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Abstract: Sir2 enzymes catalyze the NAD+-dependent protein deacetylation and play critical roles in
epigenetics, cell death, and lifespan regulation. In spite of a current flurry of experimental studies, the
catalytic mechanism for this unique and important class of enzymes remains elusive. Employing on-the-fly
Born-Oppenheimer molecular dynamics simulations with the B3LYP/6-31G(d) QM/MM potential and the
umbrella sampling method, we have characterized the initial step of the Sir2Tm-catalyzed reaction, which
is also the most controversial portion of its mechanism. Our results indicate that the nicotinamide cleavage
reaction employs a highly dissociative and concerted displacement mechanism: the cleavage of the
glycosidic bond is facilitated by the nucleophilic participation of the acetyl-lysine, and the dissociative
transition state has a significant oxocarbenium ion character. During this step of the reaction, the Sir2Tm
enzyme strongly stabilizes the covalent O-alkylamidate intermediate whereas its effect on the transition
state is quite minimal. In addition, functional roles of key residues and motifs have been elucidated. This
work further demonstrates the feasibility and applicability of the state-of-the-art ab initio QM/MM molecular
dynamics approach in simulating enzyme reactions.

1. Introduction

Sirtuins, known as Sir2 (Silent information regulator 2),
constitute a novel family of protein deacetylases dependent on
nicotinamide-adenine dinucleotide (NAD+) and are highly
conserved from bacteria to higher eukaryotes.1-4 These enzymes
catalyze the deacetylation of a variety of proteins including
histones, p53, R-tublin, FOXO proteins, and NFκB. Yeast Sir2
(ySir2), the founding member of this family, deacetylates
histones H3 and H4 which is required for silencing gene
expression and maintaining genome integrity.5-7 Besides gene
silencing, sirtuins have shown to be critically involved in
regulating cell survival, apoptosis,8-10 DNA recombination,11,12

and aging.13-15 For example, hyperactivation of Sir2 enzymes
has been linked to increased lifespan, whereas deletion or

inhibition of sirtuins leads to short-lived species.16-18 The
abnormal sirtuin activity in mammals has been implicated in
various age-related diseases, including diabetes, obesity, and
neurodegenerative disorders.19,20

In contrast to class I, II, and IV histone deacetylases that
utilize a zinc catalytic site to hydrolyze the amide bond and
yield acetate,21-23 class III histone deacetylase sirtuin is a
nicotinamide-adenine dinucleotide (NAD+) dependent enzyme,
which cleaves the glycosidic bond and generates nicotinamide
and novel metabolite O-acetyl-ADP-ribose (OAADPr).1-4 In
the Sir2 enzyme complex, the acetyl-lysine side chain protrudes
into a hydrophobic channel and terminates near the nicotinamide
ribose of NAD+ to access the ribose of NAD+. On the basis of
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extensive biochemical24-32 and structural33-41 studies, the
overall catalytic reaction has been suggested to proceed in two
consecutive stages: the initial nicotinamide cleavage stage results
in the formation of a positively charged O-alkylamidate
intermediate; in the subsequent step, the acetyl group is
transferred to the ADP-ribose to form a novel product OAADPr.
The nicotinamide product is a noncompetitive inhibitor of
sirtuins, while the OAADPr may act as a second messenger, or
a metabolite that links protein deacetylation to other cellular
pathways.42

For the initial nicotinamide cleavage step, several different
catalytic mechanisms have been proposed in the literature,4

including (1) a nucleophilic attack mechanism which involves
the participation of His116 (in Sir2Tm indexing) and the
employment of 2′-OH of NAD+ as the initial nucleophile,43 (2)
an enzyme nucleophile mechanism: an enzyme catalytic site
residue acts as the nucleophile,33,44,45 (3) an associative, SN2
-like direct displacement mechanism, in which the cleavage of
the nicotinamide is concerted with the attack of the acetyl-ly-
sine,24,30,38,40 and (4) a stepwise SN1-like mechanism in which
an oxocarbenium intermediate is formed prior to the nucleophilic
addition of the acetyl-lysine.24,37 For the first two proposed
mechanistic hypotheses, they have been convincingly ruled out
on the basis of the subsequent biochemical and structural studies:
the mutagenesis study on the His11633 and the replacement of
the 2′-OH of NAD+ by fluorine26 have indicated that neither
His116 nor 2′-OH of NAD+ are involved in the initial step of
the reaction; all the structures in complex with NAD+ deter-
mined for the Sir2 enzymes in recent years35-41 provided no
evidence for the existence of an active site residue in the vicinity
of C1′ of NAD+ to serve as a nucleophile; isotope labeling
experiments24,29 yielded results that do not support either scheme
1 or 2, but are consistent with the other two. On the other hand,
although experimental studies have indicated the importance

of the acetyl-lysine in the nicotinamide cleavage step,24,29,30 they
cannot unambiguously distinguish between the latter two
mechanisms, as shown in Figure 1. Furthermore, there is no
direct experimental characterization of its transition state and
no theoretical studies on this unique and important class of
enzymes.

In this work, we have filled this gap by characterizing the
Sir2Tm catalyzed nicotinamide cleavage reaction with the state-
of-the-art computational methods. Our calculation results indi-
cate that this nicotinamide cleavage reaction employs a highly
dissociative and concerted displacement mechanism. In addition,
functional roles of key residues and motifs have been elucidated.

2. Methods

Our theoretical approaches center on Born-Oppenheimer mo-
lecular dynamics simulations with ab initio QM/MM potential46-56

and the umbrella sampling method.57-59 At each time step, atomic
forces, as well as the total energy of the QM/MM system, are
calculated with a pseudobond ab initio QM/MM approach54,56,60-62

on-the-fly, and Newton equations of motion are integrated. From a
series of biased simulations, the potential of mean force (PMF)
along the reaction coordinate is obtained with the weighted
histogram analysis method (WHAM).63-65 This direct ab initio QM/
MM MD approach, which has been implemented in our laboratory
by interfacing Q-Chem66 with Tinker67 programs, provides an ab
initio description of chemical bond forming and breaking processes
and takes account of dynamics of the reaction active site and its
environment on an equal footing. In spite of the conventional
wisdom that such simulations would be computationally too
expensive to be applicable for enzyme reactions, we have demon-
strated this state-of-the-art approach to be feasible and successful
in elucidating the catalytic power of histone lysine methyltransferase
SET7/968 and providing insights into the methylation state specific-
ity of histone lysine methylation.69 In this work, we have employed
B3LYP/6-31G(d) QM/MM MD simulations to study the Sir2
enzyme, in which the QM subsystem has 65 atoms and 562 basis
functions while the MM subsystem has more than 9000 atoms. We
have employed 24 umbrella windows, and each window has been
simulated for 30 ps. Therefore, in total we have performed 720 ps
ab initio QM/MM MD simulations. This would represent a typical
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application that we would be able to carry out with the currently
available computational resources.

The Sir2Tm enzyme reactant complex was prepared based on
the crystal structure of 2H4F,40 the first reported crystal structure
of Sir2 with both NAD+ and acetyl-lysine bound in the active site.
The protonation states of charged residues were determined at
constant pH 7 based on the local environment via program
pdb2pqr.70 The whole system was then reorientated with program
Simulaid71 and solvated into a ∼60 × 60 × 84 Å3 TIP3P water
rectangular box with a 10 Å buffer distance between the solvent
box wall and the nearest solute atom. Seven sodium ions were added
to neutralize the system. The resulting whole simulation system
had 30 938 atoms. After a series of minimizations and equilibrations,
standard molecular dynamics simulations with periodic boundary
condition were carried out for more than 25 ns. The trajectory was
very stable after about 2 ns, and a snapshot at the 4 ns simulation
time has been employed for subsequent QM/MM simulations. In
the MD simulations, long-range electrostatic interactions were
treated with particle mash Ewald (PME) method72,73 and 12 Å
cutoff was used for both van der Waals interactions and PME in
real space. The pressure was coupled every 1 ps with isotropic
position scaling and maintained at 1 atm. The Newton equations
of motion were integrated with velocity Verlet algorithm. The shake

algorithm74 was applied to constrain all bonds involving hydrogen
atoms with tolerance of 10-5 Å. A time step of 2 fs was used, and
Berendsen thermostat method75 has been used to control the system
temperature at 300 K. All MD simulations were preformed with
Amber9 molecular dynamics package,76 employing the Amber99-
SB77-79 force field for the protein and the TIP3P model80 for water
molecules. Force field parameters for NAD+ were parametrized by
Ryde81 and partial charges of nonstandard residue acetyl-lysine were
fitted with HF/6-31G(d) calculations and the RESP module in the
Amber package.

With the snapshot taken from the MD trajectory, the QM/MM
model was prepared by deleting the solvent molecules beyond 27
Å from the reaction center (C1′ of NAD+). The resulting system

(70) Dolinsky, T. J.; Nielsen, J. E.; McCammon, J. A.; Baker, N. A. Nucleic
Acids Res. 2004, 32, W665–W667.
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Roitberg, A.; Seabra, G.; Wong, K. F.; Paesani, F.; Wu, X.; Brozell,
S.; Tsui, V.; Gohlke, H.; Yang, L.; Tan, C.; Mongan, J.; Hornak, V.;
Cui, G.; Beroza, P.; Mathews, D. H.; Schafmeister, C.; Ross, W. S.;
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2006.
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Figure 1. Illustration of SN1-like stepwise and SN2-like concerted mechanisms. In the SN1-like mechanism, the glycosidic bond is cleaved prior to the attack
of the carbonyl oxygen, whereas these two steps are synchronous in the SN2-like mechanism.
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had 9143 atoms. The QM/MM partition is illustrated in Figure 2.
Fragments directly participating in the reaction were defined as the
QM subsystem, which had 65 atoms, including the nicotinamide,
ribose ring and diphosphate group portions of NAD+ as well as
the side chain of acetyl-lysine, treated by B3LYP functional with
6-31G(d) basis set. The QM/MM boundary were treated with the
pseudobond approach.60,62 All other atoms were described by
Amber99SB molecular mechanical force field77,79 and the TIP3P
model80 for water molecules. The prepared system was first
minimized by QM/MM calculations, and then by choosing the
difference of two bond lengths, C1′-N1 and O-C1′, as the reaction
coordinate, RC ) dC1′-N1 - dO-C1′, an iterative minimization
procedure with the reaction coordinate driving method,61 had been
employed to map out a minimum energy path. For each determined
structure along the reaction path, the MM subsystem was further
equilibrated by carrying out 500 ps MD simulations with the MM
force field. Finally, the resulting snapshot was used as the starting
structure for ab initio QM/MM MD simulations with umbrella
sampling.57-59 A total of 24 simulation windows were employed,
covering the reaction coordinates from -2.0 to 2.0. For each
window, the total potential energy was biased with a harmonic
potential of 40 kcal mol-1 Å-2, centered on the corresponding value
of the reaction coordinate, and the configurations were collected
for 20 ps for data analysis after an equilibration period of 10 ps.
Thus, each simulation window had been sampled for 30 ps at
B3LYP/6-31G(d) QM/MM level, and the total length of the ab initio
QM/MM MD simulations for the whole reaction was 720 ps. In
average, it took about 19 h in wall time to run 1 ps B3LYP/6-
31G(d) QM/MM MD simulation on a quad-core 2.33 GHz Intel
Xeon cluster using 16 cores for this system. The probability
distributions (e.g., histograms) along the reaction coordinate were
determined for each window and pieced together with the
WHAM63-65 to calculate the potential of mean force.

All ab initio QM/MM calculations were performed with modified
Q-Chem66 and Tinker67 programs. The time step was 1 fs, and the
Beeman algorithm82 was used to integrate the Newton equations
of motion. In all QM/MM simulations, the spherical boundary
condition had been applied so that atoms beyond 20 Å sphere
centered on C1′ atom of NAD+ were fixed. The 18 and 12 Å cutoffs
were employed for electrostatic and van der Waals interactions,
respectively. There was no cutoff for electrostatic interactions
between QM and MM subsystems. The Berendsen thermostat
method75 was used to control the system temperature at 300 K.

3. Results and Discussions

3.1. Catalytic Mechanism and Nature of Transition State.
Since extensive experimental studies have already convincingly
ruled out two mechanism hypotheses involving either 2′-
hydroxyl of NAD+ or a catalytic site residue as the nucleophile,
our computational studies exclusively focus on the remaining
ambiguities regarding the nicotinamide cleavage reaction, a
stepwise SN1-like mechanism or a concerted SN2-like mecha-
nism, as shown in Figure 1. By exploring several different
reaction coordinates which correspond to both stepwise and
concerted schemes, we found that the stepwise scheme is
unlikely. Using the difference between C1′-N1 and O-C1′ as
the reaction coordinate, which are the distances from the
anomeric carbon to the leaving group and the incoming
nucleophile, respectively, led to a reasonably smooth and
continuous reaction path from the reactant to the R-1′-O-
alkylamidate intermediate. Meanwhile, by mapping out a two-
dimensional minimum energy surface along both C1′-N1 and
O-C1′ bonds, as shown in Figure 3, we further confirmed that
there is no oxocarbenium intermediate formed in the reaction
and it is appropriate to choose dC1′-N1 - dO-C1′ as the reaction
coordinate. Thus, along the chosen reaction coordinate of dC1′-N1

- dO-C1′, we have carried out Born-Oppenheimer ab initio QM/
MM molecular dynamics simulations with the umbrella sam-
pling calculations to determine the free energy reaction profile.

As shown in Figure 4, the computed potential of mean force
for the nicotinamide cleavage reaction catalyzed by Sir2Tm
converges very well. The calculated free energy of activation
is 15.7 kcal mol-1, which is consistent with 16.4 kcal mol-1

estimated from the reaction rate 6.7 s-1 of nicotinamide
formation in Hst2.30 It should be noted that the experimentally
measured kcat of 0.170 ( 0.006 s-1 for Sir2Tm39 is very similar
to 0.2 ( 0.03 s-1 of Hst2.30 For the reaction rate of nicotinamide
cleavage step, only the one for Hst2 has been measured
experimentally;30 thus, it was employed for the comparison here.
Meanwhile, our calculated result indicated that the intermediate
with the presence of the nicotinamide is not as stable as the
reactant complex. This is quite reasonable considering that the(82) Beeman, D. J. Comput. Phys. 1976, 20, 130–139.

Figure 2. Illustration of the QM/MM partition. Color notations: black,
MM subsystem; red, boundary carbon atoms in the QM subsystem described
by improved pseudobond parameters;62 blue, all other atoms in the QM
subsystem.

Figure 3. Two-dimensional minimum energy surface along C1′-N1 and
O-C1′ bonds. The reactant is on the lower left corner, the intermediate is
on the upper right corner, and the transition state is located in the middle.
The pink cycle line represents the minimum reaction path determined by
employing dC1′-N1 - dO-C1′ as the reaction coordinate.
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nicotinamide cleavage step is known to be reversible24-26 and
the nicotinamide release was suggested to be the rate-limiting
step.29

To further confirm that there is no stable oxocarbenium state
between the reactant and the intermediate, we have carried out
the unrestrained ab initio QM/MM molecular dynamics simula-
tions with 50 random snapshots around the transition state
region. For each snapshot, two simulations have been run, one
with the original velocities and the other with the reversed ones.
Among all simulations, there is no stable oxocarbenium state
observed. For 50% of the snapshots (25 out of 50), one trajectory
led to the reactant while the other went to the intermediate.
These results further rule out the possibility of a stepwise
mechanism and confirm that our characterized transition state
is meaningful.

At the reactant state, the distances of two bonds C1′-N1 and
O-C1′ are calculated to be 1.56 ( 0.04 and 3.26 ( 0.04 Å,
respectively, consistent with the values of 1.49 and 3.18 Å in
the crystal structure of 2H4F.40 At the transition state, the
corresponding values at the transition state are 2.60 ( 0.10 and
2.35 ( 0.10 Å, which are much longer than their covalent bond
distances; the computed bond orders of C1′-N1 and O-C1′
bonds with natural bond orbital (NBO) analysis are 0.10 ( 0.02
and 0.14 ( 0.04, respectively. Thus, the transition state for this
nicotinamide cleavage reaction can be considered to be very
loose and highly dissociative. We can see that from the reactant
state to the transition state, not only does the glycosidic bond
become almost broken, the nucleophilic attack distance has been
significantly shortened, which is consistent with a concerted and
SN2-like mechanism.

The partial charges over acetyl-lysine, nicotinamide and ribose
ring portions of NAD+ are computed for all the snapshots at
the reactant, the transition state and the intermediate. As shown
in Figure 5, both acetyl-lysine and nicotinamide undergo the
charge migration through the ribose ring from the reactant to
the transition state. At the transition state, the positive charge
on the ribose ring significantly increases, whereas there has some
amount of positive charge remaining on the nicotinamide. This
further confirms the significant participation of the acetyl-lysine
in the formation of the transition state, which is very consistent
with the recent experimental result that the reaction rate of the
nicotinamide cleavage reaction is dependent on the nucleophi-

licity of the acetyl-oxygen.30 Meanwhile, our results indicate
that the dissociative transition state for the Sir2Tm enzyme also
has a significant oxocarbenium ion character, which is to some
extent similar to many other enzyme-catalyzed nicotinamide
cleavage reactions.83-85

3.2. Catalytic Role of Enzyme Environment. To understand
the role of enzyme environment in the nicotinamide cleavage
reaction, we have calculated the van der Waals and electrostatic
interactions between QM and MM subsystems with snapshots
at the reactant, the transition state and the intermediate,
respectively. Using the bin size of 0.05 Å, roughly 1100
snapshots have been picked up at each state. The charges for
the QM subsystem were calculated in the presence of MM
environment with B3LYP/6-31G(d) QM/MM calculations.
Interestingly, as indicated in Figure 6, for this step of the
reaction, the Sir2Tm enzyme strongly stabilizes the covalent
R-1′-O-alkylamidate intermediate while its effect on the oxo-
carbenium ion transition state is quite minimal. It is not
surprising since the nicotinamide cleavage is the first step of
whole deacetylation, and the stabilization of the intermediate
reduces the probability of the reverse reaction. In order to further
elucidate how the intermediate is stabilized, we have calculated
the individual residue contribution to the intermediate stabiliza-
tion, as shown in Figure 7. The formula is ∆Ei

tot )
(Ei/QM

vdw+ele)intermediate - (Ei/QM
vdw+ele)reactant. The negative ∆Ei

tot indicates
that residue i stabilizes the intermediate, whereas the positive
one is unfavorable. Such analyses have been demonstrated to
be able to provide detailed insights into enzyme catalysis,23,86-92

(83) Rising, K. A.; Schramm, V. L. J. Am. Chem. Soc. 1997, 119, 27–37.
(84) Berti, P. J.; Schramm, V. L. J. Am. Chem. Soc. 1997, 119, 12069–

12078.
(85) Scheuring, J.; Schramm, V. L. Biochemistry 1997, 36, 8215–8223.

(86) Liu, H.; Zhang, Y.; Yang, W. J. Am. Chem. Soc. 2000, 122, 6560–
6570.

(87) Zhang, Y.; Kua, J.; McCammon, J. A. J. Phys. Chem. B 2003, 107,
4459–4463.

Figure 4. Potential of mean force for the Sir2Tm catalyzed nicotinamide
cleavage reaction determined with B3LYP/6-31G(d) QM/MM MD simula-
tions. Geometries at reactant, transition state, and intermediate in schematic
representation and bond lengths are also shown.

Figure 5. Computed group partial charges of acetyl-lysine, nicotinamide,
and ribose ring at reactant, transition state, and intermediate.

Figure 6. Calculated electrostatic + van der Waals interaction energies
between the QM subsystem and its environment at the reactant, the transition
state, and the intermediate. Note that the average energy distribution at the
reactant is shifted to zero and the corresponding values are shifted for the
transition state and the intermediate.
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among which some computational hypotheses86,88 have been
confirmed by later experimental studies.93,94 However, due to
various inherent approximations employed in the energy de-
composition calculations, such as the neglect of conformational
change and dielectric screening, the calculated numbers can only
be employed as qualitative indicators.

By analyzing the residue contribution, it is found that several
motifs strictly conserved among the sirtuin family play important
catalytic roles in this initial nicotinamide cleavage reaction, as
illustrated in Figure 8. The FGExL motif, which was previously
suggested to be responsible for the acetyl-lysine binding,35 is
found to also stabilize the O-alkylamidate intermediate mainly
through the electrostatic interaction. The destabilization con-
tribution of the adjacent residue Arg156 is mainly compensated

by Glu164, which is a key residue in catalysis identified
experimentally33 and in our current study. The salt bridge formed
between these two residues would play an important structural
role to stabilize the FGExL motif. Meanwhile, three highly
invariant motifs in sirtuins, GAGxS, GIPxFR, and TQNIDxL,
which make direct contacts with the NAD+,38 are also found to
contribute considerably to the intermediate stabilization. As
shown in Figure 9, the strictly conserved residue Arg34 in the
GIPxFR motif forms two hydrogen bonds with two nonbridging
oxygens of the diphosphate portion of the NAD+. It was
previously hypothesized to stabilize the O-alkylamidate inter-
mediate,28 which is very consistent with our residue component
analysis. Meanwhile, our results that Gln98, Asn99, and Ile100
in the TQNIDxL motif contribute to stabilize the intermediate
and His116 has little effect in this first step of the reaction are
in good agreement with the corresponding experimental mu-
tagenesis results.28,33,34,36,37,95

Among all residues, Figure 7 indicates that two negatively
charged residues Asp101 and Asp32 most strongly disfavor the
formation of the O-alkylamidate intermediate. This can be easily
understood from the arrangement of these residues around the
active site, as shown in Figure 9. As we discussed previously
and illustrated in Figure 5, for this nicotinamide cleavage
reaction, there is significant positive charge migration from the
nicotinamide to the acetyl-lysine. Thus, negative charges located
on the side of nicotinamide or positive charges on the side of
acetyl-lysine would deter the charge transfer and destabilizes
the O-alkylamidate intermediate, and vice versa. From Figure
9, we can see that Asp101 directly forms a hydrogen bond with
the amide group of nicotinamide; while for Asp32, it lies above
the ribose ring and is in close proximity of nicotinamide. Thus,
both residues lead to much less favorable interaction with the
intermediate than with the reactant. With the same physical
reasoning, it is found that two charged residues distant from
the active site, Asp49 on the side of acetyl-lysine and Arg106
on the side of nicotinamide, may play an important catalytic
role in this nicotinamide cleavage step, as indicated by Figure
7.

It should be noted that a residue destabilizing the intermediate
does not necessarily mean that it is not important for the
catalysis, since a residue can contribute to the enzyme function
in many other ways, such as binding the substrate, facilitating
the formation of the reactive conformation, lowering the barrier
for subsequent reaction steps, stabilizing the local or global
structure which is necessary for catalysis. For Asp32, it is not
conserved among the sirtuin family proteins. In some of the
Sir2 homologues, the corresponding one is a neutral residue
Thr.4 Here we suggest that the mutation of Asp32 to Thr or
Ser in Sir2Tm might result in the reaction rate enhancement
for this nicotinamide cleavage step, but it may also weaken the
binding of the substrate. For Pro31, its destabilization effect is
mainly due to the electrostatic interaction between its backbone
carboxyl oxygen and the nicotinamide portion of NAD+.
Considering that Pro31 is widely conserved among the sirtuin
protein family, it is likely to play an important structural role
in the Sir2Tm enzyme.

The remaining question is the functional role of Asp101,
which is strictly conserved within the Sir2 family4 and
suggested to be a key residue in the C pocket for nicotinamide
binding.39 Experimental studies indicated that the mutation

(88) Cisneros, G. A.; Liu, H.; Zhang, Y.; Yang, W. J. Am. Chem. Soc.
2003, 125, 10384–10393.

(89) Cheng, Y.; Zhang, Y.; McCammon, J. A. Protein Sci. 2006, 15, 672–
683.

(90) Hu, P.; Zhang, Y. J. Am. Chem. Soc. 2006, 128, 1272–1278.
(91) Wang, L.; Yu, X.; Hu, P.; Broyde, S.; Zhang, Y. J. Am. Chem. Soc.

2007, 129, 4731–4737.
(92) Xiao, C.; Zhang, Y. J. Phys. Chem. B 2007, 111, 6229–6235.
(93) Poyner, R. R.; Larsen, T. M.; Wong, S. W.; Reed, G. H. Arch.

Biochem. Biophys. 2002, 401, 155–163.
(94) Metanis, N.; Brik, A.; Dawson, P. E.; Keinan, E. J. Am. Chem. Soc.

2004, 126, 12726–12727.
(95) North, B. J.; Marshall, B. L.; Borra, M. T.; Denu, J. M.; Verdin, E.

Mol. Cell 2003, 11, 437–444.

Figure 7. Individual residue contribution to the intermediate stabilization.
Negative value indicates that a residue stabilizes the intermediate, and vice
versa. Note that the electrostatic interaction is dominant in the residue
contribution.

Figure 8. Three-dimensional enzyme-substrate complex structure. Some
key motifs which significantly contribute to the substrate binding and
enzyme catalysis are shown in color.
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of Asp101 to Asn would lead to not only a weaker binding
of the substrate but also a significant loss in NAD+-dependent
deacetylation activity.39 Since Asp101 directly forms a
hydrogen bond with the amide group of the nicotinamide
fragment which carries significant positive charge in the
reactant complex, it is expected that the mutation would result
in the weak binding of the substrate. However, it is unclear
how the D101N mutation affects the deacetylation activity,
since this mutation should facilitate the formation of the
O-alkylamidate intermediate based on the consideration of
electrostatic interaction alone. Here we have carried out two
molecular dynamics simulations on the D101N mutant in
complex with substrates acetyl-lysine and NAD+ with the
same simulation protocol as the wild-type enzyme. For the
wild-type enzyme, Asp101 makes two hydrogen bonds with
the amide group of NAD+ and the backbone of Leu103
throughout the simulation. The torsion angle around the
glycosidic bond in NAD+ is 36.8 ( 8.7°, which is in good
agreement with 38.3° in the crystal structure.40 In the first
simulation of the D101N mutant, the carboxyl oxygen
hydrogen-bonding to the NAD+ was replaced with an amide
group, as illustrated in Figure S1. We found that the NAD+

conformation changed immediately during the simulation. By
superimposing the 5 ns snapshots of wild-type Sir2Tm and
the D101N mutant for comparison, as shown in Figure 10,
we can see that although the rest of the structures superimpose
quite well, the nicotinamide ring adopts a very different
conformation in the D101N mutant which leads to an
unfavorable geometry arrangement for the acetyl-lysine to
participate in the reaction as the nucleophile. In the second
simulation of the D101N mutant, as illustrated in Figure S1,
the carboxyl oxygen hydrogen-bonding to the Leu103 was
replaced with an amide group. For this trajectory, Asn101
can maintain a weak hydrogen bond with NAD+ for about 8
ns, as shown in Figure 11, but later hydrogen bonds break
and the torsion angle of the glycosidic bond in NAD+

significantly changes. These simulation results clearly indicate

that the D101N mutation would lead to the disruption of key
hydrogen bonds in the nicotinamide binding pocket and the
change of the binding conformation of NAD+. Thus, it would
be reasonable to suggest that the changes in the binding of
NAD+ in the active site due to the D101N mutation may
lead to the decrease of its catalytic activity.

4. Conclusions

By employing ab initio QM/MM molecular dynamics
simulations, we have characterized the mechanism of nico-
tinamide cleavage reaction catalyzed by the histone deacety-
lase Sir2Tm. Our studies suggest that the nicotinamide

Figure 9. Interactions of key residues with the NAD+ and the substrate acetyl-lysine. The left panel shows a schematic representation, and the right shows
the actual three-dimensional structure.

Figure 10. Superimposition of the active sites of wild-type Sir2Tm (in
blue) and its D101N mutant (in yellow, simulation I). Both snapshots are
taken at 5 ns in MD simulations after equilibration.
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cleavage reaction employs a highly dissociative and concerted
displacement mechanism: the cleavage of glycosidic bond
is facilitated by the nucleophilic participation of the acetyl-
lysine. The transition state is very loose and dissociative,
and has a significant oxocarbenium ion character. Further-
more, functional roles of key residues and motifs in the
enzyme active site have been characterized. To provide such
detailed mechanistic insights is not only of fundamental
interest, but also of high medicinal importance since there
are enormous current interests in the development of new
mechanism-based sirtuin regulators. It should be noted that
our simulation studies here focus on the Sir2Tm enzyme,
thus some caution should be exercised to correlate these
results to sirtuins as a whole. Meanwhile, this work further

demonstrates the feasibility and applicability of the on-the-
fly Born-Oppenheimer ab initio QM/MM molecular dynam-
ics simulations in simulating enzyme reactions.
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Figure 11. Time-dependent trajectories of torsion angle of the glycosidic bond in NAD+ and some of the key hydrogen bonds in the nicotinamide binding
pocket during 25 ns MD simulations in both wild-type Sir2Tm and its D101N mutant (simulation II), respectively.
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