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Abstract

The biological and enzymatic function of SIRT4 is largely uncharacterized. We show that the C.
elegans SIR-2.2 and SIR-2.3 orthologs of SIRT4 are ubiquitously expressed, also localize to
mitochondria and function during oxidative stress. Further, we identified conserved interaction
with mitochondrial biotin-dependent carboxylases (PC, PCC, MCCC), key enzymes in anaplerosis
and ketone body formation. The carboxylases were found acetylated on multiple lysine residues
and detailed analysis of mPC suggested that one of these residues, K748ac, might regulate
enzymatic activity. Nevertheless, no changes in mPC acetylation levels and enzymatic activity
could be detected upon overexpression or loss of functional SIRT4.
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1 Introduction

Sirtuins are highly conserved NAD*-dependent protein deacetylases involved in many
cellular processes including genome stability, stress responses, metabolism, and aging (Imai
and Guarente, 2010). Three of the seven mammalian sirtuins, SIRT3, SIRT4 and SIRT5, are
located in mitochondria (Michishita et al., 2005) and are thought to be important energy
sensors and regulators of cellular metabolism (Huang et al., 2010).

The mitochondrion is the major organelle for ATP production, generation of reactive oxygen
species (ROS) and apoptotic signaling events (Scheffler, 2001). Dysfunction of
mitochondrial metabolism has been associated with many age-related diseases such as
diabetes, neurodegenerative disorders, cardiovascular diseases and cancer (Van Houten et
al., 2006). Mitochondrial function must therefore be tightly linked to nutrient availability
(Huang et al., 2010).

There is growing evidence that reversible lysine acetylation regulates the catalytic activity
and/or protein stability of metabolic enzymes and allows cells to respond to changes in
nutrient availability (Wang et al., 2010; Zhao et al., 2010). A recent study demonstrated that
most enzymes of the major metabolic pathways are acetylated in human liver tissue (Zhao et
al., 2010). High glucose levels promote increased protein acetylation thereby inhibiting key
enzymes of gluconeogenesis and amino acid catabolism. Reversible lysine acetylation might
therefore function as a global mechanism in coordinating energy metabolism (Wang et al.,
2010; Yang et al., 2007).

SIRT3 is the major protein deacetylase in mitochondria (Lombard et al., 2007). It has been
shown to regulate numerous proteins involved in mitochondrial energy metabolism and
stress responses (Lombard et al., 2011; Verdin et al., 2010). SIRTS regulates urea cycle
function by deacetylating carbamoyl phosphate synthetase (CPS1) (Nakagawa et al., 2009).
Two recent studies revealed novel desuccinylase and demalonylase activities of SIRT5 (Du
etal., 2011; Peng et al., 2011), thereby suggesting that sirtuins might be more general
NAD*-dependent deacylases with broader substrate use (Hirschey, 2011).

SIRT4 is the only sirtuin where deacylase activity could so far not be demonstrated (Ahuja
et al., 2007; Haigis et al., 2006). However, ADP-ribosylation by SIRT4 down regulates
glutamate dehydrogenase (GDH) activity and ATP synthesis through the TCA cycle (Haigis
et al., 2006). In addition, the factor has been reported to negatively regulate insulin secretion
of pancreatic island cells in mice as well as cultured insulinoma cells (Ahuja et al., 2007;
Haigis et al., 2006). SIRT4 interacts with insulin-degrading enzyme (IDE) and adenine
nucleotide translocators (ANT2/3), which are both implicated in the pathogenesis of
diabetes (Ahuja et al., 2007). SIRT4 knock down in mouse primary hepatocytes and
myotubes increases mitochondrial gene expression and fatty acid oxidation (Nasrin et al.,
2010). Nevertheless, the exact role of mitochondrial SIRT4 in regulating energy metabolism
still needs to be defined in order to manipulate SIRT4 function for therapeutical benefits in
diseases such as diabetes.

The nematode C. elegans possesses two genes, sir-2.2and sir-2.3, which are orthologs of
SIRT4, but there are no genes with similarity to the other mitochondrial deacetylases, SIRT3
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and SIRTS5. Whereas the majority of studies in the worm have focused on the mammalian
SIRT1 homologue, SIR-2.1, due to its role in life span determination (Tissenbaum and
Guarente, 2001), SIR-2.2 and SIR-2.3 remain by and large uncharacterized. Knock down of
sir-2.2by RNAI was shown to augment huntingtin polyglutamine toxicity (Bates et al.,
2006) and sir-2.2was identified in a genome wide RNAI screen to contribute to genome
stability (Pothof et al., 2003). Both sir-2.1 and sir-2.3are not required for dietary restriction
mediated life span extension (Mair et al., 2009). So far, we do not know whether sir-2.2and
sir-2.3function is conserved from C. elegansto human.

In the present study we characterized the expression profile and subcellular localization of
C. elegans SIR-2.2 and SIR-2.3. We further identified mitochondrial biotin-dependent
carboxylases, pyruvate carboxylase (PC), propionyl-CoA carboxylase (PCC) and
methylcrotonyl-CoA carboxylase (MCCC) as novel interacting factors of these proteins.
These interactions are conserved to mammalian SIRT4. We showed that the murine biotin-
dependent carboxylases are acetylated at multiple lysine residues and identified one of these
conserved sites in mPC to be important for enzymatic activity. Although overexpression or
loss of SIRT4 did not result in changes in mPC acetylation levels or activity, our results
suggest a possible role as regulator of metabolic adjustments during nutrient deprivation.

2 Materials and methods

2.1 DNA constructs

Cosmid F46G10 was obtained from the Sanger Institute (UK). sir-2.1, sir-2.2, sir-2.3,
sir-2.4, pcca-1, mece-1, pyc-1, acdh-3 cDNAs containing the full-length ORFs were
amplified from total C. elegans mRNA after reverse transcription. SIRT4, PCCA, MCCC1
and PC cDNAs were amplified from total mMRNA of NIH3T3 cells after reverse
transcription. The promoter and genomic sequence of sir-2.2was cloned into pPD115.62
(Andrew Fire, Stanford University) using Psfl and M/ul restriction sites thereby removing
the myo-3 promoter and introducing a C-terminal Strep-tag and TEV cleavage site before
the GFP-tag. For gene knockdown in C. elegans sir-2.2and sir-2.3 cDNAs were cloned into
the L4440 vector (Andrew Fire, Stanford University). For recombinant protein expression
using wheat germ extract C. elegans sir-2 cDNAs were cloned into the pEU3-NII-Strepl|
vector. For transient protein expression in HEK293 cells cDNAs were cloned into pEGFP-
N1 (Clontech) or a derivative pcDNA3.1 vector (Invitrogen) generating C-terminal fusion to
a 2xFLAG-2xHA epitope tag. For generation of stable cell lines mouse PC cDNA with a C-
terminal fusion to 2xFLAG-2xHA epitopes was subcloned into the pGeneV5 vector
(Invitrogen). Site-directed mutagenesis was carried out according to the QuickChange
protocol (Stratagene). Human SIRT3, SIRT4 and SIRT5 were subcloned into a derivative
pcDNAZ3.1 vector (Invitrogen) generating C-terminal fusion to a MY C-His-tag. Further
details on plasmids and cloning procedures are available upon request.

2.2 Western blot analysis

Primary antibodies were used as follows: anti-SIR-2.2 (rabbit), 1:1000; anti-GFP (mouse,
Roche, 11814460001), 1:1000; anti-ATP synthase (Complex V) (mouse, Mitosciences,
MS507), 1:1000; anti-NUO-2 (Complex | subunit NDUFS3) (mouse, Mitosciences,
MS112), 1:1000; anti-cytochrome ¢ (mouse, Mitosciences, MSAQ06), 1:1000; anti-H3
(rabbit, Abcam, ab1791) 1:10000-30000; anti-FLAG M2 (mouse, Sigma, F3165), 1:1000;
anti-MYC (mouse, clone 4A6, Millipore, 05-724), 1:1000; anti-PC (rabbit, (Rohde et al.,
1991)), 1:1000; anti-acetylated lysine (rabbit, Cell Signalling, #9441), 1:1000; anti-MnSOD
(rabbit, Biomol, #58060-10b), 1:10000.
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2.3 C. elegans maintenance and strains

C. elegans was cultivated on NGM plates seeded with £. co/i OP50-1 or in liquid S medium
containing £. co/iHB101 according to standard procedures (Brenner, 1974; Lewis, 1995;
Stiernagle, 2006). N2 was the wild type strain. C. elegans strains with the following
genotypes were used: sir-2. X tm2648) X (National BioResource project (NBRP)) (crossed
back to N2 worms six times); sir-2. Xtm2673)X (NBRP) (crossed back to N2 worms five
times); sir-2.3(0k444)X (Caenorhabditis Genetics Center (CGC)); sir-2.1(0k434) (CGC),
BC14289 (SEX14289[sir-2.2,:.91p]) and BC15074 (SEX15074[sir-2.2,:.9fp]) (Dupuy et
al., 2007; Hunt-Newbury et al., 2007; McKay et al., 2003); SJ4103
(zcls14fmyo-3,:.gfp(mit)]) and SI4143 (zcls17[ges-1,:-gfo(mit)]) (Benedetti et al., 2006).

2.4 Generation of transgenic C. elegans strains

Microinjection of C. elegans was performed as described with some modifications (Mello,
1995; Mello et al., 1991; Stinchcomb et al., 1985). pRF4 plasmid expressing the dominant
mutant ro/-6(su1006) allele was used as injection marker. To generate sir-2.2::gfp transgenic
worms, 25 ng/ul of the plasmid pPD115.62 encoding the promoter and genomic sequence of
sir-2.2fused to a C-terminal Strep-GFP-tag were injected together with 100 ng/ul pRF4 into
N2 worms. The reporter gene constructs sir-2.3y,.sir-2.3.:ha.:gfp and
Sir-2.3p::sir-2.3::ha::mcherry were generated by PCR fusion according to a described
protocol (Hobert, 2002). The fusion PCR product was microinjected into worms at a final
concentration of ~50 ng/ul together with 100 ng/ul pRF4. F1 progeny displaying a roller
phenotype and GFP expression were singled to obtain transgenic lines. Chromosomal
integration of extrachromosomal arrays of sir-2.2::gfo and sir-2.3::gfp transgenic worms was
achieved by treatment with UV radiation using a Stratlinker® UV crosslinker 2400 with an
energy setting of 30,000 pJ/cm? and a wavelength of 254 nm (Evans, 2006). Obtained stable
transgenic lines were crossed back three times to wild type N2 worms to eliminate potential
background mutations. The following strains were generated in this study: MAJ13
(mpgls13[sir-2.2p,.:sir-2.2.:strep.:gfp rol-6(su1006)]), MAJ14
(mpgls14[sir-2.3p,.:sir-2.3.:ha.:gfp rol-6(su1006)]), MAJ16
(mpgls13[sir-2.2p,.:sir-2.2.:strep..gfp rol-6(su1006)],
MPGEX16[sir-2.3,:sir-2.3::ha:.mcherry)

2.5 RNA interference in C. elegans

cDNA sequences of sir-2.2and sir-2.3 were cloned into the vector L4440 (Timmons and
Fire, 1998). RNAI was induced by microinjecting dsSRNA into the gonad of C. elegansand
further enhanced by feeding injected worms with £. co/iHT115 (DE3) expressing the
specific dSRNA as described (Jedrusik and Schulze, 2004). The sir-2.2 dsSRNA was
microinjected into sir-2.3(0k444) mutant worms at a concentration of 2 ug/pl. As control M9
buffer was injected into wild type N2 worms. Microinjected worms were singled to sir-2.2
feeding or control plates and incubated at 24.5°C. Every 12 h, 24 h, 36 h and 48 h the
hermaphrodites were transferred to fresh feeding plates.

2.6 Oxidative stress assay

Sensitivity towards oxidative stress was analyzed as described with some modifications
(Masse et al., 2008). Worm strains were cultured synchronously for two generations on
RNA. feeding plates at 24.5°C. N2, sir-2.2:.gfp and sir-2.3::gfp transgenic worms were
grown on control feeding plates seeded with £. co/iHT115(DE3), transformed with the
empty L4440 vector, sir-2.3(0k444) and sir-2.2(tm2648) mutant worms were maintained on
sir-2.2RNAI and sir-2. 3 RNA. feeding plates, respectively. 200 pl 250 mM paraquat
solution (methylviologendichloride hydrat, Sigma, dissolved in dH,0O) was spread on top of
already seeded RNAI feeding plates. Of each strain five plates with 20 worms (L4 larvae)
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per plate were prepared and survival 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.

2.7 NAD* and NADH assays

Adult wild type, sir-2.2and sir-2.3.:.gfp transgenic hermaphrodites were transferred from
20°C to 26°C for 3 h. Animals were rinsed three times with M9 buffer, suspended in 100
mM NacCl, 1% NP-40, 1 mM DTT, 10% glycerol, and 100 mM Tris-HCI, pH 8 and
homogenized by sonication using a BRANSON Sonifier 150. Protein concentration was
determined by the Bradford method. Samples were mixed with 100 uL of NAD* or NADH
extraction buffer and heated at 60°C for five minutes (NAD*/NADH assay kit from Gentaur,
Kampenhout, Belgium). 20 pl of assay buffer and 100 uL of NADH (or NAD™) extraction
buffer were added. Samples were then vortexed and centrifuged at 10,000 x g for five
minutes. The resulting supernatant was used for NAD* and NADH assays. For the statistical
significance Student’s t-test was used.

2.8 Isolation of C. elegans mitochondria and cellular subfractionation

Mitochondria were isolated according to published procedures (Li et al., 2009). Equal
protein amounts of post nuclear supernatant (PNS), post mitochondrial supernatant (PMS)
and mitochondrial pellet were analyzed by SDS PAGE and Western blotting.

2.9 Electronmicroscopy

For immunoelectron microscopy of ultrathin cryosections 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 (Liou et al., 1996; Wenzel et al., 2005), labeled for the indicated
antigens, and examined with a Philips CM120 electron microscope and a TVIPS charge-
coupled device camera system.

2.10 C. elegans extracts

Total worm protein extract was prepared as described with some modifications (Cheeseman
et al., 2004). Approximately 5 g of frozen C. elegans were grounded using a pre-chilled
mortar and pestle in liquid N,. An equal volume of 2x extraction buffer 1 (50 mM HEPES-
KOH, 2 mM EGTA, 2 mM MgCI2, 200 mM KCI, 20% (v/v) glycerol, 0.1% (v/v) NP-40, 2x
EDTA-free Complete Protease Inhibitor Cocktail (Roche), pH 7.4) was added while
grounding and then thawed on ice. Grounded worms were sonicated (Branson Digital
Sonifier) and the extract was clarified by centrifugation (22,000 x g, 10 min, 4°C followed
by 105,000 x g, 20 min, 4°C). Protein concentrations were determined using Coomassie
Plus (Bradford) Protein Assay (Thermo Scientific).

For mitochondrial protein extracts frozen crude mitochondria (5-10 mg protein/ml) were
thawed on ice and then centrifuged at 12000 x g and 4°C for 10 min. The mitochondrial
pellet was resuspended in extraction buffer 2 (25 mM HEPES-KOH, 1 mM EGTA, 1 mM
MgCl,, 500 mM KClI, 10% (v/v) glycerol, 0.5% (v/v) NP-40, 1x EDTA-free Complete
Protease Inhibitor Cocktail (Roche), pH 7.6) and incubated on a rotating platform for 1 h at
4°C. The extract was clarified by centrifugation (16000 x g, 30 min, 4°C) and the
supernatant was saved. The pellet was resuspended in lysis buffer and the extraction
procedure was repeated. Supernatants were combined.
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2.11 Immunoprecipitation of proteins from C. elegans extract

Immunoprecipitation experiments were performed with total worm protein extracts or
mitochondrial protein extracts obtained from sir-2.2::gfp (MAJ13), sir-2.3..9fp (MAJ14),
BC14289/BC15074 (negative control for total worm extracts) or SJ4103/SJ4143 (negative
control for mitochondrial worm extracts) transgenic worms. GFP-Trap®-A beads
(Chromotek) or ProteinG-Sepharose beads (Thermo Scientific) bound with anti-GFP
(mouse, Roche) antibody or anti-SIR-2.2 antibody were blocked with 0.1% (w/v) BSA (1 h,
4°C, under constant rotation), washed three times with extraction buffer and then incubated
with total worm protein extract or mitochondrial protein extract overnight at 4°C under
constant rotation. Beads were washed three times with extraction buffer and boiled SDS
sample buffer (5 min).

2.12 Isolation of RNA from C. elegans and reverse transcription

Total RNA was extracted from C. elegans using TRIzol® reagent (Invitrogen).
Contaminating genomic DNA was removed by digestion with DNAse | (1 U/ug RNA, 30
min, 37°C) (NEB). First strand synthesis of cDNA was performed using Oligo(dT) primers
and the Superscript Il Kit (Invitrogen).

2.13 Deacetylase activity assay

Histone deacetylase assays were essentially performed as described (Verdin et al., 2004;
Wirth et al., 2009) using a chemically acetylated H4 peptide as substrate. For protein
expression using wheat germ extract (Spirin, 2008) full-length sir-2.1, sir-2.2, sir-2.3 and
sir-2.4were cloned into pEU3-NII-Strepll.

2.14 Cell culture

HEK?293 and HEK293T cells were grown in DMEM medium supplemented with 10%
bovine growth serum (BGS), 2 mM L-glutamine, and 1x Penicillin/Streptomycin
(Invitrogen) at 37°C and 5% CO,. Cells were transfected with plasmid DNA using the
CalPhos™ Mammalian Transfection Kit (Clontech) or the jetPEI™ Transfection Reagent
(Polyplus-transfection SA).

2.15 Generation of stable cell lines

50% confluent GeneSwitch HEK?293 cells (Invitrogen) seeded in a 6-well plate were
transfected with 3 ug pGENE PC-2xFLAG-2xHA plasmid DNA using JetPEI reagent
(Polyplus-transfection). One day after transfection, cells were trypsinized and transferred to
15 cm dishes containing medium supplemented with 50 pg/ml hygromycin and 300 pg/mi
zeocin (Invitrogen). After separate colonies were visible, cells were washed with PBS and
covered with 37°C warm 0.5% low melting agarose in PBS. PC-2xFLAG-2xHA expressing
cells were picked using cloning cylinders and transferred into 24 well plates. After induction
with 10 nM mifepristone (Invitrogen), expression of PC-2xFLAG-2xHA was analyzed by
fluorescence microscopy (Axiovert 40 CFL, Zeiss) and Western blotting of the inducible
colonies. Two colonies of moderately overexpressing cell-lines were frozen for long-term
use and storage.

To generate an inducible mPC-2xFLAG-2xHA cell line stably expressing SIRT4 or SIRT3
cells were transfected with pcDNA3.1 hSIRT4-MY C-His or pcDNA3.1 hSIRT3-MY C-His
as described above. Stable transfected cells were selected in medium supplemented with
with 50 pg/ml hygromycin, 300 pg/ml zeocin and 800 pug/ml G-418 (Invitrogen).
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2.16 Immunoprecipitation of proteins from mammalian cells

Immunoprecipitation experiments were performed as described with some modifications
(Ahuja et al., 2007). 24 to 48 h after transfection HEK293 cells were washed once with ice-
cold PBS and then lyzed with buffer A (50 mM Tris-HCI, 500 mM NacCl, 10 mM CaCl,,
0.5% (v/v) NP-40, 0.5 mM EDTA, 10% (v/v) glycerol, 1x EDTA-free Complete Protease
inhibitor (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. An
equal volume buffer B (50 mM Tris-HCI, 150 mM NacCl, 0.5% (v/v) NP-40, 0.5 mM EDTA,
10% (v/v) glycerol, 1x Complete Protease inhibitor (EDTA free, Roche), pH 7.5) was added
and the lysate was sonicated (30 min, 30 s on, 30 s off, 4°C, Bioruptor (Diogenode)) and
then clarified by centrifugation (16000 x g, 30 min, 4°C). Supernatant was added to
equilibrated beads that had been blocked with 0.1% (w/v) BSA (1 h, 4°C, under constant
rotation). GFP-tagged proteins were immunoprecipitated with GFP-Trap® A agarose beads
(Chromotek). Anti-FLAG® M2 agarose beads (Sigma) or magnetic Dynabeads® M-280
Sheep anti-mouse (Invitrogen) and anti-FLAG® M2 antibody (Sigma) were used to isolate
FLAG-tagged proteins. Anti-MYC IP experiments were performed with anti-MY C antibody
(Millipore) bound to Dynabeads® M-280 Sheep anti-mouse (Invitrogen). After
immunoprecipitation (2 h or overnight, 4°C, under constant rotation) beads were washed six
times with buffer A and then boiled in SDS sample buffer. Proteins were separated by SDS-
PAGE and analyzed by Western blotting.

2.17 SILAC labelling

Stable inducible PC-2xFLAG-2xHA and PC-2xFLAG-2xHA, SIRT4-MYC-His HEK293
cells were grown in lysine- and arginine-deficient DMEM medium supplemented with 10%
dialyzed fetal bovine serum (PAA) and 1x Penicillin/Streptomycin (Invitrogen) at 37°C and
5% CO5 (Ong and Mann, 2006). One cell population was supplemented with normal isotope
containing I-lysine and l-arginine (Sigma) and another with heavy isotope labeled 13Cg-
lysine and 13Cg 15Ny-arginine (Euriso-Top) generating mass shifts of +6 and +10 Da,
respectively. Cells were grown for at least 7 days (2-3 passages) in SILAC medium.
Expression of PC was induced by 10 nM mifepristione two days before harvesting of cells.

2.18 LC-MS/MS and data analysis

Proteins were separated by gel electrophoresis using NUPAGE 4-12% gradient gels
(Invitrogen) and stained with Coomassie Blue. Entire gel lanes were cut into 23 slices of
equal size. Proteins within the slices were digested (Shevchenko et al., 1996) and extracted
peptides were loaded onto an in-house packed C18 trap column (1.5 cm, 360 pm o.d., 150
um i.d., Reprosil-Pur 120 A, 5 um, C18-AQ, Dr. Maisch GmbH, Germany) at a flow rate of
10 pl/min. Retained peptides were eluted and separated on an analytical C18 capillary
column (15 cm, 360 um o0.d., 75 um i.d., Reprosil-Pur 120 A, 5 um, C18-AQ, Dr. Maisch
GmbH, Germany) at a flow rate of 300 pl/min with a gradient from 5 to 38% ACN in 0.1%
formic acid for 180 min using an Agilent 1100 nano-flow LC system (Agilent Technologies)
coupled to a LTQ-Orbitrap Velos hybrid mass spectrometer (Thermo Electron, Bremen,
Germany). CID fragment spectra were searched against NCBInr database using MASCOT
(taxonomy filter C. elegans) as search engine. The statistical program R was used to analyze
output files and substract output files from each through their gi-numbers (NCBI).

To find acetyl-lysine peptides, LTQ- Orbitrap Velos was operated in data-dependent mode
where survey scan were acquired with resolution of 30 000 at m/z 400 and a target value of
1x 10e6. Up to fifteen of the most intense ions with charge two or more from the survey
scan were sequentially isolated and fragmented by higher collision-induced dissociation
(HCD) with normalized collision energy of 45. Dynamic exclusion was set at 90 s to avoid
repeated sequencing of peptides.
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Raw MS files of SILAC experiments were analyzed by MaxQuant software (version
1.2.2.25) (Cox and Mann, 2008) using the Andromeda search engine (Cox et al., 2011)
against the IPI Mouse protein database (version 3.87) supplemented with commonly
observed contaminants (e.g. keratins, serum albumin) and concatenated with the reverse
sequences of all entries. Andromeda search parameters were used as follows:
carbamidomethylation of cysteine was set as a fixed modification whereas oxidation of
methionine and N-terminal protein acetylation and lysine acetylation were set as variable
modifications; tryptic specificity with no proline restriction and up to four missed cleavages
was used. The MS survey scan mass tolerance used was 7 ppm and for MS/MS 20 ppm.
Only peptides with minimal length of six amino acids were considered. False discovery rate
was set to 1 % both at peptide and protein level. To be confident about acetylation sites,
each candidate acetyl-lysine peptide from MaxQuant output was manually checked using the
following criteria: 1) pair of modified and acetyl-lysine peptides should show similar ion
series; 2) retention time change compared to unmodified peptide since acetylated peptide are
more hydrophobic; 3) MS/MS spectrum must have y- or b- ions flanking the acetyl-lysine
residue or marker ions (m/z 126.1 and/or 143.1) of acetyl-lysine must be present (Cong et
al., 2011; Trelle and Jensen, 2008). Statistical analysis was done with Perseus tools available
in the MaxQuant environment. All plotting and graphics were performed using R statistical
software.

2.19 PC activity assay

PC activity assays were performed as described (Janke et al., 2010). Cells were resuspended
in PC extraction buffer (50 mM HEPES-KOH, 10 mM MgCl,, 1 mM EDTA, 1 mM EGTA,
1% (v/v) Triton, 17.4% (v/v) glycerol, (10 pM TSA, 20 mM NAM where indicated), 1 mM
PMSF, 1x EDTA-free Protease inhibitor (Roche), pH 7.9) and sonicated for 30 min (30 s on,
30 s off, Bioruptor). After centrifugation (16,000 x g, 4°C, 30 min) supernatants were
directly used for the microplate based PC activity assay..

For glucose starvation mPC-FLAG expression was induced for two days using 5 nM
mifepristone. One day prior harvesting cells were washed once with PBS and then incubated
with glucose free medium (DMEM (Gibco, #11966), w/o glucose, w/o pyruvate,
supplemented with 10% heat inactivated and dialysed FBS (PAA), 2 mM L-glutamine and
1x Penicillin/Steptomycin (Invitrogen)) containing 5 nM mifepristone overnight (14-16 h).
Cells were lysed as described above and cell lysates were directly used for PC activity
assays.

Livers were isolated from 12-16 weeks old male wild type and SIRT4 knock out mice
(Haigis et al., 2006) fed or fasted for 24 h, snap frozen in liquid nitrogen and kept at -80°C
until use. Frozen livers were homogenized in five volumes PC extraction buffer (containing
10 pM TSA and 20 mM NAM) using a dounce homogenizer and sonicated for 30 min (30 s
on, 30 s off, Bioruptor). Lysates were cleared by centrifugation at 16,000 x g and 4°C for 30
min. The supernatant was diluted 1:32 or 1:64 with PC extraction buffer and then directly
used for the activity assay.

Enzyme activities were calculated from the maximal reaction velocities (AA(Absorbance)/
min) per relative amounts of PC. PC protein levels were determined by Western blot
analysis. Western Blots were developed using anti-PC antibodies and the Odyssey® imaging
system (Licor), and quantified using ImageJ.

2.20 Analysis of PC protein stability

Stable inducible PC-2xFLAG-2xHA, PC-2xFLAG-2xHA, SIRT4-MYC-His and
PC-2xFLAG-2xHA, SIRT3-MYC-His HEK293 cells were split into 6 well plates. The next
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day cells (30-40 % confluent) were treated with 1 pM TSA and 10 mM NAM overnight. On
day 3 cells (60-80% confluent) were treated with 20 pM MG132, 20 ug/ml cycloheximide,
1 uM TSA, and 20 mM NAM as indicated for 6 h. Cells were washed of plates with ice-cold
PBS and lysed in SDS sample buffer.

3.1 C. elegans SIR-2.2 and SIR-2.3 localize to mitochondria

The genome of C. elegans contains four sir-2 gene orthologs, sir-2.1 (R11A8.4), sir-2.2
(F46G10.7), sir-2.3(F46G10.3) and sir-2.4 (CO6A5.11) (Frye, 2000). Of these, SIR-2.2 and
SIR-2.3 show highest sequence similarity to mammalian SIRT4 (Supplementary Fig. 1). In
order to analyze the expression and localization of SIR-2.2 and SIR-2.3 we generated stable
transgenic worm strains expressing C-terminally GFP-tagged SIR-2.2 and SIR-2.3 under
control of the endogenous promoters. Both SIR-2.2 and SIR-2.3 were expressed
ubiquitously in C. elegans and exhibited a particularly high expression in the pharynx and
bodywall muscles (Fig. 1A, C). While the expression patterns were overall very similar,
there were also differences. Strong SIR-2.3::GFP expression was detected in a subset of
cells in the head, which did not costain with the neuronal marker Dil (Hedgecock et al.,
1985) (Fig. 1C, arrows). Further, the fusion protein was seen in somatic cells of the gonad
(not shown). Expression of SIR-2.3::GFP started early in embryogenesis (approximately at
the 100 cell stage, Fig. 1D). In contrast, SIR-2.2::GFP expression was first detected in the
three-fold stage (as it also has been reported for sir-2.1 (Wang and Tissenbaum, 2006), Fig.
1B).

Analysis of sir-2.2::gfp; sir-2.3::mcherry double transgenic worms verified that SIR-2.2 and
SIR-2.3 localized to the same filamentous subcellular structures (Fig. 1E). Since we could
only obtain a SIR-2.2-specific antibody (Supplementary Fig. 2) the subcellular localization
of SIR-2.3 was further analyzed in sir-2.3..gfp transgenic worms using an antibody against
GFP. Electron microscopy analysis using these reagents identified both proteins in the
mitochondria (Fig. 1F, G). Further, biochemical subcellular fractionation showed that
SIR-2.2 and SIR-2.3 distributed with the mitochondrial NUO-2, cytochrome ¢ and ATP-
synthetase proteins, but not the nuclear histone H3 (Fig. 1H). The results demonstrate that
SIR-2.2. and SIR-2.3 are bona fide orthologs of mammalian SIRT4.

3.2 SIR-2.2 and SIR-2.3 function during oxidative stress

We next analyzed the biological function of SIR-2.2 and SIR-2.3 using the sir-2. A tm2648),
Sir-2. tm2673) and sir-2.3(0k444) mutant worm strains (Supplementary Fig. 2A). RT-PCR
and Western blot analysis showed that the deletion mutations of the tm2648and tm2673
alleles resulted in deletion of exons 3 and 4. The resulting mMRNASs splices exon 2 to exon 5
of the s/ir-2.2 gene thereby giving raise to a truncated SIR-2.2 protein lacking 75 aa of the
conserved sirtuin domain (Supplementary Fig. 2B, D, F). Sequencing of the sir-2.3 0k444)
RT-PCR product revealed that the 0k444 allele encodes a truncated protein where a frame
shift mutation in exon 4 results in replacement of the 154 aa of the C-terminus
corresponding to exons 4 to 7 by eight unrelated aa (Supplementary Fig. 2C, D).

All three mutant worm strains did not exhibit any obvious phenotype under standard growth
conditions. SIR-2.2 and SIR-2.3 share 75.3% sequence identity (Supplementary Fig. 1).
Since the sir-2.2and sir-2.3 genes are located directly next to each other on chromosome X
it was not possible to generate a double mutant worm strain. To test whether there is
functional redundancy we knocked down sir-2.2in sir-2.3(0k444) worms by RNA..
Depletion of sir-2.21in sir-2.3(0k444) mutant worms caused a weak phenotype with 4.5% of
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worms exhibiting growth and egg-laying defects (Table 1) compared to 1.9% in the wild
type control worms.

Knockout mice of SIRT3, SIRT4 and SIRT5 grow and develop normally under
physiological conditions (Haigis et al., 2006; Lombard et al., 2007; Nakagawa et al., 2009),
but display defects in response to different stresses (Haigis and Sinclair, 2010). Thus, we
analyzed tolerance of sir-2.2(tm2648) and sir-2.3(0k444) mutant worms as well as
sir-2.2::gfp and sir-2.3::gfp overexpression strains to oxidative stress (see Supplementary
Fig. 3A and B for analysis of protein levels). Survival of worms in the presence of paraquat
that generates superoxide anions was scored daily (Masse et al., 2008). 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.) days,
respectively, compared to wild type N2 worms that had a mean survival of 7.86 + 0.21
(S.E.M.) days (Fig. 2A and B). sir-2.Xtm2648) (6.66 £ 0.16 (S.E.M.)) and sir-2.3(0k444)
(6.26 + 0.18 (S.E.M.)) mutant worms also showed significantly reduced survival in the
presence of paraquat. Whereas knockdown of sir-2.3in sir-2. X tm2648) mutant worms led to
a slight increase in sensitivity (5.86 + 0.15 (S.E.M.)) compared to the single mutant worm
strains, no significant difference was observed when knocking down sir-2.2in the
sir-2.3(0k444) mutant background (6.42 + 0.18 (S.E.M.)).

To obtain insights into the mechanism of sensitivity to oxidative stress, we first analyzed the
levels of MnSOD, a key antioxidant mitochondrial enzyme, which has been shown to be
regulated by mammalian SIRT3 (Tao et al., 2010). However, Western blot analysis of
extracts from mutant worms did not reveal any differences in the expression of this factor
(Supplementary Fig. 3C). We then measured the NAD*/NADH ratio. As Fig.2 C shows this
parameter was significantly lower in sir-2.2::gfo and sir-2.3::gfp transgenic worms
compared to wild type animals. The results indicated that the fusion proteins are functional
and that both factors work enzymatically in consuming NAD*. From the other experiments,
we further concluded that s/r-2.2and sir-2.3are not functionally redundant. We then asked
which targets are regulated by SIR-2.2 and SIR-2.3.

3.3 SIR-2.2 and SIR-2.3 interact with mitochondrial biotin dependent carboxylases

To identify factors interacting with SIR-2.2 we immunoaffinity purified GFP-tagged
SIR-2.2 from total or mitochondrial protein lysates of stable sir-2.2::gfp worms using
SIR-2.2- or GFP-specific antibodies (Fig. 3A). Control immunoprecipitation experiments
were performed using total worm lysates prepared from the transgenic strains BC15074 and
BC14289, which express GFP under control of the endogenous sir-2.2 promoter, or with
mitochondrial lysates of the transgenic strains SJ4104 and SJ4143, which express GFP with
a mitochondrial targeting sequence (Benedetti et al., 2006). Bound proteins were analyzed
by mass spectrometry and proteins present only in the SIR-2.2::GFP bound fraction
(identified with at least two peptides or a protein score of at least 80) were extracted from
the data (Supplementary Table 1). 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
(alpha subunit), in this study referred to as mccc-1) were particularly interesting, since these
represent the mitochondrial members of the biotin-dependent carboxylase protein family.
Sequence coverage obtained for these proteins were 48% with 107 identified peptides for
PYC-1 (Fig. 3B), 32% with 18 peptides for PCCA-1 (Fig. 3C) and 13% with 9 peptides for
MCCC-1 (Fig. 3D).

Pyruvate carboxylase (PC) has an important anaplerotic function for the tricarboxylic acid

(TCA) cycle. The enzyme catalyzes the carboxylation of pyruvate to oxaloacetate, an
important TCA cycle intermediate (Jitrapakdee et al., 2006) (Supplementary Fig. 4).
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Propionyl-CoA carboxylase (PCC) is essential for the catabolism of branched chain amino
acids (Thr, Val, lle, 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 (Gravel et al., 1980;
Jitrapakdee and Wallace, 2003). Methylcrotonyl-CoA carboxylase (MCCC) catalyzes the
carboxylation of 3-methylcrotonyl-CoA to 3-methylglutaconyl-CoA in catabolism of
leucine, which as an exclusively ketogenic amino acid is degraded to acetoacetate and
acetyl-CoA. Therefore, MCCC does not function in anaplerosis but formation of ketone
bodies (Jitrapakdee and Wallace, 2003; Lau et al., 1980). Gluconeogenesis, amino acid
catabolism, p-oxidation and formation of ketone bodies are essential pathways for
maintaining energy homeostasis supporting the hypothesis that sirtuins regulate adjustments
in energy metabolism during stress such as nutrient deprivation (Haigis and Sinclair, 2010;
Imai and Guarente, 2010).

To independently verify interaction between SIR-2.2 and the biotin-dependent carboxylases
we expressed the proteins in HEK293 cells and performed immunoprecipitation
experiments. As Fig. 4A shows, PYC-1, PCCA-1 and MCCC-1 co-immunoprecipitated
specifically with GFP-tagged SIR-2.2, but not with GFP alone. Importantly, the
mitochondrial protein ACDH-3 (acyl-CoA dehydrogenase-3) and the nuclear protein HP1p
did not associate with SIR-2.2::GFP under the same experimental conditions. In similar
assays SIR-2.3 also specifically interacted with all three proteins (Fig. 4A). Indeed, when
analyzing proteins co-immunoprecipitated with SIR-2.3-GFP isolated from mitochondrial
extracts of stable sir-2.3::gfp transgenic worms using mass spectrometry we found peptides
of all three mitochondrial biotin-dependent carboxylases (Supplementary Fig. 5 and
Supplementary Table 2). The results indicated that both SIRT4 orthologous factors of C.
elegans interact with PYC-1, PCCA-1 and MCCC-1 enzymes.

3.4 The biotin carboxylase domain mediates evolutionarily conserved interaction of
mammalian SIRT4 with mitochondrial biotin-dependent carboxylases

To test whether the observed interaction is conserved between C. e/egans and mammals we
performed co-immunoprecipitation experiments. We transiently expressed mouse SIRT4-
GFP or GFP alone together with FLAG-tagged mouse propionyl-CoA carboxylase a-
subunit (mPCCA), mouse methylcrotonyl-CoA carboxylase a-subunit (nMCCC1), or
mouse pyruvate carboxylase (mPC) in HEK293 cells. Immunoprecipitation of total cell
extracts using anti-GFP antibodies specifically recovered all three biotin-dependent
carboxylases with SIRT4-GFP but not GFP (Fig. 4B). In similar experiments the C. elegans
PYC-1, PCCA-1 and MCCC-1 proteins also specifically bound to SIRT4-GFP (data not
shown).

Next, we asked whether binding to biotin-dependent carboxylases is specific to SIRT4
compared to the other mitochondrial mammalian sirtuins, SIRT3 and SIRT5 (Fig. 4C). After
transient expression in HEK293 cells FLAG-tagged mPC and mMCCC1 specifically co-
immunoprecipitated only with MY C-tagged SIRT4 but not with MY C-tagged SIRT3 or
SIRT5. FLAG-tagged mPCCA bound strongly to SIRT3-MYC and SIRT4-MYC and much
weaker to SIRT5-MYC. MY C-tagged SIRT3 and SIRT4, but not SIRTS5 showed multiple
bands in Western blot analysis. We think these are due to incomplete mitochondrial import
of the overexpressed proteins, which excludes normal N-terminal processing (Haigis et al.,
2006; Schwer et al., 2002). For unknown reasons MY C-tagged SIRT3 and SIRT4 reached
higher expression levels when in presence of mMPCCA-FLAG as compared to being
coexpressed with mPC-FLAG or mMMCCC1-FLAG. In control immunoprecipitation
experiments, none of the biotin-dependent carboxylases did bind to CDYL1c
(Chromodomain Y-like protein 1c), nor did we find interaction of the sirtuins with FLAG-
tagged HP1B (Heterochromatin protein 10).
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PC, PCCA and MCCC1 catalyze metabolically important carboxy! group transfer reactions
and possess highly conserved functional domains (Fig. 5A). PC consists of four identical
subunits (o4-form) of 1178 aa, which contain a N-terminal biotin carboxylase domain (BC)
featuring a conserved ATP grasp domain (ATP), a substrate-specific carboxyltransferase
domain (PCT), and a C-terminal biotin carboxyl carrier protein (BCCP) domain (Jitrapakdee
et al., 2008; Jitrapakdee and Wallace, 2003). To determine, which domain mediates
interaction with SIRT4, four different deletion constructs of mPC representing these
different regions of the protein were generated with a C-terminal FLAG-tag and transiently
expressed in HEK293 cells together with MY C-tagged SIRT4. Since expression levels and
consequently recovery rates of SIRT4 were not equal when co-expressed with the different
mPC constructs, we normalized material immunoprecipitated with anti-MY C antibodies to
the amounts of SIRT4-MYC for Western blot analysis (Fig. 5B). Next to full-length mPC
only the biotin carboxylase domain associated with SIRT4. Since the conserved ATP grasp
domain was not sufficient for binding, we concluded that residues outside this domain must
mediate binding of the N-terminal BC domain to SIRT4.

Both PCC and MCCC are heteropolymeric enzymes with six heterodimers of one a- and
one B-subunit arranged in a (af)g configuration (Gravel et al., 1980; Jitrapakdee and
Wallace, 2003; Lau et al., 1980). The a-subunits contain the N-terminal biotin carboxylase
(BC) domain and the C-terminal biotin carboxyl carrier protein (BCCP) domain (Fig. 5A).
The substrate-specific carboxyltransferase (CT) activities are located on separated f-chains
(Jitrapakdee and Wallace, 2003), which were not detected as binding partners of C. elegans
SIR-2.2 and SIR-2.3 in the proteomic analyses (Supplementary Table 1 and 2). Indeed, in
coimmunoprecipitation experiments after transient overexpression the BC domains of PCCA
and MCCC1 were sufficient to mediate binding to SIRT4 while the BCCP domain showed
no interaction (Fig. 5C, D). From these experiments we deduced that — like the C. elegans
SIR-2.2 and SIR-2.3 proteins the mammalian SIRT4 binds specifically to all three
mitochondrial biotin-dependent carboxylases and that the biotin carboxylase domain of the
enzymes mediates this interaction.

3.5 Mitochondrial biotin-dependent carboxylases are acetylated on multiple lysine

residues

We hypothesized that the mitochondrial biotin-dependent carboxylases might be substrates
of SIRT4 enzymatic activity. No ADP-ribosylation has been reported for PC, PCCA and
MCCC1, but several global proteomic screens have identified putative lysine acetylation in
PC (mapping to K237, K316, K992 and K1090 in mouse PC, Supplementary Fig. 7)
(Choudhary et al., 2009; Fritz et al., 2012; Kim et al., 2006; Zhao et al., 2010) and in PCCA
(mapping to K61 and R549 in mouse PCCA) (Fritz et al., 2012; Zhao et al., 2010). In a mass
spectrometry based proteomic approach using mouse liver we further identified K128,
K150, K223, K403, K460, K492 and K509 in mouse PCCA as well as K180 and K717 in
mouse MCCCL as putative sites of acetylation (data not shown). To verify that the
mitochondrial biotin-dependent carboxylases are indeed acetylated proteins, we
immunoprecipitated FLAG-tagged mPC, mPCCA and mMCCCL1 from HEK293 cells after
transient transfection. In Western blot analysis a pan anti-acetyl lysine antibody indeed
recognized these factors, as well as the mitochondrial AceCS2 control protein (Hallows et
al., 2006; Schwer et al., 2006) (Fig. 6A). Since pyruvate carboxylase is a major enzyme in
anaplerosis, since it is the only monomeric mitochondrial biotin carboxylase and as a robust
enzymatic assay for this enzyme has been described (Janke et al., 2010; Scrutton and White,
1974), we decided to further focus our analysis on this factor.

First, we generated an inducible stable transfected mPC-FLAG cell line to verify and further
map lysine acetylation sites in mPC. FLAG-tagged mPC was immunoprecipitated from total
cell extract, run on SDS-PAGE and digested with trypsin. In contrast to the proteomic
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screening experiments, we did not use pan anti-acetyl-lysine antibodies for enrichment of
acetylated peptides before mass spectrometry analysis. According to our observations these
antibodies have certain sequence bias and do not detect all Kac sites. Also, the algorithms
used for assigning lysine acetylation in such experiments assign false positive hits with a
certain frequency (our own observations).

Of the total mPC-derived peptides we could assign 13 acetylation sites with a mass increase
of 42 Da compared to the unmodified state. These correspond to the following residues in
mPC:: K35, K39, K79, K148, K152, K241, K434, K589, K717, K748, K892, K969 and
K992. While only K992 of these matched the previously described sites (see above), we
verified several Kac sites by the presence of marker ions in the fragment spectra (MSMS) of
sequenced peptides (immonium ion (143.11 m/z) and/or an ammonia derivative of the
immonium ion (129.09 m/z) of acetylated lysine, Supplementary Fig. 6) (Trelle and Jensen,
2008). While this manuscript was in preparation independent work on mouse liver indeed
verified many of these sites (Lundby et al., 2012). Five of our newly identified acetylation
sites K39, K79, K152, K717 and K748, map to lysine residues that are conserved from C.
elegansto human (see Supplementary Fig. 7 for annotation of the acetylation sites identified
by different studies). Further annotation of the mass spectrometry results did not reveal any
indication of succinylation, malonylation or ADP-ribosylation of mPC. We therefore
focused our further studies on a putative role of SIRT4 in regulating mPC acetylation levels.

3.6 Acetylation of K748 might regulate mPC activity

There has been increasing evidence that reversible lysine acetylation is an important
posttranslational modification regulating the activity of metabolic enzymes (Zhao et al.,
2010). To test whether acetylation of any of the five highly conserved lysine residues in
mPC might play a role in regulating the enzymatic activity we mutated these sites either to
arginine (mimicking the non-acetylated state) or to glutamine (mimicking acetylated lysine).
The FLAG-tagged mutant mPC proteins were transiently expressed in HEK293 cells and
total cell lysates were analyzed for their pyruvate carboxylase activity using a citrate
synthase coupled enzymatic assay (Janke et al., 2010; Scrutton and White, 1974). Enzymatic
activity was afterwards normalized to mPC protein levels determined by Western blotting.
As Fig. 6B shows, mutation of K39 resulted in reduced protein stability, with the Q mutation
displaying reduced activity compared to the R mutation. In contrast, all other mutations had
no apparent affect on mPC protein expression levels. Mutation of K79 and K152 to R or Q
generally abrogated mPC activity, while mutation of K717 did not significantly affect mPC
activity. The most interesting effect was observed on K748. Here mutation to R did not
change the enzymatic activity, but the K748Q mutation almost completely abolished the
enzymatic activity. The results indicate that the activity of mPC might be regulated by
reversible acetylation of K748.

3.7 SIRT4 does not deacetylate mPC

Multiple sequence alignment of the catalytic core domain of the enzymatically active protein
deacetylases mammalian SIRT1 and SIRT6 as well as S. cerevisiae Hst2 and SIR2 with
SIRT4 and C. elegans SIR-2.2 and SIR-2.3 proteins showed a high degree of sequence
conservation (Supplementary Fig. 1). Residues important for the enzymatic activity such as
the active site histidine, the majority of residues involved in NAD™ and acetyl-lysine peptide
binding and the Zn?* binding motif are also present in SIRT4 and C. elegans SIR-2.2 and
SIR-2.3.

No NAD*-dependent deacetylase activity could be demonstrated for human SIRT4 using a

standard histone deacetylase (HDAC) activity assay (Ahuja et al., 2007). Apart from
SIR-2.1 (Wood et al., 2004), the enzymatic activities of C. elegans SIR-2.2 and SIR-2.3
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have not been analyzed. We performed in vitro deacetylase activity assays using a per-3H-
acetylated histone H4 tail peptide as substrate to analyze the enzymatic activity of C. elegans
sirtuins. Consistently with previous reports (Wood et al., 2004), SIR-2.1 exhibited robust
activity on this substrate. However, no activity was detected for the other two variants using
either /n vitrotranslated protein or GFP-tagged SIR-2.2 or SIR-2.3 isolated from the
transgenic sir-2..gfp strains (Supplementary Fig. 8).

An acetylated H4 peptide is not a natural target of the mitochondrial sirtuins and the lack of
enzymatic activity might be due to very strict substrate specificity. To determine whether
SIRT4 can possibly deacetylate mPC we wanted to analyze the acetylation status of the
identified Kac sites under conditions of overexpression of SIRT4. For this purpose, we
stably introduced SIRT4-MYC into the cell line containing inducible mPC-FLAG. To
quantify differences in mPC acetylation of specific sites we performed stable isotope
labeling with amino acids in cell culture (SILAC) (Ong and Mann, 2006). After adopting the
cells to the growth conditions, mPC-FLAG expression was briefly induced and the fusion
protein was purified by anti-FLAG immunoprecipitation. Mass spectrometric comparison of
the relative abundance of acetylated and non-acetylated peptides derived from mPC-FLAG
in absence (Fig. 6C, right panel) and presence of SIRT4-MYC (Fig. 6C, left panel) revealed
only minor differences. Of the 13 peptides suggested to contain acetylation only the one
containing K152ac showed slightly changed levels in the samples, which were larger than
the variation observed in direct SILAC-MS comparison of mPC-FLAG grown in light and
heavy medium in absence of SIRT4-MYC. However, the differences in repetitive
experiments were smaller than one fold. Since the variability in quantification at peptide
level is also much higher than at the protein level, we concluded that increased SIRT4 levels
did not affect the acetylation status of the analyzed sites of mPC.

3.8 Overexpression of SIRT4 does not affect mPC protein stability

Reversible lysine acetylation is an important posttranslational modification regulating
stability or activity of metabolic enzymes (Zhao et al., 2010). Since we failed to detect an
effect of SIRT4 on mPC acetylation, we tested whether interaction between these factors
might regulate mPC stability. Posttranslational modification different from acetylation or
mechanisms independent of chemical conversion might play a role here. We analyzed mPC
protein levels in the HEK293 cell line containing inducible mPC-FLAG in dependence of
stable expression of MY C-tagged SIRT3 or SIRT4. After short induction of mPC-FLAG
expression, cycloheximide or MG132 was added to the culture media to block protein
translation and protein degradation, respectively. TSA/NAM were used for inhibition of
protein deacetylation. mPC-FLAG levels were analyzed by Western blotting after 6 h of
drug treatment. As Fig. 7A shows, neither presence of overexpressed SIRT3 or SIRT4 had
any effect on mPC stability. In addition, general inhibition of deacetylation also did not
result in changes of mPC levels compared to the controls.

3.9 Overexpression or absence of SIRT4 does not affect mPC activity

Finally, we asked whether SIRT4 might affect mPC enzymatic activity. To this end, mPC
activity was assayed from total cell lysates of the stable inducible mPC-FLAG HEK?293 cell
line in dependence of stable overexpression of SIRT3-MYC or SIRT4-MYC. Enzymatic
activity was determined as before in a citrate synthase-coupled assay and normalized to
mPC protein levels after Western blotting (Janke et al., 2010; Scrutton and White, 1974).
Neither overexpression of SIRT4-MYC nor SIRT3-MYC in these cell lines had any
significant effect on the enzymatic activity of mPC-FLAG (Fig. 7B, left panel). Since
pyruvate carboxylase is a central enzyme in anaplerotic pathways we reasoned that its
activity might be differentially regulated in cells under metabolic stress. We therefore
repeated the experiment with mPC-FLAG cell extract prepared from cells that were starved
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overnight for glucose. Also under these conditions no differences in mPC enzymatic activity
in presence of overexpressed SIRT4 or SIRT3 were detected (Fig. 7B, right panel).

C-terminal tagging of SIRT4 (MY C-tag) might interfere with the biological and/or
enzymatic activity of the factor. Also, overexpression of the protein might not necessarily
yield in increased SIRT4 cellular activity, since essential cofactors might be limiting. To
further analyze putative effects of SIRT4 onto mPC activity in an /n vivo system we turned
to knock out mice where SIRT4 gene expression has been ablated (Haigis et al., 2006).
Livers were isolated from young males of wild type and knock out mice held under the same
conditions of feeding ad /ibido or after 24 h of starvation. Liver extracts were directly
assayed for pyruvate carboxylase enzymatic activity. As Fig. 7C shows absence of SIRT4
protein had no significant effect on mPC enzymatic activity under normal conditions or after
inducing metabolic stress by starvation.

4 Discussion

4.1 The biology of C. elegans SIR-2.2 and SIR2.3 is conserved with mammalian SIRT4

SIR-2 proteins constitute a highly conserved protein family (Frye, 2000) and the nematode
C. elegans possesses two SIR-2 variants, SIR-2.2 and SIR-2.3, with high sequence
conservation to mammalian SIRT4 (49% and 42% identity, respectively). In this study we
show that the localization of C. elegans SIR-2.2 and SIR-2.3 to mitochondria is conserved to
mammalian SIRT4. All three factors interact with biotin-dependent carboxylases, pyruvate
carboxylase, propionyl-CoA carboxylase and methylcrotonoyl-CoA carboxylase, also across
species.

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. Our expression analysis indicates that neither sir-2.2nor sir-2.3
became non-functionalized during evolution. Several lines of evidence indicate that SIR-2.2
and SIR2.3 are not functionally redundant. SIR-2.3 is earlier present than SIR-2.2 in
embryogenesis and shows a distinct, prominent expression in a subset of cells in the head as
well as in the somatic gonad. While sir-2. Xtm2648), sir-2.2(tm2673) and sir-2.30k444) C.
elegans do not show any obvious phenotype under standard growth conditions, the single
mutant worms are more sensitive to oxidative stress compared to wild type worms. Also,
knock down of sir-2.2or sir-2.3by RNAI in sir-2.30k444) and sir-2. X tm2648) mutant
worms, respectively, does not result in more severe phenotypes indicating that both genes
are independently needed for oxidative stress resistance.

It is surprising that expression of SIR-2.2 and SIR-2.3 from additional gene copies in a
transgenic context results in even higher sensitivity to oxidative stress and does not increase
stress resistance as it might be expected. Our results indicate this might be due to depletion
of NAD™ in mitochondria. Mitochondrial NAD* levels were shown to be essential for cell
survival during genotoxic stress and nutrient deprivation (Yang et al., 2007). Worms mutant
for the nicotinamidase prc-1, which catalyzes the first rate-limiting step of NAD™* synthesis
from NAM, are more sensitive to oxidative stress. Moreover, increased stress resistance of
pnc-1 overexpressing worms depends on sir-2.1 (van der Horst et al., 2007). In mammals
Nampt promotes increased mitochondrial NAD* levels and survival during stress in a SIRT3
and SIRT4 dependent manner (Yang et al., 2007).

4.2 Are SIRT4-type sirtuins active as deacetylases?

As previously shown for SIRT4 (Ahuja et al., 2007), we could not detect broad deacetylase
activity of SIR-2.2 and SIR-2.3 on a generic histone H4 tail substrate. Currently, SIRT4-type
factors are the only sirtuins for which no protein deacetylase activity could be demonstrated.
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Glutamate dehydrogenase (GDH) is the only known SIRT4 substrate. Its ADP-ribosylation
that inhibits enzymatic activity is the only sirtuin-catalyzed ADP-ribosylation with
physiological relevance (Haigis et al., 2006). Due to the low efficiency of sirtuins compared
to bacterial ADP-ribosyltransferases and given that most sirtuins have NAD*-dependent
deacetylase activity, the physiological relevance of sirtuin mediated ADP-ribosylation has
been questioned (Du et al., 2009). Indeed, even SIRT6, which was reported to exhibit strong
auto-ADP-ribosyltransferase activity (Liszt et al., 2005), was recently shown to deacetylate
a particular site in histone H3, H3K9ac, with very high specificity (Michishita et al., 2008).
Others and we have hypothesized that the right substrates for SIRT4 deacetylation have just
not been identified.

Mass spectrometric screens showed that all three mitochondrial biotin-dependent
carboxylases that we identified as novel SIRT4 interacting factors are heavily acetylated
proteins (Choudhary et al., 2009; Fritz et al., 2012; Kim et al., 2006; Lundby et al., 2012;
Zhao et al., 2010). We mapped 13 novel sites of acetylation in PC. Of these, one site,
K748ac, might indeed regulate enzymatic activity. Nevertheless, using different
experimental approaches we failed so far to demonstrate deacetylation of mPC by SIRT4.
Cellular overexpression of C-terminally tagged SIRT4 did neither change mPC enzymatic
activity nor affect the acetylation status. We have no means to verify whether the
overexpressed protein is functional and/or catalytically active. The tag might have a negative
effect, also a cellular cofactor might be limiting.

We also were not able to detect any change in PC activity in liver extracts of SIRT4~/~ mice.
If SIRT4 deacetylates PC in this system and under the applied conditions, this has no
consequence on enzymatic activity. Alternatively, there might be functional redundancy
with other factors. Knock down of SIRT4 in primary murine hepatocytes increases SIRT3
gene expression (Nasrin et al., 2010) and it is possible that mitochondrial SIRT3 but also
SIRT5 mask a possible phenotype. The regulation of PC by SIRT4 might be also tissue or
cell type specific. Indeed, GDH is inhibited by SIRT4 in pancreatic p-cells (Haigis et al.,
2006), whereas in liver deacetylation of GDH by SIRT3 seems to increase its catalytic
activity and promote anaplerosis (Lombard et al., 2007; Schlicker et al., 2008).

SIRT4 is highly expressed specifically in B-cells and seems to play an important role in
regulating insulin-secretion in the pancreas, which functions as fuel sensor (Haigis et al.,
2006). Interestingly, PC was also shown to be necessary for glucose-induced insulin
secretion (Jitrapakdee et al., 2006). Since a recent proteomic study has shown that there are
tissue and cell type specific differences in lysine acetylation (Lundby et al., 2012), future
studies need to address whether SIRT4 modulates the activities of PC, and possibly PCC and
MCCC in a tissue and cell-type specific manner.

Despite the negative findings, we take the facts that PC is directly interacting with SIRT4,
that PC is heavily acetylated and that K748ac might be a key regulatory event as indication
that the right conditions for SIRT4 deacetylation have just not been found.

Two recent reports describe desuccinylation and demalonylation as novel major enzymatic
activities for mammalian SIRT5 (Du et al., 2011; Peng et al., 2011). Proteomic surveys have
identified diverse lysine acyl-modifications (Tan et al.; Zhang et al., 2009; Zhang et al.,
2011), such as succinylation, propionylation, butyrylation or crotonylation. Although, we
failed so far to detect acyl-modification of mPC, it remains a possibility that SIRT4 does not
act as NAD™-dependent deacetylase but removes specific acyl-groups from lysine residues
of mitochondrial proteins.
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5 Conclusions

Most sirtuins were initially characterized as ADP-ribosyltransferases. However, consecutive
work has established deacylation and in particular deacetylation of nuclear histone proteins
and/or key metabolic enzymes with high substrate and sequence specificity as the major
physiological role of all sirtuins but SIRT4. Since SIRT4 as well as its orthologues in C.
elegans, SIR-2.2. and SIR-2.3, contain all the amino acids implied in sirtuin catalysis, we
favour the view that SIRT4-type factors are indeed NAD*-dependent deacylases, but that the
particular substrates and type of enzymatic reactions (i.e. deacetylation or removal of other
amid bond-linked protein lysine posttranslational modification) of these factors have just not
been identified. We demonstrate that SIRT4, SIR-2.2 and SIR-2.3 interact with
mitochondrial biotin-dependent carboxylases, pyruvate carboxylase, propionyl-CoA
carboxylase and methylcrotonoyl-CoA carboxylase. Since these proteins are all highly
acetylated and play major roles in anaplerosis and energy homeostasis, they might be
biological targets of SIRT4-type factors. Indeed, we show that PC activity might be
negatively regulated by acetylation of the K748 residue. Although we failed so far to
demonstrate direct deacetylation or regulation of enzymatic activity of this factor by SIRT4,
a possible physiological link between SIRT4, PC and the two other biotin-dependent
carboxylases in regulating insulin secretion makes us speculate that the exact conditions of
SIRT4 enzymatic conversion of these metabolic enzymes have just not yet been found.
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Fig. 1. C. elegans SIR-2.2 and SIR-2.3 are mitochondrial proteins

(A) and (B) representative fluorescent confocal images of sir-2.2:.:gfp transgenic worms
showing SIR-2.2::GFP expression in the head region and gonad of adult C. efegans. (C) and
(D) SIR-2.3::GFP expression and localization in the head and gonad of adult worms. Arrows
point at unidentified cells in the head. (E) Expression and localization of SIR-2.2::GFP and
SIR-2.3::mCherry in the head of double transgenic sir-2.2..gfp; sir-2.3::mcherry worms.
Scale bars represent a magnification of 50 um. (F) Immunogold labelling of wild type N2
worm using the anti-SIR-2.2 antibody. (G). Representative cryo section of sir-2.3::gfp
transgenic worm stained with anti-GFP antibody. Immunocomplexes were visualized with
protein A-conjugated gold beads (10 nm). High-density black dots indicate the localization
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of SIR-2.2 and SIR-2.3 to mitochondria. Scale bars represent a magnification of 200 nm. (H)
Wild type N2 worms and s/r-2.3..gfp transgenic worms were homogenized and subjected to
subcellular fractionation by 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 the indicated antibodies.
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Fig. 2. C. elegans overexpressing or deficient in SIR-2.2 and/or SIR-2.3 show increased sensitivity
to oxidative stress

(A) Calculated mean life span of different worms grown at 24.5°C on RNA. feeding plates
containing paraquat (200 pl of 250 mM paraquat solution added onto plate). Wild type (N2),
worms overexpressing SIR-2.2 (sir-2.2:.g1p) or SIR-2.3 (sir-2.3..91p), worms mutant in
Sir-2.2 (sir-2.2(tm2648)) or sir-2.3 (sir-2.3(0k444) were fed on E. coli HT115DE3)
containing an empty L4440 vector (control feeding). Worms mutant in sir-2.2
(5ir-2.2(tm2648)) were fed on E. coli HT115(DE3) containing a plasmid encoding for sir-2.3
(sir-2.3feeding) and worms mutant in sir-2.2 (sir-2.2(tm2648)) were fed on E. coli
HT115(DES3) containing a plasmid encoding for sir-2.2 (sir-2.2 feeding). At least 3 trials

Mitochondrion. Author manuscript; available in PMC 2014 November 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wirth et al.

Page 27

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 curves of the worm strains analyzed in (A). (C) Analysis of
[NAD*)/[NADH] levels in whole worm lysates of wild type N2, sir-2.2::gfp and sir-2.3::gfo
overexpressing worms. Error bars represent the standard error of mean; *** P<0.01 as
compared with control animals (wild type N2 worms) using Student’s #test.
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Fig. 3. Identification of mitochondrial biotin carboxylases as SIR-2.2 interacting factors

(A) Schematic overview of the 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). Peptides identified by mass
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spectrometric analyses are highlighted on the protein sequence. Total sequence coverage is
indicated.
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Fig. 4. Mammalian SIRT4 specifically interacts with mitochondrial biotin-dependent
carboxylases

(A) Expression vectors encoding SIR-2.2-GFP, SIR-2.3-GFP or GFP alone were
cotransfected in HEK293 cells with expression vectors for either FLAG-tagged C. elegans
PCCA-1, MCCC-1 or PYC-1 or mouse ACDH-3 or HP1B. GFP-tagged proteins were
immunoprecipitated with GFP-TrapA and analyzed by SDS-PAGE and Western blotting
using anti-FLAG, anti-SIR-2.2 and anti-GFP antibodies. I: input (2%); S: supernatant after
immunoprecipitation (2%); IP: immunoprecipitated material. (B) Similar analysis as in (A)
but using vectors encoding mouse SIRT4-GFP, PCCA-FLAG, MCCC1-FLAG and PC-
FLAG as well as GFP. (C) Expression vectors for human SIRT3, SIRT4, SIRT5 and
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CDYL1c (MYC-tagged) were cotransfected with expression vectors encoding either murine
PC, MCCC1, PCCA of HP1p (FLAG-tagged) in HEK293 cells. Proteins were
immunoprecipitated with anti-FLAG antibodies and analyzed by Western blotting with anti-
MY C and anti-FLAG antibodies (top). Cell extracts (input) were directly analyzed in
Western blotting with anti-MYC antibodies to determine expression levels of tagged protein
in each experiment (bottom).
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Fig. 5. The biotin carboxylase domain of PC, PCCA and MCCCL1 specifically binds to 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). Brackets
indicate the deletion constructs generated to map the region interacting with SIRT4. Domain
boundaries of the mutant proteins are indicated by the amino acid positions. Analysis of
interaction with PC (B), with PCCA (C) and MCCC1 (D). For co-immunoprecipitation
experiments, the indicated FLAG-tagged deletion constructs of the biotin-dependent
carboxylases were transiently expressed together with human SIRT4-MYC in HEK293
cells. Equal amounts of immunoprecipitated MY C-tagged SIRT4 were loaded on SDS-
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PAGE gels and analyzed by Western blotting using anti-FLAG and anti-MY C antibodies
(top). Cell extracts (input) were directly analyzed in Western blotting with anti-FLAG
antibodies to determine expression levels of tagged protein in each experiment (bottom).
Running positions of FLAG-tagged proteins and of the antibody’s heavy and light chains are
indicated on the right.
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Fig. 6. Analysis of PC acetylation in dependence of SIRT4

(A) Expression vectors encoding FLAG-tagged mPC, mPCCA and mMCCCL or the empty
vector (vector) were transfected into HEK293 cells. Proteins were immunoprecipitated from
total cell extracts with anti-FLAG antibodies. Western blot analysis of the recovered
material using anti-acetyllysine-specific antibodies (AcK) and anti-FLAG antibodies is
shown. (B) Enzymatic activities of different mPC-FLAG mutants overexpressed in
HEK?293T cells. Pyruvate carboxylase activity of total cell lysates was measured using a
citrate synthase-coupled assay. The carboxylation of pyruvate by PC is coupled to the
conversion of oxaloacetate to citrate by citrate synthase. Reduction of DTNB by generated
CoASH was recorded by measuring an increase in absorbance at 405 nm. Activities were
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calculated from the maximal reaction velocities (AA/min) per relative amount of mPC
protein (quantified from Western blot analyses). Relative activities (normalized to wt mPC)
are represented as means of at least three independent experiments. Error bars indicate
standard deviation. (C) HEK?293 cells expressing mPC-FLAG under inducible control alone
or together with SIRT4-MY C were metabolically labeled using SILAC. After anti-FLAG
immunoprecipitation the recovered material from mPC-FLAG (labeled in light medium) and
mPC-FLAG, SIRT4-MYC (labeled in heavy medium) cells (left panel) or mPC-FLAG
(labeled in light medium) and mPC-FLAG (labeled in heavy medium) cells (right panel)
were mixed, run on SDS-PAGE and analyzed by quantitative mass spectrometry.
Normalized ratios of identified acetylated (red) and non-acetylated (grey) peptides derived
from mPC of one cellular labeling experiment are blotted.
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Fig. 7. SIRT4 does not affect mPC stability or enzymatic activity

(A) Analysis of mPC protein stability. Stable inducible mPC-FLAG HEK?293 cells alone or
also stably overexpressing human SIRT3-MYC or SIRT4-MYC were treated with 1 uM
TSA and 10 mM NAM overnight. Protein synthesis and proteasomal protein degradation
was inhibited with cycloheximide (20 ug/ml) and MG132 (20 uM), respectively, for 6 h.
Cell lysates were analyzed by Western blot using the indicated antibodies. (B) Pyruvate
carboxylase activity in stable inducible mPCFLAG HEK?293 cells alone or also stably
overexpressing human SIRT3-MYC or SIRT4-MYC. For glucose starvation (right graph)
cells were cultured in glucose free medium overnight. Relative activities (hormalized to
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mPC-FLAG in absence of SIRT3 or SIRT4) are represented as means of at least three
experiments. Error bars represent standard deviation. (C) Enzymatic activities of mPC in
liver lysates of wild type and SIRT4~/~ mice fed (left) or fasted for 24 h (right). Relative
activities (normalized to wild type) are represented as means of at least three experiments
using two (fed) to three (fasted) mice per condition. Error bars represent standard deviation.
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Table 1

Analysis of knock down of sir-2.2 in sir-2.3(ok444) mutant worms.

genotype % Dpy and Egl + SE.M  n (F1)
wild type (N2) 1.9+0.3 5(518)
sir-2.30k444); sir-2 ARNAi)  45+1.3 7 (1012)

sir-2.2 dsRNA was microinjected into sir-2.30k444) 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
Ht115DE3) containing an empty L4440 vector. The F1 generation was analysed for dumpy (Dpy) and egg-laying defective (Egl) phenotypes.
S.E.M: standard error of mean; n: number of microinjected hermaphrodites, F1: number of analysed F1 generation progeny; a p-value > 0.05
(0.05003) was calculated using the standard Student t-test.
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