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Summary
Endogenous mono-ADP-ribosylation in eukaryotes is involved in regulating protein synthesis,
signal transduction, cytoskeletal integrity and cell proliferation, though few cellular ADP-
ribosyltransferases have been identified. The sirtuins are a highly conserved family of protein
deacetylases and several family members have also been reported to carry out protein ADP-
ribosylation. We characterized the ADP-ribosylation reaction of the nuclear sirtuin homolog from
Trypanosoma brucei, TbSIR2RP1, on both acetylated and unacetylated substrates. We
demonstrate that an acetylated substrate is not required for ADP-ribosylation to occur, indicating
that the reaction carried out by TbSIR2RP1 is a genuine enzymatic reaction and not a side reaction
of deacetylation. Biochemical and mass spectrometry data show that arginine is the major ADP-
ribose acceptor for unacetylated substrates, while arginine does not appear to be the major ADP-
ribose acceptor in reactions with acetylated histone H1.1. We carried out combined ab initio QM/
MM molecular dynamics simulations, which indicate that sirtuin ADP-ribosylation at arginine is
energetically feasible, and employs a concerted mechanism with a highly dissociative transition
state. In comparison with the corresponding nicotinamide cleavage in deacetylation reaction, the
simulations suggest that sirtuin ADP-ribosylation would be several orders slower but less sensitive
to nicotinamide inhibition, which is consistent with experimental results. These results suggest
that TbSIR2RP1 can carry out ADP-ribosylation using two distinct mechanisms that depend upon
whether or not the substrate is acetylated.

Introduction
Mono-ADP-ribosylation is a reversible, covalent modification involving the transfer of the
ADP-ribose moiety from beta-NAD+ to protein and DNA substrates. Since its initial
discovery, mono-ADP-ribosylation has been implicated in a number of physiological
processes including transcriptional regulation [1], bacterial toxigenicity [2,3], protein
synthesis [4], intracellular signaling [5-7], innate immunity [8,9], and apoptosis [10,11].
Formation of the covalent adduct is carried out by ADP-ribosyltransferases (ARTs) while
the ADP-ribose is removed by ADP-ribosylhydrolases (ARHs). ADP-ribosyltransferases
have been identified in prokaryotes, eukaryotes and even viruses. The enzymatic activities
of the bacterial exotoxins have been the best-characterized; for example, cholera toxin and
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pertussis toxin are bacterial proteins that ADP-ribosylate the alpha-subunits of G proteins in
the infected host, downregulating GTPase activity and perturbing signaling pathways [12].
The clostridial toxins, including botulinum C2 toxin and C. perfringens iota toxin, ADP-
ribosylate monomeric actin and thereby block polymerization [13]. These bacterial toxins
restrict mono-ADP-ribosylation to specific amino acid acceptors and can be classified based
on the identity of the ADP-ribose acceptor. Six amino acid-specific classes of bacterial
ADP-ribosyltransferases have been identified to date, including arginine, asparagine,
diphthamide (a modified histidine), glutamate, aspartate and cysteine specific enzymes
[2,13-22].

Side chain-specific ADP-ribosyltransferases are also found in eukaryotes, where they have
been implicated in diverse eukaryotic pathways. The GPI-anchored and secretory mono-
ADP-ribosyltransferases represent the only eukaryotic family of ARTs characterized
biochemically, with most members exhibiting side chain specificity for arginine as the site
of ADP-ribosylation [23]. In addition to arginine, cysteine, asparagine and glutamate have
been identified as ADP-ribose acceptors in eukaryotes [24-29]. Although the eukaryotic
ARTs that have been identified to date are ectoenzymes, mono-ADP-ribosylation has been
observed in intracellular compartments including the nucleus, golgi, mitochondria and
endoplasmic reticulum [30-33]. The enzymes that modify these proteins, however, are not
known. One putative family of eukaryotic intracellular ARTs is the sirtuin family. The
sirtuins are a family of NAD+-dependent enzymes that function in various biological
pathways including transcriptional silencing, DNA recombination, fat mobilization and
apoptosis [34-37]. Most sirtuins are NAD+-dependent deacetylases that consume one
molecule of NAD+ for each deacetylated lysine, generating nicotinamide and the product,
O-acetyl-ADP-ribose (OAADPR) [38].

In addition to their deacetylase activity, several sirtuin family members exhibit mono-ADP-
ribosyltransferase activity, including yeast SIR2, hSIRT4, mSIRT6, PfSIR2 and LiSIR2RP1
[39-42]. Indeed, the earliest reports of sirtuin enzymatic activity suggested that these
proteins were mono-ADP-ribosyltransferases: CobB, the sirtuin from Salmonella
typhimurium [43], was shown to exhibit phosphoribosyltransferase activity in vitro. Even the
founding member of the sirtuin family, yeast SIR2, was shown to ADP-ribosylate histones
and bovine serum albumin [41]. However, the finding of a more robust deacetylation
activity for ySIR2 [44] called into question the validity of sirtuin ART activity, and it was
suggested that sirtuin ADP-ribosylation occurs a side reaction of the deacetylation
mechanism or via nonenzymatic reaction with OAADPR [45-47]. A recent study indicates
sirtuin ADP ribosyltransferase activity to be 3-5 orders of magnitude weaker than the
deacetylase activity [48]. Nevertheless, there is evidence that at least some members of the
sirtuin family possess only ADP-ribosyltransferase activity. Human SIRT4 has no detectable
deacetylase activity [49] but instead can ADP-ribosylate glutamate dehydrogenase (GDH),
which culminates in reduced insulin secretion [49,50]. This clearly indicates that SIRT4
ADP-ribosylation is not due to an uncoupling of the deacetylation mechanism and though
the reaction is relatively weak in vitro [46], it elicits biological effects in vivo.

While several studies have reported ADP-ribosylation in vitro by sirtuins, none have
identified the targeted side chains. TbSIR2 is a chromatin-associated sirtuin possessing
deacetylase and ADP-ribosyltransferase activity and has been shown to function in telomeric
silencing and DNA repair [48,51,52]. Garcia-Salcedo and co-workers indicate that histone
ADP-ribosylation by TbSIR2 may function in DNA repair [51]. Determining the amino
specificity of sirtuin mono-ADP-ribosylation will be important towards uncovering its role
in biological pathways. If sirtuin ADP-ribosylation is truly as side reaction occurring during
deacetylation as theorized, we would not expect the reaction to exhibit amino acid
specificity. We have assessed the amino acid specificity of TbSIR2 ADP-ribosylation and
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probed its dependence on substrate acetylation. Using histone H1.1 as an in vitro substrate
we find that TbSIR2 ADP-ribosylation does not require an acetylated substrate, indicating
that the enzyme possesses intrinsic ADP-ribosylation activity. Consistent with previous
reports [48,53], we find that acetylated substrate, H1.1, is more highly ADP-ribosylated that
the unacetylated form. We present results from peptide microarrays and enzymatic assays
demonstrating that ADP-ribosylation of the unacetylated substrate is specific for arginine
side chains, and provide direct, mass spectrometry evidence for the presence of the
modification. In characterizing the mechanism of this reaction, we used ab initio quantum
mechanical/molecular mechanical (QM/MM) molecular dynamics simulations. We found
that sirtuin ADP-ribosylation of arginine would be energetically feasible but several orders
slower than the corresponding deacetylation reaction, which is consistent with available
biochemical results and explains why the deacetylase activity is more robust. The simulation
results indicate a concerted mechanism for the ADP-ribosylation reaction with a highly
dissociative transition state. The resulting product is found to have a lower free energy than
the enzyme reactant complex, indicating that the ADP-ribosylation at arginine is stable and
that the reaction would have low sensitivity to exogenous nicotinamide. In contrast with our
experiments on unacetylated substrates, we find that arginine is not the principal ADP-ribose
acceptor in the reaction with acetylated H1.1, suggesting that this reaction proceeds by a
mechanism distinct from the ADP ribosylation of arginine in unacetylated substrates. We
discuss the possible differences in the mechanism of ADP-ribosylation of acetylated
substrates.

Results
TbSIR2 has intrinsic ADP-ribosyltransferase activity

Previous studies had indicated that the Trypanosoma brucei sirtuin, TbSIR2RP1
(abbreviated hereafter as TbSIR2) ADP-ribosylates core histones [48,51]. We tested human
histone H1.1 as a substrate for ADP-ribosylation. We first verified that recombinant TbSIR2
had deacetylation activity using an acetylated p53 peptide and chemically acetylated
recombinant histone H1.1 as substrates (see Methods and Fig. S1). Deacetylation of the
peptide was assessed by a fluorescent NAD+ consumption assay (Fig. S2A), with TbSIR2
displaying robust activity. As expected, mutation of the active site histidine (H142Y) to
tyrosine significantly reduces deacetylation activity (Fig. S2A) [51]. Incubating chemically
acetylated histone H1.1 with recombinant TbSIR2 generated the deacetylation reaction
products, nicotinamide and O-acetyl-ADP-ribose, in addition to ADP-ribose (Fig. S2B and
C), confirming that the TbSIR2 enzyme was active. To determine if TbSIR2 could ADP-
ribosylate an unacetylated substrate, reactions were performed using radiolabeled NAD+

(32P-NAD+) and unacetylated recombinant H1.1 as a substrate. As shown in Figure 1A,
TbSIR2 ADP-ribosylated unacetylated H1.1. Consistent with previous reports, mutation of
the TbSIR2 active site histidine, H142, to tyrosine [41,51] caused a significant loss of ADP-
ribosylation activity (Fig. 1A lanes 1, 3 and 4). Additionally, the reaction exhibits
dependence on TbSIR2 concentration (Fig. S3). These results demonstrate that TbSIR2
possesses genuine ADP-ribosyltransferase activity. Incorporation measurements show that
wild type TbSIR2 is at least three times as efficient as the catalytic mutant (Fig. 1B). ADP-
ribosylation activity was inhibited by increasing nicotinamide concentrations (Fig. 1C),
further indicating that the ADP-ribosylation activity is enzymatic. However, high
nicotinamide concentrations, well in excess of NAD+, were required to appreciably inhibit
the reaction. Treatment of labeled histone H1.1 with snake venom phosphodiesterase-I
removes virtually all of the radioactivity (Fig. 1D), indicating the presence of a
pyrophosphate bond in the label and suggesting that the labeling is due to the covalent
attachment of ADP-ribose to the protein.
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Previous reports indicated that core histones are preferentially ADP-ribosylated when
acetylated [53]. We therefore compared the labeling of unacetylated histone H1.1 with
chemically acetylated substrate. As shown in Figure 1E, we find that chemically acetylated
histone H1.1 exhibits more labeling than the unacetylated protein.

Arginine is the major ADP-ribose acceptor in unacetylated substrates
Peptide microarray technology was employed to identify unacetylated peptides derived from
histone H1.1 that are ADP-ribosylated by TbSIR2. The enzyme was incubated with 32P-
NAD+ on a peptide microarray containing overlapping 13mer peptides that span the amino
acid sequence of residues 1 – 104 of bovine histone H1.1 (Fig. 2A). Peptides with high
signal intensity were considered as substrates for TbSIR2 (data not shown). Four of the
peptides, P12, P39, P40 and P44, that were labeled in this assay were re-synthesized and
used in a solution-based ADP-ribosylation assay using radiolabeled NAD+ (Fig. 2B).
Peptide P19, which showed no apparent labeling on the microarray, was used as negative
control.

ADP ribosylation assays of peptides were carried out in solution and resolved by gel
electrophoresis (Fig. 2B). Peptides P12 and P39 exhibit the highest levels of labeling, with
P40 showing significantly lower levels and P44 showing no labeling. Interestingly, peptides
P39 and P40 have a sequence overlap of 11 residues, suggesting that intense labeling of P39
may be due to the presence of the first two residues, serine and arginine, which are missing
in peptide P40. Given that serine is common to all the peptides tested, including the negative
control, we postulated that the increased labeling of P39 as compared with P40 might be due
to the additional presence of arginine.

Since arginine is known to be modified by other classes of eukaryotic ADP-
ribosyltransferases [23], we hypothesized that the robust labeling of peptides P12 and P39
might be due to the preferential ADP-ribosylation of arginine by TbSIR2. To test this, we
synthesized peptides containing alanine point substitutions at each of the potential acceptor
residues in peptide P12 (Table 2) and incubated the peptides with 32P-NAD+ and TbSIR2
(Fig. 2B). Significant peptide ADP-ribosylation occurs despite replacing serine (P12.6) or
lysine residues (P12.1 – P12.3) with alanine (Fig. 2C and D). In contrast, peptides with
substitutions at arginine residues (P12.4 and P12.5) show a dramatic reduction in labeling,
suggesting that TbSIR2 ADP-ribosylates both arginines in the unaltered peptide. When both
arginines are substituted with alanine (P12.7), we observe a complete lack of ADP-
ribosylation, similarly implicating arginine as the acceptor residue.

Early investigations characterizing mono-ADP-ribosyltransferases used free amino acids or
amino acid homopolymers as substrates in order to determine the amino acid specificity of
individual proteins. Many of the arginine-specific enzymes, including the bacterial toxins
and the membrane associated eukaryotic ADP-ribosyltransferases, were characterized using
these strategies [3,7,54]. Since the amino acid homopolymers were amenable to mono-ADP-
ribosyltransferase reactions, we tested the poly-lysine and poly-arginine peptides, P12pK
and P12pR (Table 2), to assess the amino acid specificity of TbSIR2 ADP-ribosylation (Fig.
2E). The poly-arginine peptide exhibits robust, enzyme-dependent ADP-ribosylation as
compared to the poly-lysine peptide, further supporting the arginine specificity of TbSIR2.

Mass spectrometry and enzymatic cleavage provides direct evidence for arginine ADP-
ribosylation

Previous studies [7,55], as well as the experiments described above, relied on indirect
measures of NAD+ incorporation to demonstrate ADP-ribosylation by sirtuins. We therefore
employed MALDI mass spectrometry to confirm that the labeling was indeed due to the

Fahie et al. Page 4

FEBS J. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



covalent attachment of ADP-ribose. Peptides P12 and P39 (Table 1) were incubated with
cold NAD+ and TbSIR2 and subject to MALDI, as described Methods. As shown in Figure
3A, the peptides show mass changes of ∼540 Daltons, consistent with the addition of one or
more ADP-ribose units to each peptide [9,56]. MALDI analysis of the peptide P12pR (Fig.
3B), similarly showed mass changes corresponding to the addition an ADP-ribose moiety.
Multiple ADP-ribose moieties were incorporated into peptide P12pR (data not shown).

Since the peptide ADP-ribosylation by TbSIR2 pointed towards arginine as the acceptor site,
we used recombinant human arginine-specific ADP-ribosylhydrolase (hADPRH), to detect
the presence of ADP-ribosylarginine in protein acceptors. The hADPRH enzyme
specifically cleaves ADP-ribose from arginine side chains [57]. We first confirmed the
specificity of recombinant GST-hADPRH for ADP-ribosylated arginine residues.
Chemically ADP-ribosylated poly-arginine (P12pR) and poly-lysine (P12pK) peptides were
generated by incubating peptides with 10 mM NAD+ at high temperature, which promotes
the breakdown of NAD+ and nonenzymatic ADP-ribosylation of peptides (Fig. 4A). The
modified peptides were then treated with either GST-hADPRH or phosphodiesterase I and
analyzed by MALDI mass spectrometry. As predicted, treatment with GST-hADPRH
removes the ADP-ribosyl group from the poly-arginine peptide, but fails to remove ADP-
ribose from poly-lysine (Fig. 4B). By contrast, phosphodiesterase I treatment hydrolyzes the
pyrophosphate bond for ADP-ribosylarginine and ADP-ribosyllysine alike, as shown by the
loss of the mono-ADP-ribosylation peaks (Fig. 4B). This assay therefore confirmed that the
recombinant GST-hADPRH enzyme retains the specificity for ADP-ribosylated arginine.

GST-tagged hADPRH was used to determine whether TbSIR2 ADP-ribosylates arginine
residues in unacetylated histone H1.1 (Fig. 4C). Recombinant histone H1.1 was first
incubated with TbSIR2 and radiolabeled NAD+, followed by treatment with ADPRH. As
shown in Figure 4C, addition of hADPRH reduces the signal due to 32P-NAD+ to
background levels, consistent with the specific cleavage of ADP-ribose from arginine side
chains.

Since acetylated histone H1.1 exhibits enhanced labeling when incubated with TbSIR2
and 32P-NAD+ (Fig. 4C), we next asked whether TbSIR2-dependent ADP-ribosylation of
acetylated histone H1.1 also targets arginine residues. We therefore examined whether the
radioactive label could be removed by treatment with hADPRH. In contrast with the
virtually complete removal of ADP-ribose from unacetylated H1.1, the radioactive label
associated with acetylated H1.1 is only somewhat reduced after treatment with GST-
hADPRH (Fig. 4C). We did not observe further loss of the radioactive label with longer
incubation times (data not shown). This suggests that additional residues other than arginine
are likely ADP-ribosylated when the H1.1 substrate is acetylated, as compared with the
unacetylated form. We were unable to identify the additional ADP-ribose acceptors by mass
spectrometry.

ADP-ribosylation simulations predict a highly dissociative transition state with a large
activation barrier

Our results indicate that TbSIR2 can ADP-ribosylate arginine residues in unacetylated
substrates, independently of the deacetylation reaction. We characterized the reaction
mechanism using ab initio QM/MM molecular dynamics simulations. The Sir2Tm ternary
complex structure, which contains the enzyme bound to both acetylated peptide and NAD+

[58] was used to model the reactant complex for our calculations.

We modeled the ADP-ribosylation of arginine by replacing the acetyl lysine with
deprotonated arginine in the Sir2Tm ternary complex (Fig. 5A). No other alterations were
made to the rest of the peptide or to the NAD+ molecule. Prior to the QM/MM calculations,
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the whole system was subject to a series of minimizations and equilibrations. The trajectory
of this complex was quite stable over a 10 ns MD simulation.

We hypothesized that the ADP-ribosylation of arginine involves breaking the C1′-N1 bond
to nicotinamide and forming a Nζ–C1′ bond with arginine (Fig. 5B and C). The two-
dimensional potential energy surface associated with the C1′–N1 and Nζ–C1′ bonds (Fig.
6A) indicates that this mechanism is energetically feasible and it is appropriate to choose
dC1′–N1 − dNζ–C1′ as the reaction coordinate. The presence of a single transition state near
the center of the map suggests that the reaction follows a concerted mechanism. It is
unlikely that a stable oxacarbenium intermediate would be formed in the reaction.

The calculated free energy of activation for Sir2Tm ribosylation is 20.1 kcal mol-1 (Fig. 6B),
which is about 4.5 kcal mol-1 higher than the nicotinamide cleavage step catalyzed by
Sir2Tm in the deacetylation reaction [59]. This suggests that the ADP-ribosylation at
arginine catalyzed by Sir2 would be about 3-4 orders slower than the corresponding
deacetylation reaction, consistent with experimental results. The transition state is mainly
dissociative with calculated bond lengths of C1′-N1 and Nζ-C1′ are 2.67 ± 0.18 and 2.54 ±
0.18 Å, respectively. The is more dissociative than the transition state for the nicotinamide
cleavage step of Sir2Tm deacetylation [59] with C1′-N1 and O-C1′ bond lengths of 2.60 ±
0.10 Å and 2.35 ± 0.10 Å. Interestingly, the enzyme contribution to transition state
stabilization with the arginine substrate is comparable to that with the acetyl-lysine substrate
(Fig. S4). In addition, arginine exhibits limited charge migration in progressing from
reactant to transition state (Fig. 7), indicating that arginine has less of a role in forming the
transition state. Meanwhile, the difference of nicotinamide charge between the transition
state and the product is very small, less than 0.06 e. This indicates that the glycosidic bond is
almost broken at the transition state, which is consistent with a highly dissociative transition
state. This more highly dissociative transition state may explain why the activation energy
barrier for the ADP-ribosylation is higher.

Discussion
The mechanistic basis for the ADP-ribosylation activity of sirtuins, the substrate specificity
of the reaction, and the relevance of this activity in vivo has remained an ongoing subject of
investigation. In this study, we provide the most direct evidence to date for enzymatic mono-
ADP-ribosylation by a sirtuin and show that the trypanosomal sirtuin, TbSIR2, ADP-
ribosylates arginine side chains in unacetylated substrates. The reaction is inhibited by
exogenous nicotinamide, consistent with reports of other mono-ADP-ribosyltransferases
[60]. While several studies have reported ADP-ribosylation in vitro by sirtuins, none have
shown specificity for amino acid context. Amino acid specificity is a common trait of the
mono-ADP-ribosyltransferases and uncovering the linkage specificity of sirtuin mono-ADP-
ribosylation will be important in studying the potential biological role of this modification.

Biochemical data and QM/MM calculations support a mechanism of direct ADP-
ribosyltransfer to an arginine acceptor residue (Fig. 9A). This reaction can be understood in
the context of the NAD+-dependent deacetylation reaction [38]. During deacetylation, the
acetyl-lysine promotes binding of the nicotinamide of NAD+ in the adjacent C pocket [58].
Interactions with the enzyme destabilize the glycosidic bond and promote formation of an
oxacarbenium-like transition state, which is attacked by the acetyl oxygen at the C1′ of
NAD+ to form a short-lived 1′-O-alkylamidate intermediate [61,62] (Fig. 9B), while
nicotinamide is released. Following this step, the 2′-hydroxyl of the ribose attacks the O-
alkylamidate intermediate to yield the deacetylated lysine and a 1′,2′-bicyclic intermediate,
which is then hydrolyzed to yield 2′-O-acetyl-ADP-ribose (OAADPR). Our calculations
support a model in which the arginine side chain replaces the acetyl lysine in the active site,
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and that the arginine attacks the developing oxacarbenium-like ion to form a stable ADP-
ribosylated arginine. By analogy with the bacterial exotoxins, the transition state of this
reaction is likely to be highly dissociative [4,63-65]. Structural studies of arginine-specific
ADP-ribosyltransferases suggest that the arginine is deprotonated by the enzyme during
catalysis [66]. This would enhance the nucleophilicity of arginine and facilitate the attack at
the C1′ of the ribose. Further work is needed to determine whether arginine is deprotonated
during TbSIR2 catalyzed ADP-ribosylation. Our computational studies suggest that Sir2Tm
ADP-ribosylation of arginine follows a concerted but highly dissociative mechanism in
which the deprotonated arginine has limited participation in formation of the transition state.
Our calculations also suggest that the stability of ADP-ribosylation product makes the
reverse reaction unfavorable. This is consistent with the absence of nicotinamide exchange
activity for TbSIR2 ADP-ribosylation (Fig. S6).

The enhanced ADP-ribosylation observed with acetylated histone H1.1 can also be
understood in the context of the NAD+-dependent deacetylation reaction [38]. The 1′-O-
alkylamidate intermediate of the deacetylation reaction is short-lived and sensitive to attack
by nicotinamide re-binding to the C pocket, regenerating NAD+ in a reaction known as base
exchange [67]. The 1′-O-alkylamidate intermediate is also susceptible to methanolysis,
yielding 1′-O-methyl-ADP-ribose [68,69]. This raises the possibility that side chain
nucleophiles could also react with the deacetylation intermediate to give an ADP-ribosylated
product (Fig. 9C), as has been previously suggested [47,62]. The enhanced labeling of
acetylated histone H1.1 may therefore be due to the attack of neighboring H1.1 side chains
on the O-alkylamidate intermediate. Since only a modest proportion of the ADP-ribose was
removed from acetylated H1.1 by hADPRH, an arginine-specific ADP ribose hydrolase,
side chains other than arginine are likely to have been modified by this alternate ADP
ribosylation mechanism. [70,71]. Based on the amino acid sequence of histone H1.1 several
nucleophilic side chains could possibly react with the O-alkylamidate, including lysine,
serine, asparagine, and glutamate. We note the high concentrations of 2 putative acceptors:
over 25% of the histone H1.1 sequence consists of lysines; serine makes up over 10% of the
amino acid content. We attempted to determine the identities of the major ADP-ribose
acceptors in acetylated H1.1 by analyzing tryptic peptides with mass spectrometric methods.
We did not identify the acceptor residues, possibly due to the low abundance of the
modification on individual peptides and the loss of ADP-ribose under our experimental
conditions.

We cannot rule out the possibility of additional nonenzymatic labeling of side chains by O-
acetyl-ADP-ribose that is generated by the NAD+-dependent deacetylation reaction
catalyzed by TbSIR2. This form of ADP ribosylation would only occur in the case of
labeling of acetylated substrates. Nonenzymatic labeling by OAADPR has previously been
reported [48], although the side chain specificity is not known. Further studies will be
needed to identify the side chains that are modified in the deacetylation-dependent reaction,
along with the spatial relationship between those side chains and acetyl lysines. However,
sirtuins such as hSIRT4 [49] that do not have detectable deacetylation activity, but carry out
protein ADP-ribosylation are unlikely to utilize the deacetylation-dependent mechanism to
facilitate ADP-ribosyl transfer. Assuming that they do not generate the 1′-O-alkylamidate
intermediate, these sirtuins would ADP-ribosylate proteins only through a direct mechanism.

Arginine-specific ADP-ribosylation has been shown to regulate protein function in many
pathways. In nitrogen-fixing bacteria ADP-ribosylation of a specific arginine in dinitrogen
reductase inhibits the enzyme's ability to reduce nitrogen to ammonia. The enzyme is fully
reactivated by an ADP-ribosylarginine hydrolase known as dinitrogenase reductase
activating glycohydrolase [72]. Desmin, the intermediate filament protein in eukaryotes, is
endogenously ADP-ribosylated at arginine [73-75]. Mono-ADP-ribosylation prevents
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desmin from assembling into intermediate filaments and causes existing filaments to
disassemble. Arginine ADP-ribosylation has also been detected in the nucleus [76].
Arginine-linked ADP-ribose was detected in histone H3 and H4 [53] and arginine 33 was
identified as the ADP-ribosylation site for histone H1.3 [26]. Our studies demonstrate that
TbSIR2, a nuclear sirtuin, has arginine-specificity in the ADP-ribosyltransferase reaction.
Assuming this specificity is conserved among eukaryotes, other nuclear sirtuins may be
responsible for some arginine-specific mono-ADP-ribosylation in the nucleus.

Methods
Plasmid constructs

Trypanosoma brucei genomic DNA was used as a template for PCR. TbSIR2RP1 was
amplified using primers 5′-GAAAACCTGTATTTTCAGGGCATGACAGAA
CCGAAGTTAGC-3′ and 5′-
GTGATGGTGATGGTGGTGACCCTCAACGACTTTTTCC-3′ to incorporate an N-
terminal TEV cleavage site and a C-terminal hexahistidine tag. In a subsequent PCR, the
gene was amplified with primers 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCT
CCGAAAACCTGTATTTTCAGGGC-3′ and 5′-
GGGGACCACTTTGTACAAGAAAGCTGG GTATCAG TGATGGTGATGGTGGTG-3′
to introduce attB recombination sites to facilitate recombination cloning. Using the Gateway
system (Invitrogen), recombination reactions were used to insert the full length TbSIR2RP1
sequence into a pMAL c2g vector (NEB) that was modified for recombination cloning. The
final construct encoded full length TbSIR2 with a TEV-cleavable N-terminal maltose
binding protein tag and a C-terminal hexahistidine tag.

TbSIR2 mutants were generated using the Change-IT Multiple mutation site-directed
mutagenesis kit (USB) as described by the manufacturer. The active site histidine was
changed to tyrosine, producing the point mutant TbH142Y. A double mutant, named TbDm,
consisting of the catalytic histidine mutant (H142Y) and mutation of aspartate 125 to
asparagine (D125N), was also generated.

The human H1.1 construct, in pET11a, was a gift from Dr. Katherine Wilson (Johns
Hopkins University, School of Medicine). The Human ADP-ribosylarginine hydrolase
construct, in pGEX-2T, was provided by Dr. Joel Moss (National Heart, Lung and Blood
Institute, National Institute of Health).

Protein Expression and Purification
Plasmids encoding wild type and mutant TbSIR2 were transformed into E. coli BL21 (DE3)
RIL cells and grown in M9ZB media containing 100 μg/ml of carbenicillin and 25 μg/ml
chloramphenicol at 37°C. After reaching and OD600 of about 0.9, cultures were induced
with 0.5 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) for 3 hours at 20°C. Cells
were harvested by centrifugation and stored at -80°C prior to lysis. Thawed cells were lysed
in 50 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, 10 mM 2-mercaptoethanol and 0.2
mM phenylmethylsulfonyl fluoride (PMSF) using a microfluidizer. The TbSIR2 constructs
were purified by affinity chromatography using HisTrap columns (GE Healthcare) and
dialyzed in a low salt buffer at pH 8.0. TbSIR2 was purified by anion exchange
chromatography with a MonoQ column (GE Healthcare). Purified protein was dialyzed and
stored in 50 mM Tris pH 8.0, 50 mM NaCl, 10 mM 2-mercaptoethanol and 15% glycerol.

Histone H1.1 was expressed in E. coli Rosetta cells. Cultures were grown in M9ZB media
with 100 μg/ml of carbenicillin and 25 μg/ml chloramphenicol at 37°C and induced at an
OD600 of about 0.6. Cultures were induced with 0.5 mM IPTG for 2 hours, harvested and
stored at -80°C until lysis. Cells were resuspended in phosphate-buffered saline (PBS) with
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0.2 mM PMSF and lysed. Perchloric acid was added to the lysate at a final concentration of
5% (v/v) and the mixture was incubated on ice for 30 minutes. After centrifugation for 20
minutes at 15,000 rpm, the supernatant was collected and the pellet was subjected to a
second round of perchloric acid extraction. Trichloroacetic acid was added to the pooled
supernatant to a final concentration of 20% (v/v) for 1 hour on ice. The mixture was then
centrifuged for 20 minutes at 15,000 rpm and the precipitated protein was washed with cold
acetone. The pellet was solubilized in 10 mM HCl, then neutralized with Tris buffer. The
soluble protein was further purified by cation exchange chromatography with a SP
sepharose Fast Flow column. Protein was stored in 50 mM Hepes pH 8.2, 100 mM NaCl.

GST-hADPRH was expressed in Rosetta cells (Novagen). Cultures were grown in M9ZB
media with 100 μg/ml of carbenicillin and 25 μg/ml chloramphenicol at 37°C and induced at
an OD600 of about 0.6. Cultures were induced with 0.5 mM IPTG for 2 hours, harvested and
stored at -80°C. Thawed cells were lysed in 1 × PBS with 0.2 mM PMSF and purified using
a GSTPrep Fast Flow column (GE Healthcare) as described by the manufacturer. The
protein was exchanged into 50 mM Hepes pH 7.5, 200 mM NaCl, 0.2 mM PMSF buffer and
further purified by size exclusion chromatography using a Superdex 200 10/300 GL column
(GE Healthcare). Protein aliquots were stored at -80°C in 50 mM Hepes pH 7.5, 200 mM
NaCl, 0.2 mM PMSF and 15% glycerol.

Histone H1.1 acetylation
Histone H1.1 in 50 mM Hepes pH 8.2, 100 mM NaCl was chemically acetylated using 100
mM acetic anhydride for 30 minutes at 4°C. The reaction was quenched with excess Tris pH
8.2 then dialyzed overnight in 50 mM Tris pH 8.2 with 100 mM NaCl. Acetylation was
confirmed using MALDI mass spectrometry.

Peptide Synthesis
Custom made peptides were synthesized at the JHU School of Medicine Synthesis and
Sequencing Facility and Pi Proteomics / Global Peptide Services, LLC.

Deacetylation Assays
A fluorescent NAD+ consumption assay was used to measure deacetylase activity [77].
NAD+ standard solutions ranging from 0 to 100 μM were used to produce a calibration
curve as follows: fifty microliters of the NAD+ solutions were added in triplicate to a 96-
well flat bottomed fluorescence plate and 20 μL of 2M KOH solution followed by 20 μL of
20% acetophenone (in ethanol). The plate was incubated in an oven at 110°C for 5 minutes,
cooled and read on a Synergy™ HT Multi-Mode Microplate Reader with an excitation
wavelength of 360 nm and an emission of 460 nm. The deacetylation reactions were
performed in 50 μL assay buffer containing 50 mM Tris pH 8.0 and 100 μM NAD+. The
reactions were incubated with 0.25 μM recombinant enzyme, 100 μM NAD+ and increasing
concentrations of acetylated p53 peptide (0 – 1000 μM) for 10 minutes at 37°C.

Deacetylation reactions with chemically acetylated H1.1 were analyzed using an HPLC
assay [67]. Reactions were carried out in 250 μL containing 50 mM Hepes pH 7.5 and 400
μM NAD+. The reactions were incubated with 0.3 μM recombinant SIR2, and 4.5 μM
acetylated H1.1 at 37°C for 30 minutes. Samples were quenched by flash freezing in liquid
nitrogen. Prior to analysis by HPLC each sample was thawed and combined with 250 μL of
20 mM ammonium acetate pH 7.5. The samples were assayed for deacetylation products by
HPLC using a Waters Nova-Pak®C18 column with an isocratic gradient of 20 mM
ammonium acetate pH 7.5. Chromatograms were collected at a wavelength of 254 nm with
the Waters 2996 Photodiode array.
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ADP-ribosylation Assays
The radioactive reactions contained 0.3 μM recombinant SIR2 in 50 mM Tris pH 8.0, 100
mM NaCl, 10 mM DTT, 20 μM NAD+ and 5 μCi of 32P-NAD+. Unless specified, reactions
contained 5 μg unacetylated or acetylated histone H1.1. Peptide substrates were maintained
at 300 μM. Reactions with histone H1.1 were incubated for 2 hours at 37°C, while the
reactions with peptide substrates were incubated for 4 hours. The samples were quenched by
acetone precipitation followed by 3 acetone washes. For SDS-PAGE analysis, the reactions
were mixed in sample buffer, boiled for 1 minute and resolved on 4-12% Bis-Tris NuPAGE
gels (Invitrogen). Gels were stained with Coomassie blue, dried and exposed to a phosphor
screen. Histone H1.1 ADP-ribosylation was quantitated by densitometry using ImageQuant
software, version 5.2 (Molecular Dynamics) with background correction. A 32P-NAD+

standard curve and was used to determine the amount of 32P incorporation. Quantification of
peptide ADP-ribosylation was determined using ImageQuant software, version 5.2
(Molecular Dynamics) and the results expressed in terms of arbitrary units. The reactions
were carried out in triplicate.

ADP-ribosylation of bovine histone H1.1 peptide microarrays (Jerini Peptide Technologies)
were performed in assay buffer containing 50 mM Tris pH 8.0, 100 mM NaCl, 10 mM DTT,
330 μCi of 32P-NAD+ and 5 μM TbSIR2. The peptide arrays were sealed with Gene-
Frame™ incubation chambers (Abgene), and the chambers were filled with 330 μl of assay
buffer. The peptide arrays were incubated at 37°C for 2 – 2.5 hours. The microarrays were
washed once with 0.1 M phosphoric acid for 3 minutes followed by duplicate washes with
0.1% Sodium Dodecyl Sulfate (SDS), de-ionized water and methanol. The glass slide was
then dried at room temperature. Incorporated radioactivity was detected by exposing the
microarrays to a phosphorscreen overnight at -80°C, followed by readout with a Phosphor
Imager.

Non-radioactive ADP-ribosylation of peptides was performed in 50 mM Hepes pH 7.5, 10
mM DTT with 0.5 – 1 mM NAD+, 250 μM peptide and 2 μM TbSIR2. The reactions were
incubated at 37°C for 15 – 30 minutes and quenched by acetone precipitation followed by 3
acetone washes. Samples were dried, resuspended in 50% acetonitrile and submitted for
Matrix Assisted Laser Desorption/Ionization (MALDI) mass spectrometry.

Nonenzymatic ADP-ribosylation of a poly-lysine peptide and a poly-arginine peptide was
performed in 50 mM Hepes pH 7.5 with 1 mM NAD+ and 250 μM peptide. The reactions
were incubated at 80°C for 20 minutes, cooled and subjected to acetone precipitation
followed by 3 acetone washes. The samples were dried for use in de-ribosylation assays.

Nicotinamide Inhibition Assay
Nicotinamide sensitivity of the ADP-ribosylation reaction was assessed using the
aforementioned radioactive assay. Reactions were performed using 20 μg unacetylated
histone H1.1 and peptide P39 with or without nicotinamide at the concentrations indicated.
The samples were quenched by acetone precipitation, washed with acetone, dried and
analyzed by SDS-PAGE. Gels were stained with Coomassie blue, dried and exposed to a
phosphor screen to obtain the autoradiograph.

De-ribosylation assays
The phosphodiesterase reaction was performed in 50 mM Hepes pH 7.5 and 10 mM MgCl2
with 1.5 μM snake venom phosphodiesterase I. Reactions with human ADP-ribosylarginine
hydrolase were carried out in 50 mM Hepes pH 7.5 and 10 mM MgCl2 using an enzyme
concentration of 2 μM.
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Mass Spectrometry
Matrix Assisted Laser Desorption/Ionization (MALDI) mass spectrometry was performed at
the Middle-Atlantic Mass Spectrometry Laboratory. One microliter of the peptide sample
was applied to the MALDI sample plate and allowed to air dry. Upon air drying, 1.0 μL of
alpha-cyano-4-hydroxycinnamic acid (10 mg/mL) in 70% acetonitrile and 0.1%
trifluoroacetic acid (TFA) was added and allowed to dry. All samples were analyzed using a
Shimadzu Corporation (Manchester, UK) Axima TOF2 mass spectrometer. MALDI TOF
mass spectra were acquired in linear mode with a 337 nm N2 laser. Each spectrum was
acquired as average of 150 profiles (10 shots per profile). The instrument was externally
calibrated using a four-point calibration with Bradykinin ([M + H]+

mono = 757.39),
Angiotensin II ([M + H]+

mono = 1046.54), P14R ([M + H]+
mono = 1533.85), and ACTH

fragment 18-39 ([M + H]+
mono = 2465.19). Samples were also analyzed by MALDI TOF

Mass spectrometry at the JHU Mass Spectrometry and Proteomics Facility. Peptides
samples were prepared as described above. Protein samples were applied to the MALDI
sample plate and allowed to air dry. One microliter of sinapinic acid (10 mg/mL) in 50%
acetonitrile in 0.05% TFA was applied to the sample spots and allowed to air dry. Samples
were analyzed using a Voyager DE-STR MALDI TOF MS (Applied Biosystems,
Framingham, MA); external calibration was conducted using standard protein mixtures.

Theoretical Calculations
Combined ab initio quantum mechanical/molecular mechanical (QM/MM) molecular
dynamics simulations were employed to study SIR2 ADP-ribosylation of arginine. As
structures of TbSIR2RP1 were not available, the Sir2Tm ternary complex, based on the
crystal structure 2H4F [58], was used for our calculations. The acetyl-lysine residue was
replaced with deprotonated arginine, while the rest of the substrate remained unchanged.
The protonation states of charged residues were determined with pdb2pqr [78] at pH 7. The
reactant complex was solvated into a 60×60×84 Å3 solvent box with 10 Å buffer distance.
Seven sodium ions were added to neutralize the net charge and the resulting system had
30935 atoms. The entire system was subject to a series of minimizations and equilibrations
with periodic boundary conditions using the AMBER10 molecular dynamics package [79]
with Amber99SB force field [80-82] and TIP3P model [83]. The partial charges of
nonstandard residue deprotonated arginine were fitted with HF/6-31G(d) calculations and
RESP module in AMBER package. The MD trajectory was very stable after 2 ns, and a
snapshot at 6 ns has been employed for the subsequent QM/MM studies.

In the QM/MM model, the enzyme complex and the solvents within 27 Å of reaction center
(C1′ of NAD+) were retained. The resulting system had 9096 atoms. The nicotinamide,
puckered ribose and di-phosphate portions of NAD+ as well as the side chain of
deprotonated arginine were treated by B3LYP functional with 6-31G(d) basis set. The QM/
MM interface was described by the pseudobond approach [84,85] with the improved
parameters [86]. The Amber99SB molecular mechanical force field and TIP3P water model
were employed for the rest of enzyme environment and solvents, respectively. The prepared
system was first minimized by QM/MM calculations, and then a two-dimensional potential
energy surface associated with C1′–N1 and Nζ–C1′ bonds was mapped out. The results
suggest a linear combination of these two bond lengths as the reaction coordinate: RC =
dC1′–N1 − dNζ–C1′. Then for each of 24 structures along the diagonal, it was first minimized
with the restraint on the corresponding reaction coordinate with ab initio QM/MM
calculations, and then further equilibrated by carrying out 500 ps MD simulations with MM
force field while fixing the QM region. Finally, the resulting snapshot was used as the
starting structure for ab initio QM/MM MD simulation with umbrella sampling. The
simulation windows covered the reaction coordinate from -2.0 to 2.0 Å, and the total
potential energy was biased with a harmonic constraint of 40 ∼ 60 kcal mol-1 Å-2, centered
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on the successive values of the reaction coordinate. Each simulation window had been
sampled for 30 ps, first 10 of which were for equilibration and the last 20 ps were used for
data analysis. All the QM/MM MD simulations were performed at B3LYP/6-31G(d) QM/
MM level. Finally, the probability distributions along the reaction coordinate were
determined for each window and pieced together with weighted histogram analysis method
(WHAM) [87-89] to obtain the potential of mean force (PMF).

All our ab initio QM/MM calculations were preformed with modified Q-Chem [90] and
Tinker [91] programs. A time step of 1 fs was used, and the Newton equations of motion
were integrated with Beeman algorithm [92]. In the QM/MM simulations, the spherical
boundary condition had been applied over the atoms beyond 20 Å from the C1′ atom of
NAD+. The cutoffs of 18 and 12 Å were employed for electrostatic and van der Waals
interactions, respectively. Note that there was no electrostatic cutoff between QM and MM
subsystems. The Berendsen thermostat method [93] was used to maintain the system
temperature at 300 K.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TbSIR2 ADP-ribosylates unacetylated H1.1.
(A) Autoradiograph of the enzyme-dependent ADP-ribosylation of unacetylated H1.1.
Reactions were carried out using wild type TbSIR2. The catalytic mutants were used as
control reactions. (B) 32P-incorporation into unacetylated H1.1 was determined for wild type
TbSIR2 and the catalytic mutant TbH142Y. (C) TbSIR2 ADP-ribosylation of unacetylated
H1.1 displays concentration dependent inhibition with nicotinamide. (D) Phosphodiesterase
treatment removes the radiolabel from unacetylated H1.1 treated with TbSIR2 and 32P-
NAD+. (E) Autoradiograph of ADP-ribosylation reactions using acetylated and unacetylated
histone H1.1 as substrates.
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Figure 2.
TbSIR2 preferentially labels arginine containing peptides.
(A) Sequence alignment of bovine histone H1.1 with chicken histone H1.11L. Chicken
histone H1.11L is the closest homolog to bovine H1.1, whose structure has been partially
determined. The identical residues are highlighted. The peptides used in ADP-ribosylation
assays are underlined on the sequence of bovine H1.1. (B) Peptides which exhibited robust
labeling from the microarray were used in solution-based assays. Peptide P19 was used as a
negative control. (C) Amino acid substitutions of peptide P12 were used to determine the
identity of the ADP-ribose acceptor. A double arginine variant of P12 was also tested. (D)
ADP-ribosylation of the variant peptides was quantified using densitometry. (E)
Autoradiograph of the ADP-ribosylation reactions of a poly-lysine (P12pK) and a poly-
arginine (P12pR) peptide.
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Figure 3.
MALDI mass spectrometry confirms the incorporation of ADP-ribose in peptide substrates.
(A) Peptides P12 and P39 were ADP-ribosylated in a non-radioactive assay. The treated
peptides were analyzed by MALDI mass spectrometry. Samples treated with TbSIR2 show
mass changes of 540 Daltons, consistent with the addition ADP-ribose moieties to the
peptides. (B) MALDI mass spectrometry analysis of the ADP-ribosylation of peptide
P12pR. The reactions were carried out using 20 μM peptide with 100 μM NAD+. Detection
of the ADP-ribosylated P12pR was improved using higher concentrations of peptide and
NAD+.

Fahie et al. Page 20

FEBS J. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Arginine is the major ADP-ribose acceptor for unacetylated histone H1.1, but is not the
major ADP-ribose acceptor for acetylated histone H1.1. (A) Nonenzymatic ADP-
ribosylation of peptides P12pR and P12pK, generating an ADP-ribosylarginine substrate and
an ADP-ribosyllysine substrate. (B) Enzymatic detection of ADP-ribosylarginine. Human
ADP-ribosylarginine hydrolase (hADPRH) exhibits specificity for ADP-ribosylarginine,
cleaving ADP-ribose from arginine side chains but not from lysine side chains.
Phosphodiesterase I hydrolyzes the pyrophosphate bond for ADP-ribosylarginine and ADP-
ribosyllysine. (C) Unacetylated and acetylated histone H1.1 were modified in ADP-
ribosylation reactions then treated with hADPRH.
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Figure 5.
Reactant complex model for QM/MM calculations. (A) Substrate arginine binding in
Sir2Tm enzyme. The overall substrate peptide binding pattern is very similar to that with
acetyl-lysine substrate. (B) Illustration of the QM/MM partition in Sir2Tm ribosylation.
Color notations: blue, QM subsystem; red, QM/MM boundary atoms described by improved
pseudobond parameters; green, C1′-N1 bond; black, MM subsystem. (C) Proposed arginine
ADP-ribosylation mechanism.
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Figure 6.
(A) Two-dimensional minimum energy surface along C1′–N1 and Nζ–C1′ bonds. The
reactant is on the lower left corner, the product is on the upper right corner, and the
transition state is well located in the middle. (B) Potential of mean force (PMF) for the
Sir2Tm catalyzed ribosylation determined with B3LYP/6-31G(d) QM/MM MD simulations.
The active site geometries at reactant, transition state, and product and some key bond
lengths are also shown.
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Figure 7.
Computed group partial charges of arginine, nicotinamide, and ribose at reactant, transition
state, and product. The di-phosphate portion has almost the constant partial charge of -2.10e
during the reaction.
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Figure 8.
Proposed mechanisms for deacetylation and ADP-ribosylation catalyzed by TbSIR2. (A)
Deacetylation-independent ADP-ribosylation involving the direct transfer of the ADP-ribose
moiety to arginine. (B) Proposed mechanism of the NAD+-dependent deacetylation reaction.
(C) Deacetylation-dependent ADP-ribosylation in which the O-alkylamidate intermediate
reacts with a neighboring protein nucleophile.
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Table 1

Amino acid sequences of peptides substrates identified using the microarray assay.

Peptide Identification Amino acid sequence

P12 AAKKPAGARRKAS

P19 (negative control) PPVSELITKAVAA

P39 SRIKLGLKSLVSK

P40 IKLGLKSLVSKGT

P44 VSKGTLVQTKGTG
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Table 2

Amino acid sequences of P12 variants used in identifying the ADP-ribose acceptor.

Peptide Identification Amino acid sequence

P12.1 AAAKPAGARRKAS

P12.2 AAKAPAGARRKAS

P12.3 AAKKPAGARRAAS

P12.4 AAKKPAGAARKAS

P12.5 AAKKPAGARAKAS

P12.6 AAKKPAGARRKAA

P12.7 AAKKPAGAAAKAS

P12pR AARRPAGARRRAR

P12pK AAKKPAGAKKKAK
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