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Studies of the Binding of Modest Modulators of the
Human Enzyme, Sirtuin 6, by STD NMR

Beatriz E. Bolivar and John T. Welch*®!

Pyrazinamide (PZA), an essential constituent of short-course tu-
berculosis chemotherapy, binds weakly but selectively to Sir-
tuin 6 (SIRT6). Despite the structural similarities between nicoti-
namide (NAM), PZA, and pyrazinoic acid (POA), these inhibitors
modulate SIRT6 by different mechanisms and through different
binding sites, as suggested by saturation transfer difference
(STD) NMR. Available experimental evidence, such as that de-
rived from crystal structures and kinetic experiments, has been
of only limited utility in elucidation of the mechanistic details
of sirtuin inhibition by NAM or other inhibitors. For instance,
crystallographic structural analysis of sirtuin binding sites does
not help us understand important differences in binding affini-
ties among sirtuins or capture details of such dynamic process.

Introduction

Mammalian sirtuins (SIRTs), class Ill histone deacetylases
(HDAC), are homologues of the yeast silent information regula-
tor 2 (Sir2). SIRTs possess unique NAD "-dependent enzymatic
activities and share no sequence homology with the classical
HDACs." SIRTs contain a highly conserved catalytic domain
with many of the specific requirements for NAD* binding,
such as the G-X-G motif, important for recognition of the phos-
phate group, and the presence of charged residues that allow
binding of the two ribose groups. The adenine base of NAD™"
binds the C-terminal half of this domain® at a partially hydro-
phobic pocket, called the A-site. The NAM ribose moiety,
whose conformation has been shown to vary among struc-
tures, binds to the B-site, whereas the pyridine carboxamide
moiety binds to the C-site®™ (Figure 1A).

SIRTs, implicated in caloric restriction, aging, and inflamma-
tion,” regulate many cellular processes such as transcriptional
repression, recombination, cell cycle division, microtubule
organization, insulin secretion, and cell death mechanisms.”
SIRTs are further phylogenetically classified into four subclasses
based on homology of their 250 amino acid core domain.
NAD*-dependent deacylation of a protein is the most com-
mon reaction catalyzed by sirtuins, in which one molar equiva-
lent of NAD* is consumed per lysine acyl group removed, pro-
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Hence, STD NMR was utilized throughout this study. Our re-
sults not only agreed with the binding kinetics experiments
but also gave a qualitative insight into the binding process.
The data presented herein suggested some details about the
geometry of the binding epitopes of the ligands in solution
with the apo- and holoenzyme. Recognition that SIRT6 is
affected selectively by PZA, an established clinical agent, sug-
gests that the rational development of more potent and selec-
tive NAM surrogates might be possible. These derivatives
might be accessible by employing the malleability of this scaf-
fold to assist in the identification by STD NMR of the motifs
that interact with the apo- and holoenzymes in solution.

ducing nicotinamide (NAM) and 2'-O-acetyl-ADP-ribose in the
process.©

SIRT6, a class IV sirtuin, is a nuclear protein that is a closely
related functional orthologue of the single yeast sirtuin (Sir2)
gene.”’ SIRT6 was initially described as a self mono-ADP-ribo-
syltransferase® but was subsequently recognized as an NAD*-
dependent deacetylase, with a high degree of intrinsic sub-
strate selectivity for Lys9 and Lys56 of histone 3, H3K9Ac, and
H3K56Ac.”’ The interaction betweenlys9 and Lys56 is associat-
ed with the role of SIRT6 in DNA damage response under oxi-
dative stress and in telomere maintenance.”™'® SIRT6 also cat-
alyzes the hydrolysis of fatty acyl lysine modifications efficient-
ly. SIRT6 regulates the fatty acylation level on Lys19 and Lys20
of TNFa, and hence controls the secretion of TNFa. Interesting-
ly, Denu and collaborators found that free fatty acids (FFAs) ac-
tivate deacetylation. Conversely, FFAs appear to inhibit de-fatty
acylation, leading to their hypothesis that FFAs possibly bind
to the same acyl group binding pocket and induce closure of
the Rossman fold domain and the zinc-binding domain, a con-
formational change that could induce canonical active site
conformation and thus increase the deacetylase activity."”

SIRT6 is an interesting target for the development of agents
against pro-inflammatory autoimmune, inflammatory, and
other degenerative diseases."? SIRT6 regulates the expression
of a large number of stress-responsive and metabolism-related
genes, as well as the activity of several transcription factors im-
plicated in the immune response. SIRT6-mediated deacetyla-
tion of His3 is central to maintenance of chromatin integrity in
telomeres®™ '™ and to regulation of gene expression through
recruitment by transcription factors (e.g., NF-xB, HIF1a).5%'? A
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Figure 1. Crystal structure of the complexes Sir2Af2-NAD* and SIRT6-ADPr, highlighting the active site pockets A, B, and C. The Protein Data Bank ID for

Sir2Af2 is 1S7G (1A) and for SIRT6 is 3ZG6 (1 B).

stress-responsive transcription factor, NF-kB induces expression
of target genes involved in aging-related processes, including
cell senescence, apoptosis, and inflammation.” SIRT6 binds to
the NF-kB subunit RelA and attenuates NF-kB signaling by
modifying chromatin at NF-kB target genes. Upon binding,
SIRT6 deacetylates His3-Lys9 of the promoters of NF-kB genes,
destabilizing the NF-kB complex-DNA interaction and repres-
sing expression of NF-kB-related genes.”

The regulatory role of these enzymes defines the need for
detailed studies of the chemical mechanism by which each of
the SIRTs is modulated. Despite the high homology among
SIRTs, functional differentiation between distinct substrates
and activity levels is not sufficient for extrapolation. Although
all sirtuins undergo some level of base exchange inhibition by
NAM, sirtuins have evolved diverse mechanisms for regulation
by NAM that are suited to the particular physiological role of
the enzyme, just as different mechanisms have evolved for
association with NAD ™. Sir2Af2 is only partially inhibited by
NAM, whereas the mammalian SIRT1 is completely inhibited
by NAM.™ In our studies, regulation of SIRT6 by NAM prompt-
ed the mechanistic characterization of SIRT6 inhibition by NAM
and NAM analogues, as well as investigation of the influence
of conformational changes on catalysis, substrate specificity,
and the inhibitory mechanism.

In our in vitro experiments, we observed that the antituber-
culosis drug pyrazinamide (PZA) modestly inhibits the NAD™"
-dependent deacylase enzyme SIRT6. In the 1950s, PZA was
the most active synthetic analogue of NAM found in a murine
model of tuberculosis (TB)."® In spite of poor in vitro activity,
PZA is an essential constituent of the current first-line treat-
ment for TB. In combination with isoniazid and rifampin, PZA
has been suggested to be active against intracellular mycobac-
terial organisms thought to be responsible for TB relapse.'®
Recently, a modulatory role in the host immune response was
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attributed to PZA,"'” but the detailed mechanism of action of
PZA is not yet definitively established. We found that PZA and
its active metabolite, POA, appeared to weakly bind SIRT6.
However, functionalization of the PZA scaffold resulted in
enhanced affinity for the enzyme. In this work, we elaborated
on the interactions of NAM, PZA, and POA with host enzyme
SIRT6 and utilized those findings to attempt elucidate a better
understanding of SIRT6 inhibition.

Results and Discussion
PZA selectively inhibits SIRT6

The activity of PZA and PZA analogue 5-chloro-pyrazinamide
(5-CI-PZA) was assessed against four of the human sirtuins—
SIRT1, 2, 3, and 6—in a fluorimetric assay with the labeled pep-
tide Ac-p53 (Ac-Arg-His-Lys-Lys (Ac)-AMC)."® Of the sirtuins
tested, nuclear sirtuins 1 and 6, which are involved in NF-xB
modulation, and hence inflammation, were the only sirtuins
that displayed a response to PZA and 5-CI-PZA. Substitution at
the 5-position of the pyrazine ring resulted in increased
enzyme affinity, suggesting potential improvements in efficacy,
selectivity, and affinity for these sirtuins by rational modifica-
tion of the pyrazine scaffold.

Subsequently, the 1Cs, values of NAM, PZA, and analogues
were determined by using the same fluorescence-based cou-
pled-enzyme assay"® with 10.8 um SIRT6, 270 um Ac-p53 and
1 mm NAD'. These assays helped establish relative inhibitor
potency with respect to the natural inhibitor, NAM (Table 1).
With higher IC;, values, both PZA and POA were less effective
than NAM. However, methoxy or chloro substitution at the 5-
position of the pyrazine ring decreased the ICs, value by one
order of magnitude. Determination of the nature of the
enzyme interactions and the mechanism of inhibition are nec-
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Table 1. IC;, values determined by using SIRT6 (10.8 um), Ac-p53
(270 um), and NAD ™ (1 mm).
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Data shown are an average of at least three replicates with standard devi-
ations.

essary to ascertain whether the interactions are specific or non-
specific.

PZA and POA modestly modulate SIRT6

To further investigate the nature of PZA and POA interactions
with SIRT6, steady-state kinetic analyses of the influence of the
concentration of acetylated substrate, Ac-p53, and then of con-
centrated cofactor NAD* were completed. Firstly, the inhibito-
ry mechanism relative to substrate Ac-p53 was established.
Dixon analysis was utilized, in this case, as it requires fewer
substrate concentration data points. Both Dixon plots (Fig-
ure S1) indicated that PZA and POA are mixed inhibitors with
Ac-p53 and, consequently, both can bind the enzyme in the
presence and absence of the Ac-p53 substrate. Next, with the
substrate Ac-p53 concentration fixed and the cofactor (NAD™)
concentration varying, substrate saturation curves for PZA and
POA were constructed to study in greater detail the nature of
their interactions relative to the cofactor NAD*. The data was
fitted to the different inhibitory models. By using nonlinear
least-squares analysis (Figure S1), the inhibition model that was
a better fit for the saturation curves was selected. In these
analyses, PZA displayed mixed inhibition with NAD ™, whereas
POA appeared to inhibit SIRT6 in a noncompetitive manner.
Hence, the presence of NAD " is required only for the binding
of POA, but not of PZA. This result was further explored by
using STD NMR spectroscopy.

NAD™, NAM, and PZA bind reversibly to SIRT6

The reversibility and binding orientation of the ligands NAD ™,
NAM, POA, and PZA, were determined individually in solution
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in the presence of SIRT6 by using STD NMR titration. This NMR
technique is used to identify the motifs of ligands that are in
direct contact with a protein. Those are the ligands that exhibit
the highest degree of saturation and show the most intense
NMR signals in an STD spectrum. Comparison of the STD
responses for various protons of a ligand enabled Mayer and
Meyer to develop a group epitope mapping protocol for deter-
mination of the relative orientation of bound ligand in solu-
tion."?

Observation of the NAD ", NAM, and PZA signals in the STD
spectra (Figure 2 A-C) established that these compounds inter-
act with SIRT6, with the bound and free states in fast exchange
on the NMR time scale. However, resonances attributed to
POA were not observable in the STD spectra at SIRT6/POA
ratios below 1:100 and were negligible above this ratio (Fig-
ure 2D). This finding is consistent with slow exchange (tight
binding) or non-specific enzyme interactions. However, slow
exchange is not consistent with the kinetics and IC;, data, and
competition experiments with NAD™ were used to better un-
derstand this observation.

Individual titration of SIRT6 with NAM and with NAD™
served not only as a positive control but also enabled interrog-
ation of SIRT6 interactions with these two ligands. Despite ex-
tensive studies on the effect of NAM on sirtuin deacylase activ-
ity, the mechanism of inhibition of SIRT6 by NAM is not fully
understood. In our studies, STD NMR complemented fluores-
cence enzyme assays. NMR shed light on the dynamics of NAM
and NAD* binding to SIRT6. Not only was the reversible bind-
ing of NAM and NAD* confirmed, but NAM and NAD* binding
geometries were suggested based on the percentage enhance-
ment of individual proton resonances. The percentage en-
hancement, or relative STD effect, a quantification of the STD
effect according to Mayer and Meyer’s protocol, was deter-
mined from Equation (1)."” The percentage attributed to each
proton is indicated on the chemical structures (Figure 2 A-D).

sTD = k0 (1)
lo

In Equation (1), the term Is;p is the integral of a single
proton resonance in the STD spectrum. This term corresponds
to the difference (l,—/sxr), Where Iy is the integral of that unsa-
turated proton (reference spectrum), and s, is the integral of
the same proton after saturation (spin-saturated spectrum).
The integrals (Is;p) are referenced to the respective unsaturated
spectrum. Subsequently, each STD value is normalized to the
proton resonance with the largest STD effect to obtain the per-
centage enhancement or relative STD effect.*”

NAM, PZA, and POA binding affect NAD* binding

Titration of the enzyme-NAD* complex with the three ligands
NAM, PZA, and POA elucidated specific ligand-SIRT6 binding
requirements, the relative affinities of these compounds for
the enzyme, and the response of the enzyme to ligand com-
plexation. In this experiment, the contrast in resonance intensi-
ty attributable to enzyme-complexed species with the signals
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Figure 2. Relative STD effects. Expansion of reference 1D 'H NMR and STD NMR spectra of: A) NAD ", B) NAM, C) PZA, and D) POA in the presence of SIRT6 at
400 MHz and 298 K. Ratios correspond to the excess of ligand to enzyme. The percentage assigned to each proton resonance corresponds to the percentage
of enhancement, which is indicative of the proximity of each proton to the enzyme. These values were calculated by integration of individual signal intensi-
ties (Isyp) in the STD spectrum and individual intensities (/) in the reference 1D-NMR spectrum. The ratios of the intensities were normalized by using the larg-
est STD effect as a reference. Contribution from resonance e of NAD" was not assigned, as this resonance overlapped with resonance h in the reference and
STD spectra. T and # correspond to peaks from the residual amount of imidazole used in purification of the enzyme. Note that the spectra are not on the

same scale (as indicated by the noise).

of the dissociated species at increasing ligand concentrations
illustrates binding dynamics. On titration of the three ligands,
quantification of the integrals in the reference spectra (/,) as
well as in the STD spectra (/srp) allowed determination of the
STD amplification factor (Asp),"” as defined in Equation (2).
The Aqp is the effective magnitude of the ligand proton STD
signal relative to the magnitude of a proton resonance in the
protein.”?” The A values permit identification of small mole-
cule—enzyme contacts, to include recognition of the disturb-
ance or reinforcement of those interactions by other ligands or
substrates in a dynamic environment.

l L
Acp = | 22 ) x Lo ) _ STD x ligand excess (2)
IO [P}total
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In this series of titration experiments, the concentration of
the enzyme and the cofactor NAD* was fixed. The molar ratio
of SIRT6 to NAD* was 1:48 in each case. The holoenzyme was
titrated independently with each ligand, and the Aq;, value of
each NAD* resonance, and of each ligand resonance, was
monitored at each titration point (Figure 3A-C). The percent-
age of enhancement was also determined. For simplicity, the
Asp values of three select NAD™ resonances were plotted
against ligand concentration; all the Asp values of NAM, PZA,
and POA were shown (Figure 3A-C). These curves reflect the
difference in the degree of saturation of the bound molecules.

As suggested by the decreasing trend in the Agp values of
the NAD ™ proton resonances, the three inhibitors were able to
disrupt the contacts made by the NAD™ protons with the
enzyme residues. In Figure 3E the percentage enhancement of
NAD™" is illustrated before and after addition of NAM, PZA,
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Figure 3. Diagrams showing the STD amplification factors (Asrp) of selected NAD " resonances (-

Closer to receptor

+), determined from STD spectra from titration of the ligands

A) NAM, B) PZA, and C) POA (-----) to the SIRT6-NAD " complex at a fixed enzyme/cofactor ratio of 1:48. The trend of the A values of the corresponding
proton resonances (of titrated and fixed substance) indicates the enhancement or disturbance of the occurring interaction with the enzyme. D) Scheme
summarizing the STD-NMR experiments. The closer the protons are to the enzyme the more saturation they receive, represented by the size of the spheres.
E) Representation of the binding pose of NAD *. The structures qualitatively summarize the variation in the proximity of individual NAD* protons to the en-
zyme before and after addition of each ligand. The size and color of the spheres only appear altered when the corresponding ligand changes the enhance-
ment of a particular NAD ™ resonance on the enzyme-cofactor complex. The smaller the spheres become, the further the protons are pushed away from the
enzyme. The purine moiety appears barely affected in the NAM and POA cases, whereas the NAM purine is affected; this suggests that these two molecules

disturb the NAM moiety site most.

POA. The protons of NAD" are represented by circles. The first
structure in Figure 3E gives a qualitative idea of the proximity
of each NAD™ proton in the SIRT6-NAD " complex, as assessed
by the intensity of the resonance. The three subsequent struc-
tures illustrate the change in the enhancement of each NAD*
proton resonance relative to the initial most intense resonance
upon addition of each ligand to the holoenzyme. With the ex-
ception of proton ¢, in each case, the change in the relative
STD effect for most protons was minimal and remained within
the same range; for that reason, the size of most circles
appear unchanged in Figure 3E. A small reduction in the rela-
tive STD effect was observed throughout the molecule. This
decrease could be the result of secondary site occupancy, and
therefore an overall rearrangement of the enzyme structure.
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However, NAM and POA were able to alter the proximity of
the NAM moiety of NAD ™ to the enzyme at proton ¢, whereas
PZA had no effect (Figure 3E). This finding suggests a differ-
ence in the binding pose of PZA relative to NAM and POA, de-
spite the structural similarities of these small ligands. Interest-
ingly, in this experiment, POA resonances were observable in
the STD spectra. This is the first evidence that POA is able to
bind the holoenzyme at an allosteric site.

NAD™ concentration affects ligand affinity

To investigate the effect NAD™ has on the binding poses of
NAM, PZA, and POA, titration of these three SIRT6-ligand com-
plexes with increasing concentrations of NAD " was studied. In
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Figure 4. Diagrams showing the STD amplification factors (A<rp) of proton resonances corresponding to each ligand (
-). The trend of the A<y values of the corresponding proton resonances (tltrated and fixed substance) indicates

complex with SIRT6 on titration of NAD* (-

A) NAM, B) PZA, and C) POA in

the enhancement or disturbance of the interaction with the enzyme. D) Representation of the binding pose of each ligand before and after addition of the
cofactor NAD™". The size of the spheres is based on the percentage of enhancement and indicates the relative proximity of the proton resonances of each
ligand complexed with SIRT6 before and after addition of the cofactor NAD*. The smaller the spheres become, the further the protons are pushed away
from the enzyme relative to the strongest interaction stablished. Conversely, the bigger the spheres, the stronger the interaction.

these competition experiments, the Agyp value of each ligand
proton resonance was monitored upon formation of the
enzyme-ligand complex, and upon addition of cofactor NAD ™.
The molar ratio of SIRT6 to each ligand was fixed at 1:40. The
Asrp Vvalues of each ligand resonance and of the three NAD™
resonances were plotted against the concentration of NAD™"
(Figure 4 A-Q).

Titration of the NAM-enzyme complex with NAD* led to an
increase in the intensity of most NAM STD resonances, despite
an unchanging concentration of NAM. The greatest effect was
observed at protons a and d, as indicated by the positive
trend of these two curves; with proton ¢, the opposite effect
was observed (Figure 4A).

Furthermore, addition of NAD™ to the PZA-SIRT6 complex
also resulted in an increase in the intensity of the STD resonan-
ces of PZA, with resonances a and b least affected (Figure 4B).
Proton resonance c of PZA, which originally was the closest to
the enzyme, remained in close proximity of the enzyme-NAD*
complex, as can be seen in Figure 4B. The POA resonances
were nearly undetectable prior to NAD™ addition, especially
resonance a. Upon addition of NAD" to the POA-SIRT6 com-
plex, resonance a grew more rapidly than resonances b, which
were attributed to the two nearly magnetically equivalent pro-
tons (Figure 4C). In summary, the three inhibitors displayed a
higher affinity for the SIRT6-NAD* complex than for the apo-
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enzyme, based on the positive slopes of the ligand Agp values.
The positive slope of the curves indicated that tighter interac-
tions between SIRT6 and the ligands occurred with increasing
NAD™ concentrations.

Variation in the percentage enhancement received by NAM,
PZA, and POA is depicted in Figure 4D. In the initial structures,
the size of the circles qualitatively represents the proximity of
the proton resonances of each ligand to SIRT6 before addition
of NAD". Upon addition of NAD", the percentage enhance-
ment of at least one proton resonance of each ligand was sig-
nificantly augmented, by not less than onefold (Figure 4 A-C
and Supporting Tables). The most profoundly influenced reso-
nance for each ligand was resonance d for NAM, resonance c
for PZA, and resonance a for POA. Therefore, the size of the
circles in the structures upon addition of NAD " represents the
recalculated percentage enhancement relative to the former
most intense resonance, thus establishing a consistent compa-
rator. This illustration suggests new binding poses were adopt-
ed by each of the three ligands upon addition of NAD". Al-
together, the increase in Asyp values and the percentage
enhancement of the ligands upon addition of cofactor NAD*
suggest that the enzyme undergoes a major rearrangement.
Binding of the cofactor that drives those changes consequently
influenced the binding poses of the three ligands examined.
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NAD™ interacts with SIRT6 mainly through the adenine
moiety

Titration experiments with NAD " alone suggested that binding
of the NAD ™ cofactor in the absence of a substrate such as Ac-
p53 is governed by interactions between the adenine moiety
and SIRT6 (see enhancement of protonf resonance; Fig-
ure 2A). The significant difference observed in the calculated
fractional enhancement of other proton resonances relative to
proton f indicates that proton f is nearest to the enzyme. Pro-
ton h appears to be the second closest to SIRT6, as would be
consistent with the NAD™ structure. The tighter interaction be-
tween SIRT6 and the purine moiety of NAD™, rather than the
pyridine ring, was anticipated by X-ray diffraction studies.”"
Avalos reported that “nonproductive” and “productive” confor-
mations were common among NAD"-complexed sirtuin ortho-
logues. The productive conformation, observed upon binding
of an acetylated substrate and NAD™, places the NAM moiety
of NAD" in a highly conserved pocket (pocket C).?V In this
conformation, similar enhancement factors for the proton reso-
nances of both the purine and pyridine moieties are expected.
The failure of the NAM moiety to dock in pocket C of SIRT6
upon refolding could be a consequence of the absence of ace-
tylated substrate (Ac-p53).2" Alternatively, the lack of a con-
served cofactor-binding loop in SIRT6 might prohibit the as-
sumption of the productive conformation, even in the pres-
ence of acetylated substrate.

The replacement of the loop by an ordered helix, the ab-
sence of a helix bundle in the small domain, and the loss of
a salt bridge renders SIRT6 flexible. This flexibility contributes
to the positioning of the zinc-binding domain with respect to
the Rossmann fold and substrate-binding site.?” Failure of the
necessary reorganization to occur absent the peptide substrate
might account for the diminished pyridine resonance intensi-
ties.

STD NMR competition experiments in which a fixed concen-
tration of Ac-p53-SIRT6 was titrated with increasing NAD™
concentrations and, vice versa, where a fixed concentration of
NAD*-SIRT6 was titrated with increasing concentrations of Ac-
p53, helped to determine whether the absence of the sub-
strate Ac-p53 or the structural differences between SIRT6 and
other sirtuins were responsible for the binding conformation
of NAD™. No difference in the STD enhancement of the NAD*
proton resonances was revealed. This finding confirmed that
the productive conformation observed with other sirtuins was
not observed with SIRT6,*? at least not upon binding of acety-
lated substrate (Figures S3 and S4). In addition, the failure to
assume the postulated productive conformation affords a ra-
tionale for the less stable substrate-protein interaction, and
hence the poor deacetylase activity of SIRT6. Further confor-
mational changes might be required for the sufficiently tight
substrate—cofactor interactions that facilitate SIRT6 deacetylase
activity.
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NAM binds in the absence of the cofactor NAD*

Titration of NAM with SIRT6 alone showed that NAM bound
the enzyme in the absence of the acetylated peptide and the
NAD* cofactor (Figure 2B). NAM docks in the conserved pock-
et C of various sirtuin orthologues through hydrogen bonding
interactions of the carboxamide. A low-energy conformation in
which the carboxamide and the pyridine ring bind in a nearly
coplanar manner occurs in the non-productive conformation.
A less favorable out-of-plane rotamer is found in the recog-
nized productive sirtuin-NAD"™ complex.?" In the present
work, there is a marked difference between enhancement of
the resonances of proton pairc and d and paira and b of
NAM that is consistent with the NAM ring not sitting flat in the
binding pocket. The lower enhancements observed for the
protons next to N1 of the pyridine ring, that is, resonances
a and b, suggest a weaker interaction between N1 and the
enzyme. Moreover, the similar and greater enhancement of
resonances ¢ and d, the protons adjacent to the carboxamide
group, is consistent with NAM being anchored to the C pocket
through the carboxamide with the perpendicular pyridine ring
placing the protons near N1 further from the pocket. Neither
substrate nor cofactor was present in this experiment. Consis-
tent with SIRT6 possessing unique structural features and uti-
lizing a different binding mechanism, NAM displayed confor-
mational differences when bound to SIRT6 in contrast to bind-
ing to other sirtuins.

NAM competes with the NAD* pyridyl moiety

Titration of the NAD-enzyme complex with NAM disrupted
SIRT6-NAD™ interactions. The NAD" A¢p values were attenuat-
ed with increasing concentrations of NAM (Figure 3A). The
NAD* resonances most affected were the pyridyl protons a, b,
and ¢, despite being the weakest interactions. This specificity
suggests that NAM competes with the pyridyl moiety of NAD*
for binding.

Titration of the NAM-enzyme complex with NAD" (Fig-
ure 4A), on the other hand, led to a selective increase in en-
hancement of the NAM resonances upon NAD* binding. The
Asrp Values of proton resonances a and d increased, whereas
that of proton ¢, the proton in closest proximity to the enzyme
in the absence of NAD™, decreased but stayed within the
same range. The NAM resonances in the presence of NAD™"
reached a similar percentage enhancement, suggesting a simi-
lar proximity of the four proton resonances to the enzyme (see
proposed binding pose of NAM in Figure 4D). This change in
the NAM binding pose might be a consequence of SIRT6 pro-
motion of pyridyl rotation about the carboxamide group in-
duced by NAD™" binding, placing all of the protons a similar
distance from the enzyme. NAM-induced configurational
changes were likely related to reactivity, as observed previously
with other sirtuin isoforms.”"

The binding of NAM to the SIRT6-NAD " complex, as well as
to SIRT6 alone, and the greater affinity of NAM for the former,
is consistent with mixed inhibition relative to cofactor NAD*.
Moreover, the changes observed in both STD NMR competition
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experiments (addition of NAD™ to the SIRT6-NAM complex
and addition of NAM to the SIRT6-NAD* complex) suggest a
mutual allosteric effect.””

PZA binds SIRT6 in the absence of NAD* and Ac-p53

The mixed inhibition of SIRT6 relative to NAD " or Ac-p53 that
was proposed from kinetics studies was confirmed by STD
NMR. PZA bound both the SIRT6-NAD" complex and SIRT6
alone; however, the STD effect and, consequently, the amplifi-
cation factor (Asp) observed for the three PZA proton resonan-
ces, was higher (Figure 4B), and the binding pose of PZA
changed (Figure 4D) in the presence of NAD". The similar en-
hancements of PZA proton resonances a, b, and ¢ of 84, 77,
and 100%, respectively, in the absence of NAD™, and the dis-
tinct recalculated enhancements of 75, 55, and 100% when
NAD™ was present suggested that an enzyme rearrangement
took place. Hence, protons a and b were pushed away from
the enzyme, but the interaction with proton c was enhanced.
Lastly, proton ¢, contiguous to N1 in the pyrazine ring, had the
largest Agrp value in both cases and therefore was in closest
proximity to SIRT6, suggesting that, like NAM, PZA might be
anchored to the enzyme through the carboxamide group.

PZA binds more tightly than NAM to the holoenzyme

Titration of the SIRT6-NAD™ complex with PZA resulted in re-
duction of NAD* Asp values (Figure 3B). In contrast to NAM,
PZA proportionally disturbed all of the NAD™ protons that in-
teract with SIRT6 (as reflected by the decrease in the Agp
values); this indicated that PZA likely does not bind at the
NAM binding site, but rather disrupts NAD* binding through
a second regulatory site. Despite the structural similarity be-
tween NAM and PZA, these two compounds make contacts
with the enzyme and enzyme-NAD* complex through differ-
ent protons and in different conformations (Figure 4D). On the
other hand, titration of the SIRT6-PZA complex with NAD™ in-
creased the saturation PZA receives from the enzyme (Fig-
ure 4B). The increase in the A¢p values, despite the constant
PZA concentration, suggested that the binding of NAD" to
SIRT6 induced a conformational rearrangement. Unlike NAM,
upon titration of the SIRT6-PZA complex with NAD™", proton c
became the closest to the SIRT6-NAD ™ complex, whereas the
Asip values of protons a and b stayed within the same range.
Presumably, protons a and b were pushed away, as reflected in
the recalculated percentage enhancement. In the resulting
conformation, the Agp values and percentage enhancement of
PZA suggested that the protons no longer had the same prox-
imity to SIRT6, revealing the importance of the substitution of
C4 of the pyridine ring by N1 of the pyrazine, where the adja-
cent proton becomes the closest to the enzyme (proposed
conformation in Figure 4D). Ultimately, competition experi-
ments between NAM and PZA revealed no difference in the
Asrp values when PZA was added to the NAM-SIRT6 complex
or when the PZA-SIRT6 complex was titrated with increasing
concentrations of NAM (Figure S2). This result again suggested
that PZA and NAM bind different sites.
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POA binds SIRT6 non-specifically in the absence of NAD*

In contrast to PZA and NAM, POA did not bind SIRT6 at
enzyme/ligand stoichiometries below 1:100, as observed in
Figure 2D. The intensity of resonances attributed to POA were
very weak, even at very high enzyme/ligand ratios. As STD
NMR is only suitable for binding affinities within the micromo-
lar to the millimolar range, failure to detect STD resonances of
POA could be rationalized by either a very high enzyme affini-
ty"?2¥ or the absence of association with the enzyme. Unfortu-
nately, high affinity as a rationale is not consistent with the
enzyme kinetics and ICs, data (Table 1). Resonances observed
at such ligand excesses are most likely a consequence of non-
specific enzyme interactions. We speculate that the failure to
detect resonances was the result of an uncompetitive inhibi-
tion process, as suggested by the kinetics experiments with
POA and NAD " described earlier (Figure S1). As a consequence
of this assumption, no POA STD signals are expected in the ab-
sence of NAD™*.

POA binds SIRT6 only in the presence of NAD™*

NAD™ is essential for binding of POA, whereas the presence of
the p53 peptide is not. The addition of NAD™ to the POA-
SIRT6 complex revealed the previously undetectable resonan-
ces of POA (Figures 3C and 4C). The intensity of the resonance
attributed to the POA proton a, adjacent to the carboxylic acid
group, increased more rapidly than resonances b, attributed to
the two protons that were nearly magnetically equivalent.
Increasing amounts of POA were also capable of displacing
NAD™ from the binding site, as POA binding was accompanied
by a decrease in the A¢rp values of NAD™ (Figure 3 Q).

Conclusion

Determination of binding modes is important for revealing the
mechanistic differences between inhibitors and the interaction
of those inhibitors with various sirtuins. To date, crystallograph-
ic structural analysis of sirtuin binding sites has exposed a
rationale for differentiation of the binding affinities of various
sirtuins. STD NMR spectroscopy was used to interrogate the
SIRT6 catalytic process and to complement fluorescence
enzyme assay kinetics studies. These experiments not only sug-
gested the mechanism by which the enzyme is regulated, but
also illustrated the interactions between the studied ligands
and enzyme. These investigations illuminated how the inter-
actions with the enzyme affect substrate and cofactor enzyme
affinity at the atomic level. Our findings are not limited to ob-
servance of competition between ligands or displacement of
one molecule or the other but rather to atomic details of the
enhancement or disruption of the ligand/substrate/cofactor
interaction with the enzyme. Our data established that NAD*
increased the affinity for the ligands under study (NAM, PZA,
and POA), but at the same time, these ligands were dynamical-
ly able to disturb the NAD " -enzyme interactions by displacing
the NAD™ pyridyl moiety in the cases of NAM and POA, and
by displacing the entire NAD© molecule in the case of PZA.
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PZA and POA were mixed inhibitors of SIRT6 against the
acetylated substrate used in this study (Ac-p53). However,
when PZA and POA were tested against the cofactor NAD™,
the enzyme was inhibited in a mixed and an uncompetitive
fashion, respectively. These findings were later confirmed by
STD NMR spectroscopy, in which binding to the apoenzyme
was observed with NAM and PZA but not with POA. As PZA
and POA inhibited the enzyme by a mixed mechanism relative
to Ac-p53, presence of this substrate was not required for
binding of either compound. However, it is known that the
catalytic efficiency of SIRT6 appears to be dependent on the
nature of the substrate. Recent data have shown that fatty-acy-
lated Lys substrates are more efficiently deacylated by SIRT6
than acetylated substrates."**) Consequently, we anticipate a
different inhibitory constant for PZA, POA, and PZA analogues
upon binding to SIRT6 when long chain fatty-acylated sub-
strates are present. Conversely, the PZA mixed and POA un-
competitive inhibition of SIRT6 relative to NAD* suggest that
catalysis is dependent upon and is highly regulated by NAD™*
binding. Overall, NAD" promotes very specific interactions,
highlighting the importance of NAD™" to the catalytic action of
SIRT6. Given the role of the substrate on efficiency and the
role of the cofactor on enzyme conformation, SIRT6 appears to
have high selectivity and specificity.

Despite the similarities between POA and NAM or PZA, POA
clearly interacts with SIRT6 through a different mechanism, un-
competitive relative to NAD ™, with PZA and POA ICs, values in
the high micromolar range (Table 1), suggesting a weak inter-
action. Guided by our binding studies, the 1C;, values might be
improved by rational modifications to the pyrazine scaffold, as
observed with 5-MeO-PZA and 5-CI-PZA (Table 1). Furthermore,
these studies bring additional insights into how PZA and POA
affect the functionality and conformation of the enzyme. These
insights are relevant not only for the identification of efficient
inhibitors, but also for recognition of new roles for PZA in
treatment.

The role of the acetylated substrate on the enzyme’s confor-
mation was investigated by competition STD NMR experiments
between the acetylated peptide (Ac-p53) and NAD™. The ab-
sence of change in the intensities of the NAD" resonances
upon titration of Ac-p53 suggests that at least this particular
substrate does not influence SIRT6 catalytic activity or configu-
ration of the enzyme. This could offer a rationale for the poor
deacetylase activity SIRT6 displays, as well as the shortage of
potent SIRT6 inhibitors. The failure of the simpler, lower molec-
ular weight peptides to bind tightly suggests an explanation
for the lack of binding site saturation by the acetylated pep-
tide (H3K9Ac) by isothermal titration calorimetry described by
Pan et al.”? Alternatively, other conformational changes might
be required for promotion of the interaction between the co-
factor and the substrate to facilitate the deacetylase activity of
SIRT6. It appears that the hydrophobic tail of fatty-acylated
substrates could cause conformational changes required for
catalysis. Alternately, hydrophobic interactions of fatty acyl
substrate might be required for substrate—cofactor interac-
tions, especially to overcome the rigidity conferred to SIRT6 by
the absence of a flexible NAD* binding loop.
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The greater affinity of SIRT6 for longer acylated chains and
the increased catalytic efficiency”?* could be a consequence
of more drastic conformational rearrangements when SIRT6
binds with higher affinity to a substrate. To test this hypothe-
sis, competition STD NMR will be used to explore the inter-
actions of a fatty-acylated lysine substrate such as TNF-a K-20
with sequence Ac-EALPK(MyrK)®® and NAD " with SIRT®6.

Experimental Section

Chemicals and reagents: Nicotinamide (99 %) was purchased from
Alfa Aesar. Pyrazinamide (99 %), pyrazinoic acid (99%), [3-Nicotina-
mide adenine dinucleotide hydrate (NAD*, >96.5 %), dimethyl sulf-
oxide (DMSO), and tergitol solution (type NP-40, 70% in H,0) were
purchased from Sigma-Aldrich. [Dg]DMSO (99.9%) was purchased
from Cambridge Isotope Laboratories. Deuterium oxide (D,0O,
99.92%) was purchased from Medical Isotopes, Inc. [D,o]-pL-Dithio-
threitol ([D,,]DTT, 98%) was purchased from Isotec. Lysozyme and
isopropyl-p-thiogalactopyranoside (IPTG) were purchased from
LabScientific, Inc. [DglGlycerol was prepared according to Koch
et al.’”’ Acetylated peptide Arg-His-Lys-Lys* (>96%) and fluoro-
acetylated peptide Arg-His-Lys-Lys"*-AMC (>91%) were purchased
from China Peptides Co. Ltd.

Preparation of SIRT6 for kinetics and STD NMR studies: His-
tagged SIRT6, cloned into the bacterial expression vector pQE-80,
was purchased from Addgene (plasmid 13739). Plasmid DNA was
extracted and transformed into Escherichia coli BL21-DE3 cells. The
transformed bacterial cells were grown at 37 °C in LB medium with
100 ng per mL of ampicillin, expression was induced with IPTG
(1.0 mm) at an ODg, of 0.6-0.8, and the cells were allowed to grow
for an additional 12 h. Harvested cells were resuspended in lysis
buffer (sodium phosphate buffer (50 mm), pH 7.2, NaCl (250 mwm),
imidazole (5 mm), and B-mercaptoethanol (1 mm)), and lysed by
using 2% tergitol-type NP-40 and lysozyme (1 mgmL™"). Cell
debris was removed by 30 min centrifugation at 4°C and
21000 rpm in a JA-25.5 rotor. The supernatant was incubated with
Ni-NTA resin for 1 h at 4°C. Flowthrough, wash, and elution frac-
tions were collected according to the Qiagen protocol for purifica-
tion of Hiss-tagged proteins from E. coli under native conditions
(QlAexpressionist). Fractions were analyzed by SDS-PAGE and west-
ern blotting, and elution fractions containing purified SIRT6 were
pooled. By using Amicon Ultra centrifugal filters with MWCO
10 kDa (Millipore), the elution fractions were transferred into stor-
age buffer for fluorimetric assays (sodium phosphate buffer
(50 mm) pH 7.2, NaCl (20 mwm), B-mercaptoethanol (1 mm), and
20% glycerol) and storage buffer for STD NMR assays (Tris-HCl
buffer (50 mm) pH8.0, NaCl (137 mm), KCl (2.7 mm), MgCl,
(1.0 mm), and 6% [Dglglycerol in D,0), accordingly. Enzyme concen-
trations were determined by using the Bradford method with
bovine serum albumin (BSA) as the standard.

Measurement of deacetylation activity and kinetics of inhibition
by using a fluorescent peptide: Inhibitory constants (K) and 1Cs,
values were determined under saturating substrate conditions by
using a fluorimetric assay (components were purchased separate-
ly). This assay system allows detection of a fluorescent signal upon
SIRT6 deacetylation of the fluorescent substrate peptide (AMC-p53)
with amino acids 379-382 (Arg-His-Lys-Lys"). Sirtuin deacetylation
of the substrate renders the fluorophore-substrate bond suscepti-
ble to treatment with lysyl endopeptidase. Trypsin cleavage releas-
es the fluorophore, resulting in an increase in fluorescence. Fluo-
rescence intensity was measured on a Synergy HT Multi-Mode mi-
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croplate fluorescence reader. K; values, IC;, values, and modes of
inhibition were determined by using Dixon’s methodology with
varying concentrations of the acetylated substrate peptide. The
best fit models were verified at varying concentrations of NAD ™ by
using Prism GraphPad software.

STD NMR studies: Samples were prepared in Tris-HCl buffer,
pH 8.0 (50 mm, 0.5 mL with 6% [Dglglycerol, NaCl (137 mm), KCl
(2.7 mm), [D;o]DTT (1 mm), and 99% D,0). Enzyme concentrations
in the NMR samples ranged between 20 and 40 pm; ligands con-
centrations ranged from 0.08 to 11 mm. Saturation curves were
constructed with enzyme-to-ligand molar ratios ranging from 1:2
to 1:275.

STD spectra were collected by using the standard pseudo-2D
pulse sequence, STDDIFFESGP.3, with 32 K data points, 1024 transi-
ents, and 32 stationary scans. STD NMR spectra were recorded on
a Bruker Avance 400 MHz spectrometer equipped with a common
probe and a relaxation delay of 3.1s. Data processing was per-
formed on a PC with Bruker Topspin v2.1 software. A train of selec-
tive Gaussian-shaped pulses (y*(B,/27) =86 Hz) of 50 ms duration
with a 100 ps delay between each pulse was used to saturate pro-
tein signals. The total saturation time was set to 3.0 s. The proton
carrier was placed at 0.79 and 40 ppm for on- and off-resonance
saturation, respectively. The on- and off-resonance experiments
were recorded in an interleaved fashion to avoid any experimental
inconsistencies and minimize the effect of any radiofrequency in-
duced by sample temperature changes. A gradient spoil sequence
with smsq10.100 pulses of 3 and 1 ms was utilized to destroy un-
wanted magnetization. To enhance selective observation of ligand
resonances, a transverse relaxation filter (T1p) of 10 ms was ap-
plied. This filter eliminated the rapidly relaxing receptor resonan-
ces, suppressing protein background and therefore facilitating
analysis. As very low concentrations of ligands were used, the re-
sidual H,0O signal was suppressed according to the excitation
sculpting method with gradients by Hwang et al.”® The residual
HDO signal was effectively suppressed with Squa100.1000-shaped
pulses of 2 ms.
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