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Introduction

Histone deacetylases (HDACs) are transcriptional regulators
that deacetylate histones and various nonhistone proteins. This
enzymatic activity affects the conformational state and activi-
ties of the substrate proteins.[1] Four classes of histone deacety-
lases have been described in humans: Classes I, II, and IV are
zinc-dependent amidohydrolases, and 11 subtypes have been
described (HDAC1–HDAC11). Class III enzymes rely on NAD+

for catalysis, with subsequent formation of nicotinamide and
O-acetyl-ADP-ribose as a result of transacetylation. Based on
their homology to the yeast histone deacetylase Sir2p, the
NAD+-dependent HDACs are known as sirtuins, and seven
members (Sirt1–Sirt7) have been identified in humans.[2]

Although class I, II, and IV HDACs have been identified as
valid anticancer targets, and an initial inhibitor (Vorinostat) has
been approved for clinical use,[3] much less is known about the
consequences of class III HDAC inhibition.[2] Sirtuins have been
linked to aging, and overexpression of sirtuins leads to a pro-
longed lifespan in yeast.[4] Sirtuin activity has been recently
tied to the pathogenesis of HIV[5] and cancer,[6–8] as well as neu-
rological diseases.[9] Only a limited number of sirtuin inhibitors
are known, and some do not inhibit human subtypes.[10, 11] The
first synthetic inhibitor that was discovered is sirtinol (1)[12]

(Figure 1), but in certain cases it has been shown that precipi-
tation of the enzyme by the inhibitor contributes to the in vi-
tro inhibition.[13] Structure–activity relationships (SAR) of sirtinol
analogues were reported recently.[14] b-Arylsplitomicin deriva-
tives 2, which were recently discovered by us, were found to
be potent inhibitors (IC50~1 mm) of human isoforms.[5] Further
Sirt2 inhibitors have been discovered through a virtual screen-
ing approach, but cellular activity and verification of protein
hyperacetylation have not been demonstrated.[15–17] The sirtuin

inhibitor cambinol (3) was discovered from random screening,
and for the first time anticancer activity in an animal model
could be demonstrated with this compound.[18] Lately, indoles
such as 4, with activity down to ~0.1 mm have been present-
ed.[19] Similar potencies have been observed in analogues of
suramin,[20] which had been previously shown to be a sirtuin
inhibitor.[21] Using a focused library screening approach, we
had identified kinase inhibitors such as Ro-318220 (5) as new
lead structures for sirtuin inhibitors that target the adenosine
binding pocket.[22]

Recently, we carried out SAR studies on b-arylsplitomicin de-
rivatives.[23] Selected compounds were tested for antiprolifera-
tive activity and for intracellular tubulin acetylation. Further-
more, we were able to show by new derivative 6 that a
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NAD+-dependent histone deacetylases (sirtuins) are enzymes that
cleave acetyl groups from lysine residues in histones and other
proteins. Potent selective sirtuin inhibitors are interesting tools for
the investigation of the biological functions of these enzymes
and may be future drugs for the treatment of cancer or neurode-
generative diseases. Herein we present the results from a protein-
based virtual screen of a commercial database with subsequent
biological testing of the most promising compounds. The combi-
nation of docking and in vitro experimental testing resulted in
the identification of novel sirtuin inhibitors with thiobarbiturate
structure. To rationalize the experimental results, free-energy cal-

culations were carried out by molecular mechanics Poisson–
Boltzmann/surface area (MM-PBSA) calculations. A significant
correlation between calculated binding free energies and mea-
sured Sirt2 inhibitory activities was observed. The analyses sug-
gested a molecular basis for the interaction of the identified thio-
barbiturate derivatives with human Sirt2. Based on the docking
and MM-PBSA calculations we synthesized and tested five further
thiobarbiturates. The MM-PBSA method correctly predicted the
activity of the novel thiobarbiturates. The identified compounds
will be used to further explore the therapeutic potential of sirtuin
inhibitors.
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ACHTUNGTRENNUNGreplacement of the lactone ring in splitomicins by a lactam
substructure is well tolerated, provided that other features that
increased the potency of splitomicin are retained. Because the
lactam ring, unlike the lactone ring in splitomicin, is not ex-
pected to hydrolyze, this result suggested that splitomicins
may act as reversible inhibitors at least for human subtypes
and not as acylating agents, as had been suggested for yeast
enzymes.[24]

The purpose of this study was to find new substances that
will inhibit human sirtuins. We used a synergistic approach
that combines the benefits of structure-based virtual screening
and experimental testing with validated sirtuin inhibition
assays to subsequently screen only a limited number of the
top-ranking compounds. Because several 3D structures of sir-
tuin proteins are known, it was possible to apply target-based
virtual screening technologies to search for novel sirtuin inhibi-
tors. We decided to perform a multi-step virtual screening ex-
periment starting with a prefiltered compound library contain-
ing over 328 000 unique molecules and a combination of simi-
larity-based screening and ligand docking. The virtual screen
was followed by free-energy calculations applying the MM-
PBSA[25] approach to get a better estimate of the ligand bind-
ing free energy. The applied approach yielded not only an en-
riched subset of compounds for subsequent analysis but also
uncovered promising lead candidates that represent valuable
tools to further explore the therapeutic potential of sirtuinACHTUNGTRENNUNGinhibitors.

Results and Discussion

Analysis of the Sirt2 binding site

The X-ray structures of several Sir2 proteins have been pub-
lished over the last few years, whereas no 3D structure is avail-
able for Sirt1.[26, 27] The structure of the catalytic domain of Sir2
consists of a large classical Rossmann fold and a small zinc
binding domain. The interface between the large and the
small subdomain is commonly subdivided into A, B, and C
pockets. This division is based on the interaction of adenine

(A), ribose (B), and nicotinamide (C), which are parts of the
NAD+ cofactor. Whereas the interaction of adenine and ribose
is similar in all available sirtuin X-ray structures, multiple bind-
ing modes have been observed for the nicotinamide portion.
Several so-called productive and nonproductive conformations
of NAD+ have been observed in the crystal structures from
Archaea, reflecting the flexibility of the cofactor and the corre-
sponding binding site. Whereas the human Sirt2 crystal struc-
ture contains no bound ligands, the X-ray structure of a Sir2
homologue from Archaea[26] shows that the peptide substrate
binds in a cleft between the large and small domains. The ace-
tyllysine residue inserts into a conserved hydrophobic pocket,
and NAD+ binds nearby. In the case of the human Sirt2 X-ray
structure,[27] which was crystallized as a trimer, no structural in-
formation about NAD+ or inhibitor binding is available. How-
ever, owing to the homology with bacterial sirtuins, it is clear
that the interaction between NAD+ and Sirt2 is similar to that
observed in the bacterial X-ray structure complexes.

We previously described the development of other series of
Sirt2 inhibitors, including adenosine mimetics such as the bis-
indolylmaleimide 5,[22] suramin derivatives, and b-arylsplitomi-
cin derivatives[20] (e.g. compound 2). Based on docking studies
that we carried out for human Sirt2 and competition experi-
ments with NAD+ , we found that the compounds interact with
the adenine (for 5) and the nicotinamide subpocket (for 2 and
6), respectively. The analysis of the X-ray structure of human
Sirt2 (which contains three monomers) and preliminary dock-
ing simulations using the known inhibitors 2, 3, 4, and 6
showed that the compounds interact with the nicotinamide
subpocket (C) of Sirt2. The consideration of four water mole-
cules within the binding site that are observed in the three
Sirt2 monomers of the structure deposited under PDB code
1J8F significantly improved the docking results. b-Phenylsplito-
micin 2 makes a hydrogen bond to the water molecule
bonded to Gln167. The b-phenyl substituent fits into a hydro-
phobic channel and is sandwiched between Phe119 and
His187. This channel represents the binding site for the acety-
lated lysine residue of the substrate. The docking of cambinol
(3) and the lactam 6 showed that the NH group of the inhibi-
tors interact with Gln167 located in the nicotinamide binding
pocket C (Phe96, Gln167, Asn168, Ile169, His187) whereas the
carbonyl group of 3 accepts a hydrogen bond from His187
(Figure 2).

Based on the docking results of the previously reported spli-
tomicin derivatives, we prepared a variety of novel compounds
(13–16) with substituents at the 3- and 4-positions of the b-
phenyl group. The docking results showed that the phenyl
ring is located at the entrance of the acetyllysine substrate
channel. Therefore, we suggested that the addition of a hydro-
phobic substituent at the 4-position of the b-phenylsplitomi-
cins would increase the inhibitory potency. The subsequent
synthesis (Scheme 1 and Scheme 2) and biological testing of
compounds 13–16 showed that the presence of an ethyl
group at the 4-position results in the most potent inhibitor of
this series (Table 1). Bulkier hydrophobic groups at the 4-posi-
tion or polar groups at the 3-position resulted in a decrease in
the inhibitory activity.

Figure 1. Known sirtuin inhibitors.
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Visual analysis of the GRID in-
teraction fields further supports
the binding mode obtained by
GOLD[28] docking. The most fa-
vorable interaction with the hy-
drophobic methyl probe was ob-
served in the acetyllysine chan-
nel and the proximal amino acid
residues Phe119, Val233, and
Phe234. The favored interaction
with hydrogen bond acceptors
(calculated with the GRID car-
bonyl probe) was observed near
the polar residues Gln167 and
Asn168 and is in agreement with
the location of the thiobarbitu-
rate oxygen atom (see figure 1
in the Supporting Information).

Virtual screening

The virtual screen was carried
out with the Chembridge data-

base (Chembridge Corporation, San Diego, CA, USA) contain-
ing a library of ~328 000 compounds. The database was fil-
tered as described below in the Experimental Section. To de-
crease the number of molecules to be docked we applied
simple similarity-based filtering using MACCS keys. A total of
390 compounds similar to 3 were selected and docked into
the binding pocket of Sirt2; 131 molecules were successfully
docked into the nicotinamide binding pocket (showing a Gold-
Score between 62 and 30). The final selection of a small subset
of compounds was based on visual inspection of the binding
mode (only molecules showing a hydrogen bond to Gln167
were considered) and on the lipophilicity of the compounds
(lower log P values favored). Five barbiturate and thiobarbitu-
rate derivatives were selected, which were found between
rank 1 and 61 (Figure 3). The five compounds were purchased
from Chembridge and tested in an in vitro assay[29] for their
ability to inhibit human Sirt2 (Table 2).

The interaction of the most potent compound 9 with
human Sirt2 is shown as an example in Figure 4 A and 4 B. A
common feature of the active inhibitors is the interaction (hy-
drogen bond) of one barbiturate/thiobarbiturate NH group
with the backbone carbonyl group of Gln167 and the hydro-
gen bond between the barbiturate CO group and His187. The

Figure 2. Comparison of the docking results obtained for 3 (white) and 6
(gray) at Sirt2. The four water molecules used in the docking study are dis-
played as balls. Hydrogen bonds are indicated by the dashed lines. The Con-
olly molecular surface of the binding pocket is displayed.

Scheme 1. Cyclization of naphthols via Friedel–Crafts alkylation.

Scheme 2. Pd-catalyzed reactions on splitomicin derivatives.

Table 1. Energy contributions to the free energy of binding of the splitomicin derivatives as obtained by the
MM-PBSA approach.[a]

Compd DEel DEvdW DEGBSA DHtot T DStot DGcalcd Sirt2
IC50�SE [mm]

DGexptl

2 �2.09 �38.68 7.23 �33.54 �25.79 �7.64 1.5�0.3 �7.94
6 �2.87 �34.10 12.24 �24.73 �17.08 �7.65 6.4�0.3 �7.08

12 �7.81 �30.87 11.26 �27.42 �21.50 �5.92 10.6�1.0 �6.78
13 �2.31 �32.00 8.13 �26.18 �17.72 �8.46 1.2�0.4 �8.07
14 1.27 �32.67 6.01 �25.38 �20.86 �4.52 4.8�2.3 �7.25
15 �8.27 �39.05 16.29 �31.03 �18.00 �13.30 2.8�1.8 �7.57
16 �3.50 �32.56 15.8 �20.26 �15.60 �4.66 5.4�0.2 �7.18
17 �5.00 �28.60 11.49 �22.12 �18.72 �3.40 19.5�9.7 �6.42
18 �0.14 �42.21 17.45 �24.90 �21.22 �3.68 19.7�5.5 �6.41
19 �2.00 �35.81 13.76 �24.06 �14.01 �10.05 2.3�0.3 �7.69
20 �3.81 �37.77 18.41 �23.18 �17.03 �6.15 3.4�0.3 �7.45
21 �3.80 �35.25 12.53 �26.52 �17.47 �9.05 4.4�0.6 �7.30
22 �4.65 �34.28 14.23 �24.70 �11.90 �12.80 3.1�0.5 �7.51
23 �11.10 �34.57 22.80 �22.88 �20.26 �2.62 20.0�8.0 �6.41
24 2.24 �31.94 4.19 �25.51 �15.55 �9.96 5.2�1.0 �7.20

[a] DEel and DEvdW are respectively the electrostatic and van der Waals energies of binding in the gas phase;
DEGBSA : contributions to the solvation free energy; DHtot is the enthalpy of binding, T DStot is the entropy of
binding, and DGcalcd is the calculated binding free energy. Biological data are determined as described in the
Experimental Section, or are taken from reference [35] . DGexptl values were calculated by DGexptl =�R T ln ACHTUNGTRENNUNG(IC50).
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bulky naphthyl or hydroxyquinoline substituent is directed into
the acetyllysine substrate channel and undergoes van der
Waals interactions with the aromatic ring system of Phe119
and His187. The binding mode of the novel thiobarbiturate in-
hibitors is similar to that observed for cambinol (3) (Figure 2).

Compounds 7 and 8 can be present in two tautomeric
forms. In the Chembridge database both molecules are stored
as the hydroxyquinoline tautomer, which was also considered

for the virtual screening study. We also generated the pyridone
tautomer and docked it into the Sirt2 binding pocket. A similar
binding mode was observed for the pyridone tautomer, plac-
ing the pyridone ring between the aromatic side chains of
Phe119 and His187 (RMSD: 0.2 �). Semi-empirical quantum me-
chanical calculations using the AM1 method were carried out
to calculate the potential energies of the two tautomers of 7
and 8. Such calculations carried out in vacuo yielded an ener-
getic preference for the pyridone tautomer, whereas the Gold-
Scores were observed to be higher for the hydroxyquinoline
tautomer. Similar results were derived with X-Score, Chem-
Score, and ASP Score.[28] Based on the calculated docking pose
and scores, no final decision can be made as to which tauto-
mer is more likely to interact with the Sirt2 active site.

Using the calculated GoldScore values, we observed no cor-
relation between the scores and the determined IC50 values.
The poor correlation between docking scores and biological
data is a major problem with current docking approaches.[30]

Therefore, we focused on a more sophisticated method for the
analysis of key interactions necessary for high inhibitory activi-
ty.

MM-PBSA approach

The virtual screen resulted in five barbiturates and thiobarbitu-
rates including the active inhibitors 8 and 9. As we did not ob-
serve any correlation between the docking scores and pIC50

values, we calculated the binding free energy by using the
MM-PBSA approach. To increase the number of compounds
used to establish a quantitative model we added the devel-
oped b-arylsplitomicin inhibitors reported in Table 1.[23]

The Sirt2–inhibitor complexes derived from the docking
study were used as starting complexes for molecular dynamics
(MD) simulations using the AMBER program. These simulations

Figure 3. Molecular structures of the five hits from the virtual screen of the
Chembridge database.

Table 2. Inhibition of Sirt1 and Sirt2 by the hits derived from the virtual
screen.

Compd Sirt1 IC50�SE [mm] Sirt2 IC50�SE [mm]

7 34.2 %[a] 61�3.5
8 12.9�2.8 11.3�1.7
9 13.2�2.5 9.1�5.8

10 NA[b] 130.7�47.2
11 47.9�2.8 40.7�3.9

[a] Percent inhibition at 50 mm. [b] Inhibition <10 % at 50 mm.

Figure 4. A) Predicted binding mode of 9 at the nicotinamide binding site of human Sirt2. The four water molecules used in the docking study are displayed
as balls. Hydrogen bonds are indicated by the dashed lines. B) View rotated by 908.
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showed that the generated complexes are stable
during the 5-ns free MD simulation (see figure 2 in
the Supporting Information). The inhibitor interac-
tions observed in the starting structures (obtained by
GOLD) were generally maintained during the MD
simulations. In our analysis of the RMSD of the com-
plex structures (heavy atoms), we found that the
maximum deviations are <2 �.

The MD trajectories were further analyzed by suc-
cessively applying the MM-PBSA method.[31–35] In this
approach, the absolute free energy of a system is es-
timated from a combination of molecular mechanics,
i.e. Poisson–Boltzmann estimation of the electrostatic
free energy, an estimation of the solvation free
energy determined from the exposed surface area,
and an estimate of the entropy of the system derived
from normal mode calculations.

To establish a more quantitative SAR, we used a
ligand data set containing the five thiobarbiturates
and barbiturates from the virtual screen and 15 spli-
tomicin derivatives that were recently developed and
tested in our laboratory (Figure 5).[23] The synthesis of
the new splitomicins (13–16) follows the principles
outlined in our previous report on that compound
class (Schemes 1 and 2).[23] All compounds were
tested in the same biological assay. In the case of the
splitomicin derivatives, the assays were carried out
with the racemic mixtures. However, we recently
showed that by separating the R and S stereoisomers
of 2 that the R isomer is the active component (IC50

(R)-2 : 1.0 mm, IC50 (S)-2 : >100 mm, IC50 (� )-2 :
1.5 mm).[23] Therefore, the R isomers of the splitomicin
derivatives were used for the docking and free-
energy calculations, whereas the biological data were
determined with the racemic mixtures. Because the
splitomicin derivatives are structurally very similar, it
can be suggested that for all compounds, the R isomer repre-
sents the active component for biological activity.

The binding free energies for the barbiturates and the splito-
micin derivatives were estimated using the MM-PBSA method
as described in the Experimental Section below (Table 1 and
Table 3). The calculated binding free energies DGcalcd for the
two novel thiobarbiturate inhibitors are �4.24 kcal mol�1 (for 8)
and �2.98 kcal mol�1 (for 9). As
shown in Tables 1 and 3, the
compounds form van der Waals/
hydrophobic interactions, while
intermolecular electrostatic inter-
actions also contribute to the
binding affinity. The barbiturates
show lower binding free ener-
gies than the splitomicin deriva-
tives. On the other hand, the
electrostatic contribution to the
solvation free energy of the
active thiobarbiturates is more
favorable.

To determine whether MM-PBSA is useful for further lead op-
timization, the correlation between calculated values (binding
free energies DGcalcd and binding enthalpies DHtot) and the ex-
perimental IC50 values of the ligands was analyzed. It is clear
that this approach represents only a rough approximation, as
biological data from an in vitro assay are used instead of pure
thermodynamic values from calorimetric studies. Therefore an

Figure 5. Molecular structures of the 15 splitomicin compounds used for the MM-PBSA
calculation.

Table 3. Energy contributions to the free energy of binding of the thiobarbiturate and barbiturate derivatives
as obtained by the MM-PBSA approach.[a]

Compd DEel DEvdW DEGBSA DHtot T DStot DGcalcd DGexptl

7 �5.59 �28.71 21.32 �12.97 �17.28 4.31 �5.75
8 �7.38 �32.20 19.61 �19.96 �16.98 �2.98 �6.74
9 �19.10 �31.79 30.35 �20.54 �16.30 �4.24 �6.87

10 �7.89 �31.20 24.3 �14.79 �15.56 0.77 �5.29
11 �13.90 �28.23 25.31 �16.82 �14.54 �2.28 �5.98

[a] DEel and DEvdW are respectively the electrostatic and van der Waals energies of binding in the gas phase;
DEGBSA : contributions to the solvation free energy; DHtot is the enthalpy of binding, T DStot is the entropy of
binding, and DGcalcd is the calculated binding free energy. DGexptl values were calculated by DGexptl =�R T ln-ACHTUNGTRENNUNG(IC50).

ChemMedChem 2008, 3, 1965 – 1976 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 1969

Thiobarbiturates as Sirtuin Inhibitors

www.chemmedchem.org


ideal correlation is not expected. However, we recently
showed that the MM-PBSA approach is useful to discriminate
between weak and strong sirtuin inhibitors.[23]

To calculate DGcalcd, the AMBER module Nmode was used
(see Experimental Section below for details) to estimate the
entropic contribution. As shown in Figure 6, where the experi-

mental activities are plotted versus the calculated binding free
energies, there is a significant correlation between the binding
free energy DG (r = 0.83, r2 = 0.69, SD = 0.40) and the biological
activity. For the enthalpy DHtot the correlation is lower (r = 0.69,
r2 = 0.47, SD = 0.52) due to one outlier: compound 12. Remov-
ing the outlier resulted in a model with a regression coefficient
of r2 = 0.65 for the enthalpy model. To test the predictive abili-
ty of the model, we carried out leave-one-out (LOO) cross vali-
dation. For the binding free energy DG model we obtained a
cross-validated q2

LOO value of 0.61 (Supporting Information).
In contrast to the applied GOLD docking, the MM-PBSA ap-

proach does take protein flexibility into account. This is a sig-
nificant contribution to improved ligand scoring. Another
reason for the improved results with the MM-PBSA calculations
is that the force field used in combination with continuum sol-
vent electrostatics to calculate DGsolv provides a more accurate
description of the ligand binding than the empirical GOLD
scoring function. In contrast to more rigorous methods such as
free-energy perturbation (FEP) or thermodynamic integration
(TI), MM-PBSA is faster by several orders of magnitude. How-

ACHTUNGTRENNUNGever, the approximations inherent to MM-PBSA result in larger
errors than those associated with more sophisticated methods
such as FEP or TI. In particular, estimation of the entropic term
on the basis of the trajectories is often connected with a large
standard deviation. This can also be recognized when consid-
ering the significant deviations of T DStot for structurally similar
compounds (Tables 1 and 3). To overcome the entropy prob-
lem, it was suggested to increase the simulation time and to
use smaller snapshot sizes for sampling the entropic term.
However, for larger data sets this dramatically increases the
time required for the MD simulations. Therefore, finding an ac-
ceptable balance between accuracy and simulation time is still
a challenge.

Synthesis of modified thiobarbiturates

The analysis of the MD simulation showed that the most active
thiobarbiturates, compounds 8 and 9, form stable complexes
with Sirt2 (RMSD values <1 �, see figure 1 in the Supporting
Information). The thiobarbiturate ring of 8 and 9 makes hydro-
gen bonds with His187 and the backbone NH group of
Gln167. The hydrogen bond between His187 and the thiobar-
biturate moiety of 8 and 9 was found to be stable during the
5-ns simulation (see figure 3 in the Supporting Information),
whereas the direct hydrogen bond to the backbone NH group
of Gln167 was observed only at the beginning of the simula-
tion. However, we observed several water-mediated hydrogen
bonds between the thiobarbiturates and the polar residues of
the pocket (not shown).

The analysis of the GRID interaction field derived with the
hydrophobic methyl probe showed a favorable interaction
field above the naphthyl substituent of docked compound 9
(figure 1 in the Supporting Information). Therefore, we de-
signed and synthesized five thiobarbiturates (25–29) with
modified hydrophobic substituents (Figure 7 and Scheme 3). A
similar docking pose as calculated for 8 and 9 were obtained
for the novel thiobarbiturates. As an example, the interaction
of the most potent thiobarbiturate 25 with the Sirt2 binding

Figure 6. A) Correlation between calculated MM-PBSA binding free energies
DGcalcd and the Sirt2 pIC50 values. B) Correlation between calculated MM-
PBSA binding enthalpies DHtot and the Sirt2 pIC50 values.

Figure 7. Molecular structures of barbituric acid, thiobarbituric acid, and five
novel thiobarbiturates.
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pocket is shown in Figure 8. The calculated DG values of the
five compounds were found to be <�4.2 kcal mol�1, indicat-
ing that they should be just as, or more potent than, the thio-
barbiturate 9 (Table 4 and Table 5). Subsequent biological test-
ing showed that all five new thiobarbiturates are active against
Sirt2 at concentrations <30 mm. In general, good agreement
between DGcalcd and pIC50 values for the five novel thiobarbitu-
rates were obtained (Figure 9). Compound 25, bearing a bi-
phenyl group, is the most active thiobarbiturate toward Sirt2,
in agreement with the predicted MM-PBSA DGcalcd value
(Table 5). The biphenyl group fits in the acetyllysine substrate
channel and interacts with the surrounding aromatic side
chains (Figure 8). To further support our hypothesis that the
hydrophobic aryl group is important for sirtuin activity, we ex-
perimentally tested unsubstituted barbituric and thiobarbituric
acid. Neither compound showed inhibition of Sirt2 at a con-
centration of 50 mm.

Enzyme inhibition

All compounds were tested in initial studies for Sirt2 inhibition
at concentrations of 50 and 100 mm in a homogeneous deace-
tylase assay using a fluorescent acetyllysine derivative[13] that
was previously developed by our research group.[29] Usually,
IC50 value determinations performed only if >50 % inhibition
at 50 mm is observed (see Tables 1 and 2). In the thiobarbitu-
rate series we found compounds with potency down to the
single-digit micromolar concentration range. For the most part,

slight Sirt2 selectivity (up to sixfold in 25) is found, whereas
several compounds are unselective, and interestingly, the
indole 26 is selective for Sirt1. Compound 25 is the most
potent inhibitor of Sirt2, and 26 is the most potent against
Sirt1. Experimental testing of the unsubstituted derivatives,

Scheme 3. Synthesis of arylidene thiobarbiturates.

Figure 8. A) Predicted binding mode of 25 at the nicotinamide binding site of human Sirt2. The four water molecules used in the docking study are displayed
as balls. Hydrogen bonds are indicated by the dashed line. B) View rotated by 908.

Table 4. Inhibition of Sirt1 and Sirt2 by the novel synthesized thiobarbi-
turates.

Compd Sirt1 IC50�SE [mm] Sirt2 IC50�SE [mm]

25 50.5�9.1 8.7�0.7
26 5.9�0.3 20.3�1.5
27 23.3 %[a] 30.1�3.1
28 61.6�5.3 20.0�1.7
29 12.4�0.5 14.7�2.1
30 NA[b] NA[b]

31 NA[b] NA[b]

[a] Percent inhibition at 50 mm. [b] Inhibition <10 % at 50 mm.

Figure 9. Correlation between calculated MM-PBSA binding free energies
DGcalcd and the Sirt2 pIC50 values of the training set (^) and test set com-
pounds (&).
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barbituric acid 30 and thiobarbituric acid 31, yielded no Sirt2
activity. In general, we tested all thiobarbiturates against both
Sirt1 and Sirt2. Various activities have been reported toward
Sirt1 and Sirt2 isotypes. For example, the anticancer activity of
the unselective sirtuin inhibitor cambinol (3) in an animal
model has been mechanistically linked mainly to substrates of
Sirt1,[18] and it is unknown whether the Sirt2 inhibition contrib-
utes to its anticancer activity. Sirt1 and its activators seem to
confer neuroprotection,[36] whereas a Sirt2 inhibitor was ob-
served to be active in limiting neurotoxicity in a model of Par-
kinson’s disease.[9] Therefore, sirtuin subtype selectivity is of
great interest for the further design of potential drug candi-
dates and the assessment of their potential side effects.

Conclusions

We have shown that a combination of target-based virtual
screening and experimental in vitro testing can be used to dis-
cover novel sirtuin inhibitors. Polar interactions that anchor the
identified thiobarbiturates into the binding site were found,
and the placement of inhibitor-borne hydrophobic groups into
the acetyllysine substrate pocket explains the need for this
ligand hydrophobicity. In contrast, barbituric and thiobarbituric
acid, which do not possess a hydrophobic group, were found
to be inactive. Accurate relative binding free energies for a set
of 20 Sirt inhibitors were calculated, paving the way for subse-
quent structural ligand modifications in search of more potent
inhibitors. Based on the identified thiobarbiturate-based inhibi-
tors, an initial series of derivatives with modified hydrophobic
substituents was synthesized and biologically tested. MM-PBSA
calculations were found to be useful as a second step after vir-
tual screening in order to obtain more detailed and reliable in-
formation about the relative binding affinity than can be pro-
vided by simple docking and scoring programs. Further optimi-
zation of the identified thiobarbiturate-based sirtuin inhibitors
can thus be performed in a more rational fashion.

Experimental Section

Chemistry

Materials and methods. Standard chemicals were purchased from
Sigma–Aldrich or Lancaster. The syntheses for splitomicins were

based primarily on protocols pub-
lished previously by our research
group.[23] Ethyl- and propylcinnamic
acid were prepared from the corre-
sponding benzaldehydes according
to standard procedures. 6-Methyl-2-
naphthol was synthesized as pub-
lished.[23] 1H NMR spectra were ob-
tained on a Bruker Avance DRX
400 MHz spectrometer, and 1H
chemical shifts are reported in ppm
(d). Merck Kieselgel 60 was used for
flash chromatography with mix-
tures of either cyclohexane and
EtOAc or cyclohexane and CH2Cl2

as eluents so that the Rf value of
the desired product was ~0.3.

General method: cyclization of naphthols with cinnamic acids
using Amberlyst 15. The naphthol (3 mmol), the substituted cin-
namic acid (6 mmol), and Amberlyst 15 ion-exchange resin
(300 mg) were held at reflux in toluene (15 mL) overnight. The
resin was filtered off and washed with toluene. The solvent was
then removed under reduced pressure. Separation by column
chromatography led to the isolation of the splitomicins.

1-(4-Bromophenyl)-8-methyl-1,2-dihydrobenzo[f]chromen-3-one.
Preparation by the general method for cyclization starting from 6-
methyl-2-naphthol (3 mmol), 4-bromocinnamic acid (6 mmol), and
300 mg Amberlyst 15 ion-exchange resin in toluene. Yield: 15 %
(white solid) ; 1H NMR (CDCl3): d= 9.38 (d, 1 H, ar, J = 8.8 Hz), 7.91
(d, 1 H, ar, J = 9.0 Hz), 7.60 (m, 2 H, ar, J = 8.4 Hz), 7.57 (s, 1 H, ar),
7.52 (dd, 1 H, ar, J = 8.8, 1.9 Hz), 7.42 (m, 2 H, ar, J = 8.4 Hz), 7.16 (d,
1 H, ar, J = 9.0 Hz), 5.37 (dd, 1 H, C�H, J = 13.6, 3.1 Hz), 3.18 (dd, 1 H,
CH2, J = 16.5, 13.6 Hz), 2.97 (dd, 1 H, CH2, J = 16.5, 3.1 Hz), 2.51 ppm
(s, 3 H, CH3); 13C NMR (CDCl3): d= 192.53 (C=O), 162.85 (ar, C�O),
137.64 (ar, C�C), 137.17 (ar, C�H), 134.60 (ar, C�C), 131.96 (2 C, ar,
2 � C�H), 131.81 (ar, C�H), 129.58 (ar, C�C), 129.28 (ar, C�C), 127.78
(2 C, ar, 2 � C�H), 127.61 (ar, C�H), 125.66 (ar, C�H), 122.68 (ar, C�C),
118.58 (ar, C�H), 112.57 (ar, C�C), 78.80 (C�H), 45.61 (CH2),
21.16 ppm (CH3); IR (ATR): ñ= 1652, 1596, 1235, 1222, 1119, 1004,
823, 814 cm�1; EIMS (m/z): 368 [81Br M]+ , 366 [79Br M]+ ; [M]+

(C20H15BrO2): 367.24.

8-Bromo-1-(4-ethylphenyl)-1,2-dihydrobenzo[f]chromen-3-one
(13). Preparation by the general method for cyclization starting
from 6-bromo-2-naphthol (3 mmol), 4-ethylcinnamic acid (6 mmol),
and Amberlyst 15 ion-exchange resin (300 mg) in toluene. Yield:
24 % (white solid) ; 1H NMR (CDCl3): d= 8.04 (d, 1 H, ar, J = 2.0 Hz),
7.78 (d, 1 H, ar, J = 9.0 Hz), 7.69 (d, 1 H, ar, J = 9.0 Hz), 7.55 (dd, 1 H,
ar, J = 9.0, 2.0 Hz), 7.38 (d, 1 H, ar, J = 9.0 Hz), 7.12 (m, 2 H, ar), 7.03
(m, 2 H, ar), 4.89 (dd, 1 H, C�H, J = 2.4, 6.5 Hz), 3.22 (dd, 1 H, C�H,
J = 15.8, 6.5 Hz), 3.19 (dd, 1 H, C�H, J = 15.8, 2.4 Hz), 2.60 (q, 2 H, C�
H, J = 7.7 Hz), 1.19 ppm (t, 3 H, CH3, J = 7.7 Hz); 13C NMR (CDCl3):
d= 166.8 (C=O), 149.9 (ar, C�O), 143.7 (ar, C�C), 137.4 (ar, C�C),
132.2 (ar, C�C), 130.7 (ar, C�H), 130.6 (ar, C�H), 129.6 (ar, C�C),
128.9 (ar, C�H), 128.7 (2 C, ar, 2 � C�H), 126.7 (2 C, ar, 2 � C�H), 124.9
(ar, C�H), 119.1 (ar, C�C), 118.7 (ar, C�H), 118.2 (ar, C�C), 37.4 (C�
H), 37.3 (CH2), 28.3 (CH2), 15.3 ppm (CH3); IR (ATR): ñmax = 1773,
1502, 1194, 1136, 892, 871, 815 cm�1; EIMS: (m/z): 382 [81Br M]+ ,
380 [79Br M]+ ; [M]+ (C21H17BrO2): 381.27.

8-Bromo-1-(4-propylphenyl)-1,2-dihydrobenzo[f]chromen-3-one
(14). Preparation by the general method for cyclization from 6-
bromo-2-naphthol (3 mmol), 4-propylcinnamic acid (6 mmol), and

Table 5. Energy contributions to the free energy of binding of the synthesized thiobarbiturates as obtained by
the MM-PBSA approach.[a]

Compd DEel DEvdW DEGBSA DHtot T DStot DGcalcd DGexptl

25 �5.16 �31.44 15.47 �21.13 �15.01 �6.29 �6.90
26 �8.53 �21.73 14.21 �16.05 �11.85 �4.20 �6.40
27 �5.76 �24.04 14.48 �15.32 �11.07 �4.31 �6.16
28 �7.54 �31.24 20.68 �18.10 �13.56 �4.54 �6.41
29 �3.14 �34.98 13.86 �24.26 �19.35 �4.91 6.59

[a] DEel and DEvdW are respectively the electrostatic and van der Waals energies of binding in the gas phase;
DEGBSA : contributions to the solvation free energy; DHtot is the enthalpy of binding, T DStot is the entropy of
binding, and DGcalcd is the calculated binding free energy. DGexptl values were calculated by DGexptl =�R T
ln ACHTUNGTRENNUNG(IC50).
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Amberlyst 15 ion-exchange resin (300 mg) in toluene. Yield: 24 %
(white solid) ; 1H NMR (CDCl3): d= 8.03 (d, 1 H, ar, J = 2.0 Hz), 7.78
(d, 1 H, ar, J = 9.0 Hz), 7.69 (d, 1 H, ar, J = 9.0 Hz), 7.55 (dd, 1 H, ar,
J = 9.0, 2.0 Hz), 7.37 (d, 1 H, ar, J = 9.0 Hz), 7.08 (m, 2 H, ar), 7.02 (m,
2 H, ar), 4.90 (dd, 1 H, C�H, J = 6.4, 2.6 Hz), 3.21 (dd, 1 H, C�H, J =

15.8, 6.4 Hz), 3.18 (dd, 1 H, C�H, J = 15.8, 2.6 Hz), 2.53 (t, 2 H, CH2,
J = 7.4 Hz), 1.59 (s, 2 H, CH2, J = 7.4 Hz), 0.93 ppm (t, 3 H, J = 7.4 Hz);
13C NMR (CDCl3): d= 166.8 (C=O), 149.9 (ar, C�O), 142.2 (ar, C�C),
137.3 (ar, C�C), 132.1 (ar, C�C), 130.7 (ar, C�H), 130.6 (ar, C�H),
129.6 (ar, C�C), 129.3 (2 C, ar, 2 � C�H), 128.8 (ar, C�H), 126.6 (2 C,
ar, 2 � C�H), 124.9 (ar, C�H), 119.2 (ar, C�C), 118.7 (ar, C�H), 118.2
(ar, C�C), 37.5 (CH2), 37.3 (CH), 37.3 (CH2), 24.3 (CH2), 13.8 ppm
(CH3); IR (ATR): ñmax = 1761, 1502, 1225, 1191, 1138, 872, 814,
802 cm�1; EIMS: (m/z): 396 [81Br M]+ , 394 [79Br M]+ ; [M]+

(C22H19BrO2): 395.29.

1-(4-Ethylphenyl)-8-methyl-1,2-dihydrobenzo[f]chromen-3-one
(15). Preparation by Pd-catalyzed introduction of a methyl group
starting from the bromo-substituted splitomicin derivative 13
(0.50 mmol), trimethylaluminum (0.50 mmol), and tetrakis(triphe-
nylphosphine)palladium (0.025 mmol). Reagents were held at
reflux in 1,4-dioxane (3 mL, anhyd.) for 2 h. After cooling, the reac-
tion mixture was diluted with H2O. The product was extracted with
CH2Cl2 and then purified by column chromatography on silica gel.
Yield: 63 % (white solid) ; 1H NMR (CDCl3): d= 7.78 (d, 1 H, ar, J =
8.3 Hz), 7.71 (d, 1 H, ar, J = 8.6 Hz), 7.63 (s, 1 H, ar), 7.32 (d and over-
lapping dd, 1 H, ar, J = 9.0 Hz), 7.11–7.07 (m, 2 H, ar), 7.04–7.00 (m,
2 H, ar), 4.92 (dd, 1 H, C�H, J = 2.4, 6.7 Hz), 3.22 (dd, 1 H, C�H, J =
15.8, 6.7 Hz), 3.18 (dd, 1 H, C�H, J = 15.8, 2.4 Hz), 2.58 (q, 2 H, CH2,
J = 7.6 Hz), 2.38 (s, 3 H, CH3), 1.19 ppm (t, 3 H, CH3, J = 7.6 Hz);
13C NMR (CDCl3): d= 167.4 (C=O), 149.1 (ar, C�O), 143.4 (ar, C�C),
137.8 (ar, C�C), 134.9 (ar, C�C), 131.3 (ar, C�C), 129.6 (ar, C�H),
129.1 (ar, C�H), 129.0 (ar, C�C), 128.0 (ar, 2 � C�H), 127.7 (ar, C�H),
126.8 (ar, 2 � C�H), 122.9 (ar, C�H), 117.7 (ar, C�C), 117.5 (ar, C�H),
37.5 (C�H), 37.2 (CH2), 28.3 (CH2), 21.3 (CH3), 15.3 ppm (CH3); IR
(ATR): ñmax = 1765, 1511, 1208, 1141, 881, 820 cm�1; EIMS: (m/z):
316;[37] [M]+ (C22H20O2): 316.39.

1-(4-Cyclopropylphenyl)-8-methyl-1,2-dihydrobenzo[f]chromen-
3-one (16). A solution of the bromo-substituted splitomicin deriva-
tive 1-(4-bromophenyl)-8-methyl-1,2-dihydrobenzo[f]chromen-3-
one (0.12 mmol), cyclopropylboronic acid (0.24 mmol), palladium
acetate (12 mmol), tricyclohexyl phosphine (24 mmol), and
0.34 mmol potassium phosphate in a mixture of deoxygenated
H2O (0.1 mL) and toluene (1.5 mL) was placed in a sealed tube and
stirred at 100 8C for 8 h. After cooling, the brown slurry was diluted
with saturated NaCl (2 mL), and tert-butylmethylether (4 mL). The
organic layer was then separated, dried over MgSO4, and the sol-
vents were removed under reduced pressure. The resulting residue
was purified by column chromatography (cyclohexane/EtOAc, 9:1)
yielding 34 mg (85 %) of the desired product as an off-white solid;
1H NMR (CDCl3): d= 9.38 (d, 1 H, ar, J = 8.8 Hz), 7.89 (d, 1 H, ar, J =
9.0 Hz), 7.56 (s, 1 H, ar), 7.51 (dd, 1 H, ar, J = 8.8, 2.0 Hz), 7.43–7.39
(m, 2 H, ar), 7.17–7.14 (m, 2 H, ar), 7.16 (d, 1 H, ar, J = 9.0 Hz), 5.56
(dd, 1 H, C�H, J = 13.8, 3.0 Hz), 3.24 (dd, 1 H, C�H, J = 16.5, 13.8 Hz),
2.96 (dd, 1 H, C�H, J = 16.5, 3.0 Hz), 2.52 (s, 3 H, CH3), 1.97–1.95 (m,
1 H, cPr-CH), 1.01–0.99 (m, 2 H, cPr-CH2), 0.73–0.70 ppm (m, 2 H, cPr-
CH2); 13C NMR (CDCl3): d= 193.2 (C=O), 163.2 (ar, C�O), 144.9 (ar,
C�C), 137.0 (ar, C�H), 135.5 (ar, C�C), 134.4 (ar, C�C), 131.7 (ar, C�
H), 129.5 (ar, C�C), 129.4 (ar, C�C), 127.6 (ar, C�H), 126.3 (ar, 2 � C�
H), 126.0 (ar, 2 � C�H), 125.7 (ar, C�H), 118.8 (ar, C�H), 112.5 (ar, C�
C), 79.5 (ar, CH), 45.6 (CH2), 21.2 (CH3), 15.2 (cPr-CH), 9.4 (cPr-CH2),
9.4 ppm (cPr-CH2); IR (ATR): ñmax = 2901, 1670, 1595, 1237, 1221,
833, 815 cm�1; EIMS: (m/z): 328;[37] [M]+ (C23H20O2): 328.41.

HPLC analysis of purity for compounds 13–16. HPLC was per-
formed on a JASCO HPLC system under isocratic conditions.
HPLC A refers to a Luna 5m Phenylhexyl column (25 cm � 4.6 mm,
5 mm; Phenomenex) and CH3CN/H2O mixtures (eluent A, in v/v).
HPLC B refers to a Synergi Max-RP column (15 cm � 4.6 mm, 4 mm;
Phenomenex) and MeOH/H2O mixtures (eluent B, in v/v). The con-
centrations of the compounds were ~100 mm, injection volumes
were 30 mL, flow rate was 1 mL min�1, and detection was per-
formed with UV (l= 254 nm).

Synthesis of thiobarbiturates. Compounds 25–29 were synthe-
sized according to standard methods. Thiobarbituric acid
(1.0 mmol) and the respective aldehyde (1.0 mmol) were a) con-
densed in HCl (10 mL, 2 m) at room temperature overnight (com-
pounds 25, 27, and 28), or b) dissolved in EtOH with HCl (three
drops, 2 m) and heating (30 min, 70 8C) (compounds 26 and 29).
The resulting precipitate was filtered off. With method a), the pre-
cipitate was washed with hot H2O. Compound 25 was recrystal-
lized from MeOH. Compounds 27 and 28 were recrystallized from
dioxane. With method b), the precipitate was washed with warm
EtOH, hexanes and CH3CN, and dried in vacuo. For compounds 27
and 28, purity was determined by HPLC and UV detection using
the following protocol: analytical column: Synergi 4m Max-RP 80A
(150 � 4.6 mm i.d.) packed with Synergi Max-RP (RP-12). Elution was
performed at room temperature under gradient conditions. Eluent
A was H2O containing 0.05 % TFA; eluent B was CH3CN, also con-
taining 0.05 % TFA. Linear gradient conditions were as follows: 0–
5 min, A = 100 %; 5–15 min, linear increase to B = 100 %; 15–45 min,
B = 100 %. A flow rate of 0.5 mL min�1 was maintained. UV detec-
tion at 254 nm was applied. For 26 : column was a Merck LiChros-
pher 60 RP-select B 5 mm, 250–4 mm; solvents: A: H2O + 0.05 %
TFA, B: CH3CN + 0.05 % TFA; flow rate: 1 mL min�1; l= 210 nm. Gra-
dient (t (min), solvent A, solvent B): 0.0, 90.0, 10.0; 4.0, 90.0, 10.0;
29.0, 0.0, 100.0; 31.0, 0.0, 100.0; 31.5, 90.0 10.0; 40.0, 90.0, 10.0. The
purity of 29 was determined by 1H NMR as it decomposed on the
column. The thiobarbiturate inhibitors were all >95 % pure.

5-(4-Phenylbenzylidene)-2-thiobarbituric acid (25). Yield: 59 %;
1H NMR ([D6]DMSO): d= 12.47 (s, 1 H, NH), 12.37 (s, 1 H, NH), 8.33 (s,
1 H, C=CH), 8.31–8.29 (m, 2 H, ar-H), 7.84–7.79 (m, 4 H, ar-H), 7.54–
7.42 ppm (m, 3 H, ar-H); 13C NMR ([D6]DMSO): d= 178.98 (C=S),
162.31 (C=O), 160.11 (C=O), 155.69 (O=C�C=C), 144.66 (Ar-C),
139.27 (Ar-C), 135.11 (Ar-CH), 132.16 (Ar-C), 129.71 (Ar-CH), 129.01
(Ar-CH), 127.51 (Ar-CH), 126.77 (Ar-CH), 119.18 ppm (1 C, O=C�C=
C); ESMS (direct mode): calcd/found (m/z): 308.0/308.1 [M]+ ; anal.
(C13H12N2O3S) calcd/found C: 66.22/65.93, H: 3.92/3.95, N: 9.08/9.01,
S: 10.4/10.39.

5-(3-Indolydene)-2-thiobarbituric acid (26). Yield: 72 %; 1H NMR
([D6]DMSO): d= 12.95 (bs, 1 H, ar-NH), 12.24 (s, 1 H, NH), 12.19 (s,
1 H, NH), 9.59 (d, 1 H, ar-H, 4J = 3.46), 8.73 (s, 1 H, Ar-CH=C), 7.87–
7.93 (m, 1 H, ar-H), 7.58–7.64 (m, 1 H, ar-H), 7.32–7.38 ppm (m, 2 H,
ar-H); 13C NMR ([D6]DMSO): d= 178.12 (C=S), 163.23 ACHTUNGTRENNUNG(C=O), 161.42
(C=O), 144.99 (C=C�H), 141.51 (Ar-C), 137.05 (Ar-C), 129.48 (O=C�
C=C), 124.49 (Ar-CH), 123.55 (Ar-CH), 118.29 (Ar-CH), 113.81 (Ar-C),
112.83 (Ar-CH), 109.15 ppm (Ar-C); ESMS (direct mode, m/z): 271.0
[M]+ .

5-(3,4-Dimethoxybenzylidene)-2-thiobarbituric acid (27). Yield:
70 %; 1H NMR ([D6]DMSO): d= 12.39 (s, 1 H, NH), 12.29 (s, 1 H, NH),
8.43 (d, 1 H, 2’-H, 4J = 1.98 Hz), 8.28 (s, 1 H, C=CH), 7.97 (dd, 1 H, 6’-
H, 3J = 8.8 Hz, 4J = 2.1 Hz), 7.14 (d, 1 H, 5’-H, 3J = 8.8 Hz), 3.90 (s, 3 H,
OCH3), 3.82 ppm (s, 3 H, OCH3); 13C NMR ([D6]DMSO): d= 178.74 (C=
S), 162.81 (C=O), 160.60 (C=O), 156.93 (C=C�H), 154.72 (Ar-C),
148.35 (Ar-C), 132.91 (Ar-C), 126.05 (Ar-CH), 117.40 (Ar-CH), 115.77
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(Ar-CH), 111.64 (C=O-C=C), 56.38 (OCH3), 55.90 ppm (OCH3); ESMS
(direct mode, m/z): 292.0/291.9 [M]+ ; tR : 3.48 min.

5-(4-Methoxybenzylidene)-2-thiobarbituric acid (28). Yield: 49 %;
1H NMR ([D6]DMSO): d= 12.39 (s, 1 H, NH), 12.29 (s, 1 H, NH), 8.43–
8.41 (m, 2 H, ar), 8.27 (s, 1 H, C=CH), 7.09–7.07 (m, 2 H, ar), 3.89 ppm
(s, 3 H, OCH3); 13C NMR ([D6]DMSO): d= 178.73 (C=S), 164.52 (C=O),
162.80 (C=O), 160.60 (C�OCH3), 156.43 (O=C�C=C), 138.54 (C-2’,6’),
125.80 (C-1’), 116.25 (O=C�C=C), 114.76 (C-3’,5’), 56.44 ppm (CH3);
ESMS (direct mode, m/z): 262.0/262.1. [M]+ ; tR : 3.52 min.

5-(4-Isopropylbenzylidene)-2-thiobarbituric acid (29). Yield: 63 %;
1H NMR ([D6]DMSO): d= 12.44 (s, 1 H, NH), 12.33 (s, 1 H, NH), 8.28 (s,
1 H, Ar-CH=C), 8.17 (d, 2 H, ar-H, 3J = 8.28), 7.39 (d, 2 H, ar-H, 3J =
8.28), 2.97 (sep, 1 H, Ar-CH, 3J = 6.91), 1.23 (d, 6 H, CH3, 3J =
6.90) ppm; 13C NMR ([D6]DMSO): d= 178.91 (C=S), 162.32 (C=O),
160.02 (C=O), 156.28 (C=C�H), 154.97 (Ar-C), 134.86 (2 C, Ar-CH),
130.71 (Ar-C), 126.75 (2 C, Ar-CH), 118.42 (O=C�C=C), 34.11 (CH-
(CH3)2), 23.81 (CH3) ppm; ESMS (direct mode, m/z): 274.0 [M]+ .

Biochemical assays

Recombinant proteins. Human Sirt2 (N-terminally tagged with
His6) was expressed and purified as described previously[38] with
minor modifications.[23] Sirt1 was expressed as a GST-tagged
enzyme.[23] Identity and purity of the produced enzymes was veri-
fied using SDS electrophoresis. Deacetylase activity of the Sirt iso-
forms was dependent on NAD+ and could be inhibited with
nicotinACHTUNGTRENNUNGamide.

Fluorescent deacetylase assay. All compounds were evaluated for
their ability to inhibit recombinant sirtuins using a homogeneous
fluorescent deacetylase assay.[29] Enzyme volumes depend on the
activity of the preparation that is used and may vary from batch to
batch. Usually, we adjust to 10–20 % conversion of the substrate
without inhibitor. Stock solutions of inhibitors were prepared in
DMSO, and 3 mL or less of a suited DMSO inhibitor solution was
added to the incubation mixture. The assay was carried out in 96-
well plates. Briefly, a reaction volume of 60 mL contained the fluo-
rescent histone deacetylase substrate ZMAL (10.5 mm), NAD+

(500 mm), and Sirt1 or Sirt2. After incubation for 4 h at 37 8C, the
deacetylation reaction was stopped. As stop solution we used tryp-
sin buffer (60 mL) containing trypsin (6 mg mL�1) from bovine pan-
creas (10 000 BAEE units mg�1) and the sirtuin inhibitor nicotin-
amide (4 mm). The microplate was incubated with this stop solu-
tion for 20 min at 37 8C. Fluorescence was then measured in a
plate reader (BMG Polarstar) with a coumarin filter (lex = 390 nm,
lem = 460 nm). The amount of substrate remaining in the positive
control with inhibitor versus negative control without inhibitor was
employed to calculate inhibition. All determinations were carried
out at least in duplicate. IC50 data were analyzed using GraphPad
Prism software.

Computational details

All calculations were performed on a Pentium IV 2.2 GHz based
Linux cluster (20 CPUs). The molecular structures of the inhibitors
were generated using the MOE modeling package (Chemical Com-
puting Group). The structures were energy minimized using the
MMFF94s force field and the conjugate gradient method until the
default derivative convergence criterion of 0.01 kcal ACHTUNGTRENNUNG(mol��)�1 was
met. The crystal structure of human Sirt2 (PDB code: 1J8F) was
taken from the Protein Data Bank and prepared as described in
previous docking studies.[22, 23] Docking of the inhibitors was carried

out with the program GOLD 3.2[28] and default settings (Cambridge
Crystallographic Data Centre). Four co-crystallized water molecules,
which can be observed in the nicotinamide binding pocket of the
different Sirt2 monomers (A, B, and C), were included for ligand
docking. GOLD offers the possibility to replace or use water mole-
cules as mediators for a protein–ligand interaction (water toggle
mode). The inclusion of these four water molecules was found in a
former study to increase the quality of the docking results.[23] All
torsion angles in each inhibitor were allowed to rotate freely. The
binding site was defined on Ile169 with a radius of 15 �. GoldScore
was chosen as fitness function due to the success in our former
docking studies. For each molecule, 10 docking runs were per-
formed. The resulting solutions were clustered on the basis of the
heavy atom RMSD values (1 �). The top-ranked poses for each
ligand were retained and analyzed graphically within MOE 2006.08
(Chemical Computing Group).[39]

GRID calculations. Interaction possibilities were analyzed using the
GRID program (Molecular Discovery Inc.). GRID is an approach to
predict noncovalent interactions between a molecule of known 3D
structure (i.e. sirtuin) and a small group as a probe (representing
chemical features of a ligand).[40] The calculations were performed
using version 22 of the GRID program and the Sirt2 protein struc-
ture. The calculations were performed on a cube (20 � 20 � 20 �,
spacing 1 �) including the nicotinamide binding pocket in order to
search for binding sites complementary to the functional groups
of the inhibitors. The following probes were used for calculation:
carbonyl probe (O1) and hydrophobic methyl probe (C3). The cal-
culated interaction fields were then viewed superimposed on the
Sirt2 structure using the MOE program (figure 1 in the Supporting
Information). The Conolly molecular surface of the binding pocket
was calculated with the MOE program and colored according to
molecular electrostatic potential (using MMF94 charges within
MOE).

Virtual screening. We screened the Chembridge database for in-
hibitors structurally related to cambinol (3). The compounds of the
Chembridge database were transformed into 3D molecular struc-
tures using the Omega module from OpenEye Software.[41] The
~328 000 molecules were stored in a MOE database (Chemical
Computing Group) and several physicochemical descriptors were
calculated. The following filters for lead-like compounds were ap-
plied: a) Mr between 250 and 400, log P <5, TPSA <150 �, at least
one nitrogen atom. MACCS fingerprints were calculated for all
compounds. Molecules similar to 3 (with an inverse distance >0.7)
were retrieved and further analyzed. The 390 compounds were
docked into the Sirt2 protein structure as described above and
using the GOLD program. GoldScores were calculated for all dock-
ing poses; 131 molecules were successfully docked into the nicoti-
namide binding pocket (showing a GoldScore between 30 and 62).
The final selection of a small subset of compounds was based on
visual inspection of the binding mode (only molecules showing a
hydrogen bond to Gln167 were considered) and on the lipophilici-
ty of the compounds (lower log P favored). Five thiobarbiturate
and barbiturate derivatives were selected, which were foundACHTUNGTRENNUNGbetween rank 1 and 61).

AM1 calculations. The AM1 semi-empirical method was used to
calculate the energetic differences between the tautomers of 7
and 8 (in vacuo, without considering the protein environment) to
see which form is energetically more favorable. The energy differ-
ences were calculated because compounds 7 and 8 are stored as
hydroxyquinoline tautomers in the Chembridge database, whereas
it is known from the literature that the pyridone form is more
likely.
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MD simulations. Molecular dynamics and thermodynamic compu-
tations were carried out using AMBER 9.0[31] and the AMBER
1999SB force field.[42] We focused our MD simulations on inhibitors
tested in our laboratory in the same biological in vitro assay. The
initial structures of the Sirt2–inhibitor complexes were taken from
the GOLD docking study. The ligand force field parameters were
taken from the general AMBER force field (GAFF),[43] whereas AM1
ESP atomic partial charges were assigned to the inhibitors.[44] In
the crystal structure of human Sirt2, each domain is associated
with a divalent zinc ion coordinated to four anionic cysteine side
groups. The divalent zinc ions were represented by the cationic
dummy atom (CaDA) approach of Pang et al. ,[25, 45] which treats the
zinc ion as tetrahedron-shaped divalent cation with dummy atoms
filling the tetrahedral corners. Parameters and libraries for the tet-
rahedral zinc groups and anionic cysteine residues were obtained
from Pang et al.[25, 45] The Sirt2–inhibitor complexes were solvated
in water boxes (TIP3) with the dimensions 18 � 18 � 18 �. Periodic
boundary conditions were applied, resulting in a final system with
dimensions of approximately 90 � 90 � 90 �. The distance between
the outer boundary of the octahedral solvent box and the solute
surface was set to 10 �. Parameter/topology and coordinate files
for the non-neutralized/non-solvated and the neutralized/solvated
systems were prepared using the LEAP module in AMBER.

Eight sodium ions were added as counterions to neutralize the
system. Prior to the free MD simulations, three steps of relaxation
were carried out. In the first step, we kept the protein fixed with a
constraint of 500 kcal mol�1 ��1, and we relaxed the position of the
tetrahedron-shaped zinc cations (0.1 ps MD). In the second step,
the zinc divalent cations and the inhibitor structures were relaxed
for 0.5 ps, during which the protein atoms were restrained to the
X-ray coordinates with a force constant of 500 kcal mol�1 ��1. In the
final step, all restraints were removed, and the complexes were re-
laxed for 1 ps. The temperature of the relaxed system was then
equilibrated at 300 K through 20 ps of MD using time steps of 2 fs.
A constant volume periodic boundary was set to equilibrate the
temperature of the system by the Langevin dynamics[32] using a
collision frequency of 10 ps�1 and a velocity limit of five tempera-
ture units. During the temperature equilibration routine, the com-
plex in the solvent box was restrained to the initial coordinates
with a weak force constant of 10 kcal mol�1 ��1. The final coordi-
nates of the temperature equilibration routine (after 20 ps) was
then used to complete a 1-ns MD routine using 2-fs time steps,
during which the temperature was kept at 300 K by the Langevin
dynamics[32] using a collision frequency of 1 ps�1 and a velocity
limit of 20 temperature units. The pressure of the solvated system
was equilibrated at 1 bar at a certain density in a constant pressure
periodic boundary by an isotropic pressure scaling method em-
ploying a pressure relaxation time of 2 ps. The time step of the
free MD simulations was 2 fs with a cutoff of 9 � for the nonbond-
ed interaction, and SHAKE[42] was employed to keep all bonds in-
volving hydrogen atoms rigid. Electrostatic interactions were com-
puted using the Particle Mesh Ewald method.[33] The MD simula-
tions of the Sirt2–inhibitor complexes were performed in total for
6 ns.

MM-PBSA. The net change in binding free energy accompanying
the formation of the protein–ligand complex is approximated by
Equation 1:

DG ¼ DH�T DS ð1Þ

in which T is the temperature of the system at 300 K. The binding
free energy (DG) of the protein–ligand complex is computed as:

DG ¼ Gcomplex�½Gprotein þ Gligand� ð2Þ

for which Gcomplex is the absolute free energy of the complex, Gprotein

is the absolute free energy of the protein, and Gligand is the absolute
free energy of the ligand. We extracted 100 snapshots (at time in-
tervals of 2 ps) for each species (complex, protein, and ligand)
from the last 200 ps of the MD simulations of the complexes. The
enthalpy term in Equation 1 is dissected into sub-energy terms:

Htot ¼ Hgas þ Gsolv ð3Þ

Hgas ¼ Eel þ EvdW þ Eint ð4Þ

in which Hgas is the potential energy of the solute, which is deter-
mined as the sum of van der Waals (Evdw), electrostatic (Eel) and in-
ternal energies (Eint) in the gas phase by using the SANDER module
of AMBER.[31] Gsolv is the solvation free energy for transferring the
solute from vacuum into solvent and is a sum of electrostatic (Gel)
and non-electrostatic (hydrophobic) contributions (Gnonel), as shown
in Equation 5:

Gsolv ¼ Gel þ Gnonel ð5Þ

Gel in Equation 5 was computed at a salt concentration of 0.15 m

by the PBSA module of AMBER 9.0 by dividing implicitly solvated
solute species into 0.4-� cubic grid points and summing up the
electrostatic potentials computed at each grid point. The electro-
static potential f(r) at a grid point r that is not at the solvent–
solute boundary was computed by a linear Poisson–Boltzmann
(PB) equation,[31] which is a 3D vector differential equation as in
equation 6:

!eðrÞ!�ðrÞ ¼ �4 p � 1ðrÞ ð6Þ

in which e(r) is the dielectric constant (e= 1 for the solute interior,
and e = 80 for implicit PB water) and 1(r) is the charge density. The
grid point potentials were then summed up for each atom i to
yield atomic potentials fi. The PB implicit solvent molecules at the
solute–solvent boundary were allowed to energetically converge
over 1000 iterations before the single-point Poisson computations
were implemented by PBSA for each snapshot. A spherical solvent
probe (radius) of 1.4 � and atomic radii provided by the AMBER
force field were used for the implicit solvent molecules and solute
atoms, respectively, during the PBSA computations.
The absolute entropy was computed as an average over all snap-
shots by normal-mode analysis[46] integrated in the Nmode module
of AMBER 9.0. An ensemble of different conformations was extract-
ed from the MD trajectories, and each snapshot was analyzed by
applying the MM-PBSA method.[47] The total entropy (Stot), as for-
mulated in Equation 7 arose from changes in the degree of free-
dom [translational (Strans), rotational (Srot), and vibrational (Svib)] of
each species:[35]

Stot ¼ Strans þ Srot þ Svib ð7Þ

Considering all absolute energy terms as given in Equation 2, the
binding free energy DG takes the following form:

DGbinding ¼ ½DHgas þ DGsolv��T DStot ð8Þ

Parameter/topology files used in MM-PBSA computations were
prepared for the complex, the protein, and the inhibitors using the
LEAP module. Snapshots extracted from trajectories were pre-mini-
mized in the gas phase by the SANDER module by using a conju-
gate gradient method until the RMSD of the elements of the gradi-
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ent vector was <10�4 kcal mol�1 ��1. Frequencies of the vibrational
modes were computed at 300 K for these minimized structures in-
cluding all snapshot atoms and using a harmonic approximation of
the energies.[35]
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