lysine residues in CypA than Ac-CoA. These results show that types of acylation strongly
depend on the microenvironment of the target modification sites, and on the nature of the
modifying thioester as well as on its concentration. All together, different acylation
reactivities may form a specific acylation landscape on the protein surface. Acetylation
neutralises the positive charge of the lysine. In the case of succinylation positive charge
changes to negative charge which should have more effects on the protein global surface

charge resulting in higher differences in migration times in CE (Figure 25).
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Figure 24. Analysis of the lysine succinylation pattern of CypA by LC-MS/MS. CypA (10 uM) was
incubated with Succ-CoA 4000 puM (black), 100 uM (red) and 50 uM (green) in 200 mM Tris-HCI
buffer pH 8.0 at 37°C for 24 h. Then, samples were subjected PAGE. CypA bands were cutted out
and further processed by tryptic digestion followed by LC-MS/MS analysis. The relative intensities
of the mass peaks reveal that all fourteen lysine residues in CypA can be non-enzymatically
modified by Succ-CoA (highest for K28 and K82). Data are average + SD (n=3). Figure is adapted
from Simic et al. 2015 with permission (Simic et al., 2015).
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Figure 25. Analysis of CypA acylation by CE. A) Unmodified CypA (10 uM), or B) CypA (10 uM)
acylated with Ac-CoA (4 mM), or C) 4 mM Succ-CoA. Acylation were carried out in 200 mM Tris-
HCI buffer pH 8.0 containing TCEP (1mM) at 37°C for 24 h and subjected to CE (UV detection at
200 nm). The separation was carried out on a Bio-Rad uncoated silica capillary (50 cm x 50 um) at
25°C in sodium phosphate buffer applying 12 kV. CypA is almost completely succinylated by Succ-
CoA, whereas modification by Ac-CoA was less efficient. Figure is adapted from Simic et al. 2015
with permission (Simic et al., 2015).
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Activity of acylated CypA

In order to check whether acylation of CypA alters the catalytic activity of the protein,
peptidylprolyl cis/trans isomerase (PPlase) activity was measured subsequent to 24 h
treatment with 4 mM Ac-CoA, Succ-CoA or CoA (control) at 37°C and pH 8.0. Acetylation
did not significantly affect PPlase activity, whereas succinylation caused a ~25 %
decrease (Figure 26). The moderate decrease in activity of CypA might be caused by
succinylation of the K125 residue, which is positioned near the active site of the protein
(Figure 27). It was previously shown that acetylation of this lysine led to a significant
decrease in PPlase activity (Soe et al., 2014). An effect of K125 acetylation on the PPlase
activity was not observed in our experiments probably because the amount of acetylated
K125 was too low. The inhibitory effect of K125 succinylation on CypA activity could be
explained by the fact that the succinyl moiety occupies more space than the smaller acetyl
moiety, thus leading to steric hindrance at the active site. Moreover, succinyl-group
introduce negative charge on the protein surface near its active site, which in turn can

prevent binding efficiency of the substrate to the active site.
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Figure 26. Effect of acylation on PPlase activity of CypA. The PPlase activity of CypA was
determined using the protease-coupled PPlase assay as described by Fischer et al. (Fischer et al.,
1989). The sample contained 5 nM CypA from the acylation mixtures and 40 yM Suc-Ala-Ala-Pro-
Phe-p nitroanilide as peptide substrate. After preincubation for 6 min at 10 °C in 35 mM HEPES
buffer (pH 7.8), reaction was started by addition of the isomer specific protease chymotrypsin (final
concentration 1 mg/ml) and the release of 4-nitroaniline was monitored by measuring the
absorbance at 390 nm. The PPlase activity of CypA that was incubated with Succ-CoA for 24 h
was decreased by 25 %, whereas incubation with Ac-CoA had no effect on PPlase activity. Control
represents measurements with CypA treated with CoA. Measurements were performed by Dr.
Matthias Weiwad. Figure is adapted from Simic et al. 2015 with permission (Simic et al., 2015).
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Figure 27. Location of lysine residues in the X-ray structure of CypA (PDB ID: 1BCK) in complex
with the inhibitor cyclosporine A (red). All lysine residues (blue) are on the surface of the protein.
Residue K125 is near the active site. Figure is adapted from Simic et al. 2015 with permission
(Simic et al., 2015).

Structural alterations of acylated CypA

Additionally, we were interested in whether acylation of CypA affects the folding of the
protein. CD spectroscopy revealed that treatment of CypA with Ac-CoA or Succ-CoA did
not affect the protein folding. Moreover, the similar shapes of the CD spectra indicate that
acylation does not affect the secondary structure of the protein (Figure 28). Most of the
lysine residues are located in the random coil, only K31 is located in the a-helix and K131
and K133 are located in the B-strand (Figure 29). These lysines residues were not
significantly modified neither acetylated or succinylated. Fluorescence spectroscopy
shows that highly modified lysine residues may cause negligible changes in the protein
conformation (Figure A24) but as it was shown by CD spectroscopy secondary structures

remain unaltered.
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Figure 28. Analysis of acylated CypA by CD spectroscopy. CypA was incubated with Ac-CoA or
Succ-CoA for 24 h at 37 °C and pH 8.0. Then, samples were dialyzed against 20 mM sodium
phosphate buffer pH 7.3. Spectra were recorded with an Aviv Biomedical Circular Dichroism
Spectrometer, Model 430 at 25°C. CD spectra show that incubation with Ac- or Succ-CoA does not
alter the folding of the protein. Figure is adapted from Simic et al. 2015 with permission (Simic et
al., 2015).
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Figure 29. Organization of the secondary structure of the CypA. PDB: 1BCK. a-helix was marked
in red, pB-strand in dark vyellow and random coil in grey. Figure adapted from
http://www.rcsb.org/pdb/protein/P62937.

Desuccinylation of succinylated CypA by mitochondrial

sirtuins

We wanted to know if mitochondrial lysine deacetylase are able to desuccinylate CypA
lysine residues. Succinylated CypA was incubated with either SIRT3 or SIRT5. Our MS
data show that SIRT3 was not able to remove any succinyl moiety, but SIRT5 was an
effective protein desuccinylase (Figure 30). SIRT5 efficiently removed the succinylation
from seven of the twelve investigated lysine residues, but K44 and K155 were only slightly
desuccinylated, and there was no activity towards K28, K131, or K133, thus confirming

again that SIRT5 exhibits some sequence specificity for succinylated lysine side chains
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(Lakshminarasimhan et al.,, 2013; Rauh et al.,, 2013) or these lysine were sterically
hindered and therefore protected from sirtuin action. These results confirm previous

findings that sirtuins differ in their acyl specificity.
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Figure 30. Desuccinylation of CypA by SIRT3 and SIRT5. CypA (10 pM) was incubated with 4 mM
Succ-CoA in Tris-HCI buffer pH 8.0 at 37°C. After 24 h NAD" (1 mM), DTT (1 mM), MgCl, (5mM),
SIRT3 (0.5 pM) or SIRT5 (0.5 pM) were added. Incubation was continued for additional 4 h at
37°C. After that, samples were subjected to PAGE. CypA bands were cutted out and further
processed by triptic in gel digestion followed by LC-MS/MS analysis. Data represent signals
normalized to the first non modified tryptic peptide of the CypA sequence
(MVNPTVFFDIAVDGEPLGR). A) Desuccinylation of modified CypA by SIRT3. The figure shows
that SIRT3 was not able to remove any of the succinyl groups from CypA. B) Desuccinylation of
modified CypA by SIRT5. The resulting plot shows that SIRT5 efficiently removed the succinyl
residues from seven of the twelve modified lysine residues of CypA. Two residues, K44 and K155,
were only slightly desuccinylated, whereas SIRT5 showed no activity towards the succinylated
lysine residues K28, K131, and K133. Figure is adapted from Simic et al. 2015 with permission
(Simic et al., 2015).
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Next, we investigated whether SIRT5 is able to completely prevent succinylation of
CypA. CypA was incubated with succ-CoA in the presence of SIRT5 with or without NAD".
CE analysis shows that SIRT5 was able to protect CypA against succinylation but not
completely (Figure 31). Some of the residue, most likely K28, K131 or K133 still
undergoes succinylation even in the presence of SIRT5 and NAD". In the absence of
NAD" SIRT5 was not able to remove any of the succinyl-groups from the lysine residues.
K131 and K133 were not identified as a site of succinylation in vivo so far, but interesting
is that K28 is found to be succinylated in mouse liver (Weinert et al., 2013).
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Figure 31. Desuccinylation of CypA by SIRTS5 followed by CE. CypA (10 uM) was incubated with 4
mM Succ-CoA, 0.5 pM SIRT5 and with or without 1 mM NAD" in 200 mM Tris-HCI buffer pH 8.0
containing MgCl, (5 mM) and TCEP (1 mM) at 37°C overnight. A) Unmodified CypA. B) Reaction
mixture contains CypA and Succ-CoA. C) Reaction mixture contains CypA, Succ-CoA, SIRT5 and
NAD®. D) Reaction mixture contains CypA, Succ-CoA, SIRT5 but no NAD".
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Acylation of CypA as a function of the lysine pK, values

There are a variety of ionizable groups on the protein surface including the side chain
of Lys, Arg, His, Asp, Glu, Tyr and Cys. These amino acids play a key role in the protein
stability, sub-cellular localization, protein-ligand and protein-protein interactions and
enzyme activity (Garcia-Moreno, 2009). Most of these residues represent targets for
different posttranslational modifications such as lysine acylation, arginine methylation or
tyrosine phosphorylation (Cozzone, 1988; Greer and Shi, 2012; Vidali et al., 1968). Thus,
pK, values of the ionizable groups represent crucial parameters for characterization and
understanding different biological phenomena. pK, value of the side chain of a single
amino acid differ compared to one incorporated in the protein backbone. Such differences,
are caused mostly by micro-environment, and usually strongly depend on protein
conformation. In the polar microenvironment pK, values are similar to the values found in
water, but in a micro-environment which is less polar pK, value shifts mostly to neutral
state (Isom et al.,, 2011). The ionization state primarily depends on the pH. This is the
reason why intracellular regulation of pH is one of the most important points of all living

organisms including even the primitive ones.

Determination of pK, can be a useful tool for understanding the basics of many
biochemical processes. pK, values can be experimentally determined (Dwyer et al., 2000;
Harms et al., 2009; Karp et al., 2007) or theoretically predicted (Antosiewicz et al., 1994,
1996; Bashford and Karplus, 1990; Mehler and Guarnieri, 1999; Yang et al., 1993) using
biophysical and mathematical based approach for every single lysine in the protein.

The lysine residue has an ionizable €-amino group on its side chain with a pK, value
of 10.5 (Nolting et al., 2007). We used PRO 3.1 software to determine lysine pK, values of
the CypA protein. PROPKA predicts the pK, values of ionizable groups in proteins and

protein-ligand complexes based on its 3D structure (free available at http://propka.org). All

CypA lysine residues with predicted pK, values are listed in a Table 3.
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Table 3. pK, values of the CypA lysine residues. PDB: 3KON

Lys position | pK,

K28 10.58
K31 11.33
K44 10.55
K49 10.90
K76 10.34
K82 10.36
K91 10.49
K118 10.73
K125 10.30
K131 10.50
K151 10.42
K154 10.51
K133 10.57
K155 10.60

As mentioned before, ionization state of the lysine side chain strongly depend on

solution pH, and therefore on the pK, values of the €-amino group of the lysine side chain.

Next, we wanted to find out if there is any correlation between lysine pK, and acylation

status of the CypA. We plotted lysine pK, values and natural logarithm of the signal

intensity (counts) for succinylation and acetylation (Figure 32).
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Figure 32. Lysine acylation as a function of lysine pK,. CypA was acetylated and succinylated as
described above. Natural logarithm of signal intensities was plotted against lysine pKa values. A
plot of CypA A) succinylation and B) acetylation as a function of lysine pKa.
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Succinylation of CypA correlate well with the lysine pKa values. The lysines with the
lowest pK, values, K28, K76, K82, K91, and K125 show the highest succinylation
intensity. On the other hand, lysines with highest pK, values K31 and K49 show less
effective succinylation. Lysines with high pK, values are occur mostly in protonated form,
thus are less reactive. Succinylation pattern (Figure 32A) looks like a mirror image of the
pK, pattern. Acetylation also correlates well with lysine pK,, with few exceptions (Figure
32B). Lysines with highest pK, values K31, K49 and K118 show low acetylation intensity.
Lysines with low pK, values such as K28, K82 and K125 show higher acetylation.
Surprisingly, lysine K155 has the average pK, and the highest intensity of acetylation.
These data support our hypothesis of the existence of super reactive lysine residues

within a protein.

Shift of acylation type by simultaneous action of SIRT3 and
Succ-CoA

As it was shown before, acylation largely depends on reactivity and concentration of
acyl-CoA thioesters. Additionally it also strongly depends on availability and acyl
specificity of the lysine deacetylase. Here, we wanted to test whether simultaneous action
of an acyl-specific deacetylase and an acyl-thioester can change the type of lysine
acylation (changing the acylation landscape). In this experiment we simulated metabolic
conditions in order to test the possibility of replacement of one type of acylation with
another. We incubated acetylated CPS1 peptide with the acetyl-specific deacetylase
SIRT3 and cosubstrate NAD", in the absence or presence of Succ-CoA. Analysis of the
reaction mixture by RP-HPLC revealed that in the absence of Succ-CoA the peptide was
deacetylated after 72 h, whereas in the presence of Succ-CoA it was almost completely
converted into the succinylated form (Figure 33). Only a small fraction of the peptide was
in the non-acylated form. These results suggest that both the concentrations of distinct
acyl-CoAs and the acyl-specificity of sirtuin type deacetylases determine the acylation
landscape in cells. Additionally, SIRT3 was not just able to keep peptide in its
deacetylated form, SIRT3 activity yielded increased succinylation of lysine side chains

when Succ-CoA was present.
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Figure 33. Shift in “Acylation landscape” caused by the simultaneous action of specific sirtuin
deacetylase and acyl-thioester. The figure shows HPLC analysis of A) acetylated CPS1 peptide as
well as acetylated CPS1 (100 uM) peptide that was incubated for 72 h at 37 °C with 1 pM SIRT3,
and 500 puM NAD" either in the B) absence or C) presence of 4 mM succinyl CoA. In order to
ensure equal conditions over the time course of the experiment the concentrations of NAD" and
Succ-CoA were kept constant by adding fresh aliquots. Reaction mixtures were separated by RP-
HPLC, a linear gradient 20 — 40 % (v/v) ACN over 240 min was used. Detection was performed at
260 nm. The identity of the resulting peaks was determined by MALDI-TOF-MS. The figure
demonstrates that the major part of the acetylated CPS1 peptide is converted into the succinylated
form in the presence of an active deacetylase and Succ-CoA. Figure is adapted from Simic et al.
2015 with permission (Simic et al., 2015).
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Expanding acyl specificity of SIRT4

As it was mentioned before, SIRT3 represent a main mitochondrial lysine deacetylase
and SIRTS5 is responsible for removing succinyl, malonyl and glutaryl moieties from the
lysine residues. Very little is known about the substrate specificity of the third
mitochondrial sirtuin, SIRT4. Different studies describe SIRT4 as a very weak lysine
deacetylase (Mathias et al.,, 2014; Rauh et al., 2013), giving preferences to ADP-
ribosylation as a main function of SIRT4 (Ahuja et al., 2007; Haigis et al., 2006).

In order to investigate SIRT4 acyl specificity, we employed the HPLC assay to test
different CPS1 peptide derivatives. We found a very weak activity against acetyl, HMG
and octanoyl modification and no activity against formyl-CPS1 substrate. Based on the
crystal structure of SIRT4 (crystal structure was done by our collaboration partner AG
Prof. Clemens Steegborn, University Bayreuth, Bayreuth, Germany, data are not
presented) it is obvious that its active site allows accommodation of a more voluminous
acyl-group. For further investigations we synthesized different peptides derived from
TNFa protein (Figure 34), which have been already used either as model peptide
substrate or inhibitors in different sirtuin studies (He et al., 2014; Jiang et al., 2013; Teng
et al., 2015).
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Figure 34. Structure of synthesized TNFa peptide substrates. Peptide sequence Ac-
EALPKK(X)Y(NO,)GG-NH, was derived from the TNFa protein. X = different lysine modifications.
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Compounds were subjected to HPLC assay to determine whether SIRT4 accept them
as a substrate. As it was predicted according to crystal structure three of five peptides

were recognized as a substrate by SIRT4 enzyme (Figure 35).
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Figure 35. HPLC based assay of TNFa peptide substrates for SIRT4. 100 uM peptides were
incubated in assay buffer (20 mM TRIS-HCI pH 7.8, 150 mM NacCl, 5 mM MgCl,), containing 500
UM NAD" and 1uM SIRT4. Reaction mixtures were incubated at 37°C. After 60 min reaction was
stopped by adding TFA (1%, v/v) and subjected to HPLC analysis.

TNFa peptide substrates are specially designed to allow us to follow reaction by
following changing in fluorescence intensity (Schuster et al., 2016). All peptides contain
fluorophores such as Abz or Dma, which are quenched by nitrotyrosine (Meldal and
Breddam, 1991; Schuster et al., 2016). Subsequent to enzymatic action of sirtuin,
fluorophore is separated from the quencher moiety resulting in increased fluorescence
intensity. Using this fluorescence-based activity assay we were able to determine the
kinetic parameters for SIRT4 and TNFa substrates 1 and 2 (Figure 36). Kinetic constants

are listed in Table 4.
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Figure 36. Michaelis-Menten plots of TNFa substrate 1 and 2 for SIRT4. Reactions were
performed in 20 mM Tris-HCI buffer pH 7.8, 150 mM NacCl, 5 mM MgCl, containing 500 uM NAD"
and 1uM SIRT4 and varying concentrations of A) TNFa peptide 1 and B) TNFa peptide 2. TNFa
peptide 1 measurements were performed on fluorescence microtiter plate reader and TNFa
peptide 2 on fluorescence spectrophotometer. Data represent means + S.D. (n=2). Figure is
adapted from Schuster et al. 2016 (Schuster et al., 2016).

Table 4. Kinetic constants for TNFa peptide 1 and 2 and SIRT4. Data represent mean + S.D. (n=2)

SIRT4 substrate Ky (UM) Keat (S Kead Ky (M*s7™)
TNFa peptide 1 495+75 3.6 *10* + 0.2 *10* | 7.00
TNFa peptide 2 4.32 +0.67 1.6 *10* + 0.1*10* | 35.93
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Enzymatic lysine acetylation

Mitochondria show highest level of acetylation but conventional lysine
acetyltransferases are not identified so far. Few attempts were done to assign the existing
phenomenon of mitochondrial protein acetylation to a few mitochondrial enzymes, like
GCN5L1 (Scott et al., 2012) or ACAT1 (Fan et al.,, 2014). One part of this study was
directed toward the search of an enzyme located in mitochondria with so far undetected
lysine acetyltransferase activity. Special focus was on already known metabolic enzymes
which use Ac-CoA as a cosubstrate assuming that such enzymes have intrinsic lysine
acetyltransferase activity. After intensive literature searching including human
metabolome database (www.hmdb.ca) we made a short list of the candidates (Table 5).

The main criteria were that the enzyme is found in mitochondria, is widely expressed and
directly or indirectly uses Ac-CoA as a cofactor/cosubstrate.

Table 5. Selected mitochondrial enzymes which use Ac-CoA as a cosubstrate.

CS Citrate synthase, mitochondrial

ACAT1 Ac-CoA acetyltransferase, mitochondrial

HMGCS2 Hydroxymethylglutaryl-CoA synthase, mitochondrial
CRAT Carnitine O-acetyltransferase

ACS Acetyl-CoA synthetase

SAT1 Diamine acetyltransferase 1

Citrate synthase

Citrate synthase (CS) is an enzyme involved in the first step of the TCA cycle
(Goldenthal et al., 1998). It is present in nearly all living organisms, located in the
mitochondrial matrix. CS catalyzes the reaction of condensation of Ac-CoA and

oxaloacetate to form citrate thereby releasing free CoA as one product.
Ac-CoA + oxaloacetate + H,O — citrate + CoA-SH

We have tested CS (Pig, Sus domesticus) as a potential lysine acetyltransferase
using a peptide microarray assay. Acetylation reaction was performed in 200 mM Tris-HCI
buffer pH 8.0 containing 1 mM Ac-CoA and 0.25 mg/ml CS at 37°C for 2 h. We did not find

any lysine acetylation activity for CS under the conditions we used.
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Acetyl-CoA acetyltransferase, mitochondrial

Acetyl-CoA acetyltransferase, mitochondrial (ACAT1) is the enzyme located in the
mitochondrial matrix involved in the first step of the ketone bodies synthesis pathway
(Fukao et al., 1990; Kano et al., 1991). The enzyme catalyses the following reaction:

Ac-CoA + Ac-CoA — CoA-SH + AcAc-CoA

It has already been described to have lysine acetylated activity against PDHAL at lysine
K321 and PDP1 at lysine K202 (Fan et al., 2014). We used our acetylome peptide
microarray displaying more than 5000 peptides derived from human acetylation sites
(Rauh et al., 2013). Acetylation reaction was performed in 40 mM Tris-HCI buffer pH 8.0
containing 75 mM KCI, 1 mM Ac-CoA and 0.2 mg/ml ACAT1 (Human recombinant,
ATGEN) at 30°C for 2 h. Our results clearly show that ACAT1 is not able to transfer acetyl
the group from Ac-CoA to the amino-group of the lysine residues of the presented
peptides.

Hydroxymethylglutaryl-CoA synthase, mitochondrial
Hydroxymethylglutaryl-CoA synthase, mitochondrial (HMGCSZ2) is an enzyme located

in the mitochondrial matrix and involved in the second step of the ketone bodies synthesis
pathway (Boukaftane and Mitchell, 1997; Mascaroé et al., 1995). The enzyme catalyses the

following reaction:
AcAc-CoA + Ac-CoA + H,O0 — HMG-CoA + CoA-SH

We have tested HMGCS2 (Human recombinant, Abnova) as a lysine acetyltransferase
using a peptide microarray assay. Acetylation reaction was performed in 200 mM Tris-HCI
buffer pH 8.0 containing 1 mM Ac-CoA and 0.25 uM HMGCS2 at 30°C for 2 h. We did not
find any acetylation activity for HMGCS2.

Carnitine O-acetyltransferase

Carnitine O-acetyltransferase (CRAT) catalyzes the following reaction:

Ac-CoA + carnitine — CoA + O-acetylcarnitine
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The enzyme is located in the mitochondria and is involved in the transport of short

acyl groups from the cytosol into the mitochondrial matrix (Corti et al., 1994; Wu et al.,
2003).
A peptide microarray experiment was performed in 100 mM Tris-HCI buffer pH 8.0
containing 1 mM Ac-CoA or 1 mM O-Ac-carnitine, and 3.2 uM CRAT (Pigeon,
Columbidae). We found that neither Ac-CoA nor O-Ac-carnitine can serve as acetyl group
donor for the lysine acetyltransferase reaction mediated by CRAT. Our data revealed that
CRAT is not able to act as a lysine acetyltransferase.

Acetyl-CoA synthetase

Acetyl-CoA synthetase (ACS) is a well conserved enzyme found in a variety of living
organisms from bacteria to humans (Campagnari and Webster, 1963; Frenkel and
Kitchens, 1977; Karan et al., 2001; Yamashita et al., 2002). ACS catalyses the reaction of
conversion of acetate into Ac-CoA which can be further consumed in the TCA cycle, in
fatty acids synthesis (Fujino et al., 2001; Howard et al., 1974), ketone bodies synthesis or
protein acetylation (Jaworski et al., 2016; Takahashi et al., 2006). ACS catalyzes the

following reaction:
ATP + acetate + CoA — AMP + diphosphate + Ac-CoA

There are two iso-forms of the ACS enzymes in mammals, mitochondrial (ACSS2)

and nucleo-cytosolic (ACSS1) iso-form (Fujino et al., 2001). Mitochondrial ACS is highly
regulated through reversible acetylation of lysine residues in the active site of the enzyme
mediated by SIRT3 (Schwer et al., 2006). It has been shown that ACS under low level of
oxygen can drive the reaction in a direction of acetate production. This mechanism
provides energy production and survival of tumor cells under hypoxia conditions (Yoshii et
al., 2009).
Nucleo-cytosolic ACS is essential for histone acetylation and global transcription in the
nucleus (Takahashi et al., 2006). It has been shown that ACS represents a rate limiting
factor for histone acetylation. This raises the question if it happens just by simply providing
Ac-CoA for histone acetyltransferase or if ACS possesses its own capability to modify
histone proteins.

We incubated CPS1 peptide with ACS (S. cerevisiae) in Tris-HCI buffer pH 8.0
containing Mg(CH3COOQ),, ATP and CoA at 37°C. At different time points, reaction mixture
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was analyzed by RP-HPLC. We observed a new peak at tz = 8.88 min rising over time

(Figure 37A). Product formation shows linear dependence over time (Figure 37B). And

indeed, the new peak was confirmed to be an acetylated CPS1 peptide (Figure 37C). It is

important to note that reaction in the opposite direction does not give any acetylated

peptide product.
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Figure 37. Acetylation of CPS1 peptide by ACS. CPS1 peptide (200 uM) was incubated in 100 mM
Tris-HCI buffer pH 8.0 containing Mg(CH;COO), (10 mM), ATP (4 mM), CoA (150 uM) and ACS
(0.1 mg/ml) at 37°C over time. A) At different time intervals reaction mixture was analyzed by RP-
HPLC with detection at 260 nm. B) Amount of product plotted against time. C) Product peak at tg =

5.88 was identified as a acetylated CPS1 peptide using MALDI-TOF MS.
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Reaction of condensing acetate and CoA to form Ac-CoA by ACS take place in two
steps (Webster, 1967; Webster and Arsena, 1963). In the first step Ac-AMP is formed,
which is used in the second step as acetyl group donor for CoA. It has already been
shown that Ac-AMP can modify proteins non-enzymatically in vitro (Ramponi et al., 1975).
Next, we wanted to investigate, whether acetylated CPS1 peptide was formed by the
enzymatic activity of ACS or was non-enzymatically generated by the intermediate Ac-
AMP. Therefore, Ac-AMP was incubated with CPS1 peptide under the same conditions as
in the enzyme catalyzed reaction and indeed we found that acetylated CPS1 product was
formed even in the absence of ACS (Figure 38).
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Figure 38. Acetylation of CPS1 peptide by Ac-AMP. CPS1 peptide (100 uM) was incubated in 200
mM Tris-HCI buffer pH 8.0 containing 5 mM MgCl,, 0.4 mM Ac-AMP A), B) or 4 mM Ac-AMP C), D)
and 1 mg/ml ACS B), D). After 10 min incubation at 37°C reaction mixtures were analyzed by RP-
HPLC with detection at 260 nm. Acetylated CPS1 product was detected at tg = 5.88 min.

These data revealed that Ac-AMP successfully acetylates CPS1 peptide non-
enzymatically. ACS is not able to use Ac-AMP as acetyl donor for peptide acetylation.
Acetylation of CPS1 peptide depends only on Ac-AMP concentration and not on ACS

presence.
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Diamine acetyltransferase 1

Diamine acetyltransferase 1 (SAT1) is an enzyme involved in acetylation and
intracellular regulation of polyamines (Casero et al., 1991; Hegde et al., 2007; Xiao et al.,
1991). Small polyamines contain primary amine groups and share a similar structure with
lysine side chain (Figure 39).

Putrescine  HoN" >~"_-NH;
Spermidine  HoN" "N~ -NH>

Spermine HoN" >SS NH A~ NH,

Figure 39. Structure of small polyamines molecules. Natural substrates for SAT1.

In order to test, whether SAT1 can act as lysine acetyltransferase, we applied the
enzyme on a peptide microarray, presenting thousands of lysine-peptides derived from
human proteins. We found a variety of signals corresponding to acetylated peptides
(Figure 40). More than ten peptides have a score above five (Figure 41A). Acetylated
peptides were mainly derived from cytosolic and nuclear proteins. Mitochondrial fraction
represents 15 % of all acetylated peptides (Figure 41B). Based on a comparison between
most preferred sequence motifs and ones with lowest acceptance, it seems that SAT1
prefers Arg in +3 and +5 positions, GIn in +1 position, Leu at -2 and Pro in -3 positions
(Figure 41C). Top ten substrates for SAT1 are listed in Table 6. We synthesized peptides
number 1, 2 and 10 as a nonamers with central lysine rsidue (Figures A25, A26 and A27,;
peptides were synthesized by Dr. Marat Meleshin using the same procedure like for the
CPS1 peptide). We incubated the peptides with SAT1 in the presence of Ac-CoA up to 24
h. We were not able to confirm SAT1 peptide acetylation in solution using the HPLC

based assay.
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Control

Figure 40. SAT1 lysine acetyltransferase activity detected by peptide microarrays. The reaction
was performed in 200 pl of 50 mM Tris-HCI buffer pH 7.5 containing 100 pM Ac-CoA and 5 pM
SAT1 (Human recombinant, ATGEN) at 30°C for 2 h. The control represents incubation without
SATL1. Acetylated peptides were detected using an optimized fluorescence labeled anti acetyl-
lysine antibodies mix according to Rauh et al. (Rauh et al., 2013).
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Figure 41. Substrate specificity of SAT1. A) More than 10 peptide substrates show score above
five. The score represent signal intensity normalized to the control. B) Subcellular distribution of the
proteins from which the detected acetylated peptides are derived. Majority of acetylated peptides
are derived from cytosolic (37 %) and nuclear proteins (34 %). Mitochondrial fraction represents 15
% of all acetylated peptides and remaining 14 % represent peptides derived from proteins located
in the other cellular compartments such as Golgi, endoplasmatic reticulum or proteins located in
the plasma membrane. C) Two sample logo for SAT1 and its peptide substrates. Two samples logo
is a web-based application free available online (www.twosamplelogo.orq).
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Table 6. Top 10 peptide substrates for SAT1.

Peptide : : : Cellular :
Peptide sequence Protein name (UniProt) Gene name UniProt ID | Score
No compartment
1 LYPPRAKLVIQRH TBC1 domain family member 4 TBC1D4 Cytoplasm 060343 9.64
Nucleus,
2 HSDDYIKFLRSIR HDAC1 HDAC1 Q13547 8.07
Cytoplasm
] Mitochondrion,
3 ZZMIGQKTLYSFE™ Uracil-DNA glycosylase UNG P13051 7.62
Nucleus
4 LGAPSRKPDLRVI Myocyte-specific enhancer factor 2D MEF2D Nucleus Q14814 6.34
5 GHPSLVKALSYLY Kynurenine-oxoglutarate transaminase 3 CCBL2 Mitochondrion Q6YP21 6.52
Mitotic checkpoint serine/threonine-protein
6 RVGGALKAPSQNR _ BUB1B Cytoplasm 060566 6.32
kinase BUB1 beta
7 SLEDRDKPYVCDI Zinc finger protein neuro-d4 DPF1 Cytoplasm Q92782 6.21
8 TPLPLIKPYSGPR Transcription initiation factor TFIID subunit 9 TAF9 Nucleus Q16594 6.19
9 LRQVRGKASFLYS DNA damage-binding protein 2 DDB2 Nucleus Q92466 5.10
10 PVIELYKSRGVLH Adenylate kinase 4, mitochondrial AK4 Mitochondrion P27144 4.96

*ZZ represent AA - two alanines were added on N-terminus of the peptide to reach 13 amino acids and to have Lysine in the central position

original motif MIGQKTLYSFF

in the table ZZMIGQKTLYSFF

corresponds to

AAMIGQKTLYSFF  on the peptide microarray
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Protein modifications using modifying agents other than CoA

thioesters. Introducing thioacetyl groups into the protein

Introducing thioacetyl-group on the N-E-amino group of the lysine residues in short
peptides has been described (Fatkins et al., 2006).

OH OH OH
0 0 ®
NH, NH,, NH,,
HoN HN HN
oo

lysine N-e-acetyl-lysine N-e-thioacetyl-lysine

Figure 42. Chemical structure of free lysine, N-E-acetyl-lysine and N-E-thioacetyl-lysine.

It is kown that replacement of the amide oxygen by a sulfur atom transforms peptidic

sirtuin  substrates into extremely slow substrates/inhibitors generating a stalled
intermediate with K;-values in the picomolar range (Schuster et al., 2016). Additionally, the
conformation of this thioxo amide bond could be selectively switched by UV-irradiation
generating stable isomers (Schuster et al., 2016; Zhao et al., 2004).
Here, we want to introduce a thioacetyl-group into protein substrate to generate a unique
probe for sirtuin research (Figure 42). We used CypA as a model protein. The reaction
solution was ethyl dithioacetate in a Tris-HCI buffer. It is known that ethyl dithioacetate
shows low solubility in water. We were able to overcome this problem by heating the
solution for 5 min at 65°C. Subsequent to cooling CypA was incubated in the reaction
solution for 24 h at RT. Ethyl dithioacetate successfully modified CypA at multiple sites
(Figure 43).
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Figure 43. Modification of CypA by ethyl dithioacetate. Reaction mixture containing 20 uM CypA
and A) 4 mM or B) 8 mM ethyl dithioacetate in 100 mM Tris-HCI buffer pH 8.0, 8.5 or 9.0 was
incubated at RT. After 24 hours, CypA was precipitated by adding 5 volumes of cold (-20°C)
acetone, mixed well and incubated at -20°C for additional 3 h. After that, samples were centrifuged
at 4°C for 10 minutes at 15000 x g. Supernatant was decanted and pellet was dried. Finally, pellet
was re-suspended in 10 mM bicarbonate buffer and analysed by MALDI-TOF MS.

MALDI-TOF/MS analysis shows that at pH 80 and 8 mM ethyl dithioacetate

concentration, CypA exists almost only in the monoacetylated form. Tryptic digest and
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LC/MS analysis revealed that CypA was thioacetylated almost exclusively at K82 (Figure
44). Other sites like K28, K44, K76, K125 and K155 were also observed to be

thioacetylated but show lower abundance.
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Figure 44. CypA is successfully modified by ethyl dithioacetate at multiple lysine sites. Reaction
mixture containing CypA 20 uM and ethyl dithioacetate 8 mM in 100 mM Tris-HCI buffer pH 8.0
was incubated at RT for 24 h. Precipitated thioacetylated CypA was re-suspended in 10 mM

bicarbonate buffer and subjected to trypsine digestion overnight. Reaction mixture was analyzed by
LC/MS.

Signal intencity / counts

Thioacetylated lysine peptides represent good inhibitors for sirtuins (Smith and Denu,
2007). The key of the inhibition mechanism lies in the 1°,2’-bicyclic intermediate which in
the case of thioacetyl-lysine is trapped in the deacetylation reaction. The carbon-sulfur
bond has a ~0.4 A longer distance in comparison to carbon-oxygen bond, which probably
results in a reduced turnover. As there is no such intermediate in the HDACs catalyzed
reactions, thioacetyl-based peptide inhibitors selectively inhibit only sirtuin enzymes with
ICso in the low micro molar range (Fatkins et al., 2006). Changing the structure of the
peptide from the linear to the cyclic form increases its inhibitory potential and reduce the
ICso value to nano molar range (Huang et al., 2016). Recently it was shown that non-
peptide thioacetyl lysine based small molecules efficiently end selectively inhibit SIRT1
(Suzuki et al., 2009). The huge advantage of such inhibitors is that in the most cases they
easily cross biological membranes and are protected from the action of intracellular
proteases. Therefore, they are more suitable to use in cellular studies in comparison to

their peptide analogs.
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Thioacetyl lysine based peptides represent a powerful tool to study the reaction
mechanism of the sirtuins as well as a good strategy for the further development of new
sirtuin inhibitors. Based on the previous studies it is clear that thioacetyl-lysine represent a
key structure in the mechanism based inhibition of sirtuin enzymes, but not less important,
is the fact that the nature of the entire molecule may affect its potential and selectivity. In
one of the recent studies authors described a procedure for the selective incorporation of
the thioacetyl-lysine modification in the human histone protein using the flexizyme (Xiong
et al., 2016). Here we provide a fast and simple enzyme free procedure for incorporation
of thioacetyl-lysine modification in the human CypA. We were able to modify CypA at
multiple lysine sites or even at single lysine residues depending on the conditions we
used. This method represents a powerful tool for further studies of the mechanisms of
protein lysine acetylation and deacetylation as well as its role in protein function.
Aditionally, caused by the super affinities of the stalled intermediates (covalent fusion of
the thioacetylated lysine side chain with the ADP-ribose part of the NAD" cosubstrate)
with interaction constants in the picomolar range (Schuster et al., 2016) thioacetylated
proteins could serve as a starting point for the generation of crystall structures of
thioacetyl-protein/sirtuin complexes. Such structures will uncover additional contacts
between protein substrates and sirtuin exosites and could explain the complex substrate

specificities of sirtuins and give some hints for mechanism of sirtuin activation.
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Discussion

Disorder of mitochondrial function is closely associated with pathogenesis of different
diseases including diabetes, cancer and metabolic syndrome. There is strong evidence
that hyperacetylation of mitochondrial proteins is implicated in pathophysiology of these
diseases (Cheng et al., 2003; Finley et al., 2011a; Hirschey et al., 2011; Toiber et al.,
2013). Hyperacetylation of a wide range of mitochondrial enzymes is mostly inhibitory,
thereby disrupting mitochondrial metabolic homeostasis (Hallows et al., 2006; Qiu et al.,
2010; Schwer et al., 2006; Shimazu et al., 2010; Yu et al., 2012). Nevertheless, there are
examples that enzymes, such as malate dehydrogenase and aconitase are activated
through their acetylation (Fernandes et al., 2015; Zhao et al., 2010). Acetylation often
disrupts binding efficiency or causes mislocalization of the protein (Inuzuka et al., 2012;
Yang et al., 2015). Up to 65 % of the mitochondrial proteome is acetylated (Zhao et al.,
2010). However, mitochondrial acetyltransferases, which might be responsible for the
extensive and frequent mitochondrial acetylation have not been identified so far. Recent
studies might provide an explanation for the widespread mitochondrial acetylation. Some
of them proposed new enzymes with lysine acetyltransferase activity (Fan et al., 2014;
Scott et al.,, 2012) and others suggest that a non-enzymatic mechanism underlies
acetylation (Baeza et al., 2015; Kuo and Andrews, 2013; Wagner and Payne, 2013).
Authors demonstrated that alkaline pH and high Ac-CoA concentration present in the
mitochondrial matrix are sufficient to cause spontaneous protein acetylation. In this study
we provide further evidence that mitochondrial proteins undergo non-enzymatic

acetylation.

In contrast to previous investigations, our first approach utilized a model octapeptide
derivative representing the well characterized acetylation site K527 of CPS1. Acetylation
of K527 in vivo has been shown in MS studies (Schwer et al., 2009). Additionally,
succinyl-modification has been identified at the same lysine residue in both mice and in
humans (Weinert et al., 2013). In one of the previous studies whole mitochondrial lysate
was used to demonstrate protein non-enzymatic acetylation (Wagner and Payne, 2013). It
is important to mention that use of a model peptide substrate has a number of advantages
over a protein substrate and/or using whole cell lysate. Model peptide substrates eliminate
the possibility of existing modifications on lysine residues and contaminations with lysine

acetyltransferases and deacetylases can be completely excluded. Additionally, cell or
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mitochondrial lysate contains not only proteins, but a certain amount of Ac-CoA still
remains, and adding a known amount of Ac-CoA in the reaction mixture does not yield the
real final concentration within the assay. Our experiments clearly demonstrate that Ac-
CoA is able to modify lysine residue non-enzymatically under the conditions present in
mitochondria. Even at pH 7.2, Ac-CoA with a concentration below 1 mM was able to
acetylate the lysine side chain of the model peptide, thus suggesting that non-enzymatic
protein acetylation is not restricted to mitochondria, but can also occur in the cytosol and
nucleus, but more slowly. Indeed, histone protein acetylation was observed at pH 6.8 and
200 pM concentration of Ac-CoA in the absence of lysine acetyltransferase in vitro (Kuo
and Andrews, 2013). Our results demonstrate a strong temperature dependence of non-
enzymatic lysine acetylation reaction. An increase in temperature of only 2°C results in
significant increase in the acetylation rate constant. This finding should be important for
the physiological state of prolonged fever, which might induce hyperacetylation. However,
our results show that non-enzymatic acetylation is a slow process. It takes hours or days
even under the basic conditions of mitochondrial matrix. Nevertheless, our data are
consistent with previous findings. It has been shown that fasting induces mitochondrial
protein hyperacetylation after 12 — 48 h (Kim et al., 2006). Calorie restriction requires
more than 10 weeks for hyperacetylated protein detection (Schwer et al., 2009). In the
SIRT3 knockout mice hyperacetylation has also been detected after more than 10 weeks
(Hirschey et al., 2011; Lombard et al., 2007). Thus, acetylation can occur at low level
under normal basal conditions, but considerably increased during certain physiological or
pathological states that cause long-lasting high concentrations of Ac-CoA, such as
prolonged fasting, CR, high-fat diet and chronic alcohol consumption. On the other hand,
we found that small molecules such as DMAP can increase lysine acetylation.
Unfortunately, we did not find any other metabolic small molecule which is involved in
basal mitochondrial metabolism accelerating this reaction, but we cannot completely
exclude the possibility that such molecules exist. That gives opportunity for further
investigation of the mitochondrial metabolome. It is important to be mention, that
simulating conditions of the mitochondrial matrix is challenging. Within the mitochondria
extremely complex metabolic machinery is condensed to an extremely small space.
Mitochondrial water content is 5 times lower in comparison to cytosolic content. This
results in a very high protein concentration and gives the mitochondrial matrix more
viscous properties. Low water content might results in higher desolvation of lysine

residues on the proteins surface, which in turn can lead to reduced pK, values.

82



Nevertheless, our results clearly demonstrated that Ac-CoA still requires water
surrounding for its action, most likely because of its highly hydrophilic behavior. On the
other hand, increase in ionic strength increases non-enzymatic acetylation, probably by
reducing the pK, values of the lysine side chain residues. All together it supports ours
hypothesis that conditions in the mitochondrial matrix are more suited for non-enzymatic

acetylation in comparison to other cellular compartments.

During the metabolism many other reactive thioesters are formed and could represent
potential acylating agents. We tested whether some of them are able to non-enzymatically
acylate the model CPS1 peptide. Notably, the highest acylation rate was observed with
Succ-CoA (~150 times faster in comparison with Ac-CoA).Thus, it is not surprising that
previous MS studies identified succinylation at K527 in different tissues in vivo (Weinert et
al., 2013). Our study also revealed that Glut-CoA and HMG-CoA exhibited an
approximately six- and threefold higher acylation rate respectively, as compared to Ac-
CoA. Consistently, a recent study showed that lysine glutarylation is a broadly conserved
posttranslational modification of lysine residues in vivo, both in prokaryotic and eukaryotic
cells (Tan et al., 2014). The authors demonstrated that glutarylated lysine residues are
highly enriched on metabolic enzymes and other mitochondrial proteins. It was found that
CPS1 enzyme is glutarylated, including lysine K527 (Tan et al., 2014). However, it is
unknown whether acetylation, succinylation or glutarylation of this residue is prevalent in
the cells, and which parameters determine the acylation landscape. Moreover,
succinylation and glutarylation differ from acetylation, because both succinyl and glutaryl
moieties contain an additional carboxyl group which transform the positive charge of the
amino group of the unmodified lysine residues into a negative charge. In further
investigations it would be interesting to test whether different types of acylation also have
distinct effects on protein stability and function. Succ-CoA and Glut-CoA have lower basal
cellular level compared with Ac-CoA. Such lower concentrations are compensated with
higher reactivity. Thus, it is not surprising that the frequency of these lysine modifications
have been proposed to be similar to that of acetylation (Weinert et al., 2013). Therefore,
our results provide evidence that different abundance of distinct lysine modifications is

based on both reactivity and availability of corresponding CoA-thioesters.

So far, there is no evidence about the existence of HMG lysine maodifications in vivo.
HMG-CoA is a key intermediate in ketone bodiy synthesis. Further investigations should

be addressed in particular on the patient with frequent ketoacidosis, caused by different
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factors, such as diabetes mellitus type 1, chronic alcohol consumption or low
carbohydrate diet (Kitabchi et al.,, 2009; Krebs et al., 1969; Shah and Isley, 2006;
Westerberg, 2013). High concentration of mitochondrial HMG-CoA is detected in patients
with HMG-lyase deficiency, an autosomal recessive genetic disorder biochemically
characterized by tissue accumulation and urinary excretion of large amounts of 3-hydroxy-

3-methylglutarate (Fernandes et al., 2013).

Non-enzymatic propionylation and butyrylation show 3 and 5 times, lower acylation
rate respectively, compared to acetylation. Interestingly, we found no reaction in the case
of Benz-CoA or AcAc-CoA under the same conditions. Propionylation and butyrylation are
well described lysine posttranslational modifications (Chen et al.,, 2007; Cheng et al.,
2009; Liu et al., 2009), while lysine benzoylation or acetoacetylation are not described
until now. Recent studies showed that short-chain acyl-CoA deficient mice exhibited
increased protein lysine butyrylation as a result of But-CoA accumulation. Similarly,
propionyl-CoA carboxylase deficient cells displayed increased propionylation of lysine
residues (Pougovkina et al., 2014). Mitochondrial sirtuins SIRT3 and SIRT5 together are
able to reverse non-enzymatic lysine acetylation. SIRT3 has a strong preference for acetyl
groups (Schlicker et al., 2008), where SIRTS is able to remove butyryl, acetyl, 3-hydroxy-
3-methylglutaryl, succinyl and glutaryl moieties with strong preference for succinyl and
glutaryl (Du et al., 2011) (Table 7).

Table 7. Kinetic parameters for SIRT5 mediated deacylation of acylated CPS1 peptide derivatives
(Roessler et al., 2014).

Lysine modification Ky [UM] Keat [S7] Kea/ Ky [Ms™]
Acetyl 243+9.1 (3.9+0.6) * 10* 16
3-hydroxy-3-methylglutaryl | 7.6 £ 0.9 (3.8+0.1) * 107 500

Succinyl 3.8+0.6 (1.9 +0.2) * 10” 13995
Glutaryl 41+1.0 (7.7+0.2) * 10” 18669

The investigation of CPS1 peptide modification by different acyl-CoA thioesters
revealed that compounds derived from dicarboxylic acids showed much faster acylation
rates than those derived from monocarboxylic compounds. The difference in the reactivity
of investigated CoA-thioesters cannot be explained by variations in Gibbs free energy

(AG), because most of the acyl-CoA compounds have nearly the same AG values
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(Thauer et al., 1977). Therefore, higher acylation rate of Succ-CoA compared to Ac-CoA
might be explained by succinic-anhydride formation from Succ-CoA, by intramolecular
nucleophilic attack of the free carboxylate group on the thioester bond (Bruice and Pandit,
1960). The formed cyclic anhydride could attack the lysine side chain of the peptides and
proteins more efficiently than succinyl thioester, because it still represent an "energy rich"
compound, yet less sterically hindered than the relatively large Succ-CoA (Figure 45).
Intramolecular nucleophilic attack and cyclic anhydride formation might also underlie the
non-enzymatic glutarylation and 3-hydroxy-3-methylglutarylation of lysine residues by
Glut-CoA and HMG-CoA respectively, but formation of a six membered ring gives a more
stable compound and is thus less reactive. Decreasing acylation efficiency from Ac-CoA
to Benz-CoA could be explained by steric hindrance of the increasing size of the acyl

moieties.

; © _ 0 0
CoA_S 0 ——» CoA-SH 4+ V\_7/

Succ-CoA CoA Succ-anhydride

Figure 45. Schematic diagram of intramolecular catalysis in Succ-CoA and succinic anhydride

formation.

We also characterized non-enzymatic lysine acetylation of the model protein CypA
and we showed that Ac-CoA is able to non-enzymatically acetylate CypA. Analysis of
CypA acetylation revealed that treatment with Ac-CoA generates predominantly mono and
diacetylated forms of CypA. The mapping of acetylation sites revealed that K155 is the
main acetylation site on CypA. Other sites have also been identified but with significantly
lower abundance. Interestingly, all twelve lysines that were shown to be acetylated in vivo
could also be acetylated by Ac-CoA. K151 and K154 were found neither to be chemically
acetylated nor to be acetylated in vivo. These are the two smallest tryptic peptides within
the CypA sequences with molecular masses of just 675.35 and 504.3 Da which could be
the reason why we did not identify them in the LC-MS analysis and why these lysine

residues were not identified as the sites of acetylation in in vivo experiments.
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Succinylation of CypA exceeds the extent of lysine acetylation. CypA was non-
enzymatically succinylated at all fourteen lysine residues. This is in agreement with recent
studies demonstrating that succinylation is highly abundant in the cells (Weinert et al.,
2013). According to our results it is obvious that Succ-CoA and Ac-CoA generate different
lysine acylation patterns in CypA. CypA acetylation took place mainly at K155, whereas
succinylation was observed at K28 and K82 at high extent. K155 is located on the surface
of CypA in the random coil far away from the active site. Hence, we found that acetylation
has no effect on CypA activity or stability. It was shown that K155 is located in the
allosteric binding site of CypA (Lv et al., 2012), which indicates that acetylation of CypA at
K155 might be important for alosteric regulation of CypA. Succinylation is also not able to
induce huge conformational changes in CypA, primary because most of the succinylated
lysine residues are located in the random coils. The slight decrease in the activity of
succinylated CypA could be caused by succinylation of K125, which is located near the
active site of CypA. However, our results clearly show that the sequence and the
microenvironment of the target site influence acylation efficiency, and that relative

acylation rates of distinct sites vary for different acyl-CoA thioesters.

The diversity of lysine acylations on proteins raises the question, which conditions
determine the nature of the introduced acylation moiety and the position of the target
lysine residue. There is no evidence about known consensus sequence motifs for different
types of non-enzymatic lysine acylation. Previous reports and our present study
demonstrate the strong pH dependence of non-enzymatic acylation reaction; thus the pK,
value of a lysine residue might be an important determinant for its modification. Lysine
residues within the protein can exhibit strongly reduced pK, values because of local
sequence influence such as the presence of positively charged residues in the vicinity,
Coulomb interactions and desolvation. Hence, it is not surprising that most of the
mitochondrial enzymes show decreasing activity after acetylation. Lysine residues located
in the active sites or substrate binding pockets of these proteins occur more frequently in
the desolvated state than other lysine residues, and should therefore be more reactive
toward acylation in comparison to the surface exposed lysine residues with a high rate of
solvent accessibility. Our results clearly show that lysine pK, values have one of the key
roles in determination of the acylation pattern. In the case of succinylation by Succ-CoA,
we observed that modified lysine residues are almost completely consistent with lysine

pK, values. Lysines with lowest pK, value show highest signal intensities and opposite. In
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the case of acetylation by Ac-CoA modified lysines were partly consistent with lysine pK,
values. The obvious exception is K155, which was recognized as the site with the highest
rate of acetylation, and does not show the lowest pK, value. This phenomenon supports
our hypothesis of existence of super-reactive lysine residues, as well as the existence of
additional factors, beside lysine pK, values. For example accessibility of lysine residues,
conformational flexibility of protein backbone, and substrate-binding dynamics, might also
be involved in the final determination of protein acylation patterns.

Cross-regulation between lysine acylation and other post-translational modifications
might also determine the acylation landscape of proteins. We have demonstrated that
methylation of lysine residues completely block non-enzymatic acetylation. Interestingly, it
was shown, that monomethylation suppressed acetylation of p53 at K382 (Shi et al.,
2007). Contrarily, methylation did not prevent non-enzymatic succinylation by Succ-CoA.
This phenomenon raises additional questions. Does this modification affect SIRTS5
activity? According to our findings SIRTS5 is not able to remove the succinyl group from the
MeSuccCPS1 peptide. On the contrary, MeSuccCPS1 peptide represents a good inhibitor
for SIRT5 with a K; value in the low micromolar range. It would be interesting for further
research to investigate what is the mechanism of removing such modification from the
lysine residue. One possible mechanism is the release of the "normal” succinylated lysine
residue by lysine demethylase which makes it a good substrate for SIRT5. It would also
be interesting to find out if such modification triggers other intracellular mechanisms or
maybe remains intact and gives signal for follow-up events like protein degradation.
Additionaly, we investigated deacetylation of CPS1 peptide in the presence of Succ-CoA.
The results clearly demonstrated that the acylation landscape of proteins depends not
only on the concentration of acyl-CoA metabolites but also on the presence and activity of
deacetylases with different acyl specificities. Differential regulation of sirtuins, for example
by nutrient deprivation, changes in NAD*/NADH ratio or effectors such as nicotine amide
or resveratrol could result in completely changed acylation landscape in cellular proteins.
It was already shown that SIRT5 catalysed deacetylation and desuccinylation are

differently affected by nicotineamide (Fischer et al., 2012).

Deacetylation experiments with SIRT3 and SIRT5 provided further evidence that
mammalian sirtuins might target different types of acyl modifications. Previous reports
already showed that SIRT5 catalyzes deacylation of acyl groups with negatively charged

moieties, such as malonyl, glutaryl, succinyl or adipoyl groups (Du et al., 2011; Roessler
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et al., 2014; Tan et al., 2014). Moreover, it was shown that SIRT6 preferably removes
myristoyl groups and other long chain fatty acids (Feldman et al., 2013). SIRT1, SIRT2,
and SIRT3 mainly remove acetyl groups from lysine residues (Du et al., 2011; Michishita
et al., 2005), and also show the ability to remove crotonyl group (Bao et al., 2014).
Additionally, it was shown that SIRT2 has demyristoylase and palmitoylase activity (He et
al., 2014; Moniot et al., 2013; Teng et al., 2015). Recently, it was shown that SIRT4 is
able to transfer lipoyl and biotinyl groups from the lysine side chain to ADP-ribose, both in
vitro and in vivo (Mathias et al., 2014). SIRT4 recognized peptides derived from TNFa
protein as a substrate. Kinetic parameters for the TNFa peptide 2 are superior to
substrates described in the literature and similar for TNFa peptide 1 (Mathias et al., 2014).
Interestingly, TNFa peptide 2 shows a Ky value tenfold lower in comparison to TNFa
peptide 1, indicating that a large hydrophobic group improves binding efficiency to the
SIRT4 active site. These data additionally demonstrate that development of substrates
with different spectral properties open possibilities for simultaneous detection of enzymatic
activities using mixtures of substrates. We were able to analyze reaction kinetics for
SIRT2 and SIRT4 using a mixture of substrates (TNFa peptide 1 and TNFa peptide 2) and
excitation wavelength of 290 nm for both fluorophores and recording the fluorescence
spectra over time (Figure A28 and A29; (Schuster et al., 2016)). Variation of the size and
position of fluorophore in the acyl side chain open new possibilities for development of

sirtuin isoform specific substrates and/or inhibitors.

It is important to notice that all mammalian sirtuins strictly depend on the availability of
the cosubstrate NAD". Recently it was demonstrated that NADH at high concentration has
inhibitory effect on sirtuin activity (Madsen et al., 2016). Therefore, the acylation state of
mitochondrial proteins might also be regulated by the NAD*/NADH ratio. Thus, metabolic
state characterized by simultaneous high concentration of mitochondrial NADH and Ac-
CoA, which arise from fatty acid oxidation and amino acid degradation in the case of
nutrient depletion, will induce hyperacetylation of mitochondrial proteins by decreased
sirtuins activity on one hand and by increased non-enzymatic acetylation on the other
hand. Nevertheless, "super substrates" for sirtuins with low Ky value for NAD" should be

accessible for sirtuin mediated deacylation under these conditions.

In recent years a big effort has been invested in research to identify the cause of
mitochondrial protein acetylation phenomenon. One study suggests GCN5L1 enzyme as

a new mitochondrial global lysine acetyltransferase (Scott et al., 2012). Authors showed
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that knockdown of GCN5L1 results in an increase of mitochondrial protein acetylation, but
they did not provide any evidence of specific substrate recognition and targeting of
specific lysine modifications. Moreover, zhe enzyme is not evolutionary present in all
organisms. Thus the idea that GCN5L1 acts as a global lysine acetyltransferase still
remains questionable. Another study suggested ACAT1 as mitochondrial lysine
acetyltransferase (Fan et al., 2014). Moreover, authors identified that ACAT1 specifically
acetylated PDHA1 at K321 and PDP1 at K202, but they did not provide any information
about the kinetic parameters using a short peptide substrate.

In this study we have tested few mitochondrial metabolic enzymes which use Ac-CoA
as cofactor/cosubstrate for lysine acetyltransferase activity. We found no lysine
acetyltransferase activity for CS, CRAT or HMGCS2. Interestingly, even ACAT1 showed
no lysine acetyltransferase activity against large number of peptide substrates presented
on the peptide microarray under the condition used.

Previously it was shown that ACS is involved in histone acetylation most likely by
providing Ac-CoA for non-enzymatic or enzymatic reaction (Takahashi et al., 2006). ACS
catalyzes the condensation of acetate with CoA and forms Ac-CoA which can be
consumed in the TCA cycle or serve as acetyl group donor for protein acetylation. In the
first step acetate and ATP are used to form Ac-AMP with release of diphosphate. In the
second step acetyl group from Ac-AMP is transferred to CoA. In the absence of CoA Ac-
AMP is released from the ES complex and can non-enzymatically acetylate lysine
residues. Here we provide evidence that ACS might indirectly be a part of the
mitochondrial acetylation machinery by providing both Ac-CoA and Ac-AMP for non-
enzymatic protein acetylation but is not able to use either Ac-CoA or Ac-AMP as a
cofactor in direct lysine acetylation reaction (Figure 46). It was shown previously that
chronic alcohol consumption results in hyperacetylation of mitochondrial proteins (Harris
et al.,, 2015). In the cytoplasm ethanol is converted to acetaldehyde by ADH; in the
mitochondria acetaldehyde is further transformed to acetate by ALDH2 where it can serve
for energy production in the TCA cycle after its conversion to Ac-CoA or for ACS mediated

protein acetylation.
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Figure 46. Potential role of ACS in the mitochondrial protein acetylation. ACS is indirectly involved
in protein lysine acetylation by providing both Ac-CoA and Ac-AMP for non-enzymatic reaction.

SAT1 represent a key enzyme involved in acetylation of polyamines (Casero and
Pegg, 2009; Casero et al., 1991; Pegg, 2008). Structural studies revealed that the enzyme
shares sequence similarities with the GNAT acetyltransferase family. The enzyme is
mainly localized in the mitochondria (Holst et al., 2008). It shows strong binding efficiency
for Ac-CoA with Ky values of 3.8 uM (Hegde et al., 2007). SAT1 natural substrates
(spermine and spermidine) contain a primary amine group and share structural similarities
with the lysine residue. It was shown that SAT1 undergoes autoacetylation at K26 (Bewley
et al., 2006). Also, SAT1 accepts a variety of substrates beside polyamines such as
amantadin, glucoseamin-6-phosphate or poly-L-lysine (Bras et al., 2001; Zhang et al.,
2012) and shows weak activity to single L-lysine (Lee et al., 2011). Our microarray data
reveal that SAT1 has lysine acetyltransferase activity. A range of different peptide
substrates were acetylated in the presence of SAT1. Our control completely eliminates
peptide acetylation independent of SAT1. Top peptide substrates were derived from
proteins located in different cellular compartments like cytoplasm, nucleus and
mitochondria. We were not able to confirm SAT1 acetylation reaction in solution using

HPLC assay. Most likely, SAT1 activity was to low for detection with our HPLC assay but
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still enough for immunochemical detection on microarray. It was previously described that
SAT1 shows a low acetylation rate for the poly L-lysine substrate (Zhang et al., 2012), and
shows very short half-life in vivo (Obayashi et al., 1992). Moreover, peptides for
experiments in solution were nonameric, 4 amino acid residues shorter compared with
peptides presented on the peptide microarray. According to the fact that SAT1 showed no
activity against single L-lysine but action against poly L-lysine substrate was detected,
SAT1 might require longer peptides for its action or maybe some of the secondary
structure or even entire protein. That reveals that even if SAT1 is involved in mitochondrial
acetylation, its action might be restricted to specific lysine modification but the enzyme
itself is most likely not responsible for the global mitochondrial protein acetylation. Taking
together, we cannot completely exclude the possibility that SAT1 plays a role in the
protein acetylation in mitochondria, but further investigation is required.

As it was mentioned earlier Ac-CoA level and pH represent key factors of non-
enzymatic protein lysine acetylation in the lumen of the mitochondrial matrix. In the
metabolic state of high carbohydrate input, a final product of glycolysis, pyruvate, is
imported in the mitochondrial matrix and through pyruvate dehydrogenase complex
converted to Ac-CoA. Such formed Ac-CoA can enter the TCA cycle or can be used for
ketone body synthesis. When all intermediates of the TCA cycle are available in
appropriate concentrations, Ac-CoA enters the TCA cycle and will be oxidized to CO, with
the main aim of energy production. When the TCA cycle is running with its full capacity
protons from the lumen of the mitochondrial matrix are pumped into the intermembrane
space to ensure proton motive force necessary for smooth function of ATP synthase and
production of ATP. During that process intermembrane space is acidified remaining
alkalinized pH in the mitochondrial matrix with pH values up to 8.2 (Santo-Domingo and
Demaurex, 2012). High carbohydrate input makes ideal metabolic conditions for non-
enzymatic protein acetylation, by rising concentration of Ac-CoA and increasing the pH
value in the mitochondrial matrix. Additionally, during the running of the TCA cycle, NAD"
molecules are consumed, consequently reducing NAD*/NADH ratio, and decrease sirtuin
activity which in turn additionally increases acetylation in the mitochondria during nutrient

overloading.

Recently, it was discussed that for the normal metabolic flow in the mitochondria free
CoA is required (Ghanta et al., 2013). Increasing the Ac-CoA concentration during

carbohydrate input reduces the amount of free CoA. Complete depletion of the free CoA
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would lead to collapsing of the TCA cycle, because it requires free CoA for normal
function. Ac-CoA negatively regulates pyruvate dehydrogenase activity, ensuring always
optimal Ac-CoA/CoA ratio for the normal metabolic flow through the TCA cycle (Randle et
al., 1978).

Interestingly, low carbohydrate input can also lead to mitochondrial hyperacetylation.
In such case low glucose level triggers the alternative mechanisms of lipid and protein
catabolism which become the main source of energy production. Oxaloacetate is
transformed to malate by MDH2 and exported to the cytoplasm for gluconeogenesis.
Under such conditions the TCA cycle is completely blocked, because there is no
oxaloacetate available for the reaction with Ac-CoA. Thus, the level of Ac-CoA rapidly
increases again and can be used for ketone body synthesis or for non-enzymatic protein

lysine acetylation (Figure 47).

Other carbohydrates
hydrolysis
=~ glucose
Glycogen v
¥ glycolysis
'
pyruvate

S
™ [poetriCor EEEEE
[
A
lipolysis

Triglycerides = Free fatty acids

proteolysis . . E

Figure 47. Sources and fate of mitochondrial Ac-CoA. Both, high and low nutrient input can induce
mitochondrial protein hyperacetylation, through different metabolic mechanisms.

Increasing in NAD*/NADH ratio, caused by a blocked TCA cycle, leads to activation of
sirtuin enzymes. It was shown that the protein acetylation signature induced by calorie
restriction differ from the one induced by SIRT3 depletion and even the expression level of
SIRT3 is induced during the CR (Hebert et al., 2013). All these findings are in consistence

with our results that the acetylation pattern strongly depends on the presence and activity
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of certain sirtuin enzymes. Taking together we can clearly distinguish between three types
of acetylation sites. Firstly, lysine acetylation sites induced by high calorie input; then
lysine sites induced by calorie restriction and finally lysine sites induced by knocking down
of SIRT3. In the first case, acetylated sites are the most reactive lysines including SIRT3
targets, while SIRT3 activity is reduced during high calorie input. During CR SIRT3
expression is increased (Hebert et al., 2013) and thus, acetylated sites might include the
peptides which are relatively resistant to SIRT3 action. The last group includes lysines
which are exclusive substrates of SIRT3 and are easily detected upon SIRT3 deletion
(Hebert et al., 2013).

The phenomenon of mitochondrial protein acetylation still remains very questionable.
One of the most prominent hypothesis is that protein lysine acetylation in the
mitochondrial matrix results of non-enzymatic reaction driven exclusively by Ac-CoA and
high pH values in this cellular compartment. The acetylation pattern depends primarily on
exposure of the lysine residue on the protein surface, then on its pK, values and finally on
its resistance to sirtuin enzymes. The entire process occurs spontaneously as a result of

specific metabolic conditions.

Evolution determined which lysines should be exposed on the surface, or whether to
expose lysine residues in the active site of the enzyme. Highly regulatory lysine residues
are in the most cases not sirtuin resistant and are implicated in the regulation of a variety
of metabolic pathways. There are lysines completely resistant to sirtuin action. That opens
the question if such lysines remain intact until final protein degradation or if such modified

sites might cause a signal for final protein degradation.

Only 26 of 700 mitochondrial proteins show functional effects in the acetylated form
(Baeza et al., 2016). Most of the acetylated lysine sites have no specific function; they
have no influence on the protein activity, stability or structure. Such sites are mainly easily
reversed by mitochondrial sirtuins (Weinert et al., 2015). Is such process suitable for the
successful energy storage in the form of acetylated proteins? During the nutrient
overloading which can lead to an increased level of Ac-CoA and increased pH in the
mitochondrial matrix, part of the Ac-CoA could be "stored" on the protein pool. When it is
necessary, upon sirtuin action, acetyl groups can easily be restored and get again
converted to Ac-CoA through ACS action (Figure 48).
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Figure 48. Schematic representation of the possible role of non-enzymatic protein acetylation in
energy storage. During nutrient overloading part of Ac-CoA could be successfully stored using
mitochondrial proteins as an acetyl-group carrier. Later, through sirtuin action and action of ACS,
newly synthesized Ac-CoA can re-enter the TCA cycle and can be used for production of ATP.

Diagnose of metabolic syndromes and other disorders remain challenging for years. It
was a revolutionary finding that non-enzymatic hemoglobin glycosylation exclusively
depends on blood glucose level (Stevens et al., 1977). Determining the amount of the
glycosylated hemoglobin represents a powerful tool in diagnostic and monitoring of
diabetes mellitus (Koenig et al., 1976). Similarly, protein lysine acetylation depends not
just on the concentration of modifying agent but on complex metabolic conditions and
might be used as a diagnostic tool. Determination of the specific acylation landscape or
acetylation pattern of specific protein markers can reflect metabolic conditions of a certain
time period and give a better insight into the metabolic flow during the normal
physiological or pathological state. Investment in research and development of this idea

can lead to the application of such approach as a powerful diagnostic tool in the future.

And finally the question that arises logically at the end: Is non-enzymatic protein
acetylation a biological relevant process? As it was shown in this study non-enzymatic
lysine acetylation represents a slow chemical reaction. It appeared recently, that in the
case of protein substrate, 2" order rate constants for non-enzymatic acetylation are in a
range of 0.8-978 * 10° M™'s™ (Baeza et al., 2015). In this study authors used entire protein
as a substrate, which could explain the relatively large difference of rate constants in

comparison with our data. Moreover, different buffer system and higher pH values were
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used. Anyway, our findings agree about differences in reactivity of the individual lysine
residues within the same protein. They clearly demonstrated that neighbouring residues
surrounding (within 7 A) the lysine have influence on its reactivity, but they did not connect
it with changes of lysine pK, values. It was shown that glutamate was the most abundant
residue in the lysine surrounding, but in close distance (3.4-4 A) it shows negative
influence on the lysine reactivity. With extending distance (5-6.6 A) it displays higher
reactivity. Taken together, it is likely that protein acetylation in mitochondria does not
require enzyme action. The most reactive lysine residues are acetylated sufficiently fast
and can be considered to be biologically relevant.
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Summary

Mitochondria represent cellular organelles with a high level of acetylated proteins
in comparison to other cellular compartments. Variety of enzymes implicated in
pathophysiology of diabetes, cancer, and metabolic syndrome are highly regulated by
acetylation but mitochondrial residential lysine acetyltransferases have not been
recognized. Here we show that acetylation, as well as other acylations are spontaneous
processes that depend on pH value, acyl-CoA concentration and the chemical nature of
the acyl residue. In the case of short peptide substrate derived from carbamoyl phosphate
synthetase 1, dicarboxylic acyl groups show highest level of reactivity. The rates for
succinylation and glutarylation were up to 150 times higher than for acetylation.
Reactivities of the CoA-thioesters decrease with extending the acyl chain therefore
propionylation and butyrylation show lower acylation rates in comparison to acetylation.
Surprisingly, HMG-CoA was found to modify peptide substrate with acylation rates three
times higher than for acetylation, which makes HMG a promising candidate for a novel
protein posttranslational modification. These results were confirmed by using the protein
substrate cyclophilin A (CypA). Deacylation experiments revealed that SIRT3 exhibits
deacetylase activity but is not able to remove any of the succinyl group from CypA,
whereas SIRTS is an efficient protein desuccinylase. Considering that we have not found
convincing evidence about existence of mitochondrial lysine acetyltransferase so far, it
leads us to conclusion that acylation landscape on the lysine residues might largely
depend on the enzymatic activities of sirtuins and availability and/or reactivity of certain

acyl-CoA thioesters.

96



Zusammenfassung

Mitochondrien reprasentieren zellulare Organellen mit einem hohen Gehalt an
acetylierten Proteinen, im Vergleich zu anderen zellularen Kompartimenten. Eine Vielzahl
von Enzymen, die in die Pathophysiologie von Diabetes, Krebs und dem metabolischen
Syndrom involviert sind, werden stark durch Acetylierung reguliert, im Mitochondrium
angesiedelte Lysin-Acetyltransferasensind jedoch nicht bekannt. Hier zeigen wir, dass
Acetylierung, ebenso wie andere Acylierungen, spontane Prozesse darstellen, die vom
pH-Wert, der Acyl-CoA-Konzentration und dem chemischen Charakter des Acylrestes
abhdngen. Im Falle eines kurzen Peptidsubstrates, abgeleitet von der
Carbamoylphosphat-Synthetase 1, zeigen dicarboxylierte-Acylgruppen den hdchsten
Grad an Reaktivitat. Die Geschwindigkeiten der Succinylierung und Glutarylierung waren
bis zu 150-mal schneller als die der Acetylierung. Die Reaktivitdt der CoA-Thioester nimmt
mit Verlangerung der Acylkette ab, deshalb zeigen Propionylierung und Butyrylierung
niedrigere Acylierungsgeschwindigkeiten im Vergleich zur Acetylierung.
Erstaunlicherweise, acylierte HMG-CoA Peptidsubstrate mit dreimal hoherer
Acylierungsgeschwindigkeit im Vergleich zur Acetylierung, damit stellt HMG einen
aussichtsreichen Kandidaten fir neue posttranslationale Proteinmodifikation dar. Diese
Ergebnisse wurden durch Nutzung von Cyclophilin A (CypA) als Proteinsubstrat bestatigt.
Deacylierungsexperimente zeigten, dass SIRT3 eine Lysin-Deacetylaseaktivitat besitzt,
jedoch nicht in der Lage ist, Succinylgruppen von CypA zu entfernen. SIRT5 stellt
hingegen eine effiziente Lysin-Desuccinylase dar. Unter Beriicksichtigung der Tatsache,
dass wir bislang nicht den tberzeugenden Beweis fiir die Existenz einer mitochondrialen
Lysin-Acetyltransferase haben, schlussfolgern wir, dass die Acylierungsvielfaltan
Lysinresten wahrscheinlich stark von der enzymatischen Aktivitdt der Sirtuine und/oder

der Verfugbarkeit und Reaktivitdt bestimmter Acyl-CoA-Thioester abhangt.
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Figure Al. Analytical HPLC chromatogram of CPS1 peptide. A) Linear gradient 5-70 % ACN over
7 min was applied. Detection was at 260 nm. tg: 5.67 min. B) MALDI-TOF MS spectrum of CPS1
peptide. [M+H] = 967.4 Da. Theoretical mass: 967.5 Da.
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Figure A2. Analytical HPLC chromatogram of N-methyl-CPS1 peptide. A) Linear gradient 5-70 %
ACN over 7 min was applied. Detection was at 260 nm. tg: 5.71 min. B) MALDI-TOF MS spectrum
of N-methyl-CPS1 peptide. [M+H] = 981.7 Da. Theoretical mass: 981.5 Da.
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Figure A3. Analytical HPLC and MS-spectrum of TNFa peptide 1. Figure is adapted from Schuster
et al. 2016 (Schuster et al., 2016).
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Figure A4. Analytical HPLC and MS-spectrum of TNFa peptide 2. Figure is adapted from Schuster

et al. 2016 (Schuster et al., 2016).
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Figure A5. Analytical HPLC and MS-spectrum of TNFa peptide 3. Figure is adapted from Schuster
et al. 2016 (Schuster et al., 2016).
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Figure A6. Analytical HPLC and MS-spectrum of TNFa peptide 4. Figure is adapted from Schuster
et al. 2016 (Schuster et al., 2016).
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Figure A7. Analytical HPLC and MS-spectrum of TNFa peptide 5. Figure is adapted from Schuster
et al. 2016 (Schuster et al., 2016).
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Figure A8. Analytical HPLC chromatogram of Benz-CoA. A) Linear gradient 5-70 % ACN over 7
min was applied. Detection was at 260 nm. tg: 4.2 min. B) MALDI-TOF MS spectrum of Benz-CoA.
[M+H] = 871.86 Da. Theoretical monoisotopic mass: 871.14 Da.
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Figure A9. Analytical HPLC chromatogram of But-CoA. A) Linear gradient 5-70 % ACN over 7 min
was applied. Detection was at 260 nm. tg: 3.6 min. B) MALDI-TOF MS spectrum of But-CoA. [M+H]
= 838.12 Da. Theoretical monoisotopic mass: 837.16 Da.
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Figure A10. Analytical HPLC chromatogram of Glut-CoA. A) Linear gradient 5-70 % ACN over 7
min was applied. Detection was at 260 nm. tg: 2.7 min. B) MALDI-TOF MS spectrum of Glut-CoA.
[M+H] = 882.11 Da. Theoretical monoisotopic mass: 881.15 Da.
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Figure All. Analytical HPLC chromatogram of Prop-CoA. A) Linear gradient 5-70 % ACN over 7

min was applied. Detection was at 260 nm. tg: 3.16 min. B) MALDI-TOF MS spectrum of Prop-
CoA. [M+H] = 824.16 Da. Theoretical monoisotopic mass: 823.14 Da.
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Figure A12. Validation of the HPLC method. A) Areas under the peaks were plotted against the
concentrations of CPS1 peptide and acetylated CPS1 peptide, respectively. The figure reveals that
linearity is ensured in the range between 0.5 - 16 nmol peptide. B) pH stability of CPS1 peptide.
Aliquots of CPS1 peptide solution (400 puM) were incubated at 37°C for 60 min at different pH
values. Samples were analyzed by RP-HPLC. The figure reveals no decomposition of the peptide
in the pH range 6.5 - 9.0. C) CPS1 peptide is stable in buffer solution. As shown by RP-HPLC
analysis, a solution of 200 uM CPS1 peptide is stable for more than 30 days in 200 mM Tris-HCI
pH 8.0 at 37°C. Figure is adapted from Simic et al. 2015 with permission (Simic et al., 2015).
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Figure A13. Calibration curves for TNFa peptides 1 and 2. The reaction mixtures contained 2 uM
SIRT2, 500 uM NAD" and 100 uM of TNFa peptides 1 and 2. After complete turnover of peptide
substrate, the mixtures were diluted and analyzed by fluorescence measurements; A) TNFa

peptides 1 and B) TNFa peptides 2. Figure is adapted from Schuster et al. 2016 (Schuster et al.,
2016).
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Figure Al4. Comparison of non-enzymatic lysine acetylation in the presence of a variety of
different buffers. 200 uM CPS1 peptide was incubated with 4 mM Ac-CoA at 37 °C and pH 8.0 for
14 h in the presence of different 200 mM buffers. Reaction mixtures were analyzed using RP-
HPLC. Figure is adapted from Simic et al. 2015 with permission (Simic et al., 2015).
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Figure A15. Hydrolytic stability of Ac- and Succ-CoA. Different concentrations of Ac- and Succ-
CoA were incubated in 200 mM Tris/HCI buffer pH 8.0 at 37° C. At different time points
concentrations of free CoA were determined by using RP-HPLC with a 3.0 x 75 mm Agilent
Poroshell 120 EC-C18 column and linear gradient 5 - 50 % (v/v) ACN. Hydrolysis rates were
calculated according pseudo-first order kinetics. This experiment revealed that Succ-CoA exhibits a
five times higher pseudo-first order rate constant for hydrolysis than Ac-CoA. Ac-CoA and Succ-
CoA display half-life of 18.2 and 3.8 h, respectively. Error bars represent standard deviations of at
least three independent experiments. Figure is adapted from Simic et al. 2015 with permission
(Simic et al., 2015).
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Figure A16. Modification of CPS1 peptide by Succ-CoA. A) Analytical HPLC chromatogram of
reaction mixture of 200 uM CPS1 peptide with 1 mM Succ-CoA in 200 mM Tris-HCI buffer pH 8.0
after 5 h at 37°C. Linear gradient 5-70 % ACN over 7 min was applied. Detection was at 260 nm.
Peak at tz:5.77 min was identified as Succ-CPS1 peptide. B) Succ-CPS1 peak was manually
collected and confirmed by MALDI-TOF MS. [M+Na]'=1089.22 Da. Theoretical monoisotopic mass:

1066.51 Da.
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Figure Al7. Modification of CPS1 peptide by Glut-CoA. A) Analytical HPLC chromatogram of
reaction mixture of 200 uM CPS1 peptide with 4 mM Glut-CoA in 200 mM Tris-HCI buffer pH 8.0
after 24 h at 37°C (A). Linear gradient 5-70 % ACN over 7 min was applied. Detection was at 260
nm. Peak at tz:5.77 min was identified as Glut-CPS1 peptide. B) MALDI-TOF MS spectrum of
reaction mixture. [M+H]" =1081.57 Da. Theoretical monoisotopic mass: 1080.51 Da.
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Figure A18. Modification of CPS1 peptide by Prop-CoA. A) Analytical HPLC chromatogram of
reaction mixture of 200 uM CPS1 peptide with 4 mM Prop-CoA in 200 mM Tris-HCI buffer pH 8.0
after 24 h at 37°C. Linear gradient 5-70 % ACN over 7 min was applied. Detection was at 260 nm.
Peak at tz:5.92 min was identified as Prop-CPS1 peptide. B) MALDI-TOF MS spectrum of reaction
mixture. [M+H]"'=1024.58 Da. Theoretical monoisotopic mass: 1023.57 Da.
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Figure A19. Modification of CPS1 peptide by But-CoA. A) Analytical HPLC chromatogram of
reaction mixture of 200 uM CPS1 peptide with 4 mM But-CoA in 200 mM Tris-HCI buffer pH 8.0
after 24 h at 37°C. Linear gradient 5-70 % ACN over 7 min was applied. Detection was at 260 nm.
Peak at tz:6.14 min was identified as Butyryl-CPS1 peptide. B) Analytical HPLC chromatogram of
CPS1 and butyryl-CPS1 standards.
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Figure A20. Modification of CPS1 peptide by HMG-CoA. A) Analytical HPLC chromatogram of
reaction mixture of 200 uM CPS1 peptide with 4 mM HMG-CoA in 200 mM Tris-HCI buffer pH 8.0
after 24 h at 37°C. Linear gradient 5-70 % ACN over 7 min was applied. Detection was at 260 nm.
Peak at tz:5.77 min was identified as HMG-CPS1 peptide. B) MALDI-TOF MS spectrum of HMG-
CPS1 peptide. [M+Na]'=1133.3 Da. Theoretical monoisotopic mass: 1110.3 Da.
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Cyph, 3 NPTVFFDIAVDGEPLGRVSFELFADKVPKTAENFRALSTGEKGEGYKGSCFHRIIPGEMC

CypD, 45 NPLVYLDVDANGKPLGRVVLELKADVVPKTAENFRATLCTGEKGFGYKGSTFHRVIPSEMC

Ax Kk K A kokk Ak Ak kk kkkkk kA hkokAhk hhkrkkkArkhhk Akk kA Aokx
Cyph, 63 QGGDEFTRHNGTGGESIYGEKFEDENEFILKHTGPGILSMANAGENTNGSQFEFICTAKTEWL
CypD, 105 QAGDFTNHNGTGGKSIYGSREPDENFTLEHYVGPGVLSMANAGEPNTNGSQEFFICTIKTDWL

ko kkkk kA k ek kb khk b * hkkkk khkhk khhk hAhAhhkhkAbAhhk kA bk Akhk Ak AR

CypA, 123 DGKHVVEGKVEKEGMNIVEAMEREFGSRNGKTSKKITIADCGOL
CypD, 165 DGKHVVEGHVKEGMDVVEKIESFGSKSGRTSKKIVITDCGOL
kkokkkhhkok kkkkk K k kkk ok kkkokk Kk Akkokk

Figure A21. CypA and CypD sequence alignment. CypA shows 76.5 % sequence identity with its
mitochondrial protein analogue CypD.
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Table Al. Posttranslational lysine modifications of CypA.

Position of lysine | Peptide sequence Type of modification Reference

modification

K28 SFELFADKVPKTAEN | acetylation (Choudhary et al., 2009)

succinylation (Weinert et al., 2013)

K31 LFADKVPKTAENFRA | acetylation (Weinert et al., 2013)

succinylation (Weinert et al., 2013)
K44 RALSTGEKGFGYKGS | acetylation (Choudhary et al., 2009)
succinylation (Weinert et al., 2013)
K49 GEKGFGYKGSCFHRI | acetylation (Choudhary et al., 2009)
succinylation (Weinert et al., 2013)
K76 RHNGTGGKSIYGEKF | acetylation (Choudhary et al., 2009)
succinylation (Weinert et al., 2013)
K82 GKSIYGEKFEDENFI acetylation (Choudhary et al., 2009)
succinylation (Weinert et al., 2013)

K9l EDENFILKHTGPGIL acetylaton (Weinert et al., 2013)

K118 QFFICTAKTEWLDGK | acetylation (Choudhary et al., 2009;
Sol et al., 2012; Weinert et
al., 2013)

K125 KTEWLDGKHVVFGKYV | acetylation (Choudhary et al., 2009;
Kim et al., 2006; Mertins et
al., 2013; Shaw et al.,
2011; Sol et al., 2012;
Weinert et al., 2013)

succinylation (Weinert et al., 2013)

K131 GKHVVFGKVKEGMNI | acetylation (Beli et al., 2012;
Choudhary et al., 2009;
Mertins et al., 2013;
Weinert et al., 2013)

K155 RNGKTSKKITIADCG acetylation (Mertins et al., 2013)
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Appendix

CypA

Figure A22. SDS-PAGE of CypA. Reaction mixture containing CypA (10 pM), 4 mM Ac-CoA in
Tris-HCI buffer pH 8.0 after incubation at 37°C over time was subjected to PAGE. CypA band at
~18 kDa was cutted out from the gel and processed further to in gel digestion by trypsin and later

to LC-MS/MS analysis.
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Table A2. List of CypA not-modified tryptic peptides.

Peptide mass (Da) Calculated Peptide
Peptide sequence: Mass Error RT**
Calculated Detected  (Ppm) (min)

MVNPTVFFDIAVDGEPLGR 2076.035 2076.033 -0.8 21
VSFELFADK 1054.533 1054.534 0.3 16.9
VPK 342.216 n.d.

TAENFR 736.3504 736.3483  -2.9 3.7
ALSTGEK 704.3705 704.3682 -3.3 1.7
GFGYK 570.2802 570.2784  -3.2 9.6
GSCFHR* 762.3232 762.3233 0.1 11
IIPGFMCQGGDFTR 1540.717 1540.715 -1 16.7
HNGTGGK 669.309 n.d.

SIYGEK 695.349 695.3479 -1.6 5.3
FEDENFILK 1153.566 1153.564 -1.6 15.2
HTGPGILSMANAGPNTNGSQFFICTAK 2733.3 2733.313 45 17.4
TEWLDGK 847.4076 847.4051 -3 12.1
HVVFGK 685.3911 685.3883  -4.1 9.2
VK 245.163 n.d.

EGMNIVEAMER 1277.574 1277.572 -1.8 15.4
FGSR 465.223 n.d.

NGK 317.159 n.d.

TSK 334.174 n.d.

K 146.095 n.d.

ITIADCGQLE 1061.506 1061.505 -1.2 155

*Carbamidomethyl Cysteine

**retention time

n.d.

- not detected
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Table A3. List of tryptic CypA peptides containing acetylated lysine residue.

K Modification Calculated Peptide

position of lysine Peptide mass (Da) Mass Error  RT (min)
Tryptic CypA peptides sequences within the residue calculated detected (ppm)

protein
VSFELFADKVPK K28 K(acetyl) 1420.7603 1420.7596 -0.5 18.3
VPKTAENFR K31 K(acetyl) 1102.5771 1102.5782 1 11.3
ALSTGEKGFGYK K44 K(acetyl) 1298.6506 1298.6519 1 13.2
GFGYKGSCFHR K49 K(acetyl) 1356.6034 1356.6067 2.4 12.6
HNGTGGKSIYGEK K76 K(acetyl) 1388.6685 1388.6682 -0.2 9.8
SIYGEKFEDENFILK K82 K(acetyl) 1872.9146 1872.9182 1.9 17.9
FEDENFILKHTGPGILSMANAGPNTNGSQFFICTAK* K91l K(acetyl) 3967.8872 3967.8855 -0.4 19.5
HTGPGILSMANAGPNTNGSQFFICTAKTEWLDGK* K118 K(acetyl) 3661.7295 3661.7361 1.8 19.7
TEWLDGKHVVFGK K125 K(acetyl) 1556.7987 1556.8026 25 16.1
HVVFGKVK K131 K(acetyl) 954.5651 954.5667 1.7 11.6
VKEGMNIVEAMER K133 K(acetyl) 1546.7486 1546.7469 -1 16.7
NGKTSK K151 K(acetyl) 675.334 n.d
TSKK K154 K(acetyl) 504.269 n.d
KITIADCGQLE* K155 K(acetyl) 1288.6333 1288.6343 0.8 15.2

*Carbamidomethyl Cysteine

n.d. - not detected
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Table A4. List of tryptic CypA peptides containing succinylated lysine residue.

K position  Modification Peptide mass (Da) Calculated Peptide
Tryptic CypA peptides sequences within the  of the lysine Mass RT** (min)

protein residue calculated detected Error

(Ppm)

VSFELFADKVPK K28 K(succinyl) 1478.7656 1478.7649 -0.5 18.2
VPKTAENFR K31 K(succinyl) 1160.5825 1160.5801 -2.1 11.2
ALSTGEKGFGYK K44 K(succinyl) 1356.6561 1356.6565 0.3 13.3
GFGYKGSCFHR* K49 K(succinyl) 1414.6088 1414.6091 0.2 12.7
HNGTGGKSIYGEK K76 K(succinyl) 1446.6738 1446.6761 1.6 10.1
SIYGEKFEDENFILK K82 K(succinyl) 1930.9199 1930.9208 0.5 17.9
FEDENFILKHTGPGILSMANAGPNTNGSQFFICTAK* K91l K(succinyl) 4025.8928 4025.8977 1.2 194
HTGPGILSMANAGPNTNGSQFFICTAKTEWLDGK* K118 K(succinyl) 3719.7349 3719.7334 -0.4 19.5
TEWLDGKHVVFGK K125 K(succinyl) 1614.8041 1614.809 3 16.1
HVVFGKVK K131 K(succinyl) 1012.5705 1012.5717 1.2 11.8
VKEGMNIVEAMER K133 K(succinyl) 1604.7538 1604.7545 0.4 16.7
NGKTSK K151 K(succinyl) 733.334 733.3606 -5.6 1.1
TSKK K154 K(succinyl) 562.269 526.2824  -24.5 12
KITIADCGQLE* K155 K(succinyl) 1346.6388 1346.6404 1.2 15.2

*Carbamidomethyl Cysteine

**retention time
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Figure A23. RP-HPLC separation of acetylated CypA. A) CypA standard, B) CypA acetylated with
4 mM Ac-CoA in 200 mM Tris-HCI buffer pH 8.0 at 37°C for 24 h. C) CypA acetylated with 0.01 %
(v/v) acetic anhydride in same buffer for 30 min at RT.
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Fugure A24. Fluorescence spectra of CypA. CypA (10 uM) was mixed with Succ-CoA (4mM) in
TrisHCI buffer pH 8.0. Fluorescence spectra were recorded in a range 300-400 nm over time at
37°C.
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Figure A25. Analytical HPLC and MS of SAT1 substrate peptide 1 (Ac-LYPPRAKLVIQRH-NH,). A)
Linear gradient 5-70 % ACN over 7 min was applied. Detection was at 220 nm. tR: 4.27 min. B)
MALDI-TOF MS spectrum of peptide 1. [M+H] = 1062.72 Da. Theoretical monoisotopic mass:
1061.7 Da.
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Figure A26. Analytical HPLC and MS of SAT1 substrate peptide 2 (Ac- HSDDYIKFLRSIR-NHy). A)
Linear gradient 5-70 % ACN over 7 min was applied. Detection was at 220 nm. tR: 4.96 min. B)
MALDI-TOF MS spectrum of peptide 2. [M+H] = 1197.67 Da. Theoretical monoisotopic mass:
1196.6 Da.
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Figure A27. Analytical HPLC and MS of SAT1 substrate peptide 10 (Ac-PVIELYKSRGVLH-NH,).
A). Linear gradient 5-70 % ACN over 7 min was applied. Detection was at 220 nm. tR: 4.55 min. B)
MALDI-TOF MS spectrum of peptide 2. [M+H] = 1105.68 Da. Theoretical monoisotopic mass:
1104.6 Da.
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Figure A28. Excitation and emission spectra of TNFa peptide 1 and 2. A) Reaction mixture
containing TNFa peptide 1 and 2 was excited at 290 + 5 nm. B) Emission spectra of the different
fluorophores enable simultaneous detection of sirtuin mediated deacylation at 408 nm and 535 nm
for TNFa peptide 1 and 2, respectively. Figure is adapted from Schuster et al. 2016 (Schuster et

al., 2016).
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Figure A29. Simultaneous measurements of sirtuin activity using two substrates. A) Reaction
mixtures contained Sirt4 (0.5 uM), TNFa peptide 1 (10 uM), TNFa peptide 2 (10 uM) and NAD"
(500uM) or B) Sirt2 (0.01 uM), TNFa peptide 1 (1 uM), TNFa peptide 2 (1 uM) and NAD" (500uM).
Reactions were incubated in assay-buffer at 37°C. Fluorophores were excited at 290 + 5 nm and
emission spectra (350-550 nm) were recorded over time. Fluorescence intensities at 408 nm and
535 nm (maximum of emissions specific for substrates 3 and 6, respectively) were extracted and
plotted as a function of time. Data represent average + S.D. (n=2). Figure is adapted from Schuster
et al. 2016 (Schuster et al., 2016).
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