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ABSTRACT One of the major barriers in the prevention and control of malaria pro-
grams worldwide is the growing emergence of multidrug resistance in Plasmodium

parasites, and this necessitates continued efforts to discover and develop effective
drug molecules targeting novel proteins essential for parasite survival. In recent
years, epigenetic regulators have evolved as an attractive drug target option owing
to their crucial role in survival and development of Plasmodium at different stages of
its life cycle. PfMYST, a histone acetyltransferase protein, is known to regulate key
cellular processes, such as cell cycle progression, DNA damage repair, and antigenic
variation, that facilitate parasite growth, adaptation, and survival inside its host. With
the aim of assessing the therapeutic potential of PfMYST as a novel drug target, we
examined the effect of NU9056 (an HsTIP60 inhibitor) on the rate of parasite growth
and survival. In the present study, by using a yeast complementation assay, we es-
tablished that PfMYST is a true homolog of TIP60 and showed that NU9056 can in-
hibit PfMYST catalytic activity and kill P. falciparum parasites in culture. Inhibiting the
catalytic activity of PfMYST arrests the parasite in the trophozoite stage and inhibits
its further transition to the schizont stage, eventually leading to its death. Overall,
our study provides proof of concept that PfMYST catalytic activity is essential for
parasite growth and survival and that PfMYST can be a potential target for antima-
larial therapy.

KEYWORDS Plasmodium, PfMYST, NU9056, TIP60, HAT assay, Plasmodium falciparum,
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Malaria is a parasitic infectious disease that entails significant morbidity and
mortality each year worldwide. Despite ongoing malaria control and eradication

programs, according to the latest World Health Organization (WHO) report, nearly
405,000 people died due to malaria in 2018 from the total reported 228 million cases
of malaria that occurred worldwide (1). Developing resistance in the human malaria
parasite to the antimalarial drugs currently available on the market, including the most
potent antimalarial drug, artemisinin, is not only obstructing the malaria control efforts
but is also becoming a serious threat to human health. High treatment failure rates of
artemisinin combination therapies (ACTs) in most regions where malaria is endemic (1)
show the declining efficacy of ACTs and emphasize the urgent need to develop
alternative antimalarial drugs or new relevant molecular targets in the parasite that can
be exploited for developing new antimalarial drug candidates. It has therefore become
important to refine our understanding of the parasite’s complex biology in order to
identify the factors that not only support its growth and survival inside the host but also
contribute to pathogenesis.

The multistage life cycle of the human malaria parasite takes place within two
different hosts, mosquitoes and humans. During its complex life cycle, Plasmodium

undergoes a series of extensive biochemical and physiological transformations that
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represent functional adaptations of each developmental stage to its respective host
environment. An interesting aspect of malaria parasite biology is that it can swiftly
modify its epigenetic landscape to induce a rapid yet finely tuned gene expression
profile, which facilitates its survival, adaptation, and development while passing
through different cellular environments in different hosts (2–5). Some of the chromatin-
modifying proteins regulating these epigenetic changes identified and functionally
characterized in Plasmodium are PfGCN5 (general control nonrepressed 5), PfMYST
(MOZ, Ybf2/Sas3, Sas2, and TIP60), histone lysine methyltransferase family (HKMT)
proteins, etc. (6–10). Unlike for the majority of higher eukaryotes, there is still a gap of
knowledge of precisely how these epigenetic factors and epigenetic factor-induced
variations in chromatin modification contribute to the regulation of gene expression in
Plasmodium and requires thorough investigation.

PfMYST, a putative homolog of human histone acetyltransferase protein TIP60
(HsTIP60), is emerging as an important factor shown to play roles in gene activation, cell
cycle control, and DNA repair processes essential for parasite survival (8). PfMYST
induces histone modification by acetylating histone 4 (lysine residues K5, K8, K12, and
K16) (8). Recently, we also identified PfRUVBL3 as an interacting partner of PfMYST
protein, and the PfMYST-PfRUVBL3 complex was shown to colocalize with H3K9me1
histone in the ring stage of the parasite, suggesting their possible role in transcriptional
regulation during the Plasmodium falciparum intraerythrocytic developmental cycle
(IDC) (11). Studies on the human genome have linked enhanced occupancy of the
H3K9me1 marker with actively transcribed promoters and shown their predominant
enrichment at transcription start sites (12).

Because PfMYST protein is essential for parasite survival and because it is an enzyme,
we investigated its potential as a molecular target for antimalarial therapy. In the
present work, we show for the first time that PfMYST is a true homolog of TIP60, as
determined by using a yeast complementation assay. We show that the inhibition of
PfMYST catalytic activity with NU9056 results in robust inhibition of P. falciparum

growth followed by parasite death in in vitro culture. Overall, our data strongly imply
that catalytic activity of PfMYST is essential for parasite survival and suggest its
potential to serve as a novel molecular target for antimalarial drug design. Further, our
established in vitro PfMYST histone acetyltransferase (HAT) assay can be exploited to
identify compounds that can be developed as new antimalarials.

RESULTS

PfMYST is a true homolog of yeast Esa1 protein. Based on sequence analysis,
PfMYST is considered a putative homolog of TIP60. Protein sequence analysis using
Clustal Omega showed that PfMYST exhibits 39.5% and 41.4% identity with Saccharo-

myces cerevisiae (ScEsa1) and human (HsTIP60) homologs (Fig. S1A and B). Interestingly,
PfMYST possesses an �200-amino-acid long asparagine-rich stretch in its N-terminal
region. Domain analysis of PfMYST showed that it is composed of a characteristic
chromodomain and a catalytic MYST domain (Fig. S1C). We therefore wanted to
determine whether PfMYST is a true homolog of TIP60. In yeast, Esa1 is a homolog of
TIP60 protein and is shown to be essential for survival (13). To analyze whether PfMYST
protein complemented the functions of Esa1 protein, we generated clones of ScEsa1
and PfMYST in the yeast expression vector pRS314 (Fig. S2) and performed comple-
mentation assays in a yeast Esa1 temperature-sensitive strain. S. cerevisiae LPY3500
grows normally at a permissible temperature (25°C) but fails to grow at a restrictive
temperature (37°C) due to degradation of endogenous Esa1 protein (13). The Esa1
temperature-sensitive strain was transformed with the vector pRS314-PfMYST, pRS314-
ScEsa1, or pRS314 vector, and transformed cells were incubated at 25°C and 37°C. All
the transformed yeast strains grew normally at 25°C; however, at 37°C, only the
transformed yeast strain carrying the ScEsa1 or PfMYST plasmid could survive and grow
(Fig. 1A). Under similar conditions, a yeast strain transformed with pRS314 vector alone
failed to survive at 37°C (Fig. 1A). Western blot analysis of transformed yeast strains
showed expression of recombinant PfMYST protein from pRS314-PfMYST plasmid
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(Fig. 1B). Together, these results show that PfMYST protein can complement the
functions of yeast protein Esa1 and thus is a true homolog of TIP60.

Recombinant PfMYST protein is catalytically active. Since MYST family proteins

have HAT domains that can catalyze the transfer of the acetyl coenzyme A moiety to
lysine residues of substrate proteins, we wanted to determine the HAT activity of
full-length PfMYST protein. Our lab previously reported the purification of full-length
recombinant PfMYST protein under native conditions from bacteria (11), and in the
present study, we wanted to determine whether this bacterially purified recombinant
glutathione S-transferase (GST)-PfMYST protein possessed HAT activity. For this, GST-
PfMYST or GST protein was purified from bacteria under native conditions by affinity
chromatography using GST beads (Fig. S3). An in vitro HAT assay was performed using
mammalian H4 histone as the substrate. Western blot analysis performed with anti-
acetyl lysine H4 antibody showed signal in samples containing GST-PfMYST recombi-
nant protein only (Fig. 2A). Under similar conditions, samples incubated with GST
protein failed to show any signal with acetylated lysine antibody. Western blotting with
anti-H4 antibody used as a control showed a single band at the expected size of histone
H4, indicating equal loading of the reaction samples (Fig. 2A).

To validate the role of the HAT domain in the observed in vitro HAT activity of
GST-PfMYST protein, we generated a catalytically dead version of PfMYST protein by
mutating Q377 and G380 to E (glutamine to glutamic acid and glycine to glutamic acid)
located in its HAT domain through site-directed mutagenesis (14). Clustal W analysis of
HsTIP60 and PfMYST proteins showed that both Q377 and G380 are conserved in the
PfMYST catalytic domain (Fig. S1). A schematic representation of mutations is presented
in Fig. 2B. Point mutations were generated in the full-length PfMYST open reading
frame (ORF), and the resulting double mutant was cloned into pGEX-6p2 vector.
Recombinant GST-PfMYST (HAT mutant) protein was purified from bacteria under
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FIG 1 PfMYST is a true homolog of the yeast protein Esa1. (A) For the complementation assay, a yeast temperature-
sensitive strain (LPY 3500) was transformed with plasmids pRS314, pRS314-ScEsa1, and pRS314-PfMYST using the
lithium chloride method. Transformed cells were incubated on tryptophan dropout medium plates for 3 to 4 days
at 25°C. Replica plates were streaked with colonies and incubated at 25°C and 37°C for 3 to 4 days. (B) A Western
blotting assay was performed to detect the expression of PfMYST in transformed yeast cells. Lysates of pRS314-,
pRS314-ScEsa1-, and pRS314-PfMYST-transformed yeast cells were resolved by SDS-PAGE, and Western blot
analysis was performed using anti-PfMYST antibody or anti-PfGAPDH antibody.
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native conditions by affinity chromatography using GST beads, similar to GST-PfMYST

(wild-type) protein (data not shown). An in vitro HAT assay was performed using

GST-PfMYST (wild-type) protein or GST-PfMYST (HAT mutant) protein. Western blot

analysis of reaction samples with anti-acetyl lysine H4 antibody showed increasing

signal with increasing concentration of GST-PfMYST (wild-type) protein (Fig. 2C). On the

other hand, there was a significant decrease in the H4 acetylation levels in the reaction

samples incubated with similar concentrations of GST-PfMYST (HAT mutant) protein

under similar conditions (Fig. 2C). Western blotting with anti-H4 histone antibody

showed equal loading of the reaction mixture in all the lanes. Overall, these results

show that recombinant PfMYST full-length protein purified from bacteria displays HAT

activity that is dependent on its catalytic domain.
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FIG 2 Recombinant PfMYST displays HAT activity in vitro. (A) Purified GST and GST-PfMYST proteins were
used for an in vitro HAT assay using recombinant human histone 4 (H4) protein as the substrate. The
reaction was stopped by boiling samples at 95°C with 2� Laemmli sample buffer and resolved by
SDS-PAGE followed by Western blotting using anti-acetylated histone 4 and anti-histone 4 antibodies. (B)
Schematic diagram depicting mutations generated in the HAT domain of PfMYST. (C) A HAT assay was
performed with 500 ng (1X) and 1 �g (2X) of purified GST-PfMYST (wild type) and GST-PfMYST (HAT
mutant) protein, as mentioned earlier. Western blot analysis was performed with anti-acetylated histone
4 and anti-histone 4 antibodies. Coomassie staining of the gel showed purified GST-PfMYST (wild type)
and GST-PfMYST (HAT mutant) proteins.
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NU9056 inhibits catalytic activity of PfMYST in vitro. After establishing an in vitro

assay for measuring HAT activity of recombinant PfMYST protein, we were interested in
examining the effect of NU9056 [5-(1,2-thiazol-5-yldisulfanyl)-1,2-thiazole, a well-known
inhibitor of HsTIP60 catalytic HAT activity] on PfMYST catalytic activity (15). To examine
the effect of NU9056 on catalytic activity of PfMYST, we performed an in vitro HAT assay
with recombinant GST-PfMYST protein with dimethyl sulfoxide (DMSO) (control) or
NU9056. Western blot analysis performed with anti-acetyl lysine H4 antibody showed
significant decrease in HAT activity of PfMYST with increasing concentrations of
NU9056 (Fig. 3). Western blot analysis with anti-H4 antibody showed similar intensity
signals in all lanes, indicating equal loading of the reaction samples. This result shows
that NU9056 can significantly inhibit the catalytic HAT activity of PfMYST.

NU9056 inhibits IDC progression and causes parasite death. Since NU9056 could

inhibit the catalytic activity of PfMYST protein, we next wanted to examine the impact
of NU9056-induced inhibition of PfMYST catalytic activity on the growth and survival of
Plasmodium. For this, a synchronized Plasmodium culture in the ring stage was incu-
bated with DMSO or NU9056, and parasitemia was measured at regular time intervals.
A graph was plotted for the obtained values, which showed a drastic decrease in
parasitemia in NU9056-treated samples compared to controls (Fig. 4A). To analyze the
effect of NU9056 on IDC progression, surviving parasites in different stages of the IDC
were counted. Result showed that more than 80% of parasites treated with NU9056
were arrested in the trophozoite stage and could not complete the IDC even after 48 h
of treatment; however, under similar conditions, DMSO-treated parasites completed the
IDC and started a new round of the infection cycle (Fig. 4B). Upon Giemsa staining,
NU9056-treated parasites showed abnormal morphology indicative of parasites under
stress (Fig. 4C). Since NU9056 showed a drastic effect on parasite growth and survival,
we wanted to determine whether NU9056 has any effect on the expression level of
PfMYST protein. Western blot analysis was performed with 0-h and 48-h DMSO- and
NU9056-treated samples using anti-PfMYST antibody. The results showed that PfMYST
protein levels were similar in DMSO- and NU9056-treated samples (Fig. 4D). This
suggests that NU9056-dependent parasite inhibition was due to blockage of PfMYST
catalytic activity and not due to depletion of PfMYST. Titration analysis of NU9056 was
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performed in Plasmodium cultures, and the 50% inhibitory concentration (IC50) of
NU9056 was calculated to be 0.9 �M using GraphPad Prism 5.0 (Fig. S4). We did not
observe any significant toxicity at this concentration of NU9056 for human erythrocytes
in an in vitro culture (data not shown). Together, all these results show that NU9056 can
block the parasite’s IDC progression in the trophozoite stage, which eventually causes
stress in the parasite, resulting in its death.
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FIG 4 NU9056 inhibits Plasmodium growth and survival. (A) Synchronized parasite cultures were treated
with either DMSO or NU9056, and Giemsa-stained slides were prepared at 0, 24, and 48 h posttreatment.
Parasitemia was calculated for each time point, and the graph was plotted with the average values from
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anti-PfGAPDH antibody shows the loading control.
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PfMYST displays substantial structural differences from its human homolog.

Our results showed that inhibiting PfMYST activity leads to parasite death. Since
PfMYST is a homolog of HsTIP60 and both proteins exhibit similar enzymatic activities,
to exploit PfMYST as an antimalarial target, it is important to establish structural-level
differences between the proteins. Domain comparison of PfMYST with HsTIP60 showed
that PfMYST contains a characteristic chromodomain and a MYST domain but lacks the
NR box domain and has a distinct long N-terminal extension (Fig. 5A). Full-length
structures of both PfMYST and HsTIP60 proteins were generated using the Rosetta-
based Robetta web server by the comparative modeling method. To validate the
structures, the models generated were further analyzed for stereochemical and overall
quality using ProSA, VERIFY3D, ERRAT, and PROCHECK. The stereochemical quality of
the full-length structures with the PROCHECK Ramachandran plot was found to be
good, with 92.8% residues in most favored regions, 7.2% in additional allowed regions,
and 0.0% in disallowed regions for HsTIP60. In the case of PfMYST, 90.2% of residues fall
in most favored regions, 8% in additional allowed regions, and 0.9% in disallowed
regions. The overall quality (ERRAT score) of 94.8 and 88.135 for HsTIP60 and PfMYST,
respectively, is high enough for a reasonable model. VERIFY3D values of 85.19% for
HsTIP60 and 87.5% for PfMYST also confirmed the high quality of structures. The Z
scores of ProSA for HsTIP60 and PfMYST were �9.12 and �9.11, respectively, which is
within the range observed for a native set of proteins of the same size.

Similarly, 3D structures of the MYST domain for PfMYST and HsTIP60 were generated
by MODELLER 9.21. The stereochemical quality of the structures with PROCHECK
Ramachandran plot was found to be good, with 91.3% residues falling in most favored
regions, 8.2% in additional allowed regions, and 0.5% in disallowed regions for the
MYST domain of PfMYST and with 93.6% of residues in most favored regions, 6.4% in
additional allowed regions, and 0.0% in disallowed regions for the MYST domain of
HsTIP60. These structures were also validated using ProSA, VERIFY3D, and ERRAT. The
Z scores of ProSA for PfMYST and HsTIP60 were �6.61 and �6.98, respectively, which
is within the range observed for a native set of proteins of the same size. A VERIFY3D
value of 96.39% for both PfMYST and HsTIP60 also confirmed the high quality of the
structures. The overall quality (ERRAT score) of 95 for both PfMYST and HsTIP60 is high
enough for a reasonable model. MYST domain structures of PfMYST and HsTIP60
proteins were also generated by SWISS-MODEL. The stereochemical quality of the
structures generated with SWISS-MODEL server, as checked using PROCHECK Ram-
achandran plot, was found to be good, with 92.2% of residues in most favored regions,
7.8% in additional allowed regions, and 0.0% in disallowed regions for the MYST
domain of HsTIP60. Similarly, for the MYST domain of PfMYST, 96% of residues fall in
most favored regions, 4% in additional allowed regions, and 0.0% in disallowed regions.
The overall quality (ERRAT score) of 98.87 and 96.98 for catalytic domain of HsTIP60 and
PfMYST, respectively, is high enough for a reasonable model. A VERIFY3D value of
93.16% for HsTIP60 and 87.16% for PfMYST also confirmed the high quality of structures
for the MYST domain. The Z scores of ProSA for HsTIP60 and PfMYST were �6.44 and
�6.78, respectively, which is within the range observed for a native set of proteins of
the same size.

The superimposed structure for full-length PfMYST and HsTIP60 showed a root
mean square deviation (RMSD) of 21.544 Å and template modeling (TM) value of 0.466,
indicating a high degree of structural dissimilarity between PfMYST and HsTIP60 (Fig. 5B).
The N-terminal region of PfMYST (amino acids 1 to 201) displayed a unique tertiary
structure, accounting for the major dissimilarity observed between three-dimensional
(3D) structures of both proteins (Fig. 5B). Interestingly, in contrast to full-length
structures, structural analysis of the MYST domain for both proteins showed an RMSD
value of 5.201 Å and a TM value of 0.715, indicating structural similarity (Fig. 5C). We got
similar results with SWISS-MODEL server, which showed similarities in the catalytic
domain structure of both the proteins (Fig. S5). Together, these results show that
although the catalytic domain of PfMYST is similar to that of HsTIP60, its N-terminal
region has a peculiar structure unrelated to that of its human homolog.

PfMYST as a Target for New Antimalarials Antimicrobial Agents and Chemotherapy

January 2021 Volume 65 Issue 1 e00953-20 aac.asm.org 7



A
1 608

251 292 364 384 466 489

HAT domain

PfMYST

HsTIP60

1 513

25 75 263 284 367 390 489 493

PfMYST HsTIP60 Superimposed 

image

B

C

PfMYST

(384-608 aa)

HsTIP60

(285-478 aa)

Chro
m

odom
ain

Zin
c fi

nger

MYST domain

Chro
m

odom
ain

Zin
c fi

nger

MYST domain NR B
ox

HAT domain

Superimposed 

image

FIG 5 Ribbon diagrams of the 3D modeled structure of PfMYST and HsTIP60. (A) Schematic diagrams depicting the
domain organization of PfMYST and HsTIP60. (B) Structures generated by comparative modeling of full-length PfMYST
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Superimposition of the MYST domains of PfMYST (green) and HsTIP60 (red).
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DISCUSSION

Genome-wide studies have made significant contributions to our understanding of
the epigenetic mechanisms regulating the dynamics of gene expression and morpho-
logical transformations in Plasmodium and their functional impact on virulence and
malaria pathogenesis (16–18). The complicated life cycle of the malaria parasite de-
mands appropriate and precise expression of genes at the right moment to support its
growth and survival. Studies provide convincing evidences that chromatin modifiers
and epigenetic events play a key role in modulating gene expression critical to different
aspects of malaria parasite physiology and pathogenesis (18–20). Although this field is
in its infancy, a repertoire of ATP-dependent chromatin remodelers and histone-
modifying enzymes identified in Plasmodium have emerged as a promising drug
targets and are now being exploited for screening and identification of novel antima-
larial compounds (9, 21, 22). PfMYST is one such essential HAT protein that is known to
regulate important processes of the parasite, including cell cycle control, gene tran-
scription, antigenic variation, and DNA repair (8).

Because of the reported significance of PfMYST in regulating important processes of
the parasite, we wanted to investigate its potential as a possible drug target for
antimalarial drug screening and identification. Using in silico analysis and yeast com-
plementation assays, we found that PfMYST shows a closer resemblance in the identity
matrix to human TIP60 than to yeast Esa1 and is a true homolog of the eukaryotic TIP60
protein. This is in contrast to a previous study by Miao et al., which failed to show
functional complementation of S. cerevisiae by PfMYST (8). This could be because they
used an N-terminal deletion version of PfMYST instead of full-length PfMYST protein for
complementation studies. Interestingly, the truncated versions of PfMYST retained
catalytic HAT activity but failed to rescue the transformed yeast cells in complemen-
tation assays. A study on ScEsa1 protein showed an essential role of the N-terminal
region for execution of its functions (23). Thus, the N-terminal region of PfMYST may
have hitherto-unexplored essential functions other than the catalytic HAT activity
effected by the HAT domain located in the C-terminal region. One curious feature of the
N terminus of PfMYST is the presence of a long unique stretch rich in asparagine
repeats. Many proteins in Plasmodium are known to have low-complexity repetitive
regions; proteins with asparagine repeats have a propensity to form aggregates and
parasite chaperons can stabilize these proteins (24). In addition, the presence of only
one tRNAAsn gene and low levels of asparaginylated tRNAAsn is suggested to slow the
translation rate of asparagine-rich proteins (25). This indicates that the malaria parasite
could regulate the expression of proteins rich in asparagines by multiple mechanisms.
We have published a study showing interaction of PfRUVBL3 (AAA family member
protein) with PfMYST (11). RUVBL proteins are also known to act as chaperones. In
humans, RUVBL1 and -2 are required for active TIP60 complex formation and activity
(26). Similarly, PfRUVBL1, -2, and -3 might act as chaperones for PfMYST. Since over-
expression of PfMYST has been shown to disrupt the cell cycle (8), we speculate that
presence of an asparagine-rich region in PfMYST might be responsible for controlling
its expression and interaction with other proteins that might further fine-tune its
cellular functions.

To ensure that the recombinant PfMYST protein was catalytically active, we per-
formed an in vitro HAT assay and observed that recombinant PfMYST protein could
successfully acetylate its substrate, histone H4. Although the comparative sequence
analysis of full-length PfMYST revealed 41% identity with human TIP60, the catalytic
MYST domain sequences of PfMYST revealed high conservation with human TIP60. A
more detailed comparison of the MYST domain sequence of five main Plasmodium spp.
(that are known to infect humans and cause disease) revealed a high sequence
similarity in the MYST domain, indicating evolutionarily conserved functional signifi-
cance of this protein in Plasmodium (Fig. S6). Our study demonstrated that mutation of
two conserved residues located in the catalytic domain of PfMYST renders it catalyti-
cally dead. Amino acid sites for mutational studies were selected based on the
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conserved and critical nature of these residues in human TIP60 for its catalytic activity
and intranuclear organization. Thus, these results not only showed the robustness of
our assay but also indicated an analogous mode of enzymatic action of both proteins.

Considering the essential role of PfMYST in processes vital for the survival of
parasite, we postulated that inhibiting its catalytic activity must prove lethal for the
parasite. To evaluate this possibility, we tested the effect of NU9056 on PfMYST catalytic
activity and parasite growth rate. NU9056 (an isothiazolone compound) has been
shown to be a specific inhibitor of human TIP60. Inhibition of HsTIP60 catalytic HAT
activity by NU9056 results in alteration in the localization pattern of HsTIP60 protein
and inhibition of cell proliferation (14, 15). Our in vitro HAT assay data clearly showed
that NU9056 significantly inhibits PfMYST catalytic activity. Also, addition of NU9056 to
the synchronized parasite culture showed stage-specific arrest of parasite growth in the
trophozoite stage, which eventually leads to parasite death. Interestingly, the concen-
tration of NU9056 required to inhibit Plasmodium growth by 50% in in vitro culture was
found to be 0.9 �M, which is quite low compared to the concentration of NU9056
shown to result in 50% inhibition in different prostate cancer cell lines, with a concen-
tration range of 8 to 27 �M (15). According to a report by Miao and coworkers, the total
acetylation of Plasmodium proteins drastically increases during the trophozoite stage,
and proteins related to histone, transcription, and metabolism are abundantly acety-
lated during this period (27). It is also noteworthy that TIP60 is a critical hub protein that
plays a role in many important cellular processes by acetylating histone and many
nonhistone proteins (28, 29). Since PfMYST is a homolog of TIP60 in the parasite, it
could also have a role as a hub protein, and PfMYST catalytic activity might be essential
for PfMYST-dependent acetylation of proteins whose functions are important for
parasite growth and development in the trophozoite stage as well as in progression of
the parasite from the trophozoite to the schizont stage. Our study clearly demonstrates
that small molecule inhibitors like NU9056 can target PfMYST and that this inhibition is
lethal for the parasite. Our in silico structural analysis also revealed uniqueness in the
PfMYST structure that can be exploited for computational screening of new biological
safe compounds specific against PfMYST.

HAT-mediated acetylation of histone serves as a crucial means of introducing
flexible alterations in chromatin to modulate the pattern of gene expression. Hence, it
is not surprising that deregulated or compromised catalytic activity of these enzymes
can have profound effects on the expression of genes involved in diverse biological
processes and can lead to a variety of disease conditions. In recent years, epigenetic
regulators such as DNA methyltransferases (DNMTs), histone deacetylases (HDACs), and
HATs have emerged as important classes of drug target candidates (30, 31). Indeed,
FDA-approved drugs like 5-Aza-CR593 and 5-Aza-CdR594, used for the treatment of
chronic myelomonocytic leukemia, and valproic acid for the treatment of epilepsy are
epigenetic modulators. In addition, several small molecular compounds targeting HATs
and HDACs are undergoing clinical trials (32). However, due to the broad range of side
effects associated with the use of epigenetic drugs, rigorous in vitro and in vivo testing
and careful assessment of the risk-benefit relationship are needed to improve the
likelihood that a preclinical drug will receive approval for clinical consideration (33).

However, in order to exploit the pharmacological benefit of PfMYST as a novel target
for antiplasmodial therapy, high-throughput screening and robust in vitro assays are
needed to identify highly potent and selective modulator of PfMYST, followed by
stringent testing in in vivo models. Since PfMYST is identified as an essential epigenetic
factor for Plasmodium survival, specific inhibitors of PfMYST could also help in under-
standing the basic biology of Plasmodium with respect to the epigenetics mechanisms
controlling its growth and survival.

Overall, the findings of this study provide a proof of concept that modulation of an
epigenetic regulator, in this case, PfMYST, could be of potential therapeutic benefit in
controlling parasite growth; however, there is still a long way to go before this protein
could in reality be targeted for antimalarial therapy.
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MATERIALS AND METHODS

DNA manipulations. pGEX6p2-PfMYST (wild-type) clone was generated in the lab previously (11).
pGEX6p2-PfMYST (HAT mutant) clone was generated by introducing point mutations (Q377E and G380E)
in the PfMYST (wild-type) open reading frame (ORF) by overlap extension PCR (OE-PCR) using specific
primers (primers P1 and P2 and primers P3 and P4) (Table S1). The amplified mutated ORF was cloned
into the pGEX-6P2 vector to generate the pGEX-6P2-PfMYST (HAT mutant) construct.

To generate the pRS314-ScEsa1 clone, full-length ScEsa1 ORF was amplified using pRSETc-ESA1
plasmid (a kind gift from Lorraine Pillus, University of California at San Diego, La Jolla, CA) and specific
primers P5 and P6 (Table S1). The amplified ORF was cloned into the pRS314 vector in the galactose-
inducible cassette under the BamHI and EcoRI restriction enzyme sites to generate the pRS314-ScEsa1
clone. To generate the pRS314-PfMYST clone, PfMYST ORF was subcloned from the pGEX6p2-PfMYST
clone into the pRS314 vector under the BamHI and EcoRI restriction enzyme sites.

Yeast complementation assay. The S. cerevisiae Esa1 temperature-sensitive strain (LPY3500) (a kind
gift from Lorraine Pillus, University of California at San Diego, La Jolla, CA) was transformed with pRS314,
pRS314-ScEsa1, or pRS314-PfMYST constructs using the lithium chloride method. Transformed yeast cells
were plated on tryptophan dropout medium plates and incubated at 25°C for 4 to 5 days. Transformed
colonies were streaked on tryptophan dropout medium plates and incubated at the permissive tem-
perature (25°C) or the restrictive temperature (37°C) for 3 to 4 days.

Parasite culture. P. falciparum strain 3D7 was cultured and maintained in human erythrocytes in
RPMI 1640 medium supplemented with 0.5% Albumax, 0.2% NaHCO3, 10 �g/ml gentamicin sulfate, and
50 �g/ml hypoxanthine in a mixed-gas environment of 90% N2, 5% CO2, and 5% O2. To visualize the
morphology and parasitemia of the parasites, smears of the infected erythrocytes were prepared on glass
slides and stained with Giemsa dye.For synchronization of the parasite culture, ring stage parasites from
5 to 6% parasitemia were treated with 5% (wt/vol) sorbitol (137 mM NaCl, 10 mM sodium phosphate,
2.7 mM KCl [pH 7.4]) at 37°C for 10 min, followed by one wash with 1� phosphate-buffered saline (PBS)
and two washes with complete RPMI medium. Parasites were subsequently incubated in complete RPMI
medium to recover from the sorbitol-associated stress.

Expression and purification of GST-tagged recombinant proteins from bacteria. To express and
purify GST-tagged recombinant proteins from bacteria, Escherichia coli BL21 cells were transformed with
pGEX6p2, pGEX6p2-PfMSYT (wild type), or pGEX6p2-PfMSYT (HAT mutant) clones and were grown in LB
medium containing ampicillin (100 �g/ml) until the optical density at 600 nm (OD600) reached 0.6. The
expression of the recombinant protein was induced with 1 mM isopropyl �-D-1-thiogalactopyranoside
(IPTG) for 12 h at 37°C with constant shaking. Induced bacterial cells were harvested and lysed in lysis
buffer (1� PBS, 2 mM EDTA, 5 mM dithiothreitol [DTT], 1% Triton X-100, 10% glycerol, 0.5 mM phenyl-
methylsulfonyl fluoride [PMSF]). Equilibrated glutathione S-transferase (GST) agarose beads were added
to the supernatant and incubated at 4°C for 1 h with continuous rotation, followed by three washes with
wash buffer (1� PBS, 5 mM DTT, 300 mM NaCl). Proteins were eluted from the beads in elution buffer
(0.05 M Tris-Cl [pH 8.0], 10% glycerol, 150 mM NaCl, 20% NP-40, 20 mM glutathione, 10 mM DTT) at 4°C
for 30 min. Eluted recombinant proteins were collected and dialyzed with dialysis buffer (50 mM Tris-Cl
[pH 8.0], 10% glycerol, 0.1 mM EDTA, 1 mM DTT, 0.2 mM PMSF) and stored in aliquots at �80°C.
GST-PfMYST (wild type), GST-PfMYST (HAT mutant), and GST recombinant proteins were purified using
this method.

Western blot assay.Western blot analysis was performed to examine the expression of recombinant
or endogenous proteins. Proteins were resolved in an SDS-polyacrylamide gel and than transferred to a
PVDF (polyvinylidene difluoride) membrane using a Bio-Rad Trans-Blot SD semidry transfer apparatus.
Following transfer, the membrane was blocked with 5% skim milk for 1 h at room temperature, followed by
washing with 1� PBS-T (PBS containing Tween 20, a nonionic mild detergent) three times. Membranes were
incubated first with preimmune sera or primary antibodies against PfMYST (1:500; generated in-house),
PfGAPDH (1:1,000; generated in-house), and GST (1:1,000; Santa Cruz Biotechnology, Inc., USA) at 4°C for 10
to 12 h and then with corresponding secondary antibodies (anti-rabbit immunoglobulin [1:5,000] or anti-
mouse immunoglobulin [1:5,000]; Santa Cruz Biotechnology, Inc., USA) for 1 h at room temperature. The
membrane was then washed three times with 1� PBS-T, and signal was developed using an enhanced
chemiluminescence (ECL) reagent (Bio-Rad) with a FluorChem E system (ProteinSimple).

HAT assay. The HAT assay was performed as described elsewhere (14). Recombinant proteins (GST,
GST-PfMYST [wild type], and GST-PfMYST [HAT mutant]) were dialyzed in HAT buffer containing 50 mM
Tris-Cl [pH 8.0], 10% glycerol, 0.1 mM EDTA, 1 mM DTT, and 0.2 mM PMSF. The HAT reaction mixture was
made in a 50-�l volume by adding purified enzyme, recombinant mammalian H4 histone peptide
(0.5 �g) (Millipore), acetyl coenzyme A (100 �M), and HAT buffer (50 mM Tris-Cl [pH 8.0], 10% glycerol,
0.1 mM EDTA, 1 mM DTT), and the reaction was carried out at 30°C for 1 h and subsequently stopped by
adding 2� Laemmli buffer. The reaction samples were resolved by 15% SDS-PAGE followed by Western
blotting with anti-acetylated histone H4 antibody (1:1,000) (Millipore) or anti-histone H4 antibody
(1:2,000) (Millipore).

P. falciparum growth inhibition assay. A synchronized ring stage parasite culture with �1%
parasitemia was seeded onto 6-well plates and treated with DMSO (control) or NU9056 (Tocris Biosci-
ence, UK) in complete RPMI medium, and treated cultures were maintained for the next 48 h. Infected
blood samples were harvested at regular time intervals to monitor parasitemia and morphology by
Giemsa staining.

Sequence alignment, structure modeling, and structure superimposition. Multiple-sequence
alignment and an identity matrix were generated using Clustal Omega software to investigate the
sequence identity among PfMYST, ScEsa1, and HsTIP60 proteins. To infer the structural organization of
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PfMYST and HsTIP60, 3D structure prediction for full-length HsTIP60 and PfMYST was performed by the
comparative modeling approach using the Rosetta-based Robetta web server (34). The template used for
modeling of HsTIP60 structure was “Acetyltransferase domain of Human HIV-1 Tat interacting protein,
60 kDa, isoform 3” (PDB ID 2OU2), with 99.64% identity and 54% coverage. PfMYST structure was
modeled using “HBO1 is required for the maintenance of leukemia stem cells” as the template (PDB ID
6MAJ), with 53.68% identity and 37% coverage. Modeled structures were further refined using the Galaxy
Refine server.

Structures of the MYST domains of HsTIP60 and PfMYST were modeled using MODELLER 9.21 and the
SWISS-MODEL server based on the homology modeling method (35, 36). “Crystal structure of yeast Esa1
E338Q HAT domain bound to coenzyme A with active site lysine acetylated” (PDB ID 3TO9) was used as
a template, with 47.93% identity and 95% coverage for MYST domain of PfMYST. Human TIP60 MYST
domain was modeled using “Acetyltransferase domain of Human HIV-1 Tat interacting protein, 60 kDa,
isoform 3” (PDB ID 2OU2) as the template, with 99.48% identity and 100% coverage. Modeled structures
were further refined using the Galaxy Refine server.

Structure visualization and preparation and superimposition of modeled structures HsTIP60 and
PfMYST were performed using UCSF Chimera (37).
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