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Abstract 

 

Silent information regulator 2 (SIR-2) proteins, also referred to as sirtuins, are highly 

conserved NAD
+
-dependent protein deacetylases that are emerging to be important energy 

sensors and regulators of metabolism, stress responses and aging. The mammalian sirtuin 

protein family is quite complex, comprising seven members (SIRT1 to SIRT7) with different 

subcellular localization (nucleus, cytoplasm, and mitochondria). The mitochondrial SIRT4 

remains the only mammalian sirtuin of which ADP-ribosyltransferase activity, but no NAD
+
-

dependent deacetylase activity could be detected. SIRT4 negatively regulates insulin secretion 

and might be a therapeutic target for treatment of diabetes. However, this requires a better 

understanding of its biological and enzymatic function as well as identification of novel 

substrates. 

The simple multicellular organism C. elegans possesses only four SIR-2 variants (SIR-2.1 to 

SIR-2.4) that all show high sequence conservation to mammalian sirtuins. Overexpression of 

SIR-2.1 increases the life span of C. elegans, suggesting that these are also intriguing players 

in regulating longevity and in linking metabolism to aging-related processes. Whereas the 

majority of studies have focused on SIR-2.1, the variants SIR-2.2 and SIR-2.3, which are 

most homologous to mammalian SIRT4, remain by and large uncharacterized. 

In this PhD thesis I showed that SIR-2.2 and SIR-2.3 are also localized to mitochondria and 

are predominantly expressed in C. elegans tissues with high energy demand, e.g. pharynx and 

body wall muscles. Sir-2.2 and sir-2.3 deletion mutant worms did not exhibit an obvious 

phenotype under normal growth conditions. However, overexpression and loss of SIR-2.2 and 

SIR-2.3 resulted in increased sensitivity to oxidative stress, suggesting that both proteins 

function in oxidative stress responses. Using immunoprecipitation experiments in 

combination with mass spectrometry, I was able to identify all three mitochondrial members 

of biotin-dependent carboxylases, pyruvate carboxylase (PC), propionyl-CoA carboxylase 

(PCC) and methylcrotonyl-CoA carboxylase (MCC), as factors interacting with SIR-2.2 and 

SIR-2.3. The interaction was evolutionarily conserved with mammalian SIRT4 and mediated 

by the homologous biotin carboxylation domain, which is present in all three proteins. 

Mitochondrial biotin carboxylases play an important role in gluconeogenesis, amino acid 

catabolism, β-oxidation and ketone body formation. Since all three proteins were found to be 

acetylated on multiple lysine residues, their enzymatic activity might be regulated by NAD
+
-

dependent deacetylation through mammalian SIRT4 and C. elegans SIR-2.2 and SIR-2.3. 

SIRT4, SIR-2.2 and SIR-2.3 did not exhibit NAD
+
-dependent protein deacetylase activity on 

PC peptides containing the conserved acetylated lysine residues K273 and K741. However, 

overexpression of SIRT4 specifically reduced the acetylation levels of the α-subunits of PCC 

and MCC, indicating for the first time that SIRT4 might be indeed a NAD
+
-dependent 

deacetylase.  

Overall, this study showed that C. elegans SIR-2.2 and SIR-2.3 and mammalian SIRT4 have 

conserved functions. Their interaction with mitochondrial biotin carboxylases indicates an 

important role as energy sensors and regulators of metabolic adaptation during nutrient 

deprivation.  
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1 Introduction 

1.1 Discovery of sirtuins 

 

Silent information regulator 2 (SIR-2) proteins, also referred to as sirtuins, are a family of 

NAD
+
-dependent protein deacetylases [1], which are highly conserved and are found in all 

three domains of life (eubacteria, archaea and eukaryotes) [2, 3]. Unlike other protein 

deacetylases, SIR-2 requires NAD
+
 as a cofactor [4-6]. Deacetylation of a substrate is coupled 

to hydrolysis of NAD
+
 and the acetyl group is transferred from its substrate to a NAD

+
 

cleavage product to form O-acetyl-ADP-ribose (Figure 1-1) [7, 8]. 

Saccharomyces cerevisiae SIR-2, the founding member of this large and diverse protein 

family, was originally identified as a factor necessary for epigenetic silencing of the mating 

type loci, telomeres and ribosomal DNA (rDNA) [9]. But it is also involved in DNA 

replication [10], DNA repair, suppression of recombination [11] and aging [12, 13]. Since 

increased dosage of SIR-2 and its orthologs leads to longevity in yeast [12, 14], worms [15] 

and flies [16-18], sirtuins have become intriguing players in regulating longevity and linking 

metabolism to aging and age-related diseases such as diabetes, neurodegenerative diseases 

and cancer [1, 19]. Mammalian sirtuins comprising seven members (SIRT1 to SIRT7, Table 

1-1) are emerging to also have roles in regulating age-related processes. In recent years 

numerous target proteins of sirtuins, primarily of mammalian SIRT1, have been identified. 

Mammalian sirtuins are important regulators of diverse cellular processes such as cell 

survival, genome stability, stress responses and metabolism [20].  

Although NAD
+
-dependent deacetylase activity has been demonstrated for SIR-2 proteins of 

many organisms, their physiological role in invertebrates and vertebrates has just began to be 

investigated and therefore still remains largely elusive. Sirtuins might be critical regulators 

and novel targets for treating age-associated diseases [21]. However, a better understanding of 

sirtuins and the pathways regulated by them is required for that.  

 

1.2 Biochemical function and structural features of sirtuins 

1.2.1 Enzymatic activity of sirtuins - Deacetylase vs. ADP-ribosyltransferase activity 

The first insight into the enzymatic activity of sirtuins provided the characterization of 

Salmonella typhimurium CobB, a bacterial SIR-2 protein. In the cobalamin biosynthesis 

pathway CobB was able to substitute CobT. As CobT is a known phosphoribosyltransferase 

catalyzing the transfer of phosphoribose from nicotinate mononucleotide to 

dimethylbenzimidazole, a pyridine nucleotide transfer reaction was also anticipated for SIR-2 

proteins [22]. 

In 1999 Frye [23] showed that the E. coli SIR-2-like protein CobB and human SIRT2 were 

both able to transfer 
32

P from [
32

P]-NAD
+
 to bovine serum albumin (BSA). Shortly after this 

the group of Danesh Moazed reported that yeast SIR-2 transfers ADP-ribose from NAD
+
 to 

histones, which was thought to mediate gene silencing in yeast [24]. However, the weak 
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mono-ADP-ribosyl transferase activities described by both groups were soon attributed to 

non-enzymatic labeling, since a more robust NAD
+
-dependent deacetylase activity on 

acetylated histones was discovered for numerous SIR-2 proteins including yeast, mammals 

and bacterial CobB [4-6].   

NAD
+
-dependent deacetylase activity has been demonstrated now for the majority of 

mammalian sirtuins (Table 1-1), except for mammalian SIRT4 where only mono-ADP-

ribosyltransferase activity has been detected [25, 26]. Thus, it is still under debate whether 

sirtuins exhibit dual activities (NAD
+
-dependent deacetylases and mono-ADP-

ribosyltransferase) or are true deacetylases. 

1.2.2 Catalytic reaction mechanism of NAD
+
-dependent deacetylation 

The fact that sirtuins require NAD
+
 and catalyze a novel mechanism of histone/protein 

deacetylation distinguished them from known histone deacetylases and consequently sirtuins 

were classified as a new HDAC class, i.e. HDAC class III. Whereas class I and class II 

HDACs remove acetyl groups by hydrolysis, sirtuins catalyze protein deacetylation via an 

energetically costly mechanism consuming NAD
+
 [27]. 

Deacetylation of an acetylated substrate is coupled to hydrolysis of NAD
+
 generating 

deacetylated lysine, nicotine amide (NAM) and the unique compound O-acetyl-ADP-ribose 

(O-acetyl-ADPR) (Figure 1-1) [7, 8].  

 

 
 

Figure 1-1: NAD
+
-dependent protein deacetylation reaction catalyzed by sirtuins.  

Deacetylation of an acetyllysine substrate is coupled to hydrolysis of NAD
+
. The acetyl group is transferred 

from its substrate to a NAD
+
 cleavage product to form the novel compound O-acetyl-ADP-ribose. Figure taken 

from [21].  
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Figure 1-2: Proposed chemical reaction mechanism of NAD
+
-dependent protein deacetylation catalyzed 

by sirtuins.  

A. The ADPR-peptidyl imidate mechanism proposes that the acetyl oxygen of the bound acetyllysine substrate 

undergoes a nucleophilic attack of the 1’-carbon of the ADP-ribose moiety of bound NAD
+
, forming NAM and a 

peptidyl imidate intermediate (Step 1). In step 2 the activated 2’-hydroxyl of the nicotinamide ribose attacks the 

imidate carbon generating the 1’,2’-cyclic intermediate. Subsequently 2’-O-Acetyl-ADP-ribose (2’-OAADPr) is 

formed via multiple reaction steps. An active site histidine is shown in red. B. In solution OAADPr interconverts 

non-enzymatically between 2’-OAADPr and 3’-OAADPr. Figure adapted from [21]. 

 

A more detailed mechanism of the proposed deacetylation reaction referred to as ADPR-

peptidyl-imidate mechanism is shown in Figure 1-2. After binding of NAD
+
 and the acetyl-

lysine the acetyl oxygen undergoes in the first reaction step a nucleophilic attack of the 1’-

carbon of the ADP-ribose moiety of NAD
+
 generating NAM and a peptidyl-imidiate, a novel 

reactive intermediate. Next, the 2’-hydroxyl of the nicotinamide ribose is activated by an 

active site histidine and attacks the peptidylimidiate carbon generating the 1’,2’-cyclic 

intermediate. Multiple reaction steps including elimination of the deacetylated lysine followed 
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by addition of water lead to the formation of 2’-O-Acetyl-ADP-ribose (2’-OAADPr). 

OAADPr undergoes non-enzymatic interconversions between 2’-OAADPr and 3’-OAADPr 

after release from the active site [21, 28]. 

Although NAD
+
-dependent deacetylation is considered to be the primary enzymatic activity 

of sirtuins, not all sirtuins exhibit measurable protein deacetylase activity on histone 

substrates [25, 29]. For SIRT4 [25, 26] and SIRT6 [30] ADP-ribosyltransferase activity, 

transferring a single ADP-ribosyl group from NAD
+
 to proteins or itself, was reported. 

Recently SIRT6 proved to be a histone 3 lysine 9 acetyl (H3K9ac)-specific deacetylase [31], 

implicating that SIRT4 might be as well a true deacetylase with very strict specificity for 

substrates that have not been identified yet.  

Interestingly, some sirtuins such as yeast SIR-2 or the Trypanosoma bruci SIR-2 orthologue 

TbSIR2rp1 possess both NAD
+
-dependent protein deacetylase and mono ADP-

ribosyltransferase activity [4, 7, 32], raising the question whether sirtuins have dual activities. 

ADP-ribosyltransferase activity was predominantly determined by detecting [
32

P]-

radiolabeled proteins after incubating them with sirtuins in the presence of [
32

P]-NAD
+
. As 

none of the studies provided information on identities of the residues that were specifically 

ADP-ribosylated and ADP-ribosylation can also occur non-enzymatically [33, 34], the ADP-

ribosyltransferase activity of sirtuins has been doubted. Currently relatively little is known 

about a potential reaction mechanism, since only few studies have been investigating the 

exact mechanism in more detail [21, 35-37]. Consistently, all studies reported that sirtuin-

dependent ADP-ribosyltransferase activity is in general very weak compared to the protein 

deactylase activity [30, 35, 36]. In the case of T. brucei SIR-2, it could be shown that to some 

extend the observed ADP-ribosylation results from non-enzymatic ADP-ribosylation by the 

deacetylation reaction product O-Acetyl-ADPR or ADPR (generated by hydrolysis of O-

Acetyl-ADPR). However, to a larger extend the ADP-ribosylation seemed to be enzymatic via 

a proposed imidate-dependent reaction mechanism. The nucleophilic attack on the initially 

formed peptidyl-imidate intermediate (Figure 1-2) is probably intercepted by an exogenous 

nucleophile, such as the ε-amino of a lysine in the amino acid side chain instead of the 

acetylated lysine, yielding an ADP-ribosylated protein [35]. As the observed ADP-

ribosylation was five orders of magnitude slower than the deacetylase reaction, it is 

questionable whether protein ADP-ribosylation by sirtuins is physiologically relevant. 

Although it is possible that the relative efficiencies not only of NAD
+
-dependent ADP-

ribosylation but also deacetylation are modulated in vivo by accessory proteins, metabolites or 

posttranslational modifications in response to changes in cellular energy status or stress [35].  

Sirtuin activity is inhibited by its reaction product nicotinamide (NAM) in a non-competitive 

manner, suggesting that NAM is an endogenous negative regulator of sirtuin activity and 

prevents intracellular NAD
+
 depletion [5, 38]. NAM inhibits the catalytic activity of sirtuins 

probably via a process termed base exchange. The formed peptidyl-imidate intermediate 

(Figure 1-2) reacts with NAM reforming NAD
+
 at the expense of deacetylation [39, 40].   

O-AADPR, the reaction product of NAD
+
-dependent deacetylation, might act as a signaling 

molecule or serve as a substrate for downstream enzymatic processes [41]. In yeast O-

AADPR seems to function in chromatin silencing by binding to SIR-3 and inducing 

conformational changes that promote the loading of the SIR-2/SIR-3/SIR-4 silencing complex 
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onto nucleosomes [42]. In mammals O-AADPR binds to the histone variant macroH2A [43], 

but apart from that the role of O-AADPR in mammals is still unresolved.  

Since sirtuins have been implicated in life span determination, a lot of effort has been put into 

identifying small molecules and protein interactors modulating sirtuin acitivity. The 

mechanistic details of sirtuin activation by these factors still need to be resolved [21], but this 

area of research might provide potent therapeutic agents for treatment of age-associated 

diseases in the near future. 

1.2.3 Structural properties of sirtuins 

Next to biochemical analyses, determination of the three dimensional structures of several 

sirtuin proteins has provided important information for understanding the catalytic 

mechanism, substrate specificity and inhibitory mechanisms of sirtuins [44].  

Sirtuin proteins from different organisms all contain a highly conserved catalytic core domain 

comprising approximately 275 amino acids (shown in multiple sequence alignment in Figure 

1-3), but differ highly in length and amino acid composition in their N- and C-terminal 

flanking regions [2, 3]. In agreement, a high degree of structural superposition is found in the 

crystal structures of the catalytic core domains of different sirtuin proteins (Figure 1-4 A). 

The catalytic core region folds into two domains, a large domain structurally homologous to a 

Rossmann-fold domain, and a smaller, zinc-binding domain, which is structurally more 

diverse. The Rossmann-fold domain, which is commonly found in NAD
+
/NADH binding 

proteins, features a typical NAD
+
-binding site comprising a conserved Gly-X-Gly motif for 

phosphate binding, a pocket for a NAD
+
 molecule, and charged residues for the ribose group 

binding [45]. 

The small Zn
2+

-binding domain is composed of two insertions within the Rossmann-fold 

domain. One of them contains a conserved Zn
2+

-binding motif (Cys-X2-4-Cys-X15-40-Cys-X2-4-

Cys), coordinating a structurally important zinc ion [46]. As the small domain is structurally 

most diverse among different sirtuins in terms of primary sequence, three dimensional 

structure and relative position to the large domain, it might have an important function in 

determination of substrate specificity. In addition, the small Zn
2+

-binding domain might 

provide binding sites for small molecules and proteins, modulating the enzymatic activity of 

sirtuins. It might also influence the subcellular location of sirtuins [44, 45, 47].  

The large and the small domain are connected by several loops that form a pronounced, 

extended cleft. NAD
+
 and the acetyl-lysine containing peptide substrates access the cleft from 

opposite sides to bind to the enzyme. Deacetylation is catalyzed by conserved amino acid 

residues and reactive groups of the bound substrate molecules in a hydrophobic tunnel buried 

in the cleft (Figure 1-4 B). The importance of this region for catalysis is also reflected by the 

fact that it has the highest sequence conservation within sirtuins (GAGISTSCGIPDFR in 

Hst2). Indeed, mutation of specific residues in this region disrupts protein deacetylase activity 

[44].  
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Figure 1-3: Multiple sequence alignment of the catalytic core domain region of sirtuins with known three-

dimensional structures. 

Multiple sequence alignment of S. cerevisiae Hst2 and Sir2p, A. fulgidus Sir2-Af1 and Sir2-Af2, T. maritima 

Sir2Tm, E. coli CobB, and H. sapiens SIRT2 and SIRT5. Cyan circles mark residues involved in NAD
+
 binding, 

purple circles indicate residues involved in acetyllysine binding, blue triangles label Zn
2+

-binding residues and a 

green asterisk marks the highly conserved catalytic histidine residue. Consensus is highlighted by red boxes and 

white boxes show similarities. Above the sequence alignment secondary structural elements of Hst2 are shown. 

Orange arrows: ß sheets; green rectangles: α helices; black lines: loops; dashed lines: unstructured regions. 

Beneath the sequence alignment the color of the solid line indicates the Rossmann-fold domain (magenta), 

cofactor binding loop (black), small domain (blue), and loop regions (green) (also see Figure 1-4). Figure taken 

from [44]. 

 



1 Introduction 

 

7 

 

A 

 

B 

 
 

Figure 1-4: Three-dimensional crystal structures of different sirtuins.  

A. The three-dimensional structure of each sirtuin is shown in a cartoon representation without bound ligand. 

The large magenta domain corresponds to the Rossmann-fold domain, the small blue domain to the Zn
2+

-

binding domain, the cofactor binding loop is depicted in black, other loops and the bound Zn
2+

 ion are shown in 

green and red, respectively. In the structure of Hst2 the N-terminal (orange) and C-terminal (yellow) regions are 

also included. B. Active site binding cleft of S. cerevisiae Hst2 shown in tan surface representation. In the close 

up view the backbone of the peptide substrate is shown in green, the acetyllysine side chain in green cpk stick 

representation, the conserved H135 and N116 in red cpk stick representation, and the bound NAD
+
 in cyan cpk 

stick representation. Figures taken from [44] 
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The catalytic core domain of sirtuins is flanked by N- and C-terminal regions that are not 

conserved and vary in length and sequence between different protein family members. 

Relatively little is known about the function of these regions as they were not included in the 

majority of determined structures [44]. The structure of full-length yeast Hst2 showed that the 

protein forms a homotrimer and the 7 aa long N-terminal region is required for 

oligomerization. Interestingly, this N-terminal region binds the active side cleft in a similar 

conformation like an acetyl-lysine containing H4 peptide substrate. It gets displaced upon 

addition of acetylated peptide, which also disrupts trimer formation. The C-terminal region of 

Hst2 (yellow α-helical secondary structure in Figure 1-4 A) makes extensive interactions with 

aa residues within the cleft containing the catalytic core region. It also seems to affect NAD
+
 

binding [48, 49]. As the catalytic core domain is highly conserved among different sirtuins 

and structures of peptide bound sirtuins provided little information on substrate 

discrimination, the N-terminal and C-terminal regions might also contribute significantly to 

substrate specification. However, to fully understand the catalytic mechanism, substrate 

specificity and inhibition of sirtuins further structural insights need to be complemented with 

more detailed biochemical analyses. 

 

1.3 Mammalian sirtuins 

 

The mammalian SIR-2 gene family named sirtuins (SIRTs) compromises seven members, 

SIRT1- SIRT7 [3], that all share a conserved sirtuin catalytic core domain. Their variable 

amino- and carboxyl-terminal extensions mediate diverse subcellular localization and might 

be also important for regulating their catalytic activity [50] (Table 1-1).  

 
Table 1-1: Diversity of mammalian sirtuins. 

Sirtuin Enyzmatic 

activity 

Subcellular 

localization 

Function Homologues 

SIRT1 Deacetylase Nucleus, 

(Cytosol) 

metabolism (gluconeogenesis, 

fatty acid oxidation, cholesterol 

regulation, insulin secretion), 

differentiation and development, 

stress responses and apoptosis 

Sir2p (S. cerevisiae) 

Hst1p (S. cerevisiae) 

SIR-2.1 (C. elegans) 

dSIR2 (D. melanogaster) 

SIRT2 Deacetylase Cytosol 

(Nucleus) 

tubulin deacetylation 

Cell cycle control 

Hst2p (S. cerevisiae) 

SIRT2 (D. melanogaster) 

SIRT3 Deacetylase Mitochondria mitochondrial protein 

deacetylation, Acetate 

metabolism, ATP production, 

fatty-acid oxidation 

 

SIRT4 ADP-

ribosyltransferase 

Mitochondria insulin secretion 

(pancreatic ß-cells) 

SIR-2.2 (C. elegans) 

SIR-2.3 (C. elegans) 

SIRT4 (D. melanogaster) 

SIRT5 Deacetylase Mitochondria Urea cycle (liver)  

SIRT6 Deaectylase/ADP-

ribosyltransferase 

Nucleus Genome stability  

(Base excision repair), 

Telomeric chromatin structure, 

NF-κB regulation 

SIR-2.4 (C. elegans) 

SIRT6 (D. melanogaster) 

SIRT7 Deacetylase Nucleus 

(Nucleolus) 

rDNA (PolI) transcription SIRT7 (D. melanogaster) 
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SIRT1, SIRT6 and SIRT7 are predominantly nuclear, SIRT2 is cytoplasmic and SIRT3, 

SIRT4 and SIRT5 are mitochondrial proteins [51]. In the last ten years most of the sirtuins 

have been demonstrated to be NAD
+
-dependent deacetylases and a broad range of different 

target proteins regulated by sirtuins have been identified.  

1.3.1 The nuclear sirtuins SIRT1, SIRT6, SIRT7 

1.3.1.1 SIRT1 

SIRT1 is the best characterized sirtuin as it is evolutionarily closest to the founding member 

of the sirtuin protein family, yeast SIR-2. Like yeast SIR-2, SIRT1 also functions in 

epigenetic silencing and chromatin organization by deacetylating acetylated lysine residues of 

histones (H1K9ac, H1K26ac, H3K9ac, H3K14ac, H4K16ac) [4, 52], but also other chromatin 

modifying factors such as the histone acetyltransferase p300 [53] or the H3K9me3 

methyltransferase Suv39h1 [54]. Moreover, SIRT1 regulates transcription by deacetylating 

many transcription factors including p53 [55, 56], E2F1 [57], FOXO (Foxo1, Foxo3a, Foxo4) 

[58-61], NF-κB [62], Hes1 [63], PPAR-γ [64], PGC-1α [65], LXR [66] next to further factors. 

Based on the broad range of identified substrates, SIRT1 is implicated to function in 

chromatin organization, cell survival and stress responses, differentiation and development 

and metabolic regulation. 

Most striking is SIRT1’s ability to coordinate metabolic pathways in different tissues, 

facilitating appropriate physiological responses to changes in cellular energy levels and 

strongly supporting a key role of sirtuins as metabolic sensor (Figure 1-5). Human SIRT1 is 

expressed in all organs with strong expression in the major metabolic tissues liver, skeletal 

muscle, adipose tissue, pancreatic ß-cells and brain [51]. In the liver SIRT1 regulates 

cholesterol flux. During fasting deacetylation of PGC1-α by SIRT1 activates transcription 

programs promoting fatty acid oxidation and glucose production by enhancing 

gluconeogenesis and repressing glycolysis in the liver. Mitochondrial fatty acid oxidation is 

also induced by SIRT1 in skeletal muscle upon fasting. In white adipose tissue, on the other 

hand, SIRT1 promotes lipolysis and fatty-acid mobilization by binding and repressing the 

nuclear receptor PPAR-γ. SIRT1 also modulates the production and secretion of adiponectin, 

which improves insulin sensitivity. In pancreatic ß-cells SIRT1 positively regulates insulin 

secretion. There is increasing evidence that SIRT1 might have a protective function against 

type-2 diabetes, as mice overexpressing SIRT1 specifically in the pancreatic ß-cells (BESTO) 

exhibit increased glucose-stimulated insulin secretion and improved glucose tolerance [67]. 

Interestingly, several SIRT1 activating compounds (including resveratrol and other non-

polyphenolic substances) were shown to improve glucose homeostasis and insulin sensitivity 

in diet-induced and genetic type-2 diabetes animal models [68-72]. Thus, SIRT1 seems to be 

a key energy sensor linking NAD
+
-dependent protein deacetylation to energy metabolism and 

physiological responses during nutrient deprivation.  

Since both resveratrol and SIRT1 orthologs have been shown to extend life span in yeast 

worms and flies, SIRT1 is also implicated in regulating aging and life-span extending effects 

of caloric restriction, a dietary regimen of low calorie intake without malnutrition [12, 14-18]. 

Particularly, SIRT1’s potential function in the pathogenesis of age-associated diseases has 
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generated a lot of interest in developing sirtuin-targeted therapies to treat these metabolic 

disorders and to improve life quality. 

Whereas the nuclear protein SIRT1 is quite well characterized, relatively little is known about 

the other mammalian sirtuin homologues. 

 

 

 

Figure 1-5: Tissue-specific regulation of metabolism by SIRT1.  

Fasting or caloric restriction (CR) lead to an increase in intracellular NAD
+
 levels activating SIRT1. In the 

skeletal muscle, SIRT1 promotes fatty acid oxidation and improves insulin sensitivity via PGC-1α and FOXO. 

In the liver, SIRT1 upregulates fatty acid oxidation, glucose synthesis, cholesterol flux and downregulates 

glycolysis through PGC-1α, PPARα and LXR. In adipose tissue (white adipose tissue), SIRT1 decreases 

lipogenesis and induces fatty acid mobilization by repressing PPARγ function. In the pancreas (pancreatic ß-

cells) SIRT1 stimulates insulin secretion through FOXO and suppression of UCP2. Tissue icons taken from 

[25].  

 

1.3.1.2 SIRT6 and SIRT7 

SIRT6 and SIRT7 are also nuclear proteins but show different subnuclear localization 

compared to SIRT1. SIRT6 is highly associated with heterochromatic regions and SIRT7 is 

enriched in nucleoli.  

SIRT6, which was initially described as a mono ADP-ribosyltransferase [30], functions 

primarily as a histone deacetylase specific for H3K9ac [31] and H3K56ac [73], maintaining 

telomere integrity and genome stability. Consistently, SIRT6 deficient mice show increased 

cellular sensitivity to genotoxic stress with defects in base excision repair (BER), a 

dramatically shortened life span and numerous progeroid and aging-like phenotypes [74]. 
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Interaction of SIRT6 with the RelA/p65 component of the NF-κB complex represses NF-κB 

target genes. Increased NF-κB transcription seems to contribute to the premature aging-like 

phenotype and degenerative symptoms observed in SIRT6 knockout mice [75]. Loss of 

SIRT7 also results in a reduced life span. SIRT7-deficient mice develop progressive cardiac 

hypertrophy along with inflammation and reduced stress resistance. SIRT7 seems to maintain 

tissue homeostasis in part by deacetylating p53 [76]. Moreover, SIRT7 interacts with RNA 

polymerase I and positively regulates rDNA transcription [77]. As SIRT1 also regulates p53 

[78] and RNA polymerase I transcription [79], both sirtuins might act together. However, this 

needs to be further investigated.  

1.3.2 The cytoplasmic sirtuin SIRT2 

SIRT2 is predominantly located in the cytoplasm, but translocates to the nucleus during G2 to 

M transition [80, 81]. Various findings indicate that SIRT2 functions in controlling cell cycle 

progression. Overexpression of SIRT2 inhibits cell division in star fish oocytes [82] and 

SIRT2 expression is downregulated in different cancer types including gliomas, gastric 

carcinomas and melanomas [83-85]. Deacetylation of -tubulin [29] and H4K16ac prior to 

mitosis [81] might also contribute to cell cycle regulation. Impaired microtuble stability and 

cytoskeleton organization due to SIRT2-mediated -tubulin deacetylation has been implicated 

in promoting neuron degeneration and inhibition of oligodendrocyte differentiation [86-88]. 

In addition, SIRT2 is upregulated in white adipose tissue during caloric restriction (CR) and 

inhibits adipocyte differentiation by deacetylating FOXO1 [89, 90]. This further supports a 

critical role of sirtuins as energy sensors and key regulators of metabolic pathways in 

response to nutrient deprivation.  

1.3.3 The mitochondrial sirtuins SIRT3, SIRT4, SIRT5 

1.3.3.1 SIRT3 

Among the mitochondrial sirtuins SIRT3 is currently the best characterized. SIRT3 is targeted 

to the mitochondrial matrix and possesses full protein deacetylase activity after proteolytic 

processing of the mitochondrial targeting sequence [91-93]. Both human and mouse SIRT3 

are found in an approximately 44 kD long form (containing N-terminal mitochondrial 

targeting sequence) and a 28 kD short form. As full-length SIRT3 was also reported to be 

present in the nucleus and cytoplasm [94-96], controversy has arisen regarding its subcellular 

localization. It cannot be excluded that a small fraction of SIRT3 might be also present 

outside mitochondria.   

In humans and mice SIRT3 is ubiquitously expressed with highest levels in metabolically 

active tissues, such as brown adipose tissue, muscle, liver, kidney, heart, and brain [91-93, 

97]. Mice lacking SIRT3 are viable and fertile, and do not exhibit any obvious developmental 

or metabolic phenotype under normal physiological conditions [92]. However, SIRT3 

deficient mice display significantly increased lysine acetylation of mitochondrial proteins 

[92]. There is growing evidence that lysine acetylation is an important posttranslational 

modification regulating mitochondrial energy metabolism and stress responses [98-100]. 

Notably, no differences in global protein acetylation levels were detected in SIRT4 and 



 1 Introduction 

 

12 

SIRT5 null mice, suggesting that SIRT3 is the major protein deacetylase in mitochondria 

[92]. Nevertheless, only few SIRT3 substrates are known yet.  

The first identified substrate of SIRT3 was the mitochondrial matrix protein acetyl-coenzyme 

A synthetase 2 (AceCS2), which forms acetyl-CoA from acetate, coenzyme A (CoA) and 

ATP (Figure 1-6) [101, 102]. Deacetylation of AceCS2 by SIRT3 upregulates its enzymatic 

activity. Increased AceCS2 activity is required during ketogenic conditions such as prolonged 

fasting or diabetes. AceCS2 is absent in liver, where acetate is released during fasting 

conditions, and abundant in the energy-expending tissues heart and muscle, where it converts 

acetate to acetyl-CoA for ATP production through the TCA cycle [103]. SIRT3 also regulates 

subunits of the electron transport chain and promotes mitochondrial ATP production by 

deacetylating several subunits of complex I [104], succinate dehydrogenase flavoprotein 

(SdhA) (subunit of complex II) [105], and ATP synthase alpha and beta subunits [105]. In 

addition, SIRT3 was shown to deacetylate and regulate the activity of isocitrate 

dehydrogenase 2 (IDH2), a key regulatory enzyme of the TCA cycle, as well as glutamate 

dehydrogenase (GDH), which is important for amino acid catabolism and anaplerosis [106]. 

Consistent with these findings reduced basal ATP levels were observed in heart, kidney, and 

liver of SIRT3 null mice [104]. However, SIRT3 knockout mice do not show any other 

obvious metabolic abnormalities under normal physiological conditions. There is growing 

evidence that SIRT3 function is important during metabolic stress conditions, e.g. fasting and 

caloric restriction. SIRT3 expression is upregulated during both starvation (liver and brown 

adipose tissue) [107] and caloric restriction (brown and white adipose tissue) [97]. SIRT3 

knockout mice show defects in adaptive thermogenesis during fasting but not under the fed 

state [92, 107]. Reduced cold tolerance of starved SIRT3 null mice was recently shown to be 

caused by defects in ß-oxidation of fatty acids. Deacetylation of long-chain acyl coenzyme A 

dehydrogenase (LCAD) by SIRT3 promotes fatty acid expenditure during fasting [107]. In 

summary, all these studies emphasize a central role of SIRT3 in regulating mitochondrial 

energy metabolism. 

Besides this, SIRT3 has been implicated to function in mitochondrial stress responses and 

aging. In response to genotoxic stress both SIRT3 and SIRT4 are required for nicotinamide 

phosphoribosyltransferase (NAMPT)-mediated protection against cell death. Genotoxic stress 

or nutrient restriction upregulates the NAD
+
 biosynthetic enzyme NAMPT, boosting 

mitochondrial NAD
+
 levels and thereby facilitating this protection [108]. Moreover, SIRT3 

was recently shown to act as tumor suppressor. In response to genotoxic and metabolic stress 

significantly increased reactive oxygen species (ROS) levels were observed in SIRT3 

deficient mouse embryonic fibroblast (MEF) cells, which provided a tumor permissive 

environment in mammary gland cells [109].  

SIRT3 might also be involved in life span determination. Genetic studies have linked 

polymorphisms in the SIRT3 gene to extended life span in male humans [110, 111]. 

1.3.3.2 SIRT4 

SIRT4 is a mitochondrial matrix protein that is ubiquitously expressed. In human and in mice 

highest expression of SIRT4 is observed in major metabolic tissues including pancreatic beta 

cells, brain, liver, kidney and heart, and moderate expression of SIRT4 is found in skeletal 
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muscle [25, 26, 51]. In contrast to SIRT3 no NAD
+
-dependent protein deacetylase activity 

could be demonstrated for SIRT4 so far. But SIRT4 seems to exhibit ADP-ribosyltransferase 

activity [25, 26]. Only one SIRT4 substrate has been identified until now. SIRT4 interacts and 

down-regulates the activity of the mitochondrial matrix enzyme glutamate dehydrogenase 

(GDH) via ADP-ribosylation (Figure 1-6) [25]. GDH, converting glutamate into α-

ketoglutarate and ammonia, plays an important role in generating ATP (through the TCA 

cycle) to promote insulin secretion in pancreatic islet cells [112]. Consistent with these 

findings, SIRT4 deficient mice show significantly increased blood insulin levels compared to 

wild type mice fed ad libitum or fasted overnight. Both GDH activity and insulin secretion in 

response to glucose and amino acids were higher in pancreatic islets isolated from SIRT4 

knockout mice [25]. SIRT4 overexpression, on the other hand, suppressed insulin secretion in 

insulinoma cells [26], further supporting the function of SIRT4 as negative regulator of 

insulin secretion, which might also protect against diabetes. Furthermore, SIRT4 was reported 

to interact with insulin-degrading enzyme (IDE) and adenine nucleotide translocator 2 

(ANT2/3) [26]. Since no enzymatic activity of SIRT4 on these proteins has been reported, the 

functional relevance of this interaction still needs to be determined. Interestingly, both IDE 

and ANT2 are implicated in the pathogenesis of type-2 diabetes. As loss of SIRT4 might 

contribute to diabetes, the physiological function of SIRT4 in pancreatic islets but also in 

other tissues needs to be further analyzed. Moreover, additional SIRT4 substrates need to be 

identified for a more comprehensive understanding of the physiological role of SIRT4 under 

normal and pathological conditions. This may also allow to ultimately clarify whether SIRT4 

solely acts as ADP-ribosyltransferase or possesses NAD
+
-dependent protein deacetylase 

activity with very strict substrate specificity as well.  

1.3.3.3 SIRT5 

SIRT5 is localized to the mitochondrial matrix and exhibits NAD
+
-dependent protein 

deacetylase activity. In contrast to SIRT3, SIRT5 possesses only weak deactylase activity on 

acetylated histones and BSA [47, 113]. However, robust enzymatic activity could be recently 

demonstrated on carbamoyl phosphate synthetase 1 (CPS1), the first identified substrate of 

SIRT5 (Figure 1-6) [114]. CPS1 catalyzes the first and rate-limiting step in the urea cycle 

[115, 116]. Deacetylation by SIRT5 increases CPS1 activity and promotes ammonia 

detoxification, which is important e.g. during fasting when amino acids have to be utilized as 

energy source generating excess ammonia [116, 117]. Accordingly, fasting leads to an 

activation of SIRT5 and results in severe hyper-ammonemia in SIRT5 deficient mice, 

demonstrating an important protective role of SIRT5 in adaption to food limitation [114]. 

SIRT5 was also reported to interact with cytochrome c, which is localized to the 

intermembrane space [106]. Although SIRT5 was shown to be targeted to the intermembrane 

space after overexpression or after mitochondrial import in vitro [96, 106], endogenous 

SIRT5 was exclusively present in the matrix of liver mitochondria [114]. Therefore, 

cytochrome c might not be a physiological substrate of SIRT5. Identification of novel SIRT5 

substrates will provide more insights into mechanisms and pathways regulated by this sirtuin 

in order to adapt to food scarcity.   
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Figure 1-6: Metabolic functions of mitochondrial sirtuins. 

Mitochondria are the central organelle for metabolism of fuels such as pyruvate (derived from glucose) fatty 

acids, and amino acids. SIRT3 regulates mitochondrial ATP production by deacetylating metabolic enzymes 

such as AceCS2 and complex I subunits. SIRT4 represses GDH activity by ADP-ribosylation and SIRT5 

regulates the urea cycle by deacetylating CPS1. Figure taken from [19] 

 

1.4 Caenorhabditis elegans sirtuins 

 

Knowledge on SIR-2 protein function in lower eukaryotes such as yeast provided key insights 

into the biological pathways regulated by mammalian sirtuins. Whereas in lower eukaryotes 

the biological role of sirtuins is reasonably well understood, their function in simple 

multicellular organisms such as C. elegans has remained elusive. 

C. elegans is well suited to study the function of sirtuins and aging-related processes. In 

contrast to mammals, the genome of C. elegans possesses only four sir-2 gene variants, sir-

2.1 (R11A8.4), sir-2.2 (F46G10.7), sir-2.3 (F46G10.3) and sir-2.4 (C06A5.11). All variants 

exhibit high sequence similarity to mammalian sirtuins (Table 1-2) [3]. Moreover, C. elegans 

has a relatively short life span of about two to three weeks and a rapid generation time of 

approximately 3.5 days (at 20°C). The entire cell lineage is relatively invariant and has been 

traced from single-celled zygote to adult [118]. The ability of generating mutant and 

transgenic worms as well as the ease of RNAi have made C. elegans a powerful system to 

analyze gene functions [119]. 

So far, relatively little is known about the functions of C. elegans sirtuins. The vast majority 

of the studies have focused on the role of SIR-2.1 in life span determination, after sir-2.1 was 

identified as longevity factor in a genetic C. elegans screen [15].  

SIR-2.1 is evolutionarily closest to yeast SIR-2 and mammalian SIRT1. Extra copies of the 

sir-2.1 gene lead to an increase in C. elegans life span by up to 50% [15]. SIR-2.1 seems to 

extend life span by multiple pathways. One pathway depends on DAF-16, a forkhead 
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transcription factor of the FOXO family, which is negatively regulated by the conserved 

insulin/IGF-1 pathway [15]. Instead of a direct function in the insulin/IGF-1 pathway, recent 

studies indicate that SIR-2.1 acts in a parallel pathway, which converges on the level of DAF-

16 regulation. 14-3-3 proteins (C. elegans PAR-5 and FTT-2), which are known to bind 

FOXO transcription factors in mammals, were identified as interaction partners of SIR-2.1. 

These seem to be required for SIR-2.1-induced activation of DAF-16 and stress resistance 

[120, 121]. Recently, SIR-2.1 was also reported to be required for life span extension by 

calorie restriction (CR) that does not depend on DAF-16, but the exact mechanism has not 

been determined yet [122].  

SIR-2.1 localizes predominantly to the cell nucleus [122] and was shown to exhibit histone 

deacetylase activity [18]. Like its yeast and mammalian counterparts, SIR-2.1 functions in 

chromatin regulation and is involved in chromatin silencing of repetitive transgenes in the 

germline of C. elegans by a mechanism similar to SIR-2-dependent silencing of telomeres in 

yeast [123]. In addition, SIR-2.1 induces (next to the chromatin modifying C. elegans 

Polycomb group proteins (Mes-2, Mes-3, Mes-4, and Mes-6)) a partial cytoplasmatic 

localization of the linker histone HIS-24 (H1.1) in the germline [124]. Moreover, both SIR-

2.1 and HIS-24 associate with subtelomeric regions, promote the modification of H3K27me3 

and H3K9me3 and have synthetic effects on brood size, embryogenesis and fertility in C. 

elegans [125].  

SIR-2.1 also functions in stress responses and was shown to be essential in DNA damage and 

repair signaling in the C. elegans germline. Translocation of SIR-2.1 from the nucleus to the 

cytoplasm and colocalization with the C. elegans Apaf-1 homologue CED-4 seems to induce 

a novel proapoptotic pathway of DNA-damage-induced apoptosis, which is independent of 

CEP-1 (C. elegans P53-like protein) and DAF-16 [126]. In neurons SIR-2.1 overexpression 

was shown to promote cell survival and protect against huntingtin polyglutamine [127] and 

prion neurotoxicity [128]. These studies further demonstrate a neuroprotective function of 

sirtuins and implicate a promising therapeutic potential of sirtuin activity modulators for 

treatment of neurodegenerative diseases.  

Currently the analysis of C. elegans sirtuins has been focused on SIR-2.1, whereas the other 

three variants have been neglected and still need to be characterized.  

SIR-2.2 and SIR-2.3 are most homologous to mammalian SIRT4 [3] and might be also 

mitochondrial proteins. A genome wide RNAi screen identified SIR-2.2 together with many 

chromatin related factors, DNA repair/replication proteins, and cell cycle/checkpoint proteins, 

to be required for genome stability in somatic and germline cells [129]. Next to SIR-2.1, SIR-

2.2 was also able to protect C. elegans from neurodegeneration [127], suggesting that SIR-2.2 

might function in the nucleus or cytoplasm. However, both SIR-2.2 and SIR-2.3 do not seem 

to function in life span extension [15, 130]. Moreover, no changes in life span were observed 

in worms overexpressing SIR-2.4, which is evolutionarily closest to mammalian SIRT6 [15]. 

As in the case of SIR-2.2 and SIR-2.3 the biological function of SIR-2.4 remains elusive. 
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Table 1-2: Diversity of C. elegans SIR-2 proteins. 

SIR-2 variant Function Substrates Homology 

SIR-2.1 Life span determination, 

Chromatin silencing/regulation, 

DNA-damage induced apoptosis, 

protection against neurodegeneration 

Histones, 14-3-3 SIRT1 

SIR-2.2 Genome stability,  

protection against neurodegeneration 

? SIRT4 

SIR-2.3 ? ? SIRT4 

SIR-2.4 ? ? SIRT6 

 

 

1.5 Modulation of sirtuin activity by NAD
+
 metabolism 

 

Sirtuins were classified into a new class of HDACs (class III) because of their unique 

requirement of NAD
+
 as cofactor for protein deacetylation. NAD

+
 and its reduced form 

NADH are essential redox carriers, coupling the metabolism of biomolecules to ATP 

synthesis though the respiratory chain [131]. Therefore, the NAD
+
/NADH ratio is a key 

indicator of the cellular energy status and sirtuins, that are absolutely depending on NAD
+
 as 

cofactors for enzymatic activity, have become important sensors of the cellular metabolic 

state [132].  

There is growing evidence that NAD
+
 biosynthetic pathways are critical regulators of sirtuin 

activity. Genetic studies in yeast have linked changes in NAD
+
 metabolism to sirtuin activity, 

as deficiencies in the NAD
+
 synthesis salvage pathway decrease SIR-2-mediated chromatin 

silencing [6, 133, 134], and increased NAD
+
 synthesis enhances silencing of SIR-2-regulated 

gene loci and life span extension [134].  

In addition, there is growing evidence that metabolic stress such as prolonged fasting or 

caloric restriction (CR) induces NAD
+
 biosynthetic pathways increasing intracellular NAD

+
 

levels [108, 114] and thereby upregulates sirtuin activity. In C. elegans overexpression of the 

nicotinamidase PNC-1, the first enzyme in the NAD
+
 salvage pathway of invertebrates, 

increases survival of C. elegans during oxidative stress in a SIR-2.1 dependent manner [135]. 

In mammals genotoxic stress and nutrient restriction upregulates NAMPT (catalyzing the first 

and rate-limiting step in NAD
+
 biosynthesis in vertebrates) and boosts mitochondrial NAD

+
 

levels. Increased mitochondrial NAD
+
 promotes cell survival and requires not only an intact 

mitochondrial NAD
+
 salvage pathway but also SIRT3 and SIRT4 [108]. Interestingly, this 

protective function depends only on physiological NAD
+
 levels in mitochondria, but not in 

the cytoplasm and nucleus, suggesting that mitochondria dictate cell survival. Sirtuins and 

functional homologs of NAMPT are also present in prokaryotes [6]. The protective function 

of NAD
+
 for cell survival seems to be evolutionarily conserved and to induce ancient survival 

responses, as increased NAD
+
 levels also provide bacterial survival to heat, salt stress, and 

glucose restriction [136]. 

Sirtuin activity is inhibited by its reaction product NAM in a non-competitive manner, 

indicating that the catalytic activity of sirtuins is negatively regulated by intracellular NAM 

concentrations [38, 137, 138]. Notably, NAM is an agent with therapeutic potential as it was 
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shown to prevent type I diabetes, neurotoxicity and tissue damage in ischemia [132, 139, 

140]. Nicotinamide (at high dose) seems to function by enhancing NAD
+
 biosynthesis and 

increasing NAD
+
 pools [141, 142].  

NAD
+
 biosynthesis pathways and sirtuins are intimately connected and critical components in 

a regulatory network that contributes to metabolic robustness in response to nutritional and 

environmental cues that affect cell survival, tissue functionality, and ultimately life span. 

Therefore, next to drugs targeting sirtuins, NAD
+
 intermediates (nutriceuticals) promoting 

NAD
+
 biosynthesis and indirectly affecting sirtuin activity may be beneficial for treatment of 

age-associated diseases such as diabetes and neurodegenerative diseases [143].  

 

1.6 Reversible mitochondrial protein acetylation  

 

Mitochondria are the central organelle for important physiological processes including 

cellular energy (ATP) production, fatty acid and amino acid metabolism, biosynthesis of 

heme, pyrimidines and steroids, ion homeostasis, and apoptosis [144]. Mitochondria are also 

the major site for generation of reactive oxygen species (ROS) as a byproduct of oxidative 

phosporylation, which damage macromolecules and can cause mitochondrial defects and 

dysfunction. Mitochondrial function must therefore be tightly linked to nutrient availability 

and be able to adapt to oxidative stress in order to avoid imbalances in metabolic homeostasis. 

Notably, defects in mitochondrial functions have been implicated in aging and age-associated 

diseases such as diabetes, neurodegenerative disorders, cardiovascular diseases and cancer 

[145].  

Protein lysine acetylation is emerging to be a key posttranslational modification in regulating 

metabolic enzymes [98, 99, 146, 147]. Global proteomic approaches employing immuno-

affinity purification of lysine-acetylated, tryptic peptides with anti-acetyllysine-specific 

antibodies and subsequent mass spectrometric analyses have shown that at least 20% of 

mitochondrial proteins are acetylated. Acetylation sites were identified in mitochondrial 

proteins of all major pathways of intermediate metabolism, including the tricarboxylic acid 

(TCA) cycle, oxidative phosphorylation, β-oxidation and the urea cycle. In addition, 

mitochondrial channel proteins, proteins acting in amino acid, carbohydrate and nucleotide 

metabolic pathways and antioxidant defense pathways are acetylated [98, 99, 146]. There is 

growing evidence that mitochondrial protein acetylation is dynamic, as it changes during 

fasting and calorie restriction and is an important posttranslational modification to regulate 

the catalytic activity of metabolic enzymes [98, 146, 148].  

Mitochondria are double-membrane organelles that are derived from a eubacterial 

endosymbiont and still share many features with their prokaryotic ancestors [149]. Recent 

studies showed that lysine acetylation is also an abundant posttranslational modification in 

prokaryotic cells (E. coli) [100, 147, 150]. In these studies, more than 50% of the identified 

acetylated proteins are metabolic enzymes. A large number of proteins were lysine-acetylated 

orthologs between E. coli and mammals, suggesting an evolutionarily conserved function of 

lysine acetylation in energy metabolism, but also translation and stress responses from 

bacteria to mammals. Exposure to hypoxia (but not starvation) led to changes in acetylation 
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levels intimately linking reversible protein acetylation to regulatory mechanisms that allow 

cells to adjust to changes in cellular environment [50, 100]. 

The identification of lysine-acetylation as an abundant post-translational modification in 

mitochondria and sirtuins as mitochondrial deacetylases raises an interesting question. Are 

there mitochondrial lysine acetyltransferases? Up to now this question remains unresolved, as 

no mitochondrial protein acetyltransferase has so far been identified in mammals.  

In Salmonella enterica the enzymatic activity of actyl-CoA synthetase is regulated by 

acetylation through Pat [151], the only known bacterial acetyltransferase, and deacetylation 

through CobB, a bacterial SIR-2 homolog [152]. Interestingly, both human SIRT2 and yeast 

SIR-2 can substitute CobB function in CobB-deficient S. enterica strains, suggesting an 

evolutionarily conserved function of sirtuins in regulating cellular metabolism [153]. No 

orthologs of Pat have been found in mammalian cells and it is also not known whether there 

are other mitochondrial acetyltransferases existing in mammals [50]. However, the 

observation that proteins encoded by mitochondrial DNA, e.g. the ATP synthase F0 subunit 8, 

are acetylated, argues against the possibility that lysine acetylation of mitochondrial proteins 

occurs in the cytoplasm prior to import, but not within mitochondria. It is therefore 

anticipated that there are also acetyltransferases existing in the mammalian mitochondrion 

[50]. Since it cannot be excluded that mitochondrial proteins also become acetylated in a non-

enzymatic manner [154, 155], some acetylation sites of mitochondrial proteins might not have 

regulatory functions.  

Taken together, these findings show that lysine acetylation is intimately linked to energy 

metabolism and stress responses in mitochondria. The mitochondrial sirtuins SIRT3, SIRT4 

and SIRT5, requiring NAD
+
 for deacetylation, are potential energy and stress sensors and 

seem to contribute to coordination and regulation of mitochondrial energy homeostasis. Thus, 

identification of further sirtuin substrates as well as mitochondrial acetyltransferase will be 

crucial for a comprehensive understanding of the functional importance of protein lysine 

acetylation in mitochondria.  

 

1.7 Open questions and objective of this PhD thesis 

 

Sirtuin research has created an exciting field and revealed intriguing connections between 

protein acetylation and regulation of metabolic pathways, stress responses and life span [20]. 

The mammalian sirtuin protein family comprises seven members and is very complex. Three 

sirtuins, SIRT3, SIRT4 and SIRT5 are localized to mitochondria and are highly expressed in 

major metabolic tissues [51]. Although these proteins might function as important energy 

sensors, which couple metabolic pathways to nutrient availability, only few studies have 

investigated their biological functions so far.  

The mitochondrion is the major organelle for ATP production, generation of ROS and 

apoptotic signaling events [144]. Dysfunction of mitochondrial metabolism has been 

associated to many age-related diseases such as diabetes, neurodegenerative disorders, 

cardiovascular diseases and cancer [145]. Interestingly, SIRT4 has been shown to negatively 

regulate insulin secretion and might be associated to the pathogenesis of diabetes [25, 26]. 
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Therefore, SIRT4 itself, but also factors regulated by SIRT4, might be novel therapeutic 

targets in treatment of diabetes.  

Only one SIRT4 substrate, glutamate dehydrogenase (GDH), has been identified so far. Many 

important questions regarding its biological function still need to be answered: Which other 

factors are substrates of SIRT4? Does SIRT4 regulate their activity in response to nutrient 

deprivation or stress? Is SIRT4 a regulator of energy homeostasis, which coordinates 

mitochondrial metabolism and adaption to metabolic stress in different tissues?  

Reversible mitochondrial protein acetylation might switch metabolic pathways in response to 

changing nutrient levels. Until now, SIRT4 is the only mammalian sirtuin where no other 

activity than ADP-ribosylation has been detected, raising the question whether SIRT4 has 

protein deacetylase activity. Because of its high sequence conservation to the other 

mammalian sirtuins, it is very likely that SIRT4 also possesses NAD
+
-dependent protein 

deacetylase activity. However, the proof of this might be challenging, as SIRT4 seems to 

exhibit very strict substrate specificity.  

Although analysis of SIR-2 proteins in lower eukaryotes has provided key insights into the 

biological function of mammalian sirtuins, the knowledge of sirtuins in the simple 

multicellular organism C. elegans is very limited and has been focused primarily on the 

variant sir-2.1, neglecting the other three variants (sir-2.2 to sir-2.3). As discussed in section 

1.4, C. elegans provides a less complex and powerful model system to analyze the biology of 

sirtuins on an organismal level. Interestingly, C. elegans SIR-2.2 and SIR-2.3 are most 

homologous to SIRT4 and there are no other SIR-2 proteins that share highest sequence 

homology to SIRT3 or SIRT5. Currently, it is not known whether SIR-2.2 and SIR-2.3 are 

mitochondrial proteins and several additional questions remain: Are SIR-2.2 and SIR-2.3 

NAD
+
-dependent protein deacetylases? Do they function in regulation of energy metabolism 

and stress responses? Are these functions conserved for mammalian SIRT4? 

Based on these questions the aim of my PhD thesis was to characterize the expression and 

localization of C. elegans SIR-2.2 and SIR-2.3. A further goal was to elucidate their role in 

regulation of metabolism and stress responses. This included the identification of novel 

interaction partners, which were also relevant for the analysis of the enzymatic activities of 

SIR-2.2 and SIR-2.3. Moreover, I investigated whether my findings are conserved from C. 

elegans to human in order to contribute to a better understanding of the biological function 

and enzymatic activity of mammalian SIRT4.  
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2 Material and Methods 

2.1 Material and Reagents 

2.1.1 Laboratory equipment 

Generally used laboratory equipment is summarized in Table 2-1. 

 

Table 2-1: Generally used laboratory equipment. 

Equipment Manufacturer Equipment Manufacturer 

ÄKTA Explorer FPLC 

System 

GE Healthcare, 

Buckinghamshire (UK) 

Multitron shaker HT Infors, 

Braunschweig 

Balances Mettler-Toledo, Giessen Nanodrop® ND-1000 Peqlab, Erlangen 

Bioruptor
TM

 Diogenode, Liege 

(Belgium) 

NuPAGE® Pre-cast 

system 

Invitrogen, Karlsruhe 

Branson Digital Sonifier Heinemann Ultraschall- 

und Labortechnik, 

Schwaebisch Gmuend 

Olympus IX70 Olympus, Hamburg 

Cary 100 UV-Vis 

Spectrophotometer 

Varian, Palo Alto (USA) Olympus SZX10 Olympus, Hamburg 

Centrifuges 

5415R/5810R 

Eppendorf, Hamburg PCR machine Eppendorf 

Mastercycler 

epgradientS 

Eppendorf, Hamburg 

ECLIPSE Ti-E, inverted 

research microscope 

Nikon, Kingston (UK) pH meter Mettler-Toledo, Giessen 

EmulsiFlex-C5 High 

Pressure Homogenizer 

Avestin, Ottawa 

(Canada) 

PlateChameleon Hidex, Turku (Finland) 

Eppendorf Transjector 

5246 

Eppendorf, Hamburg Potter S B. Braun Biotech 

International GmbH, 

Melsungen 

Eppendorf TransferMan 

NK2 

Eppendorf, Hamburg Power Supply  

Power Pac Universal 

Biorad, München 

Freezer -20°C Liebherr, Bulle 

(Switzerland) 

Scanner  

Perfection V750 PRO 

Epson 

Freezer -80°C Thermo Scientific, 

Braunschweig 

Sorvall Evolution RC Thermo Scientific, 

Braunschweig 

Here Safe sterile hood Heraeus, Hanau Stratalinker
®
 UV 

crosslinker 2400 

Stratagene, La Jolla 

(USA) 

Hereaus Kelvitron 

Incubator 

Thermo Scientific, 

Braunschweig 

Stuart Gyrorocker SSL3 Sigma, Steinheim 

Kodak X OMAT 2000 

processor 

Caresream Health, New 

York 

Sub-Cell-GT Agarose 

gel electrophoresis 

Biorad, München 

Leica TCS SP5 Leica, Wetzlar Thermomixer comfort Eppendorf, Hamburg 

Liquid Scintillation 

Analyzer Tri-Carb 

3110TR 

PerkinElmer, Waltham 

(USA) 

UV Transilluminator Biorad, München 

Mini-Protean 3 Cells Biorad, München Vortex Genie 2 Scientific Industries, 

New York (USA) 

MiniTrans-Blot Biorad, München Waterbath TW12 Julabo, Seelbach 
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2.1.2 Chemicals 

Chemicals generally used for buffers and media are listed in Table 2-2. 

 

Table 2-2: Generally used chemicals. 

Chemical Manufacturer Chemical Manufacturer 
Acetic acid Merck, Mannheim D-Mannitol Sigma, Steinheim 

Adenosine 5’-triphosphate 

(ATP) 

Sigma, Steinheim 2-Mercaptoethanol Sigma, Steinheim 

Acetyl Coenzyme A Roche, Mannheim Methanol Sigma, Steinheim 
Acrylamide / Bisacrylamide 

(37.5:1) 

Merck, Mannheim D/L-Methionine Sigma, Steinheim 

Agar Roth, Karlsruhe Milk powder Regilait, Saint-Martin-

Belle-Roche (France) 
Agarose Serva, Heidelberg β-Nicotinamide Adenine 

Dinucleotide, (β-NAD
+
) 

Sigma, Steinheim 

Albumin, bovine (BSA) New England Biolabs, 

Ibswich 
β-Nicotinamide Adenine 

Dinucleotide, reduced 

form (β-NADH) 

Sigma, Steinheim 

Ammonium chloride 

(NH4Cl) 

Merck, Mannheim Nickel chloride (NiCl2) Riedel-de Haën, Seelze 

Ammonium persulfate 

(APS) 

AppliChem GmbH, 

Darmstadt 

Nonidet P-40 (NP-40) Roche, Mannheim 

Ampicillin AppliChem GmbH, 

Darmstadt 
Paraquat 

(Methylviologen-

dichloride hydrat) 

Sigma, Steinheim 

Bovine growth serum (BGS) Sigma, Steinheim Penicillin Streptomycin 

100x 

Gibco, München 

Bovine Serum Albumin 

(BSA) 

Sigma, Steinheim Peptone Roth, Karlsruhe 

Bromophenol blue Serva, Heidelberg Phenol/Chloroform/ 

Isoamylalcohol 

Roth, Karlsruhe 

Calcium chloride (CaCl2) Roth, Karlsruhe Phenymethylsulfonyl 

fluorid (PMSF) 

Serva, Heidelberg 

Chloramphenicol Amresco, Solon (USA) Ponceau S Sigma, Steinheim 
Chloroform Merck, Mannheim Potassium bicarbonate Sigma, Steinheim 

Cobalt chloride (CoCl2) Riedel-de Haën, Seelze Potassium chloride (KCl) Roth, Karlsruhe 
Coomassie brilliant blue BIO-RAD, München Potassium dihydrogen 

phosphate (KH2PO4) 

Roth, Karlsruhe 

Copper chloride (CuCl2) Merck, Mannheim Potassium 

monohydrogen 

phosphate (K2HPO4) 

Merck, Mannheim 

Dimethylsulfoxid (DMSO) Sigma, Steinheim Protease inhibitor 

(Complete EDTA-free) 

Roche, Mannheim 

1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine 

perchlorate (DiI; DiIC18(3)) 

 

Molecular Probes
®
, 

Invitrogen, Karlsruhe 

Sodium acetate Roth, Karlsruhe 

DL-Dithiothreitol (DTT) Alexis Biochemicals Sodium azide (NaN3) Alfar Aesar, Karlsruhe 
dNTPs Invitrogen, Karlsruhe [

14
C] Sodium 

Bicarbonate (specific 

activity of 52 mCi/mmol, 

1 mCi) 

 

PerkinElmer, Waltham 

(USA) 
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Ethanol Merck, Mannheim Sodium chloride (NaCl) Merck, Mannheim, 
Ethidium bromide Roth, Karlsruhe Sodium dihydrogen 

phosphate (NaH2PO4) 

Merck, Mannheim 

Ethylenediaminetetraacetate 

(EDTA) 

Roth, Karlsruhe Sodium dodecyl sulfate 

(SDS) 

VWR, Poole 

Ethylene glycol tetraacetic 

acid (EGTA) 

Roth, Karlsruhe Sodium hydroxide Merck, Mannheim 

Glucose Merck, Mannheim Sodium monohydrogen 

phosphate (Na2HPO4) 

Merck, Mannheim 

Glycerol Merck, Mannheim Sodium pyruvic acid Sigma, Steinheim 

Glycine Merck, Mannheim   

Halocarbon oil 700 Sigma, Steinheim Sodium sulfate (Na2SO4) Merck, Mannheim 

Hydrochloric acid (HCl) Merck, Mannheim Sucrose Serva, Heidelberg 

4-(2-Hydroxyethyl)-1- 

piperazineethanesulfonic 

acid (HEPES) 

VWR, Poole Tetramethyl 

ethylendiamine 

(TEMED) 

Sigma, Steinheim 

Iron chloride (FeCl3) Roth, Karlsruhe Trichostatin A Cell Signaling (NEB, 

Ibswich, USA) 

Isopropyl β-D-

thiogalactopyranoside 

(IPTG) 

AppliChem GmbH, 

Darmstadt 

Triethanolamine VWR, Poole 

L-Glutamine 100x Gibco, München Tris (hydroxymethyl) 

amino ethane (Tris) 

Roth, Karlsruhe 

Lumasafe
TM 

Plus Lumac, Groningen 

(Netherlands) 

Triton X-100 Merck, Mannheim 

Isoamylalcohol Sigma, Steinheim Trypsin solution Gibco, München 

-Lactose Roth, Karlsruhe Tween 20 Sigma, Steinheim 
Magnesium chloride 

(MgCl2) 

Merck, Mannheim Urea Merck, Mannheim 

Magnesium sulfate (MgSO4) Roth, Karlsruhe Yeast extract MOBIO, Hamburg 

Manganese chloride (MnCl2) Roth, Karlsruhe Zinc sulfate (ZnSO4) AppliChem GmbH, 

Darmstadt 

 

2.1.3 Kits 

Generally used kits are listed in Table 2-3. 

 

Table 2-3: Generally used kits. 

Kits Supplier 

Coomassie Plus (Bradford) Protein Assay  Thermo Fisher Scientific, Rockford (USA) 

CalPhos
TM

 Mammalian Transfection Kit  Clontech, Mountain View (USA) 

MEGAscript
®
 T7 Kit Ambion, Wiesbaden 

Micro BSA Protein Assay Kit Thermo Fisher Scientific, Rockford (USA) 

NucleoBond
®
 Xtra Midi Macherey & Nagel, Dueren 

NucleoBond
®
 Plasmid Macherey & Nagel, Dueren 

SuperScript
TM

 III First-Strand Synthesis System for 

RT-PCR 

Invitrogen, Karlsruhe 

Zymoclean
TM

 DNA Clean & Concentrator
TM

-5 Zymo Research, Orange (USA) 

Zymoclean
TM

 Gel DNA Recovery Kit  Zymo Research, Orange (USA) 
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2.1.4 Consumables and reagents 

Generally used consumables and reagents are listed in Table 2-4. 
 

Table 2-4: Generally used consumables and reagents. 

Consumables / Others Supplier 

9 cm, 6 cm, 3.5 cm Petri dish Greiner, Solingen 

1 kb Plus DNA Ladder Invitrogen, Karlsruhe 

Amersham Hyperfilm ECL (18 x 24 cm) GE Healthcare, Buckinghamshire (UK) 

Amicon Ultra-15 Centrifugal Filter Units Millipore, Billerica (USA) 

Amylose Resin New England Biolabs, Ibswich (USA) 

Anti-FLAG
®
 M2 affinity gel Sigma, Steinheim 

Cryotubes Greiner, Solingen 

DMEM GlutaMAXII [-Pyruvate] Gibco, München 

Dynabeads
®
 M280 sheep anti mouse IgG Invitrogen, Karlsruhe 

ECL plus
TM 

Western Blotting Detection Reagent GE Healthcare, Buckinghamshire (UK) 

Femtotip
®
II Eppendorf, Hamburg 

GFP-Trap
®
-A Chromotek, Planegg-Martinsried 

jetPEI
TM

 Transfection Reagent Polyplus-transfection SA, Illkirch (France) 

Microloader Eppendorf, Hamburg 

Mono Q
TM

 5/50 GL GE Healthcare, Buckinghamshire (UK) 

Ni-NTA resin Qiagen, Hilden 

Nitrocellulose membrane GE Healthcare, Buckinghamshire (UK) 

Phase Lock Gel
TM

 (2 ml, heavy)  Eppendorf, Hamburg 

Pierce
®
 Avidin Agarose Resin Thermo Fisher Scientific, Rockford (USA) 

Protein G Sepharose
TM

 4 Fast Flow GE Healthcare, Buckinghamshire 

Complete, EDTA-free, Protease Inhibitor Cocktail 

tablets 

Roche, Mannheim 

SeeBlue
®
 Plus2 Pre-Stained protein standard  Invitrogen, Karlsruhe 

Superdex 200 10/30 GL GE Healthcare, Buckinghamshire (UK) 

TRIzol
®
 Reagent Invitrogen, Karlsruhe 

 

2.1.5 Enzymes 

Generally used enzymes are listed in Table 2-5. 
 

Table 2-5: Generally used enzymes. 

Enzyme Supplier 

Antarctic phosphatase New England Biolabs (NEB), Ibswich (USA) 

BamHI, BglII, EcoRI, KpnI, MluI, NdeI, NotI, PstI, XhoI New England Biolabs (NEB), Ibswich (USA) 

DNaseI New England Biolabs (NEB), Ibswich (USA) 

DpnI New England Biolabs (NEB), Ibswich (USA) 

Expand High Fidelity DNA polymerase mix Roche, Mannheim 

Malate Dehydrogenase (EC 1.1.1.37), porcine heart mitochondria Serva, Heidelberg 

Micrococcal nuclease (MNase)  Calbiochem
®
, Merck, Darmstadt 

PfuUltra
TM

 II Fusion HS DNA Polymerase  Stratagene, La Jolla (USA) 

Pfu DNA polymerase Fermentas, St. Leon-Rot 

Proteinase K Invitrogen, Karlsruhe 

Pyruvate Carboxylase (EC 6.4.1.1), bovine liver Sigma, Steinheim 

T4 DNA Ligase New England Biolabs (NEB), Ibswich (USA) 

Taq DNA Polymerase (recombinant), LC Fermentas, St. Leon-Rot 
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2.1.6 Antibodies 

Used antibodies for Western blotting and immunoprecipitation are listed in Table 2-6. 

 

Table 2-6: Generally used antibodies. 

Name Host Manufacturer, catalog 

number 

Application Dilution for 

WB 

Primary antibodies:     

anti-acetylated-Lysine rabbit, polyclonal Cell signaling, #9441 WB 1:1000 

anti-acetylated-Lysine mouse, monoclonal Cell signaling, #9681  1:1000 

   WB  

anti-ATP synthase 

(Complex V) subunit 

alpha 

mouse, monoclonal Mitosciences, MS507   

anti-Complex I subunit 

NDUFS3 (C. elegans 

NUO-2) 

mouse monoclonal Mitosciences, MS112 WB 1:1000 

anti-cytochrome c mouse, monoclonal Mitosciences, MSA06 WB 1:1000 

anti-Flag M2 mouse, monoclonal Sigma, F3165 WB, IP 1:1000 

anti-GFP mouse monoclonal 

(clones 7.1 and 13.1) 

Roche, 11814460001 WB, IP 1:1000 

anti-H3 rabbit, polyclonal Abcam, ab1791 WB 1:30000 

anti-Myc mouse monoclonal 

(clone 4A6) 

Millipore, Temecula 

(USA) 

WB, IP 1:1000 

anti-SIR-2.2   WB, IP  

     

Secondary antibodies:     

anti-mouse-HRP goat, polyclonal DakoCytomation, P0447 WB 1:5000 

anti-rabbit-HRP swine, polyclonal DakoCytomation, P0399 WB 1:5000 

WB: Western blotting; IP: immunoprecipitation 

2.1.7 Peptides 

Peptides used as substrates for deacetylase activity assays are listed in Table 2-7. 

 

Table 2-7: Peptides used for deacetylase activity assays. 

Name Peptide Amino acid sequence Acetylated 

lysine 

Supplier 

MPIG-47 Human PC 

(265-280) 

CSIQRRHQK273(ac)VVEIAPA-CONH2 K273ac Charite-Universitäts-

medizin Berlin 

MPIG-48 Human PC 

(733-749) 

AGTHILCIK741(ac)DMAGLLKP-CONH2 K741ac Charite-Universitäts-

medizin Berlin 

H3K9ac H3 (1-20C) ARTKQTARK9(ac)STGGKAPRKQLC K9ac Baylor 

H3K14ac H3 (1-20C) ARTKQTARKSTGGK14(ac)APRKQLC K14ac Baylor 

 

2.1.8 Oligonucleotides 

Primer sequences were designed using the DNASTAR Lasergene 7 program and purchased 

from Invitrogen (Karlsruhe) or MWG (Ebersberg). The oligonucleotide sequences are 

described in the corresponding method sections (2.2.8, 2.4.5, 2.4.12) (underlined sequences 

indicate restriction sites, mutated nucleotides are lowercased). 
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2.1.9 Plasmids  

Vectors used for cloning are listed in Table 2-8. 

 

Table 2-8: Generally used plasmids. 

Name Type Promoter Selection Tags Source 

pCDNA3.1(+)-

FLFL-HAHA-C 

mammalian 

expression 

vector 

T7/CMV Ampicillin Double FLAG 

and double HA-

tag N-terminal 

[156], Chromatin 

Biochemistry group, Dr. 

W. Fischle, Max Planck 

Institute for Biophysical 

Chemistry, Göttingen 

pCDNA3.1(+)-

FLFL-HAHA-C 

mammalian 

expression 

vector 

T7/CMV Ampicillin Double FLAG 

and double HA-

tag C-terminal 

[156] 

pET11a bacterial 

expression 

vector 

T7 Ampicillin - New England Biolabs 

(NEB), Ibswich (USA) 

pEU3-NII-

StrepII 

Cell-free protein 

synthesis 

T7 Ampicillin C-terminal 

StrepII-tag 

Department of Cellular 

Biochemistry, Prof. R. 

Luehrmann, Max Planck 

Institute for Biophysical 

Chemistry, Göttingen  

pEGFP-N1 Mammalian 

expression 

vector 

CMV Kanamycin C-terminal 

EGFP-tag 

Clontech, Mountain 

View (USA) 

pPD115.62 

(L3570) 

worm 

expression 

myo-3 Ampicillin C-terminal 

GFP-tag,  

(unc-54 3’UTR) 

Andrew Fire, Stanford 

School of Medicine 

(USA) 

L4440 

(pPD129.36) 

 

Worm 

expression, 

RNAi 

T7 Ampicillin - Andrew Fire, Stanford 

School of Medicine 

(USA) 

 

The following plasmids were provided by other group members or collaborators: 

 

The plasmid pRF4 [157] used as selection marker for microinjection of C. elegans as well as 

the cosmid F46G10 (F46G10.7 and F46G10.3), originally generated by the Wellcome Trust 

Sanger Institute (Cambridge, UK), were kindly provided by Dr. Monika Jedrusik-Bode (Max 

Planck Institute for Biophysical Chemistry, Göttingen). Szabolcs Soeroes and Nora Köster-

Eiserfunke (Max Planck Institute for Biophysical Chemistry, Göttingen) kindly provided the 

plasmids pEU3-NII-Strep and pcDNA3.1(+)-FLFL-HAHA, respectively, containing both the 

cDNA of HP1ß. Mammalian expression plasmids pcDNA3.1 encoding human SIRT3, SIRT4, 

SIRT5, and CDYL1c with a C-terminal Myc-HIS-tag were kindly provided by the laboratory 

of Prof. Eric Verdin (Gladstone Institute of Virology and Immunology, University of 

California, San Francisco, USA) and Henriette Franz (Max Planck Institute for Biophysical 

Chemistry, Göttingen).  
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2.1.10 Bacterial Strains 

Table 2-9 summarizes all bacterial strains used for cloning, expression of recombinant protein 

or as food source for C. elegans.  

 

Table 2-9: Generally used bacterial strains.  

Strain Genotype/description Application Source 

DH5a E. coli F- f80lacZDM15 D(lacZYA-argF) 

U169 deoR recA1 endA1 hsdR17(rk
-
, mk

+
) 

phoAsupE44 l
-
thi-1 gyrA96 relA1 

plasmid 

amplification; 

cloning 

Invitrogen, 

Karlsruhe 

BL21-CodonPlus 

(DE3)-RIL 

E. coli B F– ompT hsdS(rB
–
 mB

–
) dcm+ Tet

r
 

gal l (DE3) endA Hte [argU ileY leuW Cam
r
] 

protein expression Stratagene, La 

Jolla (USA) 

OP50-1 Uracil auxotroph. E. coli B, streptomycin 

resistant, useful for growing C. elegans in 

bulk 

C. elegans food CGC 

(Caenorhabditis 

Genetics Center, 

University of 

Minnesota, USA) 

HB101 E. coli [supE44 hsdS20(rB-mB-) recA13 ara-

14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1]. 

Contains a mutation (rpsL20) in a ribosomal 

subunit gene that confers streptomycin 

resistance 

C. elegans food CGC 

(Caenorhabditis 

Genetics Center, 

University of 

Minnesota, USA) 

HT115(DE3) E. coli F-, mcrA, mcrB, IN(rrnD-rrnE)1, 

rnc14::Tn10(DE3 lysogen: lavUV5 promoter -

T7 polymerase) (IPTG-inducible T7 

polymerase) (RNAse III minus), tetracycline 

resistant 

RNAi feeding CGC 

(Caenorhabditis 

Genetics Center, 

University of 

Minnesota, USA) 

 

2.1.11 C. elegans strains 

C. elegans strains I generated in this study (MAJ13 to MAJ16) or obtained from different 

sources are listed in Table 2-10. 

 

Table 2-10: C. elegans strains used in this study. 

Strain Genotype Source/CGC lab designation Reference 

N2 wild-type Hodkin J, Oxford University, Oxford (UK); 

distributed by the CGC 
[158] 

VC199 sir-2.1(ok434)IV C. elegans Gene Knockout Project (OMRF), 

Robert Barstead (RB), Oklahoma Medical 

Research Foundation, Oklahoma City, USA) 

 

MAJ11 sir-2.2(tm2648)X National BioResource Project NBRP, Mitani  

MAJ12 sir-2.2(tm2673)X National BioResource Project NBRP, Mitani  

RB654 sir-2.3(ok444)X C. elegans Gene Knockout Project (OMRF), 

Robert Barstead (RB), Oklahoma Medical 

Research Foundation, Oklahoma City, USA) 

 

BC14289 sEX14289[sir-2.2pr::gfp],  

transcriptional fusion 

David Baillie (BC), Simon Fraser University, 

Vancouver, Canada 

[159, 160] 

BC15074 sEX15074[sir-2.2pr::gfp], 

transcriptional fusion 

David Baillie (BC), Simon Fraser University, 

Vancouver, Canada 

[159-161] 

HT822 lpIs[sir-2.1pr::sir-2.1::gfp  

rol-6(su1006)], translational fusion 

Heidi Tissenbaum (HT), Univ. of Massa-

chusetts Medical School, Worcester, USA 

[122] 

MAJ13 mpgIs13[sir-2.2pr::sir-2.2::strep::gfp 

rol-6(su1006)], translational fusion 

Monika Jedrusik-Bode (MAJ), MPI for 

Biophysical Chemistry, Göttingen 

 



2 Materials and Methods 

 

27 

Strain Genotype Source Reference 

MAJ14 mpgIs14[sir-2.3pr::sir-2.3::ha::gfp 

rol-6(su1006)], translational fusion 

Monika Jedrusik-Bode (MAJ), MPI for 

Biophysical Chemistry, Göttingen 

 

MAJ15 mpgEx15[sir-2.4pr::sir-2.3::ha::gfp 

 rol-6(su1006)], translational fusion 

Monika Jedrusik-Bode (MAJ), MPI for 

Biophysical Chemistry, Göttingen 

 

MAJ16 mpgIs13[sir-2.2pr::sir-2.2::strep::gfp 

rol-6(su1006)]; mpgEx16 

[sir-2.3pr::sir-2.3::ha::mcherry],  

translational fusion 

Monika Jedrusik-Bode (MAJ), MPI for 

Biophysical Chemistry, Göttingen 

 

SJ4103 zcls14[myo-3pr::gfp(mit)],  

transcriptional fusion, mitochondrial 

GFP expression 

David Ron (SJ), Skirball Institute, New York, 

USA 

[162] 

SJ4143 zcls17[ges-1pr::gfp(mit)],  

transcriptional fusion, mitochondrial 

GFP expression 

David Ron (SJ), Skirball Institute, New York, 

USA 

[162] 

 

Sequence context specifying the localization of the different deletion mutations is 

summarized in Table 2-11. Flanking sequences are reported on the plus strand.  

 

Table 2-11: Molecular details for genotyping. 

Genotype Molecular details (taken from wormbase) 

sir-2.1(ok434)IV ...gcagaaatctgaagaaaaaa --[768 bp deletion] tttttgtccacaacgtgtac... – wild type 

...gcagaaatctgaagaaaaaaTT-------------------  tttttgtccacaacgtgtac... – ok434 

sir-2.2(tm2648)X ...atataaaatttcaaaacaata [419 bp deletion] catatttggatttaaaaaaaa... – wild type 

...atataaaatttcaaaacaata --------------------  catatttggatttaaaaaaaa... – tm2648 

sir-2.2(tm2673)X ...ctagctgagccttcaaaaaat [548 bp deletion] tcttcctaattgataatgttt... – wild type 

...ctagctgagccttcaaaaaat --------------------  tcttcctaattgataatgttt... – tm2673 

sir-2.3(ok444)X ...taaaatgcacatcatgtgaat [839 bp deletion] gcaaaacaaaccaattttcat... – wild type 

...taaaatgcacatcatgtgaat --------------------  gcaaaacaaaccaattttcat... – ok444 

 

2.1.12 Cell lines 

Cell lines used for protein expression are listed in Table 2-12. 

 

Table 2-12: Cell lines used in this study. 

Cell line Origin Organism Medium Source 

HEK293 Embryonic Kidney human DMEM ATCC 

HEK293T Embryonic Kidney human DMEM ATCC 

 

2.2 Molecular biological methods 

2.2.1 Plasmid DNA preparation 

DH5α bacteria transformed with the plasmid of interest were grown in 5 ml or 100 ml LB 

medium (1% (w/v) peptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) at 37°C overnight. 

Plasmid DNA was isolated using either the NucleoBond® Plasmid or NucleoBond® Xtra 

Midi (Macherey & Nagel, Dueren) according to manufacturer’s description. The plasmid 

DNA concentration was determined photometrically with the NanoDrop
® 

ND-1000 at 260 

nm.  
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2.2.2 DNA digestion with restriction endonucleases 

PCR products and plasmids were digested with restriction endonucleases (New England 

Biolabs (NEB), Frankfurt am Main) according to NEB protocols [163]. 

2.2.3 Polymerase chain reaction (PCR) 

Specific DNA sequences were amplified by PCR based on standard protocols [164]. A 50 µl 

reaction mix contained 50 ng of template DNA, 500 nM of each primer, 300 µM of each 

dNTP (Roche, Mannheim), 1 unit PfuUltra
TM

 II Fusion HS DNA Polymerase (Stratagene, 

Agilent Technologies, Waldbronn), 1x reaction buffer (provided by the manufacturer) and 2 

µl DMSO. PCR reactions were performed in the Mastercycler ep gradient S (Eppendorf) 

using the following program: 5 min at 94°C; [1 min at 94°C, 1min at 55°C, 1 min/kb at 72°C] 

8x; [30 sec at 94°C, 30 sec at 60°C, 1 min/kb at 72°C] 22x; 10 min at 72°C. 

2.2.4 Site-directed mutagenesis 

For site-directed mutagenesis the primers were designed according to the “Quick Change 

Site-directed mutagenesis” protocol (Stratagene). Briefly, the length of the two 

complementary primers was 25-45 bp and the mutated nucleotides were located in the middle 

of the primers with 10-15 bp of correct sequence on both sides. The template plasmid was 

amplified with PfuUltra
TM

 II Fusion HS DNA Polymerase (Stratagene) as described in (2.2.3) 

or with Pfu DNA Polymerase (Fermentas), using the following reaction conditions and 

thermocycler program: 1x buffer w/o MgSO4 (provided by the manufacturer), 3 mM MgSO4, 

200 nM of each primer, 300 µM of each dNTP (Roche, Mannheim), 200 ng template DNA, 1 

µl Pfu DNA Polymerase in a total volume of 50 µl. 3 min at 95°C; [30 sec at 95°C, 45 sec at 

65°C, 2 min/kb at 72°C] 19x; 20 min at 72°C. If two sites were mutated, both primer pairs 

were included in the PCR reaction. 

The obtained PCR product was separated by agarose gel electrophoresis, purified from the gel 

(2.2.5) and digested with DpnI (NEB) according to manufacturer’s instructions [163]. After 

transformation into DH5α the DNA was isolated (2.2.1) and sequenced by MWG (Ebersberg) 

or Seqlab (Göttingen). 

2.2.5 Separation and isolation of DNA fragments 

Agarose gel electrophoresis was used to separate DNA fragments according to their size 

[164]. To load the DNA solution into the gel pockets, 10x loading dye (10 mM EDTA, 30% 

(w/v) glycerol, 100 µg/ml bromphenol blue) was added and the DNA samples were separated 

in 0.7% to 2% agarose gels (0.7% (w/v) agarose, 89 mM Tris, 89 mM boric acid, 2 mM 

EDTA, 0.01% (v/v) ethidium bromide, pH 8.0) and TBE buffer (89 mM Tris, 89 mM boric 

acid, 2 mM EDTA), using the Sub-Cell-GT Agarose gel electrophoresis system (Biorad, 

München) at a setting of 120 V for 30 min. The DNA was visualized with UV light (320 nm) 

and the sizes of the DNA fragments were determined by comparing with the bands of the 1 kb 

Plus DNA ladder (Invitrogen). DNA bands of interest were cut out of the gel and purified 

from the agarose gel with the Zymoclean
TM

 Gel DNA Recovery Kit (Zymo Research) 

according to the manufacturer’s protocol.  

The DNA Clean & Concentrator
TM

-5 Kit (Zymo Research) or phenol/chloroform extraction 

was used as well to isolate and purify DNA samples. Phenol/chloroform extraction was 
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performed in Phase Lock Gel
TM

 (2 ml, heavy) tubes (Eppendorf, Hamburg). Briefly, samples 

were mixed with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) and 

centrifuged at 14000 rpm for 5 min. The upper aqueous phase containing the DNA was then 

mixed with an equal volume of chloroform:isoamyl alcohol (24:1), centrifuged again and then 

transferred to new tube. 

If necessary, DNA was further purified or concentrated by ethanol precipitation. 1/10 volume 

of 3 M sodium acetate pH 5.2 and a 2.5-fold volume of ethanol were mixed with the DNA 

sample and incubated for 1 h to overnight at -20°C. After centrifugation at 16000 x g, 30 min 

at 4°C) the DNA pellet was washed once with 75% ethanol, air dried and then resolved in 20-

50 µl of sterile H2O. 

2.2.6 Transformation of plasmids into chemically competent bacteria 

Plasmid DNA was transformed into chemically competent DH5α or BL21-

CodonPlus®(De3)-(RIL) bacteria via heat shock treatment [164]. A 50 μl aliquot of bacteria 

was thawed on ice, DNA was added and the sample was incubated on ice for further 20 min. 

After heat shock treatment at 42°C for 1 min the sample was put immediately on ice for 2 

min. Next, 500 µl of SOC medium (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose) was added and the mixture was 

incubated at 37°C for 60 min with shaking. Bacteria were pellet by centrifugation at 1500 x g 

for 2 min and then spread on a LB-agar plate (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 

1% (w/v) NaCl, 1% (w/v) agar), containing the required antibiotic (100 µg/ml ampicillin or 

50 µg/ml kanamycin). The bacterial growth plate was incubated at 37°C overnight. A single 

colony was picked to inoculate growth media.  

2.2.7 General cloning procedure 

For cloning of cDNA or genomic DNA fragments into target vectors [164] the DNA sequence 

was amplified by PCR (2.2.3) with primers described in Section 2.2.8. The amplified DNA 

was purified from an agarose gel (2.2.4) and digested with the same restriction endonucleases 

used for the target vector. After restriction digest the DNA fragments were separated by 

agarose gel electrophoresis and purified by gel extraction (2.2.4). The vector sequence was 

dephosphorylated with Antarctic phosphatase [163]. Ligation was performed in a total 

reaction volume of 20 µl containing 100 ng vector, 3- to 8-fold molar excess of insert DNA, 1 

µl of T4 DNA ligase (NEB) and 1x reaction buffer (provided by the manufacturer). After 

incubation at RT for 2 h or 15°C overnight 10 µl of the reaction were transformed into DH5α 

(2.2.6), plated on agar plates with the corresponding antibiotic and incubated at 37°C 

overnight. Single colonies were picked and grown in 5 ml LB medium (containing the 

antibiotic corresponding to the used cloning vector) at 37°C overnight. 500 ng of plasmid 

DNA purified from these cultures (2.2.1) was digested with the restriction enzymes used for 

cloning and separated by agarose gel electrophoresis. Plasmids exhibiting the correct insert 

sizes were sequenced by MWG (Ebersberg) or Seqlab (Göttingen). 
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2.2.8 Summary of cloned plasmid constructs 

2.2.8.1 pET11a based expression vector construct  

To generate a SIR-2.2-specific antibody directed against the whole protein, the cDNA 

sequence of SIR-2.2 was cloned into the bacterial expression vector pET11a using NdeI and 

BamHI restriction sites. The sequence of SIR-2.2 was amplified by PCR (2.2.3) using cDNA 

isolated from wild type N2 worms (2.4.9) as template.  

 

The following primers were used: 

 
MJ75_sir-2.2cDNA_pet11a_for_NdeI: GGAATTCCATATGATGGCTCAAAAGTTTGTACCGG 

MJ76_sir-2.2cDNA_pet11a_rev_BamHI: CGGGATCCCTACATTTCTTTTAAAACGTCAGAG 

 

2.2.8.2 pEU3-NII-StrepII based expression vector constructs 

The cDNA of SIR-2.1, SIR-2.2, SIR-2.3 and SIR-2.4 was cloned into the pEU3-NII-StrepII 

vector for recombinant protein expression using wheat germ extract, a cell-free in vitro 

transcription and translation system [165]. The construct containing the cDNA of HP1β was 

kindly provided by Szabolcs Sörös (Max Planck Institute for Biophysical Chemistry, 

Göttingen).  

 

The following primers were used: 

  
MW09_sir-2.1cDNA_for_XhoI: CCGCTCGAGATGTCACGTGATAGTGGCAACG 

MW10_sir-2.1cDNA_rev_NotI: ATAAGAATGCGGCCGCGATACGCATTTCTTCACACAAATGC 

 

MJ130_sir-2.2cDNA_for_XhoI:  CCGCTCGAGATGGCTCAAAAGTTTGTACCG 

MJ131_sir-2.2cDNA_rev_NotI: ATAAGAATGCGGCCGCCATTTCTTTTAAAACGTCAGAG 

 

MW13_sir2.3cDNA_for_XhoI: CCGCTCGAGATGGCACGAAAGTATGTACC 

MW14_sir2.3cDNA_rev_NotI: ATAAGAATGCGGCCGCCATTTCTTTCAAAACATCCG 

 

MW11_sir2.4cDNA_for_XhoI: CCGCTCGAGATGAAATCTGCAAAATACAAAACCG 

MW12_sir2.4cDNA_rev_NotI: ATAAGAATGCGGCCGCGCTAATTTTCAATGGAATAGGCAC 

 

2.2.9 pCDNA3.1(+)-FLFL-HAHA-N mammalian expression vector based constructs 

To express C. elegans and mammalian proteins with an N-terminal FLAG-tag in mammalian 

cells cDNA sequences were cloned into the mammalian expression vector pCDNA3.1(+)-

FLFL-HAHA-N, kindly provided by Nora Köster-Eiserfunke (Max Planck Institute for 

Biophysical Chemistry, Göttingen) [156].  

The sequences of C. elegans proteins were amplified by PCR (2.2.3) using cDNA isolated 

from wild type N2 worms (2.4.9) as template. The DNA sequences of the mammalian 

proteins were obtained by PCR from cDNA of NIH3T3 cells, kindly provided by Nils Kost 

(Max Planck Institute for Biophysical Chemistry, Göttingen). Mouse SIRT5 cDNA was 

amplified from the plasmid pCAGGS-SIRT5 kindly provided by the laboratory of Leonard 

Guarente (Massachusetts Institute of Technology, Cambridge, USA).  
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The following primers were used: 

 

C. elegans SIR-2 proteins: 
MW24_sir-2.1cDNA_for_NotI: ATAAGAATGCGGCCGCATGTCACGTGATAGTGGCAACG  

MW10_sir-2.1cDNA_rev_NotI: ATAAGAATGCGGCCGCGATACGCATTTCTTCACACAAATGC 

 

MJ94_sir_2.2_cDNA_for_BamHI: CGCGGATCCATGGCTCAAAAGTTTGTACCGG 

MJ131_sir-2.2cDNA_rev_NotI: ATAAGAATGCGGCCGCCATTTCTTTTAAAACGTCAGAG 

 

MW25_sir2.3cDNA_for_NotI:  ATAAGAATGCGGCCGCATGGCACGAAAGTATGTACC   

MW14_sir2.3cDNA_rev_NotI: ATAAGAATGCGGCCGCCATTTCTTTCAAAACATCCG 

 

C. elegans ACDH-3: 
MW79_acdh-3cDNA_for_NotI: ATAAGAATGCGGCCGCATGTCTTCCTTGTCTCGGTCTC 

MW80_acdh-3cDNA_rev_NotI: ATAAGAATGCGGCCGCAGCCTTTTGTTGATATTCGATGTC 

 

C. elegans CYC-1: 
MW62_cyc-2.1cDNA_for_NotI: ATAAGAATGCGGCCGCATGTCCGATATCCCAGCTGGAG 

MW63_cyc-2.1cDNA_rev_NotI: ATAAGAATGCGGCCGCGAGGGACTTGGCGGATTCAACC 

 

C. elegans biotin carboxylases: 
MW75_mccc-1cDNA_for_NotI: ATAAGAATGCGGCCGCATGCTTGGTGTATTCCAAAAACGATGTGC 

MW76_mccc-1cDNA_rev_NotI: ATAAGAATGCGGCCGCTGCGAATTGAACCAAAACTGC 

 

MW83_pcca-1cDNA_for_NotI: ATAAGAATGCGGCCGCATGCTCCGTGCTGCATCCAG 

MW84_pcca-1cDNA_rev_NotI: ATAAGAATGCGGCCGCCTCGAGCTCAACGAGCACCTC 

 

MW121_pyc-1cDNA_for_NotI: ATAAGAATGCGGCCGCATGCGGTTCTCCCGCATCCCACC 

MW122_pyc-1cDNA_rev_NotI: ATAAGAATGCGGCCGCTGGTTCAACTTCAACTACCAAGTCTCCGG 

C 

 

Mouse biotin carboxylases: 
MW106_mMCCC1cDNA_for_NotI: ATAAGAATGCGGCCGCATGGCGGCGGCGGCGTTG 

MW107_mMCCC1cDNA_rev_NotI: ATAAGAATGCGGCCGCTTTGTCAGACTCCTCCTCCTCAAA 

TTCC 

 

MW103_mPCCA1cDNA_for_NotI: ATAAGAATGCGGCCGCATGGCGGGGCAGTGGGTCAGG 

MW104_mPCCA1cDNA_rev_NotI ATAAGAATGCGGCCGCTTCCAGCTCCACAAGCAGGTCTCC 

 
MW132_mPCcDNA_for_NotI:  ATAAGAATGCGGCCGCATGCTGAAGTTCCAAACAGTTCGA 

GG 

MW133_mPCcDNA_rev_NotI:  ATAAGAATGCGGCCGCCTCAATCTCTAGGATGAGGTCGTC 

GC 

 

Site-directed mutagenesis PCR (2.2.4) was performed to generate a SIR-2.2 construct that 

contains two point mutations in amino acid residues that are important for the enzymatic 

activity of sirtuins. The histidine (H) residue 134 and the asparagine (N) residue 117 were 

mutated to a tryrosine (Y) and alanine (A) residue, respectively, using the following primers:  

 
MW181_sir-2.2cDNA_H134Y_for: GGTAACGGAACTTtATGGCAGTGCTCTTCAAGTAAAATGT 

ACAACATG 

MW182_sir-2.2cDNA_H134Y_rev: CATTTTACTTGAAGAGCACTGCCATaAAGTTCCGTTACCAT 

TTTTGAGC 

MW183_sir-2.2cDNA_N117A_for: CCAATGGTTAATCACACAAgcCGTGGATGGGCTTCACTTA 

AAAGCGG 

MW184_sir-2.2cDNA_N117A_rev: GTGAAGCCCATCCACGgcTTGTGTGATTAACCATTGGAAT 

CTATCGG 
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2.2.10 pCDNA3.1(+)-FLFL-HAHA-C mammalian expression vector based constructs 

To map the domain mediating the interaction with mouse SIRT4 the sequences of the 

different biotin carboxylase domains were cloned with an C-terminal FLAG-tag into the 

mammalian expression vector pCDNA3.1(+)-FLFL-HAHA-C kindly provided by Nora 

Koester-Eiserfunke (Max Planck Institute for Biophysical Chemistry, Göttingen) [156].  

The following primers were used: 
 

Mouse pyruvate carboxylase: 
 

MW132_mPCcDNA_for_NotI:  ATAAGAATGCGGCCGCATGCTGAAGTTCCAAACAGTTCGA 

GG 

MW134_mPCcDNA_rev_XhoI:  GGCCGCTCGAGTCACTCAATCTCTAGGATGAGGTCGTCG 

 

MW132_mPC_BC_for_NotI:  ATAAGAATGCGGCCGCATGCTGAAGTTCCAAACAGTTCGA 

GG 

MW141_mPC_BC_rev_XhoI:  GGCCGCTCGAGTTAAACAGCAGGATCCACAGGACTGG 

 

MW142_mPC_ATP_for_NotI:  ATAAGAATGCGGCCGCGGTCCAAGCCCAGAGGTGGTCCG 

C 

MW143_mPC_ATP_rev_XhoI:  GGCCGCTCGAGTTAGTTCTCCTGCCGCAGGCCCAGG 

 

MW144_mPC-PCT_for_NotI:  ATAAGAATGCGGCCGCCCTGTGGTGCCCATAGGCCC 

MW145_mPC-PCT_rev_XhoI:  GGCCGCTCGAGTTAGTTGCCAGACTTCATGGTAGCCG 

 

MW146_mPC_BCCPL_for_NotI:  ATAAGAATGCGGCCGCTCCGACGTGTATGAGAATGAGATT 

CC 

MW134_mPCcDNA_rev_XhoI:  GGCCGCTCGAGTCACTCAATCTCTAGGATGAGGTCGTCG 

 
MW147_mPC_BCCP_for_NotI:  ATAAGAATGCGGCCGCAAGGCTTTGAAGGATGTGAAGGG 

CC 

MW134_mPCcDNA_rev_XhoI:  GGCCGCTCGAGTCACTCAATCTCTAGGATGAGGTCGTCG 

 

Mouse propionyl carboxylase α-subunit: 
 

MW103_mPCCA1cDNA_for_NotI: ATAAGAATGCGGCCGCATGGCGGGGCAGTGGGTCAGG 

MW105_mPCCA1cDNA_rev_XhoI: GGCCGCTCGAGTCATTCCAGCTCCACAAGCAGGTCTCC 

 
MW103_mPCCA1_BC_for_NotI:  ATAAGAATGCGGCCGCATGGCGGGGCAGTGGGTCAGG 

MW174_mPCCA1_BC_rev_XhoI: GGCCGCTCGAGTCACACATCAGGCCTAATAACTGGTACTC 

 

MW175_mPCCA1_Cterm_for_NotI: ATAAGAATGCGGCCGCGCTAAGTGGGAGCTCTCGGTAAA 

GTTAC 

MW105_mPCCA1_Cterm_rev_XhoI: GGCCGCTCGAGTCATTCCAGCTCCACAAGCAGGTCTCC 

 

Mouse methylcrotonyl-CoA carboxylase α-subunit:  
 

MW106_mMCCC1cDNA_for_NotI: ATAAGAATGCGGCCGCATGGCGGCGGCGGCGTTG 

MW108_mMCCC1cDNA_rev_XhoI: GGCCGCTCGAGTCATTTGTCAGACTCCTCCTCCTCAAATTC 

C 

 
MW106_mMCCC1_BC_for_NotI:  ATAAGAATGCGGCCGCATGGCGGCGGCGGCGTTG 

MW176_mMCCC1_BC_rev_XhoI: GGCCGCTCGAGTCAACTGCTGAATGAAAACGGAGAGAAT 

TGATC 

 

MW177_mMCCC1_Cterm_for_NotI: ATAAGAATGCGGCCGCGGGAGAAGACTGAATATCTCTTAC 

ACCAGG 

MW108_mMCCC1_Cterm_rev_XhoI: GGCCGCTCGAGTCATTTGTCAGACTCCTCCTCCTCAAATTC 

C 
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2.2.11 pEGFP-N1 mammalian expression vector based constructs 

To express C. elegans and mouse sirtuins with an N-terminal GFP-tag in HEK293 cells, the 

sequences were cloned into the mammalian expression vector pEGFP-N1 using the following 

primers: 

 

C. elegans SIR-2 proteins: 

 
MW09_sir-2.1cDNA_for_XhoI:  CCGCTCGAGATGTCACGTGATAGTGGCAACG 

MW131_sir-2.1cDNA_rev_KpnI:  CGGGGGTACCCCGATACGCATTTCTTCACACAAATGCG 

 

MJ130_sir-2.2cDNA_for_XhoI:  CCGCTCGAGATGGCTCAAAAGTTTGTACCG 

MW17_sir-2.2cDNA_rev_BamHI:  GGGATCCGCGCGCATTTCTTTTAAAACGTCAGAG 

 

MJ88_sir-2.3cDNA_for_XhoI:  CCGCTCGAGTGTATGGCACGAAAGTATGTACC 

MW130_sir-2.3cDNA_rev_BamHI: GGGATCCGCGCGCGATGAAAATTGGTTTGTTTTGC 

 

Mitochondrial mouse sirtuins: 

 
MW137_mSIRT3cDNA_for_XhoI: GGCCGCTCGAGATGGCGCTTGACCCTCTAGGCG 

MW156_mSIRT3cDNA_rev_KpnI: CGGGGGTACCCCTCTGTCCTGTCCATCCAGCTTGCC 

 

MW101_mSIRT4cDNA_for_XhoI: CCGCTCGAGATGAGCGGATTGACTTTCAGGCCG 

MW102_mSIRT4cDNA_rev_BamHI: GGGATCCGCGCGGGGATCTTGAGCAGCGGAACTCAG 

 

MW139_mSIRT5cDNA_for_XhoI: GGCCGCTCGAGATGCGACCTCTCCTGATTGCTCC 

MW157_mSIRT5cDNA_rev_KpnI: CGGGGGTACCCCAGAAGTCCTTTCAGTTTCATGAGGAGC 

 

2.2.11.1 L4440 based constructs 

For knockdown of SIR-2.2 and SIR-2.3 by RNAi feeding the cDNA sequences were cloned 

into the vector L4440 using the following primers: 

 
MJ39_sir-2.2cDNA_for_KpnI:  GGGGTACCCCGCCGAGCTCTGTGAAAATTCC 

MJ40_sir-2.2cDNA_rev_BglII:  GAAGATCTTTTATTAACTTCATCGTCGCCATGT 

 

MJ88_sir-2.3cDNA_for_XhoI:  CCGCTCGAGTGTATGGCACGAAAGTATGTACC 

MJ89_sir-2.3cDNA_rev_XhoI:  CCGCTCGAGCTTCATTGTTGCCATCTG 

 

2.2.11.2 pPD115.62 based constructs 

To generate transgenic C. elegans strains that express GFP-tagged (C-terminal) SIR-2.2 under 

control of the endogenous promoter, the genomic sequence of SIR-2.2 was cloned into the 

vector pPD115.62 (Andrew Fire, Stanford University, Stanford, USA) using PstI and MluI 

restriction sites. The myo-3 promoter was removed and at the C-terminus a Strep-tag and a 

TEV protease cleavage site were introduced. The promoter and genomic sequence of SIR-2.2 

was amplified by PCR from the cosmid F46G10 using the following primers: 

 
MW18_sir-2.2promoter&genomic_for_PstI:  

GCGGGCTGCAGGCACATTTTGAACATGTGAGCC 

MW19_sir-2.2promoter&genomic_rev_MluI: 

CGGGACGCGTGGCGCCCTGAAAATACAGGTTTTCCTTCTC

GAATTGTGGGTGGGACCAGGATCCCATTTCTTTTAAAACG

TCAGAG      
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To generate mCherry-tagged transgenic worm strains the sequence of gfp was replace by the 

sequence of mcherry using the following primer pair: 

 

MW53_mCherry_for_MluI:  CGGGACGCGTGGCATGGTGAGCAAGGGCGAGGAGG 

MW54_mCherry_rev_EcoRI:  GCGCGGAATTCTTACTTGTACAGCTCGTCCATGCCG 

 

2.3 Protein biochemical methods 

2.3.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Separation of proteins according to their molecular weight was performed by SDS 

polyacrylamide gel electrophoresis [166] based on standard protocols [167]. Tris-glycine gels 

with a 10%, 12% or 15% separating gel (10-15% acrylamide/bisacrylamide (37.1:1), 0.4 M 

Tris, 0.1% (w/v) SDS, 5% (v/v) glycerol, 0.1% (w/v) APS, 0.04% (v/v) TEMED, pH 8.8) and 

a 4% stacking gel (4% acrylamide/bisacrylamide (37.1:1), 0.68 M Tris, 0.1% (w/v) SDS, 

0.1% (w/v) APS, 0.1% (v/v) TEMED, pH 6.8) were poured and run using the Mini-Protean 

electrophoresis system (Bio-Rad, München). After boiling for 5 min in protein sample buffer 

(62.5 mM Tris, 8.5% (v/v) glycerol, 2% (w/v) SDS, 100 µg/ml bromphenol blue, 150 mM 2-

mercaptoethanol) the samples were loaded onto the gels and separated at a constant voltage of 

150-200 V in SDS-PAGE running buffer (25 mM Tris, 200 mM glycine, 0.1% (w/v) SDS) 

until the tracking dye reached the bottom of the gel. SeeBlue
®

 Plus2 Pre-Stained protein 

standard (Invitrogen, Karlsruhe) was used as size reference.  

For mass spectrometric analysis of protein samples the NuPAGE
®
 Pre-cast system 

(Invitrogen, Karlsruhe) was used according to manufacturer’s instructions. 

2.3.2 Protein detection techniques 

2.3.2.1 Coomassie Blue staining 

Coomassie Blue staining was used to stain proteins in SDS-PAGE gels. The gel was 

incubated in Coomassie staining solution (0.05% (w/v) Coomassie brilliant blue, 10 % (v/v) 

acetic acid, 50% (v/v) methanol) for 20-30 min at RT and then destained in destaining 

solution (10% (v/v) acetic acid, 7.5% (v/v) methanol) for at least 60 min at RT.  

2.3.2.2 Western blotting 

For antibody-specific detection of proteins samples were separated by SDS-PAGE and 

transferred to a nitrocellulose membrane in transfer buffer (25 mM Tris, 200 mM glycine, 

20% (v/v) methanol, 0.1% (w/v) SDS) for 60 min at 4°C and constant voltage of 100 V with 

the Mini-Trans-Blot blotting system (Bio-Rad, München). After transfer the membrane was 

blocked in PBS-T milk (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 

0.1% (v/v) Tween
®

-20, 5% (w/v) low-fat dry milk, pH 7.4) for 30-60 min with gentle 

rocking. To detect the protein of interest the membrane was incubated with the primary 

antibody diluted in PBS-T milk (for dilutions see 2.1.6) for 60 min at RT or overnight at 4°C. 

The membrane was washed four times with PBS-T (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 2 mM KH2PO4, 0.1% (v/v) Tween
®
-20, 5% (w/v), pH 7.4) for 15 min each and 

then incubated with the respective horseradish peroxidase (HRP) conjugated secondary 

antibodies (1:5000 dilution) in PBS-T milk for 60 min at RT. The membrane was washed 
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again with PBS-T four times for 15 min each. To detect the protein of interest 

chemiluminescently ECL or ECL Plus Western Blotting Detection Reagents (GE Healthcare) 

and Amersham Hyper ECL films (GE Healthcare) were used according to manufacturer’s 

instructions. Films were developed with the Kodak X OMAT 2000 processor.  

2.3.3 Mass spectrometry and data analysis 

Protein samples were analyzed by mass spectrometry (MS) in the group of Dr. Henning 

Urlaub at the Max Planck Institute for Biophysical Chemistry (Göttingen). Proteins were 

separated on NuPAGE
®

 gels (2.3.1) and stained with Coomassie (2.3.2.1). Entire individual 

lanes were cut into 23 slices of equal size and digested according to Shevchenko et al. [168]. 

After extraction peptides were analyzed by LC-coupled tandem MS on an Orbitrap XI mass 

spectrometer (Thermo Fisher Scientific). The MASCOT search engine (with the taxonomy 

filter C. elegans) was used to search CID fragment spectra against the NCBInr database. The 

statistical program R was used to analyze output files and substract output files from each 

through their gi-numbers (NCBI). 

2.3.4 Generation of SIR-2.2-specific antibodies using recombinant protein for 

immunization  

2.3.4.1 Expression of recombinant SIR-2.2 in E. coli  

To express non-tagged SIR-2.2 protein the plasmid pET11a containing the cDNA sequence of 

SIR-2.2 (2.2.8) was transformed into E. coli BL21 (DE3) RIL cells (2.2.6) and a single colony 

was picked to inoculate 100 ml pre-culture (LB medium) and finally 6 l of ZYM-5052 auto-

inducing medium (1% (w/v) N-Z-amine (enzymatic digested casein from bovine milk), 0.5% 

(w/v) yeast extract, 0.5% (w/v) glycerol, 0.05% (w/v) glucose, 0.2% (w/v) α-lactose, 25 mM 

Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 2 mM MgCl2, 50 µM FeCl3, 20 

µM CaCl2, 10 µM MnCl2, 10 µM ZnSO4, 2 µM CoCl2, 2 µM CuCl2, 2 µM NiCl2, 2 µM 

Na2MoO2, 2 µM Na2SeO3, 2 µM H3BO3) both containing 100 µg/ml ampicillin [169]. After 

shaking 24 h at 25°C bacteria were harvested by centrifugation at 6000 x g for 15 min at 4°C. 

Expression of protein was checked by analyzing an aliquot of bacteria by SDS-PAGE (2.3.1) 

and Coomassie Blue staining (2.3.2.1).  

2.3.4.2 Purification of recombinant SIR-2.2 from inclusion bodies 

Since full-length non-tagged SIR-2.2 was not soluble when expressed in E. coli, it was 

purified from inclusion bodies analog to Luger et al. [170] with some modifications. The 

bacterial pellet from 2.3.4.1 was resuspended in 30 ml washing buffer (50 mM Tris, 100 mM 

NaCl, 1 mM EDTA, 1 mM PMSF, 1mM benzamidine, 1 mM DTT, pH 7.5) and lyzed with 

the EmulsiFlex-C5 cell disruptor (Avestin) at 4°C until homogeneity was reached. After 

centrifugation at 23000 x g and 4 C for 20 min the pellet containing the SIR-2.2 inclusion 

bodies was resuspended and washed twice with 150 ml TW buffer (50 mM Tris, 100 mM 

NaCl, 1 mM EDTA, 1 mM PMSF, 1mM benzamidine, 1 mM DTT, 1% (v/v) Triton X-100, 

pH 7.5) followed by two washes with 150 ml wash buffer. To extract the inclusion bodies 1 

ml DMSO was added and the pellet was incubated at RT for at least 30 min. 10 ml unfolding 

buffer (7 M guanidinium-HCl, 20 mM Tris-HCl, 10 mM DTT, pH 8.0) were added and the 
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pellet was shaken gently for 1 h at RT. To remove non-dissolved material the suspension was 

centrifuged for 20 min at 23000 x g and 4°C. The supernatant was saved and subjected to 

further purification by gel-filtration.  

2.3.4.3 Gelfiltration and ion exchange chromatography 

Gelfiltration and ion exchange chromatography were performed on the ÄKTA Explorer FPLC 

instrument (GE Healthcare). The protein extract was first purified using an XK50/100 

Sephacryl S-200 high-resolution gel-filtration column (GE Healthcare) that had been 

equilibrated with SAU1000 buffer (7 mM deionized urea (passed over Amberlite MB3 ion 

exchange resin prior to use), 20 mM Tris-HCl, 1 mM EDTA, 1 M NaCl, 2 mM DTT, pH 8.0). 

Eluted peak fractions that contained SIR-2.2 were combined, diluted 1:20 in SAU-0 buffer (7 

mM deionized urea, 20 mM Tris-HCl, 1 mM EDTA, 2 mM DTT, pH 10.5) and applied to a 

MonoQ
TM

 5/50 GL Anion exchange column (GE Healthcare) equilibrated in SAU-0 buffer. 

SIR-2.2 was eluted with a linear gradient from 50 mM to 1 M NaCl in 20 column volumes. 

Fractions containing SIR-2.2 were pooled and analyzed for purity by SDS-PAGE (2.3.1) and 

Coomassie Blue staining (2.3.2.1).  

2.3.4.4 High-performance liquid chromatography (HPLC) 

To further improve the purity of the SIR-2.2 sample (2.3.4.3) HPLC was performed using the 

HPLC Prominence system (Shimadzu) and a VYDAC
®
 208TP C8 reverse phase column 

(Grace, Deerfield, USA). Peak fractions containing highly pure SIR-2.2 were pooled and 

lyophilized in the SpeedVac Savant SPD131DDA (Thermo Scientific, Braunschweig).  

2.3.4.5 Immunization, purification and characterization of SIR-2.2-specific antibodies 

from antiserum 

Two rabbits were immunized with recombinant SIR-2.2 protein by the Charles River 

Laboratory according to their proprietary protocol. For immunization of each rabbit 1.6 mg 

protein at a concentration of 1 mg/ml in 3 M urea and 50 mM NaPhosphate buffer pH 6.8 

were forwarded to the company.  

The serum of both rabbits was tested on crude C. elegans lysates (2.4.7.3) of N2 and sir-

2.2(tm2648)X and sir-2.2(tm2673)X mutant worms by Western blot analysis (2.3.2.2). Sir-

2.2-specific antibodies present in the serum of one rabbit were affinity purified using SIR-2.2 

protein bound to nitrocellulose membranes [171, 172]. Briefly, 1 mg of recombinant SIR-2.2 

(protein also used for immunization) was loaded onto 4 SDS-PAGE gels and transferred onto 

nitrocellulose membranes (GE Healthcare) by Western blotting. After staining the membranes 

with Ponceau-S solution (5% (v/v) acetic acid, 0.1% (w/v) Ponceau-S), the bands of SIR-2.2 

were cut out, destained by washing with PBS-T and dried. The membrane stripes containing 

SIR-2.2 protein were blocked with PBS-T milk for 1 h at RT and then washed three times 

with PBS-T. 2 ml serum were diluted with 8 ml PBS (1:5) and incubated with the membrane 

stripes for 2-3 h at RT or overnight at 4°C. After washing four times 10 min each with PBS-T 

SIR-2.2-specific antibodies were eluted from the membrane stripes with glycine elution buffer 

(5 mM glycine, 0.01% BSA, 0.05% Tween, 500 mM NaCl, pH 2.6). One membrane stripe at 

a time was swirled for 30 sec with 2 ml glycine elution buffer. The buffer was then 

immediately transferred to a 15 ml tube with 600 µl 1M Tris pH 8.0. The glycine elution step 
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was repeated twice and the eluates were all pooled in the same tube. The pH of the eluate was 

checked with pH stripes and was between pH 7-8. The eluates of all four membrane stripes 

were pooled, dialyzed against PBS at 4°C overnight and concentrated to a volume of 

approximately 1 ml with an Amicon Ultra centrifugal filter (Millipore). For long-term storage 

of the SIR-2.2-specific antibodies sodium azide was added to a final concentration of 0.05% 

(w/v) and the aliqots were stored at 4°C for further use.  

The specificity of the SIR-2.2 antibodies was analyzed on crude C. elegans lysate (2.4.7.3) of 

wild type N2 and sir-2.2 deletion mutant worm strains (sir-2.2(tm2648) and sir-2.2(tm2673)) 

by Western blotting (2.3.2.2). The antibodies of one rabbit specifically detected SIR-2.2 and 

are referred to as anti-SIR-2.2 antibodies in this study. These antibodies were used for 

Western blot and immunoprecipitation experiments (2.4.8).  

 

 

 

Figure 2-1: Western blot analysis of 

generated SIR-2.2-specific antibodies.  

Crude extracts of wild type N2, sir-

2.2(tm2648) and sir-2.2(tm2673) mutant 

worms were separated by SDS PAGE and 

analyzed by Western blotting using the anti-

SIR-2.2 antibodies in a dilution of 1:1000. 

Western blot analysis with anti-H3 

antibodies was used to confirm equal 

loading. Running positions of the full-length 

and truncated SIR-2.2 protein are indicated 

on the right. 

 

2.4 C. elegans based methods 

2.4.1 Culturing C. elegans on agar plates 

C. elegans strains were maintained on Nematode Growth Medium (NGM) agar plates (0.3% 

(w/v) NaCl, 0.25% (w/v) peptone, 1.7% (w/v) agar, 5 mg/l cholesterol, 1 mM CaCl2, 1 mM 

MgSO4, 25 mM K-phosphate buffer, pH 6.0, 100 µg/ml streptomycin, 10 µg/ml nystatin) 

seeded with E. coli OP50-1 at 15°C, 20°C or 24.5°C [158, 173]. Larger quantities of worms 

were obtained on Super NGM plates (0.3% (w/v) NaCl, 2% (w/v) peptone, 1.7% (w/v) agar, 

15 mg/l cholesterol, 1 mM CaCl2, 1 mM MgSO4, 25 mM K-phosphate buffer, pH 6.0, 100 

µg/ml streptomycin, 10 µg/ml nystatin) which produced a much thicker bacterial lawn and 

allowed the worms to grow to higher densities [174].  

Worms were transferred form an old plate to a new plate either by cutting out a chunk of agar 

with a spatula and putting it on a new plate, or by picking individual worms with a platinum 

wire mounted to a pasteur pipette.  
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2.4.2 Liquid culture of C. elegans  

For biochemical analyses large quantities of C. elegans were generated by growing worms in 

liquid culture [175]. Worms of approximately 5 (9 mm) NGM plates were washed off with 

dH2O. After washing three times with dH2O the worms or axenic eggs (obtained from 

hypochloride treatment (2.4.3)) were used to inoculate 200 ml S basal Medium (0.1 M NaCl, 

50 mM K-phosphate buffer pH 6.0, 5 mg/ml (w/v) cholesterol, 10 mM K-citrate pH 6.0, 6.4 

mM EDTA, 2.5 mM FeSO4, 1 mM MnCl2, 1 mM ZnSO4, 0.1 mM CuSO4, 3 mM CaCl2, 3 

mM MgSO4, 1x Penicillin/Streptomycin/Neomycin (PNS, Gibco), 1x Steptomycin (Sigma)) 

supplemented with 2 ml concentrated HB101 bacterial solution. The worm cultures were 

incubated at 15°C, 20°C or 25°C while shaking (120 rpm) for 3 to 6 days until a high worm 

density had been reached with the majority of worms being adults. The growth of the worms 

was monitored daily by inspecting small aliquots of worm culture with a dissecting 

microscope. More bacterial solution was added to the culture if required. For harvesting, the 

worm suspension was transferred to 50 ml falcon tubes and centrifuged at 1500 x g and 4°C 

for 3 min. The worm pellet was washed several times with dH2O until the supernatant was 

clear. Depending on further experiments the worm pellet was either flash frozen in liquid N2 

and stored at -80°C or directly lyzed for preparation of mitochondria (2.4.7.2).  

2.4.3 Axenization to synchronize or decontaminate C. elegans 

Worms were harvested when the plates contained many gravid hermaphrodites and washed 

several times with dH2O. Worms were resolved by treatment with bleach solution (0.5 M 

NaOH, 1.2% NClO) for 10 min with frequent vortexing in between. The released axenized 

eggs were collected by centrifugation at 1500 x g, 4°C for 3 min and washed three times with 

dH2O. The eggs were either directly transferred to fresh NGM plates or further staged by 

incubation in M9 buffer overnight at 20°C. In the absence of food hatched larvae arrested in 

L1 stage and resumed growth after transferring them onto fresh NGM plates the next day. If 

worms were severely contaminated gentamycin (10 mg/l) was added to the M9 buffer for 

overnight incubation [173].  

2.4.4 Freezing and recovery of C. elegans stocks 

For indefinite storage C. elegans strains were frozen and kept at -80°C. Worms of 2-3 freshly 

starved 90 mm plates (containing many L1-L2 stage larvae) were washed off plates with 

dH2O and collected in a 15 ml falcon tube. The tube was incubated on ice until worms had 

settled to the bottom of the tube. The supernatant was removed and the volume of the worm 

suspension was adjusted to 3-4 ml with dH2O. After adding an equal volume of freezing 

solution (0.3% (w/v) KH2PO4, 0.6% (w/v) Na2HPO4, 0.5% (w/v) NaCl, 1 mM MgSO4, 30% 

glycerin (v/v)), the worm suspension was mixed and aliquoted into cryotubes (1 ml/tube). The 

cryotubes were packed in a styrofoam box and frozen at -80°C. For recovery of a C. elegans 

stock, a frozen aliquot was thawed at RT and transferred onto a fresh NGM plate [158, 173]. 

2.4.5 Single worm PCR 

To determine whether a worm is homozygous or heterozygous for a particular deletion allele, 

single worm duplex PCR genotyping was performed [119]. A single hermaphrodite was 

picked into 2.5 µl single worm PCR lysis buffer (10 mM Tris, 50 mM KCl, 2.5 mM MgCl2, 
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0.45% (v/v) NP-40, 0.45% (v/v) Tween 20, 0.01% (w/v) gelatin, 100 µg/ml Proteinase K, pH 

8.3) of a PCR tube. The tube was frozen at -80°C for 30 min. Worms were lyzed in the PCR 

machine by incubating them at 60°C for 60 min followed by 15 min at 95°C to inactivate the 

Proteinase K. The PCR reaction was then performed with three primers that can amplify two 

different-sized PCR products, each arising only from the wild type or deletion allele, 

respectively. Primer F1 (forward primer) and primer R1 (reverse primer) were placed outside 

and primer F2 (forward primer) within the deletion mutation. Due to a relatively short 

elongation time primers F2 and R1 produced a ~250-400 bp long wild type amplicon and 

primers F1 and R1 a ~100 bp larger deletion allele amplicon.  

To each lyzed worm 22.5 µl PCR reaction buffer (2.2 mM MgCl2, 250 µM of each dNTP 

(Roche), 0.7 µM of each primer, 0.5 unit Taq DNA polymerase (Fermentas), 1x reaction 

buffer (provided by the manufacturer)) and the PCR was performed using the following 

protocol: 3 min at 94°C; [40 sec at 94°C, 40 sec at 55°C, 40 sec at 72°C] 8x; [40 sec at 94°C, 

40 sec at 56°C, 40 sec at 72°C] 22x; 5 min at 72°C.  

The following primers were used to genotype sir-2.2(tm2648) and sir-2.2(tm2673) deletion 

mutant worms:  

 
MW27_sir-2.2_F1  GCAGGAATATCTACAGAATCTGG 

MW28_sir-2.2_R1  AGAGGCGTCCATACTCTCTTAG 

MW29_sir-2.2_F2  GGTACATTGGACTGAATCAACTC 

 

The following primers were used to analyze sir-2.3(ok444) deletion mutant worms: 

 
MW34_sir-2.3_R1   CTGATCAGCTCTAGTAGGTCCA    

MW35_sir-2.3_F2   CCGACTTACTTAATCATACCAC    

MW36_sir-2.3 F1   GGCTCATAACTGCTCTCACG   

 

2.4.6 Isolation of Mitochondria for cellular subfractionation 

Mitochondria were isolated based on the protocol of Li et. al. [176] with minor modifications. 

Synchronized worms were obtained from axenic eggs by treatment with hypochloride (2.4.3) 

and harvested when grown to adult stage on Super NGM plates.  

Worms were washed of plates with dH2O and collected by centrifugation at 3000 rpm at 4°C 

for 3 min. After washing three to four times worms were resuspended in M9 buffer (0.3% 

KH2PO4, 0.6% Na2HPO4, 0.5% NaCl, 1mM MgSO4) and incubated 30 min at RT to allow 

them to digest remaining bacteria in the gut. The isolation of mitochondria was performed in 

the cold room and throughout the purification procedure all samples were kept on ice. For 

isolation of mitochondria five to 10 g of worms were resuspended in 20 ml lysis buffer 

(250 mM sucrose, 10 mM HEPES pH 7.5, 1 mM EGTA) containing protease inhibitor 

cocktail (complete EDTA-free, Roche, Mannheim) and homogenized in a glass tissue grinder 

using 20 strokes. The homogenate was centrifuged at 800 x g for 10 min at 4°C. The 

supernatant was saved and the pellet was resuspended in another 20 ml of lysis buffer. To 

achieve disruption of more than 90% of the worms the homogenization procedure and 800 x g 

centrifugation step were repeated four times. Afterwards, supernatants were pooled 

(corresponding to the postnuclear supernatant) and centrifuged at 12000 x g for 10 min at 

4°C. The resulting supernatant, which is referred to the postmitochondrial supernatant, was 
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saved. To increase the purity of the crude mitochondria, the pellet was gently resuspended in 

10 ml lysis buffer and subsequently centrifuged at 800 x g. The pellet was discarded and the 

collected supernatant was centrifuged at 12000 x g for 10 min at 4°C. The final crude 

mitochondrial pellet was resuspended in LB buffer. After adjusting the protein concentration 

to 5-10 mg/ml with LB, aliquots were flash frozen in liquid N2 and stored at – 80°C.  

During the purification procedure aliquots of the postnuclear supernatant, postmitochondrial 

supernatant and final crude mitochondrial pellet were taken and analyzed by SDS-PAGE and 

Western blotting (2.3.2.2). 

2.4.7 Preparation of C. elegans protein extracts 

2.4.7.1 Preparation of total worm protein extracts 

Total worm protein extract was prepared according to Cheeseman et al. [177] with some 

modifications. Sufficient amounts of worms were obtained by liquid culture (2.4.2). 

Approximately 5 g of frozen worm pellet was grounded in liquid N2 with a pre-chilled mortar 

and pestle. An equal volume of 2x Cheeseman buffer (50 mM Hepes, 2 mM EGTA, 2 mM 

MgCl2, 200 mM KCl, 20% (v/v) glycerol, 0.1% (v/v) NP-40, pH 7.4) containing 2x protease 

inhibitor cocktail (Complete EDTA-free Protease inhibitor, Roche) was added to the 

grounded worms, thawed on ice and then sonicated with a Branson Digital Sonifier using the 

following settings: 30% amplitude for 3 min total (15 sec on, 59 sec off), 40% amplitude for 

30 sec total (15 sec on, 59 sec off). After centrifugation at 22000 x g and 4°C for 10 min the 

supernatant was transferred to a fresh ultracentrifuge tube and further clarified by 

centrifugation at ~105000 g and 4°C for 20 min. The supernatant was collected in a fresh tube 

and protein concentration of the extract was determined using the Coomassie Plus (Bradford) 

Protein Assay (Thermo Scientific) according to manufacturer’s instructions. 

2.4.7.2 Preparation of mitochondrial protein extracts 

For mitochondrial protein extract preparation mitochondria were isolated according to the 

protocol described by Gandre and van der Bliek [178] with some modifications. 5 g of worms 

grown in liquid culture (2.4.2) were resuspended in 10 ml ice-cold isolation buffer (IB) (210 

mM mannitol, 70 mM sucrose, 10 mM Hepes, 0.1 mM EDTA, 0,4% (w/v) BSA, 1x Complete 

EDTA-free protease inhibitor (Roche), pH 7.6) and homogenized in a chilled Glass-Teflon 

Potter (Size S) attached to a Potter homogenizer (Potter S, B. Braun Biotech) with 15 strokes 

at 1200 rpm. The homogenate was transferred to a 50 ml falcon tube and centrifuged at 750 x 

g and 4°C for 10 min. The supernatant (corresponding to the postnuclear supernatant (PNS)) 

was collected in a fresh tube and the pellet was resuspended in 10 ml IB. To disrupt the 

majority of worms, the homogenization procedure and 750 x g centrifugation step were 

repeated four times. All postnuclear supernatants were pooled and then centrifuged at 12000 x 

g, 4°C for 10 min. The resulting supernatant referred to as postmitochondrial supernatant 

(PMS) was discarded, the mitochondrial pellet was resuspended carefully in 12 ml IB and 

centrifuged at 12000 x g, 4°C for 10 min. The supernatant was discarded and the crude 

mitochondrial pellet was resuspended in IB buffer. After adjusting the protein concentration 

to 5-10 mg/ml with IB, the sample was aliquoted, flash frozen in liquid N2 and stored at – 

80°C.  
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1 ml crude mitochondria were thawed on ice and centrifuged at 12000 x g and 4°C for 10 

min. The mitochondrial pellet was resuspended in 750 µl lysis buffer (25 mM Hepes, 1 mM 

EGTA, 1 mM MgCl2, 500 mM KCl, 10% (v/v) glycerol, 0.5% (v/v) NP-40, pH 7.6) 

containing Complete EDTA-free protease inhibitor (Roche) and incubated on a rotating 

platform for ~ 1h in the cold room. The sample was centrifuged at 16000 x g and 4°C for 30 

min and the supernatant was transferred to a fresh tube. The pellet was resuspended in 1 ml 

lysis buffer, rotated again for ~ 1h in the cold room before recentrifugation. Supernatants 

were combined and subjected to immunoprecipitation experiments. 

2.4.7.3 Preparation of crude C. elegans lysate for Western blot analysis 

Worms were washed off NGM plates with dH2O and transferred to a 1.5 ml tube. After 

centrifugation at 1500 x g for 3 min the worm pellet was washed with dH2O several times 

until the supernatant was clear. The worm pellet was weighed and an equal volume of 

nematode solubilization buffer (0.3% (v/v) ethanolamine, 2 mM EDTA, 1 mM PMSF, 5 mM 

DTT) [179] and 2x SDS sample buffer were added. The sample was boiled for 10 min, 

sonicated for 20 min (at 30 sec on, 30 sec off intervals) in the Bioruptor
TM

 (Diogenode, 

Belgium) and boiled again for another 5 min. After centrifugation at 16000 x g and 4°C for 10 

min 15-20 µl of the supernatant were loaded onto a SDS-PAGE gel (2.3.1) for Western blot 

analysis (2.3.2.2).  

2.4.8 Immunoprecipitation of proteins from C. elegans extract 

Immunoprecipitation experiments were performed with total worm protein extracts (2.4.7.1) 

or mitochondrial protein extracts (2.4.7.2) obtained from sir-2.2::gfp (MAJ13), sir-2.3::gfp 

(MAJ14), BC14289/BC15074 (negative control for total worm extracts) or SJ4103/SJ4143 

(negative control for mitochondrial worm extracts) transgenic worms.  

60 µl ProteinG-Sepharose beads (50% slurry) or 40 µl GFP-Trap
®

-A beads were equilibrated 

by washing three times each with 1 ml ice-cold PBS and centrifugation at 500 x g and 4°C for 

5 min. 7.5 µl anti-GFP (Roche) or 25 µl of the anti-SIR-2.2 antibody were bound to the 

ProteinG-Sepharose beads for at least 1 h at 4°C with rotation. Beads were blocked with 0.1% 

(w/v) BSA for 1h at 4°C with rotation and then washed three times each with 1 ml 1x 

Cheeseman buffer (2.4.7.1) before adding 1 ml Cheesemann extract or 0.7 ml mitochondrial 

extract to the beads.  

For immunoprecipitation the beads were incubated at 4°C over night with constant rotation 

and washed three times each with 1 ml 1x Cheeseman buffer containing 1x Complete EDTA-

free protease inhibitor (Roche). After the last wash beads were drained using a gel loading tip 

and boiled in 40 µl SDS sample buffer.  

2.4.9 Crossing of C. elegans 

The sir-2.2(tm2648) and sir-2.2(tm2673) deletion mutant worms as well as the stable 

integrated sir-2.2::gfp and sir-2.3::gfp transgenic worms (2.4.14) were crossed back to wild 

type N2 worms to eliminate any potential background mutation. Crosses were set up by 

placing 1-4 hermaphrodites of the corresponding strain together with 10-15 N2 males on the 

same NGM plate for 2 days at 20°C. Due to their roller phenotype the sir-2.2::gfp and sir-

2.3::gfp transgenic worms were crossed with 20-30 N2 males. If mating was successful 
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(~50% occurrence of male progeny), L4 stage hermaphrodites of the F1 generation were 

singled on new NGM plates and allowed to lay eggs. In the case of the sir-2.2(tm2648) and 

sir-2.2(tm2673) mutant worms the F1 hermaphrodites were picked and analyzed by single 

worm PCR (2.4.5) to confirm the heterozygosity of the particular deletion alleles. F2 L4 

hermaphrodites of heterozygous animals were again singled on NGM plates to lay eggs and 

analyzed by single worm PCR. The progeny of homozygous F2 hermaphrodites were used to 

set up the next backcross with N2 males. In the case of the sir-2.2::gfp and sir-2.3::gfp 

transgenic worm strains single worm PCR could not be applied and homozygosity of the F2 

generation hermaphrodites was determined by 100% propagation of the GFP expression 

signal. The sir-2.2(tm2648) and sir-2.2(tm2673) deletion strains were crossed back to N2 

worms six times and five times, respectively, the sir-2.2::gfp and sir-2.3::gfp transgenic 

worms were backcrossed three times. The sir-2.3(ok444) deletion mutant strain was crossed 

back to wild type twice by Dr. Monika Jedrusik-Bode (Max Planck Institute for Biophysical 

Chemistry, Göttingen). 

2.4.10 Isolation of RNA from C. elegans and reverse transcription 

RNA was isolated from C. elegans with TRIzol
®

 Reagent (Invitrogen) extraction. To 0.25 g 

worms 1 ml TRIzol
®
 Reagent and 12.5 µl β-mercaptoethanol were added. The sample was 

vortexed for several minutes , frozen in liquid N2, and thawed again with intensive vortexing. 

After repeating twice the freeze-thaw procedure the tube was incubated at RT for 5 min and 

then centrifuged at 16000 x g for 10 min at 4°C to pellet insoluble material. The supernatant 

was transferred into a Phase Lock Gel
TM

 (2 ml, heavy) tube, 200 µl 

chloroform/isoamylalcohol (49:1, (v/v)) were added and mixed well. The sample was 

incubated at RT for 3 min, followed by centrifugation at 16000 x g for 10 min at 4°C to 

separate phases. The upper aqueous phase was transferred to a fresh tube and mixed with 500 

µl isopropanol. To precipitate the RNA the sample was incubated at RT for at least 10 min 

and then centrifuged at 16000 x g for 10 min at 4°C. The RNA pellet was washed once with 1 

ml 75% EtOH, dried at 37°C for 5-10 min and finally dissolved in RNase-free H2O. The RNA 

concentration was determined using the Nanodrop
®
 ND-1000.  

To remove contaminating genomic DNA, 3 µg of RNA was digested with DNaseI at 37°C for 

30 min using the following DNaseI reaction mix: 0.8 µl DNaseI buffer (100 mM Tris, 25 mM 

MgCl2, 5 mM CaCl2, pH 7.6), 1 µl RNase-out, and 0.8 µl DNaseI in a total volume of 8 µl. 

The reaction was stopped by adding 0.4 µl 100 mM EDTA and DNaseI was inactivated by 

incubation at 75°C for 10 min. The 8 µl RNA solution was then used for the synthesis of first-

strand cDNA, which was performed using the Superscript II Kit (Invitrogen) and provided 

Oligo(dT) primers according to manufacturer’s instructions. After digesting RNA with 1 µl 

RNase H at 37°C for 30 min, the cDNA was stored at -80°C for further use.  

2.4.11 Microinjection of C. elegans 

Transgenic C. elegans strains were generated by microinjection of DNA mixtures into the 

distal gonad arms of young adult hermaphrodites [157, 180, 181]. As a marker for successful 

transformation the plasmid pRF4, carrying the dominant mutant rol-6(su1006) allele of the 

collagen gene rol-6, was co-injected. Expression of rol-6(su1006) causes worms to move in 

circles and rotate around their body axis (roller phenotype) allowing an easy identification of 
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transgenic animals [182, 183]. To generate sir-2.2::gfp transgenic worms, 25 ng/µl of the 

plasmid pPD115.62 encoding the promoter and genomic sequence of sir-2.2 fused to a C-

terminal Strep-GFP-tag (2.2.11.2) were injected together with 100 ng/µl pRF4 into N2 worms 

according to Mello and Fire [181] with some modifications. The gfp reporter gene construct 

of sir-2.3 was created by a PCR fusion-based approach and is described in section (2.4.12). 

For injection worms were mounted in a drop of halocarbon oil on a 2% agarose pad. 2-5 µl of 

DNA solution was loaded into a Femtotip
®

II microinjection needle using a Microloader tip. 

The needle was connected to a pressurized Eppendorf transjector 5246 (Eppendorf, Hamburg) 

controlled by a micromanipulator (TransferMan NK2, Eppendorf) and the agar pad with the 

worm was placed on the inverted Olympus IX70 microscope (Olympus, Hamburg). A 40x 

magnification was used to focus and inject the needle into the syncytial region of one gonad 

arm. Pressure was applied until a flow of DNA solution could be seen and the gonad swelled 

considerably. After retracting the needle the second gonad arm was injected or the worm was 

immediately recovered by putting a drop of M9 buffer on top of it. The worm was allowed to 

rehydrate for 5 min and was then transferred to a new NGM plate. Surviving worms were 

singled on NGM plates and their progeny were screened for a roller phenotype. Transgenic 

animals displaying a roller phenotype were analyzed for GFP-expression on a dissecting 

microscope (Olympus SZX10, Olympus, Hamburg) equipped with a GFP filter. Worms 

exhibiting GFP-expression were again singled to obtain individual transgenic lines with a 

good transmission rate of the extrachromosomal array.  

2.4.12 Generation of GFP/mCherry reporters using a PCR fusion-based approach 

The reporter gene constructs sir-2.3pr::sir-2.3::ha::gfp, sir-2.3pr::sir-2.3::ha::mcherry and 

sir-2.4pr::sir-2.4::ha::gfp were generated by a PCR fusion-based approach according to the 

protocol described by Hobert [184] and as outlined in Figure 2-2. In PCR #1 the promoter and 

genomic sequence of sir-2.3 was amplified from the cosmid F46G10 using the following 

reaction conditions and the following thermocycler protocol: 50 ng of template DNA, 500 nM 

of each primer, 300 µM of each dNTP (Roche, Mannheim), 0.5 µl Expand High Fidelity 

DNA polymerase mix (Roche, Mannheim), 1x reaction buffer (provided by the 

manufacturer), 3 mM MgCl2; 5 min at 94°C; [1 min at 94°C, 1min at 48°C, 3 min 30 sec at 

68°C] 8x; [30 sec at 94°C, 30 sec at 55°C, 3 min 30 sec at 72°C] 22x; 10 min at 72°C. In 

parallel, the gfp or mcherry coding sequence and the 3’ untranslated region (UTR) of the unc-

54 gene were amplified by PCR #2 using the same reaction conditions (except for 

pPD115.62-sir-2.2pr::sir-2.2::strep::gfp being the template for the gfp coding sequence and 

pPD115.62-mCherry (2.2.11.2) for the mcherry coding sequence) and the following 

thermocycler protocol: 5 min at 94°C; [1 min at 94°C, 1min at 50°C, 4 min at 68°C] 8x; [30 

sec at 94°C, 30 sec at 55°C, 4 min at 72°C] 22x; 10 min at 72°C. Primer B (reverse primer of 

PCR #1) introduced a C-terminal HA-tag and TEV-protease cleavage site. The sequence of 

the TEV-protease cleavage site was also present in primer C (forward primer of PCR #2) 

producing an overlap of more than 24 nucleotides between amplicon #1 and amplicon #2. The 

DNA concentration of each PCR product was roughly estimated by agarose gel 

electrophoresis and an aliquot of each reaction was diluted to a concentration of ~10-50 ng/µl 

with dH2O. In the fusion PCR reaction both products are fused with nested primers (Primer 
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A* and Primer D*). The same PCR reaction conditions and thermocycler protocol were used 

as described above except for using 1 µl of each PCR product as template, 55°C and 60°C as 

annealing temperatures and 4 min 30 sec as elongation time. The DNA concentration of the 

fusion PCR product was again estimated by agarose gel electrophoresis. Without any further 

purification the reaction was diluted with dH2O to a final concentration of ~50 ng/µl and 

microinjected into worms together with the marker plasmid pRF4 (100 ng/µl) (2.4.11).  

 

 

Figure 2-2: PCR-fusion based approach 

for generating a C-terminal gfp reporter 

construct.  

In PCR reaction #1 primer A and B amplify 

the promoter and genomic region of a gene 

of interest. In parallel, primer C and D 

amplify in PCR reaction #2 the gfp reporter 

gene sequence and 3’UTR of unc-54. Primer 

B and C introduce a 24 bp overlap into 

amplicon #1 and amplicon #2 allowing 

fusion of both fragments in the fusion-PCR 

reaction using the nested primer A* and D*. 

The resulting PCR product (amplicon #3) 

can be directly microinjected into C. elegans 

without further purification. Figure taken 

from Boulin et al. [185]. 

  

The following primer sequences were used:  

 

SIR-2.3: 

 

MW50_sir-2.3_PrimerA:  CGTGTAGTTTTGGAATTTGATAATATTGTG 

MW51_sir-2.3_PrimerA*: GCGGGCTGCAGGGAATTTGATAATATTGTGTTGACGACAG 

MW52_sir-2.3_gfp_PrimerB: GCGTAGTCTGGGACGTCGTATGGGTACGCGGCCGCCATTTCTTTCA 

AAACATCCGAAATTCTG 

MW41_sir-2.3_gfp_PrimerC: CGTACCCATACGACGTCCCAGACTACGCTGAAAACCTGTATTTTCA 

GGGCGCCACGCG 

MW42_sir-2.3_unc-54_PrimerD: AAGGGCCCGTACGGCCGACTAGTAGG 

MW43_sir-2.3_unc-54_PrimerD*: CGACTAGTAGGAAACAGTTATGTTTGGTATATTGGG 

 

MW58_sir23_mCherry_PrimerB: GCCCTGAAAATACAGGTTTTCAGCGTAGTCTGGGACGTCGTATGG 

GTACGCGGCC 

MW59_sir23_mCherry_PrimerC: CCAGACTACGCTGAAAACCTGTATTTTCAGGGCGCCACGCGTGGC 

ATGGTGAGCAAGGGCGAGGAGG 

 

SIR-2.4: 

 

MW47_sir-2.4_gfp_PrimerA: GCAGCTAAAAATGCTAAAAAAAGGTGC 

 

MW48_sir-2.4_gfp_PrimerA*: GCGGGCTGCAGGGTGCTAAATATTGAAAATCCTTCGACC 

MW49_sir-2.4_gfp_PrimerB: GCGTAGTCTGGGACGTCGTATGGGTACGCGGCCGCGCTAATTTTC 

AATGGAATAGGCAC 

 



2 Materials and Methods 

 

45 

2.4.13 RNA interference (RNAi) by microinjection and feeding 

RNAi was induced by microinjecting dsRNA into the gonad of C. elegans and further 

enhanced by feeding injected worms with E. coli HT115 (DE3) expressing the specific 

dsRNA [186].  

In vitro synthesis and microinjection of dsRNA 

To generate dsRNA, the cDNA sequences of sir-2.2 and sir-2.3 were cloned into the feeding 

vector L4440 (2.2.11.1), which contains two convergent T7 polymerase promoters in opposite 

orientations separated by a multicloning site [187]. Subsequently, the cDNA sequence of sir-

2.2 was PCR amplified with a primer specific for the flanking T7 promoter sequences (5’–

GTAATACGACTCACTATAGGG-3’). The following 50 µl reaction mix and PCR protocol 

were used: 50 ng plasmid DNA, 1 μM T7 primer, 300 µM of each dNTP (Roche, Mannheim), 

0.5 µl Expand High Fidelity DNA polymerase mix (Roche, Mannheim), 1 x reaction buffer 

(provided by the manufacturer), 3 mM MgCl2; 3 min at 94°C, [1 min at 94°C, 40 sec at 55°C, 

1 min at 72°C] 5x; [40 sec at 94°C, 40 sec at 60°C, 1 min at 72°C] 25x, 10 min at 72°C. The 

PCR product was extracted with chloroform:isoamylalcohol (24:1) and ethanol precipitated 

(2.2.1). The DNA pellet was resuspended in RNase-free H2O and DNA concentration was 

measured using the Nanodrop
®
 ND-1000 (Peqlab).  

The DNA was in vitro transcribed by T7 RNA polymerase using the MEGAscript
®
 T7 kit 

(Ambion) according to manufacturer’s instructions. The generated dsRNA was isolated by 

phenol/chloroform extraction and ethanol precipitation. The RNA pellet was resuspended in 

RNase-free H2O and the concentration was determined by Nanodrop® ND-1000 (Peqlab). In 

addition the integrity of the dsRNA was checked on a 1% agarose gel. The sir-2.2 dsRNA 

was microinjected (2.4.11) into sir-2.3(ok444) mutant worms at a concentration of 2 µg/µl. 

As control M9 buffer was injected into wild type N2 worms.  

RNAi mediated by feeding 

The feeding construct L4440-sir-2.2(cDNA) was transformed into the E. coli strain HT115 

(DE3), a RNaseIII-deficient strain of E. coli with an isopropyl-ß-D-thiogalactoprynoside 

(IPTG) inducible T7 polymerase [188]. 5 ml LB medium containing ampicillin (100 µg/ml) 

was inoculated with a single bacterial colony and incubated at 37°C for 8 h with constant 

shaking. 100 µl of the bacterial culture were spread on 50 mm NGM feeding plates (NGM 

plates with 100 µg/ml ampicillin, 12.5 µg/ml tetracycline, 1 mM IPTG and without 

streptomycin) and incubated overnight at RT to grow bacterial lawn and induce dsRNA 

expression.   

After microinjection of sir-2.2 dsRNA, sir-2.3(ok444) mutant worms were singled to sir-2.2 

feeding plates and incubated at 25°C. Every 12 h, 24 h, 36 h and 48 h the hermaphrodites 

were transferred to fresh feeding plates. Control worms injected with M9 buffer were 

transferred to feeding plates seeded with E. coli HT115 (DE3) carrying the empty L4440 

vector. The F1 generation was screened for phenotypic alterations with a dissecting 

microscope and differential interference contrast (DIC), using the confocal laser scanning 

microscope Leica TCS SP5 (Leica, Wetzlar).  
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2.4.14 Integration of extrachromosomal arrays by UV radiation 

Extrachromosomal arrays were integrated into chromosomal DNA of sir-2.2::gfp and sir-

2.3::gfp transgenic worms by treatment with UV radiation [174]. L4 hermaphrodites of the 

sir-2.2::gfp and sir-2.3::gfp extrachromosomal transgenic lines that expressed the 

corresponding gfp construct were picked on 5-9 50 mm NGM plates (~40 worms/plate) that 

were not seeded with bacteria. The worms were UV radiated in a Stratlinker
®

 UV crosslinker 

2400 using an energy setting of 30,000 µJ/cm
2
 and a wavelength of 254 nm. The agar plate 

was transferred completely to a large NGM plate and worms were grown for at least two 

generations at RT. This allowed potential integrants to become homozygous by self-

fertilization. After ~10 days two large pieces of agar were cut out from each plate and 

transferred to fresh 90 mm NGM plates. The next day 15-20 hermaphrodites of each plate 

(exhibiting GFP expression without mosaicism) were singled on 50 mm NGM plates. The 

progeny of these hermaphrodites were then screened for 100 % transmission of the transgene. 

Obtained stable transgenic lines were crossed back three times to wild type N2 worms to 

eliminate potential background mutations (2.4.9). 

2.4.15 DiI staining 

Dye-filling with the lipophilic fluorescent dye 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbo-

cyanine perchlorate (DiI) was performed to stain the sensory neurons of C. elegans in vivo 

based on the method described by Hedgecock [189]. After washing sir-2.3::gfp transgenic 

worms several times with M9 buffer the worm pellet was resuspended in M9 buffer 

containing 2 µg/ml DiI (Molecular Probes, 1:1000 dilution of 2 mg/ml DiI dissolved in 

DMSO) and incubated in the dark at 23°C with shaking. For recovery and destaining worms 

were transferred to fresh NGM plates and allowed to crawl for at least 1 h. To analyze the 

staining of sensory neurons worms were mounted on 2% agarose pads and immobilized with 

2% sodium azide in M9 buffer. Pictures were taken on a Leica TCS SP5 confocal laser-

scanning microscope (Leica).  

2.4.16 Microscopic analysis of C. elegans 

For standard handling and phenotypic analyses worms were monitored on NGM plates 

(Olympus SZX10 equipped with filters for green and red fluorescence). Differential 

interference contrast microscopy and fluorescence microscopy were performed on a Leica 

TCS SP5 confocal laser-scanning microscope (using 40 x and 63 x object lenses). Specimens 

were prepared by mounting worms on 2% agarose pads (2% (w/v) agarose in H2O) with a 

drop of 2% sodium azide to immobilize worms. Agarose pads were prepared by spotting a 

drop of molten 2% agarose on a coverslip, placing a second coverslip on top and flattening 

the drop with mild pressure to a thin film of agarose. 

Immunoelectron microscopy of ultrathin cryosections was performed by Dirk Wenzel at the 

Electron Microscopy group of the Max Planck Institute for Biophysical Chemistry, Göttingen. 

Briefly, worms were cut, fixed with 2% paraformaldehyde in 0.1 M Na-phosphate buffer (pH 

7.4) for 24 h at 4°C, and postfixed with 4% paraformaldehyde-0.1% glutaraldehyde for 2 h on 

ice. Cryosections were prepared as previously described [190, 191], labeled for the indicated 

antigens, and examined with a Philips CM120 electron microscope and a TVIPS charge-

coupled device camera system. 
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2.4.17 Oxidative stress assay 

Sensitivity towards oxidative stress was analyzed as described by Masse et al. [192] with 

some modifications. Worm strains were cultured synchronously for two generations on RNAi 

feeding plates (2.4.13) at 25°C. N2, sir-2.2::gfp and sir-2.3::gfp transgenic worms were 

grown on control feeding plates seeded with E. coli HT115(DE3), transformed with the empty 

L4440 vector, sir-2.3(ok444) and sir-2.2(tm2648) mutant worms were maintained on sir-2.2 

RNAi and sir-2.3 RNAi feeding plates, respectively. 200 µl 250 mM paraquat solution 

(methylviologen-dichloride hydrat, Sigma, dissolved in dH2O) were spread on top of already 

seeded RNAi feeding plates. Of each strain five plates with 20 worms (L4 larvae) per plate 

were prepared and survial of worms was checked every day. Worms were scored as dead 

when they did not respond to prodding with a pick. The mean life spans and average survival 

curves were determined from at least three independent experiments. A two-tailed Student’s t-

test was used to calculate the significance of differences in mean life span to wild type 

worms.  

 

2.5 Tissue culture based methods 

2.5.1 Cultivation of cells 

HEK293 and HEK293T cells were grown in DMEM medium (supplemented with 10% 

bovine growth serum (BGS), L-glutamine and Penicillin/Streptomycin) at 37°C and 5% CO2. 

After reaching 90% confluence cells were split by washing them once with PBS and treating 

them with 0.05% Trypsin-EDTA for 5 to 10 min. Trypsin digestion was stopped by addition 

of medium and the cells were plated in a dilutions appropriate for further maintenance or 

transfection. 

2.5.2 Transfection of cells 

HEK293 and HEK293T cells were transfected with plasmid DNA by CaPO4 precipitation 

using the CalPhos
TM

 Mammalian Transfection Kit (Clontech, Mountain View, USA) 

according to manufacturer’s protocol. To express C. elegans proteins in HEK293 cells 

transfection was performed with the jetPEI
TM

 Transfection Reagent (Polyplus-transfection 

SA, Illkirch, France) as described in the instructions of the manufacturer. 

2.5.3 Immunoprecipitation of proteins from transfected cells 

Immunoprecipitation (IP) experiments were performed as described by Ahuja et al. [26] with 

some modifications. For each IP reaction HEK293 or HEK293T cells of 1-2 15 mm cell 

culture dishes were co-transfected (2.5.2) with the plasmids of interest, harvested after 24-48 

h and washed once with ice-cold PBS buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 

1.47 mM KH2PO4, pH 7.4). The cell pellet was lyzed with 500 µl buffer A (50 mM Tris-HCl, 

500 mM NaCl, 10 mM CaCl2, 0.5% (v/v) NP-40, 0.5 mM EDTA, 10% (v/v) glycerol, 1x 

Complete Protease inhibitor (EDTA free, Roche), pH 7.5) containing 20 U/ml micrococcal 

nuclease (MNase, Calbiochem). The chromatin fraction of the lysates was digested for 30 min 

at 30°C with agitation. 500 µl buffer B (50 mM Tris-HCl, 150 mM NaCl, 0.5% (v/v) NP-40, 

0.5 mM EDTA, 10% (v/v) glycerol, 1x Complete Protease inhibitor (EDTA free, Roche), pH 
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7.5) were added and the lysate was clarified by centrifugation at 16000 x g for 30 min at 4°C. 

The supernatant was added to equilibrated beads.  

For equilibration beads were washed three times each with 1 ml buffer B or PBS and then 

blocked for at least 1 h with 0.1% (w/v) BSA at 4°C with rotation. Beads were washed three 

times before adding the cellular extract. To immunoprecipitate GFP-tagged proteins 5 µl 

GFP-Trap A agarose beads (Chromotek) were used. Anti-FLAG-IPs were performed either 

with 15 µl anti-FLAG
®

 M2 agarose beads (Sigma) or with 30 µl magnetic Dynabeads
®

 M-

280 Sheep anti-mouse (Invitrogen) and 4 µl anti-FLAG
®
 M2 antibody (Sigma). For anti-Myc 

IP experiments 4 µl anti-Myc antibody (Millipore) was bound to 20 µl Dynabeads
®
 M-280 

Sheep anti-mouse (Invitrogen) for 3 h at 4°C prior to blocking.  

To immunoprecipitate tagged-proteins the beads were rotated at 4°C overnight. The beads 

were washed six times each with 1 ml buffer A and then boiled in 40-60 µl SDS sample 

buffer. Proteins were separated by SDS-PAGE (2.3.1) and analyzed by Western blotting 

(2.3.2.2).  

2.5.4 Analysis of protein acetylation using acetyllysine-specific antibodies 

Protein acetylation levels were analyzed by Linh Ho from the laboratory of our collaborator 

Prof. Eric Verdin (Gladstone Institute of Virology and Immunology, San Francisco, USA) as 

previously described [102, 193]. 

 

2.6 Enzymatic activity assays 

2.6.1 Histone deacetylase (HDAC) activity assay 

Histone deacetylase assays were essentially performed as described by Verdin et al. [194] 

using a chemically acetylated H4 peptide as a substrate. Recombinant C. elegans SIR-2 

proteins as well as HP1β (negativ control) were translated in vitro using wheat germ extract 

[165] by Dimitry Agafonov and Timur Sumatov (Department of Cellular Biochemistry, Max 

Planck Institute for Biophysical Chemistry, Göttingen). For protein expression with wheat 

germ extract full-length sir-2.1, sir-2.2, sir-2.3 and sir-2.4 were cloned into pEU3-NII-

StrepII. pEU3-NII-StrepII containing the cDNA of HP1ß was kindly provided by Szabolcs 

Sörös (Max Planck Institute for Biophysical Chemistry, Göttingen). Since wheat germ extract 

does not exhibit intrinsic deacetylase activity, in vitro-translated proteins were directly used 

for the enzymatic assay without further purification. The total reaction volume was 100 μl 

containing 5 μl of in vitro-translated protein, 1 µl [
3
H] peracetylated H4 peptide and 1x 

HDAC buffer (50 mM Tris, 4 mM MgCl2, 1 mM NAD
+
, pH 9.0). Reactions were incubated 

at 25°C for 2 h or overnight with shaking. For quantification acetate was released from O-

acetyl-ADP-ribose by addition of 25 µl Stop-mix (1 M HCl, 0.16 M HAc) and extracted with 

600 µl organic solvent (Ethyl acetate). 550 µl of the upper organic phase were analyzed by 

scintillation counting. The protein concentrations of the in vitro-translated proteins were 

determined by quantifying the incorporation of [
14

C]leucine into full-length protein bands 

using SDS-PAGE gel electrophoresis and autoradiography. 
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2.6.2 Spectrophotometric pyruvate carboxylase activity assay 

To analyze whether treatment of bovine pyruvate carboxylase (PC) with C. elegans or 

mammalian sirtuins changes its enzymatic activity, a photospectrometric pyruvate 

carboxylase activity assay [195] was used.  

For the deacetylation assay of PC FLAG-tagged C. elegans proteins and Myc-tagged human 

proteins were expressed in HEK293T cells (2.5.2). Cells were lyzed in 750 µl buffer C (50 

mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2, 0.5% (v/v) NP-40, 0.5 mM EDTA, 10% (v/v) 

glycerol, 1x Complete Protease inhibitor (EDTA free, Roche), 20 U/ml MNase (Calbiochem), 

pH 8.0), incubated for 30 min at 30°C with agitation and sonicated 30 min (30 sec on, 30 sec 

off). Then 200 µl buffer C (without CaCl2 and MNase) was added and the lysate was 

centrifuged at 16000 x g for 30 min at 4°C. The supernatant was added to equilibrated 

magnetic Dynabeads
®
 M-280 Sheep anti-mouse (Invitrogen) bound with anti-FLAG

®
 M2 

(Sigma) or anti-Myc (Millipore) antibody (2.5.3) and rotated at 4°C overnight. Beads were 

washed three times with buffer C (without CaCl2 and MNase) and once with 1x DAC buffer 

(50 mM Tris, 4 mM MgCl2, 1 mM NAD
+
, pH 8.0).  

For the DAC assay beads were split into two reactions. Each reaction was incubated with 110 

µl DAC buffer containing 0.55 µg bovine pyruvate carboxylase (Sigma) at 25°C (C. elegans 

proteins) or 37°C (human proteins) for 1 h with shaking. The supernatant of each reaction was 

then immediately used for the photospectrometric pyruvate carboxylase assay. 

The activity of pyruvate carboxylase was determined with a malate dehydrogenase coupled 

assay for oxaloacetate measuring the decrease in absorbance at 340 nm due to NADH 

oxidation. The assay was performed at 30°C in a total volume of 500.5 µl PC reaction buffer 

containing 134 mM triethanolamine hydrochloride-KOH buffer, pH 8.0, 5 mM MgSO4, 7 mM 

pyruvic acid, 0.12% (w/v) BSA, 0.23 mM NADH, 0.05 mM acetyl-coenzyme A, 2.63 units 

malate dehydrogenase, 1 mM ATP, 15 mM KHCO3, 10 mM Tris-HCl, pH 8.0, 0.8 mM 

MgCl2, 0.2 mM NAD
+
 and 0.5 µg bovine pyruvate carboxylase (Sigma). 100 µl supernatant 

of the DAC reaction were mixed with 384 µl 1.3x PC reaction buffer (without ATP and 

KHCO3) in a quartz cuvette and equilibrated to 30°C in a thermostatted Cary 100 UV-Vis 

Spectrophotometer (Varian, Palo Alto, USA). The reaction was started by addition of 16.5 µl 

ATP/KHCO3 solution and decrease in absorbance at 340 nm was recorded for 15 min. 

Measured linear range reaction velocities were used to calculate the enzymatic activities of 

bovine PC using the following formula:  

units[ mol /min]
A

t NADH d
V   

(A = absorbance, t = time, ε = extinction coefficient (εNADH at 340 nm = 6220 L M
-1

 cm
-1

), d = 

path length (1 cm), V = reaction volume). 

2.6.3 Deacetylase activity assay in combination with mass spectrometry 

In vitro deacetylase activity assays were performed with immunoprecipitated protein (for 

details see (2.6.2)) expressed in HEK293T cells. Proteins bound to beads were incubated with 

1 µg acetylated peptide in DAC buffer II (50 mM Tris, 150 mM NaCl, 4 mM MgCl2, 2 mM 

NAD
+
, pH 8.0) at 25°C (C. elegans proteins) or at 37°C (mammalian proteins) overnight 

while shaking. The supernatant of the DAC reactions was analyzed by mass spectrometry in 
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the group of Dr. Henning Urlaub (Max Planck Institute for Biophysical Chemistry, Göttingen) 

on a 4800 MALDI TOF/TOF
TM

 Analyzer (Applied Biosystems, Darmstadt).  
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3 Results 

 

3.1 Analysis of SIR-2 protein expression and localization in C. elegans 

3.1.1 SIR-2.2 and SIR-2.3 do not localize to the cell nucleus 

To analyze the expression and localization of the different SIR-2 proteins I generated 

transgenic worms, expressing C-terminally GFP-tagged SIR-2 proteins under control of the 

endogenous promoter. The sir-2.1::gfp (HT822) strain was already existing and kindly 

provided by Heidi Tissenbaum [122]. To generate sir-2.2::gfp transgenic worms, the entire 5’ 

untranslated region (UTR, 1.8 kb) and genomic region of sir-2.2 were fused to a C-terminal 

Strep::GFP-tag and the 3’ UTR of unc-54 in the vector pPD115.62. Transgenic worms were 

generated by microinjection into wild type N2 worms. Sir-2.3::gfp and sir-2.4::gfp transgenic 

worms were obtained by a PCR fusion-based approach, omitting time consuming cloning 

[184]. The 5’ UTRs (sir-2.3: 0.9 kb; sir-2.4: 0.7 kb) and genomic sequences of sir-2.3 and sir-

2.4 were fused via PCR to a C-terminal HA::GFP-tag and unc-54 3’ UTR via PCR and the 

linear fragments were injected into N2 worms. Extrachromosomal arrays of sir-2.2::gfp and 

sir-2.3::gfp transgenic worms were integrated by UV radiation resulting in one integrated 

transgenic line for sir-2.2 and in four integrated lines for sir-2.3. In sir-2.4::gfp transgenic 

worms protein expression was only observed in few generations after microinjection and no 

transgenic line stably propagating the extrachromosomal array could be established.  

In accordance to the observations of Wang and Tissenbaum [122] SIR-2.1 is primarily a 

nuclear protein. It was expressed in most if not all neurons in the head and tail, in many 

pharyngeal cells, in the hypodermis and in body wall muscles. Interestingly, no SIR-2.1::GFP 

signal was observed in the intestine (Figure 3-1 A to C).  

SIR-2.2 was expressed in many tissues (muscles, neurons, intestine, somatic gonad) of C. 

elegans and exhibited a particularly high expression in the pharynx, bodywall muscle cells 

and the posterior part of the intestine (Figure 3-1 D, E). Like SIR-2.1 [122] SIR-2.2::GFP 

expression was first seen in the three-fold stage of embryogenesis. However, SIR-2.2 was not 

targeted to the nucleus, but found localized to filamentous subcellular structures (Figure 3-1 

F). The expression pattern of SIR-2.3::GFP was very similar to that of SIR-2.2 as it also did 

not localize to nuclei and showed prominent GFP-signals in the pharynx and bodywall 

muscles (Figure 3-1 G). In addition, strong SIR-2.3::GFP expression was detected in 

unidentified cells in the head (indicated by arrows) and in somatic cells of the gonad (Figure 

3-1 G, H). Interestingly, I observed that expression of SIR-2.3::GFP started earlier in 

embryogenesis (approximately at the 100 cell stage) than expression of SIR-2.1 and SIR-2.2 

(Figure 3-1 I). No SIR-2.2::GFP or SIR-2.3::GFP expression was detected in the germline, 

which might be due to transgene silencing effects [181, 196]. SIR-2.4::GFP localized to the 

nucleus in intestinal cells of embryos and L1 stage larvae (Figure 3-1 J, K). In young adult 

worms I detected SIR-2.4::GFP in the spermatheca, but it exhibited no nucleus-specific 

localization (Figure 3-1 L).  
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Figure 3-1: Expression and localization pattern of SIR-2 proteins in C. elegans. 

GFP was fused C-terminally to the promoter and genomic sequence of each sir-2 variant. Transgenic strains 

were generated by microinjection. For sir-2.2 and sir-2.3 extrachromosomal arrays were integrated by treatment 

with UV radiation. The sir-2.1::gfp strain was kindly provided by Heidi Tissenbaum. Fluorescent 

photomicrographs were taken with a confocal laser scanning microscope. A. to C. SIR-2.1::GFP expression and 

localization in the head region (A) along the body axis (B) and in the tail region (C) of a representative young 

adult worms. D. to F. SIR-2.2::GFP expression and localization in the head (D) and tail (E) region and gonad 

(F) of adult C. elegans. G. to I. SIR-2.3::GFP expression and localization in head region (G) and gonad (H and 

I) of adult C. elegans. Arrows point at unidentified cells in the head. J. to L. SIR-2.4::GFP expression and 

localization in a representative three-fold stage egg (J), L1 larvae (K) and young adult worm (L). Arrows 

indicate spermatheca. Scale bars represent level of magnification.  
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Overall, these results show that the expression patterns of the different C. elegans SIR-2 

proteins are diverse. Similar to the mammalian counterparts their localization is not only 

restricted to the cell nucleus.  

3.1.2 SIR-2.2 and SIR-2.3 expression and localization patterns partially overlap 

The primary structure of SIR-2.2 is very similar to the protein sequence of SIR-2.3 (75.3% 

identity). The gene sequences of both proteins are located directly next to each other on 

chromosome X, suggesting that one gene might have evolved from the other by gene 

duplication. Analysis of transgenic gfp-reporter strains showed that not only the expression 

patterns of SIR-2.2::GFP and SIR-2.3::GFP were very similar, but also that both proteins 

localized to filamentous subcellular structures.  

 

 
 

Figure 3-2: The expression and localization patterns of SIR-2.2 and SIR-2.3 partially overlap. 

Double transgenic strains were generated by microinjecting a translational mCherry (C-terminal) fusion of SIR-

2.3 [184] into stable integrated sir-2.2::gfp transgenic worms. A. and B. Representative fluorescent 

photomicrographs showing the head region of sir-2.2::gfp; sir-2.3::mCherry double transgenic worms. Arrows 

point at unidentified cells around the pharynx. C. Expression and localization of SIR-2.2::GFP and SIR-

2.3::mCherry in the tail region of a representative worm. Arrow indicates unidentified cells in the tail. Scale bars 

represent level of magnification. 
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To analyze whether both proteins are targeted to the same subcellular structures, I generated 

double transgenic worms by microinjecting a translational mCherry (C-terminal) fusion of 

SIR-2.3 [184] into stable integrated sir-2.2::gfp transgenic worms. Fluorescence microscopy 

analysis showed that both SIR-2.3::mCherry and SIR-2.2::GFP co-localized in body wall 

muscle cells, the pharynx, intestine and unidentified cells (possibly neurons) in the tail 

(indicated by an arrow) (Figure 3-2). These findings implicate that they function at the same 

subcellular structures.  

However, the expression patterns of SIR-2.2 and SIR-2.3 only partially overlapped and there 

were also differences. No prominent GFP-Signal of SIR-2.2 was observed in unidentified 

cells located between the two pharyngeal bulbs (Figure 3-2 B, marked with arrows). In 

addition I detected only for SIR-2.3 a prominent expression in the somatic gonad (Figure 3-1 

I) and observed first SIR-2.3 expression earlier in embryogenesis (Figure 3-1 H).  

3.1.3 Analysis of SIR-2.3 expression in head neurons by DiI staining 

Cells of the C. elegans nervous system are organized in various ganglia in the head, the tail 

and along the ventral cord. The majority of neurons are located in ganglia of the head 

surrounding the pharynx between the two pharyngeal bulbs (isthmus) and forming the nerve 

ring with their axon bundles. A large fraction of these neurons are sensory neurons that allow 

C. elegans to perceive environmental cues such as food stimuli, oxygen levels, temperature, 

pH, light, or mechanic stimuli [197]. Since sirtuins are potential metabolic sensors and sir-

2.3::gfp transgenic worms showed a prominent SIR-2.3::GFP signal in cells that might be 

sensory neurons, I performed dye-filling experiments with DiI. DiI is a lipophilic dye that is 

specifically taken up by amphid neurons (ASI, ADL, ASK, AWB, ASH, ASJ) and inner labial 

neurons (IL1, IL2, IL sheath and socket cells) in the head and phasmid neurons (PHA, PHB) 

in the tail of hermaphrodites [189] (Figure 3-3 A). Sir-2.3::gfp transgenic worms stained with 

DiI (diluted in M9 buffer) were analyzed by fluorescence microscopy. In Figure 3-3 B and C 

SIR-2.3::GFP expression overlapped with DiI-filled inner labial neurons, however the DiI 

staining did not co-localize with the prominent SIR-2.3::GFP signal present in the 

unidentified cells that were located also anterior of the nerve ring close to inner labial neurons 

(marked with arrows). SIR-2.3::GFP was also expressed in amphid neurons (Figure 3-3 D) 

and in phasmid neurons (Figure 3-3 E) where it showed a high expression in the PHA neuron 

and a rather weak expression in the PHB neuron.  

In summary, this experiment showed that SIR-2.3 and SIR-2.2 (data not shown) were 

expressed in many head neurons and co-localized with DiI-filled inner labial neurons, amphid 

neurons and phasmid neurons in the tail. DiI was not sufficient to determine the identity of the 

cells around the pharynx with the prominent SIR-2.3::GFP expression and this will be 

addressed by future experiments.  

 

Figure 3-3: DiI staining of sir-2.3::gfp transgenic worms. 

A. Illustration of the relative positions of ciliated neurons (cells bodies and their dendritic extensions) in the C. 

elegans hermaphrodite. Figure taken form [197]. B. to E. Sir-2.3::gfp transgenic worms were stained with DiI 

and analyzed by fluorescence microscopy. Representative fluorescent photomicrographs of DiI stained sir-

2.3::gfp transgenic L4 larvae, showing the head region (B and C; Arrows point at unidentified cells, which 

exhibit prominent SIR-2.3::GFP expression), the region around the second pharyngeal bulb (D) and the tail 

region (E). Scale bar represent the level of magnification. 
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3.1.4 SIR-2.2 and SIR-2.3 localize to mitochondria 

To determine the exact subcellular localization of SIR-2.2, I analyzed sir-2.2::gfp transgenic 

worms, using immunoelectron microscopy in collaboration with Dirk Wenzel from the 

Electron microscopy facility of the Max Planck Institute for Biophysical Chemistry 

(Göttingen). Immunogold labeling of cryo sections labeled with a GFP-specific antibody 

showed that the long filamentous structures SIR-2.2 localized to are not filaments of the 

cytoskeletal system but mitochondria (Figure 3-4 A and B). The mitochondrial localization of 

SIR-2.2 could be further confirmed by immunogold labeling of sir-2.2::gfp transgenic worms 

and wild type N2 worms with SIR-2.2-specific antibodies (Figure 3-4 C to F, for antibody 

characterization see Figure 2-1), demonstrating that both GFP-tagged and endogenous SIR-

2.2 were targeted to mitochondria. Fluorescence microscopy analysis of sir-2.2::gfp, sir-

2.3::mCherry double transgenic worms (3.1.2) indicated that both proteins localize to the 

same subcellular structures. Analysis of cryo sections of sir-2.3::gfp transgenic worms with a 

GFP-specific antibody showed that SIR-2.3 was also mitochondrial (Figure 3-4 G and H) and 

verified that both proteins are targeted to the same subcellular compartment.  

To further confirm these findings, I isolated mitochondria of N2 worms by subcellular 

fractionation of C. elegans. In brief, worms were homogenized with a glass tissue grinder and 

the crude lysate was subjected to differential centrifugation steps. Firstly, nuclei and debris 

were removed by centrifugation at 800 x g (Figure 3-5 A). In a second centrifugation step 

mitochondria were separated from cytosolic compounds by centrifuging the post nuclear 

supernatant (PNS) at 12000 x g. The resulting mitochondrial pellet (MP) and post 

mitochondrial supernatant (PMS), as well as the post nuclear supernatant (PNS), were 

analyzed by Western blotting using antibodies specific for mitochondrial and non-

mitochondrial marker proteins (Figure 3-5 B). SIR-2.2 was depleted from the PMS and highly 

enriched in the MP together with the mitochondrial markers NUO-2 (subunit of complex I), 

cytochrome c and the α-subunit of ATP-synthase. An antibody against histone H3 was used as 

a non-mitochondrial marker. During this study I could not obtain a SIR-2.3-specific antibody. 

Therefore, sir-2.3::gfp transgenic worms were fractionated and a GFP-specific antibody was 

used to detect the localization of SIR-2.3. Like SIR-2.2, SIR-2.3::GFP was also enriched in 

the MP and depleted from the PMS. Since folded GFP cannot be imported into mitochondria 

anymore a weak band of SIR-2.3::GFP was also detected in the PMS.  

From these experiments I conclude that both SIR-2.2 and SIR-2.3 are like their mammalian 

homologue SIRT4 mitochondrial proteins.  

 

 

 

Figure 3-4: Analysis of SIR-2.2 and SIR-2.3 subcellular localization by electron microscopy.  

Representative cryo sections of worms were stained with an anti-GFP or the anti-SIR-2.2 antibodies and 

visualized with protein A-conjugated gold beads (10 nm). High-density black dots indicate the localization of 

SIR-2.2 and SIR-2.3 to mitochondria. A. and B. Immunogold labeling of sir-2.2::gfp transgenic worms with an 

anti-GFP antibody. C. to F. Analysis of sir-2.2::gfp transgenic worms (C and D) and wild type N2 worms (E 

and F) with the anti-SIR-2.2 antibodies. G. and H. Immunogold labeling of sir-2.3::gfp transgenic worms with 

an anti-GFP antibody. Scale bars represent level of magnification. 
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Figure 3-5: Subcellular fractionation of N2 and sir-2.3::gfp transgenic worms by differential 

centrifugation. 

A. Schematic overview on the subcellular fractionation procedure to isolate crude mitochondria from C. 

elegans. B. Wild type N2 worms and sir-2.3::gfp transgenic worms were homogenized and subjected to 

differential centrifugation. Equal protein amounts of the post nuclear supernatant (PNS), mitochondrial pellet 

(MP) and post mitochondrial supernatant (PMS) were analyzed by SDS-PAGE and Western blotting, using 

antibodies against the complex I subunit NUO-2 (mitochondria), cytochrome c (mitochondria), the α-subunit of 

ATP-synthase (mitochondria), histone H3 (non-mitochondrial), SIR-2.2 and GFP. 

 

3.2 Characterization of sir-2.2 and sir-2.3 deletion mutant C. elegans strains 

 

To analyze the biological function of mitochondrial sirtuins in C. elegans, sir-2.2(tm2648), 

sir-2.2(tm2673) and sir-2.3(ok444) deletion mutant worm strains were phenotypically 

characterized.  

3.2.1 Sir-2.2 and sir-2.3 deletion mutant worms used in this study 

For all four C. elegans sir-2 genes deletion strains were generated by the C. elegans Gene 

Knockout Consortium or the National Bioresource Project for the Experimental Animal C. 

elegans (NBRP) using chemical mutagenesis (Table 3-1). For sir-2.2 I obtained two deletion 

strains (sir-2.2(tm2648) and sir-2.2(tm2673)) which had in the beginning severe 

developmental defects affecting growth, muscle function and germline. After crossing five 

times (sir-2.2(tm2673)) and six times (sir-2.2(tm2648)) to wild type N2 worms these strains 

did not show an obvious phenotype any more, suggesting that there were also background 

mutations. The mutant strains sir-2.3(ok444) and sir-2.1(ok434) kindly provided by the 

Caenorhabditis Genetics Center (CGC) also did not exhibit an obvious phenotype under 

normal growth conditions. Only worms of the sir-2.4(tm2817) mutant strain exhibited an 

embryonic lethal phenotype [198]. 

 

 



3 Results 

 

59 

Table 3-1: Overview on available sir-2 mutant deletion strains. 

SIR-2 

variant 

Mutant strain Source Phenotype BlastP 

Identities 

SIR-2.1 sir-2.1(ok434)IV C. elegans Gene Knockout Project wild type 44%  

human SIRT1 

SIR-2.2 sir-2.2(tm2648)X National BioResource Project 

(NBRP) 

wild type 49%  

human SIRT4 sir-2.2(tm2673)X 

SIR-2.3 sir-2.3(ok444)X C. elegans Gene Knockout Project wild type 42%  

human SIRT4 

SIR-2.4 sir-2.4(tm2817)I National BioResource Project 

(NBRP) 

embryonic lethal 38%  

human SIRT6 

 

 
 

Figure 3-6: RT-PCR analysis of the sir-2 deletion mutant alleles 

A. Schematic overview on the gene structure of the sir-2.1, sir-2.2 and sir-2.3 genes ranging from translation 

initiation codon (ATG) to the termination codon (TGA, TAG, TAA). Blue boxes indicate exons, black lines 

introns. Arrows mark the deleted regions within the deletion alleles. B. RNA was isolated from wild type N2 

and sir-2.1(ok434), sir-2.2(tm2648), sir-2.2(tm2673), sir-2.3(ok444) deletion mutant worm strains. mRNA was 

reverse transcribed using oligo(dT) primers, and cDNAs were amplified by standard PCR reactions using 

primers that specifically bind to coding start and end of each gene. Obtained PCR fragments were separated on 

a 1% agarose gel and visualized by ethidium bromide staining. Running positions of size markers are indicated 

on the right. 
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Since only parts and not the whole genomic sequences were deleted by chemical mutagenesis 

(Figure 3-6 A), it had to be determined whether these mutations result in null-mutations. I 

isolated RNA from sir-2.1(ok434), sir-2.2(tm2648), sir-2.2(tm2673) and sir-2.3(ok444) 

deletion mutant worms and performed reverse transcription PCR (RT-PCR) experiments 

using oligo(dT) primers. cDNAs were subjected to PCR reactions with primers specifically 

amplifying the complete coding sequence of each gene. PCR fragments were separated by 

agarose gel electrophoresis and visualized by ethidium bromide staining (Figure 3-6 B). 

mRNA encoding truncated SIR-2 protein was synthesized by all three sir-2 deletion strains, 

whereas no mRNA was detected in the sir-2.4(tm2817) deletion strain producing a null allele 

[198]. 

Sequencing of the PCR products of the tm2648 and tm2673 mutant alleles showed that the 

419 bp and 548 bp deletions in the genomic sequence of sir-2.2 resulted in a loss of exons 3 

and 4, and exon 2 was spliced in frame to exon 5. After translation 75 aa (encoded by exon 3 

and 4) of 287 aa would be deleted in the truncated SIR-2.2 protein (212 aa) (Figure 3-7 A). To 

test whether truncated protein is produced, sir-2.2(tm2648) and sir-2.2(tm2673) crude protein 

extracts were analyzed by Western blotting using the anti-SIR-2.2-specific antibodies (Figure 

3-7 C). In wild type N2 worms the antibody detected a double band at ~33 kD. This double 

band I also observed with protein recombinantly expressed in E. coli. Since mass 

spectrometric analysis showed that both bands were SIR-2.2 protein, SIR-2.2 might be 

posttranslationally modified or proteolytically processed. In the sir-2.2(tm2648) and sir-

2.2(tm2673) mutant worms a protein band with the correct size of the corresponding truncated 

SIR-2.2 protein (~24 kD) was detected. In addition electron microscopic analysis of sir-

2.2(tm2648) mutant worms showed that the truncated SIR-2.2 protein also localized to 

mitochondria, indicating that the deletion mutation did not affect the mitochondrial targeting 

of the protein (Figure 3-7 D). 

I do not have a SIR-2.3-specific antibody for Western blot analysis. However it is possible 

that a truncated SIR-2.3 protein is also produced in sir-2.3(ok444) mutant worms.  

 

Figure 3-7: Characterization of truncated proteins resulting from sir-2 deletion mutant alleles.  

A. Protein sequence of full-length (287 aa) and truncated SIR-2.2 (212 aa). Black box indicates the 75 aa that 

were deleted in the truncated protein. Residues of the catalytic sirtuin core domain are shown in blue (same for 

SIR-2.3 and SIR-2.1 in B and E, respectively). B. Protein sequence of full-length (287 aa) and hypothetical 

truncated SIR-2.3 protein (154 aa). In the truncated protein 141 aa (black box) were deleted and 8 aa (red) were 

added to the C-terminus due to the frame shift caused by the deletion. C. Western blot analysis of wild type N2, 

sir-2.2(tm2648) and sir-2.2(tm2673) crude protein extracts using the anti-SIR-2.2-specific and anti-H3 (loading 

control) antibodies. Running positions of the full-length and truncated SIR-2.2 protein are indicated on the 

right. D. Representative cryo section of sir-2.2(tm2648) deletion mutant worms immunogold labeled with the 

anti-SIR-2.2-specific antibodies and analyzed by electron microscopy. Scale bar represents 200 nm. E. Protein 

sequence of full-length (607 aa) and hypothetical truncated SIR-2.1 protein (381 aa). The truncated SIR-2.1 

protein lacked 229 aa encoded by a part of exon 5 (black box). Exon 6 was spliced in frame to the rest of the 

third exon, generating five additional amino acids in between (red). F. Recombinant full-length and truncated 

SIR-2.1 as well as HP1 were assayed for HDAC activity on a [
3
H] peracetylated histone H4 tail peptide. 

Deacetylation was determined by quantifying released acetyl by scintillation counting (for details see 2.6.1). 

Quantitative values, indicating HDAC activity, are means of three measurements; error bars represent standard 

deviation. 
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Here the deletion of 548 bp in the genomic sequence of sir-2.3 caused a partial loss of exon 4 

and the complete loss of exons 5, 6 and 7. Since the fusion of the residual parts of exon 4 and 

exon 7 resulted in a frame shift mutation, the hypothetical truncated SIR-2.3 protein (Figure 

3-7 B) would lack 154 aa of its C-terminus (black box), and 8 new aa (CKTNQFSS, shown in 

red) would be added before the occurrence of a stop codon. In sir-2.1(ok434) mutant worms 

768 bp of the genomic sequence were deleted. A large region of exon 5 was gone and its 

residual 5’ region was spliced in frame to exon 6, thereby 5 additional condons were 

generated in between. In the hypothetical truncated SIR-2.1 protein, therefore, 299 aa 

(encoded by exon 5, black box) would be missing and 5 additional aa (FFFLQ, shown in red) 

would be inserted at the site of the deletion (Figure 3-7 E). I also did not have a SIR-2.1-

specific antibody, but an in-vitro histone deacetylase (HDAC) activity assay (3.4.2.1) with 

recombinantly expressed protein showed that the deacetylase activity was abrogated in the 

truncated SIR-2.1 protein (Figure 3-7 F). Therefore, the ok434 deletion allele generates a non-

functional SIR-2.1 protein. Heterochromatin protein 1 (HP1) was used as negative control in 

this experiment. Since full-length SIR-2.2 and SIR-2.3 (3.4.2.1) did not exhibit deacetylase 

activity in this HDAC assay, it is not know whether truncated SIR-2.2 and SIR-2.3 are still 

functional. 

Interestingly, the functional null mutation in the sir-2.1(ok434) mutant strains did not cause 

an obvious phenotype in these worms under normal growth conditions. Although in the sir-

2.2 and sir-2.3 mutant worms the deletion mutations removed large parts of the catalytic 

sirtuin core domain and important residues required for the NAD
+
-dependent deacetylase 

activity (Figure 3-7 A and B, shown in blue), no obvious phenotype was observed.  

These results led me to the conclusion that there might be functional redundancy among the 

different SIR-2 variants in C. elegans. 

3.2.2 Knockdown of sir-2.2 in a sir-2.3 mutant background leads to a very mild 

phenotype 

To test whether there is functional redundancy among the mitochondrial SIR-2 variants, I 

knocked down sir-2.2 by RNAi in a sir-2.3(ok444) mutant background. As the sir-2.2 and sir-

2.3 genes are directly next to each other on chromosome X and homologous recombination is 

very rare in C. elegans, it was not possible to generate a sir-2.2(tm2648) sir-2.3(ok444) 

double mutant worm strain. Therefore, sir-2.2 was knocked down by microinjection of sir-2.2 

dsRNA into sir-2.3(ok444) mutant hermaphrodites and subsequent sir-2.2 RNAi feeding of 

the injected hermaphrodites and their F1 progeny. For control wild type (N2) hermaphrodites 

were microinjected with M9 buffer and transferred to feeding plates seeded with E. coli 

HT115(DE3) containing an empty L4440 vector.  

Knock down of sir-2.2 by RNAi in a sir-2.3 mutant background resulted in a very weak 

phenotype and only 4.5% of the worms exhibited growth and egg-laying defects. As 1.9% of 

wild type (N2) control worms were as well dumpy (Dpy, short fat worms) and egg-laying 

defective (Egl), the difference were only minor and non-significant (with a p-value > 0.05 in 

standard Student t-test for the data presented in Table 3-2).  

Loss of sir-2.2 or sir-2.3 as well as knock down of sir-2.2 in a sir-2.3(ok444) mutant 

background did not cause a severe phenotype under normal growth conditions. Knockout 
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mice of SIRT3, SIRT4 and SIRT5 also grow and develop normally under physiological 

conditions [25, 92, 114]. However, mitochondrial sirtuins function in stress responses [19], 

suggesting that SIR-2.2 and SIR-2.3 might play a role during stress.  

 

Table 3-2: Knock down of sir-2.2 in sir-2.3(ok444) mutant worms did not cause an obvious phenotype.  

Genotype % Dpy and Egl ± S.E.M n (F1) 

wild type (N2) 1.9 ± 0.3 5 (518) 

sir-2.3(ok444); sir-2.2(RNAi) 4.5 ± 1.3 7 (1012) 

For knock down, sir-2.2 dsRNA was microinjected into sir-2.3(ok444) mutant hermaphrodites. Injected 

hermaphrodites were subsequently singled onto sir-2.2 RNAi feeding plates. For control, wild type (N2) 

hermaphrodites were microinjected with M9 buffer and transferred to feeding plates seeded with E. coli 

HT115(DE3) containing an empty L4440 vector. The F1 generation was analyzed for dumpy (Dpy) and egg-

laying defective (Egl) phenotypes. S.E.M: standard error of mean; n: number of microinjected hermaphrodites, 

F1: number of analyzed F1 generation progeny; a p-value > 0.05 (0.05003) was calculated using the standard 

Student t-test.  

 

3.2.3 Sensitivity towards oxidative stress 

Mitochondria are the central organelle for cellular energy production, but also the major site 

of ROS generation within cells. If uncontrolled, ROS can seriously damage macromolecules 

(DNA, protein and lipids) and cause mitochondrial dysfunction, which is thought to be a 

major determinant of life span (free radical theory) [199, 200]. Because of the mitochondrial 

subcellular localization of SIR-2.2 and SIR-2.3, I analyzed the tolerance of sir-2.2(tm2648) 

and sir-2.3(ok444) mutant worms to oxidative stress. Since there might be functional 

redundancy between sir-2.2 and sir-2.3, I also performed this analysis on worms grown on 

sir-2.2 or sir-2.3 feeding plates. To test whether overexpression of SIR-2.2 and SIR-2.3 

affects the sensitivity to oxidative stress, I assayed sir-2.2::gfp and sir-2.3::gfp transgenic 

worms that express GFP-tagged SIR-2 proteins in a wild type background as well. (For 

analysis of SIR-2.2 protein levels see Appendix A.1, Figure A-1.) 

Oxidative stress resistance was investigated by assaying daily the survival of worms (starting 

with L4 larvae) on RNAi feeding plates containing paraquat, which is known to generate 

superoxide anions. Worms were scored as dead when they did not respond to prodding with a 

pick. The highest sensitivity towards oxidative stress was observed in sir-2.2::gfp and sir-

2.3::gfp transgenic worms having a mean survival of 5.07 ± 0.16 (S.E.M.) and 5.16 ± 0.21 

(S.E.M.), respectively, compared to wild type N2 worms 7.86 ± 0.21 (S.E.M.) (Figure 3-8 A 

and B). Sir-2.2(tm2648) (6.66 ± 0.16 (S.E.M.)) and sir-2.3(ok444) (6.26 ± 0.18 (S.E.M.)) 

mutant worms were also significantly more sensitive to oxidative stress than wild type worms 

(Figure 3-8 A and C). Knockdown of sir-2.3 in sir-2.2(tm2648) mutant worms led to a slight 

increase in sensitivity (5.86 ± 0.15 (S.E.M.)). However, no increased sensitivity was observed 

when knocking down sir-2.2 in a sir-2.3(ok444) mutant background (6.42 ± 0.18 (S.E.M.)), 

suggesting that there is no functional redundancy between sir-2.2 and sir-2.3.  

Overall, this data shows that both loss and overexpresssion of SIR-2.2 and SIR-2.3 leads to an 

increased sensitivity to oxidative stress and both proteins seem to function in oxidative stress 

resistance pathways.  
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Figure 3-8: Increased sensitivity to oxidative stress in worms overexpressing or deficient in SIR-2.2 and 

SIR-2.3. 

A. Mean life span of worms grown at 24.5°C on RNAi feeding plates containing paraquat (200 µl of 250 mM 

paraquat solution/plate). At least 3 trials were conducted per strain. Error bars show standard error of mean 

(S.E.M.); asterisks indicate a significant difference (p-value < 0.001) to average life span of wild type (N2) 

worms; p-values were calculated using standard Student t-test; n: number of analyzed worms. B. Average 

survival curve of wild type (N2) and worms overexpressing SIR-2.2 (sir-2.2::gfp) or SIR-2.3 (sir-2.3::gfp). 

C. Average survival curve of wild type (N2) worms and worms deficient in sir-2.2, sir-2.3 or both.  
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3.3 Identification of SIR-2.2 and SIR-2.3 interaction partners 

3.3.1 Identification of mitochondrial biotin carboxylases as factors interacting with 

SIR-2.2 and SIR-2.3 

To identify factors interacting with SIR-2.2, the promoter and genomic sequence of SIR-2.2 

was fused to a modified version of the so-called localization and affinity purification (LAP)-

tag [177] using a C-terminal Strep-GFP-tag. A stable integrated transgenic worm strain 

expressing SIR-2.2::Strep::GFP was generated by microinjection and UV treatment. Since the 

tagged protein could not be recovered from C. elegans lysates in sufficient amounts by Strep-

tag purification (data not shown), I could not use a tandem affinity purification approach. 

Thus, SIR-2.2::Strep::GFP was immunoprecipitated from total worm lysates with different 

antibodies raised against GFP and the SIR-2.2-specific antibodies  (Figure 3-9 A). Because of 

the mitochondrial localization of SIR-2.2 (3.1.4), I also isolated mitochondria from C. elegans 

and used mitochondrial extracts for the immunoprecipitation experiments. As a negative 

control immunoprecipitation experiments were performed with total worm lysates prepared 

from the transgenic worm strains BC15074 and BC14289 (expressing GFP under control of 

the endogenous sir-2.2 promoter) and with mitochondrial lysates of the transgenic strains 

SJ4104 and SJ4143 (expressing GFP with a mitochondrial targeting sequence). Bound 

proteins were subjected to SDS-PAGE and complete lanes were analyzed by mass 

spectrometry in the group of Dr. Henning Urlaub (MPI of Biophysical Chemistry, Göttingen). 

Proteins that were identified with at least two peptides or a protein score of at least 80 and 

were present only in the SIR-2.2::GFP bound fraction but not in the control IP, were extracted 

from the data with the statistical program R (for details on the R protocol and a list of factors 

see Appendix A.2 and A.3). Five different immunoprecipitation experiments were performed 

and SIR-2.2-specific factors that showed the highest occurrence in these experiments were 

further analyzed. Among the identified factors D2023.2 (pyc-1, pyruvate carboxylase), 

F27D9.5 (pcca-1, propionyl-coenzyme A (-CoA) carboxylase alpha subunit), and F32B6.2 

(ortholog to human alpha methylcrotonoyl-coenzyme A (-CoA) carboxylase 1, in this study 

referred to as mccc-1) were particularly interesting as the proteins represent the three 

mitochondrial members of the biotin-dependent carboxylase protein family. The best 

sequence coverage obtained for these proteins were 48% with 107 identified peptides for 

PYC-1 (Figure 3-9 B), 32% with 18 peptides for PCCA-1 (Figure 3-9 C) and 13% with 9 

peptides for MCCC-1 (Figure 3-9 D).  

In mammals pyruvate carboxylase (PC) has an important anaplerotic function for the 

tricarboxylic acid (TCA) cycle as the enzyme catalyzes the carboxylation of pyruvate to 

oxaloacetate, an important TCA cycle intermediate [201] (Figure 3-10). Propionyl-CoA 

carboxylase (PCC) is essential for the catabolism of branched chain amino acids (Thr, Val, 

Ile, and Met), odd-chain length fatty acids and cholesterol. Since it carboxylates propionyl-

CoA to methylmalony-CoA, which feeds into the TCA cycle after conversion to succinyl-

CoA, it is also important for anaplerosis [202, 203]. Methylcrotonyl-CoA carboxylase (MCC) 

catalyzes the carboxylation of 3-methylcrotonyl-CoA to 3-methylglutaconyl-CoA, the fourth 

step in catabolism of the essential amino acid (aa) leucine. Leucine, as a exclusively ketogenic 

aa, is degraded to acetoacetate and acetyl-CoA. Therefore, MCC does not function in 
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anaplerosis but formation of ketone bodies [203, 204]. Anaplerosis and formation of ketone 

bodies are essential for maintaining energy homeostasis during nutrient deprivation such as 

fasting. Sirtuins are potential energy sensors [19, 20] and C. elegans SIR-2.2 and SIR-2.3 

might regulate the enzymatic activities of mitochondrial biotin-dependent carboxylases during 

metabolic stress. Thus, I selected mitochondrial biotin carboxylases for further studies.  

 

 

 

 

 

Figure 3-9: Identification of mitochondrial biotin carboxylases as factors interacting with SIR-2.2. 

A. Schematic overview on strategy used to identify interaction partners of SIR-2.2. A stable integrated 

transgenic worm strain expressing SIR-2.2 with a C-terminal Strep-GFP-tag under control of the endogenous 

promoter was generated and used for extract preparation. GFP-tagged SIR-2.2 was immunoprecipitated with 

anti-GFP-specific antibodies or the anti-SIR-2.2-specific antibodies from total or mitochondrial worm extracts. 

Isolated proteins were subjected to SDS-PAGE and analyzed by mass spectrometry. B. Protein sequence of C. 

elegans D2023.2 (PYC-1). C. Protein sequence of C. elegans F27D9.5 (PCCA-1) D. Protein sequence of 

F32B6.2 (MCCC-1). Best sequence coverage of PYC-1, PCCA-1 and MCCC-1 and peptides identified by mass 

spectrometric analyses (highlighted in red) are shown.  
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Figure 3-10: Role of mitochondrial biotin-dependent carboxylases in anaplerosis and generation of 

ketone bodies.  

In mammals pyruvate carboxylase (PC) catalyzes the important anaplerotic reaction of carboxylating pyruvate 

to oxaloacetate, an TCA cycle intermediate. Propionyl-CoA carboxylase (PCC) carboxylates propionyl-CoA to 

methylmalony-CoA, which feeds into the TCA cycle after conversion to succinyl-CoA. This reaction is 

essential for the catabolism of branched chain amino acids (Thr, Val, Ile, and Met) and odd-chain length fatty 

acids. Methylcrotonyl-CoA carboxylase (MCC) catalyzes the carboxylation of 3-methylcrotonyl-CoA to 3-

methylglutaconyl-CoA, the fourth step in catabolism of the essential amino acid (aa) leucine. Leucine being an 

exclusively ketogenic aa is degraded to acetoacetate and acetyl-CoA, which is oxidized in the TCA cycle. MCC 

does not function in anaplerosis but formation of ketone bodies.  

 

Since there were no gfp-transgenic strains of these factors existing to verify their interaction 

with SIR-2.2, I cloned the cDNAs of all three biotin carboxylases into a mammalian 

expression vector with a C-terminal double FLAG-tag. GFP-tagged SIR-2.2 was expressed 

together with the corresponding FLAG-tagged proteins in HEK293 cells, immunoprecipitated 

with GFP-Trap
®
A, and analyzed by SDS-PAGE and Western blotting. PYC-1, PCCA-1 and 

MCCC-1 co-immunoprecipitated specifically with GFP-tagged SIR-2.2, but not with GFP 

alone (Figure 3-11 A). Importantly, the mitochondrial protein ACDH-3 (acyl-CoA 

dehydrogenase) and the nuclear protein HP1ß did not associate with SIR-2.2::GFP in the 

same experiment.  

SIR-2.2 and SIR-2.3 were both mitochondrial (3.1.4) and share a high sequence homology 

(75.3% identity) with each other. To test whether SIR-2.3 also interacts with these factors, co-

immunoprecipitation experiments were performed with GFP-tagged SIR-2.3 and FLAG-
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tagged biotin carboxylases. Interestingly, SIR-2.3 also specifically interacted with the three 

factors. Again, no interaction with HP1ß was observed (Figure 3-11 B).  

Since I was able to generate stable integrated worm strains expressing SIR-2.3 with a C-

terminal HA-GFP-tag, I also performed immunoprecipitation experiments with GFP-specific 

antibodies and mitochondrial extracts of sir-2.3::gfp transgenic worms. Bound proteins were 

separated by SDS PAGE and analyzed by mass spectrometry (using same strategy as 

described above). Peptides of all three biotin carboxylases were identified in the SIR-2.3 

bound protein fraction, indicating that SIR-2.3 also interacts with the endogenous proteins. 

The best sequence coverage obtained for these proteins are shown in Figure 3-12 (for a list of 

identified factors see Appendix A.3). PYC-1 was identified with a sequence coverage of 48% 

with 50 identified peptides (Figure 3-12A). The highest sequence coverage for PCCA-1 and 

MCCC-1 were 17% with 13 peptides (Figure 3-12 B) and 21% with 14 peptides (Figure 3-12 

C), respectively.  

In summary, mass spectrometric and Western blot analyses of immunoprecipitation 

experiments showed that both, SIR-2.2 and SIR-2.3, interact with the mitochondrial proteins, 

PYC-1, PCCA-1 and MCCC-1, which might be biological substrates of these proteins.  

 

 

 

Figure 3-11: Verification of mitochondrial biotin-dependent carboxylases as interaction partners of  

C. elegans SIR-2.2 and SIR-2.3. 

Expression vectors encoding SIR-2.2::GFP, SIR-2.3::GFP or GFP alone were co-transfected in HEK293 cells 

with an expression vector for either FLAG-tagged PCCA-1, MCCC-1, PYC-1, ACDH-3 or HP1. GFP-tagged 

proteins were immunoprecipitated with GFP-Trap
®
A and analyzed by SDS-PAGE and Western blotting using 

anti-GFP and anti-FLAG antibodies. I: input (2%), S: supernatant after IP (2%), IP: immunoprecipitated protein 

fraction. A. Representative Western blot analyses of proteins bound to immunoprecipitated SIR-2.2::GFP (left 

panel) and GFP (right panel). B. Representative Western blot analyses of proteins bound to immunoprecipitated 

SIR-2.3::GFP. 
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Figure 3-12: Identification of endogenous mitochondrial biotin-dependent carboxylases as interacting 

factors of SIR-2.3.  

Immunoprecipitation experiments using mitochondrial extracts of sir-2.3::gfp transgenic worms and anti-GFP 

antibodies were performed and analyzed by mass spectrometry. Best sequence coverage of PYC-1, PCCA-1 and 

MCCC-1 are shown. A. Protein sequence of C. elegans D2023.2 (PYC-1). B. Protein sequence of C. elegans 

F27D9.5 (PCCA-1) C. Protein sequence of F32B6.2 (MCCC-1). Peptides identified by mass spectrometric 

analyses are highlighted in red. 

 

3.3.2 Evolutionarily conserved interaction of mammalian SIRT4 with mitochondrial 

biotin-dependent carboxylases 

Both SIR-2.2 and SIR-2.3 show high sequence similarity with the mammalian sirtuin variant 

SIRT4 (49% and 42% identity to human SIRT4, respectively). It has been reported that 

SIRT4 is targeted to the mitochondrial matrix and regulates insulin secretion by modifying 

glutamate dehydrogenase [25], and possibly also by interacting with the ADP/ATP carrier 

protein (ANT2/3) and insulin-degrading enzyme (IDE) [26]. These findings indicate an 

important role for SIRT4 in regulation of energy metabolism. I therefore hypothesized that 

mitochondrial biotin carboxylases might be as well substrates for mammalian SIRT4. To test 

whether the observed interaction is conserved between C. elegans and mammals, I performed 

co-immunoprecipitation experiments with GFP-tagged mouse SIRT4 (mSIRT4) and FLAG-

tagged mouse propionyl-CoA carboxylase α-subunit (mPCCA), mouse methylcrotonyl-CoA 

carboxylase α-subunit (mMCCC-1), and mouse pyruvate carboxylase (mPC). All three mouse 

biotin carboxylases (as well as the C. elegans biotin carboxylases, data not shown) associated 

specifically with mSIRT4 (Figure 3-13), indicating an evolutionarily conserved interaction.  
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Figure 3-13: Evolutionarily conserved interaction of mammalian SIRT4 with mitochondrial biotin 

carboxylases. 

GFP-tagged murine SIRT4 (mSIRT4) was expressed together with murine PCCA (mPCCA), MCCC1 

(mMCCC1), and PC (mPC) in HEK293 cells and immunoprecipitated with GFP-Trap
®
A. Bound proteins were 

separated by SDS-PAGE and analyzed by Western blotting using anti-GFP and anti-FLAG antibodies. 

Representative Western blot analyses of proteins bound to immunoprecipitated SIRT4::GFP (left panel) and 

GFP (right panel) are shown. I: input (2%), S: supernatant after IP (2%), IP: immunoprecipitated protein 

fraction.  

 

3.3.3 Analysis of the interaction specificity of C. elegans and mammalian sirtuins with 

mitochondrial biotin-dependent carboxylases 

C. elegans SIR-2.2 and SIR-2.3 share high sequence similarity with each other. Both proteins 

were localized to mitochondria and interacted with mitochondrial biotin carboxylases. In 

contrast to SIR-2.2 and SIR-2.3, the structure of nuclear SIR-2.1 exhibits next to the 

conserved catalytic core domain long N-terminal and C-terminal regions, which also differ in 

sequence composition (Figure 3-14 A). To analyze whether there are differences in the 

interaction strength and specificity of different C. elegans SIR-2 proteins, I co-transfected 

FLAG-tagged biotin carboxylase expression vectors together with an expression vector for 

either GFP-tagged SIR-2.1, SIR-2.2, or SIR-2.3 in HEK293 cells, and performed co-

immunoprecipitation experiments with GFP-Trap
®
A beads. Since SIR-2.2::GFP and SIR-

2.3::GFP showed a higher protein degradation rate than SIR-2.1::GFP, equal amounts of full-

length immunoprecipitated protein were loaded on SDS-PAGE gels and analyzed by Western 

blotting with anti-GFP and anti-FLAG antibodies (Figure 3-14 B, asterisks indicate degraded 

protein). GFP alone served as a negative control.  

SIR-2.2 showed the strongest interaction with all three biotin carboxylases. SIR-2.3 also 

associated strongly with FLAG-tagged biotin carboxylases. SIR-2.1 did not interact with 

PCCA-1. Considerably less of MCCC-1 and PYC-1 was associated with SIR-2.1 than with 

SIR-2.2 and SIR-2.3. These results suggest that the regions N- and C-terminal to the catalytic 

core domain of SIR-2.1 seem to mainly influence the ability to interact with mitochondrial 

biotincarboxylases.  

In sir-2.2 and sir-2.3 mutant worms truncated SIR-2.2 (ΔSIR-2.2::GFP) and SIR-2.3 (ΔSIR-

2.3::GFP) proteins, which are encoded by the sir-2.2(tm2648)/(tm2673) and sir-2.3(ok444) 
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deletion alleles, different regions of the conserved sirtuin catalytic core domain (Figure 3-7 A 

and B) were missing. To test whether these deletions affect the interaction with mitochondrial 

biotin carboxylases, I also performed co-immunoprecipitation experiments with GFP-tagged 

truncated SIR-2.2 (ΔSIR-2.2::GFP) and SIR-2.3 (ΔSIR-2.3::GFP). ΔSIR-2.2, lacking 75 aa in 

the central region of the sirtuin catalytic core domain (Figure 3-14 A and Figure 3-7 A) 

showed like SIR-2.2 and SIR-2.3 strong interaction with PCCA-1, MCCC-1 and a weaker 

interaction with PYC-1. In ΔSIR-2.3 a large part (141 aa) of the catalytic core domain is 

deleted at the C-terminus (Figure 3-14 A and Figure 3-7 B). The interaction of ΔSIR-2.3 with 

all three biotin carboxylases was very weak, suggesting that aa residues located at the C-

terminus of the catalytic sirtuin core domain contribute more to the interaction than aa 

residues located in the middle of the protein sequence of SIR-2.3 and SIR-2.2. 

 

 
 

Figure 3-14: Analysis of specificity of interaction with C. elegans SIR-2.1, SIR-2.2 and SIR-2.3.  

A. Schematic view of the structural organization of C. elegans SIR-2.1, SIR-2.2 and SIR-2.3. Conserved sirtuin 

catalytic core domain is shown in green. N- and C-terminal regions, which are variable in length and sequence 

compositon, are represented by grey lines. Regions deleted in ΔSIR-2.2 and ΔSIR-2.3 are shaded in red.  

B. FLAG-tagged mitochondrial biotin carboxylases were expressed together with GFP-tagged SIR-2.1, SIR-2.2, 

SIR-2.3, ΔSIR-2.2 or ΔSIR-2.3 in HEK293 cells and immunoprecipitated with GFP-Trap
®
A. Due to the high 

protein degradation of SIR-2.2::GFP and SIR-2.3::GFP equal amounts of full-length immunoprecipitated 

protein was loaded on SDS-PAGE gels and analyzed by Western blotting with anti-GFP and anti-FLAG 

antibodies. The results of the co-immunoprecipitation experiments are shown in the left panel for PCCA-

1::FLAG, in the middle panel for MCCC-1::FLAG, and in the right panel for PYC-1::FLAG. Running positions 

of GFP-tagged proteins are shown on the right side of the right panel. Inputs were loaded to confirm that 

FLAG-tagged proteins were expressed in each experiment. Asterisks indicate degraded protein.  



 3 Results 

 

72 

Taken together, these results show that both SIR-2.2 and SIR-2.3 strongly interact with 

mitochondrial biotin carboxylases. The interaction seems to be mainly mediated by aa located 

at the C-terminus (and maybe also at the N-terminus) of their conserved sirtuin catalytic core 

domain.  

Mammalian mitochondria possess three sirtuin variants (SIRT3 to SIRT5). To test whether 

SIRT4 interacts specifically with the mammalian biotin carboxylases FLAG-tagged mPC, 

mMCCC1 and mPCCA were expressed together with human Myc-tagged SIRT3, SIRT4 or 

SIRT5 in HEK293T cells. Proteins were immunoprecipitated with FLAG-M2 agarose beads 

and analyzed by SDS-PAGE and Western blotting using anti-Myc and anti-FLAG antibodies 

(Figure 3-15). SIRT4 specifically co-immunoprecipitated with FLAG-tagged mPC and 

mMCCC1, and no interaction with both SIRT3 and SIRT5 was detected. However, I did not 

observe a SIRT4-specific interaction with mPCCA. Both SIRT3 (full-length variant) and 

SIRT4 strongly associated with the protein, suggesting that there might be functional overlap 

between SIRT3 and SIRT4.  

Nevertheless, SIRT4 showed strong association with all three mitochondrial biotin 

carboxylases, indicating that they might be as well modified by SIRT4. 

 

 
Figure 3-15: Interaction specificity of human mitochondrial sirtuins with mitochondrial biotin-dependent 

carboxylases. 

Expression vectors for human SIRT3, SIRT4, SIRT5 and CDYL1c (Myc-tagged) were co-transfected with 

expression vectors encoding either murine PC, MCCC1, or PCCA (FLAG-tagged) in HEK293T cells. FLAG-

tagged HP1 was used as negative control. Proteins were immunoprecipitated with FLAG-M2 agarose beads and 

analyzed by Western blotting with anti-Myc and anti-FLAG antibodies. Inputs were loaded to confirm that 

Myc-tagged proteins were expressed in each experiment. Co-Immunoprecipitation experiments with 

CDYL1c::Myc or HP1::FLAG served as negative controls.  

 

3.3.4 Mapping of the biotin carboxylase domain mediating interaction with SIRT4 

All three mitochondrial biotin carboxylases catalyze metabolically important carboxyl group 

transfer reactions and possess a highly conserved N-terminal biotin carboxylase domain and 

C-terminal biotin carboxyl carrier protein (BCCP) domain (Figure 3-16 A). To determine, 
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which domain mediates the interaction with SIRT4, various deletion constructs of mPC, 

mMCCC-1 and mPCCA were cloned.  

In mammals PC is comprised of four identical subunits (α4-form) and each subunit of 

approximately 120-130 kD contains all three functional domains. The biotin carboxylase 

domain (BC) featuring a conserved ATPgrasp domain (ATP) (Figure 3-16 A) catalyzes the 

first step of the carboxylation reaction, i.e. the ATP-driven carboxylation of biotin to form 

carboxybiotin. The pyruvate carboxyltransferase domain, catalyzing the second step of the 

reaction (the transfer of the carboxyl group of the carboxybiotin to pyruvate), is located in the 

middle of the polypeptide chain. At the C-terminus the biotin carboxyl carrier protein (BCCP) 

domain, also referred to as the biotinyl-lipoyl domain, is found. This domain containing biotin 

covalently attached to a highly conserved lysine residue is present in all biotin-dependent 

enzymes and facilitates the carboxylation of a substrate by transferring CO2 from one subsite 

to the other [203, 205]. 

To map the interaction domain of mPC, I generated the following five constructs with an N-

terminal FLAG-tag (Figure 3-16 A): 

- biotin carboxylase domain (BC) 

- ATPgrasp domain (ATP) 

- pyruvate carboxyltransferase domain (PCT) 

- C-terminal domain containing biotin carboxyl carrier protein (BCCP) domain, BCCP 

domain large (BCCPL) 

- biotin carboxyl carrier protein domain alone, BCCP 

Each construct was expressed together with human Myc-tagged SIRT4 in HEK293T cells and 

co-immunoprecipitation experiments were performed with an antibody against the Myc-tag. 

Since the expression levels and consequently also the recovery rates of SIRT4 were not equal 

when co-expressed with the different mPC constructs, I subjected equal amounts of 

immunoprecipitated SIRT4-Myc to SDS-PAGE and Western blot analysis. Next to full-length 

mPC only the biotin carboxylase domain associated with SIRT4, indicating that the N-

terminal region of mPC mediates the interaction with SIRT4 (Figure 3-16 B). As no binding 

of the ATPgrasp domain was observed, amino acid residues outside this domain must be 

sufficient for the interaction with SIRT4.  

Both propionyl-CoA carboxylase and methylcrotonyl-CoA carboxylase are heteropolymeric 

enzymes with six heterodimers of one α- and one β-subunit arranged in an (αβ)6 configuration 

[202-204]. The α-subunits contain the N-terminal biotin carboxylase (BC) domains and the C-

terminal biotin carboxyl carrier protein (BCCP) domain (Figure 3-16 A). The 

carboxyltransferase (CT) activities catalyzed by the propionyl-CoA carboxyltransferase 

domain and the methylcrotonyl-CoA carboxyltransferase domain, respectively, are located on 

separated ß-chains [203] and were not detected as binding partners of C. elegans SIR-2.2 in 

mass spectrometric analyses. To test whether the interactions of SIRT4 with mPCCA and 

mMCCC1 were mediated by the same conserved domain a N-terminal and C-terminal 

deletion construct of each protein was generated (Figure 3-16 A) and analyzed by co-

immunoprecipitation experiments as described above. Figure 3-16 C and D show that binding 

to SIRT4 was again depending on the N-terminal BC domains of both PCCA and MCCC1 but 

not on the C-terminal regions containing the BCCP domain.  
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Figure 3-16: Mapping of the domain of PC, PCCA and MCCC1 mediating interaction with SIRT4. 

A. Schematic representation of the domain organization of mitochondrial biotin carboxylases. All three proteins 

have a highly conserved N-terminal biotin carboxylase domain (BC) and a C-terminal biotin carboxyl carrier 

protein domain (BCCP). The following deletion constructs were generated for mPC: biotin carboxylase (BC) 

domain (marked by bracket), ATPgrasp (ATP) domain, pyruvate carboxyltransferase (PCT) domain (marked by 

bracket), C-terminal domain containing biotin carboxyl carrier protein domain (BCCP domain large) (BCCPL, 

marked with bracket), biotin carboxyl carrier protein domain alone (BCCP). For both mPCCA and mMCCC1 a 

N-terminal construct comprising the biotin carboxylase domain (BC, indicated by brackets) and a C-terminal 

construct containing the BCCP domain (Cterm, indicated by brackets) were generated. Domain boundaries of the 

mutant proteins are indicated by the aa positions. B. to D. For co-immunoprecipitation (Co-IP) experiments, 

FLAG-tagged deletion constructs were expressed together with human SIRT4 (Myc-tag) in HEK293T cells. 

Equal amounts of immunoprecipitated Myc-tagged SIRT4 were loaded on SDS-PAGE gels and analyzed by 

Western blotting with anti-FLAG and anti-Myc antibodies. Inputs confirm expression of FLAG-tagged proteins 

in each experiment. Running positions of FLAG-tagged proteins and of the antibody’s heavy and light chains are 

indicated on the right. Representative Western blot analyses of Co-IP experiments using full-length and mutated 

murine PC proteins (B), full-length and mutated murine PCCA proteins (C) and full-length and mutated murine 

MCCC1 proteins (D) are shown. 

 

This leads to the conclusion that SIRT4 interacts with PC, PCCA and MCCC1 via the N-

terminal biotin carboxylase domain. Residues located outside the ATP-grasp domain mediate 

the interaction. 
 

3.4 Regulation of biotin carboxylase function by mitochondrial sirtuins 

3.4.1 Mitochondrial biotin carboxylases are acetylated proteins 

There has been growing evidence in recent years that lysine acetylation is an important 

posttranslational modification to regulate metabolic enzymes. A proteomic survey by Kim et 

al. [98] found that approximately 20% of all mitochondrial proteins are acetylated. Together 

with two other proteomic studies [99, 146] acetylation sites were identified in mitochondrial 

proteins of all major metabolic pathways including TCA cycle, oxidative phosphorylation, β-

oxidation, amino acid catabolism and urea cycle. 

As mitochondrial biotin carboxylases might be acetylated proteins, I surveyed the published 

candidate lists of all three proteomic screens for identified acetylated peptides of these factors. 

Indeed, I found three different acetylation sites in PC and one acetylation site in PCCA 

(marked by orange boxes, Figure 3-17 A and B). In the mouse sequence of PC these residues 

map to K316, K992 and K1090 [98, 99, 146]. In human PCCA K528 was acetylated [146], 

this residue corresponds to R549 in mouse PCCA and K545 in C. elegans.  

Additional acetylation sites of all three biotin carboxylases were also detected in an 

unpublished mass spectrometric screen performed in the laboratory of our collaborator Prof. 

Eric Verdin (Gladstone Institute, San Francisco, USA) (marked by yellow boxes, Figure 3-17 

A, B, and C). In their screen three sites namely K434, K1106 and K1109 were found in 

mouse PC. Seven acetylation sites were detected in mouse PCCA (K128, K150, K223, K403, 

K460, K492 and K509) and two acetylation sites in mouse MCCC1 (K180 and K717). 

To further map putative acetylation sites, I also obtained commercial PC isolated from bovine 

liver (Sigma, P7173) and analyzed it for protein acetylation (Dr. Henning Urlaub, MPI of 

Biophysical Chemistry, Göttingen). Nine different acetylation sites were found in bovine PC 

(marked with green boxes, Figure 3-17 A). These residues map to K35, K107, K148, K273, 

K297, K319, K741, K748 and K1090 in the sequence of mouse pyruvate carboxylase. Only 
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one of the sites, K1090 overlapped with findings of the previous mass spectrometric screens, 

which were all based on anti-acetyllysine-specific antibodies. Due to certain sequence 

specificities, different anti-acetyllysine pan-antibodies seem to immunoprecipitate different 

acetylated lysine peptides. 

 

A 

 

B 
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C 

 
Figure 3-17: Lysine acetylation sites identified in PC, PCCA and MCCC1 by different mass spectrometric 

approaches. 

A. Sequence alignment (Clustal W) of C. elegans, mouse, human and bovine pyruvate carboxylase. B. Sequence 

alignment (Clustal W) of C. elegans, mouse, and human PCCA. C. Sequence alignment (Clustal W) C. elegans, 

mouse, and human MCCC1. Matching residues are shaded with gray; acetylation sites found in published 

screens by [98, 99, 146] are boxed in orange; yellow boxes mark acetylation sites found by our collaborator Prof. 

Eric Verdin (Gladstone Institute, San Francisco, USA); green boxes label acetylation sites found in commercial 

bovine PC by mass spectrometric analysis; blue stars mark residues implicated in biotin carboxylase reaction 

[203]; red stars mark residues important for pyruvate transcarboxylase reaction [203, 205]; red boxes indicate 

localization of the peptides MPIG-47 and MPIG-48; biotin indicates highly conserved lysine residue to which 

biotin is covalently attached.  

 

In summary, all three mitochondrial biotin carboxylases are acetylated. PC and PCCA seem 

to be highly acetylated protein as 14 and 8 acetylation sites, respectively, have been identified 

in total so far. 

 

To further confirm these results, I investigated in collaboration with the laboratory of Prof. 

Eric Verdin the acetylation levels of the biotin-dependent carboxylases by Western blot 

analysis using anti-acetyllysine-specific antibodies (Figure 3-18). FLAG-tagged mPC, 

mPCCA and mMCCC1 were expressed in HEK293T cells and immunoprecipitated with 

FLAG-M2 agarose beads. As positive control cells were also transfected with a vector 

encoding FLAG-tagged acetyl-CoA synthetase 2 (AceCS2), which was shown to be 

acetylated and which is regulated by SIRT3 [101, 102]. Cells transfected with an empty 

vector served as negative control. Like AceCS2 all three proteins were detected with anti-

acetyllysine-specific antibodies (αAcK) after immunoprecipitation, further supporting the 

finding that PC, PCCA and MCCC1 are acetylated mitochondrial proteins.  
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Figure 3-18: Analysis of protein acetylation levels by Western blotting with anti-acetyllysine-specific 

antibodies.  

Expression vectors encoding FLAG-tagged mPC, mPCCA and mMCCC1 were transfected into HEK293T 

cells. Proteins were immunoprecipitated with FLAG-M2 beads (anti-FLAG IP) and protein acetylation levels 

were analyzed using anti-acetyllysine-specific antibodies (αAcK). Cells transfected with an empty vector 

(vector) were used for negative control. Western blot analysis using anti-acetyllysine and anti-FLAG antibodies 

are shown. Running position of molecular weight marker is indicated on the right.  

3.4.2 Analysis of the enzymatic activities of C. elegans SIR-2.2, SIR-2.3 and 

mammalian SIRT4 

Mass spectrometric analyses have not only identified acetylation sites in many metabolic 

enzymes but also detected changes in acetylation levels upon fasting [98, 146]. Therefore, 

deacetylation of mitochondrial biotin carboxylases by SIRT4, SIR-2.2 and/or SIR-2.3 might 

be an important regulatory mechanism to modulate the activity of these enzymes and energy 

metabolism in response to changing energy demands. 

Apart from SIR-2.1 [18], no analysis on the enzymatic activities of C. elegans SIR-2.2, SIR-

2.3 and SIR-2.4 has been reported so far. All four sirtuins share a conserved catalytic core 

domain, but differ in length and sequence composition in their N- and C-terminal regions 

(Figure 3-19 A). This difference might contribute to their substrate specificity. The structure 

of SIR-2.2 and SIR-2.3 seems to be primarily made up by the sirtuin catalytic core region and 

exhibits only a short N-terminal region and no C-terminal region. Compared to SIR-2.1, SIR-

2.4 also possesses only short N- and C-terminal regions.  

 

 

 

Figure 3-19: Highly conserved catalytic core domain of C. elegans sirtuins.  

A. Schematic overview of the structural organization of C. elegans sirtuins. All four SIR-2 proteins contain a 

highly conserved catalytic sirtuin core domain (shown in green), but differ in length and sequence composition 

in their N- and C-terminal regions (indicated by grey lines). B. Three dimensional structure of a sirtuin bound 

with an acetylated peptide (red) and NAD
+
(blue). The Rossman-fold domain is shown in yellow, the small Zn

2+
-

binding domain in blue and the cofactor binding loop is indicated by blue dots; Green dot represents Zn
2+

 ion; 

Figure taken from [27]. C. Multiple sequence alignment (ClustalW) of the catalytic core domain of S. cerevisiae 

Hst2 and SIR2, C. elegans SIR-2.1, SIR-2.2, SIR-2.3 and SIR-2.4, and human SIRT1, SIRT4 and SIRT6. 

Conserved residues are highlighted in red; similar residues in yellow; the secondary structure elements above the 

sequence alignment follow the coloring of the structural domains shown in B; green stars: NAD
+
-binding 

residues; red stars: residues involved in acetyllysine peptide binding; orange dot: histidine in active site; black 

dots: Zn
2+

 binding residues. 
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A multiple sequence alignment (ClustalW) of the catalytic core domain of C. elegans SIR-2 

proteins with S. cerevisiae Hst2 and SIR2 as well as human SIRT1, SIRT4 and SIRT6 

showed a high degree of sequence conservation (Figure 3-19 C). Residues important for the 

enzymatic activity such as the active site histidine (Figure 3-19 C, marked with an orange dot) 

as well as the majority of residues involved in NAD
+
 and acetyllysine peptide binding were 

also conserved in C. elegans SIR-2 proteins. In addition, structurally important residues, such 

as the Zn
2+

 binding motif (Figure 3-19 C, indicated by black dots) located in the small domain 

of the sirtuin catalytic core region (Figure 3-19 B), were also present in SIR-2.2 and SIR-2.3.  

The high degree of sequence conservation within the catalytic sirtuin core domain of C. 

elegans SIR-2 protein suggests that these proteins also might exhibit NAD
+
-dependent 

deacetylase activity. To analyze the enzymatic activity of C. elegans sirtuins as well as SIRT4 

I used several assays.  

3.4.2.1 In vitro histone deacetylase activity (HDAC) assay 

A standard assay to analyze the NAD
+
-dependent enzymatic activity of sirtuins is an in vitro 

histone deacetylase (HDAC) activity assay using a 
3
H-acetylated histone 4 (H4) tail peptide 

as substrate. While the C. elegans variant SIR-2.1 has been shown to possess HDAC activity 

[18]), the enzymatic activities of SIR-2.2, SIR-2.3 as well as SIR-2.4 still need to be 

determined. In collaboration with the group of Prof. Lührmann (MPI of Biophysical 

Chemistry, Göttingen) recombinant  SIR-2 protein was expressed in wheat germ extract, a 

cell-free in vitro translation system. Since the wheat germ extract did not exhibit intrinsic 

deacetylase activity, in vitro-translated proteins were directly used for the enzymatic assay 

without any further purification. Reactions were incubated at 25ºC for 2 h or overnight and 

after acidification released acetate was quantified by scintillation counting (Figure 3-20 A). 

HDAC activity was only detected for SIR-2.1, but not for the other three variants (Figure 3-20 

B). Since stable transgenic gfp-strains could be generated for SIR-2.2 and SIR-2.3, I also 

isolated GFP-tagged protein from C. elegans by immunoprecipitation and performed the 

HDAC assay with immunoprecipitated protein bound to beads (Figure 3-20 C). Again, only 

SIR-2.1::GFP showed detectable HDAC activity.  

Using the same HDAC assay as described above, HDAC activity could be demonstrated for 

human SIRT1, SIRT2, SIRT3 and SIRT5, but not for SIRT4, SIRT6 and SIRT7 [29, 91]. For 

a long time only ADP-ribosyltransferase activity had been reported for SIRT6 [25, 26, 30], 

however Michishita et al. [31] recently showed that SIRT6 is a histone 3 lysine 9 (H3K9) 

specific deacetylase, suggesting a high substrate specificity for these proteins. SIRT4 also has 

been shown to exhibit ADP-ribosyltransferase activity [25, 26], but it might also exhibit 

protein deacetylase activity with very strict substrate specificity. Since soluble C. elegans 

SIR-2.2 and SIR-2.3 could not be expressed recombinantly in E. coli, I was not able to obtain 

sufficient amounts of protein to test whether these proteins possess ADP-ribosyltransferase 

activity in [
32

P]NAD
+
-labeling experiments. 

In summary, I did not observe NAD
+
-dependent HDAC activity of C. elegans SIR-2.2 and 

SIR-2.3. SIR-2.2 and SIR-2.3 were localized to mitochondria (3.1.4) and an acetylated histone 

H4 tail peptide is not a natural substrate of these proteins. Thus, the lack of detectable HDAC 

activity does not allow the conclusion that C. elegans SIR-2.2 and SIR-2.3 as well as 
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mammalian SIRT4 are not true NAD
+
-dependent deacetylases. To determine, whether these 

proteins are NAD
+
-dependent protein deacetylases with high substrate specificity, I analyzed 

additional acetylated substrates for deacetylation by C. elegans SIR-2.2 and SIR-2.3 as well 

as mammalian SIRT4 in deacetylase activity assays.  
 

 
Figure 3-20: Analysis of NAD

+
-dependent HDAC activity. 

A. Overview on the enzymatic reaction catalyzed by SIR-2 proteins. The deacetylation of a [
3
H] acetylated 

lysine residue on a histone H4 tail peptide is coupled to hydrolysis of NAD
+
, yielding nicotinamide (NAM) and 

O-acetyl-ADP-ribose. For quantification by scintillation counting, acetate is released from O-acetyl-ADP-ribose 

by addition of acid and extracted with organic solvent. Figure taken from [27] and further modified. B. All four 

C. elegans SIR-2 proteins were translated in vitro using wheat germ extract and analyzed for HDAC activity on 

a [
3
H] peracetylated H4 tail peptide. C. GFP-tagged SIR-2 proteins were immunoprecipitated from worm lysates 

of sir-2::gfp transgenic worm strains using anti-GFP antibodies (and for SIR-2.2 also the anti-SIR-2.2 

antibodies). HDAC activity assays were performed with protein bound to beads and a [
3
H] peracetylated H4 tail 

peptide as substrate. Quantitative values, indicating HDAC activity, are means of three measurements; error bars 

represent standard deviation; overnight and 2 h incubation times of the enzymatic reactions are indicated by light 

blue and dark blue bars, respectively. 

3.4.2.2 Mass spectrometry based in vitro deacetylase activity assay 

Mammalian SIRT4 and C. elegans SIR-2.2 and SIR-2.3 interacted with mitochondrial biotin 

carboxylases in co-immunoprecipitation experiments. Different mass spectrometric analyses 

detected a total of 14 lysine acetylation sites in PC (Figure 3-17 A). Among these only three 

lysine residues (K273, K741 and K748, numbers are mapped to human and mouse PC) were 

conserved from C. elegans to human. Interestingly, K273, located in the biotin carboxylase 

domain of PC, and K741, located in the pyruvate carboxyltransferase domain, are important 

for the enzymatic activity of PC. I hypothesized that SIRT4, SIR-2.2 and SIR-2.3 might 

deacetylate these residues and thereby regulate the activity of pyruvate carboxylase. 

Therefore, I obtained two peptides, one with acetylated K273 (MPIG-47) and one with 

acetylated K741 (MPIG-48) (red boxes Figure 3-17 A) for in vitro deacetylase activity assays. 
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Myc-tagged human SIRT3, SIRT4 and SIRT5 and FLAG-tagged C. elegans SIR-2.1, SIR-

2.2, and SIR-2.3 were expressed in HEK293T cells, immunoprecipitated and immediately 

subjected to in vitro deacetylase activity assays using the acetylated peptides as substrate. 

NAD
+
-dependent deacetylation of the peptides was then determined by mass spectrometry.  

No deacetylation of MPIG-47 (K273ac) and MPIG-48 (K741ac) was observed for SIR-2.2 

(Figure 3-21 C), SIR-2.3 (Figure 3-21 D), SIRT4 (Figure 3-21 F), and SIRT5 (Figure 3-21 G) 

(Table 3-3). However, both peptides were deacetylated by SIR-2.1 (Figure 3-21 B) and SIRT3 

(Figure 3-21 E) leading to a 42 kD reduction of the peptide mass (indicated by black arrows). 

SIR-2.1 being a nuclear protein also showed strong activity on H4K16ac and H3K9ac 

peptides (Table 3-3). Interestingly, SIRT3, although it is a mitochondrial protein, deacetylated 

histone 4 lysine 16 (H4K16ac) and histone 3 lysine 9 (H3K9ac) acetylated peptides as well. 

For negative control (Mock) deacetylase reactions were performed without 

immunoprecipitated protein (Figure 3-21 A, H to J). 

 

 

Table 3-3: Summary on observed NAD
+
-dependent deacetylase activity on acetylated peptides analyzed by 

mass spectrometry. 

peptide SIRT3 SIRT4 SIRT5 SIR-2.1 SIR-2.2 SIR-2.3 

MPIG-47 (K273ac) + - - + - - 

MPIG-48 (K741ac) + - - + - - 

H4K16ac + - - + - - 

H3K9ac + - - + - - 

(+ indicates activity, - no activity) 

 

 

Figure 3-21: Mass spectrometric analysis of in vitro deacetylase reactions using acetylated peptides.  

Myc-tagged human SIRT3, SIRT4 and SIRT5 as well as FLAG-tagged C. elegans SIR-2.1, SIR-2.2, and SIR-2.3 

were expressed in HEK293T cells, immunoprecipitated and immediately subjected to in vitro deacetylase 

activity assays using different acetylated peptides as substrate. For negative control (Mock) peptides were 

incubated in deacetylase reaction buffer without immunoprecipitated protein. NAD
+
-dependent deacetylation of 

the peptides was determined by mass spectrometry (MS). A. to G. Representative MS spectra of MPIG-47 

(K273ac) peptide after deacetylase (DAC) reaction using: Mock (A), SIR-2.1 (B), SIR-2.2 (C), SIR-2.3 (D), 

SIRT3 (E), SIRT4 (F) and SIRT5 (G). H. to J. Representative MS spectra of MPIG-48 (K741ac) (H), H4K16ac 

(I) and H3K9ac (J) peptides after control DAC reactions. Red arrow: mass peak corresponding to the acetylated 

peptide; black arrow: mass peak corresponding to the deacetylated peptide; for details on aa sequence of 

substrate peptides see Table 2-7 in section 2.1.7. 
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These results show that both SIR-2.1 and SIRT3 are protein deacetylases with low substrate 

specificity on different acetylated peptides. I did not observe deacetylase activity of SIR-2.2, 

SIR-2.3 and SIRT4, suggesting that acetylated K273 and K741 are not substrates of them. 

3.4.3 Analysis of bovine PC activity after deacetylase reaction with C. elegans sirtuins 

Since next to K273ac and K741ac six additional acetylated lysine residues were identified in 

bovine PC by mass spectrometry (Figure 3-17 A), I tested in parallel to the peptide 

deacetylase activity assays, whether C. elegans SIR-2.2, SIR-2.3 or human SIRT4 can 

modulate the enzymatic activity of bovine PC.  

 

 

 

A 

 

B 

 
 

 

Figure 3-22: No changes in bovine PC activity after treatment with C. elegans SIR-2.2 and SIR-2.3. 

A. Principle of the spectrophotometric assay used to assay the enzymatic activity of PC. The carboxylation of 

pyruvate by PC is coupled to the conversion of oxaloacetate to malate by malate dehydrogenase and recorded 

by measuring the decrease in NADH absorbance at 340 nm. B. FLAG-tagged C. elegans proteins were 

expressed in HEK293T cells and immunoprecipitated proteins bound to beads were immediately used for an in 

vitro deacetylase activity assay using bovine PC as substrate. Subsequently, the supernatants of the deacetylase 

reactions were analyzed for PC activity. The enzymatic activity of PC was calculated from measured reaction 

velocities. Mean activities were determined from four measurements of two independent immunoprecipitation 

experiments; error bars represent the standard deviation.  
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A spectrophotometric assay was used to assay the enzymatic activity of PC after incubation 

with mitochondrial sirtuins. FLAG-tagged C. elegans and Myc-tagged human proteins were 

expressed in HEK293T cells and immunoprecipitated. The proteins bound to beads were 

immediately used for an in vitro deacetylase activity assay using bovine PC as substrate. The 

supernatants of the deacetylase reactions were analyzed for PC activity using a malate 

dehydrogenase coupled system. The conversion of pyruvate to oxaloacetate (by PC) and 

finally to malate (by malate dehydrogenase) was measured by recording the decrease in 

absorbance at 340 nm due to oxidation of NADH (Figure 3-22 A). The enzymatic activity of 

PC was then determined from measured reaction velocities. 

No changes in bovine PC activity were observed after incubation with SIR-2.2 and SIR-2.3 

(Figure 3-22 B). PC deacetylation reactions using CYC-1 (C. elegans cytochrome c), SIR-2.2-

N117A/H134Y carrying point mutations in residues essential for the catalytic activity of 

sirtuins as well as beads incubated with protein lysate of non-transfected cells (Mock) served 

as negative control. Treatment of bovine PC with human SIRT4 and SIRT3 (data not shown) 

also did not lead to changes in activity.  

I could not detect reliable acetylation of bovine PC with anti-acetyllysine antibodies, and 

therefore I could not use Western blot analyses to investigate changes in acetylation levels of 

bovine PC after treatment with sirtuins. Thus, it is possible that I did not observe changes in 

activity because of lack of deacetylase activity. However, it is also possible that the 

acetylation sites, which were present in commercial bovine PC, did not have a regulatory 

function and affected the catalytic activity of PC.  

 

3.4.4 Reduced acetylation levels of MCCC1 and PCCA in cells overexpressing SIRT4 

It is possible that I did not observe protein deacetylase activity for mammalian SIRT4 (as well 

as C. elegans SIR-2.2 and SIR-2.3) because of non-optimal reaction conditions (e.g. buffer 

conditions, missing co-factor/s) present in the in vitro deacetylase activity assays.  

Since mitochondrial biotin carboxylases, expressed in HEK293T cells, were lysine acetylated 

(Figure 3-18), I decided to test in collaboration with the laboratory of Prof. Eric Verdin 

(Gladstone Institute, San Francisco, USA) whether SIRT4 can deacetylate these proteins in 

vivo. Expression vectors encoding FLAG-tagged murine PCCA or MCCC1 were co-

transfected with expression vectors for human Myc-tagged SIRT3, SIRT4, or SIRT5 into 

HEK293T cells. For negative control cells were co-transfected with an empty vector. FLAG-

tagged PCCA and MCCC1 were immunoprecipitated with FLAG-M2 beads and acetylation 

levels were measured by Western blotting with anti-acetyllysine antibodies.  

The acetylation levels of both mPCCA (Figure 3-23 A) and mMCCC1 (Figure 3-23 B) were 

specifically reduced in cells overexpressing SIRT4, but not SIRT3 or SIRT5. It remains to be 

tested, whether SIRT4 is also able to deacetylate mPC.  

These results indicate for the first time that SIRT4 might indeed be a NAD
+
-dependent 

protein deacetylase that specifically deacetylates PCCA and MCCC1.  
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Figure 3-23: Overexpression of SIRT4 specifically reduces the acetylation levels of PCCA and MCCC1 in 

vivo. 

FLAG-tagged murine PCCA or MCCC1 were expressed together with human Myc-tagged SIRT3, SIRT4, or 

SIRT5 in HEK293T cells. For negative control the cells were co-transfected with an empty vector (carrying a 

Myc-tag). FLAG-tagged PCCA and MCCC1 were immunoprecipitated with FLAG-M2 beads and analyzed by 

Western blotting with anti-acetyllysine (αAcK) and anti-FLAG antibodies. A. and B. Western blot analyses of 

immunoprecipitated PCCA::FLAG (A) and MCCC1::FLAG (B) using anti-acetyllysine and anti-FLAG 

antibodies are shown. Doublet bands of PCCA::FLAG and MCCC1::FLAG in anti-FLAG Western blots 

correspond to full-length protein (upper band) and protein, which was proteolytically processed after 

mitochondrial import (lower band).  
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4 Discussion 

4.1 SIR-2.2 and SIR-2.3 are mitochondrial proteins strongly expressed in tissue 

with high metabolic demand 

 

SIR-2 proteins are a highly conserved protein family and play an important role in chromatin 

regulation, metabolism and aging in eukaryotes [1]. The nematode C. elegans possesses four 

different SIR-2 variants with high sequence conservation to mammalian sirtuins. Whereas the 

great majority of studies have focused on SIR-2.1, the other three variants remained virtually 

uncharacterized so far. SIR-2.2 and SIR-2.3 are most homologous to mammalian SIRT4 (49% 

and 42% identity), suggesting that they might also localize to mitochondria. However, in a 

genome wide RNAi screen SIR-2.2 was identified to be required for genome stability, next to 

many chromatin, DNA repair and cell cycle factors. Since these proteins are nuclear and/or 

cytoplasmic, SIR-2.2 might not be targeted to mitochondria and might not share conserved 

functions with mammalian SIRT4. 

In this study I investigated for the first time the expression and localization pattern of SIR-2.2 

and SIR-2.3 by generating translational sir-2::gfp-reporter strains, expressing SIR-2.2 and 

SIR-2.3 under control of the endogenous promoters. Electron microscopic analysis as well as 

cellular subfractionation showed that both SIR-2.2 and SIR-2.3 are targeted to mitochondria. 

SIR-2.2 and SIR-2.3 are highly expressed in the pharynx, body wall muscles, neurons, and 

intestine, which are all tissues with high energy demand. Interestingly, mammalian SIRT4 

also shows higher expression levels in the major metabolic tissues including heart, liver, 

kidney, pancreatic ß-cells, brain and skeletal muscle.  

The C. elegans pharynx is analogous to the vertebrate heart, since both are tubular organs 

pumping continuously to keep the organism alive [206]. The intestine of C. elegans is a 

multifunctional organ, that not only has an enormous digestive power and is important for 

defecation, but is also the major organ for synthesis, storage (gut granules containing lipids, 

carbohydrates, and protein) and metabolism of nutrients, nurturing germ cells (particularly 

with produced yolk) and other tissues [207]. In mammals distinct organs including intestine, 

kidney, liver and adipose tissue carry out these miscellaneous functions. Insulin secretion in 

C. elegans is not executed by a specific cell type like pancreatic ß-cells in mammals, but both 

neuronal cells as well as intestinal cells were shown to secrete insulin-like proteins [208]. C. 

elegans body wall muscles are, like mammalian skeletal muscles, striated muscle tissue 

important for locomotion and therefore rich in mitochondria [209].  

Due to this conserved subcellular localization to mitochondria as well as the high expression 

in functionally equivalent tissues with high energy demand, C. elegans SIR-2.2 and SIR-2.3 

and mammalian SIRT4 seem to have conserved functions. Therefore, analysis of SIR-2.2 and 

SIR-2.3 function in C. elegans is likely to provide insights into sirtuin function in mammals.  
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4.2 Is there genetic redundancy between SIR-2.2 and SIR-2.3 in C. elegans? 

 

SIR-2.2 and SIR-2.3 share high sequence similarity (75.3% identity) and are located next to 

each other on chromosome X, suggesting that one gene might have evolved from the other by 

sequence duplication and that there might be genetic redundancy between sir-2.2 and sir-2.3. 

In C. elegans gene duplications seem to occur with a rate of ~ 0.02 duplications per gene per 

million years more frequently than in Drosophila (~ 0.002) and yeast (~ 0.008) [210]. In the 

case of sirtuins C. elegans possesses two genes, SIR-2.2 and SIR-2.3, whereas the D. 

melanogaster genome encodes only one gene most homologous to mammalian SIRT4 [3]. 

Gene duplications are an evolutionarily important source for new gene functions and 

expression patterns. As fully functional redundant genes should not be evolutionarily stable 

and are not protected against deleterious mutations, duplicated genes have three possible fates 

during evolution: firstly, nonfunctionalization and silencing of one copy; secondly, 

neofunctinalization, where one copy obtains novel, beneficial functions; thirdly, 

subfunctionalization, where both copies become partially compromised and are necessary for 

the overall function provided by the single ancestral gene [210, 211].  

RT-PCR experiments (Figure 3-6 B) show that both sir-2.2 and sir-2.3 are expressed in C. 

elegans. In case of the sir-2.2 gene, I also know from Western blot analysis with the anti-SIR-

2.2-specific antibodies (Figure 3-7 C) that protein is made. In addition, a multiple sequence 

alignment of C. elegans sirtuins with yeast and mammalian sirtuins (Figure 3-19 C) shows 

that residues important for the enzymatic activity are also highly conserved in both SIR-2.2 

and SIR-2.3. Although I currently do not have experimental proof of enzymatic activity of 

SIR-2.2 and SIR-2.3, this high degree of sequence conservation and lack of detrimental 

mutations in important amino acid residues suggests, that both proteins most probably 

retained their catalytic activity. Therefore, I exclude that sir-2.2 or sir-2.3 became 

nonfunctionalized during evolution.  

A variation of neofunctionalization is that both genes acquired divergent functions but still 

retained overlapping functions. The genes would be then maintained by selection due to their 

independent functions [212].  

This model is supported by the observed expression patterns of SIR-2.2 and SIR-2.3. Analysis 

of double transgenic sir-2.2::gfp;sir-2.3::mcherry worms shows that both proteins are co-

expressed in the pharynx, body wall muscle cells, neurons and intestine. However, SIR-2.3 

also shows distinct prominent expression in undefined cells in the head as well as in the 

somatic gonad, which is not observed for SIR-2.2. Moreover, SIR-2.3 expression starts earlier 

in embryogenesis approximately at the 100 cell stage, whereas the first SIR-2.2 expression is 

observed in the three fold-stage.  

Both, SIR-2.2 and SIR-2.3, seem to function in oxidative stress responses. Since knock down 

of either variant in a sir-2.2(tm2648) or sir-2.3(ok444) mutant background does not 

significantly enhance the phenotype, they do not seem to be functionally redundant and might 

act on different factors. SIR-2.2 and SIR-2.3 therefore might have divergent functions in 

mediating oxidative stress resistance. However, it might be also possible that both proteins 

became subfunctionalized. This would mean that the function of both, SIR-2.2 and SIR-2.3, is 
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needed to mediate resistance to stress. Then loss of one gene can already result in reduced 

stress tolerance, and this will not be further enhanced by disrupting the other gene.  

SIR-2.2 and SIR-2.3 are both interacting with mitochondrial biotin carboxylases. Currently, I 

do not know whether either one or both proteins are able to modulate the enzymatic activity 

of these biotin carboxylases in vivo. At present the data are not sufficient to clearly define 

whether there is functional redundancy between SIR-2.2 and SIR-2.3, or whether both genes 

are required to regulate the enzymatic activities of mitochondrial biotin carboxylases.  

Knock down of sir-2.2 by RNAi was shown to augment huntingtin polyglutamine toxicity 

whereas sir-2.3 RNAi did not have any effect [127]. In addition, only sir-2.2 but not sir-2.3 

was identified in a genome wide RNAi screen to contribute to genome stability [129], 

demonstrating independent functions of sir-2.2.  

No SIR-2.3-specific functions have been reported so far. However, e.g. the prominent 

expression of SIR-2.3::GFP in unidentified cells located between the two pharyngeal bulbs, 

indicates a distinct function of SIR-2.3. DiI staining alone has not been sufficient to determine 

the identity of these cells (Figure 3-3 B and C). (This will require more detailed analyses of 

all head neurons with Nomarski optics including comprehensive mapping of relative positions 

of neurons to DiI-filled neurons and neurons that express cell-specific transgenes.). DiI-filling 

labels specifically amphid, inner labial and phasmid neurons, which are chemosensory 

neurons, but represent only a subset of the C. elegans sensory nervous system. C. elegans 

hermaphrodites possess 60 ciliated neurons and also several non-ciliated neurons to perceive 

environmental cues, such as food stimuli, oxygen levels, pH, ambient osmolarity, 

temperature, light, and mechanical stimuli [197]. Both SIR-2.3 (Figure 3-3) and SIR-2.2 (data 

not shown) are expressed in amphid, inner labial and phasmid neurons, suggesting that both 

might function in chemosensation. The cells with prominent SIR-2.3::GFP expression might 

be sensory neurons as well, and SIR-2.3 might play a role in sensing a specific environmental 

cue.  

Interestingly, genes involved in regulating responses to environmental stress and pathogens 

seem to be most prone to gene duplications in organisms that are confronted with challenging 

and dynamic environments [213]. This further supports the idea that sirtuins have a key 

function in adapting cells and tissues to changes in the environment.  

In C. elegans mitochondrial SIR-2.2 and SIR-2.3 might be important regulators of various 

stress responses and in my opinion sir-2.2 and sir-2.3 have thereby overlapping but not 

completely redundant functions.  

 

4.3 SIR-2.2 and SIR-2.3 mediate resistance to oxidative stress 

 

Under normal growth conditions sir-2.2(tm2648), sir-2.2(tm2673) and sir-2.3(ok444) deletion 

mutant worms do not show any obvious phenotype. To test whether there is functional 

redundancy, I also have knocked down sir-2.2 in sir-2.3(ok444) mutant worms by RNAi 

(microinjection and feeding), but do not observe any obvious phenotype. Knockout mice of 

the mitochondrial sirtuins SIRT3, SIRT4 and SIRT5 are also viable and fertile, develop and 

grow normally under standard physiological conditions [25, 92, 114]. However, the functions 
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of SIRT3, SIRT4 and SIRT5 are important during stress [50]. Because of the mitochondrial 

localization of SIR-2.2 and SIR-2.3, I have tested whether they play a role during oxidative 

stress. Both sir-2.2(tm2648) and sir-2.3(ok444) mutant worms are more sensitive to oxidative 

stress than wild type worms, indicating that SIR-2.2 and SIR-2.3 regulate responses to 

oxidative stress. Knock down of sir-2.2 or sir-2.3 by RNAi in sir-2.3(ok444) and sir-

2.2(tm2648) mutant worms, respectively, does not cause a significant decrease in survival. 

This suggests that the genes are not functionally redundant or that both genes need to be 

functional to mediate resistance to oxidative stress. Overexpression of both SIR-2.2 and SIR-

2.3, as it occurs in the corresponding gfp transgenic worm strains, results in even higher 

sensitivity to oxidative stress and does not increase stress resistance as it might be expected. 

Why does both overexpression and loss of SIR-2.2 and SIR-2.3 increase the sensitivity to 

oxidative stress? 

The catalytic activity of sirtuins requires NAD
+
 as cofactor. Currently, I do not know whether 

GFP-tagged SIR-2.2 and SIR-2.3 are enzymatically functional. Therefore, it is possible that 

these proteins act as dominant negatives antagonizing the function of wild type SIR-2.2 and 

SIR-2.3 in mediating stress resistance.  

On the other hand, it is also possible that overexpression of catalytically active SIR-2.2 and 

SIR-2.3, which are NAD
+
 consumers, might lead to severe consumption and reduction of 

NAD
+
 levels in mitochondria. Mitochondrial NAD

+
 levels were shown to be essential for cell 

survival during genotoxic stress and nutrient deprivation [108]. Consistently, there is growing 

evidence that NAD
+
 salvage pathways leading to increased cellular NAD

+
 levels promote cell 

survival. Worms mutant for the nicotinamidase pnc-1, which catalyzes the first rate-limiting 

step of NAD
+
 synthesis from NAM, are more sensitive to oxidative stress. Overexpression of 

pnc-1 increases stress resistance [135].  

Therefore, I think it would be interesting to test whether overexpression of pnc-1 in sir-

2.2::gfp and sir-2.3::gfp transgenic worms has opposing effects and can rescue the observed 

sensitivity to oxidative stress by restoring mitochondrial NAD
+
 levels.  

Oxidative stress might lead to an increase in mitochondrial NAD
+
 levels, which activate SIR-

2.2 and SIR-2.3 to trigger protective pathways. In mammals Nampt promotes increased 

mitochondrial NAD
+
 levels and survival during stress in a SIRT3 and SIRT4 dependent 

manner [108]. Moreover, increased dosage of Nampt was shown to upregulate SIRT1 activity 

[214]. In C. elegans increased stress resistance of pnc-1 overexpressing worms depends on 

sir-2.1 [135], suggesting that mitochondrial sir-2.2 and sir-2.3 might be important as well. 

Thus, another intriguing question is whether the augmented oxidative stress resistance of 

worms overexpressing pnc-1 depends on sir-2.2. and sir-2.3. 

Mass spectrometric analyses showed that 20% of mitochondrial proteins are lysine acetylated. 

Among these factors were proteins of the respiratory chain, antioxidant enzymes such as 

superoxide dismutase, heat shock proteins, and chaperones [98-100], suggesting that lysine 

acetylation is an important posttranslational modification in regulating stress responses. The 

vast majority (approximately 90%) of reactive oxygen species (ROS) is produced in 

mitochondria as a consequence of oxidative phosphorylation by the electron transport chain. 

SIRT3 was shown to deacetylate subunits of complex I and to regulate the activity of complex 

I [104], which notably seems to be the major source of cellular ROS together with complex 
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III [199]. Moreover, SIRT3 was reported to suppress ROS formation in cardiomyocytes 

[215], C2C12 myotubes [216] and brown adipocytes [97]. Recently SIRT3-deficient mouse 

embryonic fibroblasts (MEFs) were shown to exhibit increased stress-induced ROS levels and 

genomic instability, contributing partly to a tumor-permissive phenotype [109]. These studies 

implicate a key role for mitochondrial sirtuins, particularly SIRT3, in regulating oxidative 

stress responses. Since SIR-2.2 and SIR-2.3 also function during oxidative stress, the role of 

mitochondrial sirtuins in coordinating stress responses seems to be conserved from C. elegans 

to human.  

Interestingly, sir-2.2 was identified as a factor promoting genome stability [129]. There is 

growing evidence that mitochondrial dysfunction, caused by oxidative damage of mtDNA, 

proteins and lipids, leads to nuclear genomic instability [217, 218]. Therefore, sir-2.2 might 

protect against mutations and genome instability by maintaining mitochondrial integrity.  

 

4.4 Evolutionary conserved interaction with mitochondrial biotin carboxylases  

 

Much of our understanding of sirtuin biology in mammals and C. elegans is based on studies 

of nuclear SIRT1 and sir-2.1. Although mitochondrial sirtuins might be key regulators of 

metabolic pathways, few studies have investigated their function. Glutamate dehydrogenase is 

the only physiological substrate that was described for mammalian SIRT4 [25]. No factors 

regulated by C. elegans SIR-2.2 and SIR-2.3 have been reported in the literature so far. Thus, 

it was not known whether SIR-2.2 and SIR-2.3 regulate conserved pathways in C. elegans. 

Such results could also provide insights into the biological function of mammalian SIRT4.  

As described in section 3.3, I have identified mitochondrial biotin carboxylases as factors 

specifically interacting with both SIR-2.2 and SIR-2.3 in C. elegans. Because of the high 

sequence conservation to mammalian SIRT4, I also have tested whether the interaction is 

conserved and specific for mammalian SIRT4. SIRT4 also associates with pyruvate 

carboxylase (PC), propionyl-CoA carboxylase (PCCA) and methylcrotonyl-CoA carboxylase-

1 (MCCC-1) of mammals as well as of C. elegans (data not shown), demonstrating that it is a 

highly conserved interaction. The interaction with mitochondrial biotin carboxylases seems to 

be SIRT4-specific with exception of PCCA. SIRT3 (full-length form) as well shows strong 

interaction suggesting that there might be functional overlap between SIRT3 and SIRT4. It 

therefore has to be tested by further immunoprecipitation experiments and Western blot 

analyses with antibodies specific for the endogenous proteins, whether endogenous SIRT3 

and SIRT4 associate with endogenous PCCA. However, preliminary results show that only 

overexpression of SIRT4 reduces the acetylation levels of PCCA, suggesting that PCCA is 

specifically regulated by SIRT4.  

In this study C. elegans has provided a useful model system to identify novel interaction 

partners of mammalian SIRT4, and is therefore a well-suited model system to analyze the 

biological function of mitochondrial sirtuins.  
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4.5 Mitochondrial biotin-dependent carboxylases are acetylated proteins 

 

Mass spectrometric analyses and a Western blot analysis with anti-acetyllysine specific 

antibodies (3.4.1) show that all three mitochondrial biotin-dependent carboxylases are 

acetylated proteins (see also [98, 99, 146]). PC and PCCA with a total of 14 and 8 acetylation 

sites, respectively, seem to be highly acetylated whereas only two acetylation sites have been 

found for MCCC1.  

There is growing evidence that lysine acetylation is an important posttranslational 

modification in regulating metabolic enzymes and highly abundant in mitochondrial proteins. 

The global identification of lysine acetylation is still not complete. All published proteomic 

analyses used different pan-antibodies against acetyllysine, which exhibit certain sequence 

specificities and which in general have lower binding affinities than anti-pan-phosphorylation 

antibodies [98, 99, 146]. Therefore, different anti-acetyllysine pan-antibodies seem to 

immunoprecipitate different acetylated lysine peptides. Moreover, not all acetylation sites 

might have been identified so far, especially those of proteins with lower abundance. 

Consistently, PC has been identified as acetylated protein by all mass spectrometric screens 

(Figure 3-17 A in section 3.4.1), but none of the acetylation sites, which were detected using 

different anti-acetyllysine antibodies, overlap. Thus, MCCC1 might be as well highly 

acetylated, but these sites have not been identified so far. In addition there might be more 

unknown lysine acetylation sites present in PC and PCCA.  

PC and PCCA seem to be highly acetylated, but only few of the identified acetylated lysine 

residues are conserved from C. elegans to human. Since acetylation can also occur in a non-

enzymatic manner [154, 155], not all of the identified acetylation sites will probably have a 

regulatory function. Mapping of acetylated lysines in substrates regulated by SIRT3 also 

showed that not all sites were regulated by SIRT3 [106, 107]. Nevertheless, since all three 

proteins interact with mitochondrial sirtuins and possess acetylated lysine residues it is very 

likely that their enzymatic activity is regulated by reversible lysine acetylation. Interestingly, 

in contrast to the cytosolic biotin-dependent carboxylase, acetyl-CoA carboxylase (ACC), PC 

was shown to be not regulated by phosphorylation [219]. 

 

4.6 Are mammalian SIRT4 and C. elegans SIR-2.2 and SIR-2.3 protein 

deacetylases? 

 

SIRT4 is the only mammalian sirtuin for which no protein deacetylase activity could be 

demonstrated. In C. elegans no studies reported on the enzymatic activity of SIR-2.2 and SIR-

2.3 so far. This raises the question whether SIRT4 as well as C. elegans SIR-2.2 and SIR-2.3 

are NAD
+
-dependent protein deacetylases.  

A multiple sequence alignment of the catalytic core domains (Figure 3-19 C) shows that 

SIRT4, SIR-2.2 and SIR-2.3 share a high degree of sequence conservation in residues 

important for the enzymatic activity of sirtuins, suggesting that these proteins retained activity 

as NAD
+
-dependent deacetylases during evolution (Figure 3-19 C). 
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However, no enzymatic activity of C. elegans SIR-2.2 and SIR-2.3 has been observed when 

using a chemically acetylated histone H4 tail peptide as substrate (3.4.2.1). Using the same 

assay, other groups could not detect histone deacetylase activity for SIRT4 either, but they 

observed in [
32

P]NAD
+
-labeling experiments that SIRT4 can ADP-ribosylate histones, BSA 

and GDH [25, 26]. Because of difficulties in expressing sufficient amounts of recombinant C. 

elegans SIR-2.2 and SIR-2.3, I could not test whether these proteins also possess ADP-

ribosyltransferase activity in [
32

P]NAD
+
-labeling experiments. 

Currently, ADP-ribosylation of GDH by SIRT4, inhibiting GDH activity, is the only reported 

sirtuin-catalyzed ADP-ribosylation with physiological relevance [25]. Nevertheless, there are 

still many open questions regarding the ADP-ribosyltransferase activity of SIRT4 and other 

sirtuins.  

ADP-ribosylation of GDH by SIRT4 was demonstrated using [
32

P]NAD
+
-labeling 

experiments, but the specific ADP-ribosylated residue has not been mapped and the catalytic 

mechanism is still unknown [21]. Analysis of the NAD
+
-dependent ADP-ribosyltransferase 

activity of the T. brucei SIR2-like protein TbSIR2rp1 showed that ADP-ribosylation by 

TbSIR2rp1 requires an acetylated substrate, is mainly enzymatic and only to a small extend 

non-enzymatic [35]. The ADP-ribosyltransferase activity of TbSIR2rp1 is approximately 5 

orders of magnitude lower than its deacetylase activity raising the question whether ADP-

ribosylation by sirtuins has a physiological role. A recent report doubted the physiological 

relevance of the ADP-ribosyltransferase activity of sirtuins (including SIRT4) due to the weak 

efficiency compared to a bacterial ADP-ribosyltransferase and/or their own NAD
+
-dependent 

deacetylase activity (if detectable) [36]. The authors suggested that the ADP-

ribosyltransferase activity of sirtuins is rather an inefficient side reaction.  

Initially, SIRT6 was reported to exhibit auto-ADP-ribosyltransferase activity [30], but was 

recently shown to specifically deacetylate H3K9ac and none of the other twelve tested 

peptides [31]. Therefore, it is very likely that SIRT4 acts also as NAD
+
-dependent deacetylase 

with very strict substrate specificity.  

Mitochondrial biotin carboxylases are acetylated proteins, which might be regulated by 

deacetylation through SIRT4, SIR-2.2 and SIR-2.3. Although the highly conserved acetylated 

lysine residues K273ac or K741ac (residue numbers are mapped to human and mouse PC) 

were promising candidates, I could not detect NAD
+
-dependent protein deacetylase activity 

for mammalian SIRT4 and C. elegans SIR-2.2 and SIR-2.3 in an in vitro deacetylase activity 

assay (3.4.2.2). K273ac and K741ac might not be substrates of SIRT4, SIR-2.2 and SIR-2.3. 

However, it is also possible that I have not observed protein deacetylase activity because the 

reaction conditions (e.g. buffer conditions, missing co-factor/s) have not been optimal in the 

in vitro deacetylase activity assays.  

Western blot analysis of lysine acetylation levels show that overexpression of SIRT4 

specifically reduces the acetylation levels of both MCCC1 and PCCA in vivo (Figure 3-23 in 

section 3.4.4). These results demonstrate for the first time that SIRT4 also exhibits NAD
+
-

dependent deacetylase activity.  

It still needs to be determined which lysine residues of mitochondrial biotin carboxylases are 

specifically deacetylated by SIRT4. These might be other lysine residues than K273ac and 

K741ac. Interaction domain mapping shows that SIRT4 interacts specifically with all three 
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mitochondrial biotin carboxylases via the highly conserved N-terminal biotin-carboxylation 

domain. The biotin carboxylation domain contains a highly conserved ATP grasp domain and 

catalyzes ATP driven carboxylation of biotin, the first step of the carboxylation reaction. Next 

to the conserved K273 are two additional highly conserved lysines (K194, K237) within the 

ATP grasp domain, which are important for the enzymatic activity.  

Although acetylated lysine residues within the interaction domain are not necessarily 

substrates, it will be interesting to test whether these can be deacetylated by SIRT4 and C. 

elegans SIR-2.2 and SIR-2.3.  

In my opinion mammalian SIRT4 and C. elegans SIR-2.2 and SIR-2.3 are NAD
+
-dependent 

protein deacetylases. This study provides first evidence that SIRT4 is indeed a protein 

deacetylase that acts on mitochondrial biotin carboxylases and that this interaction might also 

modulate their enzymatic activities. 

 

4.7 Possible physiological role of interaction 

 

The interaction of SIRT4 and C. elegans SIR-2.2 and SIR-2.3 with the mitochondrial biotin-

dependent carboxylases suggests that these sirtuins play a central role in regulating metabolic 

pathways, which maintain energy homeostasis in response to nutrient deprivation. 

Glucose is the primary fuel in mammalian tissues and blood glucose concentration has to be 

kept within a narrow range by coordinated homeostatic mechanisms [201]. Starvation 

promotes glucose synthesis in liver and kidney cortex by gluconeogenetic pathways to 

maintain serum glucose levels. PC converting pyruvate to oxaloacetate catalyzes an important 

anaplerotic reaction for the tricarboxylic acid (TCA) cycle in liver and kidney. Fasting 

induces hepatic gluconeogenesis in rats and mice by upregulating PC activity [220, 221]. 

Insulin secreted from pancreatic ß-cells tightly regulates blood glucose levels after dietary 

carbohydrate uptake. Interestingly, although ß-cells lack gluconeogenesis, PC is highly 

abundant and required for glucose-stimulated insulin secretion [201, 222].  

Propionyl-CoA carboxylase (PCC) also acts in anaplerosis and catalyzes the carboxylation of 

propionyl-CoA to methylmalonyl-CoA that feeds into the TCA cycle after conversion to 

succinyl-CoA. PCC has essential functions in the catabolism of branched chain amino acids 

(Thr, Val, Ile and Met), odd-chain length fatty acids and cholesterol [202].  

Methylcrotonyl-CoA carboxylase (MCC) carboxylates 3-methylcrotonyl-CoA to 3-

methylglutaconyl-CoA which is the fourth step in catabolism of the essential amino acid 

leucine [204]. Leucine is a strictly ketogenic amino acid as it is degraded to acetoacetate and 

acetyl-CoA, which is subsequently oxidized in the TCA cycle [223]. Therefore, MCC does 

not function in anaplerosis, but plays a role in formation of ketone bodies under starvation 

conditions.  

All three mitochondrial biotin carboxylases play an important role during nutrient deprivation. 

Since PC, PCCA and MCCC1 are acetylated proteins, it is very likely that their enzymatic 

activity is regulated by reversible lysine acetylation. 

There is growing evidence that reversible lysine acetylation of metabolic enzymes regulates 

the catalytic activity and/or protein stability of metabolic enzymes and allows cells to respond 
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to changes in nutrient availability [146, 147]. A recent study in Salmonella enterica showed 

that reversible lysine acetylation mediates adaption to different carbon sources [147]. Key 

enzymes of glycolysis and gluconeogenesis are lysine acetylated and regulated by reversible 

lysine acetylation/deacetylation in S. enterica. Whereas acetylation of proteins through the 

acetyltransferase Pat promotes carbon flux towards glycolysis, deacetylation through the 

NAD
+
-dependent protein deacetylase CobB (SIR-2-like protein) stimulates gluconeogenesis. 

This finding is further supported by another recent study demonstrating that nearly every 

enzyme of the major metabolic pathways, i.e. glycolysis, gluconeogenesis, the TCA cycle, 

fatty acid and glycogen metabolism was acetylated in human liver tissue [146]. Moreover, 

this study showed that high glucose levels inhibit amino acid catabolism and gluconeogenesis 

by increased acetylation of representative proteins. In the presence of high glucose 

concentrations argininosuccinate lyase (ASL) and phosphoenolpyruvate carboxykinase 

(PEPCK1) are highly acetylated, decreasing their catalytic activity and protein stability, 

respectively. In contrast to allosteric effects that specifically modulate the catalytic activities 

of individual metabolic enzymes, reversible lysine acetylation seems to be a global 

mechanism in coordinating energy metabolism. Two molecules closely linked to energy 

metabolism thereby seem to facilitate energy sensing. Acetyl-CoA, used for acetylation, is 

abundant during high cellular energy levels and NAD
+
, required for deacetylation, increases 

during nutrient deprivation [108, 147]. 

Since deacetylation of mitochondrial biotin carboxylases by SIRT4, SIR-2.2 and SIR-2.3 

might modulate their catalytic activity during nutrient deprivation, I have established 

conditions to assay the enzymatic activities of all three biotin carboxylases in liver lysates. 

Liver tissue of starved and fed SIRT4 knockout mice will be provided by our collaborator 

Prof. Eric Verdin. In addition, I am also going to test mitochondrial lysates of sir-2.2, sir-2.3 

mutant worms and sir-2.3, sir-2.2RNAi worms for changes in biotin carboxylase activity.  

In collaboration with the laboratory of Prof. Eric Verdin we observe reduced acetylation 

levels of PCCA and MCCC1 in cells overexpressing SIRT4. Starvation is shown to enhance 

the enzymatic activity of PC in mouse and rat livers [224, 225] and deacetylation of PC by 

SIRT4 might mediate this increase in activity.  

 

Working hypothesis I. 

Based on the findings described above, I propose the following working hypothesis for the 

regulation of mitochondrial biotin-dependent carboxylases by mammalian SIRT4 and C. 

elegans SIR-2.2 and SIR-2.3 (Figure 4-1).  

Starvation or fasting reduces cellular energy levels and leads to an increase in mitochondrial 

NAD
+
 levels. Elevated NAD

+
 activates mitochondrial SIRT4 or C. elegans SIR-2.2 and SIR-

2.3, which deacetylate mitochondrial biotin-dependent carboxylases. Deacetylation of PC, 

PCC and MCC increases their catalytic activities and upregulates gluconeogenesis, amino 

acid catabolism and fatty acid oxidation. Increased glucose and ketone body formation 

provides energy fuels for other tissues and promotes cell survival. In mammals this 

mechanism would take place in the liver and kidney cortex, in C. elegans probably in the 

intestine and muscles.  
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Figure 4-1: Working hypothesis I. 

Deacetylation of mitochondrial biotin-dependent carboxylases by mammalian SIRT4 (in C. elegans SIR-2.2 

and SIR-2.3) upregulates their activities and promotes gluconeogenesis and ketone body formation in liver and 

kidney (in C. elegans intestine and muscle) during nutrient deprivation. AC indicates acetylation.  

 

Negative regulation of insulin secretion in pancreatic ß-cells by SIRT4 

In addition to the proposed function of SIRT4 in the liver, SIRT4 also seems to play an 

important role in the pancreas. This role is discussed in the following and will lead to a 

second working hypothesis, that complements working hypothesis I.  

In the pancreas, which functions as fuel sensor, SIRT4 is highly expressed specifically in ß-

cells. Interestingly, pancreatic islets isolated from SIRT4 knockout mice exhibit increased 

insulin secretion, which is caused by augmented GDH activity increasing ATP production. 

SIRT4 was shown to negatively regulate insulin secretion by ADP-ribosylating and inhibiting 

GDH activity [25]. GDH was also reported to be lysine acetylated [98, 99]. SIRT3 

deacetylates (in vivo and in vitro) [92, 106] and activates GDH (in vitro) [106].  

There might be functional redundancy between SIRT3 and SIRT4, and SIRT4 might as well 

regulate GDH by protein deacetylation. However, most interestingly, interaction of GDH with 

SIRT3 and SIRT4 seems to have opposing consequences in different tissues. Whereas 

deacetylation of GDH by SIRT3 and/or SIRT4 might increase its catalytic activity in liver 

promoting anaplerosis, ADP-ribosylation of GDH by SIRT4 seems to repress its enzymatic 

activity, inhibiting insulin secretion. Mitochondrial biotin-dependent carboxylases might be as 

well differentially regulated. I hypothesize that SIRT4 negatively regulates insulin secretion 

by having contrary effects on these enzymes in pancreatic ß-cells compared to liver and 

kidney.  

Mitochondrial metabolism plays a key role in insulin secretion stimulated by fuels 

(secretagogues such as glucose and amino acids). The rise of intracellular ATP produced in 

mitochondria leads to closure of the ATP-sensitive potassium channels and to depolarization 

of the plasma membrane, triggering Ca
2+

 influx and exocytosis of insulin granulae. 
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Mitochondria also synthesize metabolites via anaplerosis that have intra- and 

extramitochondrial signaling functions. Next to ATP these anaplerotic metabolites are needed 

to couple glucose sensing to stimulation and enhancement of insulin secretion in ß-cells [205, 

226, 227].  

PC was shown to be necessary for glucose-induced insulin secretion [201] (Figure 4-2). 

Although pancreatic ß-cells lack cytosolic phosphoenolpyruvate carboxykinase and are not 

able to carry out gluconeogenesis, PC is expressed in high levels comparable to those of the 

gluconeogenic organs liver and kidney cortex [227]. Approximately half of glucose-derived 

pyruvate is converted into oxaloacetate by PC [226, 227]. Oxaloacetate provided by PC feeds 

into the TCA cycle, allowing rapid oxidation of pyruvate and generation of large amounts of 

the reducing equivalent NADH for ATP production via oxidative phosphorylation.  

PC also plays an important role in generating high levels of NADPH, a metabolic coupling 

factor for insulin secretion. Mitochondrial oxaloacetate generated by PC can be converted into 

either malate or citrate, which is then exported into the cytosol via the pyruvate/malate [222] 

or pyruvate/citrate shuttle [228]. Conversion of malate and citrate back to pyruvate results in 

production of high levels of NADPH in the cytosol. Cytosolic pyruvate then re-enters the 

mitochondrion and can be carboxylated again by PC. This shuttle mechanism also referred to 

as pyruvate cycling produces more NADPH than the pentose phosphate shunt pathway and 

contributes significantly to glucose-stimulated insulin secretion [222, 228]. Interestingly, the 

rate of pyruvate carboxylation but not pyruvate oxidation correlates with the rate of insulin 

release in rat pancreatic islets, suggesting that anaplerosis via PC has a critical function in 

supporting insulin secretion [229]. 

Catabolism of dietary amino acids provides another energy source for ATP and anaplerotic 

products. PCC is involved in the catabolism of the branched chain amino acids threonine, 

valine, isoleucine, and methione, which provide the anaplerotic intermediate succinyl-CoA. 

Succinate metabolism was shown to have an important function in insulin secretion, since 

methylesters of succinate, which are converted to succinate in ß-cells, are as potent in 

stimulating insulin release as glucose. Since succinyl-CoA is thereby a key intermediate and 

source for the generation of the metabolic coupling factors GTP, mevalonate as well as 

NADPH [230, 231], the anaplerotic function of PCC seems to be also important for insulin 

secretion in response to amino acids.  

The amino acid leucine is another potent insulin secretagogue (one third as potent as glucose) 

[232]. Next to allosterically activating GDH and enhancing the conversion of glutamate to α-

ketoglutarate, leucine can be metabolized to α-ketoisocaproic acid (KIC), the first 

intermediate in leucine catabolism, and finally to acetyl-CoA and acetoacetate. Interestingly, 

KIC stimulates insulin secretion more potently than leucine (as potent as glucose), which in 

part seems to be caused by providing faster acetoacetate and acetyl-CoA. Therefore, leucine 

catabolism, generating acetoacetate and Acetyl-CoA, and MCC, catalyzing the fourth step in 

this pathway, seem to contribute to leucine-stimulated insulin release.  

SIRT4 was shown to negatively regulate both glucose and amino acid stimulated insulin 

secretion [25, 26] and this might be mediated by modulating the enzymatic activities of PC, 

PCC and MCC.  
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Figure 4-2: Role of mitochondrial biotin carboxylases in insulin secretion. 

Pyruvate carboxylase (PC), propionyl-CoA carboxylase (PCC) and methylcrotonyl-CoA (MCC) carboxylase 

catalyze anaplerotic and catabolic reactions involved in insulin secretion. ATP and NADPH (shown in blue) are 

important coupling factors for triggering insulin release. Large amounts of ATP are produced via the TCA cycle 

and oxidative phosphorylation. The pyruvate/malate and pyruvate/citrate shuttle generate high levels of 

NADPH and are shown in red.  

 

Working hypothesis II. 

In my proposed model (Figure 4-3) absence of dietary glucose and amino acids results in 

increasing mitochondrial NAD
+
 levels. These activate SIRT4, which subsequently inhibits 

mitochondrial biotin-dependent carboxylases and GDH in pancreatic ß-cells. ADP-

ribosylation of GDH by SIRT4 was shown to inhibit its activity [25]. In the case of 

mitochondrial biotin carboxylases it has to be determined whether acetylation or ADP-

ribosylation downregulates their activities. It is possible that SIRT4 mediates this contrary 

effect on the catalytic activities of these enzymes in pancreatic ß-cells and liver/kidney, by 

interacting with different accessory proteins or metabolites that modulate sirtuin activity. 

Inhibition of PC, PCC, MCC contributes together with inhibition of GDH to a decrease in 

ATP synthesis, anaplerosis and leucine catabolism, downregulating insulin secretion.  
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Figure 4-3: Working hypothesis II. 

SIRT4 negatively regulates insulin secretion by inhibiting the catalytic activities of mitochondrial biotin-

dependent carboxylases, thereby downregulating ATP synthesis, anaplerosis, leucine catabolism and 

consequently insulin release. Red dots indicate deacetylation (-Ac) or ADP-ribosylation (+ADP). 

 

A gain of function mutation in GDH, rendering the protein hyperactive, causes 

hyperinsulinism and hyperammonemia [233]. In humans PC activity and expression was 

shown to be lower in individuals with type 2 diabetes [234]. Dysregulation of leucine-

metabolic-induced insulin secretion also has been linked to progression of ß-cell dysfunction 

and development of type 2 diabetes [235]. Therefore, SIRT4 interacting with biotin-

dependent carboxylases and GDH might as well play a role in the pathogenesis of diabetes.  

SIRT4 is not the only sirtuin that has been linked to insulin secretion. Mice overexpressing 

SIRT1 specifically in pancreatic ß-cells (BESTO) exhibit increased glucose-stimulated insulin 

release and improved glucose tolerance [67, 236]. Intriguingly, decreased insulin secretion in 

aging BESTO mice was accompanied by declined NAD
+
 biosynthesis, suggesting that NAD

+
 

is a central molecule in modulating sirtuin activity and insulin release in pancreatic ß-cells 

[67, 236].  
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SIRT1 and SIRT4 seem to have opposing effects on insulin secretion. ß-cell insulin secretion 

involving nutrient signaling is complex and needs to be tightly regulated under a broad range 

of food availability [19, 25]. SIRT1 and SIRT4 might therefore function during different 

conditions of food limitation, such as acute starvation and chronic nutrient deprivation. 

Moreover, for efficient insulin release ß-cells need to synchronize mitochondrial metabolism, 

including ATP synthesis and anaplerosis, with cytoplasmic pathways, such as glycolysis and 

plasma membrane activity. Reversible protein lysine acetylation might be a potential 

regulatory mechanism to globally coordinate pathways that contribute to insulin release. 

Thereby, a potential interplay between mitochondrial SIRT4 (acting directly on metabolic 

enzymes) and SIRT1 (modulating transcriptional levels of metabolic enzymes) might 

coordinate mitochondrial metabolism with transcription and protein expression in the nucleus.  
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5 Summary and Conclusion 

 

Sirtuins are highly conserved NAD
+
-dependent protein deacetylases involved in many cellular 

processes including genome stability, cell survival, stress responses, metabolism, and aging. 

Three sirtuins, SIRT3, SIRT4 and SIRT5, of the seven mammalian sirtuins are located in 

mitochondria and are emerging to be important energy sensors and regulators of 

mitochondrial metabolism.  

We are just beginning to understand the role of mitochondrial SIRT4 in regulating energy 

metabolism. The nematode C. elegans possesses two genes, sir-2.2 and sir-2.3, which are 

homologous to SIRT4, but there are no homologous genes to SIRT3 and SIRT5. In this study 

I have shown that both SIR-2.2 and SIR-2.3 localize to mitochondria and are highly expressed 

in tissues with high energy demand, suggesting conserved functions to mammalian SIRT4. 

Both SIR-2.2 and SIR-2.3 seem to function in oxidative stress responses. Moreover,  

C. elegans provided a useful model system to identify the mitochondrial biotin-dependent 

carboxylases PC, PCC and MCC as interaction partners of SIR-2.2, SIR-2.3 and mammalian 

SIRT4. The fact that mitochondrial biotin carboxylases play an important role in 

gluconeogenesis, amino acid catabolism, ß-oxidation and ketone body formation, strengthens 

the idea that sirtuins regulate metabolic adaptations during nutrient deprivation.  

All three biotin carboxylases exhibit lysine acetylation and preliminary results indicate that 

PCC and MCC might be the first substrates of SIRT4, where the protein displays NAD
+
-

dependent deacetylase activity. Therefore, SIRT4 might be an important regulator of the 

enzymatic activities of mitochondrial biotin carboxylases in pancreatic ß-cells and liver. 

SIRT4 negatively regulates insulin secretion. Insulin inhibits gluconeogenesis in the liver and 

ß-cell activity needs to be tightly coupled to the metabolic activity of the liver for efficient 

utilization of energy fuels.  

Based on these considerations, I propose that SIRT4 plays an important role in coordinating 

ß-cell activity with liver metabolism. Thereby, SIRT4’s interaction with mitochondrial biotin 

carboxylases might couple downregulation of insulin secretion in ß-cells to upregulation of 

gluconeogenesis and ketone body formation in the liver during nutrient deprivation.  
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Appendix 

A.1 SIR-2.2 protein levels in sir-2.2::gfp and sir-2.3(ok444); sir-2.2RNAi worms 

 

To determine the SIR-2.2 protein levels in sir-2.2::gfp transgenic worms (overexpressing 

SIR-2.2) and in sir-2.3(ok444); sir-2.2RNAi worms (knock down of sir-2.2), crude C. elegans 

lysates were analyzed by Western blotting using the anti-SIR-2.2 antibodies. The protein 

levels of SIR-2.3 could not be analyzed, since I do not have a SIR-2.3-specific antibody.  

 

 
 

Figure A-1: Analysis of SIR-2.2 protein levels in sir-2.2::gfp and sir-2.3(ok444); sir-2.2RNAi worms. 

C. elegans crude lysates were separated by SDS-PAGE and analysed by Western blotting using anti-SIR-2.2 

antibodies and anti-H3 antibodies (loading control). A. Western blot analysis of SIR-2.2 protein levels in wild 

type N2 and sir-2.2::gfp transgenic worms. Running positions of SIR-2.2 (~33 kD) and SIR-2.2::GFP (~63 kD) 

are indicated on the right. B. Western blot analysis of SIR-2.2 protein levels in wild type N2 and sir-2.3(ok444) 

mutant worms, which were grown on sir-2.2 RNAi feeding plates or control (E. coli HT115(DE) containing 

empty L4440 vector) feeding plates. 

 

A.2 R programming for mass spectrometry analysis 

 

Representative program used to analyze mass spectrometric data of immunoprecipitation (IP) 

experiments  

 
Open “R” (D1=IP1, D2=IP2, D3=IP3, D4=IP4) 

 

> D1=read.table("/Users/mwirth/Desktop/M_Wirth_110509_L1.txt", sep="\t", header=T) 

> D2=read.table("/Users/mwirth/Desktop/M_Wirth_110509_L2.txt", sep="\t", header=T) 

> D3=read.table("/Users/mwirth/Desktop/M_Wirth_110509_L3.txt", sep="\t", header=T) 

> D4=read.table("/Users/mwirth/Desktop/M_Wirth_110509_L4.txt", sep="\t", header=T) 

> dim(D1) 

> dim(D2) 

> dim(D3) 

> dim(D4) 

> D1_D2=merge(D1,D2, by.x=1, by.y=1)  

> D1_D3=merge(D1,D3, by.x=1, by.y=1) 
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> D1_D4=merge(D1,D4, by.x=1, by.y=1)  

> dim(D1_D2) 

> dim(D1_D3) 

> dim(D1_D4) 

> D2_unique=subset(D2,is.element(prot_acc,D1_D2$prot_acc)==FALSE) 

> dim(D2_unique) 

> D3_unique=subset(D3,is.element(prot_acc,D1_D3$prot_acc)==FALSE) 

> dim(D3_unique) 

> D4_unique=subset(D4,is.element(prot_acc,D1_D4$prot_acc)==FALSE) 

> dim(D4_unique) 

> D2_unique_gr80=D2_unique[D2_unique[,3]>79,] 

> dim(D2_unique_gr80) 

> D3_unique_gr80=D3_unique[D3_unique[,3]>79,] 

> dim(D3_unique_gr80) 

> D4_unique_gr80=D4_unique[D3_unique[,3]>79,] 

> dim(D3_unique_gr80) 

> D2gr80_D3gr80=merge(D2_unique_gr80,D3_unique_gr80, by.x=1,by.y=1) 

> dim(D2gr80_D3gr80) 

> D2gr80_D3gr80andD3gr80=merge(D2gr80_D3gr80,D4_unique_gr80, by.x=1,by.y=1) 

> dim(D2gr80_D3gr80andD3gr80) 

>write.table(D2gr80_D3gr80andD4gr80,file="/Users/mwirth/Desktop/D2_D3andD4.txt", sep="\t") 

 

A.3 Mass Spectrometry results 

 

Representative list of factors identified to interact with SIR-2.2. 

(Red indicates SIR-2.2; F46G10.7a and F46G10.7b are two different splice variants of SIR-2.2; yellow marks 

mitochondrial biotin carboxylases) 

 
prot_acc prot_desc prot_s

core 

pep_d

ups_n

umber 

gi|71990482 F46G10.7a [Caenorhabditis elegans], (sir-2.2) 3822 159 

gi|71990487 F46G10.7b [Caenorhabditis elegans], (sir-2.2) 3759 159 

gi|17562816 PYruvate Carboxylase family member (pyc-1) [Caenorhabditis elegans] 2924 107 

gi|71985184 E04F6.5a [Caenorhabditis elegans] 1660 49 

gi|604515 Na,K-ATPase alpha subunit 1592 70 

gi|17551436 ATP Synthase B homolog family member (asb-2) [Caenorhabditis elegans] 870 30 

gi|450496 lamin [Caenorhabditis elegans] 820 34 

gi|17553678 Ubiquinol-Cytochrome c oxidoReductase complex family member (ucr-1) [Caenorhabditis elegans] 795 26 

gi|71994394 T22D1.4 [Caenorhabditis elegans] 729 29 

gi|17536479 T24H7.1 [Caenorhabditis elegans] 654 19 

gi|17561814 GEX Interacting protein family member (gei-7) [Caenorhabditis elegans] 605 24 

gi|17507183 F36A2.7 [Caenorhabditis elegans] 562 27 

gi|32564386 Worm AIF (apoptosis inducing factor) Homolog family member (wah-1) [Caenorhabditis elegans] 530 23 

gi|1255199 sel-1 gene product 499 15 

gi|17551802 B0303.3 [Caenorhabditis elegans] 490 24 

gi|17555006 T12A2.2 [Caenorhabditis elegans] 471 13 

gi|17553980 Tubulin, Beta family member (tbb-1) [Caenorhabditis elegans] 470 16 

gi|71992778 Y105E8A.2 [Caenorhabditis elegans] 460 19 

gi|1181593 elongation factor Tu homologue precursor [Caenorhabditis elegans] 452 27 

gi|17557498 C02E11.1a [Caenorhabditis elegans] 450 24 

gi|71982905 D2030.2a [Caenorhabditis elegans] 449 20 

gi|17557316 B0250.5 [Caenorhabditis elegans] 430 13 

gi|17569737 Ubiquinol-Cytochrome c oxidoReductase complex family member (ucr-2.2) [Caenorhabditis elegans] 423 17 

gi|17539560 DIFferentiation abnormal family member (dif-1) [Caenorhabditis elegans] 415 19 

gi|32564064 B0432.4 [Caenorhabditis elegans] 390 18 

gi|17567343 Propionyl Coenzyme A Carboxylase Alpha subunit family member (pcca-1) [Caenorhabditis elegans] 384 18 

gi|17569967 T22H6.2a [Caenorhabditis elegans] 377 19 

gi|17535649 R53.4 [Caenorhabditis elegans] 366 17 

gi|17557712 ATP synthase subunit family member (atp-5) [Caenorhabditis elegans] 362 16 

gi|17554158 SERCA (Sarco-Endoplasmic Reticulum Calcium ATPase) family member (sca-1) [Caenorhabditis elegans] 358 17 

gi|17570205 Ubiquinol-Cytochrome c oxidoReductase complex family member (ucr-2.1) [Caenorhabditis elegans] 339 9 

gi|17534029 TuBulin, Alpha family member (tba-4) [Caenorhabditis elegans] 335 15 

gi|115534052 K02F3.2 [Caenorhabditis elegans] 330 16 

gi|17505833 C34B2.7 [Caenorhabditis elegans] 309 12 

gi|17535181 M05D6.6 [Caenorhabditis elegans] 309 11 

gi|17555336 TuBulin, Alpha family member (tba-7) [Caenorhabditis elegans] 301 13 

gi|17507897 G protein,O, Alpha subunit family member (goa-1) [Caenorhabditis elegans] 297 10 
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gi|17536841 W10D9.5 [Caenorhabditis elegans] 296 9 

gi|71994521 Y47G6A.10 [Caenorhabditis elegans] 292 11 

gi|17535651 R53.5 [Caenorhabditis elegans] 283 12 

gi|86563381 Y45F3A.3a [Caenorhabditis elegans] 280 9 

gi|17569483 SPeCtrin family member (spc-1) [Caenorhabditis elegans] 279 16 

gi|71999690 ZC410.5a [Caenorhabditis elegans] 277 10 

gi|17510485 Y71F9AL.17 [Caenorhabditis elegans] 276 7 

gi|25141345 F23C8.5 [Caenorhabditis elegans] 274 12 

gi|71999412 Y66H1B.2a [Caenorhabditis elegans] 267 14 

gi|17535117 gaLECtin family member (lec-3) [Caenorhabditis elegans] 262 13 

gi|17568379 General Anaesthetic Sensitivity abnormal family member (gas-1) [Caenorhabditis elegans] 254 9 

gi|3549723 calcium ATPase [Caenorhabditis elegans] 250 8 

gi|17560308 fatty Acid CoA Synthetase family member (acs-2) [Caenorhabditis elegans] 239 11 

gi|17556298 Y56A3A.21 [Caenorhabditis elegans] 236 8 

gi|71999758 ZK550.3 [Caenorhabditis elegans] 234 15 

gi|17540418 Iron-Sulfur Protein family member (isp-1) [Caenorhabditis elegans] 231 12 

gi|17508157 K07G5.6 [Caenorhabditis elegans] 224 7 

gi|17563944 ATP synthase subunit family member (atp-4) [Caenorhabditis elegans] 220 9 

gi|71997325 ZK370.8 [Caenorhabditis elegans] 219 8 

gi|72001364 DeHydrogenases, Short chain family member (dhs-24) [Caenorhabditis elegans] 218 9 

gi|17536165 T09A5.11 [Caenorhabditis elegans] 217 7 

gi|25146366 W02F12.5 [Caenorhabditis elegans] 216 7 

gi|71983779 DIsorganized Muscle family member (dim-1) [Caenorhabditis elegans] 215 6 

gi|42538971 TPA: TPA_exp: ANC-1 [Caenorhabditis elegans] 204 10 

gi|115534640 F07C3.2 [Caenorhabditis elegans] 203 7 

gi|17556106 Y53G8AL.2 [Caenorhabditis elegans] 202 6 

gi|17506651 F15D3.7 [Caenorhabditis elegans] 201 7 

gi|71989417 G protein, Subunit Alpha family member (gsa-1) [Caenorhabditis elegans] 200 5 

gi|25144561 NADH Ubiquinone Oxidoreductase family member (nuo-4) [Caenorhabditis elegans] 198 6 

gi|482124 hypothetical protein K11H3.3 - Caenorhabditis elegans 198 10 

gi|17534525 F58F12.1 [Caenorhabditis elegans] 196 6 

gi|17542494 T22B11.5 [Caenorhabditis elegans] 193 8 

gi|17508075 K05C4.2 [Caenorhabditis elegans] 192 7 

gi|17554894 T04A8.6 [Caenorhabditis elegans] 189 6 

gi|71987519 F32B6.2 [Caenorhabditis elegans] (mccc-1) 189 9 

gi|17541830 HisTone variant H2AZ homolog family member (htz-1) [Caenorhabditis elegans] 188 5 

gi|17508505 P-GlycoProtein related family member (pgp-2) [Caenorhabditis elegans] 187 3 

gi|17555742 C.Elegans Y-box family member (cey-4) [Caenorhabditis elegans] 184 5 

gi|72001668 ZK836.2 [Caenorhabditis elegans] 182 7 

gi|17507937 H25P06.1 [Caenorhabditis elegans] 181 9 

gi|17556552 Y76A2B.3 [Caenorhabditis elegans] 181 5 

gi|17533571 F29C12.4 [Caenorhabditis elegans] 178 10 

gi|17531419 C01F1.2 [Caenorhabditis elegans] 177 4 

gi|17551592 F11C1.5b [Caenorhabditis elegans] 176 10 

gi|17567217 F20D1.9 [Caenorhabditis elegans] 174 9 

gi|17534007 F44E5.1 [Caenorhabditis elegans] 172 9 

gi|17569955 T22B7.7 [Caenorhabditis elegans] 170 6 

gi|17531783 steroid Alpha ReducTase family member (art-1) [Caenorhabditis elegans] 169 9 

gi|17507093 Fatty Acid SyNthase family member (fasn-1) [Caenorhabditis elegans] 168 5 

gi|17553312 F37C12.7 [Caenorhabditis elegans] 168 4 

gi|17510401 Y65B4BL.5 [Caenorhabditis elegans] 161 8 

gi|71994271 MethylMalonic Aciduria type A protein family member (mmaa-1) [Caenorhabditis elegans] 159 6 

gi|17553096 DNaJ domain (prokaryotic heat shock protein) family member (dnj-10) [Caenorhabditis elegans] 158 5 

gi|17543984 Y67H2A.5 [Caenorhabditis elegans] 157 8 

gi|7498104 hypothetical protein D1037.4 - Caenorhabditis elegans 154 10 

gi|17542998 Y17G9B.5 [Caenorhabditis elegans] 153 6 

gi|17506225 C54G4.8 [Caenorhabditis elegans] 152 7 

gi|17556745 Y119D3B.14 [Caenorhabditis elegans] 152 4 

gi|71990971 F22B8.7 [Caenorhabditis elegans] 151 5 

gi|25143253 T08G11.1a [Caenorhabditis elegans] 150 6 

gi|17533397 F22B5.4 [Caenorhabditis elegans] 148 6 

gi|17537937 ZK669.4 [Caenorhabditis elegans] 147 7 

gi|17538400 C02B10.3 [Caenorhabditis elegans] 147 5 

gi|7496641 hypothetical protein C28C12.9 - Caenorhabditis elegans 146 6 

gi|5734146 beta-G spectrin [Caenorhabditis elegans] 146 5 

gi|17538097 FZO (Fzo mitochondrial fusion protein) related family member (fzo-1) [Caenorhabditis elegans] 146 7 

gi|17553574 Temporarily Assigned Gene name family member (tag-174) [Caenorhabditis elegans] 146 7 

gi|17533517 F28A10.6 [Caenorhabditis elegans] 142 6 

gi|17539680 F02H6.5 [Caenorhabditis elegans] 142 4 

gi|17544682 ZK829.7 [Caenorhabditis elegans] 135 5 

gi|17568881 K11G12.5 [Caenorhabditis elegans] 135 9 

gi|71993767 K10C2.1 [Caenorhabditis elegans] 133 4 

gi|17508985 T09B4.9 [Caenorhabditis elegans] 132 8 

gi|17533543 F28C6.8 [Caenorhabditis elegans] 132 3 

gi|17562026 Heat Shock Protein family member (hsp-16.1) [Caenorhabditis elegans] 131 4 

gi|17557107 Temporarily Assigned Gene name family member (tag-252) [Caenorhabditis elegans] 129 4 

gi|17556042 GLutaRedoXin family member (glrx-5) [Caenorhabditis elegans] 128 3 

gi|17563928 T05H4.5 [Caenorhabditis elegans] 126 4 

gi|133901662 NSF (N-ethylmaleimide sensitive secretion factor) homolog family member (nsf-1) [Caenorhabditis elegans] 125 3 

gi|7500037 chromosome segregation protein smc1 F28B3.7 [similarity] - Caenorhabditis elegans 125 6 

gi|17561272 F53C11.3 [Caenorhabditis elegans] 123 5 
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gi|71997968 Y54G2A.2a [Caenorhabditis elegans] 123 4 

gi|17553276 ATP Synthase B homolog family member (asb-1) [Caenorhabditis elegans] 122 8 

gi|32564577 T07D3.9a [Caenorhabditis elegans] 120 4 

gi|32563621 NADH Ubiquinone Oxidoreductase family member (nuo-2) [Caenorhabditis elegans] 119 6 

gi|17556096 Alkyl-Dihydroxyacetonephosphate Synthase family member (ads-1) [Caenorhabditis elegans] 118 4 

gi|17555666 Cytochrome C Oxidase family member (cco-2) [Caenorhabditis elegans] 118 5 

gi|17552648 C48B4.1 [Caenorhabditis elegans] 118 5 

gi|17509233 T23H2.5 [Caenorhabditis elegans] 117 4 

gi|17562364 K08D9.4 [Caenorhabditis elegans] 117 4 

gi|25143064 B0205.6 [Caenorhabditis elegans] 116 6 

gi|17542706 Vacuolar H ATPase family member (vha-5) [Caenorhabditis elegans] 115 6 

gi|17556130 RAL (Ras-related GTPase) homolog family member (ral-1) [Caenorhabditis elegans] 114 4 

gi|17562892 R04F11.2 [Caenorhabditis elegans] 112 3 

gi|17550468 PeRoXisome assembly factor family member (prx-3) [Caenorhabditis elegans] 112 3 

gi|17560918 F43H9.4 [Caenorhabditis elegans] 112 3 

gi|17552202 C16A3.5 [Caenorhabditis elegans] 111 3 

gi|71998231 Carnitine Palmitoyl Transferase family member (cpt-1) [Caenorhabditis elegans] 109 4 

gi|17509681 W10C8.5 [Caenorhabditis elegans] 109 4 

gi|17550124 C04C11.2 [Caenorhabditis elegans] 108 4 

gi|71999501 Y69A2AR.5 [Caenorhabditis elegans] 108 3 

gi|17561402 F54F3.4 [Caenorhabditis elegans] 107 3 

gi|17536829 W09H1.5 [Caenorhabditis elegans] 106 5 

gi|17541894 R11A8.5 [Caenorhabditis elegans] 106 4 

gi|17509253 T25G3.4 [Caenorhabditis elegans] 105 6 

gi|17538940 C33A12.1 [Caenorhabditis elegans] 105 5 

gi|7495955 hypothetical protein C14A4.2 - Caenorhabditis elegans 104 5 

gi|17510361 DNaJ domain (prokaryotic heat shock protein) family member (dnj-29) [Caenorhabditis elegans] 104 6 

gi|115534188 T07E3.3 [Caenorhabditis elegans] 102 3 

gi|17560096 F23H12.2 [Caenorhabditis elegans] 100 5 

gi|6686276 Histone H3 100 7 

gi|71983876 C41C4.10 [Caenorhabditis elegans] 100 6 

gi|71998175 Y55F3AR.2 [Caenorhabditis elegans] 99 3 

gi|17535241 M176.3 [Caenorhabditis elegans] 98 3 

gi|17540238 F37C4.6 [Caenorhabditis elegans] 98 5 

gi|17506935 Temporarily Assigned Gene name family member (tag-173) [Caenorhabditis elegans] 98 4 

gi|71990294 F54B3.3 [Caenorhabditis elegans] 98 4 

gi|17537053 Y38F1A.6 [Caenorhabditis elegans] 97 3 

gi|7209577 kinesin like protein [Caenorhabditis elegans] 95 3 

gi|71997402 T25G12.7 [Caenorhabditis elegans] 95 3 

gi|17556801 Temporarily Assigned Gene name family member (tag-354) [Caenorhabditis elegans] 95 3 

gi|17555956 RAB family member (rab-35) [Caenorhabditis elegans] 93 4 

gi|17542570 T26C12.1 [Caenorhabditis elegans] 91 5 

gi|71999402 Y66H1A.2 [Caenorhabditis elegans] 91 3 

gi|17536635 Vacuolar H ATPase family member (vha-6) [Caenorhabditis elegans] 91 3 

gi|17536047 T05H10.6a [Caenorhabditis elegans] 90 5 

gi|17556907 UBX-containing protein in Nematode family member (ubxn-4) [Caenorhabditis elegans] 90 3 

gi|71982617 Serine Palmitoyl Transferase famiLy family member (sptl-1) [Caenorhabditis elegans] 89 3 

gi|72000917 TiTiN family member (ttn-1) [Caenorhabditis elegans] 89 3 

gi|17564522 LiPid Depleted family member (lpd-9) [Caenorhabditis elegans] 89 4 

gi|32565091 EATing: abnormal pharyngeal pumping family member (eat-3) [Caenorhabditis elegans] 88 3 

gi|17554998 T10F2.2 [Caenorhabditis elegans] 88 5 

gi|32565766 LLC1.3 [Caenorhabditis elegans] 86 4 

gi|7507437 hypothetical protein T08B2.10 - Caenorhabditis elegans 86 4 

gi|17562104 K03B4.1 [Caenorhabditis elegans] 84 3 

gi|17553976 associated with RAN (nuclear import/export) function family member (ran-1) [Caenorhabditis elegans] 84 3 

gi|17563798 CathePsin L family member (cpl-1) [Caenorhabditis elegans] 80 4 

 

 

Representative list of factors identified to interact with SIR-2.3. 

(Red indicates SIR-2.3; yellow marks mitochondrial biotin carboxylases) 

 
prot_acc prot_desc prot_s

core 

pep_d

ups_n

umber 

gi|17509401 UNCoordinated family member (unc-54) [Caenorhabditis elegans] 5204 86 

gi|25150292 MYOsin heavy chain structural genes family member (myo-2) [Caenorhabditis elegans] 1447 22 

gi|469483 CCT-1 965 24 

gi|25151802 ASpartyl Protease family member (asp-1) [Caenorhabditis elegans] 895 14 

gi|17562816 PYruvate Carboxylase family member (pyc-1) [Caenorhabditis elegans] 886 28 

gi|14278147 Chain A, Crystal Structure Of Caenorhabditis Elegans Mg-Atp Actin Complexed With Human Gelsolin Segment 1 

At 1.75 A Resolution 

872 21 

gi|17564182 Chaperonin Containing TCP-1 family member (cct-7) [Caenorhabditis elegans] 854 14 

gi|17567771 yeast SIR related family member (sir-2.3) [Caenorhabditis elegans] 831 19 

gi|17508449 LEThal family member (let-75) [Caenorhabditis elegans] 817 27 

gi|71993203 PolyA Binding protein family member (pab-1) [Caenorhabditis elegans] 608 15 

gi|17532603 Chaperonin Containing TCP-1 family member (cct-4) [Caenorhabditis elegans] 390 19 

gi|17554158 SERCA (Sarco-Endoplasmic Reticulum Calcium ATPase) family member (sca-1) [Caenorhabditis elegans] 343 16 
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gi|71982858 HELicase family member (hel-1) [Caenorhabditis elegans] 318 11 

gi|25144678 Chaperonin Containing TCP-1 family member (cct-6) [Caenorhabditis elegans] 305 17 

gi|7496461 hypothetical protein C25A11.4a - Caenorhabditis elegans 304 10 

gi|17510661 Valyl tRNA Synthetase family member (vrs-2) [Caenorhabditis elegans] 296 14 

gi|71987750 human HnRNP A1 homolog family member (hrp-2) [Caenorhabditis elegans] 291 13 

gi|17552356 hypothetical protein C28H8.3 [Caenorhabditis elegans] 273 13 

gi|17567343 Propionyl Coenzyme A Carboxylase Alpha subunit family member (pcca-1) [Caenorhabditis elegans] 273 13 

gi|25144293 hypothetical protein F35G12.2 [Caenorhabditis elegans] 271 9 

gi|6744 gpd-2 gene product [Caenorhabditis elegans] 263 9 

gi|212642053 Fatty Acid SyNthase family member (fasn-1) [Caenorhabditis elegans] 247 7 

gi|17509741 Cytokinesis, Apoptosis, RNA-associated family member (car-1) [Caenorhabditis elegans] 237 11 

gi|21913108 Proteasome regulatory particle, non-atpase-like protein 2, isoform a [Caenorhabditis elegans] 231 14 

gi|17509631 Temporarily Assigned Gene name family member (tag-210) [Caenorhabditis elegans] 230 7 

gi|71987364 proteasome Regulatory Particle, ATPase-like family member (rpt-4) [Caenorhabditis elegans] 223 6 

gi|17561814 GEX Interacting protein family member (gei-7) [Caenorhabditis elegans] 218 12 

gi|17536195 hypothetical protein T10D4.3 [Caenorhabditis elegans] 211 12 

gi|212656549 hypothetical protein Y48G9A.3 [Caenorhabditis elegans] 211 6 

gi|32566139 MYOsin heavy chain structural genes family member (myo-3) [Caenorhabditis elegans] 211 7 

gi|17555344 hypothetical protein T28D6.6 [Caenorhabditis elegans] 200 5 

gi|17554638 Leucyl tRNA Synthetase family member (lrs-1) [Caenorhabditis elegans] 199 6 

gi|482806 14-3-3 protein 195 6 

gi|17531191 Argonaute (plant)-Like Gene family member (alg-2) [Caenorhabditis elegans] 189 8 

gi|25144314 hypothetical protein F26B1.2 [Caenorhabditis elegans] 188 8 

gi|17555418 UNCoordinated family member (unc-116) [Caenorhabditis elegans] 184 7 

gi|17505699 hypothetical protein C25A1.4 [Caenorhabditis elegans] 182 5 

gi|17544682 hypothetical protein ZK829.7 [Caenorhabditis elegans] 178 6 

gi|71993870 hypothetical protein Y43F4B.5 [Caenorhabditis elegans] 177 8 

gi|17535701 proteasome Regulatory Particle, Non-ATPase-like family member (rpn-9) [Caenorhabditis elegans] 171 7 

gi|193211092 hypothetical protein T25C12.3 [Caenorhabditis elegans] 170 4 

gi|17533087 Tudor Staphylococcal Nuclease homolog family member (tsn-1) [Caenorhabditis elegans] 168 9 

gi|17554784 proteasome Regulatory Particle, ATPase-like family member (rpt-3) [Caenorhabditis elegans] 166 4 

gi|17541896 Isoleucyl tRNA Synthetase family member (irs-1) [Caenorhabditis elegans] 164 8 

gi|71987519 hypothetical protein F32B6.2 [Caenorhabditis elegans] 161 14 

gi|17542510 RUVB (recombination protein) homolog family member (ruvb-2) [Caenorhabditis elegans] 157 8 

gi|17505779 hypothetical protein C30F12.7 [Caenorhabditis elegans] 154 3 

gi|17507385 Y-box family member (cey-2) [Caenorhabditis elegans] 154 3 

gi|17554570 ALIX (Apoptosis-linked gene 2 interacting protein X) homolog family member (alx-1) [Caenorhabditis elegans] 154 7 

gi|17554786 proteasome Regulatory Particle, ATPase-like family member (rpt-6) [Caenorhabditis elegans] 150 5 

gi|17532177 hypothetical protein C30G12.2 [Caenorhabditis elegans] 149 3 

gi|17507121 hypothetical protein F33D11.10 [Caenorhabditis elegans] 146 3 

gi|17533517 Acyl CoA DeHydrogenase family member (acdh-9) [Caenorhabditis elegans] 144 4 

gi|17563248 proteasome Regulatory Particle, ATPase-like family member (rpt-1) [Caenorhabditis elegans] 137 5 

gi|193204318 PYRimidine biosynthesis family member (pyr-1) [Caenorhabditis elegans] 137 9 

gi|17542008 proteasome Regulatory Particle, Non-ATPase-like family member (rpn-1) [Caenorhabditis elegans] 135 10 

gi|17564550 hypothetical protein T22F3.3 [Caenorhabditis elegans] 135 6 

gi|604515 Na,K-ATPase alpha subunit 131 4 

gi|115532854 hypothetical protein F49C12.7 [Caenorhabditis elegans] 131 3 

gi|17509919 hypothetical protein Y39G10AR.8 [Caenorhabditis elegans] 130 6 

gi|71998426 Eukaryotic Initiation Factor family member (eif-3.B) [Caenorhabditis elegans] 129 5 

gi|17531535 Cell Division Cycle related family member (cdc-48.1) [Caenorhabditis elegans] 123 5 

gi|17541388 COP9/Signalosome and eIF3 complex shared subunit family member (cif-1) [Caenorhabditis elegans] 122 10 

gi|549848 putative 122 5 

gi|17558992 SKN-1 Dependent Zygotic transcript family member (sdz-8) [Caenorhabditis elegans] 118 3 

gi|17508685 proteasome Regulatory Particle, Non-ATPase-like family member (rpn-8) [Caenorhabditis elegans] 118 3 

gi|17506191 IMportin Beta family member (imb-3) [Caenorhabditis elegans] 117 4 

gi|71987092 proteasome Regulatory Particle, Non-ATPase-like family member (rpn-6) [Caenorhabditis elegans] 116 6 

gi|17505955 Eukaryotic Initiation Factor family member (eif-3.H) [Caenorhabditis elegans] 112 6 

gi|17508425 MAP kinase kinase or Erk Kinase family member (mek-2) [Caenorhabditis elegans] 110 3 

gi|5430723 dynamin [Caenorhabditis elegans] 103 5 

gi|3287963 RecName: Full=Probable coatomer subunit beta~; AltName: Full=Beta~-coat protein; Short=Beta~-COP 103 5 

gi|17508687 Ribosomal Protein, Small subunit family member (rps-6) [Caenorhabditis elegans] 102 5 

gi|71985061 aRginyl aa-tRNA syntheTase family member (rrt-1) [Caenorhabditis elegans] 100 5 

gi|71989071 Puromycin-sensitive AMinopeptidase family member (pam-1) [Caenorhabditis elegans] 100 3 

gi|32565170 hypothetical protein Y54H5A.2 [Caenorhabditis elegans] 98 5 

gi|17554792 Stress Induced Protein family member (sip-1) [Caenorhabditis elegans] 95 6 

gi|71982035 UDP-GALactose 4-Epimerase family member (gale-1) [Caenorhabditis elegans] 95 4 

gi|17508701 proteasome Regulatory Particle, ATPase-like family member (rpt-5) [Caenorhabditis elegans] 92 5 

gi|17536431 Ribosomal Protein, Large subunit family member (rpl-32) [Caenorhabditis elegans] 92 3 

gi|25151863 hypothetical protein F46H5.7 [Caenorhabditis elegans] 90 3 

gi|17561272 hypothetical protein F53C11.3 [Caenorhabditis elegans] 88 5 

gi|17508049 eIFTwoBeta (eIF2beta translation initiation factor) family member (iftb-1) [Caenorhabditis elegans] 87 3 

gi|17555742 Y-box family member (cey-4) [Caenorhabditis elegans] 86 5 

gi|1181593 elongation factor Tu homologue precursor [Caenorhabditis elegans] 84 4 

gi|71999412 hypothetical protein Y66H1B.2 [Caenorhabditis elegans] 84 4 

gi|115533072 hypothetical protein Y67H2A.2 [Caenorhabditis elegans] 83 3 

gi|7496230 hypothetical protein C17G10.8 - Caenorhabditis elegans 83 3 

gi|25149807 eXPOrtin (nuclear export receptor) family member (xpo-1) [Caenorhabditis elegans] 80 4 
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