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Abstract The recent discovery of activator compounds binding to an allosteric site on the NADþ-
dependent protein lysine deacetylase, sirtuin 6 (SIRT6) has attracted interest and presents a pharmaceu-

tical target for aging-related and cancer diseases. However, the mechanism underlying allosteric activa-

tion of SIRT6 by the activator MDL-801 remains largely elusive because no major conformational

changes are observed upon activator binding. By combining molecular dynamics simulations with

biochemical and kinetic analyses of wild-type SIRT6 and its variant M136A, we show that conforma-

tional rotation of 2-methyl-4-fluoro-5-bromo substituent on the right phenyl ring (R-ring) of MDL-

801, which uncovers previously unseen hydrophobic interactions, contributes to increased activating dea-

cetylation activity of SIRT6. This hypothesis is further supported by the two newly synthesized MDL-801

derivatives through the removal of the 5-Br atom on the R-ring (MDL-801-D1) or the restraint of the rota-

tion of the R-ring (MDL-801-D2). We further propose that the 5-Br atom serves as an allosteric driver

that controls the ligand allosteric efficacy. Our study highlights the effect of allosteric enzyme catalytic

activity by activator binding and provides a rational approach for enhancing deacetylation activity.
50, Effective concentration; FDL, Fluor de Lys; H3K9, histone 3 lysine 9; H3K56, histone 3 lysine 56; HPLC,

MD, molecular dynamics; MST, microscale thermophoresis; Myr-H3K9, myristoyl H3K9; NAM, nicotinamide;

D, root-mean-square deviation; SIRT6, sirtuin 6.
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1. Introduction

Allostery is a key biological process in which two spatially and
topographically distinct orthosteric and allosteric sites within a
protein are functionally coupled1,2. Allosteric drugs, by targeting
much more diversified allosteric sites, have significant pharma-
cological advantages such as higher selectivity and lower toxicity
compared to orthosetric drugs that are bound to highly conserved
orthosteric sites. Allostery can occur in an individual protein, or
through proteineprotein interactions that transmit allosteric sig-
nals to a long distance3e6. Allosterism in drug discovery has,
therefore, established as a novel avenue to develop safe thera-
peutic agents7e13. Allosteric regulation is an important feature of
protein function that is rooted in its dynamics14e18 and dynamics-
based regulation of allosteric proteins has been regarded as an
effective mechanism for modulating function19,20. Static crystal
structures represent snapshots of proteins that may ignore the roles
of conformational dynamics in allosteric regulation21e24. That is
indeed the case for sirtuin 6 (SIRT6)dan NADþ-dependent pro-
tein lysine deacetylasedthat catalyzes the transfer of an acetyl
moiety on histone 3 (H3) lysine 9 (H3K9ac) and lysine 56
(H3K56ac) to the cofactor NADþ, thus yielding the products
nicotinamide (NAM), a mixture of 20- and 30-O-acetyl-ADP ribose
(20-O-acetyl-ADPR and 30-O-acetyl-ADPR) along with the
deacetylated substrate (Fig. 1)25. Decreased SIRT6 deacetylase
activity has been linked to shortened lifespan in male mice and
promotes aging phenotypes and cancer progression26,27. As such,
pharmacological activation of SIRT6 represents a promising
strategy for the treatment of aging-related diseases and cancer28.

SIRT6 has a two-domain architecture composed of a large
Rossmann fold and a small zinc-binding domain (Fig. 2A)29. This
enzyme forms a hydrophobic-channel pocket that binds the
1 Catalytic mechanism for sirtu
substrate acyl group and ADP-ribose (ADPR) between the two
domains. Using in silico, crystallographic, in vitro, and mouse
studies, we have recently identified an SIRT6 allosteric activator,
MDL-800 (Fig. 3), which significantly increased the SIRT6
deacetylase activity by w20 fold and suppressed the proliferation
of human hepatocellular carcinoma30. A co-crystal structure of
SIRT6 in complex with MDL-801 (Fig. 3), an MDL-800 deriva-
tive, and its substrate, the H3K9 myristoyl peptide, and cofactor,
ADPR, clearly indicates that MDL-801 occupies an allosteric site
at the back of the substrate site, nonoverlapping with the cofactor
and substrate sites (Fig. 2B). Notably, the overall structures are
nearly identical [root-mean-square deviation (RMSD) over
equivalent Ca atoms is only 0.32 Å] in terms of the MDL-801-
bound (PDB code 5Y2F)30 and -unbound (PDB code 5X16)30

enzyme and do not thoroughly decipher the dramatic enhance-
ment in activating SIRT6 deacetylation by MDL compounds. In
particular, the right phenyl ring of MDL-801 equipped with a 2-
methyl-4-fluoro-5-bromo substituent (hereafter referred to as the
R-ring) has no direct contact with the enzyme, as revealed by the
co-crystal structure of the SIRT6‒MDL-801 complex (Fig. 2B and
C). As such, the role of this moiety in the activation of SIRT6
deacetylation remains enigmatic without analysis of the enzyme
dynamics.

2. Results and discussion

To examine allosteric activation of SIRT6, we first performed
atomistic molecular dynamics (MD) simulations of SIRT6‒NADþ

and the acetylated peptide substrate in the presence or absence of
MDL-801 over 500 ns in explicit water (Supporting Information
Section 2). The extent of correlated SIRT6 fluctuations in response
to activator binding was explored by calculating the magnitude of
in-catalyzed deacetylation reactions.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 3 Chemical structures of MDL-800 and MDL-801 as well

as two derivatives of MDL-801, MDL-801-D1 and MDL-801-D2. The

right phenyl ring (R-ring) of MDL801 with a 2-methyl-4-fluoro-5-

bromo substituent is marked by a red dotted ellipse.

Figure 2 (A) Overall structure of SIRT6 in complex with myristoyl H3K9 (Myr-H3K9) peptide and ADP-ribose (ADPR) (PDB code 3ZG6).

(B) Overall structure of SIRT6 in complex with Myr-H3K9 peptide, ADPR, and MDL-801 (PDB code 5Y2F). (C) Surface representation of MDL-

801 in the SIRT6 allosteric site. Zinc ion is shown as a blue sphere. ADPR, the Myr-Lys9, and MDL-801 are depicted by stick representations.
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the pairwise cross-correlation coefficients cij of the Ca atoms31.
The positive value of cij represents correlated motions, whereas
the negative value represents anticorrelated motions. In both apo
(Supporting Information Fig. S1A) and activator-bound (Fig. S1B)
SIRT6, the patterns of fluctuations in the enzyme are very similar
with strong anticorrelation motions between residues. However,
the intrachain motions between residues are less anticorrelated in
the presence of an allosteric activator, as revealed by the smaller
cij in the activator-bound enzyme compared to its unbound form.
This implies that when bound to MDL-801, a significant part of
the regions that allow anticorrelation between residues is
restricted, thus leading to a more active conformation that elevates
the catalytic efficiency of SIRT6.
To further explore the altered conformational landscape of
SIRT6 triggered by MDL-801 binding, a principal component
analysis (PCA) of the fluctuations of the cartesian coordinates of
Ca atoms was determined by projecting the MD trajectories onto
the 2D space spanned by the first two principal components (PC1
and PC2)32e34. A comparison between the free-energy landscapes
of activator-bound and apo SIRT6 reveals that MDL-801-bound
SIRT6 spans smaller ranges of PC1 and PC2 and exhibits a
more confined conformational space than the apo enzyme (Sup-
porting Information Fig. S2). This observation provides further
evidence for the vital role of the enzyme conformational dynamics
in the enhancement of enzyme catalysis35e38, through stabiliza-
tion of the catalytically competent conformation of the
enzymeesubstrate complex exerted by MDL-801.

In the solved co-crystal complex of SIRT6‒MDL-801 (Fig. 2B
and C)30, the R-ring of MDL-801 with the 2-methyl-4-fluoro-5-
bromo substituent protrudes into the solvent. We were curious
whether the R-ring of MDL-801 undergoes conformational rear-
rangements during the simulations. To address this question, we
extracted the major representative structure of the SIRT6‒MDL-
801 complex obtained by clustering analysis of the simulated
trajectory based on the largest free-energy basin located in regions
with PC1 and PC2 values of 5.5e8.0 and �4 to 1.7, respectively
(Fig. S2B). This representative structural complex obtained from
the simulations was superimposed onto the co-crystal structure
5Y2F, and we largely focus on the conformational changes of
MDL-801 in the two structures. A remarkable conformational
difference was found at the R-ring of MDL-801, where it under-
went nearly 90� anticlockwise rotation in the simulations, which is
highly distinct from its original position in the co-crystal structure
(Supporting Information Fig. S3). This novel R-ring conformation
has not been previously observed by X-ray crystallography. The
resulting rotation of the R-ring enables it to interact with allosteric
site residues. Dramatically, the 5-Br atom of the R-ring protrudes
deep into the cavity of the allosteric site and establishes additional
van der Waals interactions with Met136 at the bottom of the
allosteric site (Fig. 4). This situation is reminiscent of the role of
halogenated aromatic groups of peptidomimetics in the improve-
ment of their inhibitory abilities towards MDM239. We thus hy-
pothesize that this novel R-ring conformation of MDL-801 may
play a role in the catalytic activities of SIRT6.

Accumulating evidence indicates that perturbations by ligand
binding at the allosteric sites tweak protein activity of functional
sites40,41. To further uncover an allosteric communication from the
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allosteric MDL-801 site to the functional NADþ site, the web
server AlloSigMA42,43 was used to estimate free-energy change of
the NADþ site upon MDL-801 binding. AlloSigMA that was
developed based on structure-based statistical-mechanical model
of allostery40,44 has been widely used to estimate the causality and
energetics of allosteric effects triggered by ligand binding and/or
mutations in biomacromolecules21,45,46. The analysis exhibited a
free-energy change (DG Z �0.71 kcal/mol) at the NADþ site in
response to MDL-801 binding, revealing the existence of allo-
steric coupling between the NADþ and MDL-801 sites and sug-
gesting that MDL-801 binding may induce the stabilization of the
catalytic site enhancing the catalysis, which is consistent with the
experimentally observed enhancement of SIRT6 deacetylation
activity by MDL-80130.

To assess the differential ability of MDL-801 to activate the
wild-type and its M136A variant, we analyzed the in vitro
deacetylase activity in the presence of MDL-801 using the Fluor
de Lys (FDL) assay30. The wild-type SIRT6 and its M136Avariant
were expressed and purified (Supporting Information Section 1).
Both enzymes were reacted with 75 mmol/L H3K9ac (RHKK-ac-
AMC) peptide, which represents a physiological SIRT6 deacety-
lation site, and 2.5 mmol/L NADþ in the presence of varied
concentrations of MDL-801. The fold change in activity of the
M136A variant in the presence of MDL-801 was compared to that
of the wild-type enzyme. The FDL assay showed that MDL-801
enhanced the deacetylation activity of SIRT6, with a half-
maximal effective concentration (EC50) of 4.14 � 0.059 mmol/L
(Fig. 5), which significantly increased SIRT6 deacetylation ac-
tivity by w24-fold at 100 mmol/L. These observations are in good
agreement with our previous results30. In contrast, the M136A
variant showed a significantly decreased EC50

(28.07 � 0.96 mmol/L) for MDL-801, resulting in a w7-fold
decrease in activity compared to the wild-type enzyme (Fig. 5).
Therefore, as expected, M136A mutation led to a marked reduc-
tion in MDL-801-mediated SIRT6 deacetylation activity.

In the SIRT6 structure, Met136 is located in the zinc-binding
domain and is w10 Å from both the NAM and ribose moieties of
NADþ and w11 Å from the acetyl moiety of K9ac from the
Figure 4 Surface representation of the dominant conformation of

MDL-801 in the SIRT6 allosteric site obtained from molecular dy-

namics simulations. Met136 at the bottom of the allosteric site is

highlighted with sulfur, oxygen, and carbon atoms that are colored

yellow, red, and green, respectively.
substrate peptide (Supporting Information Fig. S4), highlighting the
lack of direct contact betweenMet136 and either the NADþ binding
pocket or the substrate binding site. To further explore how a mu-
tation ofMet136 to alanine affects catalytic efficiency of SIRT6, the
enzymatic kinetics of the deacetylation activity of wild-type SIRT6
and theM136Avariant were measured in the presence of 25 mmol/L
MDL-801 using high-performance liquid chromatography (HPLC)
with 75 mmol/L RHKK-ac-AMC as substrate and 2.5 mmol/L
NADþ as cofactor (Supporting Information Fig. S5). The data were
subjected to MichaeliseMenten analysis, and the kinetic constants
were compared between wild-type SIRT6 and its mutant. In the
presence of 25 mmol/L MDL-801, as shown in Fig. 6, the catalytic
efficiency (Kcat/Km) of the deacetylation activity of wild-type
SIRT6 for the acetylated peptide and NADþ was 157.89 � 21.86
and 882.62 � 114.25 L/mol$s, respectively, which was w7- and
w2.7-fold higher than that of SIRT6 M136A for the acetylated
peptide (23.11 � 5.98 L/mol$s) and NADþ

(326.73 � 57.99 L/mol$s), respectively. Therefore, the dramatic
decrease in the activating deacetylation activity of the M136A
variant by the inhibitorMDL-801 is due to a decrease in theKcat and
an increase in theKm of the acetylated peptide, as well as a decrease
in the Kcat and a decrease in the Km for NADþ. Indeed, the Kcat for
the acetylated peptide decreased w4.7 fold
[(248.08� 24.79)� 10�4 versus (1169.2� 55.64)� 10�4 s�1], and
the Km increased w1.5 fold (1124 � 240.9 versus
750 � 87.03 mmol/L) for the M136A variant relative to wild-type
SIRT6 (Supporting Information Fig. S6). The Kcat for NADþ

decreased w5.5 fold [(178.8 � 7.18) � 10�4 versus
(985.1 � 32.67) � 10�4 s�1], and the Km for NADþ decreasedw2
fold (56.14 � 9.82 versus 113.1 � 14.09 mmol/L) relative to wild-
type SIRT6 (Supporting Information Fig. S7). Together, these re-
sults indicate that the M136A mutation disrupts both the affinity of
SIRT6 for the substrate peptide and catalysis, leading to a dramatic
loss of MDL-801-enhanced SIRT6-dependent deacetylation.

To further determine the importance of the 5-Br atom at the R-
ring in activating deacetylation activity of SIRT6, we first
Figure 5 Determination of EC50 (mmol/L) values for compounds

MDL-801, MDL-801-D1, and MDL-801-D2 toward wild-type SIRT6

or M136A deacetylation reaction. Dose-dependent effects of com-

pounds on the activation of SIRT6 deacetylation, determined with the

SIRT6 deacetylation assay. Data are presented as mean � SD from

three independent experiments.



Figure 6 Stead-state kinetics for MDL-801 toward wild-type SIRT6 and M136A deacetylation reaction. (A). Kcat/Km, RHKK-ac-AMC value

was determined for wild-type SIRT6 and M136A mutant with MDL-801 in the presence of different concentrations of RHKK-ac-AMC peptide.

(B) Kcat/Km, NAD
þ value was determined for wild-type SIRT6 and M136A with MDL-801 in the presence of different concentrations of NADþ.

Calculated values were determined from nonlinear regression and fit to the MichaeliseMenten equation. Data are presented as mean � SD from

three independent experiments (***P < 0.001).
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synthesized a new MDL-801 derivative without bromine substitu-
tion at the 5-position of the R-ring, designated as MDL-801-D1
(Fig. 3, Supporting Information). The hydrogen atom at the 5-
position of the R-ring of MDL-801-D1 is therefore less capable
of participating in van der Waals interactions compared with the
bromine atom at the same position in MDL-801. Therefore,
replacement of the 5-Br atom by a hydrogen atom is predicted to
have a highly detrimental effect on the ability of MDL-801-D1 to
catalyze deacetylation of SIRT6. Subsequently, the influence of
MDL-801-D1 on SIRT6-dependent H3K9ac peptide deacetylation
was evaluated using the FDL assay as described above. As ex-
pected, we observed that MDL-801-D1 showed a weak effect on
activating SIRT6 deacetylation with an EC50 of
136.57 � 39.46 mmol/L (Fig. 3), which showed a w33-fold
decrease in the deacetylation potency compared to that with
MDL-801, suggesting the critical role of bromination. To further
elucidate the significance of hydrophobic interactions between the
5-Br atom and the Met136 at the base of the allosteric site, we
performed two additional MD simulations of M136A SIRT6‒
MDL-801 and wild-type SIRT6‒MDL-801-D1 systems. As shown
in Supporting Information Fig. S8, backbone superimpositions of
wild-type and M136A SIRT6‒MDL-801 as well as wild-type
SIRT6‒MDL-801 and wild-type SIRT6‒MDL-801-D1 show that
the R-ring in both the M136A SIRT6‒MDL-801 and wild-type
SIRT6‒MDL-801-D1 underwent conformational changes
compared to that in the wild-type SIRT6‒MDL-801, leading to the
lack of hydrophobic contacts between the 5-Br atom and the
Met136.

Next, we synthesized another MDL-801 derivative where the
bromine substitution is at the 3-position of the R-ring instead of
the 5-position, designated as MDL-801-E1 (Supporting Informa-
tion). The FDL assay confirmed that MDL-801-E increased the
SIRT6 deacetylation activity only by w4-fold (Supporting Infor-
mation Fig. S9), which exhibited a markedly reduced activity
compared to the MDL-801. Taken together, these data suggest that
the engagement of the 5-Br atom of the R-ring with the Met136 at
the bottom of the allosteric site, owing to the rotation of the R-
ring, contributes to the enhanced deacetylation potency of the
MDL-801.

It is recognized that a subtle chemical change of MDL-
801dthe removal of the 5-Br atom at the R-ringdsignificantly
reduces the activation of SIRT6 deacetylation. To explore whether
the reduced deacetylase activity of SIRT6 by MDL-801-D1 is due
to reduced potency (binding affinity) and/or reduced efficacy, the
binding affinities of MDL-801 and MDL-801-D1 to SIRT6 were
assessed using microscale thermophoresis (MST) assays (Sup-
porting Information). MST data showed that the binding affinity of
MDL-801-D1 towards SIRT6 (Kd Z 277.7 � 1.40 mmol/L) was
only 2-fold lower than that observed for MDL-801
(Kd Z 129.15 � 28.17 mmol/L, Supporting Information
Fig. S10). Given the observations that the 5-Br atom at the R-ring
has a marked effect on the deacetylase activity of SIRT6 (decrease
by w33-fold), but has a minor effect on the binding affinity to-
wards SIRT6 (decrease by w2-fold), it is suggested that the 5-Br
atom of MDL-801 acts as an allosteric driver47, which controls the
ligand allosteric efficacy40.

To further examine the role of the rotation of the R-ring in the
improvement of enzyme activity, we synthesized another MDL-
801 derivative in which the sulfonamide group was fused to the
carboxyl group at the ortho-position of the central benzene ring,
generating the saccharin scaffold in the central ring (Supporting
Information); this derivative was designated as MDL-801-D2
(Fig. 3). MDL-801-D2 was designed to quench the rotation of the
R-ring to the interior of the allosteric site. To test whether MDL-
801-D2 occupied the same binding site of MDL-801, we indi-
vidually mutated the residues F82 and F86 involved in binding of
MDL-801 at the allosteric site. As shown in Supporting Infor-
mation Fig. S11, compared to the wild-type SIRT6, F82A and
F86A mutants showed a decreased EC50 for MDL-801-D2 by
3.52- and 3.16-fold, respectively. These data suggest that MDL-
801-D2 binds to the same allosteric MDL-801 site of SIRT6. The
FDL assay was then used to assess the influence of MDL-801-D2
on SIRT6-dependent H3K9ac peptide deacetylation. As expected,
the activating SIRT6 deacetylation was compromised by MDL-
801-D2, with an EC50 of 28.03 � 5.72 mmol/L (Fig. 5)da w7-
fold lower potency against MDL-801. Collectively, these results
indicate the importance of conformational rotation of the R-ring of
MDL-801 in the activating deacetylation activity of SIRT6.
3. Conclusions

In summary, using MD simulations, we have investigated the
binding mechanism of MDL-801 that allosterically activates
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SIRT6 through the rotation of the R-ring of MDL-801 to the
interior of the allosteric site, generating additional hydrophobic
interactions between the 5-Br atom of the R-ring and Met136 at
the base of the allosteric site. This protein-ligand conformation
was previously invisible in the crystal structure of SIRT6‒MDL-
801 complex, thus arguing for conformational rotation of the R-
ring of the MDL-801 as an important contribution to the binding
and activation mechanism. Biochemical data combined with ki-
netic analysis of the M136A mutant as well as newly designed
MDL-801 derivatives, created by the removal of the 5-Br atom on
the R-ring or restraining the rotation of the R-ring, show that all
these modifications markedly decrease the activating deacetyla-
tion activity of SIRT6 stimulated by MDL-801, strongly sup-
porting our hypothesis. Specially, the 5-Br atom serves as an
allosteric driver that is responsible for the ligand allosteric effi-
cacy. Taken together, our data decipher the mechanism of the
SIRT6 allosteric activation, which lays the foundation for the
design of more potent activators as therapeutic agents or as tool
compounds to advance understanding of SIRT6 biology.
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