
Deciphering the Allosteric Activation Mechanism of SIRT6 using 
Molecular Dynamics Simulations

Zhiyuan Zhaoa,#, Jintong Dua,b,#, Yu Dua, Yuan Gaoa, Mingxuan Yua, Yingkai Zhangc,d, Hao 
Fanga, Xuben Houa

aDepartment of Medicinal Chemistry and Key Laboratory of Chemical Biology of Natural Products 
(MOE), School of Pharmaceutical Science, Cheeloo College of Medicine, Shandong University, 
Jinan, Shandong 250012, China

bShandong Cancer Hospital and Institute, Shandong First Medical University, Jinan, Shandong 
250117, China

cDepartment of Chemistry, New York University, New York, NY 10003, United States

dSimons Center for Computational Physical Chemistry at New York University, New York, NY 
10003, United States

Abstract

As a member of the histone deacetylase protein family, the NAD+-dependent SIRT6 plays an 

important role in maintaining genomic stability and regulating cell metabolism. Interestingly, 

SIRT6 has been found to have a preference for hydrolyzing long-chain fatty acyls relative to 

deacetylation, and it can be activated by fatty acids. However, the mechanisms by which SIRT6 

recognizes different substrates and can be activated by small molecular activators are still not 

well understood. In this study, we carried out extensive molecular dynamic simulations to shed 

light on these mechanisms. Our results revealed that the binding of the myristoylated substrate 

stabilizes the catalytically favorable conformation of NAD+, while the binding of the acetyl-lysine 
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substrate leads to a loose binding of NAD+ in SIRT6. Based on these observations, we proposed 

a reasonable allosteric binding mode for myristic acid, which can enhance the catalytic activity 

of SIRT6 by stabilizing the binding of NAD+ with His131 as well as the acetylated substrate. 

Furthermore, our molecular dynamics simulations demonstrated that synthetic SIRT6 activators, 

such as UBCS039, MDL-801, and 12q, block the flipping of ribose in NAD+ and therefore can 

stabilize substrate-NAD+-His131 interactions in a manner similar to fatty acids. In summary, our 

newly proposed activation mechanism of SIRT6 highlights the importance of protein-substrate 

interactions, which would facilitate the rational design of new SIRT6 activators.

Graphical Abstract:
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Introduction

The Sirtuin protein family consists of seven members (SIRT1-SIRT7), serving as NAD+-

dependent lysine deacetylases and located at different subcellular locations.1 Sirtuins play 

a crucial role in many physiological processes such as regulating lifespan extension and 

controlling various metabolic pathways.2, 3 As an important member of Sirtuins, SIRT6 

extensively participates in the deacetylation of histones (e.g. H34, 5) and non-histones, 

which are closely associated with DNA damage repair, maintenance of telomere integrity, 

transcriptional regulation, and cellular energy metabolism.6-9

In particular, SIRT6 has been shown to function as a tumor suppressor gene, therefore, 

the development of SIRT6 activators has gained many research interests.10, 11 Interestingly, 

previous research showed that SIRT6 prefers to hydrolyze long-chain fatty acyl groups 

rather than acetyl groups.12 Furthermore, endogenous long-chain fatty acids (e.g. myristic 

acid, lysophosphatidic acid ) have been found to increase the deacetylase activity of 

SIRT6.13 In recent years, several small molecular activators have also been reported, 

including UBCS03914, MDL-80115, and 12q16 (Figure 1B). Recently, Lu et al. reported 

that rotation of the R-ring conformation of MDL-801 is an important contribution to SIRT6 
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activation.17 Especially, these molecules activate SIRT6 allosterically and showed high 

selectivity against other sirtuins. Recently, several natural products and an approved drug 

(Fluvastatin) have been found to be SIRT6 allosteric activators.18, 19 Nowadays, activation of 

SIRT6 has been proven to be beneficial for the treatment of cancer.20

Heretofore, the detailed mechanisms for substrate recognition and activation of SIRT6 

remain unclear. The Sirtuin family shares a conserved catalytic domain but is different 

in the N-terminal and C-terminal domains.21-23 Compared to other Sirtuins members, 

SIRT6 consists of a small splayed zinc-binding motif domain and a large Rossmann fold 

domain which bind NAD+ and substrate (Figure 1 A).12, 24 Especially, SIRT6 lacks a 

helix bundle that concatenates the zinc-binding domain and Rossmann fold domain as 

well as the conserved-existing NAD+-binding loop existing in other Sirtuins (Figure S1 in 

Supporting Information). Hence, this structural difference may be related to the experimental 

observation that SIRT6-dependent histone deacetylation is about one thousand-fold slower 

than the other SIRT member.24 The mechanism for the deacetylation reaction of sirtuins 

was described in Figure 1 C: the first stage involves the nucleophilic attack and the 

removal of the nicotinamide. After that, the second stage is more complex and includes 

a rate-determined step according to previous research.25 Especially, residue His131 acts as 

a crucial residue to transfer proton in this process highlighting the importance of substrate-

protein interaction in SIRT6 deacetylation reaction.

Molecular dynamics (MD) simulations have been successfully employed in the investigation 

of catalytic or inhibition mechanisms of sirtuins.25-28 In the current study, we performed 

extensive MD simulations using SIRT6-substrate complexes with or without activator-bound 

to explore the detailed activation mechanism. Our results not only explained previous 

experimental observations that SIRT6 exhibited superior defatty-acylation to deacetylation, 

but also proposed a general mechanism for SIRT6 small molecular activators. Our study 

provided a new starting point for the future design of SIRT6 activators.

Results and Discussion

Long-chain fatty substrate stabilize the catalytic favorable conformation of NAD+.

To further clarify the preference of SIRT6 against different substrates, we performed 

molecular dynamics (MD) simulations using SIRT6-myristoylated substrate complex 

(SIRT6-MYK) and SIRT6-acetyl lysine substrate complex (SIRT6-ACK) with or without 

activator bound (Table 1). Based on the catalytic mechanism for sirtuin-catalyzed 

deacetylation reactions (Figure 1C), the first step of the reaction is the transfer of the 

acetyl group attached to the substrate lysine residue to the NAD+, yielding nicotinamide 

and other intermediates. Thus, the spatial position of NAD+ relative to acetylated lysine 

is critical. Herein, we have mainly compared the distance between ACK/MYK@O and 

NAD+@C as well as the angle at which ACK/MYK@O attacks NAD+@C in each MD 

system. Compared to the SIRT6-myristoylated substrate complex, there was a large unfilled 

hydrophobic pocket in SIRT6-acetylated substrate complexes (Figure 2A-B). This packing 

defect led to the “flipping out” of the ribose ring of NAD+ during MD simulation, while 

the long-chain fatty substrate stabilized a proper configuration of NAD+. The distance 

between ACK@O and NAD+@C in the SIRT6-MYK system (4.63±0.85 Å) was closer 
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than the SIRT6-ACK system (6.19±0.87 Å) and the calculated energy barrier for the first 

catalytic step in SIRT6-MYK system was significantly lower than that of SIRT6-ACK 

system (Figure 2D-E). Additionally, in the SIRT6-MYK system, MYK@O attacks NAD+ at 

a more appropriate angle, while in the SIRT6-ACK system, a higher spatial site resistance 

to the catalytic reaction occurs due to the flip of the NAD+ conformation (Figure 2F), where 

Phe62 may play an important role. In the SIRT6-MYK system, Phe62 was flipped and its 

benzene ring is restricted to a relatively fixed conformation, which favored the maintenance 

of a relatively catalytically favorable conformation of NAD+ (Figure 2C). We also observed 

the dissociation of His131 and NAD+ in the SIRT6-ACK system, implying that this packing 

defect may also affect the second stage of sirtuin-catalyzed deacetylation (Figure 1C). 

Therefore, our computational results suggested that the unoccupied hydrophobic channel 

led to the loose binding of NAD+, while long-chain fatty substrates could well occupy this 

pocket and stabilize the binding of the NAD+-SIRT6 complex. The above results explained 

the experimentally observed preference of SIRT6 against the fatty acylated substrate and 

provided important clues to investigate the activation mechanism of SIRT6.

Myristic acid compensates the packing defect of the SIRT6 catalytic site.

As previously reported, the deacetylation activity of SIRT6 could be augmented by 

endogenous fatty acids, however, the detailed activation mechanism remains unclear. 

Inspired by the computational results, we speculated that the activation mechanism 

of endogenous fatty acids may also depend on the stabilization of NAD+-acetylated 

substrate interactions. Previous research has suggested that fatty acid may bind to the 

same hydrophobic channel with myristoylated peptide13. Therefore, we initially speculated 

that myristic acid could bind to the unoccupied substrate binding channel in the SIRT6-

ACK complex (Figure 2B). Using the molecular docking strategy, we constructed two 

representative binding poeses (MYA-I and MYA-II) of myristic acid with opposite insert 

directions (Figure 3A). To further evaluate the binding mode of myristic acid, we performed 

MD simulations for each system and analyzed the impacts of fatty acid on SIRT6.

As shown in Figure S2 in Supporting Information, both MYA-I and MYA-II become 

stable after 200ns of MD simulation. Interestingly, the binding of MYA-I stabilized the 

substrate-NAD+ interaction, in a similar manner with the SIRT6-MYK system. As shown 

in Figure 3B, the distance between ACK@O and NAD+@C in the SIRT6-MYA-I system 

(5.22±0.68Å) was significantly closer than the SIRT6-ACK system (6.19±0.87Å) and 

the SIRT6-MYA-II system(6.07±1.17Å). To explore the detailed activation mechanism of 

myristic acid, we also compared the dihedral angle that determined the conformation of 

NAD+ for catalysis and found that the dihedral angle distribution of the MYA-I group was 

mainly distributed at 96.87±11.42°, showing the effect of the myristic acid in stabilizing 

interaction between substrate and NAD+ (Figure S3 in Supporting Information). We further 

calculated and compared the free energy of the two docking postures in the first step of 

the catalytic deacetylation reaction and found that the reaction free energy barrier of the 

docking pose I decreased to 1.57 kcal/mol, which was lower than that of the docking pose 

II with a reaction free energy barrier of 5.13 kcal/mol (Figure 3C). Therefore, we proposed 

an activation mechanism for long-chain fatty acid activators: the binding of myristic acid 

compensating the packing defect of key catalytic site and stabilizing the interaction of NAD+ 
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with the substrate acetyl group. Furthermore, the presence of myristic acid enabled the 

acetyl group on the substrate to attack NAD+ in an appropriate dihedral that facilitates the 

nucleophilic substitution reaction.

Compared to the initial docking result, myristic acid (MYA-I system) rotates approximately 

90 degrees from the initial pocket, moves out of the hydrophobic channel, finally anchored 

stably in the α3 helix and its terminal group was close to the nicotinamide of NAD+, 

compensating for the packing defect of the key catalytic site (Figure 3A and 3D). According 

to the predicted binding mode, myristic acid extensively formed stable hydrophobic 

interactions with surrounding residues including Tyr3, Ile59, Pro60, Pro78, Leu76, Val113 

and formed a hydrogen bond interaction with Gly75, reflecting the key role of hydrophobic 

interactions in stabilizing the binding mode of myristic acid (Figure S4 in Supporting 

information). In particular, we found that the predicted binding site of myristic acid 

overlapped with the pocket that accommodates the synthetic activators (e.g. UBCS039 and 

MDL-801) (Figure 4A), further highlighting the versatility of this allosteric pocket in SIRT6 

activation.

The synthetic allosteric activator universally blocks the flipping of ribose in NAD+.

UBCS039 is the first reported synthetic SIRT6 activator.14 Subsequently, several more 

potent SIRT6 activators (e.g. MDL-801, 12q) have been developed.15, 16 The co-crystal 

structures of UBCS039 and MDL-801 with SIRT6 have also been determined, providing 

good starting points for our investigation.14, 15 Additionally, the predicted 12q binding 

pocket is similar to that of MDL-801 and UBCS039, indicating that synthetic allosteric 

activators share a similar allosteric regulation pocket behind the substrate site (Figure 4A). 

Therefore, we further investigated whether our proposed SIRT6 activation mechanism is 

applicable for different activators.

Then, we performed MD simulations of SIRT6 complexed with different activators and 

analyzed the distances as well as dihedral angles between substrate and NAD+, which have 

been proven to be highly related to SIRT6 activation (Figure 2 and Figure 3). As shown in 

Figure 4B, the average dihedral angle between the substrate and the cofactor of the SIRT6 

activator systems (MYA: 96.87±11.42°; UBCS039: 95.59±22.33°; MDL-801: 91.71±19.30°; 

12q: 101.27±18.49°) were closer to the SIRT6-MYK system (68.47±18.94°) than to the 

SIRT6-ACK system (110.45±110.74°). In addition, as the ribose conformation of NAD+ is 

flipped in the SIRT6-ACK system, the distance of ACK@O and NAD+@C is increased, 

which impaired the deacetylation reaction (Figure 4C). We further investigated the structural 

basis of these changes and found that when the activator binds to the allosteric pocket 

formed by the N-tail and α3 helix, it causes rotation of the α3 helix, which then created a 

suitable catalytic pocket for the acetylated substrate. During this process, the residue Phe62 

is flipped, assisting the ribose in NAD+ to adopt a conformation that favors the catalytic 

reaction and facilitates hydrogen bonding interactions between the ribose in NAD+ and 

His131 (Figure 4D). Moreover, due to the flexibility of the N-tail, it is possible to bind 

different activators and stabilize the NAD+-Substrate-SIRT6 interaction.
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Computational method

Structure preparation.—For the entire SIRT6 simulation system, the crystal structure of 

the SIRT6-Myristoyl Lysine substrate complex (PDB code: 3ZG6) was used as the initial 

structure. The SIRT6-acetyl lysine substrate complex was generated by manually editing 

the Myristoyl lysine substrate. The conformation of co-factor NAD+ was adopted from the 

SIRT1 crystal structure (PDB code: 4I5I). For activator-bound systems, the conformation 

of MDL-801 and UBCS039 was adopted from crystal structures (PDB code: 7CL1 and 

5MF6). The 12q conformation was adopted from previous docking research.16 Myristic acid 

was docked into the hydrophobic channel between the zinc binding motif domain and the 

Rossmann fold domain by AutoDock Vina. Two typical docking poses (docking pose I and 

II) for myristic acid were chosen according to the direction of insertion of the fatty acid 

chains. The protonation state of the charged residues was calculated by the PDB2PQR server 

based on pKa.29, 30

Molecular Dynamics Simulation.—All molecular dynamics simulations were 

performed using Amber14 molecular dynamics software. The ff14SB force field was used 

for proteins, and the TIP3P model was used for water molecules. Zinc parameters were 

developed by Zinc Amber Force Field (ZAFF).31 The force field parameters of NAD+ 

are obtained from the literature.32 The partial charge of myristoyl-lysine substrate, acetyl-

lysine substrate and small molecular activators (myristic acid, MDL-801, UBCS039 and 

12q) were calculated using the AM1-BCC method. Each system was neutralized with 

Cl− counterions and solvated in a rectangular periodic box with a 12.0 Å buffer using 

the TLEAP module in AmberTools14 with explicit TIP3P water. The particle grid Ewald 

method for nonbonded interactions (12.0 Å cutoff) is used for energy minimization and 

MD simulation. After a series of minimization and balancing, standard molecular dynamics 

simulations were performed on the GPU using the CUDA version of PMEMD (Particle 

Mesh Ewald Molecular Dynamics). For each system, two independent simulations were 

carried out (a total of 2 μs) with periodic boundary conditions. The SHAKE algorithm is 

used to constrain all the bonds involving hydrogen atoms. A time step of 2 fs was used, and 

the system temperature was controlled at 300K using the Berendsen thermostat method.

Trajectory analysis.—For each system, all of the water molecules and Cl− counterions 

are removed. The trajectories were combined and aligned together. Saved snapshots were 

analyzed using cpptraj module in AmberTools or UCSF Chimera. All graphics are produced 

using Pymol and UCSF Chimera.

Conclusion

In this work, we propose a new SIRT6 activation mechanism that depends on the proper 

interactions between NAD+ and acetylated substrates, highlighting the importance of 

protein-cofactor-substrate interactions in the enzyme activation mechanism. We investigated 

the substrate selectivity of SIRT6 based on extensive molecular dynamic simulations and 

found that long-chain substrates can well occupy the hydrophobic pocket between the zinc-

binding motif domain and the Rossmann folding domain; thus long-chain substrates can 

stabilize the catalytically favourable conformation of NAD+. Inspired by this observation, 
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we further proposed a rational binding mode for myristic acid and show that this endogenous 

SIRT6 activator facilitates the catalytic process by stabilizing the binding of NAD+ and 

acetylated substrates. To verify the generality of our findings, we investigated three synthetic 

SIRT6 activator molecules, and the experimental results showed that they, as well as myristic 

acid, could restore the hydrogen bond of ribose to His131 to prevent the flipping of ribose, 

stabilizing the rational conformation of NAD+ (Figure 5).

In our previous studies, we have reported the activation mechanism of SIRT1 and 

HDAC8.33, 34 The interaction between the protein and substrate stabilized by natural 

products resveratrol in human SIRT1 activation and reinstate the tight binding of SIRT1 

to specific “loosely bound” substrates. Similar to the activation mechanism of SIRT1, the 

activation of HDAC8 also depends on the stability of the interaction between HDAC8 and 

fluorescent substrate, resulting in favourable catalytic conformational changes. Along with 

SIRT1 and HDAC8, our proposed activation of SIRT6 further emphasized the importance 

of maintaining proper protein-substrate interactions in small molecule induced enzyme 

activation.

In summary, our study further elucidates the mechanism of activation of SIRT6 at the atomic 

level and proposes a strategy to approximate the catalytic activity of the protein by the 

dihedral angle distribution. These results will facilitate the design and optimization of novel 

SIRT6 activators.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The protein structure, small molecular activators and proposed catalytic mechanism of 

SIRT6. (A) Structures of SIRT6 with substrate and NAD+ complex (PDB ID: 5Y2F). (B) 

Small molecular SIRT6 activators. (C) The proposed catalytic mechanism for deacetylation 

reaction of Sirtuin.
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Figure 2. 
Comparison of the binding of acetylated substrate and myristoylated substrate with 

SIRT6. (A) Representative structure of the SIRT6-NAD+-Myristic substrate complex. 

(B) Representative structure of the SIRT6-NAD+-Acetyl lysine substrate complex. (C) 

Comparison of the SIRT6-ACK complex and the SIRT6-MYK complex. (D) The distance 

distribution between ACK/MYK@O and NAD+@C. (E) Estimated catalytic free energy 

values calculated on the ACK/MYK@O:NAD+@C distance. (F) Diagram and distribution of 

the key dihedral angle between the substrate and cofactor, which is essential for the catalytic 

reaction. The four atoms that make up the dihedral angle are marked by yellow dots.
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Figure 3. 
The precited binding mode of myristic acid with SIRT6. (A) Initial docking poses for 

MYA-I and MYA-II. (B) The distance distribution between ACK@O and NAD+@C. (C) 

The estimated catalytic free energy values are calculated on ACK@O: NAD+@C distance. 

(D) The representative binding mode of MYA-I after MD simulation. The NAD+ is shown as 

yellow sticks, peptide substrate is shown in blue, and myristic acid is shown as orange sticks.
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Figure 4. 
Comparison of the binding of different small molecular activators with SIRT6. (A) 

Comparison of predicted binding pose of MYA-I and known SIRT6 activators MDL-801 

and UBCS039 from crystal structures. (B) Distribution of the key dihedral angle between the 

substrate and the cofactor in different systems, which is essential for the catalytic reaction. 

The four atoms that make up the dihedral angle are marked by yellow dots. (C) The distance 

distribution between ACK@O and NAD+@C in different MD systems. (D) Comparison of 

the representative binding poses of different SIRT6 activators in MD simulation.
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Figure 5. 
The proposed allosteric activation mechanism of SIRT6.
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Table 1.

The protein-substrate complex systems used for MD simulations.

System Substrate Co-factor Activator MD
time

Substrate
binding

1 Acetyl-lysine (ACK) NAD+ - 2 μs Loose

2 Myristoyl-lysine (MYK) NAD+ - 2 μs Tight

3 Acetyl-lysine (ACK) NAD+ Myristic acid (MYA-I) 2 μs Tight

4 Acetyl-lysine (ACK) NAD+ Myristic acid (MYA-II) 2 μs Loose

5 Acetyl-lysine (ACK) NAD+ MDL-801 2 μs Tight

6 Acetyl-lysine (ACK) NAD+ 12q 2 μs Tight

7 Acetyl-lysine (ACK) NAD+ UBCS039 2 μs Tight
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