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Sirtuin 2 (SIRT2) is a ubiquitously expressed cellular
enzyme that deacylates protein lysine residues using NAD" as
a cofactor. SIRT2-mediated posttranslational modifications
on a plethora of protein targets position the enzyme to exert a
wide-ranging regulatory role in many physiological and
pathological processes. More than 39 SIRT2 crystal structures
in complex with substrates, products, mimetics of substrates
and products, and modulators have been reported. The
Rossmann fold of the catalytic core presents inducible acyl
and cofactor-binding cavities that accommodate acyl chains
of diverse lengths. These structures have provided informa-
tion for the design of mechanism- and substrate-based in-
hibitors. Indeed, a specific SIRT2 selectivity pocket has been
described and can be targeted by different chemotypes.
Despite the determination of many crystal structures,
numerous open questions remain, especially relating to the
development of small molecule modulators, full or partial
activation or inhibition, and relating these effects to different
therapeutic applications. Additional questions include un-
derstanding the role of the disordered termini and the role of
potential quaternary states (monomer, dimer, and trimer).
Deeper insight into these issues may facilitate the develop-
ment of SIRT2 selective modulators that can be tailored to
different pathological scenarios, such as viral infections and
cancers, in which either activation or inhibition of SIRT2 may
be of therapeutic benefit. This review covers the following
topics: (1) primary to quaternary and catalytic structural
biology; (2) structural insights into molecular modulation of
SIRT2 (inhibition and selectivity by mechanism-based in-
hibitors, substrate-mimicking inhibitors, C pocket-binding
inhibitors, and selectivity pocket binding inhibitors,
including insights to activation); and (3) the impact of struc-
tural variations (mutations, posttranslational modifications,
polymorphs, protein interactions). Despite considerable
progress, key knowledge gaps remain regarding the design of
optimized SIRT2 modulators. Addressing these uncertainties,
particularly within the realms of full/partial activation/

* For correspondence: authors: John L. Kulp Ill, john.kulp@coniferpoint.com;
Lillian W. Chiang, lillian@everysbio.com.

SASBMB

inhibition, off-target effects, and tailoring modulators to
specific pathologies, will require further investigation into the
roles of the SIRT2-disordered termini, quaternary states, and
posttranslational modifications. Ultimately, unraveling these
intricacies holds the key to unlocking the therapeutic poten-
tial of SIRT2 modulation.

Posttranslational acylation (e.g., acetylation, myristoylation,
etc.) of lysine residues is a key regulatory mechanism in eu-
karyotes (1, 2). The most thoroughly studied modification is
lysine acetylation, which involves the transfer of an acetyl
group from acetyl-CoA to the primary amine in the e-position
of the lysine side chain within a protein, neutralizing the
positively charged lysine. Hence, lysine acetyltransferases
“write” marks, while lysine deacetylases (KDACs) “erase” them.
A third group of proteins (e.g, bromodomain-containing
proteins) are the “readers,” that can recognize and bind acet-
ylated lysines and trigger signal transduction cascades. The
dynamic interplay between writers, erasers, and readers regu-
lates critical cellular functions, namely epigenomic and meta-
bolic processes (3).

KDAC:s are grouped by class based on sequence homology
to the original yeast enzyme and are differentiated by sensi-
tivity to trichostatin A inhibition (4). Sirtuins (SIRTs) are class
I, NAD"-dependent KDACs that are insensitive to trichos-
tatin A, differing from the class I and class II KDACs which are
zinc dependent and inhibited by trichostatin A. SIRTs bind a
zinc ion, but the zinc does not participate in the catalytic
mechanism. The first-discovered SIRT was the Saccharomyces
cerevisiae protein “silent information regulator 2” (Sir2),
essential for the formation of silent heterochromatin (5). It was
not until about a decade later that the role of Sir2 as key
regulator of senescence was discovered (6). The discovery and
study of SIRTs from all phyla have dramatically increased since
that time. SIRTs comprise a large and ancient family of genes
(7, 8).

The class III KDAC SIRT family is further organized into
four phylogenetic classes based on their relationships to the
yeast SIRTs, Sir2, the founding member, and additional yeast
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SIRTs, termed “homologs of sir two”, Hstl-4. For human
SIRTs, SIRT1, SIRT2, and SIRT3 belong to class I, SIRT4 to
class II, SIRTS5 to class III, and SIRT6 and SIRT7 to class IV.
SIRT1 shares the highest sequence similarity with yeast Sir2
and Hstl, while SIRT2 and SIRT3 mimic Hst2. On the other
hand, SIRT4 to SIRT7 are more closely related to prokaryotic,
D. melanogaster and C. elegans SIRTs (9—11). SIRTs share an
evolutionarily conserved catalytic core of ~250 amino acids,
with N- and C-terminal domains of differing lengths and
motifs (e.g., nuclear export signal, mitochondrial localization
signal) that contribute to isoenzyme-specific localization and
regulation. The seven members of the human SIRT family are
ubiquitously expressed and play an important role in the
regulation of metabolic pathways related to cell response to
the environment, energy availability, and cellular stress. SIRT1,
6, and 7 are primarily nuclear, SIRT3, 4, and 5 are mito-
chondrial, and SIRT?2 is primarily cytosolic. Their NAD" de-
pendency and regulatory role in acetyl-CoA levels link their
activity to the metabolic state of cells (12).

In this review, we are focusing on SIRT2 and on the current
understanding of the structural basis for its catalysis and
modulation. With regards to SIRT2 physiological and patho-
logical roles in autoimmune, cancer, infection, neurologic and
other disorders, we refer the reader to several comprehensive
reviews (13—-18).

Structural basis for SIRT2 activity

The recent advent of Al-based protein structure predic-
tion algorithms (19) can help visualize the intricate rela-
tionship of the different levels of protein structure, from
primary to quaternary, and ultimately how they impact
protein function. This section provides such a walkthrough
for SIRT2.

Structure: primary to quaternary levels
Primary structure

The major SIRT2 isoform (Fig. 1A), designated 2.1, is
comprised of 389 amino acids and features a disordered N
terminus (amino acids 1-34) and C terminus (351-389).
Amino acids 41 to 51 comprise a nuclear export signal (NES)
motif that facilitates the movement of SIRT2 out of the nu-
cleus and into the cytoplasm via the CRM1 export pathway
(20). Conversely, the mechanism of SIRT2 nuclear import is
uncertain, but recent proteomics data show that SIRT2 in-
teracts with multiple nuclear importin proteins and that the C-
terminus may act as a negative regulator of nuclear import by
limiting importin—SIRT2 interactions (21). “Isoforms and
polymorphisms” describes the different isoforms of SIRT2 in
detail.

Secondary and tertiary structures

The structural basis for SIRT2 function has been reviewed
in detail (22, 23). The termini of SIRT2 are mostly disordered
as reflected in the recent computationally determined SIRT2
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structure deposited in Alphafold (https://alphafold.ebi.ac.uk/
entry/Q8IXJ6, Fig. 1A). Most of the 39 crystal structures of
human SIRT2 in the Protein Data Bank (PDB) have been
determined using SIRT2 protein with truncated termini,
typically containing amino acids 34 to 356 or 50 to 356
(see  https://www.rcsb.org/groups/sequence/polymer_entity/
Q8IX]J6). Two structures have captured a 19-residue N-ter-
minal helical extension (PDB IDs 3ZGO and 5Y5N), similar to
the Alphafold model. The deacetylase SIRT-type domain
(amino acids 53—-357) includes amino acids associated with the
NAD*-binding domain, the Zn**-binding module, and the key
catalytic amino acid H187 (Fig. 1B). The highly conserved
catalytic core domain adopts an elongated shape containing a
classical open ¢/ Rossmann-fold structure, present in many
NAD(H)/NADP(H)-binding enzymes, and a smaller globular
domain composed of two insertions in the Rossmann fold (23)
(Fig. 1B).

The Rossmann fold consists of six B-strands that form a
parallel -sheet and six a-helices that pack against the B-sheet.
It contains many of the hallmarks of a typical NAD*-binding
site, including a conserved Gly-X-Gly sequence important for
phosphate binding, a pocket to accommodate an NAD*
molecule, and polar residues responsible for ribose group
binding. The first domain consists of four a-helices that fold to
form the helical module. This module has a pocket lined with
hydrophobic residues that intersects the large groove. The
second domain contains a small, three-stranded antiparallel -
sheet, an o-helix, and one zinc atom tetrahedrally coordinated
by four cysteine residues (Fig. 1A). The role of the zinc ion
appears structural, as it is postulated to be required for holding
together the B strands. In support of the zinc ion acting as a
structural entity, mutation of the four coordinating cysteines
to alanine in an SIRT2 yeast homolog completely abrogates
deacetylase activity (24).

Between the two domains exists a deep cleft where the
enzyme active site is located and where both NAD" and N-
acyl-lysine substrates bind (Fig. 1B). The amino acids involved
in catalysis and the reactive groups of both bound substrate
molecules are buried within a protein tunnel in the cleft (see
“Structural insights into catalysis”). This region of the enzyme
contains the highest sequence conservation among SIRTs.
Figures 1C and D showcase the main conformations adopted
by SIRT2 during its catalytic cycle, commented on in detail in
“Structural insights into catalysis”.

Quaternary structure

SIRT?2 has been isolated by size-exclusion chromatography
as a homotrimer from cultured human cell extracts, similarly
to its yeast ortholog Hst2 and to SIRT1 (25). A recent report
shows that SIRT2 readily dimerizes (as well as, to a minor
extent, trimerizes) in solution and in cells and that dimeriza-
tion affects its activity. The ability of SIRT2 to dimerize
appears to be linked to its deacetylase activity, but not to its
long-chain fatty acid deacylation (26). Multiple SIRT2 crystal
structures present a variety of oligomerization states within
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Figure 1. Overview of SIRT2 structure. A, top: scheme displaying the subdomains in SIRT2, highlighting key residues for catalysis (H187) and stability
(C195, C200, C221, and C224). Bottom: SIRT2 Alphafold predicted structure (https://alphafold.ebi.ac.uk/entry/Q8IXJ6) in the same orientation as in (A),
represented in cartoon mode, colored according to the model confidence metric pLDDT (AlphaFold produces a per-residue estimate of its confidence on a
scale from 0 - 100; the lower confidence bands may be associated with disorder). The RMSD between SIRT2 Alphafold predicted structure and PDB ID 4X3P
is 0.7 A. B, SIRT2 domain structure organization and main features colored as indicated (PDB ID 4X3P). C: comparison of the conformations of apo SIRT2 (PDB
ID 3ZGO) and acyl-lysine-bound SIRT2 (PDB ID 5FYQ). D: comparison of the conformations of acyl-lysine-bound SIRT2 (PDB ID 5FYQ) and acyl-lysine- and
cofactor-bound SIRT2 (PDB ID 4X3P). The orientation of SIRT2 in (C) and (D) is rotated 90 ° clockwise to (B). Created with PyMOL(TM) Molecular Graphics
System, Version 2.5.0., Schrodinger, LLC and with https://biorender.com/. NES, nuclear export signal.

their asymmetric units (see https://www.rcsb.org/groups/
sequence/polymer_entity/Q81XJ6). As noted above, most of
the structures solved presented truncated termini, which could
affect SIRT2 assembly.

To date, the only available full-length SIRT crystal structure
corresponds to the yeast Hst2 protein. Interestingly, it revealed
a homotrimer in the crystal lattice as well as in solution (27).
The analysis of the structure showed that the seven N-terminal
residues of Hst2 are binding in the active site cleft of a
symmetry-related molecule in the crystal structure. In the
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same work, it was shown that the same seven N-terminal
residues are required for Hst2 trimer formation in solution,
suggesting a role for this region in oligomerization state
maintenance. Strikingly, the addition of N-acetyl-lysine pep-
tides displaced the binding of the N terminus from the Hst2
active site cleft, disrupting trimer formation. Altogether, these
data are compatible with a model in which the N-terminal
region of the SIRT may function as an autoinhibitor until the
appropriate substrate binds and displaces the N terminus,
hence, activating the SIRT.
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Structural insights into catalysis

While the discovery and early characterization of SIRT ac-
tivity involved knock-out and overexpression models, kinetic
studies using recombinant SIRTs and acetylated peptides were
later used to establish the catalytic mechanism of deacetylation
(28). Despite the early focus on deacetylation, in the last few
years, it has been discovered that SIRTs can perform a varied
list of deacylations of longer acyl chains—including demalo-
nylation, de-4-oxononanoylation, demyristoylation, and
numerous other long-chain fatty acid deacylations. SIRT2
additionally exhibits mono-ADP ribosylation activity (see ref.
17 for a comprehensive list and Fig. 2A4). Structural efforts later
provided support for the conclusions from kinetic studies and
expanded understanding of the catalytic mechanism of SIRT
deacylation (29-32). Figures 1C, 2, B and C and 3, A and B
illustrate the different steps of the catalytic mechanism and
associated conformational changes.

It has been proposed that the acylated substrate binds first
(32). The binding event induces a movement of the Zn**

binding module that opens the N-acyl-lysine-binding site
(Fig. 1C). Comparison of the apo structure (PDB ID 3ZGO), a
representative structure of SIRT2/trifluoroacetyl-lysine pep-
tide (PDB ID 5FYQ) and several longer acyl-lysine/SIRT2
structures (PDB IDs 4Y6L, 4Y60, 4R8M, 6L65) reveals a hy-
drophobic cavity that can accommodate the different-sized
acyl groups through an induced fit (Figs. 1C and 2C). The
acyl group is held in a relatively fixed position during catalysis
through a water-mediated acyl interaction (observed in PDB
IDs 4Y6L, 4Y60 and 6L65), as can be seen in subsequent steps,
while conformational changes happen at the myristoyl-ribose
linkage (29-32). Nevertheless, the acyl-binding pocket can
accommodate different acyl trajectories, in line with the wide
array of acyl substrates that can be deacylated by SIRT?2 (Fig. 3,
A and B).

The cofactor (NAD™) binds the acetyl-lysine-SIRT2 com-
plex prior to any catalytic event (32). Again, the binding trig-
gers a conformational change, this time of the cofactor-binding
loop, which was highly flexible and disordered in the previous
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Figure 2. Overview of SIRT2 structural bases for catalysis. A, chemical structures of representative acyl-lysine SIRT2 substrates. B, SIRT2 deacylation
kinetic scheme. Adapted from reference 31. C, proposed SIRT2 deacylation mechanism (top), with structures representing states and intermediates, as
indicated (bottom, arrows indicate the location of the distinct features among structures). Structures used are as follows: SIRT2/acyl-lysine/NAD" (PDB ID
4X3P), intermediates | and Il (PDB ID 6L71), intermediate lll (PDB ID 4X30), SIRT2/OAADPr (O-Acetyl-ADP-ribose) (PDB ID 4Y6Q). (B and C) have been adapted
from reference 31. Created with PyMOL(TM) Molecular Graphics System, Version 2.5.0., Schrodinger, LLC.; ChemDraw 21.0.0; and with https://biorender.com/.

NCA, nicotinamide.

4 | Biol. Chem. (2025) 301(7) 110274

SASBMB


https://biorender.com/

JBC REVIEWS: Sirtuin 2: Structure, function, modulation & opportunities

A . SIRT2 B SIRT2 c
acyl pocket acyl pocket -
Long acyl chain e \ Acetyl chain v'p Exten_ded Selectivity
\ / ™ ] / C site pocket
7 7N o . \ 5 Wiy,
A —Ng . o //’Q‘-g;“_&\ \\/( Peptide-lysine | %
- L » K . N N Ry &
e 4 subpocket\ &(} «\)_t
N N ) 3 Acyl-lysi
1 8‘ S\ S 3 S c;t;-ysll(mta
FIN subpocke
Y S , 3 Nl C pocket
2 4 v N
~ }:7 B pocket N e
N X
A pocket

Figure 3. SIRT2 active site architecture and organization. A, comparisons of the induced opening (dashed line and sliced surface) of the acyl pocket
between long acyl chains (PDB ID 4X3P, as in Fig. 2B; PDB ID 4R8M, green; PDB ID 5G4C, magenta; PDB ID 6L66, light pink; PDB ID 6L71, dark green) and (B) an
acetyl chain (PDB ID 5FYQ, cyan), respectively. C, surface representation of the active site of SIRT2/acyl-lysine/NAD* (white surface/yellow sticks/orange sticks,
respectively, PDB ID 4X3P, see Fig. 1A for comparison) and SIRT2/NAD"/SirReal2 (red surface/red sticks/red sticks, respectively, PDB ID 4RMG), designating the
individual subsites referred to in the text. Significative protrusions of the SirReal2-bound pocket are shown in dashed lines. The surface of the binding
pockets was generated using the DoGSiteScorer algorithm at https://proteins.plus. Created with PyMOL(TM) Molecular Graphics System, Version 2.5.0.,

Schrodinger, LLC,; ChemDraw 21.0.0; and with https://biorender.com/.

states. The change allows productive binding of the cofactor
(PDB IDs 4X3P, 5G4C, 6L66). Overall, the binding of the
cosubstrates provokes closure of the cleft around both ligands
(Figs. 1C and 2C).

The ternary complex sets the stage for the chemistry
(Fig. 2C): the acyl group is transferred to ADP-ribose and then
the deacylated substrate and O-acyl-ADP-ribose are released.
The first step of the reaction is nucleophilic attack of the acyl
carbonyl on the C1’ of the ribose displacing nicotinamide,
which is released and exits the active site through the nico-
tinamide exit tunnel (opposite the acyl-lysine entrance)
(29-32). This forms alkylimidate intermediate (I).

The catalytic residue H187, which acts as a proton acceptor,
activates the 2'-OH of the ribose. The 2'-OH then attacks the
alkylimidate carbon to form the bicyclic intermediate II. While
intermediates I and II had been previously observed in other
SIRTs (29), PDB ID 6L71 captures a mixture of both states for
SIRT?2 (33). PDB ID 6L71 and the related structures (PDB IDs
6L65, 6L66 and 6L72) are part of a time-lapse crystallography
approach, which has been utilized to provide relevant insights
into the catalysis of different enzymes (34).

The bicyclic intermediate is next attacked by a water
molecule yielding the products, the deacylated lysine and O-
acyl-ADP-ribose. Structural efforts and mass spectrometry
have provided evidence of the existence of two additional in-
termediates in the mechanism (29, 32, 35), including an
alkylimidate ion (intermediate III, PDB 4X30), and predicted
the existence of the tetrahedral intermediate IV, formed by the
reaction of intermediate III with the aforementioned water
molecule. Kinetic experiments support the view that the
nucleophilic attack of the 2’-OH on intermediate I is the rate-
determining step for SIRT2 long acyl chains, while for short
acyl ones, the rate-determining step is the nicotinamide release
(29, 32).

For SIRT2, there is a decrease in the reaction rate with
increasing acyl substrate chain length. For SIRT2, there is
slower turnover with increasing acyl substrate chain length.

SASBMB

SIRT?2 catalytic efficiency (K../K,,) is less for deacetylation,
but the K,, for acyl-lysine substrate is lower in value (binds
tighter) with the increase of the acyl substrate chain length
(32). Hence, these structures provide a rationale for the inverse
proportionality of K., and K, when increasing the acyl chain
length. In other words, acetyl-lysine may be more loosely
bound and rapidly deacetylated; conversely, a longer, more
tightly bound acyl-lysine like myristoyl-lysine is more slowly
deacylated (30, 32, 36). In this sense, longer acyl-lysine sub-
strates are more sensitive to inhibition by nicotinamide, which
could be explained by competition from the reverse reaction
(formation of NAD") (32).

Structural insights into modulation

SIRT2 targeting—given its relevant physiological and path-
ological roles—has been extensively studied, especially within
the last decade. Here we will focus on the structure-based drug
discovery and design approaches and, particularly, we will
comment on the structures that have provided key insights to
the field. We will generally refer to the activity of compounds
as “modulation,” since different molecules have been shown to
activate, inhibit, or selectively inhibit subsets of SIRT2 func-
tions, for example, inhibit deacetylation but not demyr-
istoylation activity (37—-39). In most cases, substrate selectivity
has not been evaluated. For a more detailed focus on other
aspects of SIRT2 activity modulation, we refer the reader to
several recent reviews (40-42).

SIRT2 modulation and selectivity

A great number of chemically diverse SIRT2 modulators
have been reported, and there are different criteria with which
one can group them. Here, based on the PDB SIRT2/modu-
lator structures (in some cases with one of the cosubstrates or
products), we have clustered them into four different groups:
1) mechanism-based modulators, 2) substrate-mimicking
modulators, 3) C pocket-binding modulators, and 4)
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selectivity pocket-binding modulators. All SIRT2 modulators
bind to one or more of the subpockets identified via crystal-
lography and depicted graphically in Figure 3.

Mechanism-based modulators

Mechanism-based inhibitors, here termed mechanism-
based modulators (MBMs), bind to a target protein and
through enzymatic catalysis are transformed into stable
intermediates that inhibit the enzyme competitively or
reactive species that modify the active site covalently (43).
Structures containing MBMs have been extremely useful for
understanding the catalytic mechanism of SIRTs that was
summarized in the previous section. For example, the
SIRT2 intermediate III complex step has been captured
through an MBM: a 1’-SH-2-O-myristoyl intermediate
resulting from the soaking with NAD" of a cocrystal of
SIRT2 with a thiomyristoyllysine peptide-based inhibitor
(29) (PDB ID 4X3P, Fig. 2C). The first reported structure
corresponding to SIRT2 with an MBM corresponds to the
crystal structure of SIRT2 in complex with an e-tri-
fluoroacetyl-lysine—containing macrocyclic peptide

A

1/-SH-ADP-ribose

modulator, S2iL5 (44) (PDB ID 4L30), which has high
binding affinity and good SIRT2 deacetylase inhibition ac-
tivity. This structure displays very similar interactions
(Fig. 4A) to those observed in the SIRT2/acetyl-lysine
peptide structure (PDB ID 5FYQ, Fig. 34), with a partially
open acyl-binding pocket due to the shorter acetyl group (in
comparison with myristoyl and other longer acyl groups). In
addition, S2iL5 interacts with and stabilizes an SIRT2-
specific insertion loop (residues 289-304) in the NAD"-
binding domain, which is disordered in most of the SIRT2/
acyl-lysine peptide structures (Fig. 44). PDB ID 6NRO, (35)
presents another representative SIRT2/MBM structure
(Fig. 4B), based on a thiomyristoyllysine (TM). Similar to
the case of S2iL5, the glucose-conjugated TM (glucose-TM)
analog was designed for improving the aqueous solubility in
respect to the poorly soluble parent compound. The
structure is very similar to the previously discovered and
crystallized SIRT2 MBM, BHJH-TM1 (30) (PDB ID 4R8M),
displayed in Figure 3B. Of note, the TM scaffold has been
used to design proteolysis targeting chimera (PROTAC)
SIRT2 degraders (45), bifunctional molecules with one end
of the molecule binding to the target protein (ie., TM

o N N
/\/
HO V\g/ I\/H\s,/ W
NS0~ O
o

gj OH " Glucose-TEM-1p/

O:FEOH 1’-SH-ADP-ribose

o covalent intermediate
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Figure 4. Structural bases for SIRT2 modulation (I). A, comparison of the SIRT2/S2iL5 structure (dark green cartoon and white inner surface/green sticks,
respectively, PDB ID 4L30) with representative acyl-K substrates (acetyl-K in cyan, PDB ID 5FYQ; myristoyl lysine in yellow and NAD" in orange sticks, PDB ID
4X3P), with Zn>" as red sphere in all. B, SIRT2 (blue cartoon and white inner surface) complex with covalent intermediate between mechanism-based in-
hibitor glucose-TM-1beta (yellow) and 1-SH ADP-ribose (orange). Created with PyMOL(TM) Molecular Graphics System, Version 2.5.0., Schrodinger, LLC;

ChemDraw 21.0.0; and with https://biorender.com/.
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enabling SIRT?2 binding) and the other end recruiting an E3
ubiquitin ligase, leading to the ubiquitinylation and degra-
dation of SIRT2, with the resulting inhibition of deacylation.

Substrate-mimicking modulators

Substrate-mimicking modulators, here referred to as
substrate-mimicking modulators (SMMs), are closely related
to MBM:s. In this case, the rationale is that the use of chemical
groups mimicking the acyl-lysine peptide substrate may yield
more “drug-like” scaffolds and prove to be competitive in-
hibitors to the peptide substrate. Figure 5A illustrates several

Ho\/\/icr\‘%“@—u

1,2,4-Oxadiazole inhibitor

§ NPD11033

SMM chemotypes. The first structural work describing SMMs
shows the crystal structure of SIRT2 in complex with a 1,2,4-
oxadiazole analog and ADP-ribose (46) (PDB ID 5MAR).
Indeed, this scaffold occupies a similar space as the acyl moiety
of a substrate (Fig. 4A). Structure-guided structure-activity
relationship (SAR) studies of N-(3-(phenoxymethyl)phenyl)
acetamide derivatives with SIRT2 led to the identification of
potent leads mimicking the interactions of myristoyllysine
substrates (47). Researchers also synthesized 1,2,4-oxadiazole
compounds to explore structure-activity relationships (48).
Ascorbyl palmitate was identified as a novel SIRT2 inhibitor,
mimicking a substrate and inhibiting both deacetylase and
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Figure 5. Structural bases for SIRT2 modulation (lI). A, comparison of several substrate-mimicking inhibitors complexed with SIRT2, with representative
inhibitors’ chemical structures. Structures: PDB ID 4X3P (as in Fig. 1B), PDB ID 5MAR (magenta), PDB ID 5YQO (violet), PDB ID 5YQL (orange), PDB ID 5YQM

(green), PDB ID 5YQN (dark green), PDB ID 7BOS (light pink), PDB ID 7BOT

(white). B, comparison of representative C site binders and movement of

gatekeeper residue F96 indicated by the arrow. Structures: PDB ID 4X3P (yellow), PDB ID 5D7P (dark red), PDB ID 5D7Q (dark gray). C, comparison of the
SIRT2/SirReal2 structures (magenta and green, PDB ID 4RMG and 4RMH, respectively) with representative acyl-lysine substrates (acetyl-lysine in cyan, PDB ID

5FYQ; myristoyl lysine in yellow and NAD" in orange sticks, PDB ID 4X3P). D,

representative structures of SIRT2 complexes with other selective SIRT2 in-

hibitors binding in the selectivity pocket (PDB ID 5Y0Z in blue, PDB ID 5Y5N in gray) and compared with the structures in 5C (except PDB ID 4RMH).
E, comparison of a SIRT6/myristoyl lysine structure (PDB ID 3ZG6 in cyan) with SIRT6/deacetyl-lysine activator structures (PDB ID 5MF6 in light pink, PDB ID
6QCD in violet, PDB ID 6XV1 in magenta) and the two currently known SIRT2 deacetyl-lysine activator chemical structures. Created with PyMOL(TM)
Molecular Graphics System, Version 2.5.0., Schrodinger, LLC;; ChemDraw 21.0.0; and with https://biorender.com/.
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defatty-acylase activities, contributing to cellular toxicity (49).
Finally, Nielsen et al. (50), considering the previous MBMs and
structures from intermediate leads (50), have recently devel-
oped optimized peptidomimetics with more “drug-like”
properties and tight-binding properties. Notably, the lead
compounds are capable of inhibiting the demyristoylase ac-
tivity of SIRT2, which is challenging due to the low K, values
of myristoyllysine substrates (as detailed in “Structural insights
into catalysis”).

C pocket-binding modulators

As seen in Figure 3, the NAD'-binding pocket can be
subdivided into three subpockets: A, B and C, binding the
adenine ring, the pyrophosphate and two ribose moieties, and
nicotinamide, respectively. As noted in “Structural insights
into catalysis”, nicotinamide is a natural SIRT modulator,
which, when in excess, can promote NAD" formation and “re-
acetylation” of the peptide lysine. Several nicotinamide-based
modulators, such as EX-243 and CHIC35, have been
designed (51). After the hydrolysis reaction occurs, F96, the
gatekeeper residue, blocks the nicotinamide exit tunnel of
SIRT2. C pocket binders, by virtue of occupying part of the
NAD" pocket, can distort the conformation of the pocket
(Fig. 5B). Thus, they are uncompetitive modulators, and all
SIRT/nicotinamide complexes contain either the cofactor
NAD" or the product analog ADP-ribose. Further, two
structures featuring C pocket—binding modulators were ob-
tained through optimized crystallization of SIRT2 and SIRT3
via microseed matrix seeding (52).

Selectivity pocket (aka extended C, EC, pocket) binding
modulators

Selectivity pocket-binding modulators were discovered by
Rumpf et al. through in vitro biochemical screening. Through
structure determination, it was observed that this type of
compound induces opening of the acyl-binding pocket without
triggering closure of the Zn**-binding module (53). Accord-
ingly, the authors dubbed this state as “locked open.” More-
over, these modulators protrude slightly from the acyl-binding
pocket (Fig. 3C), and, due to the induced rearrangement into
SIRT2, these compounds were named “sirtuin rearranging li-
gands” (SirReals) (53). Thus, this subpocket has been named
the “selectivity pocket,” as the rest of human SIRTs are not
inhibited by SirReals. The central scaffold of SirReals is the
aminothiazole moiety. Other different chemotypes, such as
thienopyrimidinones, have been added to the SirReal toolbox.
Importantly, SirReals are noncompetitive inhibitors of acetyl-
lysine peptides, inducing a distorted conformation of the
substrate (PDB ID 4RMH, Fig. 5C). SAR studies have explored
the possibilities of the SirReal scaffolds, showing improved
potency (51, 54).

Currently, 16 PDB entries are available with modulators
bound in this selectivity pocket (Table 1.). Of those, five
structures are dimers featuring a second ligand-bound chain.
These 21 chains were analyzed to identify residues that
interact directly, or through a single water, with a selectivity/
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EC pocket-bound ligand. In total, electrostatic interactions
(comprised of pi-pi stacking, hydrogen bonds, and cation-pi
interactions) account for 70 total direct interactions and 19
water-mediated hydrogen bonds.

Across these entries, 11 residues are implicated in pi—pi,
hydrogen bond, or cation—pi interactions (Tables 1 and 2,
Fig. 6). The selectivity region is largely characterized by hy-
drophobic residues and inhibitors interact with SIRT2 pre-
dominantly through an array of pi—pi stacking interactions.
Certain residues Y139, F190, and F234 retain a conserved
conformation when interacting with a ligand and represent
opportune residues for maintaining conserved interactions
when designing new ligands. Additionally, 11 residues are
involved in water-mediated hydrogen bond interactions (Ta-
ble 2). These molecular interactions between small molecules
and the residues in the peptide-binding channel and the
selectivity pocket could provide insights into the various
peptide and acyl chain substrate inhibition selectivity and ul-
timately predict phenotypes.

The flexibility and substrate promiscuity of SIRT2 are noted
as important factors in the context of drug design. Specifically,
the observed size of the EC pocket in available PDBs is altered
dramatically by the presence of acyl-lysine substrate, ligand,
and/or NAD". Several interacting residues are observed to
shift dramatically to engage in various ligand—receptor in-
teractions. Further, the prevalence of isoleucine, leucine, pro-
line, phenylalanine, and valine residues present a challenge in
the context of pocket hydrophobicity and relative weakness of
pi—pi stacking interactions compared with more desirable
electrostatic interactions.

Interactions within the EC pocket are predominantly pi-pi
stacking, totaling 50 out of 89 observed interactions. These in-
teractions are generally weaker than hydrogen bonds or other
electrostatic interactions and are localized in the top of the
pocket. Phe96 should be considered a mobile phenylalanine
residue which adopts conformations across a 6 A range to
engage in pi—pi stacking interactions (4RMI to 5Y0Z). Phel19
has a more conserved conformation, picking up one of two
discrete positions that are 3.6 A apart, with one exception in
5MAR which sits 3 A away from the closer grouping. As noted in
Table 1, there are five total cation—pi interactions and Phel19
maintains three of them. Tyrl39 conformations are well
conserved spatially and in orientation, with six of seven within
0.5 A and only the 5SMAT conformation displaced by 3.1 A.
Phel90 interactions are well conserved, with the exception of
the 5D7Q conformation which is 4.2 A from the others. Phe234
is highly conserved with seven interactions where all sidechain
conformations are conserved to under 0.5 A.

Higher impact electrostatic interactions, such as hydrogen
bonds, are also conserved, but to a lesser extent. In the case of
Arg97, four hydrogen bonds and one cation—pi interaction are
observed. While none of these interactions present with a great
deal of spatial overlap, two of the three arginine side chains are
well overlapped, and all four hydrogen bonds share generally
conserved vector orientations. Val233 backbone engages in
three hydrogen bonds, with both chains of 5MAR and 5YQO
within a 1 A spread. Water bridging interactions, featuring a
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Ligand-receptor interactions and water bridging interactions by PDB entry

Ligand-receptor

PDB/compound information interactions ‘Water bridging interactions
PDB Compound/Cofactor/Substrates Compound ID Residue Interaction Residue Compound region Water
4RMG (53) SirReal2/NAD+ 3TE 402 Phel31 Pi-Pi Pro94 Amide (=O) A
Phe190 Pi-Pi
Phe234 Pi-Pi
4RMH (53) SirReal2/Ac-Lys-H3 peptide 3TE 402 Phell9 Pi-Pi Pro9%4 Amide (=O) A
Phel31 Pi-Pi
Phe190 Pi-Pi
Phe234 Pi-Pi
4RMI (53) SirReall/Ac-Lysine-OTC peptide 3TK 402 Phe96 Pi-Pi
Tyrl39 Pi-Pi
Phel90 Pi-Pi
Phe234 Pi-Pi
5D7P chain A (52) ADPR/EX-234 EC Pocket 0OCZ 403 Leul38 H-bond Aspl170 Amide (=O) A
Gly141 H-bond
5D7P chain B (52) ADPR/EX-234 EC Pocket OCZ 403 Leul38 H-bond
Gly141 H-bond
5D7Q chain A (52) ADPR/CHIC35 EC Pocket 415 404 Leul38 H-bond
Gly141 H-bond
5D7Q chain B (52) ADPR/CHIC35 EC Pocket 415 404 Leul38 H-bond
Glyl141 H-bond
Phe190 Pi-Pi
5DY4 (51) SirReal2 brominated Gen 2/NAD+ 5GN 402 Phell9 Pi-Pi Pro94 Amide (=0) A
Phel31 Pi-Pi
Tyr139 Pi-Pi
Phel90 Pi-Pi
Phe234 Pi-Pi
5DY5 (107) SirReal2 probe fragment 5GR 402 Phe96 Pi-Pi
Phe96 Pi-Pi
Arg97 H-bond
Arg97 H-bond
Arg97 Cation-Pi
Phell9 Pi-Pi
Tyr139 Pi-Pi
Phel90 Pi-Pi
5MAR Chain A (46) ADPR/1,2,4-Oxadiazole inhibitor 7KE 403 Val233 H-bond
5MAR Chain B (46) ADPR/1,2,4-Oxadiazole inhibitor 7KE 403 Phell9 Pi-Pi
Val233 H-bond
5MAT Chain A (54) Thienopyrimidinone inhibitor 7K]J 402 Phe96 Cation-Pi Phel31 Pyrimidone (=O) A
Phell9 Cation-Pi
Tyr139 Pi-Pi
Phel90 Pi-Pi
Phe190 Pi-Pi
5Y0Z Chain A (56) NPD11033 inhibitor 8K9 502 Phe96 Pi-Pi
Phell9 Cation-Pi
5Y0Z Chain B (56) NPD11033 inhibitor 8K9 502 Phe96 Pi-Pi
Phell9 Cation-Pi
5Y5N (55) 3'-phenethyloxy-2-anilinobenzamide 8NO 1002 Phell9 Pi-Pi Asp95 Amide (NH2) A
Phe234 Pi-Pi GIn167 Amide (NH2) A
His187 Amide (NH2) A
Phe96 Amide (=0O) B
His187 Amide (NH2) C
Val233 Amide (NH2) C
5YQL (47) AZ2I inhibitor A21 1001 Phel90 Pi-Pi Pro94 Amide (=O) A
Phe234 Pi-Pi
5YQM (47) A29 inhibitor A2X 402 Phe96 Pi-Pi Pro94 Amide (=0O) A
Phell9 Pi-Pi
Phel90 Pi-Pi
Phe234 Pi-Pi
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Table 1—Continued

Ligand-receptor

PDB/compound information interactions ‘Water bridging interactions
PDB Compound/Cofactor/Substrates Compound ID Residue Interaction Residue Compound region Water
5YQN (47) L55 inhibitor L55 402 Arg97 H-bond Arg97 Amide (=O) A
Tyr139 Pi-Pi
Phel90 Pi-Pi Glnl67 Amide (=O) A
Phe235 Pi-Pi Glu237 Pyrazole (N) B
5YQO (47) L5C inhibitor L5C 402 Arg97 H-bond Arg97 Amide (=O) A
Phel90 Pi-Pi His187 Amide (=O) A
Val233 H-bond
Phe235 Pi-Pi
7T1D Chain A (39) small molecule 359 E7K 1007 Phe96 Pi-Pi Glulle Imidazole (N) A
Tyrl39 Pi-Pi
Phell9 Pi-Pi
Phel90 Pi-Pi
Phel90 Pi-Pi
7T1D Chain B (39) small molecule 359 E7K 1010 Tyr139 Pi-Pi
Phell9 Pi-Pi
Phel90 Pi-Pi
Phel90 Pi-Pi

Here, all PDB entries featuring EC pocket ligands are presented with identifiers for their ligands, the SIRT2 residues they interact with, and the type of interaction that occurs
between each ligand and receptor. For water bridging interactions, a label for each water has been established for clarity in instances when multiple waters within a PDB entry/
chain interact with the ligand. Note that Schrédinger Maestro Pi-Pi stacking face-to-face interaction detection has been adjusted from the default of 4.4 A to 4.5 A and includes the

7T1D Phell9 pi-pi interaction as a result.

single water, comprise 19 of the 89 identified interactions.
These interactions are distributed around the bottom portion
of the EC pocket, and except for those associated with Pro94
are not conserved.

Some MBMs and SMMs also reach the selectivity pocket, as
seen for KPM-2 (55) (Fig. 5D) and N-(3-(phenoxymethyl)
phenyl)acetamide derivatives (47) (Fig. 4C), respectively.
Finally, screening of the RIKEN natural products depository
identified NPD11033 (56) (Fig. 5D). In this case, the different
orientation of the compound in comparison to the original
SirReals does not allow for binding of acetyl-lysine substrates,
resulting in competitive modulation. An important finding in
this work is that while NPD11033 inhibits an acetyl-lysine
peptide, it is incapable of inhibiting longer acyl chain deacy-
lation. This appears to correlate with the low K, values that
SIRT2 displays for long acyl chain substrates. Indeed, Nielsen

Table 2

et al. have developed an inhibition assay with a myristoyllysine
substrate and evaluated SirReal2 demyristoylation inhibitory
activity, along with other SIRT?2 inhibitors (50). They observed
no demyristoylation inhibition by SirReal2 in this assay, which
may explain why NPD11033 is also unable to inhibit these
types of substrates.

SIRT1 activators have been known since the seminal
work of Howitz et al. (57). The most effective of these ac-
tivators is resveratrol, which activated SIRT1 by > 10-fold.
The mechanism of the SIRT1 activators seems to be specific
for this protein, with a very long (>200 residues) N-ter-
minal extension featuring a three-helix bundle that com-
prises the binding domain of the activating molecules, not
present in the remaining human SIRTs. The mechanism
seems to be allosteric, but is not well understood (for re-
view, see ref. (42)).

Electrostatic interactions of EC pocket ligands with SIRT2 by residue and interaction type

Residue All interactions Pi-pi interactions

H-bond interactions

Cation-pi interactions Water bridging interactions

Pro94
Asp95
Phe96
Arg97
Glull6
Phel19
Phel31
Leul38
Tyr139
Gly141
Gln167
Aspl70
His187
Phel90
Val233
Phe234
Phe235
Glu237
Total
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89
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PDB entries for SIRT2 featuring EC pocket ligands, totaling 16, were analyzed for all chains, totaling 21. Electrostatic interactions were counted such that multiple interactions with
a single residue each count as one. The most conserved sidechain/interaction conformations are visualized in Figure 6.
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Figure 6. Visualization of select conserved SIRT2-ligand interactions. Here, the conserved pi-pi stacking interactions (blue dashed lines) between small
molecules (green; wire frame) and Phe190, Phe234, and Tyr139, the water-mediated hydrogen bond (yellow dashed lines) between small molecules and the
Pro94 backbone, and direct hydrogen bonds between small molecules and Gly141, Leu138 are highlighted. Certain residues, such as Tyr139 and Phe234
retain a conserved spatial orientation and interaction vectors. Waters that interact with the Pro94 backbone carbonyl also interact with the ligand-based
amide carbonyls of 4RMG, 4RMH, 5DY4, 5YQL, and 5YQM. Leu138 and Gly141 backbone interactions are observed for both chains of the 5D7P/5D7Q EC

pocket acetamides.

The modulation of the catalytic activity of SIRT2 is
substrate-dependent, a feature shared with SIRT6. There
seems to be an interdependency between the length of the acyl
chain of a substrate and the modulation effect that a small
molecule may provide. For instance, SirReals are effective
SIRT2 deacetylase inhibitors, but they are not capable of
inhibiting demyristoylation. Recent works have found potent
SIRT6 activators for deacetylation. Indeed, the MDL de-
rivatives, quercetin and UBCS039, bind SIRT6 in the acyl-
binding pocket (58-61) (Fig. 5E). Their binding is compat-
ible with the productive binding of acetyl-containing sub-
strates and activation of SIRT6 (58-61). Given that other
noncrystallized SIRT6 activators do work this way (e.g, CL5D
(62) and palmitic acid (63)), it is plausible that the MDL de-
rivatives, quercetin and UBCS039, can behave as activators of
deacetylase activity and competitive inhibitors of demyr-
istoylation and deacylation of other long acyl substrates.

Recent work by Bi et al. from the Weiser lab describes the
two first SIRT2 activators/modulators, 1-aminoanthracene and
propofol (64) (Fig. 5E), likely working in a similar fashion as
the SIRT6 activators described above. 1-Aminoanthracene
inhibits SIRT2 activity on acetyl and myristoyl peptides but
activates it on a 4-oxononanoyl peptide. Meanwhile, propofol
inhibits the same substrates as 1-aminoanthracene but acti-
vates the removal of decanoyl peptides. Propofol was reported
to bind within the selectivity pocket (65), the same site as
SirReal compounds (53). Most interestingly, structural
modeling and kinetic analysis with these SIRT2 modulators
suggest that the shape of the ligand-binding site dynamically
changes during the catalytic cycle. Of the two, 1-
aminoanthracene is of interest because it has been utilized as
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a probe in biochemical and cellular assays, because it is fluo-
rescent. Further crystallographic studies with these com-
pounds may illuminate the dynamics of the acyl-binding
pocket and facilitate the tailoring of SIRT2 modulators to
address specific pathological scenarios.

Structural variation and function

Given the pleiotropic roles of SIRT?2, it is not surprising that
its regulation at the genetic and “environmental” (subcellular
location, interacting partners) levels is complex. This is re-
flected in a good number of known mutations, post-
translational modifications, isoforms and polymorphisms, as
well as binding partners (proteins, as well as protein—nucleic
acid complexes, eg, nucleosomes, see “Protein in-
teractions”.). The next section will present the current state of
this evolving topic, focusing on the effects of these changes in
SIRT?2 structure and function.

Mutations

Many SIRT2 mutants, where one or more amino acids have
been changed, have been described, and their biological ac-
tivity has been explored (https://www.uniprot.org/uniprotkb/
Q8IXJ6/entry#disease_variants). However, to our knowledge,
systematic approaches are missing, except for a recent study
regarding the functional significance of somatic SIRT2 muta-
tions in human tumors (66). The authors utilized an integrated
structural, functional, and bioinformatics approach and
concluded that most mutations disrupted the catalytic activity,
arguing that these mutations are functionally significant. The
mutations did not affect SIRT2 cellular location or substrate
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binding. Overall, they concluded that somatic SIRT2 muta-
tions in human tumors contribute to genomic instability by
impairing its function in DNA damage repair. More studies are
necessary to corroborate these findings, but the data provides a
compelling example of the central role of SIRT2 in biology and
pathology.

Other relevant studies have reported reduced deacetylase
activity caused by several mutations located in the SIRT2
catalytic core domain (Fig. 1), including residues S53, S98,
§100, Q167, D170, S279, T280, S311, and Y315 (67, 68).
Mutations at residues E116, E120, F244, Q265, S271, D294
reduced binding of the macrocyclic peptide inhibitor S2il.5
(44). Mutations N168A (cofactor domain) and H187Y (cata-
lytic domain), which alone or in combination abrogate cata-
Iytic activity, were assayed in cellular models to verify whether
SIRT2-mediated deacylation is necessary for regulating tubulin
activity. Indeed, N168A and H187Y mutants resulted in the
inhibition of chromosome condensation and provoked hy-
perploid cell formation in response to mitotic stress (68, 69).
Not surprisingly, mutation at the active site residue H187 has
many reported consequences, including inhibition of deace-
tylase activity toward multiple substrates (69-73).

Other relevant mutations include S364A and S368A, which
abolish cyclin/cyclin-dependent kinase (CDK)2-dependent
phosphorylation and inhibit the SIRT2-mediated cellular
proliferation delay in early metaphase to prevent chromosomal
instability; and an S372A mutation reduces SIRT2 phosphor-
ylation and its catalytic activity (67, 71, 74), pointing to a
poorly understood regulatory role of the C-terminal region.

Posttranslational modifications

There are several phosphorylation sites identified in SIRT2,
the most studied being S25 in the N-terminal region, S331
within the catalytic core, and S368 and S372 in the C-terminal
extension (Fig. 1A4). Dephosphorylation of S25 triggers locali-
zation of SIRT2 from the cytosol to the nucleus and is
necessary for SIRT2 chromatin association upon infection with
the bacterium L. monocytogenes (75). S25 dephosphorylation is
necessary for histone H3K18 deacetylation and transcriptional
regulation during infection. Moreover, the authors also iden-
tified other phosphorylation sites and PTMs, including 12
serine and two threonine phosphorylation sites, three ubiq-
uitinylation sites, and six acetylation sites. S331 is targeted by
the cyclin-dependent kinases, Cdk2 and 5, and its phosphor-
ylation inhibits SIRT2 enzymatic activity (74). S368 is part of a
CDK consensus motif that is a substrate of cyclin B/Cdkl,
cyclin E/Cdk2, cyclin A/Cdk2, cyclin D3/Cdk4, and p35/Cdk5
(71, 74). S368 is phosphorylated when cells enter S phase,
which suggests that this PTM is not acting as a signal for
nuclear accumulation of SIRT2, which happens in late G2 (74).
SIRT2 phosphorylation at S368 and S372 is known to reduce
its ability to deacetylate histones and o.-tubulin (74), interfering
with neurite outgrowth in primary neurons. To date, the ki-
nase responsible for the phosphorylation of S372 remains
unidentified (71, 74). Research has focused on PTMs of Sirt2,
specifically the phosphorylation of S23 and S25 on its N-
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terminal tail. Dual phosphorylation at these sites enhances
Sirt2’s activity towards peptide and protein substrates. The
authors propose that this phosphorylation relieves auto-
inhibition by Sirt2’s C-terminal region (76). Peroxynitrite in-
hibits the deacylase activity of SIRT1, SIRT2, SIRT3, SIRT5,
and SIRTS, correlating with increased tyrosine nitration. While
SIRT1 shows peroxynitrite-mediated cysteine sulfenylation,
SIRT2, SIRT3, SIRT5, and SIRT6 do not, although SIRT6
likely forms an intermolecular disulfide bond following tran-
sient sulfenylation. Therefore, peroxynitrite can posttransla-
tionally modify and inhibit SIRTs (77). Studies explored how
diverse cysteine oxidants influence the function of sirtuin en-
zymes. They found that primarily nuclear SIRTs were modified
and inhibited by cysteine S-nitrosation in response to exposure
to both free nitric oxide and nitrosothiols. Surprisingly,
mitochondrial SIRTs were resistant to inhibition by cysteine
oxidants. These results suggest that nitric oxide—derived oxi-
dants may link nuclear and cytosolic SIRT inhibition to aging-
related inflammatory disease development (78, 79).

SIRT2 is acetylated by the KAT p300 (80, 81). This acety-
lation is not mapped, although it is predicted to occur on the
C-terminal extension, and it was shown to interfere with the
catalytic activity of SIRT2 (80, 81). Hence, the fact that the N-
and C-terminal extensions host functional PTMs is in line with
the concept that these regions play a role in regulating activity.
Capturing the termini regions in an ordered state (e.g.,, bound
to a probe, as seen for SIRT1) (42) could help in designing
tools to modulate SIRT2 activity. Finally, SIRT2 can also be
modified by cysteine oxidative PTMs but it is unclear which
role these PTM have (78).

Isoforms and polymorphisms

Protein isoforms are highly related gene products that may
perform essentially the same biological function, normally
generated by alternative splicing or duplication (reviewed in
ref. (82)). Isoenzymes are isoforms of an enzyme that may have
been generated during evolution in ancestor organisms; hence,
they can differ in their biological activity, regulatory properties,
temporal and spatial expression, intracellular location, or any
combination of the previous. Consequently, the seven human
SIRTs can be considered isoenzymes, and there are five re-
ported spliced RNAs with potential to encode human SIRT2
isoforms in the Genbank sequence database. However, only
three have been shown to express proteins (83). The longer,
predominantly cytoplasmic SIRT2 isoform 1 (SIRT2.1) con-
sists of 389 amino acids, including an NES (20) and catalytic
deacylase domain (see Fig. 1A4). The shorter cytoplasmic iso-
form 2 (SIRT2.2) lacks the first 37 N-terminal amino acids but
includes all amino acids associated with the NES and the
deacetylase domain. No catalytic differences have been re-
ported between SIRT2.1 and SIRT2.2. One report point to-
wards C terminus as an autoinhibitory region, and elimination
of this segment enhances deacetylase activity. Additionally,
truncation of the N terminus accelerates nucleosome deace-
tylase activity but reduces peptide substrate deacetylation (76).
Isoform 5 (SIRT2.5) is 319 amino acids; its N-terminal residues
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6 to 76 are replaced by an arginine. As a result, it lacks the NES
motif present in the cytoplasmic isoforms and is predomi-
nantly found in the nucleus (83-85). SIRT2.5 is catalytically
inactive in cell-free assay (83), but it is not yet clear whether
this is an intrinsic property of the isoform or a confounding
property of the recombinant protein used in the assays.

All residues known to be essential for catalysis are present in
isoform 5. The only structurally relevant element missing is o.-
helix o1 of the NAD*-binding Rossmann fold. While structural
modeling suggests the overall structure should not be strongly
affected, its more exposed N-terminal region of the catalytic
core (starting at residue 76, Fig. 1A) may suggest lower
structural stability in comparison to isoforms 1 and 2 (83).
CobB, a bacterial sirtuin homolog, lacking the equivalent o-
helix in the Rossmann fold, is catalytically active (86). Purified
SIRT2.5 binds to the SIRT2 partner p300, and its binding is
enhanced by NAD", so it might mediate nuclear protein in-
teractions, possibly in a cofactor-dependent manner (83).
Recent studies have shown that it may have regulatory roles:
interleukin-4 treatment triggers overexpression of isoform 5 in
human macrophage cells and results in an allergic and asth-
matic phenotype (85). Moreover, isoform 5 inhibits hepatitis B
virus replication, possibly through epigenetic modification of
the viral covalently closed circular DNA via direct and/or in-
direct association with histone lysine methyltransferases (84).

As noted in “Mutations”, there is relatively little information
on SIRT?2 single nucleotide polymorphisms (SNPs). A recent
study examined the occurrence of SNPs in cancer patients
(66), and R42P, P128L, P140H, R153C, A186V, and F190V
were found to be highly conserved and deleterious to SIRT2
deacetylation activity if mutated. Interestingly, all SNPs except
the R42P, which is within the NES motif, are located in the
catalytic core. An independent study also identified an SIRT2
SNP in the 3’-UTR associated with susceptibility to colorectal
cancer (87), although the mechanistic basis for this has yet to
be studied. Similarly, SNPs within the SIRT2 locus have been
associated with human longevity, myocardial infarction, dia-
betes, or neurological diseases although the mutations were
not within the protein coding sequence (88-91).

Protein interactions

The most systematic SIRT2 interactome study has been
reported by Budayeva and Cristea (92). They utilized a
multipronged approach including determining the intracel-
lular localization, identity, and relative stability of SIRT2 in-
teractions. These interactions were transient across the board
as could be expected for enzyme-substrate contacts. In addi-
tion to the expected interaction with o-tubulin and other
cytoskeleton proteins, it was observed that SIRT2 interacts
with proteins involved in membrane trafficking, secretion, and
transcriptional regulation.

A recent review has compiled SIRT2-binding partners in the
context of gene expression regulation and metabolism (93).
Regarding transcription regulation, the interaction of SIRT2
and the homeobox transcription factor HOXA10 in human
endometrial cells seems to be enhanced by the bridging effect
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of the four half-domains of LIM domain 1 (FHL1) and plays a
role in infertility (94). SIRT?2 is involved in glucose metabolism,
promoting gluconeogenesis through deacetylation of the
transcription factor, FOXO1, and the kinase, PEPCK. In
addition, SIRT2 can promote glycolysis by interacting with
glycolytic enzymes, such as protein kinase B (Akt or PKB), that
regulates glucose metabolism through the insulin-PI3K-AKT
metabolism pathway (main downstream signaling pathway of
insulin action) (95). Other relevant SIRT2-binding partners
associated with glycolysis are hexokinase 1, phosphofructoki-
nase, aldolase A, glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerate kinase 1, enolase 1, pyruvate kinase M, and
lactate dehydrogenase (96, 97).

Is SIRT2 catalysis driven mainly by the substrate protein’s
peptide domain that interacts with the SIRT2 active site or
does the extended structure of the substrate influence recog-
nition and potentially the deacylation reaction? To probe this
issue, Knyphausen et al. produced several natively folded
SIRT1, 2, and 3 substrate proteins, containing site-specific
lysine acetylations (98). Some acetylated proteins were
robustly deacetylated, but others were not. Their data supports
the view that substrate recognition by SIRTs is not only
affected by the primary sequence surrounding the acetylated
lysine, but also to a large extent by the secondary and tertiary
structure of the protein substrate.

Beyond substrate interactions, SIRT2 interacting partners
can modulate its activity. For instance, a SIRT2-HDAC6
interaction has been reported to be required for SIRT?2 activity
on tubulin (67).

Along these lines, two recent studies report cryo-EM
structures of SIRT6 interacting with the nucleosome (99,
100). The structures reveal multiple interactions of distinct
SIRT6 domains with the nucleosome. This can explain why the
enzyme is efficient at deacetylating multiple histone H3 acet-
ylation sites in the context of nucleosomes, but not with free
acetylated histone H3 protein substrates. While such struc-
tures are not yet solved for SIRT2, deacetylation assays also
show that SIRT?2 is more active against nucleosomal substrates
over their peptide counterparts (101). Additionally, the pres-
ence of VRKI, an established binding partner of Sirt2 and
nucleosomes, can stimulate the nucleosome deacetylation ac-
tivity of full-length Sirt2 but peptide substrate deacetylations
were unaffected by VRK1 (76).

Discussion and conclusion

This manuscript reviews available crystal structures of
SIRT2, demonstrating its ability to bind diverse substrates and
informing the design of mechanism- and substrate-based in-
hibitors targeting multiple domains, including its unique
selectivity pocket. However, despite the determination of many
crystal structures, numerous open questions remain, especially
relating to the development of small molecule modulators,
achieving full or partial activation or inhibition of SIRT2, and
ultimately translating these effects to different therapeutic
applications. Developing drugs that bind to, and modulate,
SIRT2 is challenging because of its dynamic structure and
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various substrates. Moreover, its ability to deacylate multiple
lysine acyl modifications makes SIRT2 complex to model.
Better understanding of the acyl groups, the substrate protein
sequence, and structural aspects will aid in the design of new
small molecule SIRT2 modulators with specific attributes.
Despite these challenges, the delineation of different SIRT2
inhibitory mechanisms may provide some hints for developing
better small molecule modulators. Of note, the selectivity
pocket binders (reviewed in “Selectivity pocket-binding mod-
ulators”) slightly protrude outside of the acyl-binding pocket,
but the mechanistic basis of their selectivity remains unclear.
The role of the disordered termini and the potential for higher
order quaternary states (monomer, dimer, and trimer) remain
open questions. Deeper insight into these issues may facilitate
the development of SIRT?2 selective modulators which can be
tailored to different pathological scenarios, such as viral in-
fections and cancers, in which either activation or inhibition of
SIRT2 may be of therapeutic benefit. Several factors offer
opportunities for the development of improved SIRT2 probes
and modulators including 1) SIRT2’s inherent flexibility
adapting to various substrates and inhibitors and 2) its ability
to remove different acyl modifications from lysine residues.
This suggests potential for developing inhibitors with varying
specificities. 3) the selectivity of small molecules to inhibit
different acyl chains on peptide substrates. This highlights the
possibility of designing inhibitors that target specific SIRT2
acyl activities. 4) the discovery of different SIRT2 inhibitory
mechanisms. This provides multiple avenues for developing
new and improved inhibitors. 5) the potential for higher order
quaternary states (e.g., dimers and trimers). This offers the
possibility of targeting protein—protein interactions to modu-
late SIRT?2 activity.

The growing number of specific acylated lysine residues
revealed in numerous proteins involved in many different
cellular processes argues that both acylation and deacylation
are critically important regulatory mechanisms (1-3). Within
the larger group of KDACs, SIRT deacylase activity targets a
very large number of proteins (1-3), impacting many disease
states such as bacterial and viral infections, as well as many
cancers (14, 39, 102, 103). Therefore, understanding how to
modulate SIRT?2 with different small molecules could provide
novel host targeting mechanisms for treating these diseases
and allow for synergistic combinations with other drugs.

The X-ray structures reviewed here provide a glimpse into
the various states of SIRT2, illustrating the conformational
plasticity that enables this enzyme to recognize a variety of
substrates. In addition to structural studies, enzymatic studies
have provided insight and mechanistic understanding of SIRT
catalysis and modulation, as well as the basis for selectivity
among the different isoenzymes. This intrinsic flexibility of
SIRT?2 poses a challenge in terms of small molecule targeting.
Moreover, its ability to deacylate multiple lysine acyl modifi-
cations makes SIRT2 difficult to model, making the design of
new small molecule SIRT2 modulators with specific attributes
challenging.

Despite these challenges, the discovery of different SIRT2
inhibitory mechanisms may provide some hints for developing
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improved small molecule modulators. While the selectivity
pocket binders extend somewhat beyond the acyl-binding
pocket (as discussed in “Selectivity pocket-binding modula-
tors”), the mechanism behind their selectivity is still not fully
understood. The amino acids that form the selectivity pocket
are very similar among SIRT1-3 (53), making sequence dif-
ferences among the proteins unlikely as to the basis for the
selectivity of SirReals and other compounds toward SIRT2.
Structural work over the past decades shows that SIRT iso-
enzymes differ in acyl channel architecture and dynamics
(104), and these differences may contribute to the selectivity of
binders.

There appears to be a relationship between the length of
the acyl chain of a substrate and the modulatory effect that a
small molecule may provide on deacylase activity. For
instance, SirReals are effective SIRT2 deacetylase inhibitors,
but they do not inhibit demyristoylation. Thus, the SIRT2-
binding affinity of a myristoylated substrate might be stron-
ger than that of SirReals (suggested by the larger number of
hydrophobic contacts of a myristoylated substrate to the
binding site in SIRT2). Figure 3 and 5 show clearly that Sir-
Real2 and a myristoylated substrate open the acyl-binding
pocket similarly.

We would argue that the merging of the SirReal core with
SMM moieties extending into the peptide-lysine subpocket
(e.g., inhibitor L5C, Fig. 5A) could allow such compounds to
inhibit competitively longer acyl chain deacylation by
improving compound affinity. This may be the case for the
thiourea-based e-N-acyl-lysine mimic compound 13 (Fig. 5B)
that outcompetes myristoyl substrates (50). Along these lines,
such inhibitors may also have the added benefit that in
matching the “substrate envelope,” they may be less prone to
or be more resilient to resistance mutations arising in cancer,
as mutations reducing a substrate binding might reduce
enzyme activity. This concept, initially developed for the case
of HIV-1 protease, has also been tested for cancer proteins
(105).

Activation of SIRT2 deacetylation with small molecules, as
suggested by the SIRT6 structural data (Fig. 5E), could be
related to the degree to which the remaining part of the
inducible acyl-binding pocket is occupied. Indeed, these mol-
ecules inhibit demyristoylation. Given the high resolution of
SIRT2 crystals (38 out of 39 structures diffracting at 2.52 A or
better), it can be envisioned that crystallographic fragment
screening, either with an acetyl substrate or a SirReal-type
small molecule, could guide the development of moieties for
optimal filling of the acyl-binding pocket and modulation of
SIRT2 activity. This technique is known to be useful for
finding hot and warm binding spots in proteins (106).

In a recent SIRT6/nucleosome structure (PDB ID 8F86), the
N-terminal region is observed wrapping around the outer
surface of SIRT6, while the active site is occupied by the his-
tone H3-lysine-thio-ADP ribose covalent adduct (100). Hence,
this SIRT6 structure might present an “activated” SIRT, indi-
rectly supporting the previous hypothesis about the auto-
inhibitory role of the trimeric assembly. Given the molecular
weight of such a trimer complex (~120 kDa), cryo-EM could
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be amenable to solve such a structure for full-length SIRT?2,
with the benefit of the sample being in solution and with the
capability to resolve the heterogeneity induced by the flexible
termini. A SIRT2 trimer structure, if confirmed that it repre-
sents an inactive form of the enzyme, could represent an
appealing target for SIRT2 inhibition. Small molecules that
stabilize the “inactive” trimer could provide an alternative
mechanism for the modulation of SIRT2 activity.

It is important to consider other factors that can regulate
enzymatic activity in vivo. For instance, despite having rela-
tively similar hydrophobic pockets, SIRT2 and SIRT3 display
varying catalytic efficiencies with the same acylated substrate
types (32), which suggest the existence of additional factors
not explained by the previous structural-kinetic relation-
ships. While the dynamics of binding of the cosubstrates
could be a factor (e.g., the highly flexible cofactor-binding
loop), other factors outside of the structural-kinetic re-
lationships may influence activity, including 1) allosteric ef-
fects from the full-length substrates with regulatory termini
(e.g., monomer to trimer equilibrium, discussed above), 2)
effect of PTMs on activity, 3) the effect and role of binding to
other proteins, and 4) subcellular compartmentalization. The
literature presents a detailed picture of the evolutionary path
driving SIRTs. Each SIRT has evolved to operate in a sub-
cellular compartment where changes in NAD" levels will
directly affect its activity and substrate preference. For
SIRT?2, for instance, the low K, values for NAD" with long
chain acyl substrates and the low K, values for long chain
acyl substrates themselves suggest a housekeeping function
to limit the adverse effects of spurious long chain protein
acylation from acyl-CoAs. The estimated cytosolic levels of
NAD™ are 10 to 100 pM and support this notion (32).
Conversely, mitochondrial SIRT3 has a higher K., for NAD"
with all substrates, in concordance with the abundant pool of
mitochondrial NAD™ (~300 uM) (32).

In conclusion, the many structures of SIRT2 with diverse
binding partners solved in the past decade have increased the
understanding of its catalysis, modulation, and selectivity,
which provides avenues for the discovery and design of
improved probes and modulators (39). An improved toolbox
of probes and modulators of SIRT2 activity will help in the
understanding of the unknown or partially understood aspects
of SIRT?2 function (e.g., role of the termini, role of interactions
with substrates and other binding partners, or functional
consequences of its PTMs).
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