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Introduction

Proteins are subjected to various post-translational modifica-
tions (PTMs). These modifications enable the fine-tuned regula-

tion of protein activity, localization, interaction, and stability.[1]

With similar complexity and cellular importance to phosphory-

lation, acetylation of the e-amine of lysine residues has
emerged as one of the most abundant protein PTMs.[2] Lysine

is acetylated by lysine acetyltransferases (KATs); the group is re-

moved by lysine deacetylases (KDACs).[3] In addition to acetyl,
longer acyl chains such as propionyl, butyryl, and myristoyl, or

acyl groups derived from dicarboxylic acids such as malonyl,
succinyl, or glutaryl can be installed and removed by the afore-

mentioned lysine-modifying enzymes.[4] However, it is notewor-
thy that there is also a considerable amount of nonenzymatic

lysine acylation.[5]

Eighteen different KDACs have been identified in the human
genome, and grouped into four classes according to their

sequence homology.[6] Sirtuins, which constitute the class III
KDACs, are very special members of the KDAC family. Whereas

the class I, II, and IV deacetylases are Zn2 +-dependent amido-
hydrolases, the seven human sirtuin isotypes (Sirt1 to -7) share
an NAD+-dependent catalytic mechanism. In the course of the

catalytic reaction, sirtuins undergo a rearrangement process
from the so-called “open conformation” of the apo enzyme to
the “closed conformation” of the (pseudo-)substrate-bound
state.[7] The isotype Sirt2 is predominantly localized in the cyto-

plasm and has been shown to deacetylate a variety of sub-
strates, such as a-tubulin,[8] BubR1,[9] p53,[10] eIF5A,[11] and

NFkB.[12] Sirt2-dependent deacetylation has a major impact on

cell-cycle regulation,[8] autophagy,[13] peripheral myelination,[14]

and immune and inflammatory responses.[15] In addition to

deacetylation, Sirt2 catalyzes the removal of long-chain fatty
acids, with an even higher catalytic efficiency (kcat/Km) reported

for demyristoylation than for deacetylation.[16] However, a
number of recent reports also imply that the overall cellular

agenda of Sirt2 is not only dependent on its catalytic activity

but also on its protein–protein interactions (PPI) with binding
partners such as KDAC6[8] or TTTP/p25.[17] Dysregulation of

Sirt2 has been associated with several disease states, including
bacterial infections,[15b] type II diabetes,[18] neurodegenerative

diseases,[19] and cancer,[20] thereby highlighting Sirt2 as a prom-
ising target for pharmaceutical intervention. However, for

We have discovered the sirtuin-rearranging ligands (SirReals) to

be highly potent and selective inhibitors of the NAD+-depen-

dent lysine deacetylase Sirt2. Using a biotinylated SirReal in
combination with biolayer interferometry, we previously ob-

served a slow dissociation rate of the inhibitor–enzyme com-
plex; this had been postulated to be the key to the high affini-

ty and selectivity of SirReals. However, to attach biotin to the
SirReal core, we introduced a triazole as a linking moiety; this

was shown by X-ray co-crystallography to interact with Arg97

of the cofactor binding loop. Herein, we aim to elucidate

whether the observed long residence time of the SirReals is in-
duced mainly by triazole incorporation or is an inherent char-

acteristic of the SirReal inhibitor core. We used the novel label-
free switchSENSES technology, which is based on electrically

switchable DNA nanolevers, to prove that the long residence
time of the SirReals is indeed caused by the core scaffold.
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some disease scenarios, including Huntington’s disease[21] and

some cancer types,[22] it has not yet been finally clarified
whether Sirt2 has to be up- or downregulated or even inhibit-
ed to ameliorate specific disease conditions. The urgent need

for suitable tool compounds to further investigate the cellular
effects of Sirt2 deacetylation and validate Sirt2 as a drug target
led to the discovery of a number of drug-like Sirt2-selective
small-molecule inhibitors, which have been reviewed else-

where.[23]

Recently, we have discovered a new class of highly Sirt2-se-

lective inhibitors.[24] These compounds result in Sirt2 inhibition
in the low-micromolar to nanomolar range, whereas no detect-
able inhibition (IC50>100 mm) can be observed for their close

homologues Sirt1 and Sirt3 or the other isotypes.[24–25] The co-
crystal structures of Sirt2 in complex with 1 or 2 (Figure 1 A)

were the first crystal structures of Sirt2 complexed with Sirt2-
selective drug-like inhibitors.[24a] The data revealed a unique

mode of inhibition that is characterized by a major rearrange-

ment of the active site of Sirt2 upon ligand binding (Figure 1 B
and Figure S1 in the Supporting Information). As a result of

the rearrangement, a new binding pocket is formed by two
loops of the hinge region, which connects the Rossmann fold

domain with the zinc-binding domain.[24a] This phenomenon
was only observed for Sirt2, and has been attributed to the

unique flexibility of Sirt2 in this special region of the active

site. Thus, inhibitors of this class were referred to as sirtuin-re-
arranging ligands (SirReals), and the induced-fit binding pocket
was termed the selectivity pocket, as it was identified to be

the key to Sirt2 selectivity.[24a] Very soon after we had reported
the existence of the selectivity pocket in Sirt2, it was shown
that this pocket accommodates the long-chain fatty acid of a
myristoyl substrate.[26] Meanwhile, other Sirt2 inhibitors were
also shown to gain their isotype selectivity by binding to the
selectivity pocket.[27] Intrigued by the SirReal–Sirt2 co-crystal

structures showing that ligand binding to the selectivity
pocket prevents the switch from the open to the closed con-
formation, we hypothesized that the SirReals wedge Sirt2 into

its open (“locked-open”) conformation and are trapped by this
process in return.

Therefore, we studied the binding kinetics of the SirReal–
Sirt2 interaction. Initial attempts to determine the on- and off-

kinetics by means of isothermal titration calorimetry (ITC)

failed; this might be linked to the fact that the binding enthal-
py was overlaid by the energy contributions associated with

the rearrangement process. Thus, we conjugated a propargy-
lated SirReal analogue (3) with an azido-functionalized biotin

to obtain the SirReal-derived affinity probe with a triazole link-
age (4). This probe was submitted for binding kinetics studies

Figure 1. SirReals bind to Sirt2 by rearranging the active site resulting in slow off-kinetics. A) Chemical structures of selected SirReals 1–3, the SirReal-derived
affinity probe 4, and the triazole-based SirReal analogue 5.[24a, 25] B) Overlay of the binding modes of 2 (green, PDB ID: 4RMG) and 5 (cyan, PDB ID: 5DY5) bind-
ing to Sirt2.[24a, 25] Hydrogen bonds are shown as dashed purple lines. Interacting residues are shows as sticks and interacting water molecules as red spheres.
In terms of clarity, residues 103–112 are omitted. An illustration of the binding modes of 2 and 5 covering a larger segment of the structures is provided in
Figure S1. C) Representative biolayer interferometry sensorgram showing different concentrations of Sirt2 binding to the immobilized SirReal-derived affinity
probe (5) ; adapted with permission from ref. [25] . Copyright: 2016, Wiley-VCH.
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with biolayer interferometry. Our kinetic measurements, which
revealed very slow dissociation kinetics (Figure 1 C), suggested

that Sirt2 indeed traps the bound SirReal in its active site as a
consequence of its conformational adaption upon ligand bind-

ing. This results in a long residence time of the ligand on its
target (i.e. , the lifetime of the ligand–protein complex) and

causes slow dissociation (Figure 1 C).[25, 28] The finding that con-
formational adaption of the targeted protein upon ligand
binding can greatly influence residence time is consistent with

the reported literature.[29] Moreover, increasing the residence
time has been proposed as a key strategy for optimizing cellu-
lar activity in drug design.[30]

However, as the co-crystal structure of Sirt2 in complex with

the triazole-based SirReal 5 illustrates, the triazole moiety,
which was introduced during the labeling process as a linker

moiety, is also involved in Sirt2 binding through specific

interactions. The triazole forms hydrogen bonds with Arg97 of
the cofactor binding loop (Figure 1 B). To interrogate whether

the long residence time of the Sirt2 affinity probe 4 is a result
of the introduction of the triazole moiety or can be mainly at-

tributed to the SirReal core, we sought a technology that ena-
bled binding kinetics to be determined in a label-free ap-

proach.

Results and Discussion

In order to study the binding kinetics (kon, koff rate constants)

of the Sirt2–SirReal interaction by means of a method that

does not require a labeled ligand, we made use of the DNA
nanolever-based switchSENSES technology.[31] This method is

sensitive enough to monitor the binding of an unlabeled small
molecule to a surface-tethered protein.[32] In the experimental

setup we used for our studies, Sirt2 was covalently bound to
one strand of a double-stranded short DNA nanolever grafted

to the surface of a gold microelectrode. The other strand is

labeled with a fluorescent dye, in this case Cy3 (Figure 2 A). In

Figure 2. Probing the interaction between immobilized Sirt2 and unlabeled 2 by means of the switchSENSES technology. A) Cartoon representation of the ex-
perimental setup. B) Thermal stabilization of the immobilized Sirt2 evoked by different concentrations of 2. See Figure S3 for melting curves and their evalua-
tion. Experimental details are provided in the Experimental Section. C) Association and dissociation curves of immobilized Sirt2 with 2. Solid circles represent
raw data, global fits are shown as lines. Experimental details are provided in the Experimental Section.
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general, such a setup can be used in two different measuring
modes. In the static mode, ligand binding to the surface-teth-

ered protein is monitored by changes in the fluorescence
emission of the DNA-bound fluorophore as a direct conse-

quence of the binding event. However, binding events that do
not directly affect the fluorescence properties of the DNA-

bound fluorophore cannot be monitored in this mode. In the
case of the SirReal–Sirt2 interaction, static-mode measure-

ments did not yield any binding data that could be used for

further evaluation (data not shown). Thus, we used the switch-
SENSES technology (dynamic mode) to further characterize the
binding kinetics of the SirReal–Sirt2 interaction. The switch-
SENSES technology makes use of alternating electric potentials

that are applied to the gold microelectrode, which either
attract or repel the negatively charged backbone of dsDNA

nanolevers. This generates an oscillating change of orientation

of the DNA nanolever, called switching. Due to a distance-
dependent, radiation-free energy transfer to the gold, the in-

tensity of the fluorescent light emitted by the dye reports its
distance from the gold surface. In other words, the closer the

fluorophore is to the quenching gold surface, the less light is
emitted. Processes that alter the hydrodynamic friction of the

bound protein (e.g. , ligand binding, conformational re-arrange-

ment, thermal denaturation) affect the speed of DNA move-
ment, which leads to a change in switching dynamics. The

principle is depicted in detailed in Figure S2.
Prior to our kinetic measurements, we tested whether the

immobilization procedure affected the structural integrity of
Sirt2 and thus its ligand-binding properties. Therefore, we

assessed the thermal stability of the tethered Sirt2 in the ab-

sence and presence of 2 by using switchSENSES (Figure 2 B).
The thermal stabilization of the immobilized Sirt2 by 2, even at

low-micromolar ligand concentrations, indicated proper fold-
ing and ligand binding properties. The thermal stabilization of

tethered Sirt2 is concentration and time dependent (Fig-
ure 2 B). Notably, when using the switchSENSES technology, a

significant thermal shift (DT&3 8C) could be detected at con-

centrations between 3.3 and 10 mm ; a standard fluorescent
thermal-shift assay (FTSA) with SYPRO Orange dye binding to
untethered Sirt2 gave a similar shift (DT&3 8C) only at a higher
compound concentration of 25 mm.[24a]

According to the results of the thermal-stabilization assay,
our kinetic measurements were performed at ligand concentra-

tions between 2 and 20 mm. With switchSENSES (dynamic
mode), we observed a very slow dissociation of unlabeled 2
from immobilized Sirt2 (Figure 2 C). Moreover, for the different

concentrations of 2 (2–20 mm), we obtained kon and koff rate
constants as well as Kd values (Table 1) in a highly similar range

for this interaction compared to the previously reported data
for the interaction between Sirt2 and our labeled and immobi-

lized SirReal-based affinity probe (4, kon = 6.9:0.22 V

103 m@1 s@1, koff = 7.0:0.31 V 10@4 s@1, Kd = 0.10 mm).[25] By analyz-
ing the recorded data set, we obtained rate constants of kon =

7.7:0.2 V 102 m@1 s@1, koff = 4.1:0.1 V 10@4 s@1; these give an
overall dissociation constant of Kd = koff/kon = 0.53:0.02 mm.

This Kd value is strongly consistent with the reported IC50 value
of 2 ; IC50 = 0.44 mm.[25]

To further validate that the long residence time of the Sir-
Reals is an inherent characteristic of the ligand core itself and

not caused by the additional H-bond interaction of the triazole
with Arg97, we determined the kinetic parameters for ana-

logue 5 by means of the switchSENSES technology (Figure S4).

The obtained koff constant of 7.9:0.6 V 10@4 s@1 is highly con-
sistent with the koff constants determined for 4 (koff = 7.0:
0.31 V 10@4 s@1) and 2 (koff = 4.1:0.1 V 10@4 s@1) determined by
biolayer interferometry and the switchSENSES technology,

respectively. Thus, we were able to show that the previously
reported long residence time of the SirReal–Sirt2 interaction is

an inherent characteristic of the SirReal core itself and is nei-

ther a result of the incorporation of the triazole moiety nor an
artefact of the applied measuring technology.

Conclusion

By proving that the SirReal core, which is sufficient to induce

the structural rearrangement of Sirt2’s active site,[24a] is the
main driver of the slow off rate for this class of inhibitors, we

have been able to add a further important piece of evidence

that conformational adaption upon ligand binding greatly in-
creases the residence time of the bound ligand, culminating in

highly selective and high-affinity drug–target interactions.
There is an emerging debate whether long residence time (koff)
is really a better predictor of success in drug development
than mere potency or affinity (IC50 or Kd) ;[33] our study suggests

that a long residence time as a consequence of an induced-fit
mechanism can be an important driver of target selectivity,
which is one of the most crucial parameters in modern drug
discovery.

Experimental Section

Chemicals: SirReal analogues 2 and 5 were synthesized according
to published procedures.[24a, 25] The purity of the compounds was
confirmed by HPLC analysis to be at least 95 %.

Protein production and purification: Human Sirt225-389 was ex-
pressed with an N-terminal hexahistidine tag,[34] and purified with
minor modifications according to Neugebauer et al.[35]

SwitchSENSES Sirt2–SirReal2 thermal stabilization experiments:
The thermal stabilization of immobilized Sirt2 evoked by different
concentrations (1.1–30 mm) of 2 was determined by using switch-
SENSES technology on a DRX instrument (Dynamic Biosensors
GmbH, Martinsried, Germany).[36] In this experimental assay setup,
Sirt2 was immobilized on the switchSENSES chip (MPC-48-2-Y1-S)

Table 1. The kinetic and affinity parameters (kon, koff, Kd) of the interaction
between immobilized Sirt2 and 2 determined by means of the switch-
SENSES technology.

koff
[a] kon

[a] Kd
[b]

4.1:0.1 V 10@4 s@1 7.7:0.2 V 102 m@1 s@1 0.53:0.02 V 10@6 m

[a] kon, koff rate constants were determined by using a global single expo-
nential fit, with the respective rate constant as global parameter. [b] Kd

was calculated from koff/kon with err Kd being the propagation of errors.
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biosensor surface, while 2 was injected as the analyte in solution
for the indicated duration. For immobilization on the biosensor
surface, Sirt2 was covalently coupled to single-stranded 48-mer
DNA complementary in sequence to the ssDNA functionalized on
the biosensor surface by using amine chemistry (amine coupling
kit CK-NH2-1-B48). The Sirt2–DNA conjugate was hybridized to the
covalently immobilized single-stranded surface DNA. All experi-
ments were carried out in TE20-5 buffer (10 mm Tris·HCl, pH 7.4,
20 mm NaCl, 5 mm MgCl2, 50 mm EGTA, 50 mm EDTA, 0.05 % Tween
20) and monitored in dynamic measurement mode. After Sirt2 had
been immobilized, 2 was injected. Melting curves were detected
during a ramp from 25 to 75 8C (5 8C min@1). A melting curve for
blunt DNA was recorded and subtracted. Melting temperatures
were determined by using a Boltzmann Fit, Origin 2015 software
(OriginLab Corporation, Northampton, MA, USA).

SwitchSENSES Sirt2-SirReal kinetic experiments: The kinetic and
affinity parameters (kon, koff, Kd) of the interaction between Sirt2
and the SirReal analogues 2 and 5 were determined at concentra-
tions of 2, 10, and 20 mm by using switchSENSES technology (dy-
namic mode) on a DRX instrument (Dynamic Biosensors).[36] In this
experimental assay setup, Sirt2 was immobilized on the switch-
SENSES chip (MPC-48-2-Y1-S) biosensor surface, while the SirReal
analogue was injected as the analyte in solution. For immobiliza-
tion on the biosensor surface, Sirt2 was covalently coupled to 48-
mer ssDNA complementary in sequence to the ssDNA functional-
ized on the biosensor surface by using amine chemistry (amine
coupling kit CK-NH2-1-B48). The Sirt2–DNA conjugate was hybrid-
ized to the covalently immobilized single-stranded surface DNA. All
experiments were carried out in PE40 buffer (10 mm Na2HPO4/
NaH2PO4, pH 7.4, 40 mm NaCl, 50 mm EGTA, 50 mm EDTA, 0.05 %
Tween 20) and monitored in dynamic measurement mode. After
immobilization of Sirt2, the SirReal analogue was injected. The ob-
tained data were fitted and evaluated by using a global single ex-
ponential fit, Origin 2015 software (OriginLab Corporation, North-
ampton, MA, USA).

Definition of “dynamic response” (DR): During kinetic measure-
ments as well as melting experiments, alternating potentials are
applied to induce a switching motion of the DNA nanolevers (dy-
namic measurement mode). The switching motion is resolved by
time-correlated single photon counting.[36] Beside the resulting
fluorescence transition curves of upward and downward motion of
DNA nanolevers (describing the phase of attraction of levers to-
wards a positively charged gold electrode and repulsion from a
negatively charged gold electrode), it is more practical to define a
dynamic response parameter (DR).[36] The general calculation of dy-
namic response units (DRU) is shown in Equation (1). Small mole-
cule kinetic measurements use an integrated fluorescence signal of
the first 4 ms of the upward motion of nanolevers, indicated as
“DR0-4 ms”. Melting of proteins is determined with a dynamic re-
sponse calculated from the first 10 ms (“DR0-10 ms”).

DRt2
t1 up ¼

Zt2

t1

Fnormdt,DRt2
t1 down ¼

Zt2

t1

ð1@ FnormÞdt ð1Þ
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