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Malaria is a deadly, infectious disease caused by the parasite Plasmodium, leading to millions of deaths
worldwide. Plasmodium requires a coordinated pattern of sequential gene expression for surviving in both
invertebrate and vertebrate host environments. As parasites largely depend on host resources, they also develop
efﬁcient mechanisms to sense and adapt to variable nutrient conditions in the environment and modulate their
virulence. Earlier we have shown that PfGCN5, a histone acetyltransferase, binds to the stress-responsive and
virulence-related genes in a poised state and regulates their expression under temperature and artemisinin
treatment conditions in P. falciparum. In this study, we show upregulation of PfGCN5 upon nutrient stress
condition. With the help of chromatin immunoprecipitation coupled high-throughput sequencing (ChIP-seq)
and transcriptomic (RNA-sequencing) analyses, we show that PfGCN5 is associated with the genes that are
important for the maintenance of parasite cellular homeostasis upon nutrient stress condition. Furthermore, we
identiﬁed various metabolic enzymes as interacting partners of PfGCN5 by immunoprecipitation coupled with
mass spectroscopy, possibly acting as a sensor of nutrient conditions in the environment. We also demonstrated
that PfGCN5 interacts and acetylates PfGAPDH in vitro. Collectively, our data provides important insights into
transcriptional deregulation upon nutrient stress condition and elucidate the role of PfGCN5 during nutrient
stress condition.
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1. Introduction
Malaria is a life-threatening infectious disease caused by
the parasite belonging to the genus Plasmodium, leading
to millions of deaths worldwide. Despite more than a
century of efforts to eradicate malaria, it is still one of the
highly widespread parasitic diseases in the tropical and
subtropical regions of the world. It is transmitted to

This article is part of the Topical Collection: Chromatin
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human by the bite of female Anopheles mosquito. Five
species of Plasmodium are known to cause infection in
humans; namely P. falciparum, P. vivax, P. ovale, P.
malariae and P. knowlesi. Out of these, P. falciparum is
the most lethal and causes highest mortality. In 2018, 219
million cases and an estimated 435,000 deaths were
reported due to malaria (WHO 2018). Clinical symptoms
of malaria range from fever, anaemia, and acidosis and
organ failure. If left untreated, the parasitic infection can
lead to cerebral malaria or even death (WHO 2018).
Plasmodium has a complex life cycle that transpires
between an invertebrate and a vertebrate host, undergo-
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ing through drastic morphological transformations and
cellular differentiation events, in a precisely timed
manner. Transcriptional and post-transcriptional regulation of gene expression enables it to be causative for
chronic infection in humans (Abel and Le Roch 2019;
Coleman and Duraisingh 2008; Karmodiya et al. 2015).
The parasite completes its sexual development within the
female Anopheles mosquito and utilizes it for transmission to the human host where the asexual cycle continues
(Aly et al. 2009).
During various developmental stages, the parasites are
able to tolerate numerous stresses, experienced in the form
of elevated body temperature (fever), parasite density,
nutrient ﬂuctuation and drug exposure (Becker et al. 2004;
Engelbrecht and Coetzer 2013; Oakley et al. 2007; Percário et al. 2012; Rawat et al. 2019a; Rosenberg et al.
2009). These stresses are known to play an instrumental
role in increased virulence and emergence of drug resistance in P. falciparum. In recent years, it has been well
documented that various protozoan parasites hijack and
remodel host cell machinery and metabolism in order to
escape immune responses (Blader et al. 2001; Decherf
et al. 2004; Goldberg et al. 1990; Kim et al. 2007; Lang
et al. 2007; Martin and Kirk 2007; Plattner and SoldatiFavre 2008; Singh et al. 2007). Several studies have
shown that the parasite depends upon its host for nutrients
as it would have lost the ability to synthesize them de novo
(Babbitt et al. 2012; Ting et al. 2005). Moreover, the
malaria parasite is known to obtain its energy solely from
glycolysis and catabolism of host cell haemoglobin during
the intraerythrocytic life cycle (Gardner et al. 2002; Olszewski et al. 2009; Zuzarte-Luı́s and Mota 2018). Since
the parasites rely completely on their host for resources,
any alterations in the environmental milieu or host cell
could have deleterious effects on the parasite growth and
virulence (Plattner and Soldati-Favre 2008; Zuzarte-Luı́s
and Mota 2018). These nutrient ﬂuctuations could be
encountered during the process of invading multiple tissues, escaping immune surveillance and induced drug
pressure (Billker et al. 1998; Dean et al. 2009; Ke et al.
2015; MacRae et al. 2013; Mancio-Silva et al. 2017;
Srivastava et al. 2016). It is known that during infection
the glucose levels within the host may drop down to as low
as 50 mg/dl resulting in hypoglycaemia condition.
Therefore, an efﬁcient mechanism for sensing and
responding rapidly to any alterations in nutrient composition and adapting to a different environment is required.
This could entail modulation of replication and differentiation program. This capacity to sense, respond and adapt
to changing nutrient composition is evident in Plasmodium spp. as it moves between human and mosquito hosts
(Zuzarte-Luı́s and Mota 2018). Importantly, this rapid

physiological transitions and ﬂuctuations in nutrients
within and across hosts require rapid molecular and cellular reprogramming and could only be achieved by
speciﬁc parasites which are in the state of molecular preparedness to promote differential stress response and
antigenic variation (Rawat et al. 2019b) . Hence, a
molecular sensor that is capable of relaying information
could be a strategic advancement that enables parasites to
adapt and survive in new environments. Previous research
from our lab showed that a histone acetyltransferase,
PfGCN5 is associated with stress and virulence related
genes in P. falciparum (Rawat et al. 2019a). Since metabolism is known to be a critical determinant of virulence
and survival of the parasites (Mancio-Silva et al. 2017),
we wanted to understand the role of PfGCN5 in transcriptional regulation during nutrient stress conditions.
Here, we show that PfGCN5 is associated with the genes
that are important for the maintenance of parasite cellular
homeostasis upon nutrient stress condition. Thus, our
study suggests an important role of PfGCN5 in the activation of nutrient stress-responsive genes in Plasmodium
falciparum during nutrient stress condition.

2. Material and methods
2.1 In vitro culture of P. falciparum parasites
P. falciparum 3D7 strain were cultured in RPMI1640
medium supplemented with 25 mM HEPES, 0.5%
AlbuMAX II, 1.77 mM sodium bicarbonate, 2 gram/
litres glucose, 100 lM hypoxanthine and 12.5 lg ml-1
gentamicin sulfate at 37°C. Parasites were maintained
at 1–1.5% haematocrit and 5% parasitemia. Parasites
were cultured in fresh O? human RBC isolated from
healthy human donors. Synchronization of the parasites
was performed using 5% sorbitol and 63% percoll
gradient centrifugation. Growth of the parasite was
monitored using Giemsa staining of thin blood smear.

2.2 Nutrient stress induction
Parasites were tightly synchronized at early ring stage
using 5% sorbitol. Nutrient stress was initiated at late
ring stage (*16 hpi) for a period of 6 h (*22 hpi).
Nutrient stress was induced by growing the parasites in
RPMI1640 medium supplemented with 25 mM
HEPES, 0.5% AlbuMAX II, 1.77 mM sodium bicarbonate, 0.5 g/l glucose, 100 lM hypoxanthine and 12.5
lg ml-1 gentamicin sulfate at 37°C.
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2.3 Antibodies
Anti-Rabbit IgG (OSB PM035) and previously generated PfGCN5 antibody (Rawat et al. 2019a) were used
for immunoprecipitation and Western blotting.
PfGAPDH antibody was generated using puriﬁed Histagged PfGAPDH recombinant protein (data not
shown). PfGAPDH antibody was puriﬁed as described
earlier (Rawat et al. 2019a).
2.4 Western blotting
Parasites were harvested using saponin lysis (0.15%) at
37°C for 15 mins. Parasites were washed using 1X PBS
before continuing with the lysis protocol for preparation
of protein lysate. Parasite lysis buffer (10 mM Tris-Cl pH
8.0, 150 mM sodium chloride (NaCl), 0.5% nonyl phenoxypolyethoxylethanol (NP 40), 0.5% sodium deoxycholate, 1.5 mM magnesium chloride (MgCl2), 0.1 mM
ethylene diamine tetra acetic acid (EDTA), 1X protease
inhibitor cocktail (PIC), 1 mM phenylmethylsulfonyl
ﬂuoride (PMSF)) was used to lyse the parasites. Parasite
lysate was centrifuged at 13000 rpm for 30 min at 4°C.
Further lysate proteins were separated on 7.5–12% SDSpolyacrylamide gels and transferred onto polyvinylidene
diﬂuoride (PVDF) membrane using wet transfer apparatus according to the manufacturer’s protocols (BioRad). Blocking of PVDF membrane was performed
using 5% skimmed milk prepared in TBS-T (Tris Buffer
Saline ? 0.01% Tween-20). Overnight incubation was
performed with primary antibody at 4°C. Blot was
washed three times using TBS-T for 15 min. Incubation
with secondary antibody (1:5000, Biorad) was carried
out at room temperature for 1 h followed by three
washes, 15 min each. Clarity Western ECL substrate
(Biorad) was used for developing the blot according to
the manufacturer’s protocol.
2.5 Immunoﬂuorescence assay
Parasites were ﬁxed using 4% paraformaldehyde (PFA)
and 0.00075% glutaraldehyde for 30 min at 37°C.
Permeabilization was carried out using 0.1% Triton
X-100 in PBS for 5 min. Parasites were then washed
using 1X PBS. Blocking was performed using 3% BSA
for 1hr at room temperature followed by incubation
with primary antibody in 3% BSA for 3 hours. Three
PBS washes were given to remove the unbound primary antibody. Secondary antibody (Alexa 647, Invitrogen) incubation was done for 1 h at room
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temperature. Parasites were washed with 1X PBS
before mounting on glass slides using ProLong Gold
Antifade with DAPI (Invitrogen). Images were captured using Leica SP8 confocal microscope.
2.6 Quantitative RT-PCR (qRT-PCR)
TRIzol reagent (Biorad) was used for the isolation of
RNA. cDNA was prepared using 2 lg of DNAse free
RNA with the help of ImProm-II Reverse transcription
system (Promega) kit using random primers. PfGCN5
primers used for qRT-PCR are 50 -TGCTGATAA
TAAAGGGGCTGC -30 and 50 -AATGGCCATGCAG
ACTGTTG-30 . 18s RNA (using forward 50 - GCTG
ACTACGTCCCTGCCC-30 and reverse 50 - ACAATTC
ATCATATCTTTCAATCGGTA-30 primers) was used
as an internal control. Following forward and reverse
primers were used for gene speciﬁc qRT-PCR: PfMyst
(GGGGGAAAGAATGAAAACAAAG and GTTA
TTCCATTCCCCCACTTCT), PF14_0350 (AAGAT
TGCCCAGATTTGGAA and TCGGCTAGCTGAAC
CAAAAT), PFA0465c (CGGGCAAAGGAGTTGA
TTTA and GCTGGGTTGTTAGAAACTCG), PF13_
0131 (AAACAACATCCAAGTGAACACG and CGT
CGATTTGATTTTTATCATTTG), Pf3D7_01030700
(TTTGGAAATGAAGGAACAGG and TAATTTGC
CCACACAGCAAA) and Pf3D7_1215300 (TACCA
GAAAGCGCAACTGAA and CAATTTTTAAAGA
GGAACCACCA). CFX96 Real Time PCR detection
system (Biorad) was used for quantitative PCR. Each
experiment included technical triplicates and was performed over three independent biological replicates.
2.7 Chromatin immunoprecipitation, library
preparation and data analysis
Infected RBCs were cross-linked using 1% formaldehyde (Thermo Scientiﬁc 28908) for 10 min at RT followed by addition of 150 mM glycine to quench the
cross-linking reaction. Swelling buffer (25 mM Tris pH
7.9, 1.5 mM MgCl2, 10mM KCL, 0.1% NP40, 1 mM
DTT, 0.5 mM PMSF, 1x PIC) followed by cell lysis in
sonication buffer (10 mM Tris–HCl pH 7.5, 200 mM
NaCl, 1% SDS, 4% NP-40,1mM PMSF, 1X PIC) was
used for cell lysis. Covaris S220 was used for performing
sonication to obtain the chromatin size of 200–400 bp.
After preclearing, chromatin was incubated with antibody at 4°C overnight followed by incubation with saturated Protein G Sepharose beads for 4 h at 4°C. ChIP
elution buffer (1% SDS, 0.1 M sodium bicarbonate) was
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used for eluting chromatin. NEBNext Ultra II DNA
Library Prep kit was used for preparation of ChIP
libraries. Size selection was performed using Agencourt
XP beads (Beckman Coulter). Adapter ligated fragments
were PCR ampliﬁed using indexing primers followed by
puriﬁcation using the Agencourt XP beads (Beckman
Coulter). The library electropherograms were assessed
using the Agilent Bioanalyzer 2100 and Agilent DNA
1000 kit. The libraries were pooled in equimolar concentration and 50 bp reads were sequenced using Illumina HiSeq2500 (BENCOS Research Solutions Pvt.
Ltd., Maharashtra). ChIP-seq data were mapped to
Plasmodium falciparum 3D7 genome version 37 (http://
plasmodb.org/plasmo/) using Bowtie2 with default
parameters. MACS2 peak calling software (default
parameters) was used for peak calling against input
control data. Peaks were annotated using Bedtools.
Peaks (log2-fold enrichment [1.7) were used for
analysis.
2.8 Data source and analysis
RNA seq data and ChIP seq data for control were used
from the previously published data from Sequence
Read Archive (SRA) under accession number ID
SUB5643208.
2.9 PfGAPDH cloning, expression
and puriﬁcation
Full length PfGAPDH DNA sequence was ampliﬁed
from parasite genomic DNA using gene speciﬁc primers
(Forward primer 50 -ACGCATATGATGGCAGTAACAAAACTTG-30 and Reverse primer 50 -ATGCCTCGAGGTTGTTAGTAATGTGTACGG-30 ). The PCRampliﬁed fragment was cloned in frame with 6x-His
tagged fusion protein in pET28a? plasmid vector using
NdeI and XhoI restriction enzymes. Cloning was conﬁrmed using DNA Sanger sequencing. The cloned
plasmid (pET28a?_PfGAPDH) was transformed into
E.coli BL21 (DE3) for protein expression. Expression
was induced using 0.5 mM isopropyl-1-thio-b-d-galactopyranoside (IPTG) at an optical density of 0.6 at 600
nm for 5 h at 25°C. Bacterial pellet was lysed using
sonication buffer (10mM Tris Cl pH 8.0, 300 mM NaCl,
10% Glycerol, 1X PIC, 1X PMSF). Recombinant
PfGAPDH was puriﬁed using Ni-NTA beads (Qiagen).
Protein was eluted using different concentration of imidazole. Protein puriﬁcation was checked using SDS
PAGE. Protein expression was conﬁrmed using Anti-His

Figure 1. PfGCN5 upregulation and global transcriptional c
deregulation under nutrient stress condition. (A) Schematic
represents the induction of nutrient stress condition to mimic
hypoglycaemia observed during malaria infection. (B) RTqPCR result showing a highest upregulation of PfGCN5
amongst all known HATs under nutrient stress condition
(experiment performed in three biological replicates using
18S rRNA as an endogenous control). (C) Proﬁle plot
depicting differential gene expression under nutrient stress
condition. Blue indicates the 191 genes which are upregulated and red indicates 112 down-regulated genes. (D) Gene
ontology analysis of upregulated genes (from RNA seq
analysis) indicates an over-representation of major metabolic
pathways like purine ribonucleotide biosynthesis, cellular
protein metabolism, organonitrogen compound biosynthesis,
etc. (E) Histogram showing transcriptional deregulation of
var genes under nutrient stress condition. Genes which are
upregulated during nutrient stress condition are indicated in
red colour. PF3D7_0400400 was found be expressed only
during nutrient stress condition.

Western blotting. After puriﬁcation, protein was dialyzed in sonication buffer and stored at 4°C. PfGCN5
(HAT and bromodomain) cloned in pGEX-4T1 plasmid
was used for expressing glutathione S-transferase (GST)
fusion protein (Rawat et al. 2019a). Expression was
induced at an optical density of 0.6 at 600 nm, with 0.5
mM isopropyl-1-thio-b-d-galactopyranoside (IPTG) for
5 h at 25°C. Protein was puriﬁed using glutathione
sepharose 4B beads (GE healthcare life science). 20 mM
concentration of reduced glutathione was used for protein elution. Protein puriﬁcation was performed using
Ni-NTA beads. Protein was eluted using different concentration of reduced glutathione. Puriﬁed proteins were
dialyzed and stored at -20°C.
2.10 Recombinant protein interaction assay
Recombinant puriﬁed PfGCN5-HAT and Bromodomain (GST tagged) and PfGAPDH (His tagged) were
incubated together overnight. PfGAPDH and GST
proteins were also incubated similarly as a control.
Anti-GST antibody was added for 12 h at 4°C. Dynabeads Protein G (Invitrogen) beads were added to the
incubated proteins for 4 h at 4°C on slow rotation.
Following incubation beads were washed using washing buffer (10 mM Tris-cl pH 8.0, 300 mM NaCl, 10%
Glycerol, 10 mM Imidazole, 1X- PIC, 1X-PMSF) and
eluted using glycine, pH 2.5. Eluted sample was run of
SDS-PAGE followed by Western blotting. Blot was
incubated with Anti-His antibody to test whether
PfGAPDH was pulled down using PfGCN5 protein.

Role of PfGCN5 in P. falciparum

Page 5 of 13

11

11

Page 6 of 13

Mukul Rawat et al.

2.11 Nuclear and cytoplasmic fractionation
Saponin lysed parasite pellet was resuspended in 500 ll
of ice-cold lysis buffer (10mM HEPES pH-7.9, 10 mM
KCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.65% NP40, 1
mM DTT, 2X PMSF) and incubated on ice for 30 min
with intermittent mixing. The mix was spun at 13000
rpm for 20 min at 4°C. The supernatant was collected
and labelled as cytoplasmic extract. Parasite pellet was
washed three times by re-suspending it in 500 ll of
cytoplasmic buffer, incubating on ice for 5 min, spinning it at 13000 rpm for 10 min and discarding the
supernatant. The pellet was then washed twice by
similar method mentioned above but by using 500 ll of
cold 1X PBS (with 1X PMSF added) per wash. The
pellet volume was estimated (1 volume) and it was
resuspended in 3 volumes of nuclear buffer (20 mM
HEPES pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT and incubated on ice for 30 min.
This was followed by centrifugation at 13000 rpm for
20 min at 4°C, the supernatant was removed and
labelled as nuclear extract. Histone H3 was used a
nuclear and actin as cytoplasmic control.

2.12 Acetylation assay
Saponin lysed 3D7 parasite pellets were used to isolate
nuclear lysate using the fractionation protocol Acetylation assay was performed using recombinant
PfGAPDH protein. Since full-length PfGCN5 was
difﬁcult to clone and express in bacterial system, we
performed pull down of PfGCN5 native protein using
speciﬁc antibody. The pull down complex which contain PfGCN5 was used for the acetylation assay.
Acetylation assay was performed using HAT buffer
(250 mM Tris-Cl (pH 8), 50% glycerol, 0.5 mM
EDTA, 5 mM DTT, 250 mM KCl, 100 mM Na-Butyrate, 1X PIC). Incubation for acetylation assay was
done at 30°C for 1 h. Acetylation level on recombinant
PfGCN5 protein was assessed using pan acetyl antibody (Abcam, ab22550).

3. Results
3.1 PfGCN5 is upregulated during nutrient stress
condition
A previous study from our lab has shown that PfGCN5
regulates expression of stress responsive genes under

temperature stress and artemisinin exposure in P. falciparum (Rawat et al. 2019a). In order to gain further
insights into the role of PfGCN5 under nutrient stress
condition, we subjected ring stage parasites (16 h post
synchronization) to nutrient stress condition (1/4 normal glucose concentration) for 6 h followed by which
parasites were harvested (ﬁgure 1A). Nutrient stress
condition used for the experiment did not affect cell
cycle progression of the parasites. Complete removal of
glucose from the culture medium resulted in substantial
decline in parasites progression, ultimately resulting in
their death.
Histone acetyltransferases are known to result in
gene activation by acetylation of histones N terminal
tail. Therefore, we assessed the expression level of all
known histone acetyltransferases along with PfGCN5
in P. falciparum under nutrient stress condition (Kanyal
et al. 2018). Interestingly, PfGCN5 showed highest
upregulation in comparison to other histone acetyltransferases (ﬁgure 1B). Further to understand global
transcriptional deregulation, we performed RNA-sequencing (RNA-Seq) under nutrient stress and control
conditions. In total 303 genes were found to be signiﬁcantly deregulated ([2 folds); 191 genes were
upregulated and 112 genes were downregulated during
nutrient stress condition (ﬁgure 1C). Moreover, gene
ontology analysis of the upregulated genes revealed
enrichment of metabolism related pathways under
nutrient stress condition (ﬁgure 1D). Since evidence
from previous reports suggested that virulence of the
parasites is often modulated under stress condition
(Mancio-Silva et al. 2017), we wondered whether var
gene expression is altered under nutrient stress condition. Interestingly, several var genes were found to be
upregulated and a few displayed switching during the
nutrient stress condition (ﬁgure 1E). Together, it suggests a signiﬁcant upregulation of PfGCN5 and global
transcriptional deregulation under the nutrient stress
condition.
3.2 PfGCN5 associates with metabolic genes
during nutrient stress condition
Further, to dissect the role of PfGCN5 in nutrient
sensing, we performed chromatin immunoprecipitation
followed by high-throughput sequencing (ChIP-seq).
Genome-wide analysis of PfGCN5 depicted its association with 554 genes mainly at their gene body and
promoter regions under nutrient stress condition (ﬁgure 2A). Interestingly, genes associated with antigenic
variation and immune response were found to be
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Figure 2. PfGCN5 binds to metabolic genes during nutrient stress condition. (A) Donut chart showing the ChIP-seq based
enrichment of PfGCN5 majorly over gene body and promoter regions. (B) Gene ontology analysis of PfGCN5 bound peaks
indicates enrichment of metabolic genes. (C) Box and whisker plot showing a signiﬁcant upregulation of PFGCN5 bound
metabolic genes as opposed to all the PfGCN5 bound genes under nutrient stress condition. (D) RT-qPCR performed to
assess the transcript levels of genes under nutrient stress in presence or absence of GCN5 inhibitor garcinol (10 lM).
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Figure 3. PfGCN5 interacts with different metabolic enzymes. (A) Table showing list of PfGCN5 interactome known to
play role in different metabolic pathways. (B) Histogram showing the RNA expression level of a few metabolic genes under
nutrient stress condition.

Role of PfGCN5 in P. falciparum

targets of PfGCN5 under both control (Rawat et al.
2019a) and nutrient stress conditions (supplementary
ﬁgure 1). However, PfGCN5 was found to be exclusively associated with metabolic genes under nutrient
stress condition indicating its involvement in transcriptional regulation of metabolic genes (ﬁgure 2B).
We then looked at the expression level of PfGCN5
bound genes under nutrient stress condition. Interestingly, expression level of only metabolic genes but not
all PfGCN5 bound genes showed signiﬁcant upregulation upon nutrient stress condition (ﬁgure 2C). Furthermore, we measured the expression level of
PfGCN5 bound genes in the presence and absence of
garcinol, an inhibitor of PfGCN5. We observed that
PfGCN5 bound genes, which are upregulated under
nutrient stress condition, either failed to upregulate or
showed downregulation upon garcinol treatment during
nutrient stress condition (ﬁgure 2D). Thus, our data
suggests a causative function of PfGCN5 but does not
rule out the possibility of inhibition of other histone
acetyltransferases by garcinol. Moreover, PfGCN5 was
also found to occupy the PfGAPDH locus during the
nutrient stress condition, indicating the direct regulation of PfGAPDH by PfGCN5. Together, these results
show that PfGCN5 is bound to metabolism related
genes during nutrient stress condition and possibly
regulate their expression to maintain homeostasis.
3.3 PfGCN5 interacts with different metabolic
enzymes
Further, in order to gain insight into the mechanism via
which PfGCN5 could be involved in nutrient sensing,
we looked at its interacting partners. Previous study
from our lab identiﬁed PfGCN5 interactome using
immunoprecipitation followed by mass spectrometry,
which comprised of several metabolic proteins as the
high conﬁdence hits (ﬁgure 3A) along with other
expected chromatin organization and stress/stimuli
responsive partners (Rawat et al. 2019a). It is well
established that glycolytic proteins perform extracellular functions like cell adherence, modulation of
homeostatic and immune response, and nutrient
acquisition in parasites (Gomez-Arreaza et al. 2014).
We wondered if metabolic proteins perform a moonlighting function of gene regulation in complex with
PfGCN5 in P. falciparum. Since previously published
acetylome data suggested that various proteins
involved in glycolysis are acetylated (Cobbold et al.
2016; Miao et al. 2013), we wondered if PfGCN5
could acetylate metabolic proteins. Our mass
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spectrometry data showed PfGAPDH as the most
conﬁdent interacting partner of PfGCN5. Additionally,
studies from plant model system showed that upon
acetylation by GCN5 paralog PCAF, GAPDH translocates into the nucleus and binds to the promoters of
glycolytic genes and regulates their expression upon
glucose stimulus (Ventura et al. 2010). We also found
that the RNA expression level of PfGAPDH increases
([2 folds) during nutrient stress condition (ﬁgure 3B).
Hence, we narrowed down to PfGAPDH as the metabolic protein of interest for further studies.
In order to study the distribution of PfGAPDH, we
performed nuclear cytoplasmic fractionation. As expected, we found PfGAPDH to be majorly localized in the
cytoplasm but surprisingly it was also found in the nucleus
under normal condition (ﬁgure 4A). Moreover,
immunoﬂuorescence analysis using PfGAPDH speciﬁc
antibody also showed both nuclear and cytoplasmic
localization of PfGAPDH protein (ﬁgure 4B). To further
validate the interaction between PfGCN5 (HAT and bromodomain) and PfGAPDH, we performed an in vitro
interaction assay using recombinant PfGAPDH and
PfGCN5 proteins. Interestingly, PfGCN5 and PfGAPDH
were found to interact in vitro (ﬁgure 4C). Since
PfGAPDH was found to be acetylated in Plasmodium
acetylome data, we decided to inspect whether PfGCN5
acetylates PfGAPDH. Interestingly enough, recombinant
PfGAPDH was found to be acetylated in the presence of
PfGCN5 (ﬁgure 4D). Thus in conclusion we show that
PfGCN5 interacts and acetylates PfGAPDH, possibly in
the nucleus. Further studies are needed in order to conﬁrm
the role of PfGAPDH in the nucleus. It is possible that
PfGAPDH in complex with PfGCN5 modulates gene
expression via direct chromatin interactions.
4. Discussion
The life cycle of an intercellular parasite, for instance,
Plasmodium falciparum is intimately connected to its
hosts, primarily for obtaining resources in the form of
nutrients. Nutrients are required by the parasite as a
source of energy not only for its development but also
for regulating gene expression (Mancio-Silva et al.
2017). Since infection leads to a shared pool of nutrients between the parasite and the host, any modulations
in the critical levels of nutrients can have deleterious
effect on both. Thus in order to cause successful
infection, the parasites must rapidly sense, respond and
adapt to any nutrient ﬂuctuation within the host milieu.
It is evident that the parasites are able to take cues from
the environment where the glucose levels may fall as
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Figure 4. (A) PfGAPDH distribution using nuclear and cytoplasmic fractionation. PfGAPDH was found to be distributed in
both cytoplasm and nucleus. Histone H3 and actin are used as nuclear and cytoplasmic controls, respectively.
(B) Immunoﬂuorescence analysis showing localization of PfGAPDH in both nucleus and cytoplasm using PfGAPDH
speciﬁc antibody. (C) In vitro interaction assay of recombinant puriﬁed PfGCN5 (GST tagged) and PfGAPDH (His tagged).
Interaction was conﬁrmed with Western blotting using Anti-His antibody. (D) In vitro acetylation assay was performed to test
whether PfGCN5 acetylates recombinant PfGAPDH protein. PfGAPDH acetylation levels were assessed using pan-acetyl
antibody.

Role of PfGCN5 in P. falciparum

low as 50 mg/dl. Since canonical nutrient sensing
pathways are presumably absent and tricarboxylic acid
(TCA) cycle is known to play a redundant role during
the parasite’s intraerythrocytic life cycle, it raises
questions as to how the parasites are able to sense the
nutrient status of their host. Adding to the complexity,
parasites are known to drive energy solely via catabolism of host cell haemoglobin. In this scenario parasites
must strategize low-energy high-efﬁciency mechanisms that help them respond to unanticipated changes
in the host nutrient milieu to avoid the cost associated
in the form of reduced virulence and replication rates.
Metabolism related proteins have been implicated in
boosting the virulence of the parasites but this requires
global transcriptome rearrangement under unfavourable conditions. Only a subset of the heterogeneous
population which is preprogrammed to achieve
molecular reprogramming is able to survive such
nutrient stress condition (Rawat et al. 2019b). Hence, it
is possible that the surviving population senses the
ﬂuctuation in the nutrient milieu and transmits the
information downstream, which could dictate the
expression of genes consequently modulating parasite’s
virulence.
In this study, we attempted to elucidate the role of
a histone acetyltransferase (HAT) PfGCN5 in transcriptional regulation during nutrient stress
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condition. We found signiﬁcant upregulation in the
transcript level of both PfGCN5 and PfGAPDH
during nutrient stress condition. Interestingly,
PfGCN5 was found to be associated with different
metabolic genes, which are upregulated under
nutrient stress condition. Fractionation and localization studies suggested that PfGAPDH is distributed in both cytoplasm and nucleus. Moreover,
PfGCN5 was found to interact with PfGAPDH and
also acetylate it in vitro. Thus, it is possible that
during nutrient stress PfGAPDH is further translocated in the nucleus, where it is acetylated by
PfGCN5. Acetylated PfGAPDH, in complex with or
without PfGCN5 might regulate the expression of
metabolic genes (ﬁgure 5). Further systematic
investigation of PfGCN5 and PfGAPDH mediated
transcriptional regulation during nutrient stress
condition would explore some of the unanswered
questions: (i) Does nutrient stress change the distribution of PfGAPDH in cytoplasm and nucleus?
(ii) Does PfGAPDH interact with the chromatin to
regulate gene expression? (iii) Or, is it the synergy
of PfGCN5-PfGAPDH complex required for gene
expression regulation? In conclusion, understanding
of the nutrient sensing mechanisms would unravel
molecular networks modulating the parasite’s virulence and pave the way to combat the disease.

Figure 5. Mechanism proposed for nutrient sensing and transcriptional regulation by PfGCN5 in P. falciparum. PfGAPDH
was found to be present in both nucleus and cytoplasm under normal growth condition. Furthermore, PfGCN5 interacts and
acetylates PfGAPDH most probably in nucleus. Possibly, PfGAPDH distribution in cytoplasm and nucleus is altered during
nutrient stress conditions (1). PfGCN5-PfGAPDH complex binds at the promoters (2) or gene body (3) of metabolic genes
leading to upregulation of gene expression.
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