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SIRT6, a highly conserved member of the sirtuin family, plays a critical
Subject Areas: role in diverse cellular processes, including gene regulation, DNA damage
biochemistry response and maintaining nuclear lamina integrity. These functions are

essential in contexts such as differentiation, metabolic regulation, cancer

development and ageing. Given the multifaceted influence of SIRT6
Keywords: on cellular activities, there is an increasing interest in elucidating the
sirtuin, ADP-ribosylation, SIRT6, ADP-ribosyl regulatory mechanisms governing its enzymatic functions. SIRT6 exhibits
two NAD™-dependent activities: deacetylation and ADP-ribosylation,
with current research predominantly focusing on the former. However,
the latter—its (ADP-ribosyl)transferase activity —remains underexplored,
(NAD"), enzyme purification particularly concerning the specific amino acid targets it modifies and

the (ADP-ribosyl)hydrolases that can reverse these modifications. In this

study, we have utilized biochemical assays and proteomic techniques
Authors for correspondence: to investigate these aspects, revealing that SIRT6 transfers ADP-ribosyl
van Ahel moieties onto histidine and tyrosine residues. In addition, we reveal
that the (ADP-ribosyl)hydrolase ARH3 has significant activity in erasing
SIRT6-derived ADP-ribosylation in cells.
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1. Introduction

ADP-ribosylation is a reversible post-translational modification (PTM)
involving the transfer of ADP-ribosyl moieties from NAD" to a range of
cellular targets, including proteins, nucleic acids and small molecules [1-5].
This modification is predominantly mediated by (ADP-ribosyl)transferases
(ARTs), which have diversified into two main superfamilies: the diphthe-
ria toxin-like (ADP-ribosyl)transferases (ARTDs), which include PARPs, the
best-studied group of ARTs and the cholera toxin-like (ADP-ribosyl)trans-
ferases (ARTCs) [6,7]. While different ARTD members can modify protein
substrates on diverse amino acids, such as aspartic/glutamic acids, serine,
tyrosine and cysteine, and sometimes nucleic acids [8-12], ARTCs are
primarily known to modify protein substrates on arginine residues as well
as guanosine bases in nucleic acids [13,14].
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Protein ADP-ribosylation facilitates a variety of cellular and physiological processes in vertebrates, including DNA repair, [ 2 |
transcription, protein translation, immunity, metabolism and behaviour [2,3,15,16].

As is the case with most protein modifications, protein ADP-ribosylation can be reversed by specific hydrolases, which are
categorized into three evolutionarily unrelated families: (ADP-ribosyl)hydrolases (ARHs), macrodomain-containing enzymes
(such as MacroD1, MacroD2, TARGI1 and PARG) and NADARs (‘NAD- and ADP-ribose’-associated enzymes) that can recognize
and hydrolyse different ADP-ribosyl linkages [17,18].

Reversible ADP-ribosylation usually relies on very specific and tightly regulated mechanisms. For example, ADP-ribosyla-
tion usually targets specific serine residues in proteins relevant for genome stability during the DNA damage response. This
form of ADP-ribosylation is synthesized by the DNA damage-inducible PARPs, PARP1 and PARP2, in complex with their
co-regulator HPF1, and the cooperation of ARH3 and PARG reverses the signal [19-24].

In addition to the ART superfamily, other evolutionarily unrelated protein domains can sometimes perform protein ADP-
ribosylation. Among these are sirtuins, enzymes primarily known for their NAD"-dependent deacylase activity [25-30]. They
have a conserved catalytic core of approximately 250 amino acids comprising two domains: a Rossmann fold, a mononucleotide
binding domain found in many enzymes that bind NAD(P)’/NAD(P)H [31] and a small zinc-binding domain [28,32-35]. The
active site is located in a hydrophobic cleft between these two domains, which varies in size and composition between family
members, and it facilitates the transfer of an acyl moiety from an acyl-modified substrate onto NAD"-derived ADP-ribose
(ADPr), thereby generating the deacylated substrate, nicotinamide and 2"-O-acyl-ADPr, which can be further metabolized to
ADP-ribose [27,36-38].

The most compelling example of sirtuins acting as ARTs is the lipoylation-dependent sirtuins (SirTMs) found in pathogenic
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microorganisms, such as Staphylococcus aureus and Streptococcus pyogenes [39]. Unlike other classes of sirtuins, SirTMs do
not have deacetylase activity. Instead, they mono(ADP-ribosyl)ate aspartic acid residues in their protein target, GevH-L, to
modulate microbial virulence by controlling the response to host-derived reactive oxygen species. A macrodomain-containing
protein co-expressed with SirTM from the same operon can efficiently reverse this modification [39,40]. Another example
of a sirtuin acting as an ART is represented by Trypanosoma brucei Sir2, playing a role in DNA repair and survival [41,42],
supporting the hypothesis that there are canonical sirtuins that may possess both deacetylase and ART activities. There have
been suggestions in the literature that some sirtuin family members in humans, namely SIRT2, SIRT4, SIRT6 and SIRT7, may
also have the ability to ADP-ribosylate proteins in addition to their canonical activities [43-46]. Notably, most research on
understanding the protein ADP-ribosylation activity of sirtuins has focused on SIRT6.

SIRT6 is a nuclear sirtuin that regulates cellular processes such as genome stability and energy metabolism [44,47-51]. The
enzyme has been suggested to ADP-ribosylate various amino acids, specifically lysine, aspartic acid and arginine residues on
several protein substrates. These substrates include PARP1 for the regulation of the DNA damage response [44], the histone
demethylase KDM2A [52], the chromatin remodelling protein SMARCAZ2 [53], the nuclear corepressor protein KAP1 [54],
Lamin A/C [55] and the dystrophin repressor Yin Yang 1 (YY1) [56], supporting the role of SIRT6 as a regulator in maintaining
genome stability, gene expression and nuclear structure. Despite these findings, the biochemistry, specificity and regulation of
SIRT6 ADP-ribosylation remain poorly understood, primarily because direct mass spectrometry (MS)-based evidence for these
modifications has been lacking.

Given that MS methods to detect ADP-ribosylation sites in proteins have not been well established until recently, and both
lysine and arginine amino acids are prone to non-enzymatic modification [57-59], we performed a more detailed characteriza-
tion of SIRT6-dependent ADP-ribosylation activity and specificity. We discovered that SIRT6, when recombinantly produced in
bacteria or overexpressed in human cells, can efficiently auto-modify tyrosine and histidine residues under certain conditions.
We also show that the ARH3 hydrolase can significantly reverse SIRT6-dependent ADP-ribosylation. The findings and tools we
developed through this work could pave the way to understanding the mechanism, function and regulation of SIRT6 in the
future.

2. Material and methods

2.1. Cell culture

HEK293T (ATCC CRL-3216) cells were acquired from ATCC and grown in DMEM (Sigma) supplemented with 10% FBS
(GIBCO) and penicillin-streptomycin (100 U ml™, GIBCO). HEK293T HPF1 KO, ARH3 KO and PARP1 KO were generated
previously and grown as the parental cells [20,21,60]. To induce DNA damage, cells were incubated with 2 mM H,O, (Sigma)
in DPBS with calcium and magnesium (GIBCO) for 10 min. For PARP inhibition, cells were pretreated with 1 uM Olaparib
(Cayman Chemical) for 1 h, and Olaparib was added to the DPBS solution in the case of subsequent DNA damage induction.

2.2. Immunoblotting

Cells were lysed with ice-cold Triton X-100 lysis buffer (50 mM TrisHCI [pH 8.0], 100 mM NaCl, 1% (v/v) Triton X-100)
supplemented with 5 mM MgCl,, protease and phosphatase inhibitors (Roche), 2 pM Olaparib (Cayman Chemical), 2 uM
PARGi PDD00017273 (Sigma) and 2 pM Trichostatin A (Sigma). Lysates were incubated with 0.1% Benzonase (Sigma) for 30
min at 4°C, centrifuged at 14 000 r.p.m. for 15 min, and supernatants were collected for analysis. Protein concentrations were
determined using Bradford Protein Assay (Bio-Rad). Normalized samples were boiled in 1 x NuPAGE LDS sample buffer
(Invitrogen) with 10 mM TCEP (Sigma), resolved on NuPAGE Novex 4-12% Bis-Tris gels (Invitrogen) and transferred onto
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nitrocellulose membranes (Bio-Rad) using Trans-Blot Turbo Transfer System (Bio-Rad). The membranes were blocked in PBS n
buffer with 0.1% (v/v) Tween 20 and 5% (w/v) skimmed dried milk (Premier Foods plc, UK) for 1 h at room temperature
and incubated overnight with primary antibodies (1:1000, unless stated otherwise) at 4°C, followed by 1 h incubation with
peroxidase-conjugated secondary anti-mouse (Agilent, P0447, 1:3000) or anti-rabbit (Agilent, P0399, 1:3000) antibody at room
temperature. Rabbit anti-pan-ADPr (MABE1016; 1:1500), mono-ADPr (MABE1076, 1:1000), anti-histone H3 (07-690, 1 : 5000)
and mouse anti-PARP2 (MABE1S, 1:500) antibodies were from Millipore, rabbit anti-ARH3/ADPRHL2 (HPA027104; 1 :2000)
from Atlas Antibodies, and rabbit anti-PARP1 (ab32138; 1 : 2000) and anti-GFP (ab290, 1 : 3000) from Abcam.

2.3. Construction of plasmids and site-directed mutagenesis

The expression vector for PARP14 WWE-ART was described previously [61]. The coding sequence of human SIRT6 was
obtained in pDONR221 from DNASU plasmid repository (HsCD00042070), and a ‘“TAG’ stop codon was inserted via PCR-based
site-directed mutagenesis using the QuickChange Lightning kit (Agilent). For His-affinity purification, the coding sequence was
transferred into pDEST17, and for expression of YFP-tagged SIRT6 in HEK293T cells, into pDEST-YFP via gateway cloning
(Life Technologies). All indicated mutations were introduced via PCR-based site-directed mutagenesis using the QuickChange
Lightning kit (Agilent).

2.4. Protein expression and purification
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Recombinant 6xHis-SIRT6 was expressed in Rosetta (DE3) cells grown in LB medium supplemented with 1% (w/v) p-glucose,
ampicillin (100 ug m1™) and chloramphenicol (34 pg ml™). Expression cultures were inoculated 1:100 with overnight cultures
and grown at 37°C to ODggp 0.6. Cultures were cooled on ice to approximately 20°C and expression was induced by the
addition of 0.4 mM ITPG and 5 uM zinc acetate. Cells were grown at 18°C overnight and harvested by centrifugation. Pellets
were resuspended in lysis buffer (50 mM TrisHCI [pH 7.5], 500 mM NaCl, 20 mM imidazole) and stored at -20°C until
purification.

For purification, thawed pellets were incubated with benzonase and lysozyme for 1 h on a rotating wheel at 4 °C and
subsequently lysed by incubation with 1x BugBuster (Millipore) for 30 min and a rotating wheel at 4°C. Insoluble material
was removed by centrifugation and supernatant incubated with Ni*-NTA agarose (SERVA Electrophoresis GmbH) for 1 h on
a rotating wheel at 4°C. The reaction was applied to a gravity column, and the resin was washed with lysis buffer, followed
by wash buffers A and B (lysis buffer containing 50 mM [A] and 80 mM [B] imidazole, respectively). Remaining proteins were
eluted using elution buffer (50 mM Tris-HCl [pH 7.5], 300 mM NaCl, 250 mM imidazole) and dialysed overnight against storage
buffer (50 mM Tris-HCI [pH 7.5], 200 mM NaCl, 1 mM DTT, 5% (v/v) glycerol).

PARP14 WWE-ART was expressed and purified as described previously [61].

2.5. Enzymatic assays

Auto-MARylation of SIRT6 and of the PARP14 fragment containing WWE and ART domain (WWE-ART) was carried out
for 1 h at 37 °C in MARylation buffer (50 mM TrisHCI [pH 8], 200 mM NaCl, 10 mM MgCl,, 1 mM DTT) using 5 uM
(ADP-ribosyl)transferase and supplemented with 200 uM NAD" as indicated [62]. Reactions were halted by adding LDS sample
buffer (Invitrogen), or they were further incubated with ADP-ribosyl hydrolases. De-modification assays were performed using
each hydrolase at a final concentration of 1 uM. The reactions were allowed to proceed for 1 h before being stopped with the
LDS sample buffer. All reactions were analysed by immunoblotting using rabbit anti-pan-ADPr (MABE1016; dilution 1 : 5000).

2.6. Transfection and immunoprecipitation

HEK293T cells were plated in 100 mm tissue culture dishes and transfected with YFP-SIRT6 or YFP (empty vector control)
expression vectors for 24 h using Polyfect (QIAGEN) following the manufacturer’s instructions. The cells were washed with PBS
and lysed as described above. Normalized cell lysates were incubated with GFP-Trap MA magnetic agarose beads (ChromoTek)
for 2 h while rotating at 4°C. The beads were washed with Triton X-100 lysis buffer five times and eluted with 2 x NuPAGE
LDS sample buffer (Invitrogen) with TCEP (Sigma). The samples were then analysed using western blotting. For MS analysis,
YFP-SIRT6 was immunopurified using GFP-trap nanobodies, followed by SDS-PAGE separation and staining with Sypro Ruby
(Life Technology). The relevant protein band was excised and subsequently processed for analysis via MS.

2.7.In gel digestion

Cellular SIRT6 digestion was performed using in-gel tryptic digestion. Gel slices were washed with 200 ul H,O at 26°C for 5
min, then centrifuged to remove excess liquid. The gel pieces were destained with acetonitrile (ACN), then dried in a vacuum
centrifuge for 10 min. Rehydration involved adding 5 pl of Buffer 1 (50 mM ammonium bicarbonate (ABC) + trypsin), incubated
at 4°C for 10 min, followed by 50 pl of Buffer 1, incubated on ice for 20 min. The solution was removed carefully, and 50
ul of Buffer 2 (50 mM ABC) was added. The samples were then incubated overnight at 37°C. Peptides were extracted by
centrifugation, followed by three extraction steps: adding 150 ul of extraction solution (47.5% (v/v) ACN, 47.5% (v/v) water,
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5% (v/v) formic acid (FA)), sonication for 15 min, then collecting the solution; adding 100 ul of ACN, sonication and collection. n
Pooled extracts were dried via SpeedVac vacuum concentrator overnight. Dried peptides were resuspended in 30 ul of 0.1%
(v/v) FA and purified using an in-house fabricated C18 reverse-phase tip, eluted with two rounds of 30 ul of 60% (v/v) ACN for
MS analysis.

2.8. In vitro ADP-ribosylation assay with recombinant SIRT6 and protein digestion

Recombinant 6x His-SIRT6 (10 pg) was incubated in 50 mM TrisHCI (pH 8.0) and 150 mM NaCl with or without 200 uM
NAD" for 1 h at 37°C. Reactions were stopped with the addition of 8 M urea and processed using a FASP (filter-aided sample
preparation) protocol: samples were loaded onto Vivacon 30 kDa ultrafiltration units, alkylated and buffer was exchanged to
ABC. Trypsin in ABC (enzyme : protein, 1:100) was added, mixed and incubated overnight at 37°C. Peptides were recovered by
centrifugation, acidified and then desalted using an in-house fabricated C18 reverse-phase tip. After binding, the samples were
eluted with 60% (v/v) ACN/0.1% (v/v) FA and dried in a SpeedVac vacuum concentrator.

2.9. Mass spectrometry analysis

All samples were analysed on an Orbitrap Fusion instrument (Thermo), coupled to an EASY-nLC. Peptides were resolved
in a 120 min gradient (flow 200 nl min™) on a Picofrit C18 column from New Objective (75 pm inner diameter x 25 cm,
1.9 um particle size, 120 A pore size). The Orbitrap Fusion was operated in a Data Dependent Acquisition mode using ETD
fragmentation. MS resolution was set to 120K with a scan range 300-1500 m/z, and the AGC (automatic gain control) target
value was 1000000 ions with dynamic exclusion of 15 s. The top 10 most intense ions were fragmented using ETD with a
maximum injection time of 500 ms, a target value of 500 000 and a resolution of 30K. Raw files were analysed with MaxQuant
(v. 2.4.12.0) with enzyme specificity set to trypsin, allowing for up to four missed cleavages. Cysteine carbamidomethylation
was set as a fixed modification, and methionine oxidation; protein N-acetylation; ADP-ribosylation (mass shift of 541.0611;
composition C15H,1N5013P») on all residues were used as variable modifications.
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3. Results

3.1. Recombinant SIRT6 auto-ADP-ribosylates on histidine in vitro

A previous study explored the (ADP-ribosyl)transferase activity of SIRT6 [63], but the amino acid specificity of this reaction
remains elusive to date. To gain insights, we purified full-length human SIRT6, alongside two previously established catalytic
mutants, N114A and H133Y [63-66], from Escherichia coli and analysed the ADP-ribosylation status of these proteins. Notably,
immunoblot analysis using an anti-pan-ADP-ribose binding reagent showed that wild-type SIRT6, but not the catalytic mutants,
is substantially ADP-ribosylated even in the absence of exogenous NAD" (figure 1A). This suggests an intrinsic catalytic activity
of SIRT6 within the bacterial cytoplasm. In contrast, the purified catalytic domain of PARP14 [62], produced in E. coli under
conditions similar to those of SIRT6, exhibited no detectable modification. However, the robust enzymatic auto-modification
of PARP14 can be readily achieved in vitro by adding exogenous NAD" to the protein preparation (figure 1A). In contrast, the
auto-modification of SIRT6 showed only a modest increase upon addition of NAD" (figure 1B). This suggests either that SIRT6
achieves a near-complete auto-modification in the bacterial cytoplasm or that SIRT6 ADP-ribosylation requires very specific
reaction conditions that are not simulated by our reaction buffer.

To assess the type of ADP-ribosyl linkage catalysed by SIRT6, we performed MS analysis of recombinant wild-type SIRT6
with or without additional NAD" treatment. To accurately identify the modified residues, we employed ETD fragmentation,
which is optimal for preserving labile PTMs like ADP-ribose on amino acids, thereby enabling more precise and confident
localization of the modification sites [67]. MS analysis of SIRT6 in the absence of NAD" revealed no ADP-ribosylated residues
within the SIRT6 protein sequence, but significant modification of histidine residues within the 6xHis-tag used to purify the
recombinant protein (figure 1C; electronic supplementary material, figure S1A-C). Treatment with NAD" prior to MS analysis
led to the detection of SIRT6 residues His68 and His342 as ADP-ribosylated (figure 1D,E; electronic supplementary material,
figure S2A). His342 is located in the C-terminal domain and was previously identified in a large-scale human ADP-ribosylome
analysis [68]. His68 is located in the Rossmann Fold domain of SIRT6 (figure 1F), and its ADP-ribosylation has never been
detected before. His68 is surface-accessible (figure 1G), while His342 is located within an unstructured part of the protein.
Hence, both residues are accessible for enzymatic modification. Interestingly, both residues also share similar amino acids
preceding the modified sites, glycine and proline for His68 (GPH) and alanine and proline for His342 (APH), respectively,
suggesting a potential sequence motif for modification.

To further confirm that His is the primary target for SIRT6 ADP-ribosylation activity and further address the biochem-
istry of this modification, we treated auto-modified SIRT6 with a panel of different (ADP-ribosyl)hydrolases, namely, the
serine- and tyrosine-(ADP-ribosyl)hydrolase ARH3 [11,20], aspartate-/glutamate-(ADP-ribosyl)hydrolases MacroD1 [37,69-71],
MacroD2 [69,70], TARG1 [72] and PARP9 macrodomain 1 [73]. In addition, we assessed the human poly(ADP-ribose) glyco-
hydrolase (hPARG), which cleaves ADP-ribose polymers [24,74], Drosophila melanogaster PARG (dmPARG) that is capable of
cleaving serine-mono(ADP-ribosylation) [75], and phosphodiesterase NUDT16, a pyrophosphohydrolase capable of cleaving
the phosphodiester bond between the ribose-5-phosphate and AMP moieties both in ADP-ribosyl polymers as well as in
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Figure 1. Auto-ADP-ribosylation of SIRT6 occurs on histidine residues in vitro. (A,B) Immunoblot analysis of recombinant 6xHis-SIRT6 WT, N114A and H133Y mutant.
ADP-ribosylation levels were assessed using the pan-ADP-ribosylation (pan-ADPr, MABE1016) antibody. Samples were pre-incubated in the presence or ahsence of
NAD* as indicated. PARP14 catalytic fragment (WWE-ART domains) served as a positive control, and Ponceau S staining was used as a loading control. (C) MS/MS ETD
spectrum of recombinant SIRT6 without additional NAD* treatment shows ADP-ribosylation on the fourth histidine residue within the hexahistidine-tag. (D,E) MS/MS
ETD spectra of recombinant SIRT6 after NAD* treatment show ADP-ribosylation of His68 (D) and His342 (E). (F) Schematic representation of the SIRT6 domain
architecture with identified ADP-ribosylation sites depicted below the scheme. Domain boundaries were inferred from structural information. (G) AlphaFold 3 model
of SIRT6 in complex with ADP-ribose (from PDB 3K35). The model closely resembles the earlier solved SIRT6:ADP-ribose structure (PDB 3K35; r.m.s.d. of 0.183 A for
237 (* atoms) and fills gaps in the experimental electron density. The positioning of His68 is highlighted in the close-up, and the structure is coloured as shown
in the scheme in (G). For clarity, the unstructured C-terminal region was omitted. (H) Demodification of auto-ADP-ribosylated SIRT6 by known human hydrolases
was assessed by immunoblotting using a pan-ADP-ribosylation antibody (pan-ADPr; MABE1016). The catalytically inactive SIRT6 H133Y mutant served as a negative
control, and Ponceau S staining was used as a loading control.

monomers, independent of the substrate-attachment linkage [76]. As illustrated in figure 1H most of the (ADP-ribosyl)hydrola-
ses did not show hydrolytic activity against SIRT6 auto-modification, with the exceptions of NUDT16 and ARH3. The activity
of NUDT16 is expected, as it can hydrolyse the phosphodiester bond within the ADP-ribose linked to proteins, regardless of the
type of ADP-ribosyl linkage [76]. On the other hand, ARH3 displays minor but notable activity in this context, consistent with
previous findings that highlight its modest activity against ADP-ribosylated histidine residues [77,78].

3.2. SIRT6 auto-ADP-ribosylates in cells

To evaluate SIRT6 auto-modification activity in human cells in the context of DNA damage, we overexpressed YFP-tagged
SIRT6 in HEK293T cells, exposed or not to hydrogen peroxide (H>Oy) as a source of DNA damage. We then visualized ADP-
ribosylated proteins in both total extracts and via YFP immunoprecipitation (figure 2A). Notably, a strong ADP-ribosylation
signal was observed at approximately 62 kDa, corresponding to YFP-tagged SIRTS6, in both input and immunoprecipitated
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samples (indicated by an arrow infigure 2A, left panel). This signal was absent in cells transfected with the YFP empty vector n
and was independent of DNA damage. In contrast, a 98 kDa band detected in the anti-pan-ADP-ribosylation immunoblot
corresponds to PARP1 and was observed only in DNA-damaged cells. Additionally, the signal for this ADP-ribosylated protein
was lost entirely in cells transfected with YFP-tagged catalytic mutants of SIRT6, suggesting that the ADP-ribosylation detected
corresponded to auto-modified SIRT6. To further confirm this, we replicated these experiments in HPF1 knock-out (KO)
HEK293T (figure 2B). HPF1 is an accessory factor for PARP1 and PARP2, essential for catalysing the ADP-ribosylation of serine
residues (Ser-ADPr) in target proteins [19-21,60,79,80]. This type of ADP-ribosylation is one of the most abundant chemical
modifications catalysed by PARP1 and PARP2 in response to DNA damage [21,81]. YEP-SIRT6 modification was not affected by
HPF1 gene depletion, indicating that it is probably independent of PARP1/2:HPF1 complex activity (figure 2B). The hypothesis
that SIRT6 ADP-ribosylation is independent of PARP1/2:HPF1 complex activity during DNA damage is further supported by
the persistence of ADP-ribosylation in YFP-SIRT6 (figure 2C) and C-terminally GFP-tagged SIRT6 (electronic supplementary
material, figure S3A) in PARPI KO HEK293T cells, as well as in parental HEK293T cells treated with Olaparib, a PARP1/2
inhibitor. Notably, ADP-ribosylation of YFP-SIRT6, as well as GFP-tagged SIRT6, appeared to be influenced by ARH3 KO
[11,17,20,23,80], whose depletion increased SIRT6 ADP-ribosylation (figure 2C; electronic supplementary material, figure S3A),
thus providing further support for the role of ARH3 in reversing SIRT6-mediated ADP-ribosylation.

3.3. SIRT6 is auto-ADP-ribosylated at histidine and tyrosine sites in cells

To identify the amino acid linkage associated with SIRT6 auto-modification in HEK293T cells, we performed MS analysis of
YFP-tagged SIRT6 immunoprecipitated from ARH3 KO cells to enrich for the ADP-ribosylation sites.

This identified two significant ADP-ribosylation sites in YFP-SIRT6: Tyr245, part of the linker between the YFP-tag and the
SIRT6 opening reading frame (figure 3A; electronic supplementary material, figure S2A), and His68 in the SIRT6 sequence
(figure 3B, C), which we previously detected in recombinant auto-modified SIRT6 (figure 1E). This indicates that SIRT6 His68 is
probably a genuine auto-modification site. In contrast, we could not detect SIRT6 His342 ADP-ribosylation, which was observed
in vitro (figure 1F).

To explore the mechanisms of ADP-ribosylation in SIRT6, we conducted immunoprecipitation assays on control YFP protein,
wild-type YFP-SIRT6 and point mutants of the previously identified ADP-ribosylation sites (tag(Y245A)-SIRT6(wild type),
tag(wild type)-SIRT6(H68A) and tag(wild type)-SIRT6(H342A) (figure 3D). Notably, analysis with a pan-ADP-ribosylation
antibody indicated that the tag(Y245A) mutation abolished SIRT6 auto-modification in cells. In contrast, the SIRT6 H68A
and H342A mutations did not significantly influence the anti-ADP-ribosylation signal, suggesting relatively low levels of
ADP-ribosylation at these sites. Altogether, these results indicate that the tyrosine modification within the YFP tag is the
primary SIRT6-dependent ADP-ribosylation site in this system.

181057 9L Joiguady  qosy/feumol/Bio-Busygndizaposiefos

4. Discussion

SIRT6 is an NAD"-dependent enzyme with well-characterized deacylase activity [25-30] that has repeatedly been suggested
to moonlight as a mono(ADP-ribosyl)transferase [25,28,35,82]. SIRT6 plays a crucial role in several cellular pathways, such as
chromatin condensation and the transcriptional regulation of various gene networks, thus indirectly affecting processes such
as glucose metabolism, differentiation, DNA repair, NF-«B signalling, tumorigenesis, early development and ageing [34,83-90].
Although the deacetylase activity of SIRT6 may account for many of its cellular and biological functions, its comparatively
poorly studied ART activity may also be important at the organism level. For example, SIRT6 alleles, such as one with the
double substitution N308K/A313S, are associated with increased ART activity and weakened deacylase activity. These alleles
have been linked to longevity and enhanced DNA repair capabilities in vitro [55]. SIRT6 was mainly suggested to ADP-ribosy-
late protein substrates at lysine residues. For example, mono(ADP-ribosyl)ation of PARP1 at Lys521 by SIRT6 was suggested to
contribute to its enzymatic activation in response to oxidative stress [44]. In addition, SIRT6-dependent lysine ADP-ribosylation
of BAF170/SMARCA?2 was reported to control transcription [53]. However, it has historically been challenging to identify
ADP-ribosylation sites reliably: in particular, lysine residues are prone to nonenzymatic modification by free ADP-ribose in
vitro and in cellulo [57-59]. To overcome these challenges, we employed ETD fragmentation in our MS analysis, which has
resulted in the superior identification of ADP-ribosylation sites [67]. Utilizing this technique, we observed modifications of the
hexahistidine tag and His68 in recombinant SIRT6, as well as Tyr245 at the end of the YFP tag and His68 of the SIRT6 open
reading frame in cellularly expressed SIRT6. We could exclude nonenzymatic modification under expression conditions by
introducing a mutation of the ADP-ribosylation site Tyr245 in YFP-SIRT6 (figures 2A and 3D).

Structurally, SIRT6 differs from other sirtuins: it lacks the cofactor binding loop, can bind NAD" in the absence of an
acyl-substrate and has an elongated acyl binding channel, which also allows accommodation of long-chain acyl moieties such as
myristoyl and palmitoyl groups [26,27,30,91]. Furthermore, the N-terminus of SIRT6 can fold towards the active site to stabilize
the binding of long-chain fatty acid-modified substrates, thereby increasing the efficiency of the de-modification reaction
[27]. Therefore, it is feasible that in the absence of a deacylation substrate, the N-terminal tags may be positioned near the
NAD"-occupied active site, thus increasing the likelihood of ADP-ribosyl transfer to occur. This would account for the observed
modification of the linker region following the YFP tag as well as the hexahistidine tag of recombinant SIRT6 (figures 1C and
3A; electronic supplementary material, figure SIA-C).

It is interesting to note that SIRT6 is not only capable of binding NAD" in the absence of a substrate but also increases the rate
of spontaneous NAD" hydrolysis. This suggests that the glycosidic bond in the SIRT6:NAD" complex is weakened, allowing the
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Figure 2. The SIRT6 auto-ADP-ribosylation in cells is affected by ARH3 knock-out. (A) Immunoblot analysis assessing the ADP-ribosylation of transgenic SIRT6 WT,
mutants and YFP control (YFP) expressed in HEK293T cells treated or not (0") with 2 mM of H,0, for 10 minutes. Ponceau S staining was utilized as a loading control.
(B) Immunoblot analysis assessing the impact of HPF1 on transgenic YFP-SIRT6 auto-ADP-ribosylation when expressed in HPF1 knock-out (KO) or isogenic HEK293T
cells. The cells were treated or not (0) with 2 mM H,0; for 10 min. Ponceau S staining was used as a loading control. (C) Immunoblot analysis assessing the impact of
ARH3 and PARP1 on transgenic YFP-SIRT6 auto-ADP-ribosylation expressed in ARH3 KO, PARP1 KO or isogenic HEK293T control cells treated or not with 1 pM Olaparib
(Ola). Cells were treated or not (0") with 2 mM of H,0, for 10 min. Ponceau S staining and histone H3 detection were used as loading controls.

formation of a reactive intermediate, such as an oxocarbenium ion. In the absence of an ADPr acceptor, this intermediate would
revert unproductively to NAD" but may persist long enough to react with a suitable acceptor. This notion is further supported
by a deposited structure of a SIRT6:ADP-ribose:nicotinamide complex, which shows movement of the distal ribose towards the
substrate binding site (ribose C1"-nicotinamide N1 distance 7.9 A), indicating (i) flexibility of the ADP-ribose after glycosidic
bond cleavage and (ii) positioning of the ribose a-face towards the substrate, consistent with the expected reaction geometry.
Together, these observations support the idea that glycosidic bond cleavage can occur spontaneously and that the resulting
intermediate is suitably positioned to react with an acceptor residue within the active site. The tyrosine modification site
identified in the flexible tag region of the ectopically expressed SIRT6 in cells is not a natural site but is nonetheless strongly
modified, suggesting that robust trans-ADP-ribosylation of endogenous proteins may occur under certain cellular conditions.
Under physiological conditions, the formation of stable or transient protein complexes could further facilitate such reactions
by increasing contact times, thereby creating an environment in which SIRT6-mediated ADP-ribosylation can occur more
efficiently on the target proteins. Our data reveal only histidine and tyrosine residues as SIRT6 targets, which is in line with
a recent study identifying histidine-rich regions as SIRT6 ADP-ribosylation targets [82], albeit without providing proof that
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Figure 3. SIRT6 auto-ADP-ribosylates in cells on histidine and tyrosine residues. (A) The MS/MS ETD spectrum of YFP-SIRT6 from ARH3 KO U20S cells indicates
ADP-ribosylation of Tyr245 in the YFP-tag (attB1-derived linker). (B) MS/MS ETD spectrum of YFP-SIRT6 isolated from ARH3 KO U20S cells shows ADP-ribosylation
of His68 (SIRT6). (C) Schematic representation of the YFP-SIRT6 domain architecture with identified ADP-ribosylation sites depicted below the scheme. Domain
boundaries were inferred from structural information. The asterisk denotes the sequence in the YFP linker that undergoes ADP-ribosylation. (D) Immunoblot analysis
assessing the impact of ADP-ribosylation site mutation on overall protein ADP-ribosylation when expressed in HEK293T cells. Ponceau S staining served as the loading
control. The asterisk indicates that the tyrosine at position 245, which was mutated to alanine (Y245A), is located within the YFP linker and not within the SIRT6 amino
acid sequence.

histidine residues are modified. This suggests that the microenvironment of the ADP-ribosyl acceptor site also has an influence
on reaction efficiency, e.g. by altering the local pK, of the acceptor. However, further mechanistic investigations are needed to
elucidate the molecular details of the reaction.

Observation of tyrosine and histidine ADP-ribosylation also aligns with previous ADP-ribosylomics studies, which revealed
the presence of histidine and tyrosine ADP-ribosylation in cells, but for the most part could not identify the ART(s) responsi-
ble for ADP-ribosylation [68,81,92]. The proteins identified as tyrosine or histidine ADP-ribosylated are largely involved in
non-DNA damage-related processes, such as transcription, metabolism and cell motility, among others [11,68,81,92-94]. Such an
overlap with pathways regulated by SIRT6 suggests that some of these proteins may be substrates of SIRT6. Therefore, future
studies will need to elucidate the full extent of SIRT6-mediated ADP-ribosylation, which may reveal important and previously
unexplored roles in regulating essential cellular processes. In line with this, our data showed no significant increase in global
auto-ADP-ribosylation of SIRT6 following hydrogen peroxide treatment. However, this does not exclude the possibility of
regulated modifications occurring in the context of DNA damage at specific residues on SIRT6 itself or on its protein substrates.
This may be somewhat analogous to the case of PARP1 and PARP2, where interaction with HPF1 shifts ADP-ribosylation
specificity from glutamic and aspartic acids to serine residues in response to DNA damage [22,95].

Beyond the establishment of the modification, the dynamic regulation of cellular processes by PTMs, including ADP-ribo-
sylation, requires these modifications to be reversible. Previous studies on synthetic peptides with modified histidine or
histidine mimetics indicated that ARH3 has a modest activity against close isosteres of histidine ADP-ribosylation [78]. In
accordance, we observed that ARH3 can, albeit not very efficiently, hydrolyse auto-ADP-ribosylation of hexahistidine-tagged
SIRT6. Similarly, in ARH3 KO cells, we observe an enhancement in SIRT6 ADP-ribosylation levels. This suggests that ARH3
may play a crucial role in the dynamic regulation of SIRT6-derived histidine modifications. Our previous work suggests
that both ARH3 and PARG can cleave tyrosine-ADP-ribosylation very efficiently [11]. This makes both enzymes excellent
candidates for further investigation of the role of SIRT6 in establishing tyrosine-ADP-ribosylation marks. To this end, our results
suggest that our SIRT6 systems (both recombinant and cell culture) are promising tools for investigating which enzymes may
hydrolyse histidine- and tyrosine-ADP-ribosylation linkages and gaining insights into the regulation of these modifications.
The screen for enzymes involved in reversing His- and Tyr-ADP-ribosylation may benefit from having recombinant substrates
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ADP-ribosylated in vitro by SIRT6 rather than peptides of chemical synthesis. Furthermore, investigating SIRT6’s auto-modifica- n
tion could serve as a novel, straightforward and cost-effective method to evaluate chemical modulators that specifically affect
SIRT6’s ADP-ribosylation activity. Finally, our work provides the first system with a defined tyrosine-ADP-ribosylated site in
cells.

Altogether, this study represents an important step in clarifying SIRT6’s ART activity and delivers a novel framework for
exploring molecules and enzymes that modulate its activity, using SIRT6 auto-modification as an in vitro model.
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