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Plasmodium falciparum GCN5 acetyltransferase follows a novel
proteolytic processing pathway that is essential for its function
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ABSTRACT

The pathogenesis of human malarial parasite Plasmodium falciparum
is interlinked with its timely control of gene expression during its
complex life cycle. In this organism, gene expression is partially
controlled through epigenetic mechanisms, the regulation of which is,
hence, of paramount importance to the parasite. The P. falciparum
(Pf)-GCN5 histone acetyltransferase (HAT), an essential enzyme,
acetylates histone 3 and regulates global gene expression in the
parasite. Here, we show the existence of a novel proteolytic processing
for PFGCNS5 that is crucial for its activity in vivo. We find that a cysteine
protease-like enzyme is required for the processing of PFGCNS5 protein.
Immunofluorescence and immuno-electron microscopy analysis
suggest that the processing event occurs in the vicinity of the
digestive vacuole of the parasite following its trafficking through the
classical ER-Golgi secretory pathway, before it subsequently reaches
the nucleus. Furthermore, blocking of PFGCN5 processing leads to the
concomitant reduction of its occupancy at the gene promoters and a
reduced H3K9 acetylation level at these promoters, highlighting the
important correlation between the processing event and PfGCN5
activity. Altogether, our study reveals a unique processing event for a
nuclear protein PfGCN5 with unforeseen role of a food vacuolar
cysteine protease. This leads to a possibility of the development of new
antimalarials against these targets.

This article has an associated First Person interview with the first author
of the paper.
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INTRODUCTION

Epigenetics is one centrally important mechanism that determines
how, where and when different genes are expressed and repressed.
Reversible lysine acetylation of proteins is one of the major
epigenetic modifications that have regulatory roles in diverse
cellular functions. This crucial acetylation function is carried out by
a class of proteins called histone acetyltransferases (HATs). Over
the past decade, they have been implicated in fundamental
biological processes and etiology of several diseases, such as
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cancer, cardiovascular diseases and protozoan diseases (Croken
et al., 2012; Trisciuoglio et al., 2018; Wang et al., 2014). The
mosquito-borne parasitic disease malaria is one of the ancient
diseases persisting on earth, and still remains the most fatal parasitic
disease on the planet. The protozoan parasite Plasmodium is the
etiological agent for malaria; it infects ~219 million people each
year and causes ~435,000 deaths annually (Barber et al., 2017).
Among the five Plasmodium species, Plasmodium falciparum is
responsible for the majority of the mortality and morbidity due to its
ability to cause the most severe form of malaria. Despite ongoing
efforts on global malaria control, progress has been stalled due to the
continuous emergence of antimalarial-resistant parasites and lack of
development of new therapeutics to combat this problem.

The histone acetyltransferase GCNS was first identified as a stress
response protein in yeast (Skvirsky et al., 1986). GCNS is one of the
best studied HATs, and GCNS5s have been implicated in various
cellular functions including acetylation of histone and non-histone
proteins, transcription regulation, cell cycle control, early
embryonic development, and B cell and T cell activation under
certain conditions (Carrozza et al., 2003; Gao et al., 2017; Kikuchi
et al., 2011; Phan et al., 2005). The principal substrates of GCNS
acetyltransferases are the N-terminal lysine residues of histone H3
(the lysine residues at positions 9, 14, 18, 23 and 56) (Grant et al.,
1999; Smith et al., 1998; Xu et al., 1998). The acetylation of histone
H3 at lysine 9 (H3K9Ac) is a major histone mark that is
predominantly found on active gene promoters and is responsible
for active gene transcription (Cui et al., 2007; Pokholok et al., 2005;
Wang et al., 2008; Zhou et al., 2010). A role for the H3K9Ac histone
mark beyond transcription activation has been reported recently. In
mammalian cells, H3K9Ac directly recruits the super elongation
complex (SEC) to the chromatin and triggers a switch from
transcription initiation to elongation (Gates et al., 2017). GCNS also
directly acetylates some non-histone substrates, such as CDC6,
cyclin A, PLK4 kinase, PGCl (o and B), and regulates their
respective cellular functions (Fournier et al., 2016; Kelly et al.,
2009; Lerin et al., 2006; Orpinell et al., 2010; Paolinelli et al., 2009).

The identification of a GCNS5-like histone acetyltransferase in the
protozoan parasite Tetrahymena thermophila was a pioneering
moment, showing that there is transcription modulation by histone-
modifying proteins in parasites, with this protein subsequently being
found to be important in other protozoan parasites, like 7. gondii and P.
falciparum (Brownell and Allis, 1995; Brownell et al., 1996; Croken
et al., 2012; Merrick et al., 2012). Subsequently, these chromatin-
modifying enzymes and their substrates have been demonstrated to
play substantial roles in parasites, and there is some compelling
evidence regarding the significance of epigenetic modification,
including in cell cycle control, pathogenesis and virulence of
pathogenic protozoans (Croken et al., 2012; Kirchner et al., 2016;
Merrick et al., 2012). P. falciparum is one such protozoan parasite
where these epigenetic mechanisms play a central role in the regulation
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of the timely controlled gene expression. The parasite completes its
life cycle in two different hosts and requires a transition through
different developmental stages. P. falciparum mastered this highly
coordinated process by regulating the expression of the subset of genes
required for the particular time point of their life cycle (Foth et al.,
2011; Joice et al., 2013; Le Roch et al., 2004; Painter et al., 2017).
HATS, histone deacetylases (HDACs) and histone methyltransferases
(HMTs) are characterized as the major epigenetic regulators in the
protozoan parasites (Croken et al., 2012). Inhibition of some of these
enzyme functions through mutations, knockout analysis or small
molecule inhibitors results in significant reduction in histone
modifications, which confers a consequential effect on the
transcription and translation process of the parasite (Agbor-Enoh
et al., 2009; Chua et al., 2017; Kumar et al., 2017; Malmquist et al.,
2012; Srivastava et al., 2014; Zhang et al., 2018).

P. falciparum GCNS5 (PfGCNS) histone acetyltransferase is a
~170 kDa protein with a conserved acetylation domain and a
bromodomain at the C-terminal region. Similar to the yeast
homolog, it acetylates histone 3 at lysine residues 9 and 14 in the
parasite (Fan et al., 2004b). Although the N-terminus of GCNS5
shows less similarity among species, PfGCN5 contains an
unusually long N-terminal region. The apicomplexan parasite
Toxoplasma also contains such a long N-terminal sequence and its
role in protein import to the nucleus has been characterized
previously (Bhatti and Sullivan, 2005). However, the role of the
N-terminus of PfGCNS still remains elusive.

The only known role of PfGCNS in the parasite is its acetylation
activity towards histone H3 and how this acetylation mark
influences gene expression. The functional importance of the
H3K9Ac¢ modification has been studied in Plasmodium through
chromatin immunoprecipitation (ChIP)-sequencing (ChIP-seq)
analysis, which has revealed its involvement in the activation of
gene expression, including the invasion and virulence genes,
whereas H3K14Ac function is not well understood in the parasite
(Karmodiya et al., 2015; Salcedo-Amaya et al., 2009). ChIP-chip
analysis of PfGCNS5 suggests that it regulates only ~5% of gene
expression in trophozoite-stage parasites (Cui et al., 2007). Unlike
yeast, where GCNS5 activity is considered to be dispensable for
growth, Plasmodium GCNS activity is essential for the parasite
(Bushell et al., 2017; Zhang et al., 2018). In yeast, GCN5 forms two
multi-subunit complexes known as the SAGA and ADA complexes
(Grant et al., 1997). It has been suggested that these complexes are
required for distinct nuclear HAT activity. Interestingly, PFADA2
has been characterized in Plasmodium and shown to interact with
PfGCNS in vivo (Fan et al., 2004a). This suggests that PFGCNS also
functions in a multi-subunit complex in the parasite. However, other
homologs of SAGA complex components are not yet annotated in
Plasmodium. Interestingly, Toxoplasma gondii expresses two
GCNS proteins (GCN5Sa and GCNSb), which are required for
distinct functions in the parasite (Bhatti et al., 2006).

Regulation of GCNS5 protein through posttranslational
modification has been reported in other organisms. In diabetic
db/db mouse hepatic cells, acetylation of GCNS5 protein at lysine 549
(K549) causes impaired acetylation activity. Overexpression of the
protein deacetylase Sirt6 in these cells leads to deacetylation of GCN5
and phosphorylation of S307 and T735 residues. Together, these
modifications increase GCNS activity on PGC-1o. protein, which
further suppresses hepatic gluconeogenesis (Dominy et al., 2012).

Although PfGCNS is considered to be essential in P. falciparum,
functional regulation of this protein and its target genes are
largely unknown. In the present study, we demonstrate a novel
posttranslational modification of PfGCNS that involves proteolytic

processing of full-length PfGCNS before its transport to the nucleus.
Most notably, we find that this processing occurs outside the nucleus
at an unconventional site that has not been reported in the parasite or
other eukaryotes. Using several molecular and cell biology
techniques, we find the involvement of a cysteine class of protease
present in the vicinity of parasite food vacuole preceded by possible
engagement of the ER—Golgi secretory pathway. Furthermore, we
performed ChIP-seq, which allowed us to identify the genome-wide
occupancy of PFGCNS for the first time. Intriguingly, the inhibition
of PFGCNS processing blocked the occupancy of the protein at the
genome sites identified, highlighting the importance of proteolytic
processing of the protein for its regulation and function. Overall, our
study uncovers the existence of a novel regulatory mechanism for the
modulation of nuclear gene expression in P. falciparum, which could
be exploited as potential antimalarial target.

RESULTS

Expression of PFGCN5 histone acetyltransferase during
asexual intraerythrocytic stages

The P. falciparum gene gcn5 (Pfgen5) codes for a ~170 kDa
acetyltransferase. The conserved acetyltransferase and bromodomain
are present at the C-terminal region, whereas its N-terminal region is
extensive and lacks any known conserved domain [Fig. 1A(I)]. In
order to investigate the in vivo characteristics of PfGCNS, we
generated antibodies against the C-terminal domain (1090-1465
amino acids) of the protein [Fig. 1A(II); Fig. S1A] and checked its
specificity. First, we validated the specificity of these antibodies
using lysate from bacteria expressing a recombinant PfGCN5 C-
terminal domain. The immune sera, but not the pre-immune sera,
successfully recognized a ~47 kDa band (expected size of
recombinant protein) in the IPTG-induced sample and the purified
protein sample (Fig. S1B). Furthermore, the specificity of antibodies
was checked using protein lysate from asynchronous parasites. We
detected a band at ~170 kDa, which is similar to the predicted size of
full-length PfGCNS protein. Additionally, we detected several other
bands at ~40 kDa, 80 kDa, 90 kDa and 120 kDa (Fig. 1B, middle
panel). Interestingly, it was observed, through repeated western
blotting, that the bands at ~40 kDa, ~80 kDa and ~90 kDa were
more prominent compared to the full-length band. The ~170 kDa
band was not visible consistently in all the experiments, suggesting
poor abundance of the full-length protein. Pre-immune sera did not
detect any of these bands either in the parasite lysate or in red blood
cell (RBC) lysate (Fig. 1B, left panel).

To further check the specificity of the antibodies, we carried out
immunoprecipitation studies using the asynchronous parasite lysate
with antibodies against PFGCNS and found that all the protein bands
present in the input lane were immunoprecipitated with antibodies
against PfGCNS but not with the pre-immune sera (Fig. 1C). We
validated the immunoprecipitated sample through in-solution mass
spectrometry (MS) analysis and found peptides from the C-terminal
region of PfGCNS5 (Fig. S1C). An earlier report on PfGCNS
suggests that PFADA?2 interacts with PfGCNS and this complex is
required for the PfGCNS acetylation function (Fan et al., 2004a).
We also detected PFADA?2 peptides in our MS analysis from the
immunoprecipitated sample, further suggesting the specificity of
our antibodies (Fig. S1C).

In order to confirm that the multiple bands observed in western
blots are indeed part of PfGCNS protein, we performed
immunoprecipitation (IP) of PfGCNS5 followed by western
blotting and silver stain analysis. After confirming the positive IP
in an immune sample by western blotting, we excised the
corresponding bands from a silver-stained gel and subjected them
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Fig. 1. Expression analysis of PFGCNS5 in asexual blood stages. (A) Schematic representation of the full-length PFGCNS5 protein with the conserved
acetyltransferase (yellow) and bromodomain ( pink) at C-terminal region (I). The region from amino acids 1090—1465 was used for the generation of the polyclonal
antibodies against PFGCNS5 (II). (B) Specificity of antibodies against PFGCNS in mixed stage parasite lysate as analyzed through western blot analysis. Uninfected
RBC lysate was taken as negative control. No cross-reactive band was observed in the pre-immune sera-treated blot. Multiple bands (* and **) were detected in
the immune sera-treated blot, including the full-length band at ~170 kDa. The Coomassie-stained gel after transfer was used as loading control. The bands
corresponding to ** were more prominent than those marked with * in repeated western blots experiments. (C) Immunoprecipitation of endogenous PfGCN5
protein using antibodies against PfGCN5 from parasite lysate. Western blot analysis showed the presence of multiple bands in the lane corresponding to immune
sera, similar to the input lane, but not in pre-immune sera. (D) Immunofluorescence analysis of PfGCNS5 in different parasite stages using pre-immune sera (I, Il
Pi) and immune PfGCN5sera (l1I-VI1). Alexa Fluor 488-tagged secondary antibodies were used for the detection of PFGCN5. DAPI was used to stain the nucleus.
(E) Subcellular fractionation followed by western blot analysis shows the nuclear enrichment of PFGCN5 bands. PfH3 and PfAldolase were used as nuclear and
cytoplasmic controls, respectively. (F) Colocalization of PFGCNS5 and PfH3K9Ac in fixed parasites using antibodies against respective proteins. The nuclei were
stained with DAPI. Alexa Fluor 488 and Alexa Fluor 594-tagged secondary antibodies were used to detect PFGCN5 (green) and PfH3K9Ac (red) respectively. 3D
views of selected images are shown on extreme right for better clarity. See Movie 1 for movies of these 3D reconstructed images. The position of molecular mass
markers [M (kDa)] are indicated on the right side of each western blot. Scale bars: 2 um.

Q
Y
C
ey
()
v
ko]
O
Y=
(©)
©
c
—
>
(®)
-


http://movie.biologists.com/video/10.1242/jcs.236489/video-1
http://jcs.biologists.org/lookup/doi/10.1242/jcs.236489.supplemental

RESEARCH ARTICLE

Journal of Cell Science (2020) 133, jcs236489. doi:10.1242/jcs.236489

to mass spectrometric analysis. We found multiple PfGCNS
peptides from each region (Fig. SID, region I, II and IV)
confirming that the bands observed in the western blot are indeed
generated from full-length PfGCNS5 protein (Fig. S1D). A control
region from the immune lane was also taken for MS analysis.
However, we could not detect any PfGCNS peptide from this region
(Fig. S1D, region III, yellow circle). These results confirm that the
multiple bands present in the western blot indeed correspond to
PfGCNS.

In order to check the stage-specific expression and intracellular
localization of PfGCNS5, immunofluorescence analysis was carried
out in different parasite stages. Pre-immune sera did not give any
signal in the parasite [Fig. 1D(L,II)]. Fig. 1D shows the expression of
PfGCNS in all the stages. During the early stages of development,
the PfGCNS signal was distributed over the nuclear DAPI signal
[Fig. 1D(ILIV)] but it showed a more punctate pattern over the
nucleus during later stages of development [Fig. 1D(V,VI)].
Furthermore, a subcellular fractionation experiment from
mixed stage parasites showed the presence of all the fragments of
PfGCNS in the nuclear fraction (Fig. 1E), corroborating the
immunofluorescence assay results. Antibodies against histone H3
and PfAldolase were used as controls for the authenticity of the
nuclear and cytoplasmic fractions.

Additionally, we performed colocalization studies using
monoclonal antibodies against H3K9Ac and polyclonal antibodies
against PfGCNS. The results indicated a significant colocalization
between these two proteins (Pearson’s correlation coefficient of
0.79). Some independent PfGCNS signals were also observed,
which may reflect that PGCNS5 has separate functions apart from
histone acetylation (Fig. 1F). Together, these results suggest that
antibodies raised against PFGCNS5 are specific for PFGCNS5 protein,
which is expressed throughout the asexual blood stage. Our results
also suggest that there could be processing of the full-length protein
because multiple bands were found in the western blot.

v.
é'\o
O LY
A ~ & & B
S R < M (kDa)
*| - - |-170
“ N
* a I . 130
—100
* ——
—55
*| - s —40
an o S —Actin
. . . | _Undegraded
hemoglobin

PfGCNS is proteolytically processed by a cysteine protease-
like enzyme

The coding region of Pfgcn5 has three introns in the region encoding
its C-terminal. However, northern blot analysis of the total RNA
from asynchronous asexual stage showed a single mRNA product at
~5.4 kb, suggesting the absence of splice variant(s) in the asexual
cycle (Fan et al., 2004b). Thus, the appearance of multiple shorter
fragments in the western blot was intriguing. We hypothesized that
these fragments are generated through proteolytic processing of the
full-length PfGCNS protein. In order to look for possible proteases
responsible for this processing event, we used the protease specificity
prediction server PROSPER  (https:/prosper.erc.monash.edu.au/
home.html), which predicted the involvement of cysteine protease
family in the cleavage of PfGCNS (data not shown). For experimental
validation, we treated early trophozoite stage parasites with a specific
cysteine protease inhibitor E64d (8 uM) or DMSO control for 10 h.
E64d treatment showed a dramatic increase in the intensity of the full-
length band (~170 kDa) with the disappearance of the lower
molecular mass fragments (Fig. 2A). However, the presence of these
shorter fragments was unchanged in the DMSO-treated parasite
samples. To further confirm that this processing event was indeed
cysteine protease specific, we also treated the parasites with the
aspartyl-protease inhibitor Pepstatin A (75 uM for 10 h). Interestingly,
Pepstatin A was unable to block the processing of full-length protein,
as occurred for E64d (Fig. 2A). Therefore, these results indicate the
involvement of a cysteine protease-like enzyme in the processing
of PfGCNS.

A recent study has shown that MG 132 can also block the cysteine
protease activity in parasites as does cysteine protease inhibitor
E64d (Prasad et al., 2013). To further confirm the cysteine protease-
mediated processing of PfGCNS, we treated the parasites with
various concentrations of MG132 for 6 h. MG132 successfully
stabilized the full-length protein and reduced the intensity of shorter
fragments in the western blot, as was observed with E64d treatment

*

Fig. 2. Cysteine protease-mediated processing of PFGCNS5. (A) Western blot analysis was carried out using lysate prepared from E64d, pepstatin A or DMSO-
treated parasites. Antibodies against PFGCN5 were used for the detection of full-length or processed forms of PFGCNS5 protein. Actin was used as loading
control (middle panel). The bottom panel shows a Coomassie-stained gel with amount of accumulated hemoglobin in each sample. (B) Effect of MG132 on
PfGCNS5 processing. Trophozoite stage parasites treated with DMSO or MG132 (100 nM or 200 nM) were used for western blot analysis. The results show the
appearance of full-length PFGCNS in the presence of MG132 but not with DMSO treatment. Actin was used as a loading control. (C) Processing of PFGCNS is not
affected by the proteasomal inhibitor epoxomicin. No stabilization of full-length protein was observed in epoxomicin (20 nM)-treated parasites. Hsp70 was used as
loading control in this experiment. Asterisks indicate the multiple bands of PfGCNS5.
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(Fig. 2B). To exclude the possibility that this was caused by
inhibition of proteasomal activity, given that MG 132 is known to be
a prominent proteasome inhibitor (Lee and Goldberg, 1998), we
also performed experiments with the proteasome-specific inhibitor
epoxomicin (Meng et al., 1999). Epoxomicin was unable to block
the processing of the protein, while accumulation of ubiquitylated
proteins was observed under the same experimental conditions
(Fig. 2C and see also Fig. S2). Altogether, our results provide strong
evidence that the processing of full-length PfGCNS protein is
mediated by a cysteine protease-like enzyme.

The processing of PFGCN5 occurs at the vicinity of digestive
vacuole of the parasite

In order to investigate the possible in vivo location of processing of
PfGCNS5, we performed an immunofluorescence assay using
antibodies against PfGCNS following treatment of the parasites
with cysteine protease inhibitors (MG132 and E64d). To our
surprise, in treated parasites the PEFGCNS5 signal was detected mostly
around the hemozoin-containing area, which was totally different
from the punctate nuclear localization of the same protein in
DMSO-treated control parasites (Fig. 3A). Hemozoin deposition
takes place in the parasite food vacuole, the equivalent of the
lysosome in Plasmodium, wherein hemoglobin is degraded by
multiple proteases, including cysteine and aspartic proteases.
Hence, we further evaluated the possible association of an
unprocessed form of PfGCNS5 with the food vacuole. Previously,
it has been reported that the autophagy protein Atgl8 is localized
in close vicinity to the food vacuole (Bansal et al., 2017).
Immunocolocalization of PfGCNS in a parasite line expressing
GFP-PfAtgl18 (Fig. S5) showed significant colocalization between
PfGCNS and Atgl8 (Pearson’s correlation coefficient of 0.67)
around the food vacuole in the presence of MG132 (Fig. 3B, second
panel from the top). No such colocalization between GCN5 and
Atg18 was observed in control DMSO-treated parasites (Fig. 3B,
top panel). As a control, we also checked the localization of PfActin,
which did not change at all in the presence or absence of MG132
(Fig. 3B, bottom two panels), suggesting that the peripheral food
vacuolar localization of PfGCNS is not a random event for any
protein but specific for PFGCNS.

Localization of PfGCNS as a ring-like structure surrounding the
food vacuole in the treated sample prompted us to investigate its
association with the membrane of the food vacuole. For this purpose,
an MG132-treated parasite pellet was subjected to the subcellular
fractionation using the protocol described in the Materials and
Methods. The full-length PfGCNS protein was detected mainly in the
Na,COj; extractable fraction, which suggests its presence as a
peripheral membrane-bound protein surrounding the food vacuole
(Fig. S3). As a control, we used antibodies against PfAldolase, which
was only present in the soluble fraction confirming the authenticity of
the extraction process. Coomassie staining was used to show the
presence of a similar amount of proteins in all lanes.

Furthermore, direct evidence for the food vacuolar localization of
unprocessed PfGCNS was obtained by immuno-electron microscopy
(immuno-EM) with antibodies against PfGCNS. The results indicated
the predominant presence of PfGCNS5 (as reflected by gold particle
deposition) in the nucleus and not the food vacuolar region in control
DMSO-treated parasites (Fig. 3C, left panels). In sharp contrast to what
was seen in DMSO-treated parasites, the distribution of gold particles
in MG132-treated parasites was changed. In these parasites, the
majority of the gold particles were in the food vacuolar region with
only a minority being present in the nuclear region (Fig. 3C, right
panels). A schematic diagram that reflects the abundance of the gold

particles in the subcellular milieu shows how the majority of the
PfGCNS signal could originate from the periphery of the food vacuole
in the treated parasites (Fig. 3D). These results indeed suggest that the
full-length protein gets processed at the vicinity of the food vacuole,
possibly by a food vacuolar cysteine protease.

To check the association of full-length PfGCNS protein with the
parasite food vacuole, we isolated the food vacuole from MG132-
treated parasites following the standard protocol as described in the
Materials and Methods. The full-length protein was detected in the
whole-cell parasite lysate and food-vacuole enriched fraction,
suggesting the association of unprocessed protein with the
parasite food vacuole (Fig. 3E, upper left). GFP—PfAtgl8 was
also present in the food vacuole-enriched fraction and served as
positive control (Fig. 3E, right blot). However, the cytoplasmic
protein PfAldoase was only present in the whole parasite lysate but
not in the food vacuole-enriched lysate, indicating the purity of food
vacuole enriched fraction (Fig. 3E, bottom left).

The full-length PFGCNS5 traffics to the food vacuole via the
ER-Golgi secretory pathway

The above results indicate that the full-length PfGCNS is associated
with the food vacuole where it gets processed by a cysteine protease
before it is targeted to the nucleus. Previous reports on food vacuole
proteins like PfPM II and PfCRT have shown that they must enter
the secretory pathway before reaching the food vacuole (Klemba
et al., 2004; Kuhn et al., 2010). Therefore, we wondered whether,
following the synthesis of the full-length PFGCNS protein, it traffics
via ER-Golgi-mediated secretory pathway to the food vacuole. The
well-known inhibitor of ER-Golgi transport pathway, brefeldin A
(BFA), has been used in P. falciparum extensively (Benting et al.,
1994; Klemba et al., 2004; Kuhn et al., 2010; Sharma et al., 2018).
We treated synchronized trophozoite-stage parasites with BFA
(5 ng/ml) and ethanol for 12 h. Interestingly, BFA-treated parasites
showed the stabilization of the full-length PfGCNS protein, similar
to MG132 treatment (Fig. 4A, top panel). It should be noted that the
effect of BFA was also observed after a shorter incubation time
period (6 h; data not shown) but a more profound effect was
observed following a 12 h treatment. In contrast, the parasites
treated with ethanol (control) did not show any effect on PfGCNS5
processing (Fig. 4A, top panel). It has been shown that the transport
of nuclear-encoded apicoplast-targeted proteins are sensitive to
BFA (Tonkin et al., 2006). We observed similar effect of BFA on
PfSSB, where unprocessed PfSSB protein (containing the transit
peptide) was stabilized by BFA but not by ethanol or MG132
(Fig. 4A, second panel from bottom). The effect of BFA on SSB
processing indeed confirmed its interference with the ER—Golgi
network of the parasites. However, the ER resident protein Bip was
not affected by BFA treatment, suggesting that the unprocessed full-
length PfGCNS protein travels through ER to food vacuole for
processing (Fig. 4A, second panel from top).

Furthermore, we performed immunofluorescence analysis in
BFA-treated parasites using antibodies against PfGCNS and the
ER-resident protein Bip. In control ethanol-treated parasites, the
PfGCNS5 signal was mostly colocalized with the nuclear DAPI
signal, and was quite distinct from the Bip signal present at the
nuclear periphery of (Fig. 4B). However, BFA-treated parasites
showed significant colocalization of PfGCNS and Bip (Pearson’s
correlation coefficient of 0.74), suggesting a block in trafficking of
PfGCNS (Fig. 4B, lower row and enlargements).

The above results indeed highlight the importance of the
ER—-Golgi network for trafficking of PfGCNS5 to the nucleus via
the parasite food vacuole.
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ChiIP-seq analysis of PFGCN5 reveals the genome-wide
occupancy of the protein

In P. falciparum, GCNS acetylates histone 3 (H3) at lysine 9 and 14
residues and regulates the gene expression of the parasite. However,
genome-wide binding of PfGCNS had not been previously studied.

Moreover, we wanted to check the functional significance of
PFfGCNS processing to where it bound to the genome regions and its
histone acetylation activity at those regions. To gain further insight
into this, we performed a genome-wide ChIP-seq analysis on
trophozoite- and schizont-stage-enriched parasites using antibodies
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Fig. 3. Inmunolocalization of PFGCN5 following inhibition of processing
of the protein. (A) Immunofluorescence analysis of PfGCNS5 in parasites
treated with DMSO (control), MG132 (100 nM) and E64d (10 uM). Following
inhibitor treatment, fixed parasites were subjected to an immunofluorescence
assay using antibodies against PFGCN5 followed by secondary antibodies
tagged with Alexa Fluor 488 or Alexa Fluor 568 for MG132-treated or E64d-
treated parasites, respectively. DAPI was used to stain the nuclei of the
parasite. Scale bars: 2 um. (B) Double immunofluorescence analysis was
carried out using GFP—-PfAtg18-expressing MG132 (100 nM)-treated
parasites in the presence of antibodies against PFGCN5, GFP and PfActin (in
combination) followed by respective secondary antibodies tagged with Alexa
Fluor 594 (PfGCN5 and PfActin) or Alexa Fluor 488 (GFP-Atg18). DAPI was
used to stain nuclei. Colocalization of PfFGCN5 with PfAtg18 is indicated by the
white arrowhead; no colocalization was seen with control actin. The right
panels show the 3D reconstruction of the selected images from the left panel.
See Movies 2 and 3 for movies for these 3D reconstructed images. Scale bars:
2 pm. (C) Immuno-EM images to detect the in vivo localization of PFGCN5
protein in untreated and MG132-treated parasites. Secondary antibodies
tagged with 10-nm-gold particle against primary antibodies (PfGCN5) were
used for detection. Schizont stage parasites with a nucleus and a food vacuole,
indicated as ‘N’ and ‘V’, respectively, in DMSO- and MG132-treated parasites
are shown. The selected areas (squares) are also shown at the higher
magpnification at the bottom (N, V and N, V1, V2 for untreated and drug-treated
parasites, respectively). Localization of protein is highlighted with white
arrowheads. (D) Schematic diagram shows the localization of gold particles
around the food vacuole of MG132 treated parasite as shown in C. (E) Western
blot analysis of whole-parasite lysate (total lysate) and food vacuole-enriched
fraction (FV lysate) using antibodies against PFGCN5 (upper left blot), GFP
(right blot) and PfAldolase (bottom left blot) proteins. Bands corresponding to
each protein are indicated on the left side of the blot.

against PFGCNS. The results obtained here were very astounding, as
the binding sites were not restricted to specific regions, but rather
enriched throughout the genome (Fig. SA). The total number of
reads generated from the anti-GCNS immunoprecipitated sample
was ~25 million. Approximately, 20 million reads were
successfully aligned to the P. falciparum genome using Bowtie2
(version 2.1.0). Furthermore, we estimated the peak density (peak/
Mb) and identified ~140 narrow peaks/Mb for total genome size.
Here, narrow peak refers to a possible GCNS5-binding site. A
representative view of the chromosome-wide distribution of
PfGCNS (chip/input) is shown in Fig. SA. Thorough analysis of
the data revealed 3400 narrow peaks, and the majority of the binding
sites were near the vicinity of promoter regions (~51%). The
remaining sites had a more-or-less uniform distribution [i.e. exons
(~19%), transcription termination sites (TTS) (~15%) and
intergenic regions (~15%)] (Fig. 5B; Table S1).

Furthermore, we carried out a gene ontology (GO) study of
PfGCNS-binding sites and found that genes that are in the vicinity of
PfGCNS5-binding sites are involved in diverse biological functions
(Fig. 5C). Interestingly, the majority of the genes are related to gene
transcription, host cell entry and host cell reprogramming functions.
Altogether, these observations elucidate a general overview on
PfGCNS5-binding sites across the genome and some idea about the
genes that are possibly regulated by this protein. However, a detailed
analysis needs to be done, which is not the primary focus of our
present study.

Genome-wide occupancy of the histone H3K9Ac¢ mark has been
studied in P. falciparum (Bartfai et al., 2010; Karmodiya et al.,
2015). H3K9Ac together with H3K4me3 is mainly enriched in
promoter regions in the parasites (Bartfai et al., 2010). To confirm if
H3K9Ac and GCNS are present in the same genomic regions, we
co-aligned the PfGCN5 ChIP-seq data with publicly available
H3K9Ac ChIP-seq data. A representative view of this co-
alignment is shown in Fig. S4. Interestingly, the result showed
~70% of PfGCNS peaks fall within 1 kb upstream or downstream

of H3K9Ac sites. These results indeed suggest that majority of the
PfGCNS5-binding sites are correlated with its histone H3
acetylation function. In contrast, 30% of PfGCNS5-occupied
sites are unique to PfGCNS, suggesting some separate function
of this protein.

To validate our ChIP-seq result, we randomly selected few GCNS5
binding sites (see Table S2 for coordinates) and performed ChIP-
quantitative PCR in asynchronous stage parasites using antibodies
against PfGCNS. As seen in Fig. 5D, enrichment of PfGCNS at
these sites is evident compared to the binding at control region.
Notably, the binding efficiency of PfGCNS at these sites is highly
correlated with the data we obtained from the ChIP-seq experiment.

Processing of PFGCNS5 is necessary for its nuclear
acetylation function

As mentioned earlier, PfGCNS is responsible for the acetylation of
histone H3 at lysine residues 9 and 14 (H3K9Ac and H3K14Ac)
(Fan et al., 2004b). Moreover, acetylation of H3 at these sites,
especially H3K9Ac, is necessary for the expression of active genes
in the asexual stages of the parasite (Salcedo-Amaya et al., 2009).
Additionally, several PFGCNS5-specific inhibitors were employed in
the in vitro parasite culture which showed inhibition of the GCNS
acetylation activity leading to downregulation of H3K9 acetylation
and reduced gene expression (Srivastava et al., 2014). To examine
the importance of the PFGCNS5 processing for its enzymatic activity,
we treated the parasites with MG132 and checked the acetylation
status of H3K9. Intriguingly, the acetylation level of H3K9 went
down significantly in the presence of increasing amount of MG132
(~50% in 60 nM) compared to DMSO-treated parasites (Fig. 6A,
top panel, and B). A previously characterized PfGCNS inhibitor,
embelin, also downregulated H3K9 acetylation under the same
experimental conditions, serving as a positive control (Fig. 6A,
top panel) (Srivastava et al., 2014). Furthermore, we also
evaluated the status of PfGCNS processing in these samples.
MG132 indeed blocked the PfGCNS5 processing with the
appearance of the strong full-length protein band. Neither
DMSO nor embelin could inhibit the PFGCNS processing event
(Fig. 6A, bottom panel). PfH3 was used as the loading control for
the western blot analysis. It is intriguing that different inhibitors
working in different pathways lead to the inhibition of the
PfGCNS activity. While embelin works directly on the PFGCN5S
enzymatic activity, MG132 affects PfGCNS5 activity by
interfering with its proteolytic processing.

Subsequently, we evaluated the loading of the processed
(untreated) and unprocessed (MG132 treated) form of PfGCNS at
the selected promoter regions that we identified from the ChIP-seq
results. Synchronized early trophozoite stage (20+5) parasites were
treated with 60 nM MG132 or DMSO for 12 h and then subjected to
a chromatin immunoprecipitation assay using antibodies against
PfGCNS, H3K9Ac and histone H3 in separate reactions. For
validation, we selected four high to moderate PFGCNS5-binding gene
promoter regions. In DMSO-treated control parasites, we observed
varied binding of PfGCNS at these regions while MG 132 treatment
drastically reduced the PfGCNS5 occupancy at the same sites
(Fig. 6C,D). Similarly, the H3K9Ac level showed significant
reduction following MG132 treatment at the same promoters, as
compared to the level in DMSO-treated parasites. These results
suggest that the inhibition of PfGCNS5 processing drastically
compromises its occupancy at the promoter regions with
concomitant downregulation of H3K9Ac level at the same sites,
possibly due to the unavailability of the active processed form in the
nucleus following drug treatment.
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on PfGCNS5 showing the stabilization of full-length PFGCN5 protein, similar to what is seen for MG132-treated (60 nM for 12 h) parasites (top panel). The effect
of BFA on Bip and SSB are shown as a positive control for this experiment (middle panels). Actin was used to show the equal loading of proteins in each
lane (bottom panel). Asterisks indicate the multiple bands of PFGCNS5 (top) and SSB. (B) Effect of BFA on the localization of PFGCN5 protein in fixed parasites. The
ER-resident protein Bip was used as an ER marker. Immunofluorescence analysis shows different distribution of PFGCN5 and Bip in ethanol-treated cells (top
panel). BFA-treated parasites show significant colocalization of the above two proteins (indicated by the white arrowhead; middle panels). The enlarged images
show 3D reconstructions of the selected images from the middle panels. See Movie 4 for movies of these 3D reconstructed images. Scale bars: 2 ym.

DISCUSSION

In the present study, we report the existence of a novel pathway in
nuclear gene regulation of malaria parasites through proteolytic
processing of nuclear PfGCNS by a food vacuolar cysteine protease.
We observed several processed forms of PfGCNS5 (~40 kDa,
80 kDa, 90 kDa and 120 kDa) that were present throughout the
asexual stage of the parasite while the full-length protein was barely
detectable. Although Pfgcen5 contains three introns at the 3’ end of
the gene, no splicing event has been reported in asexual blood stage
and only a single mRNA corresponding to the full-length transcript
was detected in northern blot analysis (Fan et al., 2004b). However,
alternative splicing events of GCNS5 transcripts have been observed
in mouse and human cells (Smith et al., 1998). These alternative
spliced variants are translated into functionally distinct protein
products that are part of various protein complexes. It is possible that
P. falciparum has adopted processing of the PfGCNS5 protein
instead of alternative splicing of PFGCNS transcripts, highlighting
the complex regulation of the parasite proteins. It needs to be
explored further whether the alternative splicing events occur in
other stages of the parasite.

The conserved HAT domain and bromodomain of PfGCNS are
present at the C-terminal region of the protein. The antibodies against
PfGCNS5 were generated against the C-terminal domain of the
protein, which detected all the multiple PfGCN5 forms, suggesting
that these forms at least contain either the full C-terminal region or
some part of the C-terminal region of the protein. A recent study has
shown that the C-terminal domain of PfGCNS5 (amino acids 1090—

1465) is sufficient for its in vivo acetylation activity in the nucleus
(Xiaoetal., 2019). These findings suggest possible functional role of
the fragments detected by western blot in the nucleus. It has been
reported that the apicomplexan parasite 7. gondii expresses two
GCNS  acetyltransferases (TgGCNSA and TgGCNSB) proteins
(Bhattietal., 2006). Among them only TgGCNS5B is essential for the
parasite. Moreover, the yeast GCN5 acetyltransferase is known to be
part of at least two multi-subunit complexes that are functionally
active (Grant et al., 1997). It is possible that the multiple forms of
PfGCNS are required to form functionally distinct complexes in the
parasite, which requires further experimental validation that is
beyond the scope of the present study.

We also demonstrate that the proteolytic cleavage of PfGCNS is
mediated by a cysteine class protease that is associated with the
food vacuole. Processing of proteins is very important for the
parasite and it has been mainly studied with respect to hemoglobin
digestion and merozoite surface protein maturation. In a recent
study, we have shown that the replication protein PfORC2 goes
through an ER-associated proteolytic processing pathway to attain
its mature form (Sharma et al., 2018). Another study on histone
H3 shows that PfH3 protein is ‘clipped’ by a nuclear protease in
asexual blood stage and this cleaved H3 form is enriched at the
upstream regions of few DNA replication/repair genes (Herrera-
Solorio et al., 2019). However, cleaving of a nuclear protein by a
food vacuole protease is unique to parasites and does not generally
occur in eukaryotic organisms. Interestingly, malaria parasites
express a large number of high molecular mass proteins. Only few
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Fig. 5. Characterization of genome-wide binding sites of PFGCN5. (A) Genome-wide occupancy of GCN5 acetyltransferase in the 14 chromosomes of

P. falciparum. Peaks displayed here are the relative enrichment of PFGCN5 (immunoprecipitated DNA) compared to the input (total DNA). The x-axis denotes
the chromosome size (base pair) and the y-axis denotes the peak score. (B) Distribution of total peaks over all the chromosomal regions. (C) GO analysis
(biological processes) of PfGCN5 occupied regions. The genes in the vicinity or nearby regions of the narrow peak were taken for GO enrichment and
pathway analysis. The gene ontology and pathway analysis of these genes were obtained from PlasmoDB database using its annotation file. The highly enriched
biological processes, molecular function and pathways are shown here, with the x-axis representing the number of genes corresponding to each pathway.

(D) Validation of the selected PFGCN5-binding sites (see Table S2 for coordinates) through ChIP-gPCR analysis; the chromosome no. from which the
regions were selected is indicated. The y-axis represents the enrichment of PFGCN5 over input at each region. Results are meanzts.e.m. from two

independent experiments each repeated at least twice.

of those proteins are reported to undergoes proteolytic processing
to date. For example, the parasite MSP1 protein undergoes
extensive proteolytic processing and these processed proteins
have been reported to be part of several functionally different
protein complexes (Blackman et al., 1991; Lin et al., 2016).
However, constitutive processing of nuclear proteins like PFGCNS
and PfORC2 indicate that it is possible that other large nuclear
proteins also undergo processing to achieve their mature
functional form.

The P. falciparum genome encodes 27 putative cysteine proteases
and their role in essential pathways like invasion, egress, and
hemoglobin degradation have been investigated (Siqueira-Neto
et al., 2018). The falcipain cysteine proteases (falcipain 1, 2a, 2b

and 3) and dipeptidylaminopeptidase 1 (DPAP1) have been shown
to be localized to the food vacuole. Among them, falcipain 3
and DPAPI1 are essential in the asexual cycle of the parasite.
These proteases degrade hemoglobin in the food vacuole as their
substrate. Falcipains have also been implicated in processing of
plasmepsins and the erythrocyte cytoskeleton. Since DPAP1 is an
amino peptidase that cleaves dipeptides from the N-terminus of
oligopeptides (Klemba et al., 2004), it is unlikely to mediate
processing of PfGCNS. However, falcipain 1, falcipain 2a and
falcipain 2b have been shown to be nonessential (Sijwali et al.,
2006), whereas PFGCNS is essential. Therefore, it is unlikely that
the above falcipains are the primary mediators for the processing
of PfGCNS5. Falcipain 3 appears to be essential but it remains
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elusive at this stage whether it is the PFGCNS5-processing cysteine
protease.

Another interesting observation here is that full-length PfGCNS5
protein is sensitive to BFA treatment suggesting that following
protein synthesis the full-length protein enters the ER-Golgi
secretory pathway prior to processing in the vicinity of food
vacuole. This result was anticipated due to the fact that other food
vacuole proteins, like plasmepsins and falcipains, also follow a
similar pathway before reaching the food vacuole (Klemba et al.,
2004; Subramanian et al., 2007). However, we are intrigued to see
the emerging role of Plasmodium ER in nuclear gene regulation. In
other organisms, many membrane-bound transcription factors have
been reported to enter nucleus via an ER-Golgi-related trafficking
pathway. However, processing of these transcription factors is
dependent on certain physiological cues, like ER stress or ligand-
mediated activation. For example, proteins like epidermal growth

factor receptor (EGFR), suppressor of Ty 23 (SPT23), myelin
regulatory factor (MYRF), MrfA, SREBP, basic leucine zipper
(bZIP), ATF6 and OASIS all follow an ER-Golgi trafficking
pathway before reaching the nucleus (Liu et al., 2018).

ChIP-seq results shed some light into the genome-wide
occupancy of GCN5 acetyltransferase in the asexual stage of the
parasite. Our data corroborated earlier ChIP-seq results on H3K9Ac
sites (Bartfai et al., 2010). Similar to H3K9Ac, we find that PfGCNS
is mostly associated with the promoter regions of genes.
Interestingly, the sites at which PfGCNS5 and H3K9Ac bind do
not follow an exact one-to-one correlation. This indicates that
PfGCNS may also have some functions in the parasite that are
additional to histone acetylation. Indeed the GO analysis of genes
recognized by PfGCNS5 showed that they were involved in diverse
physiological processes, such as transcription, entry into the host
cell, cell differentiation and other biological processes. However,
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these results may not reflect regulation of such genes by PfGCNS
solely due to its acetyl transferase activity on histones. Interestingly,
in our MS results, we have found several non-histone proteins as
possible PfGCNS interacting partners (data not shown) suggesting
multiple functions for this protein.

Notably, as shown in Fig. S1D, the multiple processed forms of
PfGCNS contain the C-terminal acetyltransferase domain. Thus, we
can predict that acetylation function of PfGCNS at those binding sites
is active, possibly for histone H3 or some other protein substrates.
Acetylation of non-histone substrates by GCNS acetyltransferase has
been reported in other systems (Dominy et al., 2012). However, this
function is unexplored in malaria parasite.

Based on our findings, we propose a model depicting the possible
events that happen during the processing of PFGCNS5 protein on the
vicinity of food vacuole before reaching the nucleus (Fig. 7). After
synthesis of the full-length protein, it enters the ER-Golgi secretory
pathway to reach the food vacuole of the parasite. Trafficking of the
full-length protein at this step can be blocked by BFA treatment to the
parasites. Furthermore, the full-length protein gets processed by a
cysteine protease in the vicinity of the food vacuole. This processing
is sensitive to well-known cysteine protease inhibitors E64d and
MG132. At this moment, we lack evidence on nuclear import of these
processed fragments. However, the subcellular fractionation and
immunolocalization of the protein suggest processed PfGCNS
fragments indeed enter the nucleus. In the nucleus, PfGCNS binds
predominantly to the gene promoter regions, which is required either
for its acetylation function on histone H3 or non-histone targets.

In conclusion, to our knowledge, this is the first report that
suggests a direct role of a cysteine protease, most likely a food
vacuole protease, in nuclear gene regulation in Plasmodium. Most
notably, this is a constitutive function and is not dependent on any

Processed PfGCN5
protein fragments

Other unknown
functions if any

(Brefeldin A)

1

®. -
\Aﬁ
%

cellular stress or other conditions, as observed in other organisms.
Our results also emphasize the emerging role of Plasmodium
ER-Golgi secretory pathway in processing of some nuclear proteins.
Altogether, this study reveals new avenues on the regulation of the
protein function in the malaria parasite and these could be employed
as a key targets for generation of new antimalarial therapeutics.

MATERIALS AND METHODS

Reagents

Monoclonal antibody against H3K9Ac was a kind gift from Prof. Tapas
Kumar Kundu, JNCASR, India. It was used at a dilution of 1:5000 for
western blotting (WB), 1:3000 for the immunofluorescence assay (IFA) and
1:5000 for ChIP.

Antibodies against various Plasmodium proteins used in this study are as
follows: PfActin (1:3000 for WB), PfAldolase (1:3000 for WB), PfSSB
(1:3000 for WB), PfHsp70 (1:15,000 for WB) (made in house), PfBip
(1:10,000 for WB, and 1:3000 for IFA; a kind gift from Prof. John Adams,
University of Florida, FL).

The following antibodies were commercially purchased: antibodies against
histone H3 (Ab1791, Abcam, 1:3000 for WB, 1.5 pg for ChIP), antibodies
against GFP (G1544, Sigma-Aldrich, 1:5000 for WB), goat anti-mouse IgG
conjugated to HRP (sc-2005, Santa Cruz Biotechnology, 1:5000 for WB),
goat anti-rabbit IgG conjugated to HRP (sc-2004, Santa Cruz Biotechnology,
1:5000 for WB), Alexa Fluor® 488 (Ab150113 and Ab150077, Abcam,
1:500 for TFA), Alexa Fluor® 594 (Ab150080, Abcam, 1:500 for TFA) or
Alexa Fluor® 568 (Ab175473, Abcam, 1:500 for IFA).

All inhibitors (E64d, MG132, epoxomicin and pepstatin A) used in this
study were purchased from Sigma-Aldrich. Embelin was a kind gift from
Prof. Tapas Kumar Kundu, INCASR, India.

Parasite culture and synchronization
P. falciparum 3D7 parasites were cultured using standard protocols with
slight modifications (Trager and Jensen, 1976). Briefly, the parasites

Fig. 7. Proposed model for the
processing events of PFGCNS5 in the
parasite. The full-length PFGCN5
protein possibly gets translated on the
ER and transports to the digestive
vacuole via Golgi, in secretory
vesicles. This ER-Golgi transport
process can be blocked by brefeldin A
(BFA). A cysteine protease that is
either present on the food vacuole
membrane or in close vicinity to the
food vacuole processes the full-length
protein in multiple specific fragments,
all of which contain at least some of the
C-terminal region of PfGCN5. These
fragments enter the nucleus via an
undefined route. In the parasite
nucleus, these PfGCN5 fragments
acetylate histone H3 or possibly some
other proteins and regulate multiple
cellular functions.
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were cultivated in O" human erythrocytes at 3% hematocrit in RPMI
1640 medium supplemented with 0.5% Albumax II (Invitrogen), 0.2%
sodium bicarbonate (Sigma), 27.2 mg/l hypoxanthine (Sigma) and
50 mg/litre Gentamycin (Sigma). The parasites were grown at 37°C in
an atmosphere of 5% CO,, 5% O, and 90% nitrogen. Synchronization of
parasites was carried out using 5% sorbitol treatment (Lambros and
Vanderberg, 1979).

The parasite line overexpressing GFP-tagged PfAtgl8 was generated by
the laboratory of P.S.S. (CCMB). These parasites were also cultured using
above protocol. Blasticidin S (0.5 pg/ml) was used for selection of these
parasites. Western blotting using anti-GFP antibodies and live confocal
images are shown in Fig. S5 for the confirmation of GFP-tagged PfAtg18
expression in the parasite.

Generation of polyclonal antibodies against PFGCN5

In order to generate specific antibodies against PFGCNS (PF3d7_0823300)
protein, the C-terminal domain of PfGCNS (amino acids 1090—-1463) was
expressed and purified from E. coli as described previously (Kumar et al.,
2017). Mice were immunized with recombinant Hisg-PfGCNS5 protein to
generate the polyclonal anti-PfGCNS antibodies following standard
protocols. The specificity of the antibodies was determined through
several experiments as described in results section. Dilutions of PfGCN5
for various experiments were as follows: 1:2500 for WB, 1:500 for IP, 1:500
for IFA and 1:500 for ChIP.

SDS-PAGE and western blot analysis

For immunoblotting, P. falciparum-infected RBCs were harvested and
treated with 0.15% saponin for separation of parasites from RBC. Isolated
parasites were further washed in 1x PBS solution containing protease
inhibitor cocktail and resuspended in equal volume of 2x Laemmli SDS dye
followed by boiling at 95°C for 4-5 min. After a brief centrifugation, total
parasite protein extracts were separated from debris. In each lane, 40—60 pg
of proteins were loaded and separated by SDS-PAGE. After that the proteins
were transferred on polyvinylidenedifluoride (PVDF) membranes. The
membranes were blocked by 5% skimmed milk in PBST (PBS with 0.1%
Tween 20) followed by incubation with respective primary and HRP-
conjugated secondary antibodies as applicable. The membranes were
developed using the enhanced chemiluminescence solution. Densitometry
analysis was performed using ImageJ software (NIH).

Immunoprecipitation and mass spectrometry analysis
Immunoprecipitation of PFGCNS5 was carried out using Pierce Crosslink IP
Kit from Thermo Fisher Scientific. Polyclonal antibodies against PFGCNS
were used to pulldown the endogenous protein. Pre-immune PfGCNS
antibodies were used as a control. Following immunoprecipitation, proteins
were eluted in the elution buffer provided in the kit. The eluted samples were
processed for MS analysis using a previously described protocol (Gupta
etal., 2018).

To analyze the multiple bands observed in western blot, the
immunoprecipitated PfGCN5 sample was resolved in SDS-PAGE
followed by silver staining using Bio-Rad Silver Stain Plus™ kit (catalog
number: #161-0449). Respective gel bands were processed for MS analysis
using previously described protocol (Gupta et al., 2018).

Subcellular fractionation

The subcellular fractionation of P. falciparum 3D7 parasites was performed
using standard protocol (Flueck et al., 2009) with slight modifications.
Saponin-lysed parasites were incubated on ice for 5 min in lysis buffer
containing 20 mM HEPES pH 7.9, 10 mM KCI, 1 mM EGTA, 1 mM
EDTA, 1 mM DTT, 0.65% NP-40, 100 uM PMSF and protease inhibitor
cocktail. The supernatant containing cytoplasmic proteins was obtained by
centrifugation at 865 g at 4°C. The pellet thus obtained was washed twice
thoroughly with the above mentioned lysis buffer to remove any cytoplasmic
contaminants. The nuclear fraction was finally obtained by centrifuging the
sample at 865 g. Samples were prepared using SDS-PAGE loading buffer
and equal amounts of sample from each fractions were resolved by SDS-
PAGE and subjected to western blotting. Aldolase and histone were used as
respective controls for cytoplasmic and nuclear fractions.

Na>CO; extraction of parasite membrane proteins

Protein solubility was analyzed using a previously described procedure
(Kulangara et al., 2012). The parasites were saponin-lysed and subjected to
three freeze—thaw cycles in the presence of 5 mM Tris-HCI pH 8.0. Soluble
protein fraction was obtained by high speed centrifugation at 16,249 g. The
pellet so obtained was treated with 0.1 M Na,CO; to extract peripheral
membrane proteins. Next, integral membrane proteins were extracted using
1% Triton X-100. Subsequently the samples were centrifuged at high speed
(16,249 g for 30 min) to recover pellet containing insoluble proteins. The
insoluble fraction was resuspended in 2x SDS gel loading dye. The fractions
so obtained were then subjected to SDS-PAGE and analyzed using
immunoblotting with respective antibodies.

Immunofluorescence assay

The immunofluorescence assay was performed using protocols as described
previously (Srivastava et al., 2014). After preparing the slides, they were
scanned under Olympus confocal microscope. To analyze colocalization,
Z-sectioning of selected images was performed followed by 3D
reconstruction of images using Olympus FV31S-SW software. Pearson
correlation coefficient values are given in the results to signify the
colocalization between two proteins. Antibodies used for [FA and their
dilutions are given in the reagents section.

Immuno-electron microscopy

Immuno-EM was performed using the method described previously
(Sharma et al., 2018). All the steps were performed at 4°C or as otherwise
mentioned. Briefly, mixed stage parasite-infected erythrocytes were fixed
overnight using a mixture of 0.1% glutaraldehyde and 4%
paraformaldehyde. Graded alcohol dehydrations (30%, 50%, 70%, 80%
and 90%) were then performed for 30 min each, followed by two absolute
alcohol dehydrations for 1 h. The parasites were then infiltrated using a 1:1
solution of LR White and absolute alcohol twice for 1 h each. Further
infiltration was performed overnight by using only LR White and next day
again at room temperature for 4 h. Finally, embedding was carried out at
55°C for 48 h after adding 5 volumes of LR White to the pellet. Ultra-thin
sections were subsequently cut and incubated with anti-PfGCNS primary
antibodies at a diltuion of 1:10 dilution followed by secondary antibodies
that were conjugated to 10 nm gold particles. The immuno-labeled samples
were then examined using JEOL JEM-F200 electron microscope at [UAC,
New Delhi.

Isolation of parasite food vacuole

Purification of food vacuole was performed from MG132-treated parasites
following a protocol described elsewhere (Saliba et al., 1998). Briefly, late-
stage parasites were treated with 100 nM MG132 for 4 h. Parasites were
released from RBCs after saponin treatment followed by lysis of parasites in
ice cold water (pH 4.5) and trituration through 27G needle. After that
sample was treated with DNase 1. Following centrifugation, the pellet was
resuspended in ice cold 42% Percoll solution containing 0.25 M sucrose,
1.25 mM MgSO4. Finally, the sample was centrifuged at 18,845 g for
10 min and food vacuole was collected as pellet.

ChIP and next-generation sequencing

Asynchronous stage parasites (trophozoite and schizont enriched) with 10%
parasitemia were harvested and fixed with 1% formaldehyde at 37°C for
10 min. To prevent the over crosslinking, excess formaldehyde was
quenched by addition of glycine to a final concentration of 150 mM.
After that, the parasitized RBCs were washed twice with 1x PBS followed
by saponin lysis to remove the RBCs. Then the parasites were resuspended
in ice-cold SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI, pH
8.1) supplemented with PMSF (100 uM) and protease inhibitor cocktail
(Roche) for 10 min on ice. Parasite lysate was then sonicated to generate
sheared chromatin of ~500 bp fragments and centrifuged at 1000 g for
15 min. After the removal of debris from the lysate, the lysate was further
diluted 10 times in ChIP dilution buffer (0.01% SDS, 0.1% Triton-X 100,
1.2mM EDTA, 16.7mM Tris-HCI pH 8.1, and 150 mM NaCl).
Subsequently, the parasite lysates were precleared using protein
A-sepharose beads at 4°C for 1 h. Cleared chromatins were incubated
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with pre-immune sera and immune GCNS sera for overnight at 4°C on a
rotating wheel. The formed chromatin immunocomplexes were precipitated
with protein A—sepharose beads. The beads were washed for 5 min at 4°C
with low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris-HCL, pH 8.1, 150 mM NaCl), high-salt wash buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1, 500 mM
NaCl), LiCl wash buffer [0.25M LiCl, 1% IGEPAL-CA630, 1%
deoxycholic acid (sodium salt), ] mM EDTA, 10 mM Tris-HCI pH 8.1]
and TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0). The DNA—protein
complex was eluted using 500 pl of freshly prepared elution buffer (1%
SDS, 0.1 M NaHCO3;) followed by de-crosslinking with NaCl (300 mM
final concentration) at 65°C for overnight. After de-crosslinking the samples
were further treated with proteinase K (20 pg/ml) at 45°C for 1 h. Finally,
the DNA was isolated by phenol-chloroform extraction and dissolved in TE
buffer for sequencing or quantitative PCR analysis.

ChIP-sequencing was carried out at Xcelris Labs Ltd, Ahmedabad.
Briefly, the paired-end sequencing library was prepared using
[luminaTruSeqNano DNA LT Library Preparation Kit following
manufacturer’s instructions. After obtaining the concentration for the
library and the mean peak size from Bioanalyser profile, the library was
loaded onto Illumina platform for cluster generation and sequencing. The
generated fastq files were further analyzed and described below.

Next generation sequencing data analysis

The high quality paired end ChIP-seq reads generated through hi-throughput
sequencing were mapped with the reference genome (PlasmoDB-
41_Pfalciparum 3D7) using Bowtie2 (v2.1.0). We further carried out
conversion of SAM files to BAM and sorting with Samtools (v0.1.19)
followed by removing duplicate reads using Picard. In order to get an idea
about the binding loci of the GCNS in the genome, we carried out method
for peak calling using MACS2 (v2.1.2) with a 0.05 P-value cutoff. The
identified loci in the first step were annotated in terms of genomic
(PlasmoDB-39_Pfalciparum 3D7) context using Homer. Visualization of
binding location in the reference genome we have done using IGV (v2.4.16)
and the coverage plot has been done with ChIPsecker library in R. The genes
in the vicinity or nearby regions were taken for Gene Ontology (GO)
enrichment and pathway analysis. In addition, we have downloaded the
invasion genes from PlasmoDB database to see its abundance around the
GCNS5 genomic region. We have downloaded high quality H3K9ac ChIP-
seq reads from GEO-NCBI (GSM588517, GSM588518, GSM588525 and
GSM588526) for further analysis. To validate and improve the confidence
level of data generation we have mapped and compare the loci of H3K9ac
(trophozoite and schizont stage) with GCNS ChIP-seq data; this helps us to
get an idea about the relatedness of the binding patterns.

ChlIP-quantitative PCR analysis

To validate the results obtained from ChIP-seq analysis, we chose several
low-to-high PfGCNS5-binding regions for ChIP followed by quantitative
PCR (qPCR) analysis. Primers used for quantitative PCR were listed in
Table S2. ChIP samples were prepared using anti-PfGCNS5 antibodies
following protocol described above. Quantitative PCR was performed with
specific primers, using Luna® Universal qPCR solution (NEB). The Ct
values were used for further calculations and plotted in bar diagram.
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Figure S1. Specificity of mouse polyclonal antibodies generated against PFGCN5 protein and
Mass spectromectirc analysis of different bands corresponding to PFGCN5. (A) Coomassie
stained gel showing purification profile of recombinant Hise-PfGCN5 protein. *’ indicates the
purified protein band that is also present in the lane corresponding to induced bacterial cell
lysate. (B) Western blot analysis of purified PFGCNS5 protein using pre-immune (left blot) and
immune PfGCN5 sera (middle blot). Coomassie stained PVDF membrane after protein transfer
on the right indicates the presence of protein in each lane. ‘*’ indicates the purified protein band.
(C) List of peptides identified from in solution MS analysis of GCN5-IP sample corresponding
to PFGCN5 and PFADA2. (D) Western blot analysis of Immunoprecipitated PFGCN5 from P.
falciparum lysate using antibodies against PFGCN5. The IP sample was also subjected to SDS-

PAGE under similar experimental conditions followed by silver staining (data not shown).
Regions (I to 1V) as indicated in immune IP lane were excised from silver stained gel and

subjected to MS analysis. List of peptides detected in MS analysis corresponding to regions I, Il
and IV is shown on the right suggesting that the bands detected by anti-PfGCN5 sera are
generated from full-length PFGCN5 protein.
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ubiquitin

Figure S2. Accumulation of ubiquitinated proteins in epoxomicin treated parasite. Parasites were
treated with DMSO and epoxomicin separately followed by Western blot analysis using

antibodies against ubiquitin.
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Figure S3. The full-length PfGCN5 protein is a peripheral membrane associated protein.To
check the membrane association of full-length PFGCN5 protein, MG132 treated parasites were
fractionated using protocol described in materials and methods. Equal amount of sample from
each fraction was subjected for Western blot analysis. PFGCN5 is predominantly extracted in
sodium carbonate extractable fraction (left panel) confirming its association with the peripheral
membrane. Coomassie stained gel after transfer on right shows the similar loading of proteins

from each fraction.
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Chromosome 11
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Figure S4. Comparative alignment of GCN5, H3K9Ac (trophozoite stage) and H3K9Ac
(Schizont stage) ChIP-seq coverage plots.Upper panel shows the PFGCN5 binding sites on
chromosome 11. PfGCN5 ChlP-sequencing was performed in asynchronous stages parasites.
PfH3K9Ac ChIP-sequencing results were obtained from Bartfai et al., 2010. Chromosome size

(bp) is indicated below.
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Figure S5. Immunoblotting and live cell imaging to check the expression of GFP-Atgl8 in
parasites. (A) To check the expression of Atgl8-GFP in the parasite, lysate were prepared from
asynchronous stage 3D7 or Atgl8-GFP parasites and resolved in SDS-PAGE followed by
Western blotting analysis using antibodies against GFP. “*” indicates the GFP-tagged Atgl8
band. No specific band is present in 3D7 un-transfected parasite line. (B) Live confocal
microscope image showing expression of Atgl8-GFP (green) surrounding the food vacuole of
the parasite that contains haemozoin. The parasite nuclei were stained with DAPI (blue). All
merged panel shows all fluorescence signals including DIC image (containing haemozoin

deposition as dark spot).
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Movie 1: 3D structure of co-localization between PfGCN5 and H3K9Ac in the parasite. Red
indicates localization of H3K9Ac and Green indicates localization of PFfGCN5. Blue indicates

the nuclear region. The movie was generated using Olympus FVV31S-SW software.

Movie 2: 3D structure of co-localization between PfGCN5 and PfAtgl8-GFP in the DMSO
treated parasite. Red indicates localization of PfGCN5 and Green indicates localization of
PfAtg18-GFP. Blue indicates the nuclear region. No co-localization was observed in DMSO

treated parasite. The movie was generated using Olympus FV31S-SW software.
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Movie 3: 3D structure of co-localization between PFGCN5 and PfAtg18-GFP in the MG132

treated parasite. Red indicates localization of PFGCN5 and Green indicates localization of
PfAtg18-GFP. Blue indicates the nuclear region. Co-localization was observed between PFGCN5

and PfAtgl8-GFP (yellow region). The movie was generated using Olympus FV31S-SW

software.

Movie 4: 3D structure of co-localization between PfGCN5 and PfBip in the BFA treated
parasite. Red indicates localization of PfBip and Green indicates localization of PFGCN5. Blue
indicates the nuclear region. Co-localization was observed between PfGCNS5 and PfBip in the ER

compartment (yellow region). The movie was generated using Olympus FV31S-SW software.

C
i)
)

©

€

o
L
£

>

|
©
-+

C

Q

€
Q

Q

Q

=)
(70}

L]

Q

(8]

C
2

O
(70}
ko)
O
G

o
©

c

=

>

O
=



http://movie.biologists.com/video/10.1242/jcs.236489/video-3
http://movie.biologists.com/video/10.1242/jcs.236489/video-4

J. Cell Sci.: doi:10.1242/jcs.236489: Supplementary information

Table S1: Detailed annotation results generated after PFGCN5 ChIP-sequencing analysis.

Click here to Download Table S1

Table S2. Primers used in g-PCR analysis

Primers Name Sequences (5'-3") Comments
Chr1.(548442- fw: ATCTATTCTTTTGAATTATGTATA
548639)

rv: TTCTTTAGAATCCAGCACTT
Chr2.(838758- fw: TATCTGTACAATAATTATGTAC
838965)

rv: ATATTCATCTAACCCTTCAG
Chr3.(646615- fw: TAAGTATAAATAAGTTGTTCATT
646817)

rv: TTCAACATTCTGAGTAGCC
Chr4.(319702- fw: ATAATGTGTATGTATTTATGTAT
319916)

rv: AATAACAACTATAATACTAGTAT

Chr5.(85776-86025) Fw: AAAGATTTTATCAGGCATTATA Promoter region for RAP2

(PF3D7_0501600)
rv: TTTATTTATTTATGATTATATATAT

Chr6.(545620- fw: AATAATTTGGTAATTTACTCTT Promoter region for RP
545842) (PF3D7_0613300)

rv: ATATGTATTTGTCTTATTGTTA
Chr7.(945701- fw: Promoter region for RALP1
945935) ATATATAATTTCGTGATAAAATAT (PF3D7_0722200)

rv: TTAATAGAATGCTCAATATAAAA

Chr9.(1254233- fw: Promoter region for
1254434) AATGAAATAGAAAATATAAAATGA Nop52(PF3D7_0931100)

rv: AAGTCCATACAAATTGTAACA

Chr11.(761384- fw: ATTATATACATTTGATATAGATAT
761633)

rv: AATAAATATATAGGTACTTAACT
Control (225279- fw: ATTATGTATAAGAAGTTCATCA
225528)

rv: GTATATAAATTCAATGATTTTATA
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