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A B S T R A C T   

Malaria is one of the major global health concerns still prevailing in this 21st century. Even the effect of arte-
misinin combination therapies (ACT) have declined and causing more mortality across the globe. Therefore, it is 
important to understand the basic biology of malaria parasite in order to find novel drug targets. Helicases play 
important role in nucleic acid metabolism and are components of cellular machinery in various organisms. In this 
manuscript we have performed the biochemical characterization of homologue of DDX17 from Plasmodium 
falciparum (PfDDX17). Our results show that PfDDX17 is an active RNA helicase and uses mostly ATP for its 
function. The qRT-PCR experiment results suggest that PfDDX17 is highly expressed in the trophozoite stage and 
it is localised mainly in the cytoplasm and in infected RBC (iRBC) membrane mostly in the trophozoite stage. The 
dsRNA knockdown study suggests that PfDDX17 is important for cell cycle progression. These studies report the 
biochemical functions of PfDDX17 helicase and further augment the fundamental knowledge about helicase 
families of P. falciparum.   

1. Introduction 

Malaria, an infectious disease, caused by the Plasmodium parasite is 
responsible for infecting millions across the globe even in the 21st 
century [1]. Five species of Plasmodium are known to cause malaria, 
P. malariae, P. ovale, P. vivax, P. falciparum, and P. knowlesi, among 
which P. falciparum has the most deleterious effect on human body [2]. 
The world malaria cases are almost same in 2016 and 2017 [3,4]. Now a 
days, Plasmodium falciparum has developed resistance to the artemisinin 
even when combined with other drugs like lumefantine, amodiaquine, 
piperaquine, sulfadoxine-pyrimethamine and mefloquine [5]. So, with 
the increasing threat of P. falciparum resistant strains, there is an im-
mediate need to understand the basic biology of the parasite and find 
alternate drug targets. 

Helicases are motor proteins having the ability to unwind the DNA or 
dsRNA into single strand by deriving energy from ATP hydrolysis [6]. 
Depending on the substrate, they can be classified as DNA or RNA hel-
icases. On the basis of the conserved motifs, helicases are divided into six 
super families (SF1-SF6) [7]. Large number of RNA helicases are clas-
sified under SF2 which is further subdivided into three subfamilies as 

DEAD, DEAH and DExD/H box proteins hence making the SF2 as the 
largest superfamily. Furthermore, DEAD box helicases are sub cat-
egorised into groups like eIF4A, Has1, Rrp3 and Ded1 [8]. Recently, 
proteome analysis of P. falciparum showed that helicases, mainly 
DEAD-box proteins, can be promising anti-malarial drug targets [9]. 

Genome wide in-silico studies reported that there are seven members 
of Ded1 family of helicases in P. falciparum [8]. One of the members of 
Ded1 family known as PfDH60 (homologue of DDX5 or p68) has been 
characterised and reported to exhibit both DNA and RNA helicase ac-
tivity. In case of DNA it is bipolar i.e., it exhibited unwinding in both 5′

to 3′ direction and 3′ to 5’ direction [10]. Also, the DNA helicase and 
ATPase activities are stimulated after phosphorylation of PfDH60 by 
PKC and it may be involved in DNA replication pathway in P. falciparum 
[10]. PfDH60 homologue in human named as DDX5 (Dead-box 5)/p68 
shows only RNA helicase activity [11] and PKC phosphorylation inhibits 
ATPase and helicase activity [12]. Here we have reported detailed study 
on one of the members of Ded1 family from P. falciparum named DDX17 
(PfDDX17) (PF3D7_1445900) which is a homologue of human DDX17 
(p72) and Dbp2p from Saccharomyces cerevisiae [13,14]. The purified 
recombinant PfDDX17 shows DNA and RNA dependent ATPase activity 
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and it exhibits only RNA helicase activity. The results further show that 
for RNA helicase activity, PfDDX17 prefers mostly ATP for its function. 
The qRT-PCR results suggest that PfDDX17 is highly expressed in the 
trophozoite stage of intraerythrocytic development of parasite. The 
immunofluorescence studies revealed that PfDDX17 is localised mainly 
in the cytoplasm and on iRBC membrane mostly in the trophozoite stage. 
The dsRNA knockdown study suggests that PfDDX17 is most likely 
involved in cell cycle progression in the parasite. 

2. Materials and methods 

2.1. In silico analysis, structure modelling and docking 

The amino acid sequence of PfDDX17 (PF3D7_ 1445900) was 
retrieved from the PlasmoDB v (9.2) (https://www.plasmodb.org) [15] 
and schematic diagram for its domains was predicted by using Scan-
Prosite (http://prosite.expasy.org/prosite.html) [16]. The homologs 
were searched by NCBI blast using BLOSUM 62 and used for multiple 
sequence alignment using Clustal omega (https://www.ebi.ac.uk/ 
Tools/msa/clustalo/) [17]. The orthologs of PfDDX17 were retrieved 
by ORTHOMCL-DB (ID: OG6_100364) (https://orthomcl.org/orthom 
cl/app) [18] and subjected to phylogenetic analysis using MEGAX [19]. 

For structure modelling, template exhibiting 84% query coverage 
and 54.73% identity used was 6UV0, ATP dependent RNA helicase of 
Homo sapiens [20]. The homology model was developed using PRIME 
with 6UV0 as template and loop refinement as suggested by Schrodinger 
[21]. The modelled structure was then subjected to molecular dynamics 
simulation of 10 ns for further validation using Desmond [22]. The 
Ramachandran plot was generated using RAMPAGE (http://mordred. 
bioc.cam.ac.uk/~rapper/rampage.php). The ADP was docked with 
PfDDX17 using FLARE version 3.0 [23]. The 13/39 RNA duplex was 
prepared using online server SimRNAweb (https://genesilico.pl/S 
imRNAweb/), a method for RNA 3D structure modelling [24]. Protein 
docking of complex PfDDX17-ADP with duplex 13/39 RNA was done 
using PIPER [25]. 

2.2. Cloning of PfDDX17 gene and protein expression 

PfDDX17 gene has one intron of 1297 bp so, cDNA was used to 
amplify the gene using the forward and reverse primer, PfDDX17F 
(BamHI site at the 5′ end) and PfDDX17R (XhoI site at the 3’ end) 
(Supplementary table 1). The amplified PCR product was ligated in the 
cloning vector pJET 1.2 (Thermofischer Scientific Inc., USA) and 
transformed into DH10β E. coli cells. The gene was then transferred in to 
expression vector pET28a+. The gene PfDDX17 in pET28a+ was 
sequenced (Macrogen, Seoul, Korea) and sequence was submitted to 
NCBI database and GenBank accession number is MG879020. 

The sequenced PfDDX17-pET28a + clone was transformed in BL21 
(DE3) expression competent cells strain of E. coli for protein production. 
2% of the overnight incubated primary culture was used for the sec-
ondary culture in Luria-Bertani media (Difco) with 0.1% chloram-
phenicol, 0.1% kanamycin and 3% ethyl alcohol. The secondary culture 
was grown till the OD reached to 0.8 at 37 ◦C then 1 mM IPTG was added 
for the protein induction and the culture was incubated at 16 ◦C for 18 h. 
For the suspension and maximum sonication of the culture pellet, lysis 
buffer of pH 7.5 (50 mM Tris-HCl, 500 mM NaCl, 0.05% Tween 20, 0.1% 
Triton X100 and 1 mM PMSF) was used followed by centrifugation at 
10000 RPM at 4 ◦C for 30 min. The supernatant was allowed to bind 
with Ni-NTA (Qiagen, Germany) in a column equilibrated with the 
binding buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl and 20 mM 
imidazole) at 4 ◦C for 2 h in the presence of 20 mM imidazole to prevent 
non-specific binding. The column was washed with 200 ml of wash 
buffer (50 mM Tris pH 7.5, 200 mM NaCl and 50 mM imidazole) to 
remove impurities. The protein was eluted using different concentration 
of imidazole in cold elution buffer (50 mM Tris-HCl pH 7.5 and 200 mM 
NaCl). SDS-PAGE and Western blot analysis were done to check the 

purity of the recombinant PfDDX17. Western blot was done using His- 
tagged antibody conjugated with horse radish peroxidase (Sigma 
Aldrich, USA). 

2.3. ATPase assay 

The γ-32P ATP was used for the detection of ATPase activity by 
measuring the release of free Pi. The purified protein was mixed with 
ATPase buffer (20 mM Tris–HCl, pH 8.0, 8 mM DTT, 1.0 mM MgCl2, 20 
mM KCl, and 16 μg/ml BSA) and mixture of ~17 nM of γ-32P ATP and 1 
mM of non-radioactive ATP and the reaction mixture was incubated at 
37 ◦C for 1 h. For the DNA dependent and RNA dependent ATPase ac-
tivity assay, 50 ng of M13mp19 ssDNA or 50 ng of RNA (RNA from P. 
falciparum trophozoite stage) were added to the above reaction. After an 
hour of incubation, the reaction was stopped by placing the eppendorf 
tube on ice and then 1 μl of the reaction mixture was loaded on the TLC 
membrane (Millipore, Germany). The hydrolysed Pi was separated by 
using the TLC buffer and then air-dried TLC membrane was exposed 
overnight to phosphor screen and scanned with phosphor imager. The 
graphical quantification was done using Image J software (http:// 
rsbweb.nih.gov/ij/) [26]. Each experiment was done in duplicate. 

2.4. Helicase substrate and helicase assays 

DNA and RNA helicase substrates were prepared by using previously 
described methods [27,28]. The DNA and RNA sequences used for 
substrate preparation are given in the supplementary table no.2. For the 
DNA helicase assay, the total reaction volume of 10 μl contained purified 
recombinant protein, helicase buffer (20 mM Tris–HCl (pH 8.0), 8 mM 
DTT, 1.0 mM MgCl2, 1.0 mM ATP, 10 mM KCl, 4% (w/v) sucrose, 80 
μg/ml BSA) and γ-32P labelled DNA substrate (1000 cpm/10 μl). The 
reaction mixture was incubated at 37 ◦C for 1 h and then the reaction 
was stopped by using the helicase dye (0.3% SDS, 10 mM EDTA, 10% 
Ficoll and 0.03% bromophenol blue). The mixture was then loaded and 
electrophoresed on 12% TBE gel for the separation of unwound ss and ds 
DNA. The gel was transferred for autoradiography and quantification 
was done using ImageJ software. The same method was used for RNA 
helicase assay by using RNA substrate in the place of DNA substrate. 
Each experiment was done in duplicate. 

2.5. Immuno-fluorescence assay 

To analyse the localization of the PfDDX17, thin smears of different 
blood stages of parasites were made and fixed using cold methanol at 
− 80 ◦C for 15 min. The slides were then blocked using 3% bovine serum 
albumin (BSA) in 1X phosphate buffer saline (PBS) at 4 ◦C overnight. 
The slides were then washed in 1X PBS three times and allowed to bind 
with anti-PfDDX17 antibodies (developed in rabbit) at 1:250 dilutions in 
1X PBS for 2 h at room temperature. After the incubation, the slides were 
washed three times with PBST (1XPBS with 0.5% Tween 20) and two 
times with 1X PBS (5 min each) to remove the non-specific binding. 
After washing the slides were incubated with secondary antibody and 
Alexa 488 (Goat anti-rabbit IgG secondary antibody) (Thermo Fisher 
Scientific) in 1:500 dilution (in 1X PBS) for 1 h at room temperature. At 
the end, slides were washed three times with PBST and two times with 
1X PBS and mounted with 4,6-diamidino-2- phenylindole (DAPI) (Life 
Technologies, CA, USA). The prepared slides were visualised under Bio- 
Rad 2100 laser-scanning microscope attached to a Nikon TE 2000U 
microscope. 

2.6. Synthesis of cDNA and quantitative RT-PCR 

Synchronised culture was used to isolate RNA from three stages 
(ring, trophozoite and schizont) of P. falciparum 3D7 strain by using the 
RNeasy mini kit (Qiagen, Germany). The total RNA isolated was then 
used to synthesize cDNA by using the cDNA synthesis kit (Invitrogen, 
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USA). The cDNA prepared was then used for the Quantitative Real-Time 
PCR by using Fast SYBR Green qPCR master mix (Applied Biosystems, 
Life science Technology) and two pair of primer set for the detection of 
PfDDX17 (PfDDX17RTF and PfDDX17RTR) and 18s rRNA (18SF and 
18SR) (primer no. 3,4,5 and 6 in supplementary table no. 1). Real time 
data analysis was done by comparing the PfDDX17 expression level with 
18sRNA housekeeping gene level by ΔΔ Ct method. Experiment was 
repeated three times. 

2.7. dsRNA mediated parasite growth study 

Synchronised parasite culture with 2% haematocrit and ~1% para-
sitemia were used for study. The synchronised parasite culture was 
diluted in RPMI medium and 20 μg of dsRNA was added to the diluted 
culture and mixture was aliquoted in 96-well plates and incubated at 
37 ◦C. The slides were prepared with 24 h gap up to 96 h (4 time points) 
and stained with Giemsa for the parasitemia counting and also smeared 
slides were used for immunofluorescence microscopy using anti- 
PfDDX17 antibody along with DAPI. The experiment was repeated 
three times. 

3. Results 

3.1. In-silico analysis 

PfDDX17 is homologous to DDX17 (human) and Dbp2p (yeast), 
respectively [8]. The gene is 2881 base pairs, which includes a stretch of 
an intron of 1297 base pairs, and codes for a protein of ~60 kDa con-
sisting of an ATPase domain and a helicase domain. The N-terminal 
has141 amino acids, the core region 312 amino acids constituting the 
ATPase domain and helicase domain, and the C-terminal has 74 amino 
acids. The multiple sequence alignment analysis of PfDDX17 with 
H. sapiens DDX17 and S. cerevisiae Dbp2p showed that PfDDX17 shares 
five most conserved motifs i.e., Q-motif, I, Ia, II and III with both the 
species. Interestingly, the core region contains 312 amino acids in 
P. falciparum, H. sapiens and S. cerevisiae (Supplementary Fig. 1). The 
diagrammatic representation of the motifs with their representative 
amino acids are also shown (Supplementary Fig. 2A). The PfDDX17 and 
the orthologous sequences from various Plasmodium species were sub-
jected to MEGAX for phylogenetic analysis. The phylogenetic analysis 
revealed that within the Plasmodium genus, species P. reichenowi and 
P. relictum clustered together with the PfDDX17 exhibiting its more 
closeness with the two species, however the second cluster was formed 
among the species P. knowlesi and P. vivax. The third cluster consisted of 
Plasmodium species viz., P. yoelii and P. berghei along with the 
S. cerevisiae and H. sapiens, though the P. malariae and P. ovale always 
clustered separately (Supplementary Fig. 2B). 

3.2. Purification of recombinant PfDDX17 

The protein expression was done in BL21 (DE3) E. coli cells at 16 ◦C 
for 18 h. The purification was done by using Ni-NTA affinity chroma-
tography and purity was checked by SDS PAGE analysis (Fig. 1A, lanes 
1–4). The confirmation of the recombinant protein was done by Western 
blot analysis using anti-His monoclonal antibody (Fig. 1B, lanes 1 and 2) 
(Supplementary Fig. 3A and B). The pure fractions were stored at − 80 ◦C 
and were used for different experiments and generation of polyclonal 
antibodies in rabbit. 

3.3. ATPase assay 

ATPase activity in case of DNA as the cofactor is quite low showing 
~4% hydrolysis when the concentration of protein is 10 nM and grad-
ually increases up to ~30% hydrolysis when 100 nM of protein was used 
(Fig. 1C, lanes 1–5 and Fig. 1D). With RNA as the cofactor, PfDDX17 
shows ~20% hydrolysis in 10 nM protein and it linearly increases and 

saturates at ~45% hydrolysis at 100 nM of protein (Fig. 1C, lanes 6–10 
and Fig. 1D). For time dependent ATPase activity 20 nM of PfDDX17 was 
used. In case of DNA, it showed ~5% ATP hydrolysis in 10 min and 
maximum hydrolysis of ~21% in 40 min (Fig. 1E, lanes 1–5 and Fig. 1F). 
When RNA was used as cofactor, PfDDX17 showed ~14% hydrolysis at 
10 min and ~27% hydrolysis at 40 min (Fig. 1E, lanes 6–10 and Fig. 1F). 

3.4. DNA and RNA helicase assay 

The DNA and RNA duplex substrates were prepared using method 
described previously (Supplementary Fig. 4A and B; Supplementary 
table 2) [28]. With DNA duplex as substrate, no helicase activity was 
detected even at high concentration of PfDDX17 (Supplementary 
Fig. 4C). When RNA duplex substrate was used, PfDDX17 showed 
significantly strong helicase activity by unwinding ~30% of RNA sub-
strate at 20 nM of protein concentration, ~55% unwinding at 60 nM and 
maximum at 100 nM i.e., ~79% unwinding (Fig. 1G lanes 1–5 and 
Fig. 1H). For time-dependent RNA helicase activity of PfDDX17, 20 nM 
of protein was used and the reaction was incubated at different time 
intervals from 0 to 20 min. The 15 min and 20 min reactions showed 
~23% and ~25% unwinding of the substrate, respectively (Fig. 1I lanes 
1–6 and Fig. 1J). 

3.5. RNA helicase assay in presence of different dNTPs and NTPs 

Different dNTPS and NTPs were used to study the RNA unwinding 
activity of PfDDX17 at a fixed concentration of 20 nM. The result 
revealed that ATP (Fig. 1K lane 8 and Fig. 1L) showed the maximum 
unwinding of ~24% followed by UTP and CTP (Fig. 1K and L). 

3.6. Molecular docking 

Human DDX17 exhibited 54.73% identity with PfDDX17 with about 
84% coverage (Supplementary Fig. 5). The important nine motifs in 
PfDDX17 are highlighted in Fig. 2A. After dynamics simulation of 10 ns 
using Desmond PfDDX17 was docked with ADP using Flare version 3.0 
taking into account the entire protein for grid generation. The Ram-
achandran plot, RMSD and radius of gyration are provided in supple-
mentary Fig. 6B, supplementary Fig. 7A and B. The best binding pose 
predicted the LF dG (binding energy) of − 4.411. The visualisation of the 
interacting residues of PfDDX17 with ADP exhibited the H-bonds with 
Lys-427 and Val-429 along with the hydrophobic interactions with Leu- 
424 (motif-V), Asp-425 (motif-V), Ile-426, Val-432, Thr-451, Lys-430, 
Arg-450 (motif-VI) and Arg-453 (motif-VI) (Fig. 2B). The interaction 
plot using LIGPLOT version 4.5.3 are also provided in supplementary 
Fig. 8A. PfDDX17-ADP complex and 13/39 RNA were docked using 
PIPER with 70000 ligand rotations to probe and 30 refined poses were 
returned and every pose was visualised using PyMol version 4.6.0 and in 
almost every pose the RNA was found to be docked within the same 
pocket in the helicase domain (Fig. 2C and D). The residues contributing 
to interactions were found to be Thr-88, Lys-89, Thr-373, Arg-381, Pro- 
386, Ala- 387, Leu-388, Cys-389, Lys-394, Lys-395, Glu-396, Glu-397, 
Arg-398, Arg-399, Trp-400, Leu-402, Asn-403, Glu-404, Lys-410, Ser- 
411, Ala-420 and Arg-422. 

3.7. Localization of PfDDX17 

To analyse the localization of the PfDDX17 immuno-fluorescence 
assay was done using anti-PfDDX17 antibody raised in rabbit with 
different intraerythrocytic developmental stages of P. falciparum 3D7 
strain. 

DAPI and fluorescent conjugated anti-rabbit antibody were used to 
detect nucleus and PfDDX17, respectively. In all the stages DDX17 is 
localised mainly in the cytoplasm. The expression of PfDDX17 is less in 
ring stage (Fig. 3B). During the trophozoite stage the expression level 
significantly increased and appeared on the iRBC membrane and 
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cytoplasm (Fig. 3D). Similar to the trophozoite stage PfDDX17 localised 
in the cytoplasm in the schizont and bursting schizont stage (Fig. 3E–F). 
The pre-immune serum did not detect DDX17 in the parasite (Fig. 3Ai- 
iii). 

3.8. qRT-PCR analysis for gene expression 

Total RNA of different parasite stages was isolated and used for qRT- 
PCR assay. The expression level of PfDDX17 was compared with 18s 
rRNA gene. The trophozoite stage shows the highest gene expression 
followed by ring and schizont stage (trophozoite > ring > schizont) 
(Fig. 3G). Also, the anti-PfDDX17 antibody detected the endogenous 
protein in the mixed parasite lysate using Western blot analysis (Sup-
plementary Fig. 8B). 

3.9. dsRNA mediated growth effect 

To check the effect of PfDDX17 dsRNA on P. falciparum 3D7 growth, 
1% parasitemia (sorbitol treated synchronised culture) and 2% haema-
tocrit were used. The primer sequences and detailed steps of dsRNA 
preparation are presented in supplementary table 1 and supplementary 
Fig. 9A and B, respectively. 

The green fluorescent protein (GFP) dsRNA was used as control. 20 
μg/ml of PfDDX17 dsRNA and GFP dsRNA were used and the culture 
was observed for 96 h. The smears were prepared after every 24 h for 
Giemsa staining (counting parasitemia) and for immunofluorescence 
microscopy. The untreated culture did not show any changes and grew 
normally when observed till 96 h (Fig. 4 panel ii). Similarly, in GFP 
treated cells no significant changes were observed neither in cell cycle 
nor in morphological structure (Fig. 4). But in case of PfDDX17 dsRNA 
treated culture, there was cell cycle delay in ~72% of the infected cells 
(parasites were arrested in ring stage) (Fig. 4A iii and iv). Even after 48 
h, PfDDX17 dsRNA treated cells were in late trophozoite or early 
schizont stage without showing any morphological change (Fig. 4B iii 
and iv). The observation at the end of 96 h showed that ~47% of the 
cells have delay in their cell cycle development in case of PfDDX17 
whereas in GFP treated culture it was ~6% but no morphological 
changes or dead parasites were noticed (Fig. 4E). The immunofluores-
cence assay was done up to 48 h and it was observed that there is drastic 
change in the protein expression level in PfDDX17 dsRNA treated cells 
(Supplementary fig. 9C). 

4. Discussion 

In-silico analysis showed that the four motifs I, Ia, II and III of 
PfDDX17 are highly conserved and similar to H. sapiens DDX17 and 
S. cerevisiae Dbp2. Motif Ib has CPGR in P. falciparum but in human and 
yeast it is TPGR. Motif IV is different in all species, the P. falciparum 
contains IIV but in case of human and yeast it is TII and TLI, respectively. 

In motif V, P. falciparum and human share the common sequence RGLD 
but in yeast there is a substitution and leucine is changed to isoleucine 
(RGID). The last motif VI is common in P. falciparum and yeast 
(HRIGRTGR) and is changed to HRIGRTAR in human. From the 
ORTHOMCL-DB it was found that PfDDX17 is the ortholog of the human 
and yeast counterpart and it is evolutionary conserved in the 
P. falciparum, H. sapiens and S. cerevisiae. So, PfDDX17 did not show DNA 
helicase activity but its ATP dependent RNA helicase activity is 
conserved from higher taxa to lower. The structural modelling of 
PfDDX17 divided the nine motifs into two domains. The motifs Q, I, Ia, 
Ib, II and III constitute the ATPase domain and IV, V and VI form the 
helicase domain. Similar to DOZI, PfDDX17 is also an RNA helicase but it 
unwinds maximum RNA at 80 nM concentration whereas DOZI exhibits 
maximum unwinding at 150 nM concentration [27]. The docking of the 
ADP at the amino acid Leu-424 and Asp-425 of motif V and Arg-450, 
Thr-451 and Arg-453 of motif VI showed the most conserved interac-
tion with the NTP [29]. Helicases can utilize the energy derived from 
variety of NTPs for their unwinding activity [30]. PfDDX17 showed 
unwinding activity in all NTPs and dNTPs but showed maximum activity 
in presence of ATP. Also, previous studies have reported that PfWrn and 
PfUvrD helicases are able to use all types of NTPs and dNTPS for their 
unwinding activity [30,31]. 

The localization study showed that like DOZI, PfDDX17 localises 
mostly in the cytoplasm but it is interesting to note that PfDDX17 is 
detected on the iRBC membrane also. Maximum transcript level of 
DDX17 was observed in trophozoite stage of intraerythrocytic devel-
opment in P. falciparum 3D7 strain. The trophozoite stage is the most 
metabolically active stage of the P. falciparum. During this stage the 
regulation of most of the genes are at peak point and the parasite pre-
pares for the production of daughter cells through mitosis [32]. It has 
been reported previously that PfDDX55 is also expressed maximally in 
the trophozoite stage [33]. But the transcript level of a gene in 
P. falciparum can vary in different intraerythrocytic stage and is not 
proportional to the content of DNA during the schizont stage [34]. The 
transcription and translation for a particular gene could be different in 
different stages of the parasite [32]. Previously, we have reported that 
gene expression of PfDDX31, ATP dependent DNA helicase, is more in 
schizont stage but the transcript level is more in ring stage [35]. 

After the invasion of merozoite into uninfected RBC the parasite 
stays in the ring stage for ~24 h. The stage i.e. trophozoite stage takes 
~12 h and the shortest duration is schizont stage which is ~8 h. 
PfDDX17 dsRNA mediated knock down study in P. falciparum 3D7 strain 
showed that the dsRNA treatment caused the delay in the cell cycle by 
~16 h. It has been reported that PfDDX17 is a part of phophoproteome 
in the cell cycle progression from ring to schizont stage [36]. Another 
similar study showed that PfDDX17 is a part of cell cycle regulatory 
system in P. falciparum [37]. It has been reported earlier that when the 
protein levels of p68 and p72 were reduced by RNA interference in 
mouse myoblast cells it affected the cell differentiation [38]. Recent 

Fig. 1. Protein purification, ATPase and helicase assays 
A. SDS-PAGE of PfDDX17. Lane M is marker, lane 1 is the wash fraction and lanes 2–4 are purified fraction of PfDDX17 (~60 kDa). 
B. Western blot of PfDDX17. Lane M is marker and lanes 1 and 2 are PfDDX17 detected with anti-his antibody. 
C. Concentration dependent ATPase activity of PfDDX17 using DNA and RNA as cofactor. C is control, lanes 1–5 show ATPase activity with increasing concentration 
of protein using DNA as cofactor and lanes 6–10 using RNA as cofactor. 
D. The graphical presentation of the ATPase data. 
E. Time dependent ATPase activity assay of PfDDX17 in the presence of DNA and RNA. Lanes 1–5 show the ATPase activity in the presence of DNA and lanes 6–10 
shows the ATPase using RNA as cofactor. 
F. Graphical illustration of the time dependent ATPase activity. 
G. The RNA helicase activity with increasing concentration of PfDDX17 (lanes 1–5). Lane C is control and lane B is boiled substrate. 
H. Quantitative analysis of the data. 
I. Time dependent helicase activity of PfDDX17 (Lanes 1–6) 
J. Graphical presentation of the time dependent helicase activity. 
K. RNA helicase activity in the presence of different NTPS/dNTPS as mentioned in figure. 
L. Quantitative analysis of the data. 
Error bars represent standard deviation. 
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Fig. 2. Structural modelling and molecular docking of PfDDX17 with ADP and 13/39 mer RNA 
A. Structure of PfDDX17 with 9 motifs: Motif Q (orange), motif I (green), motif Ia (blue) motif Ib (yellow), motif II (red), motif III (magenta), motif IV (cyan), motif V 
(firebrick) and motif VI (purple)are shown. 
B. Interacting residues of PfDDX17 with ADP expanded around the 4 Å. 
C. Interacting residues of PfDDX17-ADP complex with 13/39 RNA expanded around the 4 Å. D. Cartoon representation of PfDDX17-ADP (helix-sheet-loop) in a 
docked pose with 13/39 RNA. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Localization of PfDDX17 
A. Preimmune staining (i) Phase contrast (TD); (ii) DAPI; (iii) All merged. B. Ring stage, C. Merozoite stage, D. Trophozoite stage, E. Schizont stage, F. Mature 
Schizont, (i) TD, (ii) DAPI, (iii) PfDDX17, (iv) merged (DAPI + PfDDX17). G. The transcript level of PfDDX17 of different intraerythrocytic stages of P. falciparum 3D7 
strain using Real time PCR. Error bars represent standard deviation. 
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study showed that when the human DDX17 was knocked down in he-
patocellular carcinoma (HCC), the HCC cell proliferation was inhibited 
[39]. In previous studies we have reported that the growth of 
P. falciparum 3D7 strain was inhibited when the parasite was treated 
with dsRNA of PfMLH [40], PfUvrD [41], PfBlm [42] and PSH2 [28]. In 
these studies, the morphological changes or dead parasites were visible 
after 48 h but in case of PfDDX17 no distortion of the parasite or cell 

death was noticed till the end of 96 h. 
In this study, we have reported the detailed characterisation of the 

full-length PfDDX17 protein. Ded1 family member PfDH60 is dual 
helicase and expressed only in schizont stages [10]. In comparison, 
PfDDX17 is only an RNA helicase and expressed in all the intra-
erythrocytic stages of development of P. falciparum 3D7 strain. 

Fig. 4. Effect of dsRNA on parasite cell cycle up to 96 h. Panel i Giemsa stained images of GFP treated culture (control). Panel ii images of the untreated culture and 
panel iii and iv images of the PfDDX17 dsRNA treated culture E. Manually calculated percentage of parasite infected RBC undergoing delay in cell cycle at 96 h. Error 
bars represent standard deviation. 
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