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Plasmodium falciparum RuvB proteins

Emerging importance and expectations
beyond cell cycle progression
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The urgent requirement of next generation antimalarials has
been of recent interest due to the emergence of drug-resistant
parasite. The genome-wide analysis of Plasmodium falciparum
helicases revealed three RuvB proteins. Due to the presence of
helicase motif | and Il in PfRuvBs, there is a high probability
that they contain ATPase and possibly helicase activity. The
Plasmodium database has homologs of several key proteins
that interact with RuvBs and are most likely involved in the cell
cycle progression, chromatin remodeling, and other cellular
activities. Phylogenetically PfRuvBs are closely related to
Saccharomyces cerevisiae RuvB, which is essential for cell
cycle progression and survival of yeast. Thus PfRuvBs can
serve as potential drug target if they show an essential role in
the survival of parasite.

Current Scenario of Understanding
of RuvB Family of Enzymes

The availability of complete genome sequence of Plasmodium
Jalciparum at Plasmodb (www.PlasmoDB.org) makes feasible the
study of the essential genes important for parasite biology and
pathogenesis. The parasite specific genes important for various
pathways can serve as good targets for antimalarial drug. The
genome-wide analysis of P. falciparum helicases suggested that
parasite specific helicases can be good antimalarial drug targets.'
P. falciparum RuvB (PfRuvB) proteins are structural homologs of
bacterial RuvB protein. Two homologs of RuvB in Saccharomyces
cerevisize (scRuvBL1 and scRuvBL2) have been studied in detail
and the knockout of scRuvBL1 demonstrated its essentiality in
yeast growth.” Previously it has been reported that RuvB either
itself or with the association of some interacting partner is
involved in the holliday junction formation, branch migration and
resolution of holliday junction in prokaryotes. It has also been
well established that RuvBs are involved in the replication fork
reversal both in prokaryotes and eukaryotes.

Further studies in yeast and some other systems demonstrated
that RuvBs are involved in multiple cellular pathways (Fig. 1),
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such as cell cycle progression and RNA polymerase II-directed
transcription,” DNA damage response, replication fork reversal,*
nonsense-mediated mRNA decay,” insulin stimulated GLUT4
translocation,® small nucleolar ribonucleotide protein (snoRNPs)
assembly,”® cellular transformation,” cancer metastasis, apoptosis,
mitosis, and development.'® RuvBs are essential components of
several multiprotein complexes (Fig. 1) and it is expected that
their mode of function was very similar in these wide range of
complexes.® Considering all the above roles and involvement in
several important cellular pathways in different systems,
P. falciparum RuvB proteins are very similar to those of S.
cerevisiae essential RuvB like Protein and can be expected to play
essential role in the parasite cell cycle progression and chromatin
remodeling. Therefore it has been of recent interest to explore the
RuvB family of proteins from P. falciparum in detail and study
their role in various activities in the malaria parasite. Emergence of
drug-resistant P. falciparum parasite severely affects the prevention
and treatment of malaria (Box 1). Thus it has been of current
interest to identify novel drug target and new antimarials to fight
the drug-resistant parasite. Recent work has shown that RuvBs
have some role in cancer. A recent report showed that Reptin
(RuvBL2) is required for the transcription of telomerase reverse
transcriptase and is overexpressed in gastric cancer.'” In another
report, the in vivo silencing of Reptin (RuvB2) resulted in the
blockage of human hepatocellular carcinoma and was associated
with replicative senescence.'® Here in this review we will focus on
RuvB proteins of P. falciparum, along with its homologs in yeast,
E. coli, human and other systems.

RuvB Family of Enzymes Belong to
AAA+ Class Enzyme

RuvB belongs to a category of proteins called the AAA+ class
(ATPases associated with various cellular activities), which
contains one or two copies of a well-conserved 230- to 250-
amino-acid cassette called the AAA module that encompasses the
Walker A and B motifs. The activities associated with AAA
modules are involved in diverse cellular functions.'” Bacterial
RuvB, yeast RuvBs (RuvB1 and RuvB2) and human RuvB1 and
RuvB2 have been studied under different names. Alternate names
of RuvB1/RuvB2 are as RuvBL1/RuvBL2, Pontin/Reptin,
TIP49/TIP48, TAP540/TAPS48, pS0/p47, ECPS4/ECPSI,
INOSOH/INOS80J, TIH1/TIH2, and TIP49A/TIP49B.>'°
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Figure 1. Schematic diagram of RuvB/RuvB like proteins involvement in diverse cellular
activities. This schematic of RuvB proteins involved in various activities was prepared on
the basis of reported role in E. coli, yeast, drosophila and human etc. RuvB/RuvB like proteins
are involved in the diverse cellular activities shown in the figure.

REVIEW

RuvB is closely related to clamp-loader subunits.
Among the AAA+ class, replication factor-C
(RF-C) proteins in eukaryotes and DNA poly-
merase 0 subunit of E.coli, the clamp-loader
subunits play direct roles in loading the clamp
proteins for DNA polymerases onto template
DNA in an ATP-dependent manner.'®

Structural Insight:
RuvB/RuvB-like Proteins Exist
in Diverse Oligomeric Forms

RuvB can form dimer,” hexamer,?*?*!

hepta-
mer”' and dodecamer.”* Such oligomerization is
expected to be important for their function
together or individually. Diverse oligomeric
forms might be required during diverse cellular
functions. Analytical ultracentrifugation (AUC)
study showed that RuvBL1 and RuvBL2 were
mainly monomeric and each monomer co-
existed with small proportions of dimer, trimer
and hexamer.” Electron microscopy (EM)
studies of RuvBL1/RuvBL2 complex of yeast
and human show that RuvBL1 and RuvBL2
form a dodecameric complex consisting of two
structurally  distinct  hexameric  rings.*>**
Consistent with this, RuvBLI1-RuvBL2 com-
plexes have also been analyzed through AUC
and the result showed series of oligomers like
monomer, dimers, trimers and single and double
hexamers together with smaller forms and the

truncation of domain II destabilizes the dodecamer formation.?

Box 1. Current scenario of prevention and treatment of P. falciparum
infection

The current scenario for the prevention and treatment of malaria is
becoming difficult due to the emergence of drug resistant P. falciparum
parasite. The first case of malarial drug chloroquine resistant parasite was
reported in 1957 and consequently chloroquine had become futile for
the treatment of malaria. Artemesinin combination therapies are
currently being used to treat the uncomplicated P. falciparum malaria in
most of the malaria endemic countries (Guidelines for the treatment of
malaria, second edition Geneva: WHO, 2011). Recently, it has also been
reported that partial artemisinin-resistant P. falciparum malaria has
emerged."" The resistant strains have the potential to spread to different
parts of the world and subsequently become a global threat for malaria
control and treatment.'> Despite the development of several artemisinin
derivative drugs which are being used for the treatment of
uncomplicated malaria’ (Guidelines for the treatment of malaria, second
edition Geneva: WHO, 2011), the control of malaria in endemic region is
limited by drug resistance, relatively high cost and limited availability of
newer drugs." There are currently no alternative drugs to replace
artemisinin derivatives. Considering the future problem and complication
of drug resistant parasite, it is necessary to unravel the molecular aspects
of pathogenesis of malaria in order to facilitate the development of novel
approaches and identification of some novel targets for drug and vaccine
candidates. Several efforts have been made to develop vaccine against
malaria but their trials failed due to a number of problems while some
are still under clinical trials. Like vaccine against malaria, it is equally
important to develop next generation antimalarial to treat the drug
resistant parasite.

hydrolysis.
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The presence of adenine nucleotides induced hexamerization of
RuvBL2, but not RuvBL1.?®> Gribun et al.,
heterohexameric ring structure for the yeast RuvBL1/RuvBL2
complex.”” The differences between the EM structures suggest
that RuvBL1 and RuvBL2 may be capable of forming various
complexes.*® Previously, it has been shown that the weak ATPase

proposed a single

activity of RuvBL1 and RuvBL2 in vitro increased synergistically
when the proteins formed a double-hexameric complex dem-
onstrating that this is the enzymatically active form.>**” A recent
study has confirmed that histidine-tagged yeast RuvB proteins
induced the assembly of double hexameric ring of RuvB1/RuvB2
complexes while endogenous RuvB1/RuvB2 complexes are single
hexameric rings.”® Bacterial RuvB proteins have a unique B-
hairpin protruding from AAA+ ATPase domain which interacts
with RuvA protein and play role in branch migration of holliday
junctions.” The hexameric form of RuvB acts as motor protein
that drives branch migration by utilizing the energy of ATP

30,31

Biochemical Activities of RuvB Proteins:
ATPase and Helicase Activity

Helicases are ubiquitous enzymes present in prokaryotes,
eukaryotes and viruses and are involved in nucleic acid metabolic
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pathways including DNA replication, repair, recombination and
transcription. The universal presence of helicases reflects their
fundamental importance in DNA and RNA metabolic pro-
cesses. >4 on double-stranded nucleic acid
substrates,

diester backbone and separate the two annealed strands by
36-

Helicases act

>3% move directionally along a nucleic acid phospho-

utilizing the energy of ATP hydrolysis.’**® Helicases are classified
on the basis of substrates they utilize and thus helicases can be
designated as DNA-DNA, RNA-DNA or RNA-RNA heli-
cases.”>?” Many DNA and RNA helicases possess seven to nine
conserved motifs," while RuvB is a very unique helicase with
respect to its primary structure (Fig.2). RuvB has no significant
overall sequence homologies with them or with helicases with a
hexameric ring structure. RuvB contains Walker motifs A and B
(Fig. 2), which has been shown to be involved in the binding of
ATP and Mg*. RuvB only displays significant sequence similarity
with eukaryotic TIP49a/ RuvBL1 and the related TIP49b/
RuvBL2.2%-4!

One of the biochemical activities of bacterial RuvBs is their ability
to bind and hydrolyze ATP. Yeast RuvB like proteins also bind and
hydrolyze ATP as they have conserved Walker A and Walker B
motifs. Mutations in Walker A or B motif of either RuvB protein
render it inactive.” It has been shown that recombinant yeast
RuvB1/2 complex has enhanced ATPase activity compared with the
individual RuvB proteins; furthermore, the ATPase activity of the
RuvB1/2 complex is increased in the presence of double-stranded
DNA with 5' or 3" overhangs. The yeast RuvB1/2 ring undergoes
nucleotide-dependent conformational changes as observed by
electron microscopy.”® Initially, it was found that both RuvB1
and RuvB2 show ATPase as well as DNA helicase activities.® It has
been established that bacterial RuvB shows 5-3" direction DNA
helicase activity.* Although it was demonstrated that RuvBs are
active as helicases with opposite polarity, some other studies failed to
show the same results.”’ It has been shown that RuvB1-RuvB2
complex from H. sapiens have ATPase activity but lacked helicase
activity.> RuvB homologs from Mycoplasma pneumoniae and
Mycoplasma genitalium showed ATPase activity and divalent cation-
and ATP-dependent DNA helicase activity on partially double-
stranded DNA substrates.”* Some of the groups have failed to show

Box 2. Why biochemical activities of RuvBs are controversial?

The basic architecture of RuvB proteins shows that they do not have all
the 7-9 helicase motifs required for the helicase activity. But RuvBs are
quite different from helicases having only helicase motif |, Il sensor | and
sensor Il conserved domains and possess ATPase and helicase activity.
ATP hydrolyzing property of RuvB protein has become partially
controversial as some studies failed to show the ATPase activity.

This controversy is due to the experiments showing ATP hydrolysis

by recombinant RuvBs which lacked an important negative control,

i.e.,, Walker A or Walker B mutant of these proteins.?*?**> On the other
hand, the failure to detect ATPase activity of recombinant RuvBs could
result from inactivation of the protein during purification, /refolding of
protein or the requirement of additional factor. Some of the studies show
the ATPase activity but failed to establish the DNA helicase activity. The
helicase activity of yeast and human RuvBs has become controversial as
some groups failed to show the helicase activity and it may be due to the
inactivation of the protein during purification/refolding or the
requirement of additional cofactors or substrates.”” A recent study has
given new insights into the molecular arrangement of RuvBL1 and
RuvBL2 and strongly suggested that in vivo activities are regulated by
cofactors inducing conformational changes via domain Il in order to
modulate the enzyme complex into its active state.”®

the ATPase and helicase activities from RuvB protein thus it has
been controversial (Box 2). Recombinant human RuvB1 and
RuvB2 exhibit lower ATPase activity suggesting that other
additional cofactors or substrates may be playing important role in
modulating the ATPase activity of the RuvBs.”*

Understanding P. falciparum RuvB Proteins
through Bioinformatics Approach

The genome of P. falciparum (www.plasmodb.org) was extensively
investigated for the RuvB homologs. The results showed that two
homologs of RuvB have been annotated in P. falciparum genome.
Recently through genome wide analysis the third homolog of
RuvB was identified." The PlasmoDB numbers for these are
PF08_0100, PF11_0071 and PF13_0330. All of these genes were
extensively studied through bioinformatics approaches. The
amino acid sequences of all the three PfRuvBs were studied
through BlastP analysis. Multiple sequence alignment (MSA) of
all the three PfRuvBs, E. coli, S. cerevisiae and H. sapiens RuvB was

A Typical Helicase motifs
I

11 VI

Q I a b 1l I IV \%
||| esokr |-/ prrELY || TPGR || DEAD || TAT || UF || RGLD || HRIGRTGR |

B Typical RuvB motifs

Walker A motif Walker B motif
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Sensor 11

DEVH || MATN | SSLRYA | .

Figure 2. Comparison of conserved motifs of a typical helicase and RuvB from P. falciparum. (A) Schematics of a typical P. falciparum helicase conserved
motifs vs. typical PfRuvB was prepared manually on the basis of different reports 1. P. falciparum helicases contain 7-9 conserved motifs and

their conserved amino acid sequences are written in the respective boxes. (B) The basic architecture of PfRuvBs was prepared on the basis of reported
conserved motifs in E. coli, yeast and human RuvBs having only Walker A (GSGKT), Walker B (DEAH/DEVH), sensor | and sensor Il motifs.
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performed and the results showed that all of these proteins contain
motif I and II of a typical helicase. These motifs are also known
as Walker motif A and Walker motif B (Figs.2 and 3). Motif
I and motif II are required for the ATPase activity of the
enzyme.*® On the basis of the results obtained from MSA we have
prepared a schematic representation showing conserved motifs
of P. falciparum RuvB like protein (Fig. 3). It should be noticed
that in all the three PfRuvB proteins, the number of amino acids
is highly conserved between various motifs (Fig. 3). PF08_0100
and PF11_0071 contain GSGKT in motif I but PF13_1330
contains GTGKT similar to human, yeast and E. co/i. PF08_0100
and PF13_1330 contain DEVH box, similar to human and E. coli
RuvB proteins while PF11_0071 contains DEAH sequence in
motif IT (Fig. 3). The pairwise alignment of PfRuvBs with human
RuvB like protein sequence shows 50-43% identity to human
homolog." PF08_0100, PF11_0071 and PF13_1330 are located
on the chromosome number 8, 11 and 13 respectively and encode
520 aa, 475 aa and 483 aa long proteins and their calculated
molecular weight ranges from -53 to 59 kDa.

The phylogenetic analysis of all the three P. falciparum
sequences with E. coli, yeast and human was done by using Mac
vector with the parameter shown in Figure4. The results clearly
show that P. falciparum RuvBs are quite diverged from human
and E. coli (Fig.4). On the basis of sequence homology of some

conserved motifs and identified role in yeast and other system, it
can be expected that P.falciparum RuvBs are AAA+ family of
enzymes as scRuvBs and must be playing crucial role in the
essential complexes responsible for the survival of parasite.

For structural modeling the sequence of all the P.jfalciparum
RuvBs was submitted to the Swissmodel homology-modeling server
(swissmodel.expasy.org/).”” PfRuvB1 primary sequence residues 7 to
513 showed ~42% identity to a human RuvB-like helicase from
H. sapiens. PfRuvB2 primary sequence residues 13 to 468 showed
~47% identity to the same human RuvB-like helicase from
H. sapiens. Therefore the structural modeling of the PfRuvB1 and
PfRuvB2 was done using the known crystal structure of this
homolog as the template (PDB number 2C90 at www.rcsb.org).
The ribbon diagram of the template is shown in Figure 5A and the
predicted structures of PfRuvB1 and PfRuvB2 are shown in
Figure 5B and Figure 5D respectively. When the modeled structure
of the template and PfRuvB1 or PfRuvB2 were superimposed, it is
clear that these structures superimpose partially (Fig. 5C and E,
respectively). These results show that the structure of PfRuvB1 and
PfRuvB2 are almost similar (Fig. 5B and D). Molecular graphic
images were produced using the UCSF Chimera package (www.cgl.
ucsf.edu/chimera) from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San
Francisco (supported by NIH P41 RR-01081).%

72 225

A. Hs RuvB1 \l/ Walker A

79
B. Hs RuvB2

GTGKT —— DEVH |

23 68 50

81 224

C. Sc RuvB1

23 68 50

D. Sc¢c RuvB2

23 67 72

STGKT ——— DEVH — MATN

142 219
E. PfRuvB1
GSGKT ———
91 225
F. PfRuvB2
GSGKT
72 218
G. PfRuvB3

the N and C-terminal and distances between the conserved motifs.

Figure 3. Conserved motifs of RuvBs from P. falciparum, yeast and human. After multiple sequence alignment of PfRuvBs with yeast and human RuvBs,
basic architecture of RuvBs was prepared manually. The name of various motifs with conserved amino acid sequence is written. The numbers denote
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Phylogenetic tree

0.26 PF11_0071
0351 PF13_ 1330
L 11 -0.041 £ coli RuvB
0075 0.036 Hyman RuvBL1
0178 Yeast RuvB
0279 PFO8 _ 0100
005

ClustalW (v1.4) Multiple Alignment Parameters:
Open Gap Penalty = 10.0; Extend Gap Penalty = 0.1; Delay Divergent = 40%
Gap Distance = 8; Similarity Matrix = blosum

Figure 4. Phylogenetic analysis of P. falciparum RuvB proteins with other RuvB proteins. The phylogenetic analysis of P. falciparum RuvB like proteins,
E. coli, yeast and human RuvBs was carried by using Mac vector with parameters mentioned in the figure.

Functional Insight: RuvB Family of Proteins are ubiquitous bacterial proteins with conserved structure and

are Involved in Multiple Biological Processes function in distantly related organism.'®*’ In prokaryotes the role

of some of the interacting partners of RuvB during homologous

It is quite difficult to predict the overall role of RuvB on the basis  recombination and replication fork reversal has been established.
of sequence homology with other conventional helicases. RuvBs ~ Several studies performed in yeast and some other system

A B C

Figure 5. Structure modeling. PfRuvB1 and PfRuvB2 sequences were submitted to Swissmodel server and the structures were obtained.

The molecular graphic images were produced using the UCSF Chimera package from the resource for Biocomputing, Visualization, and Informatics
(www.cgl.ucsf.edu/chimera) at the University of California, San Francisco (supported by NIH P41 RR-01081). (A) Template for PfRuvB1 and PfRuvB2;
(B) PfRuvB1; (C) superimposed image of template and PfRuvB1; d. PfRuvB2; e. superimposed image of template and PfRuvB2.
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demonstrated that RuvBs are involved in multiple cellular
pathways including cell cycle progression and RNA polymerase
II-directed transcription.” RuvBs are also essential components of
a wide range of complexes which are involved in the diverse
cellular activities. In this section we will describe the involvement
of RuvB proteins in diverse cellular processes.

Role of RuvB/RuvBL proteins in cell cycle progression. RuvB
containing TIP60 complex, INO80 and SWR1 complexes have
been implicated in regulation/activation of cell-cycle checkpoint.
Cell cycle checkpoint ensures that the damage is repaired before
the progression of the cell cycle to the next stage.’® Activation of
cell cycle checkpoints after DNA damages leads to the blockage
of cell cycle progression. RuvB1 is required for TIP60s activity
and this complex is involved in activation of ATM (Ataxia
telangiectasia mutated).”’ ATM/ATR (ATM and Rad3-related)-
dependent pathways play important role in checkpoint activation
which inhibits DNA synthesis quickly.

In higher eukaryotes, RuvBs interact with B-catenin, c-myc,
E2F1, and ATF2 which modulate cellular transformation,
signaling, apoptosis, DNA damage and response to stress.”>”*
The knockdown study of either RuvB1 or RuvB2 in Xenopus
has shown embryonic lethality thus these are essential proteins.>
This embryonic lethality has an effect of derepression of the
transcription repressor complex c-myc-Mizl.”> Transcription
factor Mizl when complexed with c-myc, inhibits transcription
of Mizl promoter genes. In Xenopus embryo knockdown of
either RuvB1 or RuvB2 could be rescued by either inhibition of
Miz-1 or overexpression of c-myc. This indicates that RuvB1 and
RuvB2 may act as co-repressors of the c-Myc—Miz-1 pathway.
The results from investigations of RuvB function in vivo have
been more consistent. RuvB1 or RuvB2 knockout from yeast
results in  non-viability thus these are essential for the
survival.>**> Further it has been found that S. cerevisize RuvB2
protein (Tih2p) is localized to the nucleolus and tightly interacts
with Tihlp (RuvB1/TIP49a) which interacts with the TBP and
the RNA polymerase II holoenzyme complex. The mutational
study of RuvB2 (Tih2p) has confirmed that cells were rapidly
arrested in the G1 phase of the cell cycle. Furthermore it has been
found that expression of both reptin (RuvBL2) and pontin
(RuvBL1) are high during development of mouse.”” The over-
expression of either RuvB1 or RuvB2 is toxic in yeast.”® The
proteomic analysis of human hepatocellular carcinoma (HCC) has
confirmed the overexpression of RuvB2 like (RuvBL2), which is
known to interact with B-catenin and cellular v-myc myelocyto-
matosis viral oncogene homolog (c-myc).”” Recently, silencing
experiments in xenografts indicated that RuvBL2 (Reptin) and
RuvBL1 (Pontin) are major players in cancer and they may be
suitable targets for cancer therapy.*’

Involvement of RuvB proteins in mitotic spindle assembly. It
has been well identified that RuvBs are involved in regulation of
microtubule assembly and organization.’ During mitosis,
nucleation of microtubules at the centrosomes and the growth
of these microtubules ultimately resulted into the formation of
spindle fiber. Various reports have shown the involvement of
RuvB1 and RuvB2 in these processes. In human cells, it was
found that both RuvB1 and RuvB2 localize to spindles and

www.landesbioscience.com

spindle poles.”*®* Through proteomic approach and a siRNA
based screening it has been identified that RuvBs during mitosis
function as mitotic regulators.’ The siRNA based reduction of
RuvB1 protein levels in Hela cells resulted in spindle defective
phenotypes. RuvBs could indirectly affect spindle formation
through interaction with chromatin remodeling complexes.®' The
interaction of both RuvBl and RuvB2 with the g-tubulin ring
complex was confirmed by the immunodepletion study of RuvBs
in Xenopus extracts. This interaction is implicated in the
nucleating spindle formation at centrosomes thus they may be
playing direct role in mitotic spindle assembly and organization.®!

Involvement of RuvBs in chromatin remodeling. Chromatin-
remodeling complexes are extensively involved in facilitating the
decompacting of tightly wound DNA for exposure to important
factors/complexes such as those involved in transcription, DNA
replication, recombination and repair.** These complexes® utilize
the energy of ATP hydrolysis to mobilize nucleosomes or exchange
histones from the DNA or covalently modify histones to change the
chromatin state by recruiting proteins that recognize these
modifications.** RuvBs are present in these chromatin-remodeling
complexes and play key role in regulation of transcription.

The INO8O complex. The INO80 complex is a large hetero-
subunit complex which utilizes the mechanism that mobilizes the
nucleosomes.®® The INO80 protein a member of the Swi2/Snf2
superfamily is the catalytically active subunit in INO80 complex
and is conserved within eukaryotes.®*®” Both RuvB1 and RuvB2
are present within the INO80 complex in a 6:1 stoichiometry
relative to the other subunits of the complex.”” INO8O is a
DEAD/H box protein that possesses helicase-type motifs and is an
indispensable catalytic component of the INO80 complex.®**
The analysis of co-immunoprecipitated proteins coupled with
mass spectrometry resulted into the identification of RuvB1 and
RuvB2.%¢7° These results demonstrated that the genes affected by
reduction in RuvB2 levels substantially overlapped with those
affected in an INO80 knockout strain. In yeast, both INO80 and
RuvBs regulate transcription of a similar set of genes, and in vitro
assays show that RuvBs are essential for INO80-dependent
chromatin-remodeling activity, but not for the binding of INO80
complex to the promoters.®” The purified yeast INO80 complexes
were shown to exhibit DNA unwinding activity in an ATP
dependent manner, but this activity was abolished when Ino80
was replaced with the Ino80-K737A ATPase-deficient mutant.*®
It was suggested that the helicase activity of the RuvBs are
functionally coupled to the INO80 ATPase.®® The Ino80
complex purified in the absence of RuvBs was depleted of an
actin-like Arp5 subunit that is essential for the chromatin-
remodeling activity.”” In vitro association studies indicate that
ATP-bound RuvBs promote the assembly of Arp5 into the
INO80 complex. Collectively, these results suggest that the
primary function of RuvBs is to nucleate the association of Arp5
with the INO80 complex in an ATP-dependent manner. Thus,
RuvBs are required for the proper assembly and function of the
INO80 complex.

SWRI or CWR-C chromatin remodeling complex. SWRI1 or
CWR-C chromatin remodeling complex involves the replacement
of histones with histone variants. Swrl is a Swi2/Snf2- related
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ATPase and its mammalian homolog is SRCAP. It has been
shown that Swrl complex shows nucleosome stimulated ATPase
activity.”' The nucleosome is an octamer of histone proteins and
made up of two molecules each of H2A, H2B, H3, and H4 with
approximately two turns of DNA (147 bp) wrapped around the
octamer.”” Core histones are exchanged with histone variants and

72,73 In

these exchanges are with specific DNA-related processes.
another study it has been confirmed that less H2AX histone
variants were recruited to DNA in the absence of SWR-C
components.”* Yeast SWR-C or SWRI complex was studied in
detail and found to be composed of 16 subunits including both
RuvB1 and RuvB2. Later RuvB1 and RuvB2 were identified in
SRCAP (mammalian homolog of SWR-C complex) which is
Swi2—Snf2-related CPB activator protein.”"”*7¢ Swrl complex
shows nucleosome stimulated ATPase activity’' and its ATPase
domain plays crucial role in the interaction of Swc2, Swc3,
RuvB1, RuvB2, Arp6, and Swc6.”

TIPG6O (tat-interactive protein 60) complex. TIP6O (tat-interactive
protein 60) complex in human/fly is homologous to NuA4
complex of yeast and is a member of histone acetyltransferase
enzymes (HAT) which belong to the MYST (Moz, Ybf2/Sas3,
Sas2, and TIP60) family.'® Initially, this complex was purified from
yeast and has nucleosomal H4/H2A HAT activity. HATSs remodel
chromatin structure by acetylating target histones, which results
into relaxation of DNA and exposure to proteins located in the
vicinity. RuvBs are the essential factors in the mammalian Tip60
complex but not present in the NuA4 complex.”””® The detailed
studies show that both human and yeast complex (TIP60/NuA4)
have high degree of conservation.”””” The constituents of both
human TIP60 and yeast NuA4 complexes show the conserved
subunits between them and it is clear that RuvB1, RuvB2, YL-,
and homologs of Brd8 are absent in yeast NuA4 complex.'” The
catalytic subunit of yeast NuA4 complex and human tip60 complex
are Esal and TIP60 respectively.””*

Role of TIP60 complex in transcription and DNA repair.
Through various studies it has been established that RuvB1 and
RuvB2 act as integral players in the transcriptional processes.
The mutational study of RuvB1 and RuvB2 have confirmed that
these two proteins are directly or indirectly responsible for the
transcription of over 5% of yeast genes, many of which are
directly involved in cell cycle regulation.*”** The RuvB1 and
RuvB2 containing human TIP60 complex has well established
roles in transcription through acetylation of histones at promoters
as well as acetylates other cellular proteins involved in trans-
cription such as the androgen receptor (AR). The acetylation of
p53 by TIPG6O plays crucial role to decide between the cell-cycle
arrest and apoptosis.*"** Initially RuvB1 was identified as a TBP
interactor in rat.”” Later RuvB-TBP interaction was confirmed
in the yeast, drosophila and human.*"7*% In addition to TBP,
the RuvBs have also been found to interact with various other
transcription factors, such as E2F, c-Myc, and B-catenin, all of
which play critical role in cell growth, proliferation, and apoptosis.

The TIP60 complex also plays critical roles in DNA damage
repair.”” The prerequisite for efficient double-strand break
repair is acetylation of histone H2A or variant H2AX which is
performed by Tip60 complex.®* In human, RuvB1 is essential for
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HAT activity of the Tip60 complex.”® The marker for double-
stranded breaks is phosphorylated H2AX. Tip60 complex is
recruited at this marker and acetylates the histone variant which
results in efficient DNA repair.””*7?%

Involvement of RuvBs in homologous recombination.
Homologous recombination (HR) is an essential process during
which gene rearrangement in meiosis and double-strand break
repair of stalled replication forks takes place.**®® The AAA+
domain of yeast RuvB1 and RuvB2 are weakly homologous to the
bacterial RuvB helicase. Both bacterial and yeast RuvB helicases
are involved in the process of HR.***° By the process of HR,
organism attains genomic integrity and genetic diversity.”’ During
HR in prokaryotes RuvA, RuvB, and RuvC proteins play key role
in branch migration and resolution of holliday junction.’*?*"*?°
Structural and mutational study of RuvB suggested that RuvB is a
multdfunctional protein which interacts with RuvA, ATP, DNA,
and Mg> and all these interactions are required for RuvAB
dependent branch migration of the holliday junction. The RuvB
hexamer is a motor and energy required for the branch migration
is provided by the ATPase activity of RuvB and this activity is
synergistically enhanced by RuvA and DNA.” Takashi et al., have
established that the point mutation in Walker A motif greatly
affects the diverse activities of RuvB such as ATP hydrolysis, ATP
binding, DNA binding, hexamer formation and promotion of
branch migration.”

Involvement of RuvBs protein in Replication Fork Reversal
(RFR). Often in prokaryotes, DNA replication can be impaired by
obstacle or inactivation of replication proteins resulting into
replication arrest. The consequences of replication arrest are highly
dramatic and now recognized as major source of genomic instability
in all organisms.”®'* There are reports from replication mutants
which show that a specific reaction takes place prior to replication
restart called RFR.*'* The primary step of RFR is the annealing of
the leading- and lagging-strand ends which results in the formation of
a holliday junction adjacent to DNA double-strand end, both of
which are processed by recombination enzymes. RFR is catalyzed by
RuvAB complex in several replication mutants originally character-
ized for its role in the last steps of HR, branch migration and
resolution of holliday junction.'™ RFR has been well studied in
E. coli."® RecBCD is a recombination complex specific for the
repair of dsDNA breaks which act on ds DNA ends. This complex
gradually unwinds the duplex and degrades up to a specific site
named Chi. RecBCD at Chi shifts to a recombinase and loads the
RecA recombination enzyme.'” Holliday junctions made by fork
reversal are branch-migrated by the RuvAB complex and later
RuvABC complex act as resolvase and resolve the holliday junction.”

Involvement of RuvBs in snoRNPs biogenesis and assembly.
The biogenesis and assembly of the small nucleolar ribonucleo-
proteins complex (snoRNPs) involves the transcription of the
snoRNA with the assembly and restructuring of the core proteins
interacting with the snoRNAs. After mature snoRNPs are formed,
they participate in the modification and processing of pre-rRNA
in the nucleolus.® RuvBs have also been studied in terms of the
biogenesis and assembly of the snoRNP in yeast and human in
detail. RuvBs association with snoRNPs has been well established.
snoRNPs are crucial for the cleavage and modification of small
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nuclear RNA (sRNA), rRNA (rRNA), and tRNAs (¢RNA).!°
The depletion study of yeast RuvB2 by use of a galactose-
regulated allele of RuvB2 decreased the levels of snoRNAs.'"”” In
human cell lines, siRNAs mediated depletion of endogenous
RuvB proteins led to the decreased levels of snoRNAs.” RuvB1
and RuvB2 interact and form a tight complex with Pih1 (also
called Nop17, a Nop5/Nop58 interacting protein). In yeast, Pihl
deletion resulted into accumulation of the 35S pre-rRNA.'%%'%
Thus this result suggests the role of Pih1 in pre rRNA processing
and involvement in snoRNP biogenesis. Additionally it has been
shown that RuvB2-GFP localizes to the nucleolus. The above
experimental results indicate that RuvBs must be playing
important role in the assembly and localization of snoRNPs and
stability of snoRNA:s.

snoRNPs are ribonucleolar proteins complexes and have been
classified into three families like box C/D snoRNP, box H/ACA
snoRNPs and the MRP snoRNPs. So far association of snoRNPs
of the box C/D with RuvBs has been studied in detail.”-'*”'%%-''*
In vitro interaction between RuvBs with immobilized U14 and
U15 RNAs (examples of box C/D snoRNAs) have been found.'"’
Nopl is a core snoRNP protein that associates with snoRNAs of
box C/D family. In a recent study it has been demonstrated that
RuvB1 (TIP48) and RuvB2 (TIP49) efficiently bridge interac-
tions between the core box C/D proteins NOP56 or NOP58 and
15.5K.'"? Garl is a core snoRNP protein that associates with
snoRNAs of H/ACA family. Both nopl and garl are localized to
the nucleolus, the site of IRNA gene transcription and processing.
It has been shown that the depletion of RuvB2 results into the
dispersion of both Nopl and Garl from nucleolus to the
nucleoplasm. These results suggest that RuvB2 is required for
localization of nopl and garl to the nucleolus and is probably
involved in the assembly of the snoRNP."

Involvement of RuvBs in telomerase core complex assembly.
Another important role of RuvB protein has been found in the
assembly of the telomerase core complex. Telomerase is an
enzyme that adds DNA sequence repeats to the 3' end of DNA
strands in the telomere regions/ends of the chromosomes. The
repeated nucleotide region is called telomeres which contains non-
coding DNA and prevents constant loss of important DNA from
chromosome ends thus stabilizing the chromosome. The
telomerase core complex is made up of ribonucleoprotein particle,
consisting of three essential components: TERT (the telomerase
reverse transcriptase), dyskerin (a core box H/ACA RNA-binding
protein) and TERC (Telomerase RNA component).''*!'"> Pontin
(RuvB1) and Reptin (RuvB2) have been identified as telomerase
components which are essential for holoenzyme assembly.''® Both
RuvB1 and RuvB2 individually interact with TERT and dyskerin
in a TERC-independent manner.'’® The depletion study of
RuvBs showed reduced dyskerin levels which are required to
stabilize TERC. Additionally it has been found that the loss of
RuvBs resulted into decreased telomerase activity by 80-90% due
to a decrease in TERC RNA." During S phase of the cell cycle,
the association of RuvBs with the TERT complex increases
suggesting their role in maintaining telomerase activity when the
function of telomerase is most critical.'” The identification of
TERT-RuvB1-RuvB2 complex as a stable complex suggests that
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the RuvBs possibly bridge TERT to the dyskerin-TERC particle
which further leads to the formation of the TERT-dyskerin-
TERC core telomerase complex.''® It has been shown that TERT/
RuvB1/RuvB2 complex has decreased telomerase activity which
indicates that RuvB proteins are present in a pretelomerase
complex that promotes the formation of an active telomerase
complex and dissociation of RuvBs occurs. Hence it has been
proposed that RuvBs act as scaffolding protein required for the
formation of active complex or functions as remodeling proteins
for the maturation of the telomerase core complex.

Predicted PfRuvB Containing Complexes
and Their Role

RuvBs have been found to interact with several proteins associated
with diverse cellular activities in the E. coli, yeast, drosophila and
human. Inidally in order to find the interacting partners of
P. falciparum RuvBs we have performed similarity search with the
known proteins of E. coli, yeast, drosophila and human etc. As the
RuvBs have been found to play critical role in chromatin
remodeling, the P.falciparum genome was investigated for
Chromatin Remodeling Protein (CRP) and the result showed that
several putative CRPs are present. Further investigation for RuvB
interacting swi-snf related proteins of chromatin remodeling
complexes like INO80 complex and SWRI1 complex (yeast)/
SRCAP (SWI/SNEF-related CBP activator protein in mammal) was
also done. In order to find INO8O like protein in P. falciparum,
INOB8O protein sequence from different organism was retrieved and
BlastP analysis with PlasmoDB shows that at least three proteins
with high blast score are present and their PlasmoDB numbers are
PF08_0048, PFF1188w and PFF0560. PlasmoDB does not have
any annotated SWR1/SWR-C (present in yeast) protein yet. But
there is one Swi-Snf related CBP activator gene (PF08_0048)
present which seems homologous to SRCAP (homologous to swrl
complex in mammal). MSA of this protein with human SWR1 and
yeast SRCAP protein showed that this P. falciparum protein has few
conserved domains as in human and yeast. Thus the presence of
INO80 and SRCAP like proteins in P. falciparum, suggests that
both these complexes possibly exist in the P. falciparum.
TIP60/NuA4 is basically histone acetyltransferase and one gene
with high blast score (PF11_0192) is present in P. falciparum
genome. Besides the presence of these key regulators of CRC, there
are several other P.jfalciparum specific chromatin remodeling
proteins present in the PlasmoDB which may be part of the
unexplored CRC of P. falciparum in which RuvBs probably play
essential role. After searching the whole genome of P. falciparum we
found some other proteins which either interact with PfRuvBs or are
similar to the known proteins of E. coli, yeast and human. The
PlasmoDB number of these proteins are PfL2215w (actinl like
protein), arp4 homolog (Pf14_0218), arp6 (Pf07_0077) and arp5
like protein (PfA0190c), Pf14_0068 (putative Nopl/fibrilarian
protein/crucial box C/D protein), Pf13_0051 (snoRNP protein,
homolog of Gar1- belongs to box H/ACA), Pf13_0080 (telomerase
reverse transcriptase/ TERT). Well-known RuvB-interacting protein
B-catenin homolog is also present in the P. falciparum. Other RuvB
interacting proteins like TBP and E2F like proteins are also present
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Figure 6. Prediction of P. falciparum RuvB proteins interacting proteins. P. falciparum RuvB proteins amino acid sequences were analyzed with STRING 9.0
at Expasy (expasy.org). The results showed the presence of at least three proteins interacting with PfRuvB1, four proteins interacting with PfRuvB2 and
nine proteins interacting with PfRuvB3. The PlasmoDB numbers of all are shown in the model. This analysis showed the interaction of PfRuvB3 with

PfRuvB1 and PfRuvB2 proteins. Nop5 also interacts with both PfRuvB2 and PfRuvB3 proteins. Gas41 homolog seems to be interacting with all the three

in the P. falciparum genome. Further to refine the results we have
used bioinformatics approach to identify the interacting partners
and the results show that PfRuvB1 interacts with PfRuvB3, a
snoRNP  (Pf14_0174) and Gas4l homolog (MALSP1.131)
(Fig.6). PfRuvB2 interacts with PfRuvB3, Nop5 homolog
(Pf10_0085), a snoRNP (Pf14_0174) and also with DNA directed
RNA polymerase IT (Pf13_0341) (Fig.6). PfRuvB3 seems to be
interacting with more proteins than PfRuvB1 or PfRuvB2 and the
results showed that it interacts with at least nine proteins (Fig. 6).
The PlasmoDB numbers of these proteins are PF14_0174 (a
snoRNP), PfRuvB2, MALP1.131 (Gas41 homolog), PF10_0085
(Nop5/Nop58 homolog), PF13_0341 (DNA directed RNA
polymerase-II), PF11_0192 (Pf specific histone acetyl transferase),
PF08_0041 (ribosome biogenesis protein nepl homolog, putative),
Pf14_0127 (N-myristoyl transferase) and Pf07_0122 (putative
BRIX domain protein). The interactomes were developed by using
STRING 9.0 (Fig. 6).

On the basis of the presence of crucial RuvB interacting
homologs in the P.falciparum genome, it can be expected that
P. falciparum RuvBs are ATPase of AAA+ family of enzymes and
are most likely involved in the diverse cellular activities including
chromatin remodeling and cell cycle progression. Thus it will be
interesting to explore the detailed components of PfRuvB
complexes which may further lead to the identification of some
novel P. falciparum specific RuvB interacting proteins.

Concluding Remarks
RuvBs are ubiquitous proteins belonging to AAA+ class of

present in bacteria, yeast, drosophila, human,
Plasmodium etc and are essential for the survival of yeast and

enzymes

drosophila. Biochemical activities especially helicase activity has
been controversial as some of the groups have failed to establish
the helicase activity from recombinant proteins. This failure
may be due to the inactivation of the protein during purification/
refolding or the requirement of additional cofactors or sub-
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strates.'”””!'"” To overcome from this controversy it has been
necessary to establish their biochemical activity from purified
endogenous protein. Further biological role of PfRuvB complex
has to be established in order to understand their importance in
the parasite life cycle. MSA of PfRuvBs confirmed the presence of
typical RuvB conserved domains thus there is a high probability
that these proteins contain the ATPase activity and possibly
helicase activity. The phylogenetic analysis clearly shows that
PfRuvBs are quite diverged from human and E. co/i and are closer
to yeast RuvBs which are essential for the survival of yeast. It is
also expected that P. falciparum RuvBs must be playing crucial
role in the multiprotein complexes like CRC, snoRNPs biogenesis
complexes and multiprotein complexes essential for cell cycle
progression etc. Considering all the above facts and expectations it
is interesting to characterize P. falciparum RuvBs in detail which
can serve as a very good drug target (Box 3) if they show specific
and essential role in the survival of the parasite.

Box 3. Why PfRuvB proteins are expected as a potential drug target?
In order to expect/establish a gene/protein as a potential drug target, the
gene/protein should be parasite specific and essential for the survival. A
recent report on genome wide analysis of P. falciparum helicases
suggested that parasite specific helicases can be good antimalarial drug
targets." The knockout study of scRuvB proteins have confirmed its
requirement for the survival of yeast and similar results were also seen in
the survival of drosophila. Furthermore, scRuvB have been found
essential for the cell cycle progression. The knockdown study of either
RuvB1 or RuvB2 in Xenopus has shown embryonic lethality thus these are
essential proteins.*® In vivo silencing study of Reptin (RuvBL2) blocks the
progression of human hepatocellular carcinoma and it has been
suggested as a suitable drug target for cancer.'® The analysis of amino
acid sequence of PfRuvBs and the phylogenetic analysis confirmed the
presence of conserved domains of a typical RuvB which is
phylogenetically closer to the yeast RuvBs as compared with the human
and E. coli. Thus on the basis of above studies and finding, PfRuvBs can
be highly expected as essential for the parasite survival and may be
suitable drug target to develop new antimalarials.
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