OO0~ W -

Mechanism-based sirtuin enzyme activation

Raj Chakrabarti*

Division of Fundamental ResearchPMC Advanced Technology, LLC. 1288 Route 73 South, Mt. Laurel, NJ 08054, USA Phone: (609) 216-4644 Email:

raj@pmc-group.com

Submitted to Proceedings of the National Academy of Sciences of the United States of America

Sirtuin enzymes are NAD*-dependent protein deacylases that play
a central role in the regulation of healthspan and lifespan in organ-
isms ranging from yeast to mammals. There is intense interest in
the activation of the seven mammalian sirtuins (SIRT1-7) in order
to extend mammalian healthspan and lifespan. However, there
is currently no understanding of how to design sirtuin-activating
compounds beyond allosteric activators of SIRT1-catalyzed reac-
tions that are limited to particular substrates. Moreover, across
all families of enzymes, only a dozen or so distinct classes of
non-natural small molecule activators have been characterized,
with only four known modes of activation among them. None
of these modes of activation are based on the unique catalytic
reaction mechanisms of the target enzymes. Here, we report a
general mode of sirtuin activation that is distinct from any of
the known modes of enzyme activation. Based on the conserved
mechanism of sirtuin-catalyzed deacylation reactions, we establish
biophysical properties of small molecule modulators that can result
in enzyme activation for any sirtuin and any substrate. Building
upon this framework, we propose mechanism-based workflows
for the design of new sirtuin-activating compounds.
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Introduction

Sirtuin (silent information regulator) enzymes, which catalyze
NAD*-dependent protein post-translational modifications, have
emerged as critical regulators of many cellular pathways. In par-
ticular, these enzymes protect against age-related diseases and
serve as key mediators of longevity in evolutionarily distant organ-
ismic models [1]. Sirtuins are NAD* -dependent lysine deacylases,
requiring the cofactor NADY to cleave acyl groups from lysine
side chains of their substrate proteins, and producing nicoti-
namide (NAM) as a by-product. A thorough understanding of
sirtuin chemistry is not only of fundamental importance, but also
of considerable medicinal importance, since there is enormous
current interest in the development of new mechanism-based
sirtuin modulators [2, 3]. The mechanism of sirtuin-catalyzed,
NAD™-dependent protein deacylation is depicted in Fig. 1 [4-6].

Recently, in order to extend mammalian healthspan and
lifespan, intense interest has developed in the activation of
the seven mammalian sirtuin enzymes (SIRT1-7) [7,8,9]. Prior
work on sirtuin activation has relied exclusively on experimental
screening, with an emphasis on allosteric activation of the SIRT1
enzyme. Indeed, small molecule allosteric activators of SIRT1
have been demonstrated to induce lifespan extension in model
organisms such as mice [7, 8]. Allosteric activation is one of four
known modes by which small molecules can activate enzymes
[10]. Allosteric activators most commonly function by decreasing
the dissociation constant for the substrate (the acylated protein
dissociation constant¥z.«-x in the case of sirtuins).

Nearly all known sirtuin activators allosterically target SIRT1
and bind outside of the active site to an allosteric domain in SIRT1
that is not shared by SIRT2-7 [9]. Moreover, allosteric activators
only work with a limited set of SIRT1 substrates [11-13]. It is
now known that other sirtuins -- including SIRT2, SIRT3 and
SIRT6 -- and multiple protein substrates play significant roles in
regulating mammalian longevity [14-16]. General strategies for
the activation of any mammalian sirtuin (including activation of
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SIRT1 for other substrates) are hence of central importance, but
not understood [17]. In general, allosteric activation to decrease
substrate K4 will not be an option for enzyme activation, render-
ing mechanism-based activation essential.

Foundations for the rational design of mechanism-based sir-
tuin activators have been lacking, partly due to the absence of
a clear understanding of the kinetics of sirtuin-catalyzed deacy-
lation. Several types of mechanism-based sirtuin inhibitors have
been reported recently in the literature, including Ex-527 and
Sir-Real2 [18, 19]. However, mechanism-based activation has
proven far more elusive, due to the difficulty in screening for the
balance of properties needed for a modulator to have the net
effect of accelerating catalytic turnover. While there are many
ways to inhibit an enzyme’s mechanism, there are far fewer ways
to activate it. These efforts have been hindered by the lack of
a complete steady state kinetic model of sirtuin catalysis that
accounts for the effects of both NAD* and NAM on activity.

In the so-called “NAD™ world” picture of global metabolic
regulation, the intracellular concentrations of the sirtuin co-
factor NAD®, which can decrease with age, play a central
role in regulating mammalian metabolism and health through
sirtuin-dependent pathways [20]. Due to the comparatively high
Michaelis constants for NAD* (Kmnap+'s) of mammalian sir-
tuins, their activities are sensitive to intracellular NAD" levels
[4, 20]. The systemic decrease in NAD™" levels that accompanies
organismic aging downregulates sirtuin activity and has been
identified as a central factor leading to various types of age-
related health decline [21, 22, 23], whereas increases in NAD*
levels can upregulate sirtuin activity and as a result mitigate or
even reverse several aspects of this decline [20, 24].

Significance

Compared to enzyme inhibitors, which constitute the vast ma-
jority of today's drugs, enzyme activators have considerable
advantages. However, they are much more difficult to design,
because enzymatic catalysis has been optimized over billions
of years of evolution. Sirtuin-activating compounds (STACs)
are enzyme activators that can extend mammalian healthspan
and lifespan. Unfortunately, the only known mode of STAC
action is limited to accelerating selected functions of a single
mammalian sirtuin enzyme. Here, we report a wholly new
mode of enzyme activation that exploits the common catalytic
mechanism of all sirtuin enzymes, hence being applicable to
any function of any sirtuin. This expands our understanding of
enzyme activation, and lays the foundation for development
of a new generation of drugs.
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Fig. 1. Chemical mechanism of sirtuin-catalyzed deacylation and modes of sirtuin activation. Following sequential binding of acylated peptide substrate
and NAD™" cofactor, the reaction proceeds in two consecutive stages: i) cleavage of the nicotinamide moiety of NAD* (ADP-ribosyl transfer) through the
nucleophilic attack of the acetyl-Lys side chain of the protein substrate to form a positively charged O-alkylimidate intermediate (depicted above), and ii)
subsequent formation of deacylated peptide. For simplicity, all steps of stage ii as well as AADPR + Pr dissociation are depicted to occur together with rate
limiting constant ke, . Red: Allosteric activation increases the affinity of a limited set of peptide substrates for the SIRT1 enzyme only and requires an allosteric
binding site. Green: Mechanism-based activation is a new mode of enzyme activation that relies on the conserved sirtuin reaction mechanism rather than an
increase in the affinity of selected peptide substrates.
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based on the reaction mechanism depicted in Fig.
1, provides a minimal kinetic model that captures
the essential features of sirtuin deacylation kinet-
ics suitable for predicting the effects of mechanism-
S based modulators on sirtuin activity. In the presence

E'ADPR'Pr'lm'NAM of saturating Ac-Pr, E is rapidly cor):verted ir?to E'Ac-
Pr and NAM binding to E can be neglected, resulting
in a simplified reaction network with 5 species. Ac-Pr,

ADPR_Pr_Im: ADPR peptidyl_lmidate acetylated peptide; ADPR, adt-.:nosir\e diphosph;.ate ri-

bose; AADPR, O-acetyl adenosine diphosphate ribose.

T INYNI

—

Kex

E' AO-PI" NAD+ ——

-eX

A EACPrA —~ Y eapprerma B Kestapp

/{ f%;; j‘ff _ 4, MOPRiP

E'ADPR-Pr-Im

m
=
&
o
X

E-Ac-Pr—= "‘EﬁuDPR-Pl-Im .f *"% &4 Fig. 3. : General model for mechanism-based sirtuin

, T E-Ac-PrNAMA g 3 x| & enzyme activation. A) The front face of the cube

. 'E ~ FlE =3 iﬂ ‘E (blue) depicts the salient steps of the sirtuin reaction

F '. > % N 3 IIZ E Ac-Pr: NAM |2 network in the absence of bound modulator. The back

E yt ‘E \.,{. 3| > & face of the cube (red) depicts the reaction network

72 TE'Ac NEAM S| H \\ 3 % in the presence of bound modulator (denoted by

E'Ac-PrNAD"A =:Nei-::2 |[E'ADPR-Pr4m'NAM-A “A”). Each rate constant depicted on the front face

- -4 EACPrNAD —— e ke:.aw has an associated modulated value on the back face,

e ; % c-rr EADPR—Pr—Im NAM designated with a prime that is a consequence of

g K b ’-'W modulator binding. B) The purple face is the apparent

E'Ac- PrNAD*ﬁ“E‘ADPR-Pr—Im'NAM reaction network in the presence of a nonsaturating
Kex concentration of modulator.

As such, NAD+ supplementation has emerged as a promis-  allosteric activators like resveratrol, which are SIRT1-specific

ing alternative to allosteric activation of sirtuins [24]. Unlike = and have not been successfully applied to other sirtuins [10],

2 | www.pnas.org - --- Footline Author

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272



273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

— 3GLS - Apo Sirt3
14 — 4FVT - Sirt3/AcACS peptide/CarbaNAD
1 4JSR- Sirt3/ELT inhibitor

C alpha RMSD (A)

150 155 160 165 170 175 180
Residue Number

Fig. 4. Sirt3 cofactor binding loop region RMSD.Sirt3 proteins and their per-
residue RMSD values for the cofactor binding loop region computed over
all atoms with reference to crystal structure of a Sirt3 intermediate complex
(4BVG). Residues (155-178) correspond to the co-factor binding loop region
and residues (162-170) form a short alpha helix when bound to co-factors.

NAD" supplementation can activate -most-mammalian.sirtuins
in a substrate-independent fashion. Moreover, allosteric activa-
tors cannot fully compensate for the reduction in sirtuin-activity
that occurs through NAD* decline during aging. On the other
hand, the effects of NAD™ supplementation are not specific to
sirtuins and prohibitively high concentrations of NAD*, along
with associated undesirable side effects, may be required to elicit
the increases in sirtuin activity required to combat age-related
diseases.

A preferred general strategy for activation of sirtuins (Fig.
1) would be to increase their sensitivity to NAD* through a
reduction offwsms. Kwausreduction would have a similar acti-
vating effect to NAD™ supplementation, but would be selective
for sirtuins and could potentially even provide isoform specific
sirtuin activation. Importantly, due to the sirtuin nicotinamide
cleavage reaction that involves the NAD™ cofactor, modulation of
&, sursmay in principle be achievable by means other than altering
the binding affinity of NAD™. Unlike allosteric activation that
reducesXs.-w, this approach would be applicable to any sirtuin
and any substrate.

In this paper, we present a general framework for activation
of sirtuin enzymes that is distinct from any of the known modes
of enzyme activation, based on the fundamental mechanism of
the sirtuin deacylation reaction. We first introduce a steady-
state model of sirtuin-catalyzed deacylation reactions in the pres-
ence of NAD™ cofactor and endogenous inhibitor NAM, and
then establish quantitatively how Ky nap+ can be modified by
small molecules, identifying the biophysical properties that small
molecules must have to function as such mechanism-based acti-
vators. We propose workflows suitable for mechanism-based de-
sign of sirtuin activating compounds and present computational
evidence supporting the existence of mechanism-based sirtuin
activating compounds (MB-STACsS) that operate according to the
mechanisms presented.

Results

Steady-state sirtuin kinetic modeling

To a greater extent than inhibitor design, rational activator
design requires the use of a mechanistic model in the workflow. In
this section we develop a steady state model for sirtuin-catalyzed
deacylation that is suitable for a) investigation of the mode of
action of mechanism-based sirtuin modulators, including activa-
tors; b) design of mechanism-based sirtuin activating compounds.
We first summarize the state of knowledge regarding the sirtuin-
catalyzed deacylation mechanism.

Footline Author

The sirtuin catalytic cycle (Fig. 1) is believed to proceed in
two consecutive stages [4]. The initial stage (ADP-ribosylation)
involves the cleavage of the nicotinamide moiety of NAD* and
the nucleophilic attack of the acyl-Lys side chain of the protein
substrate to form a positively charged O-alkylimidate interme-
diate [4, 24]. Nicotinamide-induced reversal of the intermediate
(the so-called base exchange reaction) causes reformation of
NAD* and acyl-Lys protein. The energetics of this reversible
reaction affects both the potency of NAM inhibition of sirtuins
and the Michaelis constant for NAD+ (Kmnap+). The second
stage of sirtuin catalysis, which includes the rate-determining
step, involves four successive steps that culminate in deacylation
of the Lys side chain of the protein substrate and the formation
of O-acetyl ADP ribose coproduct [4, 6, 25, 26].

A tractable steady state model suitable for the purpose of
mechanism-based sirtuin activator design must account for the
following important features:

- The calculated free energy of activation for nicotinamide
cleavage (ADP -ribosylation of the acyl-Lys substrate) in the
bacterial sirtuin enzyme Sir2Tm as computed through mixed
quantum/molecular mechanics (QM/MM) methods is 15.7 kcal
mol™! [27]. An experimental value of 16.4 kcal mol” for the
activation barrier in the yeast sirtuin homolog Hst2 was estimated
from the reaction rate 6.7 s™ of nicotinamide formation [25]. The
nicotinamide cleavage reaction is endothermic, with a computed
AG of 4.98 kcal mol™ in Sir2Tm [27].

- The calculated free energy of activation for the rate lim-
iting chemistry step (collapse of the bicyclic intermediate) from
QM/MM simulations is 19.2 kcal mol™ for Sir2Tm [28], in good
agreement with the experimental value of 18.6 kcal/mol™ esti-
mated from the ke value of 0.170 + 0.006 s™ [29] (0.2 +/- 0.03
s for Hst2 [25]).

- The remaining steps in the catalytic cycle are significantly
faster than the above steps. The other chemistry steps in stage 2 of
the reaction are effectively irreversible [28], as is product release
in the presence of saturating peptide concentrations.

We hence include in our kinetic model representations of
all steps in stage 1 of the reaction, including the nicotinamide
cleavage/base exchange and nicotinamide binding steps. How-
ever, for simplicity, we do not include in the present model a
representation of each of the individual chemistry steps in stage 2
of the reaction or final product release, instead subsuming these
steps under the smallest rate constant, which we call ke,. Since
all these steps are effectively irreversible, the full steady state
model including these steps can be immediately derived from
the basic model through simple modifications, to be described
in a subsequent revision, that are not essential to the analysis
of mechanism-based activation. The above observations motivate
the kinetic model represented in Fig. 2 [30]. This Figure shows
a general reaction scheme for sirtuin deacylation including base
exchange inhibition.

The reaction mechanism of sirtuins precludes the use of rapid
equilibrium methods for the derivation of even an approximate
initial rate model; steady-state modeling is essential. The rate
equations for the reaction network in Fig. 2 enable the derivation
of steady-state conditions for the reaction. Solving the linear
system of algebraic steady-state equations and mass balance con-
straints for the concentrations

[E Ac—Pr][E Ac-TPr NAD*][ZADPR— de—Im NAM][Z ADPR - Ac—Im],[2NAM]
in terms of the rate constants and [NAD+],[NAM], which are
assumed to be in significant excess and hence approximately equal
to their initial concentrations [NAD+ ]o,[NAM], respectively, we

obtain expressions of the form (1):
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Fig. 5. :Structural superposition of Sirt3 structures.Superposition of Sirt3 native intermediate (4BVG - Green) and Sirt3 ternary complex (4FVT - Orange) showing

differences in the conformation of the cofactor binding loop and the position of the Phe residue. Individual subsites are highlighted and the movement of
Phe residue is indicated by black arrows. The substrates Carba-NAD and Ac-Lysine are rendered in stick representation.
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(1)
Where, the term cs4 that is second order in [NAM] will be omitted
from the analysis below. Expressions for the cj’sare provided
in the Appendix. The initial rate of deacylation can be then
expressed
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Where Kex = keex/kex and the approximations refer to the case

ko O Ky, J# cat

Equation (2) is typically represented graphically in terms of either
double reciprocal plots at constant [NAM] or Dixon plots at
constant [NAD+]. In the former case, the slope of the plot (1/v vs

1/[NAD+]) at [NAM]=0 is Xowaot Vuu for which the expression
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Fig. 6. Per-residue RMSD comparison for cofactor binding loop region.(A) Per-residue RMSD values for the cofactor binding loop region calculated using the
MD averaged structure of Sirt3: ADPR: NAM complex modeled using the loop coordinates obtained from 4BVG (Green) and 4FVT (Orange). Crystal structure
of a Sirt3 intermediate complex (4BVG) was used as the reference structure. Residues (162-170) form a short alpha helix when bound to co-factors. (B)
Superposition of the time averaged MD structures of Sirt3/ADPR/NAM intermediate complex modelled based on the crystal structure of Sirt3 ternary complex
(4FVT- orange) and another with the co-factor binding loop residues (155-178) being replaced from an native intermediate structure (4BVG—-green). Differences
in the conformations of the co-factor binding loop and the position of the Phe residue and NAM are highlighted. Individual subsites are highlighted; ADPR
intermediate is rendered in sticks (carbons in Magenta) and NAM also shown in stick representation (Carbon atoms colored based on their respective protein
cartoon color). A short helix is evident in Sirt3/ADPR/NAM intermediate complex modelled using 4FVT (Ternary complex), but not in the complex modelled

using the co-factor binding loop replaced from the 4BVG (Native intermediate).
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Fig. 7. Conformational energies of Sirt3-Int-NAM complexes. Conformational energies estimated using MM/PBSA and MM/GBSA method showing the energy
gap for the Sirt3/INT/NAM complexes with different cofactor loop conformation.SIRT3/INT/NAM prepared from 4FVT with loop residues (res 155-178) replaced
from 4FVT is shown in green and SIRT3/INT/NAM prepared from 4FVT with its native loop is shown in red. Panel A shows a plot of MM/GBSA conformational
energy vs time and B shows plot of MM/PBSA vs times for the two different conformers.

Table 1. Conformation energy differences and binding energy difference for Sirt3 intermediate complex with different loop

conformation calculated using calculated with the MM/PBSA and MM/GBSA method. Energy values are reported in kcal/mol.
Conformational energy difference of the Sirt3 intermediate complex

Energy components for the AGpa (SIRT3/INT/NAM prepared  AGg SIRT3/INT/NAM prepared from 4FVT with loop (res 155-178)  AAG g . »)
complex from 4FVT) replaced from 4BVG and

ADge g - p)
<Emmrcesa’ -7146.48 + 3.55 -7201.58 + 3.44 -55.10
<Enmwpesa” -5873.69 * 3.87 -5901.23 + 3.76 -27.54
Dge (umicesa) (AE comprex — AE -20.33+0.13 -22.50+0.13 -2.17
Receptor — AE Ligand)
Dge umpesa) AF comprex —AE -3.96 £0.25 -7.73 £ 0.26 -3.77

Receptor — AE Ligand)

* < > signifies ensemble average values computed from MD trajectories. The standard errors (t) for the values are also provided. <EpmGpsa” and
<Enmmipssa’ signifies the conformational energies of the Sirt3-INT-NAM complex. Dge jumicesa) @and Dge mnipssa) Signifies the binding energy of NAM for Sirt3.
AAG g -, 4 signifies the conformational energy differences between two conformational states (B and A) which vary in the cofactor loop conformation.
AAge 5 -, a) quantifies the relative binding energy difference of NAM for Sirt3 between two conformational loop conformations (B and A).
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whereas for the Dixon plot, the expression for the slope at
1/INAD+]=0 is approximately [30]:
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The steady state parameter « in equation (3e), which is a mea-
sure of the extent of competitive inhibition by the endogeneous
inhibitor NAM against the cofactor NAD+, can be expressed in
terms of the ratio of Kqnap+ and Km nap+ [29]:

K Fawe K, ©
Ko 4 &,

=

which, together with expression (3b) for K+, demonstrates how
the kinetics of inhibition of deacylation by NAM can reveal differ-
ences in NAD™ binding affinity and nicotinamide cleavage rates
amonyg sirtuins. The origins of different NAD+ binding affinities
among sirtuins were studied structurally and computationally in
[30]. Given that K¢ is generally >> 1 for sirtuins, it is apparent
from eqn (6) that the difference in magnitudes of Kqnap+ and
Km,nap+ for sirtuins is captured bysa. Kmnap+, not Kgnap+ alone ,
determines the sensitivity of sirtuin activity to NAD+, and can
vary across this family of enzymes. The initial rate model and
the definition of @ allow Kqnap+ to be estimated (under suitable
approximations) by steady state deacylation experiments that vary
[NAM] as well as [NAD+].

In addition to the approximation®a: U & J # <4t several ex-
perimental observations can further simplify the form of the
expressions (4) for the sirtuin steady state constants. First, we
assume %= > &;: J# =2 based on viscosity measurements that sug-
gest NAM dissociates rapidly following cleavage [30]. Under this
approximation, the expression for Ky, nap+ becomes:

1 K
Kmm%km[_*' dm} (?)

The magnitudes of the on/off rates for NAD+ binding also
affect the accuracy of approximations to equations (2,3). Such
approximations will be studied in greater detail in a subsequent
work.

As can be seen from eqn (3b), the kinetics of the nicoti-
namide cleavage reaction and the rate limiting step of deacylation
both play essential roles in determining the value of Kynap+ -
Note that in rapid equilibrium models of enzyme kinetics, which
are not applicable to sirtuins,Ka #K,. The difference between
Kanap+ and Ki nap+ has important implications for mechanism-
based activation of sirtuins by small molecules [30]. In particular,
as we will show in this work, decrease of Ky, nap+ independently
of Kqnap+ can increase the activity of sirtuins at [NAM] =0. The
kinetic model above establishes foundations for how this can be
done.

Mechanism-based sirtuin activation

Previous attempts to develop a general approach to sirtuin
activation [31, 32] only considered competitive inhibitors of base
exchange, which cannot activate in the absence of NAM. This is
not actually a form of enzyme activation, but rather derepression
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of inhibition. By contrast, here we present paradigms and design
criteria for activation of sirtuins in either the absence or presence
of NAM. Based on expression (3b) for Kmnap+, it is in principle
possible to activate sirtuins (not just SIRT1) for any substrate
by alteration of rate constants in the reaction mechanism other
than kj,k.; and kcat, s0 as to reduce K nap+ -- not Kg acpr as with
allosteric activators, which increase the peptide binding affinity
of SIRT1 in a substrate-dependent fashion. We now explore
how this may be achieved by augmenting the kinetic model to
include putative mechanism-based activators (A) that can bind
simultaneously with NAD+ and NAM. Fig. 3 depicts the reaction
diagram for mechanism-based activation of sirtuins.

Note that only the top and front faces of this cube are relevant
to the mechanism of action of the previously proposed competi-
tive inhibitors of base exchange [31, 32].

At any [A] there exist apparent values of each of the rate
constants in the sirtuin reaction mechanism. These are denoted
by “app” in the Figure. There are also corresponding “app” values
of the steady state, Michaelis, and dissociation constants in equa-
tion (3). Moreover, at saturating [A] of a known activator, the
modulated equilibrium and dissociation constants (which do not
depend on determination of steady state species concentrations)
can be estimated with only deacylation experiments according to
the theory presented above. The exchange equilibrium constant
K,."and NAD+, NAM dissociation constants X¢.z+ %ze in the
presence of A are related to their original values as follows:

Kﬂ‘?.& Kﬂ‘3_v‘1 Kﬂ'l.ﬂl
Kaoe = Ko sins —22 Ko ' = Ky~ 2R K= Ko pape =2 @®
e : Kﬂ‘LJl Ka‘l.ﬂ e e Kdu

where the £2.4's are the dissociation constants for A depicted in
Fig. 3.

In order to predict the effect on Kaurar of a modulator with
specified relative binding affinities for the complexes in the sirtuin
reaction mechanism, it is important to develop a model that is
capable of quantifying, under suitable approximations, the effect
of such a modulator on the apparent steady state parameters of
the enzyme. Since the full steady state expression relating the
original to the apparent rate constants has many terms containing
products of additional side and back face rate constants, we
use a rapid equilibrium segments approach to arrive at simple
definitions of the apparent Michaelis constant and other steady
state constants for the reaction in terms of the original expressions
for these constants and the dissociation constants for binding of A
to the various complexes in the sirtuin reaction mechanism. This
provides a minimal model with the least number of additional
parameters required to model sirtuin activation mechanisms. In
our treatment, we will assume that rapid equilibrium applies on
both the side faces and the back face. Under this approximation,
at low [A] the expressions for the induced changes in each of
the rate constant products appearing in the coefficients ¢; and
cij, 1'=1 of equation (1) (see Appendix for expressions for these
products) are the same and linear in [A]. For example, in the case
of& Ac-Pr, the steady state species concentrations become:

[E Ac - Pr]/[E Ac —Pr], m ¢, +2, [NAM]

[E.Ac—Pr A)/[E dc—Pr], = [4] (11 +o5[HIAM])
Koa 9)
The rapid equilibrium segments expressions for all species con-
centrations in equation (1) in the presence of A are provided in
the Appendix.

Expressions for apparent values of all steady state param-
eters introduced in equation (3) (i.e., modulated versions of
constantsas.: Kuause£1: X2 K3) in the presence of a given [A] can
now be derived. In the following, several types of approximations
will be invoked:
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The latter provides an estimate of Kqnap+,app if =0 L as it is
believed to be for most sirtuins.

« Under approximation (ii),%: isolates nicotinamide cleavage
/ base exchange-specific effects.

1 Cag (1 +[4] fKa‘a,A)"'Cn A+ LAV Ky )+ el + [A]l Eps )
Koge Ta (1+[A]fK52_A)+ e {1+ (Al B )+ g U+ LAl Ky gd + eI+ 7K s )
1+ Ky (414 Kina) 1+ Ky

Kppe THA] £y ) Ky st g

14)

o (1L Al Ky ) Fog (14 A1 Ky )
en (14141 K 4)

1 _ Cl?.ezpp +CS2npp -

.

Ly il

Footline Author

L [1+[A]deLA) _ £ wur e o K, sut S evamy as)
n (H'[AN Kd’l-ﬂ) Km,mb‘fKﬂmt Km,NADthdM,m

Regarding the quality of the approximations in this case, note
from (15) and (A1) that unlike any of the other steady-state pa-
1 1

rameters, the modulation 2a» %2 induced by [A] is proportional
to ¥sa under the rapid equilibrium segments approximation (first
approximation above). Hence, if one is interested in estimating
the sign of this modulation, the small . approximation (sec-
ond approximation above) should not be applied. Also, under
the rapid equilibrium segments approximation,sz is the only

constant that relies on a ratio of two % Swith ¢'=% j'# i, and

hence the ratio of the same factor in [A]. It is obvious that the
apparent values of rate constant products in the numerator and
denominator above cannot be precisely equal and hence Ko will
have to change slightly from.

1 Tugy

x|

Loy T3 Lapy + C-tlapp

. kil dky (14141 Ky )

E b by (LA Ky )R ok, (L[] K )
L1 AN K,

Ky guse 1HAV Ky 4

(16)

Conditions for mechanism-based activation

We now consider thermodynamic conditions on the binding
of a modulator A for mechanism-based sirtuin activation under
the rapid equilibrium segments approximation, along with the
expected changes in the steady state, equilibrium and dissociation
constants in the sirtuin reaction mechanism.

First, according to equation (10), *... /[£L is roughly un-
changed within this family of mechanisms as long as the Kins
for [A] binding to the various represented complexes in the
reaction mechanism satisfy condition (iii). Thus, enzyme ac-

tivation is expected if Kusurr apcan be decreased relative to
K - i.e., if the sensitivity of sirtuins to NAD™ can be in-
creased. According to equation (11),memwill be smaller than
%M if Kaf},ﬂ”r Kd4,11 Z(Kdl,a”r Kdz,a)(Kdz,A”r KﬁA)(Kﬁ,A” Kd4,A) >1, To iden-
tify mechanisms by which this can occur in terms of the steps in
the sirtuin-catalyzed reaction, we consider in turn each of these

three respective ratios of Kaas (or equivalently, the AAG’s of the
NAD™ binding, exchange, and NAM binding reactions as implied
by equation (8)) induced by A binding.

According to equation (13),KdLA /Kiaa < would imply that A
binding increases the binding affinity of NAD+ to the E.Ac-Pr
complex. This is biophysically implausible for mechanism-based
activation; when dissociation constants for substrates decrease
upon small molecule binding, this typically occurs through an
allosteric mechanism.

Comparison of the crystal structure of human Sirt3/AcS2 pep-
tide /Carba NAD ternary complex (4FVT) with Sirt3 apo struc-
ture (3GLS) shows the cofactor binding loop adapts a close-to-
ternary loop conformation (See Fig 4 and Supporting Information
--). 3GLS (apo structure) has close-to-ternary loop conformation
(See Fig 4 and Supporting Information)

This means that it will be difficult to preferentially stabilize
the ternary complex relative to the apo complex using a modula-
tor.
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In particular, this renders Kd,NAD+ reduction more chal-
lenging than other types of Km,NAD+ reduction.
Thus, we assume that for a mechanism-based activator,
Xua =4, Then, in order to have™wunt ar < Lunurr, we require
(Kipa! K )34/ Kan ) > K/ K24 or equivalently, according to

(8), Kanaur ¥ Ko WEei/ Ky piag) > Kgpame ' Ky, The decrease in S
can hence be due to modulation of the exchange rate constants

that induces a decrease in¥., an increase ianw, or both. We

r
assume Xanar "= KapudK.4=Kas) for reasons analogous to those

for Laner (NAM being the nicotinamide moiety of NAD+). This
corresponds to mixed noncompetitive inhibition [30] of base ex-
change.

As we have previously shown [30], the nicotinamide moiety
of NAD* engages in nearly identical interactions with the en-
zyme before and after bond cleavage. The salient difference is
a conformational change in a conserved phenylalanine side chain
(e.g., Phe33 in Sir2Tm, Phel57 in SIRT3) that destabilizes NAM
binding after bond cleavage [33, 34].

Since NAM binding is already destabilized by the native

protein conformation in this way, and since A supvinduced
by the modulator will generally be greater in magnitude than
LGz due to disruption of additional contacts between the
Ka‘?a‘l
ADPR moiety of NAD* and the enzyme, £s4 is likely to make
Kﬂ‘?,.&

the dominant contribution toXas..

Note that there is ample scope for modulation of AG.by the
modulator due to the coupling of the endothermic nicotinamide
cleavage / ADP ribosylation reaction (exothermic base exchange
reaction) to a conformational change in the sirtuin cofactor
binding loop. ACG.for Sir2Tm has been calculated to be -4.98

kcal/mol [27]. (For comparison, ACuinmefor Sir2 Af2 was estimated

to be -4.1 kcal/mol [31 ] and AGyumasfor SIRT3 was estimated
to be <= -3.2 kcal/mol [30].) Tighter binding of modulators to
the intermediate (ADPR-Pr-Im) complex compared to ternary
substrate (NAD+, peptide)-bound complex is possible due to the
fact that this substantial conformational rearrangement of sirtuin
loops occurs universally upon NAM cleavage [34]. The flexible
loop in 4BVG (intermediate complex) has a significantly higher
RMSD with respect to that in 4FVT (ternary complex) than does
the flexible loop in 3GLS (apo-enzyme). Hence it is plausible that
the intermediate complex can bind more tightly to the ligand than
the substrate complex through such flexible loop interactions.
Across all sirtuins studied, nicotinamide cleavage induces similar
structural changes (for example, unwinding of a helical segment in
the flexible cofactor binding loop [33, 34]; see Fig 5 and Support-
ing Information ---) and such changes might enable preferential
stabilization of the E.ADPR-Pr-Im complex, in a manner similar
to the stabilization of specific loop conformations by mechanism-
based inhibitors [18].

Note that sirtuin ELT inhibitors [35], which are pep-
tidomimetics that also extend into the C pocket (through a NAM-
mimicking moiety), induce a 4BVG (ADPR-Pr-Im complex)-like
loop conformation with a similar alpha turn and without the helix
that is present in the ternary loop conformation (See fig 4).

This suggests that modulators (if they do not compete with
substrates) can induce the desired loop conformational changes /
stabilization of ADPR-Pr-Im-like loop conformations.

Taken together, these observations suggest that

Kina/Kpa>Kna/Xua and that the value of X! K required
for activation is likely to be achieved primarily by altering
the free energy change of the nicotinamide cleavage reaction.
However, our model accommodates the possibility of arbitrary

combinations of AG,,and MG&MJ\WCOH‘[ribu‘[ing to activation.
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Computational studies of the loop conformational change
have not previously been reported. The closest prior study com-
prised QM/MM simulations of stage 2 of catalysis (starting from
intermediate complex) [28]. In the present study MD simulations
have been carried out on SIRT3/INT/NAM complex prepared
from 4FVT with and without loop replacement that is taken from
residue 155-178 of 4BVG.

Time averaged MD structure obtained revealed loss of struc-
tural stability for Sirt3/INT/NAM complex modeled using the
ternary loop conformation (See fig 6 B). In addition the confor-
mational energy of the complex as calculated using the Amber all-
atom force field in conjunction with implicit solvent also suggest
the complex to be energetically less stable in relation to the
complex structure modeled using an loop conformation from an
intermediate sirt3 complex.

Thus, we find that the following thermodynamic conditions
on the binding of A to the various complexes in the sirtuin
reaction mechanism are physically plausible and conducive to
mechanism-based activation:

Kaa =& Koo' 2 Ky g, (7
Eoa»» K= KD K,
K2 Ko 0 = Ko '2 K poan
where the > > sign signifies that Kol K> Kpal Kays,
Finally, in our original model for sirtuin kinetics in Fig. 2, we

assumed that both®z.sms's— namely, those for dissociation of NAM
from E.Ac-Pr.NAM and E.ADPR-Pr-Imn.NAM - are roughly
equal. We maintain this condition in the presence of A binding,
which is reasonable given that A is assumed to not interact directly
with the peptide or ADPR moiety, and since NAM binding does
not rely on interactions with the flexible cofactor binding loop [26,
29]. Hence, we have:

K - Ka‘l,ﬂKa‘Z_ﬂ (-l 8)
[E Ac—Pr . NAM] B K s

(£ ADPR—Pr—Tm][NAM] _[F.Ac— Pr][NAM]
[E.ADFR - Pr—Im .NAM |

We now consider the effects of binding of a modulator A that
satisfies the above requirements for activation on the remaining
steady state constants.

“a: According to equation (12), the aforementioned re-
quirement for activation that Kina Kna 2 K0l Kaua implies a sig-
nificant increase in & by a factor that will generally exceed
Km\mm / KW;NADtapp .

Ko According to equation (14), in the presence of such a
mechanism-based activator, % is expected to increase by a factor
similar to that for & under the rapid equilibrium segments ap-
proximation. This can occur due to an increase ianW, decrease
in Kex,0r both. Decrease in Kex corresponds to hyperbolic (or par-
tial) noncompetitive inhibition [30] of base exchange/activation
of nicotinamide cleavage. With an additional increase in Ky suaa,
noncompetitive inhibition of base exchange becomes mixed non-
competitive inhibition of base exchange. Additional information
(e.g., from high [NAM] initial rate experiments, which permit
estimation of Kd,w,app) is required to separate these possible
causes.

- Laap: With conditions (17), equation (14) predicts a small

increase in & since X454 * Fava, K increases to a smaller extent than

- Fiaw: With conditions (17), equation (16) predicts an in-
crease in 4.

A salient feature of this mechanism-based model for enzyme
activation is that the intermediate reaction step is accelerated and
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made more thermodynamically favorable at expense of destabi-
lization of substrate binding. Instead of competition with respect
to NAM for binding, then, selective stabilization of the reaction
intermediate through preferential binding to structural features
unique to the intermediate — in particular, an altered flexible loop
conformation — may be capable of activating sirtuins. Binding
energy estimates computed using MM/PBSA and MM/GBSA
method also reveal the transition state (TS) intermediate to
have preferential binding towards Sirt3 with an intermediate
co-factor loop conformation over a ternary loop conformation
(See Table 1). The conformational energies of the complex show
that Sirt3/Int/NAM complex with an intermediate co-factor loop
conformation to be energetically more stable. In order for this
to be possible, the free energy gap \Delta \Delta G between
such protein conformations must be sufficiently large for Kd3,
A/Kd2,A to be far enough from unity to produce a substantive
change in the energetics of the reaction. In that case, according
to the steady state model, selective stabilization of a loop confor-
mation similar to that in the intermediate complex can have the
net result of activation.

-Destabilization of secondary structure by ternary loop con-
formation in INT complex depicted above: consistent with MM-
GBSA results and suggests.that there are destabilizing (unfavor-
able) interactions between INT and ternary loop

Returning  to «equation (11) = for Kupuzt arand

substitutingd+[4V K )/ @+ AV K )21 the rapid equilibrium
assumptions applied to the present system imply that in order to
activate the enzyme at [NAM]=0, A must increase ki (Kyapp>ki1),
kex (Kexapp>kex) or both. The rapid equilibrium segments
model is not able to distinguish between these scenarios, but

given that A is prone to increase asust ap, assuming that it
also increases k; is physically implausible. An increase in kex
implies acceleration of the rate of nicotinamide cleavage. In
the rapid equilibrium segments framework, this occurs through
preferential stabilization of the E.ADPR-Pr-Im complex.

We discuss below the biophysical underpinnings whereby an
increase in a forward rate constant could be achieved through
preferential stabilization of the intermediate complex.

Potential means of increasing ke

From the standpoint of chemical mechanisms of activation,
the theory presented raises the important question of how the
nicotinamide cleavage rate kex of sirtuins can be accelerated by
a ligand that binds to the various complexes in the deacylation
reaction with the specified relative affinities, as predicted by
equation (11). It is important to note in this regard that the
nicotinamide cleavage reaction in sirtuins is generally believed
to be endothermic, which enables effective NAM inhibition of
the reaction [26, 36]. Unlike exothermic reactions, stabilization of
products or destabilization of reactants in endothermic reactions
can decrease the activation barrier for the forward reaction, due
to the fact that the transition state resembles the products more
than the reactants. The energetics of this reaction, including the
role of protein conformational changes, is being studied compu-
tationally in our group for mammalian sirtuins.

Discussion

We have presented a model for activation of sirtuin enzymes
suitable for the design and characterization of mechanism-based
sirtuin activating compounds (MB-STACs) that can in principle
activate any of the mammalian sirtuins SIRT1-7, unlike previously
proposed strategies for sirtuin activation. Also, the activation
model presented herein should be applicable to any substrate,
unlike previously reported allosteric activation of SIRT1 that was
found to accelerate deacylation for only a small fraction of over
6000 physiologically relevant peptide substrates studied, due to
the need for “substrate-assistance” in the allosteric mechanism
[13]. Moreover, this framework comprises a new mode of enzyme
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activation that is distinct from any of the four modes of activation
previously known across all families of enzymes.
Using this modeling framework, we have shown how modula-

tion of %Mindependently of Lamuzrcan increase the activity of sir-
tuins at [NAM]=0 in a manner that mimics the effects of NAD™
supplementation [36] but in a selective fashion. This activation
also applies at nonzero [NAM], decreasing the sensitivity of the
sirtuin to physiological NAM inhibition in addition to increasing
its sensitivity to physiological NAD+. Such mechanism-based
sirtuin activation has advantages over a) allosteric activation,
which is only possible for SIRT1, is substrate-dependent, and
cannot fully compensate for the reduction in NAD™ levels that is
responsible for many aspects of health decline during organismic
aging [11, 12, 37]; b) activation of the NAD™* biosynthetic enzyme
Nampt [38], which regenerates NAD™ from NAM and hence has
nonselective effects on all enzymes that use an NAD* cofactor;
and c) inhibition of NAD+-dependent PARP enzymes, which
consume NAD™* but are required to repair DNA damage [23].
Moreover, it has the potential to enable isoform-specific sirtuin
enzyme activation.

The rapid equilibrium segments approximation (Appendix,
equation A3) was applied in order to illustrate how a ligand
that binds outside the NAD* binding site can in principle in-
crease sirtuin activity through only modulation of the relative
free energies of the various species in the reaction mechanism.
More detailed analysis of the mechanism of action of MB-STACs
can be achieved by complete kinetic characterization in pres-
ence/absence of the activator (e.g., by coupling base exchange
with deacylation experiments). Such analyses will shed light on
whether mechanism-based sirtuin activation exploits the free
energy profile of the sirtuin nicotinamide cleavage and base
exchange reactions — and if so, how. Note that, as discussed, the
nicotinamide cleavage step is reversible and the DHP activator
both decreases the NAM sensitivity of the sirtuin and activates at
[NAM]=0. Besides DHPs, it is worthwhile to apply the mecha-
nism identification methodology presented herein to any STACs
that may be found to activate either SIRT2-7 or SIRT1-catalyzed
reactions on substrates other than those of the limited type
identified in [11-13] to which traditional STACs are restricted.
The opportunities for mechanism-based activation of mammalian

sirtuins will depend on their particular values of Kemorand the
underlying values of the associated rate constants. Importantly,
a sirtuin need not be highly sensitive to base exchange inhibition
in order to be susceptible to mechanism-based activation.

Structurally, binding outside of the NAD* binding site (the
so-called A and C pockets [26, 39]) appears to be essential for
mechanism-based activation. We are currently exploring prospec-
tive binding sites for MB-STACs. Moreover, rational design will
require analysis of the relative free energies of complexes de-
picted in Fig. 3. We have recently initiated computational studies
[30] that assess such free energy differences for some of the front
face (apo) complexes in this Figure, and further studies are in
progress.

The enzyme activation theory presented herein motivates
experimental workflows for the hit identification, hit-to-lead evo-
lution, and lead optimization of mechanism-based activators. In
particular, the theory enables the identification and evolution
of important hits that may be inhibitors, not activators, by de-
composing the observed kinetic effects of a modulator into com-
ponents and identifying those molecules that display favorable
values of a subset of these components as hits even if the net
effect on catalytic turnover is inhibition. Compared to standard
library screening for hit identification and hit-to-lead evolution,
this approach allows application of multiobjective optimization
techniques (through iterative mutations to functional groups) to
sirtuin activator design. Such workflows would be fundamentally
different from traditional drug discovery workflows and would
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bear more similarity to the directed evolution of enzymes. The
theory presented also establishes foundations for the rational
design of sirtuin-activating compounds, enabling the application
of state-of-the-art computational methods to activator design in a
manner analogous to computational enzyme design [40]. Finally,
it raises the important question as to whether other enzyme
families may also be activatable through such a mechanism-based
mode of action -- and if so, which families.
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