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Malaria, a disease caused by infection with parasites of the genus Plasmod-
ium, causes millions of deaths worldwide annually. Of the five Plasmodium
species that can infect humans, Plasmodium falciparum causes the most
serious parasitic infection. The emergence of drug resistance and the inef-
fectiveness of old therapeutic regimes against malaria mean there is an
urgent need to better understand the basic biology of the malaria parasite.
Previously, we have reported the presence of parasite-specific helicases
identified through genome-wide analysis of the P. falciparum (3D7) strain.
Helicases are involved in various biological pathways in addition to nucleic
acid metabolism, making them an important target of study. Here, we
report the detailed biochemical characterization of P. falciparum parasite-
specific helicase 1 (PfPSH1) and the effect of phosphorylation on its bio-
chemical activities. The C-terminal of PfPSH1 (PfPSHIC) containing all
conserved domains was used for biochemical characterization. PfPSHIC
exhibits DNA- or ribonucleic acid (RNA)-stimulated ATPase activity, and
it can unwind DNA and RNA duplex substrates. It shows bipolar direc-
tionality because it can translocate in both (3'-5 and 5-3’) directions.
PfPSHI1 is mainly localized to the cytoplasm during early stages (including
ring and trophozoite stages of intraerythrocytic development), but at late
stages, it is partially located in the cytoplasm. The biochemical activities of
PfPSHI are upregulated after phosphorylation with PKC. The detailed bio-
chemical characterization of PfPSH1 will help us understand its functional
role in the parasite and pave the way for future studies.
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Malaria is a serious parasitic infection caused by
Plasmodium parasite and responsible for millions of
deaths worldwide. The parasite is transferred to the
humans by the bite of female Anopheles mosquito dur-
ing the blood meal [1]. The pathological condition of
malaria is due to the infection caused by five main
Plasmodium species such as Plasmodium knowlesi, Plas-
modium falciparum, Plasmodium vivax, Plasmod-
ium ovale, and Plasmodium malariae [2]. Yearly reports
published by WHO show that P. falciparum is respon-
sible for the most severe form of malaria and the
majority of malaria-related deaths worldwide [3]. The

Abbreviations

deaths related to the disease are reduced due to the
efforts done by WHO to eradicate malaria, but still sig-
nificant part of the tropical and subtropical regions of
the world remain affected by the infection. The rapidly
emerging drug-resistant parasite is an enormous chal-
lenge for eradication of malaria from the world. The
failure of old conventional antimalarial therapy and
the loss of effectiveness of the artemisinin-based combi-
nation therapy (ACT) have resulted in emergence of
multiple drug-resistant parasites. It is evident from the
reports of ACT-resistant parasite from western Cambo-
dia, Thailand, Myanmar, Vietnam, and China that

aa, amino acids; IFA, immunofluorescence assay; kDa, kilodalton; mm, milli-molar; nm, nano-molar; Pi, inorganic phosphate; RNA, ribonucleic

acid.
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drug-resistant parasites are major threats for the effort
to contain malaria [4—11]. Therefore, new class of anti-
malarials is required to reduce the effect of malaria on
world population.

To prevent humans from the devastating effect of the
disease and to develop efficient therapeutics, the knowl-
edge of the key biological pathways of the parasite is
essential. The nucleic acid metabolism is a very impor-
tant aspect of the parasite life cycle as it is required for
replication and maintenance of its genome. Helicases
play an vital role in nucleic acid metabolism, and they
are ubiquitous enzymes that separate DNA duplex or
unwind secondary structures in ribonucleic acid (RNA)
by utilizing the energy released from ATP hydrolysis.
Therefore, they play an essential role in all the nucleic
acid metabolic processes. Usually, the helicases contain
N- and C-terminal extensions flanking the core region
of the catalytic domains. The extensions vary in size,
and it has been suggested that these extensions might
be involved in the interaction with other proteins [12].
These interactions are most likely responsible for the
regulation of the biological pathway in which the inter-
acting protein partner is involved [12]. Helicases are
also involved in different biological processes and path-
ways such as apoptosis, stress-mediated pathways,
autophagy, and aging [13,14]. Post-translational modifi-
cations (PTMs) generally play major role in regulating
the function of a protein by modulating its activity.
Phosphorylation is one of the most studied PTM that
occurs inside the cell, and it regulates the function of a
protein in transient manner as it is a reversible modifi-
cation [15]. It has been previously reported that the
phosphorylation of helicases modulates their enzymatic
activities [16,17]. The phosphorylation of mini-chromo-
some maintenance (MCM)4 at Thr-19 and Thr-110
affects the helicase activity of MCM4-MCM6-MCM7
complex, which is required for replication of Epstein—
Barr virus [16]. In the case of RNA helicase A (RHA),
its phosphorylation by PKR leads to the dissociation of
RHA from dsRNA [17]. The mechanism of modulation
of enzymatic activities of helicases after phosphoryla-
tion is not well studied.

Our previous studies have shown that there are three
parasite-specific helicases (PSH) present in P. falci-
parum [18]. In recent studies, we have reported the
detailed characterization of two PSH (PfPSH2 and
PfPSH3) [19,20]. The biochemical characterization
shows that both PfPSH2 and PfPSH3 are DNA-depen-
dent ATPases, whereas PfPSH2 also shows RNA-de-
pendent ATPase activity. PfPSH2 also shows dual
helicase activity with RNA and DNA substrates, but
PfPSH3 shows only DNA helicase activity. PfPSH2
has bipolar direction specificity, but PfPSH3 exhibits
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only 3/-5" direction-specific activity. The localization
studies suggest that PfPSH2 is mainly localized in the
cytoplasm, but the localization of PfPSH3 is nucleocy-
toplasmic [19,20].

In this manuscript, we report the detailed biochemi-
cal characterization of PfPSHI and its comparison
with other PSHs (PfPSH2 and PfPSH3). The in silico
studies show that PfPSH1 has no homologue present
in its host (humans). The only orthologs in apicom-
plexans present are in species of Theileria with very
low similarity score. All of these three helicases are
members of DExD family of DEAD-box helicase
superfamily 2 on the basis of conserved motif II amino
acid (aa) sequence.

The PfPSH1 sequence with PlasmodB number
Pf3D7_0103600 was retrieved from the PlasmodB data-
base. The genomic size of PfPSH1 is 5099 base pairs
with introns, and its transcript is 4605 bases long, which
codes for 1534 aa (~ 184 kDa) protein. Due to the large
size of the gene, we were unable to clone full-length
gene. The C-terminal fragment (PfPSH1C) of 2643 base
pairs containing all the conserved motifs was cloned
and used for protein expression and purification. The
biochemical characterization shows that PfPSHIC is a
DNA- and RNA-dependent ATPase. The helicase assay
studies reveal that PFPSH1C is able to unwind partially
duplex DNA and RNA substrates. Site-directed muta-
tion (SDM) was done with substitution in motif I
(GTGKT) at conserved lysine to glutamic acid residue
(K782E) to generate mutant PfPSH1C (PfPSHICM).
The PFPSHICM is unable to show any ATPase or heli-
case activity. In order to investigate the localization of
PSHI1 in the parasite at various developmental stages of
intraerythrocytic cycle, immunofluorescence analysis
(IFA) studies were done. The IFA results show that
PSHI is present mainly in the cytoplasm in early devel-
opmental stages such as ring and trophozoite stages,
but in later developmental stages such as schizont and
merozoite stages, PfPSHI1 starts moving partially into
the nucleus. In silico phosphorylation analysis revealed
that PfPSHI1C contains numerous phosphorylation
sites. To study the effect of phosphorylation on the bio-
chemical activities of PfPSHI1C, it was phosphorylated
using protein kinase C (PKC). The results suggest that
the ATPase and helicase activities of PfPSHIC are
upregulated after in vitro phosphorylation.

Results

In silico analysis of PfPSH1

The aa sequence of PfPSHI1 (PF3D7_0103600) was
retrieved from PlasmodB database (www.plasmodb.
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org) and was used for multiple sequence alignment
with the orthologs using the online available software
Clustal omega. The orthologs were identified using
OrthoMCL database (www.orthomcl.org), and the
analysis reveals that PfPSH1 belongs to the ortholog
group OG5 _ 155370 [21]. This group contains eight
orthologs (six from Plasmodium species and two from
Theileria) from apicomplexans including Plasmodium
species. Apart from six orthologs that are of Plasmod-
ium species PfSPHI1 shows similarity only to Theileria
species (Fig. 1A,B). The domain organization of all
three parasite-specific helicase (PSHs) was predicted
using ExPASy PROSITE (www.http://prosite.expasy.
org/prosite.html), which predicted the presence of
ATPase domain (from aa 727 to 1179) and helicase
domain (from aa 1370 to 1525) in the PfPSHI [22].
PfPSH1 contains all the nine conserved signature
motifs such as Q, I, Ia, Ib, II, III, IV, V, and VI. The
evolutionary conserved motifs with their respective aa
positions inside the catalytic domains (ATPase and
helicase) are also shown (Fig. 1C.i).

The sequence analysis of all three PSHs shows that
PfPSH1(1534 aa) is largest in size in comparison with
PfPSH2 (880 aa) and PfPSH3 (1321 aa), whereas
PfPSH2 is smallest of all three PSHs (Fig. 1C,iiii).
All the three PSHs differ significantly from each other
in size, domain length, and distance between ATPase
and helicase domain. PfPSH1 has the largest ATPase
domain of 452 aa (from 727 aa to 1179 aa), whereas
PfPSH2 has the smallest ATPase domain of only 163
aa (from 185 aa to 348 aa) and the ATPase domain of
PfPSH3 is 283 aa (from 77aa to 360 aa) (Fig. 1C,i—iii).
The helicase domain of PfPSHI is largest (164 aa) in
comparison with other PSHs. PfPSH2 contains small-
est helicase domain of 89 aa, and the helicase domain
of PfPSH3 is 144 aa long (Fig. 1C,i-iii). The distance
between ATPase and helicase domain is largest in case
of PfPSH3 (360 aa); PfPSH1 and PfPSH2 have almost
similar distance between the two domains of nearly
200 aa (Fig. 1C,iiii).

Purification of PFPSH1N, PfPSH1C, and mutant
PfPSH1C (PfPSH1CM) proteins

PfPSH1 is 4605 nucleotides long and codes for 1534
aa long protein of ~ 184 kDa. Due to the large size of
PfPSH1, we were unable to clone the full-length gene.
Therefore, a small 537 nucleotide long N-terminal
fragment (PfPSHIN; from 32 aa to 208 aa) coding for
176 aa (~ 25 kDa) was first cloned (Fig. 2A,i). The C-
terminal 2643 nucleotide long fragment (PfPSHIC;
from 661 aa to 1534 aa) codes for 873 aa long protein
(~ 100 kDa) containing all the conserved signature
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motifs was also cloned (Fig. 2A,i)). Both the N-
terminal and C-terminal fragments were cloned using
gene-specific primers (Table 1) and cDNA as template
for the PCR amplification. PfPSHIN and PfPSHIC
were cloned into expression vector pET28a to prepare
recombinant  protein  containing  6xhis-tag  in
Escherichia coli. The proteins were purified by utilizing
Ni-NTA affinity chromatography technique. After
protein purification, all the fractions were subjected to
SDS/PAGE analysis and the purest fraction was then
analyzed by western blot using anti-6X-His antibody
(Figs 2A.ii—v and S1A-C). The purified PfPSHIN was
and S1A), and purified PfPSH1C was used to perform
all the biochemical assays such as ATPase and helicase
activity assays (Fig. 2A, iv,v, lane 1; Fig. SIB,C). The
PfPSH1C mutant (PfPSH1CM) was made using site-
directed mutagenesis, and the primers are described in
Table 1 (Fig. 2A.iv,v, lane 2; Fig. S1B,C). The con-
served lysine (K) in conserved motif I of ATPase
domain at position 782 was changed to glutamic acid
(E). The PfPSHICM (K782E) was purified by similar
procedure as PfPSHIC fragment (Fig. 2A,iv,v, lane 2;
Fig. S1B,C).

ATPase activity assay of PfPSH1C and PfPSH1CM

To analyze the ATPase activity of PfPSHIC and
PfPSHICM, the radiolabeled (y*°P) ATP was used to
detect the release of labeled phosphate (**Pi) as
described in Materials and methods. Various concen-
trations of purified PFPSHIC (50-500 nm) in the pres-
ence of DNA or RNA as cofactor were used to
measure the ATPase activity (Fig. 2B,C). The results
indicate that PfPSHIC shows concentration-dependent
ATPase activity. PfPSHIC displays higher activity
with DNA as cofactor. The maximum ATP hydrolysis
in case of DNA as cofactor is 36% at 500 nm
(Fig. 2B, lanes 1-6 and Fig. 2D) and 22% when RNA
is present as cofactor (Fig. 2C, lanes 1-6 and Fig. 2D).
Similarly, the time-dependent ATPase activity experi-
ment was also performed at different time interval
with a fixed protein concentration of 300 nm in the
presence of DNA or RNA as cofactor (Fig. 2E.F).
The results show that PfPSHIC hydrolyzes ATP in
time-dependent manner, and in the presence of DNA
or RNA, the maximum ATP hydrolysis is 30%
(Fig. 2E, lanes 1-7 and Fig. 2G) and 18%, respectively
(Fig. 2F, lanes 1-7 and Fig. 2G). Various concentra-
tions of mutant protein PFPSHICM were also used for
the ATPase assay along with the PfPSHIC protein
(Fig. 2H.I) in the presence of both DNA and RNA.
The results show that PFPSHICM did not exhibit any
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Fig. 1. (A) Sequence alignment of the full-length PfPSH1 with its ortholog present in Theileria parvum was performed using clustal program
(www.ebi.ac.uk/Tools/msa/clustalo/). (B) Multiple sequence alignment of PfPSH1C with T. parvum, pink and violet color show the ATPase
and helicase domain, respectively. All the evolutionary conserved signature motifs are boxed. (C) i.—iii Comparison of the three PSH. The
numbers denote the aa position or the size of various domains.
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Fig. 2. (A) Protein Purification. (i) Schematic diagram of full-length PfPSH1 showing the position and sizes of PfPSH1N and PfPSH1C. (ii)
Coomassie Blue-stained SDS gel and (i) western blot of PfPSH1N. In ii and iii, lane 1 is purified PfPSH1N (~ 25 kDa); (iv) Coomassie Blue-
stained SDS gel and (v) western blot. In iv and v, lane 1 is purified PfPSH1C (~ 100 kDa) and lane 2 is purified PfPSH1CM (~ 100 kDa). In ii—
v, lane M is protein molecular weight marker. (B-l) ATPase assay. ATPase activity of increasing concentration (60-500 nwv) of PfPSH1C
protein in the presence of (B) ssDNA (lanes 1-6) and (C) RNA (lanes 1-6); (D) graphical representation of data of B and C, respectively;
time-dependent ATPase activity (lanes 1-7) of PfPSH1C in the presence of ssDNA (E); and RNA (F); (G) graphical representation of data of E
and F, respectively; ATPase assay of PfPSH1C and PfPSH1CM in the presence of ssDNA (H) and RNA (I). In B, C, E, F, H, and |, lane C
represents control without protein. In D and G, error bar represents SD. Each experiment was repeated at least two to three times.

significant ATPase activity as compared to PfPSHIC
(Fig. 2H, lanes 1-5 and lanes 6-11 and Fig. 2I, lanes
1-5 and lanes 6-11, respectively).

DNA helicase activity assay of PfPSH1C and
PfPSH1CM

To determine the helicase activity of PfPSHIC, y**P-
labeled partially duplex DNA and RNA substrates
were used as mentioned in materials and methods.
Various concentrations (5-200 nm) of PfPSHIC were
used to perform DNA helicase assay (Fig. 3A). The
result indicates that PfPSH1C has the ability to
unwind partially duplex DNA substrate with as low as
5 nM concentration with unwinding activity of ~ 30%
and it increases to ~ 70% at 200 nM concentration
(Fig. 3A, lanes 1-6 and Fig. 3B), whereas PfPSHICM
did not show any significant helicase activity (Fig. 3C,
lanes 1-5). The time-dependent DNA helicase assay
was also performed with fixed concentration (100 nm)
of PfPSHIC at different time intervals from 10 to
90 min (Fig. 3D). The results show that PfPSHIC can
unwind partially duplex substrate within 10 min of the
reaction with ~ 30% unwinding and it reaches to
~ 69% in 90 min (Fig. 3D, lanes 1-5 and Fig. 3E).

ATP concentration-dependent and Nucleotide-
dependent assays for DNA helicase activity

To assay the optimal concentration of ATP required
for unwinding of partially duplex substrate by the
PfPSHI1C, various concentrations of ATP (0.25-5 mwm)

concentration (200 nm) of PfPSHIC with different
ATP concentrations (Fig. 3F). The result of various
ATP concentration on PfPSH1C dependent unwinding
of partially duplex substrate shows an interesting
trend. The maximum unwinding of substrate was
observed at lower concentrations (0.25-1 mm) of ATP
(Fig. 3F, lanes 1-4 and Fig. 3G), whereas at higher
ATP concentrations (2-5 mm), the unwinding activity
decreased (Fig. 3F, lanes 5-7 and Fig. 3G). In order
to determine the preference of Nucleoside triphosphate
(NTP) utilization by PfPSHIC, different NTPs and
dNTPs were used in reaction with fixed concentration
of PfPSHIC (200 nm) (Fig 3H,I). It was interesting to
note that PfPSHI1C utilizes UTP and dCTP for maxi-
mum unwinding followed by ATP, dATP, and GTP
(Fig. 3H,D).

Direction specificity of PFPSH1C

Most of the helicases bind on to the single-strand
region of the duplex and then translocate in either 3'—
5" or 5'-3' direction [23]. To investigate the directional-
ity of unwinding by the PfPSHI1C, two different direc-
tion-specific substrates were prepared and used as
described in Materials and methods section. Two dif-
ferent concentrations of PfPSHIC were used (200—
300 nm) at various time points. Using 5'-3' substrate,
the unwinding in 40 min ranges from 63% to 74.4%
with 200 and 300 nm PfPSHIC, respectively (Fig. 4A,
lanes 1-4 and lanes 5-8, respectively, and Fig. 4B).
Using 3'-5' substrate, the unwinding in 40 min ranges
from 66% to 82% with 200 and 300 nm PfPSHIC,

were used. The reaction mixture contained fixed respectively (Fig. 4C, lanes 1-4 and lanes 5-8,
Table 1. List of primers.

S. No Primer Sequence Restriction site
1. PSH1C Forward TTACATATGATGAATCAACGACAAAGCAC Ndel

2. PSH1C Reverse TTACTCGAGTTATTTTCTTTTTACTTTTTCC Xhol

3. PSH1N Forward TTACATATGGTATTAAAAGAAAGAGAAGAATC Ndel

4. PSH1N Reverse TTA CTCGAGATATTTCATGTGTGTATGTTTTG Xhol

5. PfPSH1CM-F CCAACAGGTACAGGAGAAACGTTCATATATTTAC NA

6. PfPSH1CM-R GTAAATATATGAACGTTTCTCCTGTACCTGTTGG NA

Italics was used to show primer sequences.
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Fig. 3. DNA Helicase activity assay. (A) Lanes 1-6 represent reactions with increasing concentration of PfPSH1C; (B) graphical
representation of data of A; (C) lanes 1-5 are reactions with increasing concentrations of PfPSH1CM: (D) lanes 1-5 helicase activity at
various time intervals with fixed concentration (100 nm) of PFPSH1CM,; (E) graphical representation of data of D; (F) helicase assay in the
presence of varying concentration of ATP with fixed concentration (100 nm) of PfPSH1C; (G) graphical representation of data of F; (H)
helicase activity of PfPSH1C (100 nm) in presence of different nucleotide triphosphates/deoxynucleotide triphosphates; (I) graphical
representation of data of H. In A, C, D, F, and H, lane C is control reaction without protein and B is boiled substrate. In G, E, and |, error bar
represents SD. Each experiment was repeated at least two to three times.

respectively, and Fig. 4D). The results show that described in the materials and methods section. The

PfPSHI1C can unwind both direction-specific substrates
in concentration- and time-dependent manner, indicat-
ing that PfPSHIC is a bipolar DNA helicase.

reaction was performed at two different PFPSH1C con-
centrations (300400 nm) at various time points (5—
20 min). PfPSHIC unwinds duplex RNA substrate

ranging from 45% to 53% at 300 and at 400 nM con-
centration within 20 min. These results suggest that
PfPSHIC is an RNA helicase also and unwinds RNA
substrate in concentration- and time-dependent man-
ner (Fig. SA, lanes 1-6 and Fig. 5B). The same

RNA helicase activity assay of PfPSH1C

In order to determine the RNA helicase activity of
PfPSHI1C, partially duplex RNA substrate was used as
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Fig. 4. Direction-specific helicase activity. (A) PfPSH1C helicase activity with the 5-3’ direction-specific substrate. Lanes 1-4 are reactions
with 200 nm of protein, and lanes 5-8 are reactions with 300 nm of protein, respectively, at various time points; (B) graphical representation
of data of A; (C) PfPSH1C helicase activity with the 3’5" direction-specific substrate. Lanes 1-4 are reactions with 200 nm of protein, and
lanes 5-8 are reactions with 300 nm of protein, respectively, at various time points; (D) graphical representation of data of C. In A and C,
lane C is control reaction without protein and B is boiled substrate. In B and D, error bar represents SD. Each experiment was repeated at
least two to three times.
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Each experiment was repeated at least two to three times.

experiment was also repeated with PFPSHICM, and it
did not show any significant unwinding of duplex
RNA substrate (Fig. 5C, lanes 1-6).

Localization of PfPSH1

To study the localization of PfPSH1 in the parasite at
different developmental stages of intraerythrocytic
asexual life cycle, IFA was done using antibodies gen-
erated against PfPSHIN. Fluorescent dye DAPI was
used to locate the nucleus, and fluorescent conjugated
antibodies (Alex Fluor 594) were used to locate the
PfPSHI1 inside the parasite. The confocal images were
taken using pre-immune sera and anti-PfPSHIN sera
with Alexa 594 dye-conjugated secondary antibody.
The results indicate that pre-immune sera do not stain
the parasite (Fig. 6A, panels i-iv; Fig. S2), whereas
anti-PfPSHIN antibodies show its localization in both
nucleus and cytoplasm. In early stages, PfPSHI is
located in both cytoplasm and nucleus; as such in
merozoite, it is present in the cytoplasm and partially
in the nucleus (Fig. 6B, panels i—v), and in case of ring
stage, it is present in the cytoplasm and very less in
the nucleus (Fig. 6C, panels i—v). In trophozoite stage,
it is majorly present in the cytoplasm (Fig. 6D,E, pan-
els i—v). In later developmental stages like schizont
stage, it is mostly located in the nucleus as compared

1918

to the cytoplasm (Fig. 6F,G, panels i-v). Pearson coef-
ficient [24] is mentioned of the colocalization for the
panels ii (Dapi) and iii (PfPSHI1) of all stages (Fig 6B—
E). To detect the PfPSH1 in the parasite, western blot
analysis was done. The mixed-stage parasite lysate was
probed with anti-PfPSHIN antibodies. The result indi-
cates that PfPSH1 is detectable by anti-PfPSHIN anti-
bodies and ~ 184 kDa endogenous PSH1 was detected
(Fig. 6H, lane 1).

Phosphorylation prediction and phosphorylation
studies of PfPSH1C with PKC

To predict phosphorylation sites in PfPSHIC, various
prediction softwares such as NetPhos 2.0, NetPhos3.1,
and GPS 3.0 (phosphorylation suite) were used [25-
28]. For the stringent prediction of phosphorylation
sites, selection of all the predicted sites was done with
very high scoring predictions. For NetPhos 2.0, cutoff
score of 0.9 was used in the selection of predicted sites;
for NetPhos 3.1, it was 0.5; and for GPS 3.0 software
predictions, a score of 9 or more than 9 was selected.
All the predicted sites for PfPSH1C and modified aa
residue with its position are shown (Fig. 7A-i). The
in silico analysis revealed that PfPSHIC contains
potential serine and threonine residues for PKC phos-
phorylation. The phosphorylation of PfPSHIC was
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performed using (y**P) ATP with PKC to investigate
the effect of phosphorylation on the biochemical activ-
ities of PfPSHIC. To study the phosphorylation by
PKC, three different concentrations of PfPSHIC were
used (50, 100, and 300 nm) and the negative control
reaction was performed using 300 nm protein concen-
tration without PKC. The reactions were done as
described in Materials and methods section. All the
reactions were run on the SDS/PAGE followed by
autoradiography with the help of Phosphorimager
scanner. The results indicate that 100 kDa PfPSHIC
protein was phosphorylated with PKC, and no phos-
phorylation was detected in case of negative control
(Fig. 7A-ii, lanes 1-3; Fig. S3A). To analyze the phos-
phorylation sites, the protein was eluted from SDS gel,
trypsinized, hydrolyzed with 6N HCI, and then sepa-
rated using TLC on Whatman paper (Fig. 7A-iii, lane
1). Standard phosphoserine and phosphothreonine
were also run in parallel to show separated P-serine
and P-threonine (Fig. 7A-iv, lanes 1-2; Fig. S3B). The
results suggest that PKC phosphorylated PfPSHIC at
serine and threonine residues. We have not demon-
strated the in vivo phosphorylation of any specific ser-
ine or threonine residues by PKC. Thus, it is not
possible to correlate any specific site of phosphoryla-
tion with a functional consequence.

ATPase and helicase activity assay of
phosphorylated PfPSH1C

To determine the effect of phosphorylation of
PfPSHIC on its biochemical activities, ATPase and
helicase assays were performed. PfPSHIC was phos-
phorylated (P-PfPSH1C) with the help of PKC enzyme
and cold ATP, and the reaction mixture was used for
ATPase and helicase assay. Similarly, unphosphory-
lated PfPSH1C was used as a negative control for the
assays. The ATPase assay was performed in the pres-
ence of DNA or RNA with P-PfPSHI1C and PfPSHIC
at two different concentrations (25 and 50 nm). The
results suggest that P-PfPSHIC shows increased
ATPase activity in the presence of DNA as compared
to PfPSHIC (Fig. 7B-i, lanes 1-2 and lanes 3-4,
respectively, and Fig. 7B—ii). Similarly, with RNA as
cofactor P-PfPSH1C showed increased activity as com-
pared to PfPSHI1C (Fig. 7B-iii, lanes 1-2 and lanes 3—
4, respectively, and Fig. 7B-iv). To study the effect of
phosphorylation on helicase activity, a similar experi-
ment was performed. The results revealed that P-
PfPSHI1C showed enhanced DNA helicase activity as
compared to PfPSH1C (Fig 7C—i lanes 1-2 and lanes
34, respectively, and Fig. 7C—i). For RNA helicase
assay, the concentration of protein was increased to 50

Characterization of Pf parasite specific helicase 1

and 100 nm and similar results were observed. P-
PfPSH1C has increased RNA helicase activity as com-
pared to PfPSHIC (Fig 7Ciii, lanes 1-2 and lanes 3—
4, respectively, and Fig. 7C—iv). The results show that
phosphorylation positively modulated the ATPase and
helicase activities of PfFPSHI1C.

Discussion

Helicases are a very fundamental component of the
cell’s biological networks and pathways, and they are
encoded by a significantly large part of the eukaryotic
genome. These findings suggest that helicases are cru-
cial proteins and their characterization is important to
understand the biological functions [29,30]. Previously,
we have reported the biochemical and functional char-
acterization of few PSH such as PfUvrD, PfPSH3, and
PfPSH2, which are not present in the human host
[19,20,31,32].

In this study, we are reporting the biochemical char-
acterization of the parasite P. falciparum 3D7-specific
helicase 1, that is, PFPSH1. It is only present in Plasmod-
ium species and in one other apicomplexan that is Thei-
leria species. It contains all the evolutionary conserved
signature motifs, and on the basis of motif IT (DEFD),
it belongs to the DExD family of DEAD-box superfam-
ily 2 helicases. It shows both DNA- and RNA-depen-
dent ATPase activities and also exhibits both DNA and
RNA unwinding activities. It can unwind DNA in both
the 3/-5" and 5'-3’ directions. Its dual and bipolar heli-
case activities are similar to other previously character-
ized helicases present in P. falciparum such as PfDHG60,
PfH45, and PfPSH2 [20,33,34]. PfPSH1 shows similar
activities to PfPSH2 as both are dual and bipolar heli-
cases. Despite similar activities, the size of the two heli-
cases is very different; PfPSHI is larger in size (1534 aa),
whereas PfPSH2 is only 880 aa that is roughly half of
PfPSHI1. The mutation studies done on the motif I
(GTGKT) of both the proteins suggest that their
mutants did not show significant biochemical activities.
PfPSH1CM shows loss in ATPase activity, and simi-
larly, helicase activity of the mutant was also abrogated.
PfPSHI1 is unique in requirement of nucleotide triphos-
phate when compared to other PSHs (PfPSH2 and
PfPSH3); it prefers CTP more than UTP and ATP to
unwind DNA, whereas PfPSH2 and PfPSH3 prefer only
ATP [19,20]. Despite having similar core and signature
motifs various helicases behave differently, previous
reports suggest that PfWrn prefers GTP than ATP to
unwind DNA and PfUvrD has no preference, and it can
unwind well with all four NTPs [32,35]. The similarities
and differences among the PSH from the P. falciparum
3D7 strain are summarized in Table 2.
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Fig. 6. Localization of PfPSH1 in different intraerythrocytic stages of Plasmodium falciparum. (A) Staining with pre-immune sera (i) phase-
contrast (TD) image; (ii) image of cell stained with DAPI (blue); (iii) pre-immune sera; (iv) DAPI + pre-immune sera; (v) all merged. (B-F)
Staining with anti-PSH1 sera (B) merozoite stage, (C) ring stage, (D and E) trophozoite stage, (F) schizont stage, (G) mature schizont stage (i)
phase-contrast (TD) image; (i) DAPI-stained cells (blue); (iii) immunofluorescent stained cell Alexa 594 (PSH1); (iv) merged image of panel ii
and iii; (v) merged image of panel i-iv; in B-E, last panel shows Person’s coefficient of (ii) and (iii). (H) Parasite lysate western of PfPSH1;
lane 1 mixed-stage parasite lysate probed with PfPSH1N antibody and lane M is the protein molecular weight marker. In A-G, red scale bar

indicates the size 5 micrometers.

Post-translational modifications play an important
role in diversifying the biological functions of the pro-
tein. Phosphorylation is one of the important modifi-
cations, and it can be transient and reversible, which
works as a switch for the protein to change its biologi-
cal function. It has been reported that phosphorylation
can activate and inhibit the activity of the protein, and
in case of MCM 4,6,7, their helicase activity is inhib-
ited when they are phosphorylated by cyclin A [36]. In
case of human BLM helicase, phosphorylation is very
important for its proper function during cell cycle reg-
ulation [37]. There are reports from P. falciparum heli-
cases that in vitro phosphorylation stimulates their
biochemical activities. ATPase and helicase activities
of PFDH60 were increased when it was phosphorylated
with PKC [38]. Similarly, when PfPSH1 was phospho-
rylated with PKC, it showed enhanced ATPase activity
in the presence of both DNA and RNA. Its DNA and
RNA helicase activities were also stimulated after
phosphorylation, which shows phosphorylation can
regulate PfPSH1’s biochemical activities in vitro.

The bioinformatics-based analysis shows that the
sequence of PfPSHI contains no detectable nuclear
localization signal. The subcellular localization of
PfPSH1 was studied with the help of immunofluo-
rescence microscopy, and it is majorly present in
the cytoplasm and partially in the nucleus of the
parasite in all the intraerythrocytic developmental
stages. It has been previously reported that
PfPSH2 and PfPSH3 are localized in both nucleus
and cytoplasm in intraerythrocytic developmental
stages [19,20].

The bipolar and dual nature of unwinding of
PfPSH1 and its nucleocytoplasmic localization in
intraerythrocytic developmental stages suggest that it
is a multifunctional protein involved in a variety of
cellular processes in the parasite. The characterization
of biochemical activities of PfPSH1 and the effect of
phosphorylation on its ATPase and helicase activity
will help to understand the role of PfPSHI in the par-
asite. The phosphorylation of PfPSHI might be
required for its in vivo function or interaction with
other proteins. This study paves the path for the fur-
ther elucidation of in vivo functions of PfPSHI.

Materials and methods

In silico analysis

The nucleotide and aa sequences of the PfPSHI
(PF3D7_0103600) were retrieved from PlasmodB (release
39) database. The aa sequence was used to generate a sche-
matic diagram for PfPSHI1 using Prosite (http://prosite.e
xpasy.org/prosite.html) [20]. In order to obtain orthologues
of PfPSH1 in other apicomplexans and eukaryotes
orthoMCL (http://orthomcl.org/orthomcl/) [21], database
was used and multiple sequence alignment was done using
Clustal Omega software (http://www.ebi.ac.uk/Tools/msa/c
lustalo/) [39,40].

Parasite blood-stage culture

For the maintenance of parasite (P. falciparum 3D7 strain)
culture in vitro in human RBCs, O+ packed human ery-
throcytes (4% hematocrit) in complete RPMI media (1640)
(Invitrogen, Carlsbad, CA, USA) were used [41]. For the
synchronization of parasite stages, 5% sorbitol was used to
lyse the parasite at stages other than rings [42].

Cloning of PfPSH1

The size of PfPSHI is 4066 base pairs without introns, and
for antibodies generation, a small N-terminal fragment
(PfPSHIN) of 176 aa (32-208 aa) was cloned using gene-
specific primers (Table 1) and genomic DNA as template.
The C-terminal fragment (PfPSHIC) of 2643 base pairs
containing all the catalytic domains was cloned using
cDNA as template with gene-specific primers (Table 1).
Both PfPSHIN and PfPSHIC were PCR-amplified and
cloned first into cloning vector pJET 1.2 and then trans-
ferred to expression vector pET28a. Both the clones were
sequenced, and their sequences were submitted to NCBI
GenBank. The accession numbers for PfPSHIN and
PfPSHI1C are KX355626 and KX355627, respectively.

Site-directed mutagenesis

In order to obtain mutant PfPSH1 at the signature motif I
(GTGK/ET), SDM was used. The conserved lysine (K)
residue was substituted by glutamic acid (E) at position 782
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Fig. 7. Phosphorylation assay. (A) (i) Prediction of phosphorylation sites present in PfPSH1C utilizing various online available softwares; (ii)
SDS/PAGE analysis of phosphorylated PfPSH1C with PKC, lanes 1-3 increasing concentration of PfPSH1C (50-300 nm) and lane C denotes
control reaction without PKC using fixed concentration (300 nm) of PfPSH1C; (i) phospho-aa analysis, TLC separation of phosphoserine and
phosphothreonine of phosphorylated PfPSH1C protein, lane 1 is spotted aa lane; (iv) Lane 1, standard phosphoserine and lane 2, standard
phosphothreonine; (B) ATPase assay, lanes 1-2 increasing concentration of phosphorylated PfPSH1C and lanes 3-4 increasing concentration

of PfPSH1C in the presence of DNA (i) and RNA (iii). In B, (i) and (ii) lane C represents control without protein. (i and iv) Graphical
representation of data of i and iii, respectively; (C) helicase assay (i) DNA helicase assay, lanes 1-2 increasing concentration of
phosphorylated PfPSH1C and lanes 3-4 increasing concentration of PfPSH1C. (ii) Graphical representation of data of (i); (ii) RNA helicase

assay; lanes 1-2 increasing concentration of phosphorylated PfPSH1C and lane 3-4 increasing concentration of PfPSH1C. In i and iii, lane C
is control and B is boiled substrate; (i and iv) graphical representation of data of i and iii, respectively. In B and C, error bar represents SD.

Each experiment was repeated at least two to three times.

(K782E). For the generation of substitution mutation,
Stratagene lightening change SDM kit from Agilent Tech-
nologies (Santa Clara, CA, USA) was used according to
the manufacturer’s protocol. The template for SDM reac-
tion of PfPSH1 was PfPSH1C-pET28a clone.

The accession number of PFPSHICM is MK404229.

Expression and purification of recombinant
proteins

To obtain recombinant PfPSH1C, PfPSH1C-pET28a clone
was transformed in SHuffle T7 competent E. coli cells from
New England Biolabs (Ipswich, MA, USA). For overex-
pression, PfPSHIC primary culture was incubated over-
night and secondary culture was inoculated with 4% of
overnight grown primary inoculum. For the induction, sec-
ondary culture was grown up to 0.8 OD at 37 °C; then,
1.5 mm IPTG was added to induce the culture that was fur-
ther allowed to grow at 16 °C for 24 h in terrific broth sup-
plemented with 50 pg-ml~' kanamycin sulfate.

The secondary culture was harvested by centrifugation at
(2151 g) for 20 min, and then, sonication was performed to
lyse the bacterial cells. The buffer (50 mm Tris/HCI, 500 mm
NaCl, 0.05% Tween-20, 0.1% Triton X-100, and 0.5%
CHAPS) and the protease inhibitor cocktail from Roche
(Sigma, St. Louis, MO, USA) were used for sonicating the
lysate. After sonication, lysate was centrifuged at (10 621 g)
for 45 min and the supernatant was collected in fresh cen-
trifuge tube. The supernatant was then incubated with Ni-
NTA agarose beads (Qiagen GmbH, Hilden, Germany) for

Table 2. Comparison of PSH of Plasmodium falciparum.

binding overnight at 4 °C. The recombinant His-tagged pro-
tein was eluted with varying concentration of imidazole (50—
200 mm) in chilled elution buffer [50 mm Tris/HCI pH 8,
500 mm NaCl, 10% (v/v) glycerol, and protease inhibitor
cocktail]. After Ni-NTA purification, SDS/PAGE was per-
formed to identify most homogenous eluted fraction followed
by western blot analysis. Anti-His-tagged antibodies conju-
gated with horseradish peroxidase (Sigma) were used for
detection after western blotting. The purification of PfPSHIN
and PfPSHICM was done using similar procedure.

Ethics statement

The animal studies described in this study were approved
by the ICGEB Institutional Animal Ethics Committee
(IAEC Reference No. 53-3). ICGEB is licensed to conduct
animal studies for research purposes under the registration
number 18/1999/CPCSEA (dated 10/1/99). This is to fur-
ther state that all experiments were performed in accor-
dance with relevant guidelines and regulations.

Polyclonal antibody generation against PfPSH1N
protein

For the generation of polyclonal sera in the BALB/c mice,
the PfPSHIN protein was used, and to increase its anti-
genicity, it was mixed in equal ratio of 1 : 1 with Freund’s
complete adjuvant. 50 ug of PfPSHIN with Freund’s com-
plete adjuvant was injected in mice for primary immuniza-
tion. The booster dose was injected with incomplete

S. No. Features PfPSH1 PfPSH2 PfPSH3

1. PlasmoDb Id Pf3D7_0103600 Pf3D7_1202000 Pf3D7_0807100

2. Transcript size (base pairs) 4605 2643 3966

3. Number of aa (size of protein) 1534 (~ 184 kDa) 880 (~ 100 kDa) 1321 (~ 157 kDa)

4. Cellular localization Nucleocytoplasmic Nucleocytoplasmic Nucleocytoplasmic

5. Biochemical activity ATPase DNA/RNA dependent DNA/RNA dependent DNA dependent
Helicase DNA and RNA DNA and RNA DNA

6. Direction specificity Bipolar Bipolar 35

7. Nucleoside triphosphate (NTP) requirement UTP, CTP and ATP ATP and UTP ATP
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adjuvant. The blood was taken every week after the booster
immunization, and the titer of sera against PfPSHIN was
checked using ELISA.

ATPase assay

To analyze the ATPase activity, the release of inorganic phos-
phate (Pi) from [y-**P] ATP by the action of PfPSHIC was
measured. To perform standard ATPase assay reaction, puri-
fied PfPSHI1C protein was used and the buffer used for the
assay contains 20 mm Tris/HCI, pH 8.0, 8 mm DTT, 1.0 mm
MgCl,, 20 mm KCI, 16 pg-ml~' BSA, and 50 ng of M13
mpl9 ssDNA. A mixture of 1 pL [y-Pl-labeled ATP
(~ 17 nm) and 1 mm cold ATP was added later to the reac-
tion. The reaction was incubated for 1 h at 37 °C, and the
reaction was quenched on ice. One microlitre of the quenched
reaction was spotted on TLC plate (Sigma), and the hydro-
lyzed Pi was separated on TLC using TLC buffer (0.5 m LiCl
and 1 M formic acid). The TLC plate was exposed to the phos-
phoimager film and then scanned on a phosphoimager, and
the raw files were converted to TIFF images and processed
using IMAGEJ software (NIH, Bethesda, MD, USA).

Preparation of DNA helicase substrate and
direction-specific substrates

To analyze the ability of PfPSHI1 to unwind DNA duplex,
the standard strand displacement assay using the partially
duplex substrate was used. For partially duplex substrate,
the oligo was synthesized which contained 15 base pairs of
the noncomplementary region (T);s at both the 5 and 3’
ends 5-(T);sGTTTTCCCAGTCACGAC(T);5-3'. T4
polynucleotide kinase (PNK) (5U) (New England Biolabs)
and 1.85 MBq of [y->*P] ATP (specific activity 222
TBq-mmol ") were used to label the oligo at 5 primes end,
and the reaction was incubated for 90 min at 37 °C. This
labeled oligo was annealed with 0.5 pg of single-stranded
circular M13mpl19 (+) phage DNA using standard anneal-
ing buffer (20 mm Tris/HCl, pH 7.5, 10 mm MgCl,,
100 mm NaCl, 1 mm DTT) by heating the mixture at 95 °C
for 1 min and then allowed to cool slowly to room temper-
ature. To remove nonhybridized oligos, Sepharose 4B col-
umn (Pharmacia, Stockholm, Sweden) was used. The eluted
fractions of the substrate were checked on a nondenaturing
12% PAGE by electrophoresis, and then, purified fractions
were stored and used for helicase assay.

The synthesized oligodeoxynucleotide 32-mer (5'-
TTCGAGCTCGGTACCCGGGGATCCTCTAGAGT-3)
was used for the preparation of the 5 to 3’ direction-speci-
fic substrate. It was first annealed to M13mpl19 ssDNA,
and then, its labeling at the 3’-OH end was done with 50
pCurie (a-*?P) dCTP and 5 units of DNA polymerase I
(large fragment) at 23 °C for 40 min. After labeling,
annealed substrate was digested with Smal enzyme and
purified as described above. For the preparation of 3/-5

M. Chauhan et al.

direction-specific substrate, first 5'-end labeling of 32-mer
oligodeoxynucleotide was done, and then, it was annealed
with M13mp19 ssDNA. Then, labeled and annealed sub-
strate was digested with Smal and purified by gel filtration
with the help of Sepharose 4B.

Preparation of RNA helicase substrate

For the preparation of substrate used in RNA helicase
assay 13-mer (5-AUAGCCUCAACCG-3') and 39-mer (5'-
GGGAGAAAUCACUCGGUUGAGGCUAUCCGUAAA
GCACGC-3), RNA oligonucleotides were synthesized
from Sigma-Aldrich. The partially duplex RNA substrate
was designed in such a way that 13-mer labeled RNA oligo
was complimentary to the center of 39-mer RNA oligo.
This substrate contains exactly 13-mer flanking region on
both the sides of the duplex. The 13-mer RNA was labeled
at 5'-end using 1.85 MBq of [y-P] ATP and T4 PNK
(5U) (New England Biolabs). The reaction was incubated
at 37 °C for 90 min to label 13-mer RNA efficiently, and
then, the labeled 13-mer was annealed with 500 ng of 39-
mer oligo by standard annealing procedure. The annealed
13-/39-mer RNA substrate was purified using Sepharose 4B
column. The fractions were checked on 15% TBE PAGE
and used for RNA helicase assay.

DNA and RNA helicase assay

To measure the unwinding activity of helicases, the radiola-
beled partially duplex substrate was used. The reaction
mixture for helicase assay contained purified protein, heli-
case buffer [20 mm Tris/HCI (pH 8.0), 8 mm DTT, 1.0 mm
MgCl,, 1.0 mm ATP, 10 mm KCI, 4% (w/v) sucrose,
80 pg-ml~! BSA], and **P-labeled helicase substrate (DNA
or RNA). The mixture was incubated at 37 °C for 60 min
for DNA helicase assay and for 20 min for RNA helicase
assay. To stop the reaction, the helicase dye containing
0.3% SDS, 10 mm EDTA, 10% Ficoll, and 0.03% bro-
mophenol blue was used. The reaction mixture was run on
12% PAGE for DNA helicase assay and 15% PAGE for
RNA helicase assay to separate unwound substrate. To
visualize the unwound DNA or RNA substrate, the gel was
exposed to the Phosphoimager film and then scanned on
Phosphorimager scanner.

Immunofluorescence assay

To identify the cellular localization of PfPSH1, thin smears
of parasite at different intraerythrocytic developmental
stages were prepared on a glass slide. Few slides were
stained with Giemsa dye and visualize under a microscope
to identify the developmental stage of parasite. Different
developmental stages show distinct morphology when visu-
alized under a microscope. The ring stage can be identified
by the presence of a ring-like circular nucleus in the
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parasite. The parasite at trophozoite stage shows irregular
morphology of the nucleus with the dark pigmented hemo-
zoin. The schizont stage of the parasite can be identified by
the presence of multinucleated merozoites. The smears of
all three developmental stages of parasite were fixed using
the prechilled methanol for 20 min at —80 °C. The block-
ing was done using 4% BSA in PBS (I1x) in a humid cham-
ber at 37 °C for 2 h. The slides were washed with PBS and
incubated with anti-PfPSHI1N antibodies (raised in mice) at
1: 50 dilution in PBS containing 3% BSA for 2 h at
37 °C. The slides were washed two times with PBST (PBS,
0.5% Tween 20) and once with PBS for 5 min each to
remove the unbound antibodies. Slides were then incubated
for 1 h at 37 °C with secondary antibody Alexa-conjugated
anti-mouse IgG (Alexa 594) diluted 1 : 500 in PBS contain-
ing 3% BSA. Confocal images were captured using a Bio-
Rad (Hercules, CA, USA) 2100 laser-scanning microscope
attached to a Nikon TE-2000U microscope, and for the
preparation of NIS elements, Advance research software
package was used (NIKON, Minato, Tokyo, Japan).

Phosphorylation assay

To phosphorylate PFPSHI1C, PKC (Promega, Madison, WI,
USA) was used according to manufacturer’s protocol. The
phosphorylation reaction mixture contained three different
concentrations (50, 100, and 300 nm) of PfPSHIC, 10 ng
PKC, and PKC buffer [20 mm HEPES buffer, 2 mm CaCl,,
10 mm MgCl,, and 10 nCi [y->*P] ATP or ATP (I pm)], and
reaction was incubated for 23 min at 37 °C. The phosphory-
lated PfPSHIC was then run on SDS/PAGE gel to check
for phosphorylation by autoradiography. The protein was
eluted from the SDS gel and digested with 1 pg trypsin
overnight. The trypsin digested protein was then hydrolyzed
with 6N HCI for 2 h in boiling water bath [43]. Hydrolyzed
protein was then concentrated and spotted on 3MM What-
man paper and run with solvent for TLC. The solvent used
for chromatography was propionic acid, 1 m NH4,OH, and
isopropyl alcohol in the ratio of 45 : 17.5: 17.5, v/v. The
chromatogram was dried, stained with ninhydrin solution
(0.3%), and exposed for autoradiography. The similar pro-
cedure for phospho-aa analysis was also used by the other
groups where they hydrolyzed the phosphorylated protein
into aa and separated the phosphorylated serine and thre-
onine using TLC [44,45]. To perform ATPase and helicase
assays with the phosphorylated PfPSHIC, the reaction mix-
ture containing 10 ng PKC, buffer containing 1 um cold
ATP, and purified protein was used.
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Fig. S1. Uncropped SDS gel and western blot. SDS
gel image of PfPSHIN (lane 1 and 2) and PfPSHICM
(lane 3); B. SDS gel image of PfPSHIC (lane 1) and
PfPSHICM (lane 2); C. Western blot analysis for
PfPSHIC (lane 1) and PfPSHICM (lane 2).

Fig. S2. Panels i-iv Immuno fluorescent microscopy
full field view of parasite stained with pre-immune
sera. In panel i-iv scale (red line) denotes 5 micro
meters.

Fig. S3. A. Uncropped autoradiogram image of phos-
phorylated PfPSHIC with PKC; B. TLC of Phospho-
amino acid analysis of standard phospho serine (lane
1) and standard phospho threonine (lane 2).
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