
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 6
:1

1:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Discovery of cryp
aDepartment of Pathophysiology, Key Labora

of Chinese Ministry of Education, Shanghai

Shanghai 200025, China. E-mail: lushaoyon
bThe Charles Perkins Centre, University of S
cMedicinal Chemistry and Bioinformatics

School of Medicine, Shanghai 200025, Chin
dDepartment of Cardiology, Renji Hospital,

Medicine, Shanghai 200120, China
eSchool of Pharmaceutical Sciences, Zhengzh

† Electronic supplementary informa
10.1039/d0sc05131d

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2021, 12, 464

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 17th September 2020
Accepted 30th October 2020

DOI: 10.1039/d0sc05131d

rsc.li/chemical-science

464 | Chem. Sci., 2021, 12, 464–476
tic allosteric sites using reversed
allosteric communication by a combined
computational and experimental strategy†

Duan Ni, ‡ab Jiacheng Wei, ‡a Xinheng He, ‡a Ashfaq Ur Rehman,a Xinyi Li,a

Yuran Qiu,a Jun Pu,d Shaoyong Lu *ac and Jian Zhang *ace

Allostery, which is one of the most direct and efficient methods to fine-tune protein functions, has gained

increasing recognition in drug discovery. However, there are several challenges associated with the

identification of allosteric sites, which is the fundamental cornerstone of drug design. Previous studies on

allosteric site predictions have focused on communication signals propagating from the allosteric sites to

the orthosteric sites. However, recent biochemical studies have revealed that allosteric coupling is

bidirectional and that orthosteric perturbations can modulate allosteric sites through reversed allosteric

communication. Here, we proposed a new framework for the prediction of allosteric sites based on

reversed allosteric communication using a combination of computational and experimental strategies

(molecular dynamics simulations, Markov state models, and site-directed mutagenesis). The desirable

performance of our approach was demonstrated by predicting the known allosteric site of the small

molecule MDL-801 in nicotinamide dinucleotide (NAD+)-dependent protein lysine deacetylase sirtuin 6

(Sirt6). A potential novel cryptic allosteric site located around the L116, R119, and S120 residues within

the dynamic ensemble of Sirt6 was identified. The allosteric effect of the predicted site was further

quantified and validated using both computational and experimental approaches. This study proposed

a state-of-the-art computational pipeline for detecting allosteric sites based on reversed allosteric

communication. This method enabled the identification of a previously uncharacterized potential cryptic

allosteric site on Sirt6, which provides a starting point for allosteric drug design that can aid the

identification of candidate pockets in other therapeutic targets.
Introduction

Protein allostery, which is considered as the second secret of
life, has paved a novel avenue for modern drug discovery.
Allostery involves ne-tuning the functions of conserved
orthosteric sites by topologically distinct allosteric sites. Allo-
steric ligands exhibit higher selectivity and better physio-
chemical properties than orthosteric ligands, which offers
a new paradigm for innovative therapeutic development.1–6

Allostery has enabled the successful modulation of intractable
tory of Cell Differentiation and Apoptosis

Jiao Tong University, School of Medicine,

g@yeah.net; jian.zhang@sjtu.edu.cn

ydney, Sydney, NSW 2006, Australia

Center, Shanghai Jiao Tong University,

a

Shanghai Jiao Tong University, School of

ou University, Zhengzhou 450001, China

tion (ESI) available. See DOI:

is work.
drug targets, such as oncoprotein Ras, recalcitrant kinases, and
G-protein-coupled receptors (GPCRs).5–13 The prerequisite for
allosteric drug design is the precise identication of allosteric
sites. However, most characterized allosteric sites were seren-
dipitously discovered through exhaustive and tedious experi-
mental approaches, such as high-throughput screening and
alanine-scanning mutagenesis.2,14–16 Computational tools,
such as AlloFinder and Ohm can overcome the limitations
associated with allosteric site identication.17,18 However, the
computational methods generate artifacts due to the use of
potentially biased structural data for model training and non-
physiological dummy atoms or ligands for site detection and
docking.14,15,19,20 Moreover, the detection of cryptic allosteric
sites, which can expand the repertoire of allosteric drug
discovery, is not possible using these computational methods.
The cryptic allosteric sites are exclusively detected in specic
intermediate states within protein conformational
ensemble.21–23

In addition to the classical allosteric communication theory
according to which the signals propagate from the allosteric
sites to the orthosteric sites, a bidirectional allosteric commu-
nication theory has recently been proposed.24–27 According to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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this theory, the communication signals can also propagate from
the orthosteric sites to the allosteric sites, which is referred to as
reversed allostery or reversed allosteric communication. Several
studies have validated this theory by examining a set of classical
allosteric proteins. For example, novel allosteric sites on 15-
lipoxygenase and allosteric modulators targeting
phosphoinositide-dependent protein kinase 1 (PDK1) were
successfully identied based on the bidirectional allosteric
communication theory.24,28,29 The reversed allosteric communi-
cation model facilitates the ab initio identication of allosteric
sites without prior knowledge of the orthosteric sites. However,
the limitation of this model is the articial nature of manually
introduced orthosteric perturbations. Following a similar
stream, we propose a computational framework for allosteric
site predictions through the reversed allostery model. This
framework is based on orthosteric ligand binding, which is the
most common and natural orthosteric perturbation, to mini-
mize the generation of potential artifacts. The developed
framework can facilitate unbiased detection of allosteric sites
under physiological conditions and delineate the crosstalk
between orthosteric and allosteric sites. This model was further
applied to investigate Sirt6, a key member of the sirtuin
deacetylase family for which there are limited regulatory
molecules.

Sirtuins, which are nicotinamide adenine dinucleotide
(NAD+)-dependent class III histone deacetylases (HDACs),
deacetylate histones and mediate various cellular events
ranging from maintenance of genomic stability to metabolic
activities.30–34 Sirt6, a member of the sirtuin family (Sirt1–7),
catalyzes the removal of acetyl groups from the lysine residues
9, 18, and 56 on histone 3 (H3K9, H3K18, and H3K56) and
transfers them to NAD+ cofactor. This reaction yields nicotin-
amide and a combination of 20- and 30-O-acetyl-ADP ribose as
products.31,34–37 Sirt6, which is involved in various biological
processes, such as DNA repair and aging, is expressed in
different mammalian organs. Thus, Sirt6 is a potential thera-
peutic target.32–34,38 There are limited selective compounds for
drugging Sirt6 owing to the highly conserved structural archi-
tecture among its paralogues. This has prompted the develop-
ment of Sirt6 allosteric modulators for specic therapeutic
applications.34,39–41

Sirt6 shares an evolutionarily conserved catalytic core with
other sirtuin members, which comprise eight a-helices and
nine b-sheets with a large Rossmann fold and a small zinc-
binding domain (ZBD) (Fig. 1).40,42 These two domains ank
the Sirt6 active cle, where a long hydrophobic channel loads
acetylated substrates and NAD+. Recently, we identied an
allosteric site behind the orthosteric site of Sirt6 and discovered
a rst-in-class Sirt6 allosteric activator (MDL-801) for this site
(Fig. 1).43,44 Biochemical analysis of this activator revealed that it
is robustly suppressed in cancer models and that it improves
the quality of induced pluripotent stem cells derived from aging
mice.45–47 These ndings highlight the potential of Sirt6 allo-
steric drug development.

In this study, we developed a novel hybrid computational
pipeline based on reversed allosteric communication and
successfully implemented it for the prediction of Sirt6 allosteric
© 2021 The Author(s). Published by the Royal Society of Chemistry
sites. We hypothesized that orthosteric ligand binding shis the
conformational ensemble of Sirt6 and ne-tunes the confor-
mation of the surface cavities that do not overlap with its
orthosteric site, which results in the emergence of cryptic allo-
steric sites. Large-scale molecular dynamics (MD) simulations
and Markov state model (MSM) analysis revealed that the
dynamic landscape of Sirt6 is markedly altered upon binding of
NAD+ to the orthosteric site with the emergence of two novel
intermediate substrates. Structural analysis revealed that the
orthosteric NAD+ site modulates the known allosteric MDL-801
site, which supported the rationale of our model. Importantly,
NAD+-loaded Sirt6 exhibits a novel potential cryptic allosteric
site (Pocket X) with marked allosteric effects in its intermediate
conformation. The allosteric crosstalk between Pocket X and
the orthosteric NAD+ site was elucidated using energetic
calculations and correlation analysis.18,48 Furthermore, the
results of site-directed mutagenesis demonstrated that muta-
tions in Pocket X allosterically affect the deacetylation activity of
Sirt6, which conrmed the accuracy and reliability of our
proposed computational framework. Thus, we propose
a combined computational framework based on reversed allo-
steric communication for allosteric site prediction. The method
developed in this study revealed a potential cryptic allosteric
site on Sirt6, which can aid future rational allosteric drug
design.

Results
Orthosteric NAD+ binding alters Sirt6 dynamic ensemble and
generates new intermediate substrates

To initiate our computational pipeline for reversed allosteric
communication, a 500 ns accelerated MD (aMD) simulation was
performed for apo- and holo-Sirt6 in ve replicas to enhance
sampling and cover broader conformational spaces (see Mate-
rials and methods). The Rossmann fold and the ZBD are critical
for the functions of Sirt6.42 Hence, they were selected as two
structural features to capture the conformational dynamics of
Sirt6 throughout the simulations. The root-mean-square devi-
ations (RMSDs) in these two domains were calculated and
projected onto a two-dimensional (2D) space to visualize the
overall free energy landscapes (Fig. 2). The apo-Sirt6 form
exhibited two dominant conformations (Fig. 2A) with RMSDs of
approximately 0.8 Å in the Rossmann fold and 1.5 Å and 3 Å in
the ZBD. Orthosteric NAD+ binding markedly altered the Sirt6
conformational ensemble (Fig. 2B). The basins for conforma-
tional clusters in NAD+-bound holo-Sirt6 slightly shied along
the X-axis. The RMSDs (approximately 0.7 Å) in the Rossmann
fold of NAD+-bound holo-Sirt6 were lower than those in the
Rossmann fold of the apo-protein. Two novel intermediate
states were observed with RMSDs of approximately 4 Å and 6.5 Å
in the ZBD. The high RMSD values in the ZBD of the holo-
protein suggested conformational rearrangements and indi-
cated that orthosteric binding triggered reversed allosteric
communication.

To examine the key conformational states of Sirt6 during
simulations, MSM, which has been widely used to probe protein
conformational dynamics,22,49,50 was constructed for our
Chem. Sci., 2021, 12, 464–476 | 465
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Fig. 1 Structural overview of Sirt6 with major secondary structural elements and functional domains specified. The zinc-binding domain (ZBD)
and Rossmann fold (PDB ID: 5X16) are shown in cyan and pink, respectively (left panel). Structural overview of the allosteric activator (MDL-801)-
bound Sirt6 with highlighted ADPr orthosteric site (pink) and MDL-801 allosteric site (cyan) (PDB ID: 5Y2F) (middle). Structural overview of MDL-
801-bound Sirt6 showing the distal binding pocket of MDL-801 to orthosteric ADPr pocket. This confirmed its allosteric nature (PDB ID: 5Y2F)
(right).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 6
:1

1:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
simulated systems using PyEMMA51 (see Materials and
methods). The results of the implied timescale test (Fig. S1†)
and the Chapman–Kolmogorov test (Fig. S2†) conrmed that
our models were Markovian (see Materials and methods).
Fig. 2 Conformational landscapes of apo- (A) and holo- (B) Sirt6. Structu
and holo- (D) Sirt6. The highlighted regions show dominant conformati

466 | Chem. Sci., 2021, 12, 464–476
Conformational ensembles for apo- and holo-Sirt6 were then
clustered into 2 (M1 and M2) and 4 (M10, M20, M30, and M40)
MSM metastable states, respectively (Fig. 2A and B). Compara-
tive analysis of these dominant conformations revealed that the
ral comparisons of dominant intermediate state structures of apo- (C)
onal rearrangements.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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overall Sirt6 backbone structure was stable throughout the
simulations irrespective of NAD+ binding. However, the a3-helix
in both systems underwent remodeling (Fig. 2C and D). The
most prominent conformational rearrangements were observed
in the ZBD, which was consistent with our conformational
landscape analysis. The structural feature of ZBD, which mainly
comprises coils, loops, and three b-sheets (b4–b6), indicated its
high plasticity during simulations. In apo-Sirt6, the MSM
metastable states M1 and M2 positioned ZBD with outward and
inward orientations relative to the overall protein (hereaer
designated as ZBD-out and ZBD-in conformations, respectively)
(Fig. 2C), respectively. In holo-Sirt6, the conformations of M10

and M20 were similar to those of M1 in apo-protein with both
exhibiting a ZBD-out conformation. The newly formed
substates M30 and M40 exhibited ZBD-in conformation but
projected ZBD further inward. The loop connecting b5 and b6
was transformed into a short a-helix (Fig. 2D). The conforma-
tional landscapes and MSM analyses highlighted that orthos-
teric NAD+ binding induced marked conformational changes in
the Sirt6 ensemble with predominant changes in the ZBD.
Detecting potential allosteric pockets using the reverse
allosteric communication model

The motions and dynamics of the orthosteric and allosteric
sites are highly correlated.26,27 Perturbations at orthosteric sites
can ne-tune the overall protein conformational dynamics and
inuence distal regions, which may result in the emergence of
novel allosteric sites.26,27,52 As the conformational ensemble of
Sirt6 was markedly altered upon orthosteric NAD+ binding, we
investigated its surface cavities to identify potential allosteric
sites. Fpocket was used for pocket prediction on all six MSM
metastable state structures (i.e., M1, M2 and M10–M40)53,54 to
retrieve novel binding cavities. In NAD+-bound Sirt6, we rst
identied the previously reported pocket for the allosteric
activator MDL-801 (ref. 43) (Fig. 3A). Surprisingly, this pocket,
which was detected as Pocket 1, was not completely formed
during the simulations (Fig. 3B). The entrance of the pocket was
partially blocked by the exible N-terminus, which may be only
displaced upon allosteric modulator loading through an
“induced-t” mechanism. These observations underscored the
dynamic nature of the MDL-801 allosteric site, which under-
went structural rearrangement through ligand–pocket interac-
tion and was transformed into a suitable conformation to
accommodate its corresponding allosteric ligands.55–59 These
results also demonstrate the rationale of our prediction model.
Interestingly, a novel binding site, named Pocket X, was iden-
tied, which emerged because of conformational remodeling
caused due to NAD+ binding (Fig. 3C). This novel cavity mainly
comprises a5-helix, a loop linking a3- and a4-helixes, and ZBD
residues. This new pocket was not visible in the Sirt6 crystal
structure in which a part of the C-terminus was covered above
the pocket that hindered its formation (Fig. 3D, S3B and C).
Pocket X was detected only in the newly emerging M40 MSM
metastable state but not in the M10–M30 metastable states of
holo-Sirt6. The C-terminal coil structure was induced into an a-
helix and displaced, which resulted in the exposure of this novel
© 2021 The Author(s). Published by the Royal Society of Chemistry
pocket. This indicated the dynamic nature of Pocket X (Fig. 3C,
D and S3D–F). Pocket X was also not detected in the apo-Sirt6
MSM metastable structures (M1 and M2), which indicated that
orthosteric binding was a prerequisite for the formation of this
pocket (Fig. 4A and B). This further provided evidence for the
reversed allostery theory. Pocket X, which is situated behind the
orthosteric pocket for NAD+, exerted allosteric effects (Fig. 4C).
The dynamic behavior of Pocket X emphasizes the feasibility of
reversed allosteric communication triggered by orthosteric
ligand–protein interactions. Additionally, reversed allosteric
communication resulted in the emergence of novel cryptic
allosteric sites, whose formation was induced by conforma-
tional rearrangements resulting from reversed allosteric
communication caused by orthosteric NAD+ binding.
Characterizing the coupling between orthosteric and
allosteric sites

Next, we established a computational scheme to quantify the
reversed allosteric communication caused by orthosteric
binding and conrmed the coupling between the orthosteric
site and the predicted allosteric sites. A previous study
established the residue–residue interaction model in which
some residue pairs within the allosteric sites exhibited
substantial interaction energy changes upon ligand
binding.52,60 Based on this model, we derived a quantitative
model to evaluate allosteric coupling between the orthosteric
and allosteric sites. In the reversed allostery model, we spec-
ulated that the potential allosteric sites exhibited similar
energetic properties in response to orthosteric ligand binding.
The residue–residue interaction free energy of a proportion of
residue pairs within the allosteric sites would undergo
considerable changes before and aer orthosteric loading,
which suggested reversed allosteric communication due to
orthosteric perturbations.

To utilize the differences in residue interaction energy as
predictors of potential allosteric sites, a quantitative measure-
ment was needed to set up the threshold to differentiate
between the allosteric and non-allosteric sites. Based on
a previous workow,52,60 we divided all residue pairs within
a given pocket into the following three groups according to their
interaction energy differences before and aer orthosteric
binding: small energy difference (I), medium energy difference
(II), and large energy difference (III). The energy differences
between the residue pairs in the small energy difference (I)
group are within one standard deviation of the overall average
value (between pink and cyan lines in Fig. 5A and B), whereas
those in the medium energy difference (II) group were within
three standard deviations (between cyan and green lines in
Fig. 5A and B). In the large energy difference group (III), the
energy differences between the residue pairs were distributed at
least three standard deviations away from the average interac-
tion energy changes (outside the green lines in Fig. 5A and B).
The ratio of the number of residue pairs in the (III) group to that
in the (II) and (III) groups was calculated as the energy coupling
score, which indicated the coupling between orthosteric and
allosteric sites through energetic terms. The energy coupling
Chem. Sci., 2021, 12, 464–476 | 467
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Fig. 3 (A) Structural overview of the binding site (cyan) for the allosteric activator MDL-801 on Sirt6 (PDB ID: 5Y2F). (B) Structural overview of the
partial reproduction of the MDL-801 site on Sirt6 as Pocket 1 in our reversed allostery model with the N-terminus partly blocking the entrance of
the pocket. Structural overview of the newly identified cryptic allosteric site (Pocket X) in its open (C) and closed (D) conformations with the C-
terminus blocking the entrance of the pocket.
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score was used to identify potential allosteric sites with 0.25 as
the threshold, which was selected based on previous studies.52,60

Pockets with energy coupling scores higher than 0.25 were
considered as allosteric sites, while those with scores lower than
0.25 were considered as non-allosteric sites.

Among the prediction results from Fpocket based on the
conformational ensemble obtained aer orthosteric binding,
we tested our method with the recently reported MDL-801
allosteric site on Sirt6. The energy coupling score for the allo-
steric MDL-801 site was 0.28, which was higher than the cutoff
score of 0.25 (Fig. 5A). This was consistent with the results of
a previous experimental study that reported the allosteric
468 | Chem. Sci., 2021, 12, 464–476
nature of the MDL-801 binding site.43 Thus, our ndings
demonstrating the reliability and accuracy of our “energy
coupling” approach for identifying novel allosteric sites and
quantifying reversed allosteric communication. This approach
was further applied to analyze the newly predicted Pocket X. The
energy coupling score for Pocket X was 0.33 (Fig. 5B), which was
higher than the threshold score for the allosteric site. This
conrmed that Pocket X was strongly coupled with the orthos-
teric NAD+ binding site and that Pocket X is allosterically
regulated. Most cavities predicted by Fpocket had an energy
coupling score lower than the threshold score (0.25) and thus
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Closed conformation of Pocket X in the Markov state model (MSM) metastable state M1 of apo Sirt6 (Pocket X residues are highlighted
in green). (B) Closed conformation of Pocket X in the MSM metastable state M2 of apo-Sirt6 (Pocket X residues are highlighted in yellow). (C)
Novel allosteric Pocket X (cyan) located at the opposite side of Sirt6, which is distal to the orthosteric NAD+ binding site (pink). This confirmed its
allosteric nature.
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were excluded from further analyses (Fig. S4†). This indicated
the sensitivity of our approach.

The energy coupling score only deciphered the crosstalk
between orthosteric and allosteric sites through energetics.
Next, we delineated the structural basis underlying the reversed
allosteric communication between the allosteric Pocket X and
the orthosteric NAD+ binding site. Several cutting-edge
computational algorithms were applied for allosteric analyses
of Pocket X. Among them, Ohm, a newly developed network-
based method,18 was used to characterize the allosteric signals
originating from Pocket X. The allosteric coupling intensity of
the residues in Pocket X was high (0.7866 � 0.02609). Thus,
these residues were considered allosteric hotspots. This indi-
cated that Pocket X exerted a marked allosteric effect on the
orthosteric NAD+ cavity, which concurred with our results.
Furthermore, D3Pocket, a webserver for cavity dynamic anal-
ysis,48 was employed for structure-based evaluation of allosteric
coupling. During the simulations, a strong positive volume
correlation (0.65) was observed between the orthosteric NAD+
© 2021 The Author(s). Published by the Royal Society of Chemistry
site and Pocket X. The dynamics of Sirt6 involving increased
volume of the orthosteric NAD+ site were associated with
a concomitant increase in the volume of allosteric Pocket X
(Fig. 5C). This was consistent with our thermodynamic analysis
of the energy coupling score. Additionally, this nding indi-
cated the correlation between the orthosteric binding site and
allosteric Pocket X, which suggested bidirectional allosteric
communication.
Pocket X negatively modulates the activity of Sirt6

The aforementioned computational analysis of reversed allo-
steric communication from an orthosteric NAD+ site identied
Pocket X as a novel allosteric site on Sirt6. To further corrobo-
rate the allosteric regulation of Sirt6 deacetylation, we per-
formed site-directed mutagenesis experiments. The Fluor de
Lys (FDL) assay36,61 was conducted to quantify the effect of
different single mutations (S86A, R88A, P89A, T90A, L116A,
R119A, S120A, D149A, and T150A; Fig. 6A) on the Sirt6 deace-
tylation activity on the acetylated substrate peptide (RHKK-ack-
Chem. Sci., 2021, 12, 464–476 | 469
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Fig. 5 Energy coupling analysis for the MDL-801 site (A) and Pocket X (B) in apo- and holo-Sirt6. Each dot represents one residue pair and its
crosses indicate the corresponding standard deviations. The pink line reflects the average interaction energy changes between apo- and holo-
protein. Regions between pink and cyan lines indicate small energy difference (one standard deviation, group I), regions between cyan and green
lines indicate medium energy difference (three standard deviations, group II), and regions outside green lines indicate large energy difference
(higher than three standard deviations, group III). (C) Correlation analysis using D3Pocket for orthosteric NAD+ site (magenta) and allosteric
Pocket X (cyan).

470 | Chem. Sci., 2021, 12, 464–476 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Structural overview of critical residues within Pocket X.
Overall backbone of Sirt6 is colored in white. The computational
prediction probe for Pocket X is shown in pink, while the critical
residues are displayed in cyan. (B) Mutagenesis experiments for critical
residues within Pocket X. The deacetylation activity of different Sirt6
variants was measured and the relative activities of each mutant are
expressed as fold changes relative to the wild-type enzyme, which is
represented as 1. All assays were performed in at least triplicate and the
results are presented as average � standard deviation.
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AMC). Sirt6 with mutant Pocket X exhibited approximately two-
fold lower deacetylation activity than wild-type Sirt6 (Fig. 6B).
Additionally, Sirt6 with mutations at the L116, R119, and S120
residues in Pocket X exhibited 4–8-fold lower deacetylation
activity than wild-type Sirt6 (Fig. 6A and B). These results vali-
dated that Pocket X was an allosteric pocket that negatively
modulates the deacetylation activity of Sirt6. Thus, Pocket X can
be potentially utilized for designing Sirt6 allosteric modulators
in the future. Moreover, these experimental ndings demon-
strated the desirable predictive efficacy of our computational
reversed allostery model, which represents a novel promising
methodology for allosteric site identication and allosteric drug
design.
Discussion

In this study, we proposed a novel computational pipeline based
on reversed allosteric communication for allosteric site prediction.
HDAC Sirt6 was used to demonstrate the ability of the computa-
tional pipeline to predict the previously reported allosteric MDL-
801 site. Additionally, a potential novel cryptic allosteric pocket
was identied, which only formed within a newly induced MSM
metastable state upon orthosteric NAD+ binding. Bidirectional
signals between orthosteric and allosteric sites were conrmed
using both energetic and structural dynamics computations, as
well as site-directedmutagenesis. This approach provides evidence
for the protein allostery theory and enables allosteric drug
discovery for intractable drug targets, including Sirt6.

Modern medicine is based on improved selectivity and
enhanced pharmacological performances. Thus, allosteric
modulators are applied for drug discovery1,4,20,62,63 with multiple
allosteric candidates targeting the historically “undruggable”
targets, such as K-Ras, and Src homology 2 phosphatase (SHP-
2), which may have clinical applications.8,9,11,64–67 Previously,
allosteric drugs were identied mainly through serendipitous
discovery due to difficulties in the identication and charac-
terization of their binding sites.2,14,15,20 The rapid development
of computational tools to predict allosteric sites partially
© 2021 The Author(s). Published by the Royal Society of Chemistry
enabled overcoming these limitations.17,68–70 However, most
sites predicted using these computational tools were associated
with several limitations due to the nature of their computa-
tional models or algorithms. For example, data-driven predic-
tion methods are frequently limited due to the use of biased
training datasets in which most allosteric sites are identied
from kinases and GPCRs, which hinders the performance of the
prediction methods. Normal mode analysis-based approaches
are restricted by their relatively coarse analysis procedures with
limited accuracy and specicity during approxima-
tions.2,15,17,19,69,70 Traditionally, the allosteric effect is dened as
the modulation of the orthosteric sites by the allosteric sites.
Recently, a bidirectional model for allostery was proposed24–27

according to which the signals propagate from the orthosteric
sites to the allosteric sites. This theory has been validated
through various studies that discovered a novel allosteric site on
15-lipoxygenase and designed allosteric modulators for
PDK1.24,28,29 The possibility of generating artifacts from non-
physiological orthosteric perturbations and other ligand–
pocket interactions cannot be ruled out.

To address these issues, we developed a combined computa-
tional framework exploiting the reversed allosteric communication
triggered by natural orthosteric ligand binding to detect potential
allosteric sites within the protein dynamic ensembles. As shown in
Fig. 7, we began with the apo- and holo-protein structures. MD
simulations and MSM analysis were performed to probe the
conformational ensemble of proteins in the absence and presence
of orthosteric ligand binding. The dominant metastable state
conformations were clustered and extracted. Potential allosteric
sites can be predicted based on the holo-protein conformations,
and their correlations with orthosteric sites can be further quan-
tied through both structural and energetic analyses. Finally, the
computational predictions were experimentally validated through
site-directed mutagenesis. Compared with the previous reports,
the workow of this study precludes most artifacts by physiologi-
cally manipulating orthosteric sites through their corresponding
ligand binding instead of mutations or manual perturbations.
Additionally, large-scale MD simulations and cutting-edge tech-
niques, such as MSM analysis, facilitated the identication of
subtlemetastable states within a protein dynamic ensemble. Thus,
this approach can provide comprehensive insights into protein
conformations. The detailed analysis of the alterations of protein
conformation upon orthosteric ligand binding can reveal cryptic
allosteric sites, which are not detected in most crystal structures
and are present only in some conformational metastable states.
The identication of cryptic allosteric sites, which are potential
targets for allosteric drug discovery,21,23,71 will expand the spectrum
of available druggable targets.

Our approach successfully predicted a cryptic allosteric site on
Sirt6, a critical target that is involved in various physiological and
pathological processes, such as longevity and carcinogenesis.
However, there is a lack of specic therapeutic agents for
Sirt6.32–34,38 Sirt6 belongs to the “magnicent seven” sirtuin family
(Sirt1 to Sirt7). Themajor challenge to identify drugs for Sirt6 is to
achieve specicity among the seven different isoforms. Thus, the
identication of selective Sirt6 allosteric modulator has piqued
the interest of the scientic community.34,39–41 Previous studies
Chem. Sci., 2021, 12, 464–476 | 471
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Fig. 7 Overall workflow for our hybrid computational and experimental pipeline for allosteric site prediction based on reversed allosteric
communication.
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have achieved, limited success in identifying allosteric drugs
targeting Sirt6. In this study, we identied a potential new exosite
Pocket X with allosteric potential based on reversed allosteric
communication. This will enable the identication of Sirt6 allo-
steric modulators in the future. Previous studies have demon-
strated that Sirt6 inhibitors can be used to treat metabolic
syndromes, such as diabetes, whereas Sirt6 activators can be used
to treat cancers and aging-related diseases.33,34,43,45–47 The novel
allosteric site discovered in this study markedly regulated the
deacetylation activity of Sirt6. This indicated that this site could
be a potential target for Sirt6 allosteric drug design. These nd-
ings illustrate the potential of the novel Sirt6 allosteric regulatory
site identied using the reversed allosteric communication
model for allosteric drug discovery.

Although the novel pocket identied using the workow
developed in this study exhibited allosteric activity, the corre-
sponding allosteric ligands for this site were not identied.
Hence, further studies on the allosteric site structure and
therapeutic agents that target this site using compound
screening and crystallography are needed for allosteric modu-
lator discovery. This will complement the other half of allosteric
drug design and enhance its translational signicance.
Conclusions

Here, we described a novel computational workow using the
reversed allosteric communication model based on orthosteric
ligand binding to predict the allosteric sites from the protein
conformational ensemble. The accuracy of this methodology
was validated using the previously known allosteric site for
MDL-801 on Sirt6. A potential new allosteric site for Sirt6 was
identied for further investigation. The method described in
this study represents an up-to-date advance for protein allo-
stery, which has potential applications in designing novel
therapeutics. Moreover, the exosite on Sirt6 is a potential
starting point for future rational allosteric drug design.
Materials and methods
Construction of simulated systems

The co-crystal structure (2.53 Å) of human Sirt6 in complex with
cofactor ADPR, substrate H3K9 myristoyl peptide, and allosteric
472 | Chem. Sci., 2021, 12, 464–476
activator MDL-801, which was previously solved by our research
group, was downloaded from the RCSB Protein Data Bank (PDB
ID: 5Y2F).43 The myristoylated substrate peptide in 5Y2F was
truncated to represent the acetylated substrate peptide aer
removing its 12-carbon long aliphatic chain. To model the
active reactant NAD+-bound Sirt6, the atomic coordinates of
NAD+, which were extracted from the crystal structure of the
Sirt1-NAD+ complex (PDB ID: 4I5I),72 were docked to replace the
ADPR coordinates in 5Y2F.

Docking simulations

Molecular docking was performed using AutoDockFR–Auto-
Dock.73 Briey, the structures of Sirt6-acetylated substrate
complex and NAD+ were converted to PDBQT les using Auto-
Dock Tools and loaded into AutoGridFR separately. The
centroids of ADPr were set as the grid center with a search space
of 60� 60� 60 Å using a spacing value of 0.375 Å between every
two grids. The atomic affinity maps, which were generated
using AutoGridFR, were used as input into AutoDockFR for
protein–ligand docking. Fiy independent docking runs were
performed to obtain multiple binding modes. During these
docking simulations, the side chain of acetylated Lys9 (K9Ac) in
the substrate peptide was set as a exible receptor residue. The
resulting docking poses were clustered with an RMSD threshold
of 2 Å. The lowest energy-docking pose from each cluster was
then visually determined by comparing the distance of the
anomeric carbon of the nicotinamide ribose group from NAD+

and the acetyl oxygen atom of K9Ac. Additionally, the confor-
mational arrangement was assumed necessary for promoting
an SN2 nucleophilic substitution reaction.

Conventional MD (cMD) simulations

The Amber ff14SB force eld was employed to model the Sirt6
structure74 and revised parameters were assigned for the Sirt6-
binding Zn2+.75 A TIP3P truncated octahedral water box (10 Å)
was then applied for solvation, while the counterions were
added for neutralization.76 To mimic the physiological condi-
tions for proteins, 0.15mol L�1 NaCl was randomly added to the
complex system.

Complex systems underwent two rounds of energy minimi-
zation aer preparation. The energies of water and counterions
were minimized in 5000 steps (2000 steepest descent and 3000
© 2021 The Author(s). Published by the Royal Society of Chemistry
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conjugate gradient minimization steps) with a position
restraint of 500 kcal (mol�1 Å�2) on the protein backbone. Next,
4000 steepest descent and 6000 conjugate gradient cycles of
minimization were applied to the whole system without any
position restraint. Subsequently, under NVT condition and
restraint of 10 kcal (mol�1 Å�2) on Sirt6, each system was heated
to 300 K in 300 ps aer which 700 ps equilibration runs were
performed. Finally, to obtain the energy data for aMD, 50 ns
cMD simulations with a timestep of 2.0 fs were performed
under 1 atm and 300 K. Langevin dynamics with a collision
frequency of 1 ps�1 were applied to regulate the system
temperature, while the system pressure was regulated by
a Berendsen barostat with isotropic position scaling. During
cMD, the particle mesh Ewald method was used to model the
long-range electrostatic interactions,77 whereas a cutoff value of
10 Å was set for short-range electrostatic interactions and van
der Waals force calculations. Additionally, the SHAKE algo-
rithm was applied to restrain all covalent bonds containing
hydrogen atoms.78
aMD simulations

The aMD simulations were performed aer a 50 ns cMD
simulation to enhance sampling. The principle of aMD is that
“boost energy” was introduced into the system potential energy
surface when the corresponding potential energy is lower than
the predetermined threshold. The boosting energy decreases
energy barriers between conformations and attens the free
energy landscape, which accelerates the conversions between
different stable conformers.79 As shown in eqn (1) and (2), the
system potential energy was V(r) and Ethresh was the threshold
determined by the system size and normal energy value. If the
instantaneous potential energy was lower than Ethresh, it would
increase byDV(r) and reach V*(r). In other cases, the origin value
V(r) was used as V*(r) in aMD simulation.

V*(r) ¼ V(r); V(r) $ Ethresh (1)

V*(r) ¼ V(r) + DV(r), V(r) < Ethresh (2)

where DV(r) is dened in eqn (3) depending on Ethresh and the
acceleration parameter a

DVðrÞ ¼ ðEthresh � VðrÞÞ2
Ethresh � VðrÞ þ a

: (3)

During aMD simulation, both potential energy and dihedral
energy surfaces were boosted, which is referred to as the “dual
boost” protocol.80 Eqn (4)–(7) determined the parameters of
potential and dihedral energy. Among them, EthreshP denotes
the energy threshold for potential energy, while EthreshD repre-
sents the energy threshold for dihedral energy. The aP and aD

values represent the acceleration parameters for potential and
dihedral energy, respectively. cMD simulations retrieved the
average total energy (Etot avg) and the average dihedral energy
(Edih avg) for aMD. Natoms and Nresidues represent the number of
atoms and residues in the systems, respectively.
© 2021 The Author(s). Published by the Royal Society of Chemistry
EthreshP ¼ Etot avg + Natoms � 0.16 kcal mol�1 (4)

aP ¼ Natoms � 0.16 kcal mol�1 (5)

EthreshD ¼ Edih avg + Nresidues � 4 kcal mol�1 (6)

aD ¼ Nresidues � 4/5 kcal mol�1 (7)

The last structures of the cMD simulations were set as the
starting structure of the aMD simulations. Five independent
aMD replicas of 500 ns with random initial velocity were per-
formed for each system (apo versus holo Sirt6), which resulted in
a cumulative timescale of 5 ms. The calculation of electrostatic
interaction and van der Waals forces, as well as other systemic
environmental parameter settings, such as the thermostat and
barostat values were consistent with those used during cMD
processes. Aer simulations, trajectory analysis was performed
using CPPTRAJ.

Construction of MSM

Based on the coordinates of apo Sirt6, we calculated the RMSDs in
the Rossmann fold and ZBD during the apo and holo Sirt6 simu-
lations, which were then used as inputs for the PyEMMA MSM
analyses.51 Aer validating the Markovian property (please see next
part), we used the “coordinates.cluster_kmeans”method to cluster
our structural data into 200 microstates with a maximum k-means
iteration number of 200. Next, MSMs for apo and holo Sirt6 were
constructed using the “msm.estimate_markov_model” function
with a lag time of 2 ns. These 200 microstates were further clus-
tered into multiple metastable states using the Perron cluster
analysis (PCCA+) algorithm, which was further conrmed by the
Chapman–Kolmogorov test (please see next part).

In each metastable state, the “coordinates.save_traj” algo-
rithm was used to extract trajectories comprising more than 50%
snapshots for the corresponding state. Next, the MDTraj package
was applied to capture the representative structures correspond-
ing to each intermediate state according to the similarity score Sij.
As shown in eqn (8), dij is the RMSD between structures i and j,
while dscale is the standard deviation of d.81 Aer iterating each
pair of structures in the trajectory, the structure with the highest
Sij was considered as the most representative conformation.

Sij ¼ e�dij/dscale (8)

Validation of the MSM

Based on our 2D free energy landscape depicting the confor-
mation distributions throughout the simulations, an implied
timescale test was applied to validate the Markovian properties
of our simulation systems. First, we specied the number of k-
means centers and maximum iteration and then constructed
the corresponding multiple transition probability matrixes
(TPMs) with different lag times, which represent the time
interval between transitions. TPMs account for the possibility of
transition between all pairs of microstates and determine the
implied timescale (also known as relaxation timescale) through
eqn (9).
Chem. Sci., 2021, 12, 464–476 | 473
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si ¼ �s/ln li (9)

where s is the lag time for the construction of TPMs, li repre-
sents the ith eigenvalue of TPM with a lag time s.

When the transition of microstates relaxes for ith time, the
implied timescale si is calculated using eqn (9).

Under practical conditions, the implied timescale comes
from the eigen decomposition of TPMs, and the sequence of
eigenvalues corresponds to the sequence of transition. Thus,
the rst eigenvalue (l1) represents the slowest transition. To
verify the Markovian properties, we must calculate different si
based on increasing s. If si (notably for s1) starts to become
steady as s increases, the transitions between microstates
become independent of the lag times, which concurs with the
Markovian model.82

As shown in Fig. S1,† we calculated the changes in the
implied timescale of apo (Fig. S1A†) and holo (Fig. S1B†) Sirt6
with lag time. Both the k-means cluster centers and the
maximum iteration times were set to 200. In Fig. S1A,† the si
curves of apo Sirt6 converge to reach the platform from a lag
time of approximately 1.25 ns, while those for holo Sirt6 are
attened from a lag time of approximately 0.5 ns (Fig. S1B†).
Hence, the lag times longer than 1.25 ns will guarantee the
Markovian properties of our systems. We used 2 ns as the lag
time for further analysis.

According to the Sirt6 conformation landscape distributions,
we clustered the microstates of apo Sirt6 into 2 MSMmetastable
states, while those of holo Sirt6 were clustered into 4 MSM
metastable states using the PCCA+ method. The Chapman–
Kolmogorov test shown in Fig. S2† demonstrated that the
transition probability estimated based onMSM is highly similar
to the practical transition process.83 Thus, our MSM estimation
was also validated.
Energy coupling score calculation

Based on the MD simulation trajectories, molecular mechanics
generalized Born surface area (MM-GBSA) energy calculation
was performed for the corresponding cavities on Sirt6 in both
apo and holo systems. The interaction free energy with a pocket
was calculated for energy residues separated by at least three
amino acids in the sequence based on the following eqn (10):

E ¼ Eint + Eeel + Evdw + Gpol + Gsas (10)

where Eint represents internal energy, Eeel denotes electrostatic
energy, Evdw indicates van der Waals energy, and Gpol and Gsas

are the polar solvation energy and solvent-accessible surface
energy, respectively.

Energy differences, which were calculated for pockets in the
NAD+-bound (holo) and NAD+-unbound (apo) systems, were
used to evaluate the energy coupling scores.
Mutant plasmid construction and protein purication

The full-length wild type (1–355 amino acids) human Sirt6 was
cloned into the PET28a vector to express the fusion protein with
an N-terminal His-tag. Site-directed mutagenesis (S88A, R90A,
474 | Chem. Sci., 2021, 12, 464–476
P91A, T92A, L118A, R121A, S122A, D151A, and T152A) was
performed using the In-Fusion® HD Cloning Kit (Takara),
following the manufacturer's instructions. All recombinant
plasmids were transfected into the Escherichia coli DH5a cells
and extracted using the TIANprep Rapid Mini Plasmid Kit
(TianGen). The quantity and quality of the plasmids were
measured based on the absorbances at 260 and 280 nm using
NanoDrop (Thermo). The plasmid sequences were further
conrmed using DNA sequencing.

The recombinant plasmids were transformed into Escher-
ichia coli Rosetta (DE3) chemically competent cells (Weidi
Biotechnology) for protein purication. The recombinant
colony was inoculated in �2xYT medium with 50 mg mL�1

kanamycin at 37 �C. The expression of the recombinant protein
was induced using 0.5 mM isopropyl-beta-D-thiogalactopyrano-
side when the optical density of the culture at 600 nm (OD600)
reached 0.6–0.8. The induction was continued at 16 �C for 16–
18 h. Next, the cells were lysed at high pressure using Sirt6 lysis
buffer (1� phosphate-buffered saline [pH 7.5], 300 mM NaCl,
and 5% glycerol). The lysate was loaded onto a nickel column
(GE Healthcare) with 1 mM dithiothreitol. A protein inhibitor
cocktail was added before high-pressure crushing. Aer
washing with 20, 40, 100 mM of imidazole, the protein was
eluted using 250 mM imidazole. The elution was dialyzed into
Sirt6 assay buffer (50 mM Tris–HCl, pH 8.0, 137 mM NaCl,
2.7 mM KCl, and 1 mM MgCl2) and used in all in vitro assays in
this study.
FDL assay

To measure the deacetylation activity of both wild-type and
mutant Sirt6, 5 mM puried proteins were incubated in a 50 mL
reaction mixture (75 mM RHKK-ack-AMC, 2.5 mM NAD+, 10%
dimethyl sulfoxide, and Sirt6 assay buffer) at 37 �C for 2 h. The
reaction mixture was incubated with 50 mL stop buffer mixture
(40 mM nicotinamide, 6 mg mL�1 trypsin, and Sirt6 assay
buffer) at 25 �C for 30 min to quench the reaction. The uo-
rescence intensity was quantied using a microplate reader
(Synergy H4 Hybrid Reader, Bio Tek) at excitation and emission
wavelengths of 360 nm and 460 nm, respectively. Each experi-
ment was independently repeated at least three times.
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