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The Sir2 enzyme from Plasmodium falciparum (PfSir2A) is essential for the antigenic variation of this
parasite, and its inhibition is expected to have therapeutic effects for malaria. Selective PfSir2A inhibitors
are not available yet, partially due to the fact that this enzyme demonstrates extremely weak in vitro
deacetylase activity, making the characterization of its inhibitors rather challenging. In the current study,
we report the biochemical characterization and inhibitor discovery for this enzyme. PfSir2A exhibits
greater enzymatic activity in the presence of DNA for both the peptide and histone protein substrates,
suggesting that nucleosomes may be the real substrates of this enzyme. Indeed, it demonstrates robust
deacetylase activity against nucleosome substrates, stemming primarily from the tight binding
interactions with the nucleosome. In addition to DNA/nucleosome, free fatty acids (FFAs) are also
identified as endogenous PfSir2A regulators. Myristic acid, a biologically relevant FFA, shows differential
regulation of the two distinct activities of PfSir2A: activates deacetylation, but inhibits defatty-acylation.
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The structural basis of this differential regulation was further explored. Moreover, synthetic small
molecule inhibitors of PfSir2A were discovered through the screening of a library of human sirtuin
DOI: 10.1039/d4cb00206g regulators. The mechanism of inhibition of the lead compounds were investigated. Collectively, the

mechanistic insights and inhibitors described in this study will facilitate the future development of small
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Introduction

It is estimated that over one million people die annually of
P. falciparum-related malaria with a majority under the age of
five years." The development of new therapeutics against
malaria is urgent due to increased resistance to current anti-
malarial drugs due to small changes in parasite DNA. The
genome of P. falciparum harbors two sir2 genes, which encode
functionally similar but distinct forms of the PfSir2 protein.>?
Deletion of either of these genes leads to a reduction in overall
PfSir2 activity, and substantial de-silencing of a significant
portion of the var gene family.>* Each var gene encodes a
unique variant of the P/EMP1 protein (P. falciparum erythrocyte
membrane protein 1), the main virulence factor of P. falci-
parum. The parasite’s genome includes approximately 60 var
genes, with all but a single variant of the var genes remaining
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molecule PfSir2A inhibitors as antimalarial agents.

transcriptionally silent, mainly due to the action of PfSir2.>® It
is essential for the parasite to express only one var gene at a
time, and to switch expression throughout the infection to
evade the host’s immune response against previously expressed
var gene products. This highly regulated gene expression is
crucial for sustaining a chronic infection. Disruption of var
gene silencing would reveal the full antigenic repertoire to the
host prematurely, effectively “‘vaccinating” the host against all
parasite variants. Evidence from analogous gene family in the
intestinal parasite Giardia lamblia demonstrate that such silen-
cing disruption can lead to effective vaccination in infected
mice, thus supporting the potential efficacy of this approach.®
It is likely that PfSir2 activity will be correspondingly reduced
upon inhibitor treatment and that var gene silencing will be
disrupted.

The current study focuses on one particular PfSir2 isoform,
PfSir2A. PfSir2A localizes mainly to the telomeric regions and
contributes to the epigenetic regulation of antigenic variation
in P. falciparum.”° PfSir2A, together with its paralogue PfSir2B,
regulates the expression of different var gene subsets which are
grouped by the promoters including upsA, upsB, upsC, upsD,
and upsE.> Transcriptional profiling reveals that deletion of
Pfsir2a induces up-regulation of a subgroup of var genes,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particularly affecting members controlled by upsA, upsC, and
upsE regions.>® Competition is known to exist between the
heterochromatic histone mark H3K9me3 (transcription repres-
sion) and euchromatic histone mark H3K9Ac (transcription
activation) in the 5’-flanking region of the var genes.'' In line
with the mutually exclusive relationship between H3K9me3 and
H3K9Ac, the lack of PfSir2A activity in knock-out cells lowers
the abundance of repressive H3K9me3 marks."> Additionally,
PfSir2A is highly enriched in the nucleolus where it fine-tunes
ribosomal RNA gene transcription.”® At the molecular level,
PfSir2A exerts various biological functions through its NAD'-
dependent protein deacetylase activity. For example, PfSir2A
has been shown to remove acetyl marks from the N-terminal
tails of histones H3 and H4 in the in vitro setting.'*'® Further-
more, P. falciparum Alba domain-containing protein (PfAlba3)
has been identified as the first non-histone substrate of
PfSir2A."® PfSir2A-mediated deacetylation of PfAlba3 at K23
enhances its DNA binding affinity, and stimulates its abasic
site-driven endonuclease activity, highlighting its importance
in DNA damage response.'® It is discovered recently that
PfSir2A is also a lysine defatty-acylase.'” It prefers to remove
medium to long chain fatty acyl groups from lysine residues,
although the physiological significance of this novel activity
remains elusive.

The collective biological insight into PfSir2A function sug-
gests that the enzymatic activity is linked to the maintenance of
heterochromatin, in sub-telomeric regions in particular. Multi-
ple studies show, however, that PfSir2A deacetylates histone H3
lysine 9 (H3K9Ac) peptides with a slow turnover rate, several
orders of magnitude slower than other sirtuins.'®"” The weak
in vitro activity cannot reconcile with the biological observa-
tions, suggesting that peptide-independent mechanisms pro-
mote more robust PfSir2A activity. In the current study, we
report that PfSir2A possesses inherent capacity to tightly bind
to DNA to perform efficient deacetylation. We further uncover
that PfSir2A demonstrates nucleosome-dependent deacetylase
activity. It is reasoned that PfSir2A has intrinsic nucleosome
binding functions, and the tight and specific interaction with
nucleosomes provides improved catalytic efficiency that allows
PfSir2A to reduce histone acetylation.

Given its importance in controlling both the virulence and
multiplicity of the parasite, PfSir2A is an attractive drug target
to develop antimalarial agents. Herein, we report the discovery
of endogenous and synthetic small molecule PfSir2A regulators.
A free fatty acid (FFA) such as myristic acid exhibits differential
regulation of the two distinct activities of PfSir2A: it activates
deacetylation but inhibits defatty-acylation. It is proposed that
FFA binding-induced conformational change is responsible for
the improved deacetylase efficacy. In the meantime, a FFA also
competes with fatty-acylated peptide substrates for the same
binding site, resulting in reduced defatty-acylase activity.
Furthermore, screening of a library of human sirtuin regulators
leads to the discovery of two PfSir2A inhibitors: 3-TYP and
nicotinamide riboside (NR). They both serve as non-competitive
inhibitors to suppress PfSir2A deacetylation of synthetic pep-
tide and physiological substrates. Taken together, our study
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provides not only the greatly needed mechanistic understand-
ing of PfSir2A regulation, but also novel chemical scaffolds for
future inhibitor development.

Methods and materials
Reagents and instruments

All reagents were purchased from Aldrich or Fisher Scientific
and were of the highest purity commercially available. HPLC
was performed on a Dionex Ultimate 3000 HPLC system
equipped with a diode array detector using a Macherey-Nagel
C18 reverse-phase column. HRMS spectra were acquired using
either a Waters Micromass Q-tof Ultima or a Thermo Scientific
Q-Exactive hybrid Quadrupole Orbitrap.

Synthetic peptides

Synthetic peptides H3K9Ac: ARTKQTAR(K-Ac)STGGKAPRKQLAS,
H3K9Myr: ARTKQTAR(K-Myr)STGGKAPRKQLAS, H4K16Ac: SGRG
KGGKGLGKGGA(K-AC)RHR, and p300K1024Ac: ERSTELKTEI(K-Ac)
EEEDQPSTS were synthesized and purified by Genscript. The pep-
tides were purified using HPLC to a purity of >95%.

Protein expression and purification

Plasmid of PfSir2A was the generous gift from Dr Hening Lin
(University of Chicago). The protein was expressed and purified
according to previously published protocol.'”” The identity
of the protein was confirmed by tryptic digestion followed by
LC-MS/MS analysis performed at Vermont Biomedical Research
Network (VBRN) Proteomics Facility. Protein concentration was
determined via a Bradford assay.

Deacetylation/demyristoylation assay

The K, and k., values of PfSir2A were measured for synthetic
peptide substrates.”> A typical reaction was performed in
100 mM phosphate buffer pH 7.5 in a total volume of 250 pL.
The reactions contained various concentrations of the peptide
substrate and 500 pM NAD'. Reactions were initiated by the
addition of 5 pM (deacetylation) or 1 puM (demyristoylation) of
PfSir2A and were incubated at 37 °C for 60 min (deacetylation)
or 5 min (demyristoylation) before being quenched by 10%
TFA. The samples were then injected into an HPLC fitted to a
Macherey-Nagel Nucleosil C18 column. Acylated and deacylated
peptides were resolved using a gradient of 10-40% acetonitrile
in 0.1% TFA. Chromatograms were analyzed at 215 nm. Reac-
tions were quantified by integrating area of peaks corres-
ponding to acylated and deacylated peptides. Rates were
plotted as a function of substrate concentration and best fits
of points to the Michaelis—-Menten equation were performed by
using a GraphPad Prism.

PfSir2A inhibition assay

A typical reaction contained 500 uM NAD", 250 uM H3K9Ac or
20 pM H3K9Myr, and varying concentrations of the small
molecule inhibitor in 100 mM phosphate buffer pH 7.5. The
reactions were initiated by the addition of 5 uM (deacetylation)
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or 1 uM (demyristoylation) of PfSir2A and were incubated at
37 °C before being quenched by 10% TFA. The samples were
then injected into an HPLC fitted to a Macherey-Nagel Nucleo-
sil C18 column. Acylated and deacylated peptides were resolved
using a gradient of 10-40% acetonitrile in 0.1% TFA. Chroma-
tograms were analyzed at 215 nm. Reactions were quantified by
integrating area of peaks corresponding to acylated and deacy-
lated peptides. Rates were plotted as a function of small
molecule inhibitor concentration, and points were fitted to
the following equation:

v (%) = vo (%) — [vo (%)(10%)/(10% + ICs0)]

where v (%) represents turnover rate expressed as percentage
enzymatic activity remaining, v, (%) represents the uninhibited
turnover rate expressed as an enzymatic activity of 100%. The
variable x represents the log[inhibitor] in nanomolar. ICs,
values were derived from this equation.

Mode of inhibition analysis

Peptide titration reactions containing 0, 10, 100, or 1000 UM
inhibitor were incubated with 500 uM NAD®, varying concen-
trations of H3K9Ac or H3K9Myr in 100 mM phosphate buffer
pH 7.5. NAD' titration reactions containing a 0, 10, 100, or
1000 pM inhibitor were incubated with 250 pM H3K9Ac or
20 pM H3K9Myr, varying concentrations of NAD" in 100 mM
phosphate buffer pH 7.5. Reactions were initiated by the
addition of 5 uM (deacetylation) or 1 uM (demyristoylation) of
PfSir2A and were incubated at 37 °C before being quenched by
10% TFA. The samples were then injected into an HPLC fitted
to a Macherey-Nagel Nucleosil C18 column. Acylated and
deacylated peptides were resolved using a gradient of 10-40%
acetonitrile in 0.1% TFA. Chromatograms were analyzed at
215 nm. Reactions were quantified by integrating area of peaks
corresponding to acylated and deacylated peptides. From the
Michaelis-Menten plots, K;,, and k., were calculated for differ-
ent concentrations of the inhibitor.

Electrophoretic mobility shift assay (EMSA)

dsDNA was incubated with varying concentrations of PfSir2A
(0 to 20 uM) in DNA binding buffer (20 mM Tris-HCI, pH 8.0,
150 mM NaCl, 2 mM DTT, 5% glycerol)."® The samples were
incubated on ice for 20 min. The samples were then resolved on
a native 4-20% TBE gel at 4 °C. After SYBR safe staining, the
visualization and quantification of the gels were carried out
using a Biorad ChemiDoc MP imaging system and Image Lab
software. Any species migrating at a slower electrophoretic rate
than free DNA were considered as a DNA-protein complex.
Relative complex formation was plotted as a function of protein
concentration and fitted to the equation: f = fy,..[PfSir2A]"/
(Kq + [EfSir2A]"), where f is the fractional saturation, fpay is
maximum complex formation, [PfSir2A] is the protein concen-
tration, % is the Hill slope, and Ky reflects the binding affinity of
the proteins to the DNA construct.
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Microscale thermophoresis (MST) binding assay

The MST experiments were performed using a Monolith NT.115
instrument (NanoTemper Technologies).'® The purified recom-
binant His-tagged PfSir2A was labeled by the RED-tris-NTA 2nd
generation dye (NanoTemper Technologies). The protein
concentration was adjusted to 200 nM in PBS-T buffer, while
the dye concentration was set to 100 nM. Equal volumes
(100 pL) of protein and dye solutions were mixed and incubated
at room temperature in the dark for 30 min. Sixteen solutions
of ssDNA with decreasing concentrations were prepared in the
MST buffer by serial half-log dilution. Each solution was mixed
with an equal volume of the labeled PfSir2A. The binding
affinity analysis was performed using standard MST capillaries,
40% excitation power (Nano-RED) and medium MST power at
room temperature. The K4 value was determined with the MO.
Affinity Analysis software (NanoTemper Technologies), using
three independent MST measurements.

Cell culture

HEK293 cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS), 100 U mL ™" penicillin and 100 mg mL "
streptomycin. Cells were maintained in a humidified 37 °C incu-
bator with 5% CO,.

Metabolic labeling

Cells were treated with either 20 pM azido myristic acid or
DMSO (vehicle control) for 18 h.>® Cells were harvested, re-
suspended in PBS, and pelleted at 1000g for 5 min at 4 °C. The
cell pellet was then dissolved in RIPA buffer (Thermo Scientific)
with halt protease phosphatase inhibitor cocktail (Thermo
Scientific). The lysate was centrifuged at 15000g for 5 min at
4 °C. The supernatant was used for the defatty-acylation
analysis.

Defatty-acylation assay

Cell lysate was incubated with 500 pM NAD', 10 uM PfSir2A
with or without calf thymus DNA at 37 °C for 1 h.>° The samples
were then incubated with 15 mM iodoacetamide at room
temperature for 30 min before TAMRA-DBCO was added. The
samples were incubated at room temperature for another
30 min. Subsequently, the samples were heated with NH,OH
(60 mM, pH 7.2) at 95 °C for 7 min before being resolved by
SDS-PAGE. The destained gel was analyzed with in-gel fluores-
cence scanning using a Biorad ChemiDoc MP imager (excita-
tion at 532 nm, 580 nm cut-off filter and 30 nm band-pass).

Western blot

The samples were resolved on a 10% SDS-PAGE gel and
transferred to an Immobilon PVDF transfer membrane
(Biorad).?" The blot was blocked with 5% nonfat milk, probed
with primary antibody, washed with TBST, followed by incuba-
tion with anti-rabbit HRP-conjugated secondary antibody. The
signal was then detected by Clarity western ECL substrate
(Biorad).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Characterization of PfSir2A activity in vitro

We have expressed and purified PfSir2A with an N-terminal His-
tag. It can deacetylate a panel of peptide substrates.'> The
kinetic constants for PfSir2A-mediated deacetylation under
steady-state conditions at pH 7.5 have been determined
(Table 1). The recombinant enzyme is also able to deacetylate
H3K9Ac in calf thymus histones (Fig. 1A and B). In an in vitro
setting, PfSir2A demonstrates weak deacetylase activity towards
the synthetic peptide substrates, consistent with a previous
report.’” In contrast, the catalytic efficiency (keat/Km) of demyr-
istoylation is 4400-fold higher than that of the deacetylation
(5140 M~ ' s " vs. 1.15 M ' 57, Table 1), confirming the robust
defatty-acylase activity of PfSir2A."”

PfSir2A activities are activated by DNA

Inspired by the early suggestions that PfSir2A is a telomeric
binding factor,”'**> we performed a simple PfSir2A-DNA bind-
ing experiment. The ability of PfSir2A to bind to DNA was
evaluated using the electrophoretic mobility shift assay (EMSA)
with a circular plasmid (Fig. 1C): in the samples containing
PfSir2A and plasmid (lanes 3 to 11), the formation of a PfSir2A-
DNA complex can be readily detected (indicated by the red
arrow). Similarly, PfSir2A demonstrates tight binding to the
nucleosome assembly 601 sequence DNA*® (a 147 bp dsDNA
with high affinity for histone octamers and often used for
in vitro nucleosome assembly) with a K4 value of 4.0 &+ 0.4 uM
(Fig. 1D). PfSir2A also binds to ssDNA (Kg = 138 nM) as
determined via a microscale thermophoresis (MST) assay
(Fig. 1E). The interaction between PfSir2A and nucleic acids is
sequence-independent.

These initial findings prompted us to investigate whether
the deacetylase activity of PfSir2A can be activated upon bind-
ing to DNA. Indeed, in the presence of calf thymus DNA (dsDNA
sheared to an average size less than 2000 bp), the catalytic
efficiency of deacetylation exhibits a 4-fold improvement
towards the peptide substrate (Table 1), owing to a reduced
K., and an increased k.. Furthermore, the effect of DNA on
physiological PfSir2A substrate was also assessed. Calf thymus
histone was incubated with recombinant PfSir2A and NAD"
with or without dsDNA. The acetylation level of H3K9 was then
probed using western blotting. The addition of dsDNA caused a

Table 1 Recombinant PfSir2A steady state parameters

Substrate” Additive K, (uM) keae (107*s7Y  MAS
H3K9Ac” 556 + 54 6.4 + 0.8 1.0
H3K9Ac dsDNA? 175 + 22 8.2+ 0.5 4.1
HAK16Ac 195 + 42 43405
P300K1040Ac? 102 + 21 114 £ 1.2

H3K9Myr” 49+ 1.1 252 + 17 1.0
H3K9Myr dsDNA 0.95 £ 0.3 305 + 28 6.2

“ At saturating NAD" concentration. ? Sequence: H3(1-22). ¢ Sequence:
H4(1-19). ¢ Sequence: p300(1034-1053). ¢ [dsDNA] = 200 ng pL %
MA: Maximal activation = ke(act.) x Kp(unact.)/(keo(unact.) x
Km(act.)).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significant reduction of H3K9Ac compared to the no DNA
controls (Fig. 1A and B). To our knowledge, these results
represent the first direct evidence that the enzymatic activity
of PfSir2A can be stimulated upon binding to DNA strands.

Studies from the last two decades have suggested that
PfSir2A is a promiscuous enzyme with multiple enzymatic
activities. In addition to deacetylation’> and mono-ADP-
ribosylation,'* PfSir2A also harbors defatty-acylation activity."”
As PfSir2A is poised at the intersection between chromatin
modulation and genome maintenance, understanding how this
novel activity is regulated is highly relevant. In our preliminary
study, a myristoylated synthetic H3K9 peptide (H3K9Myr) was
used as the substrate for the characterization of the defatty-
acylase activity of PfSir2A. The inclusion of dsDNA caused a
marked reduction of K, (from 4.9 to 0.95 pM, Table 1), leading
to a 6-fold activation of the demyristoylase activity.

To examine if lysine fatty-acylation of cellular proteins can
be modulated by PfSir2A, azido myristic acid (Az-myr) was used
for the metabolic labeling of cells. As shown in Fig. 2A, HEK293
cells were treated with Az-myr (20 pM) which can be metabo-
lically incorporated into fatty-acylated, especially N- and
S-myristoylated, cellular proteins. The cell lysate was then
incubated with PfSir2A in the presence or absence of dsDNA.
Subsequently, the labeled proteins were covalently tethered
to TAMRA-DBCO via strain-promoted “click” conjugation.
NH,OH was used to remove the potential cysteine fatty-
acylation. Thus, the in-gel fluorescence signal will mainly
represent the lysine fatty-acylation level. Compared to the
control cell lysate, Az-myr-treated cell lysate demonstrated
significantly increased labeling intensity (Fig. 2B). Treatment
with PfSir2A in the presence of NAD' reduced the fluorescence
signals of numerous proteins, confirming the previous hypoth-
esis that PfSir2A can remove lysine fatty-acylation from endo-
genous protein targets."”” The addition of dsDNA to the sample
caused further signal reduction of several highlighted proteins.
Although the chemical nature of lysine acylation has been
known to regulate the level of PfSir2A catalytic efficiency,'”
these substrate preferences have never been studied in combi-
nation with additional modulators such as nucleic acids. Our
data suggest that DNA-complexed PfSir2A displays enhanced
defatty-acylase activity.

Differential regulation of PfSir2A activity by free fatty acid

A co-crystal structure of PfSir2A with NAD' and a bound
H3H9Myr peptide provides the structural basis of the preferred
defatty-acylase activity.'” PfSir2A has a long hydrophobic tun-
nel to accommodate the long chain fatty-acyl groups (Fig. 3A).
Structural alignment of PfSir2A-AMP (pdb: 3JWP) and PfSir2A-
NAD"-H3K9Myr (pdb: 3U3D) suggests that binding of the
H3K9Myr peptide drives the zinc-binding domain to rotate
clockwise to the Rossman fold domain, resulting in PfSir2A
moving from an inactive open state to a productive closed
state.”® It is reasonable to speculate that the hydrophobic
tunnel of PfSir2A allows it to bind to free fatty acids (FFAs)
for conformational rearrangement and the stimulation of its
deacetylase activity.

RSC Chem. Biol., 2025, 6, 438-448 | 441
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Fig. 1 Analysis of PfSir2A interaction with DNAs. (A) Representative western blots showing the deacetylase activity of PfSir2A on calf thymus histone in
the presence or absence of dsDNA; (B) quantification of the western blot results. Statistical significance was determined by a Student’s t-test: *p < 0.05
vs. no dsDNA control; (C) representative gel image of the EMSA analysis of the interaction of PfSir2A with a circular plasmid; (D) EMSA analysis of the
interaction of PfSir2A with the nucleosome assembly 601 sequence DNA. Top: Representative gel image; bottom: binding affinity analysis; (E)
determination of binding affinity of PfSir2A to ssDNA using MST. The sequence of the ssDNA is GAAGTCGGGGATGGCAGAGGCAGTGCT.

To assess if FFAs can activate PfSir2A deacetylation, the enzyme
was incubated with NAD" and H3K9Ac peptide in the presence of
myristic acid. The concentrations of myristic acid were maintained
below its critical micelle concentration (CMC).>> Indeed, the dea-
cetylation was stimulated by myristic acid in a concentration-
dependent fashion (Fig. 3B): a maximum of 4-fold activation with
an ECsy of 272 £ 34 pM. The ECs, value is well within the
physiological concentrations of FFAs in humans.?®

The ability of myristic acid to activate PfSir2A deacetylation
supports our initial hypothesis that myristic acid occupies the
same binding pocket as the myristoylated peptide substrate. To
further confirm this, the effect of myristic acid on the demyr-
istoylase activity of PfSir2A was also examined. As shown in
Fig. 3C, demyristoylation of H3K9Myr was inhibited by
myristic acid in a dose-dependent manner with an ICs, value
of 107 £+ 15 uM. The mode of inhibition was then investigated
by steady-state inhibition analysis. Double reciprocal plot
showed that myristic acid was competitive with H3K9Myr
peptide as evidenced by a series of lines that intersect at the
y-axis (Fig. 3D), consistent with the notion that FFA competes
with myristoylated peptide for the same binding site.

var gene transcription is epigenetically regulated by
PfSir2A,>® a NAD"-dependent histone deacetylase. Given recent
evidence supporting that FFAs can reduce histone acetylation

442 | RSC Chem. Biol., 2025, 6, 438-448

levels at specific loci,””*® we hypothesize that metabolism and

epigenetic regulation of gene transcription may be controlled
by FFA availability. The parasites acquire FFA through either de
novo synthesis or scavenging from the host cells.”® Some recent
studies reveal that P. falciparum senses nutrient availability to
induce epigenetic reprogramming.*>*' When FFAs are abun-
dant, the deacetylase activity of PfSir2A can be stimulated for
targeted histone deacetylation and var gene silencing. FFAs
may also serve as an intrinsic regulatory factor allowing PfSir2A
to switch from a defatty-acylase to a deacetylase, although the
biological significance of PfSir2A-catalyzed defatty-acylation
remains elusive.

PfSir2A demonstrates nucleosome-dependent activity

Despite a plethora of reported in vivo functions, the biochem-
ical aspects of PfSir2A activity and regulation remain poorly
understood. The recombinant PfSir2A is found to be rather
inactive, but activatable toward acetylated substrates by com-
plexation with DNAs. This suggests the existence of a more
potent, but previously uncharacterized, PfSir2A activation
mechanism. Considering the chromatin association and
function,”® it is reasonable to hypothesize nucleosomes as
potential PfSir2A activators.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To study PfSir2A-nucleosome interactions, a highly purified assessed using the EMSA. The titration of recombinant PfSir2A
recombinant human 601-positioned nucleosome (EpiCypher) into nucleosome resulted in the formation of a higher mole-
was used. In this nucleosome, histone H3 contains an acetylly- cular weight band (Fig. 4A). H3K9Ac dNuc effectively interacts
sine at position 9 (H3K9Ac dNuc). The binding interaction was with PfSir2A with a Ky value of 1.4 + 0.2 uM (Fig. 4B). To
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further characterize if binding to nucleosome promotes more
efficient histone deacetylation, the ability of PfSir2A to deace-
tylate H3K9Ac dNuc was evaluated using western blotting. The
enzyme showed enhanced deacetylation of nucleosome sub-
strate as compared to free histone proteins (Fig. 4C and D). Our
data suggest that PfSir2A harbors the intrinsic capacity to bind
tightly and remove acetyl groups efficiently from nucleosomes.
Currently, we are using a unique combination of HPLC-based
enzyme activity assays, EMSA, as well as site-directed mutagen-
esis and truncation analysis to investigate the molecular
features required for the intimate PfSir2A-nucleosome interac-
tions, and how these interactions contribute to the efficient
removal of acetyl marks from histone lysines.

Repurposing human sirtuin regulators as PfSir2A inhibitors

Although combination therapies have succeeded in reducing
the global burden of malaria, multidrug resistance is emerging
worldwide. Innovative antimalarial drugs that kill all-life-cycle
stages of parasites are urgently needed. PfSir2A controls both
the virulence and multiplicity of the parasite, and disruption of
this gene results in the loss of mono-allelic expression of var
genes. Thus, this epigenetic regulator is an attractive drug
target for overcoming multidrug resistance.

Currently, there are no PfSir2A-selective inhibitors. Nicoti-
namide (NAM) is the physiological Sir2 inhibitor.>** A recent
study indicates that NAM inhibits PfSir2A deacetylase activity
in vivo.>* However, this compound can be directly incorporated
into metabolic pathways and shows broad-spectrum inhibition
against Sir2s. A lysine-based tripeptide analog has been shown
to inhibit recombinant PfSir2A activity, and inhibit the intra-
erythrocytic parasite growth.>® However, this compound exhi-
bits comparable potency against human SIRT1. An ideal

444 | RSC Chem. Biol,, 2025, 6, 438-448

PfSir2A inhibitor should have a novel scaffold that allows it
to target PfSir2A in a selective manner.

The development of human sirtuin regulators has grown
exponentially during the last two decades, with several com-
pounds in clinical trials for various diseases.’® These prior
studies not only provide chemical entities for drug discovery,
but also insight into sirtuin structure, selectivity, and biological
functions. All of these can be harnessed for the development of
PfSir2A inhibitors. To this end, we screened a commercially
available library of 28 human sirtuin regulators (Selleckchem)
at 10, 100, and 1000 pM against recombinant PfSir2A. Using the
HPLC-based assay described in “Methods and Materials”, the
effect of these compounds of PfSir2A-catalyzed deacetylation
was evaluated. 3-TYP and nicotinamide riboside (NR) demon-
strated concentration-dependent inhibition of PfSir2A deacety-
lase activity with more than 50% inhibition at 1 mM
concentration (Fig. 5A). The ICs, value of NR, a water soluble
compound, was determined to be 155.2 + 14.9 uM (Fig. 5B).
Due to its limited solubility, the IC5, of 3-TYP was estimated to
be 59.6 + 3.4 uM (Fig. 5C).

3-TYP is a SIRT3-selective inhibitor with an ICs, value of
38 + 5 uM.* This compound also exhibits cellular activity:
incubation of the cells with 3-TYP leads to increased mitochondrial
acetylation, significantly reduced ATP levels, and markedly
increased superoxide, consistent with the phenotypes observed in
sirt3-deficient mice.*” Due to its structural similarity to nicotina-
mide (NAM), it is proposed that 3-TYP and NAM inhibit sirtuins via
the same mode of action. Indeed, increasing 3-TYP concentration
caused a significant reduction of the V. value, but negligible
changes to the K, (Fig. S1, ESIt), suggesting that this compound is
non-competitive with an acetyllysine peptide substrate.

NR is a recently discovered NAD" precursor.’® It is metabo-
lically transformed by NR kinases (NRK1 and NRK2) to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in calf thymus histone; (E) quantification of the western blotting results.

nicotinamide mononucleotide (NMN).**™*°  Subsequently,
NMN can be incorporated into NAD" via the Preiss-Handler
pathway.”" We and others have demonstrated that NR treat-
ment increases cellular NAD" concentrations significantly.*>**

© 2025 The Author(s). Published by the Royal Society of Chemistry

And sirtuin activity is known to be activated with elevated
intracellular NAD" contents.*>*® Most recently, our group also
discovered that NR is a direct activator of human SIRT5.>" It
selectively activates SIRT5 deacetylation on both the synthetic
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peptide and physiological substrates.”' In the current study,
NR is identified as a non-competitive PfSir2A inhibitor,
as evidenced by the Michaelis-Menten kinetic analysis
(Fig. S2, ESIY).

3-TYP and NR not only inhibit PfSir2A deacetylation of
synthetic peptides, but also suppress its deacetylation of his-
tone proteins. As shown in Fig. 5D and E, 3-TYP or NR
treatment increases the acetylation level of H3K9 in calf thymus
histone in a concentration-dependent manner. At the highest
concentration tested, both compounds restore the level of
H3K9Ac as compared to the no enzyme controls. The structures
of 3-TYP and NR will be further optimized for improved potency
and selectivity.

Conclusions and perspectives

P. falciparum is the causative agent responsible for the most
severe form of human malaria. The parasite uses antigenic
variation to avoid host antibody recognition, leading to greatly
extended periods of infection.”” This antigenic variation is
mediated by the differential control of a family of var genes
that encode the surface protein PfEMP1.*®* Each individual
parasite expresses only a single var gene at a time. All the other
family members are maintained in a transcriptionally silent
state, a process controlled by epigenetic mechanisms.*®

Recent studies suggest the key role of P. falciparum silent
information regulator 2A (PfSir2A) in regulating var gene
transeription.>® Enzymatically, PfSir2A is a NAD'-dependent
histone deacetylase, catalyzing the removal of acetyl groups
from histone tails.">*® PfSir2A has been shown to associate
with silenced var genes and localizes to chromosome-end
clusters and telomere repeats within the nucleus.® Further-
more, genetic ablation of PfSir2A results in the de-repression
of a subset of var genes.” All of this evidence points to the idea
that heterochromatic silencing mediated by PfSir2A could
directly control the expression of var virulence genes. PfSir2A
thus serves as a novel therapeutic target for the development of
antimalarial drugs.

The weak in vitro deacetylase activity of PfSir2A makes the
characterization of its biochemical properties and the develop-
ment of selective inhibitors extremely challenging. We hypothe-
size, with strong preliminary data, PfSir2A is a highly active
histone deacetylase, and this activity is nucleosome dependent.
We use a combination of biochemical, chemical biology, and
biophysical approaches to uncover the underlying principles
leading to the assembly of PfSir2A-DNA or PfSir2A-nucleosome
complex, and how this binding is coupled to efficient histone
deacetylation.

In addition to DNA and nucleosome, cellular FFAs have also
been identified as endogenous PfSir2A regulators. Myristic
acid, a C,, fatty acid, is able to stimulate the deacetylase
activity, but suppresses the defatty-acylase activity. The binding
of myristic acid in the large, hydrophobic binding pocket
of PfSir2A causes a conformational rearrangement for
enhanced deacetylation. The same binding event also prevents

446 | RSC Chem. Biol., 2025, 6, 438-448
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fatty-acylated lysine substrate from binding, leading to the
inhibition of defatty-acylation. The data are consistent with
the hypothesis that the parasite can sense nutrient availability
and respond with antigenic switching.

The biological relevance of PfSir2A inspires us to conduct
inhibitor repurposing for the development of PfSir2A inhibi-
tors. Screening of a commercial library of human sirtuin
regulators led to the discovery of two lead compounds: 3-TYP
and NR. Both compounds inhibit the deacetylase activity of
PfSir2A with synthetic peptide substrates and histone sub-
strates. The mode of inhibition of the two molecules were
further analyzed. Based on these two lead compounds, potent
and PfSir2A-selective inhibitors will be developed using a suite
of enzyme Kkinetic analysis, structure-activity relationship
study, and structure-based drug design.

The current study reveals new understandings on the reg-
ulation of PfSir2A activity, and new scaffolds for PfSir2A
inhibitor. It also provides proof of concept to gain mechanistic
and chemical insights into complex enzyme reactions involved
in epigenetic control and protein modifications.
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